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Preface

We originally intended this book to be an update of Channel Catfish Culture which was edited
by Craig Tucker, published by Elsevier in 1985, and is now out of print. The project ended up
being much more than a simple update, however. Much has changed in United States catfish
farming in the last 20 years and the radical difference between this book and the 1985 book make
that apparent.

The pioneers of catfish farming are entering retirement or passing away. Similarly, nearly half
of the scientists contributing to the 1985 book have retired or died. The face of the industry has
also changed dramatically as culture intensity has increased, new diseases have emerged, the
industry has become vertically integrated, and now, for the first time, the industry has matured
and grown sufficiently large that competition in the global seafood marketplace has emerged as
a significant challenge. Furthermore, industry growth has also attracted increased regulatory
scrutiny across a broad range of concerns.

In 1985, catfish aquaculture was relatively new and the body of research information to
support the industry was scant and, for the most part, unsophisticated. Much of the information
in the 1985 book was highly descriptive and empirical, with little understanding of the complex
biological and chemical mechanisms behind the seemingly simple practice of growing catfish.
One only has to glance at chapters in this book on reproductive physiology (Chapter 4), genetics
(Chapter 5), water quality (Chapter 10), immunology (Chapter 13), and health management
(Chapter 15) to appreciate how far the science of catfish aquaculture has progressed in 20 years.
Although an inexhaustible supply of problems remain to be solved, the cumulative body of
knowledge about this fish and its culture is rather impressive.

This book is intended to provide the current state-of-the-art information base for commercial
channel catfish aquaculture. To that end, we solicited contributions from many of the most active
and prominent scientists in catfish aquaculture. Much of the information presented here is
specifically relevant to catfish aquaculture, but perhaps a greater proportion is relevant more
broadly to warmwater, pond-based aquaculture industries globally. Although most of the research
findings presented in this book have been published in the peer-reviewed literature and elsewhere,
the book assembles this information under a single cover with a coherent organization.

We hope that this book provides the starting point for the next generation of catfish research
scientists. As was the case with the 1985 volume, the new book is written for research scientists,
although commercial producers will find much useful information here that, once implemented
in the form of practical management procedures, could enable improvement of production
efficiency and economic performance.



Preface

Throughout the book, we have opted to use metric measure as the primary form of expressing
physical and chemical quantities, although in most instances we have included equivalent English
units in parentheses. Here and there, however, we opt for exclusive use of one system or the other
because some discussions make little sense when a particular system is used blindly. We have
endeavored to keep this annoyance to a minimum, but difficulties are unavoidable when
discussing a North American fish cultured primarily in the United States where English units are
used by everyone except the scientific community.

We express our gratitude to the authors for their patience and commitment during the process
of assembling this book. We also thank the administrations of the Mississippi Agricultural and
Forestry Experiment Station and the Louisiana State University Agricultural Center for sup-
porting our efforts to produce this book and for their long-term support of aquaculture research
in general. And finally, our most sincere thanks to Susan Kingsbury who read each chapter and
mercilessly pointed out ambiguities, mistakes, omissions, and all the other nonsense that we
missed. For those factual and editorial errors that remain, we take full responsibility.

Craig Tucker and John Hargreaves

X
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1.1 THE ICTALURID CATFISHES

This book is about the biology and culture of channel catfish Ictalurus punctatus—the most
important aquaculture species in the United States. In 2003, just over 300,000 metric tons (662
million pounds) of channel catfish were processed, representing about half the total United States
aquaculture production.

The channel catfish (Fig. 1.1) is a member of the family Ictaluridae—the North American
catfishes—which comprises seven genera and at least 45 species. Many are fine table fish, but the
channel catfish accounts for virtually all of the commercial foodfish production in the United
States. In this book, the other North American catfishes will be mentioned only in passing. In fact,
readers should assume the general word catfish refers to channel catfish unless indicated
otherwise. Below we provide a brief summary of other ictalurid catfishes that have been
considered for aquaculture from time to time.

The blue catfish Ictalurus furcatus is a close relative of channel catfish and has considerable
potential for exploitation as a farmed species in its own right (Dunham et al. 1993). The main
interest in blue catfish, however, stems from its potential contribution to the genotype of hybrids
with channel catfish. Blue catfish generally resemble channel catfish, although blue catfish have
a smaller head and a longer, less rounded anal fin (Fig. 1.2). Blue catfish grow slower than
channel catfish during the first two years of life under culture conditions, although strain effects
are important and some strains of blue catfish grow faster than many strains of channel catfish.
Blue catfish are sexually mature at an older age and larger size than channel catfish, and this is
considered an undesirable trait because large broodfish are difficult to manage. On the positive
side, blue catfish have a better dress-out percentage than channel catfish, they are easier to harvest
by seining, and are more uniform in size at harvest. Blue catfish are less tolerant of poor water
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Hargreaves and Tucker

FIGURE 1.1. Channel catfish Ictalurus punctatus, weighing about 1.4 kg (ca. 3 pounds).

quality than channel catfish but are more resistant than channel catfish to the infectious diseases
enteric septicemia of catfish and channel catfish virus disease.

There is considerable interest in taking advantage of the best traits of the blue and channel
catfish by making the interspecific hybrid male channel catfish x female blue catfish (see Section
5.4.3). The hybrid possesses many of the best features of the parents and is a highly desirable fish
for commercial culture. In particular, the hybrid is resistant to enteric septicemia of catfish—the
most important bacterial disease of channel catfish—and is easier to harvest than channel catfish.
The major obstacle to the commercial use of this hybrid is the low hybridization rate, which

FIGURE 1.2. Channel catfish (top) and blue catfish (bottom). Note the more rounded anal fin of the channel
catfish and the smaller head and steeper slope of the dorsal profile from the nose to the front edge of the
dorsal fin in the blue catfish.

2



Industry Development

makes it difficult to obtain adequate numbers of fry for commercial use. Problems presently exist
with synchronizing maturation of eggs and sperm. Also, males must be sacrificed to obtain blue
catfish sperm, which is wasteful, especially if genetically superior individuals are identified.
Other problems include damage of sperm or eggs during handling, fertilization protocol,
incubation procedures or preparation of broodstock, which results in poor hatching and fry
production rates. These problems must be overcome before the potential economic benefits of
using the hybrid can be realized.

At one time there was some interest in aquaculture of the white catfish Ameiurus catus (Perry
and Avault 1970), which is among the hardier of the ictalurid catfishes. They tolerate low
dissolved oxygen concentrations and high water temperatures better than channel catfish.
However, relative to channel and blue catfish, the white catfish has a poor dress-out percentage
and grows slowly. There is little current interest in growing this fish commercially.

The fish species collectively known as bullheads are the smallest of the ictalurid catfishes
commonly used as human food. The brown bullhead Ameiurus nebulosus and yellow bullhead
Ameiurus natalis offer some potential for culture, and the yellow bullhead has been advocated
as a good candidate for small-scale, "backyard" aquaculture (McLarney 1984). Bullheads tolerate
poor water quality and, under the right culture conditions, have a desirable, mild flavor. On the
other hand, bullheads are small fish that have a poor dress-out percentage. They also reproduce
rapidly and may overpopulate ponds, resulting in large numbers of very small fish. Consumer
demand and prices paid for bullheads are low and they are seldom cultured for food.

1.2 INDUSTRY DEVELOPMENT

If a poll were taken 25 years ago, few people would have predicted that by the turn of the century
channel catfish would be the fourth most frequently consumed finfish in the United States or that
catfish farming would be by far the largest aquaculture industry in the country. Most people
would have guessed that the honor would go to a fish with a more polished image, such as
rainbow trout Onchorhynchus mykiss. Against all odds, fanners in the southeastern United States
managed to change public perception of channel catfish from that of a strange, bottom-dwelling
scavenger to that of a superior foodfish.

How did this commoner—a fish with a distinct public relations problem—become the most
important fish species grown in the United States? There is no easy answer to that question,
because it involves complex interactions of biology, sociology, and economics that all came
together in the right way at the right time. In fact, catfish farming is probably not a good general
model for aquaculture development because industry growth depended on conditions impossible
to duplicate with other species and in other locations. The following brief history of catfish
farming is adapted from Hargreaves (2002), who examined industry development as a holistic,
yet step-wise process where complex factors interacted in often unplanned ways to allow a small,
local enterprise to develop into the largest aquaculture industry in the country.

1.2.1 Technical foundations (1900-1955)

The history of modern aquaculture is fraught with premature attempts to develop industries based
on speculations of market demand rather than technical or economic feasibility. Catfish farming
is significantly different because many of the production practices used in channel catfish

3



4 Hargreaves and Tucker

aquaculture were developed prior to 1955—well before there was significant commercial culture
of the fish for food.

Most of the fundamental information on the biology and culture of channel catfish was
developed at state and federal hatcheries prior to 1940. One of the main goals of the U.S. Fish and
Fisheries Commission, established in 1871, was to propagate fish, including channel catfish, for
stocking the "various waters" of the United States, including lakes, reservoirs and farm ponds.
Thus, early research on channel catfish was dedicated primarily to spawning, hatchery technology,
and fry rearing practices.

Spawning of channel catfish in ponds was first attempted (unsuccessfully) in 1906 (Leary
1910), although channel catfish were induced to spawn in aquaria in 1890 (Stickney 1996). After
several repeated attempts, the first successful spawning of channel catfish in ponds was reported
in 1914 (Shira 1917). Channel catfish were routinely propagated in hatchery ponds of many state
and federal facilities during the 1920s. The techniques for spawning channel catfish and hatching
eggs that were developed during this period serve, with only minor refinements, as standard
practice in the industry today. Most notably, this practice includes the addition of spawning
containers to broodfish ponds (Shira 1917) and incubation of eggs in shallow troughs with a
constant flow of water and slowly rotating paddles to aerate the egg mass (Clapp 1929; Fuqua and
Topel 1939).

The fundamentals of pond culture of adult catfish were developed largely through the efforts
of Dr. H. S. Swingle and his colleagues and students at Auburn University. Initial efforts focused
on increasing yields in farm ponds by using inorganic fertilizers to enhance natural productivity
(Swingle 1954). Annual yields of catfish in fertilized ponds were around 100 to 200 kg/ha (ca.
90 to 180 pounds/acre). Use of crude feeds, such as soybean cake, increased annual production
to more than 250 kg/ha (ca. 225 pounds/acre), which was dramatically increased when a dry,
powdered diet—originally formulated for minnows—produced an annual yield of 1,400 kg/ha
(ca. 1,250 pounds/acre) (Swingle 1957). Further developments in the nutrition and feeding of
catfish included pelleting the feed and formulating the diet according to the nutritional needs of
the fish. Another important finding was that daily feeding rates greater than about 35 to 45 kg/ha
(30 to 40 pounds/acre) were not possible without causing oxygen depletions and fish kills
(Swingle 1959). Farmers followed Swingle's recommendations to stock about 5,000 fish/ha (ca.
2,000 fish/acre ) and not exceed a daily feeding rate of about 35 kg/ha (ca. 30 pounds/acre) for
over 15 years.

1.2.2 Industry foundations (1955-1965)

After World War II, farm pond and reservoir construction throughout southern states increased
dramatically, and pioneering fish producers began raising baitfish to meet increased demand by
sportfish anglers. Soon, the practice of culturing baitfish expanded to include sportfish, such as
largemouth bass, sunfish, and crappie. It was only natural that the next step would be commercial
culture of foodfish, and farmers in Arkansas were among the first to explore that possibility on
a large scale. Initial efforts centered on growing buffalofish Ictiobus spp.—a regionally popular
table fish seen as an alternative to traditional crops such as rice and cotton. The market appeal of
buffalofish was not great, however, and Arkansas fish farmers began incorporating channel
catfish in polyculture with buffalofish. By 1963, channel catfish production far exceeded that of
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FIGURE 1.3. Seasonally of catfish processing in the late 1970s and late 1990s. Note the dramatic difference
between processing volume in spring and early summer during the 1970s.

buffalofish. By 1966, there were 3,947 ha (9,750 acres) of catfish ponds in Arkansas (Meyer et
al. 1967).

The first channel catfish ponds in Mississippi were constructed in 1957 (Wellborn 1990), but
true commercial production did not begin until 1965, when several farmers in the Yazoo-
Mississippi River floodplain of northwest Mississippi (an area regionally known as the "Delta")
began constructing and stocking ponds. After 1970, catfish farming began to expand at a rapid
rate in the Delta, and Mississippi assumed the lead role in industry development.

1.2.3 Vertical integration (1965-1980)

During the 1960s and early 1970s, the commercial catfish industry consisted of independent
farmers selling live fish for stocking fee fishing operations or private farm ponds and selling
processed fish to small local retail markets. Processing offish was distinctly seasonal (Fig. 1.3),
with peak market demand during Lent (February through March) and peak availability following
fall harvest (October through November). Product quality was inconsistent because quality
control programs for flavor were not in place.

Many agricultural industries fail to advance past the point where independent producers are
selling a seasonal product to local, niche markets. The event that allowed catfish farming to leap
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past the point where many agricultural industries stall came in 1967 when eleven catfish
producers formed a limited partnership and constructed a small processing plant in Morgan City,
Mississippi. Most catfish farmers wanted to sell their fish in fall, at the end of the summer
growing season, but an efficiently operated processing plant requires a continuous supply offish.
In an effort to meet the requirements for a year-round fish supply, catfish farmers began using a
multiple-batch cropping system (Wellborn 1990), which is described in Chapter 8. Ponds
managed under this cropping system contain mixed sizes offish and can be harvested throughout
the year to assure a continuous supply of fish for processing.

In 1971, about ten catfish farmers formed a cooperative to borrow money for the construction
of a feed mill in Isola, Mississippi, which began operation in 1974. This mill had a major impact
on improving fish production efficiency in ponds. The mill completed the initial steps of
vertically integrating the industry and was a critically important factor stimulating the
development of the Mississippi catfish industry. Ancillary industries (such as equipment
manufacture, transportation, chemical and equipment supply, and pond construction) rapidly
developed to provide support for catfish farming.

The drive toward vertical integration, coupled with the economic downturn caused by the oil
embargo of 1974, led to industry consolidation. Marginal producers failed, unable to realize the
benefits of appropriate economies of scale. Between June 1973 and May 1977, the number of
catfish farms in Mississippi decreased from 563 to 199 (Wellborn and Tucker 1985). During this
same period, average farm size increased from 18 to 35 ha (44 to 86 acres) as successful farmers
increased the pond area in production. This trend continued into the 1980s: by 1983, average farm
size was 70 ha (173 acres).

By 1980, the industry had become vertically integrated and many farmers expanded their
operations to realize the benefits of economies of scale. Some farmers specialized in fry and
fingerling production for stocking of foodfish production ponds. Cooperatively owned feed mills
produced a feed specifically designed for catfish farming. Processing plants produced a uniform
quality product that was recognized as distinct from other seafood, which facilitated distribution
and marketing.

1.2.4 Industry intensification (1980-present)

Following the loss of marginal farms that occurred during and after the recession of the mid-
1970s, the channel catfish industry continued to expand. During the 1980s, production increased
at a greater rate than expansion of pond area (Fig. 1.4), demonstrating that increases in
productivity had a greater effect on overall fish production than increases in pond area. From
1982 to 2002, pond area approximately doubled, but the quantity offish processed—an index of
fish production—increased by more than six times.

Prior to the 1980s, farmers restricted stocking rates to about 6,000 to 10,000 fish/ha (ca. 2,500
to 4,000 fish/acre) in an effort to minimize problems with low dissolved oxygen concentrations.
As farmers attempted to increase fish yield, stocking and feeding rates were increased to the point
where episodes of low dissolved oxygen concentration were common. This was the impetus for
the development of better aeration technologies. The widespread adoption of electric paddlewheel
aeration was the single most important technical innovation responsible for the increase in
production during the 1980s (see Chapter 10).
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1.3 FACTORS CONTRIBUTING TO THE SUCCESS OF CATFISH FARMING

The successful development of any aquaculture industry depends on the proper mix of favorable
culture characteristics of the animal, the availability of resources to support production, and
market demand for the product. Although these factors are common to the development of any
successful aquaculture industry, unique factors also contribute to the development of a particular
industry.

1.3.1 Biology of channel catfish

Regardless of potential market demand, no aquaculture industry can develop past infancy if the
animal is too difficult to produce. In that regard, channel catfish are a model species for

7

FIGURE 1.4. Relative increases in pond area and weight offish processed during the period 1982-2002.

A key factor contributing to industry intensification was the establishment of The Catfish
Institute (TCI) in 1986. Prior to the establishment of TCI, catfish marketing was primarily
regional and product advertising was practically non-existent. Funded by a "check-off of
$6.6 I/metric ton ($6/ton) of catfish feed, TCI developed generic marketing programs to introduce
channel catfish as a food-service item. The intention of the generic promotional program was to
expand the overall market for channel catfish beyond the region to the whole nation.
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commercial aquaculture. Channel catfish usually do not reproduce in culture ponds, giving the
culturist control over pond populations. Sexually mature fish are, however, easily spawned under
proper conditions and large numbers of fry can be obtained using simple methods. Fry accept
manufactured feeds at first feeding after absorbing the yolk-sac, and growth and feed conversion
efficiency on relatively simple manufactured feeds is good in all phases of production. Channel
catfish are hardy fish that tolerate crowding and a wide range of environmental conditions. They
also adapt well to all commonly used aquaculture production systems—ponds, cages, and
raceways. Channel catfish have firm, white flesh with a mild flavor that retains high sensory
quality after a variety of processing methods.

1.3.2 Physical resources

Although commercial catfish aquaculture was reported from 35 states in 2000, nearly all
production occurs in 13 states in the southeastern United States and two states—Missouri and
California—outside that region. Within the southeastern United States, the two major catfish-
producing areas are 1) a relatively well-defined geographical area of the Mississippi River
Alluvial Valley that includes northwest Mississippi, southeast Arkansas, and northeast Louisiana
and 2) a less well-defined area of west-central Alabama and east-central Mississippi (Fig. 1.5).
Over 95% of the United States catfish production is derived from farms in those two regions.

The two catfish-growing regions are separated by about 250 km (ca. 150 miles) and have
similar climates. Average annual rainfall is 125 to 150 cm (ca. 50 to 60 inches) with maximum
rainfall in winter and spring. The annual air temperature regime provides a long growing season,
with average pond water temperatures above 20°C (68°F) for about 200 days of the year and
above 25°C (77°F) for about 140 days. Although faster growth and greater fish production are
possible in regions with more tropical climates, cool winters are required for large-scale
propagation of channel catfish because changes in water temperature exert primary control over
the reproductive cycle (Davis et al. 1986). Specifically, a month or more of water temperatures
less than 10 to 15°C (50 to 60°F) is required to stimulate gametogenesis and a subsequent slow
rise in water temperatures to around 20 to 25°C (68 to 77°F) stimulates spawning.

The southeastern United States has a well-developed transportation and communications
infrastructure. These characteristics facilitate transportation offish feeds from feed mills to fish
farms, fmgerlings from fingerling producers to foodfish production facilities, foodfish from
production facilities to processing plants, and miscellaneous equipment and supplies to fish
farms. For marketing purposes, Mississippi is located within one trucking day (approximately 800
km, or 500 miles) of about one-third of the United States population.

Mississippi River Alluvial Valley

Ponds in the Mississippi River Alluvial Valley account for about 65% of the total land area
devoted to catfish aquaculture in the United States and about the same percentage of the total
production of food-sized catfish. The land is remarkably flat, with elevations of 30 to 45 m (ca.
100 to 150 feet) above sea level. Soils are derived from alluvial sediments deposited by the
Mississippi River and vary widely in texture because of differences in sediment deposition during
flood events. Relatively coarse soils were formed on low ridges as sands were deposited during
floods. Finer silts and clays were deposited in low-lying, slack-water areas when floods receded.
Coarse soils are preferred for most row-crop agriculture, particularly cotton, because of their tilth

8
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FIGURE 1.5. The two major catfish-producing areas of the United States—the "Delta" in Mississippi,
Arkansas, and Louisiana, and the Blackland Prairie in west Alabama and east Mississippi. Shaded areas
represent the highest concentration of catfish farms with the edpahic regions. Map drawn by Michael J.
Chamberlain.

and superior drainage characteristics. Finer-textured soils are less desirable for most crops, but
are used extensively for rice and catfish production where poor drainage and low rates of
infiltration are an asset rather than a liability. Most catfish ponds in the region are constructed on
soils containing 50 to 90% montmorillonite clay. The soils are very hard when dry and plastic and
sticky when wet. Montmorillonite clays have high shrink-swell potential—they swell when wet
and become a dense mass with exceedingly low rates of infiltration. Properly constructed catfish
ponds in the area have seepage rates of less than 0.1 cm/day (ca. 0.04 inches/day).

Water for filling catfish ponds is pumped from the Mississippi River Alluvial Aquifer. The
Alluvial Aquifer is the shallowest of several aquifers underlying the region and consists of sands
and gravels overlain by clay. Wells range from 15 to 75 m (ca. 50 to 250 feet) deep. After ponds
are initially filled with ground water, water levels are maintained by inputs of precipitation and
pumped water. Abundant rainfall in the region significantly reduces the requirement for pumped
water after ponds are filled (Pote et al. 1988).

The topography of the lower Mississippi River Alluvial Valley and the availability of a high-
yielding groundwater source lying at a shallow depth are ideally suited for construction of
"embankment" or "levee" ponds (see Chapter 9). Embankment ponds are built by removing soil
from the area that will be the pond bottom and using that soil to form levees around the pond

9
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perimeter. Embankment ponds are the preferred type for large-scale aquaculture because they can
be built in large contiguous tracts, making water quality management and feeding more
convenient than for ponds scattered over the landscape. Also, the regular features and relatively
flat bottoms of levee ponds facilitate fish harvest.

West-central Alabama and east-central Mississippi

Most catfish ponds in west-central Alabama and east-central Mississippi are located in the
western portion of the Blackland Prairie soil edaphic region. The Blackland Prairie is a crescent-
shaped region of unique soils extending from just south of Montgomery, Alabama, to west of
Columbus, Mississippi, and ending near Tupelo, in northeast Mississippi. Elevation ranges from
25 to 100 m (ca. 75 to 300 feet) above sea level and the land is nearly flat to moderately sloping.
Soils predominantly are fine clays containing 30 to 90% montmorillonite and are similar to those
used for pond construction in the Mississippi River Alluvial Valley. Blackland Prairie soils differ,
however, from the Alluvial soils in that they often overlie soft limestone, chalk, or marl.

High-yielding aquifers in the Blackland Prairie are considerably deeper than the Alluvial
Aquifer along the Mississippi River, and this is reflected in water-use patterns and pond types in
the prairie region. Whereas all ponds in the Mississippi River Alluvial Valley are embankment
ponds filled with groundwater, about 75% of the commercial catfish ponds in west-central
Alabama are watershed ponds that use mainly rainfall and storm runoff for filling and maintaining
water levels. The remaining 25% of the ponds are embankment ponds, and are filled with pumped
ground water or surface water from adjacent creeks. Some ponds are a combination of the two
types in that they may have two or three embankments and open on one end and capable of
receiving storm runoff. After initial filling, pond water levels are maintained with precipitation
and pumped water, depending on availability. Since most of the ponds in production are of the
watershed type, the ponds are designed to maintain a minimum water pool with average rainfall.

Within the Blackland Prairie, a major difference between catfish farming in west-central
Alabama and east-central Mississippi is even less reliance on groundwater in east Mississippi.
About half the ponds in east Mississippi are watershed-type ponds that use rainfall and storm
runoff for filling and maintaining water levels. The rest are levee-type ponds or hybrid watershed-
levee ponds, but nearly all use water pumped from nearby streams or other surface water supplies
rather than from groundwater supplies.

1.3.3 Regional socio-economics

Initial development of large-scale catfish farming in northwest Mississippi was facilitated by the
socio-economic history of the region. Until the end of the Civil War, the Delta was a vast and
nearly impenetrable wilderness of bottomland hardwood forests and backwater swamps. During
the political and social Reconstruction that followed the war, the clearing of Delta forests began
in earnest because the rich alluvial soil and flat topography were recognized as prime lands for
row crop agriculture, especially cotton.

Throughout the southeast, a paternalistic socio-economic system developed that was rooted
in the plantation-based economic system in place before the Civil War. This system—share-
cropping—developed as a way for white planters to use and control a large labor force while
avoiding the appearance of overt labor control that applied under slavery. On the face of it,
sharecroppers were free to move, but in reality the system bound workers to a landowner through
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a feudal system of economic dependency. Under the system, white landowners provided credit
for seed, tools, housing and food, and determined the crop, supervised production, and controlled
the weighing and marketing of the crop. Sharecroppers, who were for the most part black, would
farm the land in turn for a share of the proceeds from harvest. The share was diminished by
charges for expenses incurred during the cropping cycle, often to a point where the sharecropper
remained in debt. Sharecropping caused wide economic polarization and social inequity between
landowners, who provided credit, and sharecroppers, who worked the land—an inequity with a
profound racial component.

Although mechanization, emigration, federal crop subsidies, and civil rights legislation put
an end to the sharecropping system by the 1960s, it had established a pattern of economic
dependency and inequitable opportunity that persists in the Delta to the present. For better or
worse, the legacy of sharecropping—economic polarization— facilitated the early development
of the catfish industry by providing socio-economic preconditions that facilitated development
of large-scale commercial aquaculture. Specifically, the availability of capital and a large pool of
unskilled, non-unionized labor to work on farms and in processing plants contributed to
development of this new industry. It is worth noting that these conditions exist in many, if not
most, regions where large-scale commercial aquaculture has developed. Examples include shrimp
culture in Southeast Asia and tilapia culture in Central America. In those cases, however, capital
came from outside sources (large multinational companies or foreign entrepreneurs) rather than
from local landowners, as was the case in the catfish industry.

Other socio-economic factors also played an important role in the early years of industry
development. Lending institutions were willing to extend loans to catfish farmers, especially
because commodity prices for cotton, soybeans, and rice in the mid-1960s were depressed.
Lending institutions saw catfish farming as a potentially viable alternative to row-crop
agriculture. Loan officers also had experience with extending loans to support poultry farming,
which was well-established in the southeastern United States by the 1960s and thereby served as
a model that inspired confidence within lending institutions. Capital loans were particularly
important for the establishment of farmer-owned processing plants and feed mills.

Since the early 1980s, many people from outside the original group of Delta landowners have
entered catfish farming and are changing the face of the industry. Much of this new growth
occurred in the west Alabama and east Mississippi regions of the Blackland Prairie where farm
operational characteristics differ from those in the Delta. Farms in the Blackland Prairie tend to
be smaller (although there are exceptions) and catfish production is more often part of a
diversified or multi-enterprise farm. Of particular interest is the role of Mennonite farmers in the
development of catfish farming in Arkansas, west Alabama, and, more recently, in east
Mississippi. Many of the Mennonite farms are small relative to Delta farms and are part of a
mixed agriculture, where various row crops and cattle are grown along with catfish. Mennonite
farmers also have a tradition of cooperation among themselves in pond construction, harvesting,
and information exchange. Anecdotal evidence indicates that per-area catfish yields are
considerably greater on the smaller farms of the Blackland Prairie than on the much larger Delta
farms, probably because ponds are smaller and more intensively managed than on Delta farms.

1.3.4 Personal attributes of farmers

The availability of a good fish and the proper resources (physical, capital, and labor) to grow it
were requisite for industry growth, but that potential would never have been realized without
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people willing to enter catfish farming in the face of great risk and uncertainty. Individuals who
decided to enter catfish farming in the 1970s and early 1980s were classic innovators. They were
independent, preferred self-employment, optimistic about the future, and excited by risk.

Risks associated with catfish farming are great. In the early stages of industry development,
markets were uncertain and appeared to be self-limited because of the poor image of catfish
outside the deep south. Throughout the history of catfish farming, producers have contended with
price fluctuations for inputs and fish. Most catfish farmers were familiar with row-crop farming,
but the level of oversight and diligence required to farm catfish successfully is much greater than
that needed for row-crop farming. Timely, on-the-spot decision making is often necessary to
avoid catastrophic fish losses. Successful catfish farming favors innovators who develop creative
technical and management solutions to production problems as they emerge.

One important personal attribute of pioneering catfish farmers was their willingness to work
cooperatively, despite their otherwise keenly independent personalities. The first producers
association, the forerunner of the current Catfish Farmers of America, was formed in 1966.
Catfish farmers joined forces to develop fish processing facilities in 1967 and again in 1981. A
cooperative feed manufacturing facility was developed in 1971. The Catfish Bargaining
Association was started in 1978. Catfish farmers also worked very closely with research and
extension scientists from regional land-grant universities and federal hatcheries.

1.3.5 Marketing and promotion

Channel catfish have always been esteemed as a foodfish in the southern United States and are
commonly consumed at traditional social gatherings known as "fish fries." Marketing channel
catfish beyond the region, however, has always been a challenge. The image of the channel catfish
suffers from being known as a "mud cat" or bottom feeder in the natural environment. In addition,
the biblical proscription against eating scaleless fish found in the book of Leviticus is an
impediment to acceptance by some people.

The Catfish Institute (TCI) was established in 1986 to promote the nationwide marketing of
channel catfish. The Institute has been dedicated to increasing demand for channel catfish by
promoting the positive attributes of farm-raised catfish to consumers and food-service profes-
sionals through advertising and other promotion programs. Marketing efforts have been funded
by a "check-off on fish feed purchases, which was initiated in April 1987. To date, more than
$30 million has been invested in TCI. This investment in marketing has increased demand for
channel catfish and promoted rapid expansion of the industry.

By any measure, this strategic investment has reaped great dividends for the catfish industry.
In the first year of the advertising program, consumer awareness of farm-raised catfish increased
by 15% and purchases for in-home and restaurant consumption increased by 11 to 12% (Kinnucan
and Venkateswaran, 1991). Over a 3-year period (1987 through 1989), price increases of 6.7%
at the wholesale level and 8.2% at the farm level could be attributed to the advertising program,
which was estimated to have a 13:1 benefit/cost ratio (Kinnucan and Venkateswaran 1991).
Production increased from 87,000 metric tons (192 million pounds) in 1986, the year TCI was
founded, to over 3 00,000 metric tons (662 million pounds) in 2003. Most catfish is now marketed
to states outside the catfish-producing region, although per capita consumption remains highest
within the region.

Despite the measurable gains in catfish marketing attributable to the generic advertising
program, the benefit of expanded investment in this program appears possible. Kinnucan (1995)
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suggested that the generic advertising program is underfunded, citing evidence of a large latent
demand from United States' consumers. Catfish supply and demand curves are little affected by
price (i.e., price inelastic), a characteristic that creates conditions in which returns from additional
investment in advertising can be realized.

1.3.6 Research and extension

Aquaculture industries often develop from the concept that if a particular animal has high market
value or is widely consumed, it will be profitable to raise commercially. Many of these concepts
never get past that point because little is known of the biology and culture requirements of the
animal in question. So, well in advance of the first crop, the culturist must conduct research to
understand the reproductive biology of the animal, its nutritional and environmental requirements,
and the basic culture techniques needed for profitable production. Development of channel catfish
aquaculture, in common with commercial culture of certain salmonids, differed from this model
of industry development because much of the basic culture technology was known well before
significant commercial culture of the fish for food.

The technological foundations of catfish aquaculture were mentioned briefly in Section 1.3.1.
An in-depth review of the role of research and extension in the development of the industry is
discussed in more detail elsewhere (Hargreaves 2002). Nearly all of the key research needed to
support development of the industry was available before 1980, although considerable refinement
of that information has taken place since then, including studies into areas made critical by
intensification of culture (aeration technology, for example). Nevertheless, lack of information
on biology and culture technology clearly did not constrain early growth of the industry.

1.4 LESSONS FROM THE PAST

Although additional chapters in the history of channel catfish farming have yet to be written, the
lessons of catfish industry development are instructive for the development of other, nascent
aquaculture industries. In this introductory chapter, we emphasized the prominent role of research
as a factor contributing to successful industry development. To that end, this book reflects the
current state-of-the-art of research on channel catfish biology and culture. The contents of this
book define the current limits to knowledge about channel catfish and therefore provide an
agenda for future research. Finally, as this book emphasizes the culture of channel catfish in
earthen ponds, the culture system in which the overwhelming majority of global finfish are
produced, the information presented here can provide a reference point for semi-intensive pond
culture of other aquaculture species.
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2.1 INTRODUCTION

The channel catfish is without question the icon of catfish fisheries in North America. It is
extremely popular among fishers by virtue of its sporting qualities and palatability. It is easily
propagated, transported, and stocked. It is hardy, handles well, and is adaptable to a variety of
environments. It readily takes artificial feed and will also forage on a variety of natural foods in
the wild. In most situations, the fish grows well and recruits rapidly into the fishery. It can attain
sizes attractive to trophy anglers. Consequently, throughout its native range and where it has been
introduced, in the private as well as the public sector, the channel catfish is often the principal fish
sustaining recreational, commercial, and subsistence fisheries.

McMahon and Terrell (1982) provide an excellent synopsis of channel catfish biology with
emphasis on habitat relationships. Ramsey and Graham (1991) build on this work with their
comprehensive review of the literature on both blue catfish and channel catfish in streams. Most
recently, Hubert (1999) provides a thorough presentation of channel catfish biology and manage-
ment in the context of the First International Ictalurid Symposium held in Davenport, Iowa, in
June 1998 (Irwin et al. 1999a). These works incorporate a broad range of primary references,
well-developed syntheses of information, and a solid professional perspective on the species.

2.2 DESCRIPTION

Trautman (1957) and Pflieger (1997) provide good physical descriptions of channel catfish. It is
a rather slender, scaleless fish (see Fig. 1.1, page 2) with a gently-sloping profile forward of the
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dorsal fin (in contrast to the more acute profile of the blue catfish lctalurus furcatus). It has sharp,
robust spines in the dorsal and pectoral fins, and no spines in the pelvic or anal fins. The posterior
third of the adipose fin is a free lobe. The caudal fin is deeply forked. The anal fin has 24-30
rays, counting rudimentary rays, and its distal margin is rounded (contrasting to the straight
margin of the blue catfish). There are usually eight barbels encircling the mouth. Breeding males
have a wide head and bulging cheeks and opercles.

The body of the young, and in some cases the body of adults weighing up to about 1 kg (ca.
2 pounds), has a few to many black spots (blue catfish never have spots). Channel catfish smaller
than about 35 cm (14 inches) total length (TL), tend to be bluish- or olivaceous-silvery dorsally,
and silvery-white ventrally. Channel catfish 35 to 60 cm (14 to 24 inches) TL are silvery-blue,
olive-blue or slaty-blue dorsally, and yellow-white or milky white ventrally. All except adult
males in this larger length group also tend to have spots. At greater lengths, adults are dark steel-
blue and have few if any spots. These larger fish are best distinguished from blue catfish in the
field by body profile forward of the dorsal fin, the rounded margin of the anal fin and the deeply
forked caudal fin.

2.3 DISTRIBUTION

The native range of the channel catfish includes central drainages of the United States, extends
into southern Canada, and continues to the north and east of the Appalachian Mountains (Lee et
al. 1980). Through introductions, naturalized populations now can be found throughout most of
the lower 48 states (Hubert 1999).

2.4 BIOLOGY

2.4.1 Habitats

Channel catfish can thrive in a variety of habitats, with the largest populations found in
moderately turbid, deeper or larger waters of low or moderate gradient streams with fairly clean
bottoms of sand, gravel, or boulders; and also over bottoms of silt—provided the rate of silt
deposition is slow (Trautman 1957; Pflieger 1997). They tend to favor areas with complex woody
structure over other cover types, and depths of 1 to 2 m (ca. 3 to 6 feet) even though shallower
and deeper habitat may be available (Coon and Dames 1991). During winter, channel catfish seek
deep water in main channels of larger streams where there are eddy currents, rocks, and other
structure to break the current (Hawkinson and Grundwald 1979; Newcomb 1989; Pellett et al.
1998). In the Yockanookany River (Pearl River drainage, Mississippi) channel catfish were more
abundant in the main river channel than in an off-channel but seasonally connected oxbow lake
(Jackson and Jackson 1999a). Shephard (2003) found positive correlations between relative
abundance of channel catfish in Mississippi streams and the proportion of the stream's
watershed/flood plain covered by bottomland hardwood forests.

Channel catfish can maintain dynamic populations in highly modified environments. For
example, Jackson and Dillard (1993) reported productive fisheries for channel catfish in riverine
sections of the Tennessee-Tombigbee Waterway (Mississippi), a system that during construction
transformed the Tombigbee River into a series of navigation channels and pools. In this system,



Natural History and Fisheries 17

gill nets deployed by Jackson (1995) captured larger channel catfish in the tailraces below dams
than in artificially constructed navigation channels and original old river bendways. Stock-size
channel catfish (>28 cm [11 inches] TL; Gablehouse 1984) and substock-size channel catfish
(each group considered separately) were more abundant in artificially constructed navigation
channels than in the other two habitats.

Stream channel modifications (particularly dredging) can result in significant negative
impacts to channel catfish stocks. Jackson (2000) reported that channel dredging impacted
channel catfish abundance more than stock structure, suggesting that the ecological and energetic
foundations supporting channel catfish were reduced in the dredged stream sections. This reflects
in-channel modification of channel catfish habitat and modification to hydrological regimes
through reduced lateral exchanges of flood waters onto the flood plain (e.g., flood pulses; Junk
et al. 1989), that incorporate allochthonous organic materials into the dynamics of stream
ecosystem energetics. Ecosystem and stock recovery times can vary regionally. However, in the
lower Mississippi River valley, recovery time has been estimated at around 20 to 25 years
(Jackson et al. 1993). In this regard, Jackson and Ye (2000) reported exploitable channel catfish
stocks throughout the upper Yazoo River basin, an integrated flood plain river ecosystem that was
altered by headwater damming, clearing of riparian zones, and channel dredging and snagging
during the 1940s and 1950s.

2.4.2 Abiotic influences

Physical and chemical factors

Stock dynamics of wild channel catfish populations can be influenced by physical and chemical
environmental features. Metabolism, respiration, ion exchange, and physiological aspects of
reproductive processes, among others, are aspects of channel catfish biology that ultimately can
influence the overall well being of a wild channel catfish stock and its status as a fishery resource.
Abiotic factors as they relate to channel catfish biology are covered in Chapter 3; however,
because variation in biomass and population dynamics of channel catfish stocks can oftentimes
be explained largely in terms of abiotic factors, these factors—as they relate to natural history and
fisheries for channel catfish—are addressed here.

For example, Layher and Maughan (1985) looked at relations between habitat variables and
channel catfish populations in Kansas prairie streams. Runoff, fraction of the stream area
consisting of runs, and water temperature accounted for nearly half of the variability in channel
catfish biomass. However, when the model was tested in Oklahoma, it was significant but the
correlation was low. Layher and Maughan (1985) concluded that the model was locally useful but
had low predictive power across geographic regions.

Rutherford et al. (1995) found that growth increments of channel catfish in the lower
Mississippi River were positively related to length of the growing season (number of days when
water temperatures exceeded 15°C [60°F]), which was attributed to favorable production offish
food items (primarily invertebrates) during extended warm environmental conditions. Patton and
Hubert (1996) also addressed temperature related influences on channel catfish stocks. In their
study of a cool tailwater stream on the Great Plains, water temperatures were greater than 16°C
(61° F) for 100 to 135 days and above 20°C (68°F) for only 16 to 38 days. Stocked channel
catfish had high proportional stock density (as defined by Anderson 1980), moderately high
condition factors (relative weight, Wr; Anderson 1980), and rapid growth, but spawned late in the
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year, resulting in young that were too small to survive their first winter. Stocked fish, on the other
hand, were larger than naturally spawned fish and successfully recruited to age 1. Thus,
maintenance of the channel catfish fishery in this system would require routine stocking.

Dissolved oxygen can influence the dynamics of channel catfish stocks as well as the
associated fishery. Moss and Scott (1961) reported critical dissolved oxygen concentrations for
channel catfish of 0.75 mg/L at 25°C (77°F), 1.00 mg/L at 30°C (86°F), and 1.23 mg/L at 35°C
(95°F). Mosher (1983) studied the effects of artificial circulation on fish distribution and angling
success for channel catfish in a small prairie lake in Kansas. Prior to implementation of artificial
circulation, dissolved oxygen concentrations were 0 mg/L at depths greater than 4 m (ca. 13 feet)
and most fish were located at depths shallower than 3 m (ca. 10 feet). After implementation of
artificial circulation, dissolved oxygen was above 4.0 mg/L throughout the water column and fish
were distributed throughout the system. Following artificial circulation, angler effort increased
and harvest increased 227% the first year and an additional 48% during the second year.

Perry (1968) compared channel catfish and blue catfish with respect to how salinity influences
distribution and relative abundance. Blue catfish were more abundant in waters with average
salinity of 3.7 parts per thousand (ppt) while channel catfish were more abundant in waters with
average salinity of 1.7 ppt. However, both species were collected from waters having salinities
ranging up to 11.4 ppt, suggesting that temporary saltwater intrusion creating brackish water
conditions on coastal zone channel catfish populations likely has minimum impacts to the fishery
resources.

Hydrology

Holland-Bartels and Duval (1988) studied variation in abundance of young-of-the-year channel
catfish in a navigation pool of the upper Mississippi River. They conducted 154 trawls over a 3-
year period and found no significant difference in spatial patterns of abundance or lengths offish
(but high variation among replicate trawls). Temporal patterns in abundance and length-frequency
distributions varied among years. Spawning was protracted during the high discharge years of
1984 and 1986. Between 60% and 70% more young channel catfish were produced in 1985 when
spawning occurred over a shorter period of time and a more uniformly sized year class was
produced. This pattern of recruitment can overwhelm potential predators for short periods of time,
after which the young catfish have attained sizes less vulnerable to predation. High discharge in
1984 and 1986 seems to have negatively affected production of young.

However, high discharge is known to enhance fisheries associated with flood-plain river
ecosystems (Welcomme 1985; Junk et al. 1989; Jackson and Marmulla 2001). For example,
Jackson and Ye (2000) studied riverine fish stock responses to hydrological and climatic regimes
in the upper Yazoo River basin, Mississippi, and reported lag periods of 1 to 2 years between
flooding and increased channel catfish abundances. These lag periods reflected time requirements
for recruitment of channel catfish into the fishery.

2.4.3 Movements

Most studies of channel catfish movements have addressed stock dynamics in rivers and streams,
primarily because fisheries professionals seek to understand the appropriate level of spatial
resolution required for management of riverine stocks. Stocks in lakes tend to be under the
auspices of single management units. Often, riverine channel catfish stocks are inter-jurisdictional



Natural History and Fisheries 19

between or among states, a situation that requires collaboration and reciprocity regarding
establishment of data bases, formulation of management strategies, and implementation of fishery
regulations.

Channel catfish in northern portions of their range are typically migratory, utilizing tributaries
during warmer months and overwintering in deepwater locations in main stems of major rivers
(Newcomb 1989;Pellettetal. 1998; Fago 1999). Males typically move greater distances than do
females (Wendel and Kelsch 1999). Intermediate-size channel catfish tend to utilize tributary
streams more than do smaller and larger channel catfish (Dames et al. 1989). In flood-plain river
ecosystems, channel catfish move onto flood plains to feed, and will travel great distances along
the stream channel in order to locate access to the flood plains (Flotemersch et al. 1999). In
reservoirs, channel catfish tend to move at random (Timmons 1999), except during periods of
high water inflow when they move to inflowing streams, presumably for foraging purposes
(Duncan and Myers 1978).

Channel catfish seem to have homing capabilities (Funk 1957; Welker 1967), with larger fish
having greater fidelity to summer home sites than smaller fish (Pellett et al. 1998). In ponds,
Randolph and Clemens (1976) noted that channel catfish had home areas, and moved to and from
feeding areas by established "swim-ways." These swim-ways were hard bottomed and free of silt.
In the spring and fall, home areas and swim-ways were in shallows, but during summer and
winter they were in deeper parts of the pond.

During daylight hours, adult channel catfish move to deep water or lie about drift piles,
submerged logs, or other cover. At night they move onto riffles or into the shallows of pools to
feed; the young often occur in riffles or the shallower parts of pools (Pflieger 1997; Chisam
1998). Smaller channel catfish, particularly fry, tend to be at the mercy of currents in streams and
drift downstream as a result of nocturnal foraging activity (Armstrong and Brown 1983; Brown
and Armstrong 1985). In the absence of shelter, young channel catfish form aggregations during
day and disperse during night (Brown et al. 1970). Juvenile channel catfish exhibited a distinct
near-shore distribution in shallow habitats with slow velocities at night, and occupied main
channel habitats with variable depth and velocities during day (Irwin et al. 1999b).

2.4.4 Reproduction

McMahon and Terrel (1982), Ramsey and Graham (1991), and Hubert (1999) all give good
synopses of channel catfish spawning. Critical primary literature includes Appelget and Smith
(1951), Clemens and Sneed (1957), Marzolf (1957), and Holland-Bartels and Duval (1988).
Spawning occurs during late spring and early summer when water temperature is approximately
21 to 28°C (70 to 82°F). The male typically selects and cleans a cavity or other confined site for
spawning (e.g., excavated holes along the bank, hollow logs, debris piles, and root wads). After
the site is prepared, females are attracted to the cavity, and spawning occurs within the cavity.
Courtship is described by Baker (1985). The male and female swim in circles around one another
with the male pushing the female in a herding movement toward the cavity. If the female tries to
leave, the male nudges her back, attempting to persuade her to enter the cavity. Once inside, both
fish float with bodies touching and facing in opposite directions. Each fish curls its tail around
the head of the other in a gentle flapping motion. After the female has deposited eggs she moves
aside and the male swims over the egg mass, releasing a cloud of milt. Repetitive mating by the
pair can continue for up to 6 hours. Once the eggs are all fertilized, the male drives away the
female and then guards and aerates the eggs and fry. If the female tries to reenter the cavity, the
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FIGURE 2.1. Total length at age and 95% confidence intervals for wild channel catfish from throughout
North America. (Developed from data provided by Hubert 1999, Table 1; Crumpton 1999, Table 1; and
Chisam 1998, Table 21). Number of populations addressed: Age-1, A^=8; Age-3,7V=94; Age-6, ^=86; Age-9,
7V=46; Age-12, yV=20; Age 15, yv=8.

male will attack and even kill her. Eggs hatch in 9 to 10 days at temperatures of 16 tol8°C (61
to 64°F) and in 6 to 7 days at temperatures of 24 to 26°C (75 to 79°F). Lack of suitable spawning
cavities can lead to limited spawning success (Marzolf 1957).

2.4.5 Age, growth, and maturation

Length at age of wild channel catfish can vary considerably during their first year or two of life
(Fig. 2.1). By age 3 years, length at age is relatively consistent throughout the species' range, and
remains so until channel catfish are around 5 or 6 years old. Thereafter, variation in length at age
increases. However, Hubert (1999) reported no discernable growth patterns that could be related
to either geographic location or to habitat types. In most wild stocks, channel catfish reach a total
length of approximately 10 cm (4 inches) by age 1 year, 25 cm (10 inches) by age 3 years, nearly
40 cm (16 inches) by age 6 years, and begin approaching 50 cm (20 inches) by age 10 years.
Channel catfish 21 to 23 years old have been recorded, but most stocks tend to have a maximum
recorded age of around 8 years (Hubert 1999). There are numerous state records of channel catfish
exceeding 18 kg (40 pounds) (Table 2.1), and the world record channel catfish weighed 26.3 kg
(58 pounds) (Quinn 1996).
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TABLE 2.1. State records for channel catfish. Courtesy of S. Quinn, In-Fisherman, Inc., Brainerd, Minnesota.

State
Alabama
Arizona
Arkansas
California
Colorado
Connecticut
Florida
Georgia
Hawaii
Idaho
Illinois
Indiana
Iowa
Kansas
Kentucky
Louisiana
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri
Montana
Nebraska
Nevada
New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
Pennsylvania
South Carolina
South Dakota
Tennessee
Texas
Utah
Vermont
Virginia
Washington
West Virginia
Wisconsin
Wyoming

Weight
(pounds)
40.0
35.3
38.0
52.6
33.5
23.0
44.5
44.8
43.8
31.1
45.3
37.5
36.5
36.5
28.2
30.3
29.6
26.5
40.0
38.0
51.8
29.9
27.2
25.6
31.1
33.2
36.5
32.8
40.5
33.3
37.6
34.7
36.5
35.2
58.0
55.0
41.0
36.5
32.5
34.9
31.5
36.2
33.4
44.0
24.2

(kg)
18.2
16.0
17.3
23.9
15.2
10.5
20.2
20.3
19.9
14.1
20.6
17.0
16.6
16.6
12.8
13.5
13.4
12.0
18.2
17.3
23.5
13.6
12.3
11.6
14.1
15.1
16.6
15.8
18.4
15.1
17.0
15.8
16.6
16.0
26.3
25.0
18.6
16.6
14.8
15.8
14.3
16.4
15.2
20.0
11.0

Location
Inland Lake
Parker Canyon Lake
Lake Ouachita
Santa Ana River Lakes
Hertha Reservoir
Lake Quassapaug
Lake Bluff (Lake City)
Altamaha River
Lake Wilson (Oahu)
Mann Lake
Baldwin Lake (St. Clair City)
Lake (Vanderburgh City)
Middle Raccoon River
Mined Land Area
Farm Pond
Canal leading into Lake Theriot
Mattawoman Creek
Ashfield Lake
Houghton Lake (Roscommon)
Mississippi River
Mississippi River
Unknown
Castle Rock Lake
Merritt Reservoir
Lahontan Reservoir
Lake Hopatacong
Stubblefield Lake
Brant Lake
Fontana Reservoir
Red River
LaDue Reservoir
Canton Reservoir
McKay Reservoir
Lehigh Canal (Walnut Port)
Santee-Cooper Reservoir
James River
Fall Creek (Falls Lake)
Pedernales River
Utah Lake
Monkton Pond
Rappahannock River
1-82 Pond #6
Patterson Creek (Grant City)
Wisconsin River
Farm Pond (Platte City)

Date
1967
1987
1989
1993
1994
1996
1985
1972
1974
2001
1987
1980
1993
2003
1994
1977
1997
1989
1960, 1964
1975
1997
1976
1998
1985
1980
1978
1999
2002
1971
1991
1992
2002
1980
1991
1964
1949
1982
1965
1978
1996
1992
1999
1993
1962
1993
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Channel catfish reach maturity between 28 and 76 cm (11 and 30 inches) (Trautman 1957).
By age 6 years, 50% of both sexes of channel catfish in Lake Erie were sexually mature (DeRoth
1965). Growth rates were similar between the sexes to age 4 years. Age-length relationships can
be used to identify the origin of an individual fish only when the stocks are widely separated and
growth rates are greatly different (Ashley et al. 1981). Channel catfish growth was correlated with
lake level for fish of age 1 year (r = -0.84; P = 0.05), age 2 years (r = -0.92; P = 0.01) and age
6 years (r = -0.81; P = 0.05) (Johnson and Andrews 1974). Declining water level increased
growth of channel catfish via decreased competition. Reduced competition is believed to be the
result of decreased spawning success and increased predation on small channel catfish.

Elrod (1974) assessed abundance, growth, survival and maturation of channel catfish in Lake
Sharpe, South Dakota. During the first 8 years of impoundment (1964-1971), there was little
change in abundance of channel catfish in the system, and all year classes (1953-1969) were
present in the gill net samples. Mean lengths at age were 20% less in 1971 than in 1964. Average
annual survival rate from age 6 to 16 was 69%. Some females attained sexual maturity at age 7
but only 50% were mature at age 14. Fewer than 10% of the females 43 to 48 cm (17 to 19
inches) TL were mature. All females longer than 58 cm (23 inches) TL were mature. Appelget
and Smith (1951) noted that a few channel catfish reached maturity at 30 cm (12 inches) TL, but
100% were mature by 56 cm (22 inches) TL. Ragland and Robinson (1972) assessed maturation
of channel catfish in the lower Missouri River. Approximately 80% of the fish were mature at
total length of 38 cm (15 inches), and by 48 cm (19 inches) nearly all fish were mature and had
had a chance to spawn at least once. Crumpton (1999) reported that channel catfish in the
Clermont Chain of Lakes, Florida, had growth rates slower than those of channel catfish in other
Florida waters, and that female channel catfish grew faster than males. Zeringue et al. (1989)
studied stunted channel catfish in Louisiana lakes. They reported that 50% of the channel catfish
reached sexual maturity at 20 to 23 cm (8 to 9 inches) TL in Lake Maurepas and at 25 to 38 cm
(10 to 11 inches) TL in Lac Des Allemands. Small length at maturity was attributed to
environmental influences (i.e., high salinity) rather than overcrowding or insufficient foraging
opportunities.

Shephard (2003) studied channel catfish in rivers throughout Mississippi and found that
lengths at age for fish 2 to 6 years old were positively related to soil fertility and negatively
related to stream elevation (a proxy variable for latitude in Mississippi reflecting cooler
temperature regimes in the northern portion of the state). Mosher (1999) addressed channel
catfish characteristics in Kansas state fishing lakes and the effects of watershed characteristics
on growth. Growth was negatively related to channel catfish population density and stocking
density. Fish in impoundments with high inflows and watersheds with highly fertile soils grew
significantly faster, but contributed to the fishery for a shorter time, than did those of
impoundments with low inflow and infertile soils. Size at stocking was critical in impoundments
with low inflow and low fertility.

2.4.6 Food habits

Channel catfish are omnivorous and opportunistic, with diet composition determined by factors
such as geographic location, season, water level, fish size, and the availability of forage items
(Flotemersch 1996). Commonly reported forage items for wild channel catfish include a wide
variety of aquatic and terrestrial insects, crustaceans, fish, aquatic and terrestrial plant materials,
and inorganic materials (Rice 1941; Bailey and Harrison 1945; Dendy 1949; Stevens 1959;
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Lawler 1960). Differences often can be attributed to contrasts in the physical dynamics of lentic
and lotic environments, and ephemeral aquatic-terrestrial interfaces.

Lentic systems

Hill et al. (1995) found that channel catfish fed on a variety of prey in Lake Oahe, South Dakota,
but larval aquatic insects dominated the diet for all sizes of fish sampled. Terrestrial insects,
zooplankton, and vertebrates (toads and fish) largely comprised the remainder of the diet. Ware
(1967) looked at food habits of channel catfish in south Florida and found that major food items
were insects, crustaceans and fish. Crumpton (1999) also studied food habits of channel catfish
in Florida, but noted that invertebrates were the dominate food items of channel catfish in the
Clermont Chain of Lakes, even in fish larger than 61 cm (24 inches) TL. Detritus comprised 64%
of stomach contents by weight and channel catfish in this system never targeted fish as food. In
Conowingo Reservoir (lower Susquehanna River, Pennsylvania and Maryland) fish dominated
the diet from 0630 to 0900 hours, and insects dominated the diet at 0400 hours and at midnight.
Zooplankton were the principal food at other times and were the principal food for catfish of all
sizes during July through November (Mathur 1971). Fish were important in the diet of sub-adults
and adults only during August and October. Amphipods were important only in November for
sub-adults and adults. In an oxbow lake seasonally connected to the Yockanookany River (a
tributary of the Pearl River, Mississippi), Flotemersch (1996) documented channel catfish
preference for crayfish (34.5% of stomachs sampled), coleopteran insects (17.2% of stomachs
sampled), dipteran insects (15.5% of stomachs sampled), and various seeds (10.3% of stomachs
sampled).

Lotic systems

Bailey and Harrison (1945) assessed food habits of channel catfish in the Des Moines River,
Iowa. Food items were noted in 769 of 912 stomachs. Insects and fish were the staple food; plant
seeds were taken seasonally, and limited amounts of other foods were eaten. Young fish foraged
almost exclusively on larval aquatic insects, chiefly midges, blackflies, mayflies, and caddisflies.
Fish 10 to 30 cm (4 to 12 inches) TL continued to eat insects but larger forms (caddisflies and
mayflies) were more important than dipterans; small fish and plant seeds became significant items
in the diet. For fish larger than 30 cm (12 inches) TL, fish and large insects were very important
to the diet but many seeds and other items were also consumed. Although fewer insects were
eaten by larger fish, those consumed were more diverse and included a higher percentage of
terrestrial forms. Plant foods, chiefly of terrestrial origin, showed the most striking seasonal
trends of any of the food organisms. Numbers of the various fishes eaten correlated with relative
species abundance in the area. Adult channel catfish did not feed during the breeding season.
Weisberg and Janiki (1990) looked at summer-fall diets of channel catfish in the Susquehanna
River, Maryland. Caddisflies (Trichoptera), primarily Cheumatopsyche spp., were the dominant
prey (>40% of the biomass). The amphipod Gammarus fasciatus and chironomids also
contributed more than 40% to the biomass of the diet. The diet composition was more like the
composition of benthic assemblages than that of drift assemblages, suggesting that most foraging
was on the bottom.
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Aquatic-terrestrial interface

Flooding can influence foraging activities and food selection of channel catfish. Robinette and
Knight (1984) recorded foods of channel catfish during flooding of the Tombigbee River,
Mississippi. Terrestrial insects comprised more than 84% by weight of the foods. Channel catfish
also ate other arthropods and even rodents. During normal streamflow, channel catfish foods
consisted of terrestrial insects (1.2%), fish (51.0%), caddisflies (17.4%), and crayfish (12.9%).
Flotemersch (1996) addressed the importance of terrestrially burrowing crayfish as seasonal
components of the diet for channel catfish in floodplain river ecosystems. He noted that the
abundance of crayfish as a food item peaked prior to peak occurrence of eggs in channel catfish
and that crayfish consequently may serve as a significant source of essential amino acids and
particularly essential fatty acids for vitellogenesis. Channel catfish access to crayfish was
contingent on connectivity between the river channel and adjacent flood plains during periods of
inundation.

2.5 FISHERIES MANAGEMENT

Catfishes in general and channel catfish in particular have been the foundation for many
warmwater inland fisheries, particularly those associated with rivers, for centuries in North
America. Carlander (1954) gives excellent historical accounts of these fisheries with emphasis
on the upper Mississippi River ecosystem. Her compilation includes such entries as the explorer
Hernando De Soto encountering Indians fishing with nets on the lower Mississippi River,
Lieutenant Zebulon Pike in 1805 ordering his men to set fishing lines (probably for catfishes) and
Major Stephen Long's 1817 records of successful fishing for catfishes. Carlander (1954: Figs. 16
and 20) also noted that from 1894 through 1950, the commercial catch of catfish in the
Mississippi River declined from about 1,410 metric tons (3.1 million pounds) to less than 500
metric tons (1.1 million pounds); however, the landings at some locations along the river (e.g.,
Lansing, Iowa) continued to increase until the late 1940s, before beginning a precipitous decline.
She stated that during the 1940s and 1950s, catfishes were the most sought after of the
Mississippi River fishes, with prices ranging from $0.08 to $0.12 per kg ($0.18 to $0.27 per
pound). Approximately 25% of the value of the commercial catch consisted of catfish.

Currently, there is little full time commercial fishing for catfish in these and other systems in
North America, and the little fishing that still takes place is primarily associated with the lower
reaches of larger systems in the southern USA. For example, in Mississippi's Yazoo River Basin,
commercial fishers peddle their catch along established routes (Brown et al. 1996). Many
maintain commercial fishing as a way of life even though they tend to operate at an economic loss
(Lucas 1983). These small-scale artisanal fisheries are integral to maintaining a cultural identity
of being "river people" (Brown et al. 1996).

Channel catfish fisheries are associated with a broad spectrum of aquatic environments,
including streams, tailwaters, lakes, reservoirs, and small impoundments. Their productivity is
determined by environmental influences on stock dynamics and human cultural acceptance of
catfishes as exploitable fishery resources. The dynamics, harvest strategies, and expectations
associated with these fisheries vary accordingly. In larger systems, there is dependence upon
natural ecosystem processes to sustain natural reproduction and recruitment. In smaller systems,
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especially those that are intensively managed, stocks can be manipulated by supplemental
stocking and feeding.

Interactions of channel catfish with other fish stocks also vary. In larger systems, the
interactions tend to be relatively benign. However, in smaller systems, and especially in small
impoundments, interactions can be dramatic—often resulting in a reduction in overall fishery
productivity. This reduction can be the result of disturbance by channel catfish of other fishes
(e.g., centrarchids) during spawning, predation by larger channel catfish on young fishes of other
species, increased turbidity from channel catfish foraging activities resulting in overall reductions
in primary productivity, predation by other fishes on channel catfish larvae and fmgerlings, and
competition among fish species and functional groups of fishes for forage items.

Land use practices in a watershed can influence wild channel catfish fisheries. Practices that
result in reduced turbidity in streams, for example, can lead to reductions in channel catfish stocks
and increases in piscivorous fishes such as largemouth bass Micropterus salmoides, smallmouth
bass Micropterus dolomeiu, or spotted bass Micropterus punctulatus. Dredging tends to reduce
the relative abundance of channel catfish in affected stream reaches (Paragamian 1987; Jackson
2000). Flooding tends to enhance channel catfish stocks (Jackson and Ye 2000). Dams can result
in productive tailwater and reservoir channel catfish fisheries (Jackson and Dillard 1993; Jackson
1995).

2.5.1 Stocking

Lentic systems

Stocking channel catfish has been used to establish sport fisheries in small impoundments
throughout the country. Most state fish and wildlife agencies as well as state Cooperative
Extension Services provide guidelines to stocking channel catfish in private impoundments.
These guidelines provide regionally specific orientations known to increase success in
establishment and maintenance of channel catfish fisheries in these systems. In the southern
United States, for example, the recommended stocking rates for channel catfish in sport fishing
impoundments are 250 to 375 fish/ha (100 to 150 fish/acre) if the impoundment is for channel
catfish only, and 125 fish/ha (50 fish/acre) if channel catfish are stocked in combination with
other sport fishes (Brunson 1997). Largemouth bass will control channel catfish reproduction in
these systems and can even be used in "catfish only" ponds by putting a few largemouth bass (12
to 15/ha; 5 to 10/acre) into the system. When catch rates of channel catfish decline to
unacceptable levels, supplemental stocking can be conducted. Generally speaking, most
impoundments cannot support more than 225 kg/ha (200 pounds/acre) of channel catfish. This
is obtained when there are approximately 200 fish/ha weighing between 0.5 and 1.5 kg each (100
fish/acre weighing 1.0 to 3.0 pounds). A sustainable fishery can result when the annual catch is
between 35% and 50% of this standing stock and replacement fish are stocked at a rate of 1.5 fish
for every harvested fish (to compensate for natural mortality as newly stocked fish recruit into the
fishery).

Lotic systems

Siegwarth and Johnson (1998) assessed stocking of catchable-size channel catfish in the Buffalo
River, Arkansas. They marked 3,600 fish and had 94 recaptures. Seventy-six percent of the
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recaptures moved more than 2 km (1.25 miles) downstream, 20% were recaptured less than 2 km
(1.25 miles) from the stocking site and 4% moved upstream. The stocked channel catfish did not
feed much during the first 6 weeks in the river, but by the following year were foraging well on
natural foods. They grew rapidly through age six and made up 93% of the channel catfish in the
Buffalo River. In contrast, Cloutman et al. (1999) stocked channel catfish into the Yalobusha
River, a relatively turbid Mississippi stream and recorded that these fish distributed themselves
throughout the system, upstream and downstream. These fish tended to have body condition
superior to wild fish in the system one year after stocking, suggesting that fish produced in
hatcheries may be more aggressive in feeding than are wild fish.

Stocking channel catfish into streams can supplement existing fisheries. However, in
relatively clear water streams that support visually oriented predatory fishes, natural reproduction
and recruitment of channel catfish may be limited. In streams that already support dynamic
channel catfish stocks, supplemental stocking of catchable-size fish can temporarily enhance the
fishery but impacts to wild fish in the system must be considered. Impacts can occur with respect
to maintenance of genetic integrity of wild stocks and competition between stocked channel
catfish and other fishes in the system for limited resources (e.g., food, shelter, spawning habitat).

Effects of size on stocking success

Broach (1968) outlined the Arkansas Game and Fish Commission's "catchable cat" program, one
of the early fishery enhancement programs in the southeastern USA that incorporated
supplemental stocking of channel catfish into public waters. Begun in the early 1950s, the
"catchable cat" program placed emphasis on stocking channel catfish with minimum total lengths
of 25 cm (10 inches). These channel catfish were considered harvestable size by Arkansas
anglers, and could be produced economically in state operated hatcheries by their second growing
season. Through this program the agency was able to create instant fisheries in systems where
natural reproduction of channel catfish was minimal or where there was high mortality of
fingerling channel catfish.

Numerous studies have addressed how the size of channel catfish at stocking can determine
the success of a stocking program. Bonar et al. (1997) looked at survival and growth of channel
catfish stocked into six Washington lakes. Fish were stocked at total lengths of 5 to 20 cm (2 to
8 inches). Survival ranged from 0 to 22% (average 9%) 13 to 15 months after stocking. Fish
stocked at 15 to 20 cm (6 to 8 inches) TL grew to 23 to 41 cm (9 to 16 inches) TL 13 months after
stocking. Eder and McDannold (1987) studied the channel catfish fishery at Pony Express Lake,
Missouri for over 20 years. The lake was stocked with 13- to 20-cm (5- to 8-inch) TL channel
catfish. Negative effects on other species of interest (largemouth bass, bluegill Lepomis
macrochirus, redear sunfish Lepomis microlophus) were absent. Channel catfish averaged
approximately 41 cm (16 inches) TL at age 4 years (two growing seasons in the lake after
stocking). Storck and Newman (1988) addressed effects of size at stocking on survival and
harvest of channel catfish in a 6-ha (15-acre) impoundment located in central Illinois. Largemouth
bass, hybrid "tiger" muskellunge Esox masquinongy x Esox lucius, and bluegill were established
in the impoundment. Even the largest stocked channel catfish (average TL = 20 cm; 8 inches)
suffered 55% and 73% natural mortality after one and two growing seasons, respectively.
Survival, angler catch, and harvest increased as size of stocked channel catfish increased. They
determined that it was best to stock channel catfish at 20 cm (8 inches) TL, or larger. However,
Santucci et al. (1994) compared 20 cm (8-inch) and 25 cm (10-inch) fish over 4 years in an
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impoundment that had established largemouth bass and bluegill populations and found no
significant difference between size groups stocked with respect to the number and weight offish
eventually caught by anglers. They recommended length limits to defer harvest until fish reached
larger size, but concluded that it was not necessary to stock fish larger than 20 cm (8 inches) TL.
Cloutman et al. (1999) stocked channel catfish into the Yalobusha River (Mississippi) to ascertain
their contribution to the river's fishery. Stocking fish larger than 0.45 kg (1 pound) resulted in
enhanced and prolonged angler catches whereas stocking smaller fish was ineffective.

Generally, stocking of larger channel catfish results in better overall success. Jackson and
Francis (1999) evaluated stocking of three sizes of channel catfish in Nebraska impoundments
and found that 23 cm (9-inch) TL and 28 cm (11-inch) TL fish had higher survival than 18 cm
(7-inch) TL fish. Howell and Betsill (1999) evaluated different sizes of advanced channel catfish
fingerlings stocked in small Texas impoundments. They found that relative survival was
significantly greater when mean length was greater than 23 cm (9 inches) TL. Survival was not
related to Secchi disk transparency, abundance of prey fish, abundance of largemouth bass, or
abundance of largemouth bass greater than 26 cm (14 inches) TL.

2.5.2 Exploitation

Catfishes are captured by a variety of techniques. Sternberg (1998) provides a thorough review
of strategies employed in sport fisheries for catfishes in North America. Baited hook and line
fisheries dominate sport fishing and such lines are also important to commercial as well as
artisanal and subsistence fisheries. Baited lines can be actively tended (e.g., rod and reel fisheries)
or can be left unattended as set lines singly (limb lines) or as multiple-hook longlines (trotlines)
having a single main line from which drop lines having hooks are attached. Other capture
techniques used for catfishes are hoopnets, gillnets, trammel nets, and wire or wooden traps
(Hubert 1983). Hoopnets and traps depend on fish passage through funnels into a cod-end.
Gillnets and trammel nets are entanglement gear. In some regions, catfishes are captured by hand
(grabbing, grabling, hogging, noodling) (Jackson et al. 1997).

Eder and McDannold (1987) found that average angler harvest was best when the water
temperature was above 27°C (80°F). In their study the first year exploitation of stocked fish was
estimated at around 10%. However, total exploitation over the lifespan of stocked fish was
estimated at 64%. Nighttime angling accounted for 9 to 13% of the total angling effort, and 9 to
29% of the total harvest over three years. Nighttime anglers had lower catch rates, caught smaller
fish, and released a greater proportion of their catch when compared to daytime anglers. Parrett
et al. (1999) found that nighttime catches of channel catfish in two Ohio impoundments exceeded
daytime catches but that catch rates between the two time periods were similar.

Gerhardt and Hubert (1991) studied population dynamics of a lightly exploited channel catfish
stock in the Powder River, a relatively cool-water system in Wyoming and Montana. Although
a substantial proportion of the channel catfish stock consisted of large fish, the growth rate of
these fish was similar to those of populations in lower latitudes. Fish up to 21 years old were
collected. Annual exploitation was 1.9 to 2.0%. Maximum yield was estimated at an exploitation
rate of 18 to 22%. However, it was estimated that this exploitation rate would shift the stock to
smaller fish on average, and eliminate fish larger than 51 cm (20 inches) TL, which were the
principal attraction for anglers. Cool water was determined as detrimental to reproduction and
recruitment in this system.
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Pitlo (1997) looked at response of upper Mississippi River channel catfish populations to
changes in commercial harvest regulations. The minimum size limit for commercial harvest was
raised from 3 3 cm (13 inches) to 3 8 cm (15 inches) TL in 1985. Following this change, an upward
trend in commercial harvest was detected. Catch of age-0 fish increased significantly, the average
value of the commercial harvest increased, and the numeric rank of channel catfish in the creel
of sport anglers increased from sixth in 1963 to second in 1994.

Ott (1993) looked at hooking mortality of channel catfish caught on trotlines. They have a
greater than 80% chance of survival when hooked on trotlines and released, even under stressful
conditions of high water temperature, variable dissolved oxygen concentration, and confinement.
Timmons (1999) reported that 31% of the channel catfish harvest in Kentucky Lake was by the
recreational fishery and 69% of the harvest was by the commercial fishery. Within the
commercial fishery, 71% of the harvest was with trotlines, 26% was with gill nets, and 3% was
with slat traps.

Fishers engaged in recreational hand-grabbing for catfishes often plant artificial structure
(e.g., wooden boxes, cans, barrels, and old hot water heaters) in rivers and lakes to attract
catfishes during the spawning season, and then return periodically to capture fish that have taken
up residence within these structures (Jackson et al. 1997). These techniques tend to be more
effective in artificial impoundments than in rivers, and more effective in rivers where spawning
sites are limited (e.g., channelized rivers) than in those with substantial natural cover and
structure (Francis 1993).

2.5.3 Stock assessments

Sampling channel catfish in lotic systems tends to be best achieved by the use of hoopnets. Stopha
(1994) and Jackson and Jackson (1999b) compared stock descriptors obtained from different
hoop net configurations. Small-diameter hoopnets with 2.5-cm (1- inch) mesh were very
effective, with full recruitment of channel catfish at 30 to 36 cm (12 to 14) inches TL. Gerhadt
and Hubert (1989) found that baiting hoop nets did not affect the catch of channel catfish during
the spawning period (June 4 through 30) but doubled catch during the post-spawning period (July
1 through August 15). Hubert and Schmitt( 1982,1985) reported that hoop net catches of channel
catfish declined in the upper Mississippi River when water temperature fell from about 23 to 7
°C (73 to 45°F). Gale et al. (1999) found that channel catfish were most effectively sampled using
hoop nets in the tailrace of the Harry S. Truman Dam, Missouri. Catch rates and lengths of
channel catfish were greater using 2.5-cm (1-inch) mesh hoop nets, set along rock-lined banks,
baited with waste cheese, during summer, when discharges were high and constant, and current
velocities were approximately 0.49 to 0.76 m/sec (1.6 to 2.5 feet/sec).

In lentic systems, gill nets are usually the most effective gear for sampling channel catfish.
Robinson (1999) evaluated three gear types for sampling channel catfish in impoundments. Gill
nets accounted for 70% of the channel catfish caught during the study, while slat traps and
hoopnets accounted for 11 % and 19%, respectively. Length ranges differed among the gears and
were dependent on mesh size and slat spacing. Santucci et al. (1999) tested efficiency and
selectivity of creel surveys, electrofishing, experimental (multi-panel, variable mesh size) gill
nets, baited wooden and wire fish traps, and trotlines for channel catfish stock assessments in
impoundments. Experimental gill nets and creels were the only technique that reflected annual
changes in relative abundance of channel catfish. Experimental gill nets were the only gear that
sampled fish in proportion to their actual abundance (compared with draining data).
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Electrofishing was biased toward smaller fish. Trotlines and traps were biased toward larger fish.
Anglers caught fish in proportion to their actual abundance. Sullivan and Gale (1999) on the other
hand found that baited hoop nets (2.5-cm [1-inch] and variable mesh size) set in impoundments
caught more channel catfish per person-hour of effort, caught fewer non-target fish, and were less
harmful to channel catfish and other fish than were experimental gill nets.

Ragland and Robinson (1972) reported that 94% of all fish caught with basket traps fished
in the lower Missouri River were channel catfish. Channel catfish were effectively entrapped in
5-cm (2-inch) escape hole traps at about 38 cm (15 inches) TL; 77% of the channel catfish in this
size trap were over 38 cm (15 inches) TL. Elsewhere, wooden slat traps have been found to be
highly effective in capturing channel catfish (Posey and Schafer 1967; Perry 1979; Perry and
Williams 1987).

Shephard (2003) studied channel catfish size selectivity by wooden slat traps having different
slot spacing [1-cm (0.4 inches) intervals] in the codends. He graded fish into six distinct 50-mm
(2-inch) groups ranging from 250 to 550 mm (10 to 22 inches), and placed one fish from each
group into traps having slat spacings of 1 to 10 cm (0.4 to 4.0 inches) (6 fish/trap). Traps were
soaked for 24 hours in concrete raceways and fish retained in each trap were individually
measured. This procedure was replicated 5 times. Traps with 1- and 2-cm (0.4- and 0.8-inch)
slots retained all fish, and traps with 3-cm (1.2-inch) slots appeared to be almost unselective,
retaining all fish except one individual in the 250 to 299 mm (10 to 12 inch) length group. Traps
with 3.8-cm (1,5-cm) slots (the legal size for Mississippi) retained no fish larger than 350 mm (14
inches) and retained 60% offish in the 350- to 399-mm (14- to 16-inch) length group. Retention
by the 3.8-cm (1.5-inch) slots was 100% in the 400- to 449-mm (16- to 18-inch) group. Traps
with 5-cm (2-inch) slots retained no fish smaller than 450 mm (18 inches) and 80% of the fish
in the 450- to 499-mm (18- to 20-inch) groups. Slat traps with slots of 6 cm (2.4 inch) and 9 cm
(3.5 inch) retained no fish while those with 7-cm (2.8-inch), 8-cm (3.1-inch), and 10-cm (4.0-
inch) slots each retained one fish (although these individuals could have physically passed
through the slat spaces).

Electrofishing has been used successfully in collecting channel catfish for stock assessment
purposes. Hale et al. (1987) used low voltage electrofishing to collect channel catfish in Florida.
They used 16- to 18-V alternating current. This agitated fish but not to complete tetany. They
found that the electroshocker worked best at water temperature above 24°C (75°F), especially
around structure.

2.6 SOCIOLOGICAL SIGNIFICANCE

In recent years, catfishes and their fisheries in North America have achieved the formal
professional and bio-political attention and respect that have long been their due. Beyond
aquaculture interests, federal, state, and private institutions have invested significantly in research
and management addressing catfish fisheries, especially during the last decade. Catfishes have
been the focus of numerous fishing articles in nationally circulated periodicals (e.g., "Annual
Catfish Guides," In-Fisherman, Inc., Brainerd, Minnesota; The Wall Street Journal, New York,
New York). Catfish fisheries have been featured on nationally televised broadcasts. Specialized
industries promoting catfish angling equipment have emerged and are flourishing.

One of the reasons for the focus on catfishes has been the recognition of lowland and
particularly flood plain rivers in North America as important components of human social and
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cultural identities (Jackson 1991). Riverine stocks of catfishes, regardless of species, are
dependent on maintenance of the functional integrity of stream ecosystems (Flotemersch et al.
1999; Graham 1999; Jackson 1999). The connection between humans and these rivers is
particularly evident in rural subcultures that may have intangible as well as tangible dependencies
on the natural resources (e.g., fisheries) afforded by the rivers (Brown et al. 1996). Cloutman
(1997) reported that these river fisheries tend to focus primarily on catfishes. Wilde and Ditton
(1999) emphasized that catfish fishers are primarily motivated by catching fish to eat, although
they also are motivated by being outdoors, experiencing nature, and family recreation. When
flood plain rivers are degraded in response to other socio-economic interests (e.g., flood control
for agricultural purposes), the dependent, non-mobile, rural communities that identify themselves
culturally with the rivers and their resources can be negatively impacted.

Mitigation of impacts to catfish fish stocks resulting from alteration of river ecosystems can
be accomplished in part through channel catfish stocking programs using catchable-size fish
(Cloutman et al. 1999). Similar state or federal agency efforts directed towards supplemental
stocking of other catfishes (and other fishes, particularly catostomids such as buffalofish Icliobus
spp.) that contribute to riverine fisheries are not a priority, and therefore are typically uncommon.
Thus, the importance of channel catfish in sustaining human cultural connections to rivers cannot
be overemphasized. Recovery of intangible aesthetic elements of human connections to the rivers,
in the sense described by Jackson (1991), may take decades (Jackson et al. 1993).

Impoundments supporting channel catfish fisheries can provide tremendous angling
opportunities (Powell 1976; Hoffman 1997; Parrett et al. 1999). Stocked alone or in combination
with other species such as largemouth bass and bluegill, channel catfish can be a dependable
fishery resource in both the public and private sector impoundments (Prather 1959). In warmwater
ponds less than 0.4 ha (1 acre), channel catfish are recommended as the only species to stock
because the predator-prey dynamics required to sustain fisheries for other impoundment species
typically require larger water bodies (Brunson 1997). When stocked with channel catfish, these
smaller (typically family-owned) ponds can be a focal point for family-oriented outdoor
recreation, and a dependable source of fish for eating.
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3.1 GENERAL PHYSIOLOGICAL RESPONSES TO THE ENVIRONMENT

Most channel catfish are grown in hypertrophic ponds that are extremely dynamic environments
with respect to spatial (e.g., depth) and temporal (e.g., daily and seasonal) variation in water
quality. Many of these water quality parameters have direct and indirect effects on fish
physiology, thereby affecting growth, and survival. This chapter will discuss physiological
responses of channel catfish to this dynamic environment. As basic physiological functions of
channel catfish are similar to that of other teleosts, readers are referred to general fish physiology
texts for general information. This review will emphasize the important factors that affect catfish
metabolism, growth, and survival, with specific emphasis on identification of those factors that
are within and beyond management control to improve catfish production in ponds.

3.1.1 Response to stressors

Aquaculture environments may be broadly classified as optimal, non-optimal, and stressful. An
optimal environment is conducive to maximum performance (i.e., best survival, growth and feed
conversion) from cultured fish. Non-optimal environments are those that are conducive to sub-
maximum performance, but are not detrimental to the fish. An environment with water
temperature a few degrees cooler than optimal for the species being cultured, leading to slower
growth, is an example of a non-optimal environment. Stressful environments are characterized
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by some component (e.g., low dissolved oxygen or high ammonia or nitrite concentrations) that
induces a physiological stress response in cultured animals.

Fish cultured in semi-intensive production systems are exposed to many stressors: water
quality that fluctuates between stressful and non-stressful levels, especially dissolved oxygen
concentration; interactions with other fish (i.e., stocking density); daily and seasonal variation in
water temperature; exposure to therapeutants and other chemicals; and handling during stocking,
harvesting, and transport. The subject of stress and fish is discussed in detail elsewhere (Pickering
1981; Barton 2002). The purpose of this section is to discuss the physiological response of
channel catfish to various stressors. The stress response evolved to help animals cope with short-
term environmental changes and should be interpreted as an attempt by the fish to maintain or
restore homeostasis. Concentrations of serum constituents reflective of homeostasis are provided
in Table 3.1.

The physiological response of channel catfish exposed to a stressor is similar to that of other
freshwater teleosts. Following exposure to a stressor, plasma corticosteroids (cortisol, cortisone,
and corticosterone) are released into the bloodstream from interrenal tissue as part of the primary
response to a stressor. Together with the release of catecholamines (adrenaline and noradrenaline)
from chromaffm cells in the head kidney, corticosteroids bring about a suite of secondary effects,
such as increased blood glucose and increased heart rate, that enable the fish to maintain
homeostasis, at least in the short term. As such, the primary and secondary stress responses are
essentially adaptive, meaning they evolved to help an animal survive an external disturbance.
Obvious components of this adaptive response are the mobilization of energy reserves (such as
liver glycogen), increased gill blood flow, and increased heart rate—all of which may allow a fish
to cope with a short-term crisis. However, certain aspects of the secondary stress response are
deleterious in the long run. Of particular importance, short-term severe stress or low-level stress
over an extended period can lead to immunosuppression (see Chapter 13) and osmoregulatory
imbalance, both of which may affect growth and survival. The stress response and duration of the
recovery period depend upon water temperature; the nature, duration, and intensity of the stressor;
and the physiological state of the fish. In general, once a stressor has been removed, complete
recovery occurs within 1 to 4 days (Table 3.2).

Relative to other warmwater fish, the intensity and duration of the response of channel catfish
to stress can be considered intermediate (Davis and Parker 1986) and is similar to that of other
ictalurids and some centrarchids. Compared to salmonids, the stress response of channel catfish
is slower and less intense (Strange 1980). For example, channel catfish seem to tolerate crowded
culture conditions relatively well. In one study, plasma cortisol and glucose concentrations did
not differ when channel catfish were stocked in tanks at 18, 80, or 215 kg/m3 (0.15, 0.66, or 1.8
pounds/gallon) (Klinger et al. 1983). Similarly, mean serum cortisol concentrations of channel
catfish did not differ when stocked in ponds at 9,880, 14,800, or 19,800/ha (ca. 4,000, 6,000, or
8,000/acre) although the proportion of samples with elevated cortisol concentration increased
with stocking density (Ainsworth and Bowser 1985). These results suggest that social interactions
at the stocking densities that prevail in commercial ponds are relatively unimportant as stressors
of channel catfish. However, confining fish at much higher densities during harvest and transport
results in a stress response, the recovery from which may require as long as 5 days (Davis et al.
1993). Net confinement also induces a stress response; in fact, it has been used as a technique to
experimentally assess the magnitude of the stress response in catfish (Strange 1980; Tomasso et
al. 1983; Davis et al. 1984).
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TABLE 3.1. Biochemical reference ranges for serum constituents of commercially reared channel catflsh.

Parameter
Osmolality (mOsmol/kg)

pH

Bicarbonate (meq/L)
CO2 (volume %)
Hematocrit (%)

Hemoglobin (g/dL)

Calcium (mg/dL)

Magnesium (mg/dL)

Sodium (meq/L)

Potassium (meq/L)

Phosphate (mg/dL)

Chloride (meq/L)

Glucose (gm/dL)

Cholesterol (mg/dL)

Triglycerides (mg/L)
Total protein (g/dL)

Bilrubin (mg/dL)
Cortisol (ng/mL)

Mean
290
264
259
7.55
7.75
7.90 (normoxia)
7.41 (hypoxia)
14.55
2.5-3.0torr
24
34
8.8
7.7
13.5
10.3
4.1
3.1
139
137
142
135
3.6
2.6
3.1
3.6
9.6
9.9
132
124
110
109
64.5
48
151.7
157
299
2.2
3.1
1.6
<10
10-13
5-20
5-29
8-30
20
25
2 0 - 5 6
51

Range
260-330
260- 266

7.47-7.67

13-29
32-37
8.4-9.9

0.8-24.4

0.1-8.2

102-180
127-150

0.6-13.0
1.9-3.3

0.2-18.8

73-196
121-126

0.9-168.1

0.4^174.1

0.4->999
0.1^1.3

0.04-10.29

Reference
Bentinck-Smith et al. 1987
Kirk 1974
Cameron 1980
Kirk 1974
Cameron 1980
Burggren and Cameron 1980
Burggren and Cameron 1980
Burggren and Cameron 1980
Cameron 1980
Kirk 1974
Andrews et al. 1973
Andrews et al. 1973
Hueyetal. 1980
Bentinck-Smith et al. 1987
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Kirk 1974
Cameron 1980
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Kirk 1974
Cameron 1980
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Kirk 1974
Cameron 1980
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Bentinck-Smith et al. 1987
Hrubec and Smith 1999
Bentinck-Smith et al. 1987
Klingeretal. 1983
Tomasso et al. 1981b
Davis etal. 1993
Davis etal. 1984
Davis etal. 2001
Limsuwan et al. 1983
Griffin et al. 2002
Strange 1980
Ainsworth and Bowser 1985
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TABLE 3.2. Responses of channel catfish to various stressors.

Stressor
Oxygen depletion

Net confinement

Net confinement

Net confinement

Ammonia*

Nitriteb

Harvest

KMnO4

CuSO4
c

Temp (°C)
22
22

10
20
30

20-35

20-22

21-24

21-24

24-12
8-14

21.5

23

Exposure
time
2 hours
2 days

3 days
3 days
3 days

50 min

0-24 hours

24 hours

24 hours

—

36 hours

24 hours

Time to peak
response
45 min
2 days

12 hours
3 days

10-30 min

6 hours

8 hours

24 hours

2 hours
2 hours

24 hours

24 hours

Recovery
time
30 min
2 days

—

3 hours

24 hours

>16 hours

—

24 hours
4 days

48 hours

54 hours

Reference
Tomasso et al. 1981a

Strange 1980

Davis etal. 1984

Tomasso etal. 1983

Tomasso etal. 1981b

Tomasso etal. 1981b

Davis etal. 1993

Griffin et al. 2002

Griffin etal. 1999a
a Exposure to 200 mg/L total ammonia-nitrogen.
b Exposure to 5 mg/L nitrite-nitrogen.
c Exposure to 1.7 mg/L copper sulfate pentahydrate.

The response of channel catfish to stress is temperature dependent, with a generally slower and
less intense response as temperature decreases. In one study, plasma cortisol concentrations in
channel catfish confined in nets increased at similar rates at 20 or 30°C (ca. 68 or 86°F).
However, cortisol concentrations increased more slowly for fish confined at 10°C (50°F), were
significantly greater than unconfmed (control) fish only after 12 hours of confinement, and
returned to levels not significantly different from control fish after 1 day (Strange 1980).
Similarly, minimal changes in corticosteroid concentrations offish stressed by net confinement
were measured at temperatures less than 10°C (50°F) (Davis et al. 1984). Presumably, a
negligible or delayed stress response at low water temperatures can be attributed to reduced
metabolic rate.

Seasonally minimum and maximum water temperatures affect serum cortisol levels in channel
catfish. Baseline corticosteroid concentrations of channel catfish acclimated to water temperatures
between 5 and 35°C (ca. 40 and 95°F) are significantly greater at 5 and 10°C (ca. 40 and 50°F)
than at the other temperatures evaluated (Davis et al. 1984). The plasma cortisol concentrations
of channel catfish collected from ponds throughout the year are maximum in fish collected in
December (Ainsworth and Bowser 1985). It is doubtful that increases in baseline serum cortisol
levels of channel catfish acclimated to low temperatures represents a stress response. Rather, the
increase in cortisol levels may be modulating intermediary metabolism as part of low-temperature
acclimation. Plasma cortisol concentration of channel catfish acclimated to 35°C (95°F) is
significantly greater than that of fish acclimated to 24°C (ca. 75°F) (Davis et al. 2001).
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Furthermore, channel catfish acclimated to 35°C (95°F) and then exposed to net confinement
stress are unable to increase plasma cortisol concentration, suggesting that channel catfish are
under thermal stress at 35°C (95°F) and do not have sufficient interrenal reserves of cortisol to
respond to additional stressors (Davis et al. 2001).

Exposure to elevated temperature (i.e., heat shock) activates the expression of heat shock
genes that produce heat shock proteins in channel catfish (Luft et al. 1996). At normal
temperature (23°C; ca. 73°F) the genes are not expressed, but at elevated temperature (37°C; ca.
99°F), the genes are activated. The expression of heat shock proteins is a protective mechanism
that allows cells to survive and recover from the stress of exposure to elevated temperature,
primarily by reconstituting denatured proteins.

Channel catfish cultured in ponds are routinely exposed to low dissolved oxygen
concentration during the summer. However, routine exposure to relatively brief periods of
sublethal dissolved oxygen concentrations during culture, while eliciting a stress response, is
unlikely to have a lingering deleterious effect on catfish growth. For example, in one study, the
stress response, as indicated by corticosteroid concentration, increased when catfish were exposed
to a rapid decline in dissolved oxygen concentration (4 to 0 mg/L in 1 hour) although recovery
was rapid (within 30 minutes) once dissolved oxygen concentration was increased to 4 mg/L
(Tomasso et al. 1981 a). Repeated brief exposures to hypoxia can elicit a secondary stress response
associated with osmoregulatory dysfunction (Tomasso et al. 1981a).

A major effect of the stress response is decreased disease resistance (Pickering 1993) caused
in part by suppression of the immune response by cortisol. Consequently, stressful environments
often exert profound but indirect impacts on the profitability of catfish aquaculture by promoting
outbreaks of infectious disease rather than by direct action of the stressor. Outbreaks of various
infectious diseases (by agents such as Edwardsiella ictaluri, Flavobacterium columnare,
Aeromonas hydrophila, and Ichthyophthirius multifiliis) have occurred in channel catfish exposed
to hypoxia (Meyer 1970; Plumb et al. 1976; Walters and Plumb 1980; Mqolomba and Plumb
1992; Davis et al. 2002; Davis et al. 2003), elevated nitrite concentration (Hanson and Grizzle
1985), and net confinement (Davis et al. 2002; Davis et al. 2003).

3.1.2 Chemoreception

Ictalurid catfishes have well-developed senses of taste (gustation) and smell (olfaction). The most
dense concentration of taste buds occurs in catfish mouths, specifically the epithelium of the
mouth cavity, tongue, pharnyx, and proximal esophagus (Atema 1971). Taste buds are also found
on catfish gill rakers. Unlike other teleosts, catfish have taste buds distributed throughout the
epidermis of the entire body and especially the barbels. The density of taste buds on the epidermis
of maxillary barbels has been estimated to exceed 25/mm2(ca. > 16,000/inch2) (Atema 1971). The
sense of taste is associated with feed uptake and ingestion. Catfish taste buds are particularly
sensitive to alanine and arginine—prominent amino acids in naturally occurring food organisms
such as insect larvae, worms, mollusks, crustaceans, and other fish (Caprio 1982). Generally,
catfish taste buds are more responsive to L-amino acids than D-isomers. In contrast to salmonids,
which respond selectively to only a few amino acids, catfish respond to a wide range of amino
acids (Sorensen and Caprio 1998), reflecting the omnivorous food habits of catfish.

The catfish olfactory system responds to a broader range of stimuli than the gustatory system.
Olfaction is used to sense food items and to convey socially important information. Ictalurids can
recognize conspecifics (Todd et al. 1967) and dominant individuals within a social hierarchy
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(Bryant and Atema 1987), discriminate between males and females (Herbert and Atema 1977),
and assess female sexual maturity (Timms and Kleerekoper 1972) by olfaction of pheromones
or other chemicals. The range of amino acids detected by olfaction overlaps that detected by
gustation, although the two systems are differentially sensitive to different amino acids. For
example, stimulation of catfish taste buds is most sensitive to alanine and arginine, but
stimulation of the olfactory system is most sensitive to cysteine and methionine (Caprio 1982).
Understanding olfaction is difficult because the environment contains a complex mixture of
chemicals that elicit an olfactory response.

The implications of a sensitive catfish chemosensory system for aquaculture have not been
investigated. Catfish are confined in culture units at much higher densities than occur in natural
environments. Therefore, it is reasonable to assume that the organic compounds that are
continually released to the water are present at sufficiently high concentrations to increase the
frequency and intensity of various chemosensory behaviors. These behaviors include food-
finding, detection of potential danger, and various non-sexual and reproductive social
interactions.

3.2 PRIMARY ENVIRONMENTAL CONTROLS OF FISH METABOLISM

Metabolism is affected by a number of factors, many of which interact in complex ways. These
factors include body weight, water temperature, dissolved oxygen concentration, and degree of
satiation. The outcome of these complex interactions is made more difficult to interpret by the
different indices that are used to report metabolic rate: oxygen consumption, respiration (carbon
dioxide production), ammonia excretion, feed consumption, fish growth, and feed conversion.
The primary roles of temperature, dissolved oxygen concentration, and their interaction are
emphasized here. In an overview of the relationship between fish and the environment, Fry (1971)
describes temperature as a "controller" of metabolism. Further, dissolved oxygen (and most other
water quality variables) is described as a "limiter" of metabolism because fish respond to
inadequate oxygen concentrations by reducing metabolic rate, initially by reducing physical
activity. Thus, fish may not reach their full metabolic potential at a given temperature if oxygen
is limiting.

In natural environments, channel catfish maintain a fairly low activity level. Basal metabolic
rate (about 40 mg O2/kg per hour) is similar to that of other inactive, benthic fishes (Burggren and
Cameron 1980). In general, oxygen consumption increases by a factor of 1.5 to 2 following
feeding (Table 3.3). Under typical conditions during production of food-fish size catfish in ponds
during the growing season, oxygen consumption rates will range from about 300 to 600 mg/kg
per hour.

Similar to most fish, oxygen consumption of catfish increases as a function of body weight,
but respiration per unit biomass is greatest for small fish. The relationship between catfish body
weight (X) and oxygen consumption (Y) is described by a log-log relationship where the slope
(b) of the relationship described by the equation log Y = a log Xb is approximately - 0.2 (Andrews
and Matsuda 1975). However, other research (Moss and Scott 1961) indicates that oxygen
consumption does not vary as a function of body weight in channel catfish ranging from 21 to 103
g/fish. Oxygen consumption per fish can also be expressed as a log-log relationship with an
exponent of 0.80 (Andrews and Matsuda 1975), which is similar for many other fish species.
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TABLE 3.3. Oxygen consumption rates of channel catfish. Many of the values were estimated from figures
in the cited references. All values presented were determined with environmental dissolved oxygen
concentration near saturation.

Oxygen
consumption
(mg/kg per h)
40
140
60-120
110-170
110-180
90-110
76-291
250
450
300
400
330
460
400
550
700

Nutritional status
Unfed
Unfed
Unfed
Unfed
Unfed
Unfed
Unfed
Unfed
Unfed
Fasted for 9 days
Fasted overnight
lOhr after fed at 0800
7.5 hr after fed at 1600
1 hour after feeding
1 hour after feeding
1 hour after feeding

Temperature
(°C)
18
23-24
25
30
35
25
27
24
30
28
28
27
27
24
30
28

Weight
(g)
520-1,069
4-9

24
26
23

62-131
66

450
450
200
200

66
66

450
450
200

Reference
Burggren and Cameron 1980
Gerald and Cech 1970
Moss and Scott 1961
Moss and Scott 1961
Moss and Scott 1961
Moss and Scott 1964
Jarboe 1995
Andrews and Matsuda 1975
Andrews and Matsuda 1975
Andrews and Matsuda 1975
Andrews and Matsuda 1975
Jarboe 1995
Jarboe 1995
Andrews and Matsuda 1975
Andrews and Matsuda 1975
Andrews and Matsuda 1975

3.2.1 Temperature

As in all ectothermic animals, the body temperature of channel catfish fluctuates with and
approximates water temperature. The metabolic rate, or the rate at which an animal converts and
utilizes energy (commonly estimated by measuring the rate of oxygen consumption), is dependent
on body temperature and increases approximately exponentially as temperature increases in most
aquatic animals (Hill and Wyse 1989). Oxygen consumption increases in direct relation to
temperature in well-fed or fasted catfish (Andrews and Matsuda 1975).

The concept of metabolic scope, introduced by Fry (1947), describes the relationship between
standard metabolism, which is the metabolism of a fasted fish at rest, and active metabolism,
which is the metabolism of a fish swimming at maximum sustained speed. Metabolic scope, or
the difference between standard and active metabolic rates, varies with the temperature to which
the fish is acclimated and is characteristically zero near the two temperature extremes at which
a fish can survive indefinitely. Between the extremes there is a temperature of maximum
metabolic scope at which fish will have the greatest energy available for activities beyond
standard metabolism, such as growth. The concept of metabolic scope as a function of
temperature and dissolved oxygen concentration as applied to aquaculture are reviewed and
synthesized in an insightful manner by Neill and Bryan (1991).

Active metabolic rate increases as a hyperbolic function of temperature, reaching a peak
around 28 to 30°C (ca. 82 to 86°F). In contrast, standard metabolic rate, represented by oxygen
consumption by fasted catfish, increases as a linear function of temperature (35 mg O2/kg per
hour for each 1°C change in water temperature) (Andrews and Matsuda 1975). No explicit
determinations of maximum metabolic scope for channel catfish have been made. However,
several studies have been conducted that determine the effect of temperature on channel catfish
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TABLE 3.4. Effect of environmental temperature on characteristics important to the culture of channel
catfish.

a 6- to 8- week studies; temperature and photoperiod varied to mimic spring and fall; values reported here for fish
in air-saturated water; initial weight 15 g.
b 120-day tank study at 26, 28 and 32°C and 10-hour and 14-hour light photoperiods; fed to satiation; initial total
length = 20 mm.
c fish acclimated to 20, 23, 26, 29 and 32°C for 1 month and placed in a thermal gradient; weight 3 to 6 g; 13-hour
light photoperiod.
d 6-month study at 24,26,28, and 30°C; fed 3% body weight daily; dissolved oxygen concentration > 80% saturation;
initial weight 25 g.
e 12-week aquarium study at 18, 22,26, 30 and 34°C; results same at feeding rates of 2,4, and 6% body weight daily;
dissolved oxygen concentration > 6.0 mg/L; photoperiod not given; initial weight 4 g.

growth and feed conversion efficiency. For the purpose of commercial catfish production, these
studies are more relevant. The range of temperature for best growth from a few grams to market
size is 27 to 32°C (ca. 80 to 90°F) and most studies report an optimum temperature between 28
and 30°C (ca. 82 and 86°F) (Table 3.4). The most efficient use of feed by fingerlings occurs
between 24 and 32°C (ca. 75 and 90°F). Whole body lipid composition increases as a function
of temperature (Andrews and Stickney 1972), suggesting that the dietary energy-to-protein ratio
of fish diets can be decreased as temperature increases. The temperature of maximum feed
efficiency is slightly lower than the temperature of maximum intake (Buentello et al. 2000).

3.2.2 Dissolved oxygen

Despite the importance of dissolved oxygen concentration in aquaculture, surprisingly little
research has addressed the effect of dissolved oxygen concentration on channel catfish growth
and feed conversion (Table 3.5). Channel catfish metabolism (oxygen consumption rate)
conforms directly to dissolved oxygen concentration (Andrews and Matsuda 1975). At 28°C (ca.
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TABLE 3.5. Effect of dissolved oxygen (DO) concentrations on channel catfish.

Dissolved Oxygen
(mg/La) Comments Reference
0.9 50% mortality of juveniles after 72 hours at 18oCb Scott and Rogers 1980
1.0-1.1 Critical DO for shocked fingerlings at 25 to 35°CC Moss and Scott 1961
0.8-1.0 Critical DO for acclimated fingerlings at 25 to 35°CC Moss and Scott 1961
1.5 Minimum DO for consistent survival of juveniles at 18°Cb Scott and Rogers 1980
2.9 Reduced growth of fingerlings at 27°C compared to fish Andrews et al. 1973

at 4.8 mg/L when fed 3% of body weight daily11

3 Reduced feed consumption and increased feed conversion Carter and Allen 1976
4.8 Reduced growth of fingerlings at 27°C compared to fish Andrews et al. 1973

at 7.0 mg/L when fed to satiation dailyd

70% DO below which food intake is reduced' Buentello et al. 2000
1 Dissolved oxygen concentration in mg/L (sometimes converted from other units used in cited papers); if temperature
varied, then concentration presented as percent saturation.
b Mean weight 132 g/fish.
c Critical DO defined as that in which fish consistently survived for 24 hours; shocked fingerlings were exposed to
low DO by reducing DO from saturated levels in 1 to 2 hours; acclimated fish were exposed to low DO by reducing
DO from saturated levels over 14 days; shocked fish 17 g, acclimated fish 12.5 to 75.0 g.
d Mean weight 60 g/fish.
C6 to 8-week studies at 30, 70 and 100% saturation; temperature and photoperiod varied to mimic spring and fall;
initial weight 15 g.

82°F), restriction of metabolism begins at 7 mg/L. However, ventilation volume does not begin
increasing until dissolved oxygen concentration declines below 4 mg/L (Gerald and Cech 1970).

The effect of dissolved oxygen concentration on metabolism is most pronounced (greatest
slope) in fish that are fed. In fish fed 1 hour before measurement, oxygen consumption is about
625 mg/kg per hour at 7 mg/L (28°C; ca. 82°F) but is about 100 mg/kg per hour at 1 mg/L. The
variation in oxygen consumption of fasted fish across this same range of dissolved oxygen
concentration is much less (about 100 to 275 mg/kg per hour).

Dissolved oxygen concentration and temperature interact to affect channel catfish growth
(Buentello et al. 2000). The empirically derived equation describing the combined effect of
dissolved oxygen and temperature on growth is

WG = 3.061 - 0.099(T)- 0.0663(DO) + 0.00425831(T* DO) (3.1)

where WG = weight gain (g), T = temperature (°C), and DO = dissolved oxygen concentration
(% saturation).

3.3 RESPONSES TO WATER QUALITY EXTREMES

3.3.1 Temperature

Channel catfish evolved in areas with a temperate climate and are therefore adapted to survive
in water with a rather wide range of temperature. Generally, fingerling and adult fish can survive
in waters ranging from near freezing to around 40°C (ca. 105°F). Upper and lower lethal
temperatures depend on acclimation temperature and the rate at which temperature changes
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1 Fish acclimated to 26, 30 or 34°C and abruptly transferred to warmer or cooler water; a second thermal challenge
was used to determine rates of acclimation; total length 20 to 42 mm.
b Fed to satiation prior to experiment; 12-hour light photoperiod.
c Water temperature reduced from 30 to 10°C over 35 minutes and returned to 30°C after 24 hours; fed to satiation
prior to experiment; 12-hour light photoperiod.
d Fish transferred from lower (acclimation) temperature to higher temperature water; experiments carried out in 0.2°C
increments; standard length 13 to 30 mm.

(Table 3.6). In general, a higher acclimation temperature and a slower rate of temperature change
will increase the upper lethal temperature. For example, if channel catfish are acclimated to
temperatures between 26 and 34°C (ca. 79 and 93°F) and suddenly exposed to increased water
temperature, the upper lethal temperature increases slightly from 37 to 38°C (ca. 99 to 100°F)
(Allen and Strawn 1968). In another study, the upper critical temperature, as indicated by loss of
equilibrium, increases from 35 to 43 °C (ca. 95 to 109°F) in fish acclimated to temperatures
ranging from 20 to 32°C (ca. 68 to 90°F) (Diaz and Buckle 1999). In catfish acclimated to a 24-
hour temperature regime fluctuating between 23 and 33°C (ca. 73 and 91 °F), fish removed when
the temperature was 23°C (ca. 73°F) had an upper critical temperature of 39°C (ca. 102°F)
whereas fish removed when the temperature was 33°C (91°F) had an upper critical temperature
of 42°C (ca. 108°F). This indicates that certain aspects of physiological adaptation are rapid (Diaz
and Buckle 1999).

Information on the cold tolerance of channel catfish is scant. However, the northern extent
of the natural distribution of channel catfish extends into southern Canada and catfish are able to
survive in commercial culture ponds in northwest Mississippi that episodically freeze during the
winter. Channel catfish are therefore able to survive water temperatures close to freezing.

The temperature range over which active feeding occurs is more narrow than the critical
range, ranging from about 8 to 35°C (ca. 45 to 95°F) (Cacho et al. 1991). Optimum temperature
for growth is even more narrow, ranging from approximately 25 to 30°C (ca. 75 to 85°F)
(Kilambi et al. 1970; Andrews and Stickney 1972) (Fig 3.1).

Water temperature also plays an important role in the health of catfish because it affects the
occurrence and outcome of infectious diseases. The relationship between temperature and aquatic
animal epizootics is complex because temperature affects both catfish and the pathogen, as well

TABLE 3.6. Effect of thermal shock on channel catfish acclimation and survival.
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FIGURE 3.1. Summary of literature on the effect of water temperature on channel catfish growth.

as other environmental factors that may influence catfish immunocompetence (see Chapters 13
and 14).

The immune system of aquatic animals generally functions most effectively at temperatures
roughly corresponding to the range for best growth. The physiological temperature range
(described in Section 3.2.1) of channel catfish can be differentiated from the more restricted
immunologically 'permissive' temperature range (Bly and Clem 1992). At higher and lower
temperatures, immunocompetence is diminished and nonspecific mediators of immunity are the
primary means of preventing disease (see Chapter 13).

Rapid temperature changes may also impair immune function, even if changes occur within
the range considered adequate for good growth. For example, reducing water temperature from
23 to 11°C (ca. 73 to 52°F) over 24 hours suppresses B and T cell function for 3 to 5 weeks (Bly
and Clem 1991). The immunologically permissive (normal B and T cell response) temperature
range of channel catfish is 27 to 32°C (ca. 81 to 90°F). Withintherangeof biologically possible
water temperatures for channel catfish, 17 to 22°C (ca. 63 to 72°F) is 'non-permissive' for T cell
responses, and < 12°C (ca. 54°F) is 'non-permissive' for both B and T cell responses. Thus, non-
optimal temperatures for growth also affect catfish immunocompetence.
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Each pathogen also has an optimal temperature range for growth (or replication) and
virulence, and it is the interaction between the effects of temperature on pathogen and host that
ultimately determines the outcome of a disease (see Chapter 14). This interaction can lead to a
pronounced seasonality of epizootics of certain diseases. For example, enteric septicemia of
catfish (ESC), caused by the bacterium Edwardsiella ictaluri, is the most important bacterial
disease of pond-raised channel catfish. Channel catfish are most susceptible to the disease when
water temperatures are in the range of 22 to 28°C (ca. 72 to 82°F), which normally occur in the
spring and autumn in the southeastern United States. The distinct seasonality of occurrence of
ESC is related to the effects of temperature on the pathogen rather than the host. For example, the
optimum temperature for growth of Edwardsiella ictaluri on laboratory media is between 25 and
30°C (ca. 77 to 86°F) (Hawke 1979), which strongly overlaps the temperature range where
disease incidence is highest. Pond waters are generally too cool to support disease outbreaks in
the winter and too warm in the summer; major outbreaks of the disease occur primarily in the
spring and autumn.

Water temperature also may indirectly affect disease outbreaks through affects on other water
quality variables. For example, exposure offish to low dissolved oxygen concentrations can result
in stress-mediated immunosuppression and subsequent predisposition to infectious diseases.
Water temperature is a major factor affecting components of dissolved oxygen budgets, and low
dissolved oxygen concentrations are most common at high water temperatures. So, high water
temperatures may indirectly contribute to infectious disease outbreaks through the effect of
temperature on dissolved oxygen budgets.

3.3.2 Dissolved oxygen

In culture ponds, channel catfish are routinely exposed to potentially lethal concentrations of
dissolved oxygen. Maintaining sufficient dissolved oxygen for the standing crop of fish is a
critical water quality management concern of the culturist. There are several reasons that explain
the tolerance of channel catfish to low dissolved oxygen concentration. Channel catfish can adjust
metabolic rate in response to changing dissolved oxygen concentration. Furthermore, channel
catfish hemoglobin has a high affinity for dissolved oxygen. For example, the hemoglobin of
channel catfish is approximately 80% saturated with oxygen at an environmental dissolved
oxygen concentration of about 25% saturation (2.4 mg/L at 18°C) (Burggren and Cameron 1980).
The shape of the relationship between oxygen partial pressure and hemoglobin saturation is
hyperbolic, reflecting high oxygen affinity, in contrast to sigmoidal oxygen dissociation curves
that are more typical of salmonids.

In an effort to extract more oxygen from water when dissolved oxygen concentration declines,
channel catfish increase ventilation volume (hyperventilation) by increasing both opercular stroke
volume and opercular stroke rate (Gerald and Cech 1970). The relative increase in opercular
stroke volume (4.4x) exceeds that of opercular stroke rate (1.4x). Maximum ventilation volume
occurs at 1.3 mg/L and a breakdown in opercular rhythm begins at 0.8 mg/L (Gerald and Cech
1970). Interestingly, channel catfish increase ventilatory volume in response to increasing plasma
carbon dioxide concentrations, rather than decreasing plasma oxygen concentrations as do many
other fishes (Burleson and Smatresk 2000).

The sensitivity of channel catfish to hypoxia is a function offish size: smaller fish are more
sensitive to hypoxia than are larger fish. Large channel catfish (520 to 1069 g) begin to
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FIGURE 3.2. Effect of dissolved oxygen concentration on embryo survival. Data from Carlson et al. (1974).

hyperventilate at a dissolved oxygen concentration of 3.6 mg/L (Burggren and Cameron 1980),
while juvenile (<10 g) channel catfish begin to hyperventilate at 5.3 mg/L (Gerald and Cech
1970). Channel catfish embryos and larvae are more sensitive to hypoxia than are juveniles and
adults. Embryo survival is significantly reduced at 50% saturation (4.2 mg/L at 25°C; 77°F)
(Carlson et al. 1974) and no embryos hatch at 20% saturation (1.7 mg/L at 25°C) (Fig. 3.2).

Recovery from exposure to hypoxia is slow. Channel catfish will continue to hyperventilate
for 1 hour following a return to normoxia (Burggren and Cameron 1980). Hyperventilation is
fueled by anaerobic glycolysis, leading to an accumulation of lactate (Burggren and Cameron
1980) that causes acidification of the tissue bicarbonate (HCO3) pool, reducing the capacity of
the hemoglobin to carry oxygen and thereby increasing the sensitivity to hypoxia. Peak
concentrations of serum constituents (hematocrit, plasma osmolarity and plasma sodium)
reflecting a stress response occur within 1 hour of exposure to acute hypoxia (Kirk 1974). Full
recovery (e.g., return to normal blood pH and lactate levels) may require 6 to 12 hours.

Exposure to hypoxia has other more subtle and lingering physiological effects that may
negatively affect fish growth and health. Channel catfish exposed to hypoxia (1.5 mg/L for 24,
48, or 72 hours) develop epithelial hypertrophy and hyperplasia, increase the production of mucus
in the gills, and have hemorrhagic and edematous gill lamellae (Scott and Rogers 1980). Damage
to the gills impairs oxygen uptake from water by increasing the diffusion distance between the
bulk water and blood (Gerald and Cech 1970). Exposure to hypoxia also causes edema in the
spleen and anterior kidney, hyperaemic livers, and necrosis of hepatic tissues (Scott and Rogers
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1980). Functional damage to the kidney and spleen reduces the production of erythrocytes and
leucocytes and thereby compromises the ability to withstand a disease challenge.

In general, critical dissolved oxygen concentrations or those sufficient to cause mortality of
channel catfish are similar to those of largemouth bass Micropterus salmoides and bluegill
Lepomis macrochirus. Critical dissolved oxygen concentrations of channel catfish depend on
water temperature, the rate of decline in dissolved oxygen concentration, and fish size. Channel
catfish are more sensitive to hypoxia as water temperature increases, presumably because the
metabolic demand for oxygen increases with temperature. The dissolved oxygen concentration
at which catfish survive for 24 hours following a shock of sudden exposure to low dissolved
oxygen concentration ranges from 0.85 mg/L at 18°C (64°F) (Scott and Rogers 1980) to 1.08
mg/L at 35°C (95°F) (Moss and Scott 1961). Critical dissolved oxygen concentrations of channel
catfish first acclimated to low dissolved oxygen concentrations are lower than those obtained
from shock tests. Critical concentrations range from 0.76 mg/L at 25°C (77°F) to 0.92 mg/L at
35°C (95°F) (Moss and Scott 1961).

Although dissolved oxygen is a critically important water quality variable in aquaculture,
most research evaluating the effect of hypoxia on channel catfish has evaluated the effect of
exposure to constant concentrations of dissolved oxygen. In culture ponds during the summer,
channel catfish are exposed to critical concentrations for relatively short durations each day. The
effect of transient exposure to severe hypoxia on channel catfish is not known. However, in
commercial catfish ponds, the duration of repeated exposure to low dissolved oxygen
concentration (<3.0 mg/L) does not affect feed consumption (Hargreaves and Steeby 1999).
Initiation of paddlewheel aeration when dissolved oxygen concentration declines to <2.2 mg/L
does not affect voluntary feed consumption in commercial ponds.

It is difficult to generalize about the dissolved oxygen requirements of catfish because
research has been limited. Also, effects are not due solely to environmental dissolved oxygen
concentrations, but to the interactions among ambient concentrations and exposure time, size and
health of the animal, water temperature, and other environmental conditions. For practical
purposes, eggs and fry require at least 4 to 5 mg/L for reasonable hatching and survival (Fig. 3.2).
Fingerlings require 1.0 to 1.5 mg/L for survival, although growth and feed intake is reduced as
dissolved oxygen falls much below saturation (Table 3.5). As stated previously, low dissolved
oxygen causes an increase in plasma corticosteroid levels in channel catfish that is associated with
immunosuppression. Consequently, episodes of low dissolved oxygen concentrations are often
associated with outbreaks of infectious disease (Meyer 1970).

Under commercial conditions, tissue hypoxia is not always caused simply by exposure to low
dissolved oxygen concentrations. Fish may be stressed when any set of conditions that increases
metabolic oxygen demand, decreases the rate of diffusion of oxygen from water to blood, or
decreases the amount of oxygen carried by blood. Tissue hypoxia can occur even when dissolved
oxygen concentrations are near saturation. Some common conditions that interact with
environmental dissolved oxygen concentrations to cause tissue hypoxia include recent feed intake,
forced activity (such as swimming in currents near aerators), heavy parasite infestations on gill
surfaces, destruction of gill tissue by the bacterium Flavobacterium columnare, and structural
changes in gill tissue when fish are infected by the parasite causing proliferative gill disease
(Henneguya spp.).

Substances or conditions that adversely affect the amount or function of hemoglobin can
aggravate the effect of low dissolved oxygen concentrations by reducing oxygen transport to the
tissues. Anemia caused by malnutrition, infectious disease organisms, or toxicants can lead to



50 Hargreaves and Tomasso

insufficient oxygen reaching tissues. Nitrite changes hemoglobin to a form incapable of carrying
oxygen (methemoglobin) causing a functional anemia. Carbon dioxide decreases the affinity of
hemoglobin for oxygen (the Bohr effect) thereby reducing oxygen uptake at the gills. A similar
change in hemoglobin function is caused by blood acidosis. Blood acidosis can result from
exposure to un-ionized ammonia, low environmental pH, high carbon dioxide concentrations, or
excessive activity.

3.3.3 Total dissolved gas pressure

Aquatic animals living in waters supersaturated with total dissolved gases may develop a stressful
or lethal syndrome called gas bubble trauma. Supersaturation is an unstable condition, and as
dissolved gases come out of solution they form bubbles. If the gases in solution diffuse across the
gill before coming out of solution, emboli will form in the vascular system and other tissues
within the fish. Eggs incubated in gas-supersaturated water will float to the surface, and larvae
and fry may exhibit hyperinflation of the swim bladder, exophthalmia, cranial swelling,
edematous and swollen gill lamellae, hemoperitoneum, gas bubbles in the yolk sac, and distention
and rupture of the yolk sac membrane. In juvenile and adult fish, the most common symptoms
of severe gas bubble trauma are gas bubbles in the blood, bubble formation in tissues (commonly
in the gill filaments and on the head, in the mouth, and in fin rays), and exopthalmia. In extreme
cases, death is caused by vascular emboli that restrict blood flow resulting in tissue anoxia.

Although the effects of gas supersaturation are well known in other fish species, particularly
salmonids, the effects of gas supersaturation on channel catfish have not been thoroughly
investigated. Mortality of juvenile channel catfish exposed to a AP1 of+117 mm Hg (about 115%
of saturation) was 54% but was only 1% in fish exposed to a AP of +76 mm Hg (110% of
saturation), although most of the total gas pressure was contributed by N2 + Ar in that study (Colt
et al. 1985). Physical signs of gas bubble trauma were observed at AP values exceeding +76 mm
Hg.

Total dissolved gas pressure is rarely a problem in commercial catfish ponds, despite the
common occurrence of supersaturated conditions on many summer mid-afternoons. Total gas
pressure in eutrophic aquaculture ponds routinely exceeds 150% saturation during most summer
afternoons. The average AP in fed channel catfish ponds during the summer is about +115 mm
Hg, ranging from -46 to +334 mm Hg (Boyd et al. 1994). Approximately 34% of the afternoon
estimates of AP are greater than +117 mm Hg, the AP threshold that causes mortality in juvenile
channel catfish (Colt et al. 1985). It is not known if brief exposure to potentially lethal total gas
pressure affects growth, immunocompetence, or survival. However, exposure to hyperoxic,
supersaturated conditions is brief (3 to 6 hours) and most of the total gas pressure is contributed
by oxygen. Furthermore, fish can seek refuge in deeper waters where increased hydrostatic
pressure reduces the local AP experienced by fish.

Although gas supersaturation is not a common problem with fish in production ponds, it can
be a severe problem in some channel catfish hatcheries (Tucker 1989b). Many groundwater

1 The degree of gas saturation is commonly expressed as "delta P" (AP), which is the difference between the
total dissolved gas pressure (the sum of the partial pressures of all gases dissolved in water, in mm Hg) and local
barometric pressure. If AP < 0, the water is undersaturated and if AP > 0, the water is supersaturated.
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supplies used in catfish hatcheries are naturally supersaturated and hatchery waters may become
supersaturated when they are heated or aerated with submerged aerators. Plumbing problems
inside the hatchery can also contribute to supersaturation if there is a leak on the suction side of
a pump in the water supply line. Also, eggs and fry are particularly sensitive life stages with
respect to gas-bubble trauma. These problems are discussed in Chapter 7.

3.3.4 Carbon dioxide, alkalinity, and pH

Elevated internal carbon dioxide concentration, or hypercapnia, causes respiratory blood acidosis
and thereby impairs blood oxygen transport. Hypercapnia can also cause a rapid depletion of liver
glycogen (Perry et al. 1988) and a decrease in chloride cells (Goss et al. 1994). Reduction in
chloride cells leads to a reduction in C17HCO3" exchange in brown bullhead Ameiurus nebulosus
as a means to regulate acid-base status (Goss et al. 1992). This reduced C17HCO3" exchange leads
to an accumulation of HCO3" as a mechanism to compensate for blood acidosis. Acid-base
regulation in channel catfish exposed to hypercapnia may be achieved by a combination of
increased H+ excretion, reduced HCO3" excretion, or increased HCO3" uptake (Cameron 1980).
The rapid return to normal blood pH in rainbow trout Oncorhynchus mykiss exposed to
hypercapnia in water with high ambient Ca2+ and HCO3" allows the accumulation of extracellular
HCO3"(Larsen and Jensen 1997). Hypercapnia can disrupt oxygen transport and induce narcosis,
ultimately leading to death from osmoregulatory failure.

Carbon dioxide concentrations rarely exceed 10 to 20 mg/L in commercial channel catfish
ponds, and exposure to concentrations that high is usually brief, lasting just a few hours near
dawn (see Chapter 10). However, maximum carbon dioxide concentrations tend to be coincident
with minimum dissolved oxygen concentrations and research on the combined effects of
hypercapnia and hypoxia on fish indicates that fish may be more sensitive to hypoxia under such
conditions. For example, the critical oxygen tension for European eels Anguilla anguilla under
normoxia is 25 mm Hg (16% saturation), but increases to 40 to 45 mm Hg (25 to 28% saturation)
under combined hypoxia-hypercapnia (Cruz-Neto and Steffensen 1997).

The pH tolerance limits of channel catfish are not well defined, although the range for good
growth of warmwater fish (6.5 to 9.0) probably applies to channel catfish. The threshold basic pH
at which mortality occurs in 19-day-old channel catfish is 10.2 to 10.5 (Bergerhouse 1990).
Nearly all waters used for catfish farming have pH values within the range considered desirable
for fish production, and direct toxic effects from extremes of pH are seldom encountered. (One
exception—transient high pH in surface waters due to intense photosynthesis—is discussed in
Chapter 10). More commonly, the indirect effects of pH and the interactions of pH with other
environmental variables are important in catfish farming. The most important example is the
effect of pH on ammonia toxicity, which is discussed below (Section 3.3.6).

3.3.5 Salinity

Channel catfish are stenohaline with an upper salinity tolerance limit of 12 parts per thousand
(ppt) (Allen and Avault 1970). Abrupt transfer of channel catfish from fresh water to salt water
does not cause changes in plasma electrolyte concentrations until environmental salinity exceeds
that of catfish plasma (270 mOsm/kg) (Norton and Davis 1977). Once this threshold is exceeded,
plasma osmolality and electrolyte concentration increases and channel catfish shift from excretion
of a relatively high volume of dilute urine to a small volume of concentrated urine. Acclimation
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to abrupt transfer from fresh water to salt water requires 15 days whereas acclimation to abrupt
transfer from salt water to fresh water requires 3 days.

Salinity tolerance of channel catfish changes with the stage of ontogenetic development.
Channel catfish eggs can tolerate exposure to 16 ppt salinity (Allen and Avault 1970). Salinity
tolerance declines to 8 ppt at hatch, but increases again to 9 to 10 ppt after yolk absorption (Allen
and Avault 1970). Salinity tolerance increases further to 11 to 12 ppt at 5 to 6 months of age and
does not change in older fish. Growth, feed consumption, feed conversion and survival of catfish
fingerlings (42 to 148 days old) acclimated to 5 ppt is similar to that of fingerlings cultured in
freshwater (Allen and Avault 1970). In brackishwater (<11 ppt) culture ponds, channel catfish
growth is superior to that of blue and white catfish (Perry and Avault 1969, 1970).

3.3.6 Ammonia

Ammonia is the principal nitrogenous waste product excreted by channel catfish. Ammonia
produced during protein catabolism is carried in the blood and excreted across the gills primarily
as un-ionized ammonia. Un-ionized ammonia (NH3) is a lipid soluble gas that can move freely
across membranes in response to a partial pressure gradient between plasma and water. Although
a number of processes are thought to contribute to ammonia excretion, passive diffusion of NH3

across the gill epithelium is the primary mechanism. As total ammonia (NH3 + NH4
+) is

partitioned between ionized and un-ionized forms depending on pH and temperature, the
diffusion of NH3 across the gill epithelium is a function of water pH and total ammonia
concentration, and plasma pH and total ammonia concentration. Thus, when NH3 concentration
in the plasma is greater than that in the water, NH3 will diffuse from the plasma across the gill
epithelium into the water, providing a highly energy-efficient mechanism for removal of waste
nitrogen. However, as external NH3 concentrations increase, the diffusion gradient between blood
and water decreases and NH3 may begin to accumulate in the blood and tissues, with serious
physiological consequences. If external NH3 concentrations become sufficiently high, the
direction of net NH3 movement can reverse and NH3 will diffuse into the blood, and blood NH3

levels will rapidly increase. The uptake and elimination of NH3 in channel catfish is rapid, with
plasma concentrations reaching equilibrium within 30 minutes of exposure (Swigert 1984).

As the plasma pH of channel catfish is fairly stable (approximately 7.8; Swigert 1984), about
95% of the total ammonia in fish plasma is carried as ammonium (NH4

+). The concentration of
total ammonia in plasma changes in accordance with pH and total ammonia concentration in the
water. At a water pH greater than plasma pH, the equilibrium total ammonia concentration in
plasma is greater than that in water; at a water pH less than plasma pH, the equilibrium total
ammonia concentration in plasma is less than that in water. Thus, depending on water pH, total
ammonia concentration in plasma can be greater or lower than that in water.

One expectation of a conceptual model offish ammonia excretion based on partial pressure
(concentration) gradients of NH3 is an equilibrium between plasma and water NH3 concentrations.
However, across a broad range of water ammonia concentrations and pH values, plasma NH3

concentration in channel catfish plasma is about 50% of the water NH3 concentration (Swigert
1984). The deviation from the expected equilibrium between water and plasma NH3 concentration
can be explained by a pH of the boundary layer of the gill epithelium that is slightly (<0.3 pH
units) lower than the bulk water. The pH of water in the boundary layer is acidified by hydration
of excreted CO2, which produces HCO3" and H+, a reaction catalyzed by carbonic anhydrase
released into the mucosa of the boundary layer. Ammonia excretion raises water pH, but
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relatively more CO2 is excreted, so the effect of CO2 excretion overwhelms the effect of ammonia
excretion on boundary layer pH. The fact that the pH offish plasma is approximately intermediate
between the pK of the equilibrium between CO2 and HCO3" and the pK of the equilibrium
between NH3 and NH4

+ simultaneously maximizes the excretion of both CO2 and NH3 (Randall
and Wright 1989).

The toxicity of ammonia to channel catfish may be manifest in a broad array of physiological,
biochemical, histological, and behavioral effects. Such effects may vary depending on the
exposure concentration. Biochemically, ammonia affects energy production in fish by disrupting
the citric acid cycle, ultimately affecting central nervous system function. Neurological
dysfunction is consistent with clinical observations of fish behavior exposed to toxic
concentrations of ammonia. Fish behavior progresses from increased gill ventilation,
hyperactivity, and convulsions to lethargy, coma, and death.

Ammonia exposure causes blood acidosis (Sousa and Meade 1977), possibly due to impaired
CO2 excretion, and thus a decreased affinity for oxygen by hemoglobin (Root shift), thereby
reducing overall respiratory efficiency and increasing susceptibility to hypoxia. This mechanism
is consistent with observations that exposure to low dissolved oxygen concentration increases the
effect of ammonia exposure. For example, exposure of 500- to 600-g channel catfish to afternoon
NHj-N concentrations of 0.40 mg/L does not affect voluntary feed consumption when early
morning dissolved oxygen concentration is maintained at 6.0 mg/L (Popma et al. 2000). However,
when early morning dissolved oxygen concentration is maintained between 1.8 and 2.3 mg/L and
afternoon NH3-N concentration is 0.43 mg/L, maximum voluntary feed consumption is reduced
by 68%. Although the stressors are temporally separate and the reduction in feed consumption
can be explained by low early morning dissolved oxygen concentration, the combination of
elevated ammonia concentration and low dissolved oxygen concentration may also combine to
affect voluntary feed consumption in ponds.

Exposure to sublethal ammonia concentrations can disrupt osmoregulation. Increased
hematocrit of ammonia-exposed channel catfish has been attributed to isotonic dehydration,
leading to hemoconcentration of ammonia (Sheehan and Lewis 1986). Plasma sodium depletion
may also contribute to ammonia toxicity (Tomasso et al. 1980a). These observations suggest that
increasing the ionic concentration of water to isosmotic salinity can mitigate the effect of
exposure to sublethal ammonia concentrations. Addition of calcium may reduce plasma sodium
depletion and thereby reduce dehydration. Increasing total hardness to 440 mg/L increases the 24-
hour LC50 of ammonia (NH3-N) to channel catfish from 0.07 to 1.79 mg/L (Tomasso et al.
1980a). Adding sodium chloride to water increases the short-term (6, 12, and 24 hour) LC50 of
ammonia to channel catfish, but does not affect the 48-hour LC50, indicating that the effect of
environmental sodium chloride provides only short-term protection from ammonia toxicity
(Redneretal. 1980).

Gill hyperplasia and epithelial edema are common effects of exposure to sublethal ammonia
concentrations (Robinette 1976; Soderberg et al. 1984). However, some evidence suggests that
exposure to ammonia alone is insufficient to cause gill hyperplasia and that exposure to
chloramines formed from the reaction of ammonia with residual chlorine in municipal water
supplies used in toxicity tests may be responsible for the observed histological effects (Mitchell
and Cech 1983).

Brain monoamine neurotransmitters are produced in the central nervous system in response
to stress. Therefore, concentrations of these neurotransmitters are potential predictors of the
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TABLE 3.7. Summary of literature on ammonia and nitrite toxicity to channel catfish.

Lethal concentration
(LC50)

Ammonia (mg/L as NH3-N)
0.17-1.65
2.36
0.7-2.2
1.4
1.8
1.5
1.2
1.6
1.5-3.1
2.4
2.9
3.8

Nitrite (mg/L as NO2-N)
30.0
10.3
5.0

17.5
8.7

13.5
8.3

11.5
11.7
7.5
7.1

Exposure
duration

24 hours
24 hours
24 hours
24 hours
96 hours
96 hours
96 hours
96 hours
96 hours
96 hours

24 hours
24 hours
24 hours
48 hours
48 hours
72 hours
72 hours
96 hours
96 hours
96 hours
96 hours

Test
conditions

22°C, pH=7.8

pH7
pH8
pH9
1-day juveniles
7-day juveniles

22°C
26°C
30°C

23°C
21°C
21-24°C
23°C
21°C
23 °C
21°C
22°C
30°C
21°C
23°C

Reference

Knepp and Arkin 1973
Robinette 1976
Sheehan and Lewis 1986
Tomasso et al. 1980a
Tomasso et al. 1980a
Tomasso et al. 1980a
Bader and Grizzle 1992
Bader and Grizzle 1992
Ruffieretal. 1981
Colt and Tchobanoglous 1976
Colt and Tchobanoglous 1976
Colt and Tchobanoglous 1976

Palachek and Tomasso 1984
Konikoff 1975
Tomasso etal. 1980b
Palachek and Tomasso 1984
Konikoff 1975
Palachek and Tomasso 1984
Konikoff 1975
Colt and Tchobanoglous 1976
Colt and Tchobanoglous 1976
Konikoff 1975
Palachek and Tomasso 1984

inhibitory effect of exposure to sublethal concentrations of ammonia on channel catfish growth
(Atwood et al. 2000). Two factors, brain dopamine concentration and the ratio of the
concentration of two neurotransmitters (5-hydroxyindoleacetic acid and 5-hydroxytryptamine
concentrations), explain 88% of the variation in channel catfish growth after 9 weeks of exposure
to sublethal ammonia concentrations. Thus, these compounds represent a potential diagnostic tool
for the evaluation of the sublethal effects of ammonia toxicity. Other indicators, such as plasma
and brain glutamine concentrations, are not suitable as indicators of ammonia toxicosis in channel
catfish (Weirich and Tomasso 1995).

Acute toxicity of ammonia to channel catfish are summarized in Table 3.7. Acute toxicity
varies as a function offish size (age), test duration, pH, temperature, and ionic composition and
concentration of test water. Unlike other fishes, the toxicity of ammonia to channel catfish does
not vary with fish age (Bader and Grizzle 1992). The toxicity of ammonia to channel catfish
decreases as temperature increases (Table 3.7; Colt and Tchobanoglous 1976). In general,
ammonia is toxic to channel catfish at concentrations of 0.5 to 2.0 mg/L as NH3-N, with most
values around 1.5 mg/L as NH3-N. Acclimation to ammonia exposure, indicated by plasma
corticosteroid concentration, of channel catfish is fairly rapid, reaching a maximum after 8 hours
of exposure and returning to normal levels within 24 hours (Tomasso et al. 1981b).
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Recalculation of acute ammonia toxicity concentrations based on estimated gill boundary
layer pH results in concentrations that are much less and have a more narrow range than reported
concentrations. For example, the 96-hour LC50 of NH3-N for channel catfish ranges from 1.50
to 3.13 mg/L (Colt and Tchobanoglous 1976; Roseboom and Richey 1977), but recalculation of
the gill surface ammonia concentration at the reported acute toxicity concentrations results in a
range of 0.29 to 1.39 mg NH3-N/L (Szumski et al. 1982). The acute criterion is a function of pH,
total ammonia concentration, temperature, and alkalinity. Based on this analysis, the no-effect
ammonia concentration at the gill surface for warmwater fish is <0.08 mg NH3-N/L (Szumski et
al. 1982).

The United States Environmental Protection Agency (USEP A 1999) has published an update
of the ambient water quality criteria for ammonia that takes account of more recent data, models,
and statistical methods. The national acute criterion for ammonia (as total ammonia-nitrogen) in
fresh water is a function of pH and the chronic criterion is a function of pH and temperature. The
acute criterion is the 1 -hour average concentration and the chronic criterion is the 30-day average
concentration. For example, at pH 9, the acute criterion is 1.32 mg/L, a value below usual mid-
afternoon ammonia concentrations in commercial catfish ponds during summer (0.5 mg/L).
However, the chronic criterion at pH 8.3 when water temperature is <20°C (68°F) ranges from
1.1 to 1.5 mg/L, a value lower than normal winter total ammonia-nitrogen concentrations (2.5 to
4.0 mg/L) in commercial catfish ponds. Thus, ammonia may be more problematic as a chronic
stressor during winter than as an acute stressor during summer.

As a variation on the chronic criterion, USEPA (1999) suggests that the greatest 4-day average
concentration should not exceed 2.5 times the chronic criterion. Ammonia concentrations in
catfish ponds can become elevated for relatively short periods following the collapse and
decomposition of phytoplankton blooms. The 4-day chronic criterion for the pH values that
normally prevail during the collapse of a phytoplankton bloom during mid-summer (7.8 to 8.0)
range from 2.2 to 2.9 mg/L, which is below the ammonia concentrations that normally prevail (4
to 5 mg/L). Thus, the 4-day chronic criterion for ammonia is likely exceeded during the collapse
of phytoplankton blooms.

Ammonia toxicity tests are usually conducted in static or static renewal systems that do not
reflect the fluctuating concentrations of NH3 experienced by fish in ponds. Applying a factor of
0.05 (Boyd and Tucker 1998) to acute toxicity concentrations results in a maximum allowable
concentration of 0.03 to 0.10 mg/L as NH3-N. These concentrations provide useful guidelines for
holding of fish or for culture of catfish in production systems where water quality is constant.
However, water quality in ponds is extremely dynamic and so results from acute toxicity tests
must be interpreted with caution. For example, growth of channel catfish exposed to a constant
ammonia concentration of 0.52 mg/L NH3-N is reduced by 50% relative to controls (Colt and
Tchobanoglous 1978). However, brief (2 to 3 hour) daily exposure to 0.92 mg/L NH3-N does not
affect growth and feed conversion ratio (Hargreaves and Kucuk 2001).

In commercial catfish ponds, ammonia rarely accumulates to concentrations that cause death;
ammonia is much more likely to have sublethal effects that reduce growth or compromise
immunocompetence. Furthermore, similar to the effect reported for other fish species (Redner and
Stickney 1979), channel catfish may acclimate to elevated ammonia concentrations, or
alternatively, exposure to potentially growth-inhibiting concentrations is sufficiently brief that
growth is not affected.
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3.3.7 Nitrite

Nitrite (N02') is a naturally occurring intermediate product in two bacteria-mediated processes
(nitrification, denitrification) involving transformations of nitrogen in water and soils. Nitrite
occasionally accumulates in ponds or water-recirculating culture systems and can be toxic to
channel catfish at relatively low concentrations.

Environmental nitrite can enter fish by active transport of nitrite ion (NO2") or passive
diffusion of nitrous acid (HNO2). In channel catfish, active transport of NO2" by chloride cells of
the gill lamellae is the predominant mechanism (Tomasso et al. 1980b). Diffusion of nitrous acid
is probably not a major consideration in the toxicity of nitrite because so little exists at the
prevalent pH range in water for fish culture. Nitrite crosses the gill epithelium by the mechanism
that normally transports chloride into the bloodstream. Both nitrite and chloride are monovalent
anions with similar hydrated ionic radii and, in catfish, the ion transport mechanism apparently
does not discriminate between the two ions. Once dissolved in the plasma, nitrite moves into red
blood cells and oxidizes reduced ferrous iron (Fe2+) in hemoglobin to ferric iron (Fe3+), forming
methemoglobin, which is incapable of binding oxygen. Thus, increasing the proportion of
methemoglobin reduces the oxygen carrying capacity of blood. One distinctive feature of
methemoglobinemia is the brown color offish blood that can be seen by observing the gills. The
intensity of color is directly related to methemoglobin concentration.

Tolerance to nitrite exposure varies greatly among species of fish and the basis for those
differences appears to be related to the ability of the gill anion uptake mechanism to discriminate
between chloride and nitrite (Palachek and Tomasso 1984; Tomasso 1986). Channel catfish and
other ictalurid catfishes are among fish that are relatively susceptible to nitrite toxicosis (Table
3.7) because the branchial active transport mechanism responsible for the uptake and
concentration of chloride from the environment into blood does not fully discriminate between
chloride and nitrite, so any nitrite in the environment is concentrated in the blood. One important
implication of the common route of uptake of the two ions is that the amount of nitrite entering
the fish (and thus the amount of methemoglobin formed) is not a simple function of external
chloride concentration, but rather a function of the ratio of chloride and nitrite.

When nitrite is absent from water, baseline methemoglobin levels of channel catfish range
from 5 to 10% of total hemoglobin (Tomasso et al. 1979; Huey et al. 1980), although baseline
methemoglobin in one strain of channel catfish was 17% (Urrutia and Tomasso 1987). In a study
of channel catfish raised under commercial and laboratory conditions, Schwedler and Tucker
(1983) described the following approximate relationship:

Ratio of chloride (as Cl") to nitrite (as NO2"-N)
20:1
10:1
5:1
1:1

Percent methemoglobin
5-15

20-40
50-75
75-90

The information tabulated above should be viewed cautiously because methemoglobin levels in
nitrite-exposed fish are affected by several factors other than environmental chloride. Important
among factors affecting methomoglobin formation are 1) other environmental ions, 2) nutritional
status offish, 3) acclimation, and 4) strain differences.
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Other monovalent anions, especially bicarbonate, may also affect methemoglobin formation
(Tomasso et al. 1979). However, on a molar basis, approximately 175 times more bicarbonate
than chloride is required to provide an equivalent level of methemoglobin suppression (Lewis and
Morris 1986). Divalent and trivalent anions do not affect nitrite toxicity (Lewis and Morris 1986)
and the effect of cations on nitrite toxicity is equivocal. For channel catfish, equivalent protection
against methemoglobinemia is provided by calcium chloride or sodium chloride (Tomasso et al.
1980b), suggesting that the valence or identity of the cation is unimportant.

Methemoglobin levels are also strongly affected by nutritional status. Methemoglobin levels
in juvenile channel catfish starved for 21 days and exposed to nitrite are 25% greater than fish fed
at 2% of body weight daily (Tucker and MacMillan 1992). The toxicity of nitrite can be reduced
by feeding channel catfish a diet containing elevated levels of ascorbic acid (Wise and Tomasso
1988). Dietary ascorbate may protect fish by increasing plasma ascorbate levels which, in turn,
serves as a reductant to prevent methemoglobin formation.

Channel catfish can partially acclimate to environmental nitrite, as indicated by a gradual
reduction in methemoglobin levels following an initial peak after nitrite exposure. Channel catfish
exposed to 2.5 and 4.5 mg/L NO2"-N (C1":NO2"-N ratios of 8.8 and 4.8, respectively) acclimate
to those concentrations, although the acclimation is not complete (Urrutia and Tomasso 1987).
Catfish acclimate to the lower concentration after 5 days and to the higher concentration after 15
days, at which time methemoglobin levels of nitrite-exposed catfish do not differ from control
fish. Catfish exposed to 6.3 mg/L NO2"-N (C1":NO2'-N ratio = 3.5) do not acclimate, suggesting
that the acclimation mechanism is overloaded at that exposure level.

Strains of channel catfish respond differentially to nitrite exposure (Tomasso and Carmichael
1991; Reagan and Drennan 1994). Differential survival was measured among 15 channel catfish
strains and interspecific hybrids that were exposed to lethal nitrite concentrations (Tomasso and
Carmichael 1991). Blue catfish Ictalurusfurcatus are more resistant to nitrite than channel catfish
(Schoore et al. 1995).

Fish that are exposed to nitrite in waters with low chloride levels rapidly develop methemo-
globinemia. In one study, methemoglobin in channel catfish increased to 80% of total hemoglobin
after 12 hours of exposure to elevated nitrite levels (Huey et al. 1980). Similarly, recovery of
channel catfish from methemoglobinemia is rapid once fish are placed in nitrite-free water.
Methemoglobin levels in fish used in the study above (Huey et al. 1980) returned to baseline
levels within 24 hours after removal to nitrite-free water. The primary mechanism for the
reduction of methemoglobin to hemoglobin is associated with the activation of N ADH-dependant
methemoglobin reductase (Huey and Beitinger 1982), which accelerates recovery from nitrite
exposure. Methemoglobin reductase activity in channel catfish is constant and is not affected by
nitrite exposure concentration or methemoglobin level (2 to 99%) (Reagan and Drennan 1994).

The ultimate and primary cause of death in channel catfish with severe methemoglobinemia
is presumably general hypoxia (asphyxiation) (Huey et al. 1980), although other physiological
mechanisms leading to death have been proposed, but with limited empirical support. Therefore,
nitrite exposure increases the sensitivity of channel catfish to low dissolved oxygen concentration.
Fish with severe methemoglobinemia die when dissolved oxygen concentration declines to less
than about 5 mg/L (Bowser et al. 1983), concentrations normally well-tolerated by channel
catfish. In laboratory studies where dissolved oxygen levels are near saturation, fish developing
methemoglobin levels greater than 50% usually do not die (Lewis and Morris 1986) and some
channel catfish that develop 100% methemoglobin may survive for short periods by ceasing
activity (Tomasso et al. 1979).
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FIGURE 3.3. The effect of environmental chloride on potential nitrite toxicity as indicated by the proportion
of total hemoglobin as methemoglobin.

Under commercial culture conditions, sublethal effects of nitrite exposure are more likely than
lethal effects because nitrite concentrations in ponds rarely rise to lethal levels unless chloride
concentrations are very low. Prolonged methemoglobinemia reduces growth, and in one study,
growth reduction was linear across the range of exposure concentrations from absence of nitrite
to lethal levels (Colt et al. 1981). Mild to moderate hemolytic anemias also develop in nitrite-
exposed channel catfish (Urrutia and Tomasso 1987; Tucker et al. 1989). The hemolytic anemia
aggravates the respiratory distress already caused by the conversion of hemoglobin to
methemoglobinemia. The general stress associated with nitrite exposure also predisposes fish to
facultative bacterial infections, such as aeromonad septicemias and columnaris (Hanson and
Grizzle 1985).

Although a wide array of environmental factors affect the toxicity of nitrite to catfish (Lewis
and Morris 1986; Tomasso 1986), the effect of environmental chloride is by far the most
important. Environmental chloride inhibits methemoglobin formation in channel catfish by
competing with nitrite for binding sites on chloride cells offish gills (Fig. 3.3), so adding
common salt (NaCl) is a simple and relatively inexpensive practice to prevent nitrite toxicosis.
If adequate chloride is present to obtain a C1":NO2'-N ratio of 40:1, methemoglobin formation can
be completely suppressed (Tomasso et al. 1979). Due in part to the cost associated with supplying
sufficient salt to completely suppress methemoglobinemia and limited mortality associated with
methemoglobin levels lower than 50%, adding sufficient salt to provide a C1':NO2"-N ratio of
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about 10:1 was an early recommendation (Bowser et al. 1983; Schwedler and Tucker 1983).
Based on the finding that fish exposed to this ratio became anemic, Tucker et al. (1989) revised
the recommendation and suggested that sufficient salt be added to obtain a C1":NO2"-N of 20:1.
In practice, many commercial catfish producers attempt to maintain a chloride concentration of
100 to 150 mg/L, which will provide sufficient protection against nitrite toxicosis up to a NO2'-N
concentrations of 5 to 7 mg/L based on maintaining a C1":NO2"-N ratio of 20:1.

3.3.8 Hydrogen sulflde

Hydrogen sulfide is formed in anoxic fish pond sediments by the reduction of sulfate. The sulfate
concentration of most freshwater sources used to fill catfish ponds is generally low, but can be
variable. Nonetheless, hydrogen sulfide can accumulate in acidic (pH < 7.3) lakes supplied with
water with high sulfate concentration (Bonn and Follis 1967) and in the porewater of reduced
sediments. Biochemically, hydrogen sulfide inhibits gill and brain cytochrome oxidase activity,
thereby inhibiting oxidative phosphorylation and affecting overall energy metabolism. Clinically,
the effects of hydrogen sulflde are similar to those associated with hypoxia.

Sulfide is a potent fish toxicant. Exposure of channel catfish to 0.1 mg/L H2S at 20°C (68°F)
for 30 minutes inhibits cytochrome oxidase activity in the brain by 40% and in the gill by 74%
(Torrans and Clemens 1982). Exposure to 0.1 mg/L H2S also increases blood lactate
concentration by a factor of 3. Channel catfish exposed to 0.5 mg/L H2S at 20°C (68°F) leads to
rapid, irregular breathing and respiratory arrest. In short-term (3-hour) bioassays at pH 7.0, the
median tolerance limit of H2S to channel catfish increases with size, and is 1.0 mg/L for
fingerlings, 1.3 mg/L for large fingerlings, and 1.4 mg/L for adult fish (Bonn and Follis 1967).
Behavioral changes indicating avoidance are observed at concentrations within 0.2 mg/L of the
median tolerance limits. In general, the median tolerance limit of H2S for channel catfish
decreases as pH increases, from 0.80 mg/L at pH 6.8 to 0.53 mg/L at pH 7.8 (Bonn and Follis
1967).

3.3.9 Therapeutants and water treatments

Copper

Following salt, copper sulfate is the chemical most commonly added to commercial catfish ponds.
Copper sulfate and other copper-based chemicals are used to control algae and some external
parasites and ciliated protozoans such as Ichthyophthirius multifiliis. Applying copper-based
chemicals to aquaculture ponds is risky because the difference between the concentration that is
effective for algae or parasite control and the concentration that is toxic to catfish is fairly small.
Furthermore, the chemistry of copper in eutrophic pond water results in a wide range of Cu2+

concentrations within a short duration following application.
Although discussion of the chemistry of copper in water is beyond the scope of this chapter,

cupric ion (Cu2+) is the primary toxic form of copper. Cupric ions can adsorb to the gill
epithelium and cause structural changes. In copper-exposed salmonids, gill epithelial cells
become swollen from edema and the gill epithelium may detach from the basement membrane
(Evans 1987). Metal exposure also increases mucus secretion, thereby increasing the distance for
oxygen diffusion. Collectively, these dysfunctions reduce respiratory efficiency, thus increasing
the sensitivity of copper-exposed fish to environmental hypoxia.
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Although physical changes to the gill are an important manifestation of copper toxicity, the
primary toxic effect of copper on fish is associated with osmoregulatory dysfunction. Copper
disrupts osmoregulation in two ways. First, the activity of enzymes associated with the active
transport of Na+ and Cl" (i.e., Na, K-activated ATPase and carbonic anhydrase) is inhibited by
copper. Second, copper increases gill permeability by displacing Ca2+ and opening tight junctions
between epithelial cells, leading to increased passive loss of ions (Lauren and McDonald 1985).
The relative importance of each mechanism depends on exposure concentration, e.g., inhibition
of Na+ and Cl' uptake is more important at low concentrations.

In channel catfish exposed to sublethal concentrations (2.5 mg/L) of copper sulfate, serum
osmolality declines from 263 to 231 mOsmol/kg after 2 days of exposure (Lewis and Lewis
1971). This response can be tempered by adding NaCl to test water. Copper exposure also results
in an increase in blood ammonia concentrations, suggesting that ammonia excretion—perhaps
through Na7NH4

+ exchange—is inhibited (Lauren and McDonald 1985).
The toxicity of copper to fish is dependent upon the variety of environmental factors that

regulate the concentration of Cu2+ in water, including pH, alkalinity, hardness, and dissolved
organic carbon concentration (Straus and Tucker 1993; Wurts and Perschbacher 1994). Copper
toxicity to many fishes and invertebrates may be estimated under a variety of water quality
conditions by means of the Biotic Ligand model (DiToro et al. 2000). Copper toxicity increases
as temperature increases; and decreases as alkalinity, hardness, pH, organic matter concentration
and fish weight increases. The effects of alkalinity and hardness on copper toxicity have been
given prominence. Alkalinity affects copper solubility directly through the formation of inorganic
complexes and indirectly through the effect on equilibrium pH. The components of hardness
(Ca2+, Mg2+) mitigate copper toxicity through competitive binding to exchange sites on the gill
epithelium.

Under conditions that normally prevail in pond aquaculture, toxic concentrations of copper
to channel catfish vary by a factor of 20 (Straus and Tucker 1993). The 96-hour LC50 for Cu2+

to channel catfish ranges from about 50 u.g/L in water with low hardness and near-neutral pH to
about 1,000 ug/L in hard water with slightly alkaline pH (Table 3.8; Straus and Tucker 1993).
When expressed on the basis of copper concentration, chelated copper is less toxic than copper
sulfate at moderate to high alkalinity, but is equally toxic at low alkalinity (Straus and Tucker
1993).

TABLE 3.8. Toxicity of copper from copper sulfate pentahydrate and ethanolamine-chelated copper to
channel catfish (adapted from Straus and Tucker 1993).
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Exposure of channel catfish to sublethal copper concentrations (<0.5 mg/L) for 10 weeks
leads to an increase in hepatic copper concentration (Griffin et al. 1997; Perkins et al. 1997).
Hepatic copper levels returns to levels similar to non-exposed fish within 4 to 8 weeks after 10
weeks of exposure to sublethal copper concentrations. Exposure of channel catfish to sublethal
Cu2+ concentrations results in increased hepatic metallothionein expression (Perkins et al. 1997;
Schlenk et al. 1999). Metallothionein expression is directly correlated with hepatic Cu2+

concentration and may be a useful indicator of the intensity of the stress of copper exposure in
channel catfish. The stress of exposure to the copper concentrations following normal
applications of copper-based chemicals to culture ponds can be characterized as mild in
comparison to other stressors (Griffin et al. 1999a). Despite hepatic Cu2+ accumulation, copper
does not accumulate in catfish muscle, indicating that the risk of applying copper-based chemicals
to ponds on the health of human consumers of cultured channel catfish is negligible (Griffin et
al. 1997).

Potassium permanganate

Potassium permanganate (KMnO4) is occasionally applied to ponds to treat certain parasitic,
fungal, or external bacterial infections of channel catfish. Potassium permanganate is a strong
oxidant and can be toxic to fish. Exposure to high concentrations of KMnO4 result in necrotic
lesions of the gill epithelium and excessive mucus production (Schwedler et al. 1985). In this
condition, fish are susceptible to hypoxia and death occurs by suffocation. However, mortality
of channel catfish exposed to 3 to 5 times the therapeutic concentration of KMnO4 (1.33 to 2.19
mg/L) for 36 hours can be attributed to blood electrolyte depletion, as indicated by increased
blood packed cell volume, chloride depletion, and reduced serum osmolality (Griffin et al. 2002).
Plasma cortisol, plasma glucose, and whole blood packed cell volume increase during exposure
to KMnO4 while plasma chloride and osmolality decrease, although recovery occurrs within 2
days of the conclusion of exposure (Griffin et al. 2002). Exposure of channel catfish to chronic,
sublethal KMnO4 concentrations (0.5 to 2.0 mg/L) for 4 weeks induces only minor changes in
growth, body condition index, and liver-somatic index (Schlenk et al. 2000) and response to the
stress of exposure to therapeutic KMnO4 concentrations is characterized as minor (Griffin et al.
2002). Manganese uptake by channel catfish is negligible, as indicated by no change in muscle
or liver manganese concentrations (Griffin et al. 1999b). Gill manganese concentrations increase,
but this is related to the accumulation of manganese dioxide deposited within gill epethelial
mucosa, and gill manganese concentrations return to normal within 2 days (Griffin et al. 2002).

Potassium permanganate must be applied to water at concentrations sufficient to oxidize
organic matter (i.e., satisfy KMnO4 demand) before an effective treatment dose (2 to 4 mg/L) can
be obtained. An effective dose of KMnO4 can be calculated as 2.5 times the 15-minute KMnO4

demand of the water (Tucker 1989a). The chemical is usually applied as a bath or dip treatment
for up to 12 hours, so channel catfish are likely to be exposed to concentrations leading to acute
toxicity. The acute toxicity of KMnO4 to channel catfish depends on the organic matter
concentration of water. The 96-hour LC50 of KMnO4 to channel catfish ranges from 4 mg/L at
a chemical oxygen demand (COD) of 20 mg/L to 16 mg/L at a COD of 120 mg/L (Tucker 1987).
(The COD of most eutrophic culture ponds ranges from 50 to 80 mg/L.)
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Formalin

Formalin is used to treat fungal and certain external parasitic infections and is widely used in
catfish hatcheries to control fungi on eggs. Formalin treatment of ponds is much less common
because of the high cost of treating a large water volume and difficulty with safe handling and
application of the chemical. Formalin denatures proteins and is toxic to channel catfish and
phytoplankton. Formalin can cause damage to the gill epithelium, with necrotic lesions of the
lamellar epithelial cells and separation of the respiratory epithelium leading to respiratory and
osmoregulatory failure (Roberts 1978). The 96-hour LC50 for formalin ranges from 50 to 70 uL/L
(Schnick 1973). However, formalin is usually applied as a short-term (1-hour) bath at 150 to 250
uL/L (Boyd and Tucker 1998). The short-term (<4-hour) LC50 for formalin is greater than 150
uL/L (Schnick 1973).

Other chemicals

Although copper-based chemicals are the most common algicide applied to catfish culture ponds,
other herbicides (e.g., diquat, endothall, fluridone, 2,4-D, and glyphosate) are used to control
aquatic weeds, particularly emergent plants along pond embankments. With one exception, the
concentration of most of these herbicides that is necessary to control aquatic weeds is much less
than the concentration that is toxic to channel catfish. The concentration of the alkylamine salt
of endothall that is effective for aquatic weed control is also toxic to channel catfish (Schwedler
et al. 1985). The 96-hour LC50 for the alkylamine salt of endothall is 0.49 mg/L (Wellborn 1984).
As small segments of the pond are treated at any one time, catfish apparently can avoid the treated
area.

3.4 SYNTHESIS

In general, channel catfish are tolerant of poor water quality. Indeed, the tolerance of channel
catfish to a broad range of water quality is one of the key attributes of the fish as a candidate for
aquaculture. In particular, channel catfish are tolerant of repeated episodes of low dissolved
oxygen concentration. Recovery from exposure to various stressors associated with routine
culture in ponds is rapid. Temperature is the most important water quality variable from the
standpoint of catfish metabolism, growth, gonadal maturation, and immunocompetence.
Unfortunately, in pond aquaculture, practical control of water temperature is not possible. From
a management perspective there are limited opportunities to manage the environment in pond
aquaculture. Importantly, these include 1) aeration to maintain a minimum threshold dissolved
oxygen concentration and 2) maintenance of environmental chloride concentration through salt
application to protect fish from nitrite toxicity.

Most of the research to establish the water quality requirements of channel catfish has been
conducted in controlled laboratory settings under a specific set of conditions. Results from such
studies should be interpreted narrowly in the context of those specific conditions. As most
channel catfish are cultured in earthen ponds, water quality tolerance limits determined in
laboratory studies have limited applicability. The pond environment is extremely dynamic over
a range of temporal and spatial scales and so water quality variables interact in complex ways to
affect growth. Accordingly, the design of experiments to evaluate the environmental biology of
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channel catfish that consider the dynamic complexities of eutrophic ponds will have greater
applicability to conditions of commercial catfish aquaculture. The interaction between water
quality and disease and interactions between water quality variables (e.g., dissolved oxygen and
carbon dioxide) are two examples of areas requiring additional research.
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4.1 INTRODUCTION

Channel catfish are gonochoristic, the sexual phenotype is stable, and each individual is either
male (XY) or female (XX) (Davis et al. 1990). Reproduction in channel catfish is characterized by
an annual spawning cycle that is entrained mainly by temperature. Channel catfish are oviparous
and are cavity or nest spawners. The spawning territory is prepared prior to the spawning act by
both the male (primarily) and female (secondarily) fish. As the female expels the adhesive eggs
into the nest, they are fertilized externally by the attending male and an egg mass is produced
which is then guarded and maintained by the male. Within 5 to 9 days after spawning, the
embryos hatch. Development for the first 5 to 9 days after hatching is supported by the nutrients
stored in the yolk sac. Once the yolk sac is absorbed, fish begin exogenous feeding.

This chapter reviews the basic physiological aspects of sexual development and reproduction.
Like most teleosts that undergo a seasonal reproductive cycle, catfish have four phases of
reproductive development: gamete recruitment, gonadal recrudescence, spawning, and resorption.
Discussion of the morphology and development of the gonads and gametes will be followed by
consideration of the endocrine regulation of the reproductive axis, namely brain, pituitary, and
gonad. Next, reproduction and reproductive behavior are considered—including environmental
effects on spawning and induced spawning. Lastly, early life history through gonadal
differentiation is considered.
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The information presented here is focused as much as possible on channel catfish; however,
in cases where necessary information is not available, information known for related species is
presented.

4.2 REPRODUCTIVE DEVELOPMENT

Early life history and sexual differentiation are addressed later in this chapter. Here reproductive
development following gonadal differentiation is considered. Channel catfish males most likely
produce mature spermatozoa from an early age, and may be sexually mature in their first year;
however, their small size may prevent much contribution to egg fertilization. Female channel
catfish typically mature for the first time at 3 years of age, though among commercial strains
there is some strain variation in age at first maturity.

4.2.1 Male reproductive morphology and testis development

The yellowish white to pinkish off-white testes of channel catfish are elongated paired structures
that attach ventrally to the swim bladder and head kidney by means of membranous mesenteric
tissues. Channel catfish testes have many villiform projections and do not look like the typical
smooth cylindrical organs of most fishes. The anterior region of the testis is packed with
branched and coiled seminiferous tubules within the villiform projections (Fig. 4.1a, b) and
makes up about 2/3 to 3/4 of the whole testis (Guest et al. 1976). Spermatogenesis occurs along
the whole length of the anterior or spermatogenic testis. Sertoli cells are said to be present around
the cysts of spermatogenic cells (Grizzle and Rogers 1976) and function to hold the
spermatogenic cells until they are mature. However, Sertoli cells are difficult to distinguish
unambiguously in hemotoxylin/eosin-stained material. Leydig cells are important steroid
producing cells in the testis offish generally (Nagahama 1983) and, while they are sometimes
difficult to visualize with standard histochemical techniques (Grier 1981), they are said to exist
in teleosts including the catfish Mystus vittatus (Misra and Pandey 1984). As spawning season
nears, the seminiferous tubules swell with increasing numbers of spermatozoa (Fig. 4.1c, d) and
the testes color goes from a light pink to a whiter color. The gonadosomatic index (weight of the
gonad as a percentage of body weight) of male channel catfish varied from a high of 0.32% in
July during the spawning season to a low of 0.19% in August following the spawning season in
two and three year old fish (Guest et al. 1976).

The posterior region of the testes, sometimes called the glandular testes, of catfishes generally
has many branched and coiled tubules of a different cell type than the anterior region (Fig. 4. le).
Generally no spermatozoa are found in the posterior portion of the testes, although following
spawning spermatozoa have been seen in some specimens (Grizzle 1985). The epithelial cells of
this posterior region (Fig. 4.If) are reported to increase in size as spawning season approaches
(Sneed and Clemens 1963), but the function of the glandular testes is unknown. It may be
involved in the reproductive capability of the male, because the secretions of the glandular testes
of the Indian catfish Heteropneustes fossilis improved the fertilizing capacity of their sperm
(Sundararaj and Nayyer 1969). Nevertheless, channel catfish eggs have been successfully
fertilized without any addition of substance from the glandular testis. Rubec and Thomas (1979)
showed that male black bullheads Ameiurus melas produce a pheromone in the glandular testis
that elicits reaction in female conspecifics.



Reproductive Physiology 71

FIGURE 4.1. Sections from catfish testis. a) Testis from not yet mature male taken in February. Notice the
highly branched seminiferous tubules. Scale bar = 50nm. b) Higher magnification of same tissue from panel
a). The fibrous connective tissue [f] surrounds the tubules, the epithelial cells [e] are seen in the tubule
periphery and the lumen [L| of the testis are constricted. Scale bar = 25um. c) Testis sampled from a mature
male in February. The lumen of the seminiferous tubules are packed with spermatozoa [s]. Scale bar = 50um.
d) Higher magnification of same tissue as in panel c). Scale bar = 25um. e) Posterior testis from the same fish
as in c) and d) above. A columnar epithelium lines this so-called glandular testis. Scale bar = 50 um. f) Same
tissue as in e) at higher magnification. The tissue still has lumena lined with epithelial cells, but the appearance
differs markedly from the spermatogenic testis. Scale bar = 25 urn.
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Spermatozoa occur in the testes throughout the year in male channel catfish (Guest et al.
1976) once they reach sexual maturity, but there is an increase in spring and through the
spawning season. For spermatozoa production, spermatogenesis must occur. In the first step of
this process spermatogonia amplify in number through mitotic division. Next, spermatogonia
undergo first meiosis to become first primary spermatocytes and by the end of the first meiotic
division secondary spermatocytes. Secondary spermatocytes undergo the second meiotic division
to form spermatids. The final stage of spermatogenesis is spermiogenesis. During spermiogenesis
the haploid spermatids differentiate to form spermatozoa.

The morphology of the channel catfish sperm is defined by its three parts, the head, midpiece
and tail. The head of the sperm is rounded, and contains the nucleus. Consistent with most other
teleosts, there is no acrosome in the catfish sperm (Jaspers et al. 1976; Poirier and Nicholson
1982). The midpiece contains mitochondria and is slightly wider than the nucleus. The 95-um-
long tail consists of a locomotive flagellum. Jaspers et al. (1976) stated that spermatozoa with
two flagella or split flagella are not uncommon.

The spermatozoa are produced and released during spermiogenesis, but remain in the lumen
of the seminiferous tubules. During spermiation, fluid mixes with the spermatozoa and the
resulting milt enters the sperm duct (Yamazaki and Donaldson 1968). The source of the
spermiation fluid may be from epithelial cells in the sperm duct itself or from secretory cells of
the glandular testes (Grizzle 1985). Unlike many cultured fishes, it is difficult to manually
express milt from the males of most catfishes, including the channel catfish.

4.2.2 Female reproductive morphology and ovarian development

The ovaries are paired elongated tubular structures enclosed in connective tissue with
considerable smooth muscle in the wall of mature ovaries. Channel catfish are annual spawners
and ovarian development is synchronous terminating in one ovulatory event each year. The
ovaries, like the testes, attach to the head kidney and swimbladder by mesenteric tissues. The
ovary is hollow and the lumen connects to the oviduct (Grizzle 1985). The oviduct terminates in
the gential pore, located between the anus and the urinary opening. This leads to three openings
in the urogenital area of the female, the urinary opening, the anus and the genital pore, whereas
in the male, the genital duct and the urinary duct are joined resulting in two openings (see fig
6.1). This morphological difference between males and females can be used to determine the sex
of the fish. Within the ovary of teleosts generally, tissues surrounding the ovarian lumen consist
of lamellar sheets studded with oocytes. Oogonia are also found associated with these lamellae.
Oogonia are the germ cells of the ovary that form oocytes by mitotic cell division. Teleosts,
unlike mammals and birds, produce oogonia throughout their lives (Zuckerman and Baker 1977).
Once an oogonium has lost its mitotic capacity and enters meiosis, it becomes a primary oocyte.

When the primary oocyte enters the diplotene stage of the first meiotic division, karyokinesis
is arrested and cell division halts until the final stages of sexual maturation. The primary oocyte
then undergoes a series of changes to a vitellogenic oocyte, a secondary oocyte, and finally a
fully matured ovulated oocyte. The growth from oogonium to mature oocyte is considerable; for
example, an oogonium initially is 12 to 15 urn in diameter and a channel catfish oocyte may be
2 to 3 mm in diameter at ovulation. This increase in size is attributable mainly to accumulation
of yolk proteins. The gonadosomatic index of the ovary increases in concert with increasing size
of the oocytes. MacKenzie et al. (1989) found a GSI of less than 1% for 3-year-old channel
catfish prior to recrudescence in September rising to highs of 6 to 10% in April through July.
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Brauhn and McCraren (1975) and Davis et al. (1986) documented prespawning GSI values as
high as 15.6% in channel catfish females.

Surrounding the oocytes are layers of cells that make up the ovarian follicle. The ovarian
follicle is remarkably similar in most fishes. The developing oocyte is in the center of the follicle.
As development proceeds, an acellular layer called the zona radiata is formed between the oocyte
and the follicle. Adjacent to the zona radiata is the granulosa cell layer, and outside the granulosa
layer are thecal cells. A network of pore canals and gap junctions seen crossing the zona radiata
are thought to permit communication between the oocyte and granulosa cells.

The stages of development for a developing oocyte can be described as previtellogenic (Fig.
4.2a, b), vacuolated (yolk vesicle) (Fig. 4.2b, c), vitellogenic and mature oocytes (Fig. 4.2d)
(Wallace and Selman 1981; Nagahama 1983). The previtellogenic stage is characterized by
nucleolar migration to one side of the nucleus. The number of nucleoli increases around the
periphery of the nucleus and the cytoplasm is strongly basophilic. In the later part of the
previtellogenic stage, the cytoplasm becomes less basophilic and the zona radiata (See Fig. 4.2e)
becomes apparent (1 to 2 ^m thick). In vacuolated or yolk vesicle oocytes carbohydrate rich
vesicles form around the periphery. Evidence from the zebrafish, Danio rerio, suggests that these
vesicles are synthesized within the oocyte (Nagahama 1983). Oocytes are recognized as vitell-
ogenic by the accumulation of yolk globules. In vitellogenic oocytes, the cytoplasm will even-
tually be almost entirely occupied by yolk globules. Vitellogenin, generally known as a female
specific protein, is produced by the liver in response to 17P-estradiol. Medda et al. (1980),
working with the catfish H. fossilis, showed that estrogen induces hepatic hypertrophy and
increases in hepatic protein and RNA contents—the machinery enabling increased vitellogenin
output. Estradiol-induced vitellogenin production has been demonstrated in all teleosts examined
including channel catfish (Bradley and Grizzle 1989). Appearance of yolk globules in the oocytes
coincides with the presence of vitellogenin in blood (Ng and Idler 1983). Vitellogenin is
transported by the blood to the ovary and evidence from a variety of teleosts suggests that it is
then incorporated into the oocyte by receptor-mediated pinocytosis (Prat et al. 1998) where it is
enzymatically cleaved to lipovitellin and phosvitin (Carnevali et al. 1999). Uptake of vitellogenin
by oocytes is regulated by the follicle stimulating hormone (FSH)-like gonadotropin of teleosts
(Tyler et al. 1991).

Once the oocyte is fully grown it must undergo the final meiotic reduction divisions before
ovulation. The large nucleus (germinal vesicle), arrested in meiotic prophase since its division
into a primary oocyte, will migrate to the animal pole (germinal vesicle migration) where the
micropyle (channel for sperm entry) is located. Subsequently, the germinal vesicle breaks down,
karyokinesis resumes and the first meiotic division is completed. With completion of this first
meiotic division the oocytes are now eggs, and can be ovulated from the follicular envelope
(Nagahama 1983).

The eggs of the catfish are expelled from the follicular envelope into the ovarian cavity. This
expulsion, termed ovulation, is an active process involving degradation of the microvillar
connections between the zona radiata of the egg and the follicular layer, rupture of the follicle,
and the constriction of the follicular cells around the egg (Goetz 1983). In catfish the eggs are
held in the ovary until spawning when they will pass through the oviduct during oviposition
(Grizzle 1985). The duration of egg viability after ovulation varies greatly in teleosts, in some
fish such as coho salmon, Oncorhynchus kisutch, eggs are viable for weeks after ovulation
(Fitzpatrick et al. 1987); however, in African catfish, Clarias macrocephalus, the eggs were
viable for only 10 hours after ovulation (Mollah and Tan 1983). Following ovulation, the second
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FIGURE 4.2. Sections through ovaries and oocytes. a) early and late previtellogenic oocytes with a prominent
and centrally located nucleus [n] surrounded by multiple nucleoli [nc]. The cytoplasm [c| of the early pre-
vitellogenic oocyte is darker staining than the more developed oocyte. Scale bar = 25\im. b) Section through
ovary showing both previtellogenic [pv| oocytes and early vitellogenic oocytes beginning to accumulate yolk
vesicles [yv|. Scale bar = 80 urn. c) Early vitellogenic oocyte showing accumulation of yolk vesicles in the oocyte
periphery. Scale bar = 15 \im. d) Vitellogenic oocyte collected in March with the cytoplasm filled with yolk
globules [yj. The central nucleus is visible. Scale bar = 300 urn. e) Higher magnification of the outer layers of
the oocyte shown in d). The zona radiata [zr] is visible inside the granulosa cell [g] layer. Scale bar = 7 urn.
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meiosis proceeds to metaphase. Completion of the second meiotic division occurs after
fertilization, when the second polar body is extruded from the egg pronucleus.

The ovary of iteroparous fish undergoes tremendous changes after ovulation and spawning.
The granulosa and thecal layers form a post-ovulatory follicle. The granulosa cells enlarge, thecal
cells thicken and vascularization increases. Oocytes not ovulated are resorbed by the granulosa,
these follicles are called atretic—indicating the hypertrophy of the granulosa and possibly thecal
cell layers (Nagahama 1983). Atretic oocytes in fishes may be seen at stages other than post-
ovulatory (Saidapur 1978), and they may indicate unfavorable conditions for oocyte development
(Ganapathy and Gopal 1989; Koger et al. 1999); however, their role or function is not well
understood.

4.2.3 Environmental influences on gonadal development

For most temperate region teleosts, temperature and photoperiod are main environmental cues
("zeitgebers") entraining reproductive development. Catfish are no exception; however, the effect
of photoperiod for entraining sexual development appears weaker in channel catfish than in some
other Siluriformes. Work by Davis et al. (1982; 1986) examining the reproductive development
of channel catfish following blinding and pinealectomy showed that even without sensitivity to
light, channel catfish going through a typical temperature fluctuation were in reproductive
synchrony with sighted counterparts. Similarly, Brauhn (1971) showed that spawning could be
delayed by 2 to 5 months in channel catfish by holding them at a temperature of 17°C (63 °F), and
subsequently warming them to 26°C (79°F). Research on the Indian catfish H. fossilis suggests
that while both photoperiod and temperature influence reproductive development, temperature
is more important (Sundararaj and Vasal 1976; Vasal and Sundararaj 1976).

By manipulating temperature and photoperiod, Kelly and Kohler (1996) were able to speed
gamete development and spawn channel catfish in two successive 9-month periods with no
decline in fecundity or survival of the offspring produced. There are no reports of gamete
development and spawning in channel catfish held year-round at spawning temperatures,
although acceleration of spawning by several months by elevating water temperatures has been
demonstrated (Lang et al. 2000). Channel catfish will spawn between 21 and 30°C (70 and 86°F),
however, optimal temperatures for spawning are generally between 25 and 27°C (77 and 81°F)
(Tucker and Robinson 1990).

4.3 REPRODUCTIVE ENDOCRINE SYSTEM

Successful reproductive development and spawning requires coordination of the various tissues
involved in reproduction and their integration with external seasonal cues. The endocrine system
is one way the various signals are coordinated in the animal. The hormonal and neuropeptide
regulation of gonadal growth, gamete production, and spawning is an area of intense research and
only an outline of the systems can be given here.

4.3.1 Brain

Sensory information processed by the brain is tranduced into hormonal output by many brain
regions. The chief brain area relating to reproduction in animals generally is known to be the
hypothalamus (see the review by Peter 1983), although identification of various decapeptide
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gonadotropin releasing hormones (GnRHs) in extra-hypothalamic locations is causing many
investigators to include the whole brain in the reproductive axis (e.g., Schulz and Goos 1999).
The hypothalamus is located ventrally in the brain and positioned to integrate external
information such as seasonal cues with internal information like size and energy deposition. The
hypothalamus is subdivided into many regions. The ventral portion of the hypothalamus offish
known as the nucleus lateralis tuberis (NLT) is the major nucleus with projections impinging on
the gonadotropin cells of the pituitary (Peter and Fryer 1979; Sundararaj 1981). There is also
some evidence for involvement of the nucleus preopticus (NPO).

Two main neuropeptides found in the hypothalamus relating to sexual development are
GnRH and the catecholamine dopamine, a gonadtropin release inhibiting factor (GRIF). Early
studies involving the translocation of pituitaries showed reduced gonadal activity and
demonstrated the role of the hypothalamus in regulating the gonadotropin (GTH) producing cells
in teleosts (Ball et al. 1972), which subsequently led to the identification of GnRHs. Multiple
forms of GnRH have been identified and all non-mammalian vertebrates examined have more
than one form of GnRH in the brain (Millar and King 1994). African catfish, C. gariepinus,
possess at least two forms of GnRH, one called chicken GnRH-II (cGnRH-II) and the other
named catfish GnRH (cf. GnRH), with distinct actions (Schulz et al. 1993, 1994). The specific
forms present in channel catfish have not yet been elucidated but appear to be cGnRH-II and
mammalian GnRH (mGnRH, Z. J. Liu, Auburn University, Alabama, unpublished observation).
Nevertheless, GnRH secreted from the hypothalamus is a main signal for gonadotropin hormone
release. Dopamine produced in the hypothalamus works to oppose the actions of GnRH and the
release of GTH (Peter et al. 1986; Yu and Peter 1992). Many other neuropeptides and
neurotransmitters affect GTH release, most likely through effects on the GnRH and dopamine
systems (Blazquez et al. 1998). There is a direct neural connection between the hypothalamus
of the fish brain and the pituitary gonadotrophic cells. In most teleosts this direct innervation
provides the major delivery system for neurohormones to the pituitary. However, in a number
of Siluriformes including Ameiurus nebulosus (brown bullhead, a close relative of channel
catfish) a modified vasculature referred to as a reduced hypothalamo-hypophysial portal system
may transport neurohormones as well (Peter and Fryer 1979).

4.3.2 Pituitary

The pituitary gland or hypophysis is composed of the adenohypophysis and the neurohypophysis.
The neurohypophysis is derived from the infundibulum, the stalk of tissue connecting the
pituitary gland to the hypothalamus. The adenohypophysis is subdivided into the rostral pars
distalis, the proximal pars distalis, and the pars intermedia (Sundararaj 1981). Axons of GnRH
neurons from the NLT of the hypothalamus contact gonadotropin cells in the proximal pars
distalis, the portion of the adenohypophysis responsible for the synthesis, storage, and release of
gonadotropin hormones. In addition to production and release of gonadotropins, the pituitary is
the site of synthesis and release of other regulatory hormones potentially involved in reproduction
(and other functions), including growth hormone and prolactin (Singh et al. 1988; LeGac et al.
1993; Karsi et al. 1998), adrenocorticotropic hormone, melanocyte stimulating hormone, thyroid
stimulating hormone, and others. The classic reviews of the teleost pituitary by Ball and Baker
(1969) and van Oordt and Peute (1983) are excellent references for detailed information.

The gonadotrophs are the primary cell types regulating reproductive development. Within the
pituitary the gonadotrophs are large and basophilic due to the carbohydrate content of the
gonadotrophic hormones. The early evidence supporting two types of gonadotropic cells in the
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teleost pituitary was reviewed by van Oordt and Peute (1983) and Massoud et al. (1983), who
suggested the existence of two gonadotroph cell types in channel catfish based on morphological
and staining evidence.

The presence of two GTHs has been gradually demonstrated in many teleosts (Idler and Ng
1983). GTHs are composed of two peptide subunits, an a subunit and a P subunit. The a subunit
is the same for both GTHs, and the P subunit, which is specific to each hormone, conveys its
unique biological activity. The luteinizing hormone (LH)-like member, often referred to as GTH
II, is abundant in maturing fish and was the first GTH identified and purified in many species.
The follicle stimulating hormone (FSH)-like member known as GTH I has been more elusive and
the separate genes for GTH p subunits have only recently been characterized for channel catfish
(Liu et al. 2001) and for the African catfish (Vischer et al. 2003). A recent phylogenetic analysis
has shown convincingly that piscine GTH I and GTH II cluster unambiguously with the FSH and
LH gonadotropic hormones of mammals (Querat et al. 2000).

4.3.3 Gonads

The gonads are the major site of sex steroid synthesis in fish and play a pivotal role in sexual
development. The cell types of the gonads and their steroidal products will be introduced here
and the integration of hormonal signals between the brain, pituitary, and gonad will be taken up
in the next section.

Testis

As mentioned earlier, Leydig cells are important steroidogenic cells in the teleost testis, and the
presence and importance of Leydig cell androgen production has been confirmed for African
catfish (Schulz et al 1997). The main steroid produced in the African catfish testis is l ip-
hydroxyandrostenedione (OHA), a precursor of 11 -ketotestosterone (11 KT) (Cavaco et al. 1998).
The role of Sertoli cells in steroid synthesis among teleosts generally is not clear (Nagahama
1983), although it has been suggested Sertoli cells may be involved with 17a, 20P-dihydroxy-4-
pregnen-3-one (17,20pP) synthesis during spermiation in salmonids. Nevertheless, a recent report
on rainbow trout suggests that their Sertoli cells lack many of the aromatase enzymes involved
in steroid synthesis (Kobayashi et al. 1998). The existence of Sertoli cells in channel catfish has
not been well documented (see Section 4.2.1) but they are expected to be the major site of steroid
production and aromatization in channel catfish testes.

The formation of steroid glucuronides was generally considered a deactivation mechanism
preceding clearance of steroids (Fostier et al. 1983; Kime 1993), more recent evidence suggests
that these steroid conjugates may have a role as pheromones (Resink et al. 1989; van Weerd and
Richter 1991). The role of pheromones in modulating sexual behaviors is discussed below.

Ovary

Steroidogenic activities have been reported in granulosa and thecal cells of Siluriformes (Fostier
et al. 1983). The major estrogenic steroid produced by the ovary in most teleosts, including
catfish, is 17P-estradiol. Significant changes in channel catfish ovarian development have been
linked to elevation in plasma estradiol levels. Significant changes in channel catfish ovarian
development have been linked to elevation in plasma estradiol levels. Ovarian expression of
aromatase and 3P-hydroxy steroid dehydrogenase (3P-HSD) increased at the time of this
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estradiol surge (Trant et al. 1997). Aromatase catalyses the conversion of testosterone to estradiol
and 3P-HSD catalyses an early step in steroid synthesis from pregnenalone to one of its deriv-
atives. Production of 17P-estradiol is due to interaction of thecal and granulosa cell layers of the
ovarian follicles. Based on observations in salmonids, the thecal layer appears to be the main site
of androgen production from cholesterol, whereas the granulosa is chiefly aromatizing the
androgen to estradiol (Kagawa et al. 1982; Nagahama 1983). Testosterone is found in females
throughout their lives, whether it has a direct action or is only a precursor to estradiol is not clear,
but plasma testosterone content can be higher than estradiol near final maturation. MacKenzie
et al. (1989) reported annual plasma peaks of estradiol and testosterone (up to 40 ng/mL for each
steroid) in recrudescent females in February. The ovary may also produce non-estrogenic steroids
such as corticosteroids which appear to be important for oocyte maturation (Sundararaj 1981).
The progestogen 17,20pP, and related compounds have been shown to be important maturation
inducing substances (MIS) in most teleosts including some Siluriformes (reviewed by Kime
1993). For catfishes the major MIS and its source is not completely clear. Sundararaj and
Goswami (1966) showed the effectiveness of interrenal 11-deoxycorticosterone in inducing
germinal vesicle breakdown in the Indian catfish H. fossilis. However, ovarian synthesis of 11-
deoxycorticosteroids has subsequently been shown in some teleosts (Colombo et al. 1973). The
precise MIS of channel catfish and its location of synthesis have not been documented.

4.3.4 Brain-pituitary-gonad axis

The major tissues involved in reproduction and their hormone products were introduced in the
preceding discussion. This section deals with the interactions between these tissues and how the
hormonal links tie the separate tissues of the reproductive axis together.

The trigger for sexual development in fish generally is not well understood. It has been
suggested that unlike mammals where sex steroids exert negative feedback on the brain, in fish
the sex steroids may be needed to initiate pubertal development (Crim and Evans 1983; Schulz
and Goos 1999). The development of the teleost reproductive axis is perhaps best described for
the male African catfish, Clarias gariepinus (reviewed by Blazquez et al. 1998). The factors
initiating sexual development and steroid production are not clear. However, from early stages
of testicular development the testis produces the steroid OHA and is sensitive to the LH-like
gonadotropin from the pituitary (Schulz et al. 1996). As sexual development advances and
spermatozoa are produced, stimulation of the gonad and its steroid production continues to
depend on gonadotropin.

GnRH from the brain exerts its gonadotropin releasing effect on the pituitary via specific
hormone receptors. Dopamine appears to inhibit both GnRH secretion from the brain and GTH
secretion from the pituitary (reviewed by Kah et al. 1993). In addition to the major effects of
GnRH and dopamine on GTH release, a number of other peptides (e.g., catecholamines and
neuropeptide Y) influence the release of GTH making fine control of GTH secretion possible.
The gonadotropins are the main products of the pituitary involved in reproduction. Because
GTH I was only recently identified in catfish, and in fish generally, there is limited knowledge
of its role. Studies on salmonids suggest that GTH I promotes uptake of vitellogenin (Tyler et al.
1991, reviewed by Blazquez et al. 1998). Presumably it is also GTH I that stimulates 17P-
estradiol production by the follicle (Redding and Patifio 1993). GTH II has been more extensively
studied. GTH II release increases along with size of gonadal tissues and shows a further surge
at the time of spermiation or ovulation in fish generally (Goetz et al. 1991).
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There are two recent developments in the study of gonadotropin hormones in catfish that hold
great promise for elucidating the roles of these hormones in reproduction. The FSH and LH genes
from catfishes (Liu et al. 2001 for channel catfish; Vischer et al. 2003 for African catfish) were
cloned and sequenced. Liu et al. (2001) demonstrated upregulation of both gonadotropins
following injection of carp pituitary extract during ovulation. Furthermore, Kumar et al. (2001)
have sequenced and characterized the gonadotropin receptors and have shown different seasonal
expression patterns of the mRNAs for these two receptors.

The gonads of teleosts develop and produce androgens and estrogens under the influence of
GTH stimulation and in a feed-forward loop these steroids can promote the production of GTH
(Crim et al. 1981). Completing the circuit, there is evidence that gonadal steroids provide positive
feedback to the GnRH system in the brain (Dubois et al. 1998).

4.3.5 Other tissues involved with reproduction

An argument can be made that every tissue is somehow involved, directly or indirectly, with
reproduction. However, the objective of this section is to specifically point out the potential
involvement of the head kidney and pineal gland of channel catfish in reproductive development.
The head kidney contains two types of endocrine tissues, the interrenal and chromaffin tissues
(Grizzle and Rogers 1976). The chromaffin tissue is homologous to the adrenal medulla of
mammals and produces epinephrine and norepinephrine. The interrenal tissue is homologous to
the mammalian adrenal cortex and produces corticosteroids. Most research on corticosteroids in
fishes has focused on stress (see Section 3.1.1), however in some catfishes there is evidence for
corticosteroid involvement in reproduction as maturation-inducing substances (Sundararaj 1981).
The best evidence for 11 -deoxycorticosterone as an maturation-inducing substance for catfish
comes from a series of experiments on H. fossilis reviewed by Sundararaj (1981). Briefly when
oocytes of H. fossilis are induced to mature in vitro, 11-deoxycorticosterone is the only potent
maturation-inducing substance. Incubation of the gravid ovary with pregnenolone showed that
the H. fossilis ovary did not synthesize corticosteroids unlike some other fishes (Colombo et al.
1973). The role of corticosteroids in oocyte maturation of channel catfish is not clear.

The pineal gland is a major source of the hormone melatonin. Melatonin is thought to play
a role in signaling photoperiod in many animals. Although in channel catfish, temperature is the
main environmental cue for reproduction (reviewed above), pinealectomy inhibits steroid levels
when done under long photoperiods and stimulates steroid production under short photoperiods
in the catfish Clarias batrachus (Nayak and Singh 1988). In H. fossilis, female reproductive
development was inhibited by treatment with melatonin on 12 hour light: 12 hour dark
photoperiod. However, male reproductive development was not affected (reviewed by Mayer et
al. 1997). There is no clear role of the pineal gland in reproduction of channel catfish, but it
would be premature to deny some supporting role.

4.4 SPAWNING AND FERTILIZATION

Spawning encompasses the behaviors and events leading up to the release of gametes and
fertilization covers the events leading up to the joining of eggs and sperm after they have been
expelled and up to the fusion of the male and female pronuclei. These two features of
reproduction will be addressed separately.
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4.4.1 Reproductive behaviors

The male channel catfish chooses a spawning site. Because catfish are cavity spawners, this
would be a submerged log or burrow in natural conditions. Under commercial culture conditions,
spawning containers are provided. The male catfish cleans and removes silts from the spawning
site. Females are thought to be attracted to the spawning site by a behavioral or pheromonal cue.
Resink et al. (1987,1989) showed that females of the catfish species C. gariepinus were attracted
by male steroidal pheromones, mainly steroid glucuronides, originating from the seminal vesicle
(see also the review by van Weerd and Richter 1991). A role of female pheromones in attracting
males has been reported for channel catfish. Timms and Kleerekoper (1972) referred to a practice
of Mississippi fishermen who placed ripe female channel catfish in cages in the river to attract
and catch large numbers of male catfish. Further investigations showed the males rapid and
sustained orienting response to water in which ripe female catfish had been held for 36 hours
(Timms and Kleerekoper 1972).

Spawning behavior of channel catfish was described in detail by Clemens and Sneed (1957).
When males and females were placed together in an aquarium, sometimes there would be
considerable aggression between the fish with the male biting and chasing the female to the point
of death. Under similar circumstances, when fish were paired in spawning cages, aggression of
the male toward the female, and in some cases of the female toward the male, to the point of
death has been observed. This aggression has been attributed to the lack of spawning readiness
of the fish under attack (Clemens and Sneed 1957); however, some other incompatability could
exist.

When a female placed with a male maintained her position near the bottom of the aquarium,
and the male attended the female by swimming nearby the aggressive behaviors ceased and the
fish were considered paired (Clemens and Sneed 1957). Several hours before spawning the
female begins to make short (10 to 15 cm) passes over the site where oviposition will take place.
Clemens and Sneed (1957) suggested this action not only cleaned the area for oviposition, but
also acted to stimulate the male.

When oviposition takes place, the male and female are positioned head to tail, often with the
tails wrapped around their partners head and the pelvic region of the female is positioned
downward. When spawning occurs, the male quivers and the pectoral fins beat for 12 to 20
seconds as he ejaculates. The female also quivers and her body contracts and shows a short
forward lunge (8 to 13 cm) as oviposition occurs simultaneously with milt release. After gamete
release, the pair remains poised over the growing egg mass for a few seconds, then the female
may beat water over the mass with her caudal fin. This spawning behavior is repeated over and
over until spawning is complete. Clemens and Sneed (1957) observed spawnings that lasted 4 to
6 hours with about nine releases of eggs per hour. Similarly, tank and cage spawns recorded with
underwater video cameras showed both males and females bringing their heads in close
proximity to the substrate and then pairing up in head to tail position and shuddering together to
oviposit. These bouts of oviposition were numerous, at times reaching six to twelve times in an
hour and continued for up to 8 hours in some pairs. After spawning, the female leaves the
spawning location and the egg mass is guarded and fanned by the male until hatching.

In experimental spawning ponds, males will spawn with several females during the spawning
season (Waldbieser and Wolters 1999) and in some ponds, several males dominated the spawning
activity early in the season and different males dominated spawning activity later in the season.
Bondari (1983) showed that there was no significant reduction in spawning success of females
when males and females were stocked in ratios from 1:1 to 1:4.
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4.4.2 Fertilization

The joining of spermatozoa and eggs leads to fertilization of the egg and formation of an embryo.
Fish spermatozoa are generally immotile before contacting water. Upon contacting water the
sperm become motile, and though the mechanisms mediating acquisition of motility are not
completely understood in fish generally, it is widely accepted that a decrease in osmotic pressure
and especially in potassium concentration and activation of cyclic AMP-phosphorylation
(Morisawa et al. 1983) or dilution of an inhibitory substance contained in the milt leads to sperm
activation (Gilkey 1981; Hamamah and Gatti 1998). When the male and female spawn they are
in close proximity and it has been suggested that eggs and ovarian fluid may carry sperm
activating proteins (Oda et al. 1998). The sperm enters the egg through the micropyle of the egg
membrane (chorion) situated at the animal pole of the egg. Guest et al. (1976) reported that
channel catfish sperm remain motile for about 4 minutes in pond water.

In teleosts, contact of the sperm with the egg triggers activation of the egg and reinitiation
of meiotic development that was arrested in second meiotic metaphase. Just placing the egg in
water can also cause activation of the egg. A calcium signal is essential to activate metabolism
of the oocyte. How this calcium signal is generated is not clear, but it appears that upon contact
by the spermatozoa, inositol triphosphate increases and causes the release of calcium stored in
the cortical (outer) cytoplasm (Iwamatsu et al. 1988; Ciapa and Chiri 2000). This transient
calcium increase seems to be both necessary and sufficient for activation of the egg (Gilkey
1981).

With egg activation the cortical alveoli fuse with the plasma membrane of the egg and their
contents are released into the perivitelline space (the space between the zona radiata and the
chorion). The contents of the cortical alveoli is an acidic mucopolysaccharide too large to exit
through the chorion (Laale 1980). The mucopolysaccharide increases the osmolarity of the
perivitelline space drawing water into the perivitelline space and causing expansion of the
chorion. In rainbow trout, Oncorhynchus mykiss, the chorion hardens after expanding as proteins
in the chorion polymerize by the action of transglutaminases (Yamagami et al. 1992; Ha and
Iuchi 1998).

Meiotic activity is resumed and the second meiotic division is completed. After the sperm
enters the egg, the sperm nuclear memberane disintegrates, but a new membrane develops around
the nucleus to form the male pronucleus (Iwamatsu and Ohta 1978). How the male and female
pronuclei join to form the totipotent zygote is unknown for fish (Gilkey 1981).

4.4.3 Induced spawning

It is remarkable that reproduction of channel catfish, the species supporting the largest
aquaculture industry in the United States, is so uncontrolled by producers. The typical spawning
rates in broodfish ponds can range from 8% to as high as 80% of females in some cases with an
average over 4 years at the U.S. Department of Agriculture, Agricultural Research Service
research center in Stoneville, Mississippi of 29% (SD = 30%). This average includes fish of
several strains (Norris, NWAC 103, Kansas) and of several different age groups (from 2- to 7-
year-old fish).

Fingerling producers need to carry surplus fish to meet their fry production goals in the face
of spawning success uncertainty. Work on spawning induction is progressing and there is
evidence that channel catfish, like other silurids examined (e.g., C. gariepinus, De Leeuw et al.
1985; C. batrachus, Manickam and Joy 1989; H. fossilis, Tharakan and Joy 1996), have
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dopaminergic inhibition of the final maturation spawning cascade (Silverstein et al. 1999).
Treatment of ripe females with a combination of gonadotropin releasing hormone (luteinizing
hormone releasing hormone analog, LHRHa) and dopamine receptor antagonist (pimozide)
resulted in significantly better spawning performance than treatment with LHRHa alone
(MacKenzie et al. 1989; Silverstein et al. 1999). In other species, dopamine inhibition of
gonadotropin releasing hormones at the level of the hypothalamus and inhibition of gonadotropin
hormones at the level of the pituitary have been demonstrated (Kah et al. 1993).

Many trials with channel catfish using gonadotropin hormones (human chorionic
gonadotropin, HCG) (Sneed and Clemens 1959; Goudie et al. 1992) and pituitary extracts
(especially carp pituitary extract, CPE) (Sneed and Clemens 1960), and more recently using
gonadotropin releasing hormones (GnRH and luteinizing hormone releasing hormone, LHRH)
have been conducted with some success (Busch and Steeby 1990; Goudie et al. 1992). These
treatments usually entail repeated handling of the females, requiring a priming and resolving dose
of hormones (Dupree and Huner 1984). Later in the spawning season, the need for dopamine
blockers appears to diminish in channel catfish (Silverstein et al. 1999) and other catfishes
(Tharakan and Joy 1996).

Work on spawning induction methods for channel catfish utilizing long-term treatment with
gonadotropin releasing hormones and attempts to block dopaminergic inhibition of final
maturation are underway. Recent trials showed sham implanted fish with a spawning success rate
of under 10%, while females treated with a slow release implant of gonadotropin releasing
hormone and an acute injection of gonadotropin releasing hormone and a dopamine receptor
antagonist spawned 35 to 40% better than controls (J. T. Silverstein and J. Powell, unpublished
data). In spawning cage trials, inducing fish to spawn is predictable when spawners are chosen
based on visual appraisal of condition early in the spawning season. Females with a rounded
abdomen and reddened genital area and males with a broad head and raised genital papilla are
selected and treated with a combination of gonadotropin releasing hormones and dopamine
receptor antagonists. With this treatment up to 95% of females spawned over four induction trials
(males were also treated with gonadotropin releasing hormones) (Silverstein et al. 1999).
However, for application to commercial catfish farming the ability to treat fish with induction
agents 4 to 8 weeks prior to the spawning season may be necessary. This is the time frame during
which many broodfish operations sort the broodstock into spawning ponds and would be a
practical time to treat the fish. Development of products to enable this early treatment is
underway (Silverstein et al. 2000).

The need for inducing males to spawn has received little attention, most efforts have gone
into improving ovulation of females. Unlike some fish species, where a spermiating male may
produce copious quantities of milt (>10 mL), the multi-lobed catfish testis does not produce a
spontaneous release of milt that can be extruded by applying pressure to the abdomen of the fish.
The situation was examined in African catfish, where males were treated with compounds to
increase their LH levels (mammalian GnRH analogs, salmon GnRH analogs, and carp pituitary
extracts, with and without dopamine antagonists) and compared to control males. Treated males
did not produce more semen that could be expressed by hand stripping (Viveiros et al. 2002).

4.4.4 Environmental effects on spawning

In addition to the influences of photoperiod and temperature on gonadal development discussed
earlier, several other environmental factors can adversely affect gametogenesis and spawning—
such as pollutants and toxicants, low dissolved oxygen levels, and excessive stress.
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Pollutants in the environment can have major impacts on reproduction (see Kime 1999) by
disrupting the reproductive endocrine system such as the estrogenic effects of organochlorine
pesticides (Purdom et al. 1994; Sumpter et al. 1996), or by direct cytotoxic effects of metals like
cadmium on reproductive tissues (Sangalang and O'Halloran 1972; Sangalang et al. 1981).
Although a number of acute toxicology studies have been conducted on channel catfish, reports
of pollutant effects on reproduction in channel catfish are few.

Dissolved oxygen levels in catfish ponds can drop dangerously low, particularly during
summer months. Aerators are often used to supplement pond oxygen levels and create a zone of
relatively high dissolved oxygen concentrations as a refuge until oxygen levels recover. The fish
will reduce feed intake and other activities may be lessened to reduce respiratory demands. If low
dissolved oxygen levels occur during the spawning season, hypoxic conditions may render some
spawning containers (such as those in deep water) inaccessible. Spawning may also be affected
if the dissolved oxygen levels will not support the respiratory needs of demanding spawning
activity.

Stress during reproductive development can have negative effects on fecundity and gamete
quality in some species (Campbell et al. 1992). Stress is mediated by increased levels of
corticosteroids and catecholamines released primarily from the head kidney. As a result of the
stress response, energy from somatic and reproductive growth may be diverted to cardiovascular,
and immunological demands. There are additional endocrine dysfunctions caused by stress, most
well established in salmonids. For example, working with rainbow trout Pankhurst and Van Der
Kraak (2000) suggested that the inhibitory actions of stress on reproduction may be mediated by
cortisol inhibiting gonadal steroidogenesis. Cortisol may also mediate the negative effect of stress
on vitellogenesis. Glucocorticoid implants in rainbow trout cause a reduction in the expression
of estrogen receptor messenger RNA in liver (Lethimonier et al. 2000). Furthermore, in that same
series of experiments, the glucocorticoid (e.g., cortisol) receptor inhibited transcriptional activity
of the estrogen receptor promoter (Lethimonier et al. 2000) suggesting that cortisol may govern
stress effects on reproduction at several critical points.

Interestingly, the same corticosteroids involved in stress response are potentially involved in
oocyte maturation in catfish. The effects of stress during final maturation in catfish have not been
examined, although Jalabert (1976) suggested that corticosteroids potentiated the maturation-
inducing efficiency of gonadotropins in several species of fish. This suggests that stress might
even stimulate oocyte maturation and ovulation in catfish.

4.5 EARLY LIFE HISTORY

This section presents an overview of channel catfish early life history from fertilization through
embryonic and post-hatching development to the initiation of exogenous feeding. Primordial
germ cell migration and channel catfish gonadal differentiation are covered at the end of this
section.

4.5.1 Embryo development

Within a single egg mass, fertilized eggs at a variety of developmental stages as well as
unfertilized eggs can be observed. Unlike the eggs of many cyprinids, the unfertilized eggs of
channel catfish typically remain "alive" in the egg mass throughout the entire incubation period
and do not disintegrate until embryos begin hatching from the fertilized eggs (Makeeva and
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Emel'yanova 1993a). Delaying the eventual breakdown of unfertilized eggs within the egg mass
likely increases the survival of fertilized eggs by reducing substrate for fungal and bacterial
growth, and preventing adverse environmental conditions. Small and Bates (2001) observed
developmental asynchrony among fertilized eggs within an egg mass which could be attributed
to several factors, the most obvious of which is the duration of spawning by a pair offish, which
may last several hours (i.e., eggs on the "bottom" of the mass would hatch first). Microconditions
within the eggs and environmental conditions, such as a potential oxygen gradient from outside
to inside the egg mass, may also contribute to differences in the rate of development throughout
the egg mass (Grizzle 1985).

Temperature is an important environmental factor in the overall regulation of channel catfish
embryo development. At temperatures of 27 to 28°C (80 to 82°F), the embryonic period of
channel catfish lasts an average of 5 days (Makeeva and Emel'yanova 1993b). The period of
embryonic development increases exponentially as water temperature decreases (Small and Bates
2001). Small and Bates (2001) demonstrated an increase in the period during which hatching
occurs and a decrease in percent hatch with low-temperature incubation. Increases in the duration
of hatching period at low temperatures may be attributed to reduced metabolic rate and an
exaggeration of the normal asynchronous development within an egg mass.

Percent hatch and survival may also be affected by calcium hardness and sodium chloride
(NaCl) concentrations. Small (2003) reports 72% lower hatching success for channel catfish eggs
reared in water having less than 10 mg/L calcium hardness (as CaCO3) during the first 24 hours
of embryogenesis. Weirich and Tiersch (1997) found percent hatch and survival of channel
catfish embryos to be greater when the environmental NaCl concentration was 1 g/L when
compared with freshwater, but found a large reduction in percent hatch when NaCl concen-
trations reached 4 g/L. Weirich and Tiersch (1997) suggest the enhanced percent hatch and
survival at low concentrations of environmental NaCl may result from a beneficial reduction in
the osmotic gradient across the plasma membrane of hyperosmotic channel catfish eggs.

Early embryonic development, up to 34 hours after fertilization, was first described by
Saksena et al. (1961). Makeeva and Emel'yanova (1993b) later described seven stages of channel
catfish embryonic development prior to hatching: Stage I - egg activation and blastodisc
formation; Stage II - cleavage; Stage III - blastulation; Stage IV - gastrulation; Stage V -
organogenesis; Stage VI - embryonic mobility; Stage VII - vascularization. Characteristic
observations for each stage at 26°C (79°F) are discussed below. The specifics of these
developmental stages, emphasizing the development of the vascular system, were described by
Makeeva and Emel'yanova (1993b).

Following activation of the egg in Stage I, the zona radiata of the fertilized egg quickly
dissociates from the cytoplasm forming a space between it and the egg proper, and the blastodisc
rapidly becomes apparent (Fig. 4.3a). Within 1 hour after activation, the blastodisc comprises
nearly two-thirds the diameter of the egg and its chorion, and can be seen without a microscope.
In Stage II the strongly telolecithal egg undergoes incomplete cleavage (Fig. 4.3b) and at
approximately 2 hours after fertilization, the blastodisc completes its first cleavage, dividing into
two blastomeres. Successive cleavages occur every 30 minutes on average over a period of
approximately 5 hours as the blastoderm continues to grow. By 7 hours of age, the blastoderm
appears as a high dome above the yolk.

Stage III refers to the period of blastulation, which continues for approximately 6 hours until
the onset of gastrulation. Unique to teleosts, the yolk syncytial layer (YSL) is formed during this
stage. As described for zebrafish, Danio rerio, by Kimmel and Law (1985), the blastomeres
arranged in a marginal layer lying against the yolk collapse and release their cytoplasm and
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FIGURE 4.3. Channel catfish egg and embryo development, a) blastodisc formation (Stage I); b) cleavage
(Stage II); c) epiboly (Stage III); d) embryonic outline (Stage V); e) embryonic mobility (Stage VI); f)
vascularization (Stage VII).
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nuclei into the adjoining cytoplasm of the yolk mass. Kimmel et al. (1995) suggest that the YSL
might be extraembryonic, making no direct contribution to the embryo body, and that the portion
of the YSL between the embryonic cells and their yolk stores likely plays a nutritive role.
Research conducted with the teleost Fundulus indicates that a portion of the YSL transiently
external to the blastodisc edge might play a major role in the thinning and spreading of the
blastodisc over the yolk cell (a process called epiboly) (Trinkaus 1984). The start of epiboly is
marked by a bulging of the yolk cell towards the animal pole. Epiboly begins in late blastulation
and continues into the gastrulation period (Fig. 4.3c).

Gastrulation (Stage IV) is generally accepted to begin at about 50% epiboly. Within a short
time of reaching 50% epiboly, the germ ring (with differentiated endoderm, mesoderm, and
ectoderm) is present, and by 1 day of age the embryonic axis has formed. The completion of
gastrulation is marked by the completion of epiboly. Nevertheless, Makeeva and Emel'yanova
(1993b) have established the onset of Stage V, organogenesis, as the point when the edge of the
blastoderm covers nearly 75% of the yolk cell. This stage marks the beginning of trunk
mesoderm segmentation, and provides the first observation of the developing embryo (Fig. 4.3d).
Makeeva and Emel'yanova (1993b) describe several important developments during this stage.
With the completion of epiboly, the head section thickens, small optical vesicles appear and
closure of the yolk plug occurs. By about 1.5 days of age the tail bud has formed and the
embryonic heart is visible.

Embryonic mobility is the major development associated with Stage VI. During this stage
segmentation of tail mesoderm begins, the tail lengthens, and tail movement can be observed
(Fig. 4.3e). It is during Stage VI that development of the eye lens, auditory vesicles,
integumentary gill covers, and the buds of two anterior gill arches occurs (Makeeva and
Emel'yanova 1993b). By the end of the second day of development, the embryo has an
observable heartbeat, and rotation of the embryo within the egg case, due to its tail whipping
continuously back and forth, is obvious.

Stage VII is characterized by the development of the vascular system. Development in the
brain and the appearance of an intestinal cavity can also be observed (Makeeva and Emel'yanova
1993b). By 3 days of age, blood vessels are visible and red with the appearance of hemoglobin
in the erythrocytes. As the vascular system continues to develop throughout the third and fourth
days post-fertilization, many branching capillaries can be observed covering the yolk sac (Fig.
4.3f), and blood can be seen pumping through the vitelline vein. As indicated earlier, the time
from fertilization to hatch is greatly determined by water temperature, averaging between 5 and
9 days for commercial hatcheries in the southern United States.

Hatching is thought to be a function of both mechanical and enzymatic processes. Specialized
cells, or hatching glands, in some teleost embryos produce enzymes capable of digesting the
chorion (Yamagami 1981). Makeeva and Emel'yanova (1993b) report the presence of hatching
glands on the barbels and upper jaw of channel catfish shortly before hatching. While studying
the development of channel catfish embryos at low temperatures, Small and Bates (2001)
observed hatching of virtually non-motile channel catfish incubated at 16°C, emphasizing the
potential role of enzymatic chorion digestion in channel catfish hatching.

4.5.2 Post-hatching development

Recently hatched embryos appear red as a result of the well-developed vascular system and little
tissue pigmentation. The newly hatched catfish, often referred to as "red fry", concentrate in tight
groups on the substrate, orienting themselves in a uniform direction. During this stage of
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development, fry are completely dependent on endogenous yolk supplies for nourishment. The
period from hatching to swim-up and first feeding may last 5 to 9 days and is again dependent
on water temperature.

The external morphology of catfish fry develops considerably over the first few days after
hatching. Progressive changes can be observed in the development of opercula, jaw barbels, and
fins. Close examination reveals an increase in coverage of the gill arches (Makeeva and
Emel'yanova 1993b) and in the number and size of barbels. Lobes of the dorsal and anal fins are
apparent shortly after hatching, becoming more prominent over the next couple of days. By 3
days post-hatch a slight separation can be observed between the adipose fin and the dorsal fin
fold, and by the fourth day, the rudiments of pelvic fins can be seen.

Coinciding with these developments is a continuous increase in pigmentation. The eyes,
already pigmented at hatch, darken over the next 2 days. By the second day following hatching,
melanophores have appeared on the head and soon become noticeable across the mid-body and
the top of the tail, completely covering the body long before the fish reach the swim-up stage.
This increase in pigmentation together with a reduction in the highly vascularized yolk sac rids
the fry of their red appearance, at which time they are often referred to as "black fry."

When fry reach approximately 13 to 14 mm total length, the swim bladder is inflated
(Makeeva and Emel'yanova 1993b) and the larvae begin their search for exogenous food. At this
stage, any remaining yolk is rapidly metabolized. Catfish do not have the post-yolk-sac larval
period associated with many other teleost fishes. By the initiation of exogenous feeding, juvenile
catfish have developed external and internal anatomy similar to that of adult channel catfish,
except for the reproductive system (Grizzle 1985).

4.5.3 Primordial germ cells

Primordial germ cells (PGCs) do not originate in the gonad, but migrate from regions distinct
from the site where the gonad will form (Section 4.5.4; Grizzle 1985). Upon reaching their
destination at the future site of the gonads, PGCs differentiate into functional gametes. Primordial
germ cells have been identified in the undifferentiated gonad of 7-day-old channel catfish (Patifio
et al. 1996). Grizzle (1985) defined the catfish PGCs by their large size (approximately 12 urn)
and large (7 to 8 \xm), distinct nucleus, which he described as having prominent, centrally located
nucleolus and fine chromatin filaments. Although the migration of PGCs in channel catfish has
not been carefully studied, it is thought that the migration of PGCs towards the gonadal region,
where they are associated with cells of mesodermal origin, relies on directional cues provided
by the somatic environment in animals generally (Weidinger et al. 1999).

Zebrafish currently represent the best model for describing the mechanisms of PGCs in a
teleost (Weidinger et al. 1999). In Drosophila, Xenopus, and mouse PGC migration starts from
the same position in each embryo with the PGCs being directed towards the target in a
predictable path, but the situation in teleosts appears to be much more complex (Weidinger et al.
1999). Weidinger et al. (1999) suggest that the PGCs are specified in random positions relative
to the future embryonic axis, resulting in a migration path from various starting positions that
differs among individual embryos towards their destination. Early in gastrulation, however, an
ordered distribution of PGCs appears, and after the embryo has reached the 1 -somite stage, there
is a directed migration of germ cells toward the gonadal region.
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4.5.4 Differentiation of gonads

In teleost fishes, ovarian differentiation usually precedes testicular differentiation (Patifio and
Takashima 1995). While temperature may affect the timing of gonadal differentiation, channel
catfish gonads appear to remain sexually indifferent until 16 days post-fertilization at 28°C
(Patifio et al. 1996). The earliest indication of differentiation in teleosts detectable by light
microscopy is the somatic reorganization of the presumptive ovary or an increase in germinal cell
proliferation and meiosis (Grizzle 1985; Patifio and Takashima 1995). Seminiferous duct
formation or lobule organization may be the first indication of differentiation in the male (Patifio
and Takashima 1995).

Patifio et al. (1996) observed a gradual decrease in PGC size in developing channel catfish
from hatching through 19 days post-fertilization. This decrease in PGC size occurred in all
individuals regardless of genotypic sex. In their research, Patifio et al. (1996) found evidence of
ovarian differentiation 19 days post-fertilization, apparent as small tissue outgrowths at the
proximal and distal ends of the gonads which eventually fused to become an ovarian cavity.
Oocyte meiosis first became apparent 22 days post-fertilization, and by 90 days post-fertilization,
ovarian follicles at various developmental stages were observed.

Positive signs of morphological differentiation in the gonads of presumptive male channel
catfish were not observed until after 90 days post-fertilization (Patino et al. 1996). However,
Patifio et al. (1996) report an increase in the size of the presumptive testes through 90 days post-
fertilization. In their study, testes of males at 102 days post-fertilization had positive signs of
testicular differentiation. The anatomical organization of the gonads in presumptive males at 102
days post-fertilization was described as beginning to take on the multilobed structure typical of
channel catfish testis (Grizzle and Rogers 1976) and the appearance of early stages of lobule
formation indicative of testicular differentiation (Patifio and Takashima 1995). Therefore, it was
concluded that gonadal differentiation in male channel catfish begins between 90 and 102 days
post-fertilization (Patifio et al. 1996).

Although sex phenotype in most teleosts can be easily altered to female by feeding with
estrogens and to male by the feeding of androgens (Hunter and Donaldson 1983), the plasticity
of sexual phenotype in channel catfish is somewhat more complex. A series of papers by Davis
and others (Goudie et al. 1983; Davis et al. 1990; 1992; 1995) established the homogamety of
female channel catfish and showed that feeding of any sex hormone resulted in feminization. It
was initially thought that feminization by androgens was due to conversion of androgenic steroids
to estrogenic steroids by the enzymatic process of aromatization. However, even treatments with
non-aromatizable androgens such as 11-ketotestosterone and dihydrotestosterone paradoxically
resulted in feminization. No hormonal treatment for masculinizing channel catfish has been
found, despite the early promise of trenbolone acetate reported by Galvez et al. (1995) (see Davis
et al. 2000). Male channel catfish grow faster than females (Beaver et al. 1966) and thus a
commercial incentive for producing all male stocks may exist. The critical time for incorporating
sex hormones into feed to induce feminization is during the first three weeks. Feeding 60 mg
17cc-ethynyltestosterone per kg feed for 21 days resulted in 100% female production of channel
catfish (Davis et al. 1990). These data suggest the critical period for sex determination in channel
catfish is quite prolonged compared to other fishes.
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5.1 INTRODUCTION

Research on channel catfish genetics and breeding began in the late 1960s and early 1970s
(Dunham and Smitherman 1987). Applications of genetic improvement in channel catfish culture
have, however, lagged behind genetic improvements made in other farm animal industries where
genetic research, particularly in the areas of quantitative inheritance, has made major
contributions to industry advancement and profitability. In dairy cattle, milk yield per cow more
than doubled from 1930 to 1976. Significant advances in pork production have also been made
through genetic improvement. Since 1945 the time required to produce a marketable pig (100 kg;
220 pounds) has been reduced from 200 to 160 days. In the poultry industry, producers have
reduced the time required to produce a marketable broiler (1.7 kg; 3.75 pounds) from 14 to 7
weeks and doubled the feed efficiency (Warwick and Legates 1979; Gall et al. 1988).

The successful breeding programs and increased production realized in these industries have
been the result of a long effort in basic and applied research coupled with information transferred
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to industry. Animal products from these industries in the United States supply 53% of national
food consumed and 69% of the protein. The potential for continued improvement and increased
efficiency still exists in these animals, and will result from further improvements in germplasm,
reproductive efficiency, nutrition, and production systems. Projections for future increases in
production efficiency are summarized in Table 5.1.

The potential increases in production efficiency from catfish breeding are projected to be
larger than in other animals. Improving production efficiency in catfish culture by utilizing
improved germplasm is possible, but will occur only through long-term genetic research.
Breeding programs must be integrated with improvements in culture technology along with
identification of constraints limiting the potential of channel catfish breeding and selection
programs.

The goal of a breeding and selection program in an agricultural system should be to alter the
animal's characteristics to make it more profitable to culture and more efficient to produce. The
task facing the research geneticist is to determine the amount and type of genetic control over the
animal's performance to implement a system of breeding and selection to improve production
efficiency. An undisputed need exists for improving channel catfish production in aquaculture
through planned breeding programs. Future breeding programs will be required to address areas
of qualitative and quantitative genetics, reproductive efficiency, molecular and cellular genetics,
and to incorporate new biotechnologies.

The goal of this chapter is to review what is currently known about the major topics in catfish
genetics and to indicate where further information is necessary. We also hope to illustrate the
linkage of research and production necessary to establish a system of genetic improvement for
future development of the catfish industry.

5.2 GENETIC ISSUES IN REPRODUCTION AND SPAWNING

Control of reproduction or spawning is a necessary element of an effective genetic improvement
program. The lack of sustained genetic selection in channel catfish has effectively maintained a
high level of phenotypic variation in commercial and research populations. Commercial catfish
farms typically maintain large populations (thousands) of broodfish and have access to wild
broodstocks if necessary to supplement the genetic variation/Large numbers of offspring (10,000-
20,000 full sibs) in each spawn or family would permit high selection intensity if commercial

TABLE 5.1. Potential for increased efficiency of producing foods of animal origin in 2000 and 2030 (Smith
1991).
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producers could effectively select individual catfish or broodfish for specific traits. However,
genetic selection in commercial culture is generally not feasible because most producers simply
culture fingerlings or foodfish for sale and do not have any information on individual or family
performance. Because commercial producers typically do not follow any program of selective
breeding, improved lines of catfish in the future are likely to be developed only by research
laboratories or in cooperation with commercial producers.

Channel catfish reproduction in commercial culture is practiced only during the spring
spawning season, therefore any selective matings in practical breeding programs are currently
limited to yearly intervals. Spawning is most commonly done by the open-pond method where
male and female broodfish are allowed to mate randomly in large ponds supplied with spawning
containers (Tucker and Robinson 1990). Spawning containers are checked periodically during the
spawning season and eggs are usually removed and taken to a hatchery for artificial incubation
and training of newly hatched fry to accept formulated diets. The spawning season is protracted
when this method is used, lasting from early May until late June or early July. Generally 30 to
50% of the female broodfish spawn, but the spawning success of male broodfish is likely to be
lower because individual males have been shown to spawn multiple times during the spawning
season and could thus have a disproportionate effect on the total number of matings (Waldbieser
and Wolters 1999). Ponds used for commercial spawning are typically 2 to 4 ha (5 to 10 acres),
and when stocked at approximately 1,100 kg/ha (ca. 1,000 pounds/acre) will produce several
hundred spawns. Consolidation of broodfish into fewer ponds at higher stocking densities
following the spawning season mixes the population and further promotes random mating.

Pen and aquarium spawning methods are more intensive, but have value in breeding programs
because the culturist has greater control over broodstock selection. Pen spawning is similar to
pond spawning, but involves construction of spawning pens in outdoor ponds, and is used
primarily for selecting and spawning particular pairs of broodfish. Aquarium or tank spawning
is more intensive and involves pairing broodfish in indoor tanks or aquarium supplied with
flowing water. Both of these methods require accurate sexing and determination of the stage of
reproductive development in individual broodfish, and hormone injections to stimulate ovulation
are often used.

All three methods have applications in breeding programs, however, pond spawning is most
suitable for producing large numbers of families. Pen spawning can be used to produce within-
species crosses and to mate selected sires and dams to estimate heritabilities (estimates of
inheritance for particular traits) and genetic correlations from sibling analyses. However, families
will often not be contemporaneous and differential fish sizes or ages may require statistical
adjustment of heritability estimates. Aquarium spawning is suited for factorial mating designs
(which assist statistical analysis) and can provide contemporaneous families. Both pen and
aquarium spawning methods have been used in research to provide statistical estimates of
heritabilities and genetic correlations because male and female parents can be easily identified.
Genetic (DNA) markers have recently been used to identify parentage in open pond spawning and
progeny testing for these families will allow estimates of genetic variation (Waldbieser and
Wolters 1999). Facilities allowing the design and implementation of such studies are available
at a few research institutions in the southeastern United States (Fig. 5.1). At least one commercial
facility has been developed for conducting genetic research, however, their breeding program was
sold to another company and the future research efforts are uncertain (Roger Yant, Harvest Select
Farms, Inc, Inverness, Mississippi, personal communication).
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FIGURE 5.1. Federal and university locations conducting research on catfish genetics and breeding in the
southeastern United States from the 1960s through 2001.

Gamete manipulation (manual stripping of eggs and sperm) is not easily accomplished in
channel catfish as compared with other fishes such as salmonids. Spawning of salmonids is
commonly done in research and commercial production by manual stripping of sperm and
ovulated eggs followed by artificial fertilization (Leitritz and Lewis 1980). Oviposition in channel
catfish occurs over several hours and is a constraint to multiple matings between males and
females (Clemens and Sneed 1957; Dupree and Green 1969). Artificial fertilization in channel
catfish has generally required male and female broodfish to be stocked into aquaria or tanks to
time and observe ovulation, however, recent research has improved the timing of hormone
injections and prediction of ovulation (Bates and Tiersch 1998; Dunham et al. 1998). Male
gametes cannot be stripped and require dissection and maceration of testes to obtain sperm
suspensions. These artificial fertilization procedures have been used successfully to produce
catfish hybrids (Dupree and Green 1969; Tiersch and Goudie 1993) and allow the induction of
polyploidy (Wolters et al. 1981a).

Attempts to induce spawning outside the normal spawning season with temperature and
photoperiod manipulations have had limited success. Culturists and breeders currently can
consistently obtain gametes and make matings only during the natural spawning season (May
through July). Experimental manipulation of temperature and photoperiod in recirculating
systems has facilitated successful reproduction catfish outside the spring spawning season (Kelly
and Kohler 1996), but commercial application has not been realized and may not be cost
effective. Extension of the spawning season is possible in research settings by heating of small
(0.08-ha; 0.2-acre) broodstock ponds with thermostatically controlled geothermal water (Hall et
al. 2002). This has enabled natural (Lang et al. 2003a) and artificial spawning and production of
hybrid catfish in Louisiana as early as February and March (Lang et al. 2003b). Industry
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application has begun with utilization of geothermal wells at a commercial producer of hybrid
catfish fry (Harvest Select Farms, Inc., Inverness, Mississippi), and this management scheme is
currently available in areas with access to suitable ground water. Early spawning would benefit
fingerling producers desiring a longer first summer growing season to raise larger fingerlings.
Out-of-season spawning also provides the benefits of having a source of fry for year-round
research projects, and synchronized conditioning of broodstock for predictable spawning
schedules. At present, commercial producers typically manipulate stocking densities and feeding
rates to provide a suitable supply of fingerlings for stocking of grow-out ponds when needed.

Future research on catfish endocrinology and control of reproduction could improve the
outlook for year-round spawning and potentially a shortening of the generation interval (currently
3 to 5 years) to allow more rapid genetic progress. However, the generation interval is limited by
both age and size at sexual maturity. Little information is currently available on effects of these
factors on sexual maturity. However, age of first reproduction in channel catfish strains and
natural stocks ranges from 1 year (at 10 cm [4 inches] total length) in unique wild populations
found in southeastern Louisiana (Lutz et al. 1987; Bates et al. 2002) to the usual 2 to more than
4 years (at a size of from 20 to 40 cm [ca. 8 to 16 inches] total length) (Dunham et al. 1987;
Wolters et al. 2000).

5.3 QUALITATIVE GENETICS

Most traits of economic importance—such as growth rate—show continuous variation and are
controlled by multiple genes (Warwick and Legates 1979; Falconer 1981). Qualitative traits
usually modify the appearance of an organism and can be characterized or separated into discrete
phenotypic classes such as color, presence or absence of a body modification or unique trait, and
are usually controlled by one or a few genes. Variation in enzymes and proteins have been
extensively studied in catfish and have demonstrated the ability to differentiate among catfish
species and stocks, and to measure changes in gene frequencies caused by selection. Protein
electrophoresis often has been described within the area of qualitative genetics because protein
variation is usually controlled by one or more specific loci; however, this information will be
described within the section on molecular genetics.

5.3.1 Qualitative traits

Many physical deformities such as tailless, side-sprigs, triple-tailed, and stumpbody have been
described in channel catfish (Fig. 5.2) and most have been found to be detrimental to overall
performance (Bondari 1981; Dunham and Smitherman 1987). The frequency of these traits is
variable, and the inheritance has either not been studied or found to not have a genetic basis, and
may be environmentally induced. Deformities can lower processing yields if present in a high
percentage of the population.

The best known potentially valuable qualitative trait in channel catfish is albinism and it is
inherited as a single homozygous recessive trait (Fig. 5.3) (Prather 1961; Bondari 1981). No other
consistent skin colors have been reported, although environmental variation caused by turbidity,
tank color, and external lighting in laboratories has some effect on the intensity of skin
pigmentation. Fillets from processed albino catfish are lighter in color, appear to have a fresher
quality, and are more appealing to consumers (Tucker and Robinson 1990). Studies comparing
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FIGURE 5.2. Aberrant fin morphology on the caudal region of channel catfish yields processed fillets with
skeletal abnormalities.

FIGURE 5.3. Albino (top) and normal dark pigmentation (bottom) of channel catfish.
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the performance of albino and normally pigmented channel catfish have been contradictory
(Dunham and Smitherman 1987). Growth of albinos is similar to normally pigmented fish,
however, spawning success is often lower and albinos possibly have more rigid temperature
requirements for spawning (Bondari 1981; Goudie et al. 1992). In spite of apparent difficulties
in raising albino catfish and a potentially higher incidence of bird depredation in ponds, some
commercial producers in the past have attempted to stock larger percentages of albino fish in
production ponds. Even though higher consumer appeal exists for albino catfish fillets, they are
currently not significantly utilized in commercial culture.

5.3.2 Application of qualitative traits

Additional qualitative traits need to be identified in channel catfish. Except for albinism and
protein variation, currently known qualitative traits modifying expression of the catfish phenotype
have limited value. Future research linking gene frequencies or markers with performance,
particularly disease resistance and polymorphisms of major histocompatibility complex loci,
should be high priority and will be closely linked to molecular genetic technologies (Chevassus
and Dorson 1990; Stet et al. 1990; Kirpichnikov 1992).

5.4 QUANTITATIVE GENETICS

As stated earlier, quantitative geneticists have been successful in producing new varieties of
plants and improving domestic livestock performance utilizing a variety of selective breeding
analyses and methods. Quantitative genetics focuses on traits of economic importance such as
growth, feed efficiency, disease resistance, and processing characteristics that exhibit continuous
variation. These traits are generally measured by variables such as length or weight and do not
have descriptive characteristics such as color (albino) or the presence of a characteristic (triple-
tail). Complicated statistical analyses are commonly conducted to describe the characteristics of
these traits. Qualitative traits such as albinism are known to be controlled by a single gene and
it is generally accepted that most quantitative traits are controlled by the interactions of many
genes. Utilizing quantitative genetics to improve fish performance and develop fish with specific
traits is complicated and beyond the scope of this chapter. Detailed aspects of quantitative
genetics applied to fish breeding can be found in various references that describe the genetic
mechanisms and statistical analyses used (Tave 1986). The following information will describe
some important aspects of quantitative genetics and specific examples of improving catfish
performance leading to the development of improved lines.

5.4.1 Use in selective breeding

Because the development of improved animals through selective breeding methods and
quantitative genetic analyses relies heavily on statistical variables and procedures, knowledge and
understanding of some basic concepts are required. The following points are not comprehensive,
but provide an understanding of the selective breeding process. As stated in the above paragraph,
quantitative traits or important catfish production traits such as weight, length, and fecundity are
recorded as measurements on individuals. These measurements are referred to as the phenotype,
which provides the actual physical record of the genes controlling the trait. When a large number
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of phenotypic measurements are recorded on individual fish, a number of statistical variables such
as the mean, variance, standard deviation can be calculated for the trait. Quantitative genetics and
selective breeding use this information to determine which animals have the best performance
(e.g., fastest growth) and determine the appropriate way to select for these animals in a breeding
program.

The mean phenotype and variation (differences among individuals) are two of the most
important variables quantitative geneticists first evaluate. For example, most catfish culturists
know that fish sizes at harvest will vary greatly even when juveniles or fingerlings are stocked
into ponds at the same size. Some fish will appear to have not grown at all, while others will have
grown extremely rapidly. The growth of individual fish is controlled by the combination and
interaction of the genes and the environment. Some fish grow fast because they have a good
genetic basis; some grow fast because they have a favorable environment, perhaps providing
access to more food, an environmental effect not related to genetics. In reality, the genetic control
of traits like growth, reproduction, and disease resistance is extremely complicated.
Implementation of a breeding program for catfish genetic improvement therefore requires
measurement of many economically important traits and understanding the genetic and
environmental control over those traits. After recording and analyzing the data on individual fish
in a breeding program, specific fish are then selected with the best genetic merit to improve traits
from one generation to the next. The method used to select the best fish in the breeding program
is also based on information obtained from the statistical analysis and determines whether
commonly used breeding methods such as individual or family selection, hybridization,
crossbreeding, or a combination are used to genetically improve the line. Future integration of
molecular genetics, especially marker-assisted selection (MAS), with traditional quantitative
genetics will increase the efficiency of breeding programs. Inheritance studies indicate that groups
of major genes (quantitative trait loci or QTL) control the phenotype of probably all economically
important traits (Dunham and Smitherman 1983,1984,1985,1987;Bondari 1981,1983;Cadieu,
1993; Argue, 1996). These basic inheritance studies of important QTL are the foundation for
genetic linkage and QTL mapping.

5.4.2 Species traits relevant to culture

Breeding programs for channel catfish and blue catfish have been established for over 25 years.
Channel catfish is the most important catfish in the industry because of its superior performance
for growth and overall disease resistance. Channel catfish exhibit superior growth, feed
conversion efficiency, resistance to the bacterial disease caused by Flavobacterium columnare,
and tolerance to low oxygen. Blue catfish exhibit superior performance for processing yields,
susceptibility to capture by seining, and greater resistance to the most serious bacterial disease,
enteric septicemia of catfish (ESC) caused by Edwardsiella ictaluri (Wolters and Johnson 1994).
White catfish Ameiurus catus, another species in the family Ictaluridae, is not common and is
rarely cultured because of low fillet yield associated with a large head and small size at sexual
maturity (Fig. 5.4).

5.4.3 Crossbreeding and hybridization

Crossbreeding between specific catfish strains has led to improved performance (Table 5.2)
(Dunham and Smitherman 1985), but has not been widely practiced in commercial industry
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FIGURE 5.4. Three catfish species of the family Ictaluridae that have been evaluated for commercial culture
and also used to evaluate interspecific crosses for heterosis: channel catfish, Ictalurus punctatus (top), blue
catfish I.furcatus (middle), and white catfish Ameiurus catus (bottom).

TABLE 5.2. Effects of crossbreeding to increase growth and reproductive performance in two channel catfish
strains (adapted from Dunham and Smitherman 1983).

TABLE 5.3. Production traits (mean +SEM) for channel catfish, blue catfish, and channel catfish x blue
catfish hybrids cultured communally in replicated earthen ponds at the USDA-ARS Catfish Genetics Research
Unit, Stoneville, Mississippi. Means within a column not followed by the same letter differ at the 0.05 level
of probability.

Species Stocking Harvest Survival Yield Yield Total fillet
or hybrid weight (g) weight (g) (%) (kg/ha) (% of total) yield (%)
Channel catfish 63.2 ±4.7 391 ± 24b 90.2 ± 14.9 418 ± 25b 27.9 ± 1.8b 43.9 ± 0.5b
Blue catfish 46.4 ±1.8 418±33ab 98.5 ±1.9 494±81ab 33.0±2.7ab 45.7 ± 0.8b
Channel x blue 65.3 ± 2.3 502 ± 21a 94.0 ±6.1 586 ± 25a 39.1 ± 1.5a 49.6 ± 0.6a

Trait Marion x Kansas Marion Kansas
Weight at 18 months 745 g 617 g 695 g
Spawning percentage at 3 years of age 62% 28% 4%
Spawning percentage at 4 years of age 53% 54% 49%
Number of eggs per kg of female at 3 years of age 7,784 5,116 6,952
Number of eggs per kg of female at 4 years of age 8,130 8,100 8,024
Number of fingerlings per kg of female at 3 years of age 2,427 441 44
Number of fingerlings per kg of female at 4 years of age 1,804 1,508 1,759
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TABLE 5.4. Production traits (mean ± SEM) for blue catfish, five groups of channel catfish (albino, Auburn,
Kansas, Mississippi, and Norris) and four channel x blue hybrids cultured in replicate earthen ponds at the
USDA-ARS Catfish Genetics Research Units in Stoneville Mississippi. Means within a column not followed
by the same letter differ at the 0.05 level of probability.

Species
or hybrid
Blue
Albino
Auburn
Kansas
Mississippi
Norris
Auburn x blue
Kansas x blue
Mississippi x blue
Norris x blue

Stocking
weight (g)
46.4 ± 1.8d
57.6 ± 1.4c
76.4 ± 4.7ab
26.6±2.2e
82.7 ± 3.3a
72.5 ± 4.0b
67.5 ± 4.4b
67.1 ±3.6b
70.9 ± 4.0b
57.1 ± 1.2c

Harvest
weight (g)
418±33bc
239± lOd
401 ±29bc
351± 18c
479 ± 46ab
484 ±36ab
533 ± 21a
517±38a
525±23a
436 ±49abc

Survival
(%)
98.5 ± 1.9
92.0 ±2.2
90.5 ±7.5
97.0 ± 1.3
93.5 ±4.3
75.8 ± 14.4
93.0 ±3.7
94.5 ±2.2
93.5 ±3.3
97.5 ±2.5

Yield
(kg/ha)
494±81ab
264 ±22c
434 ± 46b
415± 52b
534 ± 92ab
437± 119b
589±34a
591± 102a
575 ± 89a
509± 114ab

Yield
(% of total)
10.2±0.8ab
5.4 ± 0.2c
9.2 ± 0.5b
8.5 ± 0.5b

11.0±0.9ab
9.0 ± 1.2b

12.1 ± 0.3a
12.2 ± 1.0a
11.8 ± 0.9a
10.5 ± 1.2ab

Total fillet
yield (%)
45.7±0.8bc
43.5 ± 0.7c
43.9 ± 0.8c
42.4 ± 0.3c
45.9±0.5bc
44.0 ± 1.4c
48.6±0.4ab
49.6 ± 2.9ab
50.4 ± 0.6a
49.8±0.8ab

probably because of the lack of true inbred lines and predictable performance among crossbreds
(Tave 1986). Hybridization particularly between channel catfish females and blue catfish males,
provides significant increases in production (Table 5.3). However, studies have also shown
variability in production depending on the strains of channel catfish and blue catfish used to
produce the hybrid cross (Table 5.4) (Bosworth et al. 1998). Hybrid vigor has been demonstrated
for growth rate and processing yield. Hybrids of channel catfish x blue catfish seem to exhibit
heterosis for processing yield because hybrids retain the small head size from blue catfish and the
robust body shape from channel catfish (Fig. 5.5). Twenty-eight different interspecific hybrids

FIGURE 5.5. Channel catfish (top), hybrid of channel catfish (female) x blue catfish (male), and blue catfish
(bottom) showing relative differences in body conformation that result in differences in processing yields.



Genetics and Breeding 105

have been produced from seven different channel catfish species (Dunham and Smitherman
1987); however, poor rates of natural spawning is the main constraint on the use of hybrids in
commercial culture. Although some success in producing hybrids can be achieved with hormone
injections using pen and aquarium spawning procedures, it is not practical on a large commercial
operation. Strong paternal predominance has been reported in the interspecific hybrid of the
channel and blue catfish, with the appearance of the F, more similar to its paternal parent
(Dunham et al. 1982; Goudie et al. 1993).

Future research needs to be conducted on either developing procedures to increase
hybridization rates for commercial culture or developing "synthetic lines" incorporating the best
production characteristics from particular species into a line that will spawn naturally in ponds
under conditions currently used by commercial producers. Two "synthetic" catfish lines have
been produced using two different strains of channel catfish and blue catfish as part of the USDA-
ARS breeding program in Stoneville, Mississippi. These lines have been under development since
1992, were produced through a series of backcrosses, and are being selected for body
conformation (fillet yield), growth, disease resistance, and reproductive performance (Brian
Bosworth, USDA-ARS, Stoneville, Mississippi, unpublished data).

5.4.4 Strain and trait evaluations

Performance evaluations on strains, and effects from inbreeding and intraspecific crossbreeding
are available from a number of research studies conducted primarily at university and federal
research locations in the southeastern United States (Dunham and Smitherman 1983; Argue,
1996; Wolters et al. 2000). Strains of channel catfish used in research and commercial culture are
based on geographic origin rather than on performance records (Dunham and Smitherman 1984).
Many of these strain evaluations were conducted more than 10 years ago on research stocks.
Continued research needs to be repeated with recent stocks from genetic improvement programs
under current high-density culture conditions in several geographic locations. The most extensive
research and evaluation studies have been conducted on the catfish line NWAC103, jointly
released by the USDA-ARS and the Mississippi Agricultural and Forestry Experiment Station
from the cooperative program at the Thad Cochran National Warmwater Aquaculture Center in
Stoneville, Mississippi.

Catfish strains that have been cultured in hatcheries or used in commercial culture generally
have faster growth than wild stocks. Most comparative evaluations have focused on growth
because of its obvious economic impact in commercial production. However, strains also differ
in feed consumption and efficiency, disease resistance, dressout percentage, environmental
tolerances and reproduction. Research has provided evidence for phenotypic and genetic variation
in commercially important traits among catfish strains (Broussard and Stickney 1981; Dunham
and Smitherman 1987; Tomasso and Carmichael 1991; Silverstein et al. 1999; Li et al. 1998;
Wolters et al. 2000). Overall, it is apparent that channel catfish stocks in breeding programs have
improved growth performance over unselected wild or commercial stocks. Studies have also
evaluated catfish strains for differences in other economically important traits such as
reproductive performance and disease resistance. In general, catfish germplasm has not been
developed with improved performance for additional traits, presumably because adequate
information has not existed for these traits and no clear economic benefit will occur. Some
differences in reproductive performance have been found between catfish strains (Table 5.5) and
minimal selection pressure has been placed on this trait. Differences have been found in spawning



Female weight (kg)
Male weight (kg)
Broodfish standing crop (kg/ha)
Broodfish sex ratio (d" to ¥)
Spawning success

Female (%)
Male (%)

Egg hatchability (%)
Egg size (number per gram)
Absolute fecundity (eggs per pound)
Testosterone (males, ng/mL)
Estrogen (females, ng/mL)
Testosterone (females, ng/mL)

1.38 ± 0.02a
1.56 ± 0.05a
2,011 ± 31a
1.5 to 1

23.3 ± 5.1a
20.0 ± 2.9b
51.6 ± 9.4a
29.1 ± 1.1a
7,398 ± 910a
0.58 ± 0.18a
0.95 ± 0.08a
0.36 ±0.1 la
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TABLE 5.5. Reproductive traits (mean ± SEM) for NWAC103 and Kansas strain broodfish spawned in
replicate earthen ponds at the USDA-ARS Catfish Genetics Research Unit, Stoneville, Mississippi. Means in
a row not followed by the same letter differ at the 0.05 level of probability.

Variable or trait Kansas NWAC103
3.63 ± 0.13b
3.54 ± 0.20b
1,850 ± 43a
1.25 to 1

57.5 ± 7.6b
50.0 ± 0.0a
42.4 ± 7.6a
33.8 ± 1.3b
8,685 ± 869a
18.6 ± 1.54b
9.68 ± 0.83b
9.42 ± 1.88b

success, age at maturity, fecundity, and serum levels of reproductive steroids (Wolters et al.
2000). Increased emphasis will undoubtedly be placed on selection for disease resistance in future
breeding programs, and there is evidence for genetic control over resistance to bacterial diseases
and response to vaccination (Wolters and Johnson 1995; Wolters et al. 1996; Wise et al. 2000).
Significant differences in bacterial disease resistance between catfish strains have been shown.
However, in the case of enteric septicemia of catfish (ESC)—caused by the bacterium
Edwardsiella ictaluri, the magnitude of the strain effect is not as great as the reduction in
mortality achieved by managing the disease through vaccination or withholding feed (see Section
15.7.2) (Wise and Johnson 1998; Wise et al. 2000).

Heritability estimates from sibling analyses and realized heritabilities calculated from
selection responses have been made for several production parameters in channel catfish (Tave
1986; Dunham and Smitherman 1983; Dunham and Smitherman 1987). Most estimates have been
for body weight or length, and mass selection has been successful in increasing body weight
(Table 5.6). Most selection programs developed at public research institutions have been hindered

TABLE 5.6. Response to selection and realized heritabilities for body weight in three channel catfish strains
(adapted from Dunham and Smitherman 1983).

Selection Realized
Strain Mean weight (g) Response (g) differential (g) heritability
Rio Grande

Select 431 63 263 0.24 ± 0.06
Random 368

Marion
Select 486 73 145 0.50 ±0.13
Random 413

Kansas
Select 513 54 163 0.33 ±0.10
Random 459
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by the lack of long-term funding to sustain continuity. Because of the 3- to 5-year generation
interval, a long-term funding commitment must be made for significant progress to occur. Selec-
tion of high-level performers, along with moderate heritability estimates for some traits (Tave
1986), will permit breeders to realize greater genetic gains in early generations of select
populations.

Selective breeding, especially directional mass selection and family selection have been used
to improve catfish growth and feed consumption. Although growth traits affect economic returns
in commercial production, breeding programs must also focus on multiple traits in lines planned
for release to commercial producers. The breeding program conducted by the USDA-ARS in
Stoneville, Mississippi, has developed a multi-trait selection program based on family means in
the NWAC103 catfish research line. Adult catfish have been stocked into earthen ponds and
allowed to mate at random. Full and half-sib families have been evaluated for nine economically
important traits (such as disease resistance, growth rate, feed conversion, and fillet yield), and
parentage of families determined from microsatellite genotypes of parents and offspring. Family
ranking was determined for each trait, and the 20 families with the highest composite ranking
were saved as a selected line. Coefficients of variation for the nine traits ranged from 0.87 for
carcass yield to 78.0 for juvenile feed consumption, and mean differences between traits for the
99 families and the 20 selected families ranged from 0.29% for shank fillet yield to 60.9% for
harvest weight. The 2-year-old spawning success in this line was 42%, and offspring obtained
from the selected population are being evaluated for the same nine traits. Selection differentials
would have been larger for selection solely on individual traits, but the selection index
implemented is designed to improve all traits simultaneously.

5.5 MOLECULAR AND CELLULAR GENETICS

The goal of an agricultural genomics program is to provide useful molecular tools for the
identification of genes that control economically important traits. Molecular markers that identify
beneficial alleles within these genes can be used to increase the efficiency of broodstock
selection. Traditional selection by performance is difficult for many traits. A trait may be sex-
limited, such as identifying males that will pass on beneficial traits for the spawning success of
their daughters. Exposure of broodstock to test disease resistance depends on the ability to
perform controlled experiments with pathogens, often difficult for catfish diseases. In some cases,
performance testing—such as measurement of carcass quality— is lethal. A rapid molecular test,
for example a DNA test or protein assay, can be used to identify broodstock that have inherited
useful genetic variants without the need for performance testing. The tools needed to perform
these tests in catfish include molecular DNA and protein markers, genetic linkage and physical
maps, reference and resource families, and bioinformatics capacity.

5.5.1 Genome size

The double helix of deoxyribonucleic acid (DNA) is the storage mechanism for genetic
information in all animals. For the most part, every cell nucleus contains DNA that provides the
blueprint for the development and activities of that cell. Body cells typically have double the
amount of DNA (termed diploidy) than that of sex cells (haploidy). The quantity of DNA
contained within a cell is called genome size and can be determined by a number of methods, of
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which flow cytometry is one of the most accurate. Genome size of channel catfish blood cells (a
standard cell type for this analysis) determined by flow cytometry is consistently found to be
around 2 pg (i.e., 2 x 10"12 g; the combined DNA of 500 billion cells would yield one gram of
DNA) (Tiersch and Goudie 1993). This is a common value for fishes, but is small compared to
other vertebrates with genome size values typically between 5 and 10 pg, and ranging as high as
100 pg (Wachtel and Tiersch 1993). Mammals such as humans, for example, typically have
around 7 pg per cell. The variation in genome size among channel catfish is small. A comparison
of more than 100 channel catfish representing 12 populations from different locations revealed
a total of 2% variation in genome size, which is among the lowest values reported for vertebrates
(Tiersch et al. 1990). Other fishes such as cyprinids (Gold et al. 1990) and salmonids (Lockwood
and Derr 1992) can exhibit variation larger by an order of magnitude. In addition, the genome is
stable and inherited with great fidelity in channel catfish, even in crosses made with catfish of
different species and genera (Tiersch and Goudie 1993).

5.5.2 Cytogenetics

Studies focusing on catfish chromosomes began 25 years ago (Hudson 1976) although reports
addressing catfish can be found earlier (Muramoto et al. 1968). Most of these studies used
chromosomal data for analysis of phylogenetic relationships (e.g., LeGrande 1981). The earliest
studies of channel catfish reported 56 chromosomes in diploid cells (Muramoto et al. 1968;
Hudson 1976), but later studies have found the chromosome number to be 58 (LeGrande 1981;
Wolters et al. 1981b; Zhang and Tiersch 1998a). Although differences exist in chromosome
number and structure among species within the family Ictaluridae, hybrids have been studied
between channel catfish and representatives of the genera Ictalurus, Ameiurus, and Pylodictis
(LeGrande et al. 1984; Zhang and Tiersch 1997). The cross between channel catfish and white
catfish (which has 48 chromosomes) represents an extreme example yielding a hybrid with 53
chromosomes (LeGrande et al. 1984). The diploid numbers of hybrid fish were found to be the
average of the diploid numbers of the parental species (LeGrande et al. 1984; Zhang and Tiersch
1997). This information supports the observation that the genome of ictalurid catfishes segregates
as a function of haploid chromosome number and nuclear DNA content, and is stable in
interspecific and intergeneric hybrids.

As in most fishes, channel catfish do not possess sex chromosomes (LeGrande 1981; Tiersch
et al. 1992). In humans, for example, there exists a pair of chromosomes (the X and Y) that are
dissimilar in size and shape, and one of these (the Y) carries the gene (SRY) that triggers the
pathway that leads to male sexual development (Sinclair et al. 1990; Tiersch et al. 1992). Thus,
mammals such as humans have in comparison with channel catfish fewer chromosomes (46) that
are larger (comprising 7 pg of DNA), and possess natural indicators of particular genes (e.g., sex
chromosomes). The small, numerous, and essentially anonymous chromosomes of channel catfish
have posed challenges for genetic study. Differential staining by chemical treatment is a standard
technique for identification and localization of certain chromosomal structures. Staining
techniques are more straightforward in mammalian chromosomes for reasons such as their larger
size, but also because they are naturally more heterogeneous, enabling visualization of light and
dark areas (bands) along the length of the chromosomes.

Because of the difficulties inherent in studying catfish chromosomes, only certain structures
have been identified at present. One of these is the nucleolus organizer region (NOR), which is
an active area of RNA synthesis for the ribososmes, the cellular organelle involved in protein
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synthesis. Several methods will identify the NOR, including fluorescent DNA dyes and protein
staining. These techniques have mapped the NOR, and the associated ribosomal RNA genes, to
a chromosome identified as D-l 1 (Zhang et al. 1999), and the NOR phenotype is stable among
different tissue types (Zhang and Tiersch 1998a). Another useful technique involves staining of
non-coding DNA called constitutive heterochromatin (C-banding). The constitutive hetero-
chromatin of channel catfish chromosomes is sparse and limited to centromeric regions (Zhang
and Tiersch 1998a). Distinct secondary bands are absent on channel catfish chromosomes, unlike
results observed in cyprinids (Gold et al. 1986) and many salmonid fishes (Phillips and Hartley
1988). The C-bands are prominent and useful for identifying homologous (paired) chromosomes.
The low abundance of heterochromatin may explain the stable genome size found in the ictalurid
catfishes—as described above—and reflect evolutionary conservatism within the ictalurid
genome.

The NOR-staining and C-banding techniques are useful to identify chromosomes with special
structures and to identify homologous pairs. However, these techniques do not readily distinguish
among chromosomes of similar size and shape (centromeric position). Staining methods such as
Giemsa (G-banding) and reverse (R-banding) banding (Schwarzacher and Wolf 1974) are useful
with mammalian chromosomes, but application of standard treatments for these staining
methods—such as trypsin, heat, or fluorochromes—were not successful with catfish
chromosomes (Zhang 1996).

Fortunately, other techniques, such as digestion of chromosomes with restriction enzymes,
causing removal of DNA fragments, followed by Giemsa staining, are capable of generating
multiple bands, allowing differentiation of morphologically similar chromosomes (Zhang and
Tiersch 1998b). Another useful technique is replication banding, which is based on the incor-
poration of the base analogue bromodeoxyuridine during DNA replication resulting in regions
detectable by ultraviolet irradiation coupled with fluorochrome and Giemsa staining. In channel
catfish, 5 to 13 bands were generated on each chromosome by this technique, with a total of 215
bands on the entire haploid set (Zhang et al. 1998). It should be noted that these techniques did
not produce uniformly strong staining, and analysis of the banding patterns required assistance
of a computer-based densitometric method (Zhang and Tiersch 1998b). Integration of information
from various banding techniques can be used to characterize individual chromosomes (Fig.5.6).

The banding procedures described above are useful for laying out a general map of the
chromosomes based on DNA sequences that generally are not involved in coding for proteins.
Other techniques are necessary in conjunction with banding procedures to identify the location
of specific genes. Often, portions of the genes themselves are synthesized, labeled, and used as
probes to identify the presence or location of a complementary sequence. Such techniques are
referred to as in-situ hybridization (ISH), and have worked successfully for identification of
highly repeated sequences and genes with multiple copies in the haploid genome (Phillips and
Reed 1996). However, these techniques have a limited capability to identify target sequences
existing as a single copy in haploid genomes. A new technology called in situ polymerase chain
reaction (ISPCR) allows multiplication of target DNA sequences to increase efficiency of
hybridization and detection (Gu 1994). In this technique, short pieces of single-stranded DNA
called primers are used to direct the copying of target DNA sequences by the polymerase chain
reaction (PCR). Labeling of the copied DNA allows detection (mapping) of the target sequence
on chromosomes. This technique has been applied to mapping of the channel catfish Ig H gene
(Wilson et al. 1990), which encodes a portion of the immunoglobulin heavy chain, and the
location of 28S ribosomal RNA gene (28S rDNA) associated with the NOR. These results



110 Wolters and Tiersch



Genetics and Breeding 111

FIGURE 5.6 (Opposite page). A comprehensive summary of cytogenetie information, referred to as an
ideogram, (used with permission from Zhang et al. 2000) of channel catfish chromosomes treated by silver
staining to reveal the nucleolus organizer region (NOR), C-banding (C) to reveal constitutive
heterochromatin, and the restriction enzyme Hind III (Re) and replication R-banding (R) to reveal banding
patterns that are unique for each chromosome. The chromosomes were organized by shape (centromeric
index; CI) and relative length (RL), and divided into eight groups: A, large submetacentric (the centromere
is located off-center); B, large subtelocentric (centromere at end); C, large and medium metacentric
(centromere in middle); D, medium submetacentric; E, medium subtelocentric; F, telocentric; G, small
metacentric, and H, small submetacentric chromosomes. The inset box (D-ll) shows the NOR-bearing
chromosome.

demonstrate the validity of the ISPCR techniques for use in chromosomal mapping (Zhang et al.
1998; 2000).

5.5.3 Protein loci variation

Electrophoretic analyses of enzyme and protein variation have been extensively studied in
channel catfish, blue catfish and white catfish (Dunham and Smitherman 1984; Hallerman et al.
1986; Carmichael et al. 1992). These studies have demonstrated the ability to differentiate
between species and stocks of catfish, and measure changes in gene frequencies caused by
selection. Genetic variability within and between channel and blue catfish were measured at 70
isozyme loci (Dunham and Smitherman 1984; Hallerman et al. 1986; Carmichael et al. 1992).
Allozyme frequencies at 9 of 13 polymorphic loci were found to change in response to selection
for growth rate, indicating these isozyme loci influenced growth directly or were linked to other
loci related to growth (Hallerman et al. 1986). Unfortunately, these relationships were not further
explored. The small number of isozyme alleles and difficulty in measurement limits their use in
a large mapping effort, and low levels of polymorphism coupled with lack of correlation with
phenotypes limits the use of isozyme markers in catfish selective breeding (Dunham and
Smitherman 1984; Hallerman et al. 1986; Carmichael et al. 1992). Although these fixed and
polymorphic loci can be used to determine unique genetic markers of some populations and
different catfish species, future research will focus on identifying unique DNA sequences between
strains and populations (Lloyd et al. 1989; Turner et al. 1989; Turner et al. 1991).

5.5.4 DNA marker variation

There are several advantages for molecular genetic analyses and genetic mapping of catfish. The
genome size of channel catfish is approximately 1 x 109 base pairs per haploid nucleus, which is
equal to 447 kbp per centimorgan (cM), smaller than most domestic mammalian and avian
species (Tiersch et al. 1990; Tiersch and Goudie 1993). The genome size in terms of
recombination is not known. However, assuming the recombination genome size to be 2500 cM
(1 cM = ~ 400,000 bp), 500 evenly distributed genetic markers would be required for a 5 cM
resolution. Therefore, mapping can be accomplished in a reasonable time (2 to 3 years) and
subsequently incorporated into an applied breeding program.

A more efficient and useful approach for utilizing molecular genetic information for catfish
breeding will utilize DNA-marker technology. The molecular maps that have been formulated for
domestic animal genomes are providing powerful tools for selective breeding. The initial DNA
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marker-based linkage maps for aquatic species like tilapia and rainbow trout relied primarily on
random amplified polymorphic DNA (RAPD) or amplified fragment length polymorphism
(AFLP) markers (Vos et al. 1995; Kocher et al. 1998; Young et al. 1998). These markers are
anonymous DNA sequences that are dominant markers and may be specific to the mapping
population. Both RAPD and AFLP markers developed for channel catfish have low levels of
polymorphism (Liu et al. 1998a, b). Although these markers are abundant and can be identified
rapidly, they are likely to be useful only for mapping interspecific hybrid populations and less
useful for intraspecific mapping.

The most useful genetic linkage maps developed for catfish will be based on microsatellite
loci (Waldbieser and Bosworth 1997); however, the channel catfish mitochondrial genome has
recently been sequenced and may also yield useful genetic information applicable to breeding
programs (Waldbieser et al. 2003). Microsatellite loci are polymorphic DNA sequences
containing short tandem repeats. Microsatellite loci appear to be distributed throughout the
genome and demonstrate high levels of intraspecific allelic polymorphism. Unique DNA
sequences flanking microsatellites can be used to identify and further characterize regions around
these loci. Genetic linkage maps based on microsatellite markers have been produced for
agriculturally important species such as cattle, swine, sheep, and chickens (Rohrer et al. 1996;
Kappes et al. 1997; DeGortari et al. 1998; Groenen et al. 2000). Microsatellite linkage maps have
also been produced for rainbow trout, zebrafish, and some microsatellite loci were included in
the tilapia linkage map (Shimoda et al. 1999; Sakamoto et al. 2000; Gates et al. 1999; Kocher et
al. 1998). Compared to AFLP and RAPD markers, microsatellite markers require a large amount
of experimental work (sequencing and PCR optimization) before they can be used in linkage
mapping. Minisatellite loci have also been cloned and a family of AT-rich Xba elements or
repetitive sequences is estimated to cover 5 to 6% of the catfish genome (Liu et al. 1999b).

5.5.5 Status of genetic mapping in catfish

There are two options for production of mapping populations for construction of genetic linkage
and QTL mapping in catfish: 1) the intraspecific mating plan, and 2) the channel catfish x blue
catfish hybrid system. In either case, broodstock fish have been produced and are being used as
mapping populations for linkage analysis and QTL measurements at the USDA-ARS Catfish
Genetics Research Unit (Stoneville, Mississippi) and at Auburn University. The USDA
researchers have focused on intraspecific matings with channel catfish families, while Auburn
researchers have focused on matings of channel catfish x blue catfish.

An initial genetic linkage map has been produced from two families made by crosses between
NWAC 103 and Norris strains (USDA) to potentially increase the heterozygosity of markers to
maximize the number of informative inheritance events (meioses) in the offspring. This map
consists of 263 microsatellite markers arrayed in 32 linkage groups covering 1958 cM of the
channel catfish genome, providing an average distance of 9 cM between markers (9%
recombination between markers) (Waldbieser et al. 2001; Fig. 5.7). An additional 24.5 cM is
contained in three two-point linkage groups and 252 cM to include the telomeric regions increases
the estimated total genome size to 2234.5 cM. As more markers are developed and placed on the
map there will presumably be 29 linkage groups, one for each chromosome in the haploid
genome. Only 8% of these markers came from sequences encoding genes, the rest were developed
from non-coding genomic DNA unique to channel catfish. Many catfish cDNA sequences contain
short tandem repeats in the 5' or 3' untranslated region, therefore some cDNA libraries have now
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FIGURE 5.7. A comprehensive summary of molecular genetic information, referred to as a linkage map
(adapted from Waldbieser et al. 2001), is prepared from the channel catfish genome by cutting the DNA with
enzymes to yield multiple analyzable segments. The DNA sequence of these segments is identified and
overlapping sequences are interpreted to reassemble the DNA sequence of entire chromosomes. At the
beginning of this process, the sequences are referred to as linkage groups (i.e., these sequences are linked).
Eventually linkage groups would be resolved into knowledge of the genetic material on the chromosomes. In
this example, we present the six largest (of 32) linkage groups. The letter U refers to putative linkages, and
the unit centiMorgan (cM) refers to relative genetic distances among the labeled (e.g., IpCG or Actal)
segments arrayed in a linear display.

been enriched for these clones to develop markers specific for these genes (Liu et al. 1999a;
Nonneman et al. 2001). Increasing the marker density on the linkage map with genes that are
conserved between species will allow researchers to compare catfish with better characterized
species, especially zebrafish Danio rerio (Gates et al. 1999; Shimoda et al. 1999; Woods et al.
2000).

5.5.6 Application of molecular genetics

Genomics has already been applied to genetic improvement of catfish. Microsatellite markers
have been used to determine parentage of spawns collected from communal ponds (Waldbieser
and Wolters 1999). This marker technology allows breeders to use large half-sib and full-sib
families from natural spawning conditions to estimate genetic components of phenotypic
variation. The markers have also been used to provide a genetic fingerprint of the NWAC 103
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catfish line. Coincident with the release of this catfish line was the development of a strain
certification program by the catfish industry. Genetic markers will help producers maintain the
genetic integrity of the NWAC 103 line, and other lines of catfish released in the future (MAFES
1996; MSIA 2000).

The relative abundance of catfish microsatellite loci found in gene-encoding regions
demonstrates the potential for application of molecular genetics into breeding programs.
Successful mapping of QTL loci will require several basic requirements (Mauricio 2001). The
primary requirement is to initially choose parents with differences in alleles that control traits of
interest. There does not need to be differences in the mean phenotypes between the parents,
although different allelic combinations are important. A detailed linkage map allowing
differences between parents or strains is required, and more markers will increase mapping
resolution.

A number of different crossing schemes can be used to create and measure different
combinations of phentoypes and genotypes in individual offspring. Large family sizes in channel
catfish will facilitate the ordering of closely linked markers and increase the power of statistical
methods used to detect QTL controlling economically important traits. Molecular markers and
a genetic linkage map are currently available, however, the map will need approximately 1,000
evenly distributed markers to be efficiently used for localization of genomic regions controlling
important traits. Because QTL mapping is essentially a statistical approach using both phenotypic
and genotypic data, the accuracy and power of QTL analyses will depend on knowing trait
heritabilities, precise trait measurement, and the size of the mapping population.

Research in genomics will be expensive and time-consuming, but must be incorporated into
current breeding programs because ultimately the benefits will extend beyond the current
limitations of quantitative genetics and selective breeding (Waldbiesser and Wolters 2001). Short-
term goals in catfish genomics include increasing the number of markers on the genetic linkage
map to improve map density and genomic coverage, development of a comparative genetic map
with zebrafish, development of QTL resource populations, and improvement of bioinformatics
capacity. Microsatellite alleles within known (candidate) genes can be tested for association with
performance. Molecular markers should be used for family and individual identification to assist
traditional breeding programs and strain identification. Also, assays for measurement of
quantitative traits such as reproductive performance, disease resistance, and carcass quality need
to be refined.

Mid-term goals will include QTL scans to identify regions of the genome involved in
important traits. Regions must then be "fine mapped" with more markers to identify candidate
genes. The development and utilization of large genomic clone maps based on bacterial artificial
chromosomes will assist this effort (Quiniou et al. 2003). Development of large genomic clone
maps based on bacterial artificial chromosomes (BAC) will assist this effort. Bioinformatics
methods should be developed for efficient identification of superior broodstock and efficient use
of marker-assisted selection to identify catfish lines. Gene transfer in model species such as
zebrafish will assist breeders in evaluating catfish gene constructs and the potential use of this
technology. Long-term goals could include the determination of the complete DNA sequence of
the catfish genome. Finally, molecular markers should be used from QTL studies to select
superior broodstock and assist breeders in the introduction of beneficial alleles from other
ictalurid species.



Genetics and Breeding 115

5.6 SEX REVERSAL

Traditional selective breeding approaches, specifically directional mass selection and family
selection, generally can realize gains in performance traits of 10 to 15% per generation (Tave
1986). In addition to these traditional approaches, specific breeding aids such as sex reversal may
also be used in a breeding program to further increase performance. The ability to produce single-
sex populations has been proposed in many fish species to control reproduction and also to allow
culturists to select fish of a specific sex that grow fastest (Hunter and Donaldson 1983; Goudie
etal. 1983).

As stated above, channel catfish do not possess morphologically distinct sex chromosomes
like the X and Y chromosomes of mammals. Despite this difference, sex determination (the
developmental process leading to phenotypic sex) in channel catfish follows a pattern consistent
with an XX-XY model (Davis et al. 1990; Tiersch et al. 1992). This condition, referred to as male
heterogamety (or sometimes as female homogamety), indicates that the male parent produces two
types of sperm that determine if the offspring will be male or female. It is possible to manipulate
this natural mode of sex determination by addition of hormones during specific stages of
development. Monosex female populations of channel catfish have been produced by feeding
hormone-treated feed to newly hatched fry (Goudie et al. 1983). Oral adminstration of 17a-
estradiol and 17a-testosterone, and other steroid sex hormones including estrogens, aromatizable
androgens (susceptible to enzymatic conversion to estrogens), non-aromatizable androgens, and
aromatase inhibitors have consistently produced sex ratios in channel catfish biased towards or
completely female (Davis et al. 1990). This has been described as paradoxical feminization
because masculinization of teleosts typically results from treatment with androgens (Goudie et
al. 1983). Because male catfish generally grow faster than females in mixed-sex populations,
culture of all-male populations would provide an increase in production efficiency (Simco et al.
1989). Given that hormone treatments yield females, an indirect approach is necessary to produce
all-male populations. The sex-reversed XY females are identified and mated with normal XY males
to yield a sex ratio of 3 males to 1 female (Davis et al. 1991). Male catfish are normally
heterogametic (capable of producing offspring of either sex), and 33% of the males produced in
this cross would be YY (homogametic). The YY males are viable and can be mated with normal

TABLE 5.7. Body weight, gonadosomatic index (gonad weight as a percent of body weight), yield, pond
survival, and fillet yield of control and trenbolone acetate-treated channel catfish cultured in earthen ponds
and mortality of juvenile catfish challenged with the bacterium Edwardsiella ictaluri. Treated fish were fed
50 mg of trenbolone acetate per kg of food for first 60 days of feeding. Means in a row not followed by the
same letter differ at the 0.05 level of probability.

Variable
Body weight at 18 months (g)a

Gonadosomatic index (%)a

Yield (kg/ha)b

Survival in ponds (%)b

Total fillet yield (shank plus nugget, %)b

Survival after exposure to E. ictalurP

Untreated control
875a
0.16a
645 ± 7
83.3 ± 1.2
43.8 ± 1.2
93.7 ± 1.8a

Trenbolone acetate-treated
650b
0.05b
587 ±48
81.9 ± 10
41.9±0.8
73.7 ± 9.0b

a Davis et al. (2000).
b W.R. Wolters (unpublished).
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XX females to produce monosex XY male populations without the need for feeding sex hormones.
Progeny testing of sex-reversed fish leading to the production and maintenance of these YY male
lines would be an important long-term activity of breeding programs.

A synthetic androgen, trenbolone acetate (TBA), which induces anabolic weight gain in beef
cattle, masculinizes blue tilapia Oreochromis aureus and channel catfish (Roche and Quirke
1986; Galvez et al. 1995,1996). Presumably, feeding of TBA to newly hatched fry would produce
100% male offspring in a single generation and allow for integration of this breeding aid into a
selection program to provide an additional gain above that achieved through selective breeding.
However, channel catfish treated with TBA did not result in all-male populations, and growth of
TBA-treated fish was slower than controls, resulted in abnormal gonadal development, and
increased susceptibility to infection with Edwardsiella ictaluri (Table 5.7). Other genetic
manipulations of normal developmental processes are possible in channel catfish and are
described in the next section.

5.7 POLYPLOIDY, GYNOGENESIS, AND ANDROGENESIS

Shortly after fertilization in fishes, an extra set of maternal chromosomes is eliminated from the
egg (a process referred to as polar body extrusion) following the second meiotic division).
Application of heat, cold, pressure or specific chemicals can interfere with this normal process
and cause retention of the polar body, yielding an embryo with three sets of chromosomes (a
condition referred to as triploidy) instead of the normal two (diploidy). In a similar fashion, the
first cell division of the developing embryo can be interrupted to yield four sets of chromosomes
in a single cell (instead of two sets in each of two cells) yielding a condition referred to as
tetraploidy. Triploidy and tetraploidy have been induced in channel catfish by cold shocking or
heat shocking of fertilized eggs at appropriate times after fertilization (Wolters et al. 1981b;
Bidwell et al. 1985). Triploid fish are sterile and exhibit faster growth than diploids in tank
culture (Wolters et al. 1982). Subsequent studies showed no production improvement when
triploid fish were grown in earthen ponds (Wolters et al. 1991). Because of the practical
limitations on collecting large numbers of fertilized catfish eggs through artificial fertilization,
it is unlikely that polyploid catfish will be used in commercial culture. The development of
tetraploid broodstock would theoretically enable spawning of tetraploid females with diploid
males (or the reverse cross) using conventional pond-spawning procedures, however, this
accomplishment has not been demonstrated. Another more labor-intensive approach would be
to use cryopreserved sperm from tetraploid males to fertilize eggs collected for artificial
spawning. This approach would be most useful for limited production of sterile triploid fishes for
research purposes, and would be especially useful for security of transgenic catfish lines, which
will be addressed in the next section.

It is also possible to utilize the methods for production of polyploidy in combination with
genetic inactivation by irradiation of the genome of the egg or sperm to produce diploid offspring
that inherit chromosomes only from a single parent. For example, if the male genome is
eliminated, but the sperm is able to activate further development in the egg, a haploid embryo
(with one set of chromosomes) would result. Application of cold, heat, pressure, or chemicals in
a fashion similar to triploidy or tetraploidy induction can restore diploidy, yielding an embryo
with two sets of chromosomes from the mother, a condition referred to as gynogenesis, which
offers potential benefits for research and genetic improvement programs (see, for example, Mair
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1993). Gynogenesis has been induced in channel catfish by the use of ultraviolet irradiation of
sperm cells and application of pressure shocks after fertilization (Goudie, 1987; Goudie et al.
1991) and has provided highly inbred lines for research purposes such as genome mapping (Liu
etal. 1992).

Androgenesis is another form of chromosome set manipulation that is well studied in fishes
(Stoss 1983; Ihssen et al. 1990), and yields offspring that carry only two sets of paternal
chromosomes. It is induced in a manner similar to tetraploidy, except that maternal (egg)
chromosomes are inactivated by irradiation (typically gamma or ultraviolet), which yields a
doubling of the paternal (sperm) nucleus at first mitosis, and produces homozygosity (two exact
copies of each gene). If cryopreserved sperm were available from a particular line or species,
androgenesis could be used to produce homozygous offspring from irradiated eggs from another
line or species. This process raises the possibility of recovering lost research lines or extinct
species (Thorgaard et al. 2000). Androgenesis has been induced in channel catfish by the use of
gamma irradiation of eggs and application of cold or heat shocks after fertilization (Lee et al.
2000).

5.8 GENE TRANSFER

Gene transfer technology is an established tool in molecular genetics. The ability to transfer
individual genes from one organism to another has led to the development of new biotechnology
industries (Pursel et al. 1989). Over the past few years, the technology has been applied to
produce transgenic fish in several species (Maclean and Penman 1990). Foreign DNA has been
successfully integrated into the channel catfish genome (Dunham et al. 1987). Research is
currently underway to determine the contribution that transgenic fish could make in aquaculture.
For example, faster growth and increased disease resistance are likely to be exhibited by
transgenic fish and could improve production efficiency. Silverstein et al. (2000) recently
demonstrated increased growth, feed intake, and IGF-I levels in two catfish strains administered
bovine growth hormone, suggesting similar results in transgenic catfish carrying the gene for
bovine growth hormone. Overall, transgenic fish may eventually be utilized if public perception
changes and becomes favorable towards their production and consumption. This change in
perception will be difficult to realize with the persistent attacks by advocacy groups on genetically
modified foods and fish farming in general (e.g., Goldberg et al. 2001; Tiersch and Hargreaves
2002).

The use of transgenic fish and genetically improved hatchery stocks in aquaculture has
ecological implications (Kapuscinksi and Hallerman 1990; Hew and Gong 1992; Hallerman and
Kapuscinski 1992). Production of channel catfish is almost exclusively in large earthen ponds,
often built in areas prone to flooding. The accidental release of transgenic fish from commercial
ponds is a possibility, and transgenic fish could breed with wild fish, transferring transgenes into
the native population. The genetic and ecological structures of native channel catfish populations
have not been as well studied as those of salmonids. Guidelines on the use of transgenic catfish
in aquaculture systems need to be developed to ensure against accidental release. Future studies
should focus on characterization of the total phenotype of transgenic catfish including all aspects
of physiology, reproduction, and behavior. Transgenic fish will be excellent models for animal
research, however, and considerable research is still needed to determine how introduced genes
modify the phenotype of transgenic fish, and for regulatory approval and integration of transgenic
fish into production systems.
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5.9 CRYOPRESERVATION

Sperm cryopreservation has been studied in as many as 200 species offish (Tiersch 2000; 2001)
including three families of catfishes (Ictaluridae, Clariidae, and Pangasiidae). Work with channel
catfish began in the 1970s and yielded limited motility in thawed sperm (Guest et al. 1976).
Studies were resumed in the 1990s and yielded fertilization with thawed sperm (Tiersch et al.
1994). Subsequent work has refined protocols using 10% methanol as a cryoprotectant, standard
0.5-mL French straws (used for bull semen), and a cooling rate of 40°C per minute (Christensen
and Tiersch 1997). Procedures such as these have been standardized for research in fish species
(Wayman and Tiersch 2000), although there are species-specific considerations. For example,
sperm cannot be stripped from male channel catfish and testis must be removed to collect samples
(Sneed and Clemens 1963; Bart and Dunham 1990). The testes are crushed to suspend the sperm
in an extender solution. Best results for cryopreservation and refrigerated storage of sperm have
come from the use of Hanks' balanced salt solution with an osmolality of 270 to 300 mOsmol/kg
(Bates et al. 1996; Christensen and Tiersch 1996).

Long-term gamete storage would permit reduction of the facilities needed for broodstock
maintenance, increase the numbers of genetic stocks available, facilitate shipment of improved
germplasm or reference stocks to widespread locations, and provide a year-round supply of sperm
for commercial production and research. Application of this technology beyond research is
constrained, however, by the requirement for collection of unfertilized eggs for artificial
spawning. Beyond this, there are needs for automated filling of straws or use of larger containers
(Wheeler and Thorgaard 1991), inventory and record databases for frozen samples (Kincaid
2000), bulk storage capacity, sample security, protection from pathogen transmission (Jenkins and
Tiersch 1997; Tiersch and Jenkins 2003), and distribution capabilities, before application can
occur at the commercial scale. Infrastructure of this type could be developed for channel catfish
by adding the technology to existing facilities (Caffey and Tiersch 2000a, 2000b), or by adopting
existing technology from other industries. Commercial equipment and procedures used for dairy
bull sperm have been shown to yield fertilization by channel catfish sperm that was not different
between fresh (non-frozen) and thawed samples (Roppolo 2000; Lang et al. 2003b). This
technology would be especially useful for the development of commercial-scale production of
hybrids by use of cryopreserved sperm from blue catfish. Cryopreservation has become essential
within the dairy industry for the production of genetic improvement by acceleration of selective
breeding efforts, maintenance of improved lines, and distribution of superior genetic material.
Indeed, global billion-dollar industries exist for cryopreserved livestock sperm and thus provide
useful models for corresponding development within aquaculture industries such as channel
catfish (Johnson 2000; Lang et al. 2003b).

5.10 INTEGRATION OF TECHNOLOGIES INTO BREEDING PROGRAMS

Genetic improvement programs for channel catfish offer considerable potential for commercial
production. Research areas should incorporate traditional animal breeding approaches and new
biotechnologies (Fig. 5.8). Programs that coordinate industry and research while addressing
priority areas of importance to commercial production will have the greatest chance for success.
Integration of technologies will be essential for this process. For example, genetic mapping can
yield DNA markers that assist in selection of broodstock and improved lines. Genetic screening
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FIGURE 5.8. Genetic improvement is a process that requires interaction of research and production. New and
improved genetic tools are developed by research and are applied to genetic improvement of specific lines.
Improved lines are distributed to the industry and comprehensive data on production and processing yields
are used to evaluate practices and to focus future research efforts. A strong information base and many
genetic tools are available for application in the catfish industry, but the benefits of genetic improvement will
not be realized without industry-wide monitoring and evaluation of production and processing yields.

would be used to ensure purity of these lines and to assist in development of broodstock
certification programs. Sperm from these lines could be cryopreserved to assist in conservation
and distribution of the genetic resources.

5.10.1 Considerations for breeding programs

Because of current management constraints, genetic improvement programs for channel catfish
will be most effective if located at federal or university research stations. However, a
comprehensive program for transfer of results of genetic research to private industry needs to be
developed. Previous releases of catfish strains have been by research universities directly to
commercial farmers (Dunham and Smitherman 1987). A protocol for release, testing, stock
multiplication, and stock verification needs to be developed for channel catfish stocks. Procedures
for releasing and testing plant varieties are well established and effective, and could serve as a
model for future catfish releases (Poehlman 1959). A process of stock multiplication and release
of improved germplasm independent of the research or breeder organization and reviewed by
industry needs to be developed and followed by all cooperating agencies. The genetic identity of
catfish germplasm should be maintained and available. Technology enabling genetic
identification should be standardized and include protein or DNA polymorphisms (MSIA 2000).
Without research and industry cooperation, minimal realized benefit will result from genetic
research.
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TABLE 5.8. Releases of genetically improved catfish lines from university and federal research laboratories
to commercial producers (data obtained from personal communications with Rex Dunham, Craig Tucker, and
William Wolters).

Organization
making the release

Auburn University

Mississipi State University
USDA-ARS

Fish released
Kansas select (2 generations)
Kansas
Auburn select
Kansas select (4 generations)
MSU-2
NWAC103 (2 generations)

Year
1983
1984
1989
1994
1991
2001
2002

Number of
fish released
< 1,000
60,000

2,000
2,000

Unknown
217,000

35,000

Number of
commercial
recipients
< 10
63

3
3

<10
35

5.10.2 Commercial releases of improved lines

There have been six different releases of improved catfish lines from research institutions since
1983 (Table 5.8), and do not include sales of fish in breeding programs from commercial
producers (Roger Yant, Harvest Select Farms, Inc., Inverness, Mississippi, personal communi-
cation). The six releases to commercial producers have consisted of Kansas select lines (second,
third, and fourth generation lines), Marion select lines (second generation), Auburn line, and
Marion x Kansas (third generation) line from the Auburn University catfish breeding program.
The largest release with the greatest potential impact from Auburn University' s breeding program
occurred in 1984 when approximately 60,000 Kansas-line fish were released to 63 producers in
7 states. The Kansas line is still cultured by commercial producers and is generally considered
one of the fastest growing catfish lines, however, reproductive performance (sexual maturity at
4 to 5 years and low spawning success) may have limited spread across commercial producers.
No system was available or developed to insure the genetic integrity of the line following release.
Mississippi State University Agricultural and Forestry Experiment Station also released improved
catfish, the MSU2 line, selected for growth and nitrite tolerance in 1991. These fish are also still
available on a limited scale from a few commercial producers.

The largest release of an improved catfish line to commercial producers has been the NWAC
103 line. These fish were developed through the breeding program in the USDA-ARS Catfish
Genetics Research Unit in Stoneville, Mississippi, evaluated for multiple traits, and jointly
released with Mississippi Agricultural and Forestry Experiment Station through the Thad Cochran
National Warmwater Aquaculture Center. Beginning in February 2001, over 200,000 2- and 3-
year-old fish were released to 35 producers in six states (Alabama, Arkansas, Louisiana,
Mississippi, North Carolina, and Georgia) and approximately 35,000 fish were released in 2002.

5.10.3 Future Goals

Only one program specifically developed for catfish genetic improvement has existed in private
industry, but this program no longer has genetic improvement as a primary emphasis (Roger Yant,
Harvest Select Farms, Inc., Inverness, Mississippi, personal communication). Although most
commercial producers recognize the value of genetic research to solve production problems,
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TABLE 5.9. Elements to be considered in an applied breeding program leading to the development of
improved lines of aquatic animals for commercial production (information adapted from Schultz 1986).

practical management considerations dictate an emphasis on short-term problems. Shultz (1986)
outlined and discussed important elements in developing a commercial breeding program (Table
5.9). These ten elements involve production assessment, establishing goals, recording data,
determination of selection methods to be used, monitoring progress, and continual evaluation of
the program. These goals should be considered in research and commercial breeding programs.

The first element, industry assessment, involves an understanding of production systems,
processing, and marketing, and is important when considering applications of genetic
improvement in commercial culture. The current production system used in commercial pond
culture will be a major constraint to the implementation of breeding programs on commercial
farms and involves raising multiple size-classes of fish in a single pond without a complete
harvest (Tucker et al. 1992). In this management system, the average harvest size increases
because the frequencies of fish in different size categories change over time. A mass selection
program with culling for weight above a certain size would be difficult to implement in a
multiple-batch culture system because the age offish selected is unknown and the phenotype will
be measured inaccurately. Because of differences in management on individual farms and
practical constraints with large-scale aquaculture operations, channel catfish genetic improvement
and breeding programs will be most effective if located at federal or university research stations.

A process to transfer results of genetic research to private industry needs to be standardized
and could follow the detailed process already developed by the USDA and Mississippi State
University (MAFES 1996). The monitoring and verification of released lines, independent of the
research or breeder should also be followed by cooperating agencies (MSIA 2000). Without
communication and cooperation of research and industry, development of genetically improved
catfish lines will not continue nor will their use provide beneficial impact.
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In summary, we have provided an overview of the current knowledge in major genetic topics
concerning channel catfish. It is evident that much background information is available and,
especially within the past 10 years, a powerful group of modern technologies has become
available for application in this species. Future advances will combine research efforts of
government, university, and private-sector facilities to apply the genetic tools discussed in this
chapter to the improvement of channel catfish (Table 5.9). This will provide the first half of the
process necessary for genetic improvement. Improved lines will have to be distributed to the
industry for growth, harvest, and evaluation. The catfish industry of the future will need to
establish harvesting and processing evaluation programs similar in intensity and organization to
those employed in livestock industries. With effective yield monitoring programs in place, the
production information can be used to develop rational directions for genetic improvement
programs, which will direct new research or additional uses for existing tools. Thus, genetic
improvement is an interactive process that links research and production; it cannot function
without inputs from each.
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6.1 INTRODUCTION

Broodfish management is an important aspect of channel catfish culture because a reliable source
of fmgerlings is essential to support a large aquaculture industry. Successful management of
broodfish includes the genetic principles of selection for the qualities desired by the culturist and
processor, and ending with the production of quality fry. Genetics and genetic improvement are
discussed in Chapter 5 and those topics will not be repeated here. The purpose of this chapter is
to discuss management techniques important to select, maintain, and spawn channel catfish
broodfish.

6.2 BROODFISH MANAGEMENT

6.2.1 Sources of broodfish

Originally, channel catfish broodfish were obtained from the wild and spawned in captivity.
Dunham and Smitherman (1984) reported the ancestry of many of the strains used for channel
catfish culture in the United States. A strain is a group offish sharing a similar origin or history
and possessing characteristics unique to that group. Catfish strains are named after the river
system, the hatchery, or breeding program from which they were obtained. Dunham and
Smitherman (1984) provided documentation on the origin, history, breeding, and performance
characteristics of the various channel catfish strains being used by federal, state, university, and
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private hatcheries in the United States. More recently, Kincaid et al. (2000) published a National
Fish Strain Registry for catfish. Although this registry is far from inclusive, it contains important
information on the broodfish strains listed. Information within this registry includes broodstock
history, life history, behavior, reproduction, disease resistance, stress tolerance, and broodstock
availability.

Today, broodfish are rarely taken from the wild because they can carry unwanted diseases,
they may be slow growers and generally do not spawn readily in captivity (Marzolf 1957; Sneed
1975), and are not available in quantities needed to sustain a large aquaculture industry. Wild
broodfish captured in spawning condition can be hormonally induced to spawn but are difficult
and unreliable spawners the second year. Another strong argument against using wild-caught
broodfish is that their offspring may grow slower, be less tolerant of high-density culture
conditions, and more susceptible to diseases than domesticated fish (Burnside et al. 1975).
Therefore, strains of channel catfish that have undergone several generations of selection are the
best choice for broodfish. Performance history—such as growth, disease resistance, fecundity,
and dress-out weight—is lacking for most commercial strains; however, farmers should try to
obtain this information for the strain in question. Several strains of channel catfish broodfish are
available in the United States. According to the United States Department of Agriculture (2000),
there are a total of 309 catfish farms that have broodfish. Not surprisingly, 236 of these farms are
located in the southern United States, with over half of these located in Mississippi and Alabama.

6.2.2 Selection of broodfish

Selection of broodfish begins with the decision of which strain of channel catfish to use as
broodstock. Not all strains demonstrate the same growth rates, tolerance to water quality,
reproductive performance, or disease resistance. For example, the Red River strain is more
resistant to enteric septicemia than the Mississippi-select strain (Wolters and Johnson 1994) and
more resistant to nitrite toxicity than the Marion, Norris, or Kansas strains (Tomasso and
Carmichael 1991). However, the Kansas-select strain grows more rapidly than other strains
(Chappell 1979), but also is more difficult to spawn; that is, it has a lower reproductive
performance. Therefore, it is prudent to select a strain that spawns reliably from 3 to 6 years of
age and has the most desirable set of characteristics for a specific operation.

Currently, the only systematically improved line of catfish is the USDA 103 strain
(designated the NWAC 103 strain after its public release). Results of experimental trials
involving this strain and other commercial strains showed that the NWAC 103 channel catfish
grew faster and had better feed conversion efficiencies (Li et al. 1998; Silverstein et al. 1998).
The NWAC 103 strain reached market size faster under experimental conditions, although actual
performance under commercial conditions may vary depending on differences in management
strategies. Realizing the full potential of the NWAC 103 strain (or any improved strain) depends
on using proper cultural practices and maintaining good environmental conditions.

Channel catfish fingerling producers select potential broodfish from either their own
operation or purchase broodfish from other producers. If broodfish are selected from within an
operation, it is important to recognize that male channel catfish grow faster than females (Beaver
et al. 1966). Meyer et al. (1973) suggested that during grading offish between 1 and 6 months
of age, the largest 10% of the population should be grown and used for broodstock. However, the
growth difference between sexes increases with size and age in channel catfish (Simco et al.
1989). Therefore, taking the largest fish may result in mostly male broodfish. Brooks et al. (1982)
reported that the largest 30% offish between the ages of 6 and 18 months needed to be grown
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FIGURE 6.1. Schematic diagram of longitudinal sections through the urogenital region of the channel catfish
showing probe inserted (Norton et al. 1976, with permission).

to broodfish size so that the largest 10% of females were included. In order to circumvent this
problem, Norton et al. (1976) developed an accurate technique for determining the gender of
channel catfish fingerlings and sub-adults by microscopic examination and probing of the genital
area. A probe made from a 0.5- to 1.5-mm-diameter sewing needle in which the sharp end of the
needle is inserted into a cork that serves as a handle and the blunt end is used as the probe. A
juvenile catfish is placed ventral side up under a dissecting scope. The anterior median ridge at
the base of the anal fin is the starting point for probe insertion. The probe is gently inserted at a
45° angle into the opening circumscribed by a convoluted papillary structure (Fig. 6.1).
Regardless of gender, the probe inserts directly into the urinary bladder. Careful examination of
the genital area of the fish by the culturist may reveal another opening between the papilla and
the anal openings. If the additional opening or genital pore exists, the fish is female and a second
probe, inserted at a 45° angle into the genital pore, will go into either ovary. In males there is no
opening between the papilla and anal openings. This technique allows the immediate sexing of
potential broodstock and subsequent stocking of the appropriate number of males and females.

If broodfish are obtained from other producers, they should be obtained in late summer to
early winter the year prior to the spawning season they will be used. Obtaining broodfish in
advance allows stocking at desirable densities and prevents added stress associated with
additional seining, handling, and transporting just prior to the spawning season. With the proper
feed, feeding schedules, and good water quality, gonadal development will be maximized prior
to the spawning season.

There are several selection criteria to consider when choosing potential broodfish. Select fish
that are old enough to spawn. Channel catfish can sexually mature at 2 years of age; however,
unpredictable or low numbers offish of this age do spawn. Therefore, most producers use first-
time spawners between 3 and 4 years of age since spawning success increases with maturity of
the fish. Select fish that appear healthy and well fed. Avoid fish that appear thin or have sores,
bruises, lesions, frayed fins, or deformities, as these are potential indicators of disease problems.
Deformities in catfish can be genetic, nutritional, or environmental and it is often difficult to
distinguish the exact cause of the deformity.

If purchasing broodstock from a producer specializing in broodfish production, select the
larger males and females from the first seining of the broodfish production pond. Since the age
and, possibly, the performance history of the fish are known, this method selects for faster-
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growing fish and fish that are easier to seine or harvest. Because males generally grow faster than
females, individual inspection of all fish for sex identification will ensure that a sufficient number
of females have been obtained. This is, however, difficult to do under commercial conditions
without unduly stressing fish. Although it is common practice for producers to pur- chase large
fish from foodfish ponds to use as broodfish, this is not advisable. A common management
strategy for catfish ponds does not require the annual draining of ponds to harvest fish; therefore,
the age and performance of these fish are not known. Consequently, fish selected from foodfish
ponds may be slow growers and better at evading harvest by seining. Also, since fecundity
decreases with age, purchase of large fish (of unknown age) from foodfish ponds may yield older,
less fecund broodfish.

Select fish that appear to have a good dress-out weight. Selecting broodfish based on
secondary sexual characteristics is essential when determining sex; however, these characteristics
are not the only ones to consider. For example, selecting a male with a large muscular head and
a slim body or a female with a full, well-rounded abdomen but short body should be avoided.
Since net weight is the true value of the fish, the secondary sexual characteristics in these cases
would not necessarily yield good dress-out weights (Dupree 1995).

6.2.3 Determining broodfish sex

It is relatively easy to determine the sex of sexually mature channel catfish in good condition.
Producers often distinguish males from females by a combination of primary and secondary
sexual characteristics. Primary sexual characteristics are those related to reproduction, such as
genital type. Secondary sexual characteristics are those not related to reproduction but aid in
distinguishing between the sexes, such as coloration. Secondary sexual characteristics of the male
generally include a broad, muscular head wider than the body and often the underside of the jaw
and abdomen is mottled with grey pigmentation (Fig. 6.2). The female has a head that is narrower
than the body, and usually lacks the muscularization and pigmentation found in the males. During
the spawning season, a sexually mature female will have a well-rounded abdomen that extends
past the pelvic fin region into the genital area. If palpation reveals a hard abdomen, it is most
likely because the gut is filled with feed; a soft, full abdomen is an indication that the ovaries are
well developed.

Examination of the primary sexual characteristics (Fig. 6.3) or the genital area reveals that
the urogential pore of the male is located on the genital papilla, which resembles a small fleshy
nipple behind the anus. The female has two separate openings—an anterior genital pore for the
expulsion of eggs and a posterior urinary pore for releasing urine. The area containing the two
openings is in a groove with surrounding tissue that forms a distinguishable slit just below the
anus.

6.2.4 Pond culture systems for broodstock

Facilities most commonly used for broodstock are earthen ponds. Tanks and raceways also have
been used to maintain broodfish, but these systems are often more expensive and labor intensive
than earthen ponds. Pond facilities and water requirements are discussed in Chapters 9 and 10.
There are no special requirements for brood ponds, although some farmers prefer brood ponds
that are somewhat smaller than ponds typically used for foodfish growout (which average 3 to
6 ha; 8 to 15 acres).
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FIGURE 6.2. Channel catfish male (left) and female (right) broodfish. Note the muscular large head of the
male catfish and the smaller, less muscularized head of the female channel catfish.

FIGURE 6.3. The genital papilla region of the female (left) and male (right) channel catfish. The female is slit-
shaped compared to the fleshy nipple appearance of the male.
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6.2.5 Broodfish care

Broodfish are selected and stocked at low standing crops (900 to 1,300 kg/ha; 800 to 1,200
pounds/acre) to provide good water quality and to prevent suppression of spawning by
overcrowding. Male to female ratio is generally maintained between 1:2 and 2:3. Broodfish
should be seined and inspected every year. Male mortality is greater than female, therefore
annual examination of broodfish will allow the necessary adjustment to the sex ratios. Broodfish
heavier than about 4 kg (ca. 8 to 9 pounds) are difficult to handle and should be replaced with
smaller broodfish. As channel catfish age, their reproductive efficiency declines. An increase of
1 kg (2.2 pounds) in body weight of male broodfish has been associated with a 15 to 21%
decrease in spawning success (Bondari et al. 1985). Females also produce fewer eggs per kg of
body weight as age increases. Fish over about 5 years of age should be replaced with younger
broodfish.

A common practice among many fingerling producers is to have broodfish holding ponds and
spawning ponds. This practice involves considerable work because broodfish are moved twice
each year (before and after the spawning season), but the practice makes efficient use of space
and appears to enhance overall reproductive success.

Spawning ponds should either be new ponds or newly renovated ponds. Ponds used to grow
fmgerlings the previous year can be used, but they should be thoroughly dried before use as
brood ponds. That is, as fmgerlings are sold in the winter and spring, the ponds are dried or
exposed to air for several months. A month or more before the spawning season begins, spawning
ponds are filled with water and broodfish from the holding pond are captured by seining,
examined, and placed into the newly filled ponds. The reason for using new ponds or ponds that
have been freshly filled is that old broodfish ponds tend to yield a higher percentage of spawns
with poor egg quality. Apparently, for unknown reasons, male broodfish in old ponds abandon
spawning containers too soon after spawning and do not provide adequate parental care to the
fertilized egg mass.

The stocking density in spawning ponds is usually maintained in the range of 900 to 1,300
kg/ha (800 to 1,200 pounds/acre). Near the end of the spawning season some producers place
"late-season" fry in spawning ponds with the broodfish. Broodfish remain in the spawning pond
until spawning ceases and are then captured by seining and moved back to the holding pond.
Broodfish that are not captured during the seining process apparently do not cannibalize
subsequently stocked fry. Once the spawning season has ended, broodfish are moved from the
spawning ponds into holding ponds. Standing crops in holding ponds are twice, or more, those
in spawning ponds, ranging between 2,000 and 3,000 kg/ha (ca. 1,800 to 2,600 pounds/acre).

6.2.6 Nutrition of broodfish

During gametogenesis, it is critical to provide broodfish with an ample food supply. Aspects of
reproduction that might be affected by nutritional status of the fish include the time of first
maturity, fecundity, egg size, and egg quality. Catfish that are underfed have demonstrated low
reproductive success and poor egg quality (Brauhn and McCraren 1975). Reproductive
performance in broodfish is much more important than growth rates, so the ideal broodfish diet
would be inexpensive and accentuate reproductive performance while contributing little to
somatic growth (weight gain).

Males are generally more aggressive than females when feeding and will consume the
majority of a limited food supply. In commercial settings, broodfish are usually fed the same feed
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as used for foodfish, although some producers prefer to feed a sinking pellet because broodfish
are often reluctant to feed at the surface. During the spawning season, feeding activity normally
diminishes in spawning ponds. See Chapter 12 (especially 12.5.2 and 12.5.3) for further infor-
mation on feeding practices for broodfish.

One aspect of feeds used for broodfish deserves special mention. Cottonseed meal is a high-
quality feedstuff commonly used in catfish feeds. Even though high levels of cottonseed meal
can be used in catfish feeds from a nutritional point of view, the maximum level of cottonseed
meal historically recommended for catfish feeds has been about 30% because cottonseed meal
contains gossypol, which inhibits spermatogenesis in mammals. However, Robinson and Tiersch
(1995) showed that indices of male reproductive capacity are not affected by cottonseed meal
inclusion up to 52% of the diet, which is considerably higher than levels that are economically
attractive in practical catfish diets. It is therefore unlikely that levels of cottonseed meal normally
included in catfish feeds will adversely affect reproduction.

Forage fish are often stocked in broodfish ponds as a simple way of ensuring that ample food
is consistently available during the gamete production period. The fathead minnow, Pimephales
promelas, golden shiner Notemigonus crysoleucas, and tilapia hybrids, Oreochromis species are
potential forage species for channel catfish broodstock (Avault 1971; Stickney 1979; Torrans and
Lowell 2001). Tilapia are non-native fish in the United States and their use is illegal in some
states. It is imperative that state regulations are checked regarding the use of this species.

6.2.7 Predators

Animal predators can cause major losses in broodfish ponds, but poachers may have a more
devastating effect on broodfish populations. Some farmers have reported complete losses in
ponds that have been frequented by poachers. Poachers may also rob egg masses from spawning
containers and sell them to other hatcheries. Fortunately, there are now laws that prohibit the
taking of aquaculture species from a culture facility. Previously, fish in ponds were considered
property of the state. Therefore, when poachers illegally obtained fish from an aquaculture
facility, the most the culturist could do was have the offender charged with trespassing. Today,
many states have a permitting system for aquaculture facilities. Once a facility obtains a permit
from the state, the fish become the property of the culturist. Poachers can now be arrested and
charged with livestock theft. Placing brood ponds close to the manager's residence or hiring a
night watchman can also deter potential thefts.

6.3 SPAWNING TECHNIQUES FOR COMMERCIAL PRODUCTION

In the late 1950s, when commercial channel catfish culture was just beginning, the predictability
of spawning was so low that the major impediment to establishment of the catfish industry was
the production of sufficient numbers of fingerlings (Swingle 1958). Research to improve feeds,
water quality management, and disease control resulted in the industry producing the nearly one
billion fingerlings currently used in the catfish industry (USDA 2000). However, even with all
of the advances made, the overall spawning rate remains low, with a current industry average of
approximately 30% (see Chapter 5). With very few exceptions, broodfish are spawned in ponds,
although pens, aquaria, and tanks have also been successfully used in research and small-scale
commercial settings.
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6.3.1 Sex ratio

Female channel catfish, although observed to spawn with more than one male, have only one
spawning a year. Once a female has released her eggs, she will not spawn again until the next
year. Males, however, can spawn several times during the year and can therefore mate with more
than one female catfish. Males generally have milt continuously available once they reach sexual
maturity, allowing them to mate with females that come into spawning condition later in the
season. Therefore, theoretically the number of offspring produced per number of broodfish can
be increased if there are more females than males in the spawning population. Bondari (1983)
found no difference in the number of spawns produced, spawn weight, egg weight, or hatching
traits when ponds were stocked with a male to female ratio of 1:1, 1:2, 1:3, or 1:4. However, at
the 1:4 ratio, females required 5 to 6 days longer to produce an egg mass.

The use of highly skewed sex ratios can be detrimental if the progeny are to be used as
broodstock in the future. Skewed sex ratios, as in the case of the 1:4 ratio given above, increase
the likelihood that individuals from a random mating will have a male parent in common.
Consequently, this also increases the probability of inbreeding (Tave 1993). Inbreeding increases
the homozygosity in the offspring of related parents, which is not necessarily bad, but almost all
organisms have deleterious recessive alleles that are generally not expressed in heterozygous
individuals. If the deleterious recessive alleles are expressed, this can result in abnormal or lethal
phenotypes. Since related individuals are more likely to have matching deleterious recessive
alleles, related individuals have a higher probability of having the deleterious alleles pairing and
being expressed (Tave 1993).

The probability of inbreeding is increased when a small breeding population is used. If fewer
than 200 broodfish are used as the breeding population and only the progeny become future
broodstock, then a 1:1 male to female ratio should be used to minimize inbreeding. Most com-
mercial catfish fingerling producers stock spawning ponds with male to female ratios of 1:2 or
2:3. Inbreeding is generally not a problem on large-scale commercial operations where large
numbers of broodfish are required to produce the desirable number of offspring. Small-scale
operations should, however, be aware of the potential for inbreeding and manage broodfish
populations accordingly.

6.3.2 Estimating broodfish requirements

Determining production goals is necessary to determine the number of broodfish that will be
required. Production goals for producers using fingerlings for their own use are based on the
expected number of fingerlings needed to replace fish that will be harvested and sold in the
following year plus fish lost to diseases and predators. However, if fingerlings are to be sold to
other producers, then the annual production goal is based on the number of fingerlings that must
be sold to achieve a certain income, but is limited by the available pond space.

The number of broodfish required to produce a specific number of fingerlings can be
estimated based on assumptions of egg production, survival of eggs to fry in the hatchery, and
survival of fry to fingerlings in the nursery. For example:

To produce 5 million fingerlings:

1) If 70% of swim-up fry stocked in ponds survive to become fingerlings, then (5,000,000
fry) ^ (0.70 fingerlings/fry) = 7,142,857 swim-up fry are needed.
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2) If survival in the hatchery from egg to swim-up fry is 80%, then (7,142,857 fry) •+• (0.8
fry/egg) = 8,928,571 eggs are required.

3) If 3,000 eggs are laid per pound of female body weight, then (8,928,571 eggs) - (3,000
eggs/pound of female) = 2,976 pounds of female broodfish are needed.

4) If an average of 30% of the female broodfish spawn, then (2,976 pounds of spawning
females) ^ (0.30 pounds spawning females/total pounds of females) = 9,920 total pounds
of female broodfish are needed.

5) If the female broodfish weigh, on average, 5 pounds each, then (9,920 pounds) •*- (5
pounds/fish) = 1,984 female fish are needed.

6) If the stocking ratio is two males to every three females, then (1,984 females) x (2
males/3 females) = 1,323 males are needed.

7) If the males weigh, on average 7 pounds each, then (1,323 fish) x (7 pounds/fish) =9,261
pounds of males are needed.

8) Total broodfish weight is 9,920 + 9,261 =19,181 pounds.

If the broodfish are stocked at 1,000 pounds/acre, approximately 24 acres of water would be
required. Broodfish ponds ranging from 5 to 20 acres are commonly used in the southeastern
United States, with more manageable ponds ranging from 5 to 10 acres. While all the broodfish
in the previous example could be stocked into one 20-acre pond, that would be extremely risky.
All of the broodfish and subsequent progeny could be lost if water quality deteriorates or a
disease outbreak occurs. Therefore, stocking broodfish into several ponds is recommended.

6.3.3 Pond spawning

The vast majority of channel catfish are spawned using the open-pond method. The open-pond
method requires minimal facilities and the least amount of skill by the culturist to obtain spawns
from broodfish. Large numbers offish can be spawned without the absolute necessity of checking
the sex of each fish or checking gonadal development, as is required with pen spawning or other
methods. Late maturing broodfish can continue to develop and spawn when ready. Although the
pond method has several advantages, it does not allow for certain genetic manipulations through
selective pairing.

In natural water bodies, catfish often spawn under logs or cavities hollowed out in
streambanks by the male. The open-pond method is a technique in which the broodfish are held
in ponds, provided with spawning containers (since natural spawning sites are lacking), and
allowed to select their mates and spawn naturally. Producers may leave broodfish in the brood
pond, but most transfer the broodfish to specially prepared spawning ponds in the spring. If
broodfish are transferred to the spawning pond, they should be inspected and all those in non-
spawning or poor condition are discarded.

Spawning ponds are generally 2 to 5 ha (5 tolO acres) and have a water depth of 0.5 to 1 m
(1.5 to 3 feet) around most of the margin of the pond. Predators that consume eggs or prey on the
larvae or small fish should be eliminated. Ponds are usually filled with well water because
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FIGURE 6.4. Plastic spawning cans used in channel catfish broodfish ponds.

good water quality and absence of wild fish promote successful spawning and good egg quality.
Herbicides that have been approved by the Food and Drug Administration (FDA) can be used if
a weed problem develops. Alternatively, weed problems can be prevented by stocking 60 tol 20
grass carp/ha (25 to 50/acre). The use of grass carp may be illegal in some states, therefore state
regulations should be checked prior to stocking grass carp into ponds.

Several days prior to the spawning season, spawning containers are placed in ponds, allowing
time for the males to clean and prepare the spawning containers. To circumvent early spawning,
containers should not be placed in the pond prior to water temperature reaching 25°C (75°F). A
variety of containers have been used as nesting sites for channel catfish. Milk or cream cans,
metal barrels, nail kegs, tile, ammunition cans, plastic buckets, and plastic containers made
specifically for spawning channel catfish have been successfully used (Fig. 6.4). Channel catfish
prefer certain types of containers when given the choice (Busch 1983; Steeby 1987). However,
if fish are not given a choice, spawning success is about the same regardless of the type of
spawning container (Busch 1983). In sum, spawning containers are satisfactory if they are
affordable, readily available, large enough to hold a pair of spawning broodfish, easily lifted and
handled by the culturist, and do not contain toxic compounds or pesticides.

Containers are placed along the pond bank with the open end of the container toward the
center of the pond. Containers are placed in 0.6 to 0.9 m (2 to 3 feet) of water at 0.3- to 0.9-m (1-
to 3-foot) intervals. Containers are marked with a stake or float for locating when checking for
egg masses. Because all fish do not spawn at the same time, it is not necessary to provide a
spawning container for every pair offish. The number of containers that are placed in the pond
depends on whether the egg mass will remain in the pond and receive paternal care or be
removed to the hatchery. If paternal care is provided, more containers need to be placed in the
pond because the time that each container is occupied increases. In ponds where cans are checked
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every 2 or 3 days and egg masses removed to the hatchery, a commonly used ratio of one
container for every ten spawning pairs has been successfully used. Containers can be moved to
deeper, cooler water as the water warms. Spawning activity usually ceases when morning
temperatures are above 30°C (86°F). As long as early morning dissolved oxygen levels around
the container do not drop below 4 mg/L, spawning is not limited by dissolved oxygen
concentration (Steeby 1987).

Once spawning begins, containers should be inspected every 3 or 4 days to determine if eggs
are present. Spawning occurs at night or early morning; therefore, checking the containers during
late morning is generally preferred, since it is less likely to interrupt spawning activity (Jensen
et al. 1983). Male catfish aggressively protect the egg mass and a culturist can be bitten if a hand
is inserted into the container to feel for an egg mass. Lifting the container carefully to the water
surface and tilting the opening slightly downward encourages the male to slide out. The interior
of the container is visually inspected and the egg mass located. Any flat object, such as a
carpenter's putty knife, spatula, or credit card, is a suitable tool to separate the adhered egg mass
from the spawning container. The egg mass is placed in a tub or insulated ice chest with water
and covered to prevent exposure of the eggs to direct sunlight. The temperature of the water used
for egg transport must not exceed 30°C (86°F) and the dissolved oxygen concentration must not
drop below 5 mg/L. The spawning container is replaced in the pond for reuse.

Several spawning containers can be inspected prior to transferring egg masses to a larger
transport unit or carrying eggs directly to the hatchery building. The period of time from taking
egg masses from containers to their placement in hatching troughs should not exceed 30 minutes,
unless the water containing the eggs is aerated and the temperature controlled. If eggs will be
transported a short distance (less than 15 minutes), 120 g of eggs per liter of water (ca. 1 pound
of eggs per gallon) can be used. If transport is longer than 15 minutes, then the amount of water
needs to be increased and aeration provided.

If spawning should cease due to declining water quality or unseasonably warm weather,
spawning can be resumed by draining one fourth to one half of the pond and replacing it with
cool, high-quality well water.

Ponds in which little or no spawning activity is occurring during the spawning season should
have the broodfish checked for parasites or disease. Feeding should always be continued. If
problems with water quality or disease cannot be identified as causing poor spawning success,
producers should consider moving the fish to a new pond. Moving reluctant spawners into newly
filled ponds or into existing brood ponds in which spawning has been successful and is nearly
complete may result in the commencement of spawning activity by the transferred fish.

6.4 SPAWNING TECHNIQUES FOR RESEARCH PURPOSES

6.4.1 Pen method

Pen spawning was a common practice among government hatcheries and a few commercial fish
producers in the 1960s. However, today it is generally limited to research facilities and facilities
wanting to improve genetic lines. The pen method has the advantage of making specific pairings.
However, this method is generally thought to be too time-consuming and impractical for the
large-scale producer of channel catfish fingerlings.

Generally pens used in the pen spawning method are about 4 m (ca. 12 feet) long by 2 m (ca.
6 feet) wide. Pens are usually constructed of a wooden frame covered with wire of a mesh size
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FIGURE 6.5. Spawning pens used in channel catfish culture.

that allows for water exchange, but not the escape of the fish (Fig. 6.5). Pens are placed along the
pond banks in about 0.6 m (ca. 2 feet) of water. The wire usually projects approximately 0.3 m
(ca. 1 foot) above the water surface to prevent escape of broodfish.

A spawning container is placed into each pen, usually in the middle, with the opening away
from the bank. Once spawning has occurred, eggs are removed as described for the pond method,
and either the female can be removed and replaced with another female, or the pair may be
replaced.

6.4.2 Aquarium spawning

The aquarium spawning method provides the greatest degree of control over spawning but is the
least desirable method for producing large quantities of fry. Consequently, this method is not
used by the commercial catfish industry, but used mainly when direct observation of spawning
activity is desired, such as in a teaching laboratory, when behavioral studies are being conducted,
or in production of hybrids when hand-stripping of eggs and artificial fertilization are necessary.

Nelson (1960) spawned channel catfish weighing between 0.9 and 1.1 kg (2 to 2.5 pounds)
in a 130-L (35 gallon) aquarium measuring 60 x 60 x 35 cm. Clemens and Sneed (1962) reported
that 38-L (10-gallon) aquaria were sufficient to spawning channel catfish up to 1 kg (2.2 pounds).
Aquaria used to spawn catfish should be large enough to permit maneuvering of the fish while
spawning. The aquaria should be supplied with running water to provide about 1 volume-turnover
per hour, and have a heavily weighted lid to prevent broodfish from jumping out.

It is important when using the aquarium spawning method that broodfish be sexually mature
and ready to spawn. Sexual maturity and spawning condition are based on secondary sexual
characteristics; that is, females have soft, well-rounded abdomens and red swollen genital areas
and males have muscular heads. Females are injected with hormones prior to being placed into
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the aquaria, whereas males are not. Injected females are placed into aquaria and maintained for
several hours before the male is introduced.

The most common used hormones are common carp pituitary extract (CPE), human chorionic
gonadotropin (HCG), or luteinizing hormone releasing hormone analog (LHRHa). Of the three
hormones, only HCG, sold under the trade name Chorulon® (Intervet, Millsboro, Delaware,
USA), is currently approved by the Food and Drug Administration (FDA) for use in foodfish and
the drug must be obtained through a veterinarian. Currently, regulations in the United States
prevent the use of CPE or LHRHa unless an Investigational New Animal Drug permit (INAD)
is obtained from the FDA.

Injection rates and methods vary depending on the spawning hormone used. Hormones can
be injected either intramuscularly, intraperitoneally, or intracranially. However, the common
industry practice is to inject the fish intraperitoneally at the base of the pelvic fin. Secondary
infections due to the injection can be prevented by incorporating 10,000 IU of penicillin into the
hormone dose.

Pituitary glands were the first gonadotropic substance used to spawn mature gravid fish that
would not spawn in captivity (Pickford and Atz 1957). Carp pituitary extract is composed of carp
pituitary glands and is available in powdered form and is the most common pituitary gland used.
Sneed and Clemens (1960) spawned female channel catfish injected with CPE at 13 mg/kg body
weight (6 mg/pound). They recommended administration of 4.4 mg CPE/kg (2 mg/pound) at 24-
hour intervals until ovulation occurs or up to 10 days. Spawning usually begins after three to four
injections. Bidwell et al. (1985) were able to spawn 90 to 100% of female catfish injected with
a priming dose of 2 mg CPE/kg (0.9 mg/pound) followed 12 hours later with a resolving dose of
9 mg/kg (4.1 mg/pound). Ovulation and spawning begins 40 to 60 hours after the initial injection.

Clemens and Sneed (1957) were also successful in spawning channel catfish when injecting
females with HCG at 1750 IU/kg (800 IU/pound). Subsequent studies using 1,100 IU/kg (500
IU/pound) in channel catfish have also proven effective (Dupree et al. 1965). The label dose for
Chorulon® is 1,100 IU/kg (500 IU/pound) body weight in fish for up to three injections.

Channel catfish females injected with a daily dose of 100 u.g/kg (45 (ig/pound) LHRHa
(Busch and Steeby 1990) begin to ovulate and spawn 4 to 6 days after the initial injection. The
dosage of LHRHa can be given as a single injection, or as a primer injection of 10 ug/kg (5
ug/pound) followed 12 hours later by a second injection of 100 ug/kg (45 ug/pound). Intracranial
injection using a tuberculin syringe was the preferred location when using LHRHa. As many as
20% of control or saline-injected fish spawned.

Irrespective of which hormone is used to induce spawning, if fish do not spawn 24 hours after
the first injection, the female should be injected again. If spawning does not occur after three to
five hormone injections, the female should be replaced since she is either not able or not ready
to spawn. Once spawning has occurred, broodfish are removed, the egg mass is removed and
placed in a hatching trough.

To date, the use of hormones to spawn channel catfish is seldom used in the commercial
catfish industry because adequate numbers of fingerlings can be obtained from natural spawns
in ponds. However, hormone spawning of catfish is important for the production of the hybrid
cross between the channel catfish female and the blue catfish male. These two species do not
readily mate with one another in nature, so production techniques to date have relied on hand-
stripping the females and removing the testis from a sacrificed male because milt cannot be
stripped from the male. Hormone injections are advantageous in this situation because they allow
the culturist to predict the time of ovulation in the female. Several females can be injected at one
time resulting in synchronized ovulation. This allows the culturist to obtain eggs from several
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females and to fertilize them using a convenient schedule. This method of producing hybrids is
very labor intensive and to date does not allow for the production of large numbers of offspring.
Further research is necessary in order to increase production numbers within a given spawning
season.

6.4.3 Out-of-season spawning

Another method used by researchers that is currently not widely employed in the commercial
catfish industry is the spawning of channel catfish during times of the year that they would not
normally spawn. This method allows researchers to have access to spawning fish more than once
a year. This increases the amount of data that can be obtained and decreases the time necessary
for research dealing with reproductive processes. This method is currently being used in Hawaii
to produce channel catfish for stocking. Year round temperatures in Hawaii do not permit
adequate natural reproduction for maintaining stocks of channel catfish in reservoirs and ponds.
However, the required period of cold-exposure for gametogenesis can be obtained by placing
broodfish in tanks equipped with water chillers. After an appropriate length of time, the water
is gradually warmed to the proper spawning temperature. Broodfish can then be provided
spawning containers and allowed to spawn naturally. Fingerlings are then stocked into reservoirs
and ponds.

Brauhn (1971) demonstrated delayed spawning of channel catfish by holding fish at cooler
temperatures; this allowed gametes to form at a slower rate than they would at normal spring
temperatures. Kelly and Kohler (1996) were the first to spawn channel catfish out of season by
manipulating temperature and photoperiod. Channel catfish were manipulated to spawn every
nine months. Fish were held at temperatures of 17°C (62°F) for 6 months, exposed to gradual
warming (1°C, or 1.8° F, every other day) and held at spawning temperatures for 3 months.
Spawning occurred in non-hormonally induced females as well as females injected with LHRHa
followed one week later by an injection of HCG. However, hormone-injected females laid fewer
eggs than non-injected females that spawned naturally either in-season or out-of-season.

6.5 NATURAL INCUBATION OF EGGS

Natural incubation of channel catfish eggs is accomplished by leaving the egg mass in the
spawning container and allowing the male to care for them. The spawning pond is also the
nursery pond for larval channel catfish. The male protects the eggs from predators and aerates
the egg mass by fanning with his fins. Natural incubation of the eggs has several disadvantages.
First, it is difficult for the producer to estimate the number of fry that are produced and
consequently, difficult to know the number of fingerlings available for stocking grow-out ponds.
Second, fry survival is generally low. Fry that are produced early in the season have a size
advantage over fry that hatch later in the spawning season. This size advantage increases as the
fish grow because larger fingerlings are more aggressive and may out-compete smaller fish for
food. Fingerlings from these ponds may vary from 5 to 20 cm (2 to 8 inches). Third, if broodfish
are not removed from the pond, cannibalism may become a problem, compounding the
uncertainty of the number of fingerlings available for grow-out ponds. Broodfish may also
transfer diseases to fingerlings. Therefore, if this management strategy is used, it is prudent to
remove broodfish from ponds once the spawning season has ended. Alternatively, the producer
can allow eggs to hatch in the containers and remove the yolk-sac fry. Yolk-sac fry stay within
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containers for 4 to 7 days after hatching, before scattering. Transferring yolk-sac fry to a specially
prepared fry pond allows the culturist to inventory the fry, prevents predation by broodfish, and
eliminates size difference problems with earlier produced fry.
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7.1 INTRODUCTION

A constant and reliable source of fingerlings is required for a successful aquaculture industry and
profitable farm operation. The earliest method used to obtain catfish fingerlings relied on stocking
large, wild-caught fish into ponds and allowing them to randomly mate and spawn naturally. Eggs
incubated and hatched in the pond, and the resulting fingerlings were removed to stock other
ponds. The number of fish and their size was highly variable using this scheme. As the market
for farm-raised catfish expanded this approach was phased out in favor of more reliable methods.
In 2003, producers from the four maj or catfish-producing states of Alabama, Arkansas, Louisiana
and Mississippi had 1.5 billion fingerlings and fry in inventory on 1 July of that year (USDA
2003).

7.2 FACILITIES

Estimating hatchery size and equipment requirements can be difficult. The major factors
influencing design plans are the number and size of broodstock on hand and the anticipated
spawning rate of those broodstock. Moore and Waldrop (1994) estimated facility requirements
for three sizes of hatchery firms by assuming that 70% of the season's spawn would occur over
a 40-day period. Planning for this peak spawning period is critical because hatching and fry
rearing capacities are finite. Overcrowding a system with eggs and fry consistently leads to severe
losses.
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FIGURE 7.1. A series of hatchery troughs used for egg incubation and fry rearing.

Most hatchery buildings are of metal construction with sprayed-on insulation. In addition to
the hatchery, buildings often have an office, laboratory, bathroom, and storage room. Loading and
unloading of eggs and fry are easier if a vehicle can be driven into or through the hatchery. Floors
are usually concrete and sloped toward a recessed, grated drain. Adequate fluorescent lighting
should be provided for the area containing the hatching and rearing troughs. Polyvinylchloride
(PVC) pipe should be used for plumbing due to its durability, ease of installation, and nontoxic
nature.

The rectangular tanks used in commercial catfish hatcheries are referred to as "troughs." The
typical trough used for incubation of egg masses or rearing of fry is 2.4 to 3.0 m (8 to 10 feet)
long, 46 to 61 cm (18 to 24 inches) wide, and 25 to 30 cm (10 to 12 inches) deep, and holds 380
to 450 L (ca. 100 to 120 gallons). Troughs are constructed of fiberglass, aluminum, or painted
steel and are supported by metal or wood stands (Fig. 7.1). A standpipe about 25 cm (10 inches)
in height controls water depth. A minimum aisle width of 80 cm (ca. 30 inches) between troughs
is recommended for adequate working space.

Incubation or hatching troughs are typically equipped with an electric motor that operates a
series of slowly rotating paddles extending the full length of the trough. The motion created by
these paddles aerates the water and causes oxygen-rich water to flow through the egg masses. Egg
masses are suspended in the water column in baskets constructed of 0.6-cm (0.25-inch) PVC-
coated hardware cloth. A typical 2.4-m (8-foot) trough can hold 6 to 8 egg baskets (Fig. 7.2).
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FIGURE 7.2. PVC-coated wire baskets used for catfish egg incubation.

Two rearing troughs are typically provided for each hatching trough because fry require more
space for good growth. Aeration is supplied to rearing troughs by either screened, plate agitators
or forced-air systems. Forced-air systems are becoming more common due to reduced noise and
ease of maintenance (Carmichael et al. 1994). A variety of specialized equipment has been
developed to improve production. Calcium injection systems are used to compensate for calcium
deficiencies in soft water. An auxiliary generator is needed to provide emergency electricity in
the event of a primary electrical failure. An electrical failure exceeding 15 minutes may result in
nearly complete loss of eggs and fry. Platform scales are needed to weigh fry before stocking
ponds. Aeration towers add dissolved oxygen to influent water while removing other gases.

7.3 WATER SUPPLIES

Water sources for hatcheries include groundwaters from aquifers lying at different depths and
various surface water supplies. Before the hatchery is built, the manager should become familiar
with the quality and availability of potential water supplies and then assess each source relative
to the desired water quality and flow requirements. Perhaps the best indicator of the suitability
of a particular water is the success of nearby hatcheries using the same water. If poor water
quality or restricted availability at other hatcheries are causing problems, then alternative water
sources should be considered. The following summarizes Tucker (1991), who reviewed the water
quantity and quality requirements for channel catfish hatcheries.

7.3.1 Sources

Groundwater generally is considered the best source of water for catfish hatcheries. Ground-
waters are usually free of suspended matter, pollutants, fish, and fish disease organisms.
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Temperature and chemical composition are relatively constant, and, in regions with abundant
groundwater, the supply is dependable. The chemical composition and well output for some
groundwater supplies may be obtained from well logs for existing nearby wells. Alternatively,
a test well can be drilled to assess the source. Some groundwaters may have to be treated to make
them suitable for use. Depending upon characteristics of the particular water, treatments may
include aeration, degassing, temperature regulation, sedimentation and filtration to remove iron,
and addition of calcium.

Surface water supplies include streams and rivers, ponds, lakes, and reservoirs. Unpolluted
surface water offers several advantages over groundwater as a hatchery water supply. For
example, dissolved oxygen concentrations tend to be near saturation; dissolved carbon dioxide
and hydrogen sulfide concentrations are usually low; total supersaturation is seldom a problem;
and iron concentrations are usually very low. Nevertheless, all surface water supplies suffer the
disadvantages of variable quality and quantity and exposure to sources of pollution, turbidity, fish,
fish disease organisms, and water-borne predators. For these reasons, any surface water should
be carefully evaluated before use as a hatchery supply and water should pass through some type
of filtration system before use.

7.3.2 Quantity

The success of a hatchery will suffer if insufficient water is available, even if initial water quality
is very good. Low water flow rates through hatching and rearing troughs allow waste products
to accumulate, which may quickly degrade water quality. Experience has indicated that minimum
water turnover time (defined here as trough volume divided by water flow) in hatching and
rearing troughs should be about 40 minutes. Thus for a single 380-L (100-gallon) trough, water
flow should be a minimum of 9.5 L/minute (2.5 gallons/minute). Larger troughs require
proportionately higher flow rates and higher flows are also needed when egg or fry densities are
higher than usual. Over a 10-to 12-week spawning season, each set of three, 380-L (100-gallon)
troughs—one for eggs, two for fry—could be expected to produce roughly 1 to 1.5 million fry
and, based on the minimum flow requirements above, would require a minimum flow of 28.4
L/minute (7.5 gallons/minute). A hatchery capable of producing about 10 million fry per
spawning season will typically contain 21 to 30 troughs and require a minimum water flow to the
hatchery of 190 to 285 L/minute (50 to 75 gallons/minute). Again, these calculations are based
on minimum flows. It is good practice to use at least twice those flow rates (turnover times of 20
minutes) to ensure against deterioration of water quality within hatcheries. Additional water flow
is particularly important during the peak of the spawning season when the number of spawns
arriving at the hatchery and the number of fry being reared temporarily exceeds the planned
hatchery capacity. Thus, as a rough guide, a hatchery expected to produce 10 million fry per
season should be supplied with roughly 380 to 570 L/minute (100 to 150 gallons/minute).

7.3.3 Quality

Some of the more important water quality requirements for hatchery water supplies are discussed
in the following sections. Aside from these specific requirements, the water should also be free
of pesticides, solvents, petroleum products, and other pollutants; free offish disease organisms;
and of relatively constant quality and availability.
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Temperature

The optimum temperature range for development of eggs and rearing of fry is 25.5 to 27. 5°C (78
to 82°F). If the temperature is too low, hatching and development are prolonged, and fungi, which
thrive in cool waters, often invade the egg mass. At higher water temperatures, embryos develop
too fast and there may be a high incidence of malformed or nonviable fry. Also, bacterial diseases
of eggs or fry and channel catfish virus disease of fry become more common as water temperature
increases above 27.5°C (82°F). The temperature of the water supply should be near 26°C (ca.
79°F) before it enters the hatchery. Ground water from deep wells (300 to 450 m deep; ca. 1,000
to 1,500 feet deep) is warmed by the internal heat of the earth and may be suitable for use in
channel catfish hatcheries without temperature modification. Water from shallow wells (less than
250 m; ca. 800 feet) and some surface waters are too cool and need to be heated.

Cool groundwaters can be impounded in a small reservoir pond where solar heating will raise
the temperature. Nevertheless, water temperatures in the reservoir pond and in most other surface
waters will vary with local weather conditions and may be too cool for use early in the spawning
season. An in-line water heater can be used to ensure a minimum temperature in the inlet water.
The opposite condition may be encountered late in the spawning season when surface waters
become too warm for use in hatcheries. The best method of reducing water temperature is to mix
the water that is too warm with cooler water (such as water from a shallow well) to achieve the
correct temperature.

Dissolved oxygen

Adequate dissolved oxygen is critical in hatcheries because eggs and fry have high metabolic rates
and thus a high requirement for oxygen. Dissolved oxygen concentrations should not fall below
4 to 5 mg/L at any time within the hatchery. Proper management of dissolved oxygen involves
two distinct considerations: 1) ensuring that the water is oxygenated before use and 2) providing
adequate aeration in hatching and rearing units to maintain optimal levels of dissolved oxygen
throughout the hatchery.

Waters deficient in dissolved oxygen should be aerated before use. Pre-aeration not only
ensures adequate initial levels of dissolved oxygen, but also benefits waters supersaturated with
dissolved gases by partially degassing some of the gases and by removing some carbon dioxide
and hydrogen sulfide. The two most common systems for pre-aerating water supplies for catfish
hatcheries are packed-column aerators and aeration of water in an aeration tank. Properly
designed packed columns are highly effective aerators and relatively inexpensive to operate (Fig.
7.3). They are also good degassing devices for waters supersaturated with total dissolved gases.

As an alternative to packed columns, influent water may be pumped into a metal or fiberglass
tank and oxygenated with surface aerators or underwater diffusers. In such a system considerable
initial aeration can be accomplished by running the influent water onto a splashboard or through
an expanded metal grate to break the flow into small drops. The aeration tank should be large
enough to provide adequate water residence time for aeration, but the appropriate tank volume
will depend upon the type and size of aerator used.

Some type of aeration device must be provided for each trough to replenish dissolved oxygen
consumed as eggs or fry respire. Most hatcheries in northwestern Mississippi use either rotating
paddles or forced air diffusers in the egg hatching troughs. Forced air diffusers have replaced
surface agitators as the primary aeration source in fry rearing troughs. If surface aerators are
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FIGURE 7.3. An elevated, packed-column aerator used to oxygenate the water supply for a hatchery.

used, a common practice is to provide one 0.037-kW (1/20-horsepower) surface agitator per 380-
L (100-gallon) fry rearing trough. The agitators should be covered with small-mesh screening to
prevent injury to fry. Water circulation, in addition to adequate dissolved oxygen, is important
in egg hatching troughs because oxygenated water must flow around and through the egg mass
to ensure that all eggs receive sufficient dissolved oxygen. A common sign of inadequate water
circulation in hatching troughs is the presence of dead eggs in the center of the egg mass. Those
areas may serve as foci for fungal or bacterial infection. Rotating paddles or forced air diffusers
in egg hatching troughs serve both to aerate and circulate the water through the egg mass.
Airflows and the size and placement of diffusers must be determined through experience.

Carbon dioxide

High levels of dissolved carbon dioxide can reduce egg and fry survival. Ideally, water supplies
for catfish hatcheries should not contain measurable levels of dissolved carbon dioxide, but
concentrations up to at least 10 mg/L seem to be well tolerated, provided that dissolved oxygen
concentrations are adequate. Some groundwaters may contain in excess of 20 mg/L dissolved
carbon dioxide and should be vigorously aerated to drive off some of the gas.
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Total gas pressure

Total gas pressure is a measure of the "concentration" of all gases dissolved in water. It is usually
expressed as AP, which is the total gas pressure in water (usually expressed in millimeters of
mercury, mm Hg) compared to local barometric pressure. When total gas pressure in water
exceeds local barometric pressure, water is supersaturated and gas will tend to leave the water by
diffusion or by forming bubbles. Gas bubble trauma (also called gas bubble disease) may occur
in fish living in gas-supersaturated water when gases in the blood or tissues come out of solution
and form bubbles. The bubbles can block blood flow or damage tissues.

The degree of gas saturation in water can be measured with instruments called saturometers.
Saturometers are not commonly available to catfish hatchery managers, but supersaturated
conditions can sometimes be diagnosed by the formation of bubbles on the surface of tanks or the
milky appearance of water as gases come out of solution, forming swarms of minute bubbles.
Quite often, however, the first indication of supersaturated conditions is death of fry.

Channel catfish eggs are somewhat resistant to high AP because the naturally high pressure
within the eggs helps prevent bubble formation. Eggs appear to withstand AP values at least as
high as about 100 mm Hg with no adverse effects. Although individual eggs are somewhat
resistant to gas bubble trauma, gas supersaturation can indirectly affect egg survival when bubbles
form on and in the egg mass, causing it to float high in the hatching basket. The top of the egg
mass may then be above water and will tend to dry out. This problem can occur at AP values as
low as 25 mm Hg. Dislodging the bubbles by shaking and rotating the mass will temporarily
alleviate the problem, although decreasing the AP of the water is the best solution.

Clinical signs of gas bubble trauma in catfish fry include loss of equilibrium, abnormal
swimming, and gas bubbles in the yolk sac, behind the eyes, or on the skin. The bubbles prevent
normal swimming and feeding, and fry may become trapped at the surface, often up-side-down.
In severe cases, newly hatched fry rapidly die as blood flow is restricted or the yolk sac ruptures.
Gas bubble trauma may occur in fry when AP exceeds about 70 to 80 mm Hg. To be safe, AP
should not exceed about 40 mm Hg in channel catfish hatcheries.

Gas supersaturation can be caused by a variety of natural and manmade conditions. Many
groundwaters and some surface waters are naturally supersaturated, but the most common cause
of supersaturation in catfish hatcheries is entrainment of air from a leak in the pipes on the suction
side of a water pump. Some of the gases in the entrained air are driven into solution as the water
is pressurized as it moves through the pump. In those situations, it is often possible to hear air
bubbles moving through elbows and valves in the delivery system. Heating water can also cause
considerable increases in AP unless the water is degassed after heating. The increase in AP
attributable to heating can be substantial: if water is heated from 20 to 26°C (68 to 79°F), AP
increases by more than 60 mm Hg.

Pre-aeration of the influent water is commonly used to reduce supersaturation to tolerable
levels but other types of systems providing vigorous aeration may be used. Be aware, however,
that underwater diffused aeration (air bubbled through airstones) is relatively inefficient at
degassing waters and, in some systems, may actually cause supersaturation. If supersaturation is
caused by air leaks in the water supply line, the first action is to locate and repair the problem.

Packed-column aerators are particularly effective at degassing supersaturated waters (Fig.
7.3). A packed column consists of a vertical container filled with packing medium. Water to be
treated enters the top of the column and breaks up into a thin film that flows down through the
packing medium. Exposing the water to the atmosphere allows excess gases to be released.
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Column height, column diameter, size of the medium, and blower size are critical design
components of a packed-column aerator. Hargreaves and Tucker (1999) provide the criteria for
design and construction of degassing units in catfish hatcheries.

Salinity

Salinity is the total concentration of all ions in water. The major ions contributing to salinity in
most waters are calcium, magnesium, sodium, potassium, bicarbonate, chloride, and sulfate. The
absolute and relative concentrations of these ions vary greatly among different waters. Salinity
may be expressed as milligrams per liter (or its equivalent, parts per million or ppm) or, for waters
of moderate to high salinity, as grams of solute per kilogram of solution, which is equivalent to
parts per thousand (ppt).

Each species of aquatic animal has an optimum range of salinity for reproduction and growth;
outside that range, performance is diminished and survival may be poor. Fortunately, channel
catfish can breed and reproduce over a wide range of salinities. Eggs can hatch and fry will
develop in waters with salinities up to at least 8 ppt but the optimum salinity for channel catfish
hatchery supplies appears to be between 0.5 and 3 ppt (500 to 3,000 mg/L). Water supplies should
be selected to provide water of the proper salinity without treatment since it is impractical to
make significant adjustments to salinity by adding or removing salts.

Hardness and Calcium

Total hardness refers to the concentration of divalent cations (primarily calcium and magnesium)
in a water source and is expressed as mg/L of equivalent CaCO3. Total hardness is an aggregate
property and cannot be precisely interpreted in relation to an animal' s physiological requirements
because, in general, calcium is of greater importance than magnesium in catfish hatchery water
supplies. In this regard, it is more appropriate to speak of desired calcium levels rather than
desired levels of hardness. Adequate concentrations of environmental calcium are required for
"hardening" of eggs and for normal bone and tissue development of fry. Symptoms of
environmental calcium deficiency include swelling and poor hatchability of eggs and slow
development, lack of vigor, poor stress resistance, spinal deformities, and low survival of sac fry
(Tucker and Steeby 1993).

A minimum of 2 mg/L calcium (5 mg/L calcium hardness as CaCO3) is required for adequate
egg hatchability and for development and vigor of sac fry. However, higher calcium
concentrations (in excess of 5 mg Ca/L) are desirable because calcium also protects fry from
ammonia and metal toxicosis. In general, hatchery water supplies should contain at least 8 mg
Ca/L (20 mg/L calcium hardness as CaCO3).

Calcium deficiencies occur in many groundwaters and some surface waters. A simple analysis
will indicate whether adequate calcium is present. Calcium levels can be increased by adding a
concentrated solution of calcium chloride to the water supply to achieve the desired calcium
concentration (Weirich 1993). The calcium solution can be added by chemical metering pumps
or by using an inexpensive "drip system" where a concentrated solution of calcium chloride is
slowly dripped into the pre-aeration system. If two or more lines of troughs are in operation, the
concentrated calcium solution should be well mixed with the incoming water so each group of
troughs receives adequate calcium chloride.
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Alkalinity

Alkalinity is a measure of the capacity of water to neutralize acids. In most natural waters, the
predominant bases are bicarbonate and carbonate. Alkalinity is expressed as mg/L equivalent
CaCO3. Catfish eggs and fry thrive in waters with a wide range of alkalinity, although waters of
very low alkalinity (<10 mg/L as CaCO3) should be avoided. These waters are poorly buffered
and pH can fluctuate drastically. More importantly, dissolved metals such as copper and zinc are
very toxic to fry in waters of low alkalinity. Copper and zinc can leach from pipes used to plumb
the hatchery water distribution system. If possible, use PVC pipe throughout the hatchery to avoid
this problem.

pH

The pH of most fresh waters is a function of total alkalinity and dissolved carbon dioxide
concentration. Generally, if levels of those two variables are within the desired range, pH will be
between 7.0 and 8.5, which is the desired pH range for incubating eggs and rearing fry.

Ammonia

Un-ionized ammonia is quite toxic to channel catfish sac fry and early swim-up fry. Growth and
development of sac fry and 7- to 14-day-old swim-up fry are affected by exposure to as little as
0.14 mg/L NH3-N (Bader and Grizzle 1992). Death may occur at only slightly higher exposures:
the 96-hour LC01 (the concentration that kills 1% of the test population after 96 hours of
exposure) is about 0.2 mg/L NH3-N for sac fry and swim-up fry (Bader and Grizzle 1992).
Removing ammonia from water supplies is difficult, so waters with appreciable ammonia should
not be used to supply catfish hatcheries. Ammonia is a product offish metabolism, and ammonia
production can be significant when high densities of fry are held in rearing troughs. Ammonia
levels in rearing troughs can be decreased by either decreasing fry density or increasing water
flow through the troughs.

Iron

Most surface waters contain very low concentrations of iron. Some anoxic ground waters may,
however, contain appreciable levels of dissolved ferrous (Fe2+) iron. When the water is aerated
the iron is oxidized to rust-colored precipitates of ferric hydroxide. Dissolved ferrous iron is
considered to be of relatively low toxicity to most aquatic organisms, and solid ferric hydroxide
is, for all practical purposes, non-toxic. However, solid ferric hydroxide may coat the gills of fry
and interfere with respiration. Dense precipitates of solid ferric hydroxide also may cover eggs,
hindering gas exchange and suffocating the eggs. These precipitates may also coat the walls of
hatching and rearing troughs, creating problems with hatchery sanitation. Practical experience (J.
A. Steeby, unpublished data) indicates that total iron concentrations should be less than about 0.5
mg/L for hatchery water supplies.

Removing iron from water supplies can be difficult, and consists of two distinct processes.
First, the dissolved ferrous iron in the water supply must be oxidized to solid ferric hydroxide,
some of which can then be removed by gravity settling or by filtration. The simplest system is to
pump the water into a small reservoir pond (0.2 to 0.4 ha; ca. 0.5 to 1 acre) where the dissolved
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iron is oxidized and some of the solid ferric hydroxide settles out. Some of the remaining
precipitate can be removed using sand filters. An alternate method is to oxidize the iron by
vigorously aerating the water in a tank or chamber prior to sand filtration. It is nearly impossible
to remove all the iron from water supplies without resorting to extraordinary measures because
particles of solid ferric hydroxide are small and cannot be completely removed by common sand
filters.

Suspended solids

Suspended solids that can enter the hatchery include chemical precipitates (such as ferric
hydroxide, above), flocculated organic matter, living or dead planktonic organisms, and
sediments. This is frequently a problem when using surface waters or well water that has been
stored temporarily in a reservoir pond. Some wells may also produce appreciable amounts of silt,
especially in the first few months after the well is commissioned. Problems caused by suspended
solids are similar to those discussed above for solid ferric hydroxide—the solids may settle onto
eggs, impair fry respiration, and pose a general sanitation problem. Solids can be removed with
sand filters, although it may be more effective in the long term to identify and treat the source of
solids in the water supply.

Hydrogen sulfide

Hydrogen sulfide gives water a "rotten-egg" odor and is very toxic to channel catfish fry. Sac-fry
will be killed when exposed to as little as 0.005 mg/L hydrogen sulfide. If the use of waters
containing appreciable hydrogen sulfide cannot be avoided, vigorous aeration will remove some
hydrogen sulfide by volatilization and by oxidation of the sulfide to sulfate, which is nontoxic.
Reservoir ponds, degassing columns, or aeration tanks can be effective in removing hydrogen
sulfide.

7.4 EGG COLLECTION, INCUBATION, AND DISEASE CONTROL

7.4.1 Collection

Catfish spawning may begin as early as April in the Southeastern United States, with larger and
older fish usually spawning first. Most spawning occurs at water temperatures between 21 and
29°C (ca. 70 and 85°F). The onset of sudden cool weather can, however, interrupt spawning and
encourage fungal infestations on egg masses. To avoid problems with unanticipated drops in
water temperature, water temperatures should remain above 21°C (70°F) for three consecutive
nights before spawning containers are placed into brood ponds. Also, spawning containers should
not be placed into brood ponds before the hatchery is completely ready to accept egg masses.

Small et al. (2001) found that the developmental stage of embryos at the time an egg mass is
collected does not affect hatching success. However, if eggs hatch in the spawning container,
newly hatched fry may be difficult to remove without loss. Also, if the egg mass remains in the
spawning container too long, eggs may be at increased risk of infection by fungi (in cool water)
or bacteria (in warm water). As such, spawning containers should be inspected for the presence
of spawns at intervals designed to avoid prolonged incubation in the brood pond yet not so
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FIGURE 7.4. A plastic basket lined with fine-mesh netting used to collect egg masses.

frequent that spawning activities are interrupted. Early in the spawning season, eggs take longer
to develop because of cooler water temperatures and spawning containers can be checked at 3 -day
intervals. As the spawning season progresses and water temperatures increase, the time between
spawning and hatching becomes shorter, and containers should be checked every other day.

Spawning is initiated by the male, who chooses a container and cleans the inside of debris and
sediment. The gravid female is attracted to the container and mating begins. Spawning occurs
over a period of several hours as several layers of adhesive eggs are deposited. Once spawning
is complete, the male chases the female from the nest and guards the egg mass. The eggs are
about 4.5 mm in diameter and initially are light yellow, becoming brownish yellow with age

Containers are checked for the presence of egg masses by gently lifting the container to the
surface and carefully draining the water. If the male remains in the container, he is allowed to
swim out before the eggs are retrieved. The decision concerning time of day to check spawning
containers is based primarily on labor availability and the logistics of hatchery operation.
Although no definitive studies on the timing of the spawning have been conducted, researchers
observing the process in tanks or pens report that spawning activity peaks between midnight and
dawn. By delaying egg collection until mid-morning, eggs are allowed to water-harden and the
chance of interrupting the spawning process is minimized. Nevertheless, personnel on large
hatcheries may have to begin egg collection earlier in order to check all containers in a day' s time.

Adhered egg masses are detached from the bottom of the spawning container either by hand
or by a wide-blade putty knife tethered to the collector's wrist. The egg masses are placed in
plastic, commercial fish baskets lined with knot-less, 0.64-cm (0.25-inch) mesh netting (Fig. 7.4).
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The lined basket can be made buoyant by placing a lightly inflated inner tube under the rim of the
basket. This allows a constant flow of water through the basket and a slight movement of the egg
masses as the culturist moves from container to container in the pond. The liner inside the basket
allows the egg masses to be lifted from the basket and placed in transport containers without
handling. When tubs or coolers (rather than baskets) are used to collect egg masses, the water
inside the container should be exchanged with fresh pond water every 10 minutes to maintain
adequate dissolved oxygen levels. Only 10 to 15 egg masses should be placed in the lined basket,
tub, or cooler at any one time before being moved directly to the hatchery or being placed in a
transport tank. Prolonged exposure of the egg masses to direct sunlight should also be avoided.
Dissolved oxygen should be maintained near 5 mg/L with intermittent motion to circulate water
around the eggs.

The importance of proper egg handling was demonstrated by Small et al. (2001). They left
egg masses in spawning containers at pond side for up to 1 hour at air temperatures near 30°C (ca.
85°F). One-third of each egg mass was then removed to the hatchery at 0, 30, and 60 minutes.
Water temperatures inside the spawning containers increased 1.4°C (2.5°F) and dissolved oxygen
decreased by 2 mg/L in 1 hour. Hatching success decreased 10 to 30% for eggs left at pond side
for 1 hour.

If egg masses must be held for more than 30 minutes at pond side, a large, insulated cooler
should be used that is equipped with a small submersible pump to recirculate water aerated with
a simple pure-oxygen, diffused aeration system (Steeby 2000). A 95-L (100-quart) cooler
modified in this matter can maintain 11 to 14 kg (ca. 25 to 30 pounds) of egg masses (20 to 40
spawns) for several hours and can also serve as a transport container.

Large transport containers such as 750-L (ca. 200-gallon) fry transport tanks should have pure
oxygen supplied by a centerline of diffuser stones or porous pipe running the length of the tank.
The tank is usually moved to the hatchery as soon as 50 to 75 egg masses have been collected.
A small submersible 12-V pump rated at about 3,800 L/hour (1,000 gallons/hour) can be used to
increase permissible loading rates. Filling the transport tank with water from the broodstock pond
will prevent temperature shock to the eggs. Transport tanks are not insulated and will therefore
heat rapidly if allowed to stand in full sunlight. For longer transport times, egg masses should be
placed in soft mesh bags and suspended off the bottom to provide adequate water circulation and
to prevent physical damage to the eggs.

Egg masses brought into the hatchery in poor condition will result in decreased hatching
percentage, lower fry survival, and a higher incidence of fry deformities. Dead eggs can become
foci for infection by bacteria or fungi as soon as treatment with therapeutants is discontinued,
usually about the time some eggs begin to hatch. Dead eggs will fall through the hatching baskets
and come in contact with recently hatched fry, causing large losses.

7.4.2 Incubation

On arrival at the hatchery, egg masses should be tempered by flushing hatchery water through the
transport container at a rate that will replace about half the water in the transport container in 15
to 20 minutes. Once tempered, egg masses should be placed directly in egg baskets suspended in
the incubation troughs and disease-prevention treatments initiated (see Section 7.4.3). It is better
to apply the initial therapeutic treatment to eggs in the incubation troughs rather than in the
transport container because dissolved oxygen concentrations and other aspects of water quality
are better in the trough than in the transport container.
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TABLE 7.1. Estimated age of channel catfish eggs at various stages of development in water of 2S.5°C (78°F).
For every 1CC above or below 25.5°C (ca. 2°F above or below 78°F) add or subtract 1 day, respectively
(Clemens and Sneed 1957).

Egg appearance
No pulsation
Pulsating motion
Bloody streak
Blood throughout egg
Eyes visible
Eyes visible, embryo turns inside shell
Complete embryo visible, no bloody streak
Hatching begins

Estimated age
Less than 24 hours
1 to 2 days
2 to 3 days
3 to 4 days
4 to 5 days
5 to 6 days
6 to 7 days
7 to 8 days

Estimated time to hatch
7 to 8 days
6 to 7 days
5 to 6 days
4 to 5 days
3 to 4 days
2 to 3 days
1 to 2 days
0 to 1 day

The color of the egg mass is an important indicator of the condition and stage of development
of channel catfish eggs (Table 7.1). During normal development, the egg mass changes from
yellow to brownish-red as the embryo develops. Unfertilized or dead eggs turn white and enlarge.
The rate of embryo development varies with water temperature. Small and Bates (2001) noted
that the time from fertilization to completion of hatch was 6.25 days when incubated at 26°C
(79°F), 9.75 days at 21°C (70°F), and 21.5 days at 16°C (61°F). The equation describing the
relationship between incubation temperature (between 16 and 26°C) and time-to-hatch was

y = 4.765+ 806.7e02422>i (7.1)

where y = time between fertilization and completion of hatch and x = incubation temperature in
degrees Celsius.

The ideal incubation temperature is in the range 25.5 to 27.5°C (78 to 82°F). Above 30°C
(86°F), embryos develop but fry may be deformed and are at risk to bacterial infection. At
temperatures below 21°C (70°F), the slowly developing eggs are prone to fungal infection.

Egg masses should not be crowded to the point of overlapping each other in hatching baskets.
Large egg masses can be divided into two or three smaller pieces to ensure adequate oxygenation
of eggs in the center of the mass. Egg masses of dissimilar age should not be placed into the same
incubation troughs because mixing spawns of different ages may interfere with certain disease
treatments and can result in fry of different ages being stocked into the same nursery pond.

There is a considerable variation in the literature concerning the number of channel catfish
eggs per weight of egg mass. Martin (1967) and Sneed (1975) reported egg numbers ranging from
15,900 to 25,000 eggs per kg of egg mass (7,200 to 11,350 eggs per pound). Walser and Phelps
(1993) found the mean number of eggs per egg mass weight ranged from 11,012 to 42,045
eggs/kg (ca. 5,000 to 20,000 eggs/pound) for egg masses collected at 2- to 3-day intervals, with
younger egg masses having fewer eggs per unit weight. Wolters (2001) reported a mean of 36,233
eggs/kg (16,432 eggs/pound) for 239 spawns from the NWAC 103 line of channel catfish. Most
hatchery managers use a figure of 22,000 to 24,250 eggs/kg (10,000 to 11,000 eggs/pound) for
stocking incubation troughs. Although a 2.4-m (8-foot) hatching trough can hold about 14 kg (30
pounds) of egg masses (approximately 300,000 eggs) during crowded conditions, most managers
prefer to incubate 7 to 9 kg (ca. 15 to 20 pounds) of egg masses per trough. Industry averages for
egg hatching success is estimated to be around 60% (Wolters 2001).
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FIGURE 7.5. Forced-air aeration of water in a fry-rearing trough.

Aeration and movement of the egg masses has traditionally been accomplished using rotating
paddles (Clapp 1929). A series of agitation paddles are attached to a steel shaft that is supported
by bearings and extends the full length of the trough. An electric motor with a gear reduction
attachment or direct drive is configured to develop a shaft speed of 25 to 0 rpm. This motion
causes oxygen-rich water to flow through the egg masses. Paddles are spaced to allow the
hatching baskets to fit between adjacent paddles. Paddles should reach about halfway to the
bottom of the trough and should extend 2.5 to 5 cm (ca. 1 to 2 inches) below the bottom of the
baskets. A 10-cm (ca. 4-inch) wide, double paddle made of thin galvanized metal or high-density
polyethylene allows the operator to adjust the pitch and depth of the paddle for best movement
of the egg mass. The agitation should be sufficient to move the whole spawn, but not enough to
force eggs out of the basket.

Carmichael et al. (1994) found that a forced-air method was inexpensive, safe, quiet, and as
effective as paddle-type aeration. A regenerative blower located outside the hatchery area
provides forced air to the incubation troughs through PVC pipe and nipple outlets (Fig. 7.5).
Plastic tubing with flow regulators supplies air to ceramic airstones placed beside individual egg
baskets. The cost of converting from a traditional paddle-type configuration to a forced-air system
can be recovered in two to four operating seasons (Lutz and Tiersch 1995). Although forced-air
systems are now routinely used in fry rearing troughs, most commercial hatchery operators still
prefer to use agitation paddles in hatching troughs.

As the eggs hatch, sac fry pass through the baskets and settle to the bottom of the trough
forming a tight cluster. Some fry maybe lost if too much turbulence or excessive water flow
prevents sac fry from remaining on the bottom of the trough. Sac fry can be left in the hatching
trough for one to two days and then moved to rearing troughs for further development. The sac
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fry are siphoned from the hatching trough into a transfer bucket using a 1.3-cm (0.5-inch) clear
plastic hose. Newly hatched sac fry are much easier to siphon than older fry.

7.4.3 Disease control

Fungal and bacterial infections are constant threats to catfish egg masses (Rogers 1985). The
combination of warm incubation temperatures and the gelatinous matrix surrounding the eggs is
ideal for fungal and bacterial outbreaks. The severity of disease outbreaks depends on water flow
rates, temperature, egg loading densities, and length of incubation.

Fungi infect infertile or dead eggs and appear as a white or brown cotton-like growth that
eventually spreads to invade and kill healthy eggs. Fungi are slow growing and more prevalent
at cooler water temperatures (<25°C, ca. 78°F). Bacterial infections develop more rapidly and
appear as milky-white dead patches, usually on the underside or in the center of the egg mass. Egg
masses should have a crisp, rubbery feel until near hatching. Eggs that are hatching or in the early
stages of a bacterial infection will feel slimy. Fry lying on the bottom of the egg-hatching trough
without shells, eyespots, or bloodlines are an indication of dissolution of the chorion by bacteria.

The best way to minimize disease problems is to maintain an optimum water temperature and
prevent, to the extent possible, introducing disease organisms into the hatchery. It is also
beneficial to remove organic material such as egg shell debris, uneaten feed, and dead fry or eggs
that could serve as a substrate for fungus and bacteria. Two or three times daily, egg masses
should be checked for fungal and bacterial infections, gently shaken, and turned over. When
infections are found, the infected areas should be removed immediately and the egg mass treated
with an appropriate chemical.

Chemical treatments are routinely required to control fungal and bacterial infections.
Currently, there are only four compounds permitted for use in preventing or treating fungal and
bacterial infection of egg masses. Formalin is an approved drug for controlling fungi of the family
Saprolegniaceae. Povidone iodine, hydrogen peroxide, and various chloride salts have undergone
review by the U. S. Food and Drug Administration (FDA) and have been classified as new animal
drugs of low regulatory priority.

Most chemical treatments in hatcheries are administered by either a bath or flush method. Egg
masses are typically subjected to a short bath treatment of povidone iodine in aerated containers
or incubation troughs. A sufficient volume of povidone iodine is added to water in an aerated
container or trough to achieve the final treatment concentration. The eggs are placed in the
solution for the recommended period of time and rinsed with clean water. A second type of bath
treatment entails treating advanced egg masses in the hatching trough. The water flow to the
trough is stopped and enough water is removed to prevent the loss of treatment solution through
the overflow. The amount of treatment solution added should be carefully measured and applied
evenly throughout the trough. After the exposure period is complete, the water flow is started and
the treatment is diluted. A flush treatment is a modification of this type of bath treatment but the
water flow is not stopped. A measured amount of drug is added at the water inlet and allowed to
flush through the system as a pulse. Flush treatments are only feasible in systems that have
enough water flow to completely flush out the drug within a predetermined time.

The FDA-approved treatment rate for povidone iodine is 100 mg/L for 10 minutes. An active
iodine solution is dark brown in color. A change to a lighter color indicates that the solution is
no longer active and a new solution should be used. After treatment, the eggs should be well
rinsed to remove any iodine residue. In soft water (below a total alkalinity of 3 5 mg/L as CaCO3),
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the addition of iodine can decrease pH to levels that kill eggs. Sodium bicarbonate can be added
at 1 g/L (3.7 g/gallon) to buffer soft waters. Povidone iodine should not be used to treat eyed eggs,
which may be killed at effective disease treatment rates (Piper et al. 1982).

Formalin is widely used for treating fungal infections of eggs in intensive aquaculture. Walser
and Phelps (1994) reported that formalin was more effective than povidone iodine in improving
hatching success. The FDA-approved treatment rate for formalin is 1,000 to 2,000 mg/L for 15
minutes (U.S. Food and Drug Administration 1998). Formalin treatments may be required once
or twice daily while in the hatching trough. The egg troughs should be flushed with clean water
when treatment time has elapsed. Eggs that are near hatching are considered to be especially
sensitive to this rate of formalin and treatments should be avoided at this time. This is particularly
true when recently hatched fry may be in the trough.

Hydrogen peroxide effectively controls fungi on channel catfish eggs (Rach et al. 1998; Small
and Wolters 2003). The FDA has approved the use of hydrogen peroxide to control infections on
fish eggs at levels up to 500 mg/L through a "low-regulatory priority" ruling, but this
concentration is far too high for use on catfish eggs, causing premature hatching, mortality, and
poor hatching success (Small and Wolters 2003). Small and Wolters (2003) found treatment with
250 mg/L hydrogen peroxide for 15 minutes or daily flush treatments with 70 mg/L hydrogen
peroxide to significantly increase hatching success compared to non-treated controls as well as
povidone-iodine or formalin-treated eggs.

Catfish eggs are tolerant of a wide range of salinity (Allen and Avault 1970). Because fungi
infesting catfish eggs only inhabit freshwater (Post 1987), incubation of catfish in a continuous
bath of salt can serve as an anti-fungal therapeutant. Phelps and Walser (1993) found that a
continuous bath treatment at salinities of 500 to 2,500 mg/L improved the hatchability by 21.8%
over untreated eggs. Weirich and Tiersch (1997) found that percent hatch, yolk utilization, and
survival of fry hatched were greatest at 1,000 mg/L NaCl. If the water supply is initially of low
salinity, it would be difficult to maintain those levels of salinity in a single-pass, flow-through
system by adding salt to the water supply. As such, using moderately saline water for disease-
prevention may only be possible in hatcheries with a naturally mineralized water supply or in
facilities using water-recirculating systems.

Bacterial infections are difficult to control because they develop faster than fungal problems.
If eggs masses are over-crowded, especially at higher-than-desired water temperatures, bacterial
problems can develop so quickly that chemical treatments are inadequate to control damage. The
solution is to keep hatching troughs clean, prevent overcrowding, and check eggs frequently for
small foci of bacterial infections. Infected portions of egg masses can be removed and discarded.

Frequent scrubbing and disinfection of troughs and equipment can dramatically reduce disease
problems in hatcheries (Piper et al. 1982). Equipment should be scrubbed and disinfected with
a chlorine mixture for 2 to 5 minutes after each crop of fry. Use one teaspoon of commercial
bleach (6% sodium hypochlorite) per gallon of water (about 1.25 mL of bleach/L) and rinse
equipment in fresh water after sterilization. A minimum of three complete rinses is necessary.

7.5 CARE AND HANDLING OF FRY

7.5.1 Rearing troughs

Newly hatched fry are transferred to rearing troughs and may remain there for up to 8 days, at
which time they are either sold or stocked into fingerling nursery ponds. Standard 2.4-m (8-feet)
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long, 380-L (ca. 100-gallon) rearing troughs are commonly stocked with 150,000 to 200,000
fry/trough. Water enters at the head of the rearing trough at a rate of 8 to 11 L/minute (ca. 2 to 3
gallons/minute) and exits at the opposite end through a screened drain. Aeration is supplied either
by forced air diffusers (airstones) or a series of screened surface agitators. If airstones are used,
they should be suspended slightly off the bottom (large rubber grommets can be placed around
the diffuser to prevent fry from becoming impinged on the diffuser due to currents produced by
the upflow. Sac fry can be enumerated by placing them in a plastic or glass measuring pitcher.
On average, fry counts are 45 per mL at this stage.

7.5.2 Feeding fry

Initially, sac fry use their attached yolk sac as an energy and nutrient source. The fry gradually
absorb the yolk sac over a 3-day period and turn a gray color. After the yolk sac is absorbed, fry
begin swimming to the water surface with mouths open and heads moving from side to side, as
they actively seek food. At this stage they are referred to as "swim-up fry" and must be provided
with food.

Fry should be fed finely ground meal or flour-type feeds containing 45 to 50% protein
supplied primarily from fish meal. Robinson et al. (1989) found that catfish fry fed salmon and
trout starter feeds appeared to benefit from the high protein and energy provided by these diets
compared to fry receiving catfish starter but did not evaluate subsequent growth in nursery ponds.
Delbos and Weirich (2001) also reported that fry fed salmon starter were significantly larger than
fry fed catfish starter when leaving the hatchery but this difference was only temporary as there
was no significant difference in mean weight when fish were sampled 90 days after stocking.

The daily feeding rate should be equal to 25% body weight divided into 8 to 10 equal feedings
in a 24-hour period (Robinson et al 2001). Overfeeding should be avoided because wasted feed
accumulates in the trough, causing poor water quality and bacterial growth. Wasted feed should
be removed with a siphon and the sides of the troughs scrubbed daily. The most common feeding
technique is applying dry food directly to the water surface. Fry feed can be placed in a tea
strainer or flour sifter and sifted evenly across the surface. Automatic feeders (belt or shaker
types) can be used but may not distribute the feed as evenly as accomplished by hand feeding. Fry
feed should be stored in a dry area and prevented from getting wet. If mold develops, the feed
may become toxic to fry. Sections 12.4.3 and 12.5.2 contain additional information on feeds for
fry.

7.5.3 Swim-up fry inventory methods

An estimation of fry number is critical to correctly stocking nursery ponds. A convenient time to
accomplish this is when fry are being transferred from troughs to ponds. Fry numbers can be
estimated volumetrically or by weight.

Volumetric method

Count out 300 fry to obtain a representative sample and place the fry in a graduated cylinder
containing a pre-measured quantity of water. Take precautions to not add extra water with the fry.
Record the change in water level in milliliters. The total number of fry in an unknown batch is
then estimated by placing the fry in a large graduated cylinder partially filled with water,
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recording the water level change in milliliters, and using the following equation to calculate
numbers:

Total number of fry = [(300) x (mL change in water level with unknown fry)] -̂
(mL change in water level with 300 fry) (7.2)

Weight method

The weight estimation method is similar to the volumetric method except it requires the use of
a gram scale. Water in a container is weighed and a known number of fry (sample number) is
added. The increase in weight (sample weight) is recorded. The unknown number of fry is then
weighed (total weight of unknown) and the following equation is used to estimate the total
number of fry in the unknown sample:

Total number of fry = [(sample number) x (total weight of unknown sample)] -=-
(sample weight) (7.3)

7.5.4 Transporting fry

Catfish swim-up fry are transported to nursery ponds in 200- to 750-L (ca. 50- to 200-gallon) fry
transport tanks (Fig. 7.6) equipped with compressed oxygen supplied by a centerline of airstones
running the length of the tank (Jensen 1992a). Agitators are not used unless they can be screened
to prevent the intake of fry. When using an aerated transporter, a maximum of 0.06 kg of fry/L
(0.5 pounds of fry/gallon) is acceptable.

Fry should be stocked when pond temperatures nearly match hatchery water temperatures.
This is typically early in the morning when pond water temperatures are coolest. Most fry
transport tanks are made of aluminum or fiberglass, and are not insulated due to the short duration
of the trip from the hatchery to the nursery ponds (Jensen 1992b). Smaller tanks can be
transported in the bed of pick-up trucks while larger tanks are placed on trailers. The top door or
lid of the transport tank should be large enough to accommodate the containers used to move fry
from the troughs to the tank.

The tank drain can be located in either the rear or side of the tank. The bottom of the drain
opening should be flush with the tank bottom. A sloped false bottom and welded plates to prevent
dead-end corners permit complete discharge of water and fish with minimal handling. A shut-off
valve located between the tank and the end of the drain allows connection of an extended
discharge pipe. The purpose of this pipe is to allow discharge of water and fish below the surface
of the receiving nursery pond (Jensen 1992b). Fry must be acclimated to the pond water by slowly
replacing hauling water with water from the receiving pond. Fry should not be discharged into
the pond if water temperature is greater than about 1°C (ca. 2°F) difference in tank and pond
water temperature.

Currently, the only additives approved by the FDA for hauling catfish eggs and fry are food-
grade salts, which alter various water quality parameters. Adding common salt (NaCl) at 500 to
2,000 mg/L has been used to reduce stress during transport. Calcium sulfate (agricultural gypsum)
or calcium chloride can be used to increase calcium hardness to a desired range of 50 to 200 mg/1
as CaCO3. Transport water should also have adequate concentrations of bicarbonate alkalinity (50
to 200 mg/L as CaCO3) to help buffer pH in the range 7 to 8.5. Sodium bicarbonate (baking soda
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FIGURE 7.6. A small transport tank used to deliver catfish fry from a hatchery to a nursery pond.

or bicarbonate of soda) can be used to increase bicarbonate alkalinity. Salts are highly corrosive
to metal surfaces, so truck beds, chassis, and body parts should be thoroughly washed after usage
to prevent deterioration.

7.5.5 Shipping eggs and fry in plastic bags

Sac fry are the preferred life stage for long-distance transport because they withstand the rigors
of transport better than eggs and, unlike swim-up fry, they need not be fed. As the age of catfish
increases, mortality due to shipping stress increases. Shipping fingerlings should be avoided
unless the shipping bags can withstand puncture by catfish fins.

Eggs and fry can be shipped long distances in double-layer plastic bags filled with water and
compressed oxygen. The bags are then packed in insulated shipping boxes. The information in
Table 7.2 was presented by Dupree and Huner (1984) and represents work with various species

TABLE 7.2 Carrying capacity in kg/L (pounds/gallon) of eggs or fish that can be transported in 45 x 80 cm
(ca. 18 x 32 inches) plastic bags containing about 7.5 L (ca. 2 gallons) of water under a pure oxygen
atmosphere at 18°C (65°F).

Stage or size
offish
Eggs
Sac fry
Swim-up fry
2.5 to 5 cm

(1 to 2 inches)

Duration of transport
1 hour
0.06-0.18(0.5-1.5)
0.12-0.36(1.0-3.0)
0.06-0.24 (0.5-2.0)

0.12-0.44(1.0-3.7)

12 hours
0.06-0.14(0.5-1.2)
0.08-0.30 (0.7-2.5)
0.05-0.19(0.4-1.6)

0.11-0.38(0.9-3.2)

24 hours
0.06-0.12(0.5-1.0)
0.05-0.14(0.4-1.2)
0.05-0.14(0.4-1.2)

0.08-0.32 (0.7-2.7)

48 hours
0.024-0.06 (0.2-0.5)
0.012-0.12(0.1-1.0)
0.024-0.07 (0.2-0.6)

0.036-0.16(0.3-1.3)
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offish. The use of large, four-cornered plastic bags 45 x 80 cm (ca. 18 x 32 inches) will reduce
the chance of suffocating fry that become trapped when pockets collapse. After the correct
amount of eggs or fry and water are placed in the bag, the remaining volume should be filled with
compressed oxygen and closed tightly to prevent gas leakage. A properly inflated bag should have
a ratio of 1/3 water to 2/3 oxygen. Bags should have a minimal amount of pressure to prevent
complete deflation if a small leak develops. Bags are then placed in an insulated box or cooler
for shipping. Frozen gel packs or ice in zip-top bags should be placed between the bag and the
shipping container to maintain water temperature below about 27°C (ca. 80°F).

A reasonable loading rate for a 24-hour transport of channel catfish swim-up or sac fry is 0.06
kg of fry/L (0.5 pound of fry/gallon). The presence of organic substances such as egg shell debris,
feces, or dead fish, reduces the safe loading rate for shipping. Catfish egg masses can be shipped
at two to three spawns per plastic bag. Do not ship egg masses that may hatch during shipment.

Upon receipt, egg masses or catfish fry should be tempered by floating the plastic bags in tank
or pond water until the temperature of the shipping water equilibrates with environmental
temperatures. Avoid placing bags in direct sunlight. Do not open the bag to aerate with
compressed air because aeration will rapidly remove carbon dioxide, causing a rapid rise in pH
that may kill the fish. After the equilibration period, gradually mix shipping water with receiving
water and gently release the fish.

REFERENCES

Allen, K.O. and J.W. Avault, Jr. 1970. Effects of salinity on growth and survival of channel catfish, Ictalurus
punctatus. Proceedings of the Annual Conference Southeastern Association Game and Fish Commissioners
23:319-331.

Bader, J. A. and J. M. Grizzle. 1992. Effects of ammonia on growth and survival of recently hatched channel catfish.
Journal of Aquatic Animal Health 4:17-23.

Carmichael, G.J., T.D. Bates, and T.R. Tiersch. 1994. Forced-air incubation of catfish eggs. Pages 279-284 in D.
Tave and C. S. Tucker (editors): Recent Developments in Catfish Aquaculture. Haworth Press, Inc., Binghamton,
New York, USA.

Clapp, A. 1929. Some experiments in rearing channel catfish. Transactions of the American Fisheries Society
121:26-35.

Clemens, H. P. and K. E. Sneed. 1957. Spawning behavior of the channel catfish, Ictalurus punctatus. Special
Scientific Report-Fisheries No. 219, U.S. Department of Interior, Fish and Wildlife Service, Washington DC,
USA.

Delbos, B.C. and C.R. Weirich. 2001. The effect of feeding salmon starter to channel catfish fry on subsequent
production of fmgerlings. Page 178 in Book of Abstracts, Aquaculture 2001. Lake Buena Vista, Florida, USA,
21-25 January 2001. World Aquaculture Society, Baton Rouge, Louisiana, USA.

Dupree, H.K. and J.V. Huner. 1984. Third Report to the Fish Fanners. U.S. Fish and Wildlife Service, Washington
DC, USA.

Hargreaves, J.A and C.S. Tucker. 1999. Design and construction of degassing units for catfish hatcheries. Southern
Regional Aquaculture Center Fact Sheet 191, Southern Regional Aquaculture Center, Stoneville, Mississippi,
USA.

Jensen, G. 1992a. Transportation of warmwater fish: loading rates and tips by species. Southern Regional
Aquaculture Center Fact Sheet 393, Southern Regional Aquaculture Center, Stoneville, Mississippi, USA.

Jensen, G. 1992b. Transportation of warmwater fish: equipment and guidelines. Southern Regional Aquaculture
Center Fact Sheet 390, Southern Regional Aquaculture Center, Stoneville, Mississippi, USA.

Lutz, C.G. and T.R. Tiersch. 1995. Cost analysis of forced-air systems for incubation of channel catfish eggs.
Progressive Fish-Culturist 57:310-314.

Martin, M. 1967. Techniques of catfish fingerling production. Pages 3-12 in the Proceedings of the Commission Fish
Farming Conference. Texas A&M University, College Station, Texas, USA.



Hatchery Management 165

Moore, R.R. and J.E. Waldrop. 1994. Costs of raising channel catfish fry and fmgerlings in the Delta of Mississippi.
Mississippi Agricultural and Forestry Experiment Station Technical Bulletin 198, Mississippi State University,
Mississippi, USA.

Phelps, R.P. and C.A.Walser. 1993. Effect of sea salt on the hatching of channel catfish eggs. Journal of Aquatic
Animal Health 5:205-207.

Piper, R.G., I.B. McElwain, L.E. Orme, J.O. McCraren, L.G. Fowler, and J.R. Leonard. 1982. Fish Hatchery
Management. U.S. Department of the Interior, Fish and Wildlife Service, Washington DC, USA.

Post, G. 1987. Textbook of Fish Health. T.F.H. Publications, Neptune City, New Jersey, USA.
Rach, J.J., M.P. Gaikowski, G.E. Howe, and T.M. Schreier. 1998. Evaluation of the toxicity and efficacy of hydrogen

peroxide treatments on warm- and coolwater fishes. Aquaculture 165:11-25.
Robinson, E.H., M.H. Li, and B.B. Manning. 2001. A practical guide to nutrition, feeds, and feeding of catfish

(Second Revision). Mississippi Agricultural and Forestry Experiment Station Bulletin 1113, Mississippi State,
Mississippi, USA.

Robinson, E.H., J.A. Steeby, and J.R. Brent. 1989. Evaluation of three feeds for hatchery rearing channel catfish fry.
Journal of the World Aquaculture Society 6:256-260.

Rogers, W.A. 1985. Diseases of catfish eggs. Page 49 in J.A. Plumb (editor): Principal Diseases of Farm-Raised
Catfish. Southern Cooperative Series Bulletin 225, Alabama Agricultural Experiment Station, Auburn
University, Alabama, USA.

Small, B.C. and T.D. Bates. 2001. Effect of low-temperature incubation of channel catfish Ictalurus punctatus eggs
on development, survival, and growth. Journal of the World Aquaculture Society 32:189-194.

Small, B.C. and W.R. Wolters. 2003. Hydrogen peroxide treatment during egg incubation improves channel catfish
hatching success. North American Journal of Aquaculture 65:314-317.

Small, B.C., W.R. Wolters, and T.D. Bates. 2001. Factors affecting catfish egg hatching success. National
Warmwater Aquaculture Center News 4(1): 10-11.

Sneed, K.E. 1975. Channel catfish culture methods. European Inland Fisheries Advisory Committee 25:164-173.
Steeby, J.A. 2000. Handling catfish egg masses. National Warmwater Aquaculture Center News 3(2): 1,5.
Tucker, C.S. 1991. Water quantity and quality requirements for channel catfish hatcheries. Southern Regional

Aquaculture Center Fact Sheet 461, Southern Regional Aquaculture Center, Stoneville, Mississippi, USA.
Tucker, C.S. and J.A. Steeby. 1993. A practical calcium hardness criterion for channel catfish hatchery water

supplies. Journal of the World Aquaculture Society 24:396^101.
USDA (United States Department of Agriculture). 2003. Aquaculture Situation and Outlook Reports. USDA

Economic Research Service, Washington DC, USA.
U.S. Food and Drug Administration. 1998. Formalin solution. U.S. Code of Federal Regulations, 21 CFR Part

529.1030. U.S Government Printing Office, Washington DC, USA.
Walser, C.A. and R.P. Phelps. 1993. Factors influencing the enumeration of channel catfish eggs. Progressive Fish-

Culturist 55:195-198.
Walser, C.A. and R.P. Phelps. 1994. The use of formalin and iodine to control Saprolegnia infections on channel

catfish, Ictalurus punctatus, eggs. Pages 269-278 in D. Tave and C. S. Tucker (editors): Recent Developments
in Catfish Aquaculture. Haworth Press, Inc., Binghamton, New York, USA.

Weirich, C.R. 1993. Use of calcium chloride to increase water hardness in catfish hatcheries. Mississippi Cooperative
Extension Service Information Sheet 1388, Mississippi State University, Mississippi, USA.

Weirich, C.R. and T.R. Tiersch. 1997. Effects of environmental sodium chloride on percent hatch, yolk utilization,
and survival of channel catfish fry. Journal of the World Aquaculture Society 28:289-296.

Wolters, W.R. 2001. Improving catfish spawning success. National Warmwater Aquaculture Center News 4(1 ):2.



Biology and Culture of Channel Catfish
166 C.S. Tucker and J.A. Hargreaves (Editors)

© 2004 Elsevier B.V. All rights reserved.

Culture Methods

Craig S. Tucker, Jimmy L. Avery, and David Heikes

8.1 Introduction 166
8.2 Fingerling Production 167

8.2.1 Nursery pond preparation 167
8.2.2 Stocking procedures 168
8.2.3 Feeding fry and fingerlings 170
8.2.4 Water quality and health management 170
8.2.5 Harvesting fingerlings 171

8.3 Foodfish Production 172
8.3.1 Cropping system 173
8.3.2 Stocking rate 174
8.3.3 Fingerling size 175

8.4 Farm Records 176
8.5 Harvesting and Transport 178

8.5.1 Initial considerations 178
8.5.2 Harvesting levee ponds 179
8.5.3 Harvesting watershed ponds 180
8.5.4 Grading 181
8.5.5 Loading 184
8.5.6 Transport 184

8.6 Polyculture Systems 187
8.6.1 Grass carp 187
8.6.2 Silver carp 188
8.6.3 Bighead carp 189
8.6.4 Bigmouth and hybrid buffalo 189
8.6.5 Paddlefish 190
8.6.6 Tilapias 191
8.6.7 Fathead minnows 192
8.6.8 Freshwater prawns 192

References 193

8.1 INTRODUCTION

Well over 95% of the channel catfish produced in the United States are grown in ponds because
this is generally the most profitable way to grow the fish. Nevertheless, growing catfish in ponds
is profitable only when the proper combination of resources is available. Water temperature
cannot be controlled in ponds, so profitable culture is possible only in regions that provide the
proper temperature regime. Most strains of channel catfish grow fastest and convert feed to flesh
most efficiently at water temperatures between 25 and 32°C (ca. 75 and 90°F). Potential growth
decreases rapidly at temperatures below 20°C (68°F) and above 35°C (95°F). There is no set rule
regarding the best climate for catfish farming, and catfish are grown profitably in many regions
that at first appear unsuitable. As a rough guide, pond water temperatures (which closely follow
air temperature; Wax and Pote 1990) should be above 20°C (68°F) for at least 180 days of the
year and above 25°C (77°F) for at least 125 days. Although faster growth and greater fish

8
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production are possible in regions with more tropical climates, cool winters are required for
large-scale propagation of channel catfish because changes in water temperature control the
reproductive cycle (Davis et al. 1986). Specifically, a month or more of relatively cool water
temperatures (less than 10 to 13°C; 50 to 55°F) is required to stimulate gametogenesis while a
subsequent slow rise in water temperatures to 20 to 25 °C (68 to 77°F) stimulates spawning.

Pond culture of catfish also requires land of the correct topography and soil type for
economical construction and operation of ponds. Large, inexpensive tracts of suitable land are
desired because there are significant economies of farm size in producing catfish (Keenum and
Waldrop 1988). Good quality water must be readily available. Even if all the physical resources
are available, catfish farming will be unprofitable if there is no market for the fish and variable
operating costs (primarily feed, fingerlings, and labor) are high.

This chapter will summarize production strategies used to grow fmgerling and food-sized
channel catfish in ponds. Pond construction and hydrology are summarized in Chapter 9 and the
economics of pond production are presented in Chapter 21. Most of the day-to-day activities used
to produce fish (feeding, disease control, management of water quality, and so on) are discussed
by Tucker and Robinson (1990) and in specific chapters of this book.

8.2 FINGERLING PRODUCTION

Culture practices for fmgerling production are relatively standardized across the industry,
especially when compared to the wide variety of production strategies used to grow food-sized
catfish. In the spring and early summer, after a brief stay in the hatchery, fry are stocked into
specially prepared nursery ponds for further growth. Fish are fed a manufactured feed and grown
to fmgerling size (8 to 20 cm; 3 to 8 inches long) over a 5 to 10 month period. Fish are either
allowed to continue growing in their original nursery ponds or are harvested and transferred to
other ponds for growout to stocker-sized fish of 50 to over 100 g (ca. 0.1 to 0.25 pounds) or to
food-sized fish of 0.6 to 1 kg (ca. 1.2 to 2.2 pounds).

8.2.1 Nursery pond preparation

Recently hatched fry stocked into nursery ponds are extremely vulnerable to predation, so
nursery ponds must be free of fish and predacious insects when fry are stocked. Problems with
predacious "trash fish," such as green sunfish Lepomis cyanellus, can be minimized by using
groundwater to fill ponds and by constructing ponds so that the drain structure prevents fish from
entering the pond from the receiving stream. Any undesirable fish present in the pond, including
catfish fingerlings left over from the previous crop, can be eliminated by draining and drying the
nursery pond several weeks before stocking the fry. If wild fish are present and it is not possible
to completely drain nursery ponds between crops or if fish remain in potholes or deep areas, they
can be killed by treating the water with rotenone at a concentration of 1 mg/L of the 5%
emulsifiable liquid product. Dosages of 2 mg/L, or more, may be required to kill bullheads
Ameiurus spp.

Two types of insects can prey on fry. Air-breathing insects, such as back swimmers (Order
Hemiptera, family Notonectidae) can quickly colonize a pond after it is filled. Air-breathing
insects can be controlled by applying motor oil mixed with kerosene or diesel fuel to the pond
surface (Jensen 1983). The oil should be applied on a calm day so that it forms a thin film over
the pond that prevents insects from respiring at the surface. The effectiveness of this practice in



168 Tucker, Avery, and He ikes

large ponds is not known. Gill-breathing insects, such as dragonfly naiads (nymphs), cannot be
eliminated by surface oil treatments. However, populations of dragonfly nymphs do not develop
rapidly in ponds, so problems can be prevented by stocking fry as soon as possible after the pond
is filled. This also helps reduce problems with air-breathing insects.

Catfish fry recently transferred from a hatchery to a nursery pond are difficult to feed because
they are weak swimmers and cannot move long distances to areas where feed is offered. It is
therefore important to fertilize nursery ponds so that they contain abundant natural foods to
promote growth until the fish are large enough to switch to manufactured feeds. Fertilization also
helps prevent weed problems by quickly establishing a phytoplankton bloom to suppress weed
growth. In ponds that have been used for several years without renovation, inorganic fertilizer
at an initial rate of 20 kg N/ha (18 pounds N/acre) and 2 kg P/ha (1.75 pounds P/acre), followed
by twice weekly applications of half the initial rate, promotes a rapid phytoplankton bloom and
increases the abundance of desirable zooplankton for catfish fry culture (Mischke and Zimba
2004). In newly constructed ponds, more nitrogen and phosphorus are required to promote the
desired phytoplankton and zooplankton blooms. Fertilization of fry ponds should be initiated a
week or two before stocking the pond with fry and continue until fry are vigorously accepting
manufactured feed.

Although organic fertilizers are often recommended for fertilizing nursery ponds, Mischke
and Zimba (2004) did not observe increased phytoplankton or zooplankton abundance when
organic fertilizer (cottonseed meal) was applied in conjunction with inorganic fertilizer. Mischke
and Zimba (2004) generally recommend against the use of organic materials to fertilize fry ponds
because of the risk of water quality deterioration.

8.2.2 Stocking procedures

Fry can be moved from the hatchery into prepared nursery ponds while still in the sac-fry stage
or anytime thereafter. Most fmgerling producers prefer stocking fry after they reach the "swim-
up" stage and are vigorously feeding on manufactured feed in the hatchery. Proponents of
stocking fry after swim-up argue that several days of feeding produces larger, more vigorous fry
that should be better able to survive transfer to the nursery pond. On the other hand, proponents
of stocking fish at (or before) the swim-up stage argue that a few days of feeding in the hatchery
makes little difference in the size or hardiness of catfish fry. Also, because fry feed mainly on
natural foods for the first few weeks in nursery ponds (Bonneau et al. 1972), there may be little
benefit to training the fry to accept manufactured feed in the hatchery.

Two studies have supported the notion that fry can be stocked into ponds at swim-up (Tidwell
et al. 1995) or even as 2-day-old sac fry (Weirich et al. 2001). In those studies, fry were trans-
ferred into small ponds or tanks with no reduction in survival or growth relative to fry stocked
after several days of feeding in the hatchery. Note, however, that conditions in large, commercial
nursery ponds may be quite different from the small experimental systems used in these studies,
so the usefulness of the practice under commercial conditions is unknown.

Several benefits may accrue if fry can be stocked as sac fry or at swim-up without negative
impacts on fmgerling production. First, by stocking fry at an early stage of development, more
fry can be produced in a hatchery because space normally required for holding and feeding fry
can be used to increase the capacity for egg incubation. Fry production costs may be reduced
because smaller hatcheries can be used to produce a given number of fry and operating expenses
can be reduced by eliminating feed and labor costs associated with feeding fry in the hatchery.
Mims et al. (1989) also point out that the fmgerling growing season in Kentucky (and other
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TABLE 8.1. Approximate fingerling size after 120 to 150 days of growth at different stocking densities.

Fry stocking density
(fry/ha)

24,700
74,100

131,000
180,000
235,000
300,000
350,000
500,000
750,000

1,250,000

(fry/acre)
10,000
30,000
53,000
73,000
95,000

120,000
140,000
200,000
300,000
500,000

Fingerling size
Average length
(cm)
18-25
15-20
13-18
10-15
8-13
8-13
7-10
5-8
3-5
3

(inches)
7-10
6-8
5-7
4-6
3-5
3-5
3^1
2-3
1-2
1

Approximate weight
(g/fish)
70
45
30
20
15
10
5
2
1

0.5

(pounds/1,000
150
95
60
40
30
20
10
5
3
1

fish)

"upper-south" regions) can be extended by transporting eggs from the deep south where catfish
spawn several weeks before they do in the upper south. If fry can be stocked directly into ponds
as sac-fry or swim-up fry, this would eliminate the need for large hatcheries in instances where
eggs are purchased and transported long distances for fingerling production.

Regardless of the stage of development when fry are stocked, fry of a similar age should be
stocked together to reduce size variation at harvest. Fry grow faster when stocked at lower
densities but more space is required to grow larger fish at lower densities. Stocking rate is there-
fore a compromise between benefits of producing large fingerlings for foodfish growout and the
economics of producing more small fingerlings in less space (Engle and Valderrama 2001a,
2002; also see Chapter 21 for a summary of the economics of producing fingerlings).

The relationship between fry stocking rate and fingerling size at harvest is presented in Table
8.1. That relationship has been in use for nearly 20 years, and may not reflect potential growth
using current commercial culture practices. For example, Engle and Valderrama (2001a)
conducted a fingerling production study in small (0.04 ha; 0.1-acre) experimental ponds, and
found that fingerling growth after 115 days was similar to that predicted in Table 8.1 for mod-
erate fry stocking rates (75,000 to 250,000 fry/ha; 30,000 to 100,000 fry/acre) but growth was
better than that predicted in Table 8.1 for high stocking densities (500,000 to 1,250,000 fry/ha;
200,000 to 500,000 fry/acre). In fact, at a stocking rate of 1.4 million fry/ha (566,000 fry/acre),
average fingerling size at harvest was 9.4 cm (3.7 inches), compared to a predicted size of less
than 2.5 cm (1 inch). Engle and Valderrama (2001a) attributed the improved growth at high
stocking rates to improvements in feed formulation and aeration since the data in Table 8.1 were
compiled. Note, however, that the ponds used by Engle and Valderrama (2001a) were much
smaller than most commercial ponds, and aeration intensity (kW/ha or horsepower/acre) in the
small experimental ponds was much higher than in most commercial fingerling ponds.

Loss of fry during growout can dramatically affect the final harvest weight. For example, if
500,000 fry/ha (ca. 200,000 fry/acre) are stocked, but half the fry die in the first several weeks
after stocking, then the actual fish density for most of the production cycle is 250,000 fry/ha (ca.
100,000 fry/acre), and fingerlings will be much larger than expected at harvest. Survival of
catfish fry to fingerlings varies greatly from pond-to-pond depending on the initial condition of
the nursery pond, losses to predation, and the incidence of infectious diseases. Diseases,
especially the bacterial disease enteric septicemia of catfish, are particularly troublesome in the
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autumn when fingerlings are reaching final harvest weight. Average survival from fry stocking
to fmgerling harvest in excess of 70% across all ponds on the farm is considered to be very good.

8.2.3 Feeding fry and fingerlings

Fry are usually not seen for two or three weeks after they are stocked into nursery ponds. During
this time, the fish rapidly increase in size if abundant natural foods are present. When stocked at
125,000 to 500,000 fry/ha (50,000 to 200,000 fry/acre), fry will have grown to about 4 cm (ca.
1.5 inches) in length after 2 to 3 weeks, and are classified as small fingerlings. Small fingerlings
are voracious feeders and should be fed twice daily for several weeks. Overfeeding is not critical
at this time because standing crops are low and any excess feed serves as fertilizer to promote
production of natural food organisms. However, as the fish grow and standing crops increase,
more care should be given to prevent overfeeding. Feeds and feeding practices for fry and
fingerlings are described in Chapters 11 and 12.

8.2.4 Water quality and health management

Water quality management in nursery ponds is similar to that in foodfish ponds (see Chapter 10).
There are, however, some unique features of water quality management in nursery ponds that
must be considered.

Nursery ponds are usually drained and refilled between fmgerling crops, so environmental
conditions are excellent when fry are first stocked in the spring. Water quality remains good for
the first month or two after stocking because amounts of feed added to ponds are low. However,
fingerlings grow rapidly and consume large amounts of feed per body weight, so within 2 or 3
months after stocking, large amounts of feed may be added to ponds each day and water quality
rapidly deteriorates. At that time, water quality problems in nursery ponds are as common as they
are in foodfish growout ponds.

When daily feeding rates routinely exceed 35 to 60 kg/ha (30 to 50 pounds/acre), episodes
of low dissolved oxygen will occur and mechanical aeration will be needed to keep fish alive.
Low dissolved oxygen is a particularly troublesome problem in nursery ponds because fry or
small fingerlings may not yet be trained to seek oxygenated water near aerators. Fry and small
fingerlings are also weak swimmers and cannot travel long distances through oxygen-poor water
to find a haven near an aerator. Problems must be anticipated and mechanical aeration initiated
well before dissolved oxygen levels fall to stressful levels so that fish have plenty of time to find
the zone of oxygenated water near the aerator. Small fish also consume more oxygen per body
weight than larger fish, so some producers feel it is beneficial to provide greater amounts of aer-
ation than in foodfish ponds. Using smaller ponds (less than 4 ha; 10 acres) for nursery ponds
also helps reduce losses to oxygen depletion because small ponds are easier to aerate and fish
have to swim shorter distances to find oxygenated water near aerators. The use of smaller ponds
also minimizes age differences of fry stocked into a single pond. The risk of large losses due to
a catastrophic event (oxygen depletion, disease, etc.) is less when the fry are distributed among
several smaller ponds as opposed to being stocked into one large nursery pond.

Infectious diseases are problems with all sizes of channel catfish, but are particularly
troublesome in fmgerling production. Fingerlings are grown at high densities and are
immunologically naive, which promotes rapid spread of infectious diseases through the
population. As an example, enteric septicemia of catfish causes much greater losses in fmgerling
populations than in foodfish populations because most foodfish have developed some measure



Square-mesh
(cm)
5.1
4.4
4.1
3.8
3.5
2.5
1.9
1.6
1.3
0.9
0.6

distance Approximate size of smallest fish retained
(inches) (kg or cm) (pounds or inches)
2 0.9 kg 2 pounds
1 3/4 0.56 to 0.80 kg 1.25 to 1.75 pounds
1 5/8 0.34 to 0.45 kg 0.75 to 1.0 pounds
11/2 0.23 to 0.34 kg 0.50 to 0.75 pounds
13/8 0.11 to 0.22 kg 0.25 to 0.50 pounds
1 18 to 23 cm 7 to 9 inches
3/4 15 to 18 cm 6 to 7 inches
5/8 13 to 15 cm 5 to 6 inches
1/2 10tol3cm 4 to 5 inches
3/8 8 to 10 cm 3 to 4 inches
1/4 5 to 8 cm 2 to 3 inches
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TABLE 8.2. Net square mesh size for grading and harvesting channel catfish.

of immunity to the disease because they were exposed to the bacterium that causes the disease
during fmgerling production. Also, some infectious diseases are unique, or nearly so, to small
fish. For example, the severity of channel catfish virus disease (CCVD) is strongly affected by
fish size. Fish less than 1 month old are considered very susceptible to the disease. Older fish are
more resistant and fish over 20 cm (8 inches) long (typically about 9 months old) are considered
resistant to CCVD. Other diseases may not be unique to fmgerlings but tend to cause greater
losses when present in small fish. A good example is the digenetic trematode Bolbophorus
damnificus, which can cause large losses of fmgerlings, but fish larger than 0.25 kg (ca. 0.5
pound) may not die even if heavily infected.

Because fmgerling populations are particularly susceptible to infectious diseases and
epizootics can spread rapidly once established, disease management takes on added importance
in this stage of production. Fingerling producers should be especially watchful for the first signs
of a problem and initiate corrective measures before the disease has become widespread within
the population. Infectious diseases and their management are discussed in Chapters 14 and 15.

8.2.5 Harvesting fingerlings

Fingerlings 5 to 9 months of age, weighing 10 to 30 grams (20 to 60 pounds/1000 fish, or about
4 to 6 inches long) are harvested from nursery ponds in the autumn, winter, and early spring and
transferred to foodfish ponds. Fingerlings are harvested and transported using the same basic
techniques and equipment used for food-sized fish. The major difference is that fmgerlings are
expected to live after harvest while foodfish are harvested for slaughter. Fingerlings must
therefore be handled more carefully than foodfish during all stages of harvest so that stress is
minimized.

Fingerlings in large commercial ponds vary considerably in size after several months of
growth and are sometimes graded to obtain a more uniform size. The simplest form of grading
is done by harvesting ponds several times over a period of 2 to 6 months. Each time the pond is
seined, the larger, faster-growing individuals are selectively removed with a seine of a mesh size
that retains fish of a certain minimum size (Table 8.2). Removing fish over a period of several
months also reduces the standing crop in the pond, allowing the remaining fish to grow faster.
Fingerlings can also be graded at the time of harvest using grader boxes or bar-graders in a tank,
although this is too slow and labor-intensive for routine grading of large numbers of fingerlings.
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TABLE 8.3. Length-weight relationship for channel catfish fingerlings, age 1 to 6 months, grown under
commercial conditions in Mississippi (Steeby 1995) and the "standard" length-weight relationship used by the
industry.

Length
(cm)

5.1
6.4
7.6
8.9

10.2
11.4
12.7
14.0
15.2
16.5
17.8
19.1
20.3
21.6
22.9

(inches)
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

Mean weight (Steeby 1995)
(S)

1.3
2.3
3.6
5.5
8.1

11.5
15.7
21.0
27.2
34.7
43.6
54.1
66.8
82.2

101.4

(lbs/1000 fish)
3.0
5.0
8.0

12.2
17.9
25.3
34.7
46.2
60.0
76.5
96.0

119.2
147.1
181.0
223.3

Mean

(s)
1.4
2.5
4.0
6.0
8.7

12.0
16.0
20.9
26.7
33.5
41.4
50.3
60.6
72.1
85.0

weight (standard)
(lbs/1000 fish)

3.1
5.5
8.8

13.3
19.1
26.3
35.3
46.0
58.8
73.7
91.0

110.8
133.3
158.7
187.1

A length-weight relationship for catfish fingerlings grown under commercial conditions is
presented in Table 8.3

8.3 FOODFISH PRODUCTION

Channel catfish grow only when water temperatures are above about 15°C (ca. 60°F), but unlike
terrestrial crops in temperate climates, there is no clearly defined production cycle on most
commercial catfish farms. Food-sized fish are harvested year-around to meet the needs of
processing plants, so ponds on a given farm usually contain fish at various stages of growout
throughout the year. As such, it is pointless to provide a specific answer to the common question,
"How long does it take to grow a catfish to market size?" The only correct answer is, "Until the
fish are taken to the processing plant."

Cultural practices used for foodfish production differ from farm to farm, and the process of
growing a food-sized catfish (usually 0.6 to 1 kg; 1.2 to 2.2 pounds) can take many paths after
the fingerling phase. Most farmers divide fish stocks only once between the nursery phase and
the foodfish growout phase. In this scheme, fingerlings are harvested and restocked into foodfish
ponds at roughly one-tenth to one-twentieth the density of nursery ponds because fish will be ten
to twenty times heavier when harvested as foodfish. This one-step production scheme is not as
simple as it appears because there are many options for managing foodfish ponds.

Another approach to producing food-sized fish is to divide twice between the nursery phase
and foodfish growout. The first division produces a medium-sized fish called a "stocker." The
second division is made when stackers are harvested and restocked for growout to food size
(Pomerleau and Engle 2003). In this scheme, small fingerlings (10 to 20 g/fish; 20 to 40
pounds/1000 fish) are stocked at about 50,000 to 125,000 fish/ha (20,000 to 50,000 fish/acre) and
grown over one season to produce stockers weighing 50 to over 100 g (0.1 to over 0.25 pounds).
The stockers are then harvested and moved to foodfish growout ponds. As with the one-step
scheme described above, there are several options for foodfish growout using stocker-sized fish.
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The three fundamental production variables in foodfish growout are cropping system,
stocking rate, and size of fmgerlings to stock. Various combinations of these variables are used
by farmers and it is impossible to describe a typical management scheme for production of food-
sized channel catfish. Wide variation in cultural practices is due, in part, to differences in
production goals between farms. Farmers also use a variety of practices because there is little
information on the economics associated with various production strategies. In other words, there
is no confirmed basis for making a decision on the best strategy. Farmers have developed and
used various production schemes based on experience, personal preference, and perceived
productivity and profitability.

8.3.1 Cropping system

Cropping system refers to the stocking-harvest-restocking schedule. In the early years of the
catfish industry, most farmers used some variation of the "single-batch" cropping system (also
called the "clean-harvest" system). In the single-batch system, the goal is to have only one
year-class of fish in the pond at a given time. Fingerlings are stocked, grown to the desired
harvest size, and all fish are harvested before the pond is restocked with new fingerlings to
initiate the next cropping cycle. Fish may be harvested at one time or in two to four separate
seinings, spaced over several months. After as much of the crop as possible is harvested by
seining, the pond is either drained and refilled, or restocked without draining to conserve water
and decrease lost production time between crops.

The single-batch cropping system is still used by some farmers, and remains common in areas
where watershed ponds are used. Some watershed ponds are too deep to allow harvest without
draining the pond, making it necessary to raise single crops offish interrupted by pond drawdown
and draining. However, most watershed ponds are now constructed to avoid excessively deep
areas near the dam and with smooth bottom profiles that allow fish harvest without pond
drawdown. The single-batch cropping system is also commonly used when stocker-sized fish are
available because they can be quickly grown to food-sized fish using this strategy.

In the mid-1970s, the catfish industry was expanding past the point where sales were
primarily to local markets, and a new cropping system was developed to provide a year-around
supply of food-sized fish to meet the demand of the new regional and national markets. This
cropping system has become known as "understocking," "topping," or "multiple-batch." In the
multiple-batch system, several different year-classes of fish are present after the first year of
production. Initially, a single cohort of fingerlings is stocked. The faster-growing individuals are
selectively harvested ("topped") using a large-mesh seine, followed by addition ("under-
stocking") of fingerlings to replace the fish that are removed plus any losses incurred during
growout. The process of selective harvest and understocking continues for years without draining
the pond. After a few cycles of harvest and understocking, the pond contains a continuum offish
sizes ranging from recently stocked fingerlings to fish over 1.5 kg (ca. 3 pounds).

The single-batch system has several advantages over the multiple-batch system, even though
the multiple-batch system is presently far more common. Fish from single-batch ponds tend to
be more uniform in size than those from understocked ponds, and uniform fish size is highly
desired by fish processors. It is also easier to maintain accurate inventory records when using the
clean-harvest cropping system because fish populations are "zeroed out" after each round of
growout. Feed conversion efficiencies also tend to be better for fish in clean-harvested ponds,
probably because there is little or no year-to-year carryover of big fish, which convert feed to
flesh less efficiently than small fish (Engle and Pounds 1994; Tucker et al. 1994).



174 Tucker, Avery, and Heikes

On the other hand, when all ponds on a farm are managed as multiple-batch systems, more
ponds will contain fish of marketable size at any one time than if the single-batch system were
used. This is important because pond-raised catfish often are temporarily unacceptable for
processing because of off-flavors (see Chapter 10). So, if timely harvest offish from a particular
pond is constrained by the presence of off-flavors (or other factors, such as ongoing losses to an
infectious disease), there is a greater probability of having acceptable fish to sell from another
pond when ponds are managed as multiple-batch systems. Economic analyses indicate that
single-batch strategies are more profitable than multiple-batch strategies when fish can be
harvested and sold without constraint, mainly because fish in single-batch ponds have better feed
conversion efficiencies (Engle and Pounds 1994; Tucker et al. 1994). But in the real world, where
the presence of off-flavors and other market constraints often prevent timely fish harvest, the
multiple-batch strategy is the most desirable of the two cropping systems (Engle and Pounds
1994; Engle et al. 1995). This is probably the reason why the multiple-batch system is the most
common cropping system in use, and why it will likely remain the cropping system of choice
until solutions to off-flavor problems are developed.

8.3.2 Stocking rate

When ponds are managed as simple, single-batch cropping systems, stocking rate refers to the
number offish per unit area stocked into the pond each time a new production cycle begins. The
situation is more complex when ponds are managed under the multiple-batch strategy because
the cycle of stocking, partial harvest, and replacement stocking is continual. For example, assume
that a farmer wishes to operate a multiple-batch pond at a nominal "stocking rate" of 20,000
fish/ha. Initially, the pond may be stocked with 20,000 fingerlings/ha, but if 10,000 foodfish were
harvested per ha that year, then a new batch of 10,000 fingerlings/ha would be added to bring the
stocking rate back up to 20,000 fish/ha. Whether ponds are operated as single-batch systems or
multiple-batch systems, stocking rate is best defined as the maximum fish density (number per
acre) over the production period.

Under commercial conditions, stocking rate becomes an approximate goal rather than a
precisely managed population variable because it is nearly impossible to know the true inventory
of fish in large commercial ponds that are used for several years without draining. Initially,
farmers may be able to estimate how many fish are present in a pond within a few percent of the
actual number. However, most farmers make only rough estimates of numbers offish stocked
and harvested, so after a few rounds of harvest and restocking, errors associated with those
estimates are magnified. But more important, losses offish to disease, poor water quality, and
predators are difficult to quantify with any accuracy in large commercial catfish ponds because
a substantial proportion of those losses cannot be quantified by counting dead fish on the pond
bank. Inventory control is obviously much more difficult in ponds managed under the multiple-
batch strategy because populations are not "zeroed-out" after each production cycle.

As an example, Tucker et al. (1994) conducted a 3-year study in which one set of ponds was
managed using the multiple-batch cropping system with a nominal stocking rate of 19,800 fish/ha
(8,000 fish/acre). Numbers of fish stocked and harvested were known to a good degree of
accuracy and dead fish found along the pond banks were recovered, counted, and weighed daily.
Observed losses over the 3-year study amounted to 3% of the number offish stocked. However,
an overall accounting of fish stocked minus fish harvested and dead fish recovered from ponds
showed that actual losses amounted to 21 % of the fish stocked. In other words, unobserved losses
were seven times greater than losses estimated by counting dead fish. In this particular study,
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which was extremely well controlled relative to commercial conditions, the actual stocking rate
was substantially lower than the nominal rate because of the unaccounted loss offish.

In an effort to compensate for unobserved losses (colloquially called the "black hole"), some
farmers restock ponds with fingerlings to replace the number of foodfish harvested, plus observed
losses, plus an additional number of fingerlings to offset unobserved losses. In practice,
restocking in this manner introduces yet another source of error because the actual magnitude of
unobserved losses is unknown and varies greatly from pond to pond.

There is no consensus on the best stocking rate for commercial production and rates used in
the industry range from less than 1,255 fish/ha (500 fish/acre) to more than 25,000 fish/ha
(10,000 fish/acre) (USDA/APHIS 1997). One explanation for the wide range of stocking rates
used by catfish farmers is that production goals, facilities, and resources vary from farm to farm.
Also, the lack of consensus on optimal stocking densities is, in part, related to the counterintuitive
fact that profit-maximizing stocking densities are not necessarily the same as yield-maximizing
stocking densities.

High stocking densities, and corresponding high feeding rates, produce the highest fish yields,
although fish grow slowly because they compete for feed and because poor water quality in
densely stocked ponds stresses fish, reduces feed intake, and causes poor feed conversion
efficiency. Many farmers manage catfish ponds for maximum yield, believing that profits are
greatest when yields are greatest. This is seldom, if ever, the case for any agricultural commodity,
and two studies that examined the relationship between stocking density and economic return
(Tucker et al. 1994; Losinger et al. 2000) indicate that net returns are maximized at stocking
densities well below yield-maximizing stocking densities. For example, Losinger et al. (2000)
used econometric modeling and farm survey data to identify profit- and yield-maximizing
stocking densities for catfish farming in the southeastern United States. Maximum yield occurred
at stocking densities in the range 25,000 to 30,000 fish/ha (10,000 to 12,000 fish/acre), whereas
profit-maximizing stocking densities were in the range 16,000 to 21,000 fish/ha (6,500 to 8,500
fish/acre). This study did not address the effect of fmgerling size at stocking, which is the third
important management decision for foodfish growout (cropping system and stocking density
being the first two).

8.3.3 Fingerling size

The size of fmgerling to stock is a critical factor in foodfish production, but very little systematic
research has been conducted to determine the relationship between fingerling size at stocking and
economic returns. Large fingerlings will reach foodfish size faster than small fingerlings, but
large fingerlings are expensive because they require more time and space to produce. In addition,
large fingerlings can be difficult to obtain because most fingerling producers prefer to stock fry
at relatively high densities and move fingerlings to foodfish ponds as soon as possible to avoid
risk of loss to infectious diseases and predacious birds. The best size fingerling to stock is
therefore a compromise that depends on cropping system, fish stocking density, and fingerling
availability.

Tucker and Robinson (1990) discuss optimum fingerling size for single-batch cropping
systems where the goal is to grow fish to harvestable size as quickly as possible, preferably
within 1 year. At stocking densities of greater than about 10,000 fish/ha (ca. 4,000 fish/acre),
fingerlings smaller than 13 cm (ca. 5 inches) will not grow to an average weight of 0.6 kg (ca.
1.2 pounds) in a single 200-day growing season. For ungraded, "pond-run" fingerlings, this
means that the average size should be 15 to 18 cm (ca. 6 to 7 inches), which weigh 30 to 40 g/fish
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TABLE 8.4. Length-weight relationships for pond-raised stacker and food-sized channel catfish in Mississippi
(Steebv et al. 1991).

Length
(cm)
25.4
27.9
30.5
33.0
35.6
38.1
40.6
43.2
45.7
48.3
50.8
53.3
55.9
58.4
61.0
63.5
66.0
68.6

Predicted weight
(inches) (g) (pounds)
10 145(110-191) 0.3(0.2-0.4)
11 196(149-258) 0.4(0.3-0.6)
12 260(197-342) 0.6(0.4-0.8)
13 336(255-443) 0.7(0.6-1.0)
14 428(325-563) 0.9(0.7-1.2)
15 535(406-604) 1.2(0.9-1.6)
16 658(500-866) 1.4(1.1-1.9)
17 798(606-1,051) 1.8(1.3-2.3)
18 957(727-1,260) 2.1(1.6-2.8)
19 1,135(863-1,495) 2.5(1.9-3.3)
20 1,335(1,014-1,758) 2.9(2.2-3.9)
21 1,558(1,184-2,052) 3.4(2.6^.5)
22 1,809 (1,374-2,382) 4.0(3.0-5.2)
23 2,092(1,588-2,754) 4.6(3.5-6.1)
24 2,413(1,831-3,178) 5.3(4.0-7.0)
25 2,781(2,110-3,665) 6.1(4.6-8.1)
26 3,209(2,432-4,232) 7.1 (5.4-9.3)
27 3,714(2,810^,902) 8.2(6.2-10.8)

(60 to 90 pounds/1000 fish). Fingerlings of this size are not commonly available and are
expensive. If smaller fingerlings are used, ponds can be stocked at higher rates and managed on
a 2-year production cycle where larger fish are harvested, without restocking, several times until
all fish have been harvested. A length-weight relationship for commercially grown channel
catfish foodfish is presented in Table 8.4.

Tucker and Robinson (1990) also recommend fingerlings of at least 13 cm (ca. 5 inches) for
use in ponds managed as multiple-batch systems. Fingerlings smaller than that size may not
compete effectively with larger fish for feed and may be more prone to predation by birds and
large catfish, leading to reduced yields and lower survival. This was verified by Engle and
Valderrama (2001 b) in a study comparing production characteristics and economics of using 7.6-,
12.7-, or 17.8-cm (3-, 5-, or 7-inch) fingerlings to understock in multiple-batch foodfish growout
ponds. The results of that study, which indicated that the preferred size of fingerlings for
understocking is 12.7 cm (5 inches), are summarized in Section 21.5.1.

8.4 FARM RECORDS

Detailed, complete records are essential for management of any catfish farming operation. A
thorough record keeping system is a vital tool in evaluating the effectiveness of management
practices and resource use. In addition to measuring efficiencies of production, records are
required to comply with tax reporting laws, btain credit, and track inventory of assets. Record
keeping systems can be as simple as farm-type record books available through the Extension
Service or as complex as computer software capable of processing great volumes of information.

Records should be kept separately for each enterprise of the catfish farming operation. These
enterprises could include activities such as foodfish, broodstock, fingerling or stacker production,
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or custom harvesting and hauling. Maintaining these enterprises as separate accounts will allow
management to analyze the return on investment for each enterprise.

There are many individual transactions occurring in the day-to-day business of catfish
production. The record keeping system that is chosen should track daily receipts and expenses.
Capital transactions of purchases or sales of equipment, land, structures, or broodstock need to
be recorded as well as their associated depreciation schedules. Inventories need to be kept for
equipment, feed, supplies, and live fish stocks. Payroll records must be maintained for each
employee. An up-to-date balance sheet and cash flow analysis will provide the information
necessary for assessing progress towards the operation's production goals.

Accurate production records provide a solid basis for decision making. However, there are
numerous production parameters to monitor and record. The amount of fish stocked and
subsequently harvested must be recorded both in numbers and in weight. The fact that stocking
rates are discussed in numbers per acre while yield is reported in pounds per acre only serves to
make the record keeping process more complex. To increase the accuracy of stocking rates, a
sample offish should be taken from the fingerling truck and a size-class distribution determined.
At harvest, a sample of fish should be weighed and counted to determine average size of fish.
This information will be beneficial in tracking batches offish and determining survival rates.

Feed costs constitute 52 to 54% of the annual operating costs of commercial catfish
production (Engle and Kouka 1996). The estimated amount of feed fed to fish in individual ponds
needs to be recorded daily and summarized weekly. Because it is such a large cost component,
feed transactions should be monitored closely. Invoices for feed purchases should be checked
against estimated feed fed and remaining feed in inventory. At the end of a chosen production
cycle (calendar year end or effective growing season), the estimated feed allotment to individual
ponds should be adjusted based on the difference between feed fed, feed purchased, and
remaining feed inventory. The total amount of feed fed during the production cycle is the basis
for determining the feed conversion ratio (FCR), which serves as an important indicator of the
operation's efficiency.

Records of water quality parameters are kept for a short period so that they might be used to
forecast trends. By looking at previous dissolved oxygen records, feed managers can alter the
timing or amount of feeding. High nitrite levels and the corresponding need for increased
chloride levels can be predicted by observing the last ammonia peak. Records concerning the
hours of aeration during the production cycle can provide insight into the impact of management
practices or chemical treatments.

Catfish producers should keep a record of any drug or pesticide used in production, including
quantity, date, frequency of application, time of harvest, and identity offish (or batches offish)
on which treatments are used. For more information on drug and pesticide use records, producers
should contact their county Extension Service agent.

Killcreas (2002) developed a Windows®-based catfish production management computer
program called FISHY 2002 that has many features that allow the producer to tailor the program
to reflect individual management approaches. FISHY contains data that 1) describes personal
data for a specific farm, 2) defines the percent of body weight fed, the feed conversion ratio and
estimated future mortality for various fish sizes by feeding groups, 3) allows the producer to
define harvest fish sizes and fish sizes seen in reports, and 4) provides a way to define a feeding
calendar for each feeding group. A growth simulator predicts future fish growth for 10 years or
more using predefined growth parameters.

FISHY 2002 allows the user to enter and update events that are likely to occur on a working
catfish farm. Such events include 1) adding or removing ponds, 2) adding or removing batches
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of fingerlings from ponds, 3) harvesting fish, 4) updating fish processor sales records after a
harvest, 5) entering/updating records of observed fish losses, 6) entering/updating inventory
adjustments for fish losses that were not observed, 7) moving fish from one pond to another, 8)
combining batches offish in the same pond, and 9) draining a pond. FISHY 2002 provides more
than 35 different reports to help track management of the fish farming operation.

8.5 HARVESTING AND TRANSPORT

Channel catfish must be harvested and transported at least four times from egg stage until
slaughter at the processing plant. Harvest and transport of eggs from brood ponds to the hatchery
and fry from hatchery to nursery ponds are discussed in Chapter 7. The following section
discusses harvest and transport of fingerling and food-sized fish. Additional information can be
found in Tucker and Robinson (1990)

8.5.1 Initial considerations

To ensure the most efficient harvest, producers should be certain that the pond contains an
adequate weight of fish of the desired harvest size. This can be difficult on large commercial
farms, and record-keeping programs such as FISHY 2002 (Killcreas 2002) are designed to help
producers predict harvestable inventories. To maximize the efficiency of moving fish from pond
to processing plant, the transport truck needs to be filled to or near capacity. Typically, a
producer marketing fish to a large processor will not schedule a harvest until 9,000 to 11,000 kg
(20,000 to 25,000 pounds) of graded fish are available.

Producers should check the health status offish scheduled for harvest. Fingerlings or stockers
with an infectious disease can transfer the disease to other ponds. Also, infected fish may be
unable to withstand the rigors of harvest and transport, and may die soon after stocking. Note,
however, that harvest of food-sized fish destined for slaughter may be the best way to minimize
disease-related losses if the disease is detected early and only a small proportion of the population
is affected.

Prior to each foodfish harvest, producers should arrange for their fish to be placed on the
processing schedule. Producers should first submit fish samples to processing plants to check
flavor quality. Once a processor determines that fish are "on-flavor," the process of scheduling
the harvest can begin. Factors that complicate scheduling include processing quotas, proximity
to processing plants, availability of suitable fish, and re-occurrence of off-flavor.

Fish should not be fed for a minimum of 2 days prior to harvest during warm weather and 3
days when water temperatures are cool. This allows fish to fully digest and clear their stomach
contents prior to the harvest event. Fish with food in their gut tend to grade poorly in grading
nets, regurgitate stomach contents during transport, and will not tolerate stress as well as starved
fish. Most processing plants will deduct a percentage of the purchase price if fish have significant
amounts of food in their gut.

Special care is needed when harvesting fish in hot weather or during periods of poor water
quality. Although fish must be harvested throughout the season, avoid handling fry or small
fingerlings above 30°C (ca. 85°F) because the stress may trigger an outbreak of channel catfish
virus disease. Avoid harvesting fish from ponds with low concentrations of dissolved oxygen or
high concentrations of un-ionized ammonia or nitrite. The stress associated with holding large
quantities of foodfish in grading nets (socks) during periods of poor water quality can result in
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mortalities and reduced quality of processed fish. And finally, harvesting equipment should be
routinely inspected and maintained. Equipment failure during harvest causes delays and increased
stress on fish. Processing plants operate on very tight operating schedules and delays in fish
delivery can lead to plant downtime.

8.5.2 Harvesting levee ponds

Efficient harvest is important to all phases of channel catfish culture. The techniques currently
used in the industry evolved primarily from Great Lakes haul-seining techniques. Oddly, there
has been little systematic research conducted to improve harvest technology. Most of the
innovations implemented in harvesting fish during the past 20 years have been the result of trial-
and-error by fish producers and seining crews.

Successful harvesting operations require properly constructed ponds. Levees should be wide
enough to accommodate large hauling trucks, tractors, and fish-loading equipment. Gravel is
recommended on main levees where fish will be loaded onto hauling trucks. All other levees
should have a good ground cover (or preferably gravel) to permit harvest in all types of weather.

Equipment

Equipment requirements are similar for harvesting fingerling and foodfish, and consist of a
commercial harvest seine, a hydraulic seine reel, a flat-bottomed aluminum boat with an outboard
motor and a "seine catcher," two tractors, and an open-topped net enclosure known as a "live car"
or "sock" for holding and grading fish. An additional tractor equipped with a PTO-driven aerator
is recommended for circulating water through the area where fish are concentrated in the final
stages of harvest.

Seines for catfish ponds are designed to be most efficient in shallow, regular-shaped ponds
with relatively flat, unobstructed bottoms. Seines and live cars are made from nylon netting or
knotted polyethylene. Nylon requires a coating of plastic or tar-based net preservative to protect
the netting from deterioration from sunlight exposure and to prevent fish spines from snagging
in the netting. Polyethylene nets require no preservative treatment.

Seines and live cars are available in a variety of mesh sizes. Mesh sizes are usually specified
as square mesh size, which is the distance between successive knots. The appropriate mesh size
should capture the smallest fish desired without entangling fish in the net. Fish smaller than the
minimum size desired will pass or "grade" through the netting. Sizes of fish retained by netting
of various square mesh sizes are listed in Table 8.2.

Typically, food-sized catfish seines are made of heavy-duty #42 polyethylene twine and a
mesh size of 1-5/8 or 1-3/4 inch, but larger mesh sizes up to 2 inches are sometimes used (in the
following discussion, mesh dimensions are presented in English units only). Small-mesh finger-
ling seines with 3/16- to 3/8-inch mesh are made of Raschel netting. These seines are extremely
difficult to pull through ponds because the small mesh size catches and retains loose bottom
sediments. A better method for harvesting fingerlings is to use larger-mesh, knotted-nylon seines
equipped with a rolled netting mud line. These are available in mesh sizes from 3/8 inch to 1
inch. Producers who raise their own fingerlings for stocking typically use seines with mesh sizes
of 1/2 inch or larger. This allows most of the bottom sediments to pass through the seine while
retaining fish over 3 inches in length.

The length of the seine should be 1.5 times the widest section of the pond. This allows the
seine bottom to conform to the shape of the pond bottom and minimizes the tension on the mud
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line. In general, the depth of the seine should be 1.5 times the deepest section of the pond. Most
foodfish seines are 2.7 m (9 feet) deep for use in typical levee ponds, but may be as much as 3.7
m (12 feet) deep for use in deeper watershed ponds. Nearly all fingerling seines are 2.4 m (8 feet)
deep, but some deeper, watershed ponds require 3.1 m (10 feet) deep seines.

While the most common mud line is constructed from rolled netting, Steeby and Lovshin
(1993) showed that seines equipped with hard rubber rollers were more efficient at harvesting
large channel catfish in ponds with soft muddy bottoms. The roller design allows the mud line
to conform to the shape of the pond bottom, resulting in a higher percentage of capture in the first
seine haul. While the hard rubber roller mud line catches more fish, it also has a tendency to
catch more mud, requiring more frequent emptying of the mud line. Current research on seine
designs conducted at Mississippi State University (Jason Yarborough, Mississipppi State
University, personal communication) has shown that mud rollers with a "football" shape
eliminate many of the "mudding down" problems associated with older muddy ponds, allowing
ponds to be seined quicker and more efficiently.

Basic harvesting operation

While the process of seining a pond is straightforward, a certain amount of skill and an under-
standing of basic fish needs are required to harvest fish successfully with minimum stress. Even
under ideal conditions, a typical seine haul will seldom catch more than 70% of the fish in an
embankment style pond (Steeby and Lovshin 1993).

Typically, at least five people are required to seine a commercial pond (Keenum and Dillard
1984). Two people are needed to drive tractors. Two more people are needed to stand on the mud
line at the base of the levee to keep the seine from lifting off the pond bottom as the seine is
pulled through the pond. The fifth person operates the seining boat and watches the seine as it
is pulled through the water. When there is an indication that the seine is catching too much mud
(the float line becomes submerged) the "seine catcher" on the boat is engaged into the seine and
the boat pushes the seine forward to roll the mud out of the seine.

Tractors typically pull the seine slowly through the pond at a rate of approximately (8 to 14
m/minute (25 to 45 feet/minute), depending on the amount of bottom mud encountered during
the operation. Once both ends of the seine are pulled around the corners of the pond, the tractors
converge where load-out will take place. The load-out area should be clear of overhead power-
lines and the pond bottom and water depth should be suitable for holding and grading the fish in
the live car. Landing fish near an aerator and the inlet pipe (riser) from the well will provide a
means of improving water quality in the confinement area.

8.5.3 Harvesting watershed ponds

Watershed ponds with relatively flat bottoms and a maximum depth of about 2.4 m (8 feet) can
be harvested by seining as described for levee ponds. Ponds that cannot be seined in the
traditional manner can be harvested by partially draining the pond or by trapping.

For deep ponds or ponds with obstacles on the pond bank or bottom, the pond may have to
be drained to a maximum water depth of 1.2 to 1.8 m (4 to 6 feet). The resulting pool may
represent from 20 to 50% of the original pond area. This increases the distance from water's edge
to the usual pond bank, making it difficult to use seining equipment, positioning aeration
equipment, and loading fish into transport trucks. Often, a seine of appropriate mesh size must
be pulled by hand because any heavy equipment will sink into the soft mud of the exposed pond
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bottom. If the amount of exposed bank is minimal, a hydraulic loader can be used to lower a lift
net into the harvest area near the dam. In deeper ponds, fish can be loaded by constructing a
system of buckets mounted on temporary wood or metal rails. Fish are dip-netted into the buckets
that are slid or pulled up the rails by using a winch. The difficulty in providing supplemental
aeration and lack of fresh water may relegate harvest to periods of cooler temperatures.

Permanent external or internal catch basins can be built in watershed ponds to facilitate
harvest. External catch basins are concrete tanks built at the end of the drain pipe outside the
pond. After a partial harvest by use of a seine, the pond is completely drained and the remaining
fish are allowed to pass through the drain pipe into the catch basin. Internal catch basins are less
preferable because the basins may become filled with sediment during the production cycle.

Trapping methods may be employed when only a partial harvest is required or when ponds
cannot be drained. Huner et al. (1984) discuss several trapping methods that rely on baiting fish
into traps or trapping areas with feed. Jensen (1981) described the easiest trapping method
referred to as corral seining. A typical corral set consists of a seine positioned parallel to the pond
bank about 15 m (50 feet) from shore. Fish are trained to the area by feeding in the trapping area
between the seine and the pond bank for several days. When fish are actively feeding in the area,
the ends of the seine are quickly pulled to shore with ropes. This method is limited by how often
it can be used before fish become trap wary. Any trapping method is also limited to active
feeding periods and may result in undigested feed in the stomach of harvested fish.

8.5.4 Grading

Almost all pond-raised catfish should be size-graded before transport to the processing plant. Fish
that are too big or too small are either undesirable or inefficiently used by processors, most of
whom will deduct fish of undesirable size from the purchase price. Efficient grading is also
important for farmers because small fish are worth much more by weight than foodfish. As such,
inadequate grading can be a significant economic loss to farmers.

Cutting-seine method

Some producers and custom harvesters still use the cutting-seine method for landing and grading
fish, but this old technique is not nearly as common as the grading sock method. In the cutting-
seine method, the harvest seine is gathered in until fish are moderately crowded. The harvest
seine is then "staked out," or held in place, with metal rods in an arc. Fish small enough to pass
through the harvest-seine mesh can "grade out" and swim away. Just prior to loadout, a second
"cutting" seine (typically somewhat smaller mesh than the harvest seine) is then pulled through
the mass of fish remaining in the harvest seine to crowd fish closer to the bank. Fish are then
scooped out of the cutting seine area with a two-man dipnet and poured into a lift basket attached
to a hydraulic boom for loading onto a hauling truck. When there is a large size difference
between harvest-size fish and under-stocked fish, the cutting seine method provides adequate
grading. However, most ponds are cropped multiple times throughout the year, and the resulting
size mix of fish is difficult to grade adequately with the cutting-seine method.

Sock-grading method

Most catfish farms use the sock-grading method of landing and grading fish. Typically, a tunnel
is sewn approximately 30 to 40 m (ca. 100 to 125 feet) from the free end of the harvest seine. The
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Table 8.5. Approximate capacities (in kg and pounds offish) that can be held in live cars of various dimensions
for up to 24 hours in waters of 20 to 30°C (ca. 70 to 85°F). Capacities can be increased by factors of 1.5 to 2
in cooler waters or when fish will be held for less than 2 to 4 hours.

Live car dimensions
Width
(m)
2.4
2.4
2.4
3.
3.
3.
3.
3.
3.
3.

(feet)
8
8
8

10
10
10
10
10
10
10

Length
(m)

6.1
9.2

12.2
6.1
9.2

12.2
15.3
18.3
21.4
24.4

(feet)
20
30
40
20
30
40
50
60
70
80

Capacity
(kg)

3,200
4,500
6,400
4,500
6,800
9,100

11,400
13,600
15,900
18,200

(pounds)
7,000

10,000
14,000
10,000
15,000
20,000
25,000
30,000
35,000
40,000

harvest seine is collected with the hydraulic seine reel until the fish are crowded slightly and the
seine tunnel is located at the top of the arc created by the harvest seine. At this point, a live car
or grading sock is attached to the harvest seine tunnel. This is accomplished by pulling the seine
tunnel drawstring around a specially designed frame fitted to one end of the grading sock. Once
the sock frame is attached to the tunnel, the harvest seine is carefully pulled in until all the fish
have passed through the tunnel and into the sock. Fish are often stressed due to overcrowding
during this phase of harvesting, especially in ponds that are muddy or shallow in the landing area.
Sock frame dimensions are typically 3 feet by 5 feet or 4 feet by 6 feet. While larger sock frames
are more cumbersome to handle, they provide 60% more area for fish to pass through and are
thus more efficient and less stressful on fish. Larger tapered tunnels are also commercially
available for seines and result in faster landing times.

The traditional seine tunnel and frame mechanism used to mate the seine to the live car can
be replaced with an industrial-strength zipper system. This zipper system allows the sock to be
attached quicker, and makes it impossible to attach the live-car to the seine tunnel improperly.
More importantly, it eliminates the "bottleneck" effect of crowding fish through a tunnel and
frame, which can significantly reduce the amount of time required to land fish in live cars,
especially in shallow muddy ponds. Another benefit of the zipper system is that it allows two live
cars to be quickly zipped together, enabling a producer to easily reduce the density of fish
contained in a single sock.

Recommended holding densities for traditional grading socks are presented in Table 8.5.
Accurately estimating the biomass offish contained in a sock can be difficult, and overcrowding
is a common problem. Overcrowding can impede the flow of fresh water through the sock and
often results in low dissolved oxygen levels within the sock.

Effective grading with socks depends on mesh size, time, water temperature, water quality,
and the general health of the fish. Typically, to achieve the desired level of grading, fish must be
held in socks for a minimum of 4 to 6 hours. It is common for producers to hold fish overnight
in grading socks to encourage removal of small fish. Socks must be staked out properly in order
to avoid fish escaping and to encourage grading. A tractor PTO-driven paddlewheel aerator
should be placed along the bank to gently pull oxygenated water through the sock. Pushing water
into a sock often results in too much current which can tire the fish, impede grading, and possibly
collapse the net.
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Table 8.6. Grader bar spacings required to retain channel catfish fingerlings of various minimum lengths.

Spacing between bars
(cm)
1.07
1.27
1.60
1.91

(inches)
27/64
32/64
40/64
48/64

Length offish retained
(cm)

7.6
10.2
12.7
15.3

(inches)
3
4
5
6

Spacing
(cm)
2.22
2.54
6.81

between bars
(inches)
56/64
1.0
1.5

Length of fish retained
(cm)
17.8
20.3
28

(inches)
7
8

11

Vat grading of fingerlings

Catfish fingerlings can be graded in vats with mechanical crowders fitted with inclined bar
graders, but efficiency of grading is limited by a single grading surface. The floating box grader
is the most common type of apparatus used by fingerling producers who grade fingerlings in vat
facilities. Recommended grader bar spacings are presented in Table 8.6. Grading fish in vats
requires additional labor for dipping and handling of fish, and unused fish must be transported
back to the pond. Attempts to grade catfish with mechanical bar graders above water have not
been successful as catfish naturally extend and lock their pectoral fins when lifted out of the
water (Greenland and Gill 1972; Busch 1985). A mechanical belt grader (Fischtechnik
Fredelsloh, Moringen, Germany) effectively sorted channel catfish fingerlings (Lovshin and
Phelps 1994) and was reported to be an improvement over box grading in vats.

In-pond, horizontal bar grading

The use of an adjustable horizontal bar grader for sorting channel catfish was investigated by
Greenland and Gill (1972) as an alternative to grading in a sock. This "in-pond" grader design
was shown to be an effective means of removing sub-harvestable channel catfish, but the concept
has not been widely adopted by the industry, primarily due to the logistics of processing large
quantities of fish across the grader. Existing grader designs require either batch-wise loading of
fish into the grader (requiring a boom truck and lift basket) or extreme crowding. Neither of these
techniques has proven to be effective in a commercial setting.

Recent work on in-pond grader designs (Heikes 1999) has focused on improving the
mechanism for loading fish onto the grader platform. This improved design has proven to be a
valuable management tool for fingerling production on several commercial farms. In-pond
grading of fingerlings requires less time, labor, and handling than vat-grading procedures and
eliminates the need for costly vat-grading facilities.

A larger version of the in-pond grader design is currently under investigation (David Heikes,
University of Arkansas at Pine Bluff, unpublished data) and shows promise for grading foodfish.
Grading foodfish with the in-pond grader involves additional handling and labor, but allows a
producer to grade a crop of foodfish immediately after seining. Additionally, once the fish have
been graded with an in-pond grader, inventory estimates can be obtained from the holding sock.
When grading with the traditional sock method, it is impossible to know how many fish will
grade out and small fish may continue to grade throughout the loading process. The use of an in-
pond grader may be particularly well suited to grading fish in cold weather when sock grading
efficiency drops off.
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8.5.5 Loading

Lift nets

Loading channel catfish from holding socks onto transport tanks is typically accomplished with
a hydraulic loader outfitted with a boom, lift net, and hanging scale. Two of the most common
types of hydraulic loaders are a modified backhoe or a reconditioned logging truck. A steel pipe
or boom is attached to the hydraulic arm of the loader to extend the basket to the live car from
the pond bank and lift the fish up to the transport tank. The lift net is suspended from a hanging
scale attached to the boom. The fish are weighed before being released through a trap door in the
bottom of the lift net. Lift net capacity ranges from 100 to over 750 kg (ca. 200 to 1,600 pounds).
A typical crew of five people is needed to load channel catfish with a lift net. Three people crowd
and dip the fish into the lift net, one person operates the hydraulic loader, and one person stands
on the transport truck to operate the lift net trap door and record fish weights.

The type of hydraulic loader and the skill level of the operator often dictate how the lift net
will be filled. More experienced crews use the boom to swing the lift net (typically a round lift
net) through a crowded mass offish. The alternative is to load the lift basket (typically a square
lift net) by dipping fish from the holding sock and physically pouring fish into the lift basket.

Fish pumps

Alternative methods of loading fish with turbine and vacuum pumps have been investigated
(Rode et al. 1991), but have not been adopted by the catfish industry. Use of turbine pumps to
load fish resulted in injuries to the fish which were apparently related to pump speed (Grizzle et
al. 1992; Grizzle and Lovshin 1994,1996). Davis et al. (1994) reported that stress responses were
similar for catfish harvested by a turbine pump, a vacuum fish pump, or a traditional lift net.
Rode et al. (1991) found no significant differences among these three loading systems for
subsequent survival or mean weight change per fish.

A major impediment to the adoption of fish pumps for loading fish is the inability to
physically weigh fish going into a hauling tank. Obtaining accurate harvest weights is critical
for accounting and farm record-keeping procedures. Estimation of weight based on water
displacement may be an option for certain individual farms (Jensen and Brunson 1992), but is
not a practical alternative under typical commercial culture conditions.

8.5.6 Transport

One of the advantages of culturing a hardy species such as channel catfish is that the fish
withstand the rigors of transport fairly well at all life stages. Nevertheless, large numbers or
weights offish transported in relatively small volumes of water results in crowded conditions and
poor water quality that can damage or stress fish, leading to immediate loss of fish during
transport or loss to stress-related infectious diseases shortly after they are moved to another
culture unit. Proper procedures are critical during transport of eggs, fry, and fingerlings because
poor survival subsequent to transport decreases production efficiency and profits. "Live hauling"
of food-sized catfish to specialty markets also demands care during transport because fish are
expected to arrive alive and in good condition. Almost all food-sized channel catfish are
transported live to processing plants and, although fish should arrive at the plant alive, fish are
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transported at higher densities with less attention given to environmental conditions because fish
are normally held only briefly after transport before slaughter.

Equipment

Fish hauling tanks are usually rectangular and constructed of aluminum, steel, or fiberglass.
Although small tanks of 375- to 1,800-L (ca. 100- to 500-gallon) capacity are used on farms for
hauling eggs and fry, larger weights offish are hauled on larger double-axle or trailer rigs holding
several tanks. Total capacity of individual tanks usually ranges from 1,800 to 3,000 L (500 to 800
gallons). Transport tanks can be insulated or not—insulated tanks are useful if transit time is
long, particularly in hot weather. Large tanks should have internal baffles to minimize sloshing
of water within the tanks. Fish are loaded through doors in the top of the tank and unloaded
through drainage ports on the side or end of the tank. When fish are to be unloaded, a chute is
attached to the drainage port and the exterior door is removed.

Depending on the size of the hauling tank, three general types of aeration systems are used
to maintain adequate dissolved oxygen concentrations in hauling tanks. Small "spin" agitators
are used on the relatively small hauling tanks carried on pickup trucks. These agitators have a 12-
volt, 1/20-horsepower motor connected in-line to a shaft with a stirring blade. The motor rests
on top of the hauling tank, and the shaft protrudes through the tank top with the blade submerged
in the water. The blade is covered by a screen to prevent damage to the fish. Two, 1/20-
horsepower agitators can aerate up to about 570 L (150 gallons) of water at the fish loading rates
described later.

Larger hauling tanks permanently mounted on trucks or trailers are aerated with diffused air
or oxygen. Most large transport units hauling foodfish from growout ponds to processing plants
use diffused air. Diesel-powered air blowers supply large volumes of air to a diffuser near or on
the bottom of the tank. Diffusers (usually steel pipes with many small holes) releases bubbles,
which transfer oxygen as they rise through the water. Diesel air blowers are expensive, but daily
operational costs are low. The large volumes of air released in the tanks and the resulting
turbulence are undesirable when transporting fry or small fingerlings. Also, water temperatures
tend to rise over time in tanks aerated with diffused air because the air is heated as it is
compressed in the blower. This can be a serious disadvantage when transit time is long.

Aeration systems using diffused oxygen are increasingly popular, particularly for hauling
units used around the farm for moving fry and fingerlings. Oxygen is available as compressed
oxygen gas or as liquid oxygen. Compressed oxygen gas can be used when small volumes of
oxygen are needed for short-term hauling of fish in small hauling tanks. Liquid oxygen stored
in special vacuum-insulated containers (cryogenic or dewar tanks) is preferred for routine use on
commercial farms. Liquid oxygen is less expensive than compressed oxygen, but the containers
are expensive and are often rented rather than purchased. Oxygen is delivered from cryogenic
containers to the hauling tank as a gas through diffusers. Diffusers are constructed of fused
minerals (similar to airstones), porous plastic tubing, finely woven hoses, or other materials.
Oxygen delivered from cryogenic containers tends to cool the water and turbulence in the tank
is minimal because relatively small volumes of gas are introduced as fine bubbles. This
characteristic makes liquid oxygen aeration systems ideal for transporting fry or small fingerlings
and for transporting larger fish over long distances.
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Table 8.7. Approximate weights of channel catfish (in kg/L and pounds/gallon) that can be transported at
about 20°C (68CF).

Size of fish
(S)
450
225
110
45
23

(pounds)
1
0.5
0.25
0.10
0.05

Transit time (hours)
8
(kg/L)
0.72
0.72
0.60
0.48
0.42

(pounds/gallon)
6.0
6.0
5.0
4.0
3.5

12
(kg/L)
0.66
0.60
0.48
0.36
0.30

(pounds/gallon)
5.5
5.0
4.0
3.0
2.5

16
(kg/L)
0.60
0.42
0.36
0.30
0.24

(pounds/gallon)
5.0
3.5
3.0
2.5
2.0

Transport procedures

Clear well water should be used to fill hauling tanks. Well water is free of fish pathogens and,
unlike most pond waters, does not contain plankton or other organisms that can consume oxygen.
The temperature of the water in hauling tanks should be within 3°C (5°F) of the water from
which fish are harvested. Problems with temperature differences in the pond and hauling tank can
be reduced by loading fish in the early morning in the summer (when water temperatures in the
pond are lowest) or loading fish in the afternoon in the winter (when pond water temperatures
are highest).

The stress of handling causes osmoregulatory disturbances in fish. Dissolved calcium helps
fish maintain osmotic balance. Calcium hardness should be at least 50 mg/L as CaCO3 in hauling
tank waters, particularly if transit time will be greater than 1 hour. Even higher calcium hardness
is beneficial, and some recommendations call for minimum calcium hardness values of 150 mg/L
as CaCO3 in hauling water. Common salt (NaCl), without iodide, is also used to reduce
osmoregulatory distress during hauling. Salt can be added to give solutions of 1,000 to 3,000
mg/L.

During transport, fish consume oxygen and produce carbon dioxide and ammonia. Adequate
supplies of dissolved oxygen are important regardless of the duration of transport because
dissolved oxygen is depleted within minutes at the high densities of fish normally present in
transport tanks. Dissolved oxygen concentrations should never fall below 5 mg/L during
transport. The detrimental effects of carbon dioxide and ammonia are prevented by reducing fish
loading rates in proportion to transit time rather than attempting to remove the substances by
chemical or physical means.

Fingerling and adult fish should not be fed for at least 24 hours before transport. Fish with
an empty digestive tract consume less oxygen than recently fed fish. Also, partially digested food
that is regurgitated or voided from the intestine during transport fouls the hauling water.
Subsequent decomposition of food or fecal matter in the hauling tank consumes oxygen and
produces ammonia and carbon dioxide.

Loading rates for channel catfish are presented in Table 8.7. These rates should be regarded
as rough guidelines because safe loading rates vary, depending on the type of equipment used,
initial water quality, condition of the fish, and other factors. In general, the loading rates listed
in Table 8.7 can be increased by about 25% if the water temperature is below 13°C (55°F) and
should be reduced 25% if the water temperature is between 25 and 30°C (ca. 75 and 85°F).
Reduce the loading rate by 50% if the water temperature is above 35°C (85°F).
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8.6 POLYCULTURE SYSTEMS

Polyculture is the rearing of two or more species offish in the same culture unit. Species suitable
for polyculture with channel catfish must provide increased profits for the farmer—an obvious
point that is often lost when discussing catfish polyculture. The fish must be either marketable
at a profit or useful as a management tool. The presence of the secondary species must not
decrease the yield of catfish nor interfere with normal pond management. The secondary species
should have environmental requirements similar to channel catfish and should be easy to harvest.
The animal must also be legal to possess, grow, and sell.

Catfish ponds are ideal ecosystems for polyculture because catfish eat manufactured feed,
which enriches the water and stimulates high rates of gross primary and secondary production.
This natural productivity is largely unused by catfish and could support substantial production
of herbivorous or omnivorous fish or crustaceans. There is also evidence that the presence of
certain plankton-feeding fish can improve catfish pond water quality by altering plankton
community dynamics (Smith 1985; Boyd and Tucker 1998; also see Chapter 10). Nevertheless,
polyculture is rare in commercial catfish aquaculture. Markets for most secondary species are
limited, and substantial time and labor are required to separate the different species for
marketing. Even when it appears that polyculture improves pond environmental conditions, most
farmers feel that the potential benefits are outweighed by problems associated with the presence
of the secondary species. The only exception is the occasional use of grass carp for control of
aquatic weed problems.

8.6.1 Grass carp

Grass carp Ctenopharyngodon idella are native to eastern Asia and have been widely introduced
throughout the world for management of aquatic weeds. The fish was introduced into the United
States in 1963 and has been found in at least 45 states. Established populations exist in several
states in the lower Mississippi River valley (Guillory and Gasaway 1978; Courtenay et al. 1986).

Grass carp have several traits that make it a good candidate for biological control of weeds
in catfish ponds. Grass carp fingerlings and adults less than about 1 kg (ca. 2 pounds) feed almost
exclusively on larger plants and do not compete with catfish for feed. The fish can grow rapidly,
as much as 2 to 4 kg (ca. 5 to 10 pounds) each year, and eat large quantities of plant material.
Environmental requirements nearly overlap those of channel catfish; of particular importance,
they are nearly as tolerant as channel catfish to low dissolved oxygen concentrations. Grass carp
require running water to spawn and will not reproduce in ponds, making it easy to control pond
populations. The feeding activities of grass carp do not disturb pond sediments making ponds
excessively muddy as do common carp.

Grass carp prefer to eat succulent submersed plants such as coontail (Ceratophyllum
demersum), bushy pondweed (Najas guadalupensis), muskgrass (Chara spp.), and sago
pondweed (Potamogeton pectinatus). Fibrous plants such as grasses, cattails {Typha spp.),
sedges, rushes, and smartweed (Polygonum spp.) are less preferred, and grass carp will not eat
these plants if more preferred plants are available. The acceptability of macrophytic filamentous
algae as food is unclear. Catfish farmers report inconsistent contol of filamentous macroalgae by
grass carp and research reports are contradictory (Opuszynski and Shireman 1995). Generally,
it appears that grass carp will eat filamentous macroalgae but, when given a choice, the fish
prefers succulent submersed plants. Food consumption is greatest at water temperatures of 25 to
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32 °C (ca. 75 to 90°F), and the fish stops feeding when the temperature falls below about 13°C
(55°F) (Opuszynski and Shireman 1995).

The stocking rate for grass carp depends on the severity of the weed problem to be controlled.
When stocked in a weed-free pond to prevent the establishment of submersed weeds, 12 to 15
small (20 to 30 cm) fish/ha (5 to 10 fish/acre; 8 to 12 inches long) should be stocked. The same
stocking rate is also adequate if the pond is lightly infested with weeds. Fish density can be
increased to 50 to 100 fish /ha (20 to 30 fish/acre), or more, to eradicate weeds from ponds that
are heavily weed-infested. Control of established stands of weeds by grass carp may require a
year or more. The fish is best used as a preventative measure or stocked into the pond before
weed problems become widespread.

Although grass carp can be a useful species for weed control, their use is banned or tightly
regulated in some states. In 1995, use of grass carp for weed control was allowed in 37 states in
the United States, although in most states only the sterile triploid fish is allowed. Even when it
is legal to use the fish, discretion should be used and every effort made to prevent their escape
into natural waters. To further diminish the likelihood that grass carp will reproduce and thrive
in natural waters, it is good practice to use sterile triploid fish even in areas where use of diploid
fish is allowed.

8.6.2 Silver carp

Silver carp Hypothalmichthys molotrix are endemic to eastern Asia and were introduced into the
United States in 1973 (Freeze and Henderson 1982). Silver carp are filter-feeding omnivores,
mainly consuming phytoplankton and small zooplankton (Smith 1989).

The potential for filter-feeding fish to improve water quality stimulated interest in silver carp
polyculture with channel catfish, but the beneficial effects of catfish/silver carp polyculture are
not clear. In one study, Burke et al. (1986) stocked ponds with channel catfish at 7,410 fish/ha
(3,000 fish/acre) with and without 2,470 silver carp/ha (1,000/acre). Phytoplankton biomass
increased over two-fold in ponds with silver carp. Increased phytoplankton biomass is commonly
observed in ponds with silver carp because, by feeding primarily on larger phytoplankton and
zooplankton, they remove the primary consumers and competitors of small phytoplankton (less
than 10 to 30 urn in diameter). Small phytoplankton then dominate the plankton community and,
because small algae grow faster and are more efficient at using sunlight and dissolved nutrients
than larger algae, total phytoplankton biomass increases.

Burke et al. (1986) also observed lower concentrations of total ammonia and nitrite in catfish
ponds when silver carp were present. Reduced ammonia concentrations are consistent with the
notion that small phytoplankton have higher biomass-specific rates of photosynthesis than larger
algae. As such, assimilation of dissolved inorganic nitrogen and production of dissolved oxygen
should be enhanced in ponds when the community consists of small algae, even if the total
biomass of phytoplankton is increased relative to ponds without plankton-feeding fish.

The catfish stocking rate used by Burke et al. (1986) is considerably lower than that currently
used by most commercial growers, and the silver carp stocking rate (2,470/ha; 1,000/acre) is far
greater than most catfish farmers would tolerate. Silver carp thrive in channel catfish ponds and
can grow to well over 5 kg (ca. 10 pounds) in two or three years. They are extraordinarily strong
and active fish, and workers have been injured by large fish dashing around and leaping over
seines during harvest activities. Farmers also report that large silver carp tend to dominate the
area near mechanical aerators when dissolved oxygen concentrations are low, and when large
numbers of carp are present, they may drive catfish away from the zone of oxygenated water near
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the aerator. Also, silver carp are lean, bony fish and, at best, are only fair food fish. They have
few markets in the United States.

If silver carp are to be useful for plankton management in catfish ponds, they must either be
confined in some way (Smith 1985, 1994; Laws and Weisburd 1990) or, if the carp are free-
roaming in the pond, the carp stocking rate must be much lower than the rate used by Burke et
al. (1986). Neither of these options appear to have much potential. Confining carp in nets or large
cages may be troublesome in commercial catfish ponds because the confinement structures may
interfere with catfish harvest and additional mechanical aeration would probably be needed to
keep the confined carp alive. The other approach—using low carp stocking rates—does not
appear to be effective because inadequate grazing pressure is exerted on the plankton community.
For example, a study was conducted in northwest Mississippi (Craig Tucker, Mississippi State
University, unpublished data) to determine the effect of low densities of silver carp on water
quality in ponds with 25,000 catfish/ha (10,000/acre). Carp were stocked at 0, 75, or 247 fish/ha
(0, 30, or 100 fish/acre). The silver carp stocking rates were based on work by Laws and
Weisburd (1990), who found significant effects on phytoplankton communities in freshwater
prawn {Macrobrachium rosenbergii) ponds containing as few as 75 silver carp/ha (30/acre).
However, in the catfish study, silver carp at 75 or 247 fish/ha (30 or 100 fish/acre) had no
noticeable effect on water quality, possibly because the nutrient loading rate in the catfish ponds
was much greater than that in the prawn ponds used by Laws and Weisburd (1990). Silver carp
did not affect overall phytoplankton biomass in catfish ponds and did not reduce the relative
abundance of cyanobacteria in the plankton community. The prevalence of off-flavors in catfish
was not affected by the presence of silver carp and there was no effect on total ammonia nitrogen
or dissolved oxygen concentrations.

8.6.3 Bighead carp

Bighead carp Aristichthys nobilis are the third east-Asian carp species used in polyculture with
channel catfish. The fish was introduced into the United States in 1972 and is now widespread
in the lower Mississippi River drainage (Tucker et al. 1996). Bighead carp are filter-feeding
omnivores much like silver carp, but relative to the diet of the silver carp, bighead carp consume
a higher proportion of zooplankton and large, colonial phytoplankton (Cremer and Smitherman
1980). Catfish farmers report that bighead carp also eat some manufactured feed when cultured
with channel catfish.

Bighead carp, like silver carp, have been investigated as a means of improving water quality
in catfish ponds (Henderson 1979; Burke et al. 1986) but because of differences in feeding habits,
silver carp are probably better suited for this purpose (Datta-Saha and Jana 1998). However,
bighead carp are better food fish than silver carp, and limited markets for the fish exist among
Asian immigrants in large cities, such as New York, Toronto, Chicago, and San Francisco. Fish
over 2 kg (ca. 5 pounds) are preferred in these markets. Otherwise, bighead carp are not generally
desirable in catfish ponds because they grow to a very large size (over 10 kg [ca. 20 pounds] in
three years) and are a nuisance when catfish are harvested.

8.6.4 Bigmouth and hybrid buffalo

The bigmouth buffalo Ictiobus cyprinellus is the largest member of the sucker family
(Catastomidae) and reaches weights of over 50 pounds. The female bigmouth buffalo can be
crossed with the male black buffalo Ictiobus niger to produce a faster-growing fish that does not



190 Tucker, Avery, and Heikes

reproduce in ponds. Buffalofish are native to the Mississippi River system. Bigmouth and hybrid
buffaloes are robust fish and resemble the common carp in body conformation. Buffalofish feed
throughout the water column and are omnivorous, mainly consuming zooplankton, insects, and
detrital plant material. The flesh of bigmouth or hybrid buffalo is firm, white and mild-flavored,
although fillets contain many annoying intermuscular Y-shaped bones.

Bigmouth or hybrid buffalo are perhaps the best candidates for polyculture with channel
catfish when the aim is simply to increase total fish production from a pond. Buffalofish are a
hardy, native North American fish, consume relatively little supplemental feed, and have little
impact on production of channel catfish (Newton et al. 1981; Torrans and Clemens 1981).
Buffalofish are stocked in channel catfish growout ponds at 125 to 500 fingerlings/ha (50 to 200
fish/acre). Hybrid buffalofish are preferred because they grow faster than either parent and will
not reproduce in the pond. Buffalofish will grow from fmgerlings to over 1.5 kg (ca. 3 pounds)
in a single 150-day growing season. Weight over 1.8 kg (4 pounds) is the preferred market size,
so a second year of growth may be desirable (Dupree and Huner 1983). Large buffalofish can be
selectively harvested from channel catfish ponds with large-mesh gill nets. Any remaining fish
must, however, be hand-sorted after harvesting the catfish. The major constraint to channel
catfish-buffalofish polyculture is the present low commercial value of buffalofish and the usual
problems of handling and sorting fish when catfish are harvested. Fish are sold predominantly
through small, local markets.

8.6.5 Paddlefish

Paddlefish Polyodon spathula are unique fish native to the Mississippi River system. The fish
has a long, flattened snout (thus the common name "spoonbill"), a large head and mouth, and a
shark-like tail. Paddlefish are filter feeders and mainly consume zooplankton and insect larvae.
Specimens over 90 kg (ca. 200 pounds) have been taken from natural waters. The flesh is firm
and white, with excellent flavor. In certain areas of the midwestern United States, paddlefish,
particularly smoked paddlefish fillets, are highly regarded as a food item. The greyish-black roe
can be processed into high-quality caviar.

Despite considerable potential for paddlefish production for meat or caviar, routine
polyculture with channel catfish does not appear to be practical. Females must be several years
old to produce caviar, and the extended growout period needed to reach sexual maturity will be
continually interrupted by frequent harvests in catfish ponds. Production of paddlefish for meat
appears more promising because a paddlefish can grow to 2.3 kg (5 pounds) or more in one year
when stocked into catfish ponds at 75 fish/ha (30/acre) (Mims et al. 1999). Fish are easily
harvested and, relative to most other types of fish, paddlefish are easy to separate from catfish
by hand. However, reproduction and fingerling production are complex, and fmgerlings are not
widely available. More important, paddlefish do not tolerate exposure to low dissolved oxygen
concentrations and are subject to severe handling stress in warm water. Water quality in ponds
containing paddlefish would therefore have to be managed more intensively than for catfish
alone. The extra expenditures for water quality management increase the cost of catfish
production and may negate the benefit of added paddlefish production. Paddlefish fmgerlings less
than 15 to 20 cm (6 to 8 inches) in length are readily eaten by adult channel catfish and are also
vulnerable to bird predation. Fingerling paddlefish of at least 30 cm (12 inches) are needed if
stocked into ponds with food-sized channel catfish.
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8.6.6 Tilapias

Tilapias belong to the family Cichlidae and are perhaps the most widely cultured food fish in the
world. The most commonly cultured species in the United States are the blue tilapia Oreochromis
aureus and the Nile tilapia Oreochromis niloticus. Blue and Nile tilapia feed mainly on
zooplankton and phytoplankton, although blue tilapia also eat filamentous algae and some higher
aquatic plants. Tilapia do not tolerate cold water; most species die when water temperatures fall
below about 10°C (50°F); otherwise, they are extremely hardy fish. Tilapia are excellent food
fish and have considerable commercial value in the United States. Under the proper conditions,
blue tilapia of 0.2 to 0.4 kg (ca. 0.5 to 1.0 pound) can be produced in a single 150- to 200-day
growing season when polycultured with channel catfish (Torrans and Lowell 1988).

Despite the appeal of tilapia as a candidate for polyculture with channel catfish, production
of food-sized tilapia in catfish ponds cannot be generally recommended. Because of their
intolerance to cold, most of the tilapia harvest from ponds in temperate regions is at the end of
the growing season just before water temperatures fall to lethal levels. Marketing large volumes
of a seasonally available fish product has traditionally been difficult. Tilapia become sexually
mature at an early age (as little as 5 months old) and produce several broods a year. This usually
results in a huge biomass of small tilapia, which never grow large enough to market. These fish
compete with catfish for supplemental feeds during the summer and die during the winter. Catfish
feeding on the dead tilapia can develop severe "rotten fish" off-flavors from the methylamines
present in the decaying flesh (Craig Tucker, Mississippi State University, unpublished data).
Although tilapia in nature feed low on the food chain, they avidly consume manufactured feeds
when cultured with channel catfish. Yields of channel catfish are usually reduced when
polycultured with tilapia. Also, tilapia are difficult to harvest by seining. In warm water, they
jump over nets or lie flat in the mud and go under the seine. Tilapia are much easier to seine if
water temperatures are below 15°C (60°F), but complete harvest of tilapias is possible only by
draining the pond.

Although cold intolerance and prolific reproduction are disadvantages when tilapia are grown
for food, these traits make them an excellent forage for channel catfish broodstock. Adult tilapia
stocked at a low rate (12 to 25 kg/ha; 5 to 10 pounds/acre) in May or June will reproduce through
the summer and provide a large biomass of 3- to 10-cm (1- to 3-inch) young-of-the-year tilapia
by fall. Tilapia become lethargic when water temperatures drop and are easily captured by the
brood catfish. Broodfish with access to tilapia as forage in the fall and winter have a significantly
higher gonadosomatic index the following spring. They produce larger eggs, have a higher hatch
rate, and produce more and larger fry than broodfish fed manufactured feed (Torrans and Lowell
2001).

Tilapia have also been used to prevent environment-derived off-flavors in channel catfish
(Torrans and Lowell 1987) and to control aquatic weeds. However, the effectiveness of tilapia
in preventing off-flavors is questionable (Tucker and Martin 1991) and grass carp are more
effective at weed control and are more easily managed than tilapia. Also, as mentioned above,
catfish feeding on the dead tilapia during the winter develop a disagreeable "rotten fish" off-
flavor that somewhat offsets any potential off-flavor management advantage the fish may offer
during the summer months.

Tilapia are not native to North America and are banned or tightly regulated in some states.
Even when it is legal to use the fish, every effort should be made to prevent their escape into
natural waters.
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8.6.7 Fathead minnows

The fathead minnow Pimephales promelas is a small (less than 8 cm; 3 inches) cyprinid fish
native to the eastern and central United States. The minnow is easy to propagate, and is a popular
bait and forage fish. Fathead minnows may be stocked into catfish ponds to 1) provide forage in
broodfish ponds or in lightly stocked recreational ponds or 2) as a biological control agent to
manage proliferative gill disease—an important parasitic disease of catfish.

When used as forage for broodfish, mature (1-year-old) minnows are stocked in late winter
or early spring at 2,500 to 5,000 fish/ha (1,000 to 2,000 per acre). Fish will probably have to be
restocked each year unless natural reproduction of minnows is unusually good. Recreational
ponds where catfish are not regularly provided with manufactured feeds may be stocked with
1,500 to 3,000 fathead minnows/ha (500 to 1000 fish/acre) to provide forage. Again, fish may
have to be restocked every year or two depending on natural reproduction.

Proliferative gill disease (PGD) is caused by the myxozoan parasite Henneguya ictaluri, and
is one of the most significant diseases of pond-raised catfish (see Sections 14.5.1 and 15.9). The
parasite has a complex life cycle with an aquatic oligochaete worm—Dew digitata—serving as
the intermediate host. Fathead minnows may be useful in managing the disease by foraging on
the oligochaete, thereby reducing the number of infected worms and, in turn, the number of
infective spores released into the water. Research in Georgia by Burtle (2000) demonstrated that
maintaining fathead minnow populations of at least 5,000/ha (2,000/acre) dramatically reduces
the incidence of PGD. Adequate minnow standing crops can be maintained either by periodic
restocking or by providing spawning substrate (wooden pallets are often used). Although this
biocontrol measure appears to have potential usefulness, it can be relatively expensive on a large
scale (up to $ 125/ha; $50/acre) and has not been throughly evaluated in regions outside the state
of Georgia.

8.6.8 Freshwater prawns

The freshwater prawn Macrobrachium rosenbergii is a shrimp-like crustacean endemic to the
tropical Indo-Pacific region. This crustacean spends its adult life in fresh or brackish waters.
Larval development, however, requires brackish water of 8 to 22 ppt salinity. The larvae must
molt several times before they can be stocked as postlarvae into fresh water. Prawns grow rapidly
in warm water and can reach a weight of 60 g (2 ounces), or more, in less than 150 days. Prawns
grow most rapidly when water temperatures are greater than 30°C (85°F) and die when
temperatures fall below 16°C (60°F). Cold intolerance limits the growing season to only 5 to 7
months in most of the United States, so prawns must be harvested in early fall before they die.
Prawns are a highly prized food item, and markets in the United States could readily be
developed if prawns were priced competitively with marine shrimp and supplies were
dependable.

Prawns have been experimentally polycultured with either adult catfish in growout ponds
(D'Abramo et al. 1986)orfmgerlings in nursery ponds (Heinenetal. 1989). Juvenile prawns (2-
to 3-month-old postlarvae) are usually stocked to ensure high survival. Average weights of
juveniles should be between 0.2 to 1.0 g. Prawns are stocked at 2,500 to 6,000 juveniles/ha (ca.
1,000 to 2,500/acre) in the spring when water temperatures are expected to remain above 22°C
(70°F). No special management is afforded the prawns; they subsist on natural pond productivity.
Prawns are harvested in the fall before water temperatures fall below 16°C (60°F). Yields in
polyculture range between 250 to 600 kg/ha (100 and 250 pounds/acre).
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Polyculture of prawns in commercial foodfish ponds is probably impractical. Prawns are
difficult to harvest with any seine but the large mesh seines that must be used to harvest and
grade food-sized catfish are particularly inefficient because the prawns escape through the mesh.
If a smaller mesh seine is used, both small submarket-sized catfish and market-sized catfish will
be caught along with prawns. The combined catch must then be manually sorted. Also, the pond
must be seined in fall to harvest the shrimp before they die, regardless of whether the catfish are
marketable or not. The catfish may be unmarketable because they are too small, off-flavor, or
unwanted by the processor at that time.

Polyculture of prawns with fingerling channel catfish is more promising than culture with
foodfish. Use of a seine or live car with a 2.5-cm (1-inch) square mesh allows most fingerlings
under 20 to 25 cm (8 to 10 inches) in length to escape but retains most of the prawns. The major
disadvantage to prawn-fingerling catfish polyculture is the low harvest efficiency of seining.
Only 25 to 50% of the prawns present in the pond will be captured in one seining. Repeated
seining to capture most of the prawns is not practical under most commercial settings and may
stress the fingerlings, predisposing them to infectious diseases. This is especially important
because prawn harvest would normally coincide with the autumn period of highest prevalence
of enteric septicemia of catfish.
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9.1 INTRODUCTION

Success in channel catfish farming has always depended upon properly constructed ponds and
an adequate supply of water for filling ponds and maintaining water levels. The sizes and number
of ponds on a farm should conform to the availability of water so that ponds can be filled quickly
and sufficient water depth maintained during dry weather. Water should also be managed to
minimize effluent volume because it is easier to control waste discharge from ponds by reducing
discharge volume than by reducing the concentration of organic matter and nutrients in the
effluent (Tucker et al. 2002). Thus, efficient water use should be a major objective in channel
catfish farming.

The purpose of this chapter is to discuss the types of channel catfish ponds, review
hydrological methods useful in pond aquaculture, and to consider methods for improving the
efficiency of water use and for reducing effluent volume. The information will be useful to those
interested in improving both the economic and environmental performance of catfish farming.

9.2 TYPES OF PONDS

Channel catfish farming is conducted mainly in Mississippi, Alabama, Arkansas, and Louisiana,
and nearly all of the production is derived from ponds. Most ponds can be classified as

9



Pond Hydrology 197

embankment ponds or watershed ponds, but excavated ponds and ponds incorporating the
principles of both watershed and embankment ponds have been used for catfish farming (Boyd
1985a). Most catfish production in Alabama and east Mississippi is from watershed ponds, while
nearly all of the catfish ponds in the "Delta" region of Mississippi, Louisiana, and Arkansas are
of the embankment type (see Section 1.3.2).

9.2.1 Embankment ponds

An embankment pond is formed by building embankments (or levees) around the area in which
water is to be impounded. Soil for embankments is usually removed from the land surface in the
area that will be the pond bottom. Embankment ponds can be of any size, but most channel
catfish ponds are 3 to 8 ha (8 to 20 acres) in surface area. The usual shape is rectangular with
lengths about two to four times the width. Ponds have average depths of 1.2 to 1.8 m (4 to 6 feet).

Watersheds for embankment ponds are restricted to tops and inside slopes of embankments.
Direct rainfall and runoff from the embankments will not fill ponds, so water must be obtained
from wells or streams, and wells are commonly the water supply for embankment ponds for
catfish culture. Because of small runoff input, embankment ponds do not have much overflow
and overflow only occurs after heavy rains.

9.2.2 Watershed ponds

Watershed ponds are formed by constructing dams across watersheds to impound runoff, and
have been used traditionally for livestock water supply and sport fishing in the southern United
States (Swingle and Smith 1939). These ponds exhibit a wide range in size, and in Alabama,
watershed ponds from less than 0.8 ha (2 acres) to more than 20 ha (50 acres) are used for catfish
culture. The shape and depth of watershed ponds depends largely upon the topography of the land
that becomes the bottom. In general, these ponds range from deep, finger-shaped water bodies
to shallow, bowl-shaped basins. However, it is desirable to fill in the deepest areas or excavate
the shallowest areas during construction. Watershed to pond area ratio is highly variable ranging
from less than 3 to over 25, with an average of 6.35 in Alabama (Boyd et al. 2000). Watershed
ponds usually are filled by direct rainfall and runoff, but many receive groundwater inflow.

Water levels decline in watershed ponds during dry weather, and water from wells often is
used to maintain the minimum acceptable depth. Ponds refill and overflow during rainy weather,
and ponds with large watershed to pond area ratios may have large volumes of overflow (Boyd
and Queiroz 2001).

9.2.3 Other pond types

Excavated ponds usually have bottoms below the water table, and seepage is a major source of
water. Of course, some excavated ponds receive runoff and water can be added from wells.
Excavated ponds are small because it is expensive to remove the large volumes of earth necessary
for construction. Water levels fluctuate with rainfall, but groundwater seepage into ponds tends
to stabilize water levels during dry weather. Overflow seldom occurs from most excavated ponds.
There has been limited use of excavated ponds in catfish farming.

In east Mississippi and west Alabama, a combination watershed and embankment pond is
sometimes constructed. A three-sided or curving embankment may be installed at the base of a
sloping tract of land to capture runoff. These ponds are commonly referred to as "three-sided,"
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and they usually must be supplied with well water during dry weather to prevent excessive water
level decline. Overflow occurring during the wet season tends to be less for three-sided ponds
than for true watershed ponds of comparable area.

A few watershed ponds are built on watersheds with permanent streams. Such ponds maintain
stable water levels year around, but they overflow continuously and overflow volume increases
after rainstorms.

9.3 HYDROLOGIC MEASUREMENTS

Hydrologic data are needed to assist in site selection, determination of pond and farm size, pond
design, pond operations, and effluent management. Some of these hydrologic data are available
from historical records, while other information must be obtained from measurements on site or
at nearby locations. A brief discussion of the methods of measurement of selected variables will
be discussed and examples of hydrologic data provided.

9.3.1 Hydrologic equation

The water budget for a channel catfish pond will include some or all of the following terms:

Inflow Outflow
Precipitation Evaporation and evapotranspiration
Storm runoff Seepage
Stream inflow Spillway overflow
Groundwater inflow Consumptive use
Regulated inflow Regulated discharge

Data on precipitation, storm runoff, and evaporation are available for most areas. Stream inflow,
regulated inflow, spillway overflow, regulated discharge, and consumptive use can be easily
measured or calculated. There have been few detailed studies of pond hydrology, and information
on groundwater inflow and seepage loss is scarce. However, if values for all inflows and outflows
but one can be established, the missing variable can be calculated with the hydrologic equation:

Inflow = Outflow ± AStorage (9.1)

As an example, consider a small pond without a watershed that is filled by inflow from a pipe.
If there is no consumptive use or discharge, the hydrologic equation is:

Precipitation + Water added = Evaporation + Seepage ± AStorage (9.2)

This basic approach can be used to prepare water budgets for most proposed or existing ponds
(Boyd 1982; Boyd and Gross 2000).

9.3.2 Water sources

The main water sources for catfish ponds are precipitation, runoff from watersheds, and regu-
lated additions of water from groundwater aquifers or surface water streams and reservoirs.



Pond Hydrology 199

TABLE 9.1. Normal rainfall at three locations in the catfish-farming region of the southeastern United States.

Month
January
February
March
April
May
June
July
August
September
October
November
December
Total

Stoneville,
(cm)

12.93
12.14
14.40
13.92
12.93
9.45

10.29
6.02
8.99
6.25

12.24
12.60

132.16

Mississippi
(inches)

5.1
4.8
5.7
5.5
5.1
3.7
4.0
2.4
3.5
2.5
4.8
5.0

52.0

Demopolis
(cm)

12.73
12.17
17.32
13.77
9.98

10.44
11.91
8.96
9.02
6.98
8.28

13.79
135.35

Alabama
(inches)

5.0
4.8
6.8
5.4
3.9
4.1
4.7
3.5
3.6
2.7
3.3
5.4

53.3

Auburn,
(cm)

12.27
13.51
17.60
13.23
9.91

10.80
13.67
10.34
10.67
6.38
9.88

14.00
142.26

Alabama
(inches)
4.8
5.3
6.9
5.2
3.9
4.3
5.4
4.1
4.2
2.5
3.9
5.5

56.7

Precipitation and runoff are the most important water sources for watershed ponds; precipitation
and regulated inflows from groundwater are the primary water sources for embankment ponds.

Precipitation

The most common type of precipitation gauge consists of a receiver funnel, measuring tube,
overflow can, support, and measuring gauge. Rain caught in the receiver is funneled into the
measuring tube; 1 cm of rainfall deposits 10 cm of water in the tube. The measuring stick has a
magnified scale so that it measures rainfall directly from the catch of the tube. If rainfall exceeds
the capacity of the tube, water spills over into the overflow can. Water in the overflow can is
poured into the tube for measurement. Recording rain gauges also are available for use where the
duration and intensity of rainfall are needed or where conventional gauges cannot be checked
daily. Rainfall varies considerably even over a small area so the gauge should be located near the
area of interest (Yoo and Boyd 1994).

Normal monthly and annual totals for precipitation in the catfish farming areas of the
southeastern United States do not differ greatly, and they are illustrated in Table 9.1 with data
from two major catfish research stations, the National Warm water Aquaculture Center,
Stoneville, Mississippi, and the Auburn University Fisheries Research Unit, Auburn, Alabama,
and for Demopolis in the catfish production area of Alabama. Of course, monthly and annual
totals may differ greatly among years, but normal values are useful for discussion and planning.

Storm runoff

Accurate measurements of storm runoff are difficult to obtain for ungauged watersheds.
Procedures developed by the former United States Soil Conservation Service (now Natural
Resources Conservation Service) (United States Department of Agriculture 1972; Yoo and Boyd
1994) permit estimation of storm runoff from ungauged watersheds. The curve number method
requires information on antecedent rainfall, storm rainfall, time of year (dormant or growing
season), hydrologic soil type, and extent of vegetative cover. The water-accounting method



200 Boyd

requires monthly estimates of potential evapotranspiration and rainfall, and the moisture holding
capacity of the soil must be known.

Boyd and Shelton (1984) used the curve number method to estimate storm runoff from a 935-
ha (2,310-acre) tract covered mostly by shrubs and forest near Auburn, Alabama. Greatest
computed storm runoff occurred between 1 December and 31 May when 15.4% of rainfall
became storm runoff. For the remainder of the year, storm runoff was only 6.5% of rainfall.
Parsons (1949) measured storm runoff for 3 years on a gauged watershed near Auburn, Alabama,
that had one-third cover of vegetative crops and two-thirds of trees and shrubs. He reported that
13.5% of rainfall became storm runoff between 1 December and 31 May, while only 2.6% of
rainfall appeared as storm runoff during the rest of the year. Monthly runoff values as
percentages of rainfall were reported by Parsons as follows: January, 17.6%; February, 21.3%;
March, 8.3%; April, 11.2%; May, 12.3%; June, 6.5%; July, 3.4%; August, 0.8%; September,
0.3%; October, 0.4%; November, 0.3%; December, 9.0%. Of course, the percentage of rainfall
appearing as runoff will vary greatly with soil and vegetation, but conditions at Auburn,
Alabama, are fairly representative of many areas in the southeastern United States.

If runoff from a watershed enters a stream and the stream is gauged, analysis of the
hydrograph resulting from a storm permits estimation of storm runoff (Hewlett 1982). Because
of the difficulty in obtaining reliable runoff data, the United States Department of Agriculture
(1982) prepared a map showing the approximate size of watershed needed per unit volume of
pond. Approximately 6.5 to 9.8 ha of watershed is recommended to support 10,000 m3 of water
storage in the southeastern United States.

Stream inflow

The flow of small streams that enter ponds can best be measured with weirs. A weir is a barrier
placed in a stream to constrict the flow and cause it to fall over a crest. There are several types
of weirs: rectangular, Cipolletti, and V-notch (Leupold and Stevens 1974). The 120° V-notch weir
will accommodate a wide range of flows and is best for agricultural studies. If the head of water
is measured with a water level recorder, a continuous record of stage (head) may be obtained. The
appropriate equation for the discharge of a 120° V-notch weir is

Q = 2.37h" (9.3)

where Q = discharge in mVsecond and h = head in m. Discussion of the construction and use of
weirs are provided by Yoo and Boyd (1994).

Groundwater inflow

Appreciable amounts of groundwater may flow into ponds when the water table is high, and some
ponds may have permanent or wet-weather springs discharging into them. Because conditions
vary greatly among ponds and measurements are difficult, this topic will not be discussed.

Regulated inflow

Water from pipelines is often applied to ponds. A small discharge from a pipe may be estimated
from the time necessary to fill a container of known volume. Larger discharges may be measured
with water meters, piezometer tubes, and orifice buckets (Wheaton 1977; Yoo and Boyd 1994).
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The discharge of pipes may also be estimated from the dimensions of the streams issuing from
them. Instructions and nomographs for use of the dimensions technique are provided in many
manuals and books on hydraulics, water flow in pipes, and water wells.

9.3.3 Water losses

Water loss from catfish ponds results from evaporation, seepage, and overflow that occurs when
inflows exceed pond water storage capacity. Evaporation rates are controlled by climatic forces
beyond the control of the culturist. However, seepage can be reduced by good site selection and
pond construction practices, and overflow can be minimized by maintaining water storage
capacity.

Evaporation and evapotranspiration

Evaporation occurs at all air-water surfaces where the vapor pressure of the air is less than the
saturation vapor pressure. Although a number of factors influence evaporation, the most
important factors are air and water temperature, relative humidity, and wind velocity.
Evaporation rates follow the annual cycle of temperatures closely and increase as temperature
rises.

In the United States, evaporation usually is measured as the water loss from an exposed pan.
The Class A evaporation pan is 25 cm deep by 122 cm diameter. It is mounted on a wooden
frame with its bottom 15 cm above a grassy surface and filled to within 4 to 6 cm of the top. A
stilling well is placed in the pan to facilitate water level measurements with a hook gauge. The
catch of an adjacent rain gauge can be used to correct for rain falling into the pan. Multiplication
of evaporation rates for a Class A pan by factors ranging from 0.60 to 0.81 have provided reliable
estimates of lake evaporation (Hounam 1973); a factor of 0.7 is recommended for general use.

Because there was no assurance that 0.7 is a reliable pan coefficient for estimating pond
evaporation from Class A pan evaporation data, Boyd (1985b) lined a pond to prevent seepage,
excluded runoff with a metal barrier, and made evaporation measurements for the pond and an
adjacent Class A evaporation pan. A chloride budget for the pond proved that seepage and runoff
were excluded; water losses resulted only from evaporation and occasional removal of measured
volumes with a pump. Monthly pan coefficients for converting Class A pan evaporation to pond
evaporation are provided in Table 9.2. Boyd also developed equations for estimating pond
evaporation from Class A pan evaporation data:

Pond Edly = 0.492 + 0.668 Pan Eday (r = 0.817) (9.4)
Pond Eweek = -0.282 + 0.810 Pan Eweek (r = 0.950) (9.5)
Pond Emonth = -2.755 + 0.848 Pan Emonlh (r = 0.997) (9.6)

where E = evaporation (mm) and the subscripts day, week, and month refer to the period of
measurement. The correlation coefficient increases as the measurement period increases.

If pan evaporation data are unavailable, Boyd (1985b) showed that monthly pond evaporation
(mm) could be estimated from water temperature. The equation is:

Pond Emomh = -9.940 + 5.039 Tmonth (r = 0.940) (9.7)

where T = the average monthly water temperature (°C).
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TABLE 9.2. Pan coefficients for estimating pond evaporation from Class A pan evaporation data, and
estimates of pond evaporation (normal Class A pan evaporation x monthly coefficient) at Stoneville, Miss-
issippi; Demopolis, Alabama; and Auburn, Alabama.

Month
January
February
March
April
May
June
July
August
September
October
November
December
Total

Pan coefficient
0.87
0.77
0.72
0.76
0.81
0.77
0.82
0.84
0.90
0.83
0.77
0.85

Pond evaporation
Stoneville MS
(cm)

1.2
4.0
7.5

11.6
15.8
16.5
17.2
15.9
13.0
9.5
6.6
4.0

122.8

(inch)
0.47
1.58
2.96
4.57
6.23
6.50
6.78
6.26
5.12
3.74
2.60
1.58

48.38

Demopolis AL
(cm)

4.9
6.2
9.4

11.5
13.4
14.5
14.4
13.7
10.6
8.4
5.6
4.5

117.2

(inch)
1.93
2.44
3.70
4.53
5.28
5.71
5.67
5.40
4.18
3.31
2.21
1.77

46.18

Auburn
(cm)

2.4
3.7
7.5

10.8
13.0
15.2
14.9
14.2
12.4
9.5
5.6
3.2

112.4

AL
(inch)
0.95
1.46
2.96
4.26
5.12
5.99
5.87
5.59
4.89
3.74
2.21
1.26

44.29

Because of the warm climate, evaporation rates are high in the catfish-farming region of the
United States—usually above 100 cm (3.3 feet) per year. Normal pond evaporation rates
estimated from Class A pan evaporation data are provided for Stoneville, Mississippi, and
Demopolis and Auburn, Alabama (Table 9.2).

Evapotranspiration by aquatic plants can greatly exceed evaporation from a free water surface
(Mitchell 1974). However, channel catfish ponds seldom are infested by aquatic plants that have
leaf surfaces above the water, and evapotranspiration usually may be ignored.

Seepage

Water seeps through pond bottoms, embankments, and dams. Direct measurements are virtually
impossible, but net seepage can be estimated as:

P + R = E + S±AH (9.8)

where P = precipitation, R = runoff, E = evaporation, S = seepage, and H = stage change.
However, because of uncertainty in estimating runoff, it is best to make seepage measurements
during dry periods when there is no inflow or outflow to the pond. The resulting seepage equation
is simple:

S = AH-E (9.9)

A staff gauge can be mounted in the pond to permit estimates of stage change. However, more
accurate measurements may be obtained with a large hook gauge. An inexpensive stilling well
can be constructed by drilling one or two small holes (2 or 3 cm diameter) into a 1.5-m length
of 10- to 15-cm-diameter PVC pipe. The pipe is driven into the mud in shallow water until it is
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steady and the top is level. The top of the pipe should be 30 to 50 cm above the surface and the
holes must be between the water level and the mud surface. The large hook gauge is then used
to measure stage change.

Seepage rates are controlled primarily by two factors: soil permeability and degree and
technique of compaction. Catfish farming is normally practiced in areas with impervious clay
soils, so seepage is seldom a major concern. Seepage rates from ponds range from less than 1 mm
(1/32 inch) to more than 25 mm (ca. 1 inch) per day (Parsons 1949; Boyd 1982; Stone and Boyd
1989), although seepage rates in most catfish ponds are generally low (<5 mm/day).

Overflow

Overflow will occur when pond inflows exceed pond storage capacity. Embankment ponds
seldom have appreciable overflow. Ponds with large watersheds may have considerable overflow
following heavy winter and spring rains. Spillway overflow can be measured by the techniques
mentioned above for measuring stream and pipe discharge.

9.4 WATER BUDGETS

In the following sections, water budgets are calculated to illustrate the water requirements for
catfish farming. For the sake of mathematical simplicity and typographical elegance, calculations
will be made only in metric units, with English equivalents given only in summary.

9.4.1 Embankment ponds

The greatest amount of catfish farming is conducted on the flood plain of the Mississippi River
in Mississippi, Louisiana, and Arkansas, and in the Black Belt Prairie Region of Alabama and
Mississippi. The land of the Mississippi River Flood Plain is flat, and embankment ponds are
normally constructed. Some embankment ponds also are built in the prairie region where land
is gently rolling or flat along floodplains. Watersheds are limited to the portions of the levees that
slope towards the pond, and the watershed is a small fraction (<15%) of the pond surface. Hence,
runoff is negligible. Water to fill ponds and maintain water levels is usually provided from
groundwater wells. Overflow seldom occurs, and the water budget is quite simple:

Gains Losses
Precipitation Evaporation
Well discharge Seepage

Intentional draining

Once ponds are filled, water levels are maintained for several years without draining and fish
are removed by seining (Tucker and Robinson 1990; Boyd et al. 2000). However, it is necessary
to drain ponds every few years to repair levees, and the water supply must be adequate to fill
ponds within 2 or 3 months so that a year's production will not be lost. Consider a pond initially
empty on 1 December that will be used in a production cycle to end on 30 November of the next
year. Seepage in tight clay soils is low; a value of 0.15 cm/day will be assumed. Rainfall and
evaporation data for Stoneville, Mississippi will be used (Tables 9.1 and 9.2). The pond is 1.5 m
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average depth and has a water area of 1 ha. The water available from rainfall is:

Available water = Precipitation - Evaporation - Seepage (9.10)

Available water and inflow required to replace water during months when there is no rainfall
excess follow:

A water supply that will fill ponds in 60 days is probably adequate, as a minimum. Assume
that the pond is left dry for repair work during December and must be refilled during January and
February. For 1 ha, the water requirement for filling is:

150 cm-(7.08 cm+ 3.94 cm) = 139 cm (9.11)

This amounts to 13,900 m3 over 60 days or an inflow of 161 L/minute. If the pond is full to the
drain, the surplus precipitation in March will be lost as overflow. To maintain the water level in
the pond until the end of November will require 63.75 cm (sum of negative available water
values) or 6,375 m3 of water. The total requirement for water to initially fill ponds and to replace
seepage and evaporation is 202.8 cm or 20,280 m3 per ha of pond surface.

The approximate power required by a pump to deliver a specific discharge may be computed

as:

P = (YQH)/E (9.12)

where P = power required by pump (kW), y = specific weight of water (9.81 kN/m3), Q =
discharge (mVminute), H = pumping head (m), and E = pump efficiency. Assuming that the
pumping level is 25 m (about average for the water table condition along the flood plain of the
Mississippi River) and the pump efficiency is 85%, the pump power required to deliver 161
L/minute (0.00268 mVsecond) is:

P= [(9.81)(0.00268)(25)]/0.85 =0.0773 kW (9.13)

Ponds for commercial catfish production are usually 4 to 8 ha in area and about 1.5 m average
depth. A discharge of 1,333 L/minute (1.33 m3/minute per ha) would be required to fill a 8-ha
pond in 60 days and the pump power would be 6.18 kW. An electric motor of this size is about
90% efficient, so about 6.9 kW of power would be consumed by the motor. Assuming a cost of
$0.07/kW-hour for electricity, the cost to fill the pond in 60 days would be:

6.9 kW x 60 days x 24 hours/day x 0.07 $/kW'hour = $695.52 (approximately $70/ha) (9.14)

Available Required Available Required
water inflow water inflow

Month (cm) (L/min per ha) Month (cm) (L/min per ha)
January 7.08 0.0 July -11.56 25.9
February 3.94 0.0 August -14.53 32.5
March 2.25 0.0 September -8.51 19.7
April -2.18 5.1 October -7.90 17.7
May -7.52 16.8 November 1.14 0.0
June -11.55 36.0 December 3.95 0.0
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TABLE 9.3. Amounts of water required to maintain water levels in ponds during a 12-month period at
different sites in the United States (Boyd 1986).

Site
Auburn, AL
Demopolis, AL
Fairhope, AL
Birmingham, AL
Little Rock, AR
Russellville, AR
Stuttgart, AR
Bakersfield, CA
Fresno, CA
Sacramento, CA
San Diego, CA
Belle Glade, FL
Gainesville, FL
Tampa, FL

cm
64
75
32
69
89
79
79

251
218
193
193
79
94

124

inches
25.2
29.6
12.6
27.2
35.0
31.1
31.1
98.8
85.9
76.0
76.0
31.1
37.0
48.8

Site
Tallahassee, AL
Athens, GA
Augusta, GA
Macon, GA
Rome, GA
Savannah, GA
Tifton. GA
Wichita, KS
Lexington, KY
Baton Rouge, LA
Calhoun, LA
Lake Charles, LA
Shreveport, LA
Jackson, MS

cm
48
91
97

107
64

107
91

147
79
79
86
81

114
66

inches
18.0
35.9
38.2
42.1
25.2
42.1
35.8
57.9
31.1
31.1
33.9
31.9
44.9
26.0

Site
Meridian, MS
Starkville, MS
Stoneville, MS
Raleigh, NC
Tulsa, OK
Charleston, SC
Columbia, SC
Greenville, SC
Knoxville, TN
Memphis, TN
Brownsville, TX
Dallas, TX
Houston, TX
San Antonio, TX

cm
69
84
84
97

127
84
89
81
76
89

185
173
109
173

inches
27.2
33.1
33.1
38.2
50.0
33.0
35.0
31.9
29.9
35.0
72.8
68.1
42.9
68.1

A total of 51,000 m3 of water would be required to maintain the water level. The pump would
operate for 639 hours to deliver this volume. The cost would be $308.64, or about $31 per ha.

Boyd (1986) calculated the annual amounts of water necessary to maintain levels in ponds
in different areas of the United States where catfish farming is possible. Values ranged from 32
cm in Fairhope, Alabama to 251 cm in Bakersfield, California (Table 9.3). Obviously, the amount
of water required for catfish farming in embankment ponds will increase drastically in arid
climates.

In summary, for conditions along the flood plain of the Mississippi River, a minimum water
supply of about 160 L/minute is needed for each hectare of pond (ca. 17 gallons/minute per acre).
A total of 20,280 m3 of water would be withdrawn from an aquifer to fill and maintain the water
level for 1 year in a 1-ha pond (ca. 2.2 million gallons/acre) . The total electricity cost for
pumping would be about $ 100 per hectare ($40 per acre). Of course, in years when ponds are not
drained, less groundwater is used and pumping costs are less.

Calculations presented above are for a minimum water supply, and it would be better to have
more water available. The common practice in the Delta region of Mississippi is to provide a
7,500 to 10,000 L/minute well for each group of four, 7-ha ponds (Forsythe 1980; Tisdale 1982).
This is about 270 to 410 L/minute per hectare, or roughly twice the minimum computed above.

Groundwater is not as readily available in the Black Belt Prairie of Alabama as along the
flood plain of the Mississippi River. Wells yielding more than 100 L/minute are uncommon.
Water must also be pumped from deeper levels, greatly increasing well construction and pumping
costs. Catfish farmers in this region often take advantage of the rolling topography and build
ponds that catch runoff from winter and spring rains; but they often rely on wells to supplement
the water supply during dry months.

9.4.2 Watershed ponds

Although embankment ponds are used for most catfish farming, watershed ponds and hybrid
"three-sided" watershed-embankment ponds are locally important in areas where topography
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TABLE 9.4. Water budget for a 1-ha pond with a 15-ha watershed. AH values are in centimeters; water flows
from spillway when water level is 125.00 em.

Month
December
January
February
March
April
May
June
July
August
September
October
November

Rainfall
14.00
12.27
13.51
17.60
13.23
9.91

10.80
13.67
10.34
10.67
6.38
9.88

Runoff
18.90
32.40
43.17
21.91
22.23
18.28
10.53
6.97
1.24
0.48
0.38
0.44

Evaporation
3.2
2.4
3.7
7.5

10.8
13.0
15.2
14.9
14.2
12.4
9.5
5.6

Seepage
9.3
9.3
8.4
9.3
9.0
9.3
9.0
9.3
9.3
9.0
9.3
9.0

Overflow
0.00
0.00
0.00
0.00

11.32
5.89
0.00
0.00
0.00
0.00
0.00
0.00

Water depth
20.46
53.37
97.95

120.66
125.00
125.00
122.12
118.56
106.64
96.39
84.35
80.07

does not allow construction of embankment ponds. For purposes of developing a water budget,
assume a 1-ha pond with an average depth of 1.25 m. The watershed contains 15 ha and no
groundwater or stream flow enters the pond. The water budget consists of the following terms:

Gains
Precipitation
Runoff

Losses
Evaporation
Seepage
Spillway overflow

The annual water budget will be calculated for a pond initially empty on 1 December that will
be used in a production cycle to end on 30 November of the next year. The pond is constructed
on moderately tight clay soils; a seepage value of 0.30 cm/day will be used. Rainfall and
evaporation data for Auburn, Alabama will be employed (Tables 9.1 and 9.2). The percentages
of rainfall realized as runoff during different months are taken from Parsons (1949) as provided
above.

The water budget (Table 9.4) shows that on a normal year, the pond, if empty on 1 December,
would fill before the end of April. There would be some spillway overflow during April and May,
but the water level would steadily decline to its lowest level in November; the total decrease in
water level would be about 45 cm. The decrease would be less for a pond receiving stream or
spring discharge. Of course, a well could be drilled and used to maintain the water level. The
greatest water loss was during October when the level decreased by 12.04 cm. This is equivalent
to 1,204 m3 or a constant discharge of 27 L/minute, and a well of this capacity could be used to
stabilize the water level in a 1-ha pond (ca. 3 gallons/minute per acre). If fish are removed by
seining and it is not necessary to drain the pond, the depth will be 80.07 cm on 1 December, and
it would refill completely before the end of January. There would be considerable spillway
overflow through winter and spring, but the water level would drop just as low by fall as on years
when the pond was drained.

Construction of a watershed pond is usually less expensive than for an embankment pond.
However, in flat landscapes, watershed ponds cannot be constructed. Watershed ponds require
lots of land—about 6 to 15 ha of watershed per hectare of water surface. In areas of limited
groundwater, watershed ponds are the only type possible. Either type of pond can be used to
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successfully culture channel catfish, but management of several embankment ponds constructed
side by side is considerably easier than for several watershed ponds that are scattered over a
larger area.

9.4.3 Example for planning farm size

The size of an aquaculture project should not exceed the availability of water, for if water
depletion occurs, aquaculture crops may be lost (Boyd and Gross 2000). Water budgets for
planning and designing new projects must be calculated. The following example illustrates how
the hydrological equation may be used to estimate the water budget for an aquaculture project.
Suppose that a 100-ha fish farm, consisting of 20, 5-ha embankment ponds with average depths
of 1.5 m, is to be built on loamy clay soil where annual rainfall and Class A pan evaporation are
120 and 100 cm, respectively. Ponds will be drained once per year for harvest, water exchange
will not be used, and storage volume will be sufficient to prevent overflow after rains. Runoff
from the embankments can be neglected. The storage change (AH) will be 1.5 m because ponds
will be filled and drained once each year. The water source will be groundwater from wells. The
total amount of well water needed in an average year can be calculated as:

Q = (E + S)-P±AH (9.15)

It is assumed that seepage will be 0.25 cm/day (Yoo and Boyd 1994) because properly
constructed ponds on loamy clay soil should not seep much. Pond evaporation will be taken as
0.8 of pan evaporation:

Well inflow = (100 cm x 0.8) + (0.25 cm/day x 365 days/year)
-120cm+150 cm = 201.25 cm (9.16)

For the 100-ha farm, this is 2,012,500 m3 of water.
The plan requires a capacity to fill all ponds within a 60-day period. Ponds are 1.5 m deep,

and 1,500,000 m3 would be required to fill 100 ha of ponds over 60 days (ca. 1,220 acre-feet of
water for 40 acres of ponds). This is a continuous pumping rate of 17.4 mVminute (ca. 4,600
gallons/minute) from the wells.

The above example was based on average conditions. Reference to the historical rainfall and
evaporation data for the site could suggest the driest conditions normally expected. This would
allow for the design of extra well capacity so that plenty of water will be available during dry
years. If such data are not available, a safety factor of 1.5 is recommended.

9.5 FACTORS AFFECTING WATER USE EFFICIENCY

In general, channel catfish farming consumes more water than many irrigated row crops in the
United States (Table 9.5). However, the value of catfish per unit water used is much greater than
that of other crops. The following sections describe the various factors that affect the efficiency
of water use in catfish farming. Reducing draining frequency and providing pond storage capacity
to retain rainfall and runoff are the two main ways of increasing water use efficiency in catfish
farming.
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TABLE 9.5. Annual crop yield, water use, gross returns, and value of water use for selected crops in the
United States (Hargreaves et al. 2002).

Crop
Channel catfish

Peanuts
Cotton
Corn
Soybeans
Rice
Alfalfa
Wheat

Yield
(kg/ha)a

6,163

3,715
870

10,229
2,757
6,612

11,430
5,043

Water use
(cm)b

50
75

100
34
46
37
24
73
73
43

Gross returns
($/ha)c

10,600

2,326
1,183

781
499

1,296
1,110

491

Value of water
($/m3)d

2.12
1.41
1.06
0.69
0.26
0.21
0.20
0.18
0.15
0.12

* Yield for channel catfish from Heikes and Killian (1996); yield for irrigated field crops from USDA/NASS (1998).
b Water use for channel catfish based on three scenarios that bracket the range of expected groundwater use for levee
ponds under various water management approaches; groundwater use for irrigated field crops from USDA/NASS
(1998).
c Gross returns for channel catfish based on $1.72/kg; gross returns for field crops based on 1998 prices
(USDA/NASS 2001b)
d Value of water is calculated by dividing gross returns by water use.

9.5.1 Draining frequency

The frequency with which ponds are drained for harvest will influence the amount of water
needed to refill ponds. This issue is particularly important where water must be pumped from
wells to fill ponds. However, when ponds are drained infrequently, there will be less effluent. For
example, food-fish ponds are drained every 6 years, but fingerling ponds are drained annually.
Although fingerling ponds comprise only 13% of the total pond area in catfish fanning, draining
fingerling ponds annually contributes over 30% of the total effluent volume (Table 9.6).

TABLE 9.6. Estimates of average total water use and water discharge by the channel catfish industry in the
United States (Hargreaves et al. 2002).

Pond type
Food-fish
Fingerling
Broodfish
TOTAL

Area (ha)a

63,478
9,947
2,272

75,697

Volume (xlO8

Annual
drawdown6

1.29
1.22
0.09

m3)
Groundwater use
or overflow volume0

2.07
0.32
0.07

Total groundwater use
or effluent volumed

3.36
1.54
0.16
5.06

* Water surface area as of 1 January 2001 (USDA/NASS 2001a).
b Assumes 1.22 m (4 ft) average pond depth. Calculation of drawdown was based on a pond draining frequency of
once every 6 yr for food-fish ponds, once every 1 yr for fingerling ponds and once every 3 yr for broodfish ponds.
c Groundwater use represents volume added to replace evaporation and seepage losses while maintaining capacity
to store rainwater. Assumes an overflow from ponds with water storage of 32.6 cm/yr (Tucker et al. 1996). In ponds
with low seepage, groundwater use is approximately equal to overflow volume.
d Total groundwater use is the sum of water used to fill ponds initially and water used to replace evaporation and
seepage; total effluent volume is the sum of water discharged during pond drawdown and overflow.
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Boyd et al. (2000) conducted an environmental assessment of channel catfish farming in
Alabama. In a survey of water use on 25 farms, 24 of the farms reported overflow only during
winter and spring, while one farm had overflow all year. Of course, some overflow may
occasionally occur after heavy rains even in summer or fall. Only one farmer in the survey
reported using water exchange for attempting to improve pond water quality, and he indicated
that this was rarely done. Overflow from 23 farms exited ponds from the surface, but deep water
intakes (trickle tubes) had been installed at two farms.

All fry ponds and nearly all fingerling ponds were drained annually, but food fish ponds
seldom were drained. Harvest normally was done by seining and without drawdown of water
levels. However, some fish learn to escape the seine, and after a few years, ponds must be
partially drained to allow for more complete fish removal. Minor repairs of embankments also
can be made following partial drawdown. Partial drawdown involves reducing pond volume by
about 50% and then closing the drain. Farmers want to retain as much water as possible because
it may take a long time to refill ponds with rainfall and runoff. Also, wells in the area seldom
have great enough discharge for rapidly refilling ponds. The intervals for partial draining were
as follows: annually (2 farms); 2 to 5 years (3 farms); 5 to 10 years (12 farms); more than 10
years (8 farms). The average was once every 6 years. Of course, ponds must be drained
completely to make repairs of embankments and to remove sediment from bottoms at about 15-
year intervals.

Fry and fingerling ponds were drained whenever fish were needed for restocking. Partial
drawdowns of food fish ponds may be done anytime of the year. Complete draining of ponds is
done in summer so that bottoms will dry and allow repairs and sediment removal in the fall
during dry weather.

The average number of discharge points for overflow and draining on a farm was 6.5
(standard deviation = 6.5; range = 1 to 14). Water usually was released from ponds into a ditch
that empties into a creek. At six farms, water was discharged directly into creeks via a pipe. Four
farms discharged water into natural wetlands. None of the farms had constructed wetlands or
settling basins for receiving pond effluents.

Farmers were asked about the possibility of reusing effluent by pumping it back into other
ponds. All but six individuals felt that water reuse by pumping would be too expensive. Most of
the farms were built to include most available land and extended to creeks or natural wetlands.
Only 7 of 25 farms had land available for constructing settling basins or wetlands. Only two
farmers felt that water from ponds could be used for irrigation, but their farms did not have land
for crops.

Catfish in grow-out ponds in the other production areas also are managed for seine harvest
without drawdown of water level as in Alabama.

9.5.2 Storage capacity for rainfall and runoff

Direct rainfall and runoff entering ponds after rainfalls should be retained if possible. Both
embankment and watershed ponds discharge water following heavy winter and spring rains, but
most storm inflow to ponds can be retained during summer and fall. Boyd (1982,1987) observed
that if water levels were maintained a few centimeters below the intakes to overflow structures,
summer and fall rainfall could be retained in ponds. In the main catfish producing areas of the
southern United States, 40 to 50 cm (ca. 15 to 20 inches) of water can be conserved during most
years by retaining summer and fall precipitation. Equally important to water conservation,
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preventing overflow reduces effluent volume and the amounts of nutrients, organic matter, and
suspended solids discharged from ponds (Boyd et al. 2000; Boyd and Queiroz 2001).

The potential for conservation of groundwater in channel catfish farming in Mississippi has
been evaluated (Pote et al. 1988; Wax and Pote 1990; Pote and Wax 1993; Tucker et al. 1996).
They recommended application of a "drop-fill" water management scheme called "6/3" which
allows storage of much of the annual rainfall. In this scheme, the water level in the ponds is
allowed to drop 6 inches (15 cm) below the overflow structure before well water is added to
ponds. The amount of water added is only enough to raise the level of the pond 3 inches (7.5 cm).
This provides at least 3 inches (7.5 cm) of capacity to store precipitation. They also
recommended against flushing ponds with well water in attempts to improve water quality and
emphasized the need to properly seal pond bottoms to prevent seepage. Cathcart et al. (1999)
suggested that the benefits of the 6/3 method could be enhanced by deepening 25 to 50% of
ponds on a farm, most of the overflow from ponds operated by the 6/3 scheme could be captured.
They made simulations for various scenarios, and predicted that effluent discharge could be
reduced by 40 to 90% and groundwater use could be lessened by 40 to 75%.

Although overflow from ponds can be lessened through design and management procedures,
it is not possible to prevent overflow entirely. Boyd and Queiroz (2001) calculated that retention
structures to hold the 25-year rain in Alabama would have areas 1.5 times production pond
surfaces for embankment ponds and more than 10 times pond surface areas for farms with
watershed ponds.

9.5.3 Water exchange

Before aeration was used extensively in pond aquaculture, water exchange was considered
essential for improving dissolved oxygen concentrations in ponds (Swingle 1968). In Mississippi,
there is usually a single well with a capacity of about 7.5 mVminute (ca. 2,000 gallons/minute)
for each 32-ha (ca. 80-acre) unit of four ponds. These ponds have a volume of about 110,000 m3

each. Therefore, if all of the water from a well is directed into a single pond, a water exchange
rate of about 10% of pond volume per day can be achieved. If the water is divided equally among
ponds, only 2.5% of pond volume can be exchanged per day.

Well water normally is devoid of dissolved oxygen, so an alfalfa valve or similar device is
placed on the ends of discharge pipes to spray the water and cause aeration (Moore and Boyd
1984). Water normally is introduced at one end of the pond and discharged at the other, so there
is ample opportunity for fish to use the dissolved oxygen introduced by the inflowing water. The
ineffectiveness of this procedure in providing dissolved oxygen will be illustrated for a catfish
pond with a volume of 110,000 m3 that receives well water at 7.5 mVminute. Assuming the water
contains 5 mg/L of dissolved oxygen, the amount of dissolved oxygen introduced in 1 hour is:

7.5 mVminute x 5 g O2/m3 x 60 minutes/hour = 2,250 g (9.17)

The average concentration increase in the pond could not exceed

2,250 g - 110,000 m3 = 0.02 mg/L per hour (9.18)

Assuming that the pond contains 28,000 kg of catfish with a respiration rate of 400 mg O2/kg fish
per hour, the fish can use about 11,200 g O2/hour, oxygen in inflowing water could not supply
over 20% of the oxygen requirements of the fish. Because fish have to compete with other
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aerobic processes for molecular oxygen, they would not be able to use all of the dissolved oxygen
in the inflow.

Aeration with two, 7.5-kW (10-hp) electric paddle wheel aerators can supply about 20 kg
O2/hour when dissolved oxygen concentration is below 4 mg/L in a pond (Boyd 1998). This is
almost twice the dissolved oxygen requirements of the fish. Thus, fish in properly aerated ponds
can obtain enough dissolved oxygen to prevent stress or mortality during periods when natural
supplies of dissolved oxygen are inadequate.

The cost of pumping water into ponds can be estimated by

PC = [(Q)(H)(S)(E)(T)]/[0.102(ep)(O] (9.19)

where PC = pumping cost ($/hour), Q = discharge (m3/second), H = pumping head (m), S =
specific gravity (S = 1 for water), E = cost of electricity ($/kW-hour), T = pumping time (hour),
ep = pump efficiency, and em = motor efficiency

Using the above equation, the cost per hour to pump 7.5 mVminute (0.125 m3/second) of
water into a pond at a pumping head of 15 m and electricity cost of $0.08 kW-hour when ep = 0.8
and em = 0.92 can be computed and compared to the cost of aeration using two, 7.5-kW (10-hp)
electric paddlewheel aerators (Boyd and Ahmad 1987). The cost of aeration for 1 hour would be
only $ 1.44/hour as compared to $2.00/hour for pumping well water into the pond. Thus, aeration
is more effective and cheaper than water exchange.

McGee and Boyd (1983) exchanged water in catfish ponds at rates up to 4.4% pond volume
per day and were unable to demonstrate any reduction in chemical oxygen demand,
phytoplankton biomass, and total ammonia-nitrogen concentrations or any improvements in
dissolved oxygen concentrations. They concluded that feed inputs and biological processes had
a greater influence on the pond ecosystems than the physical process of water exchange.

Because the normal means of exchanging water is to introduce water at one end of the pond
and to allow water to flow out at the other end of the pond, water exchange is not 100% efficient
in flushing. The incoming water is mixed with pond water, and tests with a chloride tracer
indicated that about 58% of the water discharged from ponds was original pond water and the
remainder was water added to the pond for water exchange (McGee and Boyd 1983).

Over the past two decades, channel catfish fanners have learned that water exchange is both
inefficient and expensive. It also increases the volume of pond effluent and this can increase the
pollution potential of ponds (Boyd et al. 2000). Today, very few catfish farmers use water
exchange to improve water quality.

9.5.4 Control of evaporation

Efforts to control evaporation from free-water surfaces have focused on barriers to prevent the
movement of water molecules from the water surface to the atmosphere or to reduce the amount
of solar radiation striking the surface (United States National Academy of Sciences 1974).
Certain aliphatic alcohols spread over water surfaces form monomolecular layers that prevent gas
exchange across the air water interface. Because of wave action, it is impossible to maintain an
intact surface film and little success in evaporation control has been achieved with
monomolecular films (Yoo and Boyd 1994). Plastic sheets and other types of covers can reduce
evaporation, but are usually not practical on large ponds, and may also reduce light penetration
and lead to lower dissolved oxygen concentrations. Deepening ponds to reduce the area relative
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TABLE 9.7. Annual effluent discharge (xlO6 m3) from Alabama channel catfish farms (Boyd et al. 2000).

Production phase
Fry and fingerling ponds

Food fish ponds

Grand total

Pond type
Embankment ponds
Watershed ponds
Total
Embankment ponds
Watershed ponds
Total

Overflow
0.2

18.9
19.1

1.7
255.6
257.3
276.4

Drawdown
4.2

13.4
17.6
4.7

15.0
19.7
37.3

Total
4.4

32.3
36.7

6.4
270.6
277.0
313.7

to water volume reduces evaporation per unit volume, but this is not practical in aquaculture
because ponds should seldom be over 2 m deep.

Control of aquatic weeds by mechanical, biological, or chemical means can reduce
transpiration losses and conserve water.

9.5.5 Seepage control

Seepage can be a major water loss from ponds. Seepage occurs through dams, and therefore, it
is important to install clay cores in dams to reduce seepage. Seepage cut-off devices also should
be provided on pipes that pass through dams or embankments. Seepage also can occur through
the bottoms of ponds if there are outcrops of sand, gravel, fractured rocks, or soluble minerals
such as limestone or gypsum. Proper compaction of well-graded soils in pond bottoms can reduce
seepage. In other situations, clay layers may need to be installed to retard seepage. Other methods
for reducing seepage through pond bottoms include incorporation of bentonite or dispersing
agents in soil or installation of flexible membranes. A less expensive, but less reliable, means of
reducing seepage is to incorporate organic matter such as manure, plant residues, or scrap paper
into the soil. Details on sealing pond bottoms are provided by Yoo and Boyd (1994).

Seepage downward through pond bottoms will return to the groundwater. In some cases, the
water seeping from ponds will replenish the water removed from wells to fill them. However, in
Alabama, wells are often quite deep and the seepage probably enters the shallow aquifer rather
than the deeper aquifers that supply water to catfish ponds.

9.5.6 Weather and climate

Heavy rainfall can cause large volumes of overflow from catfish ponds. Overflow from
embankment ponds would be much smaller because the watershed area of embankment ponds
is very small in comparison to those of watershed ponds. Thus, the total volume of effluent
discharged from embankment ponds is less than for watershed ponds when pond draining
frequency is equal. This fact is illustrated in Table 9.7 for fry and fingerling ponds and food fish
ponds in Alabama. The difference is particularly striking for food fish ponds where watershed
ponds will discharge 13 times more water than embankment ponds. Effluent volume can vary
considerably from year to year as a result of differences in amount and timing of rainfall (Shelton
and Boyd 1993).

Drought can be particularly devastating in watershed ponds. Where groundwater is not
available for refilling ponds, water levels may decrease drastically causing overcrowding offish.
For example, the drought of 2000 in the southeastern United States was very severe, and in
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eastern Mississippi, a 38 to 40 cm (15 to 16 inch) rainfall deficit plus a 40 to 50 cm (16 to 20
inch) evaporation loss caused many ponds to decrease to only 40% of normal volume. It is
estimated that the economic loss to catfish farmers resulting from the drought was $11.3 million
(Hanson and Hogue 2001). In the Delta region of Mississippi, ponds could be refilled with water
from wells. However, greater pumping costs were incurred because more water than normal was
pumped to replace the rainfall deficit, which was 25 cm (10 inches) greater than normal during
the period June through October (Hanson and Hogue 2001).
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10.1 INTRODUCTION

All organisms remain healthy and grow best within a particular set of environmental conditions.
The conditions described in Chapter 3 define the water quality tolerance limits of channel catfish.
Quite logically then, catfish farmers should use high-quality water to fill ponds and then manage
water quality within those tolerance limits to optimize growth, survival, and feed conversion.
Finding good quality water to fill ponds is relatively easy, but maintaining environmental
conditions within the tolerance limits of catfish is challenging. These are the subjects of this
chapter.

Although discussed in greater detail in Chapters 8 and 9, three general features of catfish
farming provide the technical context for water quality management in catfish ponds. These
include 1) the use of relatively large (4 to 5 ha; 10 to 12 acres) and shallow (1 to 1.5 m; 3 to 5
feet) ponds, 2) high fish stocking and feeding rates, and 3) multiple-batch fish cropping.
Historically, the technical development of catfish farming in static ponds has been characterized
by increasing intensification. The emergence of yield limits as catfish production has intensified
can be attributed in part to water quality degradation associated with eutrophication. Thus, the
need for research on water quality dynamics and practical management of water quality problems
is clear.

Research on water quality in aquaculture ponds has provided tangible benefits to catfish
producers. Specifically, research on pond aeration systems and the discovery that common salt
can be used to manage nitrite toxicity have facilitated the intensification of catfish production.
The fundamentals of water quality in aquaculture ponds will not be reviewed here as the subject
is treated more comprehensively elsewhere (Boyd 1990; Boyd and Tucker 1998). This chapter
will focus on research that represents the current understanding of water quality dynamics and
management in commercial catfish ponds. Aquatic weed control—a staple in most texts on water
quality management—will not be discussed in this chapter. Adequate treatments of this subject
are provided by Shelton and Murphy (1989), Tucker and Robinson (1990), Boyd and Tucker
(1998), Masser et al. (2001), and Avery (2003).

10.2 WATER SUPPLIES

The major sources of water to fill ponds and maintain water levels are precipitation, runoff, and
water pumped from surface waters or below-ground aquifers. The relative importance of these
sources depends on geographical location and hydrological pond type (Chapter 9). The quality
of these water sources is highly variable. For example, precipitation is poorly mineralized,
whereas groundwaters may be highly mineralized, with variable mineral composition. The quality
of runoff will depend on watershed characteristics (i.e., soil type, slope, type of vegetated cover).
Water supplies must be of a certain quality, which is dictated primarily by the environmental
requirements of the fish (Chapter 3).

Groundwater is usually a good source of water for catfish ponds because it is typically free
of suspended matter, fish pathogens, and is less likely to be polluted than surface water. Although
the temperature and composition of ground water varies with location and depth of the well, the
quality of water from most wells is relatively consistent over time.

Surface water supplies are subject to contamination or pollution, and quality may vary
significantly with time. Another major drawback to using a surface water supply for catfish
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culture is the potential for inadvertent contamination of ponds with wild fish, fish pathogens, or
water-borne predators. Despite concerns related to surface water quality and availability, many
successful catfish farms depend entirely on surface waters to fill ponds and maintain water levels.

10.2.1 Desirable characteristics

Water supplies for catfish farming should be free of toxic substances and chemicals that can
accumulate in fish tissues and pose a health risk to consumers. Most ground waters are relatively
free of such taints, although surface waters are prone to unsuspected pollution, and assessment
of potential problems is difficult because surface water quality can vary dramatically over time.

Aside from assuring the absence of contaminating substances, salinity is probably the most
important consideration when initially assessing the suitability of a water supply for catfish
farming. Salinity for catfish culture should be less than 4 to 6 parts per thousand (ppt) for good
fish health, and most fish are raised in water with less than 0.5 ppt salinity. Immediately after
ponds are filled with water, salinity is identical to that in the water supply. After that, pond
salinity varies depending on the relative rates of evaporation (causing salinity to increase),
dilution by rainfall, and addition of pumped water (causing salinity to either increase or decrease).

Other desirable characteristics of a water supply for catfish aquaculture are moderately high
concentrations of total alkalinity, calcium hardness, and chloride. Alkalinity provides pH-
buffering capacity to the pond water and calcium benefits fish osmoregulation and stress resis-
tance. Alkalinity and hardness should exceed 20 to 30 mg/L as CaCO3. Moderate concentrations
of chloride in the water supply are desirable because chloride protects fish from nitrite toxicosis
(see Section 3.3.7). Chloride concentrations of 100 to 500 mg/L are desirable, and concentrations
can be even greater provided that total salinity remains in the proper range. Chloride can be added
to ponds as common salt (NaCl), but adequate chloride in the water supply makes this expense
unnecessary and reduces the need to monitor ponds for episodes of high nitrite concentration.

Water temperature is probably the most important environmental factor affecting fish health
and growth, although it is generally impractical to control pond water temperatures. Therefore,
commercial pond culture of channel catfish is possible only in regions with the proper climate for
reproduction and rapid growth. Most strains of channel catfish grow best at water temperatures
of 25 to 30°C (ca. 75 to 85°F). Potential growth decreases rapidly at temperatures above about
35°C (95°F) and below 20°C (ca 70°F), so a long period of warm water temperatures provides
a long growing season. However, warm temperatures year-round are undesirable because cool
winters are needed to stimulate gametogenesis and a subsequent slow rise in water temperatures
is needed to stimulate spawning. Areas best suited for large-scale channel catfish farming
therefore have short, cool winters followed by long, hot summers. As an example, in northwest
Mississippi—in the heart of the catfish farming industry—average pond water temperatures are
above 20°C (68°F) for about 200 days of the year, above 25°C (77°F) for about 140 days, but
below 15°C (60°F) for about 90 days. This temperature regime provides a long growing season
with a cool period in late winter to initiate the reproductive cycle.

10.2.2 Initial changes in water quality after impoundment

Water quality can change rapidly after ponds are filled. When groundwater is added to ponds, the
major changes are the result of exposing water to the atmosphere. When surface water is used,
changes result from the effect of reduced turbulence in ponds compared to the water supply.
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Groundwater temperatures depend on the depth of the aquifer and are relatively constant from
season to season, but water temperatures are rapidly influenced by ambient air temperature after
the water is pumped to the surface and impounded. Also, when groundwater is brought to the
surface, gas exchange between the water and air may cause large changes in concentrations of
dissolved oxygen and carbon dioxide. For example, many groundwaters are devoid of dissolved
oxygen and enriched with carbon dioxide. When exposed to air, concentrations of both gases will
tend towards equilibrium with partial pressures of the gases in the atmosphere. Shortly after
groundwaters are impounded, dissolved oxygen concentrations will rise to 7 to 13 mg/L and
dissolved carbon dioxide concentrations will decrease to 0.3 to 0.9 mg/L, the exact concentration
of both gases depending on salinity and water temperature.

Changes in dissolved gas concentrations caused by exposing groundwater to air then influence
other chemical constituents. Reduction in dissolved carbon dioxide concentrations by degassing
will increase water pH, with the final equilibrium pH dependent on bicarbonate alkalinity (see
Section 10.11). If the initial total alkalinity of the groundwater is high (>75 mg/L as CaCO3), loss
of dissolved carbon dioxide and the subsequent increase in pH after impoundment will cause
solid CaCO3 to precipitate from solution. Loss of dissolved calcium and carbonate as solid CaCO3

will reduce the total alkalinity and total hardness of the water. In groundwaters with high levels
of dissolved ferrous iron (Fe2+), the increase in pH and dissolved oxygen concentrations after the
water is pumped to the surface will cause iron to precipitate as ferric (Fe3+) oxides and
oxyhydroxides, and total iron concentrations will decrease to vanishingly low levels within days
after the water is impounded. Hydrogen sulfide is also thermodynamically unstable under aerobic
conditions when groundwater is pumped to the surface and will be rapidly oxidized to sulfate.
Some hydrogen sulfide is also lost by degassing as the groundwater is exposed to the atmosphere.

When surface waters are used to fill catfish ponds, changes in water quality due to
impoundment are often more subtle than the changes in quality when groundwater is impounded.
This is especially true when water is obtained from reservoirs or other ponds. In this instance,
water is simply pumped or drained from one impoundment to another, and little change in quality
will occur. However, water obtained from streams may carry soil particles or other solids that are
kept in suspension by turbulent mixing in the stream. When the water is impounded, some of the
mineral solids will settle out.

Regardless of the water source, long-term changes in some constituents (so-called "con-
servative" variables) are primarily due to dilution by rainfall and concentration by evaporation.
Conservative variables include aggregate properties such as salinity, total alkalinity, and total
hardness, as well as concentrations of certain individual ions such as sodium, potassium, chloride,
and sulfate. As discussed above, conservative variables are important when assessing the initial
suitability of a water source for aquaculture (Boyd 1990; Boyd and Tucker 1998), but are less
important in day-to-day pond management because concentrations change slowly.

Other variables, such as dissolved oxygen, carbon dioxide, and pH, are affected primarily by
biological activity. The magnitudes of variables affected by biological activity are characterized
by a distinct periodicity (diel, seasonal, or both) because biological activity in ponds is generally
cyclic, varying with photoperiod and temperature. Because concentrations may change rapidly
and often in an unpredictable fashion, substances affected by biological activity are the most
important aspects of water quality and its management in catfish pond aquaculture.
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10.3 FEEDING, WATER QUALITY, AND POND LOADING LIMITS

Biological activity in catfish ponds is stimulated by the loading of waste nutrients derived from
feeding. Feed is applied to catfish ponds at rates sufficient to provide good growth offish stocked
at high density. However, only a minority of nutrients provided in feed are incorporated into
harvested fish biomass. For example, harvested catfish remove only 27 to 32% of the nitrogen,
16 to 30% of the phosphorus, and about 25% of the organic matter added to ponds as feed (Boyd
1985; Gross et al. 1998; 2000). As the majority of nutrients are released to the pond environment,
water quality in catfish ponds reflects an interaction between feeding rate and the biological and
physicochemical processes that remove or transform waste nutrients.

Ponds are characterized by a remarkable capacity to "treat" wastes produced during fish
culture. As a direct result of this capacity, rather extraordinary yields offish are routinely obtained
with a relatively modest level of technological intervention. In fact, the general success of catfish
farming can be attributed in no small measure to the inherent waste assimilation capacity of static
ponds. Unlike recirculating and other intensive aquaculture production systems, there are few
direct costs associated with waste treatment because the pond ecosystem provides natural
biological, chemical and physical waste treatment processes that appear, at first glance, to be free.

However the waste treatment capabilities of ponds are not an entirely free service provided
by natural ecological processes. Farmers pay a hidden cost for waste treatment because the system
functions effectively only within certain operational limits. Loading limits of catfish ponds are
based on the waste assimilation capacity and the water quality tolerance limits of catfish. Loading
limits for organic matter, nitrogen, and plant nutrients are related directly to fish biomass and
feeding rates. Although specific loading limits (that is, fish stocking and feeding rates) are ill-
defined, the overall result is that rather large tracts of land are required to grow a certain biomass
offish. The other hidden cost of using large ponds to grow fish is the low level of control that
farmers can exert over the most important environmental variables such as temperature, dissolved
oxygen concentration, off-flavor, and infectious diseases.

So, the key to profitable catfish farming is to make maximal use of the inherent waste
treatment capacity of the pond ecosystem without degrading the environment to the point where
reduced growth rates, higher disease incidence, and increased management costs (such as
aeration) affect profitability. Despite several decades of research on pond aquaculture, it is
extraordinary that this "point of diminishing returns" remains unknown. Definitions of maximum
loading rates are at best approximations derived empirically from the practical experience of
catfish farmers, rather than through controlled studies. The dynamic nature of the waste assimi-
lation capacity of catfish ponds limits any definition to a generalized set of operational conditions.
Specific loading limits cannot be precisely defined because the waste assimilation capacity of a
pond varies widely through the year and depends on water temperature and other variables that
are beyond practical control of the culturist. Although pond waste assimilation capacity has been
roughly defined for the mid-summer production period, waste assimilation capacity during other
seasons has not been defined.

Loading limits are a function of the interaction between the biology of channel catfish,
climate, and ecological characteristics of static ponds. The biological and physical factors that
affect loading limits and waste assimilation capacity of static ponds for commercial catfish
aquaculture include temperature effects, oxygen requirements, fish water quality tolerance limits,
organic matter decomposition, and nutrient removal (Hargreaves and Tucker 2003). Many of
these topics will be addressed in greater detail in the sections that follow.
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Water temperature exerts profound effects on fish metabolism and therefore feed
consumption, growth and production. In a study of the interrelationship between water quality and
feeding rate, most of the variation in feed consumption during spring and fall was explained by
variation in water temperature (Taylor 2003). Temperature influences water quality by affecting
the kinetics of chemical reactions, nutrient uptake by phytoplankton, and microbial growth. Water
temperature is the most important variable related to dissolved oxygen concentration at dawn
(Taylor 2003).

Formerly, catfish producers could calculate daily feed allotment as a proportion of the product
offish body weight and estimated standing crop. Feeding rate would increase during the growing
season in accordance with increases in fish standing crop. As producers shifted from a single-
batch to a multiple-batch cropping system, where multiple cohorts offish are present in the pond
at any one time, and accurate estimates of fish inventory were difficult to obtain, fish were fed
to satiation, a practice with a high degree of subjectivity. Although feed was applied according
to what the fish population consumed, producers were as much "feeding the pond" as the fish.

If fish are fed at a rate that exceeds the capacity of the pond to assimilate wastes generated by
that feeding rate, water quality will deteriorate to the point that feed consumption will be reduced.
Thus, fish feed consumption functions as an indicator of the limits to waste assimilation capacity.
Accordingly, the system is "self-correcting" in that it is, by definition, impossible to sustain feed
inputs at levels greater than the pond waste assimilation capacity. Thus, under current culture
conditions, the waste assimilation capacity of a pond approximately corresponds to feed
consumption by fish.

Feed input is strongly correlated with deterioration of water quality in ponds (Tucker et al.
1979; Cole and Boyd 1986). In general, as feed input increases, more fish metabolic waste enters
the pond and phytoplankton density and concentrations of total ammonia and carbon dioxide
increase, and the concentration of dissolved oxygen at dawn decreases. In both studies, the
frequency of low dissolved oxygen at dawn increased with stocking density and feeding rate.
Little aeration was required at maximum feeding rates above about 55 kg/ha per day (ca. 50
pounds/acre per day). The results of those studies should be interpreted with caution because they
do not reflect the current management protocols of commercial catfish ponds. Specifically, the
studies were conducted in small (0.04-ha; 0.1-acre) experimental ponds and fish were cultured
using a single-batch cropping system, meaning that overall fish standing crops were low over
much of the production period. Although the general conclusions that can be drawn from the
study are likely valid, the specific loading limits may not apply to large ponds managed using a
multiple-batch cropping system where fish standing crops are high at all times except imme-
diately after fish harvest, and fish are cultured continuously for many years without the pond
being drained between crops. Furthermore, the experimental protocol of one study (Cole and
Boyd 1986) probably resulted in an intentionally wasteful application of feed. Further studies of
this type using ponds managed with a multiple-batch cropping system are required to refine
definitions of loading limits.

Reducing culture intensity is one possible approach to the improvement of water quality.
However, this approach has practical constraints because relatively high fish densities and feed
inputs are necessary for profitable yields. Nevertheless, it is clear that excessively high feed inputs
should be avoided because the resultant poor water quality decreases fish growth rates, adversely
affects feed conversion, and decreases net economic returns (Tucker et al. 1979).

The quantity of waste entering pond water can be reduced independent of feeding rate by
increasing feed conversion efficiency. For example, improving feed conversion efficiency (feed
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offered/net fish growth) from 2.0 to 1.5 reduces the amount of nitrogen added to a pond by nearly
half. Improved feeding practices or modifications in the diet to improve conversion could result
in more profitable production as well as improved water quality.

Efforts to improve water quality by manipulating the source or increasing the utilization
efficiency of dietary phosphorus have not improved water quality in ponds. For example, there
were no consistent differences in total phosphorus concentrations or phytoplankton abundance
in ponds where fish were fed diets with total dietary phosphorus levels ranging from 0.60 to
1.03% (Gross et al. 1998). The phosphorus cycle in catfish ponds is overwhelmingly dominated
by physicochemical reactions involving the sediment and so manipulation of dietary phosphorus
to effect changes in water quality has only a negligible impact.

10.4 PHYTOPLANKTON COMMUNITIES

Some aquaculture ponds are fertilized with the explicit intention of increasing phytoplankton
standing crops as the food base for cultured fish. In contrast, dense phytoplankton populations
develop in catfish ponds unintentionally as a consequence of applying nutrient-dense feeds at high
rates. As stated above, most of the nutrients added in feed are released to the pond environment,
stimulating luxuriant growth of phytoplankton. Phytoplankton communities are the dominant
ecological feature in catfish ponds because their metabolic activities directly or indirectly affect
the suitability of the pond environment as a culture medium for fish.

Phytoplankton are simultaneously desirable and undesirable in catfish ponds. First, of the
various plant forms that can develop in ponds, phytoplankton does not interfere with fish harvest,
as do filamentous algae and emergent or floating aquatic plants. Phytoplankton are also desirable
because photosynthesis is the major source of oxygen in catfish ponds and, at intermediate
densities, phytoplankton are net producers of oxygen (Smith and Piedrahita 1988). Furthermore,
phytoplankton uptake of ammonia is the main mechanism that limits accumulation of this
potentially toxic metabolite. Overall, phytoplankton play the key role regulating the waste
assimilation capacity of ponds.

However, phytoplankton can be undesirable in catfish ponds for two reasons. First, phyto-
plankton growth in catfish ponds is not controlled, so phytoplankton standing crops may become
excessive, resulting in water quality problems such as dissolved oxygen deficits. Second,
phytoplankton communities of catfish ponds are often characterized by a simple structure, with
most communities dominated by only a few species, primarily cyanobacteria (blue-green algae).
Cyanobacteria are undesirable for many reasons, but from the standpoint of catfish production,
cyanobacteria produce odorous metabolites that affect flavor quality and therefore product
marketability (Section 10.5). Furthermore, communities with low species diversity are unstable
and subject to spectacular collapse, resulting in a host of attendant water quality problems.
Practical management of phytoplankton standing crops or community structure for optimum
water quality in commercial catfish ponds has proven exceedingly difficult.

10.4.1 Factors affecting phytoplankton standing crop and community structure

The composition of phytoplankton communities in catfish ponds results from the interaction
between growth-limiting resources and species-specific physiological attributes that confer
selective advantage to individual species. Physical, chemical, and biological factors create
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selective pressures that favor phytoplankton groups that can overcome limitations imposed by the
pond environment. This section describes the selective pressures that encourage the proliferation
and determine the community structure of phytoplankton in catfish ponds.

Water temperature

Phytoplankton growth and metabolism are strongly regulated by temperature. Water temperatures
that are conducive to good catfish production are also favorable for phytoplankton growth.
Cyanobacteria are favored by water temperatures above 25°C (ca. 75°F) and the optimum water
temperature for growth of Oscillatoria agardhii, a common cyanobacteria in catfish ponds in
northwest Mississippi, is 32°C (90°F).

Underwater light climate

Phytoplankton growth in catfish ponds is often light-limited (Smith 1988; Tucker and van der
Ploeg 1993), meaning that further increases in growth are constrained by the availability of light,
rather than other resources such as nutrients. As phytoplankton abundance increases in response
to nutrient loading, pond water becomes progressively more turbid, increasing the attenuation of
light with depth. The optical depth of catfish ponds (0.2 to 0.6 m; ca. 0.6 to 2 feet) is often much
less than the physical depth, meaning that adequate light to support net photosynthesis does not
reach the pond bottom. As turbidity and light attenuation increase, productivity becomes
increasingly confined to surface waters and net primary productivity integrated through the water
column decreases. Rates of gross photosynthesis do not increase in proportion to increases in
biomass because algal turbidity increasingly restricts the availability of light needed to drive
photosynthesis (self-shading). Eventually, a biomass is reached where gross photosynthesis is
maximum. Often this corresponds to the density where limitation of algal growth shifts from
nutrients (or other growth factors) to light. However, phytoplankton respiration increases as a
linear function of algal biomass and does not have a threshold corresponding to the limitation of
gross photosynthesis. Thus, net photosynthesis is maximum at some intermediate phytoplankton
biomass (Smith 1988; Smith and Piedrahita 1988).

Nutrient loading stimulates plant growth generally, initially favoring eukaryotic algal taxa
with greater growth rates than cyanobacteria. Cyanobacteria have slower growth rates than
eukaryotic phytoplankton and so populations develop more slowly. However, cyanobacteria are
increasingly favored as phytoplankton growth makes the water column progressively more turbid.

Cyanobacteria are generally adapted to grow better at lower light intensities than other
phytoplankton. Most cyanobacteria are "shade-adapted" with a relatively low growth rate com-
pared to eukaryotic algae, but are better able to thrive at the lower light intensities that charac-
terize turbid waters. Cyanobacteria have a greater light utilization efficiency than most other
phytoplankton. Furthermore, cyanobacteria have accessory pigments (phycobilins) that allow har-
vesting of energy contained in light frequencies characteristic of dimly lit waters and are not
accessible to plants containing chlorophyll as the primary light-harvesting pigment. Cyanobacteria
are also able to actively regulate their position in the water column to avoid photoinhibitory light
intensities.
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Water column stability

Summer in the southeastern United States is characterized by a high rate of solar energy input,
elevated and fairly stable water temperatures, and generally low wind speed. Solar radiation can
result in pronounced thermal stratification and density gradients between surface and bottom
waters during the warm months. Cyanobacteria are favored at low levels of water turbulence (or
high levels of water column stability) because they can compete more effectively for light than
most other groups by regulating their position in the water column. Development of a
cyanobacteria bloom is favored if the rate of turbulent mixing is less than the flotation rate of the
cyanobacteria. In effect, cyanobacteria are more effective competitors for light than other
phytoplankton taxa.

Sediment resuspension

Sediment resuspension is a common occurrence in shallow catfish ponds. Although sediment
resuspension has important implications for nutrient dynamics and underwater light climate,
sediment resuspension affects phytoplankton community dynamics by transporting an inoculum
of algal resting stages to the water column. Thus, sediment resuspension facilitates the
colonization of the water column by phytoplankton taxa with a prior history of dominance. When
conditions are unfavorable, many cyanobacteria produce vegetative resting stages (akinetes) or
dormant colonies that settle, accumulate, and remain viable in the sediment. When conditions
once again become favorable, activation of resting stages following resuspension allows rapid
population development relative to other species with lower inoculum densities or that are
introduced by other dispersal mechanisms.

The accumulation of resting stages of cyanobacteria in the sediment of commercial catfish
ponds is promoted by the common management practice of cropping fish continuously for many
years without draining ponds. Thus, once dominance by cyanobacteria is established,
accumulation of resting stages in the sediment will favor the perpetuation of cyanobacteria
dominated communities. When conditions are favorable for growth, sediment resuspension will
aid in the rapid colonization of the water column and accelerate dominance and promote
persistence of cyanobacteria blooms. The relative importance of sediment resuspension and
overwintering pelagic populations as a mechanism promoting cyanobacteria dominance in catfish
ponds has not been addressed.

Nutrient concentrations

Growth-limiting nutrient concentrations rarely prevail in commercial catfish ponds because
feeding rates (and therefore waste nutrient loading rates) are usually sufficient to maintain
concentrations that saturate growth of phytoplankton in catfish ponds. Based on the Redfield
ratio, the minimum concentrations to satisfy requirements for growth are rarely more than 3 ug/L
for dissolved phosphorus and 100 ug/L for dissolved nitrogen (Reynolds 1999). Average soluble
reactive phosphorus concentrations in commercial catfish ponds range from about 25 ug/L during
winter to 100 to 150 ug/L during late spring (Boyd and Tucker 1998). Average dissolved
inorganic nitrogen concentrations in commercial catfish ponds range from 500 ug/L during
summer to 3,000 Ug/L during winter (Tucker 1996). Thus, nutrient flux rates are usually sufficient
to maintain concentrations that saturate growth of phytoplankton in catfish ponds. Nutrients are
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supplied continuously from external sources (mainly from fish feeds) and recycled from internal
sources (e.g., mineralization of organic matter). Despite elevated demand for nutrients by large
phytoplankton standing crops during summer, nutrient concentrations are not likely to be growth-
limiting. Nitrogen-fixing cyanobacteria, which gain an advantage under nitrogen-limiting
conditions, are not the dominant cyanobacteria in Mississippi catfish ponds (Paerl and Tucker,
1995).

Nutrient loading has an indirect effect on phytoplankton community structure. Nutrients
stimulate plant production generally, causing an increase in phytoplankton density. As
phytoplankton density increases, productivity shifts from limitation by nutrients to limitation by
light. Under such conditions, the community composition shifts to dominance by species with
lower light requirements, such as cyanobacteria.

Other factors

Although the selective pressures described above have the greatest impact on phytoplankton
community structure, other factors may have minor or periodic influence on the dominance of
particular groups of phytoplankton, particularly favoring cyanobacteria. Low carbon dioxide
and/or elevated pH has been advanced as an explanation for the dominance of cyanobacteria in
some lakes. Elevated phytoplankton density combined with high levels of insolation can result
in depleted carbon dioxide concentration and high pH in catfish ponds during late afternoon. The
effect of this brief period of low carbon dioxide concentration and high pH on phytoplankton
community structure in catfish ponds is unknown. Additional factors that may affect community
structure in catfish ponds include trace metal availability, resistance to zooplankton grazing, and
allelopathy, although research in catfish ponds indicating that these selective pressures are
important factors affecting community structure is lacking.

10.4.2 Phytoplankton standing crops

The selective pressures described above affect phytoplankton standing crops and community
composition in ways that are only generally understood. Effects on individual species within a
community are variable and result in the variation in density and community structure that is
observed in catfish ponds. Short-term variation in standing crop is the result of continuous
succession and restructuring of phytoplankton communities; the pattern of succession is
unpredictable and poorly understood (Reynolds 1984). Thus, at any one time, phytoplankton
density in otherwise identically treated ponds can vary by a factor of 50 or more (Millie et al.
1992) because each pond is at a different stage of succession.

Phytoplankton standing crop is commonly indexed by chlorophyll a concentration in the water
column. Chlorophyll a concentrations in catfish ponds range from 0 to over 800 ug/L, but are
usually 400 to 600 |ag/L during the summer (Tucker and van der Ploeg 1993), representing the
maximum sustainable phytoplankton standing crop in shallow catfish ponds. Best water quality
conditions occur at phytoplankton standing crops corresponding to chlorophyll a concentrations
of around 100 to 250 ug/L because net growth rate of phytoplankton is highest at intermediate
biomass levels. As biomass increases above those levels, competition for resources (in particular,
light) increasingly limits net growth rates of phytoplankton (Smith and Piedrahita 1988;
Giovannini and Piedrahita 1994).
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Phytoplankton standing crops vary greatly with time in individual ponds and among ponds
at any given time. Overall seasonal variation in average phytoplankton abundance is likely
controlled by seasonal changes in light availability and water temperature (Tucker and Lloyd
1984; Tucker and van der Ploeg 1993). Average abundance is greatest in summer when nutrient
loading rates, water temperature, and solar radiation are greatest. Abundance declines markedly
through the winter as environmental conditions become less favorable for plant growth.

Temporal variation in phytoplankton standing crops has profound implications for catfish
pond management because the activities of the phytoplankton community affect so many aspects
of the physicochemical environment. Broad, seasonal changes in average phytoplankton
abundance, coupled with changes in phytoplankton metabolic activity with water temperature,
cause predictable annual cycles in the magnitude of many water quality variables (Tucker and van
der Ploeg 1993; Hargreaves and Tucker 1996). For instance, ammonia, nitrite, and nitrate
concentrations increase, on average, in the cooler months because rates of inorganic nitrogen
assimilation by algae are reduced during that period of slow plant growth.

Superimposed on an annual pattern of generally increasing phytoplankton abundance as the
growing season progresses are periods of rapid growth, often followed by sudden massive
collapses of the phytoplankton community (Boyd et al. 1975; Boyd et al. 1978a) or less drastic
declines in phytoplankton standing crops that occur over 2 to 3 week periods during the growing
season (Tucker et al. 1984). Although the reasons for such rapid population declines are not
entirely clear, the simple phytoplankton community structure in catfish ponds contributes to
instability by increasing susceptibility to environmental perturbations.

Rapid changes in overall abundance and community structure cause unpredictable differences
in water quality from pond to pond and with time in individual ponds. As a result, key environ-
mental variables (such as dissolved oxygen, pH, and total ammonia) that are affected by the
metabolic activity of phytoplankton vary widely because each pond is unique and water quality
may change rapidly and unpredictably. Associated with episodes of rapidly changing
phytoplankton standing crop are dramatic changes in water quality (Boyd et al. 1975; 1978a). For
example, the sudden death of dense, nearly mono-specific phytoplankton communities can have
disastrous consequences in fish ponds because photosynthetic oxygen production and nutrient
uptake nearly ceases and large amounts of dissolved oxygen are consumed and ammonia released
as dead algae cells decompose (Boyd et al. 1975; 1978a). Variation in water quality also compli-
cates the interpretation of results obtained in "controlled" scientific studies by introducing a set
of complex and uncontrollable factors that may affect fish growth and health when studies are
replicated across ponds.

10.4.3 Phytoplankton community structure and periodicity

The taxonomic composition of phytoplankton communities in catfish ponds and the relative
abundance of component species changes constantly. Well over 100 species of phytoplankton
from catfish ponds have been identified (Tucker and Lloyd 1984; Tucker 1985a; van der Ploeg
et al. 1992; Hariyadi et al. 1994) and, at any one time, ponds contain variable assemblages of
those species. Phytoplankton assemblages of many catfish ponds are broadly typical of temperate,
eutrophic lentic ecosystems. Differences among ponds and changes in community structure with
time are due to the unsynchronized fluctuation in population density of individual species within
the community. The mechanisms responsible for inducing specific changes in phytoplankton
community composition are poorly understood (Reynolds 1984). The most important practical
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aspects of phytoplankton communities in catfish ponds are the tendency for communities to be
of relatively low species diversity and to be dominated by species of cyanobacteria.

As phytoplankton abundance increases in response to nutrient loading and favorable growth
conditions, the importance of limiting factors shifts from nutrient to light availability, causing a
change in phytoplankton community composition from a mixed assemblage of chlorophytes,
cyanobacteria, and diatoms to one dominated principally by cyanobacteria. Certain species of
cyanobacteria (notably species of Microcystis, Oscillatoria, Anabaena, and Raphidiopsis) are well
adapted to compete with other phytoplankton for light (Paerl and Tucker 1995). Those species
can regulate their position in the water column by changing cell buoyancy with the storage and
utilization of starch granules for cellular ballast and gas-filled intracellular vacuoles. Furthermore,
those cyanobacteria have accessory pigments (phycobilins) that permit utilization of wavelengths
of light that are characteristic of dimly lit waters. Low rates of vertical mixing of the water
column and high algal turbidity (conditions that are typical of catfish ponds in the summer)
strongly select for buoyancy-regulating cyanobacteria.

Under extreme light-limited conditions for photosynthesis and low rates of water column
turbulent mixing, persistent positive buoyancy results in formation of surface scums of certain
species, most notably Microcystis aeruginosa. Development of surface scums reduces net input
of dissolved oxygen to the pond because oxygen production during photosynthesis is restricted
to the upper few centimeters of the water. Oxygen produced in the surface layer may be rapidly
lost to the atmosphere by diffusion and is thus not available for respiration. Also, surface scums
of cyanobacteria are more prone to massive die-offs than are blooms of taxonomic groups with
a pelagic growth habit (Boyd 1990).

Before the 1980s, when food-fish ponds were stocked at densities and fed at rates much lower
than is reflected in current culture practices, phytoplankton communities progressed through a
fairly predictable annual succession from a mixed assemblage of chlorophytes and diatoms in the
spring to dominance by cyanobacteria from mid-summer until fall harvest and pond draining. As
catfish production practices shifted from a single-batch, annual cropping system to a continuous,
multiple-batch cropping system, ponds that were formerly drained annually were not drained for
many years. In these ponds, cyanobacteria dominance persisted into the late fall and winter
(Tucker and van der Ploeg 1993; Zimba et al. 2001a). Overwintering populations of pelagic
cyanobacteria and resuspension and activation of senescent cyanobacteria resting stages in the
sediment provide a reservoir for rapid colonization of the water column once conditions become
favorable for cyanobacteria growth in the spring, assuring the persistence of cyanobacteria
dominance.

10.4.4 Management of phytoplankton communities

For the most part, phytoplankton are a desirable and beneficial plant in catfish ponds because they
are central to the maintenance of adequate environmental conditions for profitable fish
production. However, the two negative aspects of phytoplankton in catfish ponds—excessive
abundance and community dominance by cyanobacteria—have stimulated an interest in
developing control measures. In theory, managing phytoplankton communities to maintain
intermediate standing crops would maximize integrated water column photosynthesis, and
therefore oxygen production and nutrient uptake (Smith 1988; Smith and Piedrahita 1988).
Controlling phytoplankton community composition is desirable because the phytoplankton
communities of many commercial ponds are dominated by cyanobacteria, some species of which
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produce odorous compounds that cause off-flavor. Ideal control measures would therefore
selectively reduce abundance of undesirable cyanobacteria while maintaining an intermediate
standing crop of phytoplankton for water quality control. This is a difficult goal because nearly
all the characteristics of current production practices used in catfish farming (shallow ponds, high
feeding rates, and long hydraulic residence times) strongly promote high standing crops
dominated by cyanobacteria. As such, attempts to manage phytoplankton are strongly opposed
by natural ecosystem forcing factors.

To date, cost-effective methods have not been developed to manage phytoplankton
community dynamics to optimize pond water quality. Current management practices are not
directed at the source of the problem (excess phytoplankton density), but rather correcting the
symptoms of excess phytoplankton density manifest as water quality problems. For example, the
net oxygen deficit associated with high phytoplankton biomass is compensated by increasing
oxygen transfer from the atmosphere by mechanical aeration. Practical solutions to problems
related to excessive phytoplankton abundance are limited by the cost of treating a large volume
of water in commercial ponds.

In common with other forms of aquatic weed control, control measures can be categorized
into mechanical, biological, and chemical control measures. Mechanical control measures are not
practical because most phytoplankton are very small (< 5 urn) and near neutral excess density,
so filtration by screening is not practical and removal by sedimentation is ineffective. Biological
control methods have included stocking filter-feeding fish at low densities relative to catfish.
Results have been equivocal because the effectiveness of incorporating filter-feeding fish as a
component of catfish production is sensitive to the stocking density of filter-feeding fish, with a
minimum threshold density required for effective control of phytoplankton density or community
composition (Smith 1985, 1994; Laws and Weisburd 1990, 1994). When present at sufficient
density, the effectiveness of incorporating filter-feeding fish has been repeatedly demonstrated
by research; nevertheless, implementation of polyculture in commercial catfish farming has not
occurred. Catfish producers are assessed a fee (called a weigh-back) by processing plants for
separation of filter-feeding fish that is deducted from the value of harvested catfish. Despite the
demonstrated benefits of incorporating filter-feeding fish into the catfish pond production system,
the assessment of a fish separation fee represents a serious economic disincentive to the broad-
scale implementation of polyculture.

Most attempts to manage phytoplankton in catfish ponds have focused on chemical methods.
One drawback to any chemical treatment of catfish ponds is the potentially very high cost because
the water volume of commercial ponds is large. Furthermore, the effectiveness of many algicides
(especially copper sulfate) is short-lived because continuous maintenance of an algicidal or
algi static concentration of the chemical is necessary to have a lasting effect on phytoplankton
density. When concentrations fall below effective levels, phytoplankton quickly regrow in
response to continuous input of waste nutrients.

Algicides are sometimes used in attempts to improve environmental conditions by reducing
phytoplankton density ("thinning"). Using algicides to reduce phytoplankton density often leads
to worse environmental conditions than those prevailing before their use. The overall effect of
long-term algicide use is a reduction in net oxygen production by phytoplankton resulting in
chronically low dissolved oxygen concentrations, which reduces fish growth. As a result, the use
of algicides to "thin" phytoplankton blooms may result in reduced fish yield, contrary to the
intention of improving environmental conditions and increasing yield (Tucker and Boyd 1978).
As algicides cannot be used to manage phytoplankton density due to the potential for negative
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consequences on fish health and growth, the use of algicides is presently limited to managing
algae-related off-flavors (see Section 10.5.3).

10.5 OFF-FLAVOR

When channel catfish are fed a grain-based diet and raised in clean water, they have a character-
istic mild flavor described by five positive sensory attributes: chickeny (boiled chicken breast
meat), nutty, corn, fat complex (buttery), and sweet (Johnsen et al. 1987). Taken as a whole, this
describes a mild-flavored, "non-fishy" seafood enjoyed by many American consumers. Pond-
raised catfish may, however, develop flavors that can be intensely disagreeable.

Off-flavors are not uncommon in pond-raised fish, and all catfish processing plants sample
fish for flavor quality before processing as a quality control measure. Fish are sampled several
times over the weeks before a projected harvest date and if any of the samples have undesirable
flavors, the fish will not be accepted for processing. As such, the presence of off-flavors disrupts
cash flow and reduces farm profits by preventing timely fish harvest. Delays in harvesting caused
by off-flavors postpones culture of future crops and exposes fish to a greater risk of loss to
diseases or bird predation. On a larger scale, harvest delays related to off-flavors interrupt the
orderly flow offish from farm to processor and, if off-flavored fish are inadvertently marketed,
the negative reaction of consumers may adversely affect market demand, with the overall effect
of reducing profits for all segments of the industry (Kinnucan et al. 1988; Engle et al. 1995).

10.5.1 Causes of off-flavor

Off-flavors develop whenever an odorous chemical accumulates in fish flesh. Some off-flavors
develop after harvest and are caused by bacterial spoilage or by oxidation of fats (rancidity). Post-
harvest off-flavors can be prevented by using sound processing, packaging, and storage methods.
Other off-flavors develop prior to harvest, and are caused by chemicals derived from feeds or
absorbed from the water.

Diet-related off-flavors are rare in farm-raised catfish because the ingredients used in high-
quality commercial feeds do not cause flavor problems (Johnsen and Dupree 1991). However,
pond-raised catfish occasionally eat foods other than manufactured feed, and some of those food
items may cause off-flavors. For example, flavors described as "decay" or "rotten" are
occasionally noted in pond-raised catfish during winter when many catfish farmers do not
routinely feed their fish. Those flavors probably develop when fish eat decaying organic matter
as they forage for natural foods (van der Ploeg and Tucker 1993).

Most off-flavors in pond-raised catfish are caused by odorous compounds absorbed by fish
from the water. In general, waterborne odorous compounds can be derived either from pollution
or from natural sources. Flavor problems related to pollution are uncommon in catfish farming,
although off-flavors occasionally develop in pond-raised fish after accidental spills of diesel fuel
or gasoline from boats, well-pump engines, or farm equipment. Most off-flavors in pond-raised
catfish are caused by naturally occurring organic compounds produced by aquatic bacteria or
algae. These microorganisms synthesize and release compounds into the water, where they are
absorbed through the gills, skin, or gastrointestinal tract of fish. The most common off-flavors
are described as "earthy," "muddy," "moldy," or "musty," and have been described in fish since
at least 1550 (Gesner 1550).
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10.5.2 Common off-flavors in catfish

Off-flavors are usually described using words that bring to mind familiar flavors or odors.
Objective descriptors, such as chemical names, are not usually used because the compounds
responsible for most off-flavors are unknown. Several classification schemes have been proposed
for off-flavors in catfish (Lovell 1983a, b; Johnsen et al. 1987; van der Ploeg and Tucker 1993;
Bett 1997) and in most schemes, flavor descriptors are grouped according to similarity of the
flavor. The common off-flavors in pond-raised catfish are grouped below on the basis of
suspected origin. Grouping flavor problems by origin, rather than by similarity of flavor, is useful
when considering options for managing off-flavors.

Cyanobacterial off-flavors

Three common off-flavors are placed in this group based on their known or suspected origin as
metabolites produced by cyanobacteria, which are common in the phytoplankton of many catfish
ponds. Two off-flavors in this category—2-methylisoborneol and geosmin—are known to be
caused by cyanobacteria. The third off-flavor, called "woody," is included in this category
although there is only weak evidence that it is caused by cyanobacteria.

The most common flavor problem in catfish raised in northwest Mississippi, southeast
Arkansas, and northeast Louisiana is caused by 2-methylisoborneol, commonly referred to as
MIB. The chemical imparts a unique, musty-medicinal off-flavor to fish that can be quite intense
and disagreeable. In catfish ponds, MIB is nearly always produced by the microscopic
cyanobacteria Oscillatoria perornata, although in other environments, MIB can be produced by
other species of cyanobacteria, as well as by actinomycetes.

Off-flavors caused by MIB can develop rapidly, but they dissipate much more slowly. Fish
immersed in dilute solutions of MIB become noticeably off-flavor within minutes or hours of
exposure. Fish purge the chemical naturally when exposure ceases, but days or weeks may be
needed for the off-flavor to completely dissipate. The rate at which the off-flavor disappears is
related primarily to water temperature and the size and fat content of the fish. Small, lean fish
held in warm, odor-free water purge MIB off-flavors within 2 to 4 days. Large, fatty fish held in
cold water may not purge the flavor for weeks or months following exposure (Johnsen et al.
1996).

Another common cyanobacterial off-flavor is caused by geosmin, which gives fish a
distinctive earthy or muddy flavor that is reminiscent of the odor of a damp basement. In
catfish-producing areas outside the Mississippi River alluvial valley, geosmin off-flavors are
often more common than those caused by MIB. Many species of cyanobacteria and actinomycetes
are capable of producing geosmin, but in catfish ponds the main geosmin-producers are species
of the cyanobacteria Anabaena or, less commonly, Aphanizomenon or Lyngbya. The rates at
which fish acquire and purge geosmin off-flavors are similar to those described above for MIB.

The third off-flavor in the cyanobacterial category is called "woody." The flavor is usually
not very intense, and some people find it difficult to detect or recognize. The flavor has been
described as reminiscent of wood chips (van der Ploeg and Tucker 1993), although some people
find the flavor to be similar to that caused by low levels of MIB. Woody off-flavor is often
accompanied by an astringent or bitter aftertaste that is not experienced with other off-flavors.
Woody off-flavors in pond-raised catfish are most common in late autumn and winter, and the
taint purges from fish much more slowly than off-flavors caused by MIB or geosmin. In one study
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(Craig Tucker, Mississipi State University, unpublished data), channel catfish with woody off-
flavor were held in clean, flowing well water at 24°C (75°F) for 21 days with only modest
improvement in flavor quality. Intense MIB off-flavor was completely purged from fish in 4 days
under the same conditions.

The chemical cause of the woody off-flavor is not known. There is weak evidence (that may
well prove to be wrong) that the woody off-flavor is related to prior exposure offish to MIB.
Another possibility is that the flavor is caused by P-cyclocitral, a compound consistently isolated
from laboratory cultures and waters with blooms of the cyanobacterium Microcystis spp. (Juttner
1995; Zimba and Grimm 2003). The odor of P-cyclocitral in water changes with concentration:
at very low concentrations the odor is grassy but at higher concentrations the odor is woody or
hay-like (Young et al. 1999). Populations of Microcystis are common in catfish ponds and
P-cyclocitral is routinely found in catfish pond waters (Zimba and Grimm 2003) and the flesh of
pond-raised channel catfish (Martin and Suffet 1992). However, the sensory threshold concen-
tration for P-cyclocitral is at least an order of magnitude higher (i.e., less odorous) than MIB or
geosmin, and its importance as a contributor to off-flavor problems in catfish is unknown.

Decay/rotten off-flavors

A wide variety of offensive off-flavors are grouped into this category. Descriptions of flavors in
this group include "egg-sulfury," "sewage," "decaying vegetation," and "rotten." All have an
apparent common origin in the decay of plant or animal matter in the pond and appear to be most
common in the winter months and in ponds that contained large numbers of dead fish (van der
Ploeg and Tucker 1993). The intensity of the "rotten" flavors varies widely from fish to fish
within a pond, and may develop as fish feed on decaying fish as they forage for food. Other
flavors in the category are more reminiscent of decaying plant material, but it is not known
whether the flavors were derived from fish feeding on decomposing plant material or whether
odorous compounds were released into the water by decaying plants and then absorbed from the
water by fish. Rates of flavor impairment and rates of purging are not known for any of the off-
flavors in this category.

Petroleum off-flavors

Petroleum off-flavors can develop when fish are exposed to diesel fuel, gasoline, kerosene, motor
oils, and most other petroleum products. Nearly all petroleum off-flavors in pond-raised fish are
caused by accidental spills of diesel fuel from farm equipment or from fuel tanks on diesel-
powered well pumps. Exposure to diesel fuel gives fish a flavor so characteristic that it can
usually be detected and identified without much difficulty. The concentration of diesel fuel in
water needed to cause off-flavors in pond-raised fish has not been determined, but laboratory
studies indicate that as little as 4 to 8 L (ca. 1 to 2 gallons) of diesel fuel spilled in a 4-ha (ca. 10-
acre) pond is sufficient to cause noticeable off-flavors in fish. Petroleum hydrocarbons are
absorbed quickly from the water and stored in the fatty tissues of fish for long periods after
exposure. Fish exposed to petroleum products therefore develop off-flavors very rapidly and lose
the flavors much more slowly. Petroleum off-flavors may persist in fish for weeks or months after
exposure. Purging of the off-flavor is especially slow in cold water.
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10.5.3 Managing cyanobacterial off-flavors

Off-flavors are difficult to manage in pond aquaculture, primarily because "off-flavor" describes
a variety of problems, each with a unique (and often unknown) origin. Off-flavors cannot,
therefore, be eliminated with a single management strategy. Control of pre-harvest flavor quality
is also difficult because catfish ponds are ideal habitats for cyanobacteria, the most common cause
of off-flavors in pond-raised catfish. The incidence of off-flavor in pond-raised catfish could be
dramatically reduced if cyanobacteria were eliminated from ponds, but this has proven to be
difficult without resorting to the use of chemical algicides. Below, we summarize some
approaches to managing off-flavors in pond-raised catfish. These strategies are discussed in
greater detail elsewhere (Tucker and van der Ploeg 1999; Tucker 2000).

The effect offish cropping systems

Opportunities to harvest and sell fish are greatest when the farm is managed with a cropping
system that maximizes the number of ponds that contain fish of marketable size throughout the
year. This was a major factor leading to the widespread use of the multiple-batch cropping system
in channel catfish farming.

In the multiple-batch cropping system, ponds contain a variety of fish sizes because faster-
growing individuals are selectively harvested and fingerlings are added ("understocked") to
replace the harvested fish (Chapter 8). This process continues for years without draining the pond.
Economic analysis (Engle and Pounds 1993) indicate that the multiple-batch cropping system
reduces farm-level impacts of off-flavor because more ponds on a farm will contain fish of
marketable size at any one time. In other words, if harvest of fish from a particular pond is
impossible because the fish are off-flavor, there is a greater probability of having acceptable fish
to sell from another pond when ponds are managed with the multiple-batch strategy rather than
single-batch cropping. Managing around off-flavor episodes in this manner is obviously not an
ideal strategy, particularly when the incidence of off-flavor is high. Even when the multiple-batch
cropping system is used, harvests are delayed and cash-flow is hindered, especially on small farms
with few ponds.

Management options

Relatively speaking, off-flavors caused by cyanobacteria are the most easily managed flavor
problems in catfish aquaculture. The odorous chemical compounds have been characterized, the
microorganisms that produce the compounds are easy to identify, and both compounds can be
purged from fish relatively quickly when water temperatures are warm. Nevertheless, consistent
success in managing cyanobacterial off-flavors is difficult because of the dynamic nature of pond
microbial communities and the scale of catfish pond aquaculture—treating 75 million liters (ca.
20 million gallons) of water in a single pond is an enormous logistical problem.

Managing cyanobacterial off-flavors can be divided into two general approaches: purging the
taint by moving fish to a "clean" environment or using algicides to kill odorous cyanobacteria.
Many farmers choose a more passive approach, however, and simply wait for windows of
opportunity to harvest fish when they are on-flavor. This approach works to some degree because
the composition of pond phytoplankton communities constantly changes. When odor-producing
cyanobacteria grow in a pond, fish become off-flavored. But when community composition



232 Tucker and Hargreaves

changes and the odor-producing species disappears, MIB or geosmin will be purged from the
flesh and flavor will improve. Therefore, one way to "manage" off-flavors caused by geosmin or
MIB is simply to wait until the odor-producing species disappears naturally. The main drawback
to this approach is that it is impossible to predict how long the odor-producing cyanobacteria will
remain in the pond—they may disappear in a week or they may persist for months. As mentioned
above, managing ponds with the multiple-batch cropping system tends to decrease the overall
economic impact of off-flavors, especially when using this passive approach.

Transfer fish to another pond

The most dependable method of treating existing flavor problems is to transfer the fish to clean,
odor-free water, such as a pond newly filled with well water. Fish can purge MIB or geosmin to
non-detectable levels within a week in warm water, but off-flavors may persist for weeks or
months in cold water (Johnsen et al. 1996). A major risk in using an existing production pond as
a purging pond is the possibility that odor-producing cyanobacteria or other microorganisms may
begin to grow in the pond during the purging process. There is no way to predict whether this will
happen and no sure way to prevent it. Although the chances of new off-flavors developing in
purging ponds is lowest in the winter, purging times are much longer in cold water, so more time
is afforded for new off-flavors to develop. Conversely, off-flavors are purged quicker in warm
water, but the risk of new off-flavor development is greater because blooms of odorous
cyanobacteria can grow rapidly in warm water. Also, some off-flavors, such as the "woody"
flavor, are lost much more slowly from fish than flavors due to MIB or geosmin, so purging times
will be long, which will increase the chances that fish will develop some other flavor problem
during the purging process.

Using algicides to treat existing flavor problems

Using algicides to treat existing off-flavors caused by cyanobacteria is actually just another
approach to purging. After the algicide kills the odor-producing algae, any geosmin or MIB in the
water naturally dissipates and the compounds purge from fish without having to move them to
another pond. Under the right circumstances this can be a reasonably successful practice, but
using copper algicides in fish ponds is always risky. A key to successful use of algicides as an off-
flavor treatment is to confirm that cyanobacteria are the cause of the problem. Obviously,
algicides will have no effect on off-flavors caused by petroleum or other taints of non-algal origin.

Copper sulfate and certain chelated or complexed copper products are the most commonly
used algicides in aquaculture. Copper sulfate is not a selective algicide, so if enough chemical is
used to eliminate the odor-producing cyanobacterium, it will probably kill all, or most, of the
other algae in the pond. Acute depletion of dissolved oxygen will follow, so sufficient mechanical
aeration must be available to cope with the problem. The serious water quality problems that
follow copper treatments are good reasons to be sure that cyanobacteria are the cause of the flavor
problem before treating. Copper sulfate is a powerful algicide, but the difference between
concentrations that are algicidal and those that kill fish is small.

Copper sulfate applications are frequently ineffective when water temperatures are below
15°C (ca. 60°F), often for the simple reason that the effectiveness of all aquatic herbicides is
diminished in cool water. Furthermore, even if treatment kills the algae, off-flavor purging rates
are slow in cold water and fish flavor quality may not improve for many weeks. Another possible
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reason for treatment failure is that the odor-producing cyanobacteria usually do not grow and
produce odorous compounds in cold water. So, if off-flavors caused by MIB or geosmin are
present in fish during cold-water periods, the compounds were probably synthesized by
cyanobacteria and absorbed by fish during a previous period of warm water temperatures. In other
words, killing the phytoplankton present in the pond does nothing to remedy the situation because
the flavor problem is related to previous exposure, not current conditions.

Simultaneous presence of multiple flavor problems in the same fish is another common reason
for failure of copper treatments to improve fish flavor. Flavors caused by MIB and geosmin are
very intense and can mask other off-flavors. Copper treatment may kill the odor-producing
cyanobacteria and the MIB or geosmin off-flavor may disappear, but other odorous compounds
may remain in the flesh. The woody flavor is a common secondary off-flavor in fish tainted by
MIB, and removal of the intense, musty MIB flavor often leaves a mild, but unacceptable, woody
flavor that is difficult to eliminate. Problems with one off-flavor masking another are difficult to
manage because simple taste-testing and microscopic examination of the water usually do not
reveal the presence of the secondary flavor problem.

Using algicides to prevent flavor problems

An alternative to completely killing a phytoplankton bloom is to slowly eliminate odorous
cyanobacteria with frequent, relatively low doses of algicide. Such an approach was developed
empirically by catfish farmers and subsequently evaluated in a controlled, 3-year study. Copper
sulfate was applied at weekly intervals through the spring and summer when water temperatures
increased above 20°C (68°F) and discontinued each fall when water temperatures declined below
20°C (Tucker et al. 2001). Nine ponds were treated weekly in the mid-morning of sunny days at
0.5 mg/L copper sulfate pentahydrate (5.6 kg/ha or 1.25 pounds/acre-foot). Treatments were made
by placing the required amount of copper sulfate crystals in a soluble burlap bag that was
suspended about 7 m (ca. 25 feet) in front of a paddlewheel aerator for 2 to 3 hours.

Over 3 years, copper sulfate treatment reduced the incidence of ponds with off-flavored fish
in late summer by about 80% (Tucker et al. 2001). Treatment also reduced the duration of off-
flavor episodes by 85% and no episodes occurred when fish were scheduled for harvest. Fish
yield from untreated ponds was 9% less than that from treated ponds, the result fish mortality
related to infectious disease outbreaks in a few ponds each year where harvest was delayed by off-
flavor. Enterprise budgets showed that average net returns above variable costs were 43% higher
for ponds treated with copper sulfate. Variation in net returns was twice as great for control ponds
as for treated ponds, indicating increased stability in production and economic returns when off-
flavors were managed using copper sulfate. High variation in annual economic performance on
control ponds resulted from one or more ponds having high net returns while one or more ponds
had extremely poor returns due to protracted episodes of off-flavor.

Ponds treated with copper sulfate required 20% more aeration than control ponds during the
summer. In addition, ammonia and nitrite concentrations were often greater in copper-treated
ponds than in control ponds during the summer. The total copper concentration in treated pond
sediments (173 mg/kg) was much greater than in control pond sediments (36 mg/kg) (Han et al.
2001). Sediment copper in treated ponds was mainly present in carbonate and organic fractions.
Most of the sediment copper in control ponds was firmly bound in stable fractions. Although soil
analysis indicated a potentially greater bioavailability in treated pond soils, toxicity tests with
amphipods and cattail roots indicated no toxicity related to copper.
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Diuron has been approved for use as an algicide in certain states under an emergency
exemption granted by the U.S. Environmental Protection Agency. Diuron is algicidal at low
concentrations (0.01 mg/L active ingredient). Data supporting the differential selectivity of diuron
towards the cyanobacteria Oscillatoriaperornata is equivocal (Schrader et al. 1998a), but when
used according to the label directions, diuron appears to eliminate odorous cyanobacteria with few
water quality problems (Zimba et al. 2002). The treatment protocol for diuron calls for no more
than nine weekly treatments with 0.01 mg/L active ingredient in a calender year. This protocol
was developed to avoid exceeding a 2 mg/kg tolerance level for diuron residues in fillets,
although a recent study (Tucker et al. 2003) shows that diuron accumulates in catfish fillets at a
considerably slower rate than previously believed.

Problems associated with lack of selective algicidal activity of copper sulfate have stimulated
research into the discovery of compounds that are highly toxic only to nuisance species. Several
promising compounds, including synthetic herbicides as well as natural products, have been
identified in laboratory tests (Schrader et al. 1998a, b; 2002). Natural products are especially
appealing because of environmental safety issues and the public's negative perception of the use
of synthetic herbicides. Some of the most bioactive and selective compounds that have been
identified—ferulic acid, /ra/w-cinnamic acid, and various quinones—are naturally occurring
decomposition products of lignin, a common plant constituent (Schrader et al. 1998b).

10.5.4 Managing other off-flavors

Decay/rotten off-flavors

Other than moving fish to clean water to accelerate purging, there are no consistently effective
treatments for flavors in this category because their origins are unknown. Some of the flavors in
this category may develop when fish scavenge on dead fish or other decaying organic matter
during periods when fish are not being fed. If that is indeed the cause of the off-flavor, it may be
possible to diminish the likelihood that problems will develop by assuring that adequate
manufactured feed is offered at all times of the year. It may also be possible to reduce
decay/rotten off-flavors by removing dead fish from the pond when they first appear, although
this is a difficult task on large commercial catfish farms.

Petroleum off-flavors

Petroleum off-flavors in pond-raised fish develop only after contamination of the water, as might
occur when diesel fuel leaks from the fuel tank of a tractor. Prevention is the only logical
management approach, since petroleum off-flavors are extremely difficult to purge from fish once
they develop. Fuel and oil storage facilities should be located away from ponds and care should
be exercised when refueling vehicles or equipment, or when handling petroleum products near
ponds. Everyone working on the farm should be made aware that even small spills of diesel fuel
and other petroleum products are sufficient to cause noticeable off-flavors in fish.

If fish develop petroleum off-flavors, the only recourse is to let the flavor purge by moving
the fish to another pond. Fish with petroleum taints should not be mixed with other fish in the
"purging pond" because it may take months for the off-flavor to completely leave the fish. Once
the off-flavored fish are removed, the petroleum-contaminated pond should be drained and
allowed to air-dry for as long as possible before refilling. This may provide a good opportunity
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to renovate the pond bottom and levees. Air-drying and reworking the bottom and levees will
promote volatilization and weathering of hydrocarbon residues, which reduces the possibility that
the subsequent fish crop will develop off-flavors from residual contamination.

10.6 ALGAL TOXINS

Excessive phytoplankton biomass increases the occurrence of nighttime dissolved oxygen deficits
and certain species of phytoplankton cause off-flavor. In addition to these relatively common
algae-related problems, several algal species found in catfish ponds are capable of producing
toxins that may affect fish health. At the outset, it must be noted that the importance of toxic algae
in catfish farming is poorly established. Whenever fish die and a specific cause of death cannot
be identified, many farmers (and some scientists) attribute the fish kill to "toxic algae," usually
for lack of a better explanation. Nevertheless, thorough investigations of algal toxins in catfish
ponds are exceedingly rare and the two most important publications on the subject conflict with
one another.

Important toxin-producing algae occur primarily in five major groups: haptophytes
(prymnesiophytes), dinoflagellates, chloromonads, diatoms, and cyanobacteria. Problems
associated with these organisms in aquaculture are summarized by Boyd and Tucker (1998). Most
toxin-producing algae are confined to marine or brackish-water environments and are of no
importance in catfish farming because the salinity of most pond waters is less than 1 ppt. This
discussion will therefore focus on problems related to cyanobacteria, most of which are common
in fresh water. Note, however, that some catfish are raised in waters of moderate salinity (2 to 6
ppt), which affords benefits such as less off-flavor, reduced incidence of certain infectious
diseases, and increased protection against nitrite toxicosis. Such waters may provide habitat for
toxin-producing prymnesiophytes or dinoflagellates. Of particular interest, species ofPrymnesium
can grow in waters with salinities as low as 2 ppt and are notorious for causing losses offish in
aquaculture ponds throughout the world (Guo et al. 1996). Fortunately, fish kills related to
Prymnesium have not been reported from catfish ponds in the United States.

Cyanobacterial toxins are categorized as either neurotoxins or hepatotoxins depending upon
the primary site of toxic action. Neurotoxins produced by cyanobacteria include anatoxins and
saxitoxins. Anatoxins are produced primarily by species of Anabaena and cause toxicosis by
disrupting the function of the neurotransmitter acetylcholine, resulting in overstimulation of
muscle cells. Symptoms in intoxicated animals include convulsions and tetany, and death is
caused by respiratory paralysis. Saxitoxins are produced by Aphanizomenonflos-aquae and are
the same toxins produced by marine dinoflagellates that cause paralytic shellfish poisoning.
Saxitoxins, like the anatoxins, disrupt neuromuscular communication, although saxitoxins do so
by preventing the release of acetylcholine, thereby paralyzing the muscle cells. Channel catfish
injected with lethal doses of a crude preparation of Aphanizomenon saxitoxin rapidly (within
minutes) become lethargic, with sporadic bursts of hyperativity and rapid, shallow ventilation.
Fish soon become comatose and death may occur within hours. The same clinical signs were seen
in channel catfish in several ponds in South Carolina with dense blooms of A. flos-aquae; losses
in individual ponds sometimes exceeded 20,000 fish (English et al. 1993). This is the only
published report of a fish kill related to blue-green algal neurotoxins.

Hepatotoxins (liver poisons) are produced by strains of species within the freshwater genera
Microcystis, Anabaena, Oscillatoria, and Nostoc. Two species capable of producing hepatotoxins,
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Microcystis aeruginosa and Oscillatoria agardhii are among the most common algal species
found in catfish pond phytoplankton communities. Hepatotoxins produced by cyanobacteria are
called microcystins, and include over 20 structurally related, cyclic heptapeptides. Intraperitoneal
(IP) injection of microcystins in fish causes severe damage to the liver (Rabergh et al. 1991;
Snyder et al. 2002) and osmoregulatory dysfunction brought about by toxin-induced damage to
the gill epithelium (Rodger et al. 1994; Carbis et al. 1996a). Common carp Cyprinus carpio
injected with a lethal dose of partially purified microcystins become lethargic within a few hours
after injection and ventilation becomes rapid and irregular. Death occurs within a day or two
following a period of coma (Carbis et al. 1996b).

Worldwide, there are few reports of fish kills attributable to microcystin-producing
cyanobacteria, which is surprising in light of the widespread occurrence of potentially toxic
species and evidence that microcystins are quite toxic when injected into fish. Not all strains of
toxin-producing species actually produce toxins, but there is good evidence that a rather high
percentage of blooms in natural waters are toxic (Repavich et al. 1990; Sivonen et al. 1990; Shirai
et al. 1991; Vezie et al. 1997). There is no reason to assume that the incidence of toxic strains is
any lower in catfish ponds than in natural waters, and this was confirmed in a survey of 476
catfish ponds in the southeastern United States (Nonneman and Zimba 2002). Polymerase chain
reaction (PCR) amplification was used to detect the microcystin peptide synthetase B gene, which
codes for an obligate enzyme in microcystin production. Cyanobacteria genetically capable of
producing microcystin were found in 31% of the samples. Clearly, potential toxin-producing
strains of cyanobacteria are common in catfish ponds, and fish must somehow avoid receiving
toxic doses of microcystins to account for the infrequent occurrence of intoxication.

Most laboratory studies of microcystin toxicosis in fish rely on direct IP injection of the toxin,
which usually induces severe liver damage and death. Intraperitoneal injection is, of course, a
highly artificial method of exposure and, under natural conditions, microcystins must enter the
bloodstream across either the gill or intestinal epithelium. Simple immersion offish in solutions
of microcystin (either purified or crude extracts of the toxin) usually does not kill fish, and liver
lesions, if any, are milder than those seen when the toxin is IP injected (Phillips et al. 1985;
Rabergh et al. 1991; Carbis et al. 1996a, b; Snyder et al. 2002). This indicates limited uptake of
microcystins across the gills. Accordingly, the most plausible route of toxin uptake in fish is
across the gastrointestinal tract (Bury et al. 1995; Carbis et al. 1996a).

Depending upon fish species and the environment in which they live, there are three
behavioral or physiological mechanisms by which fish living in waters infested with mycrocystin-
producing cyanobacteria avoid receiving a lethal dose of toxin: 1) algae is a minor food item; 2)
toxin-producing algae are eaten but the toxins either are incompletely absorbed across the
intestinal epithelium or toxins are not released from the algal cells as they pass through the gut;
or 3) algae is a major food item but fish avoid feeding on algal species that are toxic. For channel
catfish grown under commercial pond-culture conditions, the lack of widespread fish kills related
to microcystins is probably explained by the first and second mechanisms. First, channel catfish
in commercial ponds are usually fed a manufactured feed to satiation and normally do not eat
large quantities of algae. Second, when they do eat algae, either intentionally or inadvertently
while eating manufactured feed, toxins are incompletely absorbed across the gut into the
bloodstream. Evidence for relatively poor absorption of microcystins across the gut comes from
studies where catfish (Zimba et al. 2001b; Snyder et al. 2002) or other warmwater fish (Carbis
et al. 1996a) are exposed to microcystins by IP injection and gavage. In all cases, exposure offish
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to relatively high levels of purified microcystin by gavage results in milder lesions than in fish
injected with the same, or lower, amount of toxin.

Obviously, the importance of hepatotoxic cyanobacteria in catfish aquaculture is an open
question, which certainly was not clarified by the only two studies of the role of microcystins in
acute loss of pond-raised channel catfish. These two studies are inconclusive because they
investigate the same fish kill and propose opposing mechanisms regarding the cause of mortality.
The incident in question occurred in a catfish pond in southeastern Arkansas where nearly 100%
of the fish were killed over 2 days. The pond water was moderately saline (3 to 5 ppt) and the fish
kill occurred in late November when water temperatures were cool (14 to 18°C; 57 to 65°F). The
predominant cyanobacterium in the pond was identified by one set of investigators (Zimba et al.
2001 b) as Microcystis aeruginosa and by the other investigators (Snyder et al. 2002) as Anacystis
marina. Zimba et al. (2001b) found liver lesions in moribund fish from the pond, induced liver
lesions in fish experimentally injected with suspensions of algae from the pond, and demonstrated
the presence of microcystin in water samples from the pond. Based on these facts, the fish kill
was ascribed to microcystin intoxication. Snyder et al. (2002) investigated the same incident and
concluded that microcystins were not the proximate cause of fish death. Their conclusion was
based on the following: 1) moribund fish from the pond did not have the same liver lesions as fish
experimentally exposed to pure microcystin; 2) levels of microcystin in water from the affected
pond were far below levels needed to kill fish by immersion under experimental conditions; and
3) even if catfish eat algae at 5% of their body weight per day, they would consume far less
microcystin than required to kill catfish by gavage under experimental conditions. It should be
noted, however, that the interpretations of Snyder et al. (2002) are based in large part on
observations offish exposed to pure microcystin-LR, which has less pronounced effects on fish
than crude toxin extracts from cyanobacteria (Oberemm et al. 1999).

It is likely that future investigations will show that cyanobacterial toxins are involved in acute
loss of farm-raised catfish, although their role is unclear at present. Also, even though catfish may
avoid lethal doses of microcystins, there is evidence that prolonged exposure to sublethal levels
may stress fish, reduce growth, or predispose the animal to other adverse conditions. For example,
common carp from two lakes in Australia had gill and liver lesions and changes in blood
chemistry that correlated with the presence of toxin-producing Microcystis aeruginosa (Carbis
et al. 1997). Although carp from both lakes always appeared healthy and no mortalities were
noted, prolonged reduction in serum electrolyte levels indicated that carp exposed to algal toxins
had chronic difficulty maintaining osmotic homeostasis.

Developing pond management strategies to prevent the occurrence of toxic blooms of cyano-
bacteria does not seem justified because toxin-producing strains are common in aquaculture
ponds across the world, yet there is little direct evidence of harmful consequences related to toxin
production. Furthermore, managing the taxonomic composition of phytoplankton communities
in ponds is difficult, and most farmers are not concerned about phytoplankton community
composition until some problem becomes apparent. If problems with toxic cyanobacteria are
suspected, application of algicides will probably make conditions worse because large amounts
of toxin will be released into the water when the algae die and lyse (Lam et al. 1995).
Interestingly, English et al. (1993) proposed a treatment for saxitoxin poisoning of channel catfish
that involved deliberate lysing of algal cells by treating a bloom of Aphanizomenmonflos-aquae
with copper sulfate. The toxins released when the cells lyse are then oxidized and neutralized by
an application of potassium permanganate which is made immediately after the application of
copper sulfate. This appears to be a high-risk treatment that is warranted only under dire
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circumstances. Also, there is no evidence to suspect that microcystins are neutralized by mild
oxidation (Lam et al. 1995), so this practice should not be used when microcystin-producing algae
are present.

10.7 DISSOLVED OXYGEN

Dissolved oxygen management is the most important day-to-day water quality management
concern in commercial catfish aquaculture. There are two complementary management
considerations to dissolved oxygen supply in catfish ponds: minimum concentration and overall
supply. Fish farmers tend to focus on the first consideration—assuring a minimum dissolved
oxygen concentration to meet the physiological requirements of catfish (see Chapter 3). However,
the second consideration—supply—is often overlooked by most farmers and scientists. Oxygen
supply is important to maintain the waste treatment function of the pond, which helps assure that
other processes within the ecosystem function properly to maintain adequate water quality for fish
production.

Dissolved oxygen is critical because the gas is only sparingly soluble in water and, therefore,
water contains relatively little dissolved oxygen when at equilibrium with the atmosphere. The
limited supply of oxygen in water can quickly be depleted in ponds because reaeration is slow in
non-turbulent systems and the combined respiration of fish, plankton, and benthic organisms
exerts a tremendous demand for oxygen. As commercial catfish farming has developed past the
point of satisfying catfish nutritional requirements, providing sufficient dissolved oxygen has
limited culture intensification.

10.7.1 Dissolved oxygen budgets

Dissolved oxygen concentration measured at a particular time and place in a pond represents the
net result of many simultaneous oxygen source and sink processes. These processes occur at rates
that are affected by a number of physical and chemical variables that vary temporally and spatially
in complex ways (Smith and Piedrahita 1988;Piedrahita 1991; Smith 1991). The primary oxygen
sources in commercial catfish ponds are photosynthesis by phytoplankton and diffusion from the
atmosphere (reaeration). The primary sinks for oxygen include water (phytoplankton,
zooplankton, and bacteria) respiration, sediment respiration, catfish respiration, and diffusion
from the water to the atmosphere (degassing). Source and sink processes can be further classified
into biological (e.g., photosynthesis and respiration) and physical (e.g., air-water gas transfer)
processes.

Phytoplankton photosynthesis and respiration

Dissolved oxygen budgets of commercial catfish ponds are dominated by photosynthesis and
respiration of phytoplankton (Boyd et al. 1978b; Smith and Piedrahita 1988; Smith 1991). In
general, at the high phytoplankton standing crops typical of commercial catfish ponds,
photosynthesis and respiration are nearly equivalent so that net photosynthesis on a daily basis
is near zero. In other words, the oxygen produced by photosynthesis during the day is consumed
by respiration of phytoplankton at night. Water respiration rates in commercial catfish ponds are
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FIGURE 10.1. A dissolved oxygen budget for a hypothetical catfish pond as a function of phytoplankton
density abundance as indexed by chlorophyll a concentration. In this budget, photosynthesis (gross primary
productivity, GPP) by phytoplankton is the sole source of oxygen; respiration includes oxygen consumed by
phytoplankton, fish, and sediment. The dotted line indicates conditions of net oxygen production (surplus) or
consumption (deficit). The dashed area indicates the typical range of phytoplankton density in commercial
catfish ponds.

about 1.0 mg O2/L per hour during the growing season and account for an average of 65% of
overall respiration in a pond 1.5-m (5-feet) deep (Steeby 2002).

Photosynthetic rates increase as a function of phytoplankton biomass to some maximum
biomass, beyond which light availability restricts integrated water column photosynthesis (Fig.
10.1). Photosynthesis is increasingly confined to surface waters as phytoplankton standing crops
increase and deeper waters may be net consumers of oxygen. However, phytoplankton respiration
increases as a direct linear function of phytoplankton standing crop (Fig. 10.1). Thus, integrated
net primary productivity (the difference between photosynthesis and respiration) is maximum at
an intermediate phytoplankton biomass. Mechanistic modeling suggests that maximum oxygen
production corresponds to a phytoplankton biomass indexed by chlorophyll a concentrations of
100 to 250 ug/L (Boyd et al. 1978b; Smith and Piedrahita 1988). However, phytoplankton
biomass in catfish ponds during summer can be 400 to 600 ug/L (Tucker and van der Ploeg
1993), which is much higher than the standing crops associated with maximal oxygen production.

Sediment respiration

Sediment respiration is the next largest sink for oxygen, accounting for 20% of overall respiration
on average (Steeby 2002). Oxygen is consumed by micro-organisms and invertebrates living on
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or in the sediment and by the chemical oxidation of reduced substances diffusing from deeper
sediment layers to the sediment surface. The sediment surface is the primary location for
mineralization of organic matter, consisting largely of detritus derived from phytoplankton and
fish fecal solids that settle to the sediment surface. Nitrification of ammonia, a process that
consumes oxygen, also occurs at the sediment surface.

The average sediment respiration rate in commercial catfish ponds during the growing season
is 470 mg O2/m

2 per hour (0.47 mg/L per hour for a 1-m-deep pond) (Steeby 2002). Sediment
respiration is strongly affected by dissolved oxygen concentration in the overlying water. Thus,
low dissolved oxygen restricts the availability of dissolved oxygen for a variety of microbial and
chemical oxidations at the sediment surface. Sediment respiration also increases as a function of
total suspended solids, an index of phytoplankton density. As phytoplankton density increases,
the sedimentation of senescent phytoplankton cells increases, thereby increasing the availability
of organic matter for decomposition at the sediment surface. Spontaneous chemical oxidation of
reduced substances (i.e., Fe2+, Mn2+, S2', CH4) diffusing from deeper sediment layers to the
sediment-water interface also contributes to sediment respiration.

Fish respiration

Catfish respiration accounts for about 15% of overall respiration and is a function of biomass, fish
size, water temperature, ambient dissolved oxygen concentration, degree of satiety, and fish
activity (swimming). In pond oxygen budgets, catfish respiration is not measured directly because
of practical difficulties in measuring the respiration of the fish standing crop. Rather, catfish
respiration is estimated by empirical equations (Boyd et al. 1978b) or from results obtained in
carefully controlled laboratory studies of catfish metabolism. For example, the respiration rate
of a 500-g (ca. 1-pound) channel catfish is 480 mg/kg per hour (Andrews and Matsuda 1975), so
fish respiration rate of a standing crop of 5,000 kg/ha (ca. 4,500 pounds/acre) is 0.24 mg O2/L per
hour.

Air-water interfacialgas transfer

Gas transfer across the air-water interface can result in a gain or loss of dissolved oxygen from
pond water, the direction of diffusion being dependent upon the difference between the dissolved
oxygen concentration in pond water and the equilibrium (saturation) concentration. Diffusion can
be an important source of oxygen when the deficit of dissolved oxygen concentration in pond
water is large. Oxygen transfer across the air-water interface is a function of the difference in the
partial pressure of oxygen in pond water and the atmosphere, turbulent mixing, and the pond
surface-to-volume ratio (Boyd and Watten 1989). Thus, the rate and direction of gas transfer
varies through the day and is maximum when the dissolved oxygen deficit (or surplus) is
maximum and when wind speed is high. Based on an empirical equation developed by Boyd and
Teichert-Coddington (1992), reaeration rate is 0.13 mg/L per hour in a 1-m-deep pond when
dissolved oxygen concentration is 2 mg/L and water temperature is 28°C (83°F). Air-water
oxygen transfer becomes of great practical importance when dissolved oxygen concentrations fall
to dangerously low levels because increasing the rate of oxygen transfer is the basis for managing
dissolved oxygen concentrations with mechanical aerators (Section 10.8). Mechanical aerators
augment overall oxygen transfer rates by greatly increasing the air-water interfacial area and by
increasing turbulence within the pond.
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An example dissolved oxygen budget

The results of a dissolved oxygen budget for a hypothetical channel catfish pond during the
growing season are presented in Fig. 10.1 to illustrate the conditions leading to oxygen surplus
or deficit as a function of phytoplankton density. The sole dissolved oxygen source in this budget
is photosynthesis by phytoplankton; dissolved oxygen sinks included respiration by
phytoplankton, fish, and sediment. For simplicity, oxygen gains and losses by air-water gas
transfer are assumed to offset one another, although that is certainly not true under all conditions.
Air-water gas transfer can play a significant role in pond oxygen budgets, especially as the
absolute value of the dissolved oxygen deficit increases.

The budget summarized in Fig. 10.1 was developed for a pond with an average depth of 1.5
m. Water temperature was set at 25°C and solar radiation was set at 4,650 W-hours/m2. Daily
gross oxygen production in photosynthesis was calculated from the expression for gross primary
production (GPP) by phytoplankton as a function of biomass developed by Baumert and Uhlmann
(1983). Although this model may overestimate GPP, and selection of other models may yield
different results, the results presented here appear reasonable. Hourly phytoplankton respiration
was calculated by multiplying chlorophyll a concentration by 0.0025 (Smith and Piedrahita 1988).
Fish standing crop was set at 5,600 kg/ha, which is representative of standing crops in commercial
ponds. Average fish size was assumed to be 0.5 kg and respiration offish that size was 480 mg/kg
per hour (Andrews and Matsuda 1975). Sediment oxygen demand was calculated by assuming
a rate of 470 mg/m2 per hour (Steeby 2002).

Four important points can be made from examination of the pond oxygen budget. First, the
net daily oxygen deficit at low phytoplankton standing crops indicates that some minimal
phytoplankton biomass is needed to supply sufficient oxygen to help offset the respiratory
demands of sediment and the fish. Second, at phytoplankton standing crops greater than 150 ug
chlorophyll a/L, phytoplankton metabolism (primary productivity and respiration) dominates the
dissolved oxygen budget. Third, the oxygen surplus is maximum at intermediate phytoplankton
biomass levels (150 to 250 ug chlorophyll a/L). Fourth, at high phytoplankton densities, gross
oxygen production is insufficient to meet the cumulative respiratory demand of the pond
community and a daily oxygen deficit develops. The net daily oxygen deficit at high
phytoplankton density will be exacerbated by any factor that decreases gross primary productivity
per unit phytoplankton biomass. Some examples of factors that may reduce oxygen production
and increase the need for supplemental aeration include reduced solar radiation (e.g., cloudy
weather), reduced light penetration into the water due to non-algal turbidity, and the poisoning
of phytoplankton with herbicides (Smith and Piedrahita 1988).

10.7.2 Stratification and temporal variation

As light is absorbed in water, its energy is transformed and dissipated as heat. Most of the light
is absorbed near the surface, causing greater warming of surface waters than deeper waters.
Because water density varies inversely with temperature, warm, less dense surface water overlies
cooler, more dense water near the bottom, a phenomenon often called thermal stratification. As
phytoplankton abundance increases, light penetration is increasingly restricted to surface waters.
In turbid catfish ponds, the temperature of surface waters may be 5 to 10°C (ca. 10 to 20°F)
warmer than bottom waters on calm, hot, sunny summer afternoons (Losordo 1991). Unlike
stratification in relatively deep lakes and reservoirs, three distinct layers of water are not present
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in shallow catfish ponds and the entire water column approximates a thermocline rather than a
truly stratified water body. The temperature distribution in ponds is such that warm surface water
tends to resist mixing with cooler bottom water.

The temperature profile of shallow ponds is a result of the interaction between the stabilizing
effect of radiant energy absorption by a turbid environment to produce thermal stratification and
the destabilizing effect of turbulence induced by wind or mechanical devices. In temperate
regions, intense thermal (density) gradients in ponds are primarily a summertime phenomenon
because solar radiation and air temperature are highest and average wind speed is lowest at that
time. Significant (although usually short-lived) temperature gradients can, however, develop at
any season under calm, sunny conditions.

If ponds stratify during the day, surface waters lose heat at night and the water temperature
gradient decreases. When the pond becomes isothermal, the surface and bottom waters freely mix.
Thus, shallow catfish ponds stratify and destratify daily, a pattern described as circadiomictic.
Deep ponds may not mix completely each night and stratification can persist for days or weeks
at a time, broken only when winds from strong storms mix the pond and temporarily disrupt
stratification.

Photosynthesis is roughly proportional to light intensity, so the attenuation of light with water
depth also causes marked changes in water quality variables affected by photosynthesis. During
daytime, surface waters will have higher dissolved oxygen concentrations, lower carbon dioxide
concentrations, and higher pH than deeper waters. This condition, taken as a whole, is sometimes
called "chemical stratification".

The light energy needed for plant growth is commonly expressed as the intensity of light in
the wavelengths that promote photosynthesis (generally considered to be in the range 400-700
nm). Light in these wavelengths is called photosynthetically active radiation (PAR) and the depth
at which just enough PAR penetrates so that oxygen produced in photosynthesis just matches
oxygen consumed in respiration is called the compensation depth. The upper, illuminated layer
of water above the compensation depth (the euphotic zone) represents the volume of water in
which net oxygen production by phytoplankton occurs. Color and turbidity affect the
compensation depth, so in highly turbid or colored water, net oxygen production may be restricted
to only the upper few centimeters of water. By their presence, phytoplankton modify the under-
water light climate by absorbing light. As such, the presence of large standing crops of
phytoplankton can cause shallow compensation depths (self-shading). In catfish ponds with
abundant phytoplankton, net oxygen production is restricted to the surface 16 cm (ca. 6 inches).

A combination of thermal stratification that restricts vertical oxygen transport and differential
rates of net photosynthesis with depth results in dissolved oxygen stratification. Stratification
intensity, a measure of stratification, is defined as the difference in dissolved oxygen
concentration between surface and bottom waters (ADOZ). In a data set of 55 observations (days)
of dissolved oxygen by depth in experimental catfish ponds, 53% had AD02 > 5 mg/L and 42%
were >10 mg/L (Losordo 1991). No stratification (ADOZ <1 mg/L) occurred on 22% of the days.
A maximum stratification intensity of 21.5 mg/L over 0.75 m (ca. 2.5 feet) was measured in the
study (Losordo 1991). The timing of maximum dissolved oxygen stratification is more variable
than temperature stratification and occurs between 1000 and 2000 hours, but usually around 1600
hours (Losordo 1991). Dissolved oxygen stratification tends to persist after ponds are isothermal.
Uniform dissolved oxygen concentrations will occur between midnight and 0600 hours (Losordo
1991). Maximum dissolved oxygen concentration does not occur in surface waters because
oxygen is lost from the pond by diffusion when pond waters are supersaturated with respect to
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dissolved oxygen and because photosynthesis by phytoplankton in surface waters is
photoinhibited by high irradiance. Maximum dissolved oxygen concentrations were measured at
20 to 40 cm (ca. 8 to 16 inches) pond depth (Losordo 1991).

The variation in dissolved oxygen concentration in surface waters exceeds that in near-bottom
waters. Waters near the pond bottom are often chronically undersaturated, potentially restricting
the decomposition of organic matter. Furthermore, catfish will actively seek areas of the pond
with preferential water quality, avoiding bottom waters because dissolved oxygen concentrations
are lower than preferred and avoiding surface waters because temperature is greater than
preferred.

Although accurate measurement of dissolved oxygen concentration at a particular location and
time can be made, the previous discussion suggests that such measurements may have no practical
significance because dissolved oxygen concentration varies widely over spatial and temporal
scales. In general, dissolved oxygen concentrations are minimum at dawn and maximum at dusk;
minimum near the pond bottom and maximum near the surface; and minimum near the upwind
side and maximum near the downwind side.

Critically low dissolved oxygen concentrations are common in commercial catfish ponds in
the late evening and early morning during the growing season. For example, the duration of
dissolved oxygen concentrations less than 2.0 mg/L in three commercial catfish ponds ranged
from 3.3 to 6.1 hours/day during mid-summer (June 16 to September 16) and the average
minimum dissolved oxygen concentration ranged from 0.87 to 1.59 mg/L (Hargreaves and Steeby
1999). Low dissolved oxygen concentrations can occur in commercial catfish ponds following
an extended period of cloudy weather, where respiratory demand is similar to fair weather
conditions, but oxygen production from photosynthesis is diminished. Extended periods of
critically low dissolved oxygen concentration can occur following the sudden die-off of
phytoplankton.

The magnitude of fluctuations in dissolved oxygen concentration and the duration of low
dissolved oxygen concentration is affected by phytoplankton density, water temperature, and
feeding rate. The effect of feeding rate on the duration of low dissolved oxygen concentration,
and therefore the aeration requirement, is indirect. Feeding rate was not selected in multiple
regression models constructed to predict the duration of low dissolved oxygen concentrations in
catfish ponds (Hargreaves and Steeby 1999). Nutrients released to the pond by fish excretion
stimulate the development of large phytoplankton standing crops. As phytoplankton density
increases, the magnitude of diel fluctuations and the duration of low dissolved oxygen
concentration increases. Water temperature affects the frequency of occurrence and the duration
and magnitude of low dissolved oxygen concentration in two ways. First, temperature and
saturation dissolved oxygen concentration are inversely related. Thus, during the summer,
saturation dissolved oxygen concentrations are minimum. Second, respiratory metabolism is
regulated by temperature where rates double for each 10°C increase in temperature. Therefore,
during summer, the respiratory demand for oxygen is maximum simultaneous with a reduced
capacity to hold oxygen.

The frequency of low dissolved oxygen concentration in commercial catfish ponds has
increased in response to production intensification. In the late 1970s, the maximum standing crop
of catfish was around 3,000 to 4,000 kg/ha and only 20% of ponds had dissolved oxygen
concentrations lower than 2 mg/L at dawn during mid-summer (Boyd et al. 1979). Since the
1980s, the maximum standing crop has increased to 5,000 to 6,000 kg/ha, or higher, and nearly
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every pond will have dissolved oxygen concentrations less than 2 mg/L at dawn during mid-
summer (Hargreaves and Steeby 1999).

10.8 AERATION

When water temperatures are warm, daily gains of dissolved oxygen from photosynthesis often
fail to offset losses of dissolved oxygen to respiratory processes. Although all organisms in the
pond contribute to loss of oxygen, problems with low dissolved oxygen concentrations in catfish
ponds are primarily caused by excessive phytoplankton biomass. These problems could be
avoided if net oxygen production by phytoplankton was maximized by promoting rapid phyto-
plankton growth while maintaining an intermediate level of biomass (Smith and Piedrahita 1988).
These seemingly paradoxical goals can be achieved by continuously cropping the phytoplankton
community or by flushing plankton from the pond. At present, however, there is no practical
method for cropping phytoplankton cells from large volumes of water and flushing ponds on a
large scale is not practical because of water supply limitations, cost, and effluent considerations.

These constraints imply that catfish farmers cannot manage dissolved oxygen concentrations
by manipulating the catfish pond biological community. Rather, farmers allow the biological
community to develop naturally and then use mechanical aerators to augment air-water oxygen
transfer. In effect, mechanical aeration partially offsets the net oxygen deficit that develops almost
daily in commercial catfish ponds during the summer months.

10.8.1 Principles of aeration

The principles of aeration are embodied in the gas transfer equation:

dC/dt = KLa(Cs-Cm) (10.1)

where dC/dt = the rate of gas transfer to or from a liquid (mg/L per h); KLa = the overall
volumetric gas transfer coefficient (per hour); Cs = the concentration of the gas at saturation under
the given conditions of water temperature, salinity, and atmospheric pressure (mg/L); and Cm =
the ambient (measured) concentration of the gas (mg/L).

The overall volumetric gas transfer coefficient (KLa) includes the liquid-film coefficient, KL,
and the ratio of the gas-liquid interfacial area and liquid volume (A/V). The liquid film coefficient
incorporates a variable called the surface-renewal rate, which is related to turbulence within the
liquid. The gas-transfer equation (Eq. 10.1) can then be rewritten as

dC/dt = KL(A/V)(CS - CJ (10.2)

In words, Equation 10.2 says that the rate of gas transfer (oxygen, in this case) depends on the
amount of turbulence, the ratio of surface area to volume, and how far the measured dissolved
oxygen concentration deviates from the concentration at saturation (this deviation is called either
the saturation deficit or surplus, depending on whether the measured concentration is below or
above the saturation concentration).

Oxygen moves into or out of water by diffusion, and the rate of diffusion depends on the
difference in gas pressures in the liquid and gas phases—the greater the difference, the greater the
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driving force to move oxygen from one phase to the other. At one extreme, the maximum rate of
oxygen transfer occurs when the measured dissolved oxygen concentration is 0 mg/L because this
maximizes the difference in gas pressure between water and air (this difference, when positive,
is called the saturation deficit). As dissolved oxygen concentrations in the water increase, aeration
rates decrease until the saturation deficit is zero (that is, Cs-Cm = 0) at which point there is no
difference in gas pressure in water and air. When the saturation deficit is zero, there is no net
driving force compelling oxygen molecules to either leave or enter water, no matter how much
effort is made to increase turbulence or air-liquid interfacial area. Equation 10.2 also shows that
when the dissolved oxygen concentration in the water is greater than the saturation concentration
(that is, the water is supersaturated and there is a saturation surplus), Cs-Cm will be negative,
which will make dC/dt negative. When dC/dt is negative, aeration causes dissolved oxygen
concentration in the water to decrease with time (degassing).

The movement of oxygen molecules to and from water takes place across the air-water
interface. So, for a given volume of water, a greater amount of oxygen can enter or leave water
in a given time when the air-water interfacial area is increased. However, even if the initial
saturation deficit is large, the thin film of water at the air-water interface can quickly become
saturated with oxygen, dramatically slowing the rate of oxygen diffusion into the water. Turbu-
lent mixing restores or renews the saturation deficit in the surface film, thereby increasing the rate
of oxygen transfer.

Each of the three factors in the gas-transfer equation has important implications for pond
aeration. The effects of surface area and turbulence are obvious. All aerators increase oxygen
transfer rates by increasing the air-water interfacial area. This is accomplished either by breaking
the water into fine drops or by creating bubbles under the water. Aerators also induce turbulent
mixing to renew the surface film and move aerated water away from the aerator to other parts of
the pond. The key to efficient, cost-effective aeration is to design aerators that create turbulence
and increase the air-water surface with the lowest energy input. Aeration efficiency has proven
difficult to predict by modeling, and aerator design has been based largely on systematic
performance testing (Boyd and Ahmad 1987; Ahmad and Boyd 1988).

At first glance it would appear that the third factor affecting oxygen transfer rates, the
saturation deficit or surplus, cannot be manipulated to affect aeration efficiency. After all, the
dissolved oxygen concentration at saturation (Cs) is set by the existing conditions of atmospheric
pressure, salinity, and water temperature. However, the inability to manipulate Cs applies only to
surface, air-contact aerators (splasher-type aerators). Deep-water diffuser aerators and aerators
that use pure oxygen can be very efficient because they operate under conditions where Cs is
increased relative to surface waters in contact with air.

Deep-water diffusers take advantage of the fact that Cs increases with water depth because
hydrostatic pressure from the overlying water increases the pressure on gases in solution. The
hydrostatic head for freshwater is about 73 mm Hg/m, meaning that Cs increases by about 10%
for every meter of water. So, for a given ambient dissolved oxygen concentration, the saturation
deficit (Cs - Cm) is greater when bubbles are released in deeper water. The wastewater treatment
industry takes advantage of this phenomenon by building deep aeration basins in which bubbles
are released at great depth. However, with one exception (Section 10.8.3), it is difficult to use this
phenomenon in catfish farming because ponds must be shallow to reduce construction costs and
facilitate fish harvest.

Even greater gains in increasing the saturation deficit can be made by using pure oxygen in
the gas phase rather than air. Water in contact with pure oxygen (100% O2) has an oxygen
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saturation concentration roughly five times that of water in contact with air (-21% O2).
Accordingly, for a given ambient dissolved oxygen concentration, Cs- Cm is much greater when
aerating with pure oxygen compared to air, and the rate of oxygen transfer increases
correspondingly.

The effect of saturation deficit or surplus on oxygen transfer rates has important practical
implications when using surface, air-contact aerators. First, if aerators are operated when waters
are supersaturated, oxygen will be lost (degassed) from the water. So, unless the goal is to remove
oxygen from the water, aerators should not be used when waters are supersaturated (but see
Section 10.9). Second, Equation 10.2 shows that the rate of oxygen transfer for a given aerator
is greatest when ambient dissolved oxygen concentrations are very low. Oxygen transfer can be
maximized by waiting until dissolved oxygen concentrations fall to 0 mg/L before initiating
aeration, but this has practical drawbacks (the fish would be dead by then). On the other hand,
aerating water when dissolved oxygen concentrations are very near saturation is wasteful because
oxygen transfer and aeration efficiency are very low. So, there are important trade-offs between
biological goals (optimizing fish health by maintaining dissolved oxygen levels greater than a
minimum threshold) and physical constraints (aerator efficiency declines as dissolved oxygen
concentration approaches saturation).

10.8.2 Aerator performance

Aerator performance can be measured using standard engineering tests. Aerator testing methods,
interpretation of test results, and application of test results to field conditions are reviewed by
Boyd and Ahmad (1987), Boyd and Watten (1989), and Boyd (1998). Standard engineering tests
generate two parameters that describe aerator performance. The standard oxygen transfer rate
(SOTR) is the amount of oxygen added to water in 1 hour under a standard set of conditions
(units are kg O2/hr or pounds O2/hr). Standard aeration efficiency (SAE) is the standard oxygen
transfer rate divided by the power requirment (units are kg O2/kW-hr or pounds O2/hp-hr). In the
following, we report SOTR and SAE values in metric units. Multiply SOTR in kg O2/hr by 2.21
to derive the English equivalent in pounds O2/hr; multiply SAE in kg O2/kW-hr by 1.64 to derive
SAE in units of pounds O2/hp-hr.

Aerators transfer less oxygen under pond conditions than under standard conditions, and
SOTR and SAE values are best used to compare aerators as an aid in selecting equipment for
purchase rather than as precise design criteria for pond use. Also, small differences in SOTR and
SAE values are not meaningful because the test conditions, which may vary, can affect results.
Other factors, such as cost, durability, specific application, and ease of service, must also be
considered when selecting an aerator. Good SAE values and durability are most important when
selecting aerators for general day-to-day use. On the other hand, high SOTR values and mobility
are important for aerators used to save fish in distress. Boyd and Ahmad (1987) have compiled
SOTR and SAE values for a variety of aerators commonly used in channel catfish culture. Most
aerators in use on catfish farms have SAE values around 1.5 to 2 kg O2/kW-hr.

10.8.3 Types of aerators

Aerators commonly used in pond culture of channel catfish add oxygen to water by increasing the
rate of oxygen diffusion from the atmosphere into water. Aerators increase the surface area for
contact between air and water by agitating surface water, releasing bubbles beneath the surface,
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FIGURE 10.2. A tractor PTO-powered paddlewheel aerator.

or both. Pure-oxygen aeration systems are rarely used in ponds, although they may have some
specialty uses, such as providing oxygen to fish held in "socks" during harvest (Torrans et al.
2003).

Paddlewheel aerators

Paddlewheel aerators are by far the most common aeration device on catfish farms. Paddlewheels
consist of a hub with paddles attached in a staggered arrangement. The aerator is powered by
tractor power take-off (PTO) (Fig. 10.2), self-contained diesel or gas engine, or electric motor.
Electric paddlewheel aerators (Fig. 10.3) are usually mounted on floats and anchored to the pond
bank. Tractors develop more power than is applied to the PTO and aerator drive shaft, and energy
is lost through the drive train, so PTO-driven paddlewheels are not particularly energy-efficient,
although they may have relatively high SOTRs (Busch et al. 1984).

FIGURE 10.3. Floating, electric paddlewheel aerators.
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Many different designs for PTO-driven paddlewheels exist. Gearboxes and automobile
differentials have been used for gear reduction, and paddlewheel diameters (paddle tip to tip)
range from 0.6 to 1.2 m (ca. 2 to 4 feet). Paddles are 5 to 25 cm (ca. 2 to 10 inches) wide and may
be rectangular, triangular, or semicircular (concave) in cross section. Paddles are arranged in
various spiraled or staggered arrangements around the hub. Standard oxygen transfer rates for
PTO-driven paddlewheels range from 7 to 40 kg O2/hr (Busch et al. 1984; Boyd and Ahmad
1987). Large-diameter paddlewheels transfer more oxygen than smaller-diameter aerators, and
flat paddles are less effective than other cross sections. For a given aerator, oxygen transfer
increases with increasing paddle tip submergence and increasing hub rotation speed. Increased
diameter, paddle depth, and speed also increase the power required for aerator operation.

For routine, everyday use—where efficiency is important—most farmers use paddlewheel
aerators powered by electric motors. Most electric paddlewheels used on commercial catfish
farms are powered by 7.5- to 11.3-kW (10- to 15-hp) electric motors and hubs are 3 to 4.5 m (10
to 15 feet) long. Electric paddlewheels are permanently anchored in each pond and individually
operated by switches on the pond bank. Optimization of design (Ahmad and Boyd 1988) has
resulted in highly efficient aerators with SAE values of 2 to 2.5 kg O2/kW-hr. The best design
consists of a 0.9-m (3-foot) diameter paddlewheel with paddles triangular (135-degree interior
angle) in cross section. Paddles are about 10 to 15 cm (4 to 6 inches) wide with four paddles
attached per row and spiraled in a staggered arrangement around the hub. Paddle depth is 10 to
15 cm (ca. 4 to 6 inches) in the water. Paddlewheel speed should be about 90 rpm. On some
commercial designs, paddle depth can be varied to optimize the current drawn by the motor. The
motor should draw about 90 percent of full load amperage rating to provide maximum oxygen
transfer and extend motor life.

Pump-sprayer aerators

Pump-sprayer aerators consist of a pump that discharges water at high velocity through a pipe or
manifold. Pumps may be powered by the PTO of a tractor or by an electric motor. Pump-sprayers
are simple and maintenance requirements are low. Pump-sprayers range widely in effectiveness
and efficiency (Boyd and Ahmad 1987). Electric motor-driven aerators have SAE values ranging
from 0.9 to 2 kg O2/kW-hr. Pump-sprayers powered by tractor PTOs often have relatively low
SAE values, but may have very high SOTR values (up to 70 kg O2/hr). Aerators with higher
SOTR values usually require a large tractor (up to 150 kW, or 200 hp) or require the PTO to be
operated at a high speed (1,000 rpm). Many fanners consider the pump-sprayer known as a t-
pump or bankwasher (Fig. 10.4) as an essential tool for emergency conditions and when fish are
concentrated in harvest "socks." The aerator has a high SOTR (about 30 kg O2/hr) and directs the
current of aerated water along the pond bank where stressed fish congregate.

Vertical pump aerators

These aerators consist of a submersible motor with an impeller attached to the output shaft. The
motor and impeller are suspended beneath a float, and water is sprayed into the air through an
opening in the center of the float. Vertical pump aerators can be relatively efficient—SAE values
usually range from 1.2 to 1.5 kg O2/kW-hr (Boyd and Ahmad 1987)—but most vertical pump
aerators manufactured for use in aquaculture use relatively small motors (0.75 to 3.75 kW, or
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FIGURE 10.4. A tractor-PTO powered t-pump, or bankwasher.

about 1 to 5 horsepower) and do not produce a large area of oxygenated water. This limits their
use to small ponds of less than 0.4 ha (ca. 1 acre).

Diffused aerators

These systems use blowers or compressors to supply air to diffusers with numerous small pores
that release bubbles on the pond bottom. Oxygen is transferred as the bubbles are formed and
ascend through the water column. A familiar diffuser is a common aquarium airstone, but
diffusers for large-scale aeration are usually discs, plates, or tubes constructed of glass-bonded
silica, ceramic, porous plastic, or flexible perforated membranes. Diffusers are customarily
arranged in a grid pattern over the bottom of the pond, with the number of individual diffusers
determined by the oxygen transfer rate of the diffuser and the oxygen consumption rate in the
water. The amount of oxygen transferred by diffusers depends on the number and size of bubbles
that are formed, the depth at which bubbles are released, and the oxygen content of each bubble.

Diffused aeration is common in wastewater treatment but is seldom used in commercial
catfish ponds. Most types of diffused aeration are relatively inefficient in shallow ponds because
the bubble ascends to the surface too quickly for effective oxygen transfer. At diffuser depths of
about 1 m (ca. 3 feet; typical of most catfish ponds), the SAE of several types of diffusers ranged
from about 0.7 to 1.2 kg O2/kW-hr (Boyd 1998). Higher efficiencies can be achieved with fine-
pore diffusers operated at low airflow rates but these systems are very prone to fouling (clogging)
and must be cleaned frequently to maintain high aeration efficiencies. In addition to these
problems, producers are resistant to adoption of diffused aeration systems because the network
of supply lines and diffusers interferes with fish harvest.

Limited tests have been conducted in catfish ponds on a "deep-water" diffused aeration
system that avoids some of the problems associated with traditional diffusers. Individual aeration
units consist of two PVC pipes about 2.4- to 3-m long (8 to 10 feet)—one inside the other—with
a diffuser at the bottom of the inner, smaller-diameter pipe (Boyd 1995). The outer tube is 30 to
38 cm (12 to 15 inches) in diameter and capped at the bottom. The inner tube is 23 to 30 cm (9
to 12 inches) in diameter with a 15- or 23-cm (6- or 9-inch) diameter membrane diffuser attached
to the bottom. The entire unit is placed in a hole bored with a large-diameter soil auger into the
pond bottom before the pond is filled with water so that the top of the U-tube is flush with the
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pond bottom. Individual units are supplied with air from a blower through a manifold of PVC
pipe buried about 30 cm (1 foot) below the pond bottom. The entire system is below the surface
of the pond bottom and does not interfere with fish harvest. Bubbles released from the diffuser
rise up through the inner tube, lifting aerated water. Water displaced by the air lift is drawn down
between the two tubes and then up the inner tube. Bubbles are released at a depth of 3 m (10 feet)
below the pond bottom plus the pond water depth, which usually averages about 1.2 m (4 feet).
Because the bubbles have a longer contact time with water and are released under pressure in
deep water, oxygen transfer efficiency is quite high (about 3.9 kg O2/kW-hr; Boyd 1995).

Deep-water diffusers have been installed on at least two commercial catfish farms in
Mississippi. For reasons discussed in the next section, diffusers are concentrated into one end of
the pond rather than being uniformly distributed over the pond bottom. For example, in a 4-ha
(ca.lO-acre) pond, individual diffusers units are concentrated in an array covering about 0.8 ha
(2 acres) at one end of the pond. The system is designed by calculating oxygen consumption by
sediment and phytoplankton in the aerated area plus oxygen use by all the fish in the pond and
then determining the number of individual aeration units (each with an SOTR of about 0.8 kg
O2/hr; Boyd 1995) required to offset overall respiratory losses. For a typical 4-ha (10-acre) pond,
about 32 aeration units are needed to maintain a minimum dissolved oxygen concentration of 2
mg/L in the aerated area of the pond. In one commercial installation, the 32 diffuser units are
arranged in four rows of eight diffuser units per row, spaced about 15 m (50 feet) apart. The
diffuser arrays in two adjacent ponds are supplied with one, 7.5-kW (10-hp) air blower, which
replaces four, 7.5-kW (10-hp) paddlewheels. Although the system operates at considerable
energy-cost savings, installation is difficult and the system must be re-installed whenever ponds
are renovated (every 5 to 10 years for most foodfish ponds).

10.8.4 Aeration practices

During the late 1970s and early 1980s, when the industry was growing at a rapid pace, aeration
practices in catfish farming were broadly variable. Although catfish farmers remain interested in
new and better approaches to aeration, practices used on commercial farms have become rather
standardized since about 1990. In part, the evolution of pond aeration practices from 1970
through the mid-1980s was the result of industrial Darwinism, whereby farmers tried various
aeration practices and stopped using those that failed to prevent oxygen-related fish kills.
However, the main impetus for improvement and standardization of aeration practices was work
conducted at Auburn University by Claude Boyd and his students (Boyd and Tucker 1979; Boyd
and Martinson 1984; Petrille and Boyd 1984; Boyd and Ahmad 1987; Boyd and Daniels 1987;
Moore and Boyd 1992). They quantified the wide variation in the effectiveness and efficiency of
aerators used in catfish farming, which led to development of better aerators by manufacturers
and more careful selection of aerators by farmers.

Although engineering tests brought some order to aerator selection, relatively little research
assessed the way those aerators were used, which changed slowly as the intensity offish culture
increased over time. Prior to about 1980, fish stocking and feeding rates were low and there were
few problems with low dissolved oxygen, except during unusual events such as sudden
phytoplankton die-offs or during periods of prolonged cloudy weather during the summer. As
farmers sought to increase fish production, higher fish stocking and feeding rates were used, and
episodes of critically low dissolved oxygen concentrations became more frequent. At first, when
oxygen problems were still relatively rare, farmers used aerators manufactured in on-farm
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machine shops and a readily available power source, a tractor PTO. Tractor-powered aerators
were mobile and could be moved around the farm depending on which pond required
supplemental aeration. Quite often, the first sign of a problem would be fish struggling to obtain
oxygen at the pond surface. Farmers would then quickly place an aerator in the pond and fish
would congregate in the small area of oxygenated water near the aerator.

As farmers continued to increase fish stocking and feeding rates in an effort to grow more
fish, the need for aeration increased to the point where most ponds on a farm needed aeration on
any given summer night. At that point it became obvious that tractors were too expensive and
difficult to maintain for routine, everyday use. Also, as mentioned above, tractor-powered
paddlewheels are relatively inefficient because relatively little of the energy available from the
tractor diesel engine was actually transferred to the aerator. Floating paddlewheel aerators
powered by electric motors were much more efficient, and by the mid-1980s had become the most
common aerator on catfish farms.

Since about 1990, catfish pond aeration practices have changed little. Aeration is provided
at about 2.5 to 3.5 kW/ha (ca. 1.5 to 2 hp/acre) in each pond. For example, two, 7.5-kW (10-hp)
electric paddlewheel aerators may be used in a 4- to 6-ha (10- to 15- acre) pond. Most farmers
also maintain a few tractor-powered aerators (one for every four ponds is common) for emergency
situations (e.g., phytoplankton die-offs, holding fish at high density during harvest) where high
oxygen transfer rates are more important than aeration efficiency.

Most episodes of low dissolved oxygen concentration occur at night or shortly after dawn
during the summer. Rates of respiration vary from pond to pond because each pond contains a
different standing crop offish, plankton biomass, and densities of benthic organisms. Aeration
is usually initiated when dissolved oxygen concentrations fall to a level considered critical by the
individual farmer (usually 2 to 4 mg/L), which is determined by measuring dissolved oxygen in
each pond throughout the night. Measurements are made manually or, far less commonly, by
using in situ oxygen probes that record the oxygen concentration continuously (Hargreaves and
Steeby 1999). Aeration continues until past dawn when measurements of dissolved oxygen
indicate that phytoplankton photosynthesis is producing oxygen. In a study of commercial catfish
ponds, between 506 and 763 hours (3.2 to 4.8 hours/day) of supplemental aeration was applied
to each pond over the growing season (Hargreaves and Steeby 1999). Similarly, an average of 641
hours (0.9 to 8.4 hours/day) of supplemental aeration was applied to experimental catfish ponds
during a growing season (Steeby and Tucker 1988).

Mechanical aeration provided at 2.5 to 3.5 kW/ha (ca. 1.5 to 2 hp/acre) meets only a fraction
of the total oxygen demand expressed by all organisms in the pond. In a typical 6-ha (15-acre)
catfish pond, the total oxygen consumed in respiration by fish, plankton, and sediment during
summer may range from 50 to over 100 kg O2/hr (ca. 100 to 200 pounds O2/hr). Most of the
oxygen demand is accounted for by plankton and benthic respiration. Aerators transfer less
oxygen under field conditions than under standard test conditions, and at an ambient dissolved
oxygen concentration of about 2 mg/L, good paddlewheel aerators transfer about 1 to 1.5 kg
O2/kW-hr under field conditions. Thus, an energy input of 30 to 100 kW (40 to 130hp) would be
required to meet total respiratory demands offish, plankton, and sediment and maintain dissolved
oxygen concentrations of 2 mg/L. In the face of such high total oxygen demands, mechanical
aeration cannot be used to manage dissolved oxygen in the entire pond, but is used only to
provide a small refuge of aerated water near the aerator. When dissolved oxygen concentrations
are low, fish congregate in that area and remain there until oxygen conditions improve throughout
the pond.
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The practice of providing limited aeration only when dissolved oxygen concentrations fall to
critically low levels has the serious disadvantage of routinely exposing fish to suboptimal
concentrations of dissolved oxygen. Nonetheless, there is no evidence to suggest that such
repeated transient exposure has a negative effect on fish production. Despite this drawback, this
is the most common aeration practice in commercial catfish ponds and is the only practice that
has proven to be profitable. Maintaining dissolved oxygen concentration above a critical threshold
throughout the pond has not been shown to be economically justifiable using currently available
aeration technology.

10.9 WATER MIXING

As light passes through water, much of its energy is reflected, scattered, or absorbed in the
uppermost water layer, resulting in rapid attenuation of light with depth. Light attenuation is
especially rapid if the water is colored or contains large amounts of particulate matter, which is
usually the case with catfish pond water. Attenuation of light energy with depth causes steep
gradients in water quality between surface and bottom waters, and these gradients may directly
or indirectly affect fish production. Accordingly, there has been some interest in using mechanical
devices to disrupt those gradients and maintain completely mixed conditions.

10.9.1 Potential benefits of mixing

Thermal and chemical gradients develop independently, although both phenomena are related to
rapid absorption of light as it passes through water. When the two phenomena are combined, they
have important implications for fish culture in ponds. On calm, hot, sunny days, most of the
oxygen produced in photosynthesis will remain in the near-surface water because the temperature
gradient with depth tends to inhibit vertical mixing of the water. Waters near the pond bottom lie
below the compensation depth and are poorly mixed with oxygen-containing surface waters.
Deeper waters thus become oxygen-deficient as oxygen is consumed in respiration of plankton
and sediment, and is deprived of reaeration by mixing with surface waters. The potential benefits
of mixing are related to the disruption of these thermal and chemical gradients.

Increased habitat

When ponds are stratified, the entire pond may not be habitable by fish. In extreme cases where
bottom waters are devoid of oxygen, fish can survive only by staying near the surface, but even
if the oxygen gradient is not that extreme, fish will seek out preferred areas and inhabit only a
portion of the pond. In strongly stratified ponds during midsummer, fish may be forced to inhabit
near-surface water because of dissolved oxygen considerations, but those waters may be so warm
during the afternoon that physiology or behavior are adversely affected. Most catfish farmers are
familiar with the poor feeding response of catfish on calm, hot, midsummer afternoons, and the
reluctance offish to feed on floating diets is due to the extreme water temperature of the surface
water in highly stratified ponds. For example, in a catfish pond at Stoneville, Mississippi,
equipped with continuous-recording temperature sensors, water temperatures exceeding 38°C
(100°F) are commonly recorded in the surface 5 cm (2 inches) of water during midsummer, and
temperatures exceeding 41°C (106°F) have been recorded on several occasions. These water
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temperatures will be strongly avoided by channel catfish.
Extreme surface water temperatures always occur on days with low wind, and maximum

water temperatures may exceed maximum air temperatures by several degrees. The effect of
mixing by wind on surface water temperatures can be seen in the following data from a pond at
Stoneville, Mississippi, in August 2002:

August 2 August 5
Mean wind speed 5.2 km/hr (3.2 mph) 10.5 km/hr (6.5 mph)
Total solar radiation (W-hr/m2) 5,093 5,988
Maximum air temperature 34°C (93°F) 34°C (93°F)
Maximum water temperature, surface 39°C (102°F) 33°C (9PF)
Maximum water temperature, 1.2 m (4 feet) 30°C (86°F) 32°C (90°F)

On August 2, the surface water temperature exceeded the air temperature by 5°C (9°F). On
August 5—despite greater total radiation—windier conditions on that day mixed the pond,
resulting in nearly isothermal conditions. The surface water temperature on August 5 was lower
and the temperature near the bottom was higher than on August 2. Also note that the surface
water temperature on August 5 was slightly lower than the air temperature. Similar results are
obtained when mechanical devices are used to mix pond waters (Tucker and Steeby 1995).

In summary, mixing increases the habitat for fish by distributing dissolved oxygen and heat
throughout the water column. On summer days, dissolved oxygen concentrations will be higher
in bottom water and temperatures will be lower in surface water relative to unmixed ponds.

Increased mass of dissolved oxygen

If the dissolved oxygen gradient is extremely steep, a stratified pond will have a relatively small
volume of oxygen-containing water near the surface. Conversely, the entire pond contains
dissolved oxygen if the pond is thoroughly mixed. As such, the total mass of dissolved oxygen
(the product of concentration and volume, integrated by depth) present in a stratified pond may
be less than in a thoroughly mixed pond, even though the dissolved oxygen concentration near
the surface is much higher in the stratified pond. Also, if dissolved oxygen concentrations are
extremely supersaturated in surface waters, some of the dissolved oxygen produced in
photosynthesis will be degassed to the atmosphere. The combination of oxygen lost to the
atmosphere and a lower volume of oxygenated water means that less dissolved oxygen may be
available in stratified ponds to offset the oxygen needs of fish. In ponds mixed by winds or
mechanical devices, oxygen is still produced only in the upper layer of water, but that oxygen is
mixed into the deeper waters before concentrations become highly supersaturated. In essence,
mixing reduces oxygen loss to the atmosphere and "stores" oxygen produced near the surface
throughout the pond, which increases the total supply of oxygen available for respiration at night.

Prevents turnovers

As mentioned above, shallow catfish ponds may stratify each day during calm, hot periods, only
to slowly destratify each night as surface waters cool. Stratified ponds may contain less oxygen
than well-mixed ponds and may therefore require more aeration, but farmers usually have
sufficient time to react to the gradual decrease in dissolved oxygen concentrations and use
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mechanical aeration to avoid fish kills. There are occasions however, when ponds can suddenly
destratify and cause serious problems. The best example of sudden destratification commonly
occurs on hot and calm summer afternoons in the southeastern United States when ponds develop
intense gradients of temperature and dissolved oxygen. Occasionally, severe late afternoon
thunderstorms accompanied by strong winds and cold rains rapidly mix the water column and
dilute the thin layer of oxygen-rich surface water with oxygen-deficient bottom water. These
events ("turnovers") result in a completely mixed pond containing very little dissolved oxygen.
Because these storms usually occur in late afternoon, little oxygen is added by photosynthesis
after the storm passes and the weather clears. To compound the problem, conditions are often
calm after the storm and diffusion of oxygen from the atmosphere is minimal. Respiration offish,
plankton, and sediment then quickly depletes the remaining dissolved oxygen. The consequences
of turnovers are usually more severe in deep, watershed ponds because a proportionally larger
volume of the pond may be oxygen-deficient than in shallow ponds. Continuous mixing of ponds,
either by wind or mechanical devices, prevents turnovers by inhibiting the development of
stratified conditions.

Minimizes organic matter accumulation

Redistribution of dissolved oxygen in surface waters can have a positive effect on processes
occurring on the pond bottom. Large amounts of organic matter in the form of algae cells are
produced by photosynthesis. This organic matter eventually settles to the bottom where it rapidly
decomposes, creating a large demand for oxygen. Redistributing oxygen produced near the pond
surface can help accelerate the decomposition of organic matter and avoid potential organic
matter accumulation in pond sediments. In the absence of oxygen, organic matter decomposition
results in the production of various chemical compounds, many of which are toxic to fish. Some
research has implicated the accumulation of these compounds as a factor that reduces fish growth
in some fish ponds. Therefore, mixing may prevent the accumulation of toxic chemical
compounds.

Reduces algal abundance

By creating conditions favorable for sequestering phosphorus in pond muds, mixing potentially
reduces the average biomass of phytoplankton in ponds. Pond sediments play the major role in
regulating phosphorus cycling in ponds (see Section 10.12.1). Most sediments strongly sequester
phosphorus, and conditions that increase or decrease the availability of sediment-associated
phosphorus influence potential phytoplankton growth. An oxidized mud surface functions as a
barrier to the diffusion of phosphorus into the overlying water column. In the absence of an
oxidized surface layer, soluble reactive phosphorus will be released from the sediment in response
to a concentration gradient between sediment porewater and the overlying water column (Masuda
and Boyd 1994b). This mechanism of soluble reactive phosphorus release from sediment
porewater with an anaerobic sediment-water interface is supported by a study evaluating the
effects of mechanical aeration and water circulation on phosphorus chemistry (Masuda and Boyd
1994a). In that study, the soluble reactive phosphorus concentration in pond water was higher in
unaerated ponds than in aerated, completely mixed ponds. Apparently, the sediment-water
interface in aerated ponds was sufficiently oxidized to function as an effective barrier to the
diffusion of porewater soluble reactive phosphorus. Although the effect of mixing on soluble
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phosphorus has been demonstrated in ponds and lakes, conclusive proof that mixing reduces
phytoplankton density is lacking.

Shifts composition of algae blooms

Certain species of cyanobacteria grow particularly well in poor mixed waters with steep light
gradient from top to bottom (reviewed by Paerl 1988; Boyd and Tucker 1998). Among the factors
contributing to success of cyanobacteria under stratified conditions are 1) the ability of some
species to regulate cell density and control their position in the water column, allowing them to
obtain adequate light to support growth when water is turbid; and 2) cyanobacteria possess an
array of primary and accessory photo synthetic pigments that allow them to use light in
wavelengths that are not used by other algae and are not strongly attenuated by water. A
thoroughly mixed water column negates these advantages by exposing all algae to more light by
continuously circulating algal cells from deeper water into the euphotic zone. Mixing increases
overall photosynthetic rates and theoretically favors eukaryotic algae species that grow faster than
cyanobacteria. Although research on the species composition of algae blooms in mixed versus
unmixed ponds is scant, there is evidence to suggest that mixing can affect the species com-
position of algae blooms, and this is one of the advantages of the shallow, constantly mixed
Partitioned Aquaculture System (see Chapter 19).

10.9.2 Mixing devices

All aeration devices must create flow and turbulence, and can be considered mixing devices.
However, aerators are designed for high oxygen-transfer efficiency and not high mixing
efficiency, although the two variables may be related. The mixing efficiency of most devices used
to circulate pond water is very low, on the order of 0.1 % (Szyper 1996) because energy is usually
applied at a single point and turbulence emanates from that point. The amount of energy required
to mix a stratified water column to a uniform temperature (or, more properly, density) is actually
quite low, but in a large pond this energy gradient is diffuse in space (that is, the gradient exists
throughout the pond). This presents a formidable engineering challenge, one that is not amenable
to efficient solution with mixing equipment that creates turbulence that emanates from single or
multiple point sources without creating a uniform flow field in the pond. The most efficient
mixing devices move very large volumes of water against a very low head (1 to 5 cm, or ca. 0.5
to 2 inches) compared to the amount of power applied.

In some lakes, reservoirs, and relatively deeper watershed-type catfish ponds, destratification
equipment is operated to expand the pond volume that can be occupied by fish and to improve
water quality. Destratifiers typically operate by lifting water from deeper parts of the lake and
releasing it at the lake surface or by pushing water from the surface toward the bottom. Some
destratifiers have large fan blades that move water vertically, others use diffused air released near
the pond bottom to lift water. This equipment works well in lakes and reservoirs that are much
deeper than most catfish ponds. However, destratifiers rarely supply sufficient water movement
to fully destratify large lakes, providing only a zone of well-mixed water near the destratifier. In
shallow catfish ponds, vertical water movements are not as effective at mixing ponds as
horizontal water movements, and most devices are employed to produce horizontal water
movement to mix ponds.
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Paddlewheel aerators

Adding dissolved oxygen to pond water is the primary purpose of paddlewheel aerators. They are
designed to splash water into the air and generate turbulent conditions immediately adjacent to
the aerator. Typically, the shaft of paddlewheel aerators rotates at a fairly high speed (75 to 80
rpm). In commercial catfish ponds, paddlewheel aerators create a zone of well oxygenated water
that serves as a refuge for the fish when dissolved oxygen concentration in most of the pond is
very low. If paddlewheel aerators are operated continuously, particularly if multiple aerators are
placed in strategic locations, the pond can become well mixed. However, the efficiency of
paddlewheel aerators as mixing devices is relatively low, which is characteristic of aerators
designed and operated primarily to provide oxygen to the pond. A 7.5-kW (10-hp) paddlewheel
aerator "pumps" water at about 40 mVminute (ca. 10,000 gallons/minute).

Operation of paddlewheel aerators during the day will provide good mixing, but can cause a
net loss of oxygen from the pond when concentrations in the water exceed the equilibrium
concentration between water and air (e.g., when water is supersaturated with oxygen). More
gentle mixing may permit more dissolved oxygen to accumulate and to be mixed into deeper
waters.

Tractor-powered "side-winder"

Tractor-powered paddlewheel aerators have been widely used to provide emergency aeration of
commercial catfish ponds. The paddlewheel hub of the unit is attached to a drive shaft that
connects to the PTO of a tractor. Typically, tractor-powered paddlewheel aerators for emergency
aeration move water away from the pond bank. However, some tractor-powered paddlewheel
aerators, called "side-winders", have long paddles mounted on a hub that rotates parallel with the
axis of rotation of the PTO drive shaft. Operation of side-winders creates a current parallel to the
pond bank. To maximize oxygen transfer, tractor-powered paddlewheels are operated at an
intermediate depth of paddlewheel submergence and an intermediate engine speed. To obtain
good pond mixing, tractor-powered side-winders are operated with paddles fully submerged and
the tractor engine at idle speed. Two tractors placed on opposite sides of the long levees of a
commercial pond can mix the pond completely within 2 or 3 hours. Note, however, that tractor-
powered paddlewheels (sidewinders or traditional designs) are less efficient than floating, electric
paddlewheel aerators at oxygenation and mixing because a large proportion of the power
generated by the tractor diesel engine is not transferred to the PTO (Busch et al. 1984).

Low-speed paddlewheels

Low-speed paddlewheels (see Fig. 19.2) are a critical component of the Partitioned Aquaculture
System, or PAS (Chapter 19). The PAS consists of a high-density fish culture raceway coupled
with a shallow, baffled open pond area where luxuriant algae growth occurs. A low-speed
paddlewheel moves a large water volume at a low velocity throughout the pond. In one PAS
configuration, about 0.4 kW (ca. 0.5 hp) of energy input produces a water flow of 90 mVminute
(ca. 24,000 gallons/minute) using four, 4.9-m (16-feet) paddles operated at 1 to 3 rpm. This is
almost 50 times more efficient than a high-speed paddlewheel aerator.

In many respects, low-speed paddlewheels are ideal mixing devices because they can move
a large volume of water against a very low head with very little energy. In conjunction with
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baffles placed along the pond length, a fairly uniform horizontal flow field can be generated by
operation of this device.

Horizontal, axial-flow circulators

Various designs of axial-flow circulators have been used in aquaculture ponds (Fast et al. 1983;
Howerton et al. 1993). Water movement is usually established by wide, large diameter fan blades
attached to a shaft inside a cylindrical housing. The unit used by Howerton et al. (1993) and
Tucker and Steeby (1995) had three 76-cm (30-inch) diameter fans, each with six blades. Fans
and shaft were centered in a 92-cm (36-inch) diameter, 122-cm (48-inch) long cylindrical metal
housing. The fans rotated at 120 rpm and were powered by a chain drive connected to a 2.24-kW
(3-hp) electric gearmotor. The device discharged about 45 mVminute (11,900 gallons/minute),
or about 15 times less discharge per unit power input of a low-speed paddlewheel.

10.9.3 Effects of mixing in catfish ponds

Continuous or semi-continuous mixing is standard practice in marine shrimp farming (Boyd
1998), where the benefits of destratification are obvious for a bottom-dwelling animal. Artificial
destratification has also been recommended for aquaculture ponds in general (Rogers 1989;
Avnimelech et al. 1992). In view of these recommendations and the potential benefits described
in Section 10.9.1, it is surprising that very little systematic research has been conducted on the
effects of mixing catfish ponds.

Artificial destratification of catfish ponds has been studied since the late 1970s (Busch et al.
1978; Busch 1980; Busch and Flood 1980). The ponds that were studied were relatively deep
(> 3 m, or ca. 11 feet) and despite improvement in dissolved oxygen conditions throughout mixed
ponds, fish production was not increased. Later, three studies were conducted in small,
experimental catfish ponds in east Alabama (Cagauan 1983; Matiella 1985; Self 1987) and all
three studies documented positive influences of mixing, the most important being reduced
reliance on nighttime aeration. None of the studies cited above apply to most commercial catfish
ponds, which are either larger or shallower than the ponds used in those studies.

The influence of water mixing was evaluated under conditions approximating commercial
culture (Tucker and Steeby 1995). One, 2.24-kW (3-hp) horizontal, axial-flow water circulator
(Howerton et al. 1993) was installed in each of three, 1.62-ha (4-acre) levee ponds with mean
water depths of about 1 m (3.3 feet). Circulators were positioned in a corner of the pond and
discharge was directed along the long axis to establish a gyre within the pond. Circulators were
operated approximately 6 hours each day, from about 0900 to 1500 hours, during the summers
of two years. Mixing is more efficient and more effective if initiated before strong thermal
gradients and supersaturated dissolved oxygen conditions develop (Szyper 1996). Aeration with
paddlewheel aerators was used whenever dissolved oxygen concentrations were below 2 to 3
mg/L (usually at night).

Relative to ponds without circulators, midday water temperatures and dissolved oxygen
concentrations varied little with depth in mixed ponds. Most important, circulators reduced the
need for nighttime aeration from 456 hours/year in un-mixed ponds to 265 hours/year in ponds
with circulators. No other effects on water quality were noted. The reduced requirement for
paddlewheel aeration in mixed ponds suggests that more dissolved oxygen was available to fish
during nighttime hours than in un-mixed ponds and that fish were exposed to stressfully low
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dissolved oxygen levels for less time in mixed ponds. Nevertheless, fish production and feed
conversion efficiency were not improved in ponds with circulators. Also, energy savings for
aeration in ponds with circulators were essentially offset by the energy cost of circulator
operation. Summed over two years, average energy use for aeration was 6,940 kW-hr in un-mixed
ponds and 6,144 kW-hr in mixed ponds (3,974 kW-hr for aeration and 2,169 kW-hr for mixing).

The effectiveness of water mixing in this study was compromised by the use of a single device
to induce circulation over relatively large ponds. Circulators were positioned in the southwest
corner of ponds and discharged along the south levee to establish a counterclockwise gyre to take
advantage of prevailing light southwesterly breezes characteristic of summertime conditions in
west Mississippi. Under those conditions, or on calm days, circulators created water movement
over the entire pond within an hour of operation. However, on many days, light breezes from the
east opposed circulator discharge and mixing was restricted to the western one-third of the pond.
Problems related to short-circuited flows can be solved by using multiple mixing devices to insure
better circulation of the entire pond. For example, simple computational fluid dynamics
simulation of two-dimensional flows indicated that strategic location of two, 0.75-kW (1-hp),
high-efficiency impellers would be more effective at mixing a shallow 4-ha (ca. 10-acre) pond
than a single 3.73-kW (5-hp) impeller (Craig Tucker, Mississippi State University, unpublished
data). The other approach to increasing mixing efficiency is to abandon attempts to artificially
mix existing ponds and design new basins that are more easily mixed. This is the approach taken
by researchers who designed the Partitioned Aquaculture System (see Chapter 19).

Overall, it appears that water mixing to prevent strong gradients of temperature and dissolved
oxygen is beneficial, but cost-effectiveness is unclear. The effectiveness of recent attempts to mix
ponds is compromised primarily by the inefficiency of the devices used and inherent difficulties
in mixing large, shallow bodies of water. Also, future work should examine the effects of mixing
on variables other than aeration and fish production. Improvements in fish flavor quality related
to effects of mixing on phytoplankton community composition could dramatically change the
cost-benefit analysis to favor artificial pond mixing.

10.10 CARBON DIOXIDE

Carbon dioxide (CO2) is a biologically active gas that is produced in respiration and consumed
in photosynthesis. Although carbon dioxide is highly soluble in water, concentrations in pure
water exposed to air are low because carbon dioxide is a minor constituent of the atmosphere
(about 0.035% by volume). In pure fresh water at equilibrium with air, dissolved carbon dioxide
concentrations vary from 1.1 mg/L at 0°C (32°F) to 0.35 mg/L at 35°C (95°F). Biological activity
may, however, cause significant deviation from equilibrium conditions. Dissolved carbon dioxide
is of interest in catfish farming because it can stress catfish at high concentrations (Section 3.3.4)
and because it influences the pH of waters (Section 10.11). Low afternoon carbon dioxide
concentrations are common in eutrophic catfish ponds and may favor cyanobacteria species that
have a greater affinity for carbon dioxide than eukaryotic algae.

10.10.1 Carbon dioxide in ponds

Dissolved carbon dioxide concentrations almost always vary inversely with dissolved oxygen;
that is, carbon dioxide usually decreases during the day and increases at night. Concentrations
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depend primarily on the relative rates of photosynthesis and total community respiration, although
concentrations are also affected by gas transfer with the atmosphere and by aqueous reactions
with dissolved and solid carbonates and hydroxides. Generally, conditions that favor rapid rates
of photosynthesis (abundant phytoplankton, bright sunlight, and warm water temperature) favor
rapid removal of carbon dioxide during daylight, and carbon dioxide is depleted from surface
waters on warm, sunny afternoons in ponds with moderate to dense phytoplankton blooms. At
night, photosynthesis ceases and carbon dioxide produced by fish, plankton, and sediment
respiration causes concentrations to rise, with maximum values usually recorded shortly after
dawn.

Oddly, there is relatively little information on maximum carbon dioxide concentrations in
catfish ponds, so it is instructive to estimate a "typical" carbon dioxide concentration that might
occur in catfish ponds at dawn on summer days. This can be done by measuring or estimating
respiration rates for fish, phytoplankton, and sediment, and then assuming that the respired carbon
dioxide accumulates without loss during the night. Respiration is usually measured in units of
oxygen consumed per hour, but can be converted to units of carbon dioxide produced by
assuming an equimolar ratio of O2 consumed to CO2 evolved. Reasonable assumptions are that
average water depth = 1.0 m; water temperature = 30°C; fish standing crop = 5,000 kg/ha and
average fish size = 0.5 kg; plankton respiration = 1 mg O2/L per hour (Steeby 2002); and sediment
respiration = 470 mg O2/m

2 per hour (Steeby 2002). Fish respiration can be calculated by the
equation proposed by Boyd et al. (1978b). Values for fish biomass, plankton respiration and
sediment respiration are reasonable for high intensity catfish pond aquaculture.

Assuming that carbon dioxide is near 0 mg/L in late afternoon, the total amount of carbon
dioxide produced over 12 hours, about 25 mg/L under the conditions just described, can be taken
as a first estimate of a typical "maximum" carbon dioxide concentration the following dawn. This
estimate exceeds values for average early morning dissolved carbon dioxide concentrations in
embankment-type ponds, which usually fall in the range of 5 to 15 mg/L (Tucker 1996).

There are at least three reasons why this simple calculation overestimates observed carbon
dioxide concentrations. First, some of the carbon dioxide produced at night will be consumed in
reactions with dissolved and solid carbonates that may form in high-alkalinity, high-hardness
ponds during the previous afternoon when pH is elevated. Second, some carbon dioxide will be
degassed to the atmosphere during the night, especially if the pond is vigorously aerated. Finally,
fish and sediment respiration rates are not constant, but decrease as dissolved oxygen concen-
trations fall during the night.

Conditions that result in reduced rates of gross photosynthesis or increased rates of
community respiration can, however, cause dissolved carbon dioxide concentrations to exceed
commonly measured values. For example, dissolved carbon dioxide may not be depleted from
water in the afternoon during extended periods of cloudy weather and may exceed 10 mg/L for
much of the day. Highest summertime concentrations of dissolved carbon dioxide occur after
massive phytoplankton die-offs because photosynthesis does not occur and large amounts of
carbon dioxide are produced as the dead plant material decomposes (Boyd et al. 1975).
Concentrations of carbon dioxide may exceed 20 mg/L for several days after a die-off.

There are anecdotal reports that typical early morning carbon dioxide concentrations are much
higher in the watershed ponds of west Alabama and east Mississippi than in the embankment
ponds typically used in the Mississippi River alluvial valley. Watershed ponds tend to be
considerably deeper than embankment ponds, and higher carbon dioxide concentrations can be
traced to differences in pond depth. On calm, sunny summer days, deep ponds can thermally
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stratify with a layer of warm water overlying the cooler, deeper water (see Section 10.7.2 for a
discussion of stratification). Phytoplankton photosynthesis is meager in the deeper water because
most of the incident solar radiation is absorbed by surface water. As such, deeper waters have
relatively high rates of net respiration during the day and become enriched with carbon dioxide
and depleted of dissolved oxygen, even though surface waters may have high concentrations of
dissolved oxygen and no carbon dioxide. At night, when currents produced by aerators mix the
waters or if stratification is disrupted by the passage of sudden summer storms, carbon dioxide
in the bottom water is brought to the surface. In short order, carbon dioxide concentrations in
surface waters increase and dissolved oxygen concentrations fall.

Except for transient high concentrations following summertime phytoplankton die-offs,
concentrations of dissolved carbon dioxide are generally higher in the winter than in the summer
(Tucker and Boyd 1985). This is difficult to explain because overall respiration rates are low in
cold water and the high carbon dioxide concentrations are usually accompanied by dissolved
oxygen concentrations near saturation (11 to 14 mg/L for water temperatures of 0 to 10°C).This
situation, with both gases present concurrently at high levels, contrasts sharply with the typical
summertime condition wherein high carbon dioxide concentrations always occur when dissolved
oxygen concentrations are low. Dissolved carbon dioxide concentrations as high as 50 mg/L have
been measured in northwest Mississippi catfish ponds during midwinter periods of calm, cold,
cloudy conditions (Craig Tucker, Mississippi State University unpublished data). Interestingly,
no deleterious effects on fish were noted during or after episodes of very high carbon dioxide
levels in cold water.

10.10.2 Management of carbon dioxide

Most catfish farmers in the Mississippi River alluvial valley make no attempt to manage dissolved
carbon dioxide concentrations. This may not be true in other regions, particularly those areas
where deep ponds are common. Carbon dioxide concentrations can change rapidly in ponds and
vary greatly with location and depth within a pond, which makes it difficult to establish a sound
monitoring program. These factors also complicate interpretation of measurement data. To be of
any use in pond management, carbon dioxide should be measured daily in a manner similar to
dissolved oxygen measurements; that is, sampling locations should be standardized and
measurements should be taken several times during the day and night to show trends. As with
dissolved oxygen, the important measurements are those taken late at night and near dawn when
concentrations of carbon dioxide are usually highest and concentrations of dissolved oxygen are
lowest. Although it is easy to estimate carbon dioxide concentrations from water pH (Hargreaves
and Brunson 1996), routine carbon dioxide measurements are not made on most commercial
facilities.

Carbon dioxide can be quickly removed from water by reaction with a base, such as calcium
hydroxide, Ca(OH)2—commonly called hydrated lime. There are two problems with this
treatment: 1) large amounts of hydrated lime are required to remove substantial amounts of
carbon dioxide from large commercial ponds and 2) the treatment is temporary.

The reaction of dissolved carbon dioxide with calcium hydroxide proceeds in two steps:

(10.3)

(10.4)
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Overall reaction stoichiometry predicts that 0.84 mg/L of calcium hydoxide will remove 1 mg/L
of carbon dioxide from water. In practice, about twice that amount (1.6 mg/L) is needed to
quickly remove 1 mg/L of carbon dioxide (Hansell and Boyd 1980), probably because the second
step of the reaction (Eq. 10.4) proceeds much more slowly than the first. So, for a typical 4- ha,
1.2-m-deep (ca. 10-acre, 4-feet-deep) catfish pond, about 1 metric ton (2,200 pounds) of hydrated
lime is needed to remove 20 mg/L carbon dioxide (for example, to reduce carbon dioxide
concentrations from 40 to 20 mg/L). Using quantities of chemical this large is inconvenient,
especially under emergency conditions. In addition to the inconvenience of using so much
chemical, using hydrated lime to remove carbon dioxide affords only temporary relief because
it removes only the carbon dioxide present at the time of application. Treatment does not prevent
subsequent problems (which may occur as soon as the next night) because it does not address the
reason carbon dioxide accumulated in the first place (that is, high rates of net community
respiration).

Carbon dioxide can also be removed by degassing but the gas is relatively difficult to remove
from water by air-stripping because it is very soluble in water. Effective removal of carbon
dioxide requires degassing devices with high gas/liquid ratios (Colt and Orwicz 1991) and the
aerators typically used in catfish ponds probably remove only small amounts of carbon dioxide
from pond waters. Carbon dioxide affects oxygen use by fish and the two variables usually cycle
opposite one another, so most catfish farmers avoid problems with carbon dioxide by vigilant
monitoring of dissolved oxygen concentrations and aerating ponds before the combined effects
of low dissolved oxygen concentrations and elevated carbon dioxide concentrations kill fish.

10.11 pH

The pH of water is the second most important water quality variable in aquatic ecosystems (water
temperature being the most important). Nearly all other chemical and biological variables in the
ecosystem are affected directly or indirectly by pH. In a practical sense, however, pH is of limited
interest to catfish farmers, most of whom raise fish successfully without ever making a pH
measurement. Exposure of aquatic animals to extremes of pH can be stressful or lethal, but with
proper pond site selection (good water and soil), these problems are very rare. The indirect effects
of pH and interactions of pH with other variables are usually more important than the direct toxic
effects. The most important interactions include the effects of pH on ammonia toxicity (most
problematic during late afternoon) and the relationship between pH and carbon dioxide (most
problematic during early morning).

10.11.1 pH of pond waters

When a catfish pond is first filled with water and that water is allowed to come to equilibrium
with the atmosphere, pH is determined mainly by the buffer system involving dissolved carbon
dioxide, bicarbonate, and dissolved and solid-phase carbonate (see Boyd and Tucker 1998 for a
good discussion of these relationships). In the absence of biological activity, the dissolved carbon
dioxide content of water is nearly constant and the initial pH of pond water is therefore
determined largely by the total alkalinity of the water. Over the range of total alkalinity values
normally encountered in catfish farming (5 to 300 mg/L as CaCO3), initial pH will range from
about 6.5 to 8.5.
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Although the initial pH of pond waters is determined by the total alkalinity of the water, pH
values after ponds are put into culture are strongly influenced by biological activity. During
daylight, phytoplankton and other aquatic plants remove carbon dioxide from water during
photosynthesis, causing pH to increase. During the night, pH declines as carbon dioxide
accumulates from respiration of plants, animals, and bacteria. Biological reactions other than
photosynthesis and respiration can also affect pH. For example, the biological oxidation of
ammonia to nitrate (nitrification) is an acid-producing reaction, whereas denitrification and
sulfate reduction cause pH to increase. These bacteria-mediated reactions have a quantitatively
minor effect on pH in catfish ponds and so the range of pH values normally encountered in catfish
ponds can be assumed to depend primarily on the buffering capacity (total alkalinity) of the water
and the relative rates of photosynthesis and respiration.

Most catfish pond waters have total alkalinities of 50 to 250 mg/L as CaCO3 and pH cycles
daily around an equilibrium pH of about 8.0 to 8.5. In the summertime, early morning pH values
are usually in the range of 7.5 to 8.0 and afternoon values vary from 8.5 to 9.2 (Tucker 1996). On
any given day, the magnitude of daily pH excursions around the equilibrium pH depends
primarily on the abundance of phytoplankton, solar radiation, and other factors that affect
photosynthesis and respiration. Lower values (<7.5) can occur when large amounts of carbon
dioxide accumulate and depress the pH, such as occurs during prolonged cloudy weather or after
phytoplankton die-offs. Higher values (>9.2) occur temporarily in surface waters of catfish ponds
on summer afternoons when conditions favor rapid photosynthesis. Rates of photosynthesis and
respiration decrease in cold water, so the amplitude of daily pH cycles are considerably lower in
winter than in summer.

Summertime pH rarely exceeds 10 in most ponds, although long episodes of afternoon pH
values above 10 may occur in ponds supplied with naturally softened groundwater with moderate
to high total alkalinity (50 to 200 mg/L as CaCO3) and low total hardness (less than 25 mg/L as
CaCO3). The principal ions in these waters usually are sodium and bicarbonate. Chronic problems
with high pH in these waters may be related to the relative solubilities of sodium and calcium
carbonates (Mandal and Boyd 1980). Sodium carbonate is much more soluble than calcium
carbonate, so carbonate concentrations (which are proportional to pH) can become much higher
during intense photosynthesis in soft water than in hard water at equal total alkalinity. Also,
sodium phosphates are more soluble than calcium phosphates, so more phosphorus may be
available to support plant growth in soft waters, leading to higher rates of photosynthesis that
causes pH to increase rapidly (Wu and Boyd 1990).

10.11.2 pH management

For practical reasons, no attempt is made to manage pH in commercial catfish ponds. Most ponds
are filled with water of relatively high hardness and alkalinity, and pH values usually cycle within
the range considered desirable for fish production. Also, the relatively high alkalinity of most
catfish pond waters provides buffering that makes it difficult to modify pH on those exceedingly
rare occasions when intervention might be desirable.

Some catfish ponds are constructed on acidic soils and filled with runoff, and pond waters
may have exceeding low total alkalinity. Farmers often treat these ponds with agricultural
limestone to increase total alkalinity, and one reason often given for this practice is that increasing
total alkalinity poises pH in a more desirable range for fish culture. However, Murad and Boyd
(1991) found no difference in growth or yield of catfish raised in ponds with average total
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alkalinity of 2, 6, or 46 mg/L as CaCO3, despite average pH values of less than 6 in ponds with
the lowest total alkalinity. This study casts serious doubt on the need to manage pH in poorly
mineralized pond waters by liming to increase total alkalinity.

There may, however, be good reason to increase total alkalinity of catfish pond water
independent of pH management. Copper-based algicides are often used in catfish ponds for
phytoplankton control and copper is very toxic to fish in waters with low hardness and alkalinity.
Some farmers lime ponds to increase total hardness and alkalinity above 25 to 50 mg/L as CaCO3

to provide a greater level of protection when they use copper-based algicides.
The most important practical impact of pH in catfish farming is the effect on ammonia

toxicity. As explained in Section 10.13, ammonia in water exists in two forms—ammonium ion
(NH4

+) and dissolved, un-ionized ammonia gas (NH3). The un-ionized form is considerably more
toxic to fish than the protonated, ionic form, and the proportion of the total existing in the toxic,
un-ionized form (NH3) increases as pH increases. Measurement of pH is therefore important when
assessing problems related to ammonia toxicosis.

10.12 POND SEDIMENTS

The sediments of commercial catfish ponds consist of mineral and organic components that
accumulate over time on the surface of the original compacted soil used to construct the pond.
Sediments also include porewater surrounding the solid materials. Mineral components include
clay, silt, and sand particles eroded from pond embankments, introduced with overland flow
(runoff), or pumped from turbid surface waters. Organic components include particulate organic
matter, consisting of detritus derived from settled plankton and fish fecal solids in progressive
stages of decomposition, and dissolved organic matter, consisting of labile (e.g., simple sugars
and polysaccharides) and recalcitrant (e.g., fulvic and humic acids, waxes) forms. Most of the
organic matter that accumulates in pond sediments consists of relatively non-reactive, recalcitrant
forms. The quality of sediment porewater is much different from overlying pond water, with
much greater concentrations of ammonia, inorganic phosphate, ferrous iron, sulfide, and other
reduced substances. Porewater solute concentrations are in equilibrium with solid-phase sediment
constituents. Catfish pond sediments often contain pockets of gases consisting of methane
(averaging 78% of the total gas by volume), nitrogen (16%), and carbon dioxide (1%) (Steeby
2002). Presumably, these gases are periodically released from the sediment to the atmosphere.

Catfish pond sediments develop a profile that can be delineated into horizons based on
physicochemical characteristics (Munsiri et al. 1995). A flocculent, microbially active layer
develops near the sediment-water interface (F horizon). The F horizon is essentially an aerobic
layer of water with high suspended solids concentration. Underlying the F horizon is a sediment
layer (S horizon) with low bulk density (<0.3 g/cm3) and relatively high organic carbon
concentration (3 to 4% C). The oxidation-reduction potential of the S horizon can vary from fully
oxidized to moderately reduced. The S horizon is subj ect to periodic resuspension by physical and
biological processes. Underlying the S horizon is the M horizon of mature, stable sediment with
intermediate bulk density (0.3 to 0.7 g/cm3) and an organic carbon concentration of 2 to 3%. The
M horizon is relatively stable and anaerobic. A transition layer (T horizon), intermediate in
character between the M horizon and the original pond soil (P horizon), has a relatively high bulk
density (>1.4 g/cm3) and relatively low organic carbon concentration (0.5% C for ponds built in
the Mississippi River alluvial valley).
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Profiles of porewater chemistry also vary with sediment depth. Dissolved oxygen
concentration is maximum at the sediment-water interface, declines rapidly with sediment depth,
and is often absent within 1 to 2 mm of the sediment surface. Porewater ammonia concentration
is minimum near the sediment surface because the rate of ammonia removal processes
(nitrification and diffusion to the overlying water) exceed the rate of ammonia production from
the mineralization of organic matter. In the anaerobic sediment, ammonia accumulates because
the absence of oxygen precludes nitrification.

Commercial catfish ponds are shallow, so processes occurring across the sediment-water
interface will have a greater impact on water quality than those of sediments in deeper lakes and
reservoirs. In general, catfish pond sediments are a sink for particulate organic matter, dissolved
oxygen and nitrate, a source of ammonia, and a source or sink of inorganic phosphorus. The
implications of these attributes of sediment for pond water quality are discussed in the following
section.

10.12.1 The role of sediments in pond ecology

From the standpoint of maintaining suitable water quality for catfish production, sediments are
most important as a sink for dissolved oxygen. Aerobic respiration of microbes and benthic
invertebrates living on or in the sediment removes oxygen from the overlying water. Most oxygen
is consumed by heterotrophic bacteria mediating the decomposition of organic matter, and some
is used in the chemical oxidation of reduced substances diffusing from deeper sediment layers to
the sediment-water interface. Sediment respiration in commercial catfish ponds (470 mg O2/m

2

per day) accounts for 20% of overall pond respiration (Steeby 2002). Sediment respiration rate
is directly related to dissolved oxygen concentration in the overlying water, particulate organic
matter concentration in the water column, and the concentration of organic matter in the surface
layer of sediment (Steeby 2002). In particular, dissolved oxygen concentration has a profound
effect on sediment respiration. During the growing season, dissolved oxygen concentration in
water near the sediment-water interface is chronically undersaturated and acts to suppress
sediment respiration.

Restricted sediment respiration has implications for organic matter dynamics in catfish ponds.
Over the long term (> 20 years), organic matter accumulation in catfish pond sediments is modest
and reaches an equilibrium in less than 5 years (Tucker 1985b; Steeby 2002). The organic carbon
concentration of catfish pond sediments is usually 1 to 3% (Boyd et al. 1994; Steeby 2002).
However, over a growing season, modest accumulations of organic matter have been measured.
For example, organic carbon concentration of catfish pond sediments increased from 0.90 to
1.45% in a 4-month culture period during the summer (Gross et al. 2000). Accumulation of
organic matter over the growing season can be explained by the restricted availability of dissolved
oxygen to fuel aerobic decomposition during the summer months. Organic matter does not
accumulate over the long term because organic matter that accumulates during the growing
season is decomposed during the winter months when fish are essentially held in inventory and
not fed. The availability of dissolved oxygen during the cool months increases despite water
temperatures that are not favorable for organic matter decomposition.

Sediments are a source of ammonia to the overlying water. Ammonia is produced by the
mineralization of organic matter on or in the sediment. In the absence of an oxidized sediment
surface layer, ammonia can diffuse freely into the overlying water. Ammonia concentration in the
porewater of anaerobic sediment is often an order of magnitude greater than that of the overlying
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water, so diffusion along the concentration gradient results in ammonia diffusion to the overlying
water. Ammonia diffusion was estimated to range from 25 to 150 mg N/m2 per day, depending
upon water temperature (Hargreaves 1997).

In the presence of an oxidized sediment surface layer, some ammonia is removed by oxidation
(nitrification) to nitrate, followed by diffusion of nitrate to the underlying anaerobic sediment
where it is denitrified and lost from the pond by gas ebullition. The rate of coupled nitrification-
denitrification is regulated by oxygen availability in the overlying water. The decomposition of
organic matter, combined with coupled nitrification-denitrification, represents the mechanism by
which waste nitrogen is removed from catfish ponds, thereby reducing the potential for water
quality degradation.

Sediments play a prominent role in the cycling and sequestration of phosphorus in catfish
ponds. Pond nutrient budgets indicate that adsorption by the sediment is the ultimate fate of about
80% of the phosphorus loaded to catfish ponds from feed (Gross et al. 1998). Thus, sediments
will accumulate phosphorus gradually over time. The phosphorus adsorption capacity (PAC) of
catfish pond soils is dependent on clay content. Most catfish ponds are deliberately constructed
in clay soils that retain water, so the PAC of pond soils is very high. In a pond with a 22-year
history offish production, the PAC of the sediment was only about half saturated (Masuda and
Boyd 1994a) and it was estimated that the PAC would be completely saturated in 40 to 50 years.
The large PAC of catfish pond sediments provides a mechanism for the continuous removal and
storage of phosphorus added in the form offish feeds. Most phosphorus in pond soil is strongly
adsorbed and is therefore unavailable to support phytoplankton growth.

In the moderately hard waters used to grow catfish in the Mississippi River alluvial valley,
inorganic phosphorus is removed from pond water by reactions with calcium as monocalcium
phosphate. In the sediment, monocalcium phosphate becomes progressively substituted with more
calcium and thereby less soluble over time. Also, adsorption reactions with colloidal aluminum
and iron oxides and oxyhydroxides, common minerals in acidic sediments, remove inorganic
phosphorus from water.

Thus, under aerobic conditions, sediments normally function as a sink for inorganic
phosphorus. However, under anaerobic conditions the sediment can be a source of inorganic
phosphorus. In aerobic sediments, substantial phosphorus is associated with amorphous ferric
oxyhydroxide gels or as phosphorus co-precipitated in coatings of ferric oxide surrounding silt
or clay particles. Under reducing conditions, insoluble ferric iron (Fe3+) is reduced to soluble
ferrous iron (Fe2+) and reducible iron-bound phosphorus becomes soluble. Decomposition of
organic matter at the sediment-water interface and respiration in the water column can reduce
dissolved oxygen concentration near the pond bottom, resulting in the loss of the oxidized barrier
to diffusion from the anaerobic sediment at the sediment-water interface. In the absence of an
oxidized barrier to diffusion, phosphorus can diffuse from sediment porewater into the overlying
water in response to a concentration gradient. When dissolved oxygen in water overlying catfish
pond soil declined from 3 to 1 mg/L, soluble reactive phosphorus concentration in the overlying
water increased (Masuda and Boyd 1994b).

10.12.2 Management of pond sediments

Commercial catfish ponds are typically managed with a multiple-batch cropping system where
fish are harvested and re-stocked without draining ponds for many years. During this long period
of continuous culture, sediment accumulation reduces average pond depth over time, which
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increases the proportion of total pond respiration that can be attributed to the sediment. Deep
sediments hinder fish harvest by decreasing the number offish captured and increasing the time
required to seine-harvest the pond. Most sediment is derived from erosion of pond embankments
and then redistributed by currents generated by wind and mechanical aeration. Although drying
sediment is desirable, it is difficult to accomplish in practice because water is held over from year
to year in the multiple-batch cropping system. Sediments are "managed" when ponds are drained
for renovation by reincorporating accumulated sediment from pond bottoms into pond
embankments, thereby restoring the original pond depth and bottom slope.

The pH of pond sediments can be managed by liming, a subject covered comprehensively
elsewhere (Boyd 1990). Liming improves the pH of pond soils by neutralizing exchange acidity.
Alkaline earth metals (i.e., Ca2+, Mg2+) replace acidic cations on soil colloids in exchange
reactions and bicarbonate neutralizes the acidity formed by the hydrolysis of acidic cations in
water. In general, water used for catfish farming in the Mississippi River alluvial valley and the
Blackland Prairie region has sufficient alkalinity such that liming is seldom necessary (also see
SectionlO.il).

Porewater nitrate can poise oxidation-reduction potential at a moderately reduced value.
Nitrate can serve as a terminal electron acceptor in the oxidation of organic matter and limit the
intensity of reducing conditions in the sediment such that the diffusion of potentially toxic
substances from the sediment is limited. Incorporation of sodium nitrate (Chilean saltpeter) into
pond bottom soils did not increase the rate of organic matter decomposition (Tepe and Boyd
2002).

Sediment respiration can be regulated by manipulating the dissolved oxygen concentration
in the overlying water with aeration and mixing devices. Increasing the oxygen concentration of
the overlying water in catfish ponds will increase sediment respiration and limit the accumulation
of organic matter. Conversely, limiting dissolved oxygen concentration in the water overlying the
sediment may "spare" oxygen for other respiratory demands, especially that of the fish standing
stock. However, limiting dissolved oxygen concentration in the overlying water may allow
organic matter to accumulate during the growing season. Maintaining sufficient dissolved oxygen
in the overlying water will maintain an oxidized sediment-water interface that will function as
a barrier to the diffusion of reduced substances to the overlying water.

10.13 NITROGEN IN CATFISH PONDS

The forms, concentrations, and transformations of nitrogen in catfish ponds are important for at
least three reasons. First, two forms of inorganic nitrogen—ammonia and nitrite—may
accumulate to concentrations that are potentially toxic to catfish. Accumulation of ammonia and
nitrite beyond the tolerance limits of channel catfish can have a negative impact on fish growth
and survival. Ammonia accumulates when the amount of nitrogen added to ponds in fish
metabolic waste or wasted feed (the nitrogen loading rate) exceeds the rate by which natural
processes remove or transform ammonia. Nitrite accumulates temporarily following episodes of
elevated ammonia concentration. Successful management of commercial catfish ponds requires
operation within loading limits that are defined, in part, by the capacity of the pond to assimilate
waste nitrogen. Second, dietary protein sources, such as fish meal and soybean meal, are the most
expensive components of formulated feeds for catfish. Thus, improvement in the efficiency of
nitrogen assimilation and utilization will improve the economics of catfish production.
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Finally, inorganic and organic nitrogen is discharged from catfish ponds as components of
effluents that may impact receiving waters. Most of the nitrogen discharged to the environment
from catfish ponds is associated with algal and detrital biomass. However, in a study of effluents
from catfish ponds in west Alabama, 25% of effluent samples exceeded EPA criteria for ammonia
(Schwartz and Boyd 1994).

10.13.1 Nitrogen budgets and transformations

The nitrogen cycle of catfish ponds does not differ appreciably from that of other shallow aquatic
systems insofar as transformations are dominated by biological processes. The main stocks of
nitrogen in catfish ponds include organic forms (primarily associated with phytoplankton) and
inorganic forms (ammonia, nitrite, nitrate, and gaseous dinitrogen).

Feeding rate and feed composition are the main driving forces of nitrogen dynamics in catfish
ponds. Nitrogen inputs to commercial catfish ponds are overwhelmingly dominated by application
of formulated feeds, which represents between 88 and 92% of nitrogen inputs to catfish ponds
(Boyd 1985; Gross et al. 2000). At a typical mid-summer feeding rate of 100 kg/ha (90
pounds/acre) per day of 32% protein feed, more than 500 mgN/m2 per day are added to food-fish
production ponds. Smaller and variable amounts of N are added from cyanobacterial fixation of
nitrogen gas, atmospheric deposition, and regulated additions of groundwater.

Harvested catfish remove 27% (Boyd 1985) to 31.5% (Gross et al. 2000) of the nitrogen
added in feed. Thus, approximately 70% of nitrogen added in feed is excreted to the pond
environment. Waste nitrogen derived from feeding can be partitioned into dissolved and
particulate fractions. Dissolved nitrogen is excreted as ammonia through the gills and particulate
nitrogen is excreted as fecal solids. Although a number of factors affect ammonia excretion rate,
using a feed-based estimate of ammonia excretion (30 g N/kg feed; Colt and Orwicz 1991),
approximately 300 mg N/m2 per day are excreted at a feeding rate of 100 kg/ha (90 pounds/acre)
per day. In a pond averaging 1.5 m deep, this equates to 0.2 mg/L of waste nitrogen added to the
pond each day.

Although excretion derived from feeding is the primary source of ammonia in catfish ponds,
ammonia diffusion from the sediment into the overlying water is another major contributor.
Ammonia diffusion from the sediment was estimated to range from 25 mg N/m2 per day during
winter (25% of total) to 150 mg N/m2 per day (33% of total) during summer (Hargreaves 1997).
Sediment ammonia is derived from the mineralization of organic matter at the sediment-water
interface or in the near-surface sediment layers. The mineralization of feed in catfish ponds was
estimated to average 59 mg N/m2 per day (Gross et al. 2000). Thus, fish excretion and sediment
diffusion represent the two primary sources of ammonia in catfish ponds.

There are two primary sinks for ammonia in catfish ponds: phytoplankton uptake and
nitrification. Phytoplankton uptake is a powerful mechanism for conversion of potentially toxic
ammonia to a relatively stable organic nitrogen. Nitrogen uptake by phytoplankton can be
estimated from rates of carbon fixation by phytoplankton (1 to 3 g C/m2 per day; Boyd 1990).
Assuming that phytoplankton uptake of nutrients is approximately proportional to the Redfield
ratio (molar C:N:P=106:16:l), nitrogen uptake ranges from about 150 to 450 mg N/m2 per day
in catfish ponds. As uptake and incorporation of ammonia into cellular amino acids is
energetically more favorable than that of nitrate, the estimated nitrogen uptake rate can be
assumed to be equivalent to the ammonia uptake rate by phytoplankton. Note that the rate of
phytoplankton uptake of ammonia is of similar magnitude to ammonia production rates by fish
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excretion and sediment diffusion. This implies that removal of ammonia by phytoplankton is
sufficient to maintain low ammonia concentrations (0.5 mg N/L) during the summer.

Ammonia is also removed through transformation (nitrification) by chemoautotrophic
bacteria. Nitrification rates are controlled by water temperature and ammonia concentration and
are maximum during spring and fall at intermediate levels of the two controlling variables
(Hargreaves 1997). During summer, nitrification rates are low despite favorable water
temperatures, because ammonia concentrations are low and phytoplankton is more competitive
than nitrifying bacteria for substrate. During winter, nitrification rates are low because water
temperatures are low, despite elevated ammonia concentrations. During spring and fall,
nitrification rates are maximum because water temperature and ammonia concentrations are
intermediate. Although few direct measurements of nitrification in catfish ponds have been made,
modeling suggests that nitrification ranges from 25 mg N/m2 per day during summer to 140 mg
N/m2 per day during spring (Hargreaves 1997). In a study of nitrogen flows in research ponds
stocked with channel catfish, nitrification averaged 70 mg N/m2 per day (Gross et al. 2000).

The waste treatment capacity of a pond is defined, in part, by the capacity of the pond to
eliminate excess nitrogen by several naturally occurring processes. First, ponds have a large
capacity to mineralize organic matter. Most organic matter consists of readily decomposed
detritus derived from phytoplankton and, to a lesser extent, fecal solids containing residues of
proteinaceous feed. Most organic matter is mineralized at the sediment-water interface and
ammonia is the main product of the catabolism of organic nitrogen. Nitrification at the sediment-
water interface is tightly coupled with denitrification. Nitrate produced from nitrification in the
thin, oxic sediment layer diffuses in response to a concentration gradient into the underlying
anaerobic sediment layer where denitrification takes place. Nitrogen produced by denitrification
in the anaerobic sediment is lost to the atmosphere by gas ebullition. Thus, catfish ponds have a
large capacity to remove nitrogen. The key to increasing the efficiency of nitrogen removal from
ponds is to provide sufficient oxygen at the sediment-water interface for mineralization and
nitrification reactions. The capacity for denitrification is very high because ponds have a large
volume of anaerobic sediment, but nitrification—a process that requires oxygen—is the rate-
limiting step for nitrogen removal.

Although denitrification accounts for a substantial fraction of the nitrogen eliminated from
catfish ponds, nitrogen can also be lost through the volatilization of gaseous ammonia. During
a diel cycle, gaseous (un-ionized) ammonia concentration varies as a function of pH and is
maximum when pH is maximum during late afternoon. The same physical processes that control
the diffusion of oxygen across the air-water interface will also affect the rate of ammonia
volatilization. Ammonia volatilization was calculated to account for the loss of 13 to 15% of
nitrogen inputs to catfish ponds (Gross et al. 1999,2000). Over the production period, ammonia
volatilization removed an average of 32 mg N/m2 per day (Gross et al. 1999).

Nitrite can accumulate in catfish ponds for short periods (3 to 6 weeks) following episodes
of elevated ammonia concentration. Nitrite is released as an intermediate product of nitrification
and denitrification. Nitrite accumulates because development of bacterial populations that oxidize
nitrite lag behind the development of bacterial populations that oxidize ammonia. Temporary
accumulation of nitrite can be explained in part by differences in free energy yield from ammonia
oxidation (AG = - 65 kcal/mole) compared to nitrite oxidation (AG =-18 kcal/mole). Thus, over
three times as much nitrite must be oxidized to support an equivalent microbial growth to that
derived from the oxidation of ammonia.
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10.13.2 Temporal dynamics of nitrogen in catfish ponds

Concentrations of organic and inorganic nitrogen vary over a range of temporal scales in catfish
ponds. Over an annual cycle, the concentration of total nitrogen (ammonia, nitrite, nitrate, and
dissolved and particulate organic nitrogen) varies over the fairly narrow range of 5 to 7 mg/L
(Tucker and van der Ploeg 1993). However, the ratio of dissolved inorganic nitrogen to total
nitrogen is maximum during winter (60 to 70%) and minimum during mid-summer (10 to 20%).
During summer, most nitrogen is present as organic nitrogen contained in phytoplankton or
detritus derived from phytoplankton. Despite high feeding rates during summer, ammonia
concentrations are low because phytoplankton are growing actively and thereby assimilating
ammonia. During the winter most nitrogen is present as ammonia because conditions are not
favorable for phytoplankton growth.

Phytoplankton standing crops normally fluctuate over an annual cycle, with greatest density
during mid-summer and lowest density during January and February. Superimposed on this long-
term average variation in phytoplankton abundance, short-term and occasionally extreme
fluctuations in biomass occur. Relatively rapid fluctuations in phytoplankton abundance are
typical of summertime phytoplankton communities because low phytoplankton species diversity
tends to result in unstable communities with periods of rapid growth interrupted by sudden
declines in biomass. During these episodic and drastic short-term biomass reductions (die-offs),
total ammonia concentration can increase to over 7 mg N/L (Boyd et al. 1975, 1978a; Tucker et
al. 1984). Ammonia concentration increases because the primary mechanism for ammonia
removal in catfish ponds is no longer present and rapid mineralization of newly settled and easily
decomposed phytoplankton increases ammonia production.

The most important temporal scale concerning the fluctuation of inorganic nitrogen is daily
variation in the concentration of un-ionized ammonia, which is potentially toxic to catfish. Total
ammonia in water can be partitioned between un-ionized ammonia (NH3) and ionized ammonium
(NH4

+). The relative proportion of each is dependent on pH, temperature, and salinity. In
hypertrophic catfish ponds, pH is the primary variable affecting the relative proportion of NH3

and pH can fluctuate widely over a diel time-scale in response to photosynthesis and respiration
(see Section 10.11). During the late afternoon, when pH is elevated, the proportion of total
ammonia as NH3 is maximum. Thus, catfish may experience transient exposure to potentially
toxic NH3 concentrations during the late afternoon. Total ammonia concentration may increase
slightly (by 0.2 mg N/L) during the evening from post-prandial ammonia excretion by catfish and
inactive photosynthesis that reduces phytoplankton uptake of ammonia (Balnath 1995).

In the fall in Mississippi, ammonia concentrations in most ponds will increase through
September, reaching a peak around mid-October, about 5 to 6 weeks after the last episode of
elevated feeding rates. Then, about 2 to 4 weeks later, nitrite concentrations will peak. A similar
lag in peak nitrite concentration following peak ammonia concentration is commonly observed
during acclimation of biofilters in recirculating aquaculture systems. Although described as a
general pattern, elevated ammonia or nitrite concentrations can occur with variable intensity
throughout the year, especially between March and September. Although concentrations of total
ammonia-nitrogen increase to 3 to 4 mg/L during the late fall, nitrite-nitrogen concentrations
typically are not greater than 0.25 mg/L (Tucker and Boyd 1985; Tucker and van der Ploeg 1993),
but may exceed 4 mg/L at times (Tucker 1996).

Over an annual cycle, nitrite concentrations are characterized by a bimodal pattern, indicating
two seasonal peaks in nitrification activity. Maximum nitrite concentrations in commercial catfish
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ponds occur during spring (March) and fall (September through November) (Tucker and Boyd
1985; Tucker and van der Ploeg 1993; Schwartz and Boyd 1994). A model of ammonia dynamics
in catfish ponds based on the data of Tucker and van der Ploeg(1993)also predicted two seasonal
peaks in nitrification activity in April and September (Hargreaves 1997). In that model,
nitrification rate was modeled as a function of ammonia concentration and water temperature.
Nitrification rate was maximum at intermediate values of those two variables. During summer,
nitrification rate is low despite favorable temperatures because ammonia concentration is low and
phytoplankton are more effective competitors for ammonia than nitrifying bacteria. During
winter, nitrification rate is low because low temperature minimizes microbial activity despite
elevated ammonia concentrations during late fall and winter.

The relative proportion of nitrification that occurs in the water column and at the sediment-
water interface is not known, although the density of nitrifying bacteria at the sediment-water
interface is several orders of magnitude greater than in the water column. The average
nitrification rate in the water column of catfish ponds was 70 mg N/m2 per day (Gross et al.
2000). A simulation model of ammonia dynamics in catfish ponds estimated nitrification rates
that ranged from 25 mg N/m2 per day during mid-summer to 100 to 150 mg N/m2 per day during
spring and fall (Hargreaves 1997).

Nitrification and denitrification are tightly coupled in aquatic sediments. Coupled
nitrification-denitrification rates in aquaculture ponds were estimated to range from 25 to 50 mg
N/m2 per day (Hargreaves 1998). An average denitrification rate of 38 mg N/m2 per day was
measured in catfish ponds (Gross et al. 2000).

10.13.3 Management of ammonia

Occasionally, ammonia may increase to concentrations that are cause for concern. Unfortunately,
practical options for management of ammonia are lacking. Although a number of treatments are
technically feasible, the practicality and cost associated with treating a large water volume
precludes their implementation. Withholding feed does not result in a decline of total ammonia
concentration until several days after feeding is stopped (Tidwell et al. 1994).

A preventive approach to minimize the risk of elevated ammonia concentration is likely the
best management method. This approach implies pond operation within the capacity to assimilate
nitrogenous waste (N loading rates of 200 to 400 mg/m2 per day during the growing season). This
can be accomplished by manipulation of stocking, feeding, and harvesting rates so as not to
exceed this waste assimilation capacity. Research defining the assimilation capacity of catfish
ponds for nitrogenous waste is lacking. Nonetheless, catfish producers have taken an empirical
approach to operation of ponds within the water quality tolerance limits of catfish by restricting
long-term average feeding rates during the growing season to 85 to 140 kg/ha (75 to 125
pounds/acre) per day. Elevated ammonia concentration, particularly during the late fall, can serve
as an indicator of the magnitude of elevated nitrite concentration that is likely to follow.
Management of nitrite is much more straightforward than ammonia management and is described
in the next section.

10.13.4 Management of nitrite

Similar to considerations associated with the control of ammonia, removal of nitrite from large-
volume ponds is not practical. The potential toxicity of nitrite is reduced by increasing the
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chloride concentration of pond water with applications of coarse common salt, NaCl (see Section
3.3.7). Active transport of nitrite from the environment to the catfish circulatory system by
chloride cells on the gill epithelium can be inhibited by competitive binding with chloride. At
environmental chloride:nitrite-nitrogen ratios of about 30:1 or greater, little nitrite will enter the
bloodstream of channel catfish even if nitrite levels are high. Catfish producers attempt to add
sufficient salt to maintain an environmental chloride concentration of 100 to 150 mg/L to provide
an ample margin of safety against nitrite toxicosis. In foodfish production ponds that are not
drained each year, treatment with salt is a long lasting investment because chloride is lost from
ponds only when water is lost in discharge during excessive rains. In the southeastern United
States, significant discharge occurs only in winter, and chloride concentrations may actually
increase over time in summer as evaporation concentrates salts in pond waters. Chloride
concentrations can be measured monthly over the winter, or after particularly large rainfall events,
and salt can be added to restore the desired level of chloride.

10.14 TURBIDITY

Turbidity is a general term used to describe the opacity of water. Turbidity is caused by suspended
matter and humic substances that obstruct the transmission of radiant energy in water. Suspended
matter that can cause turbidity includes organic (e.g., phytoplankton, detritus) or inorganic (e.g.,
mineral soil particles) solids. Phytoplankton is the main source of turbidity in most catfish
production ponds. Excessive non-algal turbidity can reduce gross primary productivity because
the availability of light for photosynthesis is restricted. In severe cases (rarely, if ever approached
in catfish ponds), suspended soil particles associated with turbidity can cause physical damage
to delicate gill tissue (Newcombe and MacDonald 1991).

Most commercial catfish ponds are embankment or levee ponds that are filled and the water
level maintained with groundwater. Turbidity in embankment ponds can be caused by erosion of
pond levees following construction or renovation or resuspension of sediment from wind-driven
water currents or operation of aeration equipment. In watershed ponds, sediment can enter ponds
with runoff from poorly vegetated watersheds or from streams used as a water supply source.

The relatively still, unmixed water in many aquaculture ponds favors sedimentation of solids,
and suspended solids seldom exceed 100 to 200 mg/L for more than a few days. Turbidity caused
by suspended soil particles will seldom have immediate direct effects on fish in ponds. In fact,
high levels of catfish production can be obtained in ponds that are perpetually turbid with
suspended soil particles. However, it usually is necessary to aerate such ponds because turbidity
restricts light penetration and little dissolved oxygen is produced by photosynthesis. Of course,
water currents from aeration tend to maintain soil particles in suspension and perpetuate the
turbidity problem. Turbidity also favors phytoplankton groups, such as cyanobacteria, with
competitive advantage in dimly lit waters. Thus, the incidence of off-flavor may be greater in
turbid ponds.

The chemistry of colloidal clay suspensions is not completely understood, primarily because
fairly complex physical and chemical processes are involved. Clay particles are extremely small,
some are even smaller than bacteria, and therefore will not settle readily, even in still water. The
small size of these particles means that they have an extremely high surface area relative to the
volume of the particle. This attribute of small particles means that physical phenomena related
to the interaction between clay surfaces and the charged components (ions) of water are
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important. A clay particle can be envisioned as a flat plate covered with a net negative electrical
charge. This creates an attractive force on cations in the water. Cations that are immediately
adjacent to the clay particle are said to be adsorbed, while others that are farther away are less
strongly attracted. Thus, in water, negatively-charged clay particles are surrounded by a swarm
of positively charged ions. These particles, surrounded by their ion swarms, repel each other when
they come close to each other. The stability of a colloidal clay suspension in pond water is
maintained by the cumulative effect of the repulsion of a huge number of small particles, which
prevents their aggregation into larger, heavier particles that would settle more readily. Taken
together then, the extremely small size of clay particles and the surface electrical charge explain
how particles remain in suspension.

Approaches to control clay turbidity take into account the chemistry of colloidal clay
suspensions. The main approach is to destabilize the colloidal clay suspension by adding
substances to water that facilitate the aggregation of particles into larger groups ("floes"). In
water, metal salts react with water to form a range of compounds depending on pH. For example,
when alum [A12(SO4)3

114H2O, a common coagulant] is added to water, a variety of mono- and
poly-nuclear hydroxoaluminum(III) complexes are formed. Representative complexes are
A1(OH)2+, a mononuclear complex, and A12(OH)2

2+, a polynuclear complex. These metal com-
plexes destabilize colloids by shrinking the thickness of the layer of positively charged ions
surrounding clay particles, which increases the attraction of one particle to another (coagulation).
Hydrolyzed metal complexes can also be adsorbed onto the surfaces of clay particles and create
bridges to other particles (flocculation). As these particles begin to settle, they encounter and
ensnare other particles and become progressively heavier. In these ways, individual particles can
form larger, heavier floes that will settle much more readily from suspension.

In general, the effectiveness of coagulants increases with the charge on the metal ion. Thus,
the sodium (Na+) in sodium chloride (NaCl) is not a very effective coagulant. The calcium (Ca2+)
in gypsum (CaSO4) or quicklime (Ca(OH)2) is more effective because it carries a +2 charge. The
aluminum (Al3+) in alum and the ferric-iron (Fe3+) in ferric sulfate are even more effective
because they carry a +3 charge. Recently, some companies have begun to manufacture various
synthetic "polyelectrolytes", which are large, long-chained molecules with even more charge than
the metal-salt coagulants listed here.

The effectiveness of four electrolytes was evaluated in soil-water suspensions using soils
representative of agricultural regions of the southeastern United States (Boyd 1979). Depending
on the degree of turbidity and the soil type, the effectiveness of turbidity control agents and the
dose required to precipitate clay turbidity can be ranked: alum (15 to 25 mg/L) > ferric sulfate (20
to 40 mg/L) > gypsum (100 to 300 mg/L) > hydrated lime (400 to 600 mg/L) (Boyd 1979; Wu
and Boyd 1990). The hydrolysis of alum produces hydrogen ions, reducing pH and destroying
alkalinity: each mg/L of alum destroys 0.5 mg/L of total alkalinity. There was no relationship
between the degree of turbidity and the alum requirement (Boyd 1979). The requirement for a
particular control agent depends more on the type of colloid than the colloid concentration.

Organic matter can reduce turbidity, but large quantities are required and so practical
application of the large quantities of organic matter that are required to achieve significant
turbidity control limit the implementation of this practice in commercial pond aquaculture.
Decomposition of the large quantities of organic matter necessary to effectively treat a catfish
pond create a large oxygen demand that increases the requirement for supplemental aeration.

Treatments for removing turbidity should be carried out only after the underlying cause of the
turbidity problem is corrected. As suggested by the list of turbidity sources indicated above, some
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of the root causes of clay turbidity in ponds can be addressed by preventive control measures.
Watershed protection and soil conservation practices should receive the highest priority for
attention. Shallow sediments of old ponds may be periodically resuspended by wind-driven waves
or by aerator currents. Corrective action includes renovation to remove sediments to restore
proper pond depth.
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11.1 INTRODUCTION

Extensive research has been conducted on the nutrition and feeding of catfish, and as a result their
nutrient requirements and feeding characteristics are well documented (NRC 1993; Robinson et
al. 2001). These data serve as a basis for formulation of efficient, economical diets and for the
development of feeding strategies that have been instrumental to the success of the catfish
industry. Today's catfish producer feeds a nutritionally complete diet that provides all known
nutrients at required levels and the energy necessary for their utilization in a form that is water
stable and that is readily digestible. It is essential to supply all nutrients in the diet because the
contribution of microbially synthesized nutrients in the intestine of catfish is minimal, and, except
perhaps for early life stages, the contribution of nutrients from natural food organisms in pond
waters is relatively small in comparison to total nutrient requirements. Although nutritional
requirements of catfish are well known, many factors affect specific nutrient requirements. These
include genetics, sex, feed intake, energy density of the diet, nutrient balance and nutrient
interaction in the diet, digestibility, presence of toxins in the diet, expected level of performance,
desired carcass composition, and environmental factors including substances dissolved in the
water.

The following sections will present the "state of the art" of catfish nutrition. Energy, nutrients,
digestion, and non-nutritive dietary components will be discussed. For a more detailed treatment
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of the topics presented, see Robinson (1989), NRC (1993), Lovell (1998), and Robinson et al.
(2001). In addition, almost any modern text on animal nutrition will be a valuable resource on
basic nutrition principles.

11.2 ENERGY

Quantitatively, energy is the most important component of the diet because feed intake in animals
that are fed ad libitum is largely regulated by dietary energy concentration. Thus, feeding stan-
dards for many animals are based on energy needs. Since catfish are not typically fed ad libitum,
feed intake may be more a function of feed allowance than dietary energy concentration except
when fish are fed to satiety. Although catfish feed intake may not be strictly regulated by the
dietary energy concentration, balance of dietary energy in relation to dietary nutrient content is
important when formulating catfish feeds. This is true primarily because a deficiency of non-
protein energy in the diet will result in the more expensive protein being utilized for energy. Also,
if dietary energy is excessively high, feed intake may decline resulting in a reduced intake of
essential nutrients or an excessively high dietary energy/nutrient ratio may lead to an undesirable
level of visceral or tissue fat (Lovell 1998; Robinson et al. 2001). Excessive deposition of body
fat may reduce dressed yield and shorten shelf life of frozen products.

One of the most notable differences in the nutrition offish as compared to farm animals is the
energy requirement. For example, less energy is required for protein synthesis in fish. The protein
gain (in grams) per megacalorie (Meal) of metabolizable energy (ME) consumed is 47 for catfish
(ME estimated), 23 for broiler chickens, 9 for swine, and 6 for beef cattle (Lovell 1989).
Maintenance energy requirements are lower for fish than for warm-blooded animals because fish
do not have to maintain a constant body temperature and expend less energy to maintain their
position in space. Losses of energy in urine and gill excretions are lower in fish because most
nitrogenous waste is excreted as ammonia instead of urea or uric acid. In addition, the increase
in energy cost associated with the assimilation of ingested food—heat increment—is less in fish.

11.2.1 Utilization and expression

Partitioning of energy by fish is presented in Fig. 11.1. It is obvious that there are certain
unavoidable losses of energy during the transformation of the intake energy (IE) in the form of
gross energy (GE), which is the amount of heat liberated on complete oxidation of a food, to a
form that can be used by the animal. Losses of energy occur in the feces, gills, urine, and as heat
which is produced primarily by digestion, metabolism, and by activities associated with
maintaining the body. The efficiency ratio of recovered energy (RE), energy that is retained in the
body, to digestible energy (DE), energy that remains after fecal losses, is 0.56 (Gatlin et al.
1986a). This is essentially the same as the RE/DE ratio of 0.54 reported for rainbow trout
Oncorhynchus mykiss (Cho and Kaushik 1990).

The energy content of the diet should be expressed in a form that represents that part of the
energy that is used by the fish. Gross energy is not a good indicator of useable energy because
certain compounds are less digestible than others. For example, starch and cellulose have similar
GE values but the starch DE value for catfish is 2.5 to 3.0 kcal/g and essentially zero for cellulose.
The measure of food energy that appears to be most appropriate for expressing energy in commer-
cial catfish diets is DE.



281

FIGURE 11.1. Partitioning of gross energy intake by fish. Source: NRC (1993).

Theoretically, it would seem desirable to use metabolizable energy (ME) or net energy (NE)
values instead of DE values to express dietary energy of catfish diets. However, in practice there
appears to be little advantage in using ME and NE values rather than DE values in formulating
commercial catfish feeds. This is because losses in digestion account for most of the
variation in losses of GE, and energy losses through the gills and urine by fish are smaller than
nonfecal losses in other animals. These losses do not vary among feedstuffs as much as fecal
losses. Regardless, ME and NE values have not been determined for catfish because of problems
inherent in determining these values for fish.
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11.2.2 Requirements

Absolute energy requirements for catfish are not known. Estimates have been made by measuring
weight gain or protein gain of catfish fed diets containing a known amount of energy. Energy
requirements reported for catfish, which have generally been expressed as a ratio of DE to crude
protein (DE/P), range from 7.4 to 12 kcal/g. These values are considerably lower than the DE/P
ratios of 16 to 25 kcal/g reported for swine and poultry (NRC 1988, 1994).

The maintenance requirement for energy for fingerling catfish determined using chemically
defined diets has been reported to be from 15 to 17.3 kcal energy/kg body weight (BW) per day
(Gatlin et al. 1986a). The maintenance energy requirements reported for catfish are similar to the
maintenance requirement of 15 kcal/kg B W per day reported for rainbow trout (Cho and Kaushik
1990). Gatlin et al. (1986a) also showed that about 1 g protein/kg BW per day and 17 kcal
energy/kg BW per day was required to maintain catfish tissues at a constant level of protein and
energy. Mangalik (1986) estimated the energy requirements of various sizes of catfish that were
fed to satiety using diets containing various DE/P ratios. Based on protein deposition, Mangalik
(1986) showed that there was little difference in DE/P ratios required for maximum protein gain
for various sizes of fish.

Based on current knowledge, a DE level of 9 to 10 kcal/g crude protein is adequate for use
in commercial catfish feeds. Increasing the DE of catfish diets above this range may increase fat
deposition, and if the energy value is too low the fish will grow slowly.

11.2.3 Sources

Catfish, as other fish, can utilize amino acids, lipids, and carbohydrates for energy. Lipids and
amino acids are more readily utilized than are carbohydrates. However, catfish and certain other
warmwater fish utilize carbohydrates more efficiently than do coldwater fish such as rainbow
trout. Catfish digest about 65% of uncooked starch (Cruz 1975) whereas rainbow trout digest less
than 50% of uncooked starch (Cho and Slinger 1979). Cooking increases digestibility of corn
starch. Corn processed by extrusion is 38% more digestible by catfish than corn processed using
a pellet mill (Wilson and Poe 1985).

Although lipids and amino acids are more highly digestible by catfish than are carbohydrates,
the major source of energy in commercial catfish diets is carbohydrates contained in grains and
grain milling by-products. Carbohydrates, which are the least expensive source of energy, are
used to spare protein for growth. Lipids, which are the most concentrated and most highly
digestible of energy sources that can be used in catfish feeds, are used sparingly because of
several negative aspects of using high levels in catfish diets. This is discussed in Section 11.3.2.
The DE values for protein, lipids, and carbohydrates for catfish are given in Table 11.5 in Section
11.4.3.

11.3 NUTRIENTS

11.3.1 Carbohydrates

Carbohydrates are a group of compounds composed of carbon, hydrogen, and oxygen that include
sugars, starches, cellulose, gums, and other closely related substances. They are among the most
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abundant organic compounds found in nature. Carbohydrates form the structure of plants and are
the primary form of energy stored in seeds, roots, and tubers. Plants utilize solar energy to
synthesize carbohydrates from carbon dioxide and water through photosynthesis, a process
essential to all life because it provides energy and oxygen for life processes. Animal tissues also
contain small amounts of carbohydrates, which are stored mainly as glucose in the blood and
glycogen in the liver and muscle tissues. Animal blood contains about 0.05% to 0.1 % circulating
glucose which is used for energy and is replenished from stores of glycogen in the liver, which
generally represents about 3% to 7% of the liver weight in most animals.

Classification

Based on the number of simple sugar units in the molecule, carbohydrates are typically classified
as monosaccharides (one sugar unit), such as 6-carbon sugars, glucose, fructose and galactose,
and 5-carbon-sugars, ribose; disaccharides (two sugar units), such as sucrose, maltose and lactose;
trisaccharides (three sugar units), such as raffinose; polysaccharides (more than 10 sugar units),
such as starch, dextrin, glycogen, and cellulose. Carbohydrates containing 3 to 10 sugar units are
referred to as oligosaccharides.

Functions

Carbohydrates have several functions in animals. They serve as an energy source, tissue
constituents, such as blood glucose, liver glycogen and nucleotides, and precursors of certain
metabolic intermediates. However, they are not an essential component in the diet for normal
growth and functions of an animal becauses animals are capable of synthesizing carbohydrates
from lipid and protein.

Utilization

Ability to utilize dietary carbohydrates as an energy source differs among fish species. Freshwater
and warmwater fish including catfish can utilize much higher levels of dietary carbohydrates
(digestible) than coldwater or marine fish. This is probably because warmwater fish have much
higher intestinal amylase activity. Enzymes for digestion and metabolism of carbohydrates have
been detected in several fish species. However, hormonal and metabolic control of carbohydrate
metabolism in fish remains unclear and may differ from that of mammals. In vitro studies have
shown that insulin release in catfish islets responds to glucose in a manner similar to mammals,
but responds to only a few of the common stimuli that cause the release of insulin in mammals
(Ronner and Scarpa 1987).

The polysaccharides dextrin and starch are well utilized by catfish. However, use of mono-
and disaccharides by catfish is not as efficient. Oral administration of glucose and maltose results
in a persistent hyperglycemia, an indication of diabetes. However, circulating insulin levels in fish
are similar or higher than those observed in mammals (Mommsen and Plisetskaya 1991). The
relative intolerance offish to large doses of glucose despite the high levels of circulating insulin
has been suggested to resemble non-insulin-dependent rather than insulin-dependent diabetic
conditions (Hertz et al. 1989). Studies using radioisotopes reveal that catfish metabolize glucose
in a manner similar to mammals, but at a much slower rate (Saad 1989). Catfish apparently do
not have enzyme or endocrine systems capable of rapid glucose metabolism.
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Requirements

Although animals do not have a dietary carbohydrate requirement, catfish feeds should contain
adequate amounts of grain or grain by-products which are rich in starch, because starch not only
provides the least expensive energy but also aids in feed manufacture by helping to bind the feed
ingredients together to improve stability in the water and by increasing expansion for the extruded
feed to float in the water. A typical catfish feed contains 25% or more soluble (digestible)
carbohydrates. An additional 3 to 6% of carbohydrates is generally present as crude fiber (mainly
cellulose), which is considered to be indigestible by catfish. Fiber is undesirable in fish feeds
because indigestible materials may "pollute" the water. However, there is always some fiber
inherent in practical feed ingredients.

11.3.2 Lipids

Lipids (fats and oils) are a group of organic compounds that serves important physiological and
biochemical functions in animals. Lipids form an important source of energy for animals,
especially fish, because they are highly digestible and most fish have limited ability to derive
substantial amounts of energy from carbohydrates. Catfish can, however, metabolize carbo-
hydrates such as starch reasonably well for a source of energy. Most catfish feed formulations
contain sufficient DE to meet energy requirements without the addition of fat. However, 1 to 2%
fat is usually sprayed on the surface of the pellets to increase feed palatability and to reduce
dustiness.

Classification

Lipids can be classified into three major groups including simple, compound, and derived lipids.
Simple lipids are esters of fatty acids with various alcohols. These lipids include fats, oils, and
waxes. Triglycerides, esters of three fatty acid molecules with one glycerol molecule, account for
more than 90% of the fat in animals. Compound lipids are esters of fatty acids with alcohols
esterified with other compounds. Phospholipids, glycolipids, and lipoprotein are compound lipids.
Derived lipids result from hydrolysis or enzymatic breakdown of simple and compound lipids.
These lipids include fatty acids, glycerol, and other alcohols. Sterols are a group of important
lipids including cholesterol, bile acids, sex hormones, vitamin D, and cortisol. Hydrocarbons—
compounds of hydrogen and carbon only—are also lipids. Vitamin A and P-carotene are hydro-
carbons. Other fat-soluble vitamins (E and K) are also considered to be lipids, because of the
requirement of dietary fats in the absorption and metabolism of these vitamins.

Fatty acids, hydrocarbons with an organic acid group (-COOH), are key components of lipids.
Fatty acids are either saturated (all carbons in the chain are connected with a single bond) or
unsaturated (one or more carbon pairs in the chain are connected with double bonds). Fatty acids
containing two or more double bonds are known as polyunsaturated fatty acids (PUFAs). Highly
unsaturated fatty acids (HUFAs) are fatty acids with a minimum of 20 carbons and four double
bonds. Fatty acids are designated by the use of three numbers: the number of carbons, the number
of double bonds, and the position of the first double bond relative to the terminal methyl group.
For example, 18:3 n-3 (linolenic acid) has 18 carbons, three double bonds, and the first double
bond is at the number 3 carbon. The n-3 and n-6 fatty acids are important fatty acids in fish
nutrition, which will be discussed in detail in the section "Essential fatty acids and requirements."
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Functions

The key roles of lipids in the nutrition of catfish include: 1) sources of energy for metabolic
processes, 2) carriers of fat-soluble vitamins, 3) provision of essential fatty acids for cell
membrane components and production of eicosanoid compounds, and 4) furnishing precursors
for biosynthesis of steroidal hormones.

Lipid requirements

Catfish do not have a requirement for total lipid in the diet, but rather require certain amounts of
essential fatty acids. Catfish can tolerate relatively high levels of dietary lipids. Dietary lipid
levels up to 16% do not appear to affect growth or feed efficiency of catfish. Generally, however,
as dietary lipid increases so does lipid deposition in the body, which can result in a reduction in
processing yield. Excessive lipid deposition in edible tissues reduces storage life of frozen catfish
products and is undesirable to consumers. Also, feeds high in supplemental lipids are often
difficult to pellet. Total lipid levels in commercial catfish feeds used for growing advanced
fingerlings to a marketable size typically do not exceed 6%. Approximately 3 to 4% lipid in the
diet is inherent in feed ingredients with the remaining 1 to 2% being sprayed on the finished feeds
to reduce feed dust.

Essential fatty acids and requirements

Catfish, like all other animals, have a dietary requirement for certain fatty acids in order to
achieve optimum growth and health. These are usually referred to as essential fatty acids (EFAs)
since they cannot be synthesized by animals de novo and must be provided in the diet. The EFA
requirements of animals are met with either n-3 or n-6 fatty acids. Generally, land animals (birds
and mammals) require the n-6 fatty acid, linoleic acid (18:2 n-6), while fish generally require the
n-3 fatty acid, linolenic acid (18:3 n-3) for optimal growth. One exception is that tilapia appear
to require n-6 fatty acids. Another important consideration is the metabolic capability of various
species of fish to convert linoleic acid and linolenic acid through chain elongation and
desaturation to 20- or 22-carbon HUFAs. It is from linoleic and linolenic acids that arachidonic
acid (20:4 n-6) and eicosapentaenoic acid (20:5 n-3) arise, respectively. These two HUFAs are
converted to the bioactive eicosanoid compounds prostaglandins, leukotrienes, and throm-
boxanes. Salmonids appear to have limited capability to carry out the conversion to form HUFAs,
and HUFAs must therefore be supplied in the diet. Catfish can, however, convert dietary linolenic
acid to eicosapentaenoic acid with efficiency sufficient to meet metabolic demands.

On a practical basis, EFA requirements of catfish can be met by using specific ingredients
containing triglycerides that incorporate the EFAs in their chemical composition. For instance,
menhaden fish meal contains about 9% oil, which is a rich source of n-3 fatty acids eicosa-
pentaenoic acid and docosahexaenoic acid (22:6 n-3) and, therefore, could be used to meet the
fatty acid requirements of catfish. Corn, a main grain component of catfish feeds, contains oil,
which is comprised predominately of the n-6 fatty acid linoleic acid. Thus, corn oil could not be
used to meet the EFA requirements of catfish for optimum growth. Animal fats such as beef
tallow and pork fat contain triglycerides that have oleic acid (18:1 n-9) as their main fatty acid
constituent. Catfish oil, a by-product of the catfish processing industry, also contains a significant
amount of oleic acid, in addition to much smaller amounts of n-3 fatty acids.
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An early study on fatty acid requirements of catfish conducted in the laboratory indicated that
catfish could not efficiently utilize linolenic acid (n-3) from 10% linseed oil, while animal lipid
sources such as 10% beef tallow (low n-3, high n-9) or 10% menhaden oil (n-3 HUFAs) improved
catfish growth (Stickney and Andrews 1972). Subsequent research demonstrated conclusively that
catfish have a requirement for n-3 fatty acids supplied from either linolenic acid, linseed oil, or
n-3 HUFAs derived from cod liver oil or methyl esters of HUFAs, supplemented to a chemically
defined diet. The n-3 EFA requirements could be fulfilled by either 1 to 2 % linolenic acid or 0.5
to 0.75% n-3 HUFAs (Satoh et al. 1989). The study also demonstrated that growth of catfish was
depressed when fed 4% linolenic acid or 1.25% n-3 HUFAs. This finding has been suggested as
an explanation for the results of the earlier study indicating that catfish could not efficiently
utilize linolenate from linseed oil. Both studies found evidence that dietary linolenic acid was
converted to eicosapentaenoic acid and docosahexaenoic acid in the liver. Another aquarium
study conducted with catfish using a practical diet containing 4% menhaden fish meal indicated
no growth difference as a result of supplementing the diet with 2% catfish oil, beef tallow, or
menhaden oil (Li et al. 1994a). This study substantiated that dietary linoleic and linolenic acids
are converted to n-3 and n-6 HUFAs in the liver of catfish.

Based on these aquaria studies, it appears that when chemically defined diets are fed, a sup-
plemental source of n-3 fatty acids supplied from linolenic acid, n-3 HUFAs, or marine fish oil
is required for adequate growth and development of juvenile catfish. On the other hand, when
practical diets containing marine fish meal are used, lipid sources containing n-3 or n-6 fatty acids
are equivalent in promoting normal growth and development of catfish.

Catfish raised from advanced fingerlings to a marketable size in earthen ponds do not appear
to require supplemental lipid rich in n-3 fatty acids, such as marine fish oil. Pond-raised catfish
fed a diet without marine fish meal or oil grow at the same rate as fish fed a diet containing 8%
menhaden meal (Robinson 1992a). The pond environment undoubtedly provides greater diversity
in the sources of lipids available to catfish than those provided solely by the diet. Catfish probably
derive a small portion of their food intake from natural organisms such as zooplankton and
crustaceans, which have been shown to contain substantial quantities of n-3 fatty acids. These
organisms are also a good source of n-6 fatty acids and it has been suggested that, although catfish
require n-3 fatty acids for optimum growth, limited amounts of n-6 fatty acids should be also
provided to maintain adequate immune response.

Reigh and Ellis (2000) evaluated three different lipid sources as supplemental lipid in diets
for pond-raised catfish. A practical 32% crude protein diet composed of corn, soybean meal, and
8% menhaden fish meal was fed to fmgerling catfish for 20 months. The feed was supplemented
with either 2 or 4% of catfish oil, menhaden oil, or beef tallow by spray application. Results
indicate that there was no effect of type or level of lipid source on weights of marketable catfish
or total fish production. Visceral fat and dressed carcass yield were not affected by lipid source.

It has been observed among fish and other animals that immune response is influenced by the
type of dietary lipid. Dietary lipids containing predominately fatty acids of the n-6 family
generally provide a better immune response than those that are predominately of the n-3 family.
Several studies with catfish have substantiated this observation. The reason suggested for this
difference in immune response is that leukotrienes produced by the n-6 family of fatty acids are
more effective in enhancing chemotactic activity than leukotrienes derived from the n-3 family.

Feeding juvenile catfish a chemically defined diet supplemented with linseed oil or menhaden
oil (n-3) resulted in lower survival rates after challenge with Edwardsiella ictaluri than feeding
a diet supplemented with beef tallow (n-9) or corn oil (n-6) (Fracalossi and Lovell 1994). In
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another study, higher mortality was observed for fmgerling catfish challenged with E. ictaluri
after being fed a diet supplemented with 2% menhaden oil in a practical diet containing 4% fish
meal than for catfish fed a diet supplemented with catfish oil (n-9) (Li et al. 1994a). In the pond
study described previously (Reigh and Ellis 2000), differences in mortality were not observed
among catfish fed diets containing 8% menhaden fish meal supplemented with catfish oil,
menhaden oil, or beef tallow. However, the cause of mortalities was not reported.

Effect of fatty acids on human health

There has been considerable interest in the past several years in the health benefits of consuming
foods that have high n-3 HUFA levels. The n-3 HUFAs may be beneficial in lowering cholesterol
levels and reducing the incidence of coronary diseases in humans. Foods having this attribute are
usually labeled "omega-3" foods and may command a higher price in the market place. An
example of this type of food is n-3 fatty acid-fortified eggs that have been marketed for the past
several years. It has been reported that the n-3 fatty acid content of catfish fillets can be increased
by feeding high levels of marine fish oil (Mohamed 1989). Catfish fed diets containing 2,4, and
6% menhaden oil had n-3 fatty acid levels of 38, 56, and 67% of wild caught salmon. However,
fillets of fish consuming diets with added fish oil had an undesirable fishy flavor. Possibly,
improvement can be achieved by using fish oils that have high n-3 HUFAs, but do not impart a
fishy flavor to the flesh of catfish. A study is underway to evaluate the use of low-odor menhaden
oil to increase the n-3 HUFAs in catfish.

Recent studies conducted both in aquaria and ponds have demonstrated the feasibility of
feeding practical catfish diets supplemented with 2 to 4% highly refined menhaden fish oil to
increase the levels of n-3 HUFAs in channel catfish fillets (Manning et al. 2002). One pond study
showed that feeding an extruded, floating catfish diet with 2.5% sprayed-on, refined menhaden
oil substantially improved the level of n-3 HUFAs in the fillets. After feeding the menhaden oil
diet for 142 days, fatty acid analysis by gas chromatography showed that fillet n-3 HUFAs were
increased to 10.2% of total fat compared to 3.4% for fillets from catfish fed a 2.5% catfish offal
oil diet. Sensory panel evaluation of the n-3 HUFA enriched fillets indicated that the fillets
conformed to acceptable taste standards for catfish fillets with no and very minimum fishy taste
(Manning et al. 2003a).

Another development in this area has been the use of foods enriched with conjugated linoleic
acid (CLA). Conjugated linoleic acid is a mixture of geometric and positional cis, trans isomers
of linoleic acid (18:2 n-6) that are usually found in foods of ruminant animal origin—such as
milk, cheese, lamb, and beef. These compounds, particularly, the cis-9, trans-\ 1 isomer and the
trans-10, cis-\2 isomer have been shown to have biological activity in humans. Among the
benefits of consuming foods that contain CLA are improvement in body composition, mainly a
reduction in the ratio of fat to lean tissue. So far, this benefit has been demonstrated in the
laboratory with mice, rats, and pigs, but limited studies with humans indicate beneficial results
as well. Additional health benefits that could be derived from the consumption of foods
containing CLA include anticarcinogenic activity, antidiabetic properties, improved cardio-
vascular health through inhibition of atherosclerosis, and enhancement of immune function
(Kapoor et al. 2003). Many of these benefits have been described for laboratory animals, but some
also have been demonstrated in humans.

There has been interest in the enrichment of fish with CLA to provide humans with the
opportunity to improve their health status. One study that was conducted in aquaria at the
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National Warmwater Aquaculture Center in Mississippi showed that CLA content of catfish
fillets could be increased substantially. In that study, catfish were fed a practical diet containing
graded levels of a CLA supplement derived from the isomerization of linoleic acid from safflower
oil. After 6 weeks, catfish fed the 1% CLA diet produced fillets that contained 6.7% CLA as a
percent of total fat (Manning et al. 2003a). For comparative purposes, cows that were managed
to produce high-CLA milk produced milk that contained about 1.1% CLA (Hinners 1999).

There is continued interest in foods rich in these and similar nutraceuticals. In many cases,
the foods will be produced as they were in the examples described above by manipulation of diets
for fish. Catfish seem to provide a convenient means to accomplish this objective because, as in
the case of these fatty acids, they readily absorb lipids from the diet and deposit them unaltered
as a component of normal fat deposition.

11.3.3 Proteins and amino acids

Proteins are a group of large and complex compounds that contain carbon, hydrogen, oxygen, and
nitrogen, and most contain sulfur. The basic structure of protein is amino acids that are linked by
peptide bonds. Various combinations and sequential arrangements of amino acids occur in
different proteins and thus provide for a wide diversity of functions, such as 1) formation of new
tissues (growth and wound healing), 2) tissue maintenance (renewing of cells), 3) as regulatory
substances (enzymes, certain hormones, and plasma globulins), or 4) as an energy source.

Classification

Based on shape, protein can be classified into two broad categories: globular (spherical molecule)
or fibrous (elongated molecule). Globular proteins include most plant proteins, enzymes, certain
hormones, and various components of the serum fraction of the blood. Fibrous proteins are found
primarily as structural and protective proteins of muscle tissues (myosin), connective tissues
(collagen in bone matrix, skin, scar tissues, fins, gill operculum, and blood vessels) or elastic
tissues (elastin in arteries and tendons). Collagen and elastin are less digestible to animals than
muscle protein. In catfish, protein accounts for about 65 to 80% of the dry weight of organ and
muscle tissues.

Most proteins are composed of 20 amino acids, compounds with both an amino group (-NH2)
and a carboxyl group (-COOH) at the a carbon atom. Amino acids are generally classified as
indispensable (essential) or dispensable (nonessential) amino acids. An indispensable amino acid
is one that the animal cannot synthesize or cannot synthesize in quantities sufficient for its needs.
A dispensable amino acid is one that can be synthesized by the animal in quantities sufficient for
maximum growth.

Protein requirement

Like other animals, catfish do not have an absolute protein requirement, but rather have a
requirement for indispensable amino acids and a certain amount of nonspecific nitrogen for
normal growth. However, dietary protein requirements for catfish have been determined in
various studies, and range from 24 to 55% (NRC 1993). The wide variation in protein require-
ments for catfish is not surprising because of the different conditions under which the studies
were conducted and the fact that several factors affect the dietary protein requirement.
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Fish of different size and life stages require different levels of dietary protein for maximum
growth. Catfish fry raised from swim-up to about 2 to 3 weeks of age require about 55% protein
in the diet for normal growth (Winfree and Stickney 1984). Catfish fmgerlings raised from about
4 to 10 inches (10 to 25 cm) in length require 35% dietary protein for maximum growth, while
a diet containing 25% protein is adequate for fish grown from 100 to 500 g (ca. 0.25 to 1.1 pound)
(Page and Andrews 1973).

Digestible energy of the diet influences the dietary protein requirement. It has been
demonstrated that small catfish grow as well on a 27% protein diet as on a 3 8% protein diet when
the energy level in the diet is low, but when the energy level increases, feed consumption
decreases and the low protein diet does not support maximum growth (Mangalik 1986).

Feeding rate may have a profound effect on the dietary protein requirement. Minton (1978)
reported that weight gain of pond-raised catfish was not different when the fish were fed to
satiation with 30% and 36% protein diets, but feeding at approximately 75% of satiation the fish
fed the 36% protein diet gained more weight. Similarly, Li and Lovell (1992) reported that a
dietary protein concentration of 26% was adequate for optimum weight gain when fish were fed
as much as they would consume, whereas a minimum dietary protein level of 32% was necessary
for optimum growth when fish were fed at a predetermined maximum level of 60 kg/ha (55
pounds/acre) per day. The reason for the interaction between dietary protein level and feeding rate
may be that the protein requirement for maintenance accounts for a higher proportion of the total
protein requirement in fish fed a low protein diet compared to a higher protein diet when fish are
underfed. However, at moderate feed restriction (not below 90 kg/ha [80 pounds/acre] per day)
a 28% protein diet resulted in weight gain equivalent to a 32% protein diet (Robinson and Li
1999).

Dietary protein requirements for catfish are also influenced by the presence of natural food
organisms in pond water. Natural food organisms are abundant in catfish ponds; however, their
contribution to growth of food-fish stocked intensively is relatively small. It has been estimated
that only 2.5% of the protein requirement and 0.8% of the energy needed for catfish grown at a
moderate density in ponds were obtained from natural foods (Wiang 1977). However, there are
indications that natural foods are significant sources of micro-nutrients, such as vitamins,
minerals, and essential fatty acids (Robinson et al. 1998).

Different strains in various animals may have different protein requirements. However, based
on research conducted at our research facilities thus far, there are no interactions between dietary
protein concentration and catfish strain, suggesting that different catfish strains, at least those that
have been studied, have a similar dietary protein requirement.

Based on studies conducted in ponds, the minimum dietary protein concentration for
maximum growth of catfish raised from advanced fmgerlings to marketable size appears to be
about 24% if the fish are fed to satiation. However, the minimum dietary protein concentration
for optimum growth, processing yield, and body composition appears to be about 28%. A 24%
to 26% protein diet apparently supports maximum growth of pond-raised catfish fed to satiation,
but tends to increase body fattiness as compared to diets containing 28% or 32% protein, mainly
due to the higher DE/P ratio in the low protein diet.

Amino acid requirements

Catfish, like most simple-stomached animals, require the same ten indispensable amino acids
(Table 11.1). Cystine and tyrosine can be synthesized from methionine and phenylalanine,
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TABLE 11.1. Amino acid requirements of catfish (NRC 1993). Requirements are expressed as percent of
dietary protein.

Amino Acid
Arginine
Histidine
Isoleucine
Leucine
Lysine

Requirement
4.3
1.5
2.6
3.5
5.1

Amino Acid
Methionine + cystine
Phenylalanine + tyrosine
Threonine
Tryptophan
Valine

Requirement
2.3
5.0
2.0
0.5
3.0

respectively, and their presence in the diet can reduce dietary requirements for methionine and
phenylalanine, respectively. Cystine can replace about 60% of the methionine requirement and
tyrosine can replace about 50% phenylalanine requirement for catfish (NRC 1993).

Amino acid requirements may be expressed as the amount of the amino acid needed per
animal per day, as a percentage of the diet, or as a percentage of dietary protein. The most precise
method might be to express amino acid requirements as the amount needed per animal per day,
but this is very difficult to estimate in growing animals and there is a lack of information to
accurately express amino acid requirements for fish in this manner. Perhaps the most practical
way to express amino acid requirements is as a percentage of dietary protein because a constant
relationship exists between amino acids and dietary protein.

Amino acid requirements may be met by feeding an excess of protein, supplementing
deficient proteins with crystalline amino acids, or feeding a mixture of complementary proteins.
Feeding a mixture of complementary proteins appears to be the most economical choice. To mix
proteins effectively to meet the amino acid requirements of fish, one needs to know the amino
acid composition of the feed ingredients and the biological availability of amino acids from each
ingredient. Amino acid composition data for commonly used feedstuffs are generally available
in nutrient composition tables. Amino acid availability data for several commonly used feedstuffs
in catfish diets are also known (Wilson and Robinson 1982). Lysine is generally considered to
be the first limiting amino acid for catfish. If feeds are formulated to meet a minimum lysine
requirement, the requirements for all other amino acids are met or exceeded if traditional feed
ingredients are used. Lysine will likely be the only supplemental amino acid needed in
commercial catfish feeds.

Utilization of crystalline amino acids

As mentioned above, crystalline amino acids may be used to improve the quality of inferior
protein sources. Early studies with common carp Cyprinus carpio have shown that supplemental
crystalline amino acids improved the quality of inferior protein sources if the fish were fed several
times daily. Amino acids from the crystalline amino acid test diets appear to be absorbed more
rapidly from the intestine of common carp than the amino acids from a casein diet. Zarate and
Lovell (1997) demonstrated that bioavailability of crystalline lysine to catfish was 57 to 68% of
that for intact lysine in soybean meal. Zarate et al. (1999) collected ingesta from the stomach of
catfish fed a diet containing chromic oxide and found that the ratio of lysine to chromic oxide in
the ingesta from fish fed the crystalline lysine-supplemented diet decreased with time whereas
no change occurred in this ratio in fish fed a diet containing the protein-bound lysine. The authors
suggested that, because there is no amino acid absorption from the stomach, crystalline lysine
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apparently passed out of the stomach of catfish earlier than protein-bound lysine; thus, the
crystalline lysine would be absorbed from the intestine before the protein-bound lysine was
available for absorption. However, when a lysine-deficient diet was supplemented with crystalline
lysine to bring the available lysine level (assuming the crystalline lysine was 100% available) to
5% of the protein, a similar growth rate was achieved as compared to a lysine-adequate diet
without supplemental lysine when catfish were fed once or twice daily (Robinson et al. 1980).
This indicates that supplemental crystalline lysine is well utilized by catfish. Zarate et al. (1999)
found no differences in utilization of crystalline lysine by catfish fed two and five times daily.
Unlike common carp, feeding frequency apparently has little effect on lysine utilization in catfish.

11.3.4 Vitamins

Vitamins are a group of organic substances that are required in small quantities in the diet for
growth, health, reproduction, and maintenance in one or more animal species because they either
cannot be synthesized at all or in adequate quantities in the body. Each vitamin performs a
specific function in an animal's metabolic process. Although some vitamins have similar
functions, one cannot replace or act for another. Some vitamins may be synthesized in the body
in quantities sufficient to meet metabolic needs and thus are not required in the diet. For example,
ascorbic acid is synthesized by most animals, but certain species, such as humans and most fish,
lack the ability to synthesize the vitamin. Animals exposed to sunlight can synthesize vitamin D
in the skin. Some of the vitamin can be synthesized by microorganisms found in the digestive
tract. This source is especially important in ruminant animals. Vitamin B-12 can be synthesized
by intestinal microorganisms in catfish when an adequate dietary source of cobalt is available.

Deficiency

Vitamin deficiency signs (Table 11.2) can be induced in catfish fed chemically defined diets
deficient in a particular vitamin under laboratory conditions. The common vitamin deficiency
signs are anorexia, reduced growth, and increased mortality. However, vitamin deficiencies rarely
occur in wild fish populations because fish growth in the wild is relatively slow and natural foods
contain adequate amounts of all vitamins to meet the needs of the fish. Although cultured catfish
grow rapidly, vitamin deficiencies are uncommon because commercial feeds contain a vitamin
supplement that is generally more than adequate to meet the fish's needs.

Requirement

Vitamin requirements for catfish (Table 11.2) have generally been determined for juvenile fish
fed chemically defined diets under controlled laboratory conditions. Requirements determined
for young fish are considered to be adequate to meet the needs of larger fish. Commercial catfish
feeds are generally supplemented with a vitamin premix that contains all essential vitamins in
sufficient quantities to meet the requirement, including losses due to feed processing. The
vitamins present in the feed ingredients and natural food organisms in the pond water have
usually not been considered due to the lack of information on vitamin bioavailability of these
sources. New data have indicated that some vitamins inherent in feed ingredients make a
significant contribution to the vitamin nutrition of pond-raised catfish (Ng et al. 1998; Zhang and
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TABLE 11.2. Vitamin deficiency signs and minimum dietary levels required to prevent signs of deficiency in
catfish. Requirements and deficiency signs are based on Robinson (1989) and NRC (1993) with new
information added. Anorexia, reduced weight gain, and mortality are not listed as deficiency signs since they
are common vitamin deficiency signs.

Wilson 1999). There is a sizable body of evidence that supplementation of some vitamins may
be reduced or eliminated in diets for pond-raised catfish (Robinson et al. 1998).

Classification

Vitamins are classified as fat-soluble and water-soluble. Fat-soluble vitamins include vitamins
A, D, E, and K, and water-soluble vitamins consist of biotin, choline, folic acid (folacin), inositol,
niacin (nicotinic acid and nicotinamide), pantothenic acid, riboflavin (vitamin B-2), thiamin
(vitamin B-l), vitamin B-6 (pyridoxine, pyridoxal, and pyridoxamine), vitamin B-12 (cyano-
cobalamin), and vitamin C (ascorbic acid).

Fat-soluble vitamins are found in feedstuffs in association with lipids. Storage of fat-soluble
vitamins can be substantial if dietary intake exceeds metabolic needs, and thus hypervitaminosis
(vitamin toxicity) can result from accumulation of these vitamins in animal tissues. Most cases
of hypervitaminosis in fish have occurred under experimental conditions and are unlikely to occur
under normal catfish culture conditions because commercial catfish feeds do not contain large
excesses of fat-soluble vitamins.

Water-soluble vitamins consist of the B-complex vitamins and vitamin C. Small amounts of
these vitamins are stored in the liver. However, tissue storage is limited and excesses are
eliminated by the kidney through urine; therefore, vitamin toxicities are unlikely. Generally, a

Requirement
Vitamin Deficiency signs (units/kg diet)
A Exophthalmia, edema, hemorrhagic kidney, skin depigmentation 1,000—2,000 IU
D Low body ash, calcium, and phosphorus 50-1,000 IU
E Muscular dystrophy, exudative diathesis, skin depigmentation, 25-50 mg

erythrocyte hemolysis, splenic and pancreatic hemosiderosis,
fatty liver, ceroid deposition

K Hemorrhagic skin Required
Thiamin Loss of equilibrium, nervousness, dark skin color 1 mg
Riboflavin Short-body dwarfism 6' -9 mg
Pyridoxine Greenish-blue coloration, tetany, nervous disorders, erratic 3 mg

swimming
Pantothenic acid Clubbed gills, emaciation, anemia, eroded epidermis 10-15 mg
Niacin Skin and fin lesions, exophthalmia, deformed jaws, anemia 7.4b—14 mg
Biotin Hypersensitivity, skin depigmentation, reduced liver pyruvate Required

carboxylase activity
Folic acid Anemia 1.5 mg
B-12 Anemia Required
Choline Fatty liver, hemorrhagic kidney and intestine 400 mg
Inositol Not demonstrated Not required
Ascorbic acid Scoliosis, lordosis, internal and external hemorrhage, 11-60 mg

fin erosion, reduced bone collagen formation
' Serrinni et al. (1996).
"Ngetal. (1997).
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regular dietary intake of water-soluble vitamins is needed unless metabolic needs can be met by
intestinal synthesis by microorganisms or synthesis by body tissues. All B-complex vitamins have
primarily coenzyme functions in metabolism.

Vitamin A. Vitamin A was first identified as a nutrient in fatty foods that prevents night
blindness in humans. Several forms of vitamin A exist, each possessing varying degrees of
vitamin A activity. Retinol (A,), which has been isolated from lipids of most fish and land
animals, occurs as an alcohol (retinol), an aldehyde (retinal), or an acid (retinoic acid). The
alcohol form, most commonly found in animal tissues, is considered to have 100% vitamin A
activity. One international unit (IU) of vitamin A is equivalent to 0.3 ug of al\-trans retinol.
Dehydroretinol (A2), which has been isolated only from freshwater fish and fish-eating birds, has
about 40% of vitamin A activity. Carotenoids, which occur in plants, are closely related to retinol
in chemical structure. They are also called provitamin A because animals can convert carotenes
to vitamin A. Of the carotenoids, P-carotene has the highest vitamin A activity.

Ingested vitamin A and P-carotene are absorbed from the intestine with the aid of lipids and
bile salts. P-carotene is converted to retinol (one molecule of P-carotene yields two molecules of
retinol) in the intestinal mucosa. Retinol is transported via the lymphatic system to the liver,
which is the primary storage site. Unabsorbed vitamin A and carotenoids are found in the feces.
Vitamin A is required for the formation of rhodopsin (visual purple) in the eye, where it functions
in vision. It is also needed for maintenance for epithelial cells, reproduction, embryonic develop-
ment, and bone development. All animals appear to require a dietary source of vitamin A.

Catfish fed a vitamin A-deficient diet for two years developed deficiency signs including
exophthalmia, edema, and hemorrhages in the kidney (Dupree 1966). A minimum requirement
needed for maximum weight gain and to prevent deficiency signs for catfish ranges from 1,000
to 2,000 IU/kg diet (Dupree 1970). A more precise requirement has yet to be determined.
Commercial catfish feeds are supplemented with vitamin A. Retinol acetate is typically used
because it is more stable than retinol during feed processing.

Vitamin D. Vitamin D was first recognized as a fat-soluble factor essential for preventing rickets
in humans, a disease caused by lack of exposure to sunlight. It consists of a group of sterol
derivatives that have antirachitic activity. Of these compounds, ergocalciferol (vitamin D2) and
cholecalciferol (vitamin D3) are the most important in animal nutrition. Ultraviolet irradiation of
provitamins ergosterol (found in plants) and 7-dehydrocholesterol (found in animals) yields
vitamins D2 and D3, respectively. This activity is limited in catfish because they get little ultra-
violet light from the sun due to the shallow penetration of ultraviolet light in pond waters.

Dietary vitamin D is absorbed with lipids from the intestine with the aid of bile. Vitamin D3

from the diet and from the ultraviolet irradiation of the skin is converted to 25-hydroxycalciferol
in the liver and then converted to the physiologically active form, 1,25-dihydroxycalciferol in the
kidney of most animals. Storage of vitamin D is primarily in the liver and excretion is in the bile
and hence in the feces. The primary function of vitamin D is to facilitate absorption of calcium
and phosphorus from the intestine and their deposition in bone tissue by forming calcium- and
phosphorus-binding proteins.

Catfish fed a vitamin D-deficient diet under laboratory conditions exhibited reduced body ash,
calcium, and phosphorus (Lovell and Li 1978). The minimum requirement for normal growth and
preventing deficiency signs was 500 IU/kg diet. Dietary levels below 500 IU/kg diet were not fed.
However, Andrews et al. (1980) reported that vertebral ash level in catfish was not significantly
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affected by vitamin D deficiency. They also found that vitamin D2 was utilized by the fish as well
as vitamin D3 at dietary levels of 1,000 IU/kg or below, but less effectively than vitamin D3 at
dietary concentrations of 2,000 IU/kg and above. High concentrations of vitamin D3 (20,000 to
50,000 IU/kg diet) depressed weight gain in juvenile catfish. The minimum requirement of
vitamin D2 or D3 was determined to be 1,000 IU/kg diet. Brown and Robinson (1992) reported
that vitamin D2 was utilized as well as vitamin D3 up to 1,500 IU/kg diet, but higher concen-
trations of vitamin D2 depressed weight gain and feed efficiency in catfish reared in calcium-free
water. They also found that higher concentrations of vitamin D3 (1,000 to 2,000 IU/kg diet) were
required for maintaining peak levels of serum hydroxylated metabolites than for maximum
growth (250 to 500 IU/kg diet). It is assumed that the hydroxylated metabolites are the active
forms of vitamin D3, as has been shown for other animals. Commercial catfish feeds are
supplemented with vitamin D3 in the form of D-activated animal sterol.

Vitamin E. Vitamin E was originally known as a factor essential for successful reproduction in
rats. It is composed of a group of compounds including at least eight tocopherols and tocotrienols
that are considered to be essential to all animals. Among these compounds, cc-tocopherol has the
highest vitamin E activity. One IU is equivalent to 1 mg of cc-tocopherol. Vitamin E is easily
oxidized. Commercial catfish feeds are supplemented with a-tocopherol acetate, which is
relatively stable during feed processing and storage.

Vitamin E is absorbed from the intestine in the same manner as vitamins A and D in that it
depends on the presence of lipids and bile salts. It is transported in the lipoprotein fraction of the
blood to various tissues. Vitamin E is stored throughout the body with liver, adipose tissue, and
muscle being the major storage sites. The major pathway of vitamin E excretion is through the
feces. Vitamin E primarily functions as an antioxidant that protects highly unsaturated fatty acids
found in cell membranes from oxidation. Other functions of vitamin E are not clearly defined but
it has been implicated as having a role in maintaining integrity of red blood cells, synthesis of
DNA and vitamin C, and as an essential agent in cellular respiration in heart and skeleton muscle
tissues. Vitamin E appears to have a sparing effect on selenium because both vitamin E and
selenium are antioxidants, although their mechanisms of action differ. Vitamin E protects against
free-radical formation in cell membranes, whereas selenium, as a structural component of
glutathione peroxidase, destroys peroxides in the cytoplasm. Commercial antioxidants, such as
ethoxyquin, which is used in feeds as a preservative and has no chemical relationship to vitamin
E, also have antioxidant activity.

Catfish fed a vitamin E-deficient diet for 16 weeks resulted in 100% mortality (Dupree 1966).
Murai and Andrews (1974) reported that catfish fed a vitamin E-deficient diet containing oxidized
fish oil exhibited deficiency signs including reduced weight gain, high mortality, muscular
dystrophy, exudative diathesis, depigmentation, fatty livers, anemia, and histological changes in
muscle fibers, kidney, and pancreatic tissue. Fish fed a vitamin E-deficient diet without oxidized
fish oil only showed exudative diathesis, depigmentation, and high mortality. Deficiency signs
were alleviated by supplementing the diet with either 25 mg DL-cc-tocopherol plus 125 mg
ethoxyquin/kg diet or by 100 mg DL-cc-tocopherol/kg diet.

Lovell et al. (1984) demonstrated vitamin E deficiency signs including anemia, depig-
mentation, and muscular dystrophy in catfish fed diets containing low levels of polyunsaturated
lipids. Fish fed a diet containing 25 mg a-tocopherol/kg diet (sufficient for maximum weight gain
and absence of gross deficiency signs) showed necrosis of white muscle fibers and ceroids in liver
blood vessels, suggesting the requirements may be higher than 25 mg/kg. A dietary level of 125
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mg ethoxyquin/kg prevented deficiency signs but not as effectively as 25 ppm cc-tocopherol.
However, Wilson et al. (1984) were unable to demonstrate typical deficiency signs in catfish fed
a vitamin E-deficient diet for 20 weeks, except for increased erythrocyte hemolysis, reduced
pancreatic tissue, and multifocal hemosiderosis in splenic and pancreatic tissues. Based on liver
microsomal ascorbic acid-stimulated lipid peroxidation data, the requirement was determined to
be approximately 50 mg/kg diet.

It is well documented that a nutritional interaction exists between vitamin E and selenium in
animals. Gatlin et al. (1986b) demonstrated a similar interaction in catfish, i.e., subclinical
vitamin E deficiency signs occurred, but gross deficiency signs did not in fish fed a vitamin E-
deficient diet that was adequate in selenium. The same was also true when the fish were fed a
selenium-deficient diet containing adequate vitamin E, although when the fish were fed diets
deficient in both vitamin E and selenium, classical signs of vitamin E and selenium deficiency
were obvious. However, Wise et al. (1993) could not show an interaction between vitamin E and
selenium in erythrocyte peroxidation, glutathione peroxidase activity, and macrophage superoxide
anion production in catfish.

There is an interest in improving storage quality of catfish products through dietary
enrichment of vitamin E because vitamin E is a natural antioxidant. Gatlin et al. (1992) reported
that oxidative rancidity (determined by 2-thiobarbituric acid, TB A) of catfish fillets after 6-month
storage at -18°C (0°F) was not different between fish fed 60 and 240 mg vitamin E/kg diet.
However, when oxidation of fillets was forced by flushing the samples with oxygen, TBA values
were significantly lower in samples from fish fed the higher level of vitamin E. Silva et al. (1994)
also reported that under normal storage conditions, quality of frozen catfish fillets was not
affected by dietary enrichment of vitamin E at levels up to 10 times the requirement.

Vitamin K. Vitamin K was first identified as a coagulation factor that prevents hemorrhagic
conditions in chickens. It refers to a group of quinone compounds that have anti-hemorrhagic
activity. There are two naturally occurring forms of vitamin K—vitamin K, (phylloquinone)
which is found in green plants, and vitamin K2 (menaquinone) which is synthesized by many
microorganisms present in the intestine of certain animals. Menadione (vitamin K3) is a synthetic
compound that has more vitamin K activity than natural forms of vitamin K.

Apparently natural forms of vitamin K are absorbed from the intestine with lipids, but some
synthetic forms are water-soluble and therefore may be absorbed freely. Vitamin K is metabolized
in the liver, which is the primary storage site, although only a small amount of vitamin K is
stored. It is excreted in the feces and urine. The primary function of vitamin K is in the synthesis
of prothrombin and other blood clotting factors.

An early report indicated that hemorrhage was a sign of vitamin K deficiency (Dupree 1966).
However, Murai and Andrews (1977) could not demonstrate a requirement for vitamin K in
catfish fed a vitamin K-deficient diet for 30 weeks. Supplementing menadione in the diet did not
improve growth, prothrombin time, hemoglobin or hematocrit levels. Since vitamin K is needed
for blood coagulation, it appears that catfish meet their needs from sources other than diet.
Intestinal synthesis of vitamin K is an important source for certain animals, but this source has
not been investigated in catfish. NRC (1993) listed vitamin K as a vitamin required but not
determined for catfish. Catfish feeds are supplemented with vitamin K3 to ensure adequacy.

Biotin. Biotin was first recognized as a growth factor for yeast and to prevent a dermatitis in rats
fed raw egg white, which contains avidin that binds biotin, rendering it unavailable. Biotin is
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widely distributed in nature and essential to many animals. Biotin is required for various reactions
in the metabolism of carbohydrates, lipids, and proteins. It serves as a coenzyme in carboxylation-
decarboxylation reactions and in deamination of amino acids.

Biotin deficiency is generally difficult to develop in simple-stomached animals unless the
biotin antagonist avidin is fed. Catfish fed a biotin-replete diet containing raw egg white and a
biotin-deficient diet for 20 to 22 weeks had reduced weight gain (Robinson and Lovell 1978).
Fish fed the diet containing raw egg white were anemic and exhibited skin depigmentation, while
fish fed the biotin-deficient diet had decreased liver pyruvate carboxylase activity. Lovell and
Buston (1984) found that omission of supplemental biotin from casein/dextrin diets, with or
without egg white, resulted in anorexia, reduced growth, lighter skin, hypersensitivity, and
reduced liver pyruvate carboxylase activity. They also reported that synthesis by intestinal
microflora was not a significant source of the vitamin.

A quantitative biotin requirement for catfish has not been determined. However, since the
requirement apparently can be met from biotin present in feed ingredients, it is not recommended
that practical catfish feeds be supplemented with biotin.

Choline. The status of choline as a vitamin is debated because it does not have a known function
of coenzyme, but rather serves as a structural component of fat and nerve tissues. However,
choline is generally classified as a B-complex vitamin because it is required by the young of many
animals and it has several metabolic roles. Choline is a key constituent of phospholipids, mainly
lecithin, which is essential in liver lipid metabolism. It combines with acetate to form acetyl-
choline, a compound critical for transmission of nerve impulses. Choline also serves as a methyl
donor for several methylation reactions, such as methionine synthesis.

Animal tissues can synthesize choline if methyl groups from donors, such as methionine and
cystine, are available. However, the rate of body synthesis is usually not adequate to meet the
metabolic needs of an animal, especially the young. Choline chloride is generally used in animal
feeds because it is more stable than free choline. Due to its hygroscopic property, choline chloride
is usually not included in the vitamin premix, but rather added separately to feeds.

Catfish fed a choline-deficient diet had reduced weight gain and hemorrhage in the kidney and
intestine (Dupree 1966). Fatty liver was found in catfish fed a choline-deficient diet marginal in
methionine, but not in fish fed diets sufficient in methionine, indicating catfish can utilize
methionine to spare some of their needs for choline (Wilson and Poe 1988). An optimal dietary
choline level of 400 mg/kg diet was suggested based on liver lipid concentration, although no
differences in weight gain were observed among catfish fed chemically defined diets containing
various levels of dietary choline.

Zhang and Wilson (1999) reevaluated the choline requirement of catfish using chemically
defined diets and found that when adequate methionine was available and an inhibitor for choline
synthesis was present, the requirement based on liver choline concentration was 429 mg/kg diet.
They suggested that catfish can synthesize choline adequately to meet metabolic needs if adequate
methionine is present. However, catfish fed a diet containing 400 mg choline/kg diet had
significantly higher weight gain and liver choline concentration and a lower level of liver lipid
than fish fed a choline-deficient diet when the inhibitor was not present.

Catfish feeds are generally not supplemented with choline because it can be synthesized in
the body and is widely found in various feedstuffs. Choline bioavailability in common feed
ingredients for catfish varies from 54 to 92%, and choline bioavailability in animal feedstuffs is
higher than that in plant feedstuffs (Zhang and Wilson 1999). Based on choline concentrations
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in various feedstuffs and their bioavailabilities, available choline in catfish feeds without supple-
mental choline is more than adequate to meet the choline needs of catfish.

Folacin. Folacin was first recognized as a factor in yeast extract to treat macrocytic anemia in
pregnant women and later was known as a growth factor for bacteria in green leafy plants. Folacin
includes folic acid and other closely related compounds having folic acid activity. In feedstuffs,
folacin occurs in two forms, free folate (salts of folic acid) and bound folate (polyglutamate
form). Free folate is readily absorbed in the intestine, whereas bound folate must be broken up
by an enzyme before absorption. Folacin is synthesized by intestinal microorganisms in some
animals. Commercial forms of folic acid are relatively stable to heat but sensitive to light.

Folacin is converted to its active form tetrahydrofolic acid in the liver and bone marrow.
Tetrahydrofolic acid is a coenzyme that acts as an intermediate carrier of single-carbon units. It
is required for the formation of purines and pyrimidines that are precursors of DNA and RNA,
the formation of the heme group in hemoglobin, as well as amino acid metabolism (such as
synthesis of methionine from homocysteine and tyrosine from phenylalanine).

A condition colloquially called "no-blood" disease in commercially cultured catfish (char-
acterized by extremely low erythrocyte counts in blood, kidney, liver, and gills, as well as the
presence of abnormal erythrocytes) was thought to be caused by folic acid degradation in the diet
(Butterworth et al. 1986). Bacteria that were capable of degrading folic acid into components that
did not have folic acid activity were isolated from diseased fish (Plumb et al. 1991). However,
the clear cause of "no-blood" disease is not known. There may be other causes of this syndrome
because occurrence cannot always be linked to folic acid deficiency or degradation. Catfish feeds
are supplemented with adequate folic acid to meet the requirement. Also, "no-blood" disease is
observed in fish on large catfish farms where fresh feeds are fed daily; therefore, bacterial
contamination of feeds is unlikely as a cause of the problem.

Catfish fed a folic acid-deficient diet exhibited reduced growth, anemia, and increased
sensitivity to bacterial infection (Duncan et al. 1993). The requirements for optimum growth and
hematocrit values were 1.0 and 1.2 mg/kg diet, respectively. There was significant intestinal
bacterial synthesis of folic acid in catfish. The moderate anemia in fish fed the folic acid-deficient
diets was different from the idiopathic anemia described by Butterworth et al. (1986) and Plumb
etal. (1991).

Inositol. Inositol (myo-inositol) is listed in many references as a B-complex vitamin, but its status
as a vitamin is disputed. Its functions are not completely understood. Inositol is a component of
phospholipids found in cell membranes and it appears to have a lipotropic role. It has no known
coenzyme function.

Inositol is present in relatively large quantities in plant and animal tissues. In animals it occurs
freely as myo-inositol, or as a component of phospholipids. It is stored largely in the brain, heart
and skeletal muscle tissues. In plants, most inositol is found in the form of hexaphosphate ester
of inositol, or phytic acid.

Catfish apparently do not require dietary inositol for normal growth and functions. Fish fed
an inositol-deficient diet did not develop deficiency signs and a significant rate of liver inositol
synthetase activity was demonstrated (Burtle and Lovell 1989). Catfish feeds are not supple-
mented with inositol.
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Niacin. Niacin or nicotinic acid was first synthesized from nicotine found in tobacco, and many
years later was recognized as an essential agent to prevent pellagra in humans whose diet was
primarily limited to corn, which is low in niacin and tryptophan. In many animals, some niacin
is synthesized in the liver from tryptophan, but this source is not sufficient to meet metabolic
needs. Thus, most animals require a dietary source of niacin for normal growth and functions.

Niacin also includes nicotinamide because both nicotinic acid and nicotinamide have a similar
chemical structure, similar functions, and have equivalent vitamin activities. They are resistant
to heat and light and stable in the extrusion process of catfish feeds. Niacin is synthesized by
plants and microorganisms and is widespread in nature. In animal tissues, it occurs as
nicotinamide and in plant tissues as nicotinic acid and niacycin, a bound form of niacin which is
less available to animals.

The primary function of niacin is as a component of nicotinamide adenine dinucleotide
(NAD) and nicotinamide adenine dinucleotide phosphate (NADP). BothNAD andNADP are part
of enzyme systems that are involved with electron transfer in a series of oxidation-reduction
reactions that bring about the release of energy from carbohydrate, lipid, and protein. These
reactions include catabolism of glucose, glycerol, fatty acids, and oxidative deamination of amino
acids. Along with several other B-complex vitamins, niacin is also involved in the synthesis of
fatty acids, protein, and DNA.

Catfish fed a niacin-deficient diet for 8 weeks exhibited anemia, skin and fin lesions,
hemorrhages, exophthalmia, and high mortality (Andrews and Murai 1978). Dietary requirements
for normal growth, preventing mortality and gross deficiency signs, and preventing anemia were
14,6.6, and 11.6 mg/kg diet, respectively. Ng et al. (1997) reevaluated the niacin requirement and
evaluated tryptophan as a precursor of niacin for catfish. Fish fed niacin-deficient diets were
lethargic and anemic. They estimated that the dietary niacin requirement for maximum growth
was 7.4 mg/kg. Liver NAD concentration increased linearly as dietary niacin increased. Data
indicated that tryptophan is an inefficient precursor of dietary niacin for catfish.

Niacin is abundant in feed ingredients and its bioavailability varies (Ng et al. 1998). Based on
liver NAD concentrations, niacin in animal feedstuffs, menhaden fish meal, and meat and
bone/blood meal, was 100% available to catfish. Availability of niacin in plant feedstuffs were
57% for soybean meal, 58% for cottonseed meal, 66% for wheat middlings, 28% for raw corn,
and 44% for extrusion-cooked corn. Based on these data, supplementation of niacin to catfish
feeds may not be needed because of the relatively large amount of available niacin found in the
feed ingredients.

Pantothenic acid. Pantothenic acid is essential to many animals. It is synthesized by plants and
microorganisms and is found in all living tissues. Pantothenic acid is sensitive to heat, but
calcium pantothenate, a commercial form, is more stable. Although pantothenic acid is found in
many feed ingredients, it is supplemented in catfish feeds to ensure adequacy.

Pantothenic acid functions in the body as part of two enzymes, coenzyme A (Co A) and acyl
carrier protein (ACP), which are important in intermediary metabolism. CoA participates in
several fundamental metabolic processes including synthesis and degradation of fatty acids, the
conversion of oxalacetic acid to citric acid, the formation of acetyl-CoA for entry into the Krebs
cycle, conversion of choline to acetylcholine (the transmitter of nerve impulses), and synthesis
of antibodies.

Pantothenic acid-deficient catfish exhibited clubbed gills, anemia, high mortality, and eroded
skin, lower jaw, fin, and barbels (Murai and Andrews 1979). Catfish dietary pantothenic acid
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requirements for maximum growth and preventing deficiency signs have been determined to be
10 to 15 mg/kg diet (Murai and Andrews 1979; Wilson et al. 1983)

Riboflavin. Riboflavin, also called vitamin B-2, is present in virtually all living cells. It is
synthesized by plants and certain microorganisms. Animals do not synthesize or store a large
quantity of riboflavin; thus, a dietary source is needed. It is heat stable, but is sensitive to
ultraviolet light. Commercial catfish feeds are supplemented with riboflavin.

Riboflavin is absorbed from the intestine, phosphorylated in the intestinal wall, and then
transported to various tissues. Riboflavin is involved in energy metabolism as part of the
coenzymes flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) that function
in the electron transport system as well as in oxidase and reductase enzyme systems required for
the catabolism of fatty acids, amino acids, and carbohydrates. It is necessary for the formation of
niacin from the amino acid tryptophan, through its role in activating pyridoxine. Riboflavin is also
thought to be a component of the retinal pigment of the eye, involved in the functioning of the
adrenal gland, and required for the production of corticosteriods in the adrenal cortex.

Catfish fed a riboflavin-deficient diet developed cataracts (Dupree 1966) and short-body
dwarfism (Murai and Andrews 1978a). The dietary requirement for riboflavin determined for
maximum growth and preventing deficiency signs in catfish was 9 mg/kg diet (Murai and
Andrews 1978a). Serrini et al. (1996) reevaluated the riboflavin requirement of catfish and found
that a dietary level of 4 mg/kg was adequate to prevent short-body dwarfism and 6 mg/kg was
sufficient to support maximum growth and hepatic D-amino acid oxidase activity.

Thiamin. Thiamin, also known as vitamin B-l, was first identified as a factor essential for the
prevention of beriberi in people whose diet was predominately made up of rice. It was first
isolated in rice polishings. Thiamin is found in most grains and seeds and is most concentrated
in the outer coating. It is synthesized by plants and certain microorganisms, but not by animals.
All animals require thiamin for normal metabolic functions. Thiamin is sensitive to heat,
moisture, and ultraviolet light, so the vitamin is commercially available as thiamin hydrochloride
or mononitrate to ensure stability. Although thiamin is present in many natural feedstuffs of both
plant and animal origins, it is added to commercial catfish feeds to ensure adequacy.

Thiamin is absorbed from the intestine and is converted to thiamin pyrophosphate in the liver.
Thiamin pyrophosphate acts as a coenzyme for the oxidative decarboxylation of a-ketoacids that
are needed for the metabolism of carbohydrates. Thiamin is also involved in the oxidation of
glucose in the cytoplasm of cells and is essential for good appetite and normal growth and
nervous system function.

Central nervous system disorders are common in thiamin-deficient animals, and neurological
disorders, such as hypersensitivity to disturbances, loss of equilibrium, and convulsions have been
reported in catfish fed a thiamin-deficient diet (Dupree 1966). However, Murai and Andrews
(1978b) did not observe neurological disorders in catfish, but found that fish fed a thiamin-
deficient diet exhibited anorexia and dark skin color. The dietary thiamin requirement for normal
growth and preventing deficiency signs was 1 mg/kg diet. Raw fish tissues contain thiaminase,
an enzyme that can deactivate thiamin. However, because thiaminase is inactivated by heat, it is
not a concern in extruded catfish feeds.
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Vitamin B-6. Naturally occurring vitamin B-6 includes three interconvertible forms—pyridoxine,
pyridoxal, and pyridoxamine. Pyridoxine is largely found in plants, whereas pyridoxal and
pyridoxamine primarily occur in animal tissues. All three forms have similar vitamin B-6
activities. They resist heat, but are easily destroyed by oxidation and ultraviolet light. Pyridoxine
appears to be more resistant to feed processing and storage than the other two forms. Pyridoxine
hydrochloride, which is quite stable, is usually added to commercial catfish feeds.

Vitamin B-6 is phosphorylated in the liver and oxidized to the physiologically active
pyridoxal phosphate, which is part of various enzyme systems involved in several reactions in
protein and amino acid metabolism during transamination, decarboxylation, deamination, and
transulfuration, conversion of tryptophan to niacin, and formation of hemoglobin. It is also
believed to play a role in the absorption of amino acids from the intestine. Vitamin B-6 is also
involved in carbohydrate and lipid metabolism.

Catfish fed a diet deficient in vitamin B-6 for 6 weeks developed deficiency signs including
greenish-blue coloration, tetany, and nervous disorders (Andrews and Murai 1979). The dietary
level of pyridoxine needed for maximum growth and preventing deficiency signs was determined
to be 3 mg/kg diet.

Vitamin B-12. Vitamin B-12, or cobalamin, is a group of cobalt-containing substances with
similar activities. Among these compounds, cyanocobalmin is the most biologically active.
Vitamin B-12 was first isolated in the animal liver and was identified as a factor to prevent
pernicious anemia in humans and animals. It is synthesized only by microorganisms. The vitamin
is unstable at high temperatures and under light.

Vitamin B-12 is absorbed from the intestine in the presence of a carrier—intrinsic factor—
that is produced in the gastric mucosa. It is stored in the liver of most animals as a protein
complex and can be mobilized as needed. Vitamin B-12 is transported to various tissues where
it serves as a component of coenzymes that play a role in the synthesis of labile methyl groups
and nucleic acids (along with folacin). It is required for formation of erythrocytes and
maintenance of nerve tissues. The vitamin B-12 coenzyme is necessary for the conversion of
methylmalonate to succinate in carbohydrate and lipid metabolism. Along with folacin, vitamin
B-12 is also involved in amino acid metabolism.

A reduction in weight gain was reported in catfish fed a diet deficient in vitamin B-12 for 36
weeks (Dupree 1966). In the presence of cobalt, intestinal microorganisms can synthesize vitamin
B-12 in sufficient quantities to meet the needs for normal growth and erythrocyte formation in
catfish (Limsuwan and Lovell 1981). However, hematocrits were lower in fish fed a diet without
vitamin B-12. A quantitative requirement for vitamin B-12 for catfish has not been determined.

Vitamin C. Vitamin C, or ascorbic acid, was first identified as an anti-scurvy factor in humans.
It can be synthesized from glucose in the presence of an enzyme (gulanolactone oxidase) by most
plants and animals. Humans and other primates, guinea pigs, and certain birds and fish lack the
enzyme.

Vitamin C occurs in two forms, ascorbic acid (reduced form) and dehydroascorbic acid
(oxidized form), which are biologically reversible. Dehydroascorbic acid can be further oxidized
but it will lose vitamin C activity and the reaction is irreversible. A vitamin C metabolite,
ascorbyl sulfate, has some vitamin C activity but is not as effectively utilized as ascorbic acid by
catfish. Ascorbic acid is sensitive to heat, light, moisture, and oxidation. Ethylcellulose-coated
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and fat-coated ascorbic acids are somewhat more stable during feed processing, but the protective
coating may be destroyed during feed manufacture and thus offer little protection. Ascorbyl
phosphate is stable during the extrusion process of catfish feeds, but it is generally more eco-
nomical to overfortify feeds with free or coated forms of ascorbic acid to account for losses
during feed manufacture. It is used in some catfish feeds, particularly those that are stored for a
considerable time.

Vitamin C plays an important role in several biochemical reactions. It is required for the
formation of collagen, a component of bone, skin, fins, blood vessels, connective tissues, and
wound scar tissues. Vitamin C appears to activate the enzyme systems involved in the conversion
of proline and lysine to hydroxyproline and hydroxylysine, two predominant amino acids in
collagen. Many vitamin C deficiency signs are related to malfunction of collagen synthesis.
Vitamin C is an important antioxidant, which protects vitamins A and E and polyunsaturated fatty
acids from oxidation. It also plays a role in metabolism of tyrosine and tryptophan, iron
utilization, lipid metabolism, folacin metabolism, and synthesis and release of steroid hormones.

Catfish reared in confinement and fed an ascorbic acid-deficient diet demonstrated
characteristic deficiency signs, including reduced weight gain, scoliosis and lordosis, increased
susceptibility to bacterial infections, internal and external hemorrhage, dark skin color, fin
erosion, and reduced formation of bone collagen.

Reported dietary vitamin C requirement for catfish varies from 11 to 60 mg/kg diet. Larger
fish may require a lower level of dietary vitamin C than smaller fish. For example, small catfish
fingerlings raised from 2 to 3 inches (5 to 7.5 cm) required 50 mg/kg ascorbic acid for maximum
weight gain, while fish raised from 4 to 10 inches (10 to 25 cm) needed only 25 mg/kg diet
(Andrews and Murai 1975). Studies using a stable form of ascorbic acid, ascorbyl phosphate,
have shown that a dietary level of ascorbic acid of 11 to 15 mg/kg diet is adequate for normal
growth and preventing deficiency signs (El Naggar and Lovell 1991; Robinson 1992b).

There has been considerable interest in the effect of dietary ascorbic acid on immune response
and disease resistance in cultured fish. However, results from studies in which high levels of
ascorbic acid were fed to catfish to improve disease resistance are contradictory. Early studies
indicated that high levels of vitamin C (ten times or more than the level needed for normal
growth) reduced mortality due to certain bacterial diseases affecting catfish. Later studies did not
show an advantage to using high levels of dietary vitamin C for disease resistance in catfish (Li
et al. 1993). Data from these studies indicate that catfish response to dietary vitamin C during
disease challenge is an "all-or-none" type of response. That is, if vitamin C is not present, then
mortalities are increased after disease challenge; but, if vitamin C is present in the diet, mortalities
are significantly reduced. Dietary vitamin C concentrations as low as 25 mg/kg diet have been
shown to enhance survival of catfish after challenge with the bacterium Edwardsiella ictaluri.
Because ascorbic acid is expensive and the effectiveness of high doses are questionable at best,
megadoses are not recommended in commercial catfish feeds. However, ascorbic acid is added
in catfish feeds to maintain a level of about 50 mg/kg in finished feed.

Research with catfish also showed no correlation between dietary ascorbic acid and serum
cortisol concentration after confinement stress. However, the stress applied in these studies was
a short-term, acute stress. Effect of dietary ascorbic acid on serum cortisol concentration in fish
after long-term chronic stress has not been evaluated.
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TABLE 11.3. Mineral deficiency signs and minimum dietary levels required to prevent signs of deficiency in
catfish. Requirements and deficiency signs are based on Robinson (1989) and NRC (1993) with new
information added. Anorexia, reduced weight gain, and mortality are not listed as deficiency signs since they
are common mineral deficiency signs. Minerals listed as not determined are assumed to be required.

11.3.5 Minerals

Catfish appear to require the same minerals as other animals for tissue formation and metabolic
functions. However, catfish can absorb some minerals from the water. Catfish also require
minerals to maintain osmotic balance between body fluids and the water. These factors, as well
as problems associated with formulation of mineral-free diets, make it difficult to accurately
quantify mineral requirements for catfish. Catfish feeds are supplemented with phosphorus and
may be supplemented with a mineral premix that contains trace minerals in sufficient amounts
to meet or exceed dietary requirements. However, there is evidence that some supplemental trace
minerals are not needed, particularly in diets containing animal protein, such as fish meal and
meat and bone meal.

Deficiency

Catfish fed a diet deficient in certain minerals develop deficiency signs (Table 11.3). The most
common deficiency sign is reduced growth. Other specific deficiency signs include reduced bone
mineralization, abnormal hematology, and depressed activity of certain enzyme systems.

Requirement
Mineral Deficiency signs (unit/kg diet)
Caa Reduced bone ash None
Pb Reduced bone ash, Ca, and P 0.3- 0.4 g
Mg Sluggishness, muscle flaccidity, reduced body Mg 0.02°-0.04%
Na Not determined Not determined
Kd None 0.26 g
Cl Not determined Not determined
S Not determined Not determined
Co Not determined Not determined
I Not determined Not determined
Zne Reduced serum zinc and serum alkaline phosphatase activity, 20 mg

reduced bone zinc and calcium concentrations
Se Reduced liver and plasma selenium-dependent glutathione 0.25 mg

peroxidase activity
Mn None 2.4 mg
Fe Reduced hemoglobin, hematocrit, erythrocyte count, reduced 20 mg

serum iron and transfer™ saturation levels
Cu Reduced heart cytochrome c oxidase, reduced hepatic Cu-Zn 4.8 mg

superoxide dismutase activities

* Deficiency cannot be demonstrated in channel catfish reared in water containing sufficient calcium.
b Requirement expressed on an available basis.
cLim and Klesius (1999).
d Wilson and El Naggar (1992). Requirement based on whole body potassium balance.
e Requirement will increase in presence of phytic acid.
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Requirement

Generally, mineral studies with catfish have been conducted by feeding chemically defined diets
excluding a particular mineral to which graded levels of the excluded mineral are added. Practical
diets have also been used to evaluate the mineral requirements and the effect of dietary interaction
on mineral availability. Requirements have generally been based on weight gain, feed efficiency,
and tissue mineral levels or, in some cases, enzyme activities and tissue morphology. Quantitative
requirements of various minerals for catfish are summarized in Table 11.3.

Classification

Minerals may be classified as macrominerals or microminerals, depending on the amounts present
in animal tissues and required in the diet. Macrominerals include calcium (Ca), phosphorus (P),
magnesium (Mg), sodium (Na), potassium (K), chloride (Cl), and sulfur (S). Microminerals or
trace minerals are zinc (Zn), iron (Fe), copper (Cu), selenium (Se), manganese (Mn), cobalt (Co),
iodine (I), chromium (Cr), and many others.

Calcium. Calcium is required for normal growth and physiological functions by all animals.
Catfish fingerlings contain about 2.5% Ca, 99% of which is in the bone, where tricalcium
phosphate held in a cellular matrix provides the rigid frame of the body. Fish can absorb Ca from
the water and the diet. Calcium absorption mainly occurs in the upper part of the intestine where
the food content is still somewhat acidic following digestion in the stomach. Calcium absorption
requires vitamin D. Unabsorbed Ca is excreted through feces and urine.

The main function of Ca in the body is to build and maintain bones. About 1% of Ca that is
present in other parts of the body controls various physiological functions including blood
clotting, muscle contraction, nerve transmission, osmoregulation, and as a cofactor in several
enzymatic reactions. Bone serves as a Ca reserve that can be mobilized when needed to maintain
a constant circulation of Ca.

Catfish can apparently meet their Ca requirements from the water unless the Ca content of the
water is extremely low. No deficiency signs were developed in catfish reared in water containing
14 mg/L Ca and fed a diet containing 0.05% Ca (Lovell and Li 1978). Calcium deficiency,
characterized by reduced weight gain and bone ash, was produced when catfish fingerlings were
reared in Ca-free water and fed a Ca-deficient diet (Robinson et al. 1986). Based on these data
and the fact that most rearing waters used in commercial aquaculture contain appreciable amounts
of Ca, supplementation of commercial catfish feeds with Ca is unnecessary. In addition, most
commercial feeds contain considerable amounts of Ca inherent in the feedstuffs.

Small fry may be more sensitive to Ca deficiency than larger fish. Scarpa and Gatlin (1993)
studied responses of catfish swim-up fry to dietary Ca in soft (Ca hardness <1 mg/L as CaCO3)
and hard water (>100 mg/L as CaCO3). Fry fed the basal diet (0.03% Ca) in either hard or soft
water had a lower whole body ash and Ca than those fed Ca-supplemented diets. Fry reared in soft
water generally had lower levels of whole-body ash and Ca, lower survival, and a higher
incidence of spinal deformities than fry raised in hard water. Feeding high levels of Ca to fry
reared in soft water did not increase the whole-body Ca level nor decrease spinal deformities.
These data indicate that Ca derived solely from dietary or environmental sources was not
sufficient for optimum growth and health of catfish fry. A solution of calcium chloride is usually
added to the incoming water in the hatchery if Ca hardness is less than 20 mg/L as CaCO3.
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Phosphorus. Phosphorus is found in all tissues, but the majority of P is found in bone as
tricalcium phosphate. Catfish bone contains about 10% P and muscle tissue contains about 0.18%
P. Ingested P is absorbed in the upper part of the intestine and unabsorbed P is excreted through
the feces. Like Ca, P absorption requires vitamin D. Phosphorus is essential for bone formation
and maintenance. It is a component of phospholipids, nucleic acids (DNA and RNA), and high
energy compounds, such as ATP. As results of these functions, P plays a role in protein, lipid, and
carbohydrate metabolism. Phosphorus combines with other minerals to maintain osmotic and
acid-base balance in the body.

Catfish cannot meet their requirement for P from the water because P concentrations in
natural waters are generally very low. Catfish fed a P-deficient diet exhibited deficiency signs
including poor growth, feed conversion, and bone mineralization (Lovell 1978; Wilson et al.
1982). Catfish fingerlings reared in aquaria require 0.33 to 0.40% available P for normal growth
and bone mineralization. Catfish raised from advanced fmgerlings to marketable size in ponds
require approximately 0.3% available P for normal growth and bone mineralization (Robinson
ct al. 1996; Eya and Lovell 1997a).

A considerable proportion of P in feedstuffs of plant origin is in the form of phytate, which
is unavailable to simple-stomach animals including fish because of the lack of intestinal phytase
enzymes. Several laboratory and pond studies have shown that microbial phytase can effectively
improve utilization of phytate-P in catfish diets (Jackson et al. 1996; Eya and Lovell 1997b;
Robinson et al. 2002). These studies suggest that microbial phytase may replace inorganic P in
the diet. Replacing inorganic P supplements with phytase will probably not significantly reduce
feed cost, but may be advantageous in reducing the P load in commercial catfish ponds. However,
unpublished, short-term (one growing season) studies conducted in Mississippi by Edwin
Robinson, Menghe Li, and Craig Tucker showed that modifying practical diets to reduce waste
P loading in ponds failed to reduce concentrations of soluble reactive phosphorus, total
phosphorus, or phytoplankton abundance in pond waters. Long-term impacts of dietary P on these
parameters have not been evaluated.

In certain animals, the dietary Ca/P ratio is important for optimum utilization of these
elements. However, the Ca/P ratio does not appear to be critical in catfish feeds. Catfish have
been fed diets varying widely in Ca/P ratios without any detrimental effects. Catfish can absorb
Ca from the water and regulate Ca via the gills.

Magnesium. Magnesium is an essential mineral that is involved in various metabolic functions
and is a constituent of bone. About 60% of the Mg in the body is found in bones and the
remainder in various tissues. Magnesium is required for proper nerve relaxation, muscle
contraction, and osmoregulation, and is a cofactor that activates several enzymes.

Magnesium deficiency signs in catfish include reduced growth, anorexia, sluggishness,
muscle flaccidity, high mortality, and reduced levels of Mg in bone, serum, and whole body
(Gatlin et al. 1982). Approximately 0.04% dietary Mg is required for normal growth and to
prevent deficiency signs in catfish reared in water containing 1.6 mg Mg/L. Since most feedstuffs
are good sources of Mg, supplemental Mg in catfish feeds is not recommended.

Sodium, potassium, and chloride. Sodium (Na), K, and Cl are assumed to be required by fish
for maintaining acid-base balance and osmotic pressure with their aquatic environment. These



Nutrition 305

elements are the most abundant electrolytes found in body fluids and soft tissues. Sodium and Cl
are the primary ions found in the extracellular fluids, whereas K is a major ion within the cells.

Requirements of catfish forNa and Cl have not been determined. However, levels of dietary
NaCl up to 2% did not affect the growth of catfish. Catfish fingerlings reared in water containing
4 mg K/L do not require a dietary source of K for normal growth, but require 0.26% K in the diet
for maintaining body K balance (Wilson and El Naggar 1992). Both natural waters and feedstuffs
are good sources of these minerals; thus, supplementation of these minerals in catfish feeds is not
recommended.

Sulfur. Sulfur is found in every cell in the body, mainly as a component of organic compounds.
It is found mainly in proteins in the forms of methionine and cystine. Other sulfur-containing
compounds include glutathione, heparin, taurine, and chondroitin sulfates. A dietary requirement
for S has not been reported for catfish. In some animals inorganic sulfate has been used to spare
the requirement of S-containing amino acids. However, catfish lack the ability to utilize inorganic
sulfate for this purpose. Sulfur is not added in catfish feeds.

Zinc. Zinc is essential for many metabolic processes. The major role of Zn is as a cofactor of
many enzymatic systems, which play important roles in almost all major pathways including
nucleotide, protein, lipid, and carbohydrate metabolism. As a component of carbonic anhydrase,
zinc functions in carbon dioxide transport in the blood and hydrochloride acid secretion in the
stomach. It is also required for proper insulin function and wound healing.

Zinc deficiency signs in catfish fed chemically defined diets include reduced growth, appetite,
serum Zn level, serum alkaline phosphatase activity, and Zn and Ca levels in the bone (Gatlin and
Wilson 1983). Catfish require 5 to 10 mg/kg dietary Zn for maximum growth and 20 mg/kg was
required to maximize bone Zn deposition when the fish were fed chemically defined diets. When
fed practical diets containing fish meal and soybean meal, they do not require supplemental Zn
for normal growth, but require approximately 150 mg/kg supplemental Zn in the diet for
maximum bone Zn deposition (Gatlin and Wilson 1984a). Phytic acid present in the practical
diets appears to reduce Zn bioavailability. Also, high Ca levels in the diet have been reported to
promote the complexing of Zn to phytic acid (Gatlin and Phillips 1989).

Catfish swim-up fry reared in soft water appear to require a higher level of dietary Zn than
those raised in hard water (Scarpa and Gatlin 1992). The minimum dietary Zn requirement of
catfish fry grown in hard water (27 mg Ca/L) was approximately 20 mg/kg; whereas fry grown
in soft water (0.05 mg Ca/L) had a dietary Zn requirement between 20 and 40 mg/kg diet.
Environmental Ca may interact with dietary Zn requirement.

Iron. The majority of iron in the body is found in hemoglobin, the pigment of red blood cells. A
small amount is present as myoglobin in the muscle. Hemoglobin and myoglobin are essential
for oxygen transfer. Iron is also a component of cytoenzymes and other enzymes involved in
energy metabolism.

Catfish fed an Fe-deficient diet showed reduced growth, feed efficiency, hemoglobin,
hematocrit, erythrocyte count, and serum iron and transferrin saturation values (Gatlin and Wilson
1986a). The data indicated that approximately 20 mg Fe/kg diet is necessary to prevent deficiency
signs.
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Copper. Copper is a cofactor of many enzyme systems, such as cytochrome oxidase, which is
involved in oxidation and reduction reactions. Copper is essential for iron absorption, maturation
of red blood cells, development of bones and connective tissues, formation and function of brain
cells and spinal cord, development of the cardiovascular system, and reproduction.

Catfish fed a basal diet containing 1.5 mg Cu/kg diet for 16 weeks did not demonstrate any
gross deficiency signs (Murai et al. 1981). Supplementation at 16 or 32 mg/kg to the basal diet
depressed growth. Gatlin and Wilson (1986b) found that catfish fed a diet containing 0.9 mg/kg
Cu exhibited normal growth and feed efficiency, as well as normal hemoglobin, hematocrit, and
erythrocyte count values. However, fish fed diets containing 0.9 to 2 mg Cu/kg diet had reduced
hepatic Cu-Zn superoxide dismutase activity and heart cytochrome C oxidase activity when
compared with fish fed higher levels of supplemental Cu. The data indicated that a dietary Cu
level of approximately 4.9 mg/kg is adequate to prevent suppression of those enzymes. In contrast
to results of Murai et al. (1981), Gatlinand Wilson (1986b) found that fish fed a diet containing
40 mg/kg supplemental Cu for 13 weeks grew as well as fish fed lower levels of dietary Cu.

Selenium. The best known function of this nonmetallic mineral is as an essential component of
the enzyme glutathione peroxidase, which protects cells and membranes from oxidation—a func-
tion similar to vitamin E. Selenium and vitamin E have sparing effects with respect to their
antioxidant roles. Catfish fed a Se-deficient diet had reduced weight gain and Se-dependent
glutathione peroxidase activity in the liver and plasma (Gatlin and Wilson 1984b). Data indicated
that catfish require 0.25 mg Se/kg diet for normal growth and enzymatic activities provided that
the diet is sufficient in vitamin E. A dietary Se level of 15 mg/kg was toxic to catfish. Catfish
feeds are supplemented with Se up to 0.1 mg/kg, the maximum level allowed by the United States
Food and Drug Administration.

Manganese. Manganese functions as a cofactor in a number of enzyme systems that are involved
in the metabolism of proteins, lipids, carbohydrates, and nucleic acids. Manganese is also
involved in the formation of bone and connective tissues, blood clotting, insulin action, and
cholesterol synthesis. A precise Mn requirement for catfish has not been determined. Manganese
deficiency was not apparent in catfish fed a chemically defined basal diet containing 2.4 mg
Mn/kg diet for 13 weeks (Gatlin and Wilson 1984c). Thus it would appear that the level used is
adequate for normal growth of catfish.

Cobalt. The only known function of this element is as a constituent of vitamin B-12. Catfish can
utilize Co for the synthesis of vitamin B-12 by intestinal microorganisms (Limsuwan and Lovell
1981). Elimination of Co from the diet of catfish reduces the rate of intestinal synthesis of vitamin
B-12.

Iodine. This nonmetallic element is a component of thyroid hormones that regulate metabolic
rate. Dietary iodine requirement for catfish has not been determined.

Chromium. Chromium has been identified as a component of glucose tolerance factor present
in yeast, which enhances the effect of insulin. Chromium-deficient animals may become glucose
intolerant. Chromium can activate certain enzymes, most of which are involved in the production
of energy from proteins, lipids, and carbohydrates. Supplementing practical diets with chromium
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picolinate has been reported to increase weight gain and muscle mass, and to reduce carcass fat
in some land animals, but not in catfish.

11.4 DIGESTION

Digestion includes the various processes that take place in the gastrointestinal tract to break down
food into units that can be absorbed into the blood or lymph. Specific digestive processes have
not been extensively studied in catfish, but digestion is presumed to be similar to that of other
simple-stomached animals. The presumption is based on the fact that catfish have a digestive
system that closely resembles that of other simple-stomached animals (Grizzle and Rogers 1976).
The digestive tract of catfish includes the mouth, pharynx, esophagus, stomach, and intestine. The
pancreas, liver, and gall bladder serve as accessory digestive organs. The pH of the stomach and
intestine ranges from 2 to 4 and 7 to 9, respectively. Digestive enzymes such as trypsin,
chymotrysin, lipase, and amylase have been identified in catfish intestine.

Digestibility coefficients, which are an indicator of how well a particular food or feed
ingredient is digested by an animal, have been determined for catfish for feedstuffs commonly
used in commercial catfish feeds. A brief description of the digestive processes as well as
methods to determine digestibility of feedstuffs in catfish is presented.

11.4.1 Digestive system

Mouth, pharynx, and esophagus

The mouth of the catfish is large and is used for ingesting food. It is distinct from the pharynx and
is bound laterally by the gill arches. The mouth and pharynx contain numerous small tooth-like
abrasive pads that serve to reduce the size of food particles. There are no salivary glands. The
esophagus extends from the pharynx to the stomach and is separated from the stomach by a
cardiac sphincter. The esophagus is a passage for food to reach the stomach. Mucus, which aids
the passage of food, is secreted from glands in the esophagus. The cardiac sphincter prevents food
from backing out of the stomach as well as separating water from food in the stomach.

Stomach

Catfish have what is termed a "true stomach" in that they secrete hydrochloric acid and
pepsinogen. Digestion of various nutrients begins in the stomach. The stomach is J-shaped and
the ascending limb terminates at the pyloric sphincter, which separates the stomach from the
intestine. The pyloric sphincter keeps stomach contents from entering the intestine until the
proper time and prevents intestinal contents from backing into the stomach. The stomach is
divided into two regions—the fundic and pyloric. The fundic region contains gastric glands that
secrete hydrochloric acid.

Intestine

The intestine is not divided into a small and large intestine as is that of other simple-stomach
animals. The intestine is shorter than the length of the catfish body and begins at the pyloric
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sphincter. Although there are no distinct divisions of the catfish intestine, the following divisions
have been suggested: pyloric intestine, which is the first loop posterior to the stomach; middle
intestine, the coiled portion; and rectal intestine, the portion posterior to the last loop. An
intestinal sphincter separates the middle and rectal intestines. Most digestion and absorption of
nutrients occurs in the intestine. Digestive enzymes and bile enter the pyloric intestine via the
common bile and pancreatic ducts.

Accessory digestive organs

The liver, pancreas, and gall bladder are involved in the digestive process. The liver produces bile
that is stored in the gall bladder. The pancreas provides digestive enzymes that are released into
the intestine. The pancreas is not a discrete organ; rather it is diffuse and scattered in the mesen-
teries and on the intestinal surface as well as in the liver and spleen.

Digestion and absorption of nutrients

Pepsinogen is converted to the proteolytic enzyme pepsin in the presence of hydrochloric acid in
the stomach. This process initiates protein digestion. Proteins are reduced to polypeptides that are
further digested in the intestine. Proteolytic enzymes in the intestine (trypsin, chymotrypsin,
carboxypeptidases, aminopeptidases, tripeptidases, and dipeptidases) hydrolyze protein to short
peptides and free amino acids for absorption. Trypsinogen and chymotrypsinogen are secreted
into the intestine from the pancreas, where they are converted into active proteolytic enzymes.
Other proteolytic enzymes are released from the intestinal mucosa.

Other enzymes released from the pancreas (pancreatic amylase and lipase) function in the
digestion of carbohydrates and lipids, respectively. Carbohydrates are broken down to mono-
saccharides for absorption. Lipase breaks down lipids to their component fatty acids,
monoglycerides, or glycerol. Proper digestion and absorption of lipids are dependent on bile salts
for emulsification. Bile is produced in the liver, stored in the gall bladder, and released into the
intestine.

Water-soluble vitamins are absorbed from the intestine. Fat-soluble vitamins are also
absorbed, along with lipids. Minerals are absorbed from the intestine either freely, as mineral
complexes, or bound to proteins. Bile salts, certain minerals, and water are apparently absorbed
from the posterior intestine in catfish.

11.4.2 Determination of nutrient digestibility

Digestibility coefficients are easily determined for terrestrial animals, but determining nutrient
digestion for aquatic animals poses unique problems. Nutrients or indicators can be solubilized
and lost from feeds or fecal material collected from the water. Also, since the catfish's intestine
is not well differentiated, absorption occurs along most of its length, which poses a problem in
selecting the correct site for collecting fecal material. The rectal intestine is the section from
which the fecal material should be taken for determination of digestibility coefficients.

Nutrient digestibility can be determined by direct or indirect quantitative measurement of the
amount of nutrient consumed and then eliminated in the feces. Endogenous nitrogenous materials
eliminated via the feces are usually not accounted for in digestion trials with catfish, because a
nitrogen-free diet would have to be fed to correct for endogenous nitrogen and such diets are not
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readily consumed by catfish. Some researchers use a low-nitrogen diet to estimate true
digestibility. However, most digestibility coefficients determined for catfish are apparent
digestibility coefficients; that is, no correction has been made for endogenous nutrients eliminated
in the fecal material. True digestibility coefficients offer few advantages over apparent
digestibility coefficients because endogenous contributions to fecal matter are associated with
consumption of food and thus are proportional to feed intake.

Total collection of fish fecal material is difficult; thus, digestibility trials with catfish have
generally used an indirect method that normally involves feeding of diets containing an inert
indicator such as chromic oxide. Typically, the fish are fed a diet containing the indicator and
fecal material is collected several hours later either from the water or directly from the rectal
intestine by catheterization and aspiration of the material or by sacrificing and dissection. The
following formula is used to calculate apparent nutrient digestibility:

. . . , „ „ [ % indicator in feed | [% nutrient in feces] ., , 1N100-100 x (11-1)
^% indicator in fecesy ^ % nutrient in feedy

In some cases, catfish will not consume the test diet containing the ingredient under study.
In that case, fish are force-fed or a standard reference diet is used. Force-feeding catfish appears
to work well for determining protein digestion or amino acid availabilities, but the stress of force-
feeding appears to affect energy digestibility.

To determine energy digestibility coefficients, a standard reference diet (Table 11.4) that is
voluntarily consumed is used. Test diets using 70% of the standard reference diet and 30% of the
test ingredient are fed and digestibility coefficients are calculated by the following formula:

Digestibility coefficient (%) = (100/30) [(digestibility coefficient of test diet) -
(70/100)(digestibi lity coefficient of reference diet)] (11.2)

11.4.3 Digestibility coefficients

Protein

Catfish protein digestibility coefficients (Table 11.5) are relatively high, particularly for good-
quality protein sources. Some variation in reported values exists because of differences in

TABLE 11.4. Standard reference diet for digestibility trials with catfish (Wilson and Poe 1985).

Ingredients International feed number Percentage
Soybean meal 5-04-604 48.5
Cora grain 4-02-935 38.0
Menhaden fish meal 5-02-009 9.1
Wheat grain 4-05-268 3.2
Vitamin mix" 0.1
Mineral mix" 0.1
Chromic oxide 1.0

* Provide all recommended vitamins and minerals.
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TABLE 11.5. Average apparent digestibility (%) for protein, fat, carbohydrate, and energy of various
feedstuffs determined for catfish.

Feedstuffs
Alfalfa meal (17%)a

Blood meal (81%)
Corn grain (10%)
Corn grain (cooked) (10%)
Corn gluten meal (43%)
Cottonseed meal (41%)
Fish meal (anchovy) (65%)
Fish meal (menhaden) (61%)
Fish oil
Meat meal & bone meal (50%)
Peanut meal (49%)
Poultry by-product meal (61%)
Poultry feather meal (84%)
Rice bran (13%)
Rice mill feed (9%)
Soybean meal (44%)
Soybean meal (48%)
Wheat bran (16%)
Wheat grain (13%)
Wheat shorts (17%)

International
feed number
1-00-023
5-00-380
4-02-935

5-04-900
5-01-621
5-01-985
5-02-009

5-00-388
5-03-650
5-04-798
5-03-795
4-03-928

5-04-604
5-04-612
4-05-190
4-05-268
4-05-201

Protein
13'
74"
60', 97'
66'
92d

81', 83'
90'
87', 85', 70-86d

75', 61', 82"
74', 86d

65d

74'
73'
63'
77'
84', 97', 85d

82'
84', 92'
72'

Fat

76'
96'

81'
97b

97'
77'

83'

81'

96'

Carbohydrate

59-66'
62-78'

17b

59'

Energy
16'

26',
59',

56',

85',

81',
76'

67'
50'
14'
56'
72'
56'
60',

57'
79'

80'

92'

76'

63'

a Values in parentheses represent percentage crude protein.
'Cruz (1975).
' Wilson and Poe (1985).
d Brown et al. (1985).

TABLE 11.6. Average apparent amino acid availabilities (%) for various feedstuffs determined for catfish
(Wilson and Robinson 1982). International feed numbers are listed in parentheses.

Amino
acid
Ala
Arg
Asp
Glu
Gly
His
He
Leu
Lys
Met
Phe
Pro
Ser
Thre
Tyr
Val
Average

Peanut
meal
(5-03-650)
88.9
96.6
88.0
90.3
78.4
83.0
89.7
91.9
85.9
84.8
93.2
88.0
87.3
86.6
91.4
89.6
88.4

Soybean
meal
(5-04-612)
79.0
95.4
79.3
81.9
71.9
83.6
77.6
81.0
90.9
80.4
81.3
77.1
85.0
87.5
78.7
75.5
81.0

Meat and
bone meal
(5-00-388)
70.9
86.1
57.3
72.6
65.6
74.8
77.0
79.4
81.6
76.4
82.2
76.1
63.7
69.9
77.6
77.5
74.3

Menhaden
fish meal
(5-02-009)
87.3
89.2
74.1
82.6
83.1
79.3
84.8
86.2
82.5
80.8
84.1
80.0
80.7
83.3
84.8
84.0
82.9

Corn
grain
(4-02-935)
78.2
74.2
53.9
81.4
53.1
78.4
57.3
81.8
69.1
61.7
73.1
78.4
63.9
53.9
68.7
64.9
68.3

Cottonseed
meal
(5-01-621)
70.4
89.6
79.3
84.1
73.5
77.2
68.9
73.5
66.2
72.5
81.4
73.4
77.4
71.8
69.2
73.2
75.1

Rice
bran
(4-03-928)
82.0
91.0
82.4
88.8
80.0
70.4
81.4
84.1
81.3
81.9
82.9
79.5
82.0
77.3
86.7
83.2
82.2

Wheat
middlings
(4-05-205)
84.9
91.7
82.8
92.3
85.2
87.4
81.8
84.6
85.9
76.7
87.2
88.3
83.0
88.8
83.0
84.5
84.9



Feedstuff

Calcium phosphate
mono basic
dibasic
defluorinated

Sodium phosphate, monobasic
Casein
Egg albumin
Meat and bone/blood meal
Fish meal (anchovy)
Fish meal (menhaden)
Corn grain
Cottonseed meal (41%)
Soybean meal (44%)
Soybean meal (48%)
Wheat middlings

International feed number Availability
(%)

6-01-082 94"
6-01-080 65", 82C

6-01-780 82°
6-04-288 90"
5-01-162 90b

71"
5-00-388/5-00-380 84C

5-01-985 40a

5-02-009 39", 75C

4-02-935 25"
5-01-621 43C

5-04-604 50"
5-04-612 54a, 29b, 49°
4-05-205 28", 38C
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TABLE 11.7. Average apparent phosphorus availability of feedstuffs determined for catfish.

experimental methodology and the impact of processing on protein quality of various feedstuffs.
Different sites along the intestinal tract and different methods for fecal collection have been used.
Also, single- or mixed-protein feeds have been used. Processing of feed ingredients affects
protein digestibility. For example, the protein digestibility of soybean meal and fish meal is
reduced if it is improperly cooked.

Amino acids

Amino acid availability coefficients (Table 11.6) indicate that the availability of certain amino
acids is variable among the various proteins tested. To use protein digestibility coefficients to
formulate catfish feeds, it must be assumed that all amino acids are equally available. It is obvious
that this is not the case; thus, it would be more proper to use amino acid availability data to
formulate catfish feeds. However, there is a paucity of amino acid availability data, and those
presented in Table 11.6 are based on relatively few samples.

Lipids

Lipid digestibility coefficients (Table 11.5) demonstrate that lipids are highly digestible by
catfish. Lipid sources containing appreciable amounts of unsaturated lipids appear to be more
highly digested than sources containing predominantly saturated lipids. Also, highly saturated
lipids (beef tallow) may be poorly digested at low water temperatures.

Lovell (iy/8). Based on digestibility trial using chromium oxide as an indicator.
b Wilson et al. (1982). Based on digestibility trial using chromium oxide as an indicator.
c Li and Robinson (1996). Based on weight gain offish compared to a reference diet containing 0.4% available
phosphorus from monobasic sodium phosphate. Weight gain appeared to be a more reliable indicator than did bom
phosphorus concentrations.
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Carbohydrates

Carbohydrates are not as digestible by catfish as lipids (Table 11.5). Glucose is more highly
digestible by catfish than dextrin or starch. Dietary carbohydrate level also affects carbohydrate
digestion. Starch and dextrin digestion decrease as the dietary level increases from 30 to 60%.
Cooking improves the digestibility of corn starch.

Energy

Fish meal is a good source of digestible energy for catfish (Table 11.5). Oilseed meals are also
relatively good sources of energy for catfish. Different findings for digestibility of the same
ingredients in various studies are due in part to differences in experimental methods and to
processing of feed ingredients as well as other unexplained factors.

Minerals

Phosphorus availability data (Table 11.7) indicate that inorganic sources of P are highly digestible
by catfish. About one-third of the P found in plant materials and about one-half of the phosphorus
found in animal materials are available to catfish. Most of the P in plants is in the form of phytic
acid, which requires phytase enzymes to free the P. Phytase enzymes are not present in catfish
tissues. The use of phytase enzymes in the diet improves the utilization of P from plant sources.

11.5 NON-NUTRITIVE DIETARY COMPONENTS

11.5.1 Adventitious toxins

Adventitious toxins may occur in feeds or feed ingredients and have the potential to cause loss
of productivity, morbidity, or mortality among cultured catfish. Included among these are chem-
ical compounds that occur naturally in feed ingredients and mycotoxins that develop as a result
of mold infestation. Chemical compounds can exert their effect on catfish by being explicitly
toxic or in an indirect manner by inhibiting digestion and absorption of nutrients. Usually the first
response by an animal to the consumption of feeds containing these toxic substances at levels that
do not cause immediate mortality is a detectable decline in growth rate. Thus, reduced growth is
a very sensitive indicator of exposure to toxins, but it is nonspecific in that exposure to many
undesirable factors can elicit the same response. After continued feeding of the toxin, other
changes in the animal's physiology, morphology, and biochemical processes will take place
including reduced hematocrit, elevation in certain enzymes in serum and liver, the appearance of
neoplastic growths, and altered biochemical pathways resulting in the accumulation of tissue
metabolites.

Endogenous toxins of feed ingredients

Endogenous toxins are substances found in a feed ingredient as part of the normal array of
compounds that are associated with the ingredient. Consumption of these toxins at harmful levels
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may result in impaired digestion and absorption of nutrients, altered metabolic mechanisms, and
changes in organ morphology.

Trypsin inhibitors. Trypsin inhibitors are components of the seeds of many legume plants, of
which soybeans are the most important to the catfish industry. It has been known for many years
that soybeans contain a protein that forms irreversible complexes with the pancreatic enzyme
trypsin that essentially inactivates its proteolytic activity. Heat processing for the flaked soybean
under proper conditions denatures the inhibitor and inactivates its trypsin inhibition properties.
Heating soybean meal must be done under carefully controlled conditions; under-heating will
allow sufficient trypsin inhibitor to remain to reduce feed utilization. Overheating soybean meal
will reduce the availability of some amino acids such as lysine, which forms lysine-carbohydrate
complexes. Other antinutritional components may also be responsible for the decreased digest-
ibility of soybeans. Reduced activity of intestinal lipase in catfish has been observed as a result
of consumption of soybean products (Robinson et al. 1981).

Phytic acid. Most of the phosphorus (approximately 70%) of seeds is stored in the form of
phytate-phosphorus, which is largely unavailable to simple-stomached animals like catfish. In
addition to reducing phosphorus availability, phytate also chelates other minerals such as Zn, Mn,
Cu, Mo, Ca, Mg, and Fe (Smith 1977). A commercial preparation of the enzyme phytase can
improve utilization of phytate-phosphorus in catfish diets (see section 11.3.5 for more details).

Gossypol. This poisonous yellow pigment may be found associated with cottonseed and
processed cottonseed meal in sufficient amounts to adversely affect the growth of catfish fed diets
containing high levels of cottonseed meal. Differences in gossypol concentration can be affected
by cotton variety, locality grown, and oil processing technique. Processing method appears to
influence free gossypol levels significantly. Screw press and pre-press, solvent-processed cotton-
seed meal have the lowest concentrations of free gossypol. Direct solvent-processed cottonseed
meal has the highest level of free gossypol. Another method of cottonseed processing (expander
solvent) produces higher yields of cottonseed meal with lower levels of free gossypol than the
direct solvent process. Levels of dietary free gossypol above 900 mg/kg diet have been shown to
inhibit the growth of catfish (Dorsa et al. 1982). Solvent-extracted cottonseed meal used in catfish
diets usually contains 400 to 800 mg free gossypol/kg. Therefore, typical inclusion levels of 10
to 20% cottonseed meal in commercial catfish diets would not provide toxic concentrations of
free gossypol. Nevertheless, available levels of lysine should be examined in catfish diets where
cottonseed meal replaces soybean meal at high levels because gossypol irreversibly binds lysine
with the possibility of creating a lysine deficiency.

Cyclopropenoic fatty acids. Cottonseed meal contains another group of toxic compounds
referred to as cyclopropenoic fatty acids (CFAs), mainly sterculic acid and malvalic acid. Feeding
CFAs in combination with aflatoxin has been shown to be carcinogenic to rainbow trout (Lee et
al. 1968). Also, the activity of liver enzymes is altered by CFAs, resulting in the inhibition of fatty
acid desaturases and the accumulation of saturated fatty acids in the liver of trout (Roehm et al.
1970). The effect of CFAs on catfish has not been evaluated, but use of cottonseed meal in
practical catfish diets at levels of 30% or less does not appear to affect catfish performance or
cause liver abnormalities.
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Glucosinolates. Glucosinolates are inert compounds found in rapeseed that are activated when
the seed coat of rapeseed is broken in a process such as grinding, releasing the enzyme
myrosinase. Myrosinase hydrolyzes the glucosinolates releasing the antithyroid agents thio-
cyanate, nitrites, and goitrin. These compounds impair thyroid activity by interfering with
thyroidal ability to uptake and bind iodine. The effects of these compounds, with the exception
of goitrins, can be reversed by dietary iodine supplementation. Traditional rapeseed meal has a
glucosinolate content of 3 to 8%, but has been replaced for animal feeding by newer varieties of
rapeseed known as canola, which have glucosinolate concentrations of less than 0.02% (Higgs
etal. 1982).

Erucic acid. Erucic acid, another toxic component of rapeseed, is a 22:1 n-9 fatty acid. Erucic
acid content of rapeseed oil has been reduced from the former levels of 20 to 55% by selective
breeding of rapeseed to produce low erucic acid canola. The toxic effects of erucic acid on fish
have been evaluated with salmonids. Addition of 3 to 6% erucic acid to diets of coho salmon
Oncorhynchus kisutch resulted in mortalities and skin, gill, kidney, and heart lesions (Hendricks
and Bailey 1988). Lesions previously observed to be associated with the consumption of erucic
acid have not been found in rainbow trout (Hardy and Sullivan 1983) fed practical diets
containing canola meal.

Mycotoxins

Interest in the effects that mycotoxins have on catfish productivity and health has increased in the
past decade. Mycotoxins first came to the attention offish culturists in 1963 during an outbreak
of hepatomas in cultured rainbow trout in the United States. The trout were being fed diets
containing moldy cottonseed meal that contained, it was later determined, aflatoxin—a mycotoxin
produced by the mold Aspergillus flavus. Consumption of aflatoxin caused enlarged, tumorous
livers in the trout fed as little as 0.5 ug/kg for 8 months resulting in fish that suffered high rates
of morbidity and mortality. The liver tumors were later classified as hepatocellular carcinomas
and caused great economic loss to the industry. Shortly after recognition of the carcinogenicity
of aflatoxin, the United States Food and Drug Administration imposed a 20 ug/kg limit on
aflatoxin that can contaminate food and feed for humans and animals. This upper limit has been
modified several times since then to permit higher levels of aflatoxin in feeds designated for
certain classes of livestock and poultry.

In one of the first experiments with catfish, addition of 2,154 ug pure afiatoxin/kg to a
chemically defined diet that was fed for 12 weeks produced no mortality, no growth reduction,
nor any observable histopathological changes in liver tissues (Jantrarotai and Lovell 1990). At
an inclusion level of 10,000 ug/kg, there was a reduction in growth rate and hematocrit and minor
histological changes in cellular morphology of liver and kidney. Two more recent studies with
feeding moldy com that contained 560 ug aflatoxin/kg in practical diets to catfish confirmed the
earlier work and showed that catfish are relatively insensitive to aflatoxin (Bruce Manning,
Mississippi State University, unpublished data). These studies, which were conducted as a 12-
week aquarium trial and a 130-day pond study, showed that aflatoxin levels of 220 and 88 ug/kg
in the aquarium study and the pond study, respectively, had no effect on weight gain, feed
conversion, hematocrit, and liver morphology. Data from these studies indicate that aflatoxin-
contaminated feeds above the 20 ug/kg limit could be fed to catfish without experiencing any
deleterious effect on catfish performance.
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As for the concern that tissue residues of aflatoxin could exceed the 20 ug/kg limit imposed
by the FDA on food designated for human consumption, other research has demonstrated that
feeding catfish even very high dietary levels of aflatoxin results in accumulation of aflatoxin in
muscle tissue at levels below the FDA limit. Channel catfish fed diets containing 5,000 or 50,000
ug aflatoxin/kg of diet for three weeks had muscle tissue levels of aflatoxin of less than 20 ug/kg
(Wu 1998). Also, the levels of aflatoxin declined rapidly after withdrawal of contaminated feed;
to as low as 0.1 ug/kg muscle within 3 days after withdrawal for fish fed either dietary level of
aflatoxin.

Mycotoxins produced by members of the Fusarium genus are toxic to catfish. Among the
mycotoxins produced by this genus that have been tested on catfish are fumonisin B, (FB,),
moniliformin, deoxynivalenol (DON), ochratoxin A (OA), and T-2 toxin. These mycotoxins
contaminate grains such as corn, wheat, and milo that are infected with certain species of
Fusarium molds. Infection of grains usually occurs in the field, but mycotoxin concentration may
increase during storage under improper conditions. All have a negative effect on the growth of
catfish fingerlings.

Fumonisin B, was first identified and its chemical structure determined by a group of South
African scientists. It was shown to be the causative agent of the equine malady, equine
leukoencephamalacia (ELEM)—a pathological condition causing liquefaction of the brain.
Because this mycotoxin can contaminate corn, its toxicity to catfish was evaluated. Small catfish
fingerlings were sensitive to FB, levels as low as 20 mg/kg in a practical diet containing FB,-
contaminated culture material (Li et al. 1994b; Lumlertdacha et al. 1995). Subsequently, it was
shown that 20 mg/kg FB, also impaired the immune system of catfish challenged with E. ictaluri
(Lumlertdacha and Lovell 1995). Fumonisin B, disrupts sphingolipid metabolism in all animals
tested including catfish (Goel et al. 1994; Manning 1998). Sphingolipids are important com-
ponents of cell membranes and function in a cellular second messenger capacity. Levels
demonstrated in these studies to be toxic to catfish are attained under practical conditions, where
individual samples taken of corn used for feed supplies have contained FB, up to 200 mg/kg.

Moniliformin causes a reduction in catfish weight gain at 20 mg/kg in 5-cm (2-inch) fish
(Yildirim et al. 2000). This mycotoxin appears to disrupt tricarboxylic acid metabolism in all
animals studied, which is demonstrated with elevated serum pyruvate levels. This metabolic
defect occurred in catfish fed a diet containing 60 mg/kg moniliformin. Catfish fed a combination
of moniliformin and FB,, both at 40 mg/kg, also had elevated serum pyruvate levels and lower
weight gain than either mycotoxin fed at the same dietary level singly. Moniliformin contaminates
corn infected with Fusarium mold species that are also capable of producing FB,.

Deoxynivalenol, one of the Fusarium trichothecene mycotoxins, has been fed to catfish as the
pure mycotoxin (Bruce Manning, Mississippi State University, unpublished data). After 8 weeks
of feeding, pure DON at dietary levels up to 10 mg/kg produced no significant reduction in weight
gain or feed consumption in 7.5-cm (3-inch) catfish. This contrasts with the response of other
animals, such as pigs, dogs, and rainbow trout, which experience a loss of appetite at DON levels
of 1 to 3 mg/kg diet. Another unpublished laboratory study used wheat that was naturally
contaminated with DON (37.5 mg/kg) to prepare experimental diets containing graded levels of
DON. The results after 6 weeks confirmed that relatively high levels of DON are required to
reduce catfish growth. Weight gain was not reduced in catfish fed diets containing graded levels
of dietary DON of 10 mg/kg or lower. Levels of DON of 15.0 and 17.5 mg/kg of diet produced
significant reductions in body weight gains compared to control fish. Fish survival was high and
not affected by DON dietary treatment.
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Ochratoxin A (O A) is another mycotoxin that can contaminate feedstuffs used in catfish diets.
The toxin is elaborated by the fungal organism, Aspergillus ochraceus, on infected corn, cereal
grains, and oilseeds. It is usually characterized as nephrotoxic in most animals that have been
studied. An 8-week aquarium study (Manning et al. 2003c) showed that adding culture material
containing a known concentration of OA (80 mg/kg) to a semipurified diet adversely affected
catfish performance. Weight gain was significantly reduced by feeding 1.0 mg OA/kg diet or
above, while poorer feed conversion ratios were observed only for catfish fed the two highest
levels of OA at 4.0 or 8.0 mg/kg of diet. An interesting observation was that the exocrine
pancreatic tissue normally surrounding the hepatic portal vein was reduced or completely absent
in catfish fed 1.0 mg OA/kg diet or greater. There appeared to be increased incidence and severity
of melanomacrophage centers in both hepatopancreatic tissue and posterior kidney.

T-2 toxin, another trichothecene mycotoxin, was added in a pure form to a chemically defined
diet in an 8-week aquarium study (Manning et al. 2003b). The results demonstrated that T-2 toxin
is much more toxic to catfish than DON. Levels of T-2 toxin of 0.625 mg/kg and above produced
significant reductions in weight gain. Catfish fed the highest dietary level (5 mg/kg) did not grow.
Hematocrit values were also adversely affected by T-2 toxin at inclusion levels of 1.25 mg/kg and
above; catfish receiving 5 mg/kg T-2 toxin had a mean hematocrit of 19.3% compared to a value
of 31.6% for control fish. The Fusarium organism that produces T-2 toxin uses corn or wheat as
its substrate. Corn, wheat, or wheat by-products are common ingredients in catfish feeds and there
is potential for T-2 toxicity to occur under catfish aquacultural conditions.

As might be expected, mycotoxins can affect the catfish immune system, making fish more
susceptible to infectious diseases. In one study (Bruce Manning, Mississippi State University,
unpublished data), juvenile catfish (6.4 g) were fed semipurified diets containing two levels of
either T-2 toxin or OA for 6 weeks. Weight gains of fish fed the mycotoxin diets were
significantly lower than control catfish fed diets with no mycotoxin. After the feeding phase,
catfish were challenged with a virulent isolate of the common bacterial pathogen, Edwardsiella
ictaluri. Fish fed diets containing 1.0 or 2.0 mg T-2 toxin/kg diet had significantly greater
mortality of 84 or 99%, respectively, than fish fed the control diet. For catfish fed either 2.0 or
4.0 mg OA/kg diet, only those fed the higher level of OA experienced mortality (80%) that was
significantly greater than control fish. Mortality for control catfish was 68%. This study, as well
as the one previously described for FB,, confirms that exposure to feed-borne mycotoxins reduces
the ability of catfish to mount adequate resistance to commonly encountered disease pathogens.

Mycotoxins pose a risk to catfish feed producers and catfish farmers. The mold organisms that
produce mycotoxins are ubiquitous and, under conditions ideal for mold development, the toxins
are produced on feed ingredients and catfish feeds. Because catfish feeds usually contain up to
85 to 90% plant ingredients including corn, wheat, wheat by-products, and soybean meal, there
is a distinct possibility that ingredients may contain one or more mycotoxins at harmful
concentrations. It is important to screen these ingredients for suspected mycotoxin contamination
before using them in feed manufacture. Mycotoxin screening has been simplified by the
development of enzyme-linked immunosorbent assays (ELISA) that are commercially available
and can be used in the feed mill. Also available are the services of commercial laboratories that
specialize in mycotoxin analysis and are able to provide very reliable results within 2 to 3 days.

The problems mycotoxins can cause in catfish may be numerous and are just beginning to be
understood. More understanding can only be achieved with additional research to evaluate the
deleterious effects of other known mycotoxins and combinations of mycotoxins on catfish, and
the preventive measures that can be taken to ameliorate these effects.
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11.5.2 Fiber

Fiber is a non-nutritive component of catfish diets. Animals with a digestive system that
incorporates only a single gastric stomach cannot derive any direct nutritional benefit from the
consumption of dietary fiber. Such is the case with catfish and some land animals, for example,
the chicken. Fiber in this instance provides bulk to the ingesta and may alter transit time of
ingested material within the gut lumen. The usual approach to formulating diets for single-
stomached animals is to use ingredients that will maintain dietary fiber levels below acceptable
maximum levels. These levels are in the range of 3 to 6% crude fiber for catfish diets.

Fiber content of catfish diets includes those organic components of dietary ingredients that
are indigestible in normal digestive processes. These components include cellulose, lignin,
hemicellulose, and other insoluble complex carbohydrates of plant origin. It does not include
soluble, complex plant carbohydrates such as pectin and other vegetable gums, because soluble
dietary fiber is not recovered in the analysis of crude fiber.

Catfish feeds that contain levels of fiber above the desirable range will increase the amount
of waste material deposited in the pond. Accumulation of waste material on the pond bottom may
deteriorate water quality since their decomposition depletes dissolved oxygen. Ingredients that
contain higher levels of crude fiber should be restricted to lower levels of inclusion or should not
be included at all.

11.5.3 Pigments

Pigments are possible non-nutritive components of catfish diets. The limited amount of pigment-
ation that occurs in flesh as a result of the consumption of certain oxygenated carotenoid
compounds referred to as xanthophylls is considered undesirable. The main xanthophylls
consumed by catfish from feeds are lutein and zeaxanthin, which are supplied by corn.

Catfish flesh usually has a desirable pale, light color when the feeds used do not contain high
levels of ingredients that have high concentrations of xanthophyll compounds. Ingredients with
a high xanthophyll content include by-products of corn wet-mill processing such as corn gluten
meal. If this ingredient, which has a protein content of approximately 60%, is used with the corn
typically found in catfish feeds, it is likely that fillets will have an objectionable yellow color.
Usually, the xanthophyll content in the diet must exceed 11 mg/kg for this condition to occur.
Comparison of the xanthophyll content of corn at only 10 to 20 mg/kg and corn gluten meal at
330 mg/kg shows that it is important not to include corn gluten meal in feeds for food-size
catfish. Use of even 5% of this ingredient in conjunction with 30% corn would add over 20 mg/kg
xanthophyll to the feed.

11.5.4 Additives

Additives to catfish feeds are used to improve the quality and performance of the feed and include
pellet binders, antioxidants, and antibiotics.

Pellet binders

Binders are added to catfish feeds to improve the quality of steam pellets. These products increase
the durability of pellets and improve stability in water. Improvement of pellet durability will
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decrease the amount of fines generated through normal handling while increasing water stability
to extend the time pellets remain intact after application. Both characteristics improve water
quality and feed conversion. Pellet binders are materials that help hold feed ingredients of the
proper particle size together. They are activated as a result of heat and pressure applied during the
pelleting process. Practical pellet binders include the bentonites—clay compounds that are mined
from deposits in the western United States—and by-products of wood processing, referred to as
lignin sulfonates. Both of these groups of binders have demonstrated effectiveness as pellet
binders for feeds used in aquaculture. Neither of these binders adds any nutritional value to
catfish feeds. Catfish feeds can be formulated to contain wheat, which provides gluten. Gluten
is a good pellet binding agent with the added benefit of having nutritional value to catfish.

Many experimental diets that are used in nutritional studies are pelleted and require binding
agents to hold the ingredients in a pellet form and to provide water stability. These binders are
activated in the presence of water. Vegetable gums such as guar gum, agar, and carrageenan have
been used, but the preferred binding agent is carboxymethylcellulose. When used at 3 to 5% of
the diet, carboxymethylcellulose helps form very durable pellets that remain intact for 20 to 30
minutes after application to water.

Antioxidants

Antioxidants are compounds that retard the oxidation of certain nutrients. In some cases, nutrients
themselves function in the capacity of biological antioxidants; examples of these include vitamins
C and E. Nutrients that are protected by antioxidants include polyunsaturated lipids and fat-
soluble vitamins A and D. Destruction of the fat-soluble vitamins and polyunsaturated fatty acids
occurs as a result of the lipid peroxidative process known as oxidative rancidity. During this
process, polyunsaturated lipids generate free radicals of oxygen, which are very reactive and
destroy nutrients. Prevention of peroxide formation can be accomplished by including synthetic
antioxidants in catfish feeds. The synthetic antioxidants used in animal feeds are BHA (butylated
hydroxianisole), BHT (butylated hydroxytoluene), and ethoxyquin (1,2-dihydro-6-ethoxy-2,2,4-
trimethylquinoline). These compounds may be added to fats or directly to feeds at mixing.
Usually, the antioxidants are incorporated in the supplemental fat or oil that is sprayed on
extruded catfish feeds. FDA permissible levels for BHA and BHT are 0.02% of dietary fat
content, and 150 mg/kg for ethoxyquin.

Antibiotics

Only a limited number of FDA approved antibiotics are available for controlling bacterial
diseases of catfish. Because the catfish industry involves what is considered to be a minor species,
there has been a reluctance on the part of drug companies to develop new antibiotics for catfish.
The two antibiotics presently available to catfish producers are oxytetracycline (Terramycin®,
Phibro Animal Health, Fort Lee, New Jersey, USA) and a combination of sulfadimethoxine and
ormetoprim usually referred to by its commercial name, Romet® (Alpharma, Inc., Animal Health
Division, Fort Lee, New Jersey, USA). These antibiotics are incorporated into feeds to be fed to
catfish diagnosed with specific diseases. The use of these antibiotics is described in Chapter 12
(section 12.5.4).
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12.1 INTRODUCTION

Modern catfish feeds are formulated to meet all nutritional requirements of the fish and are
manufactured from high quality ingredients using the most up-to-date extrusion technology. The
feeds are designed to provide for rapid weight gain, high feed efficiency, and a desirable
composition of gain (i.e., a product low in fat and high in protein). They are based on nutritional
research conducted specifically for catfish under conditions that closely mimic commercial catfish
production practices. Even though high-quality feeds are used in the catfish industry, poor feeding
practices can negate the advantages that these feeds offer. Although there has been some research
conducted on feeding strategies, there is no standard feeding practice used throughout the
industry. Basically, feeding catfish is still as much an art as it is a science, and because feed cost
represents the single highest expense in production of farm-raised catfish, producers should select
a feed that best fits their management strategy and feed in a manner that insures the most efficient
conversion of feed to fish. The information on feeding catfish provided in this chapter should be
considered as guidelines to be adapted to fit the specific management scheme used on an
individual farm. Additional information on feeds and feeding can be found in NRC (1993) and
Robinson etal. (2001a).



Feeds and Feeding Practices 325

12.2 FEEDSTUFFS

A relatively small number of feedstuffs are used in catfish feeds, primarily because only few
feedstuffs are available that can supply the nutrients and energy required for optimum growth of
catfish. The suitability and amount of a particular feedstuff used in catfish feeds depend upon
several factors including nutrient composition, commercial availability, palatability, ability of the
fish to utilize the ingredient, and cost.

Although there are a limited number of feedstuffs that are suitable for catfish feeds, com-
mercial catfish feeds consist of a mixture of several feedstuffs and vitamin and mineral premixes
that provide adequate amounts of essential nutrients and the energy necessary for their utilization.
Ingredients used in practical catfish feeds can be classified as protein sources, energy sources, and
vitamin and mineral premixes.

12.2.1 Protein supplements

Feedstuffs containing 20% crude protein or more are generally considered protein sources. Protein
sources may be classified as animal and plant proteins. Animal proteins used in fish feeds come
from inedible tissues from meat packing or rendering plants, milk products, and marine sources.
Animal proteins are generally considered to be of higher quality than plant proteins, primarily
because of their superior complement of essential amino acids. Animal proteins, especially
marine fish meal, have been considered to be essential in fish feeds. However, research has shown
that animal protein is not necessary for normal growth of catfish from advanced fmgerlings to
marketable size under typical commercial culture conditions (Robinson and Li 1994, 1999).

The primary plant protein sources used in catfish feeds are oilseed meals, such as soybean
meal, cottonseed meal, and peanut meal. Certain other oilseed meals can be used, but are not
generally available on a timely basis at an economical cost per unit of protein. Compared to
animal proteins, most plant proteins are deficient in lysine, the limiting amino acid in catfish
feeds. Also, certain plant proteins contain toxins and anti-nutritional factors that may or may not
be inactivated during processing of the meal. A brief description of various animal and plant
protein sources that can be used in catfish feeds is given below.

Animal protein sources

Fish meal. Fish meal is prepared from dried, ground tissues of undecomposed whole marine fish
or fish cuttings such as menhaden, herring, or white fish. Fish meal contains 60 to 80% protein
of excellent quality that is highly palatable to catfish. It is also rich in energy, minerals, and
essential fatty acids. Fish meal made from waste from fish processing and canning plants has a
lower protein quality. Fish meal is used in fry and fingerling catfish feeds, but is used sparingly
in feeds for foodfish because of its high cost. Research has shown that other animal proteins can
replace fish meal without detrimental effect on food-size catfish.

Catfish offal meal. Catfish offal meal is prepared from grinding dried catfish processing waste,
which includes heads, frames, visceral organs, and skin, after the oil has been removed. It
contains about 58% good quality protein and it is highly palatable to catfish. It can be used to
replace marine fish meal and other animal protein sources if it is available at a competitive price.
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Meat and bone meal. Meat and bone meal is the rendered product from beef or pork tissues and
should not contain blood, hair, hoof, horn, hide trimmings, manure, or stomach and rumen con-
tents except in amounts as may be unavoidable during processing. Meat and bone meal contains
approximately 50% crude protein. Its protein quality is inferiorto whole marine fish meal because
it contains less lysine and the consistency of the product may vary considerably. It is a good
source of minerals, although its high ash content may limit its use in catfish feeds because of
possible mineral imbalance.

Blood meal. Blood meal is prepared from clean, fresh animal blood, excluding hair, stomach
belchings, and urine except in trace quantities that are unavoidable. It contains 80 to 86% crude
protein and is an excellent source of lysine. It is deficient in methionine.

Meat and bone/blood meal blend. Special products are available for use in catfish feeds that are
a mixture of meat and bone meal and blood meal. The two feedstuffs are mixed to mimic the
nutritional profile of menhaden fish meal and to provide 60 to 65% protein. Blended products are
an excellent replacement for fish meal in catfish feeds. Although meat and bone meal made from
beef tissues is nutritionally a good protein source for catfish, because of "mad cow" disease we
recommend using only products made from pork tissues.

Poultry by-product meal. Poultry by-product meal consists of ground, rendered, or clean parts
of the carcass of slaughtered poultry. It contains heads, feet, underdeveloped eggs, and visceral
organs but does not contain feathers. The product contains approximately 59% crude protein. It
is marginal in lysine. It is seldom used in catfish feeds because it is not available on a regular
basis at a reasonable cost per unit protein.

Poultry feathers, hydrolyzed. Hydrolyzed poultry feathers are prepared by the high-pressure
treatment of clean, undecomposed feathers from slaughtered poultry. At least 75% of the protein
should be digestible as measured by pepsin digestion. It is high in protein (about 85%), but
severely deficient in lysine; therefore, it is rarely used in catfish feeds.

Plant protein sources

Soybean meal. Soybean meal is prepared by grinding flakes after removal of the oil from soy-
beans by solvent extraction or using an expeller. There are three types of soybean meal that can
be used in catfish feeds: dehulled and solvent extracted, solvent extracted, and expeller extracted.
These contain about 48, 44, and 42% protein, respectively. Soybean meal (48% protein) is the
major protein source used in catfish feeds. It has the best amino acid profile of all common plant
protein sources. Based on amino acid requirements reported by NRC (1993), soybean protein is
sufficient in all indispensable amino acids for catfish. It is also highly palatable to catfish. Up to
50% can be used in commercial catfish feeds without detrimental effects. Antinutritional factors
in soybeans, mainly trypsin inhibitor, are destroyed or reduced to insignificant levels by heating
during oil extraction and further by heating during extrusion and drying of catfish feeds.

Heated, full-fat soybean meal. This product is prepared by grinding heated whole soybeans. It
contains 39% protein and 18% fat. It is rarely used in catfish feeds because of its high fat content.
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A limited amount can be used in catfish feeds as long as the total fat level in the finished feed
does not exceed about 6%.

Cottonseed meal. Cottonseed meal is obtained by grinding the cake remaining after the oil has
been extracted hydraulically, or by screw press extraction, prepress solvent extraction, direct
solvent extraction, or expander solvent extraction. The products generally contain 41 % protein.
They are highly palatable to catfish, but are deficient in lysine. Cottonseed meal contains free
gossypol and cyclopropenoic acids which can be toxic to catfish. The amount of free gossypol in
cottonseed meal depends upon processing methods. Levels of cottonseed meal should not exceed
20% of the feed for catfish unless supplemental lysine is used. Cottonseed meal is generally used
in catfish feeds at a level of 10 to 15%.

Peanut meal. Peanut meal is obtained by grinding shelled peanuts with the oil removed either
mechanically or by solvent extraction. Solvent-extracted peanut meal contains 48% protein and
the mechanically extracted product contains 45% protein. It is highly palatable to catfish and
contains no known antinutritional factors, but it is deficient in lysine. Levels used in catfish feeds
are restricted to 15 to 20% without lysine supplementation.

Distillers' dried grains with solubles. Distillers' dried grains with solubles are the primary fer-
mentation residues, after removal of the alcohol by distillation, from yeast fermentation of cereal
grains. The product contains approximately 27% protein and is highly palatable to catfish. Levels
up to 35% can be used in catfish feeds without lysine supplementation (Webster et al. 1991).

Sunflower meal. Sunflower meal is prepared by grinding the residue remaining after mechanical
or solvent extraction of the oil from sunflower seeds. Dehulled sunflower meal is prepared from
sunflower seeds after the hull is removed. Solvent extracted sunflower meal contains about 44%
protein. The hulls are not easily removed so the meal contains around 13% fiber. Higher levels
of fiber are found in meals that are not dehulled. Sunflower meal can be used in catfish feeds to
replace part of the soybean meal. Its low lysine content and high level of fiber limit its usefulness
in catfish feeds. A level of up to about 20% without lysine supplementation is acceptable for
catfish feeds (Balogu et al. 1993).

Canola meal. Canola meal is prepared from a special rapeseed by solvent extraction to remove
the oil. Compared to typical rapeseed meal, canola meal is low in glucosinolates and erucic acid,
which may be detrimental to catfish growth. Canola meal contains about 38% protein and is
relatively low in lysine compared to soybean meal, but appears to be higher than most other
oilseed meals. It is palatable to catfish and can be used at levels up to about 35% in catfish feeds
without detrimental effects (Li and Robinson 1994; Webster et al. 1997).

12.2.2 Energy supplements

Energy supplements are feedstuffs that contain less than 20% crude protein. These include grain,
grain by-products, and fat or oil of animal or plant origin. Energy sources that can be used in
commercial catfish feeds include the following ingredients.



328 Robinson, Manning, and Li

Grains and grain by-products

Corn grain and corn screenings. Corn grain and screenings are used interchangeably in
commercial catfish feeds as a relatively inexpensive source of energy. Corn screenings are
obtained in the cleaning of corn and include light and broken corn grain. Cooking improves
energy digestibility of corn for catfish. Corn grain or screenings have been used in catfish feeds
at levels up to 50% without adverse effects.

Corn gluten feed. Corn gluten feed is the part of corn remaining after the extraction of most of
the starch and gluten by the process of wet milling of corn starch to produce starch and syrup. It
is a potential energy source for catfish feeds. This product typically contains about 18 to 20%
crude protein and 10% fiber and it is usually competitively priced relative to corn and wheat
middlings. Up to 50% of corn gluten feed can be used in catfish feeds without detrimental effects
(Robinson et al. 2001b). Unlike high-protein corn gluten meal, corn gluten feed contains a level
of the yellow pigment xanthophyll similar to that in corn grain, which does not cause
accumulation of yellow pigmentation in catfish flesh.

Wheat grain. Whole wheat grain is a good source of energy for catfish and is a good pellet
binder, but is generally more expensive than corn. As a result, wheat grain has been used
sparingly (2 to 5%) in catfish feeds, primarily for its pellet binding properties.

Wheat middlings. Wheat middlings are fine particles of wheat bran, shorts, germ, and flour
recovered from milling wheat grain. Depending on cost, wheat middlings are used to replace corn
or corn screenings in catfish feeds and are routinely used at levels up to about 25% of the feed.
If used primarily as a binder, a level of 2 to 5% is generally used.

Rice bran. Rice bran is the bran layer and germ of rice grain with hulls or broken rice at levels
only that are unavoidable in milling rice grain. It is high in fat and fiber, which limits its use in
catfish feeds. It is generally limited to less than 7% in catfish feeds. Higher levels of rice bran may
increase equipment wear in the manufacturing of catfish feeds because of its abrasiveness.

Milo. Nutrient composition of milo is similar to corn, but it is slightly higher in protein (11%).
Milo can be used to replace com in catfish feeds on a weight-to-weight basis. Feeds containing
milo are darker and more dense. Some varieties of milo have a high tannin concentration in the
seed coat and are not palatable to certain animals.

Fats and oils

Animal and plant fats and oils are highly concentrated sources of energy as well as a source of
essential fatty acids. Animal fats used in catfish feeds include catfish offal oil, beef tallow, poultry
fat, and menhaden fish oil. Beef tallow is not recommended for use in winter feeds because it is
a saturated fat. Various plant oils can be used, but animal fats are generally preferred because they
are generally less expensive. Marine fish oil contains high levels of n-3 fatty acids that are
essential to catfish growth; however, there is evidence that levels of menhaden oil of about 2%
or higher may reduce disease resistance in catfish (Fracalossi and Lovell 1994; Li et al. 1994).
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TABLE 12.1. Retention of vitamins in extrusion-processed catfish feeds.

Also, high levels of marine fish oil contribute to an undesirable "fishy flavor" in catfish products
(Mohamed 1989). Blended products from different fats or oils are available for use in catfish
feeds. Supplemental fat is generally sprayed on the finished feed pellets at a rate of 1 to 2%,
primarily to reduce feed dust ("fines").

12.2.3 Vitamin premix

Commercial catfish feeds are supplemented with a vitamin premix that provide vitamins in
quantities necessary to meet dietary requirements, including losses due to feed processing.
Retention of vitamins during feed processing is presented in Table 12.1. Based on dietary
requirements, stability during feed processing, and the amount and bioavailability of certain
vitamins in the feed ingredients, the amount of each vitamin recommended in commercial catfish
feeds is given in Table 12.2.

12.2.4 Phosphorus supplements

Commercial catfish feeds are supplemented with either dicalcium phosphate, monocalcium
phosphate, or defluorinated phosphate. These P sources, along with available P from feed
ingredients, provide approximately 0.3 to 0.35% available P in diet. Laboratory and pond studies
have shown that microbial phytase, an enzyme capable of breaking down the bound form of P
(phytic acid) in plant feedstuffs to make it bioavailable, can replace inorganic P supplements in
catfish feeds (Jackson et al. 1996; Li and Robinson 1997; Robinson et al. 2002). A level of 250
units of phytase/kg diet appears adequate for growth of channel catfish that are not fed a
supplemental phosphate source.

12.2.5 Trace mineral premix

A trace mineral premix (Table 12.2) is recommended for use in catfish feeds especially in catfish
feeds that contain low levels of animal protein. If 5% or more animal protein is included in catfish

Vitamin Retention (%)
Vitamin A (vitamin A acetate) 65'
Vitamin E (DL-a-tocopherol acetate) 100"
Thiamine (thiamin mononitrate) 64", 67b

Riboflavin 100b

Vitamin B-6 (pyridoxine hydrochloride) 67", 70b

Folicacid 91'
Niacin 96b

Pantothenic acid 100b

Ascorbic acid (fat-coated) 57°
Ascorbic acid (ethylcellulose-coated) 43", 48C

Ascorbic acid (L-ascorbyl-2-polyphosphate) 77", 83d

' Producer's Feed Company, Belzoni, Mississippi; assayed by Roche Vitamin, Inc., Parsippany, NJ.
bLietal . (1996).
'Robinson (1992).
d Robinson et al. (1989).
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TABLE 12.2. Nutrients recommended for foodfish feeds."

Recommended
Nutrient level Comments
Protein (%) 28-32 Will vary depending on fish size, water temperature, dietary

energy level, and daily feed allowance.
Essential amino acids
(% of protein)

Arginine 4.3 Generally, if lysine and sulfur-containing amino acid
Histidine 1.5 requirements are met,other amino acids will be adequate with
Isoleucine 2.6 feedstuffs commonly used in catfish feeds. Cystine can replace
Leucine 3.5 about 60% of methionine requirement. Tyrosine can replace
Lysine 5.1 about 50% of phenylalanine requirement. Synthetic amino
Methionine 2.3 acids can be used to supplement deficient proteins.
Phenylalanine 5.0
Threonine 2.0
Tryptophan 0.5
Valine 3.0

Digestible energy 9-10 Use carbohydrate and lipid (fats or oils) as energy to spare
(kcal/g protein) protein for growth.

Lipid (%) 4-6 Mixture of animal, vegetable, and fish oils may be used. High
levels of marine fish oil may impart a "fishy" flavor to the fish.
Supplemental fat or oil should be sprayed on pellet surface.

Carbohydrate (%) 25-35 Floating feeds require at least 25% grain. Use grain by-products
for good expansion and bonding. Crude fiber should be
maintained below 7%.

Vitamins (mg/kg)
A (IU/kg) 2,200 Acetate ester used to improve stability during feed processing.
D3 (IU/kg) 1,100 D-activated animal sterol used as source of D3.
E 30 DL-a-tocopheryl acetate is used for improved stability.
K 4.4 Required, but level for catfish not known. Menadione sodium

bisulfite is used to ensure adequacy.
Thiamin 2.5 Thiamin mononitrate is generally used.
Riboflavin 6
Pyridoxine 5 Pyridoxine HC1 is generally used.
Pantothenic acid 15 Calcium d-pantothenate generally used.
Nicotinic acid None Required, but feed contains adequate nicotinic acid without

adding a supplement
Biotin None Required, but feed contains adequate biotin without adding a

supplement.
Folic acid 2.2
B-12 0.01 Required, but amount not known. It is synthesized in intestine

of catfish.
Choline None Required in low-methionine diets. It is abundant in most

feedstuffs; therefore choline supplements do not appear to be
necessary.

Inositol None No requirement demonstrated.
Ascorbic acid 50b Phosphorolated form is stable during feed processing and

storage. Metabolized forms will lose 40 to 60% of activity
during processing.



Nutrient
Minerals (mg/kg)

Ca

P, available

Mg
Na, K, and Cl
S
Coc

Ic

Zn

Se

Mnc

Fec

Cuc

Recommended
level Comments

None Catfish usually absorb sufficient calcium from water to meet
their needs. Requirement of 0.45% for fish reared in calcium-
free water.

0.3 -0.35% About 33% of plant phosphorus and about 50-70% of animal
phosphorus is available to catfish. Dicalcium or defluorinated

feeds.
None No supplement needed; abundant in feedstuffs.
None No supplement necessary; abundant in feedstuffs.
None No supplement needed.
0.05 Cobalt carbonate used to insure adequacy.
2.4 Calcium iodate used to insure adequacy.
200 Phytic acid in feed reduces availability. Zinc oxide is generally

used.
0.1 Maximum allowable by FDA is 0.1 mg/kg. Sodium selenite

25 Phytic acid in feed reduces availability. Manganese oxide used.
30 Ferrous sulfate and ferrous carbonate used.
5 Copper sulfate used.

feeds, supplemental trace minerals are generally not necessary. Trace mineral mixes are com-
monly manufactured using inorganic sources because of their low cost. Selenium is recommended
and is usually added in the vitamin premix.

In the past few years, chelated minerals have received some attention in animal nutrition
research. It is assumed that chelation of minerals with protein or an amino acid protects the
element from forming insoluble complexes with phytic acid or other minerals in the digestive
tract. Zinc from zinc methionine has been reported to be several times more available than that
from zinc sulfate to catfish fed either chemically defined or practical diets as measured by weight
gain and bone zinc concentration (Paripatananont and Lovell 1995). Organic Se sources,
selenomethionine and selenoyeast, have been reported to have a higher bioavailability than the
inorganic Se source, sodium selenite for catfish (Wang et al. 1997). In contrast, Li and Robinson
(1996) found that zinc methionine was equally but not more available than zinc sulfate to catfish
fed practical diets. Lim et al. (1996) showed that iron methionine and iron sulfate were equally
effective in preventing anemia in catfish.

12.3 FEED FORMULATION

Commercial catfish feeds are generally based on fixed formulas without significant alteration of
the formula during the growing season. Other animal industries typically formulate feeds based
on least-cost programming; that is, ingredients may change in relation to cost. The nutrient
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TABLE 12.2 (Continued from previous page). Nutrients recommended for foodfish feeds."

a Recommendations are for advanced fmgerlings (about 45 g) to market size (0.5 kg or larger).
b Amount in finished feed.
c Supplement may not be needed when the diet contains 4% or above animal protein.



332 Robinson, Manning, and Li

TABLE 12.3. Restrictions for least-cost formulation of a 28% protein production feed for catfish.

Item
Crude protein
Crude fiber
Lipid
Available phosphorus
Available phosphorus
Digestible energy
Digestible energy
Available lysine
Available methionine
Available methionine + cystine
Grain or grain by-products
Cottonseed meal'
Whole fish meal
Non-fish animal protein
Xanthophyll
Vitamin premixb

Trace mineral premixb

Restriction
Minimum
Maximum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Minimum
Minimum
Minimum
Maximum
Minimum
Minimum
Maximum
Include
Include

Amount
28.0

7.0
6.0
0.30
0.40
2.8
3.0
1.43
0.26
0.65

25.0
15.0
2.0
2.0

11.0

Unit
%
%
%
%
%
kcal/g
kcal/g
%
%
%
%
%
%
%
mg/kg

a Higher levels may be used if supplemental lysine is used.
b Meet dietary allowances for catfish given in Table 12.2.

requirements of the animal are met using a mixture of ingredients that provides for the most
economical gain at a given time during the production cycle. Least-cost feed formulation of
catfish feeds was not feasible until a few years ago because of the lack of essential nutritional
information. Limitations still exist that restrain the use of a least-cost approach to formulating
catfish feeds, but changes are made on a limited basis based on cost during the growing season.
For example, cottonseed meal, wheat middlings and milo, and meat and bone meal are used to
replace part of the soybean meal, corn, and fish meal, respectively.

12.3.1 Recommended nutrient levels

Nutrient levels recommended for commercial catfish feeds are summarized in Table 12.2. Many
of the nutrient levels suggested for catfish exceed the actual nutrient requirement. Excesses of
certain labile nutrients are necessary to ensure adequate levels of the nutrient in processed feeds.
For example, commercial catfish feeds are generally over-fortified with vitamins to compensate
for losses that may occur during feed manufacture.

12.3.2 Least-cost feeds

Mathematical (linear) programming is the method most often used for computer formulation of
least-cost animal feeds. This method requires that restrictions be set; and then, based on those
restrictions, the most economical combination of ingredients that meet the restrictions are selected
by the computer program. Some restrictions are nutritional; others may be a result of processing
or milling constraints, inherent problems with feedstuffs, or miscellaneous factors. Minimum and
maximum levels are set for several nutrients to ensure that nutritional requirements are met (Table
12.3). Some restrictions are necessary to ensure that the feed can be processed into the desired
form. For example, adequate amounts of starch must be provided to manufacture a floating feed.
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High levels of fat and fiber may also negatively affect pellet quality. Also, certain feedstuffs
contain substances that may reduce growth or that may be toxic at high levels. For example, the
amount of cottonseed meal that can be used is limited by the direct or indirect effects of free
gossypol. Miscellaneous restrictions may be imposed by the feed mill or by its clientele. Some
catfish producers may insist on a certain level offish meal or other ingredients.

Quadratic programming has been used to formulate poultry feeds and may offer certain
advantages over linear programming, since it considers diminishing productivity with increasing
nutrient input and changes in the value of the product. The use of quadratic programming requires
knowledge of the biological response from feeding trials, that is, the regression of weight gain on
dietary nutrient concentration. Presently, the lack of this information prohibits the use of quadratic
programming for catfish feed formulation.

12.3.3 Effect of feeds on sensory quality of processed catfish

Flavor

Commercial feeds composed of oilseed meals, grains, and animal products generally have little
influence on flavor quality of farm-raised catfish, as indicated by a study conducted by Johnson
and Dupree (1991). In that study, commonly used feed ingredients were substituted individually
into semipurified experimental diets at levels commonly used in commercial feeds. Diets were
fed to catfish under laboratory conditions for two months and fish were evaluated for flavor
quality by a trained panel using quantitative sensory techniques. Results showed no significant
differences in flavor among fish fed different experimental diets.

High levels of dietary marine fish oil may give catfish an undesirable "fishy" flavor, but
catfish fed feeds containing 2% menhaden oil (a level rarely exceeded in foodfish feeds) have no
distinct fishy flavor. Nearly all off-flavors in farm-raised catfish are caused by phytoplankton,
some of which can produce odorous metabolites absorbed by fish (see Section 10.5).

Appearance

Consumer acceptance of farm-raised fish depends mainly on the color of the flesh. A white color
of catfish flesh is preferred. At high dietary levels, the yellow pigments xanthophylls concentrate
in catfish giving the flesh a yellowish color that is undesirable. Corn gluten meal is limited as a
feed ingredient because of its high concentration of xanthophylls. Corn and corn screenings
contain the pigment, but it is present at concentrations that are not problematic. Other than this,
feeds appear to have little effect on appearance of catfish flesh.

Fattiness

The amount of body fat found in catfish is influenced by several factors including dietary protein
level and energy/protein ratio, feeding rate, and fish size and age. Regardless of fish age and
feeding rate, as dietary protein level decreases and the energy/protein ratio increases, body fat
increases. Regardless of dietary protein and energy levels, fish fed to satiation generally contain
more fat than fish fed at restricted levels. Presently, body fat of catfish is higher than it was 20
or 30 years ago because catfish are fed more liberally today.
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FIGURE 12.1. A catfish feed mill located in northwest Mississippi that can produce up to 1,500 tons of floating
feeds daily.

There is evidence that feeding synthetic compounds, such as ractopamine (Mustin and Lovell
1993) and carnitine (Burtle and Liu 1994) may reduce body fat in catfish. Ractopamine is a so-
called repartitioning agent that can repartition fat to synthesize protein, while carnitine is a natural
compound that acts as a catalyst for fat metabolism. However, these compounds have not been
approved for use in catfish feeds by the United States Food and Drug Administration (FDA).

A major concern about fattiness offish is that increasing fat in edible tissue may reduce the
shelf-life of frozen products. However, body fat content has little effect on frozen storage quality
of catfish products (Huang et al. 1992).

12.4 FEED PROCESSING

Feed processing for catfish has evolved over the last 15 to 20 years into a highly organized system
for the production of nutritionally complete feeds (Fig. 12.1). Preparation of catfish feeds
involves procurement of the necessary feed ingredients, inspection, receiving, and proper storage
of these ingredients at the feed mill, and selection of ingredients to formulate feeds that meet fish
production objectives. Ingredients must be ground to the proper particle size prior to weighing
to facilitate blending during mixing. Feeds are subsequently processed through extrusion-cooking
or steam pelleting into a physical form that is water stable and easily consumed by the fish.
Operation of various phases of feed manufacture are controlled by operators from a control center.

The following discussion will focus on the manufacture of catfish grow-out feeds, which
represents the bulk of feed that is used during catfish production. Other specialty feeds, which
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FIGURE 12.2. Typical flow scheme for manufacturing catfish feeds.

include feeds for catfish fry, brood stock, medicated feeds and miscellaneous feeds, will be
presented in later sections.

A schematic representation of catfish feed manufacture is presented in Fig. 12.2. Feed
manufacture begins with the selection and procurement of feed ingredients. Procurement usually
requires that the responsible personnel contact various vendors and commodity brokers
concerning the purchase of required ingredients. These purchases can be "spot purchases" or may
be purchases that are booked months in advance of actual use. Usually specifications are prepared
for each ingredient or commodity and may include minimum crude protein content as in the case
of an ingredient that supplies protein such as soybean meal, or maximum moisture content, bushel
weight, and United States grade scores as in the case of a grain such as corn.
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Specifications should include minimum levels of all nutrients for feed ingredients such as
vitamin premixes, mineral premixes, and ingredients that are sources of specific nutrients, i.e.,
phosphate sources. In any event, a contract should be prepared that outlines specifications of the
ingredient and is provided to all prospective vendors. Ingredients that fail to meet specifications
are subject to rejection upon arrival at the feed mill. Procured feed ingredients shipped by rail cars
or trucks are inspected and sampled for routine laboratory analysis. The incoming weights of all
commodity shipments received by trucks or rail cars are determined and payments to brokers are
based on these weights. Grain shipments are visually examined and tested for bushel weight and
moisture content before unloading. Likewise, ingredients that are sources of protein may be
sampled for moisture, protein, ash and possibly periodic amino acid determinations. All ingre-
dients should be examined for the presence of extraneous materials, i.e., weed seeds, high
moisture plant debris, and metallic trash that may lower the nutritional value, cause the
development of mold in stored grains, or damage feed processing equipment. Feed ingredients
should be examined closely for evidence of mold growth. Corn and other grains that have signs
of mold may also contain mycotoxins, which may be detrimental to catfish growth and health.

Once a feed formula has been prepared, feed processing begins with grinding the grain to
particle sizes suitable for weighing and mixing. Batch scales are usually employed for this
purpose because all ingredients of a particular mix are assembled in the batch weighing bin while
the previous mixture is being blended in the feed mixer. Micro-ingredients (i.e., vitamin
premixes, trace mineral premixes, etc.) may be added separately before the mixing sequence
starts. When the feed mixture is completely mixed, it is removed from the mixer and the mixture
being held in the batch weighing bin is released into the mixer for blending. Because mixing time
for 1.8- to 3.6-metric ton (2- to 4-ton) capacity mixers is usually 1.5 to 2 minutes, a considerable
amount of feed can be mixed in this manner. Horizontal ribbon mixers are usually used to blend
catfish feeds, because these are easily loaded through a top opening and quickly emptied through
a drop-bottom located along the length of the mixer. The mixed feed is moved by conveyer for
additional grinding through a hammer mill equipped with a No. 7 (38-mm, or 7/64-inch) screen
prior to further processing. At this point, the feed mixture could be conveyed to either an
extrusion-cooker or a steam pellet mill.

12.4.1 Extrusion

Extrusion processing is used for almost all catfish grow-out feeds for pond production because
of the advantage of feeding floating feeds. Extrusion-cookers (Fig. 12.3) subject the feed mixture
to thorough steam cooking for about 2.5 to 3 minutes in a compartment referred to as the
preconditioner or cooker. During the preconditioning phase the feed mixture is blended with hot
water and steam to thoroughly moisten and heat the mix and begin the starch gelatinization
process. After preconditioning, the feed mixture is continuously transferred to the extrusion barrel
where it is exposed to additional steam from injection ports placed along the length of the barrel.
The feed mixture is moved within the barrel by rotational movement of an internal screw, which
has flight and kneading elements. So, as the screw rotates, the heated, moistened feed mixture
moves along the length of the barrel toward the die and is subjected to the shearing and kneading
action provided by its flight and kneading components. Thus, the combination of heat and
physical treatment causes chemical and physical modification of the feed ingredients making
some nutrients, such as starch, more available and other nutrients, such as some vitamins, less
available to catfish.
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FIGURE 12.3. Extrusion-cooker for manufacturing floating feeds.

As the feed mixture approaches the die at the end of the barrel, it is exposed to increased
temperature and internal pressure and undergoes expansion as it emerges from holes in the die
into the reduced atmospheric pressure outside the extrusion barrel. This instantaneous expansion
creates many air pockets in the gelatinized starch which produces a feed pellet of reduced density
( approximately 340 to 400 g/L) that floats when applied to water. Sufficient starch is required
for proper gelatinization during the extrusion process to produce floating pellets. A minimum of
25% grain is needed for good floatability. The main sources of starch in catfish feeds are corn,
wheat, and wheat middlings.

Extruded feed is cut at the outer surface of the die by a rotating knife to a pre-determined
length and removed by pneumatic conveyance to a multistage dryer-cooler (Fig. 12.4). The warm,
moist pellets are spread evenly on the top level of a moving expanded metal belt that is housed
in a large metal chamber that has heated air circulating in an upward direction. After moving
along the length of the upper dryer belt, the partially dried feed drops to the next lower level belt
and continues moving in the opposite direction. Dryers may have 2 or 3 levels, depending on the
capacity, with the last portion of the lowest level devoted to cooling the extruded pellets to
approximately 10 to 12°C (18 to 22°F) above ambient temperature. Extruded catfish feeds are
dried at 135 to 150°C (ca. 75 to 300°F) for about 30 minutes to a moisture content of about 10%.

After drying, feed pellets are screened to remove fines, which are reclaimed and used as a feed
ingredient. Extruded catfish feeds are normally passed through a fat coater which applies a thin
layer of fat to the pellet surface to help reduce fines. After fat coating, the product is then stored
in bins awaiting load-out. Just before load-out, feeds are screened again to remove fines. Almost
all commercial catfish feeds are delivered to the farm in bulk by truck.



338 Robinson, Manning, and Li

FIGURE 12.4 (Left) Multistage dryer-cooler. (Right) Dried floating feeds in multistage dryer-cooler.

12.4.2 Steam pelleting

Steam-pelleted (sinking) feeds are manufactured by using steam (moisture and heat) and pressure
to form feed ingredients into larger homogenous particles. Sinking feeds are generally less
expensive to manufacture than extruded feeds because less energy is expended in their
manufacture. Also less destruction of nutrients occurs during steam pelleting as compared to
extrusion. However, sinking feeds are used rarely in catfish production because floating feeds are
preferred due to the fact that floating feeds allow feeders to observe feeding activity of the fish.
Small amounts of sinking feeds are produced as Terramycin® (oxytetracycline)-medicated feed
and in some cases crumbled feeds for fingerlings (see Sections 12.4.3 and 12.5.4 for more
details).

The criteria for the production of good quality steam pellets are similar to requirements for
production of extruded feeds. Starch and gluten are good binding agents that are provided by
corn, wheat, or wheat by-products. Non-nutritive binding agents are available commercially,
which also help to bind pellets to improve water stability. Some of the most widely used binding
agents are lignin sulfonate compounds (by-products of the wood industry) that are activated by
heat applied during the pelleting process. Fine particle size of feedstuffs, on the order of 350 to
500 urn, is also required to produce high quality pellets that do not break down with handling and
produce large quantities of fines and are stable in water. Ingredients should be ground through
a No.7 hammer mill screen before steam pelleting.

Important functional components of a steam pellet mill include the conditioner where the
mash feed mixture is exposed to steam that is injected into the conditioner chamber while being
blended. Mash temperature is an important aspect of the pelleting process, because temperatures
sufficient to gelatinize starch must be achieved in the conditioner in order to improve the
digestibility of starch for catfish and the durability of the pellets. After remaining in the
conditioner for approximately 1 minute and reaching a temperature of 80 to 90°C (ca. 180 to
200°F), the mash is transferred directly to the pelleting chamber. This chamber houses a rotating
pellet die and rollers that ride on the inner surface of the die and force the feed mixture through
numerous die holes making the tightly compacted pellets that are discharged from the pellet mill.
Modern pellet mills have throughput capacities of up to 23 metric tons (25 tons) of feed per hour.
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Steam pellets must be cooled and dried before being transferred to bulk storage, load-out, or
bagging. Cooling and drying are achieved with a pellet cooler. Pellets are conveyed to the pellet
cooler immediately as they are discharged from the pellet mill and large volumes of unheated,
ambient temperature air are pulled through the accumulating pellet mass inside the vented sides
of the cooler. Effective operation of the pellet cooler relies on the principle that, as pellets are
cooled, moisture content decreases from 14% to 15% down to approximately 10%. Pellets are
released from the cooler chamber as the temperature decreases to an acceptable level. As with
extruded feeds, steam pelleted feeds are also screened to remove fines before storage and
screened again just before load-out or bagging.

12.4.3 Speciality feeds

Specialty feeds are used in catfish production during the various life stages of the fish. During
early development of catfish fry in the hatchery, after they have depleted the nutrient reserves in
the yolk sac and begin to swim-up in search of food, most catfish fingerling producers feed a
meal-type diet containing 45 to 50% protein. After being placed in ponds, fry are fed meal-type
diets or crumbled feeds. Crumbled feeds are prepared from either high-quality steam pellets or
floating feeds by passing the feed through crumble-rollers. Feed mills in northwest Mississippi
produce most crumble feeds from floating feeds. The crumbier consists of two heavy metal rollers
approximately 65 to 75 cm (25 to 30 inches) in length that have been machined with lateral
grooves that cut the pellets as they pass through the adjustable spacing between the motorized,
rotating rollers. Spacing between the rollers should be adjusted to be equivalent to the diameter
of the pellets and positioned so that the space measures the same along its entire length. This
adjustment will prevent a portion of the pellets from passing through the enlarged spacing
between rollers. If a spacing smaller than the pellet diameter is used, pellets will be crushed
between the rotating rollers rather than cut by sharp edges of the roller grooves resulting in the
production of large quantities of fines. As the crumbled feed comes off, it is diverted to a sieving
device to classify it into specific usable particle sizes. Fines and particle sizes too fine to be of any
practical feeding value are not included in crumbled fish feed. Other specialty feeds include feeds
fed to broodstock during the winter months and medicated feeds for feeding diseased fish (see
Sections 12.5.3 and 12.5.4 for more details).

Advanced feed processing methods provide the means to prepare feeds for an important
aquaculture species in quantities to meet the increasing demands of the catfish industry.
Undoubtedly, newer methods and improvements on current methods of processing will be
developed and incorporated into feed processing technology. Already newer, more sophisticated
computerization has taken place that provides the operator with complete control over the feed
manufacturing process.

12.5 FEEDING PRACTICES

Feed cost is the single largest operating expense, typically accounting for about 50% of the total
operating expenses in catfish production. Feeding the proper feed in a manner that results in fast
growth, efficient feed conversion, and fewer water quality problems will increase production and
profit. An experienced feeder who can optimize feed consumption without waste of feed is
invaluable to the catfish producer. Generally, catfish should be fed daily as much as they will
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TABLE 12.4. Example of feeding rate for catfish grown from advanced fmgerlings to marketable size fed once
daily to satiation from May to October in ponds stocked at rate of 10,000 fish/acre (24,700 fish/ha) in a
single-batch system in northwest Mississippi.

Date
May 1
May 15
June 1
June 15
July 1
July 15
August 1
August 15
September 1
September 15
October 1

Water temperature
0700 hours
68°F (20°C)
73°F (23°C)
70°F(21°C)
81°F(27°C)
81°F(27°C)
81°F(27°C)
82°F (28°C)
81°F(27°C)
77°F (25°C)
77°F (25°C)
68°F (20°C)

1600 hours
73°F (23°C)
79°F (26°C)
77°F (25°C)
86°F (30°C)
88°F(31°C)
88°F(31°C)
90°F(32°C)
86°F (30°C)
86°F (30°C)
86°F (30°C)
72°F (22°C)

Fish size
(pounds)
0.11
0.14
0.18
0.24
0.32
0.39
0.51
0.63
0.74
0.84
1.02

(g)
50
62
82

111
143
176
233
285
336
382
463

Feeding rate
(% body weight)
2.1
3.4
2.9
3.2
2.7
2.4
1.8
2.0
1.5
1.3
1.1

consume without wasting feed and without adversely affecting water quality. However, water
quality or fish health problems may cause the farmer to restrict the daily feed allowance or feed
less frequently. Catfish producers must decide how much and how often fish should be fed on a
pond-to-pond basis because feeding behavior in different ponds may differ greatly and feeding
activity in a particular pond may vary greatly from day to day.

12.5.1 Feed allowance

How much feed should be offered to the fish is affected by several factors including standing
crop, fish size, water temperature, and water quality. Water temperature has a profound effect on
feeding rate (Table 12.4). As fish size increases, feed consumption as percentage of body weight
decreases and feed conversion ratio increases.

There is considerable variation in feed allowance or feeding rate among commercial catfish
farms; however, catfish are generally fed at a rate either based on percentage offish biomass,
apparent satiation, or no more than a preset level. Computer programs, which generally determine
feeding rates based on a percentage offish weight, are available and are used by some producers.
Feeding a prescribed amount of feed based on fish biomass in a particular pond works best when
the total weight of fish in each pond is known and a fairly accurate estimate of feed conversion
can be made. However, because most catfish producers do not clean-harvest but rather remove
only harvestable-size fish and replace the harvested fish with fmgerlings, after several harvests
and restockings, it is difficult to accurately determine the biomass in each pond. In fact, many
catfish producers judge their inventory by the amount of feed fed. As a result, catfish are generally
fed once daily to what is commonly called satiation (i.e., feeding the fish all they will ingest in
a reasonable period of time). However, feeding to satiation is highly subjective and is often
difficult to achieve in ponds containing a large standing crop offish without adversely affecting
water quality. For this reason, many producers limit their feed input to a preset (cutoff) level.

Because catfish are most often cultured using a multiple-batch production system in which
several sizes of fish are present in the pond, it is recommended that they be fed to satiation.
Actively feeding fish should be satiated within 20 to 30 minutes. Offering as much feed as
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TABLE 12.5. Examples of typical catfish feed formulations.

Ingredient
Soybean meal (48%)"
Cottonseed meal (41%)
Menhaden meal (61%)
Meat/bone/blood (65%)
Corn grain
Wheat middlings
Dicalcium phosphate
Catfish vitamin mixb

Catfish mineral mixb

Fat/oilc

% of feed
Fry
(50%)a

-
-
60.2
15.3
-
19.0
-
include
include
5.0

Fingerling
(35%)
38.8
10.0
6.0
6.0

16.1
20.0

1.0
include
include
2.0

Foodfish
(32%)
35.0
10.0
4.0
4.0

29.9
15.0
0.5

include
include

1.5

(32%)
34.6
12.0
-

8.0
30.3
15.0
0.5

include
include

1.5

(32%)
48.4
-

4.0
30.2
15.0
0.75

include
include

1.5

(28%)
24.4
10.0
4.0
4.0

35.5
20.0

0.5
include
include

1.5

(28%)
29.7
10.0
-

4.0
34.0
20.0

0.75
include
include

1.5

(28%)
37.8
-
-
4.0

35.8
20.0

0.75
include
include

1.5
* Values in the parentheses represent percentage protein.
b Commercial mix that meets or exceeds all requirements for channel catfish.
c Sprayed on finished feed pellet to reduce feed dust ("fines").

possible (without wasting feed) provides a better opportunity for smaller, less aggressive fish to
receive feed. Satiation feeding appears to be particularly important when catfish are fed less
frequently than on a daily basis. Although it is recommended that catfish typically be fed as much
feed as they will consume, at large standing crops offish, it may be impossible to satiate the fish
and maintain water quality at an acceptable standard. Feeding rates should not exceed what can
be assimilated by organisms in the pond and not require excessive use of aeration. Generally,
long-term average daily feed allowance should not exceed about 110 to 135 kg/ha (100 to 120
pounds/acre). Feeding rates higher than this on occasion or for short periods is not harmful.
Overfeeding should be avoided because wasted feed increases production cost by reducing feed
efficiency and it also contributes to deterioration of water quality.

12.5.2 Warmwater feeding

Fry

Catfish fry are usually held in indoor troughs or tanks for no more than 10 days before releasing
into outdoor nursery ponds. Newly hatched fry use their yolk sac as energy and nutrient sources
for approximately 3 to 5 days. During this period they do not need to be fed. Once the yolk sac
is absorbed, fry begin to seek food and should be fed frequently. They should be fed finely ground
meal-type feeds (Table 12.5) containing 45 to 50% protein supplied primarily from fish meal.
Usually, most catfish fingerling producers feed catfish fry in the hatchery with trout starter feeds
because of their high quality and ready availability. Fry should be fed at a daily rate equal to about
25% body weight divided into 8 to 10 equal feedings. Automatic feed dispensers can also be used
to deliver the amount of feed prescribed daily at relatively short time intervals.

Before stocking fry, nursery ponds should be fertilized to ensure that adequate natural foods
are available (see Chapter 8). Natural foods for catfish fry include insects, insect larvae, and
zooplankton. Although fry presumably meet their nutrient needs from natural food organisms,
they should be fed once or twice daily using finely ground feeds at a rate equal to 25 to 50% of
fry biomass. Because the feed serves primarily to fertilize the pond, it is not necessary to feed a
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high-protein feed, such as that used in the hatchery. Fines from regular 28 or 32% protein feeds
for foodfish are suitable for catfish fry during this phase. Some catfish producers do not feed the
meal-type feeds, but feed a pelleted or crumbled feed that is largely uneaten but decomposes in
the pond and serves to keep the pond fertilized. After a few weeks, the fry will have grown to
fingerlings of 2.5 to 5 cm (1 to 2 inches) in length and will come to the pond surface seeking
food.

Fingerlings

Small fingerlings are usually fed once or twice daily to satiation using a crumbled feed or small
floating pellets (0.3-cm [1/8-inch] diameter) generally containing 35% protein (Table 12.5).
Fingerling feeds contain fish meal and other animal protein sources, but at levels lower than fry
feeds used in the hatchery. Some catfish producers feed fingerlings the same feed they provide
to foodfish. However, the feed pellets are large and the fingerlings have to nibble on the feed after
the pellets soften and begin to break up in the water. Fingerlings appear to grow well using this
feeding strategy, but nutrient losses, especially micronutrients, to leaching likely occur because
of the extended time the pellet is in contact with the water. Nutrient loss may not be a problem
because natural food organisms in the water may supply some micronutrients to the fingerlings.
Catfish fingerlings are generally fed a high-protein fingerling feed until they reach about 13 to 15
cm (5 to 6 inches) in length (about 20 to 30 g/fish, or 40 to 60 pounds per 1,000 fish), at which
time they are stocked in ponds for foodfish production.

Foodfish

Catfish grown for food are generally fed a floating feed containing approximately 28 to 32%
protein with a pellet diameter of about 5 mm (3/16 inch) (Table 12.5). Research has generally
shown that dietary protein levels of 28 to 32% provide similar growth rate, processing yield, and
body composition, if fish are fed to satiation or at a moderate restricted rate. However, a 32%
protein diet may result in better growth than a 28% protein diet if feed is severely restricted.
Because management practices vary greatly throughout the catfish industry, the choice of which
feed to use is up to the individual catfish producer. Currently both a 28 and a 32% protein feed
are commercially available.

Commercial catfish ponds are relatively large, ranging from 3 to 8 ha (ca. 8 to 20 acres). It
is impossible to feed fish by hand, so feed is typically blown onto the surface of the water using
mechanical feeders that are either mounted on or pulled by vehicles (Fig. 12.5). Feeds should be
scattered over a large area to provide equal feeding opportunities for as many fish as possible. It
is desirable to feed on all sides of the pond, but this is generally not practical because prevailing
winds dictate that feed must be distributed along the upwind levee to prevent it from washing
ashore.

Foodfish are typically fed once a day, seven days a week during warm weather. Feeding twice
a day may improve growth rate, but the logistics of multiple feedings on large catfish farms
generally make it impractical. Under certain circumstances, less frequent feedings may be
desirable. For example, during outbreaks of enteric septicemia of catfish (ESC), caused by a
bacterial pathogen Edwardsiella ictaluri, it may be beneficial to feed every other day, every third
day, or even take the fish off feed for a short period of time to reduce mortality.
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FIGURE 12.5. Catfish are being fed from a feeder drawn by a tractor along the pond levee.

The time of day that fish are fed on a large catfish farm is mainly dictated by the logistics
required to feed large numbers of ponds in a limited time period. As a result, many catfish pro-
ducers start feeding early in the morning as soon as dissolved oxygen levels begin to increase.
Robinson et al. (1995) showed no significant differences in weight gain, feed consumption, feed
conversion, and survival among catfish fed to satiation at 0830,1600, or 2000 hours. There were
also no differences in emergency aeration time among treatments. However, feeding late after-
noon or at night in large commercial catfish ponds is not recommended because it may be impos-
sible to aerate commercial ponds as effectively as small experimental ponds. Peak oxygen
demand by fish generally occurs about 6 hours after feeding. If dissolved oxygen levels are parti-
cularly low and aeration is insufficient, fish may be stressed or die. Generally, the most practical
time to begin feeding is in the morning as dissolved oxygen concentrations begin to increase.

Broodfish

Catfish broodstock is usually fed the same feed used for foodfish. Some catfish producers prefer
feeding sinking feeds because broodfish are often hesitant to feed at the surface. However,
because broodfish generally feed slowly, sinking pellets may disintegrate before they can be
consumed. Some catfish producers supplement commercial feeds for broodfish with live or frozen
forage fish, such as fathead minnows and golden shiners. It is recommended that catfish brooders
be fed a typical 28% to 32% protein feed once daily. The feeding rate should be about 0.5 to 1%
body weight.

12.5.3 Winter feeding

Water temperature dramatically influences the feeding activity of catfish. At temperatures below
20°C (ca. 70°F), feeding activity can be inconsistent and feed intake is greatly diminished when
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TABLE 12.6. Winter feeding schedule for fingerling, food, and brood catfish.

Temperature
(°F)
<50
50-60

60-70

(°C)
< 10
10-15

15-20

Fingerling
% Body weight
Do not feed
0.5-1.0

1.0-2.5

Frequency

1-2 times
per week
Daily or
every other
day

Foodfish
% Body weight
Do not feed
0.25-0.5

0.5- 1.0

Frequency

Weekly

Every other
day

Brood fish
% Body weight
Do not feed
0.25-0.5

0.5- 1.0

Frequency

Weekly

2 or 3 times
per week

compared to summertime feeding activity. Research has shown that food-size catfish held over
winter without food can lose up to 9% of their body weight, while catfish fed 1% of their body
weight when water temperature was 12°C (54°F) or above gained 18% weight (Lovell 1989).
Implementation of a winter feeding program for food-size catfish seems to be beneficial in that
weight can be maintained and fed fish may be healthier and less susceptible to disease than unfed
fish. A feeding schedule similar to that outlined in Table 12.6 should provide adequate feed.
However, care should be used not to overfeed because water temperature dramatically affects feed
allowance and frequency of feeding.

In practice, winter feeding of catfish appears to be implemented based on individual farmer
preference. Many farmers choose not to feed fish during the winter because of inclement weather
when accessibility to ponds is hampered by wet soil conditions on pond levees, which can be
damaged by movement of heavily loaded feed trucks. Research has demonstrated that larger food-
size catfish undergoing feed deprivation during the months of December, January, and February
experience grow slower than fish that are fed during these months. Reductions in growth as a
result of following this practice were made up when satiate feeding resumed the following spring
(Kim and Lovell 1995). However, under a multiple-batch cropping system with various sizes of
fish present, this may not be the case because larger, more aggressive fish typically consume a
disproportionate amount of feed. Thus smaller fish may be unable to consume enough feed to
overcome weight loss experienced during the winter months. Also, if fish are to be marketed
during the winter it would appear prudent to follow a winter feeding program, particularly during
a mild winter.

It seems logical that catfish that are fed during the winter will be more resistant to diseases.
However, results from some studies indicate that food-size catfish that are not fed during the
winter are more resistant to Edwardsiella ictaluri, but fingerling catfish not fed during the winter
are less resistant to £. ictaluri (Kim and Lovell 1995; Okwoche and Lovell 1997). A more recent
study seems to dispute this observation. Wise et al. (1999) found that the effect of withholding
feed on the outcome of exposure to E. ictaluri may be immediate; that is, withholding feed
immediately following bacterial exposure increases chances of survival over fish that are
continuously fed during the exposure to E. ictaluri. Withholding feed prior to the development
of infection has no significant effect on survival of fish following the E. ictaluri exposure.

For broodfish, it is essential that an adequate plane of nutrition is maintained during this
period because vitellogenesis and egg maturation are taking place. It is important that broodfish
receive adequate nutrition on a regular schedule to assure optimum egg development to help
ensure a successful spawning season the following spring. Usually broodfish are fed the same
floating feed that foodfish receive. If feeding activity at the pond surface declines during the
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TABLE 12.7. Typical winter feed for catfish (25% protein slow sinking).

"Values in parentheses represent percentage protein.
b Commercial mix that meets or exceeds all requirements for channel catfish.
c Sprayed on after extrusion to reduce feed dust.

winter, a 25% protein slow-sinking feed (Table 12.7) should be substituted for the floating feed.
Slow-sinking feed is produced by extrusion, but density is greater than a floating feed and it sinks
slowly. To augment nutrient intake, some fmgerling producers provide broodfish with forage fish.

12.5.4 Feeding diseased catfish

Treating bacterial diseases is usually accomplished by feeding a medicated feed that contains an
antibiotic that has demonstrated effectiveness against the etiological organism. From a practical
perspective, feeding diseased catfish can be difficult, because sick fish—like most sick animals
—do not eat well. Also, fish may not readily accept certain medicated feed because of an
undesirable flavor that a particular antibiotic imparts to the feed. Alternative approaches to
treating certain bacterial diseases (ESC, in particular), such as feed restriction, have been tried
and appear to show some potential in cases that do not respond to antibiotics. At the present time,
only two antibiotics have been approved and registered with the FDA for treatment of bacterial
diseases of catfish.

Romet®, a combination of two compounds, sulfadimethoxine and ormetoprim (Alpharma,
Inc., Animal Health Division, Fort Lee, New Jersey), is registered for control of ESC. It has also
been shown to be effective in the treatment of diseases caused by Aeromonas hydrophila and
systemic columnaris infections. Romet is heat stable and can be included in floating catfish feeds
processed by extrusion. Medicated feed containing Romet (Table 12.8) is fed at a rate to deliver
2.3 g of drug per 100 pounds offish per day for 5 consecutive days to control ESC. If mortality
continues, an additional 5-day period of feeding may be prescribed after ESC is confirmed by

TABLE 12.8. Typical Romet®-medicated feed (32% protein") for catfish.

' Protein levels are not critical and could be lowered; however, fish meal needs to remain at 16%.
b Values in parentheses represent percentage protein.
0 Commercial mix that meets or exceeds all requirements for channel catfish.
d Sprayed on after extrusion to reduce feed dust.

Ingredient % of feed Ingredient % of feed
Soybean meal (48%)a 18.3 Wheat middlings 25.0
Cottonseed meal (41%) 10.0 Dicalcium phosphate 1.0
Menhaden meal (61 %) 4.0 Catfish vitamin mixb include
Meat/bone/blood (65%) 4.0 Catfish mineral mixb include
Corn grain 35.1 Fat/oilc 2.5

Ingredient % of feed Ingredient % of feed
Soybean meal (48%)b 26.8 Dicalcium phosphate 1.0
Cottonseed meal (41%) 10.0 Catfish vitamin mixc include
Menhaden meal (61%) 16.0 Catfish mineral mix0 include
Corn grain 23.0 Fat/oild 1.5
Wheat middlings 20.0 Romet 1.65
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diagnosis. A 3-day withdrawal period is required before fish can be slaughtered. Fingerling catfish
may be fed 1/8-inch (3-cm) pellets or a crumbled feed to increase the acceptance of feed
medicated with Romet. The palatability problems with Romet have been alleviated with the
inclusion of 16% fish meal in feeds containing this antibiotic (Robinson et al. 1990).

Terramycin® (oxytetracycline, Philbro Animal Health, Fort Lee, New Jersey) is a broad
spectrum antibiotic registered for treatment of infections caused by Aeromonas hydrophila.
Terramycin is effective in the treatment of diseases of catfish caused by Edwardsiella tarda, and
Pseudomonas spp. It is also effective forthe treatment of systemic columnaris infections and ESC
infections that do not respond to Romet. It is fed at a rate to deliver 2.5 to 3.75 g per 100 pounds
offish per day for 10 days. Incorporation of 22.7 kg/metric ton of feed (50 pounds of TM-100®
premix/ton) provides 2.5 g terramycin per 100 pounds offish per day when fed at 1% of body
weight per day. Terramycin is heat sensitive so feeds containing this antibiotic have been pro-
cessed by steam pelleting, which uses lower temperatures and shorter exposure times to heat the
feed mixture than extrusion processing. However, a new "cold" extrusion process has been
developed to make floating Terramycin feeds that allow the feeder to observe the fish feed during
a bacterial disease episode. Floating Terramycin feeds are commercially available and should
replace sinking Terramycin feeds because of the advantage of using floating feeds. A withdrawal
time of 21 days is required before slaughter.

Before treatment of bacterial diseases with antibiotics can be implemented, several important
factors must be determined. There must be an accurate diagnosis of the disease and identification
of the causative organism. Sensitivity of the organism to approved antibiotics must be tested since
there is no rationale for treating a disease with an antibiotic if the bacteria causing the disease
have developed resistance to the antibiotic. Bacterial antibiotic sensitivity tests are performed as
part of disease diagnosis to eliminate the risk of feeding an ineffective antibiotic. Bacterial
resistance usually develops as a result of administering a marginally effective antibiotic or feeding
antibiotics at non-recommended rates. There may be more than one infection associated with a
group of sick fish. For instance, catfish that have ESC may also be infected with another bacterial
organism or have external parasites in sufficient numbers to be of concern. Consideration should
be given as to which of these infections should be primarily treated. Consultation with a
veterinarian who is familiar with catfish diseases or a fish pathologist is important to devising a
program for controlling bacterial diseases of catfish through feed management strategies.

Alternative methods for managing outbreaks of bacterial infections in pond-raised catfish
have been demonstrated experimentally. Included among these are restrictive feeding regimes
where non-medicated feed is either totally or partially withdrawn during a period of ESC
epizootic. Wise and Johnson (1998) conducted a study where the restrictive feeding regimes with
non-medicated feed were compared with feeding Romet-medicated feed at a prescribed rate daily
and according to the same restrictive schedules as the non-medicated feed. Results indicate that
catfish managed under the total withdrawal of non-medicated feed regime had survival equivalent
to, or better than, those fed Romet under the various feeding regimes. The main drawback to total
feed withdrawal was the reduction in body weight compared to the Romet fed fish. Withholding
feed during outbreaks of ESC has been a procedure practiced on many commercial catfish farms
to control this disease, but it should be conducted on a pond-to-pond basis and not applied across
an entire farm. This practice has been approved by research to be effective only for reducing ESC-
associated mortalities and should not be applied to other diseases.
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13.1 INTRODUCTION

The immune system offish comprises a complex mixture of nonspecific and specific cellular and
humoral responses to antigen stimulation that are similar to those of higher vertebrates
(Marchalonis and Edelman 1965; Clem et al. 1967; Stolen et al. 1986). The immune system of
channel catfish has received a great deal of attention since the early 1980s with the emergence of
economically important infectious diseases and the need for effective vaccines, and has provided
a unique model system for study of the immune systems of lower vertebrates. Elegant studies
have elucidated many components of the catfish immune system, although much remains
unknown. Modulation of immune responses in fish in relation to water temperature is a major
factor influencing the onset and duration of the immune response. Genome analysis of channel
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catfish using molecular approaches, such as expressed sequence tag analysis, will facilitate
identification of important immune response genes.

A more comprehensive understanding of immune function in channel catfish will be critical
for the development of improved methods to manage infectious diseases in catfish aquaculture.
Specifically, knowledge of the ontogeny of the immune response in channel catfish fry and
fingerlings will improve strategies and capabilities for managing infectious diseases. Enhancing
the immune response through vaccination, improved nutrition, or the addition of immuno-
stimulants to the feed has been a successful strategy with other aquaculture species and will surely
be explored further in channel catfish culture.

The description of the catfish immune system provided here includes information derived
specifically from research on channel catfish, but includes examples from different teleost species
to fill in gaps. Where the specific functional component for channel catfish is unknown, a
description of a representative teleost immune system is provided. References to the mammalian
immune system are made for comparative purposes.

13.2 LYMPHOMYELOID TISSUE

The primary sources of lymphomyeloid tissue in higher vertebrates include the lymph nodes
(lymphoid), bone marrow (myeloid), thymus, and spleen. Teleosts have a well-developed thymus
and spleen, but lack lymph nodes and bone marrow. Lymphomyeloid tissues are found in the
anterior part of the teleost kidney (the head-kidney or pronephros) and perform similar functions
to bone marrow and lymph nodes in mammals.

13.2.1 Thymus

The thymus gland originates from pharyngeal pouches and is the first lymphoid organ to develop
in teleosts. It is a well-developed, paired organ present on the dorsolateral region of the gill
chamber (Chilmonczyk 1992). The thymus gland consists of lymphocytes supported by a
framework of reticulo-epithelial cells surrounded by an epithelial capsule. The largest cellular
component of the thymus are lymphocytes. The cortex and outer zones are highly lymphoid and
the medulla and inner zones consist of connective tissue with lymphocytes scattered within
(Chilmonczyk 1992).

In larval channel catfish, monocytic cells are the first leukocytes to appear in the thymus and
are randomly distributed throughout the thymus. The first immature and intermediate stage
lymphocytes appear 5 days after hatching but thymic differentiation and organization is lacking
at this stage. Membrane-bound, immunoglobulin-positive (mlg+) B lymphocytes and membrane-
bound immunoglobulin-negative (mlg) T lymphocytes develop by day 10 in the thymus (Petri-
Hanson and Ainsworth 2001), but mlg+ lymphocytes later disappear and do not reappear again
until 21 days after hatching. This suggests a wave-like maturation process similar to that of avian
species. A definitive thymic origin of mlg+ lymphocytes seen on day 10 in channel catfish is not
clear because the majority of thymic B lymphocytes are mlg" (Kaattari 1992). By 21 days after
hatching, channel catfish thymus has intermediate stage T lymphocytes in a lighter staining peri-
pheral region and mature lymphocytes in a darker staining central region. This event corresponds
with a rapid increase in measurable specific antibody detected in Edwardsiella icta/wrz'-challenged
fish 21 days after hatching (Petri-Hanson and Ainsworth 1999). The number of thymocytes
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increases from day 1 through 3 months of age in channel catfish, but then reaches a plateau and
does not increase from 3 to 10 months of age (Ellsaesser and Clem 1988).

13.2.2 Anterior kidney

The kidneys of fish are encapsulated, dark-red organs extending ventrally along the vertebral
column. The kidneys of channel catfish are paired but separate early in larval development (day
5) into the anterior kidney and posterior kidney as the gas bladder grows in size. The posterior
portions of the kidneys have excretory functions and the anterior portions are the primary
hematopoietic organs. The hematopoietic parenchyma of the anterior kidney is lymphoreticular,
with reticular and fixed phagocytic reticular cells, sinusoids, and thin-walled arteries. Based on
these properties, the anterior kidney of teleost fish is structurally more analogous to mammalian
bone marrow than lymph nodes (Zapata 1979).

Generation of pluripotent blood cells is the primary function of the anterior kidney in channel
catfish. At hatching, renal hematopoietic tissue in channel catfish also contains monocytes,
macrophages, and neutrophils, but lacks lymphocytes. This emphasizes the importance of the
innate immune system during the early life of channel catfish. The leukocyte population increases
in the kidney in the first 10 days after hatching, but leukocytes are predominantly non-lymphoid.
Lymphocytes first appear in the anterior kidney 5 days after hatching, indicating that this organ
is the source of lymphocyte precursors. Mature B lymphocytes are present in the anterior kidney
of larval channel catfish before they are present in any other organ, suggesting that generation and
maturation of B lymphocytes occurs in this organ. The predominant leukocyte population in the
anterior kidney by day 21 is lymphoid while the posterior kidney remains predominantly non-
lymphoid (Petri-Hanson and Ainsworth 2001). At 3 months of age, 50% of the anterior kidney
is neutrophils and the lymphoid compartment is diminished.

13.2.3 Spleen

The spleen is a dark red, triangular organ that lies adjacent to the stomach, to which it is attached
by a ligament (Bond 1979). The spleen is the primary organ where erythrocytes, neutrophils, and
granulocytes mature and are processed or stored (Anderson 1974). The spleen is also involved
in hematopoiesis, the clearance of macromolecules, antigen degradation and processing, and
antibody production (Dalmo et al. 1997). The spleen of teleost fish contains red pulp and white
pulp as in mammals, but is relatively undifferentiated and lacks germinal centers (Zapata 1982;
Kennedy-Stoskopf 1993). Red pulp contains mostly erythrocytes and a few lymphocytes. White
pulp consists of lymphoid tissue in a reticular network found mainly around blood vessels
(Anderson 1974; Zapata 1982). Splenic lymphoid tissue is poorly developed and immune
functions of splenectomized fish are not altered (Zapata 1982).

At hatch, channel catfish spleen consists of erythrocytes and blast cells. Small populations of
monocytic cells are observed by 3 days after hatching. Neutrophils and immature B lymphocytes
are present by day 5. Mature B lymphocytes appear 14 days after hatching, but there is no
recognizable organization of the splenic lymphoid tissue. Both B and T lymphocytes appear
around splenic arterioles by 28 days after hatching, but B lymphocytes predominate. The
minimum level of organization of the spleen required for antigen processing and mounting a
detectable acquired immune response does not occur until 21 days after hatching and is correlated
with the delineation of the splenic white pulp (Petri-Hanson and Ainsworth 2001).
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13.2.4 Gut-associated lymphoid tissue and the mucosal immune system

Lymphoid cells are found in the lamina propria and intestinal epithelium of all vertebrates,
including fish. All fish studied, with the exception of the Agnatha, have well organized gut-
associated lymphoid aggregates. The aggregates are un-encapsulated and consist of lymphocytes,
macrophages, granulocytes, and plasma cells. Teleosts have a common mucosal immune system,
with lymphoid aggregates associated with the gut, reproductive tract, skin, and gills (Zapata et
al. 1996).

13.2.5 Lymph

Fish lack lymph nodes, but have lymph or lymph-like fluid. The lymph occurs in spaces around
skeletal muscles and connective tissues. The fluid, formed by filtration from blood vessels,
contains many leukocytes and a few erythrocytes. In teleosts, the volume of lymph may exceed
the volume of blood (Fange 1994).

13.2.6 Macrophage aggregates

Macrophage aggregates—or melano-macrophage centers—occur in fish and other ectothermic
vertebrates. They are most commonly found in the spleen, kidney, and liver, but may be found
in other organs in association with inflammation (Wolke 1992). Macrophage aggregates consist
of focal accumulations of macrophages that usually contain hemosiderin, lipofuscin, ceroid, and
melanin. The aggregates are thought to have several functions including humoral and
inflammatory immune responses, storage and destruction of endogenous and exogenous agents,
and iron recycling (Wolke 1992). Macrophage aggregates may be primitive forms of the germinal
centers found in the spleen and lymph nodes of higher vertebrates (Kennedy-Stoskopf 1993).

13.3 NONSPECIFIC IMMUNE RESPONSES

13.3.1 Distinction between innate resistance and adaptive immunity

Innate resistance is a result of nonspecific, intrinsic mechanisms that keep a host free of disease.
Nonspecific defense mechanisms include a number of natural protective responses that prevent
infection, limit the spread of infection, and remove agents that damage living and non-living
tissue. Adaptive immunity is a specific immune response to a particular antigen that requires
previous exposure to the antigen. With adaptive immunity the response against an antigen is faster
and stronger with subsequent exposures, a response that is termed memory. Innate resistance does
not require any previous exposure to an antigen, is not induced by a specific antigen, and is
relatively temperature independent. In addition, nonspecific responses lack memory; that is, they
remain constant with repeated exposure to pathogenic agents.

Nonspecific mediators of innate resistance include physical barriers and humoral and cellular
factors. Fish integument provides a physical and chemical barrier to the attachment and pene-
tration of microbes. Microbes may be entrapped and sloughed in mucus, which also contains
antibacterial substances such as peptides, lysozyme, lectins, and proteases. The gastrointestinal
tract is a harsh environment of acids, bile salts, and enzymes that can inactivate and digest most
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viruses and bacteria. If the physical barrier is breached by physical damage, a host of soluble and
cellular defenses may be encountered. The complement system, present in the blood plasma, plays
a central role in activating products that lyse bacterial cells, initiate inflammation, attract
phagocytes, and enhance their phagocytic activity. Blood plasma also contains a number of
factors that inhibit bacterial growth (transferrin and anti-proteases) or are bactericidal (lysozyme).
Antiviral factors include the production of interferon by virus-infected cells that in turn induces
antiviral defenses in neighboring cells and stimulate cytotoxic cells to lyse virus-infected cells
(Ellis 2001).

13.3.2 Physical barriers

Mucus

An external barrier of mucus is the outermost line of defense in fish that inhibits colonization of
microorganisms and parasites on the skin, gills, and gastrointestinal mucosa. Goblet cells in these
surfaces secrete a continual supply of mucus that is easily swept away, carrying entrapped debris
and microorganisms. The major component of mucus is mucin, which is composed mostly of
glycoproteins. The rate of mucus secretion increases in response to infection or physical or
chemical irritants (Anderson 1974; Ellis 1981; Alexander and Ingram 1992). Mucus also contains
factors that inhibit the growth and establishment of parasites and microorganisms. These factors
are discussed below.

Skin

In teleost fish, an intact barrier is necessary for maintaining osmolarity. The skin of teleost fish
is composed of living, non-keratinized cells (Roberts and Bullock 1980) and provides a physical
barrier to invading microorganisms. Wound healing is much more rapid in fish than mammals
and the healing processes are different (Bullock et al. 1978). Wounds are quickly covered by
epithelial Malpighian cells that migrate from the periphery of the wound over the wound surface.

13.3.3 Nonspecific soluble factors of the serum and mucus

Transferrin

Transferrins are non-heme, globular, iron-binding glycoproteins in the sera of all vertebrates. All
organisms, including microorganisms and parasites, require iron for metabolism and growth.
Transferrins reduce infections by binding iron, thereby reducing iron availability to invading
organisms. Reduced iron availability restricts bacterial or fungal multiplication until the immune
system can respond. In fish, transferrins have molecular weights of 70 to 80 kDa (Ingram 1980;
Alexander and Ingram 1992). Transferrin levels range from 1.45 mg/mL in the skin mucus of 2-
month-old channel catfish to 3.61 mg/ml in the skin mucus of 9-year-old fish (Ourth et al. 1991).

Interferon

Interferons are glycoproteins produced in primary response to viral infections, immune stimulus,
and a variety of chemical stimuli. Interferon (IFN) inhibits viral replication by interfering with
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viral RNA and protein synthesis. The antiviral activities of IFN are nonspecific (Tizard 1992).
Interferon in fish is species-specific, but not virus-specific as in mammals (Secombes 1994). The
type I interferon system consists of the a and P interferons which induce synthesis of a variety
of proteins including the Mx proteins. The Mx proteins are so named because they confer
resistance to orthomyxo (influenza) viral infections in mice and their induction is dependent on
type I interferon (Haller et al. 1979). Interferon type I production is well documented in teleosts
(Alexander and Ingram 1992; Yano 1996). IFN type I in rainbow trout provides nonspecific
antiviral protection that can be passively transferred to other trout (de Kinkelin et al. 1982) and
rainbow trout have a macrophage-activating factor (MAF) with activities similar to IFN-y
(Graham and Secombes 1988; Alexander and Ingram 1992). A putative sequence of IFN has been
obtained from the Japanese flatfish Paralichthys olivaceus (Tamai et al. 1993) and a clone
expressing an IFN-like protein was sequenced (Tamai et al. 1994). The amino acid sequence of
fish IFN has less than 20% homology with mammalian IFN, suggesting that the gene product is
not IFN protein (Secombes et al. 1996). Channel catfish have cytokines analogous in their
function to IL-2, IL-4, and STAT-like molecules involved in IFN-y activation (Miller et al. 1998).
However, catfish cytokines have not stimulated mammalian cell lines so the IFN-y molecules are
obviously unique. The channel catfish Mx gene, a type I IFN-inducible gene, has been cloned and
sequenced (Plant and Thune 2004) and its gene product induced in channel catfish following
injection of channel catfish virus and poly I:C.

Lysozyme

Lysozyme (also known as muramidase or N-acetylmuramide) is a mucolytic enzyme produced
by leukocytes. The specific substrates of lysozyme are P(l ->4) linked yV-acetylmuramic acid and
TV-acetyl-D-glucosamine that form the peptidoglycan layer of bacterial cell walls. Gram-positive
bacteria can be directly damaged by lysozyme, but gram-negative bacteria are not susceptible to
lysozyme unless the outer cell wall has been disrupted by complement or enzymes, exposing the
inner peptidoglycan layer. When the peptidoglycan cell wall layer is lysed by lysozyme, the
plasma membrane usually ruptures due to osmotic stress and the cell dies. The enzyme has
antibiotic properties and is widely distributed in nature (Lindsay 1986; Alexander and Ingram
1992). Lysozymes are found in the serum, mucus, and other tissues offish (Fletcher and White
1976; Fletcher et al. 1977) and have molecular weights ranging from 12.5 to 15 kDa (Alexander
and Ingram 1992). Lysozyme is found in the mucus of channel catfish at 183 ng lysozyme/ml of
mucus and in the serum at 1.8 (xg/ml (Ourth 1980).

Agglutinins and precipitins

Agglutination is the aggregation of cells due to cross-linking of molecules attached to the cell
surface and precipitation is the aggregation of molecules in solution. If the molecule is suffi-
ciently large, agglutination and precipitation can be induced by the same substance (Alexander
1985; Alexander and Ingram 1992).

Although sometimes referred to as "natural antibodies," agglutinins in fish are nonspecific
factors that occur in the absence of any specific antigenic stimulation. Agglutinins have functional
homology to immunoglobulins, but they are not immunoglobulin molecules. Agglutinins are
found in fish serum, skin mucus, and eggs (Fletcher 1982; Ingram 1985; Suzuki 1985; Alexander
and Ingram 1992). All agglutinins react with monosaccharides in carbohydrates and glyco-
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proteins. Non-immunoglobulins that react with carbohydrate moieties are generally referred to
as lectins (Alexander and Ingram 1992). Natural agglutinins to heterologous erythrocytes occur
in freshwater and marine teleosts and in elasmobranchs (Ingram 1980). Agglutinins in fish may
have a putative defense function and may represent primitive immune surveillance molecules.
Agglutinins may be involved in pathogen recognition rather than as effectors of pathogen
destruction (Fletcher 1982; Alexander and Ingram 1992).

Compared to mammals, cross-reactive protein offish is not an acute-phase protein, but rather
a normal constituent of fish serum (Ellis 1985). Cross-reactive protein occurs in the serum,
mucus, and eggs of a number of teleosts and elasmobranchs (Fletcher et al. 1977; Ramos and
Smith 1978; Alexander and Ingram 1992). In the presence of Ca2+ions, cross-reactive protein
precipitates c-polysaccharides or phosphocholine-containing molecules that are widely distributed
in nature. Cross-reactive protein offish reacts with c-polysaccharides of bacteria, some fungi, and
extracts of a nematode (Baldo and Fletcher 1973). Following reaction with substrate, cross-
reactive protein can activate complement via the classical pathway. It is also an opsonin and can
precipitate or agglutinate macromolecules and microorganisms with surface phosphorylcholine
(Alexander and Ingram 1992).

Complement

Complement is a group of enzymes that react in a regulated cascade, culminating in disruption
of cell membranes by the membrane attack complex. In addition to lysis of cell membranes,
activation of complement can result in cell-mediated chemotaxis of granulocytes and phagocytic
cells, complement-mediated opsonization, and complement-mediated inflammation. In mammals,
at least 35 soluble and membrane-bound proteins constitute the complement system, accounting
for about 10% of the serum globulin fraction (Tizard 1992; Holland and Lambris 2002). The main
components of mammalian complement are numbered Cl to C9.

Complement is activated by different mechanisms, with the same end result. Activation
follows two convergent pathways: the classical pathway and the alternative pathway. In the
classical pathway, antigen-antibody complexes start the cascade reaction by activation of the first
component (C1). The activation of C1 causes the activation of C4, C2, and C3 leading to the final
cascade of C5 to C9. The activation of C3 can also occur by the alternative pathway in the
absence of antigen-antibody complexes. The alternative pathway is triggered by the activation of
properdin by a number of substances, including bacterial lipopolysaccharide, fungal poly-
saccharides, plant factors, and animal venom. Activated properdin acts on C3 and results in the
activation of the complement cascade sequence from C5 to C9, as in activation of the classical
pathway. The classical pathway requires Ca2+ and Mg2+ ions, while the alternative pathway
requires only Mg2+ (Sakai 1992; Tizard 1992). Activation of the classical pathway is a specific
immune response because it is mediated by antibodies. Activation of the alternative pathway does
not require specific antibodies and is a nonspecific immune response. The classical pathway can,
however, be activated nonspecifically, in the absence of antibody, through direct activation of C1
by surface proteins of some viruses, bacteria, cross-reactive protein, or myelin (Tizard 1992).

The functions just described are based on the mammalian complement system but there are
many parallels with the fish complement system. The primary differences are in the diversity of
complement components, particularly C3, which can have as many as five isoforms (Holland and
Lambris 2002). This diversity may expand the innate immune recognition repertoires.
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Fish complement is more heat labile than mammalian complement, making it more difficult
to preserve. It has a lower optimal temperature, higher antimicrobial activity, and is more species-
specific or species-group specific than mammalian complement (Sakai 1992). The lytic activity
of fish complement is activated by the alternative or classical pathways. Lytic activity includes
hemolysis, bactericidal and bacteriolytic activities, cytotoxicity, viral inactivation, and detoxi-
fication. Fish complement also has opsonic action that may be caused by a mammalian C3b-
equivalent fragment, although a C3b receptor on fish leukocytes has not been identified (Sakai
1992).

Complement can be found in serum and mucus of channel catfish. Complement participates
in the complement lytic system that is activated by alternative and classical pathways (Ourth and
Wilson 1982; Ourth and Bachinski 1987). A Clq-type protein (Dodds and Petry 1993), C3 and
C4 isoform equivalents, and a P-2 integrin have been identified in channel catfish (Jenkins and
Ourth 1991; Holland and Lambris 2002).

13.3.4 Nonspecific cellular factors

Phagocytes

Phagocytosis involves the chemotaxis, adherence, ingestion, and destruction of foreign material
by phagocytic cells. Neutrophil granulocytes and mononuclear phagocytes are the primary
phagocytic cells in fish, although eosinophils and thrombocytes may also be phagocytic in some
fish species (Ainsworth 1992). Neutrophils mainly phagocytize bacteria while macrophages
phagocytize foreign particles and damaged host cells. Fish phagocytes are morphologically and
functionally similar to mammalian phagocytes and are a primary defense mechanism against
invading organisms. Stimulation and response of phagocytes is nonspecific, but they effect and
are affected by products and cells of the specific immune system (Ellis 1981).

In mammals, granulocytes and monocytes are derived from the same myeloid stem cell in the
bone marrow. Because fish lack bone marrow, phagocyte development occurs in the lympho-
myeloid organs. Mononuclear phagocytes include monocytes and macrophages. Monocytes are
found in the peripheral circulation and macrophages are located in the tissues. Although capable
of active phagocytosis, monocytes in blood are considered immature macrophages (Tizard 1992).
In teleosts, macrophages are widely distributed in tissues, including the gills and peritoneum, but
are mainly in the lymphoid areas of the spleen and kidney (Ellis 1981).

In channel catfish, mature neutrophils are found in blood, peritoneal exudates, and tissues
(Ainsworth 1992). The nucleus of a channel catfish neutrophil is generally round or slightly oval,
rather than polymorphonuclear like mammalian neutrophils. Channel catfish neutrophils are
phagocytic, but are selective for the types of materials phagocytized (Finco-Kent and Thune 1987;
Ainsworth 1992).

Serum antibodies, complement, and cross-reactive protein can significantly enhance
phagocytosis and bacterial killing by neutrophils and macrophages of fish. This suggests
complement C3b and antibody Fc receptors are present on fish phagocytes (Kodama et al. 1989;
Ainsworth 1992). Receptors for complement are not yet identified, but Fc receptors occur on
some natural killer-like cells in channel catfish (Shen et al. 2002).
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Nonspecific cytotoxic cells

Nonspecific cellular immunity in teleost fish is also mediated by nonspecific cytotoxic cells,
which are similar to mammalian natural killer (NK) cells. Like NK cells, nonspecific cytotoxic
cells are non-T cell, non-B cell, non-phagocytic lymphocytes (Evans et al. 1984; Tizard 1992).
Mammalian cytotoxic T cells produce an antibody-dependent, cell-mediated cytotoxicity with an
antibody-determined specificity. Nonspecific cytotoxic cells and NK cells differ from cytotoxic
T cells in that they have the ability to spontaneously lyse tumor target cells, virus-infected cells,
and protozoan parasites without prior exposure or immunization. In addition, lysis is not restricted
by major histocompatibiltity complex antigens; they are able to lyse xenogenic target cells, and
there are no anamnestic responses (Evans and Cooper 1990). Similar to NK cells, nonspecific
cytotoxic cells require cell-to-cell contact for target-cell lysis, and they kill target cells by apoptic
and necrotic mechanisms. However, fewer nonspecific cytotoxic cells are required to kill an
individual target cell, and killing cells with nonspecific cytotoxic cells requires less time than
with NK cells. Unlike NK cells, nonspecific cytotoxic cells do not recycle (Evans and Jaso-
Friedmann 1992).

Morphologically, nonspecific cytotoxic cells of channel catfish are different from NK cells
in that they are generally small, agranular lymphocytes, compared to NK cells, which are large,
granular lymphocytes (Evans and Jaso-Friedmann 1992). Catfish nonspecific cytotoxic cells are
found in the anterior kidney and spleen, and rarely in the peripheral blood. An antigen-binding
receptor on channel catfish nonspecific cytotoxic cells has been identified and characterized using
mAb 5C6, which reacts with a 32- to 34-kDa cell surface protein termed nonspecific cytotoxic
cell receptor protein 1 (Miller et al. 1998). The receptor is a vimectin-like protein that recognizes
a 40-kDa protein determinant on the membranes of target cells. The receptor may be
phylogenetically conserved because NK cells of rats and humans recognize the same 40-kDa
protein on target cells. Binding of the nonspecific cytotoxic cell receptor triggers events
characteristic of signal transduction activity (Evans and Jaso-Friedmann 1992).

Channel catfish also have NK-like cells that are distinct from nonspecific cytotoxic cells and
that do not bind mAb 5C6 (Shen et al. 2002). The use of monoclonal antibodies against F and G
immunoglobulin light-chain isotypes indicates the presence of a putative Fc receptor for IgM on
some catfish NK-like cells that "arm" the cells with surface IgM. These NK-like cells do not
express T cell receptors a, (3, X, or immunoglobulin \x transcripts, and are also negative for
markers that define neutrophils or monocyte/macrophages. A monoclonal antibody (cc41) against
catfish NK-like cells recognizes a similar 150-kDa molecule on the surface of other catfish
cytotoxic cells indicating that catfish have an array of different cytotoxic cells.

13.3.5 Inflammatory responses

Inflammatory responses are dynamic nonspecific immune responses that occur at the sites of
injuries caused by wounds or invasive organisms. The inflammatory response in fish is generally
similar to that of mammals, although the response is less contained. The general steps of
inflammation include vasodilation and increased vascular permeability, leukocyte migration and
removal of debris, followed by resolution and healing. Increased vasodilation and vascular
permeability, resulting in swelling or edema, are the first steps in the inflammatory responses of
fish and mammals (Suzuki and Iida 1992). This is followed by a biphasic leukocyte migration,
controlled by chemical mediators, with neutrophils arriving at the site of inflammation more
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quickly than macrophages. Complement factors (leucotriene B4, a lymphokine) are chemotactic
and chemokinetic factors for fish neutrophils (Suzuki and Iida 1992). Neutrophils and
macrophages remove debris by phagocytosis. The majority of phagocytosis occurs in the first 3
to 4 days of the inflammatory response. Leukocyte migration, infiltration, and phagocytosis are
followed by tissue repair (Suzuki and Iida 1992; Secombes 1996).

The acute inflammatory response in fish results in hemorrhagic liquefaction rather than
contained suppuration (Ellis 1981). This response is more damaging to host tissues, and fish may
be able to respond in this way due to the greater regenerative power of their tissues (Ellis 1981).
For example, fish muscle tissue continues to divide throughout life, so damaged muscle cells are
replaced by new cells rather than by scar tissue that forms in mammals.

If the inflammatory stimuli persists following the acute inflammatory response, a chronic
inflammatory response may follow. Granuloma formation is a typical chronic inflammatory
response in fish. Granulomas are organized collections of macrophages and fibrous tissue stroma.
As the granuloma progresses, the macrophages aggregate and transform into epitheloid cells or
multinucleate giant cells, and extensive melanization and fibrosis occurs. Granulomas may
displace or isolate the surrounding host tissue resulting in tissue atrophy (Ellis 1981; Secombes
1996).

As fish do not have mast cells or IgE, and only very low levels of histamine, the experience
of true anaphylaxis is controversial. Fish have tissue eosinophilic granular cells that are mast cell-
like in ultra-structure and cytochemistry (Ellis 1982). Type II (cytotoxic) hypersensitivity and type
III (immune-complex) hypersensitivity are not documented in fish, but may occur because all
necessary components are present (Ellis 1981). Type IV (delayed) hypersensitivity occurs in fish
and is discussed further in Section 13.4.3. Inflammatory responses to infection are a common
response to disease in channel catfish.

13.4 SPECIFIC IMMUNE RESPONSES

13.4.1 Humoral immune responses

Specific humoral (antibody) responses offish are the best studied aspect offish disease resistance.
Although there are differences, the humoral immune response offish shares some general features
in form and function with that of mammals. Shared features include antibody effector
mechanisms, basic immunoglobulin structure, and the cellular requirements of antibody induction
(Kaattari and Piganelli 1996).

B Lymphocytes

Antibodies are produced by B lymphocytes. In mammals, lymphocytes are called B lymphocytes
or B cells only if they synthesize and express surface (membrane-bound) immunoglobulin (mlg+)
molecules on their cell surface. Upon stimulation, replicating B cells will become memory cells
or antibody-secreting plasma cells. Plasma cells are termed "terminally differentiated" because
they will not persist or self-renew. Terminal differentiation is accompanied by the loss of mlg and
many other surface B-cell markers (Kincade and Gimble 1993). B cells are so named because they
arise from the bursa of birds and the bone marrow of mammals. As fish lack bone marrow, the
primary lymphoid organ is likely the anterior kidney. B cells are activated by antigens, which are
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divided into two forms (T-independent [TI, polysaccharides] and T-dependent [TD, proteins]),
based on their structure. Most antigens, with a few exceptions, can be classed as one of these two
forms (Kaattari and Piganelli 1996). The TI antigens are further classified into type I or type II.
Most TI type I antigens are polyclonal B-cell activators, which are directly mitogenic for B cells,
regardless of antigen specificity, and they induce polyclonal antibody production (DeFranco
1993). Many of these compounds are components of bacterial cell walls, such as lipopoly-
saccharide. Like mammalian B cells, fish mlg+ cells have a mitogenic response to lipo-
polysaccharide (Sizemore et al. 1984).

Lymphoid tissues offish that contain the highest levels of mlg+ cells are the kidney, spleen,
and blood. The thymus of fish contains predominantly mlg" cells; however, very low levels of
mlg+ B cells also occur (Kaattari 1992). B cells in the anterior kidney produce low-affinity
antibodies with a restricted repertoire of specificity, whereas the B cells in the spleen and
posterior kidney produce high- and low-affinity antibodies with diverse specificities. The
restricted B-cell population of the anterior kidney suggests that the anterior kidney is the primary
lymphoid organ for the B cell, with more mature B cells residing in the secondary lymphoid
organs (Kaattari and Irwin 1985; Kaattari 1992).

Lipopolysaccharide stimulation of populations of mlg+ cells with mAb to catfish Ig has led
to long-term clonal B cell lines (Miller et al. 1994b). Catfish anti-hapten responses to TI antigens
require hapten-specific mlg+ cells and accessory cells (monocytes). Anti-hapten responses to TD
antigens required hapten-specific mlg+ cells, carrier-specific mlg~ cells, and monocytes (Miller
et al. 1985). The role of the mlg" cells is discussed further in Section 13.4.3. The role of the
monocyte is to provide a soluble factor with a function analogous to mammalian IL-1 (Vallejo
etal. 1992a).

As in mammals, catfish B cells show Ig H-chain gene rearrangements, allelic exclusion,
produce membrane-bound and secreted forms of immunoglobin, and transduce intracellular
proliferative signals upon anti-Ig cross-linking (Miller et al. 1998). Catfish B lymphocytes consist
of three subpopulations of cells with surface (membrane-bound) immunoglobulin (mlgM) (Lobb
and Clem 1982). The mlgM on B cells is non-covalently associated with 64- and 70-kDa
molecules that are composed of covalent 32-kDa dimers and covalent 45/25-kDa subunits,
respectively (Rycyzyn et al. 1996). Cross linking of IgM on catfish B cells leads to rapid phos-
phorylation of tyrosine residues on accessory molecules indicating that catfish use a signal
transduction system similar to mammalian B cells.

Antibody responses

Upon immunization or first exposure to an antigen, fish produce specific antibodies with
measurable affinities for the eliciting antigen. Depending on the route of antigen exposure,
antibodies may appear in the serum, mucus, and bile (Wilson and Warr 1992). The kinetics of the
humoral response of teleosts can be separated into three phases: lag, exponential, and decay.
Circulating antibody levels reach their peak 3 to 4 weeks after first exposure to an antigen. Upon
second exposure to an antigen, the lag phase is shorter, the response is accelerated, and higher
antibody titers are produced (van Muiswinkel 1995). Catfish immunized with Edwardsiella
ictaluri whole bacterial cells and whole-cell lysates show an initial antibody response that peaks
after 4 weeks and then gradually declines, with detectable antibody persisting for 11 weeks
(Vinitnantharat and Plumb 1992).
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FIGURE 13.1. Diagrammatic representation of the structure of the tetrameric IgM of the channel catfish.
Abbreviations: VH, heavy chain variable region domain, CH, heavy chain constant region domain, VL, light
chain variable region domain, CL, light chain constant region domain.

Antibody effector mechanisms

The effector mechanisms of fish antibodies are the same as those of mammals and include
neutralization, precipitation and agglutination, opsonization, and complement activation (Kaattari
and Piganelli 1996). Neutralization occurs when specific antibodies block the function of an
antigen by binding to receptors, active sites of enzymes, or toxigenic determinants. Precipitation
and agglutination occur when antibodies cross-link antigenic molecules. Cross-linking molecules
in solution results in precipitation and cross-linking molecules attached to cell surfaces results
in agglutination. Opsonization occurs when coating of bacteria, fungi, or parasites with antibody
leads to enhanced phagocytosis. Complement activation occurs via the classical pathway when
antigen-antibody complexes result in activation of Cl, the first component of the complement
cascade (Sakai 1992; Tizard 1992; Kaattari and Piganelli 1996).

Immunoglobulin structure

Fish immunoglobulin is a high molecular weight molecule that is similar to mammalian
immunoglobulin M (IgM). Calling the molecule IgM is based on the size, structure, gene
organization, and physicochemical properties of fish immunoglobulin molecule that are shared
with mammalian IgM (Wilson and Warr 1992).

Catfish immunoglobulin consists of equimolar amounts of larger (-70 kDa) heavy chains (H)
and smaller (-21 to 24 kDa) light chains (L) having a relative mass of-700 kDa (Lobb 1986).
The monomeric form of the molecule is H2L2 and contains two antigen binding sites. The IgM
molecule of channel catfish is a tetramer and consists of eight heavy and eight light chains
(H2L2)4, with eight antigen binding sites (Wilson and Warr 1992) (Fig. 13.1).
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Antibody molecules have an antigen-binding amino terminus (Fab) and a carboxy-terminal
effector region (Fc). In the catfish IgM monomer, the Fab portion of the molecule consists of the
N-terminal portions of each of the H and L chains. Like mammalian IgM, fish IgM heavy and
light chains consist of constant and variable regions. Fish IgM heavy chains have one variable
region (VH) at the amino terminus followed by four constant regions (CH,, CH2, CH3, and CH4).
Fish IgM light chains have one variable region (VL) at the amino terminus followed by one
constant region (CL). The H2L2 monomer is held together by three disulfide bonds. The two H
chains of the monomer associate so that the VC, CH,, CH2, CH3, and CH4 regions are aligned,
with the chains joined by a disulfide bond between the CH4 regions. Each of the two L chains in
the monomer pair with an H chain so that the VL and CL regions are aligned with the VC and
CH, regions, and the chains are held together by a disulfide bond between the CL and CH,
regions. The Fab portion of the molecule consists of the VL and CL regions of the L chains and
the VH and CH, regions of the H chains. The Fc portion of the molecule consists of the CH2,
CH3, and CH4 regions of the H chains (Wilson and Warr 1992). Variable regions of the Fab
portion of the molecule recognize and bind to antigen. Each variable region has three hyper-
variable regions called complementarity determining regions (CDR1 to 3). Four variable regions
surrounding the CDRs are called framework regions (FR1 to 4) (Pilstrom and Bengten 1996). In
contrast to mammalian IgM, disulfide cross-linking of the monomers of catfish IgM does not
occur uniformly and may be a means by which structural diversity is generated (Lobb 1986).

Isotypic diversity

Within a single species, immunoglobulins may be separable into classes or isotypes based on
structural differences among the classes. Teleosts have limited isotypic diversity compared to that
of mammals. Channel catfish antibody has four heavy-chain isotypes (Lobb and Olsen 1988).
Channel catfish have a novel Ig heavy-chain isotype bearing similarities to mammalian IgD
(Wilson et al. 1997; Bengten et al. 2002). This is surprising because IgD is considered a recently
evolved immunoglobin. The specific function of IgD in channel catfish is not yet elucidated.
Channel catfish light chains consists of two isotypic variants similar to mammalian kappa and
lambda chains (Lobb et al. 1984).

Secreted and membrane-bound immunoglobins

All immunoglobulins exist as the soluble secreted molecule (slg) in blood, mucus, and other body
fluids or the membrane-bound molecule (mlg) that acts as a receptor for antigen on the surface
of B cells (Warr 1995). One of the distinguishing characteristics of B-cell differentiation into
antibody-producing plasma cells is the loss of mlg. Although B cells express and make substantial
quantities of mlg and slg, upon stimulation and differentiation into a plasma cell, the cell stops
expressing mlg and begins expressing slg almost exclusively. This switch is consistent with the
function of the plasma cell, which is to generate a large pool of circulating antibodies (Wilson and
Warr 1992; Max 1993).

In most vertebrates, mlg is a slightly larger molecule than slg because of an additional C-
terminal hydrophobic segment in both H chains that anchors the protein in membrane lipid. In the
case of the |-i chain, this transmembrane domain is encoded by two additional exons (TM1 and
TM2). Alternate mRNA processing determines whether the membrane-bound or secreted form
of the IgM is expressed (Wilson and Warr 1992; Max 1993). The presence of secretory antibody
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in channel catfish can be demonstrated by detecting specific agglutinating antibody to Salmonella
paratyphi in the mucus following intraperitoneal injection (Ourth 1980). The secretory IgM in
the mucus of channel catfish is structurally identical to serum IgM (Lobb 1987).

Maternal antibody

Maternal transfer of antibodies to embryos occurs in several species of teleost fish, including
channel catfish (Petri-Hanson and Ainsworth 1999; Hayman and Lobb 1993). Immunoglobulin
is dispersed throughout the yolk and external membrane of 2- to 3-day-old fertilized channel
catfish eggs. Maternal antibody may afford some protection against infectious diseases in larval
fish until maturation of the immune system occurs. Vaccination offish at too young an age, when
maternal antibodies are present, may have a negative effect because maternal antibody suppresses
the response to vaccination in mammals (Klesius 1992).

13.4.2 Secondary immune responses

The primary immune response occurs following first exposure to an antigen. The secondary
immune response occurs following subsequent exposure to the same antigen and is specifically
altered from the primary response (Tizard 1992). The secondary response is also called the
anamnestic or memory response. Hallmarks of the mammalian memory response to protein
antigens include enhanced production of antibody, isotype switching, and affinity maturation.

Similar to the mammalian memory response, secondary antigen exposure in fish also results
in a faster and greater increase in antibody titer. The magnitude of the increase in titer is lower
in fish than in mammals. The secondary antibody response in mammals is up to 100 times greater
than the primary response, while the secondary response in rainbow trout and carp is 10 to 20
times greater than the primary response (Arkoosh and Kaattari 1991; van Muiswinkel 1995). In
mammals, increased antibody titer of the secondary response is caused by a logarithmic increase
in the concentration of monomeric immunoglobulin (IgG). In fish, which only have multimeric
immunoglobulin, the increase in titer of the secondary antibody response is caused by an increase
in the concentration of IgM. Channel catfish given primary immunization with bacterial cells
display a peak antibody response at 4 weeks that gradually declines. A booster dose given 6
weeks after initial immunization results in an immediate anamnestic response and a doubling of
antibody titer that persists for another 2 weeks before starting to decline (Vinitnantharat and
Plumb 1992). A mild secondary response is seen in juvenile channel catfish given a primary
exposure to E. ictaluri at 4 weeks of age and a secondary exposure at 8 weeks of age. Strong
secondary humoral responses are detected in juvenile channel catfish vaccinated at 2 months of
age and then given a booster exposure at 3 months of age (Petri-Hanson and Ainsworth 1999).

In mammals and fish, the increase in antibody titer is caused by an increase in the number of
specific antibody-producing B cells rather than simply an increase in antibody secretion by
existing B cells. Memory development in rainbow trout is caused by the generation of an enlarged
pool of B cell precursors (Arkoosh and Kaattari 1991). There is no difference in the clonal
proliferation of primary and secondary responses to antigen, suggesting that memory cell
precursors are not physiologically different from the primary population with respect to
proliferation potential. Thus, although a distinctive memory response can be detected in fish, a
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distinctive memory cell cannot be distinguished (Arkoosh and Kaattari 1991; Kaattari 1994;
Kaattari and Piganelli 1996).

The second element of the mammalian memory response is an isotype switch from IgM to
IgG. Heavy and light chain isotypes have been deduced in some fish, but most are IgM-like
isotypes (Wilson and Warr 1992), with the exception of an IgD-like isotype in channel catfish
(Bengten et al. 2002). Relative shifts in isotype concentrations occur in fish, but there is no
evidence isotype switching occurs (Kaattari and Piganelli 1996). Channel catfish antibody has
two light-chain isotypes (Lobb et al. 1984) and four heavy-chain isotypes (Lobb and Olsen 1988).
Certain H and L chain isotypes may dominate in the first weeks after immunization and isotypes
may change over the course of the immune response, but the degree of switching is minimal. In
contrast to the mammalian secondary response, there is no evidence of conversion from a
tetrameric form to a lower molecular weight form in channel catfish (Lobb and Olsen 1988).

The third element of the mammalian memory response is affinity maturation, which is a shift
to high affinity antibodies due to somatic mutations. Although somatic mutation occurs (Hinds-
Frey et al. 1993), fish do not have the capacity to generate the variety of binding sites that could
lead to affinity maturation (Kaattari and Piganelli 1996). Affinity maturation in fish may be
inappropriately assessed because the methods used are suitable for monomeric Ig, but not
multimeric Ig (Kaattari 1994).

13.4.3 Cell-mediated immune responses

Traditionally, specific immune responses that are not caused by antibodies are considered cell-
mediated immune responses. In this case, immunity is mediated by T lymphocytes and
macrophages, and can be conferred on an animal by adoptive transfer of live cells (Tizard 1992).
Most specific immune responses require T lymphocytes. In fish, only antibody responses to T-
independent antigens are due to direct stimulation of B cells, and these T-independent antigens
do not generate immunological memory (Arkoosh and Kaattari 1991). Antibody responses to T-
dependent antigens that generate a memory response require stimulation of B cells by T-helper
cells (Arkoosh and Kaattari 1991; Tizard 1992).

T lymphocytes

The T lymphocytes (T cells) originate in the thymus and are mediators of cell-mediated immune
responses. In mammals, different functions are regulated by different subsets of T cells. Helper
T (Th) cells enhance immune responses. The cytotoxic suppressor T cells (Tc or Ts cells) destroy
foreign and abnormal cells, and suppress responses of other B and T cells (Kennedy-Stoskopf
1993). Mammalian T-cell subsets can be differentiated from each other by the presence of the
different antigens on their surface. The Th cells have the CD4 surface antigen and Tc/s cells have
the CD8 surface antigen. Consequently, CD4+CD8~ Th cells are sometimes referred to as CD4
cells, and CD4~CD8+ Tc cells are referred to as CD8 cells. The equivalent cell-surface markers
are not known for fish T lymphocytes.

Channel catfish have functional T cells that are mlg" lymphocytes found predominately in the
thymus. In rainbow trout, thymocytes migrate to peripheral lymphoid organs (primarily the
spleen, but also the kidney) (Tatner 1985). The study offish T cells has been hindered by the lack
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of a T-cell marker, but catfish have T-cell functions like those of mammalian Th and Tc cells
(Chilmonczyk 1992). However, T, B, NK, and accessory cell equivalents have been shown to
exist in channel catfish by using in vitro assay systems, cell separation techniques and the
development of distinct clonal leukocyte cell lines (Miller et al. 1998).

T-cell markers

Monoclonal antibodies (mAb) against mouse and human B- and T-cell surface antigens are not
cross-reactive with fish lymphocytes (Miller et al. 1987). Monoclonal antibodies that recognize
fish IgM can be used to identify and separate mlg+ B cells from mlg~ lymphocytes. Enrichment
of B cells from peripheral blood results in mlg+ fractions that contain 90% putative B-cell
lymphocytes, with the remainder as macrophages and neutrophils. The mlg~ fractions contain
3 0% putative T-cell lymphocytes, with the remainder predominately thrombocytes (Manning and
Nakanishi 1996).

Monoclonal antibodies have also been generated against catfish T cells. A mAb, designated
13C10, has been generated against catfish peripheral blood leukocytes (PBL). The 13C10 reacts
with mlg', but not mlg+ lymphocytes. However, the mAb is not specific for T cells and is also
reactive with thymocytes, neutrophils, thrombocytes, hepatocytes, and brain cells. The antibody
reacts with three proteins of 155, 110 and 70 kDa on thymocytes and PBL (Miller et al. 1987).
Two other mAbs, designated C2-3a and C2-4a, were generated against PBL and were reactive
with PBL mlg" lymphocytes (Ainsworth et al. 1990). It was not determined if these mAbs were
reactive to cell types other than those in PBL, and the antigens that the mAbs were reacting with
were not characterized. Another mAb, designated CfTl, has been generated against catfish
thymocytes and IgM" lymphocytes (Passer et al. 1996). This mAb is reactive with thymocytes, a
sub-population of lymphoid cells in blood and lympho-hemopoietic tissues (putative T cells) and
a T cell line. The CfTl is not reactive with erythrocytes, thrombocytes, myeloid cells, B cells, or
macrophage cell lines. The antibody recognizes a non-glycosylated 35-kDa cell surface protein.
To date, CfTl is the most promising specific T-cell marker; however, recognition of all T cells
or a sub-population of T cells by this mAb is unknown. Identification of T-cell receptor a and P
genes in channel catfish now permits the genetic demonstration that some mlg" cells are bonafide
T cells (Miller et al. 1998). Long term clonal cell lines of these will provide valuable tools for
further understanding and elucidation of channel catfish immune response.

In vivo measurements of cell-mediated immunity

In vivo measurements of cell-mediated immune responses in fish include measurements of
histocompatibility responses and hypersensitivity responses. Histocompatibility is determined by
assessing the immune response to allografts (Manning and Nakanishi 1996), which is a tissue
transplant from one member of a species to another genetically distinct member of the same
species (Hansen et al. 1993). There is no evidence of antibody involvement in the graft rejection
process (Manning and Nakanishi 1996). Lymphocytes and macrophages are the host cells that
invade the graft. Allografts in fish, usually skin or scales, are rejected in a manner similar to that
of mammals. Teleost fish have an average acute rejection time of 14 days. Second-set grafts are
rejected more rapidly than first-set grafts, indicating a memory response (van Muiswinkel 1995).
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In addition to the host response to a graft, grafted cells may also react against a host. When
donor cells from triploid carp are injected into tetraploid host fish, a reaction ensues 2 weeks after
the injection involving damage to skin, liver and lymphoid organs, eventually resulting in death
(Manning and Nakanishi 1996).

Delayed (type IV) hypersensitivity reactions occur when certain antigens are injected into the
skin of sensitized animals. The inflammatory skin reaction, delayed because 24 to 48 hours are
required to reach full intensity, is due to the interaction between the antigen and sensitized T cells
(Tizard 1992). Fish exhibit typical delayed hypersensitivity reactions against Mycobacterium and
parasitic antigens (Manning and Nakanishi 1996).

In vitro measurements of cell-mediated immunity

In mammals, Th cells function in the antigen stimulation of B cells to produce antibody to TD
antigens, which can be measured in vivo by hapten-carrier effects on the production of antibodies
against TD antigens (Ellis 1982). Hapten-carrier effects also occur in catfish. Like mammals, the
response requires carrier-specific cooperation by mlg" lymphocytes identified as putative T cells
(Miller et al. 1985).

Proliferative responses to B- and T-cell mitogens can also be measured in vivo. In mammals,
the plant lectins phytohemagglutinin (PHA) and concanavalin A (Con A) are specific for
carbohydrate moieties on T cells. Appropriate doses of these T-cell mitogens induces the
proliferation of T cells but not B cells. Mitogens for B cells, such as lipopolysaccharide, result
in the proliferation of B cells but not T cells (Manning and Nakanishi 1996). Fish also can
respond to T- and B-cell mitogens. Catfish thymocytes and mlg" lymphocytes respond to Con A
and PHA, but only in the presence of monocyte accessory cells (Miller et al. 1985). Catfish mlg+

lymphocytes respond to lipopolysaccharide in the presence of monocyte accessory cells (Miller
etal. 1985).

The mixed leukocyte reaction (MLR) is an in vitro test for allogenic differences. In mammals,
a MLR occurs when CD4+ T cells respond to foreign (non-self) major histocompatability complex
class II molecules on the surface of the stimulating cell. In most cases, the stimulating cell is a
monocyte, macrophage, or B cell. Interaction of the T cell with the stimulator cell causes stimu-
lation of the T cell resulting in clonal proliferation and secretion of IL-2. A MLR response occurs
in teleost fish (Stet and Egberts 1991), including channel catfish (Miller et al. 1986). Only mlg"
T cells are able to respond in the MLR, and monocytes are required as accessory cells.
Monocytes, mlg+ B cells, and T cells can function as stimulator cells (Table 13.1).

Effects of thymectomy

In mammals, removal of the thymus from neonatal animals has a great effect on immune
responses. The effects of thymectomy in adults are initially not as great due to the presence of
peripheral T cells; however, immunodeficiencies begin to occur as peripheral T cells begin to
disappear (Manning and Nakanishi 1996). Complete removal of the thymus of fish is very
difficult because of contact with the pharyngeal epithelium. As a result, thymectomy has only
been accomplished in juvenile and adult fish. Removal of the thymus from young rainbow trout



" Anti-TNP antibody producing cells in response to in vitro stimulation with DNP-LPS (T-independent TI antigen)
or DNP-KLH (T-dependent TD antigen).
b Proliferation in response to in vitro stimulation with Con A or LPS.
0 Responders and stimulators in mixed leukocyte cultures.

causes delays in allograft rejection. Thymectomy has no effect on allograft rejection when
performed on adult fish (Chilmonczyk 1992).

Cytokines

Cell-mediated immune responses are mediated not only through direct cell-to-cell contact, but
also through the release of soluble factors by cells (Manning and Nakanishi 1996). Cytokines are
regulatory proteins and glycoproteins released by cells (Tizard 1992). They are simple proteins
less than 30 kDa that act as signaling molecules in the immune system (Secombes et al. 1996).
Fish produce a number of cytokine-like proteins. Soluble factors with activities similar to
mammalian interleukins (IL-1, IL-2, IL-3, IL-4, IL-6), IFN-y, tumor necrosis factor a (TNF-cc),
and transforming growth factor (3, (TGFP,) are present in fish (Manning and Nakanishi 1996;
Secombes et al. 1996).

Interleukin-1 is produced mainly by activated macrophages, but also by a number of other cell
types. It is an essential initiating factor for immune and inflammatory responses and its many
functions include the activation of T cells and, as a cofactor with IL-2, the activation of B cells
(Tizard 1992). Fish cells can produce an IL-1-like substance that can substitute for the
requirement of monocyte accessory cells in in vitro immune responses, and catfish PBL can
recognize and respond to human IL-1, suggesting a conserved IL-1 receptor (Manning and
Nakanishi 1996; Secombes et al. 1996). Interleukin-1 P types 1 and 2 have been cloned,
sequenced, and their expression analyzed in rainbow trout (Pleguezuelos et al. 2000) and the IL-1
receptor/toll-like receptor has been cloned from Atlantic salmon Salmo salar (Subramaniam et
al. 2002).

Interleukin-2 is produced by CD4+ T cells in response to appropriately presented antigen or
some mitogens. It is an essential component of the immune response and its many functions
include inducing proliferation of activated T and B cells, inducing B-cell Ig synthesis, and
inducing proliferation and cytotoxicity of T and NK cells (Tizard 1992). In fish, a soluble factor
with IL-2-like activity can be detected following T cell activation in vitro (Caspi and Avtalion
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TABLE 13.1. In vitro response of channel catfish lymphoid cells (from Miller et al. 1998).

A n t i b o d y p r o d u c t i o n " P r o l i f e r a t i o n 1 1 M L C C

C e l l s T I A g T D A g C o n A L P S R e s p o n d e r s S t i m u l a t o r s
P B L + + + + + +
Ml}) _ _ _ _ _ +
m I g M + - - - + - +
m l g M " _ _ _ _ _ +
m I g M + a n d m l g M " - - - + - +
m I g M + a n d M<$> + - - + - +
m l g M " a n d M(j> - - + - + +
m l g M + , m l g M " , a n d M<|) + + + + + +
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1984) and is expressed constitutively in an immortal catfish T cell line (Miller et al. 1994a). A
putative IL-2 gene has also been identified and cloned from flatfish (Tamai et al. 1994).

Interleukin-3, IL-4 and IL-6 are produced by activated CD4+ cells. Interleukin-3 induces Ig
secretion by B cells, IL-4 stimulates growth and differentiation of B cells, and IL-6 promotes the
final maturation of B cells and Ig synthesis (Tizard 1992). In catfish, a factor with IL-4-like
activity is produced by an immortal catfish T-cell line (Miller et al. 1994a), and IL-3 and IL-6 can
be detected in virus-infected carp and rainbow trout using cross-reactive antibodies to mammalian
cytokines (Ahne 1994). The biological activity of these three cytokines has not yet been
investigated in fish (Manning and Nakanishi 1996).

Interferon y is produced by T cells and NK cells after exposure to IL-2. It is a macrophage
activating factor (MAF) and a macrophage migration inhibition factor (MIF). In fish, soluble
factors with INF-y-like MAF activity can be detected in supernatants of mitogen-stimulated
rainbow trout leukocytes (Graham and Secombes 1988, 1990) and a MIF occurs in teleosts
(Secombes et al. 1996).

Tumor necrosis factor a (TNF-a), produced by macrophages, is involved in cell-mediated
cytotoxic reactions. In fish, TNF-a occurs in rainbow trout macrophages and can be detected in
virus-infected carp and rainbow trout using cross-reactive antibodies to mammalian cytokines
(Ahne 1994). Rainbow trout leukocytes and macrophages can respond to human recombinant
TNF-a, suggesting a conserved TNF-a receptor (Manning and Nakanishi 1996; Secombes et al.
1996). A TNF-a gene encoding a soluble peptide of 162 amino acids has been identified in
channel catfish (Zou et al. 2003).

Transforming growth factor (3, (TGFP,) is produced by platelets, activated macrophages, T
cells, and B cells (Tizard 1992). It is a potent deactivator of mammalian macrophages and down
regulates reactions initiated by MAF. Following activation with MAF, rainbow trout macrophages
can be down regulated with bovine TGFP,, suggesting a conserved TGFP, receptor. In addition,
a cDNA sequence for TGF with a 68% predicted amino acid homology to mammalian TGFP, has
been obtained from rainbow trout (Manning and Nakanishi 1996; Secombes et al. 1996). Many
putative biodefense and immune response related genes have been isolated from Japanese
flounder Paralichthys olivaceus that share some sequence homology with those of higher
vertebrates, including genes coding for cytokines, cytokine receptors, cell surface molecules,
transcriptional factors, antimicrobial proteins, proteases, and protease inhibitors (Hirono and Aoki
2003). Many unidentified genes are also up-regulated, indicating that fish may have specific
immune and defense mechanisms not yet identified.

Major histocompatibiltity complex

An allograft results in an immune response by the recipient that may lead to rejection and
destruction of the graft. The intensity of the immune response depends on the degree of genetic
relation between donor and recipient. This immune response is initiated when host T cells
recognize foreign antigens on the surface of transplanted cells. These antigens are encoded by
genes that are part of a cluster of closely linked loci in the genome. This set of loci is called the
major histocompatibiltity complex (MHC) because of its central role in tissue compatibility. The
MHC is responsible for controlling cellular interactions that lead to an immune response (Tizard
1992;Hansenetal. 1993).
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In mammals, the MHC is divided into three classes of genes. Class I genes encode
glycoproteins expressed on the surface of all nucleated cells. Class II genes encode glycoproteins
found only on the surface of lymphocytes and phagocytic cells derived from bone marrow. Class
III genes encode a variety of proteins involved in the immune response including complement
factors, TNF-cc, and the 70-kDa heat-shock protein (Tizard 1992; Hansen et al. 1993).

The MHC class I antigens act as receptors for peptides derived from endogenously
synthesized proteins. Endogenously synthesized foreign proteins occur, for example, in virus-
infected cells and tumor cells. The MHC class I antigens present these endogenous peptides to
CD8+ T cells. The result is destruction of the infected cell by T-cell-mediated cytotoxicity (Tizard
1992; Manning and Nakanishi 1996).

The MHC class II antigens act as peptide receptors on the surface of antigen-presenting cells.
The MHC class II antigens present peptides derived from exogenously acquired proteins to CD4+

cells, which results in T-cell-mediated help. A Th cell cannot recognize a foreign antigen unless
it is presented by an MHC class II antigen (Tizard 1992; Manning and Nakanishi 1996).

The presence of MHC class I antigens in teleosts is implied by acute allograft rejection and
the presence of MHC class II antigens is implied by a strong MLR (Kennedy-Stoskopf 1993). A
number of genes representing all classes of MHC in teleosts have been isolated and sequenced
(Hashimoto et al. 1990; Manning and Nakanishi 1996). The amino acid sequence homology of
fish MHC genes with mammalian MHC molecules is only 40%. However, the overall organ-
ization of fish MHC genes is very similar to mammals.

Channel catfish have genes for MHC class I. Four cDNAs encoding the MHC class I a chain
were isolated from a channel catfish clonal B-cell library (Antao et al. 1999). Sequence analysis
suggests that these represent three different MHC class I loci. Catfish B, T, and macrophage cell
lines transcribe higher levels of class I a and P2 microglobulin (P2m) mRNA than fibroblast cell
lines. The association of the class I a glycoprotein with P2m on the surface of catfish B cells
supports the existence of functional MHC class I proteins in teleosts (Antao et al. 1999). The
MHC class II A and B genes have also been identified in channel catfish (Godwin et al. 1997;
Godwin et al. 2000).

The T-cell receptor

The T-cell antigen receptor of mammals includes a disulfide-bonded heterodimer of an a and P
chain (oc/P) or a y and 5 chain (y/§) (Hedrick and Eidelman 1993). These are encoded by genes
specifically expressed and rearranged in T cells in a manner similar to the Ig molecules of B cells.
The heterodimer is part of a receptor complex that also includes a set of invariant glycoproteins,
collectively called CD3, and either the single-chain CD4 glycoprotein or the disulfide-bonded
CD8 heterodimer (Tizard 1992). The T cells expressing the T-cell receptor a/p complex recog-
nize specific antigen that is bound to and presented by MHC class I or class II molecules on the
surface of antigen-presenting cells (Hedrick and Eidelman 1993). The process of antigen
recognition by T cells expressing the T-cell receptor y/6 complex is not well understood, but is
probably not MHC restricted. In mice and humans, the y/5 T-cell receptor is found on immature
T cells, which make up about 1 to 3% of the PBL (Tizard 1992).

A molecule representing teleost T-cell receptor has not yet been identified, but cDNA
segments encoding putative T-cell receptor a and P chains in rainbow trout and Atlantic salmon
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have been cloned. The cDNA clones have extensive sequence diversity in the variable regions of
the molecules due to rearrangement and somatic diversification mechanisms (Manning and
Nakanishi 1996). Specific expression of T-cell receptor P-chain mRNA can be detected in
rainbow trout thymocytes and splenocytes (Partula et al. 1995).

Although antibody markers defining catfish T cells are lacking, the identification of channel
catfish T-cell receptor a and P gene sequences facilitates the detection of these cells by genetic
means (Wilson et al. 1998). A T-cell receptor a/p message expressing the clonal lymphocyte line
designated 28S.1 has T-cell-like function and constitutively produces supernatant factors with
growth promoting activity (Miller et al. 1998).

Antigen processing and presentation

In mammals, T cells are able to recognize "non-self antigens through a process that meta-
bolically modifies antigens to molecular forms expressed on the surface of accessory antigen-
presenting cells such as macrophages. Antigen processing includes cellular and biochemical
processes that occur in antigen-presenting cells leading to exposure of epitopes. Antigen
presentation is the subsequent interaction of the processed antigen with MHC molecules and the
expression and presentation of the antigen in the context of MHC on the surface of the antigen-
presenting cell (Vallejo et al. 1992a).

Antigen must be presented in an appropriate form to antigen-sensitive T cells for proper
processing. Exogenous antigen is phagocytized and broken into short peptides of 12 to 24 amino
acids by acidic proteases in the macrophage lysosome. These fragments bind to specific MHC
class II antigens and are carried to the cell surface and presented by MHC class II antigens so they
can be recognized by the T-cell receptor of CD4+ helper T cells. Endogenous antigens are not
phagocytized by cells, but are "non-self antigens originating in the cell itself. Proteins made by
cells infected by viruses are examples of endogenous antigens. These antigens are degraded by
non-lysosomal proteases into short peptides of 8 to 9 amino acids, bound to transport proteins,
and carried across the endoplasmic reticulum where they are linked to a specific MHC class I
antigen. Processed antigens are transported to the cell surface and presented by MHC class I
antigens so they can be recognized by the T-cell receptor of CD8+ cytotoxic T cells (Tizard 1992;
Germain 1993).

Antigen processing and presentation in the generation of immune responses to TD antigens
occurs in fish. As in mammals, antigens are processed and presented by antigen-presenting cells,
such as macrophages and monocytes, to specific lymphocytes in an apparent MHC-restricted
manner. Antigen processing involves proteolysis, which is presumed to occur in antigen-
presenting cell lysosomes. Antigen processing in catfish likely follows an exogenous pathway of
antigen presentation (Vallejo et al. 1992a).

Specific cytotoxic T cells

Fish have cytotoxic cells with activities similar to mammalian cytotoxic T cells (Manning and
Nakanishi 1996). These cells react against modified self cells or against allogeneic cells. The
response against modified cells suggest MHC restriction is involved, similar to the MHC class
I restriction of mammals. The use of allogeneic and autologous lymphoid cell lines has facilitated
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the study of cytotoxic T lymphocytes in channel catfish (Shen et al. 2002). Naive catfish
leukocytes spontaneously kill allogeneic cells and virally infected autologous cells without the
need for prior sensitization. Allogeneic cytotoxic responses were greatly enhanced by in vitro
alloantigen stimulation. Catfish cytotoxic T lymphocytes and natural killer cells have been
successfully cloned from these alloantigen-stimulated cultures and are the first cytotoxic cells cell
lines derived from an ectothermic vertebrate (Shen et al. 2002).

13.5 IMMUNOMODULATORS

13.5.1 Temperature

Ambient temperature influences the kinetics of metabolic processes in all ectothermic vertebrates,
including fish. As a result, environmental temperature has a tremendous influence on the immune
responses offish (Rijkers 1982). Generally, the optimal immune response occurs at temperatures
corresponding to the normal summer temperatures of the species being considered.
Immunologically permissive temperatures are those at which optimal immune responses occur.
Immunologically non-permissive temperatures are temperatures below the permissive range, but
within the physiological range of the species. Non-permissive temperatures tend to be
immunosuppressive (Manning and Nakanishi 1996).

Temperature dependence of the fish immune response is important because seasonal
variations in the incidence of infectious diseases are correlated to seasonal changes in water
temperature. This occurs most clearly in the spring and fall when rising or falling water temper-
atures result in more favorable temperatures for the growth and replication of some infectious
agents (Rijkers 1982). Fish are most vulnerable at these times because their immune system has
not yet developed or is undergoing suppression, depending on whether temperatures are rising
into the permissive temperature range (spring) or falling into the non-permissive temperature
range (fall) (Rijkers 1982; Kennedy-Stoskopf 1993).

Only certain elements of the fish immune response are sensitive to temperature. Primary
antibody responses are slower at low temperatures, but the magnitude and duration of responses
do not differ from responses at higher temperatures (Kennedy-Stoskopf 1993). Normal secondary
antibody responses may be elicited at low temperatures if primary immunization is carried out
at permissive temperatures (Avtalion 1969). Allograft rejection and helper T-cell functions in
channel catfish are affected by non-permissive temperatures, but memory T-cell, B-cell and
accessory cell functions are not (Bly and Clem 1991). Antigen processing and presentation are
also not affected by non-permissive temperatures (Vallejo et al. 1992b).

Temperature-induced immunosuppression in catfish is not caused by the induction of
tolerance and does not involve T-suppressor cells or suppressor factors (Bly and Clem 1992).
Furthermore, channel catfish T cells can be activated to proliferate at non-permissive temper-
atures in vitro by adding a combination of phorbol ester and calcium ionophore (Ellsaesser and
Clem 1988; Lin et al. 1992) indicating that the effect of low temperature on T-cell activation is
an early event, occurring prior to protein kinase C activation (Bly and Clem 1992). Temperature-
induced immunosuppression is caused by a loss of helper T-cell membrane fluidity and early
blockage in the synthesis of T-cell-derived growth factors (Tizard 1992; Vallejo et al. 1992b).
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The immunosuppressive effects of non-permissive temperatures can be overcome by
acclimation. This allows time for homeoviscous adaptations to occur, resulting in recovery of
membrane fluidity of helper T cells (Ellis 1982; Bly and Clem 1991). Homeoviscous adaptation
is caused by changes that occur in plasma membrane fatty acid composition, with oleic acid
(18:1) increasing and stearic acid (18:0) decreasing. T and B cells are differentially susceptible
to the effects of fatty acids: mitogen-stimulated B cells readily desaturate stearic acid to oleic
acid, whereas T cells can not. Furthermore, addition of oleic acid rescues the immune response
of mitogen-stimulated T cells at non-permissive temperatures in vitro (Bly and Clem 1992).

"Winter kill" syndrome occurs in catfish ponds during the winter when temperatures drop
rapidly. The syndrome is characterized by an invasion of opportunistic parasites and fungi similar
to immunodeficiency syndromes in higher vertebrates. Exposure of channel catfish to low but
physiologically relevant temperatures results in suppression of B- and T-cell functions and
hemolytic complement activity for 3 to 5 weeks. The response is different from that of typical
stress-induced immunosuppression (Bly and Clem 1991) and involves deficiencies in complement
activity (Hayman et al. 1992).

Immunosuppressive effects of non-permissive temperatures on specific immune responses
may be offset by increases in nonspecific immune responses. Abrupt decreases in water
temperature to the non-permissive range results in increased nonspecific cytotoxic cell activity
in carp compared to nonspecific cytotoxic cell activity at permissive temperatures (LeMorvan et
al. 1996). Exposure offish to non-permissive environmental temperatures may not result in full
immunosuppression, but rather specific immunosuppression and nonspecific immunostimulation.

13.5.2 Stress

Stress has physiological effects on fish that can be divided into primary, secondary, and tertiary
response phases. The primary effect of stress is characterized by elevations in plasma levels of
corticosteroids and catecholamines of the neuroendocrine system (Mazeaud et al. 1977). These
endocrine responses bring about the secondary effects of metabolic and osmotic disturbances,
indicated by changes in plasma glucose, lactate, and free fatty acids (Mazeaud et al. 1977;
Mazeaud and Mazeaud 1981). Tertiary effects include changes in behavior, decreased growth
rate, and increased susceptibility to disease (Wedemeyer and McLeay 1981).

Factors that induce a stress response in fish include osmotic and ionic changes, pollutants,
anesthetics, crowding, handling, grading, hauling, and other aquaculture practices (Eddy 1981;
Flos et al. 1988). The primary response to stress occurs quickly and is of relatively short duration
compared to secondary and tertiary responses (Mazeaud and Mazeaud 1981; Schreck 1981). The
primary responses to multiple acute handling stresses are cumulative and consist of step-wise
increases in plasma cortisol and glucose concentrations (Barton et al. 1986; Flos et al. 1988).

Corticosteroids inhibit leukocyte migration, lymphocyte effector mechanisms, inflammation,
and interleukin production in fish (Kennedy-Stoskopf 1993). Cortisol implants in juvenile coho
salmon result in increased plasma cortisol levels, decreased levels of antibody secreting cells, and
decreased disease resistance (Maule et al. 1987).
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13.5.3 Herbicides, pesticides, and therapeutics

Dioxin, a by-product of the production of some herbicides, has no effect on phagocytosis or
humoral and cellular immunity in rainbow trout (Kennedy-Stoskopf 1993). Chronic exposure of
channel catfish to malathion decreases serum agglutination titers (Plumb and Areechon 1990).
Nile tilapia Oreochromis niloticus exposed to low levels of the organophosphate pesticide
chlorpyrifos have significantly lower total pronephros cell counts and depressed macrophage
phagocytic ability compared to untreated controls (Holladay et al. 1996). Sublethal exposure of
rainbow trout to the organochlorine pesticide endrin has no effect on phagocytic ability of
peritoneal macrophages, but significantly reduces macrophage migration inhibition factor, and
plaque-forming cell and serum agglutination titer responses (Bennett and Wolke 1987a). Serum
cortisol levels are also significantly higher. If endrin-exposed fish are fed metyrapone, a corticoid
synthesis blocker, the macrophage migration inhibition factor response can be completely restored
and the plaque-forming cell and serum agglutination titer responses can be partially restored
(Bennett and Wolke 1987b). Thus, immune suppression may not be a direct effect of endrin, but
an effect of the increased cortisol that resulted from the stress response evoked by endrin
exposure.

A number of heavy metals alter immune functions in fish. These alterations may result in
increased host susceptibility to infectious and malignant diseases in fish living in environments
polluted with heavy metals. Metals that affect fish include aluminum (Al3+), cadmium (Cd2+),
chromium (Cr6+), copper (Cu2+), lead (Pb2+), manganese (Mn2+), nickel (Ni2+), tin (Sn2+), and zinc
(Zn2+) (Zelikoff 1993). Anemia is a common effect of exposure to toxic levels of heavy metals
in fish, but the effects of heavy metals on leukocytes and nonspecific immune responses are
variable (Kennedy-Stoskopf 1993). In vitro assays of immune function are altered by many heavy
metals. Although Al3+, Cu2+, and Ni2+ decrease macrophage responses, Cd2+, Mn2+, Sn2+, and Zn2+

enhance macrophage responses (Elsasser et al. 1986; Zelikoff 1993; Rougier et al. 1994).
Leukocyte function is affected by Cu2+, which results in reduced plaque forming cell and
nonspecific cytotoxic cell responses; Zn2+, which has mitogenic effects; and Mn2+, which
enhances mitogen induced proliferation and increases the toxicity of nonspecific cytotoxic cells
(Zelikoff 1993; Rougier et al. 1994). In vivo assays of immune function altered by heavy metals
may result in increases or decreases in antibody titers with Cd2+ and decreases in humoral
responses with Cr6+, Cu2+, Pb2+, Ni2+, and Zn2+ (Zelikoff 1993).

Therapeutic agents (e.g., oxytetracycline) may be immunosuppressive in a number of fish
species (Anderson et al. 1984). Oxytetracycline delays the primary antibody response and
decreases the number of cells in the plaque-forming cell response (Kennedy-Stoskopf 1993).
Tetracycline and oxytetracycline cause dose-dependent suppression of the kidney macrophage
chemiluminescent response in rainbow trout (Wishkovsky et al. 1987).

13.5.4 Nutrition

Nutrition influences specific and nonspecific immune responses in fish. Micronutrients that affect
disease resistance in fish include vitamins A, B6, C, and E; fatty acids; and minerals (Blazer
1992). Increasing levels of vitamin E in feed (60 to 2,500 mg/kg) enhances cellular immunity
(phagocytosis) in channel catfish, but not antibody production against E. ictaluri (Wise et al.
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1993b). Dietary iron at 60 mg/kg provides the best cellular responses following bacterial
challenge by E. ictaluri. Deficiencies in dietary iron result in increased mortality following
challenge but increasing levels of iron (60 to 180 mg/kg) do not increase antibody production
(Sealey et al. 1997). Dietary vitamin C at 1,000 mg/kg fails to stimulate cellular immunity and
at levels as high as 2,071 mg/kg fails to improve resistance to ESC in laboratory and field trials
(Li et al. 1993; Johnson and Ainsworth 1991). Dietary folate (4 mg/kg folic acid) in combination
with vitamin C (200 mg/kg) increases resistance to infection by E. ictaluri, although
supplementation with either alone is not beneficial (Duncan and Lovell 1994). Maximum
antibody is obtained when channel catfish are fed a diet containing 15 mg/kg organic zinc.
Organic zinc is 6 times better than inorganic zinc in providing protection against E. ictaluri
(Paripatananont and Lovell 1995).

Dietary lipid source has a remarkable effect on resistance to infection (Blazer 1992).
Supplementation of catfish feeds with 2% menhaden oil increases the susceptibility of channel
catfish to E. ictaluri infection whereas supplementation with other lipid sources such as corn oil,
beef tallow, or catfish oil does not (Li et al. 1994; Fracalossi and Lovell 1994). However, channel
catfish fed diets with menhaden oil have higher antibody titers and enhanced macrophage
phagocytosis and killing (Sheldon and Blazer 1991). The differences in the results of these studies
revolves around the use of high bacteria to phagocyte ratios, activated macrophages, and/or
normal serum, all of which promote phagocytosis and killing. These studies further substantiate
the intracellular lifestyle of E. ictaluri. Winter feeding increases resistance to experimental
infection by E. ictaluri (Kim and Lovell 1995).

13.6 THE CATFISH IMMUNE RESPONSE TO ESC

Enteric septicemia of catfish, caused by the gram-negative bacterium Edwardsiella ictaluri, is the
most economically important disease of channel catfish (see Chapters 14 and 15). This disease
provides a good model for bacterial infections in channel catfish and the bacterium has been used
extensively in laboratory challenge studies to assess immunity following vaccination (Thune et
al. 1997). Catfish that recover from natural E. ictaluri infections are assumed to be resistant to
future infections (Klesius and Horst 1991; Klesius 1992). Although the mechanisms of protective
immunity have not been conclusively determined, humoral and cellular mechanisms are
important. Specifically, components of immune serum in combination with phagocytic cells play
an important role in the catfish immune response to E. ictaluri. The development of clonal lines
of channel catfish T cells has facilitated a deeper understanding of the role of T cells in the
protective immune response (Miller et al. 1998). Their importance is suggested by evidence that
E. ictaluri may be a facultative intracellular bacterium. Based on microscopic observation, it has
been suggested that E. ictaluri can survive and replicate within both neutrophils (Miyazaki and
Plumb 1985) and macrophages (Shotts et al. 1986). Antibodies against E. ictaluri fail to provide
protective immunity except at very high titers (Thune et al. 1997) indicating the bacterium is
sequestered from humoral factors. Furthermore, Freund's complete adjuvant, a stimulator of cell
mediated immunity, is required to induce protective immunity in fish injected with killed
bacterins or purified lipopolysaccharide (LPS) (Saeed and Plumb 1986). The lack of antibody
mediated protection and a cell mediated basis for protective immunity are both traits of
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intracellular pathogens. Investigations of the humoral and cellular aspects of the catfish immune
response against E. ictaluri are reviewed below.

13.6.1 Bactericidal activity of serum

For gram-negative bacteria such as E. ictaluri, destruction by complement is a "two-hit" process.
In the first step the complement membrane attack complex disrupts the outer membrane, exposing
the inner membrane (Jenkins et al. 1991). Following exposure to channel catfish complement,
circular lesions oriented perpendicular to the cell membrane of susceptible bacteria (Escherichia
coli and Pseudomonas fluorescens) appear (Jenkins et al. 1991). Breakdown of the inner
peptidoglycan membrane by lysozyme is the second step (Tizard 1992). Normal mammalian
serum has no bactericidal effects on viable E. ictaluri cells (Janda et al. 1991). Bactericidal
activity of normal catfish serum against E. ictaluri is only 8%, which is correlated with a
relatively high amount of sialic acid on the surface of bacteria (Ourth and Bachinski 1987). As
sialic acid inhibits the alternate complement pathway, this may be the mechanism of resistance
(Ourth and Bachinski 1987). The bactericidal activity of serum from immune catfish against E.
ictaluri requires further investigation. With immune serum, antibodies against E. ictaluri that
bind to the cell surface could initiate the classical complement pathway. Complement activation
by the classical pathway can also result in cell-mediated chemotaxis of granulocytes and
phagocytic cells, complement-mediated opsonization, and complement-mediated inflammation
(Ourth et al. 1991; Tizard 1992).

13.6.2 Humoral antibody responses

Edwardsiella ictaluri is highly immunogenic in channel catfish (Plumb 1984). Infection by E.
ictaluri induces specific antibodies that can be detected by a variety of techniques (Klesius 1992;
Chen and Light 1994; Plumb 1999). Edwardsiella ictaluri is considered a good candidate for
vaccine development because strains are serologically homogeneous (Plumb and Vinitnantharat
1989). Many studies have examined the catfish immune response to a variety of ESC vaccine
preparations and delivery methods, but few studies have examined the immune responses of
catfish that have recovered from natural infections. The role of specific antibodies in protection
is discussed below.

Antibodies and protective immunity

Catfish that survive an ESC outbreak are generally assumed to be resistant to the disease upon
recovery (Klesius and Horst 1991). Individual catfish in populations that survive natural E.
ictaluri infections differ in antibody responses (Vinitnantharat and Plumb 1992) and protection
from ESC does not correlate with antibody production unless titers are very high (Vinitnantharat
and Plumb 1993; Thuneetal. 1997). If channel catfish that survive a natural E. ictaluri infection
are challenged with E. ictaluri by intraperitoneal injection, the degree of protection from infection
and antibody titer are strongly correlated (Vinitnantharat and Plumb 1993). An agglutination titer
over 256 is necessary to ensure detectable protection against injection challenge. However,
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mucosal immune responses, which may be important in protective immunity to ESC, are
bypassed by intraperitoneal injection.

Antibodies also play an active role in immunity to E. ictaluri when combined with phagocytic
cells (Scott et al. 1985; Sheldon and Blazer 1991; Waterstrat et al. 1991; Wise et al. 1993a;
Shoemaker et al. 1997). The increased efficacy of live attenuated vaccines compared to killed
bacterins administered by immersion is likely due to induction of a strong cell-mediated immune
response (Lawrence et al. 1997; Klesius and Shoemaker 1999; Thune et al. 1999).

Channel catfish at 4 weeks of age (average weight = 85 mg) that are exposed to E. ictaluri
respond by producing antibodies (Petri-Hanson and Ainsworth 1999). Fish given a primary
exposure before 4 weeks of age do not produce a significant antibody response and exhibit
evidence of induction of immunological tolerance by failing to respond to secondary exposure.
This plays an important role in vaccination strategy on catfish farms and explains in part why
some early vaccination attempts failed.

Antibody specificity

The specificity of channel catfish antibodies against E. ictaluri has been evaluated in sera
collected from naturally (Chen and Light 1994; Moore et al. 2002) and laboratory-infected (Tyler
and Klesius 1994; Moore et al. 2002) fish. Edwardsiella ictaluri antibodies in the sera of naturally
infected fish have no cross reactivity with agglutinizing antibodies to nine other species of
bacteria (including E. coli, ATCC 25922) from catfish intestine and fish ponds (Chen and Light
1994). Sera from catfish that survive a laboratory challenge (presumably by immersion) with
virulent E. ictaluri were evaluated for cross-reactivity against E. coli (Tyler and Klesius 1994).
The antigen to E. ictaluri has a high amount of cross-reactivity with E. coli 0111 :B4 (a rough
mutant strain) (Tyler and Klesius 1994). Some, but not all, of the reactivity to E. ictaluri and E.
coli cells was absorbed with purified lipopolysaccharide from a third bacterial species, Salmonella
typhimurium TV119 (a rough mutant strain) (Tyler and Klesius 1994). Serum from pooled
convalescent catfish serum (CCS) collected from pond-raised catfish surviving natural E. ictaluri
infections cross-reacts with a large number of proteins in E. coli cloning strains XL 1-Blue and
XLOLR (Moore et al 2002). The catfish antiserum was adsorbed with E. ictaluri lipopoly-
saccharide prior to use, so the cross-reactive antibodies were against proteins rather than
conserved lipopolysaccharide antigen. Normal catfish serum used as a control had no antibodies
against E. coli, indicating the cross-reactive antibodies that were present were the result of
exposure to E. ictaluri. Additionally, fish vaccinated with XL 1-Blue were afforded high levels
of cross-reactive protection against E. ictaluri in challenge studies (Moore et al. 2002). This study
used whole-cell lysates and two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) with
enhanced chemiluminescent (ECL) Western blotting. The agglutination (Chen and Light 1994)
and ELISA (Tyler and Klesius 1994) assays used whole cells, which limited detection to
cross-reactive antibodies that recognized cell surface antigens. The ELISA assay is more sensitive
than microtiter agglutination, but not as sensitive as 2D-P AGE with ECL Western blotting, which
probably explains the difference in the results of the three studies. Thus, natural exposure to E.
ictaluri induces specific and cross-reactive humoral antibodies, and vaccination with E. coli can
result in protection against E. ictaluri.
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Antigens <?/'Edwardsiella ictaluri

Catfish recovered from natural E. ictaluri infections produce antibodies against a number of E.
ictaluri proteins and lipopolysaccharide. Antigenic proteins were identified in SDS-PAGE
Western blots using CCS. Thirty-eight proteins were identified in whole-cell lysates, 14 of which
were antigenic (Baldwin et al. 1997). Using enriched bacterial fractions in conjunction with
whole-cell lysates, six of the 14 antigenic proteins are outer membrane proteins with apparent
molecular weights of 56, 44, 39, 35, 18 and 16 kDa, and one is a flagellar protein (37 kDa). The
locations of the remaining seven antigenic proteins (70, 65, 33, 32, 29, 22 and 14 kDa) are
unknown. Two of the 14 whole-cell lysate proteins (39 and 37 kDa) and lipopolysaccharide are
recognized strongly by CCS (Baldwin et al. 1997). Additional antigenic proteins were identified
using 2D-PAGE and ECL Western blotting with CCS (Moore and Thune 1999). Thirty-nine
antigenic protein bands were resolved into 89 antigenic protein spots. There was no difference
in antigenic protein expression between two E. ictaluri strains or two culture temperatures;
however, a unique 57-kDa antigenic protein was expressed in minimal media (MM19), but not
in enriched media. Recognition of the 57-kDa protein by CCS demonstrated that the protein was
expressed by E. ictaluri during an infection, indicating the minimal media was more analogous
to the in vivo environment (Moore and Thune 1999). An E. ictaluri expression library, screened
for clones expressing antigenic E. ictaluri proteins using anti-£. ictaluri antiserum, identified 32
clones (Moore et al. 2002). Four clones were selected for complete analysis. Cloned antigenic
proteins of 33, 27, 35, and 45 kDa were products of open reading frames similar to yggE, rpiA,
iciA and fda genes, respectively. All of the cloned antigenic proteins were recognized by
antiserum from catfish that had recovered from ESC, indicating that these proteins are expressed
during the infection process. The cloned antigenic proteins, when used as subunit vaccines, were
protective against E. ictaluri, but results were inconclusive due to the high levels of cross-reactive
protection afforded by the E. coli host strain of the cloning vector (Moore et al. 2002).

13.6.3 Humoral factors and the phagocytic immune response

Humoral factors in normal and immune catfish sera are important in the immune response to E.
ictaluri, particularly as opsonins for phagocytic cells. As most phagocytic studies are done with
catfish held in laboratories, immune fish are obtained through vaccination, rather than as
survivors of natural infections. The results of these studies may be affected by differences in
vaccination procedures.

Macrophages

Specific opsonins and heat-labile serum factors have an effect on the chemiluminescent response
of catfish PBL mononuclear phagocytes following phagocytosis of E. ictaluri cells (Scott et al.
1985). Opsonization of bacteria with sera from immune catfish result in a peak macrophage
chemiluminescent response about ten times greater than opsonization of bacteria with serum from
normal catfish, or with non-opsonized bacteria (Scott et al. 1985). Opsonization of bacteria with
immune serum absorbed to remove specific antibodies against E. ictaluri result in a >60%
decrease in the macrophage chemiluminescent response and an increase in the time to peak
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response from 3 to 8 minutes. Heat inactivation of the immune serum before opsonization results
in a 40% decrease in macrophage chemiluminescent response and an increase in time to peak
response from 3 to 8 minutes. In both cases, the addition of normal serum does not change the
macrophage chemiluminescent response, but restores the peak response time to 3 minutes (Scott
et al. 1985). The chemiluminescent response of mononuclear phagocytes from immune catfish
is consistently greater than responses from normal phagocytes. Enhanced macrophage
chemiluminescent response, although mediated by serum factors, may be caused by a general
activation of the phagocyte (Scott et al. 1985).

Macrophages opsonized with autologous serum from immune catfish have significantly
higher bactericidal activity against E. ictaluri cells compared to cells opsonized with autologous
serum from normal catfish (Sheldon and Blazer 1991). However, there is no difference in
phagocytosis between immune and normal catfish. Fish vaccinated with a single IP injection of
whole, formalin-killed E. ictaluri cells without adjuvant have enhanced bactericidal activity,
possibly caused by activation of macrophages (Sheldon and Blazer 1991). As there is no
difference in phagocytosis between normal and immune fish, enhanced bactericidal activity of
immunized fish may not be due to opsonization by specific antibody, but rather by the activation
of macrophage killing, indicating that activation of macrophage killing may be an important
protective immune response against E. ictaluri (Sheldon and Blazer 1991).

Macrophages from immune fish have a significantly greater ability to phagocytize E. ictaluri
cells opsonized with homologous serum compared to macrophages from non-immune fish, but
only when levels of dietary vitamin E are adequate (Wise et al. 1993b). Macrophage phagocytosis
is not different between immune and non-immune catfish fed diets deficient in vitamin E.
Assuming that dietary levels of vitamin E were adequate in the study of Sheldon and Blazer
(1991), the difference in macrophage phagocytosis in the two studies may have been due to the
differing routes of vaccination (IP injection vs. immersion) that were used.

Bactericidal activity against E. ictaluri by squalene-elicited peritoneal macrophages is signi-
ficantly higher in catfish vaccinated with a controlled-live exposure to E. ictaluri than in fish
vaccinated by immersion or orally with commercial bacterins (Shoemaker and Klesius 1997).
Opsonization of E. ictaluri with immune sera further increases the bactericidal activity of
macrophages from controlled-live vaccinates (Shoemaker et al. 1997). Controlled-live vaccination
of catfish with E. ictaluri entails immersion exposure to a low level of bacteria and results in the
production of specific antibodies and increased macrophage bactericidal activity. Subsequent
challenge indicates that fish are protected against ESC. Specific antibodies and increased bacteri-
cidal activity may be associated with greater survival against ESC (Shoemaker and Klesius 1997).

Edwardsiella ictaluri can survive and replicate within clear, spacious vacuoles of head kidney
macrophages. Edwardsiella ictaluri inhibits phagosome-lysosome fusion and then replicates
within macrophage phagosomes until the macrophage ruptures. The role of E. ictaluri as a
facultative intracellular pathogen is further indicated by the failure of antibodies to produce
protective immunity except at very high titers, suggesting that the bacterium is sequestered from
humoral factors (Thune et al. 1997). Also Freund's Complete Adjuvant, a potent stimulator of
cell-mediated immunity, is required to induce protective immunity in fish injected with killed
bacterins or purified lipopolysaccharide (Saeed and Plumb 1986). Lack of antibody-mediated
protection and a cell-mediated basis for protective immunity are traits of intracelluar pathogens.
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Neutrop hils

Similar to the effect with macrophages, E. ictaluri cells can be observed in well-defined
phagocytic vacuoles within neutrophils. Neutrophils from normal catfish phagocytize E. ictaluri
cells opsonized with autologous serum (Finco-Kent and Thune 1987). No bactericidal activity is
measured using uptake of 3H-uridine, an indirect measure of oxygen-dependent phagocyte
respiratory burst activity (Blazer 1991). Phagocytosis of £ ictaluri by neutrophils from normal
catfish is significantly greater when cells are opsonized with autologous serum (63%
phagocytosis) compared to cells opsonized with heat-inactivated autologous serum (9%
phagocytosis) (Ainsworth and Dexiang 1990). Significant killing or stasis of E. ictaluri occurs
after exposure to bacterial cells opsonized with normal serum, but not to cells opsonized with
heat-inactivated serum. Catfish neutrophils mount a macrophage chemiluminescent response to
E. ictaluri opsonized with immune serum twice that of non-opsonized E. ictaluri or E. ictaluri
opsonized with non-immune serum (Waterstrat et al. 1991). In addition, extracellular bactericidal
activity can be caused by serum components, extracellular products liberated from the neutrophil,
or a combination of cellular and humoral factors. Chemiluminescent responses may be due to
extracellular events because they are enhanced by immune sera and extracellular bactericidal
activity is observed. Although the apparent ability of E. ictaluri to survive in the neutrophil could
serve as a means of disseminating the bacteria throughout the host, other phenomenon could be
operating, such as extracellular killing by neutrophils (Waterstrat et al. 1991).

13.6.4 Summary

Natural and acquired immunity to E. ictaluri is a combination of non-specific, cellular, and
humoral responses to exposure. The route of exposure and temperature have a great influence on
the outcome of infection and immune response to infection in laboratory immunization and
challenge. Significant protective immunity results from immersion vaccination with live
attenuated vaccine strains of E. ictaluri. The exact nature of this protective immunity is under
investigation. The non-specific and cellular defenses that normally play the most important role
upon first exposure to a pathogen are somehow circumvented by E. ictaluri, with antibodies
playing a more long-term, protective role following exposure. Activation and strengthening of
the cellular response is a goal of current vaccine strategies. The effects of temperature and stress
have a major influence on the duration of this acquired immunity. The aquaculture environment
is inherently stressful, with fish populations experiencing periodic exposure to low dissolved
oxygen, high ammonia, and high nitrite concentrations. Certain chemicals (e.g., copper sulfate)
routinely used in pond management may have a direct or indirect effect on the immune status of
the fish, leading to periods of immunosuppression that may override the effects of vaccination.
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14.1 INTRODUCTION

In the early years of the catfish industry, prior to 1980, infectious diseases played a minor role in
fish losses on farms. Stocking densities were generally under 10,000/ha (ca. 4,000/acre),
production capacity less than 2,200 kg/ha (ca. 2,000 pounds/acre), feeding rates under 50 kg/ha
per day (ca. 45 pounds/acre per day) and a single-batch cropping system was common practice.
Less intensive management practices were generally conducive to better water quality in ponds
with few episodes of oxygen depletion and lower overall stress on fish populations (Tucker 1985).
Lower fish densities also meant less efficient transmission of disease organisms. In the mid 1980s
stocking rates exceeded 12,000/ha (ca. 5,000/acre), feeding rates of 90 to 112 kg/ha per day (ca.
80 to 100 pounds/acre per day) were common, production typically reached 5,600 kg/ha (ca.
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5,000 pounds/acre), and a multiple-batch cropping system meant that production ponds were only
drained every ten years or so. Increased feeding rates with the resulting degradation of water
quality and increased stocking densities probably influenced the emergence of infectious disease
as a limiting factor in catfish production in the mid 1980s. The tendency of some diseases to go
unnoticed in fingerling populations led to the spread of certain diseases across the catfish
production area of the southeastern United States. The emergence of new and more virulent
pathogens also contributed to increased losses during this period.

About 45% of inventory losses on catfish farms are attributable to infectious diseases
(USDA7APHIS 1997a). Of the losses caused by infectious disease, approximately 60% are the
result of single or mixed bacterial infections, 30% result from parasitic infestation, 9% are caused
by oomycete1 (fungal) infection, and 1% are of viral etiology (Khoo 2001). Multiple or mixed
infections often occur in pond raised channel catfish making treatment decisions difficult (Hawke
and Thune 1992). There are several disease syndromes in which the etiology remains in question,
such as channel catfish anemia (CCA), which has also been variously referred to as severe
idiopathic anemia, no blood disease, or white lip. Another syndrome is visceral toxicosis of
catfish (VTC) which is believed to be caused by a toxin. These disease conditions will not be
discussed in this chapter because an infectious etiology has yet to be established. Economic losses
resulting from infectious diseases are difficult to ascertain because diligence in record keeping
varies among farm mangers and many disease epizootics go unreported. Nevertheless, infectious
disease is believed to cost producers millions of dollars in direct fish losses each year (Freund et
al. 1990). In addition, infectious diseases may influence profitability by increasing treatment
costs, reducing food consumption due to anorexia, increasing feed conversion ratios, and causing
harvesting delays (Wagner et al. 2002). Piscivorous birds may also be attracted to ponds with sick
and dying fish causing further losses.

The important viral, bacterial, fungal, and parasitic agents affecting cultured ictalurid catfish
will be described in this chapter, including information about each etiologic agent, significance
of the disease, clinical signs and pathology, and epizootiology, with comments on the role of the
environment and host-pathogen interactions.

14.2 VIRAL DISEASES

14.2.1 Channel catfish virus disease

Channel catfish virus disease (CCVD) is a serious disease affecting young farm raised channel
catfish in the first months after stocking fry ponds. Mortality rates can approach 100% under the
proper environmental conditions. Although CCVD comprises only 1 to 2% of the cases reported
yearly by fish disease diagnostic laboratories, outbreaks are highly significant when they do occur
with losses in the millions of juvenile fish. Stress resulting from moving and stocking fry ponds
late in the season after temperatures have reached or exceeded 30 °C (86°F) or excessive handling
of fry during stocking may precede outbreaks.

'Although members of the class Oomycetes are no longer considered to be true fungi (i.e., in the Phylum
Eumycota) and are now placed in the Phylum Oomycota in the Kingdom Stramenopilia (Alexopoulos et al.
1996), they are still commonly referred to as fungi and thus will be referred to as fungi or oomycetes in
this chapter.
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FIGURE 14.1. Channel catfish fingerling with channel catfish virus disease (CCVD) exhibiting exophthalmia
and abdominal distention due to ascites. Photo credit endnote a.

History

Channel catfish virus disease was first discovered in 1968 (Fijan et al. 1970) following isolation
from five different epizootics and the virus was later determined to be a member of the family
Herpesviridae (Wolf and Darlington 1971). Much of the important work on characterization of
CCVD was done by Dr. John Plumb at Auburn University in the 1970s. His investigations
involved examination of catfish susceptibility (Plumb and Chappel 1978; Plumb et al. 1975),
histopathology of the disease (Plumb et al. 1974) and detection of the virus in adult fish (Plumb
et al. 1981). Channel catfish virus has continued to receive attention from researchers. Attenuated
strains of the virus have been examined as vaccines against CCVD and as vectors for the carriage
of other genes encoding protective antigens against bacterial pathogens (Zhang and Hanson 1995:
Zhang and Hanson 1996).

Species susceptibility and range

Channel catfish virus is host specific for the channel catfish Ictalurus punctatus (Boon et al.
1988). Blue catfish and channel x blue catfish hybrids, experimentally infected with the virus by
injection, do not exhibit signs of disease (Plumb and Chappel 1978); however, a natural outbreak
in blue catfish was documented in Missouri by the Southeastern Cooperative Fish Disease Project
(1988). Some strain variation in susceptibility occurs and crossbred strains are more resistant to
infection than offspring of inbred parental strains (Plumb et al. 1975). Brown and yellow bullhead
catfish are resistant to infection as are European, Asian, and African species of catfish. Thus far,
susceptibility to CCVD appears to be restricted to channel catfish cultured in the United States.

Clinical signs

Channel catfish virus disease is a hemorrhagic viremia that results in death of fry and young
fmgerlings, usually about 4 cm or less, and resolves in older fingerlings and adults. Clinical signs



390 Hawke and Khoo

FIGURE 14.2. (Left) Cytotopathic effect seen in monolayer of channel catfish ovary cell line following
infection with CCV. (Right) Scanning electron micrograph of syncytial cell formation in channel catfish ovary
cell line resulting from infection with CCV. Photo credit endnote b.

include petechial and ecchymotic hemorrhage in the body particularly on the ventral aspect,
hemorrhage at the base of the fins, abdominal distention, exophthalmia, and pale or hemorrhagic
gills (Fijan et al.1970) (Fig. 14.1). Internal clinical signs include a dark red and swollen spleen,
pale liver and trunk kidney, and generous amounts of clear, yellow-tinted, ascitic fluid in the
abdominal cavity. Affected fish may hang tail down in the water column and exhibit disoriented
behavior characterized by a corkscrew swimming motion. The viremia affects all major organs
causing focal and/or diffuse necrosis of the kidney, hematopoietic tissue, liver, spleen,
gastrointestinal tract, pancreas, and skeletal muscle. The primary site of viral replication is in the
kidney with lower levels present in the intestine, spleen, and liver (Plumb 1971; Nusbaum and
Grizzle 1987). Clinical signs can develop as early as 32 hours after infection at 30°C (86°F)
(Plumb 1972) but the virus becomes difficult to isolate within 120 hours after an epizootic.

Diagnosis

Channel catfish virus disease has been traditionally diagnosed by standard tissue culture
techniques. Fry suspected of being infected are homogenized in a tissue grinder, the homogenate
centrifuged, and the supernatant filtered through a 0.45-um filter. Filtrate is then inoculated into
channel catfish ovary cell cultures and the cells examined for cytopathic effect after 24 to 48
hours at 30°C (86°F). Initial cytopathic effect is characterized by foci of pycnotic cells that
coalesce into a mutinucleated cellular structure (syncytium) and that later separates and becomes
connected by strands of protoplasm. Resulting syncytia and plaque formation in channel catfish
ovary cells provide a presumptive diagnosis of CCV (Fig. 14.2). Positive identification can be
accomplished by serum neutralization using CCV-specific antisemm or by PCR (Wise et al.
1985; Boyle and Blackwell 1991).

Description of the causative agent

Channel catfish virus is an alpha-herpes virus with a 134 kilobase (kb), double-stranded DNA
genome that is encapsulated by an icosahedral envelope (Davison 1992). The virus is also referred
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to as ictalurid herpesvirus-1 (Zhang and Hanson 1996). Comparison of the nucleotide sequence
of CCV with other herpesviruses reveals that CCV cannot be included in any known taxa
(Davison 1998). The nucleocapsid diameter is 95 to 105 nm and enveloped virions have a
diameter of 175 to 200 nm. The virus can be inactivated by 20% ether, 5% chloroform, or heat
(60°C [140°F] for 1 hour) (Robin and Rodrigue 1980).

Epizootiology

Outbreaks of CCVD occur in commercial catfish ponds in the southern U.S. from May through
October when water temperatures exceed 25°C (77°F). During active epizootics, transmission of
CCV is primarily horizontal via the water (Nusbaum and Grizzle 1987). Experimental infection
can be demonstrated by waterbome exposure or by cohabitation of infected fry with healthy fry.
Channel catfish 4 months of age or younger are susceptible to infection, with higher mortality
rates in smaller fish. Channel catfish virus may be transmitted vertically (via reproductive
products) from latently infected adult catfish to offspring (Wise et al. 1988; Boyle and Blackwell
1991), although the exact mechanism of transmission is unknown.

14.2.2 Catfish reovirus

Catfish reovirus (CRV) was isolated from healthy asymptomatic channel catfish in California
during routine screening for CCV (Amend et al. 1984). The virus, now classified as an
aquareovirus, is non-pathogenic when injected into naive channel catfish and is currently not
considered to be a threat to farm-raised channel catfish (Winton et al. 1987).

14.3 BACTERIAL DISEASES

14.3.1 Enteric septicemia of catfish

Enteric septicemia of catfish (ESC), caused by the gram-negative bacterium Edwardsiella
ictaluri, accounts for approximately 30% of all disease cases submitted to diagnostic laboratories
in the southeastern United States. In Mississippi, where channel catfish constitute the majority
of case submissions, ESC may represent 48% of the yearly total (Freund et al. 1990). Economic
losses to the catfish industry caused by ESC were estimated to range between $4 and 6 million
yearly in 1990 and continue to increase steadily with industry growth. About 70% of farmers
surveyed in 1996 stated that ESC or ESC in combination with columnaris disease caused the
greatest economic losses on catfish farms, with 57% of farmers rating losses as severe (greater
than 1,000 kg [2,200 pounds] per outbreak) (USDA/APHIS 1997a).

History

The causative agent of ESC is a gram-negative bacterium that is biochemically similar to the
gram-negative bacterium Edwardsiella tarda but differs in several characteristics. The disease
was described in a published account (Hawke 1979) and the causative bacterium was later
described as a new species, Edwardsiella ictaluri (Hawke et al. 1981). The disease was first
recognized as a new bacterial disease affecting pond raised channel catfish in 1976 from
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specimens submitted to the Southeastern Cooperative Fish Disease Laboratory (SCFDL) at
Auburn University. Records from fish diagnostic laboratories indicate that ESC was not a
common disease immediately following its discovery. Only 26 cases were recorded between
January 1976 and October 1979 and it occurred in only 8% of the total cases reported by the
Mississippi State University Extension Service in 1981. Between 1982 and 1986 there was a
marked increase in morbidity attributed to ESC and the impact on the catfish industry was
significant. During a 9-year study, ESC was diagnosed from 427 farms located in 56 different
counties in Mississippi (Freund et al. 1990). Interestingly, archived tissues from fish submitted
in 1970 to the Stuttgart National Aquaculture Research Center in Stuttgart, Arkansas, with
clinical signs similar to ESC, were tested by immunohistochemical methods and reacted
positively with a monoclonal antibody specific for E. ictaluri (Mitchell and Goodwin 1999). This
finding, along with other laboratory records, indicate that ESC may have existed as early as the
1960s in cultured catfish. Enteric septicemia of catfish now occurs throughout the geographic
range of the catfish farming industry for reasons that are not entirely clear, but are probably
related to the shipment of infected fmgerlings. These infected fingerlings may serve as
asymptomatic carriers of the bacterium, outside the temperature range at which disease normally
occurs (Klesius 1992; Mqolomba and Plumb 1992).

Species susceptibility

Channel catfish is the catfish species most susceptible to infection by Edwardsiella ictaluri, but
white catfish Ameiurus catus, brown bullhead Ameiurus nebulosus, and walking catfish Clarias
batrachus are also susceptible. Blue catfish Ictalurus furcatus are somewhat resistant to
experimental infection (Wolters and Johnson 1994). In experimental infections, juvenile blue
catfish have the highest survival rate (90%) and channel catfish have the lowest (62%), while
channel x blue catfish hybrids have an intermediate survival rate (74%) (Wolters et al. 1996).
Edwardsiella ictaluri also occurs in ornamental fish such as the danio Danio devario (Waltman
et al. 1985), green knife fish Eigemannia virescens (Kent and Lyons 1982), and rosy barb Puntius
conchonius (Humphrey et al. 1986). Experimental infection of other fish species, such as rainbow
trout Oncorhynchus mykiss, chinook salmon O. tshawytscha (Baxa et al. 1990), and blue tilapia
Oreochromis aureus (Plumb and Sanchez 1983) does not result in disease outbreaks.

Range

Edwardsiella ictaluri is primarily a pathogen of channel catfish cultured in the southeastern
United States. Enteric septicemia of catfish has been diagnosed from catfish production areas in
Mississippi, Arkansas, Alabama, Louisiana, Georgia, and Florida. On rare occasions the disease
has occurred in cultured catfish populations in Virginia, Texas, Idaho, Indiana, Kentucky,
California, Arizona, and Maryland (Plumb 1999). Natural fish kills in wild populations of catfish
caused by ESC are rare, with only two on record: 1) white catfish from a river in Maryland
(Southeastern Cooperative Fish Disease Laboratory 1977) and 2) channel catfish from Lake St.
John in Louisiana (J. Hawke, unpublished case record, Louisiana Aquatic Diagnostic Laboratory,
1995). Isolation of is. ictaluri from walking catfish in Thailand (Kasornchandra et al. 1987) and
from a population of rosy barb imported into Australia from Singapore (Humphrey et al. 1986)
indicates the potential for an expanded host and geographic range.
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FIGURE 14.3. Channel catfish fingerling with acute enteric septicemia of catfish (ESC). Note clear ascites and
lack of external clinical signs. Photo credit endnote b.

FIGURE 14.4. Adult channel catfish with acute ESC. Petechial hemorrhages are visible in the skin on the
ventral aspect of the head and belly which give the appearance of a red rash. Photo credit endnote b.

Clinical signs

Clinical signs of fish infected with ESC differ according to the stage and severity of infection,
route of infection, water quality, and stress factors. Affected fish may appear to suffer from
different diseases but are actually exhibiting different manifestations of the same causative agent.
Clinical manifestations of ESC may be divided into three different forms: acute, subacute and
chronic.
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Acute. The disease develops and progresses rapidly and is characterized by very few outward
clinical signs and high mortality rates (Fig. 14.3). Characteristic of a septicemia, the bacterium
and its toxic products are found in the blood and throughout almost every tissue in moribund fish.
Catfish affected with the acute form of ESC suddenly lose their appetite, become lethargic, and
swim listlessly near the pond surface or hang motionless (usually head up) in the water column
prior to death. Exophthalmia, abdominal distention, and clear, yellowish or blood-tinged ascites
predominate the clinical presentation. Petechial hemorrhages may appear as a red rash over a
large portion of the belly or flank (Fig. 14.4). The liver may or may not have necrotic foci but the
kidney and spleen will be swollen.

Sub-acute. Characterized by slower onset and progress than in acute disease but cumulative
mortality may be high. Characterized by obvious external clinical signs such as petechial
hemorrhages and small ulcers. External clinical signs may be dramatic with petechial and
ecchymotic hemorrhage in the skin (mostly visible on the white belly of the fish and about the
head and eyes) and shallow small ulcers (2 to 3 mm in diameter) that appear white, red, or white
with a red border. As a result, fish may appear to be covered with red or white spots (Fig. 14.5).
The liver and kidney have necrotic areas that give the organs a mottled appearance (Fig. 14.6).
The kidney and spleen may be swollen and bloody fluid may be seen in the visceral cavity (Fig.
14.6). Catfish affected with the sub-acute form behave similarly to those experiencing the acute
form but fish in the infected population tend to go off feed more gradually. Affected fish may also
exhibit behavioral signs in later stages of an outbreak that are common in chronic infections, such
as spinning or spiraling.

Chronic. Characterized by slow onset and progress and more signs of central nervous system
impairment such as spinning, spiraling, and tail chasing. Fish with chronic infection may appear
as late as 30 days after an acute epizootic has run its course and mortality rates have dropped.
Mortality resulting from chronic infection is typically low. The primary clinical sign is a raised,
closed abscess or open ulcer in the frontal bone of the skull in the area of the fontanelle resulting

FIGURE 14.5. Adult channel catfish with subacute form of ESC. Shallow ulcerations cause the appearance
of white spots in the skin around the head. Photo credit endnote c.
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FIGURE 14.6. Adult channel catfish with bloody ascites and necrotic foci in the liver resulting from ESC
infection. Photo credit endnote a.

FIGURE 14.7. (Left) Channel catfish fingerling with chronic ESC. Raised, closed abscess on the top of the
skull resulting from chronic meningoencephalitis. Photo credit endnote b. (Right) Channel catfish fingerling
with chronic ESC. Open ulcer in the top of the skull resulting from meningoencephalitis and release of
inflammatory exudate from cranium. Photo credit endnote c.

in the common name "hole-in-the-head" disease (Fig. 14.7). These lesions are the result of
meningoencephalitis that develops in the chronic disease and associated inflammation associated
with infected brain and meninges.
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Description of the causative agent

Edwardsiella ictaluri is most closely related to E. tarda (56 to 62% DNA homology) with a G+C
ratio of 53 mol% and is differentiated and identified using a combination of staining
characteristics, cell morphology, and biochemical and physiologic tests (Hawke et al. 1981). The
bacterium is a gram-negative rod, weakly motile by peritrichous flagella, 0.75 |im in width x 1.25
|im in length, oxidase negative, fermentative in O/F glucose or glucose motility deeps. The triple
sugar iron (TSI) slant reaction is K/A with negative H2S, citrate is negative and the test for indole
production is negative in tryptone broth. Edwardsiella ictaluri can also be identified using
miniaturized biochemical test systems such as the API 20E system (Biomereaux-Vitek) by
generation of the code number 4004000 (Hawke, unpublished data). Isolates from different
geographic locations are biochemically, biophysically, and serologically homogeneous (Plumb
and Vinitnantharat 1989) and only one serological strain of E. ictaluri exists (Chen and Light
1994). Lipopolysaccharides (Newton and Triche 1993), outer membrane proteins (Newton et al.
1990), isozymes (Starliper et al. 1988) and plasmids (Newton et al. 1988) of different geographic
strains are homogeneous. Four major subgroupings of different genotypic strains can be
identified, however, by subtyping different geographic isolates using arbitrarily primed
polymerase chain reaction (PCR) (Bader et al.1998). Genetic characterization of E. ictaluri is
ongoing and methods for identifying and sequencing virulence genes have been developed
(Cooper et al. 1996; Lawrence et al. 2001; Maurer et al. 2001). Currently plans are being made
to sequence the entire E. ictaluri genome (Ron Thune, Louisiana State University, personal
communication).

Diagnosis

Enteric septicemia of catfish is typically diagnosed by isolation of the causative bacterium from
diseased fish. Cultures are obtained by inoculating portions of the internal organs or brain tissue
on tryptic soy agar with 5% sheep's blood (TSA II, BBL) or brain heart infusion (BHI) agar.
Optimum growth of the bacterium occurs between 25 and 30°C (ca. 77 and 86°F). Within the
optimum range, 48 hours incubation is sufficient for formation of 2-mm, whitish-grey colonies
on TSA blood agar. Primary isolation of some strains may be enhanced by anaerobic culture
(Mitchell and Goodwin 2000). Presumptive identification of the bacterium after isolation in pure
culture follows the scheme of Hawke et al. (1981), followed by the API 20E strip or other
miniaturized test systems. Confirmatory identification can be made with serological
(immunological) tests including the indirect fluorescent antibody test (IFAT) (Ainsworth et al.
1986), enzyme immunoassay (EIA) (Rogers 1981), or enzyme linked immunosorbent assay
(ELISA) (Klesius 1993). A real-time PCR assay for E. ictaluri shows promise as a highly
sensitive diagnostic test that can detect low levels of the pathogen in early stages of infection
(Bilodeau et al. 2003). Although PCR is not practiced routinely by fish diagnostic labs, this trend
will probably change in the future as molecular diagnostic tests become more commonplace and
replace conventional types of testing.

Epizootiology

Enteric septicemia of catfish can occur when a susceptible host (the channel catfish) encounters
a virulent pathogen (E. ictaluri) under environmental conditions that are conducive to
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proliferation of the pathogen and stressful for the host. Mortality rates during ESC outbreaks in
ponds can vary from less than 10% to more than 50% , and fmgerling as well as food-size fish
are affected (Plumb 1999). Stress factors such as handling, close confinement, improper diet, low
chloride concentration, poor water quality, and temperature fluctuations lead to increased
susceptibility to experimental infection (Mqolomba and Plumb 1992; Wise et al. 1993; Plumb
and Shoemaker 1995; Ciembor et al. 1995). Although stress may increase susceptibility to
infection and losses, it is not a prerequisite for this highly virulent pathogen of channel catfish,
and immune status of individuals in the population may also determine the outcome (see Chapter
13).

Infection of channel catfish with E. ictaluri can occur by several routes. Koch's postulates are
fulfilled by both injection and immersion exposure to the pathogen (Hawke 1979). Two different
routes of experimental infection and the resulting pathology were demonstrated by introducing
the bacteria directly into the stomach of channel catfish by intubation and later exposing
uninfected fish to the experimentally infected fish by cohabitation (Shotts et al. 1986). So-called
"contact fish" develop both acute and chronic forms of the disease whereas those infected by
intubation only develop the acute septicemia. A water borne route of infection can occur via the
olfactory system (Miyazaki and Plumbl985). Infection of the olfactory sac, olfactory nerve, and
olfactory lobe of the brain ultimately lead to menigoencephalitis and the chronic form of the
disease (Morrison and Plumb 1992; Newton et al. 1989).

The primary mode of transmission of E. ictaluri results from fecal shedding from sick fish
and from the carcasses of dead fish into pond water (Earlix 1995). Efficiency of experimental
infection is improved when fish are fed pelleted diets during water borne challenge with E.
ictaluri thereby increasing the chances that the bacteria would be ingested (Newton et al. 1989).
The bacterium can cross the intestinal epithelium, enter the bloodstream, and migrate to the
kidneys within 15 minutes after experimental intestinal infection (Baldwin and Newton 1993).
Introduction of ESC-infected fish (fingerlings) into ponds containing healthy fish that have no
prior exposure to ESC or stocking healthy (naive) fingerlings into ponds containing older catfish
that are carrying E. ictaluri are examples of how the multiple-batch cropping system can
contribute to the perpetuation and spread of ESC.

Edwardsiella ictaluri was initially characterized as an obligate pathogen because it failed to
survive outside the host for more than one week in sterile pond water (Hawke 1979). However,
it can survive for 90 days in sterile pond mud (Plumb and Quinlan 1986). Vertical transmission
of E. ictaluri from infected broodstock to fry has not been demonstrated.

Piscivorous birds are attracted to ponds where small fish are dying (Hodges 1989), increasing
the probability that ESC is transmitted from pond to pond by the transfer offish carcasses by
birds. The presence of viable E. ictaluri in the intestinal contents of cormorants and herons
suggests that fecal wastes from piscivorous birds are a potential source of infection (Taylor 1992);
however, great blue herons fed E. zcta/«n-infected catfish do not transfer viable E. ictaluri
(Waterstrat et al. 1999). The seasonal occurrence of ESC is discussed in Section 14.8. Nutritional
supplements that may increase resistance of catfish to ESC and other health management
strategies are discussed in Chapter 15.

14.3.2 Columnaris disease

Columnaris disease, caused by the gram-negative bacterium Flavobacterium columnare, has
historically ranked second in importance to ESC in the United States catfish farming industry
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(USDA/APHIS 1997a). However, the Mississippi State University, College of Veterinary
Medicine, Fish Disease Diagnostic Laboratory in Stoneville, Mississippi documented columnaris
disease as the leading cause of mortality (933 cases) and ESC as the second leading cause of
mortality (734 cases) on Mississippi catfish farms in 2000 (Khoo 2001). Most (86%) cases
involving columnaris disease from Louisiana were mixed infections involving other bacterial
species such as Edwardsiella ictaluri, E. tarda, and Aeromonas spp. (Hawke and Thune 1992).
Determining which bacterium is the primary and secondary pathogen in these cases is sometimes
impossible, making the economic impact of columnaris disease difficult to assess. Columnaris
disease or mixed infections of columnaris and ESC were identified as causing the greatest
economic losses on catfish farms by 70% of farmers polled from the four leading catfish
producing states and losses are certainly in the millions of dollars (USDA/APHIS 1997b). The
relationship between stressful environmental conditions and outbreaks of columnaris disease has
always been implied; however, some strains may be more pathogenic than others. This remains
to be studied in detail.

History

Columnaris disease was first described in warmwater fish from the Mississippi River (Davis
1922) and the causative organism named Bacillus columnaris. Twenty-two years later the
causative organism was successfully cultured, characterized and named Chondrococcus
columnaris (Ordal and Rucker 1944). The many name changes that have occurred over the years
have led to some confusion about the disease and the causative agent. Davis (1922) originally
named the disease columnaris, referring to the formation of columnar masses of cells that were
visible microscopically on infected fish tissue. One year after the work of Ordal and Rucker
(1944), Garnjobst (1945) published an account of isolation of the pathogen and assigned it to the
genus Cytophaga. The bacterium has been renamed and reclassified several times on the basis
of morphological and biochemical features, and has been referred to at various times as
Chondrococcus columnaris, Cytophaga columnaris, and Flexibacter columnaris (Bernardet and
Grimont 1989). The current name Flavobacterium columnare, was adopted following molecular
characterization of archived strains (Bernardet et al. 1996). Sequence analysis of the 16S
ribosomal RNA gene of F. columnare and other closely related organisms argues for inclusion
in the genus Flexibacter (Bader and Shotts 1998). Nonetheless, consensus among taxonomists
over the proper classification of the columnaris bacterium has not yet been achieved.

Range and species susceptibility

Columnaris disease is a worldwide problem occurring in many habitats and in a wide range of
species. Flavobacterium columnare infects at least 36 species of cultured and wild fish (Plumb
1999); however, channel catfish and other ictalurids seem to be the most severely affected (Meyer
1970). The disease is one of the most serious bacterial diseases of golden shiners, striped bass,
largemouth bass, sunfishes and many ornamental species raised and kept in confinement (Post
1987). Columnaris disease occurs in cultured Nile tilapia Oreochromis niloticus (Amin et al.
1988), rohu (Kumar et al. 1986), common carp (Bootsma and Clerk 1976; Farkas and Olah 1986)
and eels (Wakabayashi et al. 1970). Columnaris disease also occurs in North American
centrarchids (crappie, sunfish), cyprinids (goldfish, hogsuckers), and salmonids (Shell 1953; Fijan
1968a; Becker and Fujihara 1978).
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FIGURE 14.8. Spreading shallow lesion in the skin of a channel catfish fingerling resulting from columnaris
disease. Photo credit endnote b.

Clinical signs

Columnaris disease commonly occurs as an external infection of the skin, fins, or gills but has
also been isolated internally from channel catfish with no outward clinical signs (Hawke and
Thune 1992). Internal isolates may indicate a systemic form of the disease, although
histopathological lesions are often lacking. Flavobacterium columnare can infect catfish of any
age, under a variety of water conditions, and during any season (Griffin 1987). Bacterial infection
causes damage to the mucosa and gills, depigmentation of the skin, and fraying of the fins. The
first external clinical sign is a grayish white spot appearing on the body, head, lips, or fins
(Bullock et al. 1986; Post 1987) that progresses to a shallow lesion that may exhibit slight yellow
coloration. An area of primary infection known as a "saddleback" lesion can appear along the
dorsal fin, later extending laterally down both sides of the abdomen (Griffin 1987) (Fig. 14.8).
Necrotic lesions in the gills may also be observed and lesions often appear brown or muddy from
clay particles or detritus trapped in the slime secreted by the bacteria (Fig. 14.9). Characteristic
lesions on the skin and gills of catfish and bacterial morphology in a wet mount of scrapings from
infected areas can be used for presumptive diagnosis of the disease. Infected skin loses its natural
sheen and a grey, white, or yellow margin surrounds the focal lesion. The mouth and inner walls
of the oral cavity may be covered with yellowish mucoid material. Secondary infection of skin
lesions by Aeromonas spp. is common and results in deeper, liquefactive lesions in the muscle.

Description of the causative agent

Flavobacterium columnare is a long, slender, gram-negative rod (0.3 to 0.5 um wide x 3 to 10
um long) that is motile by gliding on surfaces and non-motile in suspension except for flexing
movement. It is strictly aerobic and nonhalophilic (Pacha and Porter 1968; Pacha and Ordal
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FIGURE 14.9. Gill necrosis with mud particles trapped in the gill of a channel catfish with columnaris disease.
Photo credit endnote b.

1970). Cells form strongly adherent, flat, yellow, rhizoid colonies on solid media, but form
columnar aggregates on infected tissue often referred to as "haystacks." The temperature range
of growth of the bacterium varies from 4 to 37°C (39 to 99°F) with an optimum at 25°C (77°F)
(Amend 1982). Physiological characteristics of F. columnare are as follows: strict aerobic growth:
no acid produced from carbohydrates; cytochrome oxidase and catalase positive; nitrate reduced
to nitrite; hydrogen sulfide positive; cellulose, chitin, starch, esculin and agar not hydrolyzed;
gelatin, casein, and tyrosine hydrolyzed; arginine, lysine, ornithine not decarboxylated; and
flexirubin pigments produced (Bemardet and Grimont 1989). The NaCl tolerance is 0.5%, but
this varies depending on strain.

Diagnosis

Scraping infected areas and observing wet mounts of the necrotic tissue microscopically at 400x
reveals thin, filamentous, flexing rods, and the typical "haystack" formation that is diagnostic for
columnaris disease. Traditional diagnosis of columnaris disease includes preparation of wet
mounts of necrotic gill and skin tissue and microscopic observation (400x) of long flexing rods
(Fig. 14.10) and "haystack" aggregates of cells (Fig. 14.10) (Durborow et al. 1998).

Diagnosis of columnaris disease is problematic because of difficulty in culturing the organism
from contaminated external sites and mixed internal infections. Definitive identification of
isolates as F. columnare has been difficult and meaningful antibiotic susceptibility data are
lacking. As a result, diagnosticians, fish health specialists, and veterinarians are reluctant to
recommend potentially efficacious antibiotics for the treatment of columnaris disease.
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FIGURE 14.10. (Left) Wet mount ofF/avo6ac/OT«/nco/H/nnareshowinglongslender rods (400x). (Right) Wet
mount of F. columnare showing "haystack" formation (400*). Photo credit endnote b.

Culture

Flavobacterium columnare can be cultured on a variety of low-nutrient, low-agar content media.
Cultures may be incubated at temperatures ranging from 10 to 33°C (50 to 91°F), but primary
isolation plates are typically incubated at 28 to 30°C (82 to 86°F). Pale yellow rhizoid colonies
present after 48 hours of incubation are indicative of F. columnare (Fig. 14.11). Isolates must be
subcultured within 48 hours from the time of initial inoculation to a high moisture content slant
or viability may be lost. The commonly used primary isolation medium is cytophaga agar
(Anacker and Ordal 1959a, b); however, shorter incubation times and higher yields have been
achieved for research purposes in media containing salts, such as Shieh medium (Shieh 1980).
Selective isolation of columnaris can be achieved from contaminated external sites, such as the
skin and gills, on selective cytophaga agar (Hawke and Thune 1992) (Fig. 14.11) or Hsu-Shotts
medium (Hsu et al. 1983). A dilute Mueller-Hinton agar medium has been evaluated for
antimicrobic susceptibility testing using disc diffusion methods and a dilute Mueller-Hinton broth

FIGURE 14.11. (Left) Colonies of F. columnare on Ordal's medium showing typical yellow-pigmented, rhizoid
colonies. (Right) Colonies of F. columnare on selective cytophaga medium. Photo credit endnote b.
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FIGURE 14.12. Zones of inhibition on dilute Mueller-Hinton medium for disc diffusion antimicrobial
susceptibility testing of F. columnare. Photo credit endnote b.

for determination of minimal inhibitory concentration in broth (Hawke and Thune 1992) (Fig.
14.12); however, further testing is necessary before standardized procedures can be accepted. One
of the problems that must be addressed with disc diffusion testing are fuzzy zones around discs
resulting from the unique gliding motility of the organism. Use of micro-broth dilution may be
the solution to this problem.

Flavobacterium columnare isolates can be diffentiated into four groups based on serological
studies (Anacker and Ordal 1959a). Furthermore, isolates can be characterized based on colony
morphology, biochemical, and physiological characteristics (Shamsudin and Plumb 1996).
Warmwater and coldwater isolates can be differentiated by biochemical tests using the API 20E
system (Pyle and Shotts 1980) and DNA homology (Pyle and Shotts 1981). Molecular
identification of F. columnare can be achieved using species-specific PCR primers to a portion
of the 16S ribosomal RNA gene (Bader et al. 2003). These primers are useful in differentiating
F. columnare from other species of gliding, yellow-pigmented bacteria but do not delineate
various strains of the same species. Whole-cell protein antigens of F. columnare from channel
catfish (Bader et al. 1997) may be useful in strain differentiation.

Flavobacterium columnare can be identified using five characteristics that separate it from
other yellow pigment-producing, gram-negative, aquatic bacteria (Griffin 1992): 1) the ability to
grow in the presence of neomycin sulfate and polymyxin B, 2) colonies on cytophaga agar plates
typically rhizoid and pigmented pale yellow, 3) production of gelatin degrading enzymes, 4)
binding of congo red dye to the colony, and 5) production of chondroitin sulfate A degrading
enzymes.

Epizootiology

Columnaris disease is often considered a secondary infection following periods of stress or
infection by other parasitic or microbial agents. Columnaris can also occur as the sole causative
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agent of disease in pond or tank raised channel catfish and resulting mortality can be as high as
50% (Plumb 1999). Mixed infections with other bacterial pathogens are a common occurrence
with columnaris disease. Columnaris disease was diagnosed in 54% of submissions to the
Louisiana Aquatic Diagnostic Laboratory (Hawke and Thune 1992). Using selective cytophaga
agar, F. columnare was identified as the sole etiological agent in 7% of the cases, and in 47% of
the cases it was present in mixed infections with other pathogens, such as Aeromonas spp.,
Edwardsiella ictaluri, and E. tarda.

Typically, columnaris disease is transferred from fish to fish via the water, but stress resulting
from handling and poor water quality may exacerbate the disease. Transmission of columnaris
disease in walleye is enhanced when mechanical injuries like skin abrasion compromise the health
of the fish (Hussain and Summerfelt 1991). Transmission via the water may be dependent on
adherance of columnaris cells to target tissues. Only 35% of inoculated cells survive for one week
in sterile pond water at 20°C (68°F), indicating a need for carrier fish to maintain the organism
in the aquatic environment (Becker and Fujihara 1978). Survival of F. columnare is poor in water
with pH less than 7.0, hardness less than 50 mg/L as CaCO3, and low organic matter
concentration (Fijan 1968b).

Salinity of the water affects the ability of columnaris disease to establish and progress
(Altinok and Grizzle 2001). Survival of F. columnare is improved in water containing calcium,
magnesium, potassium, and sodium ions (Chowdhury and Wakabayashi 1988). Mortality of
channel catfish challenged with virulent F. columnare is significantly lower at 1 part per thou-
sand (ppt) salinity than in fresh water and no mortality occurrs at salinities of 3 ppt or above.
Growth is enhanced in vitro at salinities up to 3 ppt but is inhibited at 9 ppt and adherance to
plastic beads is reduced with increasing salinity. Most strains of columnaris fail to tolerate more
than 0.3% NaCl (Chowdhury and Wakabayashi 1988). At increased salinities the bacterium may
be less able to bind to gill and skin tissues of channel catfish thus resulting in decreased incidence
of disease (Altinok and Grizzle 2001).

Highly virulent isolates kill all channel catfish in experimental infections within 48 hours
while less virulent isolates do not kill any fish (A. Goodwin, University of Arkansas at Pine Bluff,
personal communication). When rainbow trout are exposed to F. columnare by ingestion or
contact, virulent strains kill all fish within 24 hours while less virulent strains kill all fish in 96
hours (Amend 1982). Less virulent strains of F. columnare cause outbreaks in rainbow trout at
20°C (68°F) and result in extensive tissue damage, whereas virulent strains kill fish at 15°C
(60°F) with no apparent gross tissue damage (Pacha and Ordal 1963; Wood 1968). Potential
virulence factors of F. columnare are not yet clearly defined in channel catfish. An enzyme
(chondroitin AC lyase) produced by F. columnare may contribute to pathogenicity in warmwater
fish (Griffin 1991). In contrast to the majority offish pathogens, artificial infection by a highly
virulent strain of F. columnare is more effective by contact exposure than by injection (Pacha and
Ordal 1970). High virulence isolates of F. columnare are better able to adhere to the gills of the
black molly Poecilia sphenops (Decostere et al. 1999a). Fish in stagnant water are more
susceptible to columnaris disease compared to fish in running water, presumably because stagnant
water favors the attachment of F. columnare to fish tissue (Decostere et al. 1999b).

Molecular characterization of columnaris isolates has addressed taxonomic problems with this
group of bacteria rather than examining applications to epizootiology. Research with both gram-
negative and gram-positive bacteria has exploited the use of PCR primers designed to amplify the
variable intergenic spacer regions between the more highly conserved 5S, 16S, and 23 S ribosomal
subunits (Berridge et al. 1998). Amplification and sequencing of these PCR products can
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potentially differentiate species and also reveal intraspecific differences. The term "genomovar"
denotes phenotypically similar but genotypically distinct groups of bacterial strains. Nested PCR
techniques can be used to identify distinct genomovars of F. columnare (Wakabayashi and
Riyanto 1999).

14.3.3 Motile aeromonad septicemia

Motile aeromonad septicemia (MAS) is a disease complex caused by several different species of
bacteria in the genus Aeromonas. The disease syndrome in channel catfish is also referred to as
hemorrhagic septicemia although it often presents as an external infection. Bacterial species that
are most often involved alone or in combination are Aeromonas hydrophila, A. sobria, and A.
caviae (Camus et al. 1998). As MAS is considered a stress-related disease, often preceded by
some physical or chemical insult or occurring secondarily to other diseases in channel catfish, it
is typically not reported as a distinct disease entity in the annual reports of fish diagnostic
laboratories. Aeromonas spp. were isolated as the sole etiologic agents in only 9% of bacterial
disease cases from channel catfish, but were involved in mixed infections with other bacterial
pathogens in 44% of those cases (Hawke and Thune 1992).

History

Motile aeromonads have been recognized as important fish pathogens since the late 1800s, and
the account of Schaperclaus, published in 1930, describing infectious dropsy of carp caused by
Pseudomonas punctata {Aeromonas punctata) is believed to be the first documented case of MAS
in a fish species (Thune et al. 1993). Aeromonas infections in other aquatic species have been
referred to as hemorrhagic septicemia, infectious dropsy, infectious abdominal dropsy, red pest,
red disease, red sore, rubella, and red leg of frogs. Ewing et al. (1961) proposed that A. punctata,
A. hydrophila and A. liquefaciens were all variants of the same species and included them in a
single species A. hydrophila. Seven species of motile aeromonads were later described by
Carnahan et al. (1991), who focused on human clinical isolates. Of the seven species described,
A. hydrophila, A. sobria, and A. caviae were cited as the ones most commonly isolated from
diseased fish. The name of the disease syndrome in fish was changed to motile aeromonad
septicemia in 1975 to reflect the multispecies etiology of the disease and the tendency of some
diagnosticians to combine all the above bacteria into the A. hydrophila complex or more
commonly the "motile aeromonads" (Hawke 2000).

Range and susceptibility

Motile aeromonads are ubiquitous in the aquatic environment and are found in freshwater and
brackishwater environments worldwide (Thune et al. 1993). Motile aeromonads also constitute
the majority of the normal gut flora of farm raised channel catfish (MacMillan and Santucci
1990). This group of bacteria has little or no host specificity, infecting a variety of freshwater and
brackishwater fish hosts. Aquatic animals other than fish have been described as susceptible
hosts, including frogs, birds, and reptiles. Aeromonas hydrophila has been diagnosed as the cause
of wound infections and fatal septicemia in humans (von Graevenitz and Mensch 1968).
Aeromonads are considered opportunistic or facultative pathogens of channel catfish and are
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FIGURE 14.13. Adult channel catfish with acute motile aeromonad septicemia (MAS). Note the lack of clinical
signs except for swelling in the kidney and spleen. Photo credit endnote b.

capable of existing in the environment independently of a fish host. Fish become more susceptible
to infection following injury or stress.

Clinical signs

Motile aeromonad septicemia occurs in both acute and chronic forms in channel catfish. The
acute form of MAS presents as a typical bacterial septicemia characterized by exophthalmia,
abdominal distension caused by ascites, hemorrhage in the skin, and multifocal to diffuse necrosis
in the internal organs. Progress of infection is rapid, and accordingly, few clinical signs are
evident (Thune et al. 1993) (Fig. 14.13). In early stages of infection a target-shaped lesion is
formed in the skin with concentric rings extending out from a focal area of infection (Fig. 14.14).
This lesion is commonly seen in fish suffering from winter mortality syndrome (WMS) and may
result from mixed infections with other pathogens. Chronic aeromonad infections are charac-
terized by deep muscular ulcerations with associated liquefaction necrosis and hemorrhage. In
advanced stages of chronic infection, extensive areas of necrosis may be present in the muscle
tissue with liquefaction necrosis and exposure of bone and skeletal elements (Fig. 14.14).

Description of the causative agent

Motile aeromonads are gram-negative, rod-shaped bacteria (0.8 x 1.0 urn) that are motile by a
single polar flagellum. Colonies oi Aeromonas spp. are smooth, raised, and circular with a zone
of beta-hemolysis on blood agar. The bacteria are oxidase positive and fermentative in glucose
motility deeps. Motile aeromonads are easily differentiated from motile Vibrio and
Photobacterium spp. by resistance to the vibriostatic agent, 0/129 (2,4-diamino-6,7-
diisopropylpteridine phosphate). Methods for the presumptive differentiation of the three species
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FIGURE 14.14. (Left) Early external motile aeromonad infection of the skin. (Right) Chronic motile aero-
monad infection and resulting ulceration and liquefactive necrosis of muscle tissue. Photo credit endnote b.

of Aeromonas are as follows: A. hydrophila can be differentiated from A. sobria by its positive
reaction in the bile esculin hydrolysis test and from A. caviae by being positive for gas production
from glucose. Aeromonas caviae is differentiated from A. hydrophila and A. sobria by being
negative for gas production from glucose and negative in the Voges-Proskauer reaction.

Diagnosis

Diseases caused by motile aeromonads are diagnosed by isolation of the causative bacterium on
standard bacteriological media such as brain heart infusion or tryptic soy agar with 5% sheep
blood. Isolates are obtained by inoculating tissue from internal organs or lesions from affected
fish and streaking on the above media. Growth of the bacteria is rapid and 2 to 3 mm cream-
colored, beta-hemolytic colonies should be visible within 24 hrs incubation at 28 to 30°C ( 82 to
86°F) on blood agar. Presumptive identification is accomplished by inoculation of only a few
biochemical tube-test media and demonstration of 0/129 resistance. Serology is not a
recommended practice for identification of motile aeromonads because of the many different
strains of each species. Confirmatory identification may be done by inoculation of the API 20E
system and the bile-esculin tube. When profiled using the API 20E strip, aeromonads are strongly
positive for arginine dihydrolase, weakly or delayed positive for lysine decarboxylase, and
negative for ornithine decarboxylase. Variable results in the way the lysine and citrate tests are
scored and variable sugar fermentation reactions result in different code numbers for different
strains but the typical codes obtained are as follows: 3047125, 7047125, 7047104, 7247104,
7247125, or 7247127. Aeromonas sobria is the most common species of motile aeromonad
isolated from diseased channel catfish, with Aeromonas hydrophila being the second most
common, and A. caviae isolated only rarely.

Epizootiology

Motile aeromonad septicemia is considered one of the most common diseases of cultured warm
water fish in freshwater environments. Prior to 1980, MAS was considered one of the most
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frequently diagnosed problems from commercial catfish ponds, accounting for as much as 60%
of the total cases of bacterial etiology (Plumb 1999). Motile aeromonad septicemia is more
common in the spring when fish emerge from stressful winter conditions and may be slightly
immuno-suppressed. Winter mortality syndrome (WMS) is a disease that develops in the cold
winter months when the skin of channel catfish becomes colonized by the oomycete Saprolegnia
parasitica (see Section 14.4.1). As water temperatures rise in the spring, damaged skin infected
with "winter fungus" is colonized secondarily by Aeromonas spp., Flavobacterium columnare,
and other aquatic bacteria and protozoans. Resulting losses caused by WMS can be quite high.
Although acute disease has been documented with MAS, with heavy losses occurring over a very
short time, chronic disease is the more common manifestation. Infections may occur in any size
or age; however, infections in small fish are more acute, whereas infections in older fish tend to
be chronic (Plumb 1999). Motile aeromonad infections are typically associated with some form
of predisposing stress on the fish population such as overcrowding, poor nutritional status,
temperature shock, low dissolved oxygen concentration, excessive handling, elevated ammonia
and nitrite concentrations, or other water quality problems (MacMillan 1985). A condition known
as post-stocking syndrome in which fish begin to die approximately 3 days after transport and
stocking into a new body of water is usually the result of MAS. Presumably, the stress of hauling
combined with exposure to new strains of Aeromonas spp. in a recently stocked pond are
responsible for establishment of infection (Plumb 1999).

Several factors may play a role in the virulence of certain strains of the motile aeromonads
in channel catfish, including extracellular enzymes, exotoxins, siderophores, and surface features.
Attempts to correlate virulence with extracellular enzymes and exotoxins have produced variable
results. Some strains of Aeromonas are highly virulent in catfish because of the presence of a
surface feature known as the S-layer, which is composed of repeating units of protein or
glycoprotein that are aligned in hexagonal or tetragonal arrays. The S-layer of the motile
aeromonads is a 52 kDa crystalline protein that forms a barrier that protects the bacterial cell from
bactericidal components of the fish immune system, such as serum complement (Thune et al.
1993). Oddly, S-layer positive cells are more readily phagocytized by catfish neutrophils, possibly
indicating an intracellular mode of survival (Finco-Kent 1986). S-layer positive strains of
Aeromonas salmonicida bind to trout macrophages more readily than S-layer negative strains
(Trust et al. 1982). Of 24 isolates of motile aeromonads obtained immediately following isolation
from diseased channel catfish, 14 were the sole causative agent of MAS disease and the other 10
were isolated in combination with other significant pathogens (Ford and Thune 1991). Of the 14
primary aeromonad pathogens isolated, 13 were S-layer positive. A strain of A. hydrophila was
more resistant to killing by catfish neutrophils than either Edwardsiella ictaluri or E. tarda but
the strain was not specified as being S-layer positive (Ainsworth and Dexiang 1990).

14.3.4 Edwardsiella tarda septicemia

Edwardsiella tarda, the causative agent of Edwardsiella septicemia, also known as
"emphesematous putrefactive disease of catfish", was the first member of this genus described
as a pathogen of channel catfish. The bacterium is less important economically than the related
bacterium Edwardsiella ictaluri and is now considered to be a rare disease in cultured channel
catfish. When occurring as a chronic disease, it presents unique problems for producers and
processors because of malodorous putrefactive lesions that may be present in muscle tissue.
Catfish chronically infected with E. tarda may experience recrudescense following the stress of
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harvesting and holding in tanks prior to processing. This can lead to an unacceptable product and
closure of processing lines until disinfection can be completed. Incidence of E. tarda septicemia
is usually so low that it is not considered an economically important disease in the catfish industry
and is rarely mentioned in annual reports of fish diagnostic laboratories. Although considered a
human pathogen, zoonoses resulting from contact with fish are rare.

History

The bacterium was originally described from isolates obtained from various animal and human
sources in Japan. A disease of eels called "red disease" was described and the causative agent
named "Paracolobactrum anguillimortifenim" (Hoshina 1962). Five isolates from human
gastrointestinal infections referred to as the "Asakusa group" described by Sakazaki (1965) were
later shown to be the same as the bacteria isolated from diseased eels. A new genus Edwardsiella,
which included a new species E. tarda, was described from 37 human isolates in the U.S. (Ewing
et al. 1965). Edwardsiella tarda is the cause of "red disease" of eels in Japan and Taiwan
(Wakabayashi and Egusa 1973) and, because cultures of"/1, anguillimortiferum" are no longer
available for comparison, E. tarda is now accepted as the valid scientific name. "Emphysematous
putrefactive disease of catfish" caused by E. tarda was first described in pond-cultured channel
catfish in the United States by Meyer and Bullock (1973).

Range and susceptibility

Edwardsiella tarda is found in both freshwater and brackishwater environments and has been
reported from 25 countries in North and Central America, Europe, Asia, Australia, Africa, and
the Middle East. The bacterium has been isolated from over 20 species of freshwater and marine
fish, occurring most commonly in the channel catfish, common carp Cyprinus carpio, largemouth
bass Micropterus salmoides, striped bass Morone saxatilis, red sea bream Chrysophrys major,
Japanese flounder Paralichthys olivaceous, tilapia Oreochromis spp., yellowtail Seriola
quinqueradiata, and rarely in salmonids. The bacterium also causes disease in humans, reptiles,
marine mammals, and various species of birds (Thune et al. 1993).

Clinical signs

In channel catfish, the early sign of disease is the appearance of small cutaneous ulcerations.
Ulcerati ve lesions progress into large abscesses within the muscle (Fig. 14.15) that become filled
with malodorous gas and necrotic tissue in chronic infections (Meyer and Bullock 1973). The
most common manifestation in channel catfish and other fish species is generalized septicemia.
In rare cases, clinical signs may mimic those of enteric septicemia of catfish caused by
Edwardsiella ictaluri with the formation of a hemorrhagic ulcer in the top of the skull. Small
white necrotic foci may be present in the kidney, liver, spleen, and gills.

Description of the causative agent

Edwardsiella tarda is a short, gram-negative rod (0.6 x 2.0 um) that is motile by peritrichous
flagella at 25 to 37°C (77 to 99°F). The bacterium is oxidase negative, indole positive,
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FIGURE 14.15. Ulcerative lesion with abscess in the muscle tissue of an adult channel catfish with
Edwardsiella tarda septicemia. Photo credit endnote d.

fermentative in semisolid glucose motility deeps (GMD), and produces a K/A reaction with
positive hydrogen sulfide production and gas in triple sugar iron (TSI) agar slants (Hawke 2002).
Edwardsiella tarda is serologically heterogeneous with 49 O antigens and 37 H antigens therefore
production of a universal vaccine is problematic (Ellis 1988).

Diagnosis

Diagnosis is based on the observation of clinical signs consistent with the disease, and isolation
and identification of the causative agent. Primary isolation should be made from muscle lesions
or internal organs on either TSA blood agar (TSAB) or brain heart infusion agar (BHIA)
following incubation at 28 to 35°C (82 to 95°F) for 24 to 48 hours (Hawke 2002). Growth is rapid
and 1 to 2 mm colonies are present after 24 hours of incubation. Edwardsiella tarda forms a small
green colony with a black center on EIM selective medium (Shotts and Waltman 1990). For
presumptive identification, the bacterium should be identified as a short, motile, gram-negative
rod that is cytochrome oxidase negative, ferments glucose with both acid and gas production, and
produces a TSI (triple sugar iron) reaction of alkaline slant and acid butt, with gas and positive
H2S production. A confirmed diagnosis is accomplished if the isolate agglutinates in the slide or
microtiter agglutination test with Edwardsiella tarda antiserum. Enzyme immunoassay (EIA) and
fluorescent antibody tests are fast and efficient for the confirmatory diagnosis of Edwardsiella
tarda (Rogers 1981). When profiled using the API 20E strip (BioMerieaux) the isolate should
produce the code number 4546000.

Epizootiology

Edwardsiella septicemia is apparently favored by high water temperatures (>28°C; 82°F) and the
presence of high levels of organic matter in catfish ponds. The incidence of E. tarda infections
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is relatively rare in channel catfish ponds and mortality rates are usually low (usually less than
5%), but when infected fish are moved into confined areas such as holding tanks, mortalities can
reach levels as high as 50%. The reservoir of infection is unclear but the bacterium has been
associated with a variety of aquatic invertebrates and aquatic and terrestrial vertebrates. Snakes
or fecal contamination of water from human or animal sources may be a source of the bacterium.
Edwardsiella tar da may comprise a part of the normal microflora of the surfaces of certain fishes.
In the U.S., E. tarda was isolated from as many as 88% of domestic dressed channel catfish and
was found in 30% of imported dressed fish (Wyatt et al. 1979). The bacterium was also found in
75% of catfish pond water samples, 64% of pond mud samples, and 100% of frogs, turtles, and
crayfish from catfish ponds (Wyatt et al. 1979).

14.3.5 Miscellaneous bacterial pathogens

Several other bacterial species are implicated as disease agents in channel catfish but very few
published accounts are available for review. Bacterial species and references are listed here, and
in most cases environmental stress likely plays a major role in the initiation of these infections.

Yersinia ruckeri. Gram-negative rod; isolated from internal organs and brain of catfish
fingerlings in cooler months. Affected catfish exhibit hemorrhagic rings around the eyes and
raised hemorrhagic zones overlying the frontal bones of the skull (Danley et al. 1999).

Bacillus mycoides. Gram-positive rod. Affected fish have open ulcers on the back with necrosis
extending into the musculature (Goodwin et al. 1994).

Streptococcus and Enterococcus spp. Gram-positive cocci rarely isolated from internal organs
and abscesses at the base of spines in nutritionally stressed fish (Hawke and Camus 1990-2003).

Clostridium spp. Strictly ananerobic, gram-positive, spore-forming rod isolated from necrotic
muscle lesions in adult fish associated with physical trauma or nutritional stress (Hawke and
Camus 1990-2003).

Pseudomonas fluorescens. Gram-negative rod that causes skin lesions and occasionally a
septicemia similar to MAS. Strict aerobe (Plumb 1999).

Plesiomonas shigelloides. Gram negative rod; normal intestinal flora (MacMillan and Santucci
1990); common post-mortem contaminant and occasionally causes a bacterial septicemia.

14.4 OOMYCETE (FUNGAL) DISEASES

14.4.1 Saprolegnia

Although an imprecise term, saprolegniasis is widely accepted and is used to describe infections
by fungi of the genera Saprolegnia, Achyla, and Dictyuchus (Neish and Hughes 1980; Post 1987;
Roberts 1989). Of these, species of Saprolegnia and Achyla most commonly affect channel
catfish either in the hatchery (as eggs) or in ponds (as fingerlings and/or foodfish) (Tucker and
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FIGURE 14.16. (Left) Adult channel catfish with an early, focal, Saprolegnia infection of the skin. Note brown
coloration due to entrapment of clay particles and detritus. (Right) Adult channel catfish with advanced
Saprolegnia infection. Notice the involvement of the skin and the superficial nature of the infection. Photo
credit endnote b.

Robinson 1990). In ponds, the disease is often referred to as winter fungus because it occurs
during those months when temperatures are <15°C (60°F) and has been considered part of winter
mortality syndrome (Francis-Floyd 1993).

These fungi belong to the class Oomycetes, or the water molds, which are ubiquitous and
widely distributed fungi (Noga 1993a) that are part of the flora of freshwater and estuarine
systems; virtually all freshwater fish are susceptible to infection. Classification and identification
of the various genera are often disputed, but Oomycetes can be differentiated from other classes
by their heterokont zoospores (i.e., biflagellate motile spores with a whiplash and a tinsel type
flagella). Zoospores are the primary means of reproduction, although the fungi also reproduce
asexually by chlamydospores or gammae. Mitochondrial cristae of Oomycetes have a tubular
configuration (unlike others that are plate-like) (Dykstra 1977) and cell walls that contain
cellulose (Neish and Hughes 1980).

Grossly, saprolegniasis presents as a superficial, floccous (cottony/wooly) white growth on
the skin, gills, or eggs. Color of the lesion often varies because of entrapped sediment particles
or algae, which may impart a red, brown, or green color (Fig. 14.16). The cottony appearance is
lost when fish are removed from water as the mycelium collapses into a slimy matted mass. Initial
lesions are small and focal, but can rapidly enlarge due to development of the mycelium. Almost
all lesions are superficial and rarely extend deep into the subjacent musculature (Fig. 14.16). Early
lesions are characterized by a pale focus surrounded by a ring of erythema. Chronic lesions
usually result in erosions or superficial ulcerations although the mycelial mat often masks the
defect.

Tentative diagnosis is based on microscopic identification of mycelia obtained from skin
scrapes or gill clips (Fig. 14.17). Mycelia consist of hyphae that are transparent, cenocytic,
branching, non-septate, and broad (ranging from 7 to 40 um in width). Samples must be taken
from live or freshly dead (moribund when collected) fish as dead fish are excellent fungal
substrates and are rapidly colonized. Hyphae are poorly visualized (pale eosinophilic outlines)
on Hematoxylin and Eosin (H & E) stained sections, but visualization can be enhanced using
periodic acid Schiff or Gomori methenamine silver stains. The hallmark of saprolegniasis in
channel catfish is the superficial and bland nature of lesions, which are nearly devoid of
inflammatory infiltrates, consisting of small numbers of lymphocytes and macrophages (Bly et
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FIGURE 14.17. Oomycete hyphae of Saprolegnia sp. with terminal sporangia and motile zoospores. Photo
credit endnote b.

al. 1992) and other non-leukocytic cells (Lopez-Doriga and Martinez 1998). However, infiltrates
of macrophages, epithelioid macrophages, and multinucleated giant cells can be present in
chronic infections of immunocompetent fish (Bly et al. 1993a). The severity and composition of
the inflammatory component are also affected by any concomitant bacterial infections.
Microscopic lesions are characterized by regionally extensive dermal necrosis, hemorrhage,
edema, and myocyte necrosis. Fish succumb to saprolegniasis by a loss of osmoregulatory ability.

Isolation and culture of these fungi to aid in identification and diagnosis can be achieved with
a variety of nutrient poor agar media (e.g., corn meal agar, yeast extract soluble starch agar
[YpSs], Sabouraud dextrose medium, or potato dextrose agar) or baits (e.g., sterile hemp seeds).
Antibiotics (e.g., penicillin and /or streptomycin, 0.5 g per liter of agar) can be employed to
reduce bacterial contamination (Noga 1993a). Approximately 1-cm3 sections of lesions/fungal
mycelium are rinsed in sterile water, placed on plates, and incubated at room temperature. The
leading edge of growth, visible after 1 to 2 days, is then excised aseptically and placed face down
on a separate agar plate. Repetition of this process may be necessary to obtain a bacteria-free,
unifungal culture. Alternatively, baits may be placed at the leading edge of a primary culture.
After an additional 24-hour incubation, the colonized bait is transferred to a flask of sterile water
until spores are released. Individual spores are then removed and cultured on agar plates.
Morphology of these isolates must be compared with those obtained from lesions, as aggressive
saprophytic fungi can out-compete the true pathogen (Neish and Hughes 1980). Morphology of
asexual structures aid in determination of genus while sexual reproductive structures aid in
determination of species (Noga 1993 a). The latter may require culture on different media and at
different temperatures.

Several predisposing factors, such as rapid declines in water temperature, and sub-optimal
water quality, such as elevated ammonia or nitrite concentrations, are associated with epizootics
of saprolegniasis in catfish (Bly et al. 1993b). These and other factors, such as stress, trauma, and
excessive handling (e.g., when harvesting), can reduce the amount of protective mucus and/or
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FIGURE 14.18. Adult channel catfish with hemorrhagic, deep, ulcerative lesion due to Aphanomyces infection.
Photo credit endnote b.

adversely affect the immune response (inflammatory reaction and ascorbic acid metabolism)
(Noga 1993b; Quiniou et al. 1998). In the hatchery, improper sanitation (e.g., not removing dead
eggs), improper incubation temperatures, and poor water quality are largely responsible for
saprolegniasis (Tucker and Robinson 1990).

14.4.2 Aphanomyces

Aphanomyces invadans has been identified as the causative agent of epizootic ulcerative
syndrome (EUS) in various fish species in South and Southeast Asia (Lilley et al. 1998), red spot
disease in Australia (Callinan et al. 1995), and mycotic granulomatosis in Japan (Egusa and
Matsuda 1971). Aphanomycosis caused a similar ulcerative disease in channel catfish and black
bullhead catfish cultured in freshwater ponds in Louisiana (Hawke et al. 2003). Ulcerative disease
syndrome was observed in fish from small recreational freshwater fish ponds with peak
occurrence in the spring and late fall. Cumulative mortality rates of 10 to 20% were reported by
pond owners with incidence estimated to be as high as 75% in some cases. Greatest mortality
rates occur from November through January at water temperatures ranging from 10 to 15°C (ca.
50 to 60°F). Aphanomycosis tends to occur in ponds with the following water characteristics:
slightly acid (pH 6.0 to 7.0), soft (total hardness < 50 mg/L as CaCO3), low alkalinity (<50 mg/L
as CaCO3), high organic load due to dense fish populations fed commercial rations, and/or
watershed runoff. To date, the disease has not been documented from commercial catfish farms
in Mississippi, Alabama, Louisiana, or Arkansas (Hawke et al. 2003).

In catfish, friable, hemorrhagic to liquefactive lesions penetrate deep into skeletal muscle,
from which masses of non-septate, branching hyphae, typical of an oomycete, can be extracted.
Lesions are characterized by raised 2 to 3 cm, hemorrhagic bulla, with small (0.5- to 1.0-cm) foci
of ulceration. Ulcers become progressively larger in more chronic lesions and are often covered
by a mat of detritus, bacteria, cellular debris, and hyphae (Fig. 14.18). Opportunistic bacteria,
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FIGURE 14.19. Section of muscle tissue showing invasive oomycete hyphae and mutinucleated giant cells
attempting phagocytosis. Photo credit endnote b.

fungi, and protozoans associated with the surface of the chronic lesions confound the diagnosis
in many cases. Lesions are similar to those seen in EUS involving the dermis and underlying
skeletal muscle, which in some instances penetrate to the vertebral column. The exposed dermis
and superficial musculature are spongiotic, hemorrhagic, and undergo coagulative necrosis. The
infection is classified as chronic because inflammatory cell infiltrates, primarily macrophages,
predominate at the site of infection. Large areas of muscle are replaced by fields of macrophages
and proliferating fibroblasts, with multinucleated giant cells and hyphae present throughout. Giant
cells attempt to phagocytize the numerous hyphae (Hawke et al. 2003) (Fig. 14.19).

Primary isolation of the oomycete is performed by disinfecting the surface of the lesion with
95% ethanol and making an incision in the lateral musculature to an internal border of the lesion
underlying the ulcer. Small (2-mm) pieces of infected muscle tissue are plated on peptone-yeast-
glucose agar with 200 ng/mL streptomycin and 100 ug/mL ampicillin. Incubation temperatures
for oomycete cultures range from 20 to 24°C (68 to 75°F). Isolates are examined microscopically
and suspected pathogens are subcultured on fresh plates without antibiotics. For presumptive
identification, cultures are induced to sporulate in filtered water from affected ponds and then
autoclaved. Methods to induce sporulation are outlined in the EUS Technical Handbook (Lilley
etal. 1998).

14.4.3 Branchiomyces

Branchiomycosis ("gill rot") is an acute, localized fungal disease affecting the gills of a wide
variety of fish over a broad geographical range including the United States, Japan, Indochina,
Israel, and Europe, where it is considered a major problem in commercial fish production (Eugusa
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FIGURE 14.20. Channel catfish gill with invasive oomycete Branchiomyces. Note individual spores within
capillaries. Photo credit endnote a.

and Ohiwa 1972; Meyer and Robinson 1973; Paperna and Smimova 1997). Two species are
recognized {Branchiomyces sanguinous and B. demigrans). Like others in the class Oomycetes,
classification of these fungi remains contentious, although some have placed them in the order
Saprolegniales based on the gel precipitation test and spore structure (Alderman 1982). Compared
to B. demigrans, B. sanguinous has smaller spores (5 to 9 um vs. 12 to 17 um), thinner hyphal
wall widths (0.2 um vs. 0.5 to 0.7 um), and tends to grow within blood vessels (Neish and
Hughes 1980). However, these may not be actual species differences, but merely reflect the effect
of different hosts and the environment.

In channel catfish, branchiomyces has only been reported as a self-limiting disease in fry
(Khoo et al. 1998). Based on morphology and growth tendencies, B. sanguinous is the species
affecting channel catfish. As with other fish species, it causes respiratory insult, and fish present
in respiratory distress or are lethargic. Epizootics occur when water temperatures are greater than
20°C (68°F) and may be exacerbated by crowding, algal blooms, or increased un-ionized
ammonia levels. In channel catfish, branchiomyces occurs in fry that are usually 1 to 2 months
old and present with no gross external lesions. However, gills may have a marbled appearance
due to hemorrhage and infarction of the tissue, which is often difficult to appreciate because the
fry are small. Similar to other diseased fish, these fry often have heavy parasite loads in the gills
and may have secondary viral or bacterial infections.

On microscopic examination of wet mounts, fungal mycelia are usually evident in the
expanded tissue of the branchial arch. Fungal hyphae are usually light brown and slightly
refractile, branching and non-septate, with parallel walls. Granular spherules (8 to 15 um) are
often evident within hyphae, sometimes extending into the tips of the primary lamellae (Fig.
14.20). Mild hemorrhage and swelling of branchial tissue often obliterates interlamellar troughs.

Histologically, a very mild mononuclear inflammatory component is usually associated with
the fungal hyphae, especially when they remain within the blood vessels. Where hyphae exit the
blood vessels, there is often a granulomatous inflammation (lymphocytes and macrophages) with
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hemorrhage. Affected lamellae often have necrotic tips with loss of branchial architecture
(infarction) caused by occlusion of blood vessels by fungal hyphae.

The course of infection usually lasts 1 to 2 weeks and losses usually decline by the second
week with supportive therapy (aeration) and prevention of secondary infections. Although
draining and drying ponds followed by liming are recommended to prevent recunence of the
disease (Meyer and Robinson 1973), the effectiveness of this practice has not been verified.
However, the database is limited because branchiomyces is a relatively new disease in channel
catfish culture and only small numbers of ponds are affected.

Several different agar media have been used to isolate this non-fastidious organism (i.e.,
Saubouraud' s dextrose agar, peptone-dextrose agar, cornmeal agar and a media consisting of 10%
duck excrement decoction, 10% gelatin, and 0.1% citric acid to adjust the pH to 5.8) (Neish and
Hughes 1980; Post 1987; Srivasta 1987; Khoo et al. 1998). Excised gill tissue may be rinsed in
an antibiotic solution to reduce contamination, placed on agar, and incubated at 25 to 30°C (77
to 86°F). Reproductive structures are often difficult to induce in culture.

14.5 MYXOSPORIDIANS

Myxosporea are a large group of multicellular, obligate parasitic organisms belonging to the
phylum Myxozoa. This phylum also includes the class Actinosporea. Myxosporeans are generally
recognized as parasites offish, while actinosporea are parasites of aquatic annelids (Janiszewska
1955; Wolf et al. 1986; Garden 1992). However, myxosporea and actinosporea may not be two
separate classes, but represent alternating life cycle stages of the same organism (Wolf and
Markiw 1984). This link from myxosporea to actinosporea occurs in several but not all species;
thus, the taxonomy remains unresolved (Kent et al. 1993).

Myxosporea have microscopic spores with one or more polar capsules and valves. Each polar
capsule has a coiled polar filament (Lom and Dykova 1995). Myxosporea are classified as
histozoic (those that reside in intercellular spaces, intracellular spaces, or blood vessels) or
celozoic (when they are in the gall bladder, swim bladder, or urinary bladder) (Noga 1996). All
stages except for autogamy are represented by multinucleated forms that have enveloping cells
(primary) containing enveloped cells (secondary or daughter). Coiled polar filaments are deployed
when the spore is ingested, facilitating adherence to the mucosal wall. Infective sporoplasm is
released when the valves separate. Two of these sporoplasms fuse to form a synkaryon or tropho-
zoite that then migrates to the target tissue in the fish or intermediate host. A separate extra-
sporogenic proliferative phase may also occur before reaching the target tissue. At the target
tissue, the trophozoite multiplies and forms a large plasmodium with both vegetative and
generative cells, or many plasmodia each with a vegetative cell. In coelozoic species, spore
formation is asynchronous. Plasmodia within the lumen constantly divide and result in long
lasting infections. Histozoic plasmodia produce spores in synchrony and result in a large packet
of mature spores. Spores are released by the rupturing of these packets, or with death or
consumption of the host if the spores are deep within the tissues.

Actinosporeans generally have a three stage life cycle quite similar to myxosporeans. The first
stage involves the initial infection by a binucleate sporozoite of the appropriate annelid and the
development of a pansporocyst via mitosis. Two groups of cells develop from the sporozoite; the
enveloping cells forming the epispore and the endospore containing the two mother cells (alpha
and beta). These divide to form a pansporocyst of 16 cells (Janiszewska 1955; Marques 1984).
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FIGURE 14.21. The operculum of this adult channel catfish has been removed to reveal extreme gill lamellar
hyperplasia and hemorrhage associated with proliferative gill disease (PGD). Photo credit endnote b.

Gametogenesis is the second stage where the 16 cells of a pansporocyst differentiate to either
male or female cells that undergo meiosis to form a pansporoblast with 8 spores. These spores
have outer and inner envelopes with polar capsules, invaginated filaments and valves, and a
multinucleated sporoplasm. The last stage is sporogenesis or the formation of spores containing
sporozoites. Free spores are released into the water when the pansporoblasts are lysed either
within the annelid or after being released by the worm. These organisms then unfold and form a
planktonic, floating structure (Lom and Dykova 1992).

14.5.1 Proliferative gill disease: Henneguya ictaluri

Several myxozoan parasites infect channel catfish. Proliferative Gill Disease (PGD), or
"hamburger gill," is the myxozoan disease that results in tremendous economic losses in the
industry (Gravois 1992). The etiological agent associated with this disease was described as the
actinosporean Aurantiactinomyxon ictaluri with Dero digitata, an aquatic oligochaete, serving
as the intermediate host (Styer et al. 1991; Pote and Waterstrat 1993). In the past, Henneguya spp.
(Bowser and Conroy 1985; Duhamel et al. 1986) and Sphaerospora ictaluri (MacMillian et al.
1989; Hedrick et al. 1990) were thought to be the causative agent. The original hypothesis may
have come full circle with the molecular identification of Henneguya ictaluri as part of the life
cycle of Aurantiactinomyxon ictaluri (Pote et al. 2000).

In the southeastern United States, the disease occurs with spring and fall peaks, with more
severe outbreaks during spring. This biphasic seasonal pattern is most likely due to the ideal
environmental conditions for the parasite and/or the intermediate host.

Gills of infected fish have a red and white mottled appearance and are swollen, fragile, and
bleed easily, hence the term "hamburger gill" (Fig. 14.21). Damage to the gills causes fish to
suffer respiratory insult, thereby increasing susceptibility to hypoxia despite sufficient dissolved
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FIGURE 14.22. (Left) Section of gill lamellae showing granulomatous branchitis associated with the presence
of parasitic plasmodia in the gill filament. (Right) Light micrograph showing areas of cartilage necrosis in the
gill filament. Cartilage necrosis, inflammation, and hyperplasia are pathognomonic for PGD. Photo credit
endnote b.

oxygen concentrations. Presumptive diagnosis is based upon microscopic examination of gill
clips and observing defects (fractures or missing portions) of the cartilage in the secondary
lamellae (Fig. 14.22). This occurs with swelling and hemorrhage of the branchial tissue.
Fingerlings are usually more susceptible to the disease, although larger fish are also affected.
Lesions in food fish may not reflect clinical severity of the disease (i.e., there may be only a few
minor lesions observed in the gills) and yet these fish are dying. The converse is also true that
lesions may be evident in subclinical cases, especially during winter.

Histologically, the disease is characterized as a granulomatous branchitis. In acute infections,
there is congestion and hemorrhage, and a mixed inflammatory infiltrate composed mainly of
mononuclear inflammatory cells, together with hypertrophy and hyperplasia of the branchial
epithelium. Lysis and fractures of cartilage occur, and most often deep basophilic (on H & E
stained preparations) parasitic plasmodia are present in affected gills (Fig. 14.22). Dyschondro-
plasia ensues with callus-type formation in the healing of cartilagenous defects. Parasitic
plasmodia can been seen in other non-branchial tissues (e.g., spleen, liver, brain, anterior and
posterior kidneys), but there is usually no associated inflammatory component in these tissues
(MacMillan et al. 1989). These lesions may be a result of a hyperimmune reaction to the parasites
rather than direct damage. This may also account for the seasonal occurrence as well as the
lesions in subclinical cases because antibody production and inflammatory reactions are
temperature dependent (Finn and Nielsen 1971).

14.5.2 Other Henneguya species

Although several other Henneguya species also infect catfish, extensive mortalities are rarely
associated with these species. These histozoic myxosporidians have spores that are charac-
teristically elongated and are rounded and ellipsoid or spindle-shape in valvular view, and
biconcave in sutural view (Hoffman 1999). Each valve continues as a long caudal projection or
tail. They have two polar filaments which can be very elongated once deployed. Five species are
recognized in channel catfish and these are differentiated based on cyst location and spore
characteristics (Minchew 1977). Two are present on the integument and three on the gills. Those
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FIGURE 14.23. Gill with interlamellar form of Henneguya sp. infestation. Note the lack of inflammatory
response. Photo credit endnote d.

that appear on the skin or fins are grossly visible as white cysts or multinodular masses. Those
on the gills can also be grossly visible as white cysts, although most are undetected by the naked
eye.

Henneguya diversus produces carbuncle-like lesions on bases of barbels or pectoral fins while
H. adiposa forms 0.5- to 1.5-mm cysts on the adipose fin (Minchew 1977; Hoffman 1999).
Although there are three distinct forms of Henneguya infection in the gills, namely a visible cyst
form, an interlamellar or intracapillary form, and an interlamellar form (McCraren et al. 1975;
Minchew 1977; Current and Janovy 1978), there is no consensus of which species forms the
visible cysts. Henneguya exilis forms approximately 1-mm diameter visible cysts (Minchew
1977), which are seen both between and within the lamellae (Current and Janvoy 1978). Two
other species, Henneguyapostexilis and H. longicauda, can also be intralamellar or interlamellar
(Minchew 1977). No matter which species is involved, the interlamellar form causes the most
pathology due to hyperplasia of basal cells between the lamellae and hypertrophy of the lamellar
epithelium (Fig. 14.23). This results in obliteration of lamellar troughs with significant loss of
respiratory function and mortality (McCraren et al. 1975; Current and Janvoy 1978; Duhamel et
al. 1986). The intralamellar form is more innocuous, resulting in cysts within the lamellae These
three gill species can be differentiated based on spore lengths with H. postexilis at 42 to 62 um
(Minchew 1997; Hoffman 1999), H. exilis at 65 um (Lorn and Dykova 1995), and H. longicauda
at 108 um (Minchew 1997; Hoffman 1999).

14.6 PROTOZOAN PARASITES AND ECTOCOMMENSALS

Numerous genera and species of protozoans infect and/or colonize and affect the health of
cultured channel catfish in high density ponds or tanks. Protozoans affecting channel catfish may
be classified as either obligate parasites or ectocommensals. Obligate parasites require a fish host
to survive and are generally introduced into a culture system by asymptomatic carriers that may
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FIGURE 14.24. Ichthyophthirius multifiliis trophont. Note the C-shaped nucleus. Photo credit endnote b.

have some degree of immunity to the parasite. Ectocommensals merely use the epithelium offish
as an attachment site to bring them in closer proximity to food. Ectocommensals can harm fish
in heavy infestations by blocking the respiratory surface of the gills and inhibiting gas exchange
across the gill epithelium, causing fish to become stressed at oxygen levels of 3 mg/L rather than
1 to 2 mg/L. Presence of very heavy levels of ectocommensals is often an indicator of other
problems in the pond including overcrowding, poor nutrition, poor water quality, or other
infectious diseases. For example, channel catfish infected with Edwardsiella ictaluri may carry
a heavy burden of ectocommensals, whereas an apparently healthy individual from the same pond
may have only light levels, indicating immunosuppression in certain individuals in the population.
Parasitic and ectocommensal protozoan infestations must be diagnosed with live moribund fish
because protozoans tend to depart from the host upon death.

14.6.1 Ichthyophthirius multifiliis

The ciliated protozoan Ichthyophthirius multifiliis, causative agent of Ichthyophthiriasis ("Ich"),
is considered an obligate parasite of channel catfish. In the spring and fall, when water
temperatures range from 20 to 25°C (68 to 77°F), the disease can appear suddenly and cause
substantial mortalities over a short period of time. The protozoan has an indirect life cycle
consisting of three stages: a reproductive tomont, an infective theront, and a parasitic trophont
(Hines and Spira 1973). The adult (trophont) encysts within the epithelium of the skin or gills
where it feeds on host fluids and tissues (Beckert and Allison 1964). The trophont is large enough
to be seen with the naked eye (about 1 mm) and results in the characteristic white spots observed
on gills and skin. The mature parasite exits the host after several days and attaches to substrates
on the pond bottom and undergoes multiple divisions to produce 100 to 1,000 tomites within an
individual cyst (MacLennan 1935). Tomites differentiate into infective theronts, which are small
cilates (30 to 50 urn) with a pyriform body shape. Theronts are free swimming infective stages
that seek out a new host to infect. Infection by the theront is an active boring process aided by
rotation and shape transformation of the cell to facilitate penetration through the epithelium to
form an intercellular space (Xu et al. 2000).
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Diagnosis of Ich is made by observation of the protozoan in wet mounts of tissue and noting
the characteristic uniform, short, bristly ciliation and the C-shaped nucleus (Fig. 14.24). Clinical
signs of Ich infestation include small, raised, white or gray spots on the skin or gills and sloughing
of mucus from the skin. Affected fish may scratch against substrates in the pond or tank, referred
to as "flashing," or they may become very lethargic, particularly in the later stages of infection.

Temperature plays an important role in Ich infestations. Following exposure, fish can develop
immunity to the pathogen (Dickerson and Clark 1996). Epizootics occur most frequently in spring
when water temperatures range from 20 to 25°C (68 to 77°F) and mortalities rarely occur in the
summer in the southern U.S. At 21 to 24°C (70 to 75°F) the life cycle takes 3 to 4 days to
complete, but at 15°C (60°F), it may take as long as 10 to 14 days. The maximum number of
theronts produced per trophont over 5 days is 2.5 times greater at 24°C (75°F) than at 21 °C (70°F)
(Ewing et al. 1986). Treatments may be more effective in the more permissive temperature range
because most chemical treatments act on the theront stage.

14.6.2 Chilodonella

Chilodonella is a round to kidney-shaped cyrtophorid ciliate with a flattened body and several
rows of ventral and dorsal cilia (Fig. 14.25). This ciliate is a smaller, less imposing parasite than
Ichthyophthirius but is also considered an obligate parasite offish. Chilodonella hexasticha is the
species most often infesting the gills and skin of catfish, and is differentiated from other closely
related species such as C. cyprini by the number and arrangement of ciliary rows. Chilodonella
hexasticha has 9 to 15 left ciliary rows and 8 to 13 right rows whereas C. cyprini has 5 to 8 left
ciliary rows and 6 to 8 right rows (Kazubski and Migala 1974; Willes et al. 1985). This parasite
is most commonly seen in the spring before the water warms, but fish mortality has been noted
at water temperatures as high as 21°C (70°F) (Rogers 1979). Clinical signs of infestation by
Chilodonella include swelling and edema of secondary lamellae of the gills. Hemorrhage, inflam-

FIGURE 14.25. Chilodonella sp. (Phase-contrast photomicrograph). Photo credit endnote b.
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FIGURE 14.26. (Left) Ichthyobodo sp. (phase contrast photomicrograph). (Right) Trlchodina sp. (phase
contrast photomicrograph). Photo credit endnote b.

mation, and epithelial hyperplasia are noted microscopically in infected fish, suggesting
that the protozoan may feed directly on host epithelial cells (Willes et al. 1985). Unlike Ich, the
life cycle of Chilodonella is direct, with asexual reproduction by longitudinal fission, and
transmission occurs by close fish-to-fish contact (Hoffman 1999).

14.6.3 Ichthyobodo

Ichthyobodo necator (previously Costia necatrix) is a small teardrop-shaped, flagellated proto-
zoan of the class Zoomastigophora (Levine 1980) (Fig. 14.26). This tiny flagellate attaches to the
gills or skin of the host fish. After attachment to host cells, small tubules penetrate the cell wall
and obtain nutrients (Robertson et al. 1981). Response to infection is epithelial hyperplasia and
copious production of mucus that reduces respiratory efficiency. Diagnosis of I. necator can be
difficult because the parasite is small (10 to 20 um in length) and may be hidden in mucus
secretions while attached to the gill. After a few minutes in a wet mount of gill tissue, the flag-
ellates detach and move about with an awkward flickering movement, making diagnosis easier.
Characteristic motility results from the cell being able to transform its shape slightly, having one
pair of posterior trailing flagella and a pair of anterior flagella for locomotion and attachment.

Ichthyobodo is considered an obligate parasite and reproduces by binary fission and only
remains viable for 30 to 60 minutes away from the host (Post 1987). This protozoan has a wide
temperature range over which it can cause disease (8 to 35°C; 45 to 95°F); however, it is most
frequently diagnosed in the early summer. Epizootics of Ichthyobodiasis usually follow nutritional
stress, environmental stress, or crowding. Clinical signs include listless behavior, apparent oxygen
stress at normally acceptable levels, and anorexia. Fish may be covered with a thick slime, hence
the term "blue-slime disease."

14.6.4 Ectocommensal ciliates

Motile Peritrichous Ciliates: Trichodina

Trichodina spp. protozoans (Urceolariidae) are some of the more common peritrichous
protozoans associated with the skin and gills of channel catfish. Trichodinids vary in size from
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25 to 130 um in diameter and have some degree of host specificity (Wellborn 1967). Two
prominent species that infect the channel catfish are Trichodina discoidea and T. vallata.
Different species may infect fish at the same time although some are more common on the skin
and others more common on the gills. Differences in pathogenicity may be related to size as
smaller species that infect the gills may more efficiently block respiration. The protozoans are
saucer- or disc-shaped and may move about freely on the surface of the fish or use an adoral ring,
which is supported by a ring of bony denticles, as an adhesive disc (Lorn 1973). The denticular
ring is easily visible microscopically; detailed ring structure, when made more visible by silver
impregnation, is the primary morphological feature used in taxonomy (Lom 1958) (Fig. 14.26).
Irritation caused by infestation by Trichodina may cause thickening of the epidermis and
excessive mucus production. In a direct life cycle, asexual reproduction occurs by binary fission
on the host and transmission is via the water by free swimming ciliates. Stress and close contact
offish results in a heavier parasite burden. Trichodina infest catfish in almost every month of the
year but the lowest levels occur in the hottest months (July to September) (Tucker 1985).

Sessile Colonial Ectocommensal Ciliates: Heteropolaria (Epistylis)

Heteropolaria is a colonial sessile ciliate that attaches to the host by means of a long stalk. The
colony consists of numerous bodies or zooids, each at the terminal end of a branched non-
contractile stalk (Fig. 14.27). The zooid is either bell-shaped or cylindrical. These sessile
peritrichs are filter-feeding bacteriovores as adults and reproduce asexually by binary fission.
Infective juveniles are motile cilates (teletrochs). The life cycle is direct, requiring only the fish
host. In scaled fish the attachment disc may cause erosion of the scale and underlying epidermis
resulting in red-sore disease. As channel catfish do not have scales, Heteropolaria infestation is
rare and often limited to spines, where pathology is minimal.

FIGURE 14.27. Heteropolaria sp. (light photomicrograph). Photo credit endnote a.
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FIGURE 14.28. (Left) Ambiphrya sp. (phase contrast photomicrograph). (Right) Trichophrya sp. (light photo-
micrograph). Photo credit endnote b.

Sessile Solitary Ectocommensal Ciliates: Ambiphrya (Scyphidia) and Apiosoma (Glossatella)

Ambiphrya ameiuri, A. macropodia and Apisoma sp. are ciliates that infest channel catfish in high
density culture (Davis 1953; Wellborn and Rogers 1966). Both genera have cylindrical, barrel-
shaped bodies with enlarged attachment discs and oral rings of cilia. As with other sessile peri-
trichs, the adult stage is attached and the larval stage (teletroch) is a motile ciliate. The two genera
can be distinguished by the ribbon-shaped macronucleus visible in Ambiphrya and the compact
lobular macronucleus in Apiosoma. Ambiphrya has oral and medial rings of cilia whereas Apio-
soma has only an oral ring (Wellborn and Rogers 1966) (Fig. 14.28). Both genera are ectocom-
mensal with little or no damage to the gill epithelium; however, the basal attachment disc is broad
and heavy infestations may block respiration and cause slight degenerative changes (Fitzgerald
et al. 1982; Miyazaki et al. 1986). Both genera are bacteriovores and high bacterial counts in the
pond water are conducive to proliferation of these peritrichs (Thompson et al. 1947).

Sessile Suctorian Ciliates: Capriniana (Trichophrya)

Capriniana piscium, formerly Trichophrya, is a suctorian ectocommensal often attached to the
gills of channel catfish. The adult has four bundles of tentacles clustered on one side of a large
orange-brown pigmented amorphous body (Fig. 14.28). Reproduction is by endogenous budding
which gives rise to motile ciliated stages that can swim freely and colonize a new host (Lee et al.
1985). Because of the ability of the adult to change shape, the protozoan can occupy small spaces
between secondary lamellae in the gills and lead to suffocation in heavy infestations (Noga 1996).
The protozoan feeds on smaller protozoans that are captured with tentacles. Diagnosis of
Capriniana may be more difficult if specimens have the tentacles retracted (Thune 1993a).

14.7 METAZOAN PARASITES

14.7.1 Crustaceans

Crustaceans of the subclass Copepoda parasitize fish directly or act as intermediate hosts for other
piscine parasites. Lernaeids (anchor worms), which are part of this subclass, are common
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FIGURE 14.29. Lernaea sp. Note anchor-like process that is imbedded in the host. Photo credit endnote a.

parasites of cyprinids in aquaculture. Leranea cyprinacea, which infects goldfish Carassius
carassius, has a worldwide distribution and has infected several non-cyprinid species including
catfish (Lester and Roubal 1995) (Fig. 14.29). Anchor worm infections in cultured channel catfish
occur when they are co-cultured with big head carp Aristichthys nobilis, which are typically
infected by the anchor worm Lernaea polymorpha. However, some mortality of channel catfish
co-cultured with bighead carp was related to gill damage caused by L. cyprinacea copepodids
(Goodwin 1999). Taxonomic identification of the various species is based on anchor shape, which
is inherently variable, and can be modified by bone or other resistance that the anchor encounters
during their development in fish (Fryer 1961; Thurston 1969). Lernaea polymorpha is identified
by a T-bar shaped anchor and short ventral horns that grow to face each other (Shariff and
Sommerville 1990).

Both L. cyprinacea and L. polymorpha require only one host to complete its life cycle. The
adult L. cyprinacea female has a small semispherical cephalothorax that contains the mouth.
Behind the mouth is a well-developed anchor that has a bifurcate dorsal process and a simple
ventral process. In a premetamorphosed female, four pairs of legs are present on the neck and
trunk. Most of the trunk and short abdomen is exposed, while the anchor and the remainder of
the trunk is embedded in the attached adult. There are three free-living naupliar stages, and five
immobile, though non-permanently attached copepodid stages (Fig. 14.30). The male is free-
moving while the post-metamorphosed female is attached. Development of the larval stages is
temperature dependent, and nauplii cease development at < 20°C (68°F). Larval stages develop
into adult males or premetamorphosed females in 12 to 17 days at 27°C (80°F) (Shariff and
Sommerville 1986) and adult males die in 24 hours. Females are fertilized and will attack the
same host or swim to another host. They chew and burrow into host tissues as they metamorphose
to adults. Within 24 hours, and before completion of metamorphosis, females produce their first
batch of eggs, which hatch in 24 to 36 hours. Egg sacs are shed and a new pair of egg sacs is
produced within 1 to 3 days. These parasites have a 30-day lifespan at 28 to 32°C (82 to 90°F).
Anchor worms overwinter as deeply embedded metamorphosed females.
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FIGURE 14.30. Copepodid larva of Lernaea sp. Photo credit endnote a.

Anchor worm infection is uncommon in cultured channel catfish. Although anchor worms
may occur anywhere on the external surface of fish, the base of the fins is the most common
location. Pathology is associated with the attached adult female and may include hemorrhage,
hyperplasia, and fibrosis at the attachment site. Initially there is slight edema with mononuclear
infiltrates. Cellular influx is followed by fibroblasts, fibrocytes, collagen, and blood vessels
(granulation tissue formation). Severe infections may lead to debilitation, and fish may succumb
to secondary bacterial and fungal infections. Mortalities may be possible in small fish. Large
numbers of eopepodids can cause damage to gills and mortalities (especially in younger fish).
Copepodids cause gill pathology by clasping the filaments and grazing on the branchial
epithelium (Goodwin 1999). As these copepodids are not firmly attached, they are usually not
seen on histological sections and may be lost during processing. However, branchial pathology
associated with copepodids includes epithelial hyperplasia, erosion and displacement of lamellae,
telangiectasia, and congestion or hemorrhage in the central sinus of the filament (Goodwin 1999).
Anchor worms can also cause irritation and necrosis of the branchial epithelium via secondary
antennae and maxillipedes that are utilized to penetrate the fish tissue when they feed.

14.7.2 Cestodes

Cestodes, or tapeworms, can have complicated life cycles that involve one or two intermediate
hosts. Fish can serve as an intermediate host, definitive host, or both (i.e., plerocecoids, the larval
stage or adult tapeworms can be found in fish). Cestodes are relatively uncommon in cultured fish
(Noga 1996). Channel catfish have been infected by Corallobothriumfimbriatum (Hoffman 1979,
1999), which occurs in the intestine of catfish (Fig. 14.31). Corallobothriumfimbriatum lacks
hooks, but has four suckers (hold fasts) on the scolex (head) for attachment to the intestinal
mucosa (Fig. 14.31). Large lappets or folds that surround these suckers lack a muscular sphincter
on the flat anterior face of the scolex. These tapeworms consist of stroblia with numerous
proglottids (segments) and the mature and gravid proglottids are more broad than long. Testes lie
lateral to the uterus. Eggs shed from the host are eaten by the crusteacean (copepod) Cyclops and
develop into procercoids. Procercoids develop into plerocecoids when infected Cyclops are eaten
by Notropis spp. (shiners) and most likely other species offish (Hoffman 1999). Catfish are
infected when intermediate hosts (copepod or small fish) are consumed. Tapeworms are often
seen in smaller fingerlings or fry that have been taken off feed (during the cooler months). These
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FIGURE 14.31. (Left) Intestine of channel catfish filled with numerous Corallobothrium. (Right) Scolex of
Corallobothrium showing four large suckers used for attachment. Photo credit endnote a.

fish often are emaciated. Although there is no approved treatment for tapeworms, numbers often
dramatically decrease when feeding is resumed. Pathology associated with tapeworms is
attributed to tissue destruction, mechanical blockage, and nutrient malabsorption. Lesions
attributed to C. fimbriatum are usually limited to mild inflammatory changes at the attachment
site because of holdfast morphology. More severe changes are more likely to occur in massive
infections. Intestinal obstruction may occur and nutrient absorption may be adversely affected.

14.7.3 Nematodes

Only a few nematode (roundworm) parasites occur in channel catfish. Larvae of Eustrongylides
spp. (E. tubifex and other unidentified species) that occur in channel catfish (Baker and Crites
1976; Hoffman 1999) are occasionally present in encysted musculature, or sometimes in the
coloemic cavity. Cysts are about 1 cm in diameter and contain thin, slender, red larvae that are
usually less than 1 mm in diameter. Larvae of E. tubifex range in length from 11 to 83 mm,
Larvae are cross-striated and have a head with 12 papillae arranged in two circles of six.
Significant pathology does not occur in affected catfish, although significant losses have occurred
in other species of fish, as well as human infections after consumption of raw affected fish
(Hoffman 1999).

Camallanus oxyephalus is another red nematode that infects catfish (Hoffman 1999).
Although no disease has been associated with this medium-sized, slender worm, marketing
infected fish is problematic (Hoffman 1979). Adult worms live in the intestine, and females
sometimes protrude out the anus of the fish. Diagnosis is based on finding red worms with
chitinoid buccal capsules (lateral chitinous valves).

Larvae ofContracaecum spiculigerum have infected bass and catfish in coastal Louisiana and
Texas (Hoffman 1979). Larvae are similar to adults, but smaller, usually forming cysts in the
viscera approximately 5 mm in diameter.

Dichelyne robusta (Anthony 1963) usually affects perciformes, but has less commonly been
reported in other fish and chelonians. Adult worms of D. robusta occur in the intestines of
channel catfish (Anthony 1963), as do those of Spinitectus gracili (Baker and Crites 1976), and
an unknown larval nematode (Hoffman 1999). The larvae are present in small blister-like lesions
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FIGURE 14.32. (Left) Ligictaluridus sp. exhibiting 2 pairs of eyespots and 2 pairs of hooks. (Right) Channel
catfish gills heavily parasitized with Ligictaluridus. Photo credit endnote a.

(approximately 1 to 2 mm in diameter) that often resemble the skin lesions associated with ESC.
These lesions may also be mistaken for metacercarial cysts or Ichyopthirius multifiliis. Instead,
they contain several microscopic nematodes that are no more than 1 mm in length.

14.7.4 Monogenetic trematodes

Monogeans are single-host platyhelminths that are primarily fish parasites. Most are ectoparasites
usually found on specific sites such as head and flank, fins, crypts of the acoustolaterialis, surface
of the nasal epithelium, or on the branchial arches (Cone 1995). Although most have a narrow
host specificity range, this is often lost in aquaculture. Classification of the monogeans is based
on morphological criteria such as the posterior attachment organ (opisthohaptor), mode of
reproduction, and presence of eyespots. Polyopisthocotyleans, are sanguiniferous and have an
opisthohaptor that consists of a battery of adhesive suckers supported by cuticular sclerites.
Monopisthocotyleans are tissue grazers and have an opisthohaptor that consists of a single central
unit with sclerotized anchors or hooks, often with small marginal hooklets. Mortalities are usually
associated with significant tissue damage caused by attachment and grazing of exposed
integument.

The most important monogeans that affect channel catfish are the monopisthocytoleans, most
of which are oviparous. A crawling or free-swimming oncomiricidium develops into postonco-
miracida after invading the host, and migrate to the final site of attachment, as in the case of
genus Ligictaluridus (formerly Cleidodiscus) which affects the gills (Tucker and Robinson 1990).
Ligictaluridus belongs to the superfamily Dactylogyroidea and have a scalloped head, two pairs
of eyespots, an ovary without an embyro, and two pairs of hooks/anchors (Fig. 14.32). Hooks
anchor into the branchial epithelium incite a mild inflammatory response and, more importantly,
a possible secondary bacterial infection. Large numbers of trematodes might cause respiratory
distress, especially in smaller fingerlings (Fig. 14.32). Proliferation of trematodes is associated
with suboptimal culture conditions (poor water quality and overcrowding).

Gyrodactylus ictaluri is the other important monogean affecting channel catfish. It belongs
to the superfamily Gyrodactyloidea, the most economically important monopisthocytolean
monogeans of cultured fish. Gyrodactylids are viviparous, giving birth to individual well-
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FIGURE 14.33. Gyrodactylus sp. showing V-shaped head, lack of eye spot, and embryo within the adult worm.
Photo credit endnote a.

developed embryos. The mode of reproduction is important in the medical management of these
trematodes. Invasion is by transfer of adult parasites between adjacent hosts. These have a V-
shaped head, no eyespots, embryo with anchors, and a single pair of anchors (Fig 14.33).
Gyrodactylus ictaluri can cause mortalities in fry and fingerlings (Hoffman 1979). First reported
in Florida (Rogers 1967), it occurs in channel catfish in Mexico (Guzman et al. 1988). Epizootics
in Arkansas occur from January to July, with peak mortalities in April (Meyer 1970). These
trematodes are 0.4 to 0.5 mm x 0.1 mm with stout, short hamuli or hooks (40 to 45 urn long).
They have a ventral bar devoid of anterolateral processes, a distinctly rectangular posterior
membrane, and marginal hook sickles with a prominent base and a thin, abruptly terminating
blade (Cone 1995). These trematodes are most numerous around the barbels and the underside
of the head and fins (Hoffman 1979), but not the gills (unlike Ligictaluridus). Frayed fins,
petechial hemorrhage of the ventral surface of the head, and amputations occur in severe
infections. Fish may become emaciated and die.

14.7.5 Digenetic trematodes

Digenetic trematodes are multiple host platyhelminths with two stages of multiplication (i.e.,
asexual in larval stages and sexual in mature forms). The adult worm usually resides in the
gastrointestinal tract of the final host (e.g., a mammal, bird, or fish). Eggs released in the feces
from this host hatch into miracidia and infect a mollusk (usually a snail). Asexual reproduction
takes place, cercariae develop, are released and these infect the next intermediate host (usually
a fish or invertebrate) and develop into an encysted metacercariae. The life cycle is completed
when the final host eats the intermediate host that is parasitized by metacercariae.

Clinostomum marginatum (yellow grub) is occasionally seen in channel catfish culture.
Metacercaria are rather large (usually 1 to 2 mm in length) with a stout body that is linguiform,
convex dorsally, and concave ventrally. An oral sucker is surrounded by a collar-like fold when
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FIGURE 14.34. Channel catfish fingerling infested with Bolbophorus damnificus metacercariae. Note location
of the cysts just under the skin. Photo credit endnote b.

retracted, and it has a prominent ventral sucker in the anterior third of the body (Hoffman 1979;
1999). Yellow (and sometimes white) cysts (1 to 2 mm in diameter) of this trematode can occur
on the fins, subdermal, gills, and rarely on internal organs. No significant pathology has been
associated with this parasite although heavy infections are thought to stunt fish growth. In other
fish species, the parasite will embed in the musculature, thereby posing a marketing problem.
Adults develop in the mouth and esophagus of herons, and unlike other digenetic trematodes, the
eggs are washed out of the mouths of the feeding birds. Its other intermediate host is the ram's
horn snail. Control entails keeping herons away, reducing the snail population by chemical
(copper sulfate or hydrated lime) or biological (triploid black carp or redear sunfish) means, as
well as reducing the snail habitat.

A trematode originally identified as Bolbophorus confusus and more recently identified as B.
damnificus (Overstreet et al. 2002) shares a similar intermediate host (i.e., rams horn snail
Heliosoma trivolvis) with yellow grub and also infects channel catfish. Identification is based on
morphological characteristics of the metacercariae and genetic analysis (Overstreet et al. 2002;
Levy et al. 2002). The adult lives in the final host that has been identified as the American white
pelican Pelecanus erythrorhynchos (McNeil 1949; Hugghins 1956) although the brown pelican
may also be implicated (Dronen et al. 1999). Cysts of this trematode are 1 mm in diameter or less.
Most often, these subdermal cysts occur near the caudal peduncle, although they can be found
anywhere in the fish including the internal organs in heavily infected fish (Fig. 14.34). Unlike the
yellow grub, infections of this trematode can lead to mortalities, especially in fingerlings.
Infection of foodfish results in reduced feeding activity. Grossly, affected fingerlings often have
a distended abdomen that is full of ascites. Histologically, there is a tremendous granulomatous
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FIGURE 14.35. Section of skin showing encysted metacercaria of Bolbophorus damnificus causing raised
bump in the skin. Photo credit endnote b.

reaction around the metacercarial cyst as well as renal tubular necrosis. The inflammatory
reaction forms an outer wall around the cyst wall of the parasite (Fig. 14.35). Within the cyst is
the metacecaria, which is characterized by prominent lateral pseudosuckers and reserve excretory
channels (Hoffman 1999).

Bolbophorus was not considered an important parasite of channel catfish until reports of
mortality occurring on fish farms in south Louisiana surfaced in 1997 (Hawke and Camus 1998;
Venable 1998). The impact of the parasite on a population of catfish is sometimes subtle with
poor feeding response and growth but, in certain situations, mortality can be extremely high.
Currently, the long term management strategies for this parasite are under investigation, but snail
control using either chemical or biological methods is the focus (Venable et al. 2000; Terhune
et al. 2002). Management of this and other parasitic diseases is discussed in Chapter 15.

Larvae of Diplostomum spathaceum occur in channel catfish, as well as a large number of
other fish species. (Hoffman 1979; 1999). Metacercaria of this trematode develop in the lens of
the eye, and heavy infections can cause blindness. Like all trematodes, it has a leaf-like body that
is concave. It also has a small hindbody and two lateral pseudosuckers near the oral sucker. It has
a number of final bird hosts (gulls, pelicans, mergansers, and terns), as well as intermediate snail
hosts (Fossaria, Stagnicola, and Lymnaea). Cercariae from these snails may enter the skin
anywhere, but migrate to the eye to develop.

Metacercariae of Hysteromopha triloba have also been seen in channel catfish. Like
Bolbophorus confusus, small white cysts form on the skin and deeper in the musculature. Unlike
Bolbophorus confusus, metacercariae lack a parasite cyst but have a thicker host cyst. Their
metacercariae are easily freed from this cyst and are smaller than Bolbophorus confusus. They are
characterized by a ventral sucker that is almost the same size as the oral suckers. Their
pseudosuckers are pocket-shaped. Their snail host is Gyralus hirsutus and the adult trematode
resides in herons and cormorants (Hoffman 1999).
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Other digenetic trematodes that occur in channel catfish include Allocreadium ictaluri,
Alloglossidium corti, Allocanthacasmus varius,Acetodextraamiuri, and Phyllodistomum lacustri
(Coil 1954; Meade and Bedinger 1972; Baker and Crites 1976; Aliff 1977). The first three are
found as adult worms in the intestines. Acetodextra amiuri occurs in the ovaries and swim bladder
and Phyllodistomum lacustri in the urinary bladder. Alloglossidium corti utilizes the Heliosoma
snail and their metacercaria are in dragonfly nymphs (Hoffman 1999).

14.8 SEASONALITY OF DISEASE

Most of the infectious diseases that affect channel catfish are seasonal and usually have an
optimal temperature range at which they occur (MacMillan 1985; Francis-Floyd 1993).
Explanations for this seasonal pattern include the age offish, the effects of temperature on the
catfish immune system, and the optimum growth temperature of the pathogen or its intermediate
host. The disease state of an animal depends on interactions of the host, pathogen, and the
environment. Although disease and health should be viewed as a continuum rather than discrete
conditions, the diagnosis of disease is usually based on clinical cases rather than subclinical signs.
This may also impart a seasonal pattern.

Submissions to diagnostic laboratories clearly reflect seasonality for the majority of diseases.
The bacterial diseases, ESC and eolumnaris, are the two most often diagnosed diseases. Enteric
septicemia of catfish has a defined seasonality (spring and fall) because the optimum temperature
for disease and mortality occurs in the range of 22 to 28°C (72 to 82°F) (Francis-Floyd et al.
1987). Chronic cases of ESC rarely occur during the winter months, usually presenting with
cavitating lesions in the cranial fontanelle or with multinodular liver lesions. Columnaris displays
a similar but less pronounced biphasic pattern because it has a wider optimal temperature range
(15 to 25°C; ca. 60 to 75°F) (MacMillan 1985). However, eolumnaris is often (but not always)
a secondary invader and is seen throughout the year, but to a much lesser extent during winter.

Proliferative gill disease (PGD) also has peak incidence in the spring and fall when
temperatures are approximately 15 to 21°C (ca. 60 to 70°F) (Whitaker 1999). Occurrence in
spring is usually more severe than in fall, which may reflect acquired immunity. Temperature may
affect the life cycle/parasitism of the intermediate host Dero digitata as well as fish immunity.
Pronounced inflammation and breaks in the branchial cartilage that are hallmarks of this disease
are thought to be caused by a heightened immune system that is temperature dependent (Belem
1994). As fractures in the branchial cartilage are used to diagnose the disease, incidence during
winter may reflect chronic infection or delayed healing due to cooler temperatures.

Saprolegniasis is most common during cooler months, even though the fungus grows better
in warmer temperatures. (A good example of this occurs in hatcheries where the fungus affects
egg masses.) This seasonal occurrence is caused by a decrease in production of protective mucus
with rapid declines in temperature, together with water quality problems (i.e., elevated ammonia
and nitrite concentrations) that are more common during the cooler months (Bly et al. 1993b;
Quiniou et al. 1998). Rare cases occur in summer, usually with concomitant bacterial infections
when the immune system may be compromised.

Infections by the trematode tentatively identified as Bolbophorus confusus occur when the
water temperature is approximately 15°C (ca. 60°F) and higher. Shedding of the metacercariae
from the intermediate host, the ram's horn snail, usually slows down dramatically when the water
temperature declines below 15°C (ca. 60°F) (Fox 1965).
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Ichthyophthirus multifdiis infestations, which can be devastating, tend to present during cool
water temperatures in the spring and fall when temperatures are sufficiently warm for the fairly
rapid multiplication of the parasite (Francis-Floyd 1993; Dickerson and Dawe 1995). Stressed,
compromised fish usually succumb more easily to infections by this ectoparasite. The life cycle
of the parasite is prolonged during cooler temperatures, and it is unable to complete its life cycle
at temperatures greater than 30°C (86°F) (Noga 1996).

Channel catfish virus (CCV) occurs only during the summer in fry and fingerlings. Epizootics
usually occur at water temperatures greater than 28°C (82°F) (Thune 1993b). Branchiomycosis
is another disease that appears strictly in fry. It usually presents in the late spring and early
summer when the water temperature is at least 20°C (68°F) (Khoo et al. 1998). Although in the
same class as Saprolegnia (i.e., Oomycetes), it does not occur at cooler temperatures, and like
CCV, may require a fish that is not fully immunocompetent.

Channel catfish anemia usually occurs during late fall and early spring, usually in food-size
fish (MacMillan 1985). This condition is diagnosed when the packed cell volume is 10% or less
with no detectable viral or bacterial infection. Packed cell volumes of normal catfish vary
throughout the year, and are highest during the summer and lowest during winter (Leard et al.
1998). Anemia may be caused by an insult earlier in the season, and presents when the fish is no
longer able to tolerate the marked decrease in red blood cells. Anemia may be associated with diet
(Klar et al. 1986) or chronic bacterial diseases, and may occur during late spring and summer.

Visceral toxicosis of catfish is an emerging disease that affects mainly food- and brood-size
fish. The disease occurs when the water temperatures are relatively cool in the spring and winter.
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15.1 INTRODUCTION

Channel catfish health management begins with creating and maintaining a proper living
environment for the fish. Good management also includes the design and operation of a
production facility that minimizes the impact of stress on the fish. To promote health and
minimize stress, fish should be provided with their basic needs: sufficient space, good water
quality, a nutritionally complete diet, limited physical disturbance, protection from predators, and
prudent handling. Once these needs are met, it is important to limit contact with disease-causing
agents and to prevent environmental deterioration.

Even in well-designed and properly managed facilities, it is not uncommon for diseases to
occur. Disease has been defined as a condition of an organ, part, structure, or body system in
which there is incorrect function resulting from infection, environment, heredity, or diet. From
this simplistic definition, it should be obvious that investigations of fish disease outbreaks can
be complicated. In addition, many disease processes commonly encountered in catfish aquaculture
are multifactorial, involving complex interactions between the host fish, the causative agent or
agents, and the aquatic environment. Diagnostic investigations should consider all potential
causes of disease carefully, to ensure that no agent or contributing factor is overlooked.

Once a disease outbreak ensues, effective health management requires three basic steps:
problem identification, diagnosis, and corrective management—all of which must be performed
in a timely manner to avoid further losses. Whenever multiple factors contribute to the disease
process, it makes the diagnosis more difficult and often complicates corrective management.
Many fish health problems, such as oxygen depletions, can be recognized and corrected by the
fish culturist on the pond bank. However, most catfish farmers do not have the facilities or
training to perform certain diagnostic tasks, such as virus isolation, and should seek help from a
fish disease diagnostic laboratory early in the disease outbreak.

In this chapter we will first discuss factors affecting the disease process in catfish and steps
that can be taken to diagnose disease problems. We will then provide an overview of the various
options for managing infectious diseases. The last several sections of the chapter will provide
specific management procedures for the important catfish diseases.

15.2 CAUSES OF DISEASE

Channel catfish are susceptible to many infectious agents, including viruses, bacteria, fungi, and
parasites, which, by definition, are capable of spreading between individuals with or without
actual contact. As such, many infectious agents can rapidly spread through a population offish.
Most infectious agents can be loosely classified as either obligate or opportunistic pathogens. This
classification is useful because it connotes virulence (the ability to cause disease), which affects
the options for prevention and treatment.

In general, obligate pathogens are highly virulent or have the greatest potential to cause
outbreaks of disease. Obligate pathogens can initiate an outbreak in normal "unstressed" hosts
and tend to produce disease in a single or small group of closely related species. Most have only
a limited ability to replicate outside a living host and, as such, do not tend to persist indefinitely
in the environment. Accordingly, obligate pathogens can be avoided—in theory—by controlling
inputs to production units known to potentially harbor pathogens or by eliminating diseased
populations and disinfecting their environment. Unfortunately, this is seldom possible under
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commercial culture conditions. Because obligate pathogens can cause sudden catastrophic
mortalities, it is essential that a diagnosis be sought without delay and appropriate treatment
initiated immediately. This is especially important with bacterial infections, where medicated feed
is the only therapy: to be effective, treatment must be initiated while most fish are still feeding.

In contrast, opportunistic pathogens produce disease only in weakened or "stressed" hosts and
typically exhibit little or no host specificity. Most do not require a host in which to replicate and
are capable of surviving in the environment, particularly in nutrient-rich catfish ponds. While
mortalities from opportunistic pathogens are typically lower than those caused by obligate
pathogens, losses often occur over extended periods and can reach significant levels over time.
Because opportunistic pathogens form part of the aquatic environment, they are impossible to
eliminate completely. A high incidence of opportunistic infections should alert producers and
diagnosticians to the presence of stressors, the sources of which should be thoroughly investigated
and eliminated whenever possible.

Factors contributing to disease outbreaks include environmental quality, heredity, and diet.
The role of environmental quality in the initiation and outcome of disease outbreaks cannot be
overemphasized. While dramatic aberrations in certain water quality parameters, such as high
nitrite levels, can be directly toxic to fish, minor deviations from the optimal ranges of several
parameters create stress and play an important role in the occurrence of opportunistic infections
(see Chapters 3 and 10).

Immune system function and the ability of fish to resist pathogens normally encountered in
the environment are highly dependent upon adequate nutrition. However, years of research on
catfish nutrition and the use of modern formulated feeds have largely eliminated diet as a source
of disease in farm-raised catfish (Chapters 11 and 12). As with diet, heredity—or genetics—is
rarely identified as a specific cause of disease, but can influence the frequency and severity of
disease outbreaks. Genetics and diet should be considered as factors when disease is widespread
across populations in many ponds containing the same strain offish or receiving the same lot of
feed. While the genetic background offish is seldom associated with disease, the various strains
and hybrids differ in susceptibility to certain infectious agents, such as the channel catfish
herpesvirus (see Chapter 5).

15.3 PROBLEM IDENTIFICATION

Early detection of disease is paramount to assuring the health of fish within a production unit.
There are two steps involved in problem identification: first is recognition, based on general
indicators of disease, that a problem exists, and second is the investigation of specific behavioral
and physical indicators associated with a particular disease process. It is also useful to understand
the pathophysiology of disease, or why diseased fish look and behave in a certain way. Each
clinical sign has a specific cause-and-effect relationship with the disease process. For example,
when catfish are piping at the surface—a sign of respiratory difficulty—and oxygen levels are
adequate, the next logical step would be to examine the gills for physical changes and other
potential causes for the abnormal behavior, such as parasites.

Most diseases manifest as a spectrum of changes, both general and specific, that must be
evaluated as a whole. The presence or absence of one indicator does not necessarily implicate one
disease or rule out another, and a definitive diagnosis should not be made solely on the basis of
clinical signs. Instead, they should serve to limit the scope of diagnostic investigations, aid in the
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selection of appropriate diagnostic tests, and promote informed management decisions that reduce
the severity of the disease.

15.3.1 General indicators of disease

General indicators of disease problems can be dramatic, such as the sudden die-off of an entire
population, or subtle, such as a slight reduction in feeding activity. Early recognition of potential
problems requires that farmers be aware of conditions associated with the normal operation,
sights, sounds, and smells of a culture system, as well as the normal behavior and appearance of
the fish. Monitoring production facilities for general indicators of disease requires constant
vigilance because new diseases can result from subtle changes in management strategies or the
natural evolution of new disease processes.

Maintenance of accurate records of inventory, stocking densities, feeding activity, water
quality, and patterns of mortality over time can greatly facilitate recognition and investigation of
diseases. Important clues to diagnosing fish health problems include:

Sudden massive mortality Changes in appearance of water
Constant mortality rate over time Unusual odors around the pond
Reduced feeding activity Equipment failures
Fish congregating near water inlets or aerators Increased numbers of predators or scavengers

This list can be useful, particularly to inexperienced culturists, in recognizing potential disease
episodes and in determining management actions for remediation of the problem. While these
general indicators assist in detecting abnormal conditions and establishing the severity of the
problem, specific indicators can often be used more directly in the diagnostic process.

15.3.2 Specific indicators of disease

Specific indicators of disease can be divided into two broad categories: behavioral and physical
signs. Behavioral signs include any abnormal changes in activity that relate to a specific disease
or organ system. Physical signs include the development of visible lesions, including, in the
broadest sense, any deviations in the normal appearance of the fish. Culturists must be students
of their fish to differentiate normal from abnormal behavior and appearance. It is also important
to recognize that the normal behavior and appearance of catfish can change, depending on the
season, culture system, reproductive status, and age of the fish. Lastly, remember that mortalities
can also occur in the complete absence of visible signs of disease.

An important responsibility of the culturist is to determine the proportion of a fish population
exhibiting specific behavioral or physical signs. Knowing the approximate prevalence of a disease
provides an indication of the urgency with which to initiate diagnostic investigations and
management actions. As a simple example, if an entire population is piping at the pond surface,
the culturist should know to check dissolved oxygen concentrations immediately and provide
supplemental aeration as necessary.

Morbidity data can also be an indispensable diagnostic tool. For example, if all fish stop
feeding at once, this is strong evidence that the entire population was affected simultaneously.
This is not characteristic of infectious diseases, which tend to spread through the population over
time rather than affecting all fish at once. Sudden changes in feeding activity are more
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characteristic of problems related to the environment. In diagnostic interpretation, morbidity data
also assists in ranking the significance of multiple causes of disease and the establishment of
cause and effect relationships. Morbidity data can also be important in the development of control
strategies. This point is illustrated by the ineffectiveness of using costly medicated feed to treat
bacterial diseases when most of the population has stopped feeding.

15.3.3 Behavioral signs

Changes in behavior are often the first indication that a fish health problem exists. Behavioral
changes can be dramatic or inconspicuous and easily missed. Behavioral signs can be divided into
general and specific responses. An example of a general response would be the reduction in
feeding activity that accompanies almost all disease processes. An example of a disease-specific
response would be "flashing," which usually indicates the presence of external parasites. While
behavioral changes may not supply enough information to make a definitive diagnosis, they do
provide early warning signs of trouble and can provide important clues in determining the specific
cause of the disease.

Anorexia

Anorexia, or loss of appetite, is often the first sign of an impending disease outbreak and can
result from a variety of infectious and non-infectious causes. If a dramatic reduction in feeding
activity is observed that cannot be attributed to the normal decreases seen in association with
falling water temperatures, it is important to investigate the cause.

Anorexia can either be gradual over time or a sudden and complete cessation of feeding.
Gradual declines suggest a chronic process, such as a slowly spreading infection or some form
of subclinical disease. Gradual changes in feeding activity may also be caused by a water quality
problem that is getting worse over time.

Sudden reduction or complete cessation in feeding activity is more serious and suggests the
population has been affected simultaneously. The process of diagnosing the problem must begin
immediately—before the disease progresses to a point where management actions are ineffective.
Non-infectious causes, especially sudden, drastic changes in environmental quality, are usually
associated with abrupt cessation of feeding. Typical causes include low dissolved oxygen, nitrite
toxicosis, and introduced or naturally occurring toxins. An important exception to this general
rule is the infectious agent Henneguya ictaluri, the causative agent of proliferative gill disease,
or PGD (Bellerud et al. 1995). For poorly understood reasons, fish appear to suddenly encounter
large numbers of the parasite, possibly due to the synchronous release of infective stages from
their intermediate host, when water temperatures are between 14 and 26°C (ca. 55 and 80°F)
(MacMillan et al. 1989). As a result, proliferative gill disease should be considered as a potential
cause of sudden anorexia when water temperatures are compatible.

Bobbing

Bobbing fish generally have a portion of their body sticking above the water's surface. They will
typically attempt to evade capture by diving but quickly pop back up at the surface. This behavior
is associated with positive buoyancy caused by excess gas production or entrapment within the
swim bladder, gut, or body cavity. Possible causes include gas supersaturation of water (gas
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bubble trauma), certain bacterial infections, gastrointestinal disease, swim bladder disease, peri-
tonitis, or improper feeding practices.

Erratic swimming

Erratic swimming can be manifested in a variety of forms, commonly involving intermittent
periods of hyperactivity and lethargy that occur with or without loss of directional control. If fish
appear agitated, dart rapidly, frequently change direction, or even leap, particularly in the absence
of external stimulation, but appear to move purposefully in a straight line, the presence of water-
borne irritants or toxic substances should be considered. Chemical irritants, such as chlorine and
formalin, can cause fish to behave in this manner, as can the early stages of ammonia toxicity.

When erratic swimming is accompanied by loss of directional control, it indicates severe
impairment of the musculoskeletal or central nervous systems. Fish will often swim slowly in a
jerky motion and may swim in circles. This type of behavior has been observed with "broken-
back syndrome" caused by vitamin C deficiency, electrical shock, and organophosphate pesticide
poisoning. Additionally, it has been associated with muscle tetany resulting from calcium
deficiency and certain algal toxins. Loss of neuromuscular control can also be seen in the late
stages of ammonia toxicity and diseases caused by assorted infectious agents.

Flashing

When fish rub on objects or the bottom of culture units exposing their ventral surfaces, the
behavior is known as "flashing." The flash is created by light reflecting off the pale underside of
the fish. Fish displaying this behavior are usually attempting to rid themselves of external
irritants. While external protozoans are most commonly implicated, larger metazoan parasites and
bacteria can also be involved. This behavior should not be confused with spiraling. Flashing is
a controlled response as fish rub on a solid surface; spiraling is uncontrolled and fish are on the
surface or in the water column.

Hyperactivity

Hyperactivity is usually a response to chemical irritants or toxicants. Fish may initially have an
increased respiratory rate and appear agitated or easily disturbed, followed by rapid darting within
the culture unit. Sudden exposure to chlorine or toxic levels of un-ionized ammonia can induce
hyperactivity, typically progressing to inactivity and death within a short period of time. In tanks
and aquaria, fish may collide with walls or leap from the unit in an attempt to escape the noxious
substance. Similarly, a brief period of hyperactivity may occur during the early stages of anes-
thesia with tricaine methanesulfonate.

Loss of equilibrium

Loss of equilibrium occurs when a fish is unable to maintain normal swimming posture and
position. While some fish remain in the water column, most come to rest on their dorsal or lateral
surfaces on the bottom of the unit. Loss of equilibrium usually accompanies lethargy, slow
respiratory rates, and lack of responsiveness to external stimuli, all of which occur in the late
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stages of most disease processes when death is imminent. As such, a diagnostic investigation
should be initiated without delay when fish show this sign.

Exposure to narcotizing agents—such as carbon dioxide, tricaine methanesulfonate, and
certain algal toxins—can result in loss of equilibrium. Narcotizing agents generally affect all
members of a population and can be reversed if the fish are removed from the tainted water or the
concentration of the offending agent is reduced. Exposure to high concentrations for extended
periods, however, can cause irreversible nervous system damage.

Piping

When catfish are swimming slowly at the surface, gulping, with barbels extended, it usually
indicates hypoxia (inadequate oxygen reaching the fish tissues) most commonly associated with
low water dissolved oxygen concentrations. Fish may be spread out over the entire surface of the
pond if there is no aeration or congregate near aerators or incoming water supplies. If dissolved
oxygen concentrations are at or above acceptable levels and the fish do not respond to
supplemental aeration, additional causes for the behavior should be considered. Parasitism
(especially proliferative gill disease) or chemical irritation (such as chronic exposure to certain
water-borne metals) can cause sufficient gill damage. The gill damage hinders gas exchange,
leading to behavior that mimics or exacerbates low environmental dissolved oxygen
concentrations. Other causes of piping include catfish anemia and conditions mimicking an
anemic state, such as low blood pH and nitrite-induced methemoglobinemia (brown-blood
disease). Fish dying with their mouth agape is often an indicator of hypoxia.

Porpoising

Porpoising is a behavioral change in which fish rapidly rise to the surface in a normal swimming
posture then dive back down briefly exposing the dorsal fin and back in a rolling motion similar
to a porpoise. Fish may actually leap above the surface before returning to the water. Porpoising
can occur when fish are exposed to irritants, such as overexposure to formalin, and has been
associated with visceral toxicosis of catfish (VTC). This syndrome, of unknown etiology, was
first identified in 1999 when several catfish farmers in Mississippi and Arkansas reported sudden
losses of large foodfish and broodfish. Losses have been reported every year since, typically in
the period from late January through early May. Many affected fish have exophthalmia (see
below) and have their stomach protruding into their mouth; otherwise, fish show few or no
external lesions. Internally, some fish have intussuception, or "telescoping" of the intestine,
milky-white ascites, and a dark, congested spleen. In ponds with mixed-size populations, larger
fish usually die first. Although evidence points to the involvement of an environmental toxicant
of some kind, the cause of VTC remains unknown.

Spiraling

Spiral swimming is caused by disorders of the central nervous system, both infectious and non-
infectious. Bacterial meningoencephalitis (infection of the brain and its covering) can cause fish
to spiral and swim erratically. The most important bacterial cause in catfish is the chronic form
of enteric septicemia of catfish (ESC) caused by Edwardsiella ictaluri. The chronic form of this
disease is typically associated with the presence of a hemorrhagic ulcer on the dorsum of the
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skull, known as the "hole-in-the-head" lesion. Channel catfish virus disease (CCVD) is caused
by a herpesvirus that commonly infects nervous tissue and is also associated with spiral
swimming in fry and small fingerlings.

Fish may also spiral when prolonged hypoxia causes insufficient oxygen supply to the brain.
Causes include water oxygen depletion, methemoglobinemia, low blood pH caused by carbon
dioxide accumulation, and ammonia toxicosis. The toxic alga Aphanizomenon flos-aquae
produces a neurotoxin that affects the brain and peripheral nerves, causing fish to swim in a tight
spiral pattern (English et al. 1993).

Weakness and lethargy

Lethargy is generally an indicator of disease, although it can be induced by very low water
temperatures. Weak and lethargic fish often distance themselves from healthy cohorts and
congregate together on the bottom, where they go undetected unless they lay along the bank in
shallow water. In hatching troughs, weak fry can become trapped against screens or collect in
corners and around drain pipes if they are too debilitated to swim against water currents.
Similarly, weak and lethargic fish may be blown to the downwind side of ponds or swept away
from aerators and inflowing water to collect around outflows. A host of conditions can cause fish
to become lethargic, including low dissolved oxygen concentrations, nitrite-induced
methemoglobinemia, high carbon dioxide levels, algal toxins, introduced toxicants, and infectious
pathogens.

15.3.4 Physical signs

Lesions are localized internal or external abnormalities. The location and appearance of a lesion
can assist in diagnosis and formulation of a diagnostic plan. It is also important to understand how
specific lesions affect the overall health of the fish. For example, a variety of disease processes
induce breaks in the skin, resulting in loss of the first line of defense against infection and
increased difficulties in maintaining osmoregulatory balance.

When examining fish, it is important to note the location and appearance of lesions. It is also
important to establish if there is a correlation between behavioral changes and physical lesions.
While lesions always indicate a disease process, they may be unrelated to the mortalities under
investigation. For example, during a disease investigation, where the primary etiology is a
bacterial infection, an individual fish may have skeletal anomalies completely unrelated to the
disease process. Take care to ascertain that the fish being examined are typical of the affected
population and always attempt to establish a common thread among lesions within those fish
affected by the disease.

Gill lesions

The gills offish are responsible for three functions necessary for survival: acquisition of oxygen
and removal of carbon dioxide (respiration), elimination of nitrogenous wastes (excretion), and
maintenance of fluid and electrolyte balance (osmoregulation). Signs of gill disease are related
to the degree of impairment of these functions and will vary from lethargy and anorexia, to piping
and rapid death. Due to their importance, examination of the gills is an important component of
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TABLE 15.1. Common gill lesions of channel catfish.

every diagnostic investigation. Normal gills should be deep red, with long, flattened, well-defined
lamellae of uniform length that taper to a point, with no areas of discoloration, missing tissue, or
adherent debris. Any deviation from the normal appearance should prompt further investigation.
Table 15.1 lists diseases that can be tentatively diagnosed by gross appearance of the gills.

Abrasions and scratches

Superficial abrasions result from physical trauma caused by aggressive behavior, rough handling,
predators, or rubbing. Patches of superficial, closely apposed, linear scratches, resembling marks
caused by sandpaper, suggest biting, possibly related to close confinement, territoriality, or
starvation. Deep, widely spaced scratches, often on the dorsal surface, indicate predation.
Scratches caused by predators vary in distribution and depth, depending on the animal involved,
and may be associated with puncture marks. Rough handling or flashing in response to external
parasites or irritants may also result in random scratches of variable depth and distribution.
Investigations should include a review of husbandry practices, recent handling, predator
assessment, and microscopic examination for parasites.

Bumps and nodules

Surface bumps and nodules can vary greatly in size, color, consistency, and distribution. Most can
be detected by touch or visual inspection with the unaided eye. Although exceptions exist, most
are caused by the presence of encysted parasites, particularly Ichthyophthirius multifiliis and
trematode metacercariae (grubs). A list of differential diagnoses for skin bumps and nodules can
be found in Table 15.2.

Discoloration

Normal coloration is regulated by nervous system and hormonal inputs and can vary depending
on the environment, reproductive status, and health of the fish. Normal coloration can vary
physiologically between culture units depending on water color, clarity, and background color of
the unit. When fish become stressed or diseased, however, maintenance of normal coloration may
be sacrificed at the expense of maintaining vital body functions. When individuals or groups of
fish within a population are colored differently than their cohorts, especially darkened, it is likely

Lesion Possible causes Diagnostics indicated
Swelling, mottling, and hemorrhage Proliferative gill disease Microscopic examination
Brown gills Methemoglobinemia Check waterborne nitrite and chloride
Bright red-orange gills Carbon dioxide Check waterborne carbon dioxide
Yellow-tan debris on gills Columnaris Microscopic examination
White gill tips (fry) Branchiomycosis Microscopic examination
Notched gill margins Columnaris or fungus Microscopic examination
Necrosis Columnaris, fungus, PGD Microscopic examination
Pale or white gills Anemia Measure hematocrit
Swelling and congestion Parasites, PGD, toxins Microscopic examination
White nodules on skin Ich or myxosporideans Microscopic examination



Health Management 453

TABLE 15.2. Common skin lesions on channel catfish.

Description
Pinpoint, white spots
1 mm, clear
1—2 mm (occasionally in larger

clusters), skin-colored
1—2 mm, skin-colored, often

with hemorrhage
2-3mm, fleshy, with forked-

tailed, threadlike extension
Size variable, may be large
Large, fluctuant
Linear, ulcerated

Location
Entire body
Primarily fins and eyes
Skin, fin, bases of fins

Entire body

Primarily bases of fins

Anywhere
Anywhere
Cranial midline

Possible cause
lchthyophthirius
Gas bubble trauma
Henneguya.

Bolbophorus

Lernea

Tumor
Edwardsiella tarda
E. ictaluri

Diagnostics indicated
Microscopic examination
Microscopic examination
Microscopic examination

Microscopic examination

Microscopic examination

Histopathology
Bacterial isolation
Bacterial isolation

that they are suffering from a systemic disease. Discrete areas of color change may be related to
localized nerve damage or to the localized effects of pathogenic agents. Both situations call for
diagnostic investigation.

Dryness

Normal catfish have a smooth, glistening mucus coat that provides a first line of defense against
invading pathogenic organisms and aides in the maintenance of normal osmoregulatory function.
Fish mucus contains several nonspecific antimicrobial compounds, as well as specific antibodies,
and presents a physical barrier to infection. A dull dry appearance to the skin is good evidence
that the mucus coat has been lost. Loss of the mucus coat can result from rough or excessive
handling when fish are netted, moved, or transported. Loss of the mucus coat predisposes fish to
skin infections, particularly columnaris disease and saprolegniasis. There is evidence that rapid
drops in water temperature may disrupt the normal migration of mucus cells to the skin surface,
allowing the mucus coat to slough off (Quiniou et al. 1998). In cold water, loss of mucus may
then be followed by massive colonization of the skin by fungi in the genus Saprolegnia, in a
syndrome known as "winter kill."

Erosions and ulcers

Erosions are superficial lesions of the skin or mucus membranes that heal without scarring. Ulcers
are deeper lesions that penetrate the epidermis to expose underlying tissues and leave a scar when
healed. The following discussion will be limited to skin ulcers, which typically expose dermis,
muscle, or bone depending on their location. Skin ulcers are one of the most common lesions and
their appearance can be dramatic when large areas are involved.

A wound is technically not an ulcer, but can become an ulcer if infected after tissues are
exposed to the aquatic environment. Ulcers can be caused by primary agents, such as
Flavobacterium columnare, but are often complicated by secondary invaders, such asAeromonas
hydrophila and, at cooler temperatures, Saprolegnia spp. The size and appearance of ulcers can
vary considerably, but typically there will be necrotic tissue at the center of an ulcer bordered by
a narrow zone of hemorrhage at the lesion margin, indicating active tissue destruction. Micro-
scopic examination of scrapings and culture of material collected at the lesion margin are usually
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the most productive for determining the primary cause of an ulcer. The location of an ulcer can
also provide diagnostic clues—for instance, the "hole-in-the-head" lesion caused by Edwardsiella
ictaluri on the cranial midline.

Excessive mucus

Excessive mucus gives the skin an irregularly thickened to globular, translucent, bluish to milky
cast. External parasites are the most common cause of excessive mucus production, particularly
the protozoans Ichthyophthirius multifiliis and Ichthyobodo necator and the monogenetic
trematodes or skin flukes. Exposure to high concentrations of sodium chloride is also thought to
increase mucus production and overexposure to waterborne ionic copper can cause excessive
mucus secretion from the gill epithelium. Investigations should include microscopic examination
of skin scrapings for the presence of parasites and a review of recent treatment history.

Hemorrhage

Hemorrhage occurs when whole blood escapes from the vascular system, as a result of
inflammation, necrosis, or trauma to a vessel wall. The most common forms of hemorrhage seen
in fish are pinpoint petechia and slightly larger ecchymoses. From a disease standpoint,
hemorrhage usually results from the destructive action of microbial toxins on blood vessel walls
and adjacent tissues, or in association with the body's inflammatory response to the presence of
a pathogen. Extensive petechial hemorrhage throughout the body is usually associated with acute,
systemic bacterial or viral infections, such as enteric septicemia and channel catfish virus disease.
Hemorrhage can be caused by migrations of certain parasites and by abrasions caused by
mechanical trauma.

Perforations

Catfish occasionally have puncture wounds penetrating the skin into the underlying tissue.
Common causes include perforation by the spines of other catfish or the teeth, claws, and bills
of predators. Perforations caused by spines are usually solitary and random, occurring in
association with seining and close confinement during harvest. Predatory birds such as herons and
egrets usually cause dorsal or lateral punctures, often with entry and exit wounds. Birds with
hooked bills, such as the cormorant, may leave a single deep scratch, with or without a puncture,
if the fish manages to escape their grasp. Secondary bacterial infections are common sequelae to
puncture wounds. In particular, the bacterium Edwardsiella tarda is associated with wounds
inflicted by spines among large fish held in close confinement. Investigations should include
review of handling history, presence of predators, and potentially bacterial isolation.

White spots

Several diseases cause white spots on catfish. The size of spots and whether they are raised or flat
vary with cause. Randomly distributed, pinpoint, raised spots, accompanied by excess mucus
production are indicative of classic "white-spot disease" of fish caused by Ichthyophthirius
multifiliis. Larger, up to 5 mm, white, blister-like lesions are caused by Henneguya sp., but are
seldom related to mortalities. As an outbreak of enteric septicemia progresses to the subacute
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stage, flat 1- to 5-mm white spots (actually shallow ulcers) may develop on dorsal and lateral
surfaces of the fish. Again, a thorough investigation, including skin scrapes and bacterial cultures,
would be indicated.

Wooly or cottony lesions

Wooly or cotton-like mats on the skin and gills of catfish are most commonly the result of
Saprolegnia sp. infections. These infections are commonly called "winter fungus" because lesions
tend to occur during cooler weather at temperatures below 15°C (59°F). Early lesions are white,
but turn brown as they become contaminated with dirt and detritus. Concurrent infections with
Flavobacterium columnare are common, especially at warmer water temperatures. Similar lesions
can occur on the spines and cranium due to colonization by the protozoan Epistylis spp. at similar
water temperatures. The two organisms can be readily differentiated by microscopic examination
of skin scrapings.

Exophthalmia and other eye lesions

Exophthalmia, or bulging of the eyes, usually results from the accumulation of excess fluid,
inflammatory infiltrates, or gas in or behind the eye. Systemic bacterial or viral infections are the
most common cause of exophthalmia, and are probably due to osmoregulatory disturbances
resulting from kidney damage, not direct ocular damage. Lesions involving internal structures of
the eye are only occasionally encountered in catfish culture. Clouding of the pupil can be caused
by invasion of the lens by the larval stage of the digenetic trematode Diplostomum spathaceum,
and by cataracts, usually as a result of nutritional deficiency. Diagnosis may require microscopic
examination of the lens to determine the cause. The anterior chamber of the eye is a common site
for the accumulation of gas bubbles associated with water gas supersaturation (gas bubble
trauma). Columnaris disease and fungal lesions can spread onto the cornea, or outer covering, of
the eye and may be accompanied by hemorrhage and necrosis.

Skeletal deformities

Skeletal deformities, including double tails, curvature of the spine, jaw and opercular anomalies,
shortened bodies, and dwarfism occur periodically in cultured catfish. Malformations are usually
manifested in young rapidly growing fish and lead to early death if severe. One cause of spinal
curvature (scoliosis and lordosis) is vitamin C deficiency. Other possible causes include pesticide
exposure, electric shock, and genetic abnormalities. The limited genetic diversity in broodfish on
some fish farms, compounded by selection pressure for certain desirable traits, can potentially
lead to an increased incidence of genetic defects. When the incidence of deformities exceeds 1%
of the population, an in-depth investigation should be conducted.

Abdominal swelling

The most significant cause of pathologic abdominal swelling is the accumulation of free fluid
(ascites) in the body cavity. Ascites most commonly results from osmoregulatory disturbances
secondary to gill and kidney damage or when fluid leaks directly through the capsule of a
damaged liver. Any severe microbial or toxic insult to any of these tissues can potentially lead
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to ascites, but the two most familiar causes in catfish culture are infection with Edwardsiella
ictaluri (ESC) and the channel catfish herpesvirus (CCVD). Ascites is also seen in cases of
Bolbophorus trematode infection, visceral toxicosis (VTC), and catfish anemia. Occasionally the
fluid will be cloudy, suggesting the presence of bacteria and inflammatory cells, but regardless,
all cases of ascites warrant culture for bacteria and virus, depending on the age of the fish.
Excessive gas formation within the gastrointestinal tract can also result in abdominal swelling,
usually as a result of bacterial fermentation with or without blockage of the intestine.

Necrosis

Necrosis can be loosely defined as the death of all or a portion of a living tissue or organism.
Gross indicators of necrosis include paleness, loss of tissue strength or softening, and the presence
of a clear zone of demarcation between the dead and living tissue. Necrosis should be
differentiated from auto lysis, which is the decomposition of a body after death. Autolysis shares
features with necrosis, but affects the entire carcass uniformly. Causes of necrosis include
mechanical or thermal injury, the actions of poisonous compounds and toxins of plant or
microbial origin, and obstruction of blood flow to an area resulting in the deprivation of essential
nutrients and oxygen to the tissues. An excellent example of necrosis can often be seen in the
livers of catfish suffering from enteric septicemia. Necrosis manifests as small, pale tan areas
demarcated from the adjacent unaffected tissue by a narrow zone of hemorrhage.

15.3.5 Submitting samples for diagnostic evaluation

Once changes in fish behavior are noticed or mortalities begin, the next step in effectively
managing a disease outbreak is an accurate diagnostic evaluation. Depending on the experience
of the farmer, a pond-side—or presumptive—diagnosis can be made that accurately assesses the
condition of the fish and dictates the corrective action needed. A presumptive diagnosis, however,
is nothing more than an educated guess, and while a trained or experienced person can generally
prescribe a corrective action based on presumptive evidence, the only method to fully assess the
cause of a disease outbreak is the laboratory necropsy. In many instances, a properly equipped
diagnostic laboratory with a trained staff is the only means to identify causative agents such as
viruses or test for antibiotic sensitivities of bacterial isolates.

Disease diagnostics might be compared to assembling a jigsaw puzzle. The first step is to
make certain all the pieces are accounted for and how they fit together, followed by assembly and
determination of what the total picture represents. Accurate diagnosis involves proper sample
selection, identification of all potential causes, correlating causes with behavioral and physical
signs, prioritizing multiple causes, evaluating the prognosis, and developing a potential disease
model. Only then can an informed corrective management strategy be developed and initiated.

Arriving at a precise diagnosis requires cooperation between the producer and diagnostic
laboratory personnel. Producers and diagnosticians must understand that an exchange of
information is paramount in arriving at a definitive diagnosis and appropriate remedial measures.
The producer must also keep in mind that he or she has the most to gain or lose during a disease
episode and that decisions concerning management changes are ultimately theirs to make.

The purpose of submitting fish to a diagnostic laboratory is to identify the cause or causes of
a mortality event. The type and condition of the sample submitted greatly influences the success
or failure of a diagnostic investigation. It is essential that adequate samples are collected and
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preserved to ensure the best chance of arriving at a rapid and accurate diagnosis. A minimum of
three live fish, exhibiting behavioral and physical signs representative of the diseased population
as a whole, are the best sample for diagnostic evaluation. A diagnostician may also request to
examine apparently healthy fish from the culture unit to help evaluate the significance of parasite
burdens and other disease processes.

Appropriate samples may be difficult to obtain. Live fish taken from live cars during harvest,
fish caught by snagging or hook and line, or fish otherwise randomly obtained make poor
diagnostic samples because the disease in question often does not afflict all the general
population. Exceptions include sampling for routine health checks, testing to prevent the
introduction of pathogens into disease-free stocks offish, disease-free certification for purchase
or shipping, or when healthy fish are needed for comparative purposes in a diagnostic evaluation.

Freshly dead fish may be suitable for diagnostic evaluation, although live fish are always
preferable. Fresh carcasses have red gills, clear eyes, normal skin color, a glistening mucus coat,
and usually no significant bloating or odor. When a carcass is allowed to float in water, especially
at warmer temperatures, the precision of the necropsy examination is greatly diminished. Post-
mortem autolysis results in the destruction of tissue morphology, making histopathological
examination difficult or impossible. Parasites abandon the carcass or die and become distorted
soon after the death of the host fish. Also, putrefactive bacteria colonize the carcass upon death,
making isolation of the causative bacterium difficult or impossible.

Samples should not be frozen unless absolutely necessary to avoid spoilage before a sample
can be delivered to a diagnostic laboratory. Freezing destroys parasite and tissue morphology,
although viral isolation and chemical analysis may still be possible. Bacterial isolation may be
possible, but is less reliable than when attempted from fresh samples.

Once collected, samples should be placed in sealed plastic bags or other waterproof containers
and placed on ice. Water should not be added to the container. Clipping the spines from catfish
will prevent puncture of plastic bags and subsequent leakage of water into the bag. Samples
prepared in this manner should be suitable for necropsy for 1 to 2 days. Fish collected alive can
be placed in aerated water and transported, if a diagnostic laboratory is nearby, although diseased
fish may not survive for long following capture and transport. The diagnostician should be
notified prior to shipment to ensure receipt and to provide any other special shipping instructions.

A water sample from the affected culture unit should also be included with any fish sample
submitted. Examination of the fish alone may not always provide sufficient information to
determine a cause of death or disease. Water samples should be at least 0.5 L (ca. 1 pint), placed
in a clean glass jar and sealed tightly. If samples are to be shipped via overnight carrier, a well-
insulated, sealed container should be used and samples packaged as above.

Along with the submission of proper fish and water samples, historical information regarding
production practices and mortality patterns can be crucial to making a proper diagnosis and
treatment recommendation. The following information should be provided with diseased fish:

Type and size of culture unit Total number offish lost and number dying each day
Stocking density and fish sizes Time of day when dead or sick fish are observed
Recent feeding activity and rates Previous chemical or therapeutic treatments
Recent water quality data Bloom condition and any recent changes
Date when losses began Recent harvest dates
Clinical signs (behavioral or physical) Other pertinent information
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15.4 DISEASE PREVENTION

Early disease recognition and implementation of control measures play critical roles in limiting
mortalities, but should not be viewed as a substitute for sound management practices and a
proactive approach to disease prevention. Despite their importance, preventive measures on
commercial catfish operations are often overlooked, considered economically unviable, or
impractical within typical production schedules. There is some justification for this attitude,
however, as the most significant diseases affecting catfish are ubiquitous on farms and specific
recommendations concerning their prevention are few.

If one considers that only a handful of approved therapies exist and that most are of limited
efficacy once an outbreak begins, it should be obvious that basic concepts of prevention should
not be entirely ignored. A general understanding of disease processes should at least alert
producers to the fact that certain farm practices and environmental conditions predispose fish to
diseases and that they should be prepared to deal with the consequences. In the final analysis,
however, as when deciding whether to treat a disease problem, the cost of prevention must be
weighed carefully against the value of potential losses resulting from a lack of deterrence.

If cost were not a factor, it would be relatively simple to design programs that potentially
could eliminate major diseases and prevent their reentry on farms. The task would be
monumental, requiring the institution of rigid and expensive test and slaughter, disinfection, and
monitoring programs. Furthermore, the establishment of such procedures on individual farms
would probably be futile without the cooperation of the entire industry. In the future,
consolidation of production onto a smaller number of large, vertically integrated farms may make
it easier to control or eliminate some disease problems. For the present, however, the major
defense against most disease-related losses remains anticipating their emergence and managing
around them by minimizing stress and limiting contact with the offending agents.

15.4.1 General concepts

In the hatchery, avoid crowding, low water flow, and poor water circulation. Remove dead eggs,
eggshell debris, and provide good nutrition with a high-protein diet. In ponds, do not overstock
or overfeed. Whenever possible, avoid handling fish at temperatures above 20°C (68°F). As this
is not practical for most operations, reduce stress by handling during the cooler hours of the day,
avoid holding fish for extended periods under close confinement, limit grading activities, do not
crowd during transport, and always provide adequate dissolved oxygen.

Perform routine health checks. Many states offer diagnostic testing free of charge or for a
nominal fee. Despite the low cost, pre-purchase examinations and health checks—particularly
prior to handling, stocking, or transport—are seldom sought. Monitoring for disease agents can
provide insight into how well fish will handle and whether special precautions should be taken.
If possible, quarantine new arrivals for an observation period of 2 to 3 weeks before introducing
them to resident populations of fish. Never seine or transport fish during an active outbreak of
disease.

When outbreaks occur, seek diagnostic help promptly. Quarantine ponds with diseased
fish—to the extent possible—and do not allow effluent to flow to other ponds. Seines, moveable
aerators, and other equipment should be allowed to dry thoroughly on the levee between ponds
before their next use. Dead fish should be removed whenever possible because they may serve
as a source of infection to additional fish and may be moved to nearby ponds by birds and other
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TABLE 15.3. Permissive temperature ranges for certain diseases of channel catfish

Disease
Proliferative gill disease (PGD)
Enteric septicemia of catfish (ESC)
Channel catfish virus disease (CCVD)
Winter saprolegniasis

Temperature range
14-26°C (57-80°F)
18-28°C(64-82°F)
20-35°C (68-95°F)
<20°C(<68°F)

Optimal temperature
16-20°C(60-68°F)
25°C (77°F)
> 30°C(> 86°F)
<15°C(<59°F)

animals. Ideally, susceptible fish should not be stocked into ponds with a history of infectious
disease problems unless ponds have been drained and allowed to dry.

15.4.2 Stress

Stress results when an animal is unable to adjust to a changing environment. Fish, like other
animals, possess a certain level of natural resistance to infectious diseases that can be enhanced
through proper management or compromised by cultural practices that create stress. Fish can
adapt to a certain level of stress, particularly when changes occur slowly over time, but their
ability to compensate can be overcome by sudden severe alterations or when multiple factors are
involved. If stress is severe or prolonged and becomes uncompensated, death often follows.

The environment

The single most important component in disease prevention is maintenance of optimum water
quality. The significance of specific water quality parameters is discussed in Chapter 3, but in
general low dissolved oxygen concentrations, elevated un-ionized ammonia and nitrite levels,
elevated carbon dioxide levels, and wide pH fluctuations can all have detrimental effects on fish
health. Before reaching overtly lethal levels, minor deviations create stress, impairing the fishes'
immune system and its ability to combat disease. Furthermore, aberrations in multiple parameters
can have additive effects, compounding stress burdens on fish.

Despite the strong correlation that exists between poor water quality and fish disease, routine
water quality monitoring is not regularly performed on many farms. Poorest water quality
conditions typically occur at high summer temperatures, when feeding rates and fish inventories
are highest (see Chapter 10).

Water temperatures play a major role in the production of disease, as evidenced by the
seasonal nature of diseases like ESC, PGD, and CCVD (see Section 14.8). Each of the organisms
responsible for these diseases has an optimal temperature range for growth and virulence (Table
15.3). In general, temperatures above 21 °C (70°F) favor the proliferation of opportunistic bacteria
and protozoan parasites. During the known temperature windows of these diseases, additional
care should be taken to avoid situations that place undue stress on fish. For example, it may not
be advisable to use copper sulfate at temperatures conducive to outbreaks of ESC, because its
algicidal properties will induce dissolved oxygen depletions.

The effect of temperature on pathogens influences the occurrence and outcome of disease, but
it also has a profound influence on immune system function in catfish. At winter water
temperatures, the responsiveness of the immune system in these poikilothermic animals is
dramatically hampered. Cold-induced immunosuppression is believed to play a significant role
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in the development of certain diseases, like winter saprolegniasis, which typically occurs at tem-
peratures below 15°C (ca. 60°F) (Bly and Clem 1991).

Role of production practices

Management practices intended to maximize production—such as high stocking densities and
feeding rates—are inherently stressful and contrary to principals of fish health maintenance.
Guidelines for manageable stocking densities under different farm situations are presented in
Chapter 8. Long-term feeding rates above approximately 85 to 140 kg/ha (75 to 125 pounds/acre)
per day result in exposure to long periods of low dissolved oxygen concentrations and high
concentrations of un-ionized ammonia and nitrite. Optimal stocking and feeding rates represent
a compromise between production goals and the level of risk that can be accepted as a result of
the stress and increased likelihood of disease outbreaks created by the increased eutrophication
of the environment as culture intensity increases.

Strictly from the standpoint of disease control, single-batch or "all in—all out" production
schemes offer distinct advantages. In poultry and swine production, different age classes are
seldom mixed and groups of animals are raised as isolated units. When market size is reached,
the entire unit is depopulated and the facility is disinfected prior to restocking. This strategy is
followed because older animals may be carriers of pathogens to which they are partially or fully
immune. Introducing young, immunologically naive animals to these organisms can have
devastating results. In catfish farming, this situation is reflected in the common observation that
outbreaks of ESC often have a greater impact on recently stocked fingerlings than on older
resident fish that have experienced and survived at least one outbreak in the past. Unfortunately
(from the fish health standpoint), there are compelling economic reasons for following multiple
batch or "under-stocking" schemes (see Section 8.3).

Winter feeding regimes are another controversial area with respect to disease prevention.
Traditionally, winter feeding has been advocated to prevent weight loss and enhance resistance
to bacterial infections (MacMillan 1985). More recent studies show that starvation from
December through February has little overall impact on growth or health, but that extending the
period to November through April decreases body condition and resistance to ESC in year-I
fingerlings (Kim and Lovell 1995).

Surprisingly, when year-II fish were subject to the same period of starvation, resistance to
ESC increased (Kim and Lovell 1995; Okwoche and Lovell 1997). The reason is unclear, but may
be related to the fact that small fish lose and gain weight faster than larger fish, and that if large
fish were allowed to lose the same percentage of body weight, the same result may have been
seen. During periods of depressed farm-gate prices, farmers may be forced to extend the period
of winter starvation beyond the practical limits associated with compensatory weight gain. It is
reasonable to expect that a point exists beyond which the ability offish to combat disease will be
inhibited following such prolonged periods of starvation, resulting in increased disease loses in
the spring.

15.4.3 Limiting contact with pathogens

Potential sources of pathogens in hatcheries and ponds include water supplies, feral fish, feed,
equipment transferred between infected and uninfected culture units, and animal predators and
scavengers. Carrier fish are believed to represent the major reservoir of infection for ESC and
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CCVD, while intermediate host or vector animals are important sources of infection for certain
parasitic diseases. Other pathogens are free-living environmental opportunists, whose numbers
proliferate in water during periods of high productivity in ponds.

Prevent introduction

Feral fish can be a source of pathogens when surface waters are used as a water supply,
particularly for parasites like Ichthyophthirius. Groundwater is the preferred source of water for
catfish farming because it is generally free of pathogens, feral fish, and contaminating substances.
The use of caged sentinel fish can aid in the detection of pathogens, toxins, and undesirable
characteristics in water supplies, and also has application in disease surveillance in ponds.

It is known that a certain percentage of fish surviving outbreaks of ESC and CCVD become
carriers of the respective disease agents and pass them on to subsequent generations or susceptible
populations, perpetuating the diseases on farms. Submitting fish samples for routine disease
evaluation can identify most pathogens, but only during active outbreaks of disease. Detection
of carrier fish requires sophisticated techniques, such as polymerase chain reaction assays, that
are currently under development or just becoming available to diagnosticians (Bilodeau et al.
2003). As these techniques become more widely accessible, it will be possible to detect with a
relatively high degree of certainty the presence of specific pathogens among groups of apparently
healthy broodstock, eggs, and fingerlings. This methodology may permit certification of groups
offish as specific pathogen free (SPF). The use of SPF fish only has real application, however,
if they are stocked onto farms demonstrated to be free of the disease in question.

Control pathogen numbers

While infectious agents should ideally be avoided entirely, their presence alone in a culture unit
does not necessarily mean a disease outbreak will occur. As previously discussed, certain
pathogens are environmental opportunists that do not produce disease unless unfavorable
conditions reduce the ability of fish to resist infection. Even in the case of obligate pathogens,
their occurrence and severity of disease is influenced by environmental conditions.

The warm, organic-rich water found in catfish ponds favors the growth of many micro-
organisms. This problem is exacerbated by high stocking densities, which may promote greater
contact between fish and the transmission of pathogens among individuals. An ideal situation is
created where large numbers of closely confined animals are maintained under stressful
conditions in an environment rich with potential pathogens. Regrettably, there are few options
for reducing pathogen numbers in catfish ponds other than controlling vectors of certain disease
organisms.

Vector control

Vector animals are a reservoir of certain disease agents on catfish farms. Some pathogens are
disseminated by animals that are not essential to their life cycle (transport vector or paratenic
hosts). For example, it is believed that some parasites can be transferred between ponds on the
feathers or feet of wading birds. Another important example is the possibility that E. ictaluri can
be passed in the feces of piscivorous birds feeding on diseased catfish (Taylor 1992).
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The life cycles of other pathogens, particularly parasites, can require the presence of specific
animal hosts in which an essential stage of development must occur for them to ultimately reach
the catfish (biological vectors). Important examples include Henneguya ictaluri (the organism
causing proliferative gill disease) transmitted by the oligochaete worm Dero digitata (Section
15.9.4) and the trematode Bolbophorus damnificus, which is transmitted by the rams horn snail
(Section 15.11). Currently, a number of chemical and biological control methods are being
evaluated to control Dero worms in ponds, but none are in wide use or shown to be completely
effective. Habitat manipulation and chemical eradication of the rams horn snail has proven
effective in breaking the life cycle of Bolbophorus trematodes.

Disinfection

Prevention and containment of disease involves sanitation and disinfection. Disinfection implies
that pathogenic microbes have been eliminated from inanimate surfaces, but does not imply
complete sterilization.

Disinfection is relatively easy in hatcheries and is a routine part of good hatchery practice.
Fry-rearing troughs should be cleaned, disinfected, and dried between batches of fry. Fry from
diseased troughs should be carefully removed and destroyed, being careful not to contaminate
adjacent troughs with splash over, nets, siphons, or other hatchery implements. Disinfect
equipment, troughs, and any surfaces coming in contact with diseased fish with calcium
hypochlorite to produce 200 mg/L available chlorine or 35 mL (ca. 1 fluid ounce) of household
bleach (5.25% sodium hypochlorite) per 3.6 L (1 gallon) of water for at least 1 hour.

Chlorine is highly toxic to fish and must be completely removed before restocking the next
batch of eggs or fry. Neutralize residual chlorine by adding 7.4 mg/L of sodium thiosulfate for
each mg/L of chlorine. Chlorine can also be removed by flushing the trough with large amounts
of dechlorinated water. The presence of abundant organic matter and alkaline water (pH above
7) decreases the effectiveness of chlorine-based disinfectants.

Disinfection of ponds is considerably more difficult to achieve. The 10 mg/L level of chlorine
used to eliminate unwanted fish from nursery ponds will kill most higher organisms present in
the water column, but is insufficient to kill bacteria and viruses, particularly if protected by mud.
Lime, potassium permanganate, and niclosamide (Bayluscide®) have all been used in attempts
to eliminate pathogens and disease vectors from ponds, but their effectiveness is unknown. To
be cost effective, their use typically requires that ponds be drained to less than about 30 cm (1
foot) of water. Draining and thorough drying alone may be sufficient to eliminate some
pathogens, but is hard to accomplish in grow-out ponds due to time and weather constraints.

15.4.4 Vaccination

Development of vaccines for use in catfish farming has been slow. Reluctance of pharmaceutical
companies to invest in research and development and difficulties in delivering vaccines to large
numbers of fish in a cost-effective manner have hampered vaccine development. One of the
primary constraints affecting vaccine use and efficacy is the timing of the initial immunization
in relation to immune system competence of the fish. To fit into current production practices and
be economically viable, vaccination must occur by immersion exposure when fry are initially
stocked into nursery ponds at 7 to 10 days of age. Recent research suggests that full immune
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system development may not be reached until 3 to 4 weeks of age, potentially rendering the fish
incapable of responding fully to immunization (Petrie-Hanson and Ainsworth 1999; 2001).

While previous attempts at vaccinating fish with killed bacterin preparations have for the most
part been unsuccessful, a live attenuated vaccine recently developed by the USDA-ARS Aquatic
Animal Health Research Laboratory, Auburn, Alabama, USA (Shoemaker et al. 1999) and
marketed as AQUAVAC-ESC® (Intervet Inc., Millsboro, Delaware, USA), is currently in use
for the prevention of ESC. Despite potential limitations associated with the immunocompetency
of the fish at vaccination, laboratory and field trials have met with some success. Research trials
demonstrated that the vaccine isolate offers protection against virulent E. ictaluri infections and
persists in host fish for up to 12 days following vaccination (Wise and Terhune 2001). Discre-
pancies between developmental immunological and vaccination studies are unclear, but may be
related to the persistence of vaccine isolate in host tissues.

According to the USD A/APHIS (2003), approximately 11.4% of fingerling operations vac-
cinated at least some fry. Although the efficacy of this practice across the industry has not been
established, limited commercial field trials indicate that, while vaccination does not eliminate
ESC, it does reduce morbidity associated with this disease. Comparisons among commercial
fingerling production ponds containing vaccinated and non-vaccinated fish demonstrated that the
vaccine significantly improved total production and feed conversion (Wise et al. 2003).

15.5 DISEASE TREATMENT

The goal offish health management is to limit the frequency of disease outbreaks and reduce the
severity of losses when they occur. There is often no single best treatment for any one disease;
therefore, the following sections are not intended to provide a step-by-step guide to treating
specific conditions. Rather, the goal is to present a conceptual basis for understanding principles
of disease management that can be integrated into an overall farm strategy to minimize losses
associated with infectious diseases. Strategies will vary from farm to farm, based on the nature
of the problem, size of the operation, type of production system, equipment availability, and
personnel. Ultimately, however, all decisions are based on economic considerations.

15.5.1 When to treat

The use of therapeutants should be considered using a cost-to-benefit analysis, where the potential
benefit of employing a treatment is weighed against its cost and the extenuating factors discussed
below. Consider first the value of the fish in relation to the potential losses from a particular
disease. Second, consider the actual cost of the treatment and whether it will exceed the value of
the anticipated fish losses. Finally, consider the chances of successful intervention when using
a given treatment.

The value of a population of fish is largely dependent upon the age of the fish and the
investments made over time in growing them to a particular size. The projected value should also
take into account the availability and price of suitable replacements throughout the year.
Estimating potential losses requires knowledge of the disease and how it progresses under a given
set of circumstances, including fish age and size, environmental conditions, and management
practices on the farm in question. For example, an outbreak of CCVD in a hatchery may cause
only minor economic impact if it occurs early in the spawning season while eggs are still
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available. Even though survivors may eventually grow to a marketable size, the best approach to
control may be to limit spread in the facility by destroying all potentially exposed fry, disinfecting
the hatching troughs, and restocking with additional egg masses.

Thought should be given first to daily mortality rates and whether or not they are increasing
or decreasing. If daily losses are minimal or not increasing, the costs of any treatment may not be
justified. When treating, costs will vary between alternative therapeutic agents, the form in which
the active ingredient is supplied, and how they are most effectively applied. For example, liquid
copper products are typically more expensive to purchase than granular copper sulfate, but are
easier to apply, and efficacy is not as strongly influenced by water alkalinity. Additional costs
may be incurred with certain treatments. For instance, the algicidal effects of copper sulfate will
often cause dissolved oxygen depletions and necessitate supplemental aeration. Consider also any
inherent risks associated with one treatment versus another and the effects they may have,
particularly on severely weakened fish.

When using antibiotic medicated feeds, remember that the feed has a nutrient value and will
promote growth if it is being consumed at rates above maintenance levels (Gatlin et al. 1986;
Robinson et al. 1990; Johnson and Smith 1994). Therefore, the cost of medicated feed should be
reduced by the cost of regular production feed to derive a true treatment cost. Also, when using
antibiotic medicated feeds, consider the potential impact that delays due to withdrawal times may
have on the marketability of a group of fish.

The success of any treatment is dependent upon the cause of the disease, what proportion of
the population is affected, and the severity of clinical signs. For example, the likelihood of
controlling bacterial infections is generally good, provided the disease is recognized at an early
stage and treatment instituted while only a small portion of the population is afflicted. When
medicated feeds are used to treat bacterial infections, it is critical that the majority offish are still
feeding if there is to be any hope of a successful outcome. Conversely, no known effective
therapies exist for viral and certain parasitic infections, such as channel catfish virus disease and
proliferative gill disease. Regardless of the value of the fish, the probability of successful
intervention is low and the most appropriate action may be simply to avoid stress and allow the
disease to run its course. While this decision may be difficult to accept, in the long run it may be
the most economical.

15.5.2 Treatment failures

One of the most difficult situations faced by diagnosticians is to make a diagnosis and then have
to inform a farmer that no effective treatment exists for the particular problem. While
uncomfortable for the diagnostician and frustrating for the producer, it is an unfortunate reality
faced by the industry. In desperation, farmers may insist on trying something and will often turn
to unproven or irrational treatment methodologies based on anecdotal or empirical information.
Beyond the expense of the treatment, this shotgun type of approach is usually ineffective at best
and may actually compound losses.

Unlike forms of animal agriculture where individuals can be treated according to need,
treatments in aquaculture production systems are complicated by the fact that they must be
administered at the population level. Within a population, individuals will typically be at
markedly different stages in the disease process. Some fish may not yet be affected, while others
are committed to death regardless of the administration of an otherwise effective treatment. For
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this reason and others, mortalities often continue for several days following the initiation of
treatment.

Providing adequate amounts of medicated feed or achieving an evenly distributed therapeutic
level of a chemical in large ponds are obstacles to successful treatment. When using water-borne
therapeutants, an accurate estimation of water volume is essential, so that fish are not over-dosed
(resulting in potentially toxic conditions) or under-dosed (resulting in inadequate treatment).
Uneven chemical dispersal can lead to similar results. In addition, any water quality variables that
may affect the activity of the therapeutant, such as pH, temperature, organic load, and alkalinity,
must be considered and compensated for, along with any changes that the chemical may cause
to the pond environment, such as reduced dissolved oxygen levels.

All chemotherapeutants have some level of toxicity associated with their usage, particularly
when misused. Even at recommended usage levels, mortalities may actually increase for brief
periods following application, due to direct or indirect toxic effects of the medicament,
particularly on severely weakened fish. For example, formalin and copper sulfate are both
irritating to gill tissues and have indirect risk factors associated with low dissolved oxygen levels.
Other indirect toxic properties of certain chemicals may include immunosuppression, which
increases susceptibility to infectious disease agents. Producers should be familiar with potential
toxicity problems prior to use and be prepared for any possible consequences.

The age of the fish and any history of prior exposure to an infectious agent can greatly
influence the severity of losses and chances for successful intervention. In multiple-batch
production systems, one size class of fish may be experiencing mortalities where other size
classes may not. Particularly in the case of ESC, smaller "understocked" fingerlings with no prior
exposure to the disease will be dying, while larger fish exposed the previous year have developed
some level of resistance and are only minimally affected. Targeting one size class of lower value
stockers may sacrifice growth and production of more valuable foodfish. This is especially true
when feed is withheld in the treatment of bacterial infections. Similarly, medicated feed intended
to treat smaller fish may not reach them due to competition with larger more aggressive cohorts
of a different age class.

Failure to eliminate underlying causes of stress is often a contributing factor to unsuccessful
treatments. Uncompensated stress resulting from a variety of causes, such as poor water quality,
suppresses immune system function. Particularly when using antibiotic-medicated feeds to treat
bacterial infections, replication of the bacterial agent is inhibited and the disease progression
slowed, although survival of the fish ultimately depends upon a competent immune system to
completely overcome the infection.

The presence of multiple agents can alter treatment efficacy and, under certain conditions,
inappropriate treatments can actually intensify mortalities. For example, application of chemical
treatments to control external parasites can potentially exacerbate losses if fish are suffering from
concurrent bacterial or viral infections. It is important to know the primary etiological agent
causing mortalities and how to direct therapy to make the treatment as safe and effective as
possible.

As previously discussed, anorexia is often the first sign of an emerging disease problem.
Medicated feeds are used to treat bacterial infections and are formulated to deliver a prescribed
amount of drug per given weight of fish per day. The amount of drug delivered depends on its
concentration in the feed and the amount consumed. To be successful, antibiotics must reach and
be maintained at a critical threshold in the tissues of the fish. Obviously, failure to consume an
adequate amount of a medicated feed is a cause for treatment failure.
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Bacterial resistance to antibiotics is another potential cause of failed therapy in aquaculture.
Furthermore, the development of antibiotic-resistant strains often result from the improper or
irrational use of antibiotic medicated feeds. Following FDA-approved guidelines for the use of
medicated feeds is the best protection against development of resistant strains. The prophylactic
use of antibiotics, inadequate intake or dosing, treating for longer or shorter than recommended
time periods, repeated use of the same antibiotic, and alternate day feeding regimens are all
mechanisms that promote development of antibiotic resistance. Antibiotic sensitivity testing can
be performed by most diagnostic laboratories and should be performed on all bacterial isolates
as part of the necropsy examination. Re-evaluation is recommended whenever fish are
unresponsive to 1 to 2 weeks of antibiotic treatment.

15.5.3 Treatment application

Dip, bath, indefinite, and oral treatment methods all have application in commercial catfish
culture, depending on the life-stage of the fish and the type of culture unit. In dip treatments, fish
are exposed to a high concentration of therapeutic chemical for a brief period of time. Fish are
typically gathered into a net, treated for 1 to 2 minutes, and then removed. Caution should be
exercised when using this method because fish are stressed by handling, confinement, and high
concentrations of the therapeutant. Treatments using this method are generally reserved for use
in hatchery settings in small volumes of water.

Bath treatments are applied to fish housed in tanks, raceways, cages, and hauling tanks. The
therapeutant is usually applied under static water conditions for up to 1 hour and then flushed
from the system. Application should occur evenly throughout the water volume, to ensure that
all fish are exposed to a safe and effective dose. Fish should be closely monitored for the duration
of the treatment for signs of stress, such as flashing, loss of equilibrium, or piping, and the system
immediately flushed if they occur. Therefore, adequate water supplies should be readily available
if emergency flushing is indicated.

Indefinite ("add and forget") treatments use low chemical concentrations that are allowed to
dissipate or degrade naturally. This is the preferred method employed when treating ponds, due
to the cost of applying large amounts of chemical and the inability to rapidly dilute or flush large
volumes of water. Application is best achieved using a boat to ensure even distribution.

The practice of adding chemicals behind aerators and allowing water currents to disperse the
compound throughout the pond should be avoided. This type of application can cause toxic levels
in some pond areas and not achieve rates high enough to kill the intended pathogen in others. As
with other treatment applications, fish should be monitored closely for signs of distress and
emergency aeration equipment should be readily available when treatments are applied.

Oral application is the only practical means of administering certain drugs in pond
aquaculture. Antibiotics are the only drugs routinely administered orally to catfish and are used
primarily to treat systemic bacterial infections. Antibiotics should always be fed at the prescribed
level for the full treatment period. If mortalities continue after treatment, additional samples
should be submitted to reconfirm the diagnosis and check for the development of bacterial
resistance to the drug. As previously discussed, inadequate consumption of orally administered
antibiotics is a major cause of treatment failures.
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15.5.4 Approved drugs

The Federal Food, Drug and Cosmetic Act gives the United States Food and Drug Administration
(FDA) authority to approve and regulate drugs administered to animals intended for human
consumption. Laws governing the approval process for new animal drugs help ensure that the
domestic food supply is among the safest in the world. The approval process is essentially the
same for both human and animal drugs regarding safety, effectiveness, manufacturing, and
labeling. This process has been cost-effective for pharmaceutical companies submitting drug
applications for major food animal species, such as swine and poultry. However, most have found
the expense of gathering the research data required for new drug approvals in minor species like
fish cannot be justified. Thus, only the antimicrobials Romet® and Terramycin®, the parasiticide
formalin, and the anesthetic Finquel® are currently approved to treat diseases in channel catfish.

Romet®

Romet® (Alpharma, Inc., Fort Lee, New Jersey, USA) is a potentiated sulfonamide antibiotic
combination of sulfadimethoxine and ormetoprim formulated in a 5:1 ratio. Romet® is con-
sidered bactericidal by virtue of the synergistic inhibition of the two compounds on sequential
steps in the metabolic pathway that synthesizes folic acid, an essential nutrient for bacterial
growth and reproduction. Romet-30® premix contains 113 g of sulfadimethoxine and 22.7 g of
ormetoprim per pound of premix. When incorporated into feed, it is fed at a rate designed to
deliver 2.3 g of active ingredients per 100 pounds offish per day. The most common commercial
formulation contains 33.3 pounds of Romet-30® premix per ton of finished feed (16.6 kg/metric
ton) and is fed at a rate of 1% of body weight per day to supply the proper dose.

Palatability problems associated with the bitter ormetoprim component of Romet® can be
partially overcome by adding at least 16% fish meal to the feed (Robinson et al. 1990). Romet®
is heat stable and usually formulated as an extruded floating pellet labeled to treat enteric
septicemia of catfish caused by E. ictaluri. It also has limited efficacy in the treatment of
Aeromonas sp. and F. columnare infections. Romet® should be fed for five consecutive days;
however, an additional 5-day treatment may be necessary if mortalities persist. A 3-day
withdrawal period is required prior to processing.

Terramycin®

Terramycin® (Phibro Animal Health, Fort Lee, New Jersey, USA), or oxytetracycline, is a broad-
spectrum antibiotic labeled for the treatment of motile aeromonad septicemia caused by
Aeromonas hydrophila. Like other tetracyclines, Terramycin® is bacteriostatic, inhibiting
bacterial growth by impairing protein synthesis (Volk et al. 1991). Some studies indicate that
oxytetracycline treatment may cause immunosuppression in carp and rainbow trout by interfering
with antigen processing and leukocyte activation (Rijkers et al. 1981; Grondel and Boesten 1982;
Anderson et al. 1984; Grondel et al. 1985). Although extensive studies in catfish have not been
performed, preliminary data indicates that when catfish are fed according to labeled rates, there
is no impedance to antibody titer response (Terhune 1999).

Terramycin TM-100® premix, containing 100 grams oxytetracyline per pound, is typically
added to feed at a rate of 50 pounds of premix per ton of finished feed (25 kg/metric ton). This
formulation is designed to deliver 2.5 to 3.75 grams of active ingredient per 100 pounds offish
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per day when fed at 1 % of body weight. Historically, Terramycin®-medicated feed has only been
manufactured as a sinking pellet, because it cannot withstand the high temperatures used to
extrude floating feeds. Recently, a cold extrusion process has been developed to allow the
production of a floating pellet, which has the advantage of permitting the monitoring of feeding
activity by the fish. Terramycin® is labeled for 7 to 10 days of consecutive feeding, but is usually
fed for the full 10 days to clear the pathogen and decrease the development of antibiotic
resistance. Terramycin® therapy must be discontinued for 21 days prior to processing the fish.

Formalin

Formalin is approved by the FDA as a parasiticide for use in treating protozoan infections,
particularly Ichthyophthirius and Ichthyobodo, and gill fluke infestations in catfish. It is also
labeled for use to treat fungal infections on egg masses, but is not effective for the treatment of
winter fungus (saprolegniasis) at levels nontoxic to fish. Formalin is a clear liquid containing 37%
formaldehyde gas, by weight, and 10 to 15% methanol. Methanol is added to prevent the
formation of paraformaldehyde, a white precipitate that is extremely toxic to fish and forms with
prolonged storage or storage below 4°C (40°F). If a white precipitate is present, the solution
should be discarded. Formalin is irritating to the eyes and respiratory tract, causes skin
hypersensitivity in some individuals, and causes cancer in laboratory animals. Care should be
taken to avoid inhaling vapors or allowing the liquid to contact exposed skin.

Formalin is considered 100% active for treatment purposes. Applications should be calculated
on a weight basis and then converted to volume by dividing the weight of formalin by its specific
gravity (1.08 g/mL). For example, the weight of formalin in grams is divided by 1.08 to derive
the volume of formalin in milliliters. For treatment of eyed eggs, use 1,000 to 2,000 mg/L (0.925
to 1.850 mL/L or 3.5 to 7.0 mL/gallon) for up to 15 minutes. Formalin accumulates in the chorion
causing toxicity to eyed embryos and should not be used. Bath treatment rates range from 125 to
250 mg/L (0.115 to 0.230 mL/L or 0.44 to 0.88 mL/gallon) for one hour at temperatures below
21 °C (70°F). Do not use greater than 150 mg/L at temperatures above 21 °C (70°F). For indefinite
treatments, use 15 to 25 mg/L, equivalent to 0.014 to 0.023 mL/L in tanks or aquaria or 4 to 8
gallons/acre-foot in ponds. Field observations indicate that lower rates may be efficacious during
winter periods when organic loads are low and phytoplankton blooms sparse.

Formalin is often considered too expensive for treating large ponds. It is irritating to gill
tissues and should be used only in the presence of adequate aeration and under close observation
for signs of stress. Its use is contraindicated entirely at temperatures above 27°C (80°F). Formalin
is phytotoxic and its use at warm temperatures may cause dissolved oxygen depletions (Wellborn
1985).

Finquel®

Finquel® (tricaine methanesulfonate or MS-222; Argent Chemical Laboratories Inc., Redmond,
Washington, USA) is approved as an anesthetic agent for use in catfish. Although it is seldom
used, Finquel has application in commercial settings to prevent stress during handling and
transport. Dosage rates vary, depending on the desired effect, fish size and species, water
temperature and hardness, and stocking density. Dosages of 10 to 40 parts per million (ppm) will
produce light sedation, depending on the duration of transport. Dosages of 50 to 250 ppm may
be warranted, particularly in laboratory settings, depending on the level of anesthetization
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TABLE 15.4. Partial list of compounds classified by the United States Food and Drug Adminstration as "Low
Regulatory Priority Aquaculture Drugs."

required. Following use, a 21-day withdrawal period is required before processing. The white
crystalline powder should be protected from light and discarded if yellow or brown.

15.5.5 Compounds of low regulatory priority

A number of compounds (Table 15.4) are not approved for use in food fish, but are considered
to be of low regulatory priority by the FDA. Although these compounds are not technically
approved, the FDA is not likely to object to their use, as long as the following conditions are met:
1) the compounds are used for the prescribed indications, including life stage and species, 2) they
are used at the prescribed dosages, 3) they are used according to good management practices, 4)
an appropriate quality grade is used for food animals, and 5) there is no adverse effect on the
environment (Federal Joint Subcommittee on Aquaculture 1994).

Copper sulfate

Copper sulfate is registered with the EPA for use in food-fish ponds as an herbicide and algicide.
In addition, it is also used successfully to treat protozoan parasites, such as Ichthyophthirius,
Ambiphrya, Apiosoma, Trichodina, and Capriniana, and is currently being reviewed by the FDA
for full approval for this use. Data, however, is lacking regarding its efficacy in the treatment of
external bacterial infections such as columnaris. The active ingredient is the cupric ion, and the
most common form of copper used by the industry is copper sulfate pentahydrate (CuSCy5H2O),
which, for purposes of calculating treatment rates, is considered 100% active.

The chemistry of copper in water is complex; both its efficacy and toxicity are influenced by
factors such as pH, total hardness, and total alkalinity (Boyd and Tucker 1998). Total alkalinity
should be measured immediately before treatment. In acidic waters of low alkalinity and hardness,
copper sulfate is extremely toxic and should never be used to treat fish. The copper sulfate
application rate for indefinite treatments (in mg/L copper sulfate pentahydrate) is calculated by
dividing total alkalinity (in mg/L as CaCO3) by 100.

Compound Prescribed dose and use
Acetic acid 1,000 to 2,000 mg/L for 1 to 10 minutes as a parasiticide
Calcium chloride For use in increasing water hardness
Calcium oxide 2,000 mg/L for 5 seconds as a protozoacide
Carbon dioxide For use as an anesthetic
Hydrogen peroxide 250 to 500 mg/L to control fungi
Ice For use in reducing metabolic rates during transport
Magnesium sulfate 30 g/L with 7 g/L NaCl for 5 to 10 minutes to control monogenetic trematode and

external crustacean infestations
Papain 0.2% solution to remove gelatinous matrix offish egg masses
Potassium chloride For use as an aid in osmoregulation
Povidone iodine 100 mg/L for 10 minutes as an egg disinfectant
Sodium bicarbonate 142 to 642 mg/L for 5 minutes as an anesthetic
Sodium chloride 0.5 to 1% as an osmoregulatory aid; 3% solution for 10 to 30 minutes as a parasiticide
Sodium sulfite 15% solution for 5 to 8 minutes to improve egg hatchability
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The primary toxic mechanism of copper exposure in freshwater fish and crustaceans appears
to be osmoregulatory dysfunction brought about by disruption of gill ionoregulatory activity
(Lauren and McDonald 1985). A variety of other dysfunctions have been described for copper-
exposed animals. These include gill lesions, blood acidosis, and anemia—all of which contribute
to decreased respiratory efficiency (Sorensen 1991). Copper is also reported to impair the immune
responses offish (Hetrick et al. 1979). Accordingly, its use should be carefully considered when
water temperatures are conducive to outbreaks of ESC because exposure offish to copper may
make them more susceptible to infection.

Copper sulfate pentahydrate is available in different size granules and as a readily dissolved
powder. Copper can also be obtained in liquid form as chelated or acidified copper compounds
with increased residual times in the water column, especially in waters of high total alkalinity.
Liquid copper formulations are more expensive, but are easier to apply and eliminate the need to
base dosages on total alkalinity, even though they still should not be used at total alkalinity values
below 50 mg/L as CaCO3. As with formalin, copper products are phytotoxic and can cause
dissolved oxygen depletions in ponds, particularly at high water temperatures.

Potassium permanganate

Potassium permanganate (KMnO4) has been used to treat certain external protozoan infestations,
gill flukes, winter fungus, and F. columnaris infections. Potassium permanganate was previously
labeled by the EPA as an oxidizing and detoxifying agent. However, the registration has recently
expired and product registration has not been renewed for use in food-fish ponds. As of 2004,
investigations were underway to meet the requirements for registering potassium permanganate
as a drug with the FDA (Rosalie Schnick, National Coordinator for Aqauculture New Animal
Drug Applications, personal communication).

Bath treatments with potassium permanganate in tanks can be accomplished using 5 to 10
mg/L for up to 1 hour. At these high concentrations fish should be observed continuously for
signs of distress. Over-dosing causes chemical burns to the gills, leading to respiratory distress
and rapid death. Treatment rates for indefinite pond treatments will vary from pond to pond
because potassium permanganate is consumed as it reacts with organic matter. Therefore, the
amount needed increases as the level of organic material in the water increases.

When potassium permanganate is applied, the water initially turns a "red wine" color and then
brownish as the chemical reacts with organic matter. For effective treatment, a potassium perman-
ganate concentration 2 mg/L above the amount lost in initial oxidation reactions with organic
material is needed. This concentration should leave the water wine colored for several hours
hours. Ponds with sparse phytoplankton blooms may require only a 2 to 4 mg/L treatment,
whereas 10 mg/L, or more, may be required in a pond with abundant phytoplankton.

Potassium permanganate treatments can be performed by adding 2 mg/L increments of the
chemical to ponds until a wine color is achieved and maintained for an adequate amount of time.
However, safe and effective treatment rates are best estimated prior to application by performing
a "15-minute potassium permanganate demand test" (described by Tucker and Robinson 1990).
The pond treatment rate (in mg/L KMnO4) is then established by multiplying the 15-minute
permanganate demand (in mg/L KMnO4) by a factor of 2.5. During application, the chemical
should be applied in 2 to 4 mg/L increments, with lower increments applied as the rate approaches
the estimated value obtained from the demand assay.
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Potassium permanganate is available as a dry powder and is considered 100% active when
completely dissolved. The powder is caustic and contact with human skin should be avoided,
especially when wet. The chemical must be evenly distributed throughout a pond as quickly as
possible to avoid the formation of "hot spots." A simple method of application is to fill burlap
sacks with powder and drag them through the water from a small boat until dissolved. Potassium
permanganate may kill phytoplankton blooms leading to oxygen depletion, and creating a need
for supplemental aeration. Potassium permanganate is expensive to use, especially in large ponds
with high organic loads, and potential losses should be weighed carefully against the cost of
treatment.

Salt

Salt (NaCl), or sodium chloride, is registered for use in food fish as an osmoregulatory enhancer.
In that regard, it is used primarily to reduce stress during fish transport. It is also used in the
catfish industry to combat methemoglobinemia, or brown-blood disease, and is occasionally used
to treat external parasites.

When fish are transported, salt can be added to hauling tanks to provide a concentration of
0.1 to 0.3% (1 to 3 ppt, or 1,000 to 3,000 ppm) salt. This level of salt is tolerated indefinitely by
channel catfish and may have some application in disease control, but is impractical in large
ponds, due to the vast quantities needed to achieve and maintain such high concentrations. For
control of external parasites, 2 to 3% (20 to 30 ppt or 20,000 to 30,000 ppm) salt can be used as
a dip treatment for up to 1 minute, or until the fish show signs of stress.

As a general recommendation, a minimum chloride level of 100 mg/L is desirable in catfish
ponds to protect against stress and nitrite-induced methemoglobinemia. Nitrite toxicosis is
discussed in Section 3.3.7 and management of nitrite toxicosis in discussed in Section 10.13.

15.6 CHANNEL CATFISH VIRUS DISEASE

Channel catfish virus disease (CCVD) has been a part of the commercial catfish industry almost
since its inception. Today the virus is present throughout all catfish growing regions of the United
States and CCVD should be suspected whenever fry or fingerlings begin dying in large numbers
and temperatures are above about 20°C (ca. 70°F). Although CCVD has a small overall impact
on the industry, the effects on individual farms can be significant, with mortalities approaching
100% in affected production units. Examined collectively, CCVD typically accounts for only 1
to 2% of total disease losses in catfish production areas. In northwest Mississippi, CCVD has
accounted for 1.8 to 5.8% of cases received by the Aquatic Diagnostic Laboratory in Stoneville,
Mississippi from 1997 through 2002.

15.6.1 Factors associated with disease outbreaks

Overall mortality and the speed with which signs develop are highly variable and directly related
to fish size, water temperature, and the amount of virus to which the fish are exposed (Wellborn
1969; Plumb et al. 1973). Early on, an association was made between early CCVD outbreaks and
episodes of oxygen stress (Fijan 1968). Today it is known that the occurrence of outbreaks and
overall losses are strongly influenced by management practices and environmental factors that
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stress young fish. On individual farms, outbreaks may occur sporadically from year to year, but
when they do take place, losses can be severe. Concurrent infections with Flavobacterium
columnare, Edwardsiella ictaluri, or both, can also influence mortalities.

Outbreaks can occur in hatcheries or ponds, but only in channel catfish fry and fingerlings less
than 15 cm (6 inches) in length. Greatest mortality rates occur in smaller fish, and losses are
strongly influenced by water temperature. In laboratory trials, clinical signs can develop in as little
as 2 to 3 days following exposure to the virus at 25 to 30°C (77 to 86°F), and mortalities may
approach 100% in less than a week. At 20°C (68°F), disease signs may not be seen for up to 10
days and mortalities are significantly lower. Similar findings occur under field conditions
(Wellborn 1969).

The virus is transmitted horizontally (Wellborn 1969; Fijan et al. 1970) from fish to fish, and
vertically, presumably from brood stock to fry via eggs or sperm (Bowser et al. 1985; Wiseet al.
1988; Boyle and Blackwell 1991; Baek and Boyle 1996; Gray et al. 1999). While fish are dying,
transmission can occur between fish, either through the water or by direct contact (Wellborn
1969; Fijan et al. 1970). The virus persists in fish surviving an outbreak without causing further
signs of disease. The majority of commercial broodstock are believed to harbor the virus in this
latent state.

By an unknown mechanism, the virus breaks latency in broodstock as the time of spawning
approaches and is passed to offspring. Broodfish may carry the virus even though they show no
clinical signs of infection, have no history of disease, or detectable evidence of past infection in
the form of neutralizing antibodies (Plumb et al. 1981; Boyle and Blackwell 1991). It is not
known whether food-size fish that have survived an outbreak in previous years can transmit the
disease directly to susceptible fingerlings. However, considering the frequency of understocking
in the industry, empirical evidence suggests that this probably does not occur to any significant
extent.

Persistence of the virus in pond water is limited to 2 days at 25°C (77°F), but up to 28 days
at 4°C (39°F). The virus is inactivated almost immediately upon contact with pond mud to which
it readily adheres. In dechlorinated tap water, survival times are considerably longer, pointing to
the need for proper disinfection in hatchery troughs. The virus is highly susceptible to ultraviolet
radiation and drying and is not believed to persist on netting and other equipment allowed to dry
and exposed to sunlight for more than 1 to 2 days (Plumb 1978; Brady and Ellender 1982).

15.6.2 Treatment

There are no effective treatments available for CCVD. An accurate diagnosis should be sought,
however, as signs may mimic ESC, leading to inappropriate or ineffective treatments. Samples
should be submitted for diagnosis while fish are dying, as the virus does not persist at detectable
levels in decomposing tissues that have not been properly chilled or for more than a few days after
mortalities cease (Plumb et al. 1973). A presumptive diagnosis can usually be made in 24 to 48
hours using cell culture, but can require up to 1 week. Confirmation is by neutralization, immuno-
fluorescence, ELISA, or PCR, but these tests may not be available at all diagnostic laboratories.
Culture and antigen-based testing will not detect carrier fish, which can only be accomplished
using neutralizing antibody and PCR (OIE 2003). Due to the short delay in obtaining a diagnosis
and the rapidity with which the disease can spread in a population, it is imperative that samples
be submitted for diagnosis as soon as a problem is suspected.
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Chemical treatments—such as copper sulfate and formalin—used to treat external parasites
and infections can stress fish and increase mortality rates from CCVD, especially if treatment
affects dissolved oxygen levels. The use of antibiotic-medicated feeds may reduce mortalities in
some cases by controlling concurrent bacterial infections, such as ESC and columnaris, which are
common during CCVD outbreaks. An alternative to the use of medicated feeds is simply to cease
feeding while mortalities are actively occurring. This is believed to limit contact, and possibly
transmission, between fish as they crowd together during feeding. Reducing water temperatures
below 19°C (66°F) is effective at curtailing mortalities under experimental conditions, parti-
cularly if enacted before significant mortalities begin, but is impractical for most commercial
operations (Plumb 1973).

15.6.3 Control and prevention

Because effective treatments are unavailable, good management practices are essential to limiting
the frequency and severity of CCVD. Control and preventive measures include avoidance, con-
tainment, and stress reduction. Advances in molecular technology may make screening of brood
stock and egg masses for the presence of virus a reliable method of avoiding the disease in the
future. While technically feasible, the practicality of inspection on a large scale is questionable.

Water supplies to hatcheries and ponds should not contain wild or feral fishes that might
harbor the virus. Newly acquired fry and fingerlings should be quarantined and never mixed with
other groups offish. Fish surviving an outbreak may be stunted (McGlamery and Gratzek 1974),
but may eventually grow to market size. However, these fish should not be mixed with
susceptible fry or fingerlings with no known history of the disease. All survivors of an outbreak
should be assumed to be carriers of the virus and should not be used as future broodstock. When
the disease cannot be avoided and has been a persistent problem, the use of strains with enhanced
resistance may offer a possible solution, but currently are not widely available.

Containment involves sanitation and disinfection. In hatcheries, troughs should be cleaned,
disinfected, and dried between batches of fry. Fry from diseased troughs should be carefully
removed and destroyed, while being careful not to contaminate adjacent troughs with splash over,
nets, siphons, or other hatchery implements. Disinfect equipment, troughs, and any surfaces
coming in contact with diseased fish with calcium hypochlorite (HTH®) or household bleach.

Quarantine ponds with diseased fish to the extent possible and do not allow effluent to flow
to other ponds. Seines, aerators, and other equipment should be allowed to dry thoroughly before
being used. Dead fish should be removed if possible, as they may serve as a source of infection
to additional fish and may be moved to nearby ponds by birds and other animals. Susceptible fish
should not be stocked into ponds with a history of CCVD unless they have been disinfected,
drained, and allowed to dry. Evidence suggests that thorough drying alone may be sufficient to
eliminate the virus.

Maintaining optimal water quality—particularly dissolved oxygen levels—in hatcheries,
broodstock ponds, and fingerling ponds is the best way to avoid stress, which may precipitate or
worsen an outbreak of CCVD. In the hatchery, avoid crowding, low water flow, and poor water
circulation. Remove eggshell debris and provide good nutrition with a high-protein diet. In
fingerling ponds, do not overstock or overfeed. Outbreaks can occur whenever temperatures
exceed 20°C (68°F), however the greatest risk for losses occurs at higher temperatures.
Whenever possible, avoid handling fry and fingerlings at temperatures above 30°C (86°F).
Because this is not practical for most operations, reduce stress by harvesting during the cooler
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hours of the day, avoid holding fish for extended periods under close confinement, limit grading
activities, do not crowd during transport, and always provide adequate oxygen. Never seine or
transport fish during an active outbreak of disease.

Channel catfish are capable of mounting a protective immune response against the virus,
probably in response to proteins present on the outer surface of the viral particle. Despite this,
more than 20 years have passed since the first attempts were made to develop a practical CCVD
vaccine (Walczak et al. 1981) and none are currently available on the market. Fear of reversion
to a virulent form, difficulties in delivering a vaccine to eggs and large numbers of small fish,
reluctance of licensing authorities, cost of development and production, and lack of knowledge
regarding the existence of multiple distinct viral strains have hampered vaccine development.

Attempts at vaccination have included exposure to or inoculation with a virus strain weakened
by repeated passage in cell culture, protein components of the outer viral coat, and genetically
altered strains lacking critical genetic machinery of the virus (Walczak et al. 1981; Awad et al.
1989; Zhang and Hanson 1995, 1996). Most recently, experimental use of a DNA vaccine has
shown efficacy in protecting young fish against CCVD, but problems with the delivery system
remain to be overcome (Nusbaum et al. 2002). Modern laboratory techniques have made it
possible to determine the entire genetic make-up of the virus and, as knowledge of the role of the
more than 70 gene subunits that make up the virus are better understood, it is likely that an
effective vaccine will be developed. Vaccination holds promise as a future preventative measure
only if the cost of developing such a product can be justified against the overall impact of the
disease on the industry and if vaccination can be successfully integrated into typical production
schedules.

15.7 BACTERIAL DISEASES

Bacterial infections are the most commonly diagnosed diseases affecting farm-raised catfish and
account for more than half of the disease-related losses (USDA/APHIS 1997). Although many
species of bacteria have been isolated from diseased channel catfish, Edwardsiella ictaluri (the
causative agent of ESC) and Flavobacterium columnare (the causative agent of columnaris
disease) are by far the most important bacterial pathogens effecting fish. Both diseases follow
seasonal trends—occurring primarily in the spring and fall—and can cause losses exceeding 50%
in populations of susceptible fish. The severity of epizootics depends on the history of the fish
(age and previous exposure to bacterial pathogens), type of infection (acute or chronic), and
culture conditions (stocking density, feeding rates, and environmental quality).

15.7.1 General comments on managing bacterial diseases

The most significant factor influencing the susceptiblity offish to bacterial pathogens is previous
exposure. Because fish that survive infection have increased resistance to subsequent infection
due to development of acquired immunity, the most severe epizootics occur during the fall in
populations of young-of-the-year fingerlings. Following this initial "fall disease season"
immunocompetency of survivors increases and, as fish grow, bacterial infections have less impact
on production. Therefore the type of operation (fingerling or foodfish) will dictate how bacterial
infections are managed.
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In general, fmgerlings suffer from acute infections that rapidly spread through the population.
Larger fish generally suffer from chronic infections characterized by lower transmission rates.
Although chronic infections in larger fish generally cause lower mortality rates, they may have
important impacts on production because larger fish have greater value per individual than
smaller fish. Also, chronic infections can be difficult to treat.

Regardless of the production system, management of bacterial diseases does not start with the
occurence of disease and treatment of infected fish, but rather with establishing good husbandry
practices, record keeping, and developing methods of monitoring fish performance. Although E.
ictaluri and, to a lesser degree, F. columnare, are highly pathogenic to healthy populations of
susceptible catfish, the severity of epizootics is greatly increased by stress. Therefore, the first
step in controlling bacterial infections is to minimize stressful events by establishing good
husbandry practices.

The main source of stress—and the most difficult to control—is poor environmental
conditions. While it is not possible to eliminate stress under commercial aquaculture conditions,
it is absolutely critical to use good aeration practices and prevent nitrite-induced methemo-
globinemia by maintaining adequate levels of chloride in the pond. This is particularly critical
during fall and spring when the prevalence of high nitrite levels in ponds coincides with the time
most conducive for the development of bacterial infections. Using conservative stocking densities
and feeding rates and minimizing the transport offish during temperature ranges permissive for
bacterial infections will also help minimize losses. If it is necessary to harvest and restock
fmgerlings during this time, closely evaluate the fish stocks to ensure that populations are not
diseased. Use transport practices that reduce stress, such as lower fish densities during transport
and the use of salt as a hauling-tank additive.

When conditions are conducive to the development of bacterial diseases, ponds should be
monitored at least daily for changes in behavior and feeding activity that may signal the early
stages of disease. Another important—but commonly overlooked—practice is developing the
discipline to maintain detailed records of feed consumption, water quality, and estimated
mortality. These records are essential in determining the underlying causes of production
problems and developing appropriate treatment strategies. Of primary importance is maintaining
water quality records that can be used to identify populations of fish at increased risk for the
development of bacterial infections. While decreases in feed consumption can signify the early
stages of an infection, identifying stressful events such as high levels of nitrite or episodes of low
dissolved oxygen concentrations can help identify at-risk populations. This information can then
be used to selectively implement proactive disease management that greatly increases the chances
of effectively breaking the infection cycle.

Proactive strategies may simply involve aggressively monitoring high-risk fish populations
for early signs of disease so treatments can be implemented at the earliest possible moment. Other
components of good, proactive management include maintaining high levels of chloride to
prevent methemoglobinemia or changing feeding practices when outbreaks of ESC are likely.

As bacterial diseases develop, the likelihood of successful intervention is generally good,
provided treatments are initiated before significant mortalities occur. Early diagnosis and prompt
treatment are, however, essential because most treatments are actually most effective in pre-
venting or slowing the spread of the disease throughout the population rather than actually
"curing" diseased fish. If antibiotic therapy is used, treatments should be started during the early
stages of the epizootic before the infection has spread throughout the population. Sick fish do not
feed well, so once the disease has affected a large proportion of the population, it will be difficult
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to deliver enough antibiotic through medicated feed to have much effect on the course of the
epizootic. In theory, antibiotics are administered at a rate to deliver a prescribed amount of active
ingredient per unit of fish biomass. In practice, regardless of fish biomass (which in most
instances is not known), it is important to feed medicated feed to satiation to ensure adequate
delivery of the drug to less aggressively feeding fish.

The two antibiotics approved for use in channel catfish farming are discussed in Section
15.5.4. Romet®, a potentiated sulfonamide, is labeled for use against E. ictaluri infections and
is the drug of choice for controlling ESC. Terramycin® (oxytetracylince) is labeled for use against
Aeromonas hydrophila infections, but is also effective in treating F. columnare infections. In
many cases, both E. ictaluri and F. columnare are sensitive to Romet® and Terramycin®.
However, these drugs should not be considered interchangeable. For reasons that are poorly
understood, Romet® appears to have poor field efficacy against F. columnare infections and
Terramycin® has little efficacy against E. ictaluri infections. Accordingly, accurate diagnosis and
follow-up diagnostic evaluations are critical in controlling losses associated with these two
bacteria. Further complications arise because ESC and columnaris follow the same seasonal
trends and often occur as mixed infections. This necessitates determination of which bacterium
is considered the most important in an epizootic. Laboratory findings alone may not provide a
complete picture of the significance of a particular disease. Further evaluation may be required,
including pond-side observations of clinical signs, assessment of mortality patterns, and assump-
tions based on individual farm and regional disease trends.

15.7.2 Enteric septicemia of catfish

Enteric septicemia of catfish (ESC) is the most serious infectious disease problem of farm-raised
channel catfish, accounting for 27.3% of losses on fmgerling operations (USDA/APHIS 2003).
The disease is found throughout the United States wherever channel catfish are commercially
cultured. All sizes of channel catfish are susceptible to ESC, but it is primarily a problem in
populations of fry and fingerlings. Epizootics of ESC are highly seasonal, occurring primarily in
spring and fall. The causative agent of enteric septicemia of catfish—Edwardsiella ictaluri—and
characteristics of the disease are discussed in Section 14.3.1.

Physical and behavioral signs

Fish with ESC do not feed well, may be listless, or swim erratically, often in circles. Petechial
hemorrhages may develop around the mouth and on the undersides offish. Small white ulcers
may also be present on skin surfaces. The presence of an ulcer on the top of the head between the
eyes is considered the most characteristic clinical sign of the disease and gives it one of its
common names, "hole-in-the-head disease." Infected fish often have exophthalmia and a dis-
tended abdomen due to clear or straw-colored fluid in the body cavity. Internal organs and
visceral fat may have petechial hemorrhages. The kidney and spleen are usually enlarged, and the
liver may contain tan necrotic spots.

Diagnosis

A tentative diagnosis can be made on the basis of clinical signs, particularly if the characteristic
hole-in-the-head lesion is observed and water temperatures are conducive to the disease. Because
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the disease frequently progresses rapidly with sudden cessation of feeding, a strong tentative
diagnosis can be sufficient reason to begin antibiotic therapy. The diagnosis should subsequently
be confirmed by laboratory isolation and identification of bacteria from sick fish. A complete
diagnosis is necessary not only to confirm the cause of the disease but also to detect any mixed
infections that may require later attention and verify that the bacteria are susceptible to the
antibiotic being used. Laboratory diagnostic methods are detailed by Plumb (1999) and are
summarized in Section 14.3.1.

Control

Prompt treatment is critical to successful control of ESC. Because the occurrence is highly
seasonal, ponds should be closely monitored during the spring and fall for any sign of sick fish.
Pay particular attention to fry nursery and fmgerling ponds. Take action as soon as fish are
diagnosed as having ESC. Of the two antibiotics presently available, Romet® is the drug of
choice for treatment of ESC. Commercial catfish farmers report variable treatment success with
medicated feed therapy, probably related to delayed initiation of treatment and subsequent failure
to achieve the necessary levels of antibiotic in fish because of poor feeding response.

Because fingerlings are considerably more susceptible to ESC, producers of fingerlings should
anticipate ESC by implementing proactive disease management across all ponds in the fall. The
best procedure uses a combination of restricted feeding practices to reduce the incidence of
disease (Wise and Johnson 1998) and medicated feed when outbreaks are first observed. Fifty-
four percent of fmgerling producers withhold feed as their primary treatment for ESC, while
18.1% use antibiotic medicated feeds (USDA/APHIS 2003).

Feed restriction should be implemented in all ponds that are used for fmgerling production
prior to the onset of mortality and its timing varies depending on climatological trends. In
northwest Mississippi (the "Delta") and regions with a similar climate, feed is restricted
beginning in late August or early September with the passage of the first cold fronts of autumn.
A common practice is to feed fingerlings every other day or every third day. Based on field and
laboratory observations (Wise and Johnson 1998), daily feed allowance does not appear to be as
critical as feeding frequency. Therefore, to minimize growth reduction from restricted feeding,
fish should be fed to satiation on the days on which they are fed.

Restricted feeding can dramatically reduce losses to ESC, but it will not prevent outbreaks.
When losses to ESC begin to increase in a particular pond, complete withholding of feed or the
use of medicated feed followed by a period of starvation is generally the best course of action.
The length of time to withhold feed depends on how quickly conditions improve. In general, feed
should be withheld until mortalities have significantly decreased, at which time fish can be slowly
brought back on feed over a period of several weeks.

Managing ESC in populations of foodfish is more difficult because populations usually
consist of mixed size-classes of fish. Prophylaxis using feed restriction is generally not an
attractive alternative because of the effect of restricted feeding on production relative to the highly
unpredictable mortality rates seen in most foodfish ponds. Control of ESC in populations of
foodfish must be considered on a pond-by-pond basis as problems develop. Quite often, low-
grade infections do not require aggressive treatment since larger fish generally have some level
of acquired immunity. In populations of mixed-sized fish, it may be difficult to justify
withholding feed if losses are occurring only in small "understocked" fish. It may be more
appropriate to continue feeding for best growth, possibly using medicated feed to control the
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infection. There is, however, some question about the benefit of medicated feed therapy when
losses are occurring in only understocked fish. Large fish tend to outcompete the smaller fish for
feed in mixed cultures, and the understocked fish may not be able to consume enough medicated
feed to obtain a therapeutic dose of the drug.

15.7.3 Columnaris

Columnaris is the second most common bacterial disease of farm-raised channel catfish,
accounting for 24.8% of losses on fingerling operations (USDA/APHIS 2003). It occurs through-
out the warmer months, particularly in late spring and early fall. Outbreaks are usually associated
with stressful conditions. Columnaris is caused by the gram-negative bacterium Flavobacterium
columnare. Characteristic of the organism and the disease are discussed in Section 14.3.2.

Physical and behavioral signs

Columnaris usually begins as an infection of the external surfaces of the fish. Lesions occur on
the gills, body, head, fins, and inside the mouth. Necrosis may be extensive, regardless of
location, and lesions are often discolored yellow-brown due to the production of yellow bacterial
pigments. In severe cases, there may be loss of large areas of gill tissue and underlying muscles
and bone may be exposed. Fungi often invade external lesions if water temperatures fall below
about 15°C (ca. 60°F). Internal localization often coincides with external infection, but may be
present in the absence of external lesions. Fish with internal columnaris show little or no physical
evidence of the disease and at this time, the significance of internal infections remains to be fully
elucidated. For a more detailed description, see Section 14.3.2.

Diagnosis

Observation of bacteria in scrapings from external lesions provides a presumptive diagnosis of
columnaris. The slender rods can be seen under a microscope at magnifications of 200x or
greater, often appearing in wet mounts as easily observed "haystacks" formations on tissue
margins. Internal columnaris can only be confirmed by laboratory isolation. Although
microscopic evaluations are necessary to verify external columnaris infections, the disease can
be easily recognized grossly by the presence of depigmented to ulcerated areas on the skin, frayed
and necrotic fins, and foci of gill necrosis. Although uncommon in food-size fish, fingerlings
often develop swollen, necrotic, white-yellow lips. Hawke and Thune (1992) and Plumb (1999)
describe appropriate methods for detection of systemic infections, which are summarized in
Section 14.3.2.

Control

As with ESC, young-of-the year fingerlings are particularly susceptible to columnaris in their first
fall, even if overtly stressful predisposing factors are absent. In older fish, stress or another pre-
existing disease is almost always associated with columnaris. As such, losses to columnaris can
be reduced by preventing stressful situations—a difficult task under commercial conditions—and
by using good production practices. Although biosecurity is not of primary concern because the
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bacterium is considered ubiquitous in most waters, movement of infected stocks should be
minimized to prevent spread of the disease within the infected stock.

Treatment of columnaris depends on the manifestation or stage of the disease. External
infections may be controlled with indefinite bath treatments provided the infection is detected
early and treatments initiated before the development of internal systemic infections. Although
there are no chemotherapeutents approved for treatment of columnaris by the FDA, low
regulatory-priority agents such as potassium permanganate, formalin, and copper sulfate have
been used in attempts to control the disease. Care should be exercised when using chemicals to
treat external bacterial infections because none of these chemical treatments has been proven
consistently effective and most are rendered less effective in waters with a high organic load.
Also, once a systemic infection develops, external chemical treatments will have little effect and
may actually cause greater losses because exposure to the chemical stresses the fish or leads to
degradation of the environment. Treatment of systemic columnaris therefore relies on therapy
with medicated feed.

Although Terramycin® is approved only for use against Aeromonas spp. bacterial infections
in channel catfish, the drug can be effective in controlling losses to columnaris. Most cases of
external columnaris have concurrent systemic infections that will not respond to chemical
treatments. For this reason, antibiotic therapy using medicated feed is generally recommended for
all columnaris outbreaks—even when internal infections are not confirmed.

Although withholding feed is an effective management tool for preventing and controlling
ESC, the practice appears to have little effect on the incidence of columnaris. In fact, it appears
that short-term starvation can actually exacerbate columnaris (Shoemaker et al. 2003).

15.7.4 Opportunistic bacterial pathogens

The motile aeromonads Aeromonas sobria and A. hydrophila are opportunistic pathogens that
produce disease when fish are stressed. They are also common secondary invaders during other
diseases. The bacteria are commonly found in aquatic habitats and among the normal microflora
of the catfish intestinal tract. Although the aeromonads are commonly isolated from diseased fish
their presence is generally considered secondary to other infectious diseases and do not require
targeted treatment. Exceptions occur in fish raised in recirculating systems or other intensive
systems where fish are excessively crowded. Under these conditions medicated-feed therapy is
generally recommended to control infections. Terramycin® is labeled for use in channel catfish
to treat motile aeromonad septicemias. Bacterial resistance to both Romet® and Terramycin® is
common and antibiotic sensitivities should always be run prior to treatment with medicated feeds.
The aeromonads are discussed in Section 14.3.3.

Edwardsiella tarda is another opportunistic bacterial pathogen that can cause disease in
channel catfish (see Section 14.3.4). Although the disease is relatively rare, it can result in
relatively high mortality rates. Outbreaks typically occur in larger food-sized fish during the
summer months after fish have been severely stressed (as in acute depletions of dissolved oxygen)
or when fish are subject to severe overcrowding. There are no antibiotics labeled for use against
E. tarda infections in catfish, but infections usually respond to either Terramycin®- or Romet®-
medicated feed fed at rates recommended for other bacterial infections. The infection is not easily
spread from fish populations in one pond to populations in another pond, but infected fish should
be quarantined until the infection has run its course through the population.
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15.8 OOMYCETE (FUNGAL) DISEASES

Fungal-like organisms belonging to the Class Oomycetes are among the normal flora of
freshwater and estuarine habitats. The oomycetes, or water molds as they are commonly known,
are not considered true fungi, because they lack chitin in their cell walls and produce motile
biflagellate zoospores. As such, they are more closely related to algae than true fungi (Kwon-
Chung 1994). Oomycetes cause infection and mortality in channel catfish at all stages of
production, from eggs to broodfish. Infections are most frequently attributed to members of the
family Saprolegniaceae, including the two important genera Saprolegnia and Branchiomyces.
External infections of the skin and gills resulting from Saprolegnia sp. infections are termed
saprolegniasis. Invasive infections of the gill vasculature caused by Branchiomyces spp. are
termed branchiomycosis.

15.8.1 Saprolegniasis

The most common and economically important disease syndrome associated with water mold
infection is saprolegniasis, a component of the "winter mortality syndrome" described by Francis-
Floyd (1993). Other terms used to describe this disease are "winter fungus" and "winter kill."
The term "winter kill" should not be confused with fish losses resulting from anoxic conditions
that develop in ice-covered ponds in colder northern climates. Lesions are characterized by the
presence of white to brownish cottony patches located on the surface of the skin and gills,
overlying variably sized areas of ulceration. Deaths probably result from interference with the
ability offish to osmoregulate and respire normally (Richards and Pickering 1979).

Winter saprolegniasis most frequently occurs between October and March, when water
temperatures are below 15°C (59°F), although the disease has been seen as early as September
and as late as April at the Aquatic Diagnostic Laboratory, Stoneville, Mississippi. Losses are
generally greatest in late winter and early spring, when water temperatures fluctuate and
temperatures begin to rise between successive cold fronts. Typically, the disease causes chronic
losses, most commonly affecting harvestable size fish. Large fish greater than about 0.9 kg (ca.
2 pounds) in grow-out and broodfish ponds appear to be especially vulnerable, making this a
disease of great economic importance.

A complete understanding of the disease pathogenesis is lacking. Infections caused by
opportunistic Saprolegnia spp. are believed to require a preexisting portal of entry—such as
mechanical injury or the action of other pathogens—for initial colonization to occur. Stress
resulting from suboptimal environmental conditions is probably another important contributing
factor. Activities such as seining, handling, or crowding that cause a loss of protective mucus,
compromise the integument, or stress the immune system will likely predispose outbreaks of
saprolegniasis.

Experimentally, the syndrome known as winter kill can be reproduced in catfish by inducing
immunosuppression through rapid reduction of water temperature (from 22 to 10°C in less than
24 hours) in the presence of infective zoospores (Bly et al. 1992; Bly et al. 1993) or through low-
temperature shock and physical abrasion (Howe et al. 1998). Natural outbreaks occur in ponds
following similar drops in water temperature when zoospore counts are greater than 5 cells/mL
of water (Bly et al. 1992). Furthermore, rapid decreases in water temperature inhibit goblet cell
migration to the superficial skin surface and cause a loss of the mucus coat, eliminating a natural
barrier to infection. If spores are not present in sufficient numbers to establish infection, fish are
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able to regain normal mucus production within 6 days (Quiniou et al. 1998). In vitro immune
system function may require 3 to 5 weeks to return to normal (Bly and Clem 1991), providing a
large window of opportunity for spore counts to rise and initiate infections. In artificial culture,
at least some Saprolegnia species grow at temperatures much higher than those associated with
disease outbreaks, reinforcing the concept that winter saprolegniasis results from a cold induced
immunodeficiency state, rather than from some inherent property of the organism.

Chemical treatment of saprolegniasis is ineffective once an infection is established and the
efficacy and economic feasibility of preventative measures are questionable at best. Formalin (25
mg/L), copper sulfate (dose dependent on water total alkalinity), and salt (1,000 to 5,000 mg/L)
can prevent the development of saprolegniasis in aquaria by inhibiting the production or viability
of zoospores (Li et al. 1996). This study also indicates that formalin is effective in treating fish
with established infections. In contrast, potassium permanganate does not effectively prevent or
treat infections. Li et al. (1996) conducted their study in well water, where formalin and copper
have higher potency and longer half-lives. Levels required to prevent or treat infections in ponds
would likely be much greater than values found effective in aquaria due to the presence of high
organic loads and potentially higher alkalinity values. Prohibitive costs and the risk of toxicity
at higher treatment levels limit the use of these chemicals. Economic constraints also limit the use
of salt as a preventative, particularly in large ponds. However, in small systems, or areas with
high salinity ground water, salt may be a viable treatment option. The herbicide diquat prevents
the onset of saprolegniasis under experimental conditions (Bly et al. 1996), but the chemical is
far too expensive to use commercially.

The studies cited above suggest that it is theoretically possible to control losses from winter
fungus before infections become widely established by reducing the number of zoospores in pond
water through prophylactic treatments. While copper and formalin may reduce spore numbers,
they do not eradicate them from ponds, indicating a need for multiple treatments to effectively
manage the disease. To limit costs, the timing and frequency of treatment applications would be
critical and difficult to ascertain without monitoring spore counts—a time-consuming and
cumbersome laboratory procedure. Unfortunately, spore counts do not differentiate between
species of Saprolegnia, which may vary significantly in virulence.

Due to the expense and undocumented efficacy of chemical treatment, control of winter
saprolegniasis focuses on routine prevention and developing production strategies that limit the
economic impact of the disease. Optimizing water quality and reducing stress are essential,
particularly when the risk of opportunistic infections is high. Controlling other disease
agents—especially in late summer and fall—may reduce the potential for severe outbreaks of
winter fungus.

Optimal water quality is difficult to maintain with heavy stocking and feeding rates, but
should not be ignored as a risk factor. As saprophytes, the oomycetes are capable of surviving on
decaying organic matter in water, including uneaten feed and fish carcasses. Nitrite levels should
be monitored closely and adequate chloride levels maintained to prevent the development of
nitrite-induced methemoglobinemia. An additional factor that may influence the development of
winter saprolegniasis is pond depth. In theory, ponds with greater depth have more capacity to
resist changes in temperature. Therefore, maintaining ponds at their maximum depth may reduce
the rate at which temperature changes occur and give fish a greater opportunity to acclimate.

Reducing the standing crop of harvestable fish will also decrease the potential impact of
saprolegniasis. Operations with a history of winter fungus should use conservative stocking
densities and try to harvest foodfish prior to the onset of winter. Close attention should be paid
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to fish inventories and production records so that ponds with heavy standing crops or previous
health related issues can be given priority for harvest. Once infections are noted, ponds should
be harvested before severe mortalities occur.

Diseases such as columnaris often precede the development of winter saprolegniasis and
should be controlled with appropriate antibiotic treatments. Similarly, parasite burdens should be
evaluated and treated if justified. Although copper sulfate and formalin have little therapeutic
value against winter fungus, they can be effective as supportive therapy to reduce parasitic
infections, particularly Ichthyobodo, commonly observed in association with saprolegniasis in late
winter. The use of salt to maintain high chloride levels has the added benefit of reducing osmotic
stress on fish with skin ulceration resulting from the disease.

15.8.2 Branch iomyeosis

Branchiomyces affects a variety of cultured fish throughout the world, but is a relatively new
disease in channel catfish culture (Khoo et al. 1998). Branchiomycosis has only been reported at
temperatures above 20°C (68°F) in fry and small catfish fingerlings shortly after stocking into
nursery ponds. Typically, infections are self-limiting and occur in fish up to 1 to 2 months of age.
The disease is characterized by invasion of the branchial vasculature—typically in the gill arches
and base of gill filaments—obstructing blood flow and leading to necrosis of the distal filament.
Death probably results from respiratory compromise. Infected fish are also subject to secondary
bacterial and viral infections, which greatly increase mortality.

There is no known treatment for branchiomycosis. Infections are associated with elevated
water temperatures and high organic matter loads. Although copper sulfate and formalin are
potential treatments, no trials have been performed to determine their efficacy. Because the gills
are the primary sites of infection, maintaining adequate dissolved oxygen levels and increasing
chloride concentrations are generally recommended as supportive therapy.

Medicated feeds may also be necessary if secondary bacterial infections develop.
Unfortunately, the disease affects small fish that may not be developed to a stage where they
readily accept manufactured feeds, making delivery of antibiotics difficult. While annual recur-
rence has not yet been documented in individual ponds, certain farms appear to have a greater
incidence of disease in successive years. As such, it is recommended that ponds are drained and
thoroughly dried prior to stocking fry, if ponds have had a history of Branchiomyces infections.

15.9 PROLIFERATIVE GILL DISEASE

Proliferative gill disease (PGD) has become one of the major diseases affecting channel catfish
in earthen ponds. In severe cases, mortality rates can exceed 50% within a population. Most
severe outbreaks occur in the spring, and to a lesser extent in the fall, when water temperatures
are between 15 and 20°C (ca. 60 and 70°F), although epizootics occur sporadically at a wider
range of temperatures. While the disease is more common in newly constructed and recently
renovated ponds, outbreaks routinely occur in ponds that have been in production for over 10
years.

Severe swelling and hemorrhage of the gill filaments create a raw, mottled appearance, giving
the disease its common name "hamburger gill disease." Focal destruction of cartilage supporting
the gill filaments, resulting from localization of the parasite and the inflammatory response it
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induces, causes filaments to become fragile and often break. Proliferation of the epithelial
covering of the gills and the tremendous influx of inflammatory cells associated with the
developing organism interfere with gas exchange across the gill surface. Affected fish swim
listlessly near the water surface and exhibit behavior consistent with hypoxia.

The causative agent of PGD is Henneguya ictaluri (Burtle et al. 1991; Pote et al. 1992;
Bellerud et al. 1995). The organism was originally identified as the actinosporean Aurantiactino-
myxon ictaluri, but recent DNA evidence suggests the parasite is in reality a Henneguya species,
identical to the myxosporean H. ictaluri, and it has been proposed that the two organisms are
alternate stages of the same life cycle (Pote et al. 2000). A number of other Henneguya species
parasitize the gills and other tissues of catfish (Minchew 1977), but do not incite the same degree
of inflammation. The severe inflammatory response induced by H. ictaluri suggests that the
parasite is poorly adapted to the channel catfish or that it represents an aberrant host parasite
relationship that has emerged with the growth of the industry.

The oligochaete worm Dero digitata, a common inhabitant of pond sediment, is the
intermediate host for the parasite. A growing body of evidence indicates a life cycle similar to that
of 25 other myxosporean parasites of fish, such as Myxobolus cerebralis, where an aquatic
annelid worm releases an actinospore stage into water that infects fish, and a myxospore stage
infective to the oligochaete is released from the fish (Kent et al. 2001). In the case of PGD, some
details of the life cycle remain to be confirmed (Styer et al. 1991; Bellerud et al. 1995; Poteet al.
2000), but the apparent necessity for the oligochaete host represents a link in the life cycle that
may be exploited to control the disease.

Proliferative gill disease can cause catastrophic losses in fish of all sizes; however, smaller
fish appear to be more susceptible to the disease. Previously unexposed fingerlings understocked
into production ponds infested with H. ictaluri typically experience greater losses than resident
populations of larger fish. It is not known if this apparent difference in susceptibility is related
to inherent vulnerability of younger fish, development of protective immunity in previously
exposed fish, or if fish "acclimate" to gradual increases in spore numbers over time. Regardless,
it appears that a critical spore abundance threshold must be exceeded before changes in fish health
become evident. Furthermore, this threshold appears to be closely tied to the size and age of the
fish, with fingerlings at greatest risk when stocked into ponds where spores are actively being
released into the water.

15.9.1 Treatment options

Disease severity is related to the concentration of spores in water and the duration of exposure.
Spores remain infective for only 24 to 48 hours in water and yet some outbreaks can last for up
to 60 days. Maintenance of epizootics is therefore dependent upon the continual release of spores
into the system by the intermediate host and not on a single massive release of spores that remain
infectious for an extended period. Therefore, if an effective chemical treatment is found, it will
have to remain active for a prolonged period or multiple treatments will be required over the
duration of the outbreak. A need for multiple treatments could make this type of control strategy
cost prohibitive.

Several chemical agents have been investigated as potential treatments for PGD, but none
have been successful. In laboratory studies, treatment of pond water containing H. ictaluri spores
with copper sulfate and chloramine-T failed to significantly reduce fish gill damage, suggesting
that the infective actinospores were refractory to those chemicals. Formalin and potassium
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permanganate caused a slight reduction in the number of lytic cartilage lesions, but the treatment
did not have practical therapeutic significance (David Wise, Mississippi State University,
unpublished data).

Because there is no effective treatment for PGD once an outbreak begins, management actions
are generally supportive. Maintaining oxygen concentrations as near saturation as possible and
increasing the chloride concentration of the water to at least 100 mg/L are recommended to
reduce respiratory and osmoregulatory distress. The addition of chloride, in the form of common
salt (NaCl) also serves to protect against nitrite-induced methmoglobinemia—again, in an attempt
to improve respiratory efficiency. It is essential that feeding is restricted—even if fish still have
good appetite—in an effort to reduce metabolic demands of fish for oxygen.

One option to limit losses is to transfer fish into another pond that is free of active infection.
Moving fish to a "clean" environment results in almost immediate improvement of clinical signs.
Depending on water temperature, most morphologic changes of PGD in the gills resolve within
approximately 3 weeks. There is a marked decrease in inflammation, resolution of epithelial
proliferation, and regeneration of damaged chondrocytes. Behavioral signs and feeding activity
typically return to normal within 1 to 2 weeks. The utility of this procedure has been demon-
strated in both fingerling and foodfish production systems (David Wise, Mississippi State
University, unpublished data).

The decision to transfer fish to another pond should be based on several factors. First, what
is the overall mortality expected if the fish are left in the system and how many will survive
seining and handling? In most circumstances, even fish with moderate disease manifestations can
be transported safely, provided stress associated with seining and transport is minimized. Fish
should not be overcrowded in the sock or graded for extended periods, seining should not be
attempted if dissolved oxygen concentrations are marginal, and very conservative stocking rates
should be used during transport. The most important consideration is to ensure that the fish are
placed into a healthier environment in which the rate of infection has been assessed and found
to be free of active infection using sentinel fish.

Although direct fish-to-fish transmission of the disease does not occur, there is reason to
believe that catfish are capable of infecting D. digitata, thus perpetuating the life cycle. If this
proves to be true, moving infected fish to another pond could theoretically serve as a source of
infection by introducing H. ictaluri into ponds with Dero populations previously free of the
parasite. However, because H. ictaluri appears to be endemic on most farms, moving fish to other
culture units probably represents little risk of disseminating the disease.

15.9.2 Controlling the vector Dero digitata

The requirement of H. ictaluri for an intermediate host presents a theoretical approach to PGD
prevention. If Dero digitata populations could be eliminated from pond sediments, the life cycle
of the parasite would be interrupted and fish could not become infected. The efficacies of
formalin, chloramine-T, sodium chloride, potassium permanganate, copper sulfate, hydrogen
peroxide, rotenone, and Bayluscide® have been evaluated for control of Dero worms (Mischke
et al. 2001). Unfortunately, the concentrations needed to control Dero populations generally
exceed safety limits for the fish. Hydrogen peroxide, formalin, and copper sulfate may have
limited application, but more investigation is needed to assure safety and efficacy. Dero digitata
are highly sensitive to Bayluscide®, but it is not approved for this use and its toxicity to catfish
dictates its use only as a pond sterilant in the absence of fish.
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Biological control of D. digitata is another area of active investigation for management of
PGD. The use of fathead minnows Pimephales promelas as a biological control species showed
initial promise in early experimental trials (Burtle 2000). Unfortunately, despite the early success,
evaluation of the incidence and severity of PGD on commercial farm ponds in Mississippi
showed that the effectiveness of fathead minnows as a control agent is questionable.

15.9.3 Preventive management

A thorough understanding of the epidemiology of//, ictaluri is essential to the development of
management programs to minimize losses from PGD. Although, tremendous strides have been
made, knowledge of the epidemiology and pathogenesis of PGD remains incomplete. For
example, key information on the environmental conditions that promote large populations of
Dero worms in pond sediments is unknown. Therefore, current strategies focus on manipulating
stocking and culture practices aimed at reducing exposure of fish to conditions that result in
severe manifestations of the disease.

As stated above, previously unexposed fingerlings understocked into foodfish production
ponds are typically at the greatest risk to PGD. So, the question becomes why are understocked
fingerlings at greatest risk and what can be done to avoid losses in that group of fish? A
management strategy has been developed based on the observation that first-year fingerlings can
develop PGD, yet the disease does not appear to represent a significant risk in most fingerling
nursery ponds. The reason is not clear, but the low incidence of PGD in fingerlings does not
appear to be related to increased resistance of young fish to infection, since the same fish may
suffer catastrophic losses when stocked into foodfish ponds. The low incidence of PGD in
fingerling nursery ponds is probably linked to the seasonality of the fry/fingerling production
cycle, wherein fry are stocked into ponds in May and June and then harvested prior to the start
of the next spawning season.

Several factors are postulated to influence the low occurrence of PGD epizootics on fingerling
operations. Records of disease incidence collected by the Aquatic Diagnostic Laboratory in
Stoneville, Mississippi, indicate the majority of PGD epizootics occur in April and May. Most
producers in northwest Mississippi harvest fingerlings in early spring before water temperatures
become optimal for PGD outbreaks. Ponds are then drained and dried or poisoned to kill any
remaining fish. Ponds are then left empty through much of the period of highest PGD incidence
before being restocked with fry later in the season. As such, fish are absent from ponds during the
time of greatest risk. Drying or poisoning ponds may also reduce Dero worm populations that
have become established during the previous production cycle, eliminating the source of infection
to fish. Alternatively, early spring harvest of fingerlings may disrupt the life cycle of the parasite
by preventing infection of Dero worms by myxospores shed by the host.

For reasons outlined above, changing from multiple-batch to single-batch production systems,
in conjunction with drying or chemical disinfection of ponds between production cycles, might
reduce the incidence of disease in grow-out ponds. Potassium permanganate, Bayluscide® and
possibly formalin can be used effectively for this purpose, although D. digitata is capable of re-
colonizing treated ponds within several months (David Wise, Mississippi State University,
unpublished data). Although chemical treatment does not permanently eradicate the intermediate
host, treatment, if properly timed, should control the disease in the spring when most severe
outbreaks occur. Chemical disinfection is costly and may only be economically justified when
significant losses from PGD have become a recurrent problem.
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The use of sentinel fish

Proliferative gill disease does not usually represent a sufficient overall threat to production to
justify radical changes in production practices, such as switching from multiple- to single-batch
cropping. However, conservative changes (such as changes to fmgerling stocking practices) can
help control losses associated with certain stages of production. Fingerlings stocked into foodfish
production ponds in the spring are at the greatest risk if//, ictaluri spores are actively being shed
into pond water. Because older resident fish appear relatively resistant to PGD, the absence of on-
going losses to the disease or the absence of gill lesions consistent with PGD among the older
cohort cannot be used to determine if spore numbers are high enough to represent a threat to
newly stocked fingerlings.

Caged "sentinel" fish can be used to determine the potential for severe infection and their use
can help avoid losses in understocked fingerlings. The procedures are simple and require minimal
equipment and training. Ten sentinel fish—fingerlings with no signs or previous history of
PGD—are confined in small net-pens or cages in the pond that is being considered for under-
stocking. The sentinel fish are examined for typical gill changes for 7 days after being placed into
a pond. Gill samples are prepared by cutting filaments away from the gill arch near their bases
and transferring the individual filaments to a microscope slide containing 1 drop of water. The
sample is then overlaid with a glass coverslip and examined microscopically using a 20x or 40x
objective. Each wet mount should contain approximately 40 to 80 gill filaments.

The percentage of gill filaments that contain lytic cartilage lesions is then calculated to grade
the severity of infection. The number of filaments with cartilage lysis, regardless of the number
of individual lesions, is divided by the total number of filaments in the sample and multiplied by
100. Cartilage damage can appear as a complete gap or as an incomplete semicircular focus of
lysis. The severity of infection determined from sentinel fish can be divided into three general
categories that reflect the potential risk for losses in newly stocked fingerlings:

Percentage of filaments
with cartilage lysis Score Predicted outcome
1 to 5% Mild Little effect on health or performance
6 to 15% Moderate No direct mortalities provided

environmental conditions are optimal;
fish performance may be reduced

> 15% Severe Mortalities expected within 1 to 2 weeks,
regardless of environmental conditions

The grading scale is a useful tool, both for purposes of farm management and as a diagnostic tool
to aid clinicians in providing a standardized method for evaluating disease severity in case
submissions. Note, however, that pronounced gill damage and death can result within as little as
24 to 48 hours after fish are placed into a heavily infected pond.

Assessing disease severity based on mortality rates and gross appearance of the gills can also
be used to develop a crude alternative to the "gill-break grading" protocol outlined above.
However, if the gills are not graded microscopically, sentinel fish should be allowed to remain
in the pond for a minimum of 2 weeks. There are, however, disadvantages to relying upon
mortality as an end point in assessing the response of sentinel fish. If deaths do not occur, it is not
possible to grade the severity of infection and predict potential future developments in the course
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FIGURE 1 S.I. Results of a survey of commercial catfish ponds in northwest Mississippi showing the incidence
of PGD (reported as the percentage of flsh sampled with gill damage characteristic of PGD) over time and
pond water temperature.

of the disease. By grading the infection rate over several sampling intervals, it is possible to
determine if the outbreak is increasing or decreasing in intensity. During a given outbreak, the
disease will typically cycle through a pond only once, although mortality rates can fluctuate with
water temperature, and will not reappear again until the following fall or spring depending on
when the initial outbreak occurred. Therefore, once the severity of infection decreases from one
sampling period to the next and losses do not occur in sentinel fish, the pond can be safely
stocked with fish.

Sentinel fish were used to monitor the prevalence and severity of PGD in 61 foodfish ponds
on two catfish farms in northwest Mississippi (David Wise, Mississippi State University,
unpublished data). The data summarized in Figure 15.1 demonstrate the bi-modal, cyclic nature
of PGD and the periods when the potential for losses are greatest. The number of ponds positive
for PGD activity and the severity of lesions increased at every monitoring period between March
and May. A decrease in severity was observed during the summer after water temperatures
reached approximately 24°C (75 °F), followed by another minor peak in autumn. In November,
as pond water temperatures fell below 15°C (59°F), PGD activity was no longer detected. Lesions
consistent with PGD were found in all ponds, supporting the contention that transmission of H.
ictaluri occurs in essentially all foodfish ponds, although clinical signs of disease may not be
observed. Most important, no resident or understocked fish were lost to PGD when this sentinel
fish-monitoring program was used to determine the safest time for fingerling understocking.

Evaluating H. ictaluri activity using this type of monitoring program can essentially eliminate
losses from PGD on farms using a spring understocking program. Ponds can be assessed and
ranked according to the severity of lesions in sentinel fish. A minimum of two samples, collected
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at 1 - to 2-week intervals, should be obtained to determine if disease activity is increasing or
decreasing in intensity once temperatures reach 10°C (50°F), in the spring. Ponds with mild to
moderate infections, decreasing in severity, should receive priority for stocking. Fish should not
be stocked into ponds where severe disease signs are present in sentinel fish. Ponds graded as
severe should be reevaluated in 1 to 2 weeks.

This program requires significant planning and flexibility regarding stocking dates and is most
applicable to integrated operations producing fmgerlings and foodfish. Limited fmgerling avail-
ability and delivery schedules may preclude use of the program on farms that purchase fmgerlings
from outside sources. The decision to use sentinel fish to guide understocking schedules should
be based on past history of the disease and the potential economic benefits of stocking later in the
spring. There is an economic cost to this monitoring program that should be assessed on each
farm. To be effective, programs of this type require the collection of accurate stocking and
production records, so that management decisions can be based on sound economic information.
The use of pre-purchase health inspections in conjunction with sentinel fish may also avoid
conflicts between fmgerling producers and purchasers regarding the source of infection when
large mortalities occur shortly after stocking.

The role of fall understocking

Understocking in the fall may be another management option for control of PGD on farms that
have a history of significant losses. Most operations stock in the spring to avoid losses that occur
in winter and a trade off probably exists between the risk of winter mortalities, versus losing fish
to PGD in the spring. Although, the effectiveness of this practice has not been verified in field
studies, in general, it appears that fewer losses attributable to PGD occur on operations that stock
fingerlings in the fall, when compared to traditional spring stocking. Fall stocking should only
take place when temperatures are below the 16°C (61°F) temperature window for ESC.

15.9.4 PGD in foodfish

For reasons that are not entirely understood, even large fish will occasionally develop severe
manifestations of PGD. This may be related to the number of//, ictaluri spores reaching a critical
threshold in the pond or could be related to a low level of protective immunity in a given group
offish. Epizootics in food and broodfish generally result in catastrophic mortalities that require
restocking of the culture unit. In this situation, a common mistake is to restock before spore
concentrations decrease to safe levels, often resulting in additional losses. With severe infections
it is common for mortality to occur over a period of several weeks followed by a period of
apparent recovery. Even though mortality has subsided in the resident pond stock, mortality can
occur in newly stocked fish several months after the initial outbreak. Whenever fish are stocked
into a culture system following losses associated with PGD, it is critical to evaluate the level of
infection using sentinel fish prior to restocking, even if mortalities have apparently ceased.

15.10 PROTOZOAN PARASITES AND ECTOCOMMENSALS

Protozoans infesting the skin and gills are the most common group of parasites affecting cultured
channel catfish. Virulence varies greatly among the various groups of ectoparasitic protozoa,
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TABLE 15.5. Ectoparasites of channel catfish.

Classification
Ciliophora

Non-suctorian ciliates
Ambiphrya spp.
Apiosoma spp.
Chilodonella spp.
Ichthyophthirius multifiliis
Trichodinids

Suctorian ciliates
Capriniana spp.

Mastigophora
Ichthyobodo necator

Relative incidence

Common
Occasional
Uncommon
Occasional
Common

Common

Occasional

Virulence

Low
Low
Moderate
High
Low

Low

Moderate

Site of infection

Gill
Gill
Gill and skin
Gill and skin
Gill and skin

Gill

Gill and skin

and is generally related to their feeding habits and sites of localization on the fish. Some may be
tolerated in relatively large numbers, while others may require immediate intervention to prevent
serious losses. Stress appears to play an important role in the development of ectoparasitic
disease. If infections are heavy, fish may be predisposed to secondary bacterial
infection—particularly in fry and fingerlings—during the spring and fall when temperatures are
conducive to outbreaks of ESC.

The protozoan ectoparasites are grouped largely on the basis of feeding strategies and
locomotor structures that place them into two groups—the ciliates and flagellates. Controversies
over taxonomy and changes in classification have made it difficult to evaluate the degree of host
specificity of many ectoprotozoans, as well as distinguishing between different levels of
parasitism (Paperna 1991). For this reason, Table 15.5 lists most parasites by genus only and
discussions will concentrate on clinical significance, rather than taxonomy.

15.10.1 Parasites of low pathogenicity

The ectocommensal group (Ambiphrya spp., Apiosoma spp., Capriniana spp., trichodinids)
represents the most commonly encountered and least virulent collection of protozoans occurring
on catfish. These protozoans derive nutrients from their environment, feeding primarily on
detritus, bacteria, or other protozoans present in pond water. They do not directly parasitize their
fish hosts, but instead use them as attachment sites to assist their feeding habits. The gills are a
preferred attachment site for sessile protozoans, probably because they benefit from the large
volumes of water moved through the branchial chamber carrying food items.

It is likely that production losses historically attributed to ectocommensal protozoans actually
resulted from other disease agents not known at the time. For this reason—in terms of
treatment—the ectocommensals receive considerably less attention today than in the past.
Apiosoma and Ambiphrya cause no direct epithelial damage or incite an inflammatory response
(Lom and Corliss 1968; Fitzgerald et al. 1982) and mild to moderate infestations appear to pose
no significant health risk to fish. Heavy infestations, however, may require treatment and are often
an indicator of poor environmental quality or pre-existing illness.

The protozoans Ambiphrya spp., Apiosoma spp., and Capriniana spp. are sessile and affixed
to the gills by means of a broad attachment surface (scopula or scopuloid) that secretes cementing
substances. Heavy infestation is likely to cause irritation. Respiratory distress may result from
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physical obstruction of gas exchange across the gill epithelia by the layer of parasites lining the
gill surface.

The trichodinids have slightly greater potential to cause epithelial damage, but are also
considered commensals. Trichodinids glide on epithelial surfaces, attaching only temporarily by
way of an adhesive disc. When attached, a sharp border membrane encircles an area of tissue that
is sucked into the organism. In small numbers minimal irritation occurs, but when large numbers
are present serious epithelial damage can occur as the organism relocates, feeding on disrupted
cells and associated bacterial growth (Lom and Dykova 1992).

Two factors appear to influence ectocommensal protozoan numbers on fish. One is the level
of nutrients present in pond water capable of supporting large populations of microorganisms on
which the protozoans feed. Ectocommensal numbers appear to bloom in concert with overall
primary productivity in the spring as water temperatures begin to rise, algal blooms develop, and
feeding resumes. Second is the health status of the fish. Ectocommensal numbers are seldom
significant on healthy, non-stressed fish that have not been predisposed by some other debilitating
environmental factor or infectious agent (Lom and Dykova 1992).

Infection rates can be highly variable within a given population offish. To accurately assess
the severity of ectocommensal infections, it is recommended that randomly caught, apparently
healthy fish be submitted for diagnostic evaluation, along with moribund specimens. Only live
or freshly dead fish are suitable for necropsy examination, as parasites may become
unrecognizable, leave, or fall off decomposing carcasses.

Heavy infestations usually occur only on debilitated cohorts and in these fish, necropsy
evaluation often reveals other diseases, such as ESC or CCVD. In these cases, treatment directed
at the protozoan is usually not necessary and any therapeutic measures should be directed toward
the underlying primary disease problem. If heavy parasite burdens are present throughout a
population of fish and treatment is determined to be necessary, copper products or formalin
applications are usually successful at reducing parasite numbers (see Section 15.5).

15.10.2 Parasites of moderate pathogenicity

Protozoans in the genus Chilodonella are uncommon parasites in catfish culture, but their
presence can be significant. Damage to gill or skin epithelium occurs as the parasite forages on
cell debris using its oral armament (Paperna and Van As 1983). The result is epithelial
hyperplasia, inflammation, and increased mucus secretion leading to respiratory and
osmoregulatory compromise. Pathological changes vary with the intensity of infection and
mortalities may result from delayed treatment. The parasite is active over a broad range of
temperatures, but the onset of signs may be subtle, and infections are often heavy by the time they
are first detected (Lom and Dykova 1992). Examined microscopically, the parasite is heart
shaped, with multiple rows of cilia on a cupped ventral surface.

Whereas Chilodonella spp. abrade epithelial cell surfaces as they feed, Ichthyobodo necator
(formerly Costia necatrix) parasitizes epithelial cells by inserting a tubular feeding structure
(cytostome) through which it sucks out cell contents (Schubert 1968). Like Chilodonella spp.,
Ichthyobodo necator parasites gill and skin surfaces, causing generalized degenerative changes
in superficial epithelial cell layers and epithelial and mucus cell hyperplasia. Death probably
results from osmoregulatory compromise, hemodilution and circulatory failure (Lom and Dykova
1992). Ichthyobodo necator is an indiscriminate parasite of many fish species. The parasite is
capable of survival at temperatures from 2 to 35°C (36 to 95°F) (Lom and Dykova 1992). In
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catfish, infections are seen primarily at cooler temperatures in late winter and early spring and
may be related to low temperature-induced immunosuppression (Robertson 1979). Fingerlings
appear to be at greatest risk, while infections in older fish may be related to stress and poor
physical condition. Signs of infection can include flashing, listlessness, anorexia, and the presence
of a bluish-gray cast due to excess mucus production.

Ichthyobodo exists as either a free-swimming and feeding form or an attached form that is
intimately associated with epithelial surfaces. When attached, the teardrop-shaped protozoans are
reminiscent of flickering candle flames forming a fringe along the margins of gill filaments. The
parasites quickly detach from dead fish and are seen predominantly as the free-swimming form
that moves in a hesitant spiral motion (Lom and Dykova 1992). Low-level infections are easily
overlooked at necropsy due to the small size of the parasite, approximately the size of a red blood
cell. Gill clips and skin scrapes should be observed using a high dry objective or the parasite
might be missed.

As with the ectocommensal protozoans, Chilodonella and Ichthyobodo can probably both be
controlled with copper products and formalin. However, formalin is the preferred treatment for
Ichthyobodo infections. Direct life cycles and lack of encysted stages simplify treatment, but more
than one application is sometimes needed. It is advisable to submit additional specimens
following initial treatment to monitor efficacy and determine if additional applications are needed.

15.10.3 Ichthyophthirius

Ichthyophthirius multifiliis, or "Ich," is an obligate ectoparasite capable of infecting many species
of freshwater fish and is the most serious parasitic disease of cultured catfish. The large parasite
is grossly visible as white dots—up to 1 mm—forming the basis for the common name of "white-
spot" disease. Ichthyophthirius feeds on cell debris created as the adult (trophont) stage migrates
throughout the epidermis. Development of the mature parasite results in localized tissue
destruction, epithelial hyperplasia, and excess mucus production. Death results from respiratory
compromise and interference with osmoregulation (Lom and Dykova 1992).

Epizootics are most common in the late winter and early spring when water temperatures are
10 to 25°C (50 to 77°F). Juvenile channel catfish are most susceptible, although given appropriate
conditions, essentially 100% mortality can occur in fish of all sizes. Feral or "trash" fish can serve
as a reservoir for the disease and operations that fill ponds from surface water sources are at a
greater risk for introducing this cosmopolitan organism than are operations using groundwater.
Ich can be transferred from pond to pond on wet seines, boats, and other equipment. During
outbreaks, quarantine of infected fish, disinfection of equipment, and predator control are
therefore essential. Adjacent ponds should be monitored closely for signs of infection that can be
spread, particularly by scavengers foraging on diseased fish.

Understanding the life cycle of Ich is essential for successful treatment. Catfish are infected
by a short-lived, free-swimming stage (theront) that penetrates the epithelium of the skin and
gills. Protected beneath the epithelium, the theront develops into an actively feeding trophont.
Once mature, the trophont ruptures through the epithelium and encysts on substrate material to
become a tomont. Within the cyst, the parasite undergoes a number of asexual divisions to
produce as many as 2,000 to 3,000 tomites (Paperna 1991). Ultimately, the cyst ruptures to release
infectious theronts that must quickly find a new fish host to begin the cycle again. The speed at
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which the life cycle completes itself, which governs how quickly an epizootic develops, is
dependent on water temperature:

Water temperature Life cycle period
<3°C(<37°F) No development
3-5 °C (3 7-41 °F) 90-96 days
13-15°C(55-59°F) 13-14 days
23-24°C (73-75°F) 3-7 days
> 30°C (> 86°F) No development

Elimination of Ich from a pond is difficult in the winter months. During cold weather, infections
may persist at a subclinical level or the parasite may survive as an encysted tomont stage. If an
infection occurs late in the fall, significant losses may not be seen during the winter until
temperatures begin to rise in the spring. At this time, infections can progress rapidly through
otherwise healthy populations of fish.

Successful intervention depends on early detection and treatment. As the infection progresses
and the percentage of infected fish increases, the likelihood of controlling the disease decreases.
It is therefore critical to recognize Ich-infected fish before large numbers are visibly diseased.
Infected fish initially appear listless, may flash, swim erratically, or jump and surface (Lom and
Dykova 1992). Over time, mucus coats become thick and globular and white spots appear. Fish
may congregate in weeds along pond banks or in currents caused by inflowing water or aeration,
becoming increasingly lethargic until mortalities ensue. A diagnosis can be easily confirmed by
microscopic examination of skin scrapes and gill clips. The mature trophont is large, round,
holociliated, and possesses a horseshoe-shaped nucleus. Unlike most other protozoans,
observation of a single trophont is adequate evidence to initiate treatment.

Treatment of Ich is difficult and once introduced, eradication is hard to achieve. Maturing
trophonts and encysted tomonts are resistant to chemical treatment—only free-swimming theronts
are susceptible. At 23 to 24°C (73 to 75°F), infective theronts live for 30 hours or less (Lom and
Dykova 1992) but continue to be produced as additional trophonts are released from fish and
become tomonts. For this reason, chemical treatments may have to be repeated 5 or more times
to break the cycle of re-infection. Treatment intervals are based on water temperature:

Water temperature Treatment interval
7-12°C(45-54°F) Every 5 to 7 days
13-18°C (55-64°F) Every 3 to 4 days
19-23°C (65-73°F) Every other day
> 24°C (75°F) Daily

Copper sulfate, formalin, and combinations of the two have been used effectively to treat the
disease. Success depends primarily upon infection severity at the time of diagnosis and water
temperature. Fish with severe infections have a poor prognosis and the added stress of chemical
treatments may briefly increase mortalities following application. Ichthyophthirius does not
tolerate salinities over 1 ppt (Allen and Avault 1970). While adding salt to ponds may not be cost-
effective, it has the added benefit of alleviating osmotic stress associated with the disease.

Because multiple treatments are required, copper sulfate is generally the chemical of choice
due to its relatively low cost. Chelated copper compounds have also been used with success. In
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theory, chelated copper products should be highly effective because they remain active in the
water for longer periods of time, however they are more expensive to use. In situations where the
infection has not been detected until significant mortalities have occurred, less expensive
chemicals are generally employed. More expensive chemicals are usually not used unless there
is a high probability of treatment success.

Once treatment is initiated, fish should be periodically sampled and examined for the presence
of both immature and mature forms of the parasite. Records of daily mortality and diagnostic
reports should be evaluated and used as an indication of treatment efficacy. If the number of
immature forms decreases significantly, the treatment regimen is most likely controlling the
infection. Conversely, if numbers of immature forms remain relatively constant or are increasing,
the regimen is probably not working and should be reevaluated. It may be necessary to alter the
treatment interval or change to an alternate chemotherapeutant to improve success.

Fish surviving an outbreak of Ich develop some level of protective immunity (Clark et al.
1988) depending on the severity of the primary infection. Previously infected carp Cyprinus
carpio resist challenges lethal to naive fish for up to 8 months (Lom and Dykova 1992). In
channel catfish, preparations of Tetrahymenapyriformis cilia have been shown to protect against
infection with Ich, but, unfortunately, no practical vaccine has been developed from this research
(Goven et al. 1981). It would seem likely that survivors of an epizootic might become carriers of
subclinical infection and serve as a source of infection to previously unexposed, newly stocked
fingerlings.

15.11 DIGENETIC TREMATODES

Digenetic trematodes, also known as flukes, cause infections in many fish species and are
common in aquaculture facilities frequented by fish-eating birds. In the past, trematode infections
affecting cultured channel catfish had primarily been attributed to Clinostomum complanatum
("yellow grub") or Diplostomum spathaceum ("eye fluke"). Although these infestations generally
cause more of a production nuisance, than an economic burden, the rare occurrence of heavy
infections with yellow grubs may affect the acceptability of fish for processing.

The digenetic trematode tentatively identified as Bolbophorus damnificus (Overstreet et al.
2002) is associated with mortalities in commercially raised channel catfish from Louisiana,
Mississippi, and Arkansas (Venable et al. 2000; Terhune et al. 2002), and may be identified as
a problem in other areas in the future. Infections with B. damnificus have been associated with
deaths, poor production efficiency, and increased incidence of infectious disease. The meta-
cercarial stage of the trematode, or grub, is located primarily in the musculature offish, usually
just below the skin, where it can be observed by gross inspection, as small, raised nodules
approximately 1 mm in diameter. Closer examination often reveals a narrow zone of hemorrhage
surrounding the smooth, white, capsule enclosing the organism. Cysts are most frequently found
at the base of the caudal fin and ventral portions of the body. Occasionally, metacercariae can be
found within the peritoneal cavity and internal organs. A presumptive diagnosis of Bolbophorus
infection can be made based on the gross appearance of the encysted metacercariae beneath the
skin. Differentiation from other trematode metacercariae that are not associated with production
losses can only be made by microscopic examination of excised grubs.

Other gross lesions associated with infection include exophthalmia, abdominal distension, and
clear to straw-colored abdominal fluid. The posterior kidney can be enlarged and contain pinpoint
hemorrhages. Because these signs are similar to those associated with ESC and CCVD, and
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because the diseases can occur simultaneously, suspected cases should be submitted to a
diagnostic laboratory to rule out concurrent infections.

All sizes of channel catfish are susceptible to infection; however, fingerlings appear to be
more adversely affected than foodfish (Terhune et al. 2002). Highest mortality rates appear to
occur when large numbers of free-swimming cercariae penetrate a host within a short period.
Lower levels of infection can lead to decreased feeding activity and an increase in the severity of
common bacterial infections.

Although metacercariae can persist in host tissues over several growing seasons, preventing
additional infections, by breaking the life cycle or by removing fish from infested environments,
will dramatically improve the health and performance of infected fish. The following discussion
on management of digenetic trematodes will focus on B. damnificus, due to the effects this
species can have on fish and farm productivity. The general principals and guidelines will,
however, apply to management of other digenetic trematodes with similar life cycles.

Digenetic trematodes have complex life cycles in which fish may act as either intermediate
hosts that harbor an immature stage of the parasite or as final hosts, in which the adult trematodes
are found. Trematodes using fish as intermediate hosts usually involve piscivorous birds as final
hosts and molluscs, primarily snails, as first intermediate hosts. In the case of B. damnificus, the
first intermediate host is the planorbid marsh rams horn snail (Planorbella trivolis), which
releases cercariae into water that are infective to catfish. The catfish acts as a second intermediate
host, carrying the metacercarial stage, or grub. All evidence to date indicates that the final host
of B. damnificus is the American white pelican (Pelicanus erythrorhynchos), which acquires the
infection when it consumes fish containing encysted metacercariae. Adult trematodes sub-
sequently develop in the gastrointestinal tract of the pelican and produce eggs that are shed into
pond water with the pelican's feces. Eggs hatch and a free-swimming stage, miracidia, infects
snails beginning the cycle anew.

The primary factor contributing to the spread of infection is the presence of white pelicans in
a given area. White pelicans often frequent ponds only at night and their visits may go unnoticed
by producers. Because the life cycle can only occur in a specific sequential order, fish-to-fish
transmission of the parasite cannot occur and fish cannot infect snails. Therefore, transferring
infected fish from pond to pond will not result in the transmission of this disease. It is also highly
unlikely that sufficient cercariae can be transferred from pond to pond via equipment or in water
used to transport fish to create an economically damaging level of infection.

Catfish farmers should routinely examine fish from each pond, especially if poor feeding
activity or unexplained health-related problems have been observed, on all farms at risk for the
disease (any farm in the migratory fly-way of the American white pelican). Many factors can
affect how well fish feed, but low feeding rates can be the first indication of an infestation. Fish
can be sampled using a small "cutting seine" and gross examination of 20 to 30 fish is a good
sample size to determine infection rates. If small nodules compatible with B. damnificus are
observed beneath the skin, a microscopic examination of the excised cysts should be performed.

Although light infections may not have a noticeable effect on production or disease incidence,
the presence of the organism should alert producers to a potential emerging problem. In such
cases, sampling should at least be done during harvest and other seining operations to monitor
progression of the infection. Considering the devastating effect this disease can have on
production, it is prudent to evaluate fish from each culture unit on a yearly basis, particularly if
pelicans have been observed on or around the facility, or if the operation has had a history of the
disease.
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15.11.1 Management options

Currently there are no FDA-approved theraputants to treat infected fish. It is theoretically possible
to kill the cercarial stages of Bolbophorus that infect fish. However, it is not likely that this
method of control will be effective because cercariae are continually shed into the environment
by infected snails. To be effective, multiple, regularly spaced treatments would be necessary,
making this strategy impractical and cost prohibitive. Control is therefore dependent upon
interrupting the life cycle of the trematode to prevent additional infections or by removing fish
from infected environments. This can be accomplished using a two-pronged approach: 1)
eliminate, to the extent possible, the parasite's final host—the American white pelican and 2)
reduce populations of the intermediate host—the rams horn snail.

15.11.2 Vector control—the American white pelican

Bolbophorus damnificus can easily be introduced onto commercial facilities by pelicans. Because
of this and the potential for long-term negative impacts on production, farms at risk should be
proactive in limiting the spread and severity of B. damnificus infections by controlling numbers
of the final and intermediate hosts. Since the early 1990s, pelican populations have dramatically
increased on catfish farms in the lower Mississippi valley and juvenile birds have established
resident populations in some areas. Because the infection cycle cannot begin without the
introduction of B. damnificus eggs into a culture system, controlling bird populations on and
around a facility is the first critical step in preventing infection. Peak migration of the American
white pelican to overwintering areas in the southeastern United States occurs in October and
November and spring departure takes place March through May (Lowery 1974; see Chapter 16).
To minimize infections, aggressive bird dispersal programs should be implemented to discourage
pelicans from establishing feeding and resting sites on or around catfish ponds. Management of
bird populations is, however, often unsuccessful because of the pelican's nocturnal feeding habits
and difficulties in eliminating resting sites used by pelicans. Pelicans are protected under the
Migratory Bird Treaty Act, but special permits can be obtained from the United States Fish and
Wildlife Service to kill limited numbers of these birds.

15.11.3 Vector control—the rams horn snail

Most snails inhabit the littoral regions of ponds, especially shallows infested with emergent or
submerged aquatic vegetation. So, the first step in controlling snail populations is to reduce or
eliminate marginal aquatic vegetation. However, farmers who have invested time and money in
planting soil-stabilizing vegetation along pond margins for erosion control may want to evaluate
the effectiveness of other snail control measures before deciding to eliminate these plants.

The use of biological control species is also effective in eliminating or reducing snail
populations. Black carp Mylopharyngodonpiceu reduce snail numbers in ponds at stocking rates
of 12 to 50 fish/ha (5 to 20 fish/acre). The black carp is a non-indigenous species and its use is
regulated by state and federal laws. The redear sunfish or "shellcracker" Lepomis microlophus
is another candidate for snail control. However, the effectiveness of redear sunfish at controlling
snails in commercial ponds has not been evaluated. The small mouth of the redear may restrict
foraging to juvenile snails, thus extending the time required to reduce populations in culture
systems with mature snails.
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Once a culture system becomes infested, the only method of breaking the life cycle of the
parasite is by eliminating infected snails from the system. Snails can be killed using either
hydrated lime or copper sulfate sprayed in a band around the pond margins. Either chemical is
effective, provided snails are concentrated along the pond bank. Location of the snails in the pond
is critical to treatment success, because the amount of chemical lethal to snails is also toxic to
fish. Treatments therefore involve applying concentrated solutions or slurries of chemical in a
narrow band of water along the margins of the pond. Snails not located near the pond edge will
not be affected due to dilution of the chemical away from the margin.

Treatment efficacy depends on careful application of the proper amount of chemical and
adequate coverage of the target area. The chemical should be applied so that it penetrates through
aquatic vegetation. Areas along pond margins with thick stands of vegetation should receive
additional treatment. Because snails inhabit vegetation, aquatic weeds located away from the pond
bank should be eliminated using an appropriate aquatic herbicide before treatments are applied
to pond margins.

Chemical treatments will not totally eradicate snails in the treatment area. As such, repeat
treatments will probably be necessary. Aquatic vegetation along pond edges should be routinely
examined for snails that may be attached to stems or roots. Since the rams horn snail overwinters
by burrowing into the mud (Boerger 1975) and because infected snails will likely shed cercariae
over multiple growing seasons (Terhune et al. 2002), additional treatments should be made prior
to winter to reduce the number of snails that can potentially be carried over to the next production
season. Snail populations should be monitored and treated the following growing season, even
if additional infection of the population via pelicans is not suspected.

Dry hydrated lime is applied at 0.75 to 1 kg/m of pond bank (ca. 50 pounds of lime for every
75 to 100 feet of pond bank). The treated area should be limited to 1 to 1.5 m (ca. 3 to 5 feet)
from the pond margin, or 0.3 to 0.6 m (ca. 1 to 2 feet) beyond any vegetative growth extending
into the pond. Hydrated lime applied at these rates has minimal impact on whole-pond pH when
used in ponds with well-buffered waters (total alkalinities greater than 50 mg/L as CaCO3).

Hydrated lime can also be mixed with water and applied as a slurry. This form of hydrated
lime is usually prepared at a commercial lime facility and delivered to commercial applicators or
individual farmers. The bulk slurry is transferred to a large portable holding tank at the farm and
pumped into smaller tanks for application. Formulation rates are 0.5 to 0.6 kg lime/L of water (ca.
4.0 to 4.7 pounds of hydrated lime per gallon of water). Given this concentration, 75 L of slurry
is sprayed per 30 m of pond bank (20 gallons per 100 feet).

Copper sulfate is applied as a citric-acid chelated solution prepared by mixing dry copper
sulfate pentahydrate and citric acid in a 10 to 1 ratio. The solution is prepared so that every 1 kg
of copper sulfate is diluted in a minimum of 50 L of water (equivalent to 1 pound of copper
sulfate in a minimum of 7 gallons of water). The solution is sprayed at a rate of 3.5 L of solution
per m of pond bank (ca. 70 gallons for each 250 feet of pond bank). The finished formulation
should be applied to a 2-m band around the pond perimeter (Mitchell 2000). Due to concerns
about copper toxicity to fish, treatments should not be applied in ponds with total alkalinities less
than 150 mg/L as CaCO3. Treatment of ponds smaller than 2.8 ha (7 acres) should also be
avoided, regardless of total alkalinity, because dilution of the copper sulfate applied to small
ponds may be inadequate to prevent toxic concentrations of copper in the bulk pond water. Using
copper sulfate in ponds with heavy blooms can also cause severe oxygen depletions because
copper sulfate is phytotoxic. To minimize the impact on algal populations in smaller ponds, the
chemical can be applied over several days by treating one section of pond bank at a time.
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There are several precautions to consider when applying chemical treatments to pond margins
for snail control. Applications should be made only on calm days when mixing due to wave action
is minimal. This will reduce the rate at which the chemical is diluted from the treatment area.
Also, recently stocked fry ponds should not be treated because fry and small fingerlings may not
be able to move out of the treated area fast enough to avoid direct contact with the chemical.

15.11.4 Treatment evaluation

One of the most critical steps in successfully managing a disease outbreak is determining if the
treatment has stopped or slowed the rate of infection. Without this knowledge, decisions
regarding additional treatments cannot be made. Once trematode infections in a population offish
have been identified, continued sampling of fish from that population will not yield much
additional information because metacercariae can remain viable over several production seasons.
As such, short-term evaluation of treatment effectiveness cannot be assessed by additional
examination of fish from the infected population.

Treatment efficacy can be estimated by several methods, including observation of feeding
activity. In most cases, where the infection has resulted in anorexia only, feeding activity will
usually return to normal levels within a week after the source of the infection (snails) has been
eliminated or greatly reduced. Recovery this rapid is contingent upon the assumption that other
infectious diseases, like ESC, have not become established in fish already weakened by the
primary Bolbophorus infection.

A more accurate method of evaluating treatment success is to monitor the development and
severity of infections occurring in sentinel fish. Sentinel fish that are free of trematode infection
are confined in small net-pens or cages and evaluated for the development of cysts. In moderate
to severe infestations, sentinel fish develop visible cysts in as few as 7 days. If infections are not
evident after 7 days, the sentinel fish are placed back in the cages and reexamined after an
additional week. In severe cases, mortalities may also occur within 7 to 10 days. This procedure
should be repeated after every treatment and data on the number of infected fish and number of
cysts per fish recorded so that comparisons of before- and after-treatment infection rates can be
made. This is a critical step in controlling the disease because it provides information about how
well a treatment worked and if additional applications will be necessary. This information will
allow producers to make informed decisions concerning which treatment is most effective and
if more radical management actions are required.

In ponds where most of the snail population lives near the pond bank, chemical treatment is
usually effective in controlling infection rates. However, even in the absence of aquatic weeds,
snails can be present some distance from the pond bank and inaccessible to chemical treatment.
Under these situations, the severity of infection and environmental conditions of each culture
system must be evaluated to determine the appropriate control measure. Low infection rates will
likely require only conservative measures, such as pond margin treatments in conjunction with
the use of biological control species to reduce snail populations, over the course of one to several
growing seasons.

If large snail populations are distant from the pond bank and the infection is directly
contributing to anorexia and mortality, control of the disease will probably require moving the
fish to a different pond. This measure—while extreme—is effective in salvaging fish cultured in
heavily infested ponds. Unfortunately, in ponds that cannot be harvested by seining (such as
ponds overgrown with aquatic weeds) populations of heavily infected fish may have to be
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condemned. After the infected fish have been removed, steps must be taken to eradicate snail
intermediates from the culture system. There is no single best procedure to achieve this objective.
Procedures to eliminate snails and aquatic vegetation will likely involve a combination of
chemical treatments that target snails and vegetation, in conjunction with draining and drying the
pond. The procedures used will depend on the size of the pond and how quickly production can
be resumed.

Since the rams horn snail can estivate by burrowing into pond sediments, simply draining and
drying the pond may not eradicate populations from the culture system. Therefore, ponds should
be partially drained and treated before the remaining water is completely drained from the system.
Condemnation of an infected population is costly, both in terms of lost production and treatment
costs. Accordingly, it should he considered a last management option, after all other control
measures have been considered and it is no longer economically justifiable to retain the fish.
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16.1 INTRODUCTION

A survey of catfish producers by the United States Department of Agriculture, Centers for
Epidemiology and Animal Health (CEAH) in 1996 indicated that the two primary sources of
catfish losses in commercial operations were disease (45%) and wildlife (37%) (CEAH 1997a).
A variety of avian and mammalian predators are attracted to aquaculture facilities in the United
States (Parkhurst et al. 1992) because ponds and open raceways provide a constant and readily
accessible food supply for these animals. However, the mere presence of these predators around
aquaculture facilities does not necessarily mean that significant depredation problems are
occurring. At catfish farms, three species or species groups of birds are primarily cited by catfish
producers as causing most depredation problems (Wywialowski 1999). These include double-
crested cormorants, wading birds (herons and egrets), and American white pelicans, in order of
importance to catfish producers (Wywialowski 1999). Although all of these species consume
catfish, their biology, distribution, and dietary preferences dictate the extent of depredation
problems they cause and the approaches needed to alleviate their depredations. With the
exception of total bird exclusion from ponds, there are no simple solutions for resolving all bird
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FIGURE 16.1. Double-crested cormorant.

depredation problems in catfish aquaculture. Thus, in most cases, an integrated management
approach to alleviating bird depredations must be considered.

16.2 DOUBLE-CRESTED CORMORANTS

The double-crested cormorant Phalacrocorax auritus (Fig. 16.1) is part of a group of cosmo-
politan seabirds that are highly adapted to foraging on fish in open waters. Of six species of
cormorants occurring in North America, it is the only one to occur in large numbers in the interior
and on the coasts (Hatch and Weseloh 1999). Because of its adaptation to fishing, the double-
crested cormorant has long been perceived to conflict with sport and commercial fishing interests
(Meister and Gramlich 1967), but its conflict with aquaculture has more recently coincided with
the development of extensive areas of large ponds associated with catfish farming in the United
States (Glahn and Stickley 1995).

16.2.1 Identification and biology

The double-crested cormorant is a mostly black, goose-like bird with a hooked bill (Stickley
1990). The double-crested cormorant is about 80 cm (ca. 30 inches) in length and weighs about
2.3 kg (5 pounds). Similar looking birds include the anhinga Anhinga anhinga and the neotropic
cormorant Phalacrocorax brasilianus (Johnsgard 1993). Although the anhinga occurs throughout
the Gulf states in the summer, it has a longer, pointed bill and silvery white streaks on the wings
and back. The smaller neotropic cormorant occurs only along the Gulf coast and has white
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markings above and below the eye. Like geese, double-crested cormorants (hereafter called
cormorants) fly in' V formations and are extremely gregarious migratory birds, occuring in flocks
from several birds to several thousand birds. On catfish ponds and other wetlands, they swim low
in the water, often with little more than their heads and sinuous necks showing (Hatch and
Weseloh 1999). From the water's surface, they repeatedly dive and pursue prey underwater using
powerful strokes from their webbed feet. Cormorants grasp fish underwater with their hooked bill
and typically surface with the fish to swallow it head first (Hatch and Weseloh 1999). Although
they prefer to forage in shallow water, cormorants have been known to dive 22 m (72 feet) to
obtain prey (Lewis 1929).

16.2.2 Distribution and numbers

Double-crested cormorants are widely distributed throughout North America (Hatch and Weseloh
1999). Most of the double-crested cormorants that affect southern catfish producers breed east
of the Rocky Mountains, primarily from the Great Lakes through central Canada (Dolbeer 1991).
However, small breeding colonies have recently been documented in Mississippi (Reinhold et al.
1998) and Arkansas (Thurmond Booth, USDA-Wildlife Services, Little Rock, Arkansas, personal
communication). Up to 70% of the breeding cormorants banded at nesting colonies from
Saskatchewan through the Great Lakes prior to 1988 were recovered in the Lower Mississippi
River Valley and there was no apparent "focal point" of breeding birds that conflict with southern
aquaculture (Dolbeer 1991).

Although cormorant breeding populations were suppressed prior to 1970, populations have
increased by 1,000% since that time and are now estimated between 1 and 2 million birds (Hatch
1995; Tyson et al. 1999). Factors contributing to this resurgence include the reduction of
persistent pesticides in the environment, increased protection under the 1972 Migratory Bird
Treaty Act, and increased food availability of alewife Alosa psuedoharengus on their northern
breeding grounds and catfish on their southern wintering grounds (Glahn et al. 2000a).

Dramatic increases in the number of cormorants recorded on their wintering grounds in the
southern United States has accompanied the resurgence in breeding populations and the growth
of the catfish industry during the 1980s (Glahn and Stickley 1995; Jackson and Jackson 1995).
In the catfish production region of northwest Mississippi, cormorant numbers recorded from roost
counts have more than doubled in recent years from approximately 30,000 birds in 1990 to over
67,000 in 1998 (Glahn et al. 2000b). Cormorant numbers have remained approximately at 1998
levels through 2003 (Greg Ellis, USDA-Wildlife Services, Stoneville, Mississippi, personal
communication). Less is known about wintering cormorants in other catfish production areas, but
recent counts of roosting birds suggest populations of approximately 10,000 birds inhabit the
rapidly expanding aquaculture region of east Mississippi and west Alabama (Glahn et al. 2000a).
In the catfish production region of Arkansas, censuses in February 2000 revealed 50,000
cormorants roosting in several different sites (Glahn et al. 2000a). Despite the value of these
census data as indices to potential conflicts, little is known about overall cormorant populations
that might utilize catfish production areas throughout the winter months. However, cormorant
banding data suggest that approximately 120,000 birds moved through the lower Mississippi
Valley in 1989 (Dolbeer 1990). Considering the increased breeding populations since that time,
this number may have more than doubled (Glahn et al. 2000a).

Historically, cormorants arrived on their wintering grounds in November and departed by
mid-April (Aderman and Hill 1995). Appreciable numbers now arrive in September and do not
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depart until late April or early May (Reinhold and Sloan 1999), thus extending the period of
depredations. On their wintering grounds, cormorants congregate at a number of night roost sites,
typically in cypress-swamp habitat, that are situated in close proximity to catfish production or
other foraging areas (Aderman and Hill 1995; Glahn et al. 1996). From a dynamic number of
active night roost sites, cormorants travel a mean distance of only 16 km to forage at nearby
catfish ponds (King et al. 1995). Thus, depredations are likely highly concentrated on ponds in
close proximity to active roost sites, but shifts in roosting activity (King 1996) may cause
depredations to be a widespread problem.

16.2.3 Diet and depredation problems

Cormorant depredations on catfish are a widespread problem. In a 1996 survey of catfish
producers, depredations by cormorants were cited by 77% of Mississippi producers, 66% of
Arkansas producers, and 50% of Alabama producers (Wywialowski 1999). The main problems
reported were cormorants feeding on catfish, injuring catfish, and disturbing feeding patterns of
catfish (Wywialowski 1999). Although impacts from injuring and disturbing catfish have not been
documented, observational studies have provided concrete evidence of cormorants consuming
large numbers of live catfish. In Florida, the smaller taxonomic race of cormorants that reside
there were observed consuming catfish fingerlings at a rate of 19 fingerlings/bird per day, or
approximately 304 g (0.67 pounds) of catfish/bird per day (Schramm et al. 1984). With the larger
race of cormorant in Mississippi, Stickley et al. (1992) found that cormorants consumed an
average of 5 catfish per cormorant-hour of foraging. Based on this rate of catfish consumption
and an average population of 30 cormorants utilizing catfish ponds, Stickley et al. (1992)
estimated that half of a fmgerling pond population stocked with 51,000 fish/ha (ca. 21,000
fish/acre) would be depleted in 167 days.

Food habits studies have also documented the prevalence of catfish in the diet of cormorants
wintering in the catfish production region of northwest Mississippi (Glahn et al. 1995). Of 461
cormorants collected from night roosts during the winters of 1989-90 and 1990-91, catfish
comprised about half of the cormorant diet by weight. The diet of 202 birds collected from catfish
farms showed only a slightly higher percentage of catfish. Gizzard shad Dorosoma cepedianum
comprised most of the remaining diet in each collection. Analysis of data from roost collections
suggested that catfish were most often consumed during the spring from cormorants roosting in
close proximity to concentrations of catfish farms. In contrast, very few catfish were consumed
during the early winter or by cormorants roosting close to expansive natural wetlands along the
Mississippi River. Catfish consumed by cormorants averaged approximately 16 cm (6.3 inches),
and almost 70% of all catfish consumed were stocker-size catfish ranging from 10 to 20 cm (ca.
4 to 8 inches) (Glahn et al. 1995).

Based on cormorant populations, their diet, and physiological parameters, a bioenergetics
model was constructed to estimate the overall removal of catfish by cormorants roosting in the
catfish production region of northwest Mississippi during the winters of 1989-90 and 1990-91
(Glahn and Brugger 1995). This model projected that cormorants consumed from 18 to 20 million
catfish fingerlings per winter, or approximately 4% of the estimated available fingerlings in the
region. Because of increasing populations and shifts in the diet towards more catfish in the spring,
more than half of the catfish losses occurred during February and March of each year. Using
updated population estimates, recent projections from this model suggest that catfish losses
during the winters of 1997-98 and 1998-99 ranged from 47 to 48 million catfish fingerlings
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TABLE 16.1. Catfish production losses from cormorant predation simulating 500 cormorants-days/ha (one
cormorant/0.02-ha pond-half for 10 days). Research ponds (0.04 ha) were stocked with 12,355 catfish/ha in
a single-batch cropping system and 5 kg of 8 tolO cm golden shiners to serve as a "buffer prey" (Glahn and
Dorr 2002). Two replications (A and B) were conducted during the growing seasons of 1999 and 2000,
respectively, with three ponds in each trial; however, one pond in each trial had a catastrophic loss and data
were not used in the analysis.

Trial
Ab

Bc

Pond
1
2
mean

1
2

mean

Fish stocked
250
250
250

250
250
250

Catfish losses from cormorant predation
Number'
62
79
70.5

81
101
91

% by number
25.6
33.3
29.5

42.4
69.1
56.0

%of biomass
18.7
20.6
19.7

55.0
67.5
61.0

a The number offish lost was calculated as the difference in number offish inventoried from split pond halves with
and without cormorant predation.
b During this trial, ponds did not experience disease outbreaks and cormorants were observed to feed on "buffer prey"
in equal proportion to catfish.
c During this trial, ponds suffered moderate disease problems and cormorants were rarely observed to feed on "buffer
prey."

annually, with greatest losses occurring in March (Glahn et al. 2000b). Based on physiological
parameters, cormorant fish consumption was estimated to be 500 g/bird per day (1.1 pounds/bird
per day). This is consistent with recent studies in which two groups of captive cormorants
consumed from 516 to 608 g (1.14 to 1.34 pounds) of catfish/bird per day from research ponds,
or the equivalent often 18-cm (7-inch) fingerlings/bird per day (Glahn and Dorr 2002).

To examine the impact of cormorant depredations on production losses at harvest, Glahn and
Dorr (2002) conducted a controlled foraging experiment with captive cormorants on research
ponds. Each of six, 0.04-ha (0.1-acre) ponds were split in half and each pond-half stocked with
15- to 18-cm (6- to 7-inch) catfish fmgerlings at a rate of 12,355 fish/ha (5,000 fish/acre) using
a single-batch cropping system. In addition, ponds were stocked with 5 kg (11 pounds) of golden
shiners Notemigonus crysoleucas to serve as a gizzard shad surrogate and to help simulate diet
composition of cormorants in the field. After protecting half of each of these ponds with netting,
one cormorant was allowed to forage from each 0.02-ha (0.05-acre) unprotected pond-half for 10
consecutive days. Cormorant feeding activity in this study was designed to simulate the average
number of cormorants (30) observed by Stickley et al. (1992) on a commercial 6-ha (15-acre)
pond for 100 days (500 cormorant-days/ha, or ca. 200 cormorant-days/acre). Following the
predation period in February, fish were maintained in pond halves for 7.5 months using satiation
feeding and were completely inventoried when they reached harvestable size.

The results of this experiment represent the only available information on the effects of
cormorant predation on catfish production losses at harvest (Table 16.1). Two ponds experienced
severe disease outbreaks that devastated the catfish population (>64% mortality) and did not
produce usable data. Two ponds had almost no mortality from disease, and cormorants preying
on both catfish and shiners consumed approximately 7 catfish/bird per day resulting in an average
30% decline in catfish numbers, relative to inventories from the protected pond halves. At a
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commercial 6-ha (15-acre) pond scale stocked at 12,355 fish/ha (5,000 fish/acre), this might
represent a loss of approximately 22,000 fish from 30 cormorants feeding on a pond for 100 days.
Because of compensatory growth offish where predation occurred, this loss offish represented
approximately a 20% loss in biomass offish produced, or 6,800 kg (15,000 pounds) from a
commercial pond. In two ponds where moderate (24 to 42%) disease mortality occurred,
cormorants fed almost exclusively on catfish, despite the presence of shiners. Consistent with
these observations, cormorants were calculated to consume 9 catfish/bird per day, closely
paralleling consumption rates of cormorants on an exclusive diet of catfish. Because of this, fish
losses due to predation averaged 56% above the losses caused by disease, and production losses
were reduced by 61%. Because surviving fish density was relatively low for both protected and
unprotected pond-halves due to disease, there was no conspicuous compensatory growth offish
where predation occurred.

16.2.4 Economics of depredation

The economics of cormorant depredations has been approached by several methods and at
different scales. At an industry scale, Wywialowski (1999) used a nationwide producer survey
to calculate a $12 million loss to catfish producers from all wildlife, including cormorants.
However, the extent that producers can estimate their loss to cormorants is questionable (Glahn
et al. 2002a).

To obtain more objective information on a regional scale, Glahn and Brugger (1995) used
bioenergetic modeling to project that cormorants wintering in the catfish production region of
northwest Mississippi were costing producers approximately $2 million annually. Based on
increasing cormorant populations observed in recent years, Glahn et al. (2000b) updated this
figure to approximately $5 million. However, these losses only considered replacement cost of
these fish at the time that predation occurred. Although this may come close to estimating the cost
of depredations on fingerling ponds, it does not reflect potential production losses from grow-out
ponds at harvest.

Considering a 30% depredation loss of 75,000 fingerlings from a 6-ha (15-acre) grow-out
pond (Glahn and Dorr 2002), the replacement value of these 22,000 fingerlings removed by
cormorants has been estimated to be approximately $2,200. However, the 20% biomass loss of
these fish at harvest of 6,800 kg (15,000 pounds) would be valued at $10,500 ($1.54/kg, or
$0.70/pound), or five times the value of fingerlings lost. Assuming this ratio is approximately
correct and that most depredations occur primarily at grow-out ponds, economic losses from
cormorant depredations to northwest Mississippi farmers may actually approach $25 million; i.e.,
5 times replacement cost projections by Glahn et al. (2000a).

To examine economic effects of cormorant depredations on farm profits, Glahn et al. (2002a)
developed an enterprise budget that assumed a 20% production loss from depredation for a 6-ha
(15-acre) pond using a single-batch cropping system stocked with 12,355 fish/ha (5,000 fish/acre)
(Table 16.2). Assuming a 20% reduction in gross revenue from production losses, as well as
reductions in costs of feed and harvesting, profits of $l,189/ha ($481/acre) without cormorant
predation were decreased by 111 %, to - $ 132/ha (- $53/acre). Thus, cormorant depredation losses
observed under experimental conditions (Glahn and Dorr 2002) can be particularly devastating
to farm profits. This is because of rather narrow profit margins in the catfish industry when both
variable (e.g., feed) and ownership (e.g., pond maintenance) costs are considered (Table 16.2).
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TABLE 16.2. Enterprise budget with and without cormorant predation simulating 500 cormorant-days/ha
for one, 6-ha foodfish pond using a single-batch cropping system stocked at 12,355 fish/ha. Other variable
costs include the cost of fingerlings, labor, management, tractor fuel and maintenance electricity for aeration,
well operation, vehicle repairs and maintenance, disease and predation control, and office costs and supplies.
Ownership costs are annual prorated costs of depreciation, interest on investments, taxes and insurance.
Source: Glahn et al. (2002a).

16.2.5 Prevention and control of depredations

Alleviating cormorant depredations involves employing one or a combination of three basic
strategies: 1) physically separating birds from fish, 2) managing the birds responsible for the
damage, and 3) modifying fish culture practices (Glahn et al. 2000a).

Exclusion—the physical separation of birds from the fish—entails erecting and maintaining
fences, nets, or other barriers. Although total separation may not be practical, various barrier
techniques may serve to limit cormorant access to ponds or to the fish in those ponds (Littauer
et al. 1997). Supported netting, the only completely effective method of excluding cormorants,
appears impractical because typical catfish farm levees are not wide enough to accommodate
support structures and still allow vehicle access (Mott and Boyd 1995). Plastic and wire grids
over catfish ponds can deter cormorant flocks from landing and taking off, but do not necessarily
exclude individual birds (Barlow and Bock 1984; Moerbeek et al. 1987).

Some success with simple parallel overhead wires, spaced on 8-m (ca. 25-foot) centers have
been reported (Davis 1990); but in other studies cormorants simply landed on the levees and
walked under the wires into the ponds (Barlow and Bock 1984). Overhead wire systems may be
more practical for small ponds. Keller (1999) found that overhead wires, in conjunction with
harassment efforts, were effective for protecting smaller (0.2- to 2.5-ha; ca. 0.5- to 6-acre) ponds
from great cormorants Phalacrocorax carbo in Germany, but May and Bodenchuk (1992)
concluded that an overhead wire grid structure was impractical for a 3.7-ha (ca. 9-acre) catfish
pond under current cultural practices. Although current research may help resolve some of these
conflicting results, overhead wires may pose a problem due to interference with harvesting and
other cultural practices (Mott and Boyd 1995). Where practical to use, overhead wires should be

Item With predation Without predation
Gross Revenue $43,050 $53,550
Variable costs

Feed 9,906 11,615
Harvesting 2,460 3,060
Interest on capital 2,082 2,252
Other variable costs 15,778 15,778
Total variable costs 30,226 32,705

Income above variable costs 12,824 20,845

Ownership costs 13,626 13,626
Total costs 43,852 46,331

Net return (profits) -802 7,219
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marked with plastic streamers to improve their utility and reduce hazards to cormorants and other
avian species that may be injured by these wires (Mott and Boyd 1995).

Possible alternatives to overhead wires include floating ropes and underwater grids. Mott et
al. (1993) spaced lengths of 9.5-mm (3/8-inch) polyethylene rope with attached foam floats at 15-
to 17-m (50- to 55-foot) intervals across two catfish ponds, perpendicular to prevailing winds.
This system was effective in deterring cormorant flocks, but not individual birds, for 3 to 8 weeks,
and appeared more practical for protecting large (>2 ha; 5acres) ponds than overhead wires.
However, the presence of a number of unprotected ponds in the vicinity may have influenced the
results (Glahn et al. 2000a). Underwater barriers or baffle systems could theoretically interfere
with cormorants' pursuit of catfish (Barlow and Bock 1984), but studies using submerged nets
to deter cormorants did not reduce cormorant use of ponds and presumably their depredation of
catfish (Gottfried 1998). Although barrier systems may show promise for certain situations, many
catfish farmers may find them impractical due to their interference with multi-year harvesting
(Mott and Brunson 1995).

Due to the practical limitations of exclusion and barrier techniques, cormorant depredation
control has focused almost exclusively on frightening strategies, reinforced with lethal control
(Wywialowski 1999). Typically, this involves personnel patrolling pond levees in a vehicle and
shooting pyrotechnics and shotguns at birds (Stickley and Andrews 1989). Despite the widespread
use of this "harassment patrol" strategy, very little is known about its overall effectiveness in
reducing cormorant depredations (Mott and Boyd 1995). In Europe, Moerbeek et al. (1987) found
that such frightening strategies were insufficient to deter great cormorants from fish ponds.
Similarly, Reinhold and Sloan (1999) reported that cormorants in Mississippi quickly returned
to catfish ponds after being harassed or simply moved from pond to pond, negating efforts to
reduce depredations.

Supplemental frightening devices, including propane cannons, recorded distress calls, sirens,
and particularly human effigies, can enhance the effectiveness of harassment patrols (Littauer et
al. 1997). For instance, Stickley et al. (1995) found that an electronically inflatable human effigy,
used in conjunction with harassment patrols, caused a dramatic reduction of cormorant numbers
on ponds. Similarly, A. R. Stickley (USDA-National Wildlife Research Center, Mississippi State,
Mississippi, unpublished report) observed more than 90% reduction in cormorant numbers on
ponds when inexpensive stationary human effigies, periodically replaced by shooters, were used
to supplement harassment patrols. Regardless of supplemental techniques used, cormorant
harassment programs must be consistent and aggressive to be effective (Littauer et al. 1997).
Starting harassment early in the fall and moving supplemental devices often is also recommended
(Littauer et al. 1997). Automation of cormorant harassment is not possible with passive devices
such as propane cannons alone (Littauer et al. 1997); but in the future some automation might be
accomplished by frightening devices that are remotely triggered by farm personnel or the birds
themselves (Larry Clark, USDA-National Wildlife Research Center, Fort Collins, Colorado,
personal communication). Despite possible improvements in harassment procedures, cormorants
can quickly habituate to frightening devices that provide no negative reinforcement.

To reinforce harassment patrols, limited killing of birds has often been recommended as part
of an integrated damage management plan (Hess 1994; Mastrangelo et al. 1995; Littauer et al.
1997). Although the take of cormorants was previously limited under depredation permits issued
by the U.S. Fish and Wildlife Service, catfish farmers, in consultation with USDA/Wildlife
Services, are now allowed to shoot an unlimited number of cormorants at their farms under a
depredation order issued by the U.S. Fish and Wildlife Service in March 1998 (USDI-FWS 1998).
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Limited information exists as to the effectiveness of unlimited lethal control in reducing
depredations. However, Hess (1994) evaluated the unlimited take of cormorants at several catfish
farms and found that only 290 cormorants were killed by farm personnel in over 3,000 person-
hours of shooting. He attributed the low rate of kill to cormorants learning to avoid being shot and
reported that fewer cormorants attempted to use pond complexes where shooting was deployed.
To increase the take of cormorants and presumably increase the effectiveness of shooting for
reducing depredations, the cormorant depredation order allows catfish farmers to implement
strategies similar to those used by waterfowl hunters, such as using decoys, blinds and
camouflaged clothing (USDI-FWS 1998). Employing such tactics might enable farmers to reduce
cormorant depredations at their farms, but has never been evaluated. However, such tactics,
particularly the use of decoys, have been effective in luring cormorants within shotgun range
(Glahn etal. 1995).

Coordinated dispersal of cormorant night roosts has been used to redistribute roosting
cormorants away from the catfish production region of northwest Mississippi (Glahn et al.
2000b). Roost dispersal involves simultaneous harassment of all known night roost sites
impacting catfish production areas and is coordinated by USDA/Wildlife Services (Reinhold and
Sloan 1999). Catfish farmers are assigned to all known roost sites and they fire pyrotechnics as
cormorants enter the roost in the evening for three consecutive nights, or until the roost is
dispersed (Reinhold and Sloan 1999). Although shooting in roosts can be equally effective as
pyrotechnics for dispersing cormorants (Glahn 2000), it is not currently authorized under the
cormorant depredation order (USDI-FWS 1998). However, low-powered lasers are also effective
in dispersing cormorants from their night roosts (Glahn et al. 2001) and can be used as an
alternative to pyrotechnics where disturbance of other wildlife is a concern.

Several studies evaluating night roost harassment indicate that cormorants temporarily shift
their roosting activity from harassed sites and relocate to areas where they normally cause less
damage (Mott et al. 1998; Glahn et al. 2000b). In response to shifting roosting populations,
cormorants observed in the vicinity of catfish ponds have been reduced by 70 to 90% (Mott et al.
1991; Mott et al. 1998). However, these reductions are only temporary and roost harassment must
be repeated regularly throughout the winter (Reinhold and Sloan 1999; Glahn et al. 2000b).
Although night roost dispersal of cormorants does not eliminate the need to harass cormorants
from catfish ponds, it can substantially reduce the amount of harassment effort needed on farms
where birds from nearby roosts are causing severe problems (Mott et al. 1998). Logistic
limitations and the need for extensive coordination may limit the utility of this procedure in other
catfish producing regions (Reinhold and Sloan 1999). An initial assessment of the extent and
proximity of alternative roosting habitat to catfish production areas is needed to determine
whether roost harassment programs may be logistically practical to implement (Mott et al. 1998).
In northwest Mississippi, the doubling of the cormorant population in recent years and a similar
increase in the number of known roost sites has made it increasingly difficult to maintain an
effective coordinated roost dispersal program. This has required a substantial increase in effort
to maintain cormorant numbers in the protected area at levels equaling those recorded before the
start of roost harassment efforts (Glahn et al. 2000b).

Because of the negative effects of increasing cormorant populations and the limited
effectiveness of present damage management efforts, proposed strategies for managing various
cormorant depredations have focused on reducing cormorant populations to biologically and
socially acceptable levels (Reinhold and Sloan 1999; Glahn et al. 2000a). Glahn et al. (2000a)
suggest that reducing or stabilizing cormorant populations to preset population goals will require
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more intensive control on the wintering grounds (i.e., culling adult birds in roosts), control on the
breeding grounds (i.e., egg oiling and culling adults), or a combination of both. However, credible
management of cormorant populations will benefit from the development of a population
dynamics model that will predict the type and extent of control needed to reduce cormorant
populations impacting the catfish industry and still maintain viable cormorant populations (Glahn
et al. 2000a). The benefits of managing cormorant populations should be based on alleviating
damage (Werner 2000), but are difficult to predict. Managing cormorant populations is unlikely
to be a panacea for resolving cormorant depredations on catfish. Instead, it should be viewed as
a means of enhancing or restoring the effectiveness of current damage management strategies
(Glahn et al. 2000a).

With methods of alleviating cormorant depredations focused largely on managing either
cormorant populations or their foraging activity on catfish ponds, little information exists on the
effects of altering catfish culturing practices to reduce depredation losses. However, a number of
possible alternatives have been proposed by several authors (Barlow and Bock 1984; Moerbeek
et al. 1987; Mott and Boyd 1995). These include reducing pond size, delaying stocking, and
reducing stocking rates. Reducing pond size would help facilitate installation and maintenance
of bird exclusion structures, but is impractical because most ponds have already been constructed
(Glahn et al. 2002a). Mott and Boyd (1995) recommend locating fmgerling ponds or other ponds
especially susceptible to depredations near areas with the most human activity (e.g., farm shops
and offices). This would capitalize on the natural fear that cormorants have for humans and
facilitate harassment of birds on these ponds.

Delaying stocking of fingerlings into grow-out ponds would allow more concentrated bird-
control efforts at fewer fmgerling ponds. By not stocking fingerlings into grow-out ponds during
the winter months (November to mid-April), food-fish producers would avoid almost the entire
period of cormorant predation (Glahn et al. 1995) during a period when catfish are not likely to
grow appreciably (Tucker and Robinson 1990). However, delayed stocking may be inconsistent
with multiple-batch cropping systems that are prevalent within the catfish industry (Tucker and
Robinson 1990).

Reducing stocking rates has been suggested as a means of reducing cormorant foraging
efficiency (Barlow and Bock 1984) which, in turn, could reduce the attractiveness of catfish
ponds (Mott and Boyd 1995). Conversely, higher stocking rates, which are clearly the industry
trend (CEAH 1997b), may mitigate the effects of cormorant predation on catfish production.
Glahn et al. (2002a) adapted pond production data from studies where research ponds stocked
with either 18,500 fish/ha (ca. 7,500 fish/acre) or 25,000 fish/ha (ca. 10,000 fish per acre) incur-
red a range of fmgerling mortalities. They assumed that cormorants were responsible for all
observed mortalities and consumed catfish at an average rate of 7 catfish/bird per day, and used
a regression model to predict the effects of cormorant use of ponds (cormorant-days/ha) on catfish
production (Fig. 16.2). Considering that cormorant use of these more densely stocked ponds
would remain comparable to that of ponds stocked at lower rates (500 cormorant-days/ha),
cormorant losses would be proportionally lower and have less effect on production at harvest
(Glahn et al. 2002a).

Other practices suggested to reduce cormorant depredations include the use of "buffer prey"
to deflect predation from catfish and the addition of pond dyes to reduce the visibility of fish
during cormorant pursuit (Mott and Boyd 1995). Stickley et al. (1992) noticed that cormorants
foraging in one catfish pond appeared to prefer wild gizzard shad, which were more easily
manipulated and swallowed than catfish. However, subsequent controlled studies with captive
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FIGURE 16.2. Relationship between simulated cormorant predation (cormorant-days/ha) and gross catfish
production (kg/ha) in research ponds stocked with 18,500 or 25,000 fish/ha (Hanson and Li, unpublished
data). Cormorant-days/ha were calculated from observed mortalities assuming that cormorants remove 7
catfish/bird per day (Glahn et al. 2002a).

comorants suggest that despite "buffer prey" having some benefits in reducing production losses,
cormorants exhibited no preference for more readily-manipulated buffer prey (i.e., golden shiners)
(Glahn and Dorr 2002). Even if preferred "buffer prey" could be identified, use of buffer prey to
reduce cormorant depredations on catfish remains controversial because of the possibility that
more attractive prey in catfish ponds may simply attract more cormorants (Mott and Boyd 1995).
Along similar lines, some authors (Erwin 1995; Mott and Boyd 1995) suggest the development
of alternative foraging sites stocked with preferred buffer prey. However, the effectiveness of
such a procedure would rely heavily on maintaining a density of buffer prey that would not be
quickly depleted by cormorant populations foraging in the area (Glahn et al. 2000a). The use of
pond dyes has been recommended to reduce the visibility offish to cormorants (Mott and Boyd
1995), but has never been evaluated. However, the natural turbidity (Secchi disk readings less
than 40 cm) of most catfish ponds suggests that cormorants do not require good visibility to
pursue and capture catfish (Glahn et al. 2000a).

With the exception of total exclusion with netting, no single control strategy is likely to
reduce cormorant depredations on catfish to acceptable levels (Mott and Boyd 1995). Where
practical, combining strategies would most likely be the best approach. For instance, a catfish
farmer might delay stocking fmgerlings into grow-out ponds and use overhead wires, floating
ropes and other barriers in combination with intensive harassment patrols of fingerling ponds and
nearby roosts. As cormorant problems intensify and the need to stock fmgerlings becomes
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apparent, the same farmer may wish to shift to more aggressive farm-wide harassment of cor-
morants, combined with an intensive lethal control program to supplement harassment activities.

16.2.6 Costs and benefits of control

The costs and benefits of control methods used to reduce cormorant depredations vary
considerably. Typically, exclusion and barrier systems have the largest costs, but have longer-term
benefits. Supported netting is the only completely effective, long-term solution to excluding
cormorants from ponds, but is economically impractical. Littauer et al. (1997) estimated that it
would cost approximately $1 million to enclose 40 ha (ca. 100 acres) of ponds. Although
overhead wires are somewhat less effective than netting, costs are lower, and such systems may
be cost-effective for protecting smaller ponds. Keller (1999) found that overhead wires spaced
7.5 m (ca. 25 feet) apart were cost-effective in protecting smaller (0.2 to 2.5 ha; 0.5 to 6 acre)
ponds from cormorant predation in Germany when prorated over the 10-year life span of the
system. Because some cormorants may learn to evade widely spaced wire systems (Moerbeek et
al. 1987; Keller 1999), additional costs of frightening devices may also be realized.

Although the costs of deploying frightening and lethal control strategies are typically less than
exclusion and barriers, the need for almost continuous harassment of birds by one or more
personnel over an increasingly long wintering period can be costly. Littuaer et al. (1997)
calculated the costs (labor and materials) of deploying a frightening program on a farm 200 ha
(ca. 500 acres) or less to be $20,000 over a 5-month period. Also, Wywialowski (1999) reported
that Mississippi catfish producers on average spent almost $9,000/year for wildlife damage
control and that control costs varied with catfish sales. Considering cormorant depredation losses
estimated from observations, Stickley et al. (1992) concluded that efforts to repel cormorants
from ponds were well justified and economically reasonable based on replacement costs of catfish
alone. Assuming harassment patrols are effective in depredations, a more recent economic
analysis confirms this conclusion (Glahn et al. 2002a). The benefit of shooting an unlimited
number of cormorants, as permitted under the depredation order, has not been thoroughly
assessed. However, Hess (1994) found that cost-effectiveness varied among pond complexes and
was greatest where there were large numbers of cormorants in the vicinity of ponds.

Relative to the costs of harassing cormorants on ponds, the costs to farmers of cormorant
dispersal programs are relatively small. Based on costs of pyrotechnics and labor, the total costs
of roost dispersal programs were $16,757 and $32,303 during the winters of 1993-94 and
1994-95, respectively (Mott et al. 1998). However, the average cost to each participating catfish
producer was only $419 and $557, respectively. Although cormorant roost dispersal does not
eliminate the need to harass cormorants from ponds, because of it, the costs of harassment on
ponds are reduced (Mott et al. 1998). Compared to costs of harassing cormorants from ponds
before roost dispersal programs began, catfish producers in areas where cormorants were
dispersed reported average annual savings of $1,406 and $3,217 in the winters of 1993-94 and
1994-95, respectively. Thus, roost dispersal programs appeared to be cost-effective in those
years. However, increasing cormorant populations, combined with increasing numbers of known
roost sites have resulted in increased costs of implementing this program and diminished its
benefits (Glahn et al. 2000b).

Costs of implementing changes in culture practices vary greatly and their benefits in reducing
cormorant depredations are sometimes unclear. Some costs may be very high with doubtful
benefits. For example, reducing pond size might facilitate installing bird exclusion systems;
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however, pond construction cost, a major capital expenditure, increases as pond size decreases
(Garrard et al. 1990). Although the average size of newly constructed ponds has decreased slightly
from 6 ha to 4.8 ha (Terrill Hanson, Mississippi State University, unpublished report), there is no
information to suggest that ponds of 4 to 5 ha (ca. 10 to 12 acres) are small enough to make
exclusion barriers practical. In contrast, delaying stocking of fingerlings into grow-out ponds may
have no associated costs because of the limited growth of these fish during winter months (Tucker
and Robinson 1990). However, delaying stocking until late spring after cormorants leave may
increase the risk of stress-related disease outbreaks (Glahn et al. 2000a).

Decreasing stocking rates of ponds might reduce the attractiveness of ponds to cormorants,
but is counterintuitive to improving net returns. Increased stocking rates (up to 25,000 fish/ha;
ca. 10,000 fish/acre) has become a potentially cost-effective means to improve yields, since the
costs of additional fingerlings have remained relatively low (Engle and Kouka 1996). This trend
continues despite research suggesting that increased stocking rates do not necessarily increase net
returns (Tucker et al. 1992). Although water quality problems and associated disease outbreaks
may be closely associated with stocking density (Tucker et al. 1992), there is no evidence that
cormorant depredation problems are associated with stocking density or other culture practices
(Brian Dorr, USDA-National Wildlife Research Center, Mississippi State, Mississippi, personal
communication). If cormorant depredations remain constant at various stocking densities, then
limited data from research ponds suggest that catfish production from ponds stocked at either
18,500 to 25,000 fish/ha (7,500 to 10,000 fish/acre) would not be negatively impacted at
calculated depredation rates simulating 30 cormorants foraging on a pond for 100 days (Glahn
et al. 2002a). However, further research is needed to determine optimal stocking rates with
respect to cormorant depredations that maintain acceptable profit margins (Glahn et al. 2002a).

16.3 WADING BIRDS

Wading birds include several species of long-legged wetland birds that have long been implicated
in depredation problems to aquaculture in the United States (Cottam and Uhler 1945) and Europe
(Draulins 1988). In addition to catfish, these problems have been associated with depredations
on trout (Parkhurst et al. 1992; Pitt and Conover 1996; Glahn et al. 1999a), bait fish (Hoy et al.
1989), and ornamental fish (Avery et al. 1999). The two primary species implicated in depre-
dations on catfish are the great blue heron Ardea herodius and the great egret Ardea alba (Hodges
1989; Ross 1994; Glahn et al. 1999b). Snowy egrets Egretta thula, little blue herons Egretta
caerulea, black-crowned night herons Nycticorax nycticorax, and wood storks Mycteria
americana have been infrequently observed at catfish farms (Glahn et al. 1999b), but there is no
evidence to suggest that they cause any significant losses of catfish. This is particularly true of
the cattle egret Bubulcus ibis, which may frequent catfish farms but does not feed on fish
(Stickley 1990).

16.3.1 Identification and biology

The great blue heron (Fig. 16.3) and the great egret (Fig. 16.4) exceed 1 m (ca. 3 feet) in height
and except for the wood stork, are the largest wading birds observed at catfish farms. The great
blue heron is slate-blue in color and may have a black and white head. The great egret is all white
in color with a yellow bill and black legs. In contrast, the wood stork is white with black wings
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FIGURE 16.3. Great blue heron.

FIGURE 16.4. Great egret.
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and tail. Unlike the great blue heron and great egret, the wood stork has a broad curved bill.
Identifying characteristics of these and smaller herons and egrets were summarized by Stickley
(1990).

Great blue herons (hereafter called herons) and great egrets (hereafter called egrets) are visual
foragers and forage on catfish ponds almost exclusively during daylight hours, despite some
herons being present at night (Stickley et al. 1995; Glahn et al. 1999b). Herons and egrets
typically stand and wait, or walk along pond edges to obtain fish prey that occurs in the littoral
zones of lakes and ponds (Willard 1977). However, both species are known to use a variety of
behaviors, including landing in the middle of catfish ponds, to obtain fish (Ross 1994). Although
herons sometimes forage alone, egrets are gregarious and large aggregations of both species form
at sites with high prey availability (Kushlan 1976). In murky-water situations like catfish ponds,
prey availability increases when conditions exist that bring fish close to the surface (Glahn et al.
2001). However, low-water situations, which most often occur in watershed ponds, may also
increase prey availability to wading birds (Kushlan 1976).

16.3.2 Distribution and numbers

Herons and egrets are the most widely occurring fish-eating birds at most catfish farms and occur
on the ponds throughout most of the year. Glahn et al. (1999b) found wading birds present at 59
of 67 (88%) randomly sampled catfish pond complexes in northwest Mississippi. Numbers of
herons and egrets varied with location, season, and time of day, but in 1996 the average 127-ha
(315-acre) catfish farm in northwest Mississippi was estimated to support about 78 herons and
56 egrets. At these densities, populations at all catfish farms in northwest Mississippi was
estimated at approximately 25,000 herons and 18,000 egrets (Glahn et al. 1999b). Compared to
heron survey results from some of the same complexes in 1990, heron populations at these farms
had increased eightfold (Glahn et al. 1999b).

Heron abundance on catfish ponds is typically low (0 to 3 birds/pond), but herons concentrate
at ponds where fish are diseased and where fish are being fed (Glahn et al. 2002b). Disease and
fish-feeding bring catfish to the surface where they are more vulnerable to heron predation.
Similarly, egrets appear to be most attracted to fingerling ponds where fish are dying (Hodges
1989).

16.3.3 Diet and depredation problems

Consistent with the wide distribution of herons at catfish farms, 42% of catfish farmers
responding to a nationwide survey reported that herons cause depredations on their fish stocks
(Wywialowski 1999). However, only 16% of the same producers cited egrets as a problem.
Similarly, when 47 catfish farm managers were asked to rank the importance of avian predators
at their farms, 81 % ranked the great egret third after the cormorant and great blue heron (Glahn
et al. 1999b). Thus, catfish farmers perceive egrets to be less of a problem than herons. In fact,
studies of the diet and foraging behavior of both herons and egrets raise some questions regarding
the extent of their depredations at catfish farms.

Herons and egrets are primarily fish-eating birds but eat a variety of vertebrate and
invertebrate prey (Cottam and Uhler 1945). At catfish farms in Mississippi, most of the heron diet
consisted of wild sunfish Lepomis spp., gizzard shad, and mosquito fish Gambusia spp. (Stickley
et al. 1995). Based on observations, the heron diet consisted of 44% by weight of live catfish
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FIGURE 16.5. Percentage of catflsh clinically diagnosed by disease category that had been captured by great
blue herons from selected catflsh ponds in northwest Mississippi where herons were concentrated (> 6 birds)
during the fall and winter of 1998 (n = 55) or where herons took catfish from ponds during the summer of
1998 and 1999 (n = 63) (Glahn et al. 2002b).

averaging approximately 15 cm (6 inches) (Glahn et al. 1999b). The remaining diet consisted of
dead catfish and wild fish. The diet of egrets contained even fewer (28 to 35% by weight) catfish,
averaging 10 cm (4 inches) in length (Ross 1994; Glahn et al. 1999b). However, only 8% of the
diet was judged to be live catfish (Glahn et al. 1999b). The size of catfish consumed is consistent
with observations suggesting that egrets forage primarily at fingerling ponds (Hodges 1989;
Glahn et al. 1999b). Most of the catfish consumed by herons and egrets are taken in the spring
or fall when catfish diseases are common (Stickley et al. 1995; Glahn et al. 1999b). This is
consistent with a recent study (Glahn et al. 2002b) indicating that 85% of live catfish captured
by herons congregating at ponds in the fall and winter were diseased and 76% were judged by a
pathologist to be terminally ill (Fig. 16.5). In contrast, most (75%) of the live catfish consumed
by herons at ponds where catfish were being fed were healthy (Fig. 16.5). At times other than
during fish feeding, studies of captive herons suggest that they are inefficient at capturing healthy
catfish and may survive primarily on diseased catfish and wild fish in ponds (Glahn et al. 2000c).

Because herons and egrets prey on large numbers of diseased and dead catfish, these birds
could transmit disease organisms from one pond to another. Taylor (1992) identified the
bacterium Edwardsiella ictaluri—responsible for enteric septicemia of catfish (ESC)— from both
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herons and egrets. However, Waterstrat et al. (1999) were unable to culture viable ESC organisms
from fecal samples of herons repeatedly fed catfish fingerlings that had been injected with high
concentrations of ESC organisms. High body temperatures (41°C; 106°F) of herons (Waterstrat
et al. 1999) and egrets (J. F. Glahn, USDA-National Wildlife Research Center, Mississippi State,
Mississippi, unpublished data) suppressed the growth of the E. ictaluri in the gastrointestinal tract
of these birds, thus limiting their role in disease transmission among ponds (Waterstrat et al.
1999). Because major catfish diseases such as ESC and columnaris are caused by organisms that
are ubiquitous in ponds and fish populations in the lower Mississippi Valley, their transmission
by birds is probably not a major factor in the spread and severity of disease within the catfish
industry (Tucker and Robinson 1990; Taylor 1992). However, this may not be the case with
parasitic diseases such as proliferative gill disease, and further research is needed to clarify the
role of birds as disease vectors.

16.3.4 Economics of depredation

Estimates of the economic impact of heron and egret depredations have been largely based on
daily rates of live catfish consumed, assuming replacement costs of catfish obtained from
fingerling ponds (Glahn et al. 1999b; Glahn et al. 2002b). Based on energetic models, herons
consume approximately 300 g (0.67 pounds) offish/bird per day (Schramm et al. 1987; Bennet
1993) and these estimates have been confirmed in captive feeding trials with catfish as prey
(Glahn et al. 2000c). From this daily consumption rate and a diet of 41% catfish, Stickley et al.
(1995) calculated that herons consumed 123 g (0.3 pounds) of catfish/day or about 12, 10-g
fingerlings/day. Based on observing an average of 22 herons per 126-ha (ca. 315-acre) farm,
Stickley et al. (1995) calculated a maximum replacement cost for a farm this size to be
$3,800/year. Corresponding with the increase in heron populations at Mississippi catfish farms
in 1996, Glahn et al. (1999b) updated this figure to $ 11,400/year. Such loss estimates assume that
fingerlings consumed by birds would not have died from other causes. Contrary to this notion,
however, recent studies indicate that most catfish consumed by herons were diseased and would
have died anyway (Glahn et al. 2002b). This finding is consistent with studies of captive herons
foraging on research ponds suggesting a minimal impact on fingerling catfish production from
heron foraging activity (Glahn et al. 2000c). The exception is heron depredation activity during
times when catfish are being fed. However, the seasonal occurrence of fish feeding, combined
with the brief time that fish come to the surface to feed, limit the extent of depredations. Based
on heron numbers and their consumption rate of live catfish at these times, Glahn et al. (2002b)
projected an annual loss per pond of only 575 fish or less than 1% of catfish populations in either
grow-out or fingerling ponds.

Although the economic impact of egret depredations has not been extensively studied, it is
most likely less than that caused by herons because of several factors. Egrets weigh only about
half that of herons and, based on energetic demands, would require only 169 g (0.42 pounds) of
fish/bird per day (Schramm et al. 1987). However, their diet appears to be comprised of only 8%
live catfish, the remainder being wild fish and dead catfish. Based on field observations, Glahn
et al. (1999b) estimated that egrets might be consuming 4.5 fmgerlings/day. Considering the
average egret density of 56 birds/farm in 1996, egrets were estimated to consume approximately
92,000 fingerlings valued at approximately $3,700 (Glahn et al. 1999b). Like herons, egrets are
likely to consume diseased fish that may die anyway (Hodges 1989; Glahn et al. 1999b). Thus,
their economic impact is probably negligible.
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16.3.5 Prevention and control of depredations

Catfish farmers primarily use shooting, vehicle patrols, and other scare tactics to keep wading
birds from their ponds (Glahn et al. 1999b). However, wading birds can become resident at farms
and quickly habituate to scare tactics (Hodges 1989). Thus, limited killing of birds may be
necessary to reinforce scare tactics (Mastrangelo et al. 1995). Catfish farmers must obtain a
depredation permit through the U.S. Fish and Wildlife Service to shoot wading birds. Before
obtaining a kill permit, farmers must first contact USDA/Wildlife Services personnel to verify
that a depredation problem exists and that non-lethal methods have been attempted (Mastrangelo
etal. 1995).

Where depredation problems persist, perimeter barriers have been recommended for resolving
wading bird problems (Littuaer et al. 1997). However, these systems have produced variable
results and do not prevent these birds from taking fish by landing in the pond or taking fish on
the wing (Ross 1994). Although perimeter netting has been recommended to exclude wading
birds from the littoral zone, in one field trial, herons adapted to this by walking on and foraging
from the net (Littuaer et al. 1997). A better perimeter barrier might be electric fencing. A simple
two-strand electric fence set up around five catfish ponds reduced wading bird activity by 91%
(Mott and Flynt 1995). The possible key to the effectiveness of this system is that birds shocked
by the fence became conditioned to avoid the ponds (Mott and Flynt 1995).

Good management practices, combined with limited strategic harassment efforts, can alleviate
most wading bird problems. Maintaining good water quality and reducing stress factors on fish
will reduce disease problems that appear to attract wading birds (Hodges 1989; Glahn et al.
2002b). Good management includes sufficient aeration so that fish are not forced close to the
surface where they are vulnerable to predation (Glahn et al. 2000c; 2002b). At watershed ponds,
maintaining a minimum water depth of at least 1 m will also limit exposure offish to predation.
Because fish are also vulnerable during fish feeding, strategic harassment of wading birds may
be needed at these times (Glahn et al. 2002b). Although not a recommended feeding practice in
the long-term (Tucker and Robinson 1990), temporary use of sinking feed might be considered
for dealing with persistent wading bird depredations during fish feeding. Clearly, if wading birds
are congregating around selected ponds at times other than fish feeding, catfish farmers are best
advised to check these ponds for possible disease and water quality problems and to resolve these
problems first.

16.3.6 Costs and benefits of control

In a limited survey in 1996, catfish farmers in northwest Mississippi reported spending $4,000
annually to reduce wading bird depredations using scare tactics (Glahn et al. 1999b). Although
this is only half of the cost farmers spend in harassing cormorants (Mott et al. 1998), it may not
be justified considering that depredation losses, for the most part, appear negligible (Glahn et al.
2000b). However, in instances where wading birds congregate around ponds during fish feeding,
limited harassment may be cost-effective (Glahn et al. 2002b). In other instances where deterring
wading birds from selected ponds is justified over longer periods (i.e., fear of disease
transmission), use of electric fencing may be more cost-effective than repeated use of scare
tactics. In 1992, cost of fencing materials was only $404 to exclude birds from a 2.2- ha (5.4-acre)
pond and required only 6 person-hours to set up (Mott and Flynt 1995).
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FIGURE 16.6. American white pelican.

With the exception of depredations during fish feeding, wading birds may not be detrimental
to catfish aquaculture. In fact, on ponds with a diseased population of catfish, they may be
beneficial by selectively feeding on moribund fish and reducing the number of infected fish in the
pond (Waterstrat et al. 1999). In these situations harassing birds from infected ponds could prove
detrimental if birds disperse disease organisms to surrounding ponds (Glahn et al. 2002b).

16.4 AMERICAN WHITE PELICANS

In 1990, Wildlife Services offices in Arkansas, Louisiana, and Mississippi began receiving
complaints concerning American white pelicans Pelecanus erythrorhynchos foraging in catfish
ponds (King 1995). Although the brown pelican Pelecanus occidentalis has not been reported
foraging at inland aquaculture facilities, it has been observed foraging in coastal aquaculture
settings (Tommy King, USDA-National Wildlife Research Center, Mississippi State, Mississippi,
unpublished data). American white pelicans (hereafter pelicans) come into conflict with south-
eastern aquaculture by exploiting this abundant and readily available food source while possibly
serving as a vector for disease transmission (King 1995).

16.4.1 Identification and biology

In contrast to the brown pelican, American white pelicans (Fig. 16.6) are mostly white. Only the
primaries and secondaries (flight feathers) are black. The bill and legs vary in color with age.
Young pelicans have pale, gray-pink bills and legs while adults have yellow to orange-red bills
and legs. During the breeding season, adult pelicans develop a horny knob on the culmen (bill)
and pale, yellowish feathers on the chest and upper wing. With a wing span up to 290 cm (ca. 9.5
feet) and a mean body weight of 6.3 kg (ca. 14 pounds), the American white pelican is the largest
fish-eating bird in North America (Johnsgard 1993).

Pelicans are usually present in the southeastern United States from November through May
(King 1995; King and Michot 2002), but since 1995 several hundred pelicans have remained in
Louisiana and Mississippi until late June. During the summers of 2000 through 2003, about 1,800
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pelicans remained in the Delta regions of Arkansas and Mississippi (Greg Ellis, USDA-Wildlife
Services, Stoneville, Mississippi, personal communication).

Pelicans loaf in groups that vary in size from less than one hundred to several thousand birds.
In Arkansas and northwest Mississippi, pelicans loaf in flooded agricultural fields when the
Mississippi River is high and sand bars and mud flats are inundated (King 1995; King and Michot
2002). When the Mississippi River is low and there are few available flooded fields, pelicans loaf
on exposed mud flats and sand bars in large lakes and rivers. Agricultural fields, intentionally
flooded for wintering waterfowl, seem particularly attractive to pelicans. Most pelican loafing
sites in the Southeast are open flat areas with little, if any, surrounding vegetation. In northwest
Mississippi, pelicans are wary and usually abandon loafing sites disturbed by increased human
activity. In south Louisiana, however, pelicans seem less wary and have used the same crawfish
pond levees as loafing sites for the past several years, despite human activity (King 1995; King
and Michot 2002).

American white pelicans are diurnal and nocturnal foragers (King 1995). However, pelicans
in south Louisiana and northwest Mississippi forage primarily during the morning and afternoon
(King and Werner 2001). Pelicans feed singly, in small groups (2 to 25 birds), or in large groups
of more than 25 birds (King 1995). When foraging singly or in small groups, pelicans usually dip
their bills to search for food as they swim. When cooperatively foraging, pelicans herd their prey
toward shallow water by swimming side by side and synchronously dipping their bills (Anderson
1987; Hart 1989; McMahon and Evans 1992; Johnsgard 1993). Pelicans have been known to fly
up to 305 km (190 miles) from a breeding colony to a feeding site (Johnson 1976) and prefer to
forage in shallow water (Anderson 1987; Johnsgard 1993). Due to the relatively shallow water
depth and high fish stocking densities, catfish ponds provide a nearly perfect foraging
environment for pelicans (King 1995).

In south Louisiana and northwest Mississippi, pelicans were monitored to determine their
daily activity budgets while using different habitats such as catfish ponds, crawfish ponds, rivers,
lakes, and bayous. Pelicans foraging at catfish ponds spent about 4% of their day foraging and
96% loafing, whereas pelicans foraging in other habitats spent about 28% of their day foraging
and 72% loafing. This difference may be due to pelicans being more efficient in obtaining their
food requirements from catfish ponds (King and Werner 2001).

16.4.2 Distribution and numbers

Most pelican biologists believe that American white pelicans are separated by the continental
divide into two geographically distinct populations (King 1995). In 1981, the entire North
American population of American white pelicans was estimated at 109,000, with about 77,000
birds wintering and summering east of the Rocky Mountains (Johnsgard 1993). Although
published data on the status of the pelican population since 1981 are lacking, the current eastern
population is estimated at more than 120,000 birds (Tommy King, USDA-National Wildlife
Research Center, Mississippi State, Mississippi, unpublished data). In the United States, the
largest known breeding colonies of American white pelicans east of the Rocky Mountains are at
Chase Lake National Wildlife Refuge, North Dakota and Marsh Lake, Minnesota.

The eastern population of American white pelicans migrates primarily through the Great
Plains and along the Mississippi River and winters in the lower Mississippi River Valley and
along the Gulf Coast (Evans and Knopf 1993; Johnsgard 1993; King and Grewe 2001). Aerial
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FIGURE 16.7. Distribution (%) among primary foraging locations and mean (± standard error of the mean)
flock size of American white pelicans observed on catfish ponds (CFP), rivers, and lakes during aerial surveys
in the catfish production region of northwest Mississippi, 1993 through 1997 (King and Werner 2001).

censuses conducted in northwest Mississippi showed that the numbers of pelicans peaked at fewer
than 7,000 in February and March, corresponding with the onset spring migration (King and
Grewe 2001; King and Michot 2002). However, there was no significant increase in wintering
pelican numbers recorded between 1994 and 1997 (King and Werner 2001). Prior to winter and
spring 1995, pelicans in Arkansas, south Louisiana and Mississippi usually foraged in large
flocks. It was common to see more than 300 pelicans flying to catfish ponds, foraging, and
leaving in one flock. Now however, it is not uncommon to see pelicans foraging in small flocks
(1 to 50 birds) and recent data suggest a mean flock size on catfish ponds to be 251 pelicans (King
and Werner 2001; Fig. 16.7).

16.4.3 Diet and depredation problems

Although depredation problems associated with pelicans may be significant where they occur,
problems appear more isolated than those caused by cormorants. As many as 2,000 pelicans have
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been observed foraging in one 6-ha (15-acre) pond in Mississippi (King and Werner 2001), but
in 1996 only 8% of catfish producers reported depredation problems caused by pelicans
(Wywialowski 1999). King and Werner (2001) report that pelicans are most often observed
feeding in lakes but occur in larger flocks on catfish ponds than lakes (Fig. 16.7). Although little
is known about pelican energetic demands, Lingle (1977) found that breeding adult pelicans at
Chase Lake National Wildlife Refuge, North Dakota consumed about 0.6 kg (1.3 pounds) of food
per day. In contrast, Cooper (1980) reported that the larger (8.9 kg; 19.6 pounds) great white
pelican in Africa consumed 14.1% of their body mass in fish each day. Assuming the same
percentage, American white pelicans would require 0.9 kg (3.1 pounds) offish/bird per day.
Relative to the food requirement of a cormorant (0.5 kg/bird per day; 1.1 pound/bird per day), the
latter may be more realistic for a bird more than twice the size of a cormorant.

In preliminary studies (King 1995), catfish up to 34 cm (ca. 13 inches) long were found in
stomachs of pelicans, and several catfish larger than 53 cm (ca. 21 inches) long were found stuck
in throats of pelicans collected from northwest Mississippi. In the latter cases, pelicans apparently
tried to swallow the larger catfish tail first and the pectoral spines of the catfish pierced the
pelican's throat, preventing swallowing (King 1995). More recently, 28 pelicans collected while
loafing near catfish ponds in northwest Mississippi had a diet consisting of 99.6% catfish by
weight (Tommy King, USDA-National Wildlife Research Center, Mississippi State, Mississippi,
unpublished data). Of the 162 mostly intact catfish measured from these stomach contents, the
mean size offish consumed was 26 cm (10.2 inches), but catfish up to 63 cm (24.8 inches) in
length were found in these birds. The calculated biomass of fish consumed corresponded to
slightly in excess of 3 kg (6.6 pounds) of catfish being consumed by a single pelican, but the
mean biomass of catfish consumed by 27 pelicans, presumably from a single feeding, was 528
g (1.2 pounds) (Tommy King, USDA-National Wildlife Research Center, Mississippi State,
Mississippi, unpublished data).

In addition to pelicans consuming catfish, they are involved in the transmission of devastating
parasitic infections to catfish. Pelicans have recently been identified as one of the hosts in the life
cycle of commercial catfish parasites, especially the digenetic trematode Bolbophorus damnificus
(Overstreet et al. 2002). This trematode has been responsible for substantial economic losses to
several aquaculture producers in Louisiana, northwest Mississippi, and southeast Arkansas (see
Chapters 13 and 14).

16.4.4 Economics of depredation

Although data to clearly define the economics of pelican depredations are lacking, the economic
impact of pelicans to aquaculture on a regional scale is probably less than that of cormorants
because their seasonal abundance is typically lower. For instance, in northwest Mississippi, peak
populations of less than 7,000 pelicans have been a small fraction of the 67,000 cormorants
observed (Glahn et al. 2000b). However, at a pond scale, pelican depredations can be econom-
ically more important than that of cormorants because of the amount and size of catfish
consumed. If pelicans foraging in a catfish pond consumed exclusively catfish averaging 26 cm
(10.2 inches), then each bird would require 11 of these catfish to meet its energetic requirement
of 0.9 kg/day (ca. 2 pounds/day). This consumption rate would translate into 2,750 catfish
consumed/day by an average flock of 250 pelicans. If these fish reached harvestable size of 0.68
kg (1.5 pounds) and were valued at $ 1.54/kg ($0.70/pound), catfish farmers could potentially lose
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approximately $2,900 from a single day of pelican foraging. Actual depredation losses would
depend on actual pelican abundance at ponds, the size and therefore the number of catfish that
could be consumed, and the duration of pelican foraging at catfish ponds. For instance, recent
fragmentation of some pelican foraging flocks can lessen the impact on a pond or farm if the
number of days pelicans forage at ponds can be minimized.

Although the economic impact of pelican foraging can be significant, the potential for
pelicans to transmit trematode infections to catfish ponds can be more devastating. Entire
populations of catfish have died from trematode infections, and managing the disease involves
frequent monitoring of fish populations and chemical treatment of ponds to kill the other
intermediate host of the parasite—the rams-horn snail (see Section 15.11).

16.4.5 Prevention and control of depredations

Prior to the winter of 1992-1993, pelican depredations at catfish facilities in the delta regions of
Arkansas and Mississippi were limited to infrequent visits and the birds were easily dispersed
from the area. In recent years however, pelicans have become more persistent in their foraging
efforts and more difficult to disperse from catfish farms (King 1995). Damage abatement
recommendations by King (1995) have consisted of harassment measures similar to those used
for cormorants (i.e., harassment patrols, pyrotechnics, electronic noise devices, human effigies,
and propane cannons), issuance of depredation permits, and draining water from flooded
agricultural fields where pelicans loaf. Because pelicans often forage at night, 24-hour harassment
patrols may become necessary in areas experiencing problems. In south Louisiana, nocturnally
foraging pelicans have been easily frightened from catfish ponds using bright spotlights (Albert
Gaude III, Clearwater Cajun Fisheries, St. Martinville, Louisiana, personal communication). The
more recent fragmentation of some pelican flocks makes harassment and dispersal from ponds
much more difficult. Thus, the most effective technique seems to be harassing the birds at their
loafing sites near catfish farms.

16.4.6 Costs and benefits of control

Considering the potential for extensive losses caused by pelican foraging at catfish ponds,
deterring pelicans from foraging on ponds is clearly warranted. If allowed to land on catfish
ponds, pelicans will immediately begin to forage. Therefore, every effort should be made to
prevent flocks of pelicans from landing. Prompt and persistent action is needed to preclude large
losses from occurring. Lack of vigilance by harassment patrols during a mid-day break or at night
may allow substantial damage to take place despite control efforts. Although the costs of pelican
control rarely have been reported, during the winter of 1994-95 one catfish farmer in south
Louisiana estimated his costs for pyrotechnics, ammunition, and labor for pelican harassment to
be $129,345, with an additional $12,710 spent for extra road and vehicle maintenance (Albert
Gaude III, Clearwater Cajun Fisheries, St. Martinville, Louisiana, personal communication). In
spite of these expenditures, this farmer estimated losing $31,227 in fish due to depredations.
However, without persistent harassment efforts these losses probably would have been higher.
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17.1 INTRODUCTION

Cages and in-pond raceways are culture systems that can be used where open-pond culture is not
feasible or advantageous. The ability to utilize almost any body of water is the most unique
advantage of cages and in-pond raceways. The abundance of watershed ponds throughout the
United States offers opportunities to exploit underutilized or multiple-use aquatic habitats to
culture catfish where temperature regimes and water quality parameters are acceptable. In some
states, certain public waters such as rivers and reservoirs are designated for fish culture, and cages
and in-pond raceways can be employed to culture catfish in such waters where permitted.

Recently, the sustainability of many agricultural and aquacultural systems has been called into
question. If sustainable aquaculture is defined as producing aquatic animals in systems that will
not cause environmental impairment or disrupt the dynamics of natural ecosystems, then cage and
in-pond raceway systems in private ponds can be considered examples of sustainable aquaculture.
Existing ponds are already integrated into the surrounding natural and agricultural ecosystems.
Cage and in-pond raceways add some nutrients to ponds, and these reduce the need for
fertilization to sustain wild fish populations and help to suppress unwanted rooted aquatic
vegetation. Ponds with these culture systems can be utilized for multiple purposes such as
livestock watering, irrigation, and recreation. As watershed ponds are seldom (if ever) drained,
effluent discharges do not occur except during winter rain events when these culture systems have
been harvested or are receiving little feed input. Therefore, such ponds utilize fish wastes as
nutrients to support a natural aquatic food web and do not release nutrient-rich effluents.

As with any culture system, cages and in-pond raceways have advantages and disadvantages.
Advantages of cages include: 1) utilization of any suitable water body (e.g., ponds, lakes,
reservoirs, quarry pits, rivers, and streams), 2) relatively low initial capital investment, 3)
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simplified feeding and observation, 4) simplified harvesting, and 5) maintaining the multiple-use
function of ponds. Potential disadvantages of cage culture include: 1) the need for nutritionally
complete feed, 2) localized water quality problems, 3) rapid spread of disease, and 4) the potential
for predation, poaching, and vandalism (Masser 1988). Overall the most attractive advantage of
cage culture is the low capital investment associated with the utilization of an existing water body
(that is, there are no pond construction costs). Cage materials or manufactured cages are inex-
pensive compared to constructing ponds.

All problems with cage culture center on high-density confinement offish. The high density
and close proximity offish can create localized water quality problems, particularly low dissolved
oxygen concentration, and facilitates the rapid transfer of diseases among fish within the cage.
The high density of fish at the pond surface attracts predators. Cages can attract poachers and
vandals because access to the fish is easy. Finally, the lack of any consumption of natural food
organisms means that feed must be nutritionally complete.

Advantages of in-pond raceways over most other culture systems include: 1) utilizing any
suitable water body, 2) higher stocking densities, 3) improved water quality, 4) reduced labor
requirement, 5) simplified feeding and observation, 6) simplified harvest, 7) precise disease
treatments, and 8) collection of wastes (Masser and Lazur 1997). In-pond raceways also allow the
pond to be used for other purposes (e.g., livestock watering, irrigation, and recreation). Potential
disadvantages of in-pond raceways include: 1) mechanical failure and reduced reaction time, 2)
higher energy consumption, 3) rapid disease spread, and 4) possible predation, poaching, and
vandalism.

Water flow through in-pond raceways permits higher stocking densities while improving
water quality in the culture area. The directed water flow also permits the collection of some solid
wastes. These wastes can be removed from the pond and used for fertilizing crops or irrigating
pastures. As with cages, confinement in raceways simplifies feeding, observation, and harvest.
However, unlike cages, in-pond raceways can be quickly adapted for therapeutic bath treatments
of diseases. The potential for predators, poachers, and vandals is similar to that of cages. Actual
labor requirement for fish production in cages and in-pond raceways is similar, with both less
than open-pond systems.

The scale of commercial cage and raceway production of catfish is very small compared to
open-pond culture in the United States. Catfish cage and in-pond raceway culture operations are
scattered throughout the South, Midwest, and West. Most of these are small-scale and produce
fish for personal use and/or local niche markets. Alabama led the nation in cage catfish
production during the 1990s and a viable industry remains in place. At one time, large catfish
cage or net pen operations existed in Missouri and on Lake Texoma, Oklahoma but are no longer
operating. No surveys have been conducted since the early 1990s to determine the total catfish
production in cages. However, current estimates of annual catfish production in cages range from
500 to 1,000 mt (ca. 1 to 2 million pounds), representing only 0.002 to 0.003% of total U.S.
catfish production.

17.2 HISTORY OF CAGE AND IN-POND RACEWAY RESEARCH

Catfish cage culture research began at Auburn University in the late 1960s (Schmittou 1969;
1970). Further research into cage culture of catfish has continued at Auburn University, Kentucky
State University, Texas A&M University, University of Arkansas at Pine Bluff, other land-grant
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universities, and private research foundations (e.g., Kerr Foundation). Much of this research has
centered on stocking densities (Schmittou 1969; Collins 1972; Kilambi et. al. 1977; Pennington
1977; Lazur 1990) or nutritional requirements (Lovell 1972; Newton and Robinson 1981;
Webster etal. 1992a, b; 1993; 1995). Other catfish cage culture research has investigated aeration
techniques (Lazur 1995), evaluation of various genetic strains (Woods 1994), and timing and
methods of feeding (Webster et al. 1994; Tang 1996).

Raceways have fewer water quality problems than cages and most other culture systems
because water is exchanged continuously. Water exchange flushes wastes and maintains dissolved
oxygen concentrations at relatively constant levels. Commonly, raceways have utilized artesian
water in the culture of cool water species like trout and salmon. Generally these single-pass, flow-
through raceways have water exchange rates of 3 to 6 raceway volumes per hour (Ruane et al.
1977). Catfish raceways exist in a few areas (e.g., Idaho) with warmwater artesian springs (see
Chapter 18). Research in the 1970s investigated catfish culture in raceways using recirculated
pond water (Brown et al. 1971; USEPA 1974; Hill et al. 1974). Few of these systems have
remained viable because of unfavorable production economics associated with the high cost of
pumping water between raceways and the reservoir pond, and water quality problems associated
with the phytoplankton blooms that flourished from nutrient loading to the reservoir.

The floating or in-pond raceway concept can be traced back to at least the 1920s. A 1921
patent describes an aquarium designed "to be partly submerged in a body of water and having its
opposed ends provided with outstanding floats adjacent to their upper portions to support the
tank" (Collamer 1923). Screens on either end of the tank utilized natural currents to provide water
circulation.

Other research or patents into the floating raceway concept utilized bags made of pond liner
material attached to rigid frames, supported between floats, with pumps to move water through
the bag (Fremont 1972; Fast 1977, 1991; Long 1990). However, none of these systems were
tested at commercial scale or with catfish. In 1987, a floating raceway system for the culture of
striped bass fry was evaluated by the United States Fish and Wildlife Service, Southeastern Fish
Culture Laboratory at Marion, Alabama (Parker 1988), a system that is very similar to the in-pond
raceway design described in this chapter.

A prototype of the floating, in-pond raceway was designed and constructed at Auburn
University in 1991. The design was motivated by a desire to develop an alternative to cage culture
of catfish that could trap and remove some fish wastes while utilizing watershed ponds not suited
for catfish culture by traditional open-pond methods (Hawcroft 1994). Research on this system
continued through 1997 and, although catfish was the principal culture species tested, tilapia was
also included. During this period a patent was submitted and obtained for a system similar to the
one developed at Marion. Systems based upon this patented floating raceway were constructed
and sold mostly in the Midwest. In-pond raceways as described here have been constructed and
operated in several southern and midwestern states.

17.3 CONSTRUCTION

17.3.1 Cages

Fish culture cages have been constructed from a variety of materials and in various shapes and
sizes. Cage materials must be strong, durable, and non-toxic. The cage must contain the fish while
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allowing adequate water circulation to remove wastes and maintain dissolved oxygen levels.
Adequate water circulation is critical in cage culture, so cages should be located to take maximum
advantage of natural currents and wind patterns. Aeration or mechanical circulation can be used
to improve the cage environment (Lazur 1995; Masser 1997a).

Cage size depends on management goals, pond size, and market needs. In general, research
and commercial experience suggest that low-volume, high-density cages are superior to high-
volume, low-density cages or net pens for culture of catfish and many other warmwater species
(Schmittou 1992). Despite widespread adoption in salmon aquaculture, high-volume cages do not
allow adequate water circulation and low density leads to aggressive behavior in catfish.

Basic cage components include a frame, netting or mesh, and flotation. Cages may also have
a feeding ring, cover, and aeration system. Cage frames are constructed of wood (treated, cypress,
or redwood are best), steel, aluminum, fiberglass, or plastic (including PVC). All wire, bolts, and
other fastening materials are typically ultraviolet-radiation and rust-resistant (e.g., stainless steel,
plastic). Most commonly used netting materials include solid plastic mesh, plastic netting, nylon
netting, and plastic-coated welded wire. Mesh size depends on the size of fmgerlings stocked. In
general, 13-mm (1/2-inch) mesh is most commonly used because it holds 13 to 20 cm (5 to 8
inch) catfish fmgerlings. Mesh of 6 to 10 mm (1/4 to 3/8 inch) can be used for smaller fmgerlings
and 19-mm (3/4-inch) mesh for larger fmgerlings. Some cages are designed with solid or fine-
mesh bottoms to retain sinking feed during cold weather. However, wastes can accumulate on the
bottom and the cage mesh can become fouled.

Cages can be attached to docks without individual flotation. However, most cages have
flotation and are secured to docks or lines stretched across the pond. Flotation materials include
styrofoam, waterproof foam rubber, plastic bottles, and sealed PVC pipe (Masser 1997a). Cages
are floated so that the cage top is 5 to 10 cm (2 to 4 inches) above the water surface and the cage
bottom is at least 60 cm (2 feet) above the pond bottom.

Aggressively feeding catfish will splash feed out of the cage. Therefore, cages need feeding
rings to retain feed in the cage. Feeding rings are constructed of 3- or 5-mm (1/8- or 3/16-inch)
mesh, suspended from the cover or floated in the cage so that it extends 7 to 15 cm (3 to 6 inches)
above the water surface and 15 to 30 cm (6 to 12 inches) into the water. Cage covers will prevent
escape of stocked fish and restrict cage access by predators. Covers are often made of the same
mesh as the cage, but can be made of larger size mesh or solid material. An opening or
sufficiently large mesh through the cover is needed to introduce feed into the cage. Opaque covers
are often used on catfish cages to reduce stress associated with the high light conditions at the
surface of ponds. However, opaque covers do not increase catfish production in cages (Masser,
unpublished data).

A 1.2 m diameter x 1.2 m high (4x4 feet) cylindrical cage is one of the more simple designs
to construct (Fig. 17.1). The most common cage design in the Alabama caged-catfish industry is
the 3.7 x 1.8 x 1.2 m (12 x 6 x 4 feet; length x width x height) cage made from plastic or knotted
nylon netting, floated from a ca. 10-cm (4-inch) PVC pipe frame (Fig. 17.2). Lead weights or a
perforated PVC pipe rectangle is used around the bottom edge of this cage to stretch the mesh and
maintain cage shape. Other common cage designs include 1.2 x 1.2 x 1.2 m ( 4 x 4 x 4 feet) or
1.8 x 1.8 x 1.2 m (6 x 6 x 4 feet) square, and 1.8 x 1.2 x 1.2 m (6 x 4 x 4 feet) or 2.4 x 1.2 x 1.2
m (8 x 4 x 4 feet) rectangular (Masser 1997a).

Aeration is essential for successful cage culture of catfish in ponds with poor circulation and
during periods of low dissolved oxygen concentration, such as may occur when dense
phytoplankton blooms and overcast weather co-occur (Masser 1997a). Without aeration, pond
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FIGURE 17.1. Small-scale cage (1.2 m diameter, 1.2 m deep) for personal production of catfish.

stocking density is 3,500 to 5,000/ha (ca. 1,500 to 2,000/acre). With proper aeration, pond
stocking density can be increased to 7,500/ha (ca. 3,000/acre).

Air-lift pumps are more effective devices for aeration of individual cages than other aeration
methods (Lazur 1995). An air-lift pump is a simple but efficient device for moving a large volume
of water at low head pressure. Air-lift pumps are efficient and economical when powered by high-
volume, low-pressure regenerative blowers (Masser 1997a). Air-lift pumps circulate pond water

FIGURE 17.2. Commercial-scale rectangular cage, 3.7 m x 1.8 m x 1.2 m deep.
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FIGURE 17.3. Air-lift aerator with air-equalization orifice. Dimensions are in inches.

through cages and can increase dissolved oxygen concentrations. The effect of water exchange
(i.e., metabolite removal) by air-lift pumps is probably more important than oxygen transfer. Air
diffusers placed inside the cage do not circulate water through the cage effectively and rising
bubbles disturb caged catfish. Paddlewheels, vertical pumps, and propeller-aspirator pumps can
aerate a few individual cages but usually do not work well in multiple-cage arrays.

Air-lift pump aeration works well for cages spaced along the sides of a pier. A regenerative
blower is connected to a 5- to 10-cm (2- to 4-inch) PVC pipe air manifold that extends along the
pier. Air from the manifold is released to individual air-lifts through a 5-mm (3/16-inch) orifice
inside a tubing connector attached to air lines made of 16-mm (5/8-inch) or greater diameter
flexible tubing (e.g., garden hose). Each air-lift is constructed from 7.6 to 10-cm (3- or 4-inch)
PVC pipe with an elbow at the top (an elbow at the bottom is optional) connected to the air lines
by tubing connectors (Fig. 17.3). To be efficient, air must be injected into the air-lift at a depth
of 75 to 85 cm below the water surface (depending on blower specifications). At the head of each
air-line is a tubing connector equipped with a 5-mm (3/16-inch) orifice to equalize air pressure
delivered to each air-lift pump. The air injection depth of all air-lift pumps must be identical. The
water intake of the air-lift pump should extend below the injection point to draw water from a
depth of 1.0 to 1.2 m. Air-lift pumps can be placed inside or outside the cage. Each air-lift pump
moves approximately 190 to 225 L/minute (ca. 50 to 60 gallons/minute) and as many as 27 air-lift
pumps can be powered by a single 0.75-kW (1-hp) regenerative blower. Generally, one air-lift
pump is sufficient for a small cage (1.2 x 1.2 or 1.2 x 1.8 m; 4 x 4 or 4 x 6 feet) but two or more
may be necessary for larger cages.

17.3.2 In-pond raceways

The in-pond raceway consists of a floating rectangular box with air-lift pumps at one end and a
water outlet across the bottom at the other end (Fig. 17.4). An in-pond raceway can be constructed
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FIGURE 17.4. Views of an in-pond raceway.

of several different materials and in various dimensions. Raceways have been constructed as
small as 2.4 m3 (84 foot3) in volume (1.8 x 1.2 x 1.1 m ; 6 x 4 x 3.5 feet) or as large as 19 m3 (670
foot3) (7.3 x 2.4 x l.l m; 24 x 8 x 3.5 feet).

Appropriate construction materials for the in-pond raceway box include marine and treated
plywood, plastic sheets, and plastic liners. Plywood has the disadvantage of becoming saturated
with water and thus extremely heavy unless completely sealed with a non-toxic epoxy or marine
paint. Thin plastic sheets (6 mm; 0.25 inch) can expand and contract with temperature extremes
causing discontinuities and leaks in the walls of the raceway if not constructed properly. Plastic
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liners may limit personnel from physically entering the raceway during harvest and can be
punctured, causing leaks and possibly the loss of fish. Plywood, plastic sheets, or liners are
attached to a frame made of treated wood, metal, or PVC pipe.

The raceway can be floated independently but is usually attached to a floating pier. The pier
allows easier access and management. One raceway design includes a pier that consists of 1- to
1.2-m (ca. 3- to 4-feet) wide walkways entirely encircling the raceway, allowing access to all
sides and components. Hinged, secure-fitting covers should be attached to the top of the raceways
to eliminate access to predators and discourage poachers.

An array of air-lift pumps moves water through the in-pond raceway at flow rates that can be
varied by changing air-flow rate, air-lift height, and number of air-lift pumps. The air-lift pumps
that induce flow in the in-pond raceway are similar to those previously described for cages. Air-
lift pumps are powered by a high-volume, low-pressure regenerative blower and are most efficient
if they discharge directly across the water surface and do not have to lift water above the surface.
When the air-lift pumps are operating, the water level in the raceway will be raised less than 3 cm
(1 inch) above the pond surface. Air-lift pumps also aerate incoming water when the dissolved
oxygen concentration is below 50% of saturation and degas supersaturated water, resulting in
extremely stable dissolved oxygen concentration in the raceway over time. In research trials,
when pond dissolved oxygen concentration declined to less than 2 mg/L, water in the raceways
contained at least 3 mg/L dissolved oxygen, even when fish densities were quite high (>160
kg/m3; 10 pounds/foot3) (Bernardez 1995).

Air-lift pumps consist of an array of single air-lifts constructed of PVC pipe or square
channels in a box design (Yoo et al. 1995). Air injection is 75 to 85 cm (30 to 33 inches) below
the pond surface, with water intake at approximately 90 cm (36 inches) below the pond surface.
Individual air-lift pumps of the array must be identically constructed and attached uniformly to
a plywood or plastic panel. Air-lift pumps are attached to the panel externally, so that nothing
penetrates into the air-lift that could catch or trap debris inside and reduce water flow. Using PVC
pipe requires that a circular hole be cut out of the attachment panel so that each elbow that is
glued to the top of each air-lift extends through the attachment panel into the raceway. Air-lift
pumps are sealed into the panel so that water cannot flow back through the openings in the panel.
The air-lift pump array is held to the end of the raceway by channels on each side that allow
adjustment of the position of the array to adjust flow rates. The end of the raceway box where the
air-lift array panel is attached is cut about 23 cm (9 inches) below the sides of the raceway to
allow the air-lifts to be moved above or below the water surface. Air-lift pumps are most efficient
if placed with the top of the elbow at or just above the surface of the water.

As with air-lift pumps in cages, each individual pump is attached to an air manifold by 16-mm
(5/8-inch) diameter flexible tubing. The air manifold retains low-pressure air from the
regenerative blower. At the head of each air-line is a tubing connector equipped with a 5-mm
(3/16-inch) orifice to equalize air pressure going to each air-lift. The volume of the air manifold
should be sufficient so that the blower does not overheat during operation. The minimum air
manifold volume for a 0.746-kW (1-horsepower) regenerative blower is 0.07 m3 (ca. 2.5 foot3)
(Masser 1999). In this configuration a 0.746-kW (1 -horsepower) blower powers 27 individual air-
lifts, providing a water flow rate of approximately 5,000 L/minute (ca. 1,300 gallons/minute)
(Bernardez 1995). Each 1.2-m (4-foot) wide raceway is powered by nine, 7.6-cm (3-inch)
diameter PVC air-lifts, providing a mean flow rate of 1,020 L/min (270 gallons/minute). This
flow creates a mean velocity of 14 cm/second (5.5 inches/second) and a complete raceway
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exchange every 6.2 minutes, or 9.7 exchanges/hour. These high flow rates maintain a stable
environment in the raceways but make solid waste collection difficult.

Water can be drawn from any depth by extending the water intake of the raceway air-lift array
to the desired depth (usually about 1 m; ca. 3 feet) using flexible polypropylene or rigid PVC
pipe. To maximize water temperature and dissolved oxygen concentration, the water intake can
be positioned just below the pond surface. Regardless of intake position, the air-lift pump will
draw in leaves and other debris from the pond and pump them into the in-pond raceway, so air-lift
pumps must not have any internal obstructions that will catch debris and reduce water flow.

An 20 x 20 cm (8x8 inch) L-shaped mesh tray is used to catch and prevent introduction of
debris to the raceway. The tray is constructed of 13-mm (0.5-inch) mesh and attached to the sides
and front end of the raceway, extending across the raceway width in front of the air-lift pump
outlets. The top edge of this tray extends above the water surface. Trapped debris is periodically
removed from the tray. The tray also prevents fish in the raceway from swimming into the air-lifts
and possibly escaping.

To prevent feed from being washed out of the raceways an "eddy board" is attached across
the width of the raceways 1.2 to 1.8 m (4 to 6 feet) from the air-lift pump discharge. This eddy
board can b e a l x6or2><6 inch treated board attached so that about 3 cm projects above the
water and 13 cm are below the water. The water current discharged from air-lift pumps contacts
this board and deflects downward, creating an eddy zone behind it. Floating feed placed in this
area is held in place by the eddy created behind the board, keeping feed from washing out of the
raceway. This complete containment of feed may be one reason feed conversion efficiency is
superior for in-pond raceways compared to cages.

Several waste collection systems for in-pond raceways were evaluated at Auburn University
(Hawcroft 1994; Yoo etal. 1995; Bernardez 1995; Martin 1997; Sonnenholzner 1997), including
mechanical and biological systems. Of the mechanical systems, tube settlers were superior and
collected over 200% more solids than simple settling basins (Bernardez 1995). Once dried,
collected wastes had a fertilizer analysis of 30-23-0 (N-P2O5-K2O), but represented only 10 to
25% of the estimated settleable solids produced by the catfish. Thus, the solid wastes generated
by catfish consist of relatively small particles that are difficult to collect with the flow rates of in-
pond raceways.

Tube settlers were attached to the discharge end of the in-pond raceway. Water entered the
tube settler basin through the opening along the bottom of the raceway approximately 15 cm high
and extending the width of the raceway. Tube settlers were constructed as a bank of
approximately 500 tubes made from 60-cm (2-foot) sections of 19-mm (3/4-inch) PVC (Schedule
20) tubing and placed in a wedge-shaped basin at a 60° angle. All effluent from the raceway
passed through the settling tubes. Solids settled in the tubes, moved down through them, and
accumulated in the bottom of the basin wedge where they were periodically removed by pumping
to drying beds, submerged bed filters, or artificial wetlands. Waste collection was problematic
and is an area that needs further research.

Possible biological waste reduction systems include tilapia, freshwater mussels, submerged
bed biofilters, and artificial wetlands. Tilapia and mussels placed in a separate section of the in-
pond raceway downstream from the catfish fed on wastes and filtered plankton but received no
artificial feed. Tilapia densities were 400/m3 (ca. 1 I/foot3) and mussels densities were 500/m3 (ca.
14/foot3). These organisms survived, grew, and removed settleable solids, resulting in an
approximately 3-fold increase in solids reduction over the tube settlers alone. However, total
settleable solids reduction was only about 30% of estimated production.
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Submerged bed biofilters and artificial wetlands were utilized to further reduce concentrated
effluent nutrients after mechanical and biological filtration. A 2-day hydraulic retention time in
these systems reduced total nitrogen by 60 to 79% and total phosphorus by 60%. Five-day
biochemical oxygen demand and total suspended solids concentrations were reduced by over 86%
(Sonnenholzner 1997).

Emergency systems for the in-pond raceway are essential in case of electrical disruptions or
mechanical failures. Regenerative blowers equipped with a pressure sensor can either activate
another blower or an emergency oxygen system in case of a pressure loss. Phone dialers alert
managers of equipment failures.

The most simple emergency system is one that utilizes compressed oxygen cylinders during
electrical disruptions. The system utilizes a normally-closed electric solenoid valve attached in-
line to an oxygen cylinder after the pressure regulator. In case of a power failure, the normally-
closed solenoid opens, releasing oxygen through tubing to diffusers in each raceway. Flow
regulators in-line at each raceway are used to adjust oxygen delivery as biomass changes. A single
oxygen cylinder will maintain a raceway for several hours. This system can be configured to
operate in the event of an air pressure loss in the air blower system and can also be utilized during
therapeutic bath treatments (see Section 17.4.4).

17.4 MANAGEMENT

17.4.1 Stocking sizes and densities

Channel catfish school as juveniles, feed along the bottom, avoid high light intensities, and are
most active at dawn and dusk (Tucker and Robinson 1990). Genetic selection and the culture
environment have modified these characteristics to some extent. Genetic selection holds the
potential to increase growth rate and dress-out, improve feed conversion and disease resistance,
increase harvestability, and refine many other desirable culture characteristics. Genetic strain
differences in channel catfish are particularly important in highly intensive systems like cages and
raceways. Production characteristics (growth, survival, and overall yield) among strains of catfish
cultured in cages and in-pond raceways differ significantly (Masser 1997b).

Stocking size influences growth rate and final weight in a growing season. To obtain market-
size fish at the end of a single growing season, cages should be stocked with large fingerlings
because growth rates in cages are slower than in ponds (Schmittou 1969; Collins 1972; Schwedler
et al. 1989). Cages should be stocked with at least 15-cm (6-inch) catfish, although 17.5- to 20-cm
(7- to 8-inch) stackers are preferable (Masser 1997b). Close grading of catfish to within 1 cm
results in less size variability and more marketable size fish at harvest (Schwedler et al. 1989).
Dusk feeding can increase growth rates and reduce variability at harvest in poorly graded
fingerlings (Woods 1994). Stocking cages with large, graded fingerlings and feeding at dusk can
result in catfish growth rates (4.7 g/day) similar to those obtained in ponds (Masser 1995).
Feeding manually at dusk or with demand feeders is superior to daytime feeding in improving
production measures (Tang 1996). However, satiation of catfish fed by hand at dusk requires up
to one hour.

In ponds without aeration, the stocking density of caged catfish should not exceed 3,500 to
5,000/ha (ca. 1,500 to 2,000/acre). In ponds with aeration, or cages equipped with air-lifts,
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stocking density can be increased to 7,500 to 10,000/ha(ca. 3,000 to 4,000/acre) (Masser 1997a).
The in-pond raceway system allows a pond stocking density exceeding 15,000/ha (ca. 6,000/acre).

Catfish can be stocked into cages at a wide range of densities. In general, higher stocking
densities tend to increase total production, and reduce production costs per unit biomass, but
result in smaller individual fish size at harvest. Lower stocking densities results in an increase in
the size of individual fish but can increase aggressive behavior and size variation within the caged
catfish population. Catfish stocked at densities less than 200/m3 will fight, resulting in greater
differential growth rates than catfish stocked at higher densities. There is no difference in harvest
size of catfish stocked in cages at 150 to 350/m3 (4 to 10/foot3) (Kilambi et. al. 1977). Production
per unit area does not differ between stocking densities of 250 to 5OO/m3 (ca. 7 to 14/foot3) (Lazur
1990). A stocking density of 500/m3 (ca. 14/foot3) will result in catfish with an average weight
of 363 g (0.8 pound) after one growing season (Schmittou 1969). Greater densities (600 to
650/m3; ca.17 tol8/foot3) can increase profitability (Pennington 1977). Although genetic strain
can make a difference, stocking rates ranging from 175 to 250/m3 (ca. 5 to 7/foot3) will result in
an average weight of 340 g (0.75 pound) in 180 days (Masser 1995).

Growth, survival, and feed conversion of channel catfish stocked in in-pond raceways at 300
to 500/m3 (9 to 15/foot3) are not different (Masser and Lazur 1997). Similar to cages, stocking
density in raceways is inversely related to harvest weight and directly related to size variability.
Survival (85 to 90%), proportion of marketable catfish (82% of the population > 340 g), dress-out
percentage, and body composition are similar for catfish stocked in cages or in-pond raceways
(Wilcox 1998). However, in this study, feed conversion of catfish in raceways (1.53) was better
than that of catfish in cages (1.75).

17.4.2 Nutrition

Caged catfish require a nutritionally complete feed with 25 to 36% protein (Lovell 1989). The
weight gain of caged catfish fed a 38% protein diet is greater than that of catfish fed a 34%
protein diet (Webster et al. 1992a, b). Most producers growing catfish in cages or in-pond
raceways feed fish a commercially available complete feed with 36% protein. Feed must be stored
properly and fed within 90 days of the manufacture date (Masser 1997c).

17.4.3 Polyculture

Polyculture of catfish with tilapia improves growth rates of catfish in cages. Blue tilapia
Oreochromis aureus cultured in cages with channel catfish improves growth of catfish as stocking
density of tilapia increases up to 75 tilapia with 400 catfish in 1-m3 (35-foot3) cylindrical cages
(D' Silva and Maughan 1992). Similar research with Nile tilapia Oreochromis niloticus suggests
that a ratio of 10 catfish to 1 tilapia results in the best overall catfish growth (Woods and Masser,
unpublished data). Growth of catfish stocked in cages at the 10:1 ratio and fed at dusk is over 5
g/day.

17.4.4 Diseases and timing of outbreaks

Diseases are problematic in intensive culture systems like cages and in-pond raceways. Elevated
density facilitates the spread of diseases to healthy individuals. Bacterial diseases are particularly
common in these systems but protozoal, fungal, and other diseases also occur. The most common
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FIGURE 17.5. Occurrence of diseases in cages and in-pond raceways.

bacterial diseases in these systems include enteric septicemia of catfish (ESC), columnaris, and
aeromonad septicemias (see Chapter 14). Disease occurrence in catfish cages is somewhat
predictable based on season (Fig. 17.5), corresponding to water temperature and diminished
immune function of the catfish during the spring (Duarte et al. 1993).

Diseases are problematic if ESC and columnaris occurs in the open pond where the cages are
located, particularly if the pathogens are resistant to registered antibiotics. In such cases, fish
mortality may exceed 50% despite providing medicated feed. The most effective method of
reducing these losses is to cease feeding as soon as the outbreak appears and continue fasting the
catfish for at least 5 days or until the disease episode abates, which often corresponds to rising
water temperatures.

Therapeutic bath treatments of potassium permanganate, salt, and copper sulfate have been
used to treat fish for external bacteria and parasites. Fasting coupled with therapeutic bath
treatments reduces spring mortalities to less than 10%. Bath treatments are difficult in cages
because of the lack of chemical containment and low contact time between the chemical and fish.
Cages can be enclosed with an impermeable liner for bath treatments but this is arduous and
requires special attention to make sure the fish are not unduly stressed. Therapeutic treatments
can be introduced into a cage through a pipe or hose (for uniform distribution) and the
concentration can be maintained by additional doses if the chemical is diluted from the cage by
water currents. It is best to treat when there is no wind or wave action.

The in-pond raceway is a more simple and exact system for the implementation of bath
treatments than cages (Masser 1995). The raceway blower is turned off to activate the backup
oxygen system (described in Section 17.3.2), transforming the raceway into an aerated static tank
of known volume. The therapeutant is added at a precise concentration and the fish observed
closely. When the treatment period is complete, or signs of stress appear, the blower is activated
and the therapeutant is flushed out of the raceway within a few minutes. To minimize mortalities
from parasites and diseases, catfish in cages and raceway systems should be checked periodically
and treated immediately before the problem intensifies.
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17.4.5 Over-wintering

Over-wintering causes caged catfish to lose weight and develop diseases as water warms in the
spring. Unfed catfish will lose over 20% of body weight during the winter, while catfish fed
sinking feed on a tray in the bottom of the cage will maintain body weight. Catfish fed a floating
feed on a schedule based on water temperature during the winter will gain 15% of initial body
weight (Masser, unpublished data). Survival is not affected.

Catfish over-winter in in-pond raceways with few problems or diseases. During winter, water
flow rates to the raceway are reduced to near 350 L/minute (ca. 100 gallons/minute) and fish are
fed a floating feed at a rate based on water temperature. Flow rate is reduced by raising the air-lift
array about 7 to 10 cm above normal operating levels. Catfish gain between 20 and 30% of initial
body weight over the winter in the in-pond raceway.

17.5 ECONOMICS

An economic evaluation of large cage or net-pen catfish production in Lake Texoma in Oklahoma
suggests that cage production is competitive with open-pond production under certain
circumstances (Branch and Tilley 1989). Initial investment is 30 to 40% less than pond culture
but annual operating costs are higher because of feed and fingerling costs. If feed and fmgerling
costs are equal, large cages can produce catfish for up to $0.22/kg ($0.10/pound) less than
traditional open-pond culture.

Economic analyses (Crews et al. 1992; Bernardez 1995) of catfish culture in open ponds,
cages, or in-pond raceways indicates that cage culture is the most expensive system and has the
greatest breakeven costs because of the low pond stocking density and carrying capacity required
to maintain environmental quality. Breakeven costs of the in-pond raceway and open-pond
systems were similar. The in-pond raceway competes relatively well economically with open
ponds in this theoretical scenario because more catfish were stocked and harvested on a per unit
area basis.

17.6 CONCLUSION

Cages and in-pond raceways are very intensive culture systems that will not replace open-pond
culture of catfish. However, these systems can be utilized in watershed ponds, quarries, or other
water bodies that are not suitable for the production of free-ranging fish for technical, economic,
or efficiency reasons. Both systems are environmentally sound and sustainable methods of catfish
production. The in-pond raceway system provides a more stable culture environment than cages
and can decrease overall environmental impact by utilizing mechanical and biological waste
reduction systems. However, cages require a much lower initial investment than raceways.
Further research into waste reduction methods could further reduce the environmental impact of
operating an in-pond raceway. In either system, stocking densities, feed quality, and disease
management are critical to success.
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18.1 INTRODUCTION

The commercial production of channel catfish in the United States has developed almost entirely
utilizing outdoor earthen pond production technology. However, over the past three decades, there
has been interest in and efforts to grow channel catfish in tank-based systems. Although most of
these efforts have not met with economic success, this chapter is written to document an example
of a successful flow-through production system and to review the body of knowledge that has
been developed for the culture of channel catfish in tank-based recirculating systems. This
information should serve as a starting point for further development of tank-based technology that
could be used in broodstock manipulation and development, advanced fingerling production,
quarantine systems, and purging systems for marketable products.

18.2 FLOW-THROUGH TANK PRODUCTION SYSTEMS

18.2.1 Introduction

The production of warmwater fish in flow-through tank production systems similar to those used
for rainbow trout production has appealed to aquaculturists for decades. Currently, however, there
are only a few examples of commercially successful, large-scale, flow-through catfish production
systems in the United States. These facilities utilize large volumes of warm water (usually from
geothermal sources) mixed with cold water for the maintenance of good water quality and
optimum water temperature for year-round fish growth.
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FIGURE 18.1. Two clusters of eight raceway sections at Fish Breeders of Idaho flow-through catfish and
tilapia production facility.

Most research on channel catfish production in tanks has been conducted on a small scale.
The effects of stocking density and water exchange rate on growth and survival of catfish were
assessed in 1.6-m3 (425-gallon) circular tanks (Allen 1974). Growth rates decreased as stocking
rate increased, an effect attributed to declining water quality. The decrease in growth rate was
eliminated by increasing flow rate. Maximum harvest yield was achieved at a stocking density
of 388 fish/m3 (11 fish/foot3) and a hydraulic retention time of 0.91 hours. In small (0.33-m3; 87-
gallon) raceways, a final biomass density of approximately 135 kg/m3 (8.5 pounds/foot3) of
culture tank volume was achieved with a water flow rate equivalent to 11.4 tank exchanges/hour
(hydraulic retention time = 5 minutes) (Woiwode and Adelman 1989). Under these conditions,
the dissolved oxygen concentration declined from 6.9 mg/L in the inflow of the first tank to 2.7
mg/L in the outflow of the third (last) tank. Un-ionized ammonia-nitrogen concentrations at the
same points were 0.012 mg/L and 0.046 mg/L. While growth, survival, and feed conversion were
maintained, the condition factor of the fish was significantly lower in the last tank than the first.

Although research has provided guidelines for the production of channel catfish in flow-
though tank systems, industrial users have concurrently developed and refined commercial-scale
production systems. Perhaps the best way to discuss these systems is to describe the longest-
running, commercially successful facility in the United States.

18.2.2 Fish Breeders of Idaho facility

Fish Breeders of Idaho (Fig. 18.1) has produced and marketed channel catfish, blue catfish
Ictalurus furcatus, and tilapia Oreochromis niloticus and O. mossambicus in a flow-through
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raceway, tank-based system since 1973. Located in the Snake River Canyon near Buhl, Idaho,
average annual production for the farm has ranged between 200,000 and 300,000 kg (ca. 450,000
and 650,000 pounds). Fish Breeders typically produces a combination of 40% channel catfish,
45% blue catfish, and 15% tilapia. Under the constraints of year-round marketing, the product
output from this facility is considerably less than its maximum capacity. The following is a
description of the facility, overview of operational considerations, constraints encountered with
this culture method, and a discussion of the future of this type of culture system.

Facility overview

The Fish Breeders production site is located at approximately 1,000 m (ca. 3,000 feet) elevation
with an annual air temperature range of -23 to 41°C (- 10 to 105°F). Ambient surface water
temperatures seldom exceed 24°C (75°F), considerably below the optimum temperature for
channel catfish growth. The commercial production of catfish in this geographic region is
possible only with large volumes of geothermally heated water. The farm is located on a hill slope
and approximately 25 m (ca. 80 feet) of elevation is used over a 400-m (ca. 1,320-foot) horizontal
distance.

The farm consists of five clusters of raceways with each cluster at a different elevation (Fig.
18.2). The first four clusters consist of two raceway sets. Each raceway set has one common side
wall and in each raceway set there are eight raceway sections (4 sections long, with two side-by-
side raceways in each section). All raceway sections are constructed of reinforced concrete and
are 7.3 m long x 3.1 m wide x 1.2 m deep (24 feet x 10 feet x 4 feet). The operating depth of each
raceway is 1 m (3.25 feet), yielding an operational volume of 22 m3 (5,830 gallons) per raceway
section. The elevation drops by 61 cm (2 feet) between each raceway section and the difference
in elevation between the beginning and end of each raceway set is 3.4 m (11 feet). Water flows
through gravel-lined ditches between each raceway cluster. The distance between raceway
clusters ranges from 120 to 240 m (ca. 400 to 800 feet) with approximately 3 m (ca.10 feet) of
elevation between each raceway cluster. The fifth and last cluster of raceways consists of 16
raceways side-by-side. Water is used 17 times from the upper to lower ends of the farm, flowing
by gravity and using the elevation difference between raceway clusters for reaeration.

The facility has 80 raceway sections with a production volume of approximately 1,750 m3

(460,500 gallons; 61,560 foot3). The first raceway cluster (16 sections) is used for channel catfish
and blue catfish fingerling production with some market-size channel catfish production. The
second cluster is used exclusively for channel catfish production. The third cluster of raceways
is used for blue catfish production. The fourth cluster is used for blue catfish and tilapia
production (top section for blue catfish and bottom section for tilapia). Finally, the last 16
raceways are used for tilapia production. Fingerlings and channel catfish require, and are cultured
in, the highest quality water (at the beginning of the production system). Blue catfish are cultured
in poorer water quality and the tilapia are grown in water of the most degraded quality.

Eight artesian wells approximately 210 m (ca. 700 feet) deep supply the farm with 15
mVminute (4,000 gallons/minute [gpm]) of 32 to 35°C (90 to 95°F) water. Gravity flow, ambient-
temperature water is mixed to maintain temperatures between 27 and 30°C (80 and 85°F) in the
first cluster of raceways. The water loses 5.5°C (10°F) during the winter as it moves through the
raceways. Heat losses are less during the summer. The average total flow of water through the
production system is approximately 26 mVminute (7,000 gpm) in summer and 19 mVminute
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FIGURE 18.2. Plan view drawing of raceway clusters and sets at Fish Breeders of Idaho.

(5,000 gpm) in winter. Each raceway receives an average flow of 6.6 mVminute (1,750 gpm) in
summer and 4.7 mVminute (1,250 gpm) in winter. The hydraulic retention time for each raceway
section is 3.3 to 4.6 minutes (13 tol8 volumetric exchanges per hour).

The last 61 cm (2 feet) of each raceway section is used for solid waste settling and collection.
The settling areas are flushed one to three times per week, as necessary, into a waste settling pond
system. The settling pond system consists of two clay-lined ponds (12.2 m x 6.1 m x 0.9 m deep;
40 feet x 20 feet x 3 feet deep) for coarse solids settling and two concrete-lined ponds (12.2 m
x 3.1 m x 2.4 m deep; 40 feet x 10 feet x 8 feet deep) where finer material is settled. Clarified
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water from the secondary settling pond system is returned to and combined with the flow from
the fish production system. The total discharge flow passes through a third settling pond (91.5 m
x 15.3 m x 0.9 m deep; 300 feet x 50 feet x 3 feet deep) before being discharged from the facility.

System stocking and carrying capacity

System stocking density is an important consideration in the culture of catfish in tanks. Measures
of density include 1) biomass per tank volume (kg/m3; pounds/foot3), 2) feeding rate per water
flow rate (kg/day per L/minute; pounds/day per gpm), and 3) number of fish per culture tank
volume (number/m3; number/foot3). Recommended biomass densities at harvest range from 80
to 160 kg/m3 (ca. 5 to 10 pounds/foot3) for market-size catfish. The optimum density for channel
catfish in raceways is 13 5 kg/m3 (8.5 pounds/foot3) (Woiwode and Adelman 1989), although this
biomass density cannot be achieved with fingerlings.

Water quality limitation. Limitations on biomass per unit water flow rate are primarily related
to maintaining good water quality. The first water quality parameter limiting production in a flow-
through system is dissolved oxygen concentration. Without reaeration, oxygen will limit pro-
duction before waste metabolites accumulate in the water to concentrations that reduce produc-
tion. With reaeration, carbon dioxide and ammonia will then limit production. Carbon dioxide
concentration is easily reduced with aeration between raceway sections. However, re-aeration
does not greatly reduce ammonia concentrations in the water (Woiwode and Adelman 1989). The
gravel ditches between each raceway cluster control ammonia accumulation. Gravel in the ditches
provides surface area for nitrifying bacteria. Tilapia can be stocked in these ditches to control the
growth of vegetation.

In general terms, the amount of oxygen used and carbon dioxide and ammonia produced is
a function of feeding rate rather than fish biomass. Feeding 23 kg (ca. 50 pounds) of a commercial
catfish feed to fish in a raceway section with a flow rate of approximately 1.7 mVminute (450
gpm) reduces the dissolved oxygen concentration by 2 mg/L. Expressed another way, to limit the
decline in dissolved oxygen concentration to 2 mg/L in a raceway section, feeding rate should not
exceed 13 kg/day per nrVminute (ca. 0.11 pounds/day per gpm) of water flow. Under optimized
density and flow conditions, a 2 mg/L decline in dissolved oxygen concentration is typical
(Woiwode and Adelman 1989). Similarly, 23 kg (ca. 50 pounds) of feed in a raceway section with
a flow rate of 1.7 mVminute (450 gpm) will increase the concentration of total ammonia-nitrogen
(NH3-N plus NH4

+-N; TAN) in the raceway section by 0.2 mg/L. These data can be used to
estimate the carrying capacity of a raceway system given the flow conditions and feeding rate.

Population limitations on stocking density. Limitations related to culture volume are primarily
caused by catfish behavioral interactions. A confined group of catfish will establish a social
hierarchy within the population (Carmichael 1994). With many fish species, high stocking density
interferes with this behavior and reduces individual aggression (Hecht and Wynand 1997). Fish
Breeders of Idaho stocks 25,000 fish per raceway section (1,130/m3; 32/foot3) when the fish
weigh approximately 20 g each (50 pounds/1,000 fish). As the fish approach an average weight
of 45 g, the population is reduced to approximately 12,000 fish per raceway section (550/m3;
16/foot3). At an average weight of 113 g (0.25 pounds), the stocking density is again reduced to
6,000 fish per raceway section (275/m3; 8/foot3) and is maintained until harvest. Although this
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density is less than the estimated optimum density (388/m3; 11/ foot3) (Allen 1974), the fish
produced by Fish Breeders are significantly larger, averaging 1 to 1.5 kg (ca. 2.5 to 3 pounds) at
harvest.

Experience with the Fish Breeders flow-through system indicates that density-related disease
problems (with small fish) can be experienced before water quality degradation becomes a factor.
As such, if a disease outbreak is experienced with small fish in good water quality conditions,
increased water flow rate does not help to reduce fish mortality. Conversely, dividing the
population and reducing the density, in most cases, will reduce mortality. Thus, when fish show
signs of disease or stress, reducing the number offish per unit culture volume is the first response.

18.2.3 Advantages of flow-through tank production systems

Operating any production system requires a balance between operating the system near maximum
capacity to maximize profits and not exceeding the limits of the system, where disaster can strike.
Flow-through geothermal catfish production fits this model well. If water flow is continuous and
feed is added on a regular and controlled schedule within the parameters outlined above, system
water quality and fish production are predictable. The decision to utilize a particular technology
in aquaculture depends upon many factors. Some advantages of flow-through raceway-based
production systems compared to traditional pond production technology are described below.

Operational advantages

Flow-through production systems are more manageable and predictable than ponds. Unlike
ponds, a flow-through system can be operated at steady-state. As such, dissolved oxygen
concentrations within the system can be predicted from flow rate, system biomass, and feeding
rate. Dissolved oxygen concentration in ponds is largely a function of algal photosynthesis and
respiration, and little or no effective control over the algal community is possible (Drapcho and
Brune 2000). Dissolved oxygen concentrations within a pond depend upon local weather
conditions and other factors that are not easily predicted or managed (Piedrahita 1991). Whereas
nighttime monitoring of dissolved oxygen concentration during summer contributes significantly
to labor requirements of pond aquaculture, flow-through tank systems require minimal or no
oxygen monitoring if flow is maintained and monitored. Flow monitoring can be easily automated
with relatively low-cost water level or flow-sensing monitoring components (Lee 1995).

Fish survival is greater in flow-through systems than in ponds. Based on a yield verification
study on commercial catfish farms in the southern United States, only 65% of stocked catfish
survive to harvest (Heikes et al. 1997). Experience at the Fish Breeders of Idaho facility indicates
that, if flows are maintained and fingerlings larger than 15 cm (6 inches) are stocked, survival
rates of 80 to 90% can be expected. If two sources of water (geothermal and ambient) are
available, then temperature control within the system offers an effective means of combating
disease.

Off-flavor in catfish has become a major problem in commercial pond-based catfish
aquaculture, with lost revenues estimated to range from $0.04 to $0.24/kg ($0.02 to $0.1 I/pound)
(Engle et al. 1995). There are no off-flavor problems in flow-through systems using fresh water.

Fish inventories are more easily managed in flow-through systems because fish are reared in
a confined volume. Compared to catfish in ponds, fish populations can be observed directly with
the potential for more efficient feeding, observation of disease, and removal of dead fish. Fish
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confinement in a tank system also facilitates harvesting and reduces related costs. If treatment of
fish with chemicals is required, the population offish can be treated within a raceway section with
far less effort and chemical cost. Additionally, tank-based facilities can be easily covered to limit
or eliminate bird depredation, a serious source of economic loss in catfish pond culture (Stickley
etal. 1992).

Economic advantages

Tank-based flow-through systems require a lower capital investment than ponds. Capital
expenditure to build concrete raceways is generally less than the cost to build ponds of similar
production capacity. A raceway set (8 sections) at Fish Breeders of Idaho costs approximately
$9,000, including labor. Raceway screens, walkways, and dam boards add an additional $4,000
per raceway set. With a water source of 11 m'/minute (ca. 3,000 gpm), and stocking 15-cm (6-
inch) fingerlings, this $13,000 investment in eight raceway sections produces 45,000 kg
(ca. 100,000 pounds) of catfish per year. Under normal production conditions in the southern
United States, a similar production level requires 8.1 ha (20 acres) of ponds given an average
annual production of 5,600 kg/ha (ca. 5,000 pounds/acre) (Heikes et al. 1997). The investment
for building 20 acres of ponds (not including land costs) is at least $40,000 (+$2,000/acre for
earthwork, pipes, drains, grass seeding, and road surfacing).

18.2.4 Disadvantages of flow-through tank production systems

Production system disadvantages

In most climates, temperature control is needed. If water temperature in the raceway system
remains in the range of 20 to 26°C (68 to 79°F) for prolonged periods, aeromonad infections and
enteric septicemia become a problem for channel catfish and high mortalities occur. Blue catfish
appear to be more resistant to these diseases (Wolters et al. 1996). The skin color of catfish from
raceways is usually dark. Although this is not a problem when selling product as fillets, dark skin
coloration can be a problem in marketing fish to whole or "skin-on" catfish markets.

Environmental disadvantages

Flow-through raceway systems require huge volumes of water. With a daily average use of over
3,350 m3 (8.84 million gallons), the Fish Breeders system requires more than 40 m3 of water per
kg (4,850 gallons/pound) offish produced. Sites that have the water quantities required for this
type of system are very limited (Broussard and Simco 1976). Even if water is readily available
at a given site, concerns about water usage by local governments may prohibit use of this
production technology.

As early as 1976, concerns were expressed that solid waste and dissolved nutrient discharges
from flow-through facilities would limit their use (Broussard and Simco 1976). Only settleable
solids and fecal coliform concentrations may exceed the discharge limits promulgated for this
type of system (Ruane et al. 1977). Settling basin technology is sufficient to bring the system into
compliance. Currently, farms utilizing warmwater flow-through raceway technology that raise
over 45,400 kg (100,000 pounds) offish annually are considered as point sources of pollution by
the United States Environmental Protection Agency (EPA) and are regulated under the National
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Pollutant Discharge Elimination System (NPDES). Monitoring of settleable solids, suspended
solids, temperature, flow, oxygen, ammonia, nitrate, phosphorus, and other parameters are general
requirements of discharge permits. Studies by the EPA are underway to establish solids and
nutrient limits in the discharge from these facilities (Boyd et al. 2000). If receiving waters are
approaching total maximum daily loads (TMDL) for a specific water quality parameter, new point
source discharges carrying that waste may not be allowed. The cost of meeting EPA regulations
in the future may be considerable.

18.2.5 Conclusions

Although the flow-through tank system at Fish Breeders of Idaho is commercially viable,
implementation of this technology at other sites has been limited by the availability of large
volumes of warm and cold fresh water. In the future, use of this technology will be further limited
by environmental concerns. While elimination of most solid wastes is technically possible, the
future use of flow-through, tank-based technology will be determined by defined limits on the
discharge of dissolved nutrients into waterways. As the removal of dissolved nutrients on a large
scale is expensive, the future use of this technology for catfish production in the United States is
questionable.

18.3 RECIRCULATING TANK PRODUCTION SYSTEMS

18.3.1 Introduction

Although there are a few examples of successful flow-through tank-based catfish production
systems in the United States, there have been no large-scale commercially successful catfish
production systems based on recirculating tank technology. Although it is technically feasible to
grow catfish in recirculating tank systems, the high cost of production and comparatively low
farm-gate prices ($1.17 to $1.76/kg; $0.53 to $0.80/pound) from 1992 to 2000 (USDA/NASS
2001) has precluded economic success and sustained operation.

Production of catfish in recirculating tank systems has been investigated since the early 1970s.
A semi-closed recirculating tank culture system was used to study the interactions of catfish
stocking density and water turnover on growth and feed conversion (Andrews et al. 1971). The
system consisted of 0.07 to 2.8-m3 (18 to 750-gallon) round culture tanks where recirculated
water was heated and aerated only (no biological or waste solids filtration). Recognizing potential
problems with flow-though system discharge, a single tank (1.6 m3; 420 gallons) system was used
to study the effects of high recycle flow rates and various biological filter media on system
operational characteristics (Broussard and Simco 1976).

Channel catfish can be reared at densities up to 100 kg/m3 (0.83 pounds/gallon) in small-scale
recirculating systems (Miller and Libey 1984). The system described used settling basins for
waste solids removal and trickling filters for ammonia control. A series of publications by Jarboe
(1996) and Jarboe and Grant (1995; 1996a, b, c; 1997) have added to the body of knowledge of
how catfish react to a closed system environment and various feeding and management strategies,
and are reviewed below.

Recirculating tank culture systems have been used for basic and applied research on catfish
(Kelly and Kohler 1996; Bates and Tiersch 1998) or for assessment of water quality parameters
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associated with recirculating system design (Christensen et al. 2000). Although the results of
these studies are of scientific interest and increase the knowledge base of catfish aquaculture in
tanks, application of the results of these small-scale studies have done little to change the
commercial viability of catfish production in recirculating systems.

This section of the chapter will discuss the basics of recirculating system design, what is
known about catfish production in recirculating systems, and potential uses for this technology
with channel catfish.

18.3.2 Recirculating system design

Aquaculture production systems must function to maintain proper water quality to promote high
yields and the potential for profit. The challenge in designing economically viable production
units is the development of systems that are capable of maintaining good water quality while
permitting sufficiently high feeding rates that promote rapid growth.

Recirculating aquaculture technology is used where there is insufficient water on site to flush
fish wastes from production units, where conservation of heat is required, or where large volumes
of effluent cannot be discharged into the environment. Properly designed recirculating systems
include processes that remove waste solids, convert ammonia and nitrite to nitrate, remove carbon
dioxide, and oxygenate culture water. Catfish cultured at high density in recirculating systems
may be susceptible to diseases. As such, some form of disinfection process within the system is
highly recommended.

There are few publications focusing on the specific design requirements of recirculating
systems for channel catfish culture. As such, the following review of the water treatment systems
design reflects information developed for recirculating tank system design with other species.

Dissolved oxygen is consumed and ammonia is produced when waste solids (feces and
uneaten feed) are decomposed by bacteria. Thus, it is important to remove waste solids from the
tank and biofilter components quickly. Settleable solids can be quickly and easily removed from
the culture tank with the proper placement of drains. Suspended solids do not easily settle out of
water in fish culture tanks and can accumulate in the water column and limit fish production. Two
common methods of removing suspended solids from aquaculture tanks are the rotating drum
screen filter and the granular (pelleted plastic bead) media filter. Rotating drum screen filters
utilize fine-mesh screen material (stainless steel or polyester) mounted on a drum through which
tank effluent must pass to exit the drum. Drum screen filters used in aquaculture applications
have screens with pore sizes ranging from 30 to 120 um. In recirculating fish culture systems, it
is desirable to maintain tank suspended solids concentrations at 25 mg/L or less. Under these
conditions, the flow capacity of a rotating drum screen filter can be estimated as follows
(Hydrotech AS 2001). A 40-|im screen will process approximately 1,000 L/minute per m2 (ca.
25 gpm/foot2) of drum screen surface area. A 60- and 90-um screen, under similar solids loading
conditions, will process 1,350 and 1,875 L/minute per m2 (33.5 and 46 gpm/foot2) of screen area,
respectively. To control the suspended solids concentration in tanks with a drum screen filter, the
flow rate from the tank to the filter should be equivalent to 1 to 1.5 tank volumes per hour.

Bead filters, utilizing floating plastic granular media, should be sized to provide 62 cm3 of
beads per 1 kg of feed (1 foot'/pound feed) per day (Malone and Beecher 2000). The flow rate
to the bead filter should approximate 50 L/minute per kg of feed (ca. 6 gpm/pound of feed) per
day. The hydraulic retention time for culture tanks when utilizing bead filter technology should
be between 20 and 30 minutes (2 to 3 tank volumes/hour).
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The metabolism of fish results in the production of ammonia. The maximum long-term
exposure to un-ionized ammonia-nitrogen concentration should not exceed 0.05 mg/L and the
maximum short-term concentration should not exceed 0.2 mg/L (Tucker and Robinson 1990).
Ammonia and nitrite must be removed from the fish culture tank at a rate equal to the rate of
production within the tank. In recirculating aquaculture production systems, biological filtration
is the most commonly used method of removal. Common configurations for biological filters
used in aquaculture include fixed-film reactors, expandable media filters, and mixed bed reactors.
The following discussion provides basic guidelines for preliminary biofilter design.

Approximately 2.5 to 4% of the feed by weight becomes total ammonia-nitrogen (Huguenin
and Colt 1989; de los Reyes and Lawson 1996). For fixed-film biological filters (e.g., trickling
filters, rotating biological contactors), a design nitrification rate of 350 to 500 mg TAN/m2 of
biofilter media surface area per day is used (Twarowska et al. 1994; Kamstra et al. 1998; Losordo
et al. 2000). For granular media filters such as fluidized bed filters, microbead filters, or floating
bead filters, a design nitrification rate of approximately 100 to 300 mg TAN/m2 per day is
appropriate (Hargrove et al. 1996; Greiner and Timmons 1998; Malone and Beecher 2000).

Dissolved oxygen concentration is usually the first factor that limits the carrying capacity of
a recirculating system. Maintaining adequate concentrations of dissolved oxygen in a culture tank
requires that oxygen is delivered to the tank at a rate equal to or greater than the rate of oxygen
consumption or loss. The total amount of oxygen required is largely a function of feeding rate,
the rate that waste solids are removed, and the biofilter configuration. In systems with low feeding
rates and/or low stocking densities, aeration is best provided directly to the culture tank. In most
cases, in systems where high growth rates are desired, a maximum biomass density of 40 kg/m3

(0.33 pounds/gallon) is appropriate. In all but the very largest tanks, surface aerators would
produce too much turbulence. Therefore, airstone-type diffused aeration systems are widely used
in tank-based systems. The following are general guidelines for aeration design calculations.

Oxygen consumption in recirculating production systems is directly related to the rate of feed
input to the system. Oxygen is consumed by respiration of the fish and bacteria within the system
(Losordo et al. 1999). The oxygen consumption of channel catfish in a recirculating system is a
function of feeding rate and time, and reaches a maximum 6.5 hours after feeding and a minimum
16 hours after feeding (Jarboe 1996). Assuming an average hourly oxygen consumption rate of
300 mg/kg of fish (see Chapter 3) and a daily feed rate of 2% of body weight, then we can
estimate the daily oxygen consumption rate to be 36% of the daily feed rate (300 mg O2/kg fish
x 24 hours = 7.2 g O2/kg fish per day; 7.2 g O2/0.02 kg feed per day = 360 g O2/kg feed = 36%).

The oxygen demand of bacteria within the system can also be expressed as a function of
feeding rate. However, the level of bacterial oxygen demand (heterotrophic and autotrophic)
within the system is dependent upon the waste solids retention time of the system (Golz et al.
1999). The oxygen consumption rate by nitrifying bacteria can be estimated as 4.2 to 4.6 times
the measured nitrification rate (Golz et al. 1999; Malone and Beecher 2000). Assuming 3% of
feed becomes TAN, at steady-state conditions, nitrifying bacteria have a respiration rate of 13.2%
of the feed rate (4.4 x 3%). Approximately 60% of the oxygen demand of a fluidized bed biofilter
is caused by nitrifying bacteria (Skjolstrup et al. 1999). The remaining 40% of the oxygen uptake
is attributed to the metabolism of heterotrophic bacteria. In growout applications, 45 to 55% of
the oxygen consumption in a biofilter can be attributed to heterotrophic bacteria (Malone and
Beecher 2000). Using these assumptions, the overall rate of oxygen demand by heterotrophic and
autotrophic bacteria is estimated to be 22 to 24% of the feed rate (13.2% - 0.60 or 13.2% - 0.55).
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The sum offish and bacterial respiration is therefore estimated to be 58 to 60% of the feeding
rate. Experience indicates that the overall oxygen demand of a well-designed recirculating
production system ranges from 40 to 70% of feeding rate.

The standard oxygen transfer rate of a blower-driven, "medium bubble" airstone diffuser
system is approximately 1.0 kg O2/kW per hr (ca. 1.6 pounds O2/hp per hour) (Huguenin and Colt
1989; Boyd 1998). The estimated fish and bacteria oxygen demand rates and the standard oxygen
transfer rate can be used to estimate the size of a low-pressure blower required for aeration of a
catfish production system.

As production intensity increases, the rate of oxygen used by the culture system (fish and
bacteria) increases. When the culture biomass density approaches 60 kg/m3 (0.5 pounds/gallon),
system respiration begins to exceed the capacity of typical aeration equipment. Pure oxygen gas
is employed to further increase the rate of oxygen addition. Airstone-type diffusers are not a very
efficient method of diffusing pure oxygen gas into water. Fine-pore diffusers are less than 40%
efficient in dissolving oxygen in tank water because of the short contact time of bubbles rising
through the tank water column (usually less than 2 meters). However, appropriately designed
oxygenation components can achieve efficiencies approaching 90% (i.e., 90% of the oxygen
applied is dissolved).

The most commonly used oxygenation components in the United States are the down-flow
bubble contactor and the low-head oxygenator (LHO). Proper selection of oxygenation tech-
nology will depend upon system layout and the type of process components of the water treatment
system (Summerfelt et al. 2000). Low-head oxygenators require very little pumping energy (i.e.,
low water elevation head) and can be operated with gravity flow. However, in order to operate
efficiently in warm water, the practical upper limit of the dissolved oxygen concentration in
effluent from a LHO is 13 to 15 mg/L. As such, systems employing LHO technology typically
have high culture tank water exchange rates. Conversely, down-flow bubble contactors can be
operated at elevated pressures. Operating at 0.5 to 1.0 atmosphere of pressure (7.5 to 15 psig),
water exiting these units can have oxygen concentrations exceeding 15 to 25 mg/L. However, the
energy requirements to operate at these pressures must be considered.

When fish are grown in close proximity to each other, disease outbreaks can occur (Broussard
and Simco 1976; Miller and Libey 1984). The most common methods of water disinfection in
recirculating aquaculture systems use ultraviolet (UV) radiation or ozone (Huguenin and Colt
1989; Helge et al. 1995; Krumins et al. 2001). Ultraviolet light in the spectral region of 190 to
280 run effectively inactivates numerous microorganisms (Helge et al. 1995). The application of
UV radiation in aquaculture is relatively simple and safe. The most important water quality
parameters that affect UV radiation as a disinfecting process are water turbidity, color, and
suspended particulate solids. Water must be free of suspended solids and relatively clear for
effective treatment using UV radiation. For this reason, a UV sterilization unit should be located
in the treatment system after solid particles are removed. The effectiveness of UV radiation in
inactivating microorganisms is a function of the radiation intensity and time of exposure. Most
commercially available UV sterilization units are designed to deliver UV radiation at 30,000
u W/cm2 per second at a specific water flow rate (Huguenin and Colt 1989). Higher doses can be
applied by increasing the size of the unit or by reducing the flow rate through the unit.

Ozone (O3) gas is a strong oxidizer and is used extensively worldwide to disinfect drinking
water. As ozone is highly unstable, the gas must be generated on site from dry air or pure oxygen
gas. Ozone gas is mixed with water in some type of contact unit. The reactor can be a pressurized
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FIGURE 18.3. Plan view of an example recirculating fish production system layout.

vessel or a non-pressurized unit such as a low head oxygenator or a foam fractionator. When
ozone contacts organic material in the water (dissolved or particulate), the organics are oxidized
and the ozone concentration is immediately reduced. Ozone impacts bacteria by oxidizing the cell
membrane. However, complete control of bacteria by ozone cannot be assured unless all organic
material in water is oxidized and there is a residual concentration of ozone (0.1 to 1.0 mg/L) in
the water for one to two minutes (Huguenin and Colt 1989). Therefore, in production systems
with high feeding rates, overcoming this organic "demand" for ozone to provide for adequate
disinfection can require a large ozone generator and a long contact time. Ozone doses of 13 to 25
g O3/kg feed (1.3 to 2.5 pounds O3/100 pounds of feed) are required to effectively reduce the
organic content of water in recirculating production systems (Herbst 1994). The equipment to
satisfy a large ozone demand can be expensive. Additionally, if fish are exposed to excessive
residual ozone, gill damage or death can result.

There are numerous ways to combine the previously discussed components to create a
recirculating fish production system. Figure 18.3 illustrates a plan view of one such layout
(Losordo et al. 2000). The basic system design has been operated to culture tilapia, rainbow trout,
yellow perch, and hybrid striped bass. Water flows from the culture tanks to the treatment system
by gravity. Centrifugal pumps provide water flow to the culture tanks from the biological filters.
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TABLE 18.1. Production data from studies of channel catfish culture in recirculating systems (all data in
English units only). A = Andrews et al. (1971); B = Broussard and Simco (1976); M = Miller and Libey (1984);
J = Jarboe and Grant (1996a).

Study
A

B

Mc

J

Initial
weight
(lbs)
0.044
0.044
0.17
0.17

0.38
0.67
0.72

0.84
0.84

0.040
0.511

Final
weight
(lbs)
0.18
0.16
0.70
0.64

0.67
0.72
1.56

1.54
1.67

0.35
1.15

Stocking
rate
(no./ft3)
4.0
6.0
4.0
6.0

8.9
8.9
8.6

4.1
4.1

3.1
1.6

Growout
period
(days)

70
70

112
112

36
36

122

108
108

125
90

Final
biomass
(lbs/ft3)

0.71
0.95
2.82
3.83

6.04
6.47

13.32

6.29
6.80

1.02
1.63

Weight
gain
(lbs/day)
0.0019
0.0016
0.0048
0.0042

0.0082
0.0014
0.0069

0.0066
0.0077

0.0028
0.0071

SGRa

(%/day)
2.02
1.83
1.26
1.17

1.58
0.02
0.63

0.57
0.64

1.72
0.89

FCRb

1.5
1.5
NR
NR

1.28
4.52
1.80

1.92
1.91

1.07
2.15

a SGR = specific growth rate.
b FCR = feed conversion ratio.
" The recycle flow rate for the first treatment (first data row) in the study conducted by Miller and Libey (1984) was
half that of the second treatment (second data row).

18.3.3 Stocking rate and growth

Stocking rate and biomass density are important variables in any production system. In
recirculating tank-based systems, using the correct stocking rate can mean the difference between
economic success and failure. If a recirculating system has an excessive density near the end of
the culture period, the capacity to maintain water quality can be exceeded. As such, the fish will
not be fed optimally, fish growth rate will be sub-optimal, and the annual yield of market-sized
fish will be reduced. Similarly, if the system is under-stocked, annual yields will be suboptimal
and, as in flow-through systems, a social hierarchy within the population may reduce overall feed
intake by the whole population. Table 18.1 is a compilation of growth rates and associated data
from four studies on channel catfish in recirculating systems. Results indicate that survival was
not affected by stocking density, but growth rate was 6% lower at the higher stocking rate. Losses
of catfish due to Cleidodiscus infections occurred in two of the studies (Broussard and Simco
1976; Miller and Libey 1984) and in one study, catfish fed poorly, resulting in slow growth
(Broussard and Simco 1976). Once infections were controlled, specific growth rates of 0.57 to
0.64% per day at stocking densities of between 150 and 300 fish/m3 (ca. 4 and 9 fish/foot3) were
possible. An impressive harvest biomass density of 211 kg/m3 (13.2 pounds/foot3) has been
achieved (Broussard and Simco 1976).

18.3.4 Other applications of recirculating system technology

Recognizing that recirculating systems are currently not economically viable for raising food-size
channel catfish, a number of other applications have potential. Recirculating systems may have
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potential for purging pond-raised catfish with off-flavor (Johnsen and Dionigi 1993). Although
biological filters can be sources of off-flavor, if properly designed and sized, a recirculating
system can become an economically feasible component of a pond production system. Such a
purging system could allow for the pond production offish without regard for managing (i.e.,
reduced feeding periods, taste testing, and harvest scheduling) ponds for off-flavor. With the
advent of better waste solids management and ozone contactors in recirculating systems, this use
of recirculating aquaculture technology may warrant further investigation.

Fingerling channel catfish can be cultured in recirculating systems (Andrews et al. 1971;
Jarboe and Grant 1996a). The production of an advanced fingerling during winter months for
stocking production ponds in the spring could yield market-sized catfish within one pond growing
season. However, the viability of an advanced fingerling nursery depends upon the availability
of channel catfish fingerlings year round.

Recirculating systems have been used to spawn channel catfish at times other than the natural
spawning season (Kelly and Kohler 1996; Bates and Tiersch 1998). However, sub-lethal
concentrations of ammonia and nitrite in recirculating systems are toxic to female broodstock
(Bates and Tiersch 1998). Some of these problems are caused by shock loading of the system
during the spawning season. Systems should be loaded continuously and the biomass increased
gradually.

18.3.5 Economics of catfish production in recirculating systems

There are few publications on the economics of catfish production in recirculating systems. A
computer model has been developed to estimate the cost of production of hybrid striped bass and
channel catfish in intensive recirculating aquaculture systems (Losordo et al. 1989). Specifically,
the model simulated continuous fish production from a large-scale, 9-tank system with an
estimated annual output capacity of 180,000 kg (ca. 400,000 pounds). Overall production costs
of $2.09/kg ($0.95/pound) offish produced were estimated (Losordo and Westerman 1994). The
production of catfish under those conditions and scale is not economically feasible.

A profit-maximizing linear programming model of a recirculating aquaculture system for fish
(hybrid striped bass, channel catfish, and rainbow trout) production simulated economic impact
on rural communities (Martens and Wade 1996). The simulated system had the capacity to grow
and process (fillet) 300,000 kg (ca. 660,000 pounds) of catfish annually with an estimated capital
investment cost of $995,880. The simulated production cost of catfish in this large-scale system
was approximately $ 1.65/kg ($0.75/pound). Results from both studies support the conclusion that
the production of catfish in recirculating systems would not be profitable under the market
conditions prevailing over the past decade (USDA/NASS 2001).

18.3.6 Conclusions

Unless the cost of producing channel catfish in ponds increases significantly, prospects for
economic catfish production in recirculating systems in the near future is doubtful. However,
holding and growing channel catfish in recirculating tank-based systems is technically possible.
Potential uses for recirculating systems could include off-season spawning, advanced fingerling
production, and the purging or holding of market-size fish. In these applications, advancements
in recirculating systems technologies developed for other species should be evaluated and
implemented where appropriate.
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19.1 INTRODUCTION

The majority of United States aquaculture production presently comes from "land-intensive"
systems, such as catfish ponds in the southern United States. Industry-wide, these systems average
4,500 to 5,500 kg/ha (ca. 4,000 to 5,000 pounds/acre) of net annual production with maximum
annual production of 5,500 to 7,800 kg/ha (ca. 5,000 to 7,000 pounds/acre) (Brune 1991;
USDA/NASS 1999). Rarely, production in excess of 11,000 kg/ha (ca. 10,000 pounds/acre) is
achieved (Avault 1980). Daily feeding rates generally average 40 kg/ha (ca. 35 pounds/acre) with
peak feeding rates ranging from 90 to 110 kg/ha (ca. 80 to 100 pounds/acre). Low capital cost and
the relative reliability offish production are the major advantages offish culture in earthen ponds.
Disadvantages of pond production are the need for continuous management of dissolved oxygen
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concentrations, as well as other fluctuating water quality variables. Labor requirements (especially
for harvesting) and problems with off-flavors, predators, and diseases represent additional
management difficulties. These issues, combined with land, water, and environmental resource
constraints, have stimulated a search for technological improvements in aquaculture practices.
Shifting production to more energy-intensive systems is one solution, either through application
of increased aeration (2 to 38 kW/ha; 1 to 20 hp/acre) in ponds, or by abandoning the land-
intensive pond altogether and shifting production to higher density recirculating tank or raceway
systems.

Since about 1970, researchers and producers have attempted to address the need for
intensification of pond aquaculture while minimizing environmental impacts. Pond aquaculture
productivity is limited first by oxygenation of the water column and second by accumulation of
ammonia to levels toxic to the cultured organisms. Annual production of 1,100 to 1,700 kg/ha (ca.
1,000 to 1,500 pounds/acre) are possible in "still-water" ponds without aeration (Brune and
Drapcho 1992; Brune 1995a, b; Drapcho and Brune 2000). Addition of paddlewheel mixing and
aeration has increased annual pond production to sustained levels of 4,500 to 5,500 kg/ha (ca.
4,000 to 5,000 pounds/acre). At these production levels, external aeration is supplied to overcome
low dissolved oxygen concentrations resulting from diurnal cycles of photosynthesis and
respiration. Typically, pond primary productivity (expressed as carbon fixation rate) ranges from
1 to 6 g C/m2 per day with an average maximum of 3 g C/m2 per day (Zur 1987; Schroeder et al.
1991). Algal fixation of 3 g C/m2 per day corresponds to approximately 0.50 mg/L per day of
algal nitrogen uptake in a 1-m-deep pond. This is equivalent to a daily pond assimilation rate of
the nitrogen contained in 90 to 110 kg/ha (ca. 80 to 100 pounds/day) of feed and therefore
represents the loading limit for conventional aerated ponds. Sustained feeding rates beyond this
level generally require enhancement of ammonia removal.

19.2 AQUACULTURE INTENSIFICATION TECHNIQUES

Attempts to intensify pond aquaculture beyond the existing practice of supplemental aeration can
be classified into three categories: photosynthetic techniques, bacterial techniques, and
physicochemical techniques. Most of these techniques are directed toward increasing the capacity
of the system to remove ammonia.

19.2.1 Photosynthetic techniques

Direct or indirect photosynthetic systems include enhanced algal systems, polyculture,
hydroponics, wetlands, and terrestrial irrigation. Enhanced algal systems usually include
circulation of water between intensive fish confinement areas to less intensive (extensive) algal
culture ponds where the pond water is treated for reuse without discharge to public waters
(Avnimelech 1998). These systems increase algal productivity by improving water-column
mixing, and perhaps by settling and removal of algal biomass which increases and stabilizes algal
growth and algal populations. Field trials with such combined intensive-extensive systems are
characterized by sustained algal productivity and corresponding daily nitrogen removal rates
equivalent to 6 g C/m2 of treatment area (Diab et al. 1992). The confinement offish into intensive
tanks, ponds, or cages solves a number of practical management issues. Confinement offish
reduces labor requirements for harvest. Fish can be held in sorted cohorts, allowing for more
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efficient and uniform feed applications, which substantially increases feed conversion efficiency
(Brune et al. 1999). Animal and bird depredation offish stocks is virtually eliminated with covers
or netting over concentrated fish stocks. Crowding offish in intensive production areas allows
more uniform and efficient management of water quality, particularly oxygen concentration,
because managemnt (aeration, for example) is applied directly to the fish confinement area and
not the entire pond. This allows environmental factors impacting fish to be separated from the
diurnal environmental variations of the pond. Other advantages of confined culture include more
effective fish health management and improved inventory/cohort management. The primary
disadvantage of the enhanced photosynthetic technique in ponds has been the need for energy-
intensive centrifugal pumping systems (18 to 110 kW/ha; 10 to 60 horsepower/acre) to move
large volumes of water between intensive and extensive ponds.

Polyculture is in effect an enhanced algal technique that usually involves stocking the pond
with populations of filter-feeding fish or detritivores. Net combined yields of primary and
secondary fish of 9,000 kg/ha (ca. 8,000 pounds/acre) have been achieved (Moav et al. 1977).
Polyculture improves pond carrying capacity by "storing" a portion of pond respiration (algae and
sediment organic matter) in the secondary fish biomass. In addition, the secondary organisms
recover nitrogen from the algal standing crop or sediment and "store" it in biomass, thereby
reducing the recycling of nitrogen and loading of the water column. The disadvantage of poly-
culture is the need for manual harvest and sorting of mixed fish populations, the need to market
two or more species, and the typically lower market value of the secondary fish.

Additional photosynthetic techniques include the use of nitrogen-laden waters from fish ponds
to irrigate conventional crops or transfer of the water to hydroponic beds of aquatic macrophytes
or terrestrial plants (aquaponics) or to created wetlands (McMurtry et al. 1990; Olson 1991;
Jinescu and Brune 1995). The low nutrient value of aquaculture discharge water is typically of
limited benefit to terrestrial crops (Ghate and Burtle 1993). Consequently, crop irrigation with
aquaculture water is usually a technique of water disposal or groundwater recharge, particularly
in the more humid eastern United States. Aquaponics may offer value in limited niche markets,
but is not likely to be amenable to large-scale systems because of the large area requirement for
plant biomass production and the disconnect between the relatively high nitrogen concentration
requirement of plant culture in contrast to the low nitrogen tolerance limit of growing fish
(Rakocy et al. 1993). Aerated and nonaerated wetlands can be used to remove nitrogen from
aquaculture water; however, net productivity of fish per unit area is typically similar to
conventional pond culture. Most wetland systems reduce water nitrogen concentration by
nitrifying and denitrifying bacterial populations attached to plant root surfaces rather than by
direct nutrient uptake by plants.

19.2.2 Bacterial techniques

Bacterial or heterotrophic systems for intensification of pond culture include increased pond
aeration and mixing of sediments to improve in-pond suspended culture nitrification (Avnimelech
et al. 1986; 1999), addition of carbonaceous organic matter to the pond to stimulate nitrogen
uptake by heterotrophic bacteria (Avnimelech et al. 1994), and the addition of nitrifying columns
(Greene 1971). These techniques require high levels of pond mixing, water pumping, or aeration.
Each technique increases production by decreasing the ammonia concentration in the pond;
however, increased fish production is usually insufficient to offset the increased energy and
capital costs associated with intensive water pumping and aeration—at least with catfish.
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Pond sediment/sludge management or removal decreases nitrogen recycling in ponds, thereby
increasing production (Hopkins et al. 1994). Most sludge removal techniques have been limited
to relatively small-scale systems and have not been implemented in large-scale systems. The most
widely applied technique for management of pond sediments has been drying, where
decomposition and denitrification processes reduce concentrations of sediment organic carbon
and nitrogen. This practice requires that pond water be discharged or stored elsewhere.

19.2.3 Physicochemical techniques

Physicochemical techniques for intensification of pond aquaculture have included use of in-pond
cages (Chapter 17) and raceways (Chapter 18) to confine the fish crop (Lorio et al. 1991; Lorio
1994; Lazur and Britt 1997), water blending (Busch et al. 1978; Busch and Goodman 1983),
shading of the algal community, and direct flocculation and removal of algal biomass.
Confinement techniques offer the advantages of fish culture previously discussed; however,
without additional modifications in the management of bulk pond water, overall net production
per unit water area is not improved. Water blending can improve oxygen distribution in ponds
resulting in a reduction in the overall energy requirement for pond aeration, but standby
equipment for emergency aeration of the pond is still required. Attempts to eliminate or shade the
algal community within the pond can reduce diurnal oxygen fluctuations and the occurrence of
toxic algal blooms, but this approach does not solve the nitrogen management issue. Selective
partial algal standing crop manipulation with copper sulfate addition to ponds increases net yields
in conventional ponds by approximately 10% (Tucker et al. 2001). Direct algal or waste removal
by flocculation or mechanical removal is not yet economically viable (Chesness et al. 1976).

19.3 PARTITIONED AQUACULTURE SYSTEMS

The Partitioned Aquaculture System (PAS) (Brune et al. 2001; 2003) combines the advantages
of process control in recirculating aquaculture with the lower costs of pond aquaculture. Many
of the management problems of conventional pond culture are linked to the diurnal cycles of
oxygen production and consumption and the longer term waxing and waning of uncontrolled algal
photosynthesis in ponds. Continuous nutrient enrichment drives pond photosynthesis, although
unmanaged algal populations in conventional ponds typically yield carbon fixation rates of only
2 to 3 g C /m2 per day. Low-energy paddlewheel mixed ponds (often referred to as algal oxidation
ditches) are capable of sustained algal yields of 10 to 12 g C/m2 per day (Benemann et al. 1980;
Oswald 1988; Benemann 1989). This 3- to 4-fold increase in algal photosynthesis provides the
potential for a similar increase in the rate of ammonia removal. Superimposing a water velocity
field upon the pond allows utilization of water velocity and hydraulic detention time as a
controlling strategy in the reconfiguration of the pond ecosystem into a series of engineered
aquatic processes. High-rate photosynthetic systems offer the greatest potential for intensification
of pond aquaculture. Torrans (1984) suggested that pond production could be intensified through
the use of paddlewheel-enhanced water movement. Such a system takes advantage of the lower
cost of open ponds while providing solar energy driven biological waste treatment capacity. In
contrast to energy (fossil fuel dependent) intensive systems, waste treatment based on renewable
(solar) energy offers the potential for long term resource and energy sustainability. As early as
1960, Oswald and Golueke proposed that algal photosynthesis could be used as a sustainable
process for power generation and waste treatment. The PAS represents an adaptation of
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FIGURE 19.1. Representation of the 0.13-ha (0.33-acre) Partitioned Aquaculture System (PAS) unit as
operated in 1995.

microalgal production to produce a sustainable, low impact, high yield, and more controllable fish
production process.

Beginning in 1989, scientists and engineers at Clemson University developed a system that
offers the advantages of high-density fish culture in raceways while coupling the fish raceways
to high rate algal oxidation ditches developed for domestic wastewater treatment (Drapcho and
Brune 1989; Brune and Wang 1998). The PAS attempts to combine various physical, chemical,
and biological pond intensification techniques into a single integrated system. Central to
economic success of this technique is the use of an energy efficient means of moving large
volumes of water at low velocities uniformly throughout the pond. Uniform water velocities can
best be achieved with the use of low-speed (1 to 3 rpm) paddlewheels (Brune 1995a). This
technique of coupling algal growth basins (or algal oxidation ditches) and high-density fish
culture raceways with a paddlewheel driven water velocity field was termed the Partitioned
Aquaculture System (Fig. 19.1).

The low-speed paddlewheel provides operator control of water velocity through the algal
basin and fish raceways, which allows for manipulation of water surface exchange rates of oxygen
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and carbon dioxide between bulk pond water and the atmosphere. Additionally, the uniform water
velocity field provides for 1) mixing and nutrient dispersion into the entire water column, 2) rapid
turnover of algal biomass into the photic zone, insuring maximum algal productivity, and 3)
control of water quality across the raceway-confined fish. Raceway culture provides all the
advantages previously described. A solids-settling basin at the discharge of the fish raceway
collects solid wastes and flocculated algae. A relatively shallow (45 cm; 1.5 feet) mixed algal
culture basin enhances photosynthesis, resulting in potential fish carrying capacities of 11,000 to
28,000 kg/ha (ca. 10,000 to 25,000 pounds/acre) with on-site waste treatment and consequently
reduced environmental impact. The PAS technique (at the greatest yields) is dependent upon co-
culture of filter-feeding fish, shellfish, or detritivores. This continuous harvest of the microalgal
population provides control of the algal cell age and therefore, algal standing crop, rate of algal
respiration, and oxygen production rate (Smith 1985). Filter feeder co-production promotes a
more environmentally friendly, sustainable practice of nutrient recovery, in addition to a valuable
by-product offish biomass (Edwards et al. 1981).

19.4 DESIGN AND OPERATION

The PAS and component design has been evolutionary. Research efforts during the early years
(1989 to 1993) were focused on optimization of algal basin depth, mixing speed, gas exchange,
and high-density (cage) culture of catfish (Drapcho 1993). The early work was conducted in four,
0.01-ha (0.03-acre) PAS units. In 1995, six, 0.13-ha (0.33-acre) PAS units were installed. From
1995 to 2001, the limit of the fish carrying capacity was examined and the use of tilapia co-
culture explored. In 1999, a 0.8-ha (2-acre) commercial-scale prototype was constructed.

19.4.1 System paddlewheels

The PAS units use low-speed (1 to 3 rpm) paddlewheels driven by oil hydraulics to move large
volumes of water at relatively low head (1 to 5 cm; ca. 0.5 to 2.0 inch; AH). The power required
to drive the paddlewheels can be calculated using equations describing flow in open channels
(presented here using English units). First, head or slope (S, the difference in water level between
the front and back of the paddlewheel) is calculated from Manning's equation (Equation 19.1),
which describes the relationships among slope, water velocity (V), and hydraulic radius (R, which
is essentially the depth of the system), and Manning's coefficient (n), which represents frictional
losses between the flowing water and the channel surface.

Water velocity = V = f — ] (R2/3S1/2) (19.1)
V n ) v ;

The required head is obtained by solving Manning's equation for S (the channel slope):

(19.2)
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The desired velocity is 0.5 feet/second, the hydraulic radius is approximately equal to the algal
culture basin depth of 1.5 feet, and Manning's coefficient is assumed to be 0.02 for water flowing
in a straight, unlined earthen channel. Therefore, solving for slope:

[
~\2

(0.5 feet/sec) (0.02) , , . , .

^ Q-—'-\ =0.00003 foot/foot (19.3)

Next, the channel slope must be multiplied by the channel length to determine the required head.
In a 1,200-foot channel (typical of the 0.8-ha [2-acre] prototype), the predicted frictional water
head loss (AHf) is 0.38 inch:

AHf = (channel length)(S) = (1,200 feet)(0.00003 foot/foot) = 0.03147 foot = 0.38 inches (19.4)

This friction head is then increased by head losses (AHb) due to bends in the channel which can
be predicted from

V2 (0.5 feet/sec)2

AH = = J ^ - = 0.00388 feet = 0.05 inches/bend (19.5)
b 2g (64.4 feet/sec)

Here V is once again the desired channel velocity and g is the acceleration due to gravity.
Therefore, to provide a water velocity of 0.5 feet/second, a total water head loss of less than 0.5
inch is required across the paddle:

Total head loss = AHT = AHf + AHb = 0.38 + 2 (0.005) = 0.48 inch (19.6)

This head requirement is then used in an equation that calculates total required power from the
required head (AHT), the amount of water to be moved in gallons per minute (gpm), the specific
weight of the water (W = 8.34 pounds/ft3) and the pumping efficiency (E = 50%):

(AHT)(gpm)(w)
Horsepower = hp = ̂  T A 8 F / ; (19.7)

33,000(E)

At a AH of 0.50 inch (0.042 feet), a total flow rate of 23,578 gpm (0.5 feet/sec in a section 70 feet
wide and 1.5 feet deep) with a predicted paddlewheel efficiency of 50%, the predicted power
requirement is 0.50 horsepower for 2 acres;

Flow rate = (0.5 feet/sec)(60 sec/min)(70 feet)(l .5 feet)(7.485 gallons/foot3) = 23,578 gpm (19.8)

(19.9)
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Paddlewheel power requirement can also be estimated by multiplying the torque on the
paddlewheel shaft (x) by the paddlewheel speed (rpm) and dividing by paddle efficiency (E):

Horsepower = / " ^ " ^ (19.10)
(5252)(E)

The required torque on the paddle shaft is equal to the water pressure on the blade surface area
(at the previously calculated AH) multiplied by the distance from the paddle shaft to the centroid
of the area below the water surface. In the 2-acre PAS prototype operating at 1.5 feet of water
depth, a 6-foot paddle was used, therefore the paddle tip was running 1.5 feet in the water with
an additional 1.5 feet of the paddle running out of the water. The torque on the paddle is therefore
equal to the distance from the centerline of the wetted area to the shaft (2.25 feet) multiplied by
the wetted paddle surface area. Furthermore, the channel water velocity is approximately 60% of
paddlewheel tip velocity. Therefore at a water velocity of 0.5 feet/second, the paddle tip velocity
is 0.833 feet/second or 1 revolution every 22.6 seconds or 2.6 rpm. The paddle is 64 feet long and
the wetted depth is 1.5 feet. Therefore, the wetted paddle surface area is 96 feet2. With a force of
0.5 inches of water acting (0.5 inch of water head equals 2.6 pounds/foot2) on the paddle, the net
total force that the paddle must operate against is 2.6 pounds/foot2 x 96 foot2 = 250 pounds. This
results in a net torque of 2.25 feet x 250 pounds = 562 foot-pounds on the paddle shaft. The
resulting horsepower obtained with this torque using Equation 19.10 is

(562 foot - pounds)(2.6 rpm)
Power = -i /v —>- = 0.56 horsepower (19.11)

At an efficiency (E) of 50% the predicted power requirement is 0.56 horsepower, which closely
agrees with the 0.50 horsepower predicted from Equation 19.9.

In the final design, the power requirement of the actual motor should be selected from the
"worst case" expected power (highest velocity) and increased to adjust for mechanical losses.
Because of the desire to provide a wide range of water velocities and the use of a single power
unit to power two sets of paddles, the 0.8-ha (2-acre) PAS prototype at Clemson University was
fitted with a 3-horsepower unit—well in excess of actual required power.

The use of a second paddlewheel system to provide for control of raceway water quality,
independent from the algal reactor, was one of the important modifications of the 0.8-ha (2-acre)
PAS prototype. This arrangement allows more precise computer feedback control of oxygen,
ammonia, and carbon dioxide concentrations in the fish raceway. Additionally, the need to reduce
costs was addressed by eliminating the multiple channels in the algal culture section used in the
0.13-ha (0.33-acre) and 0.03-ha (0.03-acre) PAS units. The 0.8-ha (2-acre) system uses a gang
of paddlewheels with a single 21-m-wide by 183-m-long (70 feet by 600 feet) algal growth
channel (Figs. 19.2; 19.3).

19.4.2 Fish raceways

The 0.8-ha (2-acre) prototype uses a three-channel raceway with the central channel serving to
distribute water into the fish raceway (Fig. 19.3). The flow distribution to the raceway in the
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FIGURE 19.2. Algal paddlewheels in 0.8-ha (2-acre) prototype PAS unit.

FIGURE 19.3. Representation of existing 0.8-ha (2-acre) PAS prototype (installed in 1999).

commercial-scale prototype is "distributed plug flow" where individual fish sections are
maintained at uniform water quality by introducing side-flow velocities in direct proportion to
fish respiratory oxygen demand in a particular section. Water velocity across the fish raceway is
provided by a separate paddlewheel (Fig. 19.4). In this way, flow (and therefore water quality)
in the fish raceways can be controlled independently of that in the algal basin. High fish densities
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FIGURE 19.4. Fish raceways and paddlewheels in 0.8-ha (2-acre) prototype PAS unit.

FIGURE 19.5. Proposed 0.8-ha (2-acre) PAS prototype using high density catfish raceways.

in each raceway provide uniformly mixed raceway conditions. As a result, this configuration is
as effective as a single mixed tank or a mixed-loop tank, the other design options in providing
uniform water quality for fish held at high density.

Stocking density experiments indicate that 125 to 150 kg/m3 (ca. 8 to 10 pounds/foot3) of
catfish can be sustained with no adverse effect on growth, suggesting that overall system costs
can be further reduced by using a single high-density raceway and fewer paddlewheels (Brune et
al. 1999). The results from stocking experiments suggest a lower cost "modified configuration''
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(Fig. 19.5) where the fish raceways are reduced to a single channel utilizing one of four algal
paddlewheels to provide raceway water velocity control.

An additional advantage of high-density raceway culture is that inexpensive netting may be
stretched across the top of the raceway sections completely eliminating access by predators. The
walls of the fish raceways in the prototype PAS were constructed of concrete filled cinder block,
although formed concrete or wooden raceways have been used with similar success.

19.4.3 Algal basin flow patterns

To reduce construction costs, the algal basin flow channels were reduced from six in the 0.13-ha
(0.33-acre) units to two in the 0.8-ha (2-acre) unit. This reduced the algal wall requirement from
2,000 m/ha (ca. 3,000 feet/acre) to 450 m/ha (ca. 600 feet/acre). The central dividing wall was
constructed of 1.22-m (4-feet) wide 0.81-mm (0.032-inch) thick black polyethylene attached to
a conventional "hog wire" fence buried 30 cm (1 foot) in the soil and supported by steel posts,
producing a plastic curtain wall 1 m (ca. 3 feet) in height.

Flow experiments were conducted in 1999 in the 0.8-ha (2-acre) prototype to determine the
uniformity of the water velocity field that can be sustained with different combinations of paddles
and paddle speed. Sufficient mixing and flow velocity can be maintained with 50% paddlewheel
coverage in the algal channel (Lazur and Britt 2000).

19.5 PRIMARY PRODUCTION

Increased algal growth achieved in the homogenous water velocity field is the most important
difference between conventional aquaculture ponds and the PAS. This 3- to 4-fold increase in
photosynthesis is the basis for the 3- to 4-fold increase in fish carrying capacity.

19.5.1 Algal biosynthesis

The stoichiometry of algal biosynthesis in the PAS is similar to that reported by previous
investigators (Shelef and Soeder 1980), with minor adjustments (Meade 1998) in the C:N and
C:O2 ratios observed for algal biomass production in the PAS. This stoichiometry is

106 CO2 + 16 NH4 + 52 H2O + PO4
3" - C106Hl52O53N16P + 106 O2 + 16 H (19.12)

The observed PAS oxygen yield of 2.67 g of oxygen production per g of algal carbon fixation
suggests a 1:1 oxygen to carbon molar ratio. Overall algal composition was observed to be
approximately 50% carbon (by weight) at a C:N weight ratio of 5.7:1.

To assess the role played by the paddlewheel in stimulating algal growth in the PAS, a
technique was developed to obtain in situ growth rates and integrated water-column photosyn-
thesis (Reed 2001). Prior to this work, algal productivity in the PAS was estimated by obtaining
net photosynthesis from surface "light bottles" incubated in the water column. Total algal photo-
synthesis was then estimated by extrapolating rates determined in surface light bottles to the total
water column. Photosynthesis measured in clear plexiglas, full-volume water columns ranged
between 55 to 180% of projected surface light bottle estimates depending on water-column
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Secchi disk visibility (Reed 2001). This work confirmed that algal carbon fixation rates of 8 to
12 g C/m2 per day, as estimated using surface light bottles, were being achieved in the PAS.

Assuming that algal growth in the PAS is light limited, algal growth response can be predicted
by combining the Monod equation for light-limited algal growth with the Beer-Lambert equation
describing the degree of light penetration in a dense algal culture. The Monod equation is

where P(I) = net oxygen production at light intensity I; Pmax = maximum algal oxygen production
rate; and Ks = half saturation light intensity. The Beer-Lambert equation is

I = Ioe"dc (19.14)

where I = effective light intensity at water depth d; Io = light intensity at water surface; k = light
extinction coefficient; and c = algal concentration.

Combining equations 19.14 and 19.15 results in

P= Pm"Ioe_kdc (19.15)

By integrating equation 19.16 with respect to depth in the PAS, net algal photosynthesis in a
theoretical unmixed water column can be predicted as a function of surface area (A) (Reed 2001):

Solving this equation using empirically determined extinction coefficients and algal growth
coefficients (Ks and Pmax) at a culture depth of 0.5 m (ca. 1.5 feet) results in a predicted algal
carbon fixation rate of 2 to 4 g C/m2 per day. This theoretical prediction is consistent with the
observation that photosynthesis in unmixed or poorly mixed conventional aquaculture ponds is
light limited, restricting algal growth to these lower levels and therefore restricting the capacity
of the pond to assimilate ammonia in excess of a feeding rate corresponding to approximately 90
kg/ha per day (ca. 80 pounds/acre per day). By moving the water column at 3 to 15 cm/second
(ca. 0.1 to 0.5 feet/second), phytoplankton is continually circulated through the euphotic zone,
enhancing photosynthesis by 3 to 4 times, thereby increasing the waste treatment capacity. If
water was less deep or mixed at greater velocity, a theoretical algal carbon fixation of approx-
imately 15 to 30 g C/m2 per day could be obtained—a level that has been sustained in shallow (1
to 5 cm deep) algal mass culture facilities but is probably not practical for fish culture.

Increased algal biosynthesis combined with harvest of algal production by co-culturing with
filter-feeding organisms is the basis for improved performance of the PAS over conventional
ponds. Six years of catfish production trials with the PAS confirmed maximum photosynthesis

(19.13)
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of 10 to 12 g C/m2 per day, similar to that of other well-mixed, high-rate algal culture systems
(Shelef and Soeder 1980). At this rate of waste treatment, theoretical feed assimilation rates of
220 to 280 kg/ha (ca. 200 to 250 pounds/acre) per day and 11,000 to 22,000 kg/ha (ca. 10,000 to
20,000 pounds/acre) offish production have been confirmed. Water discharge to the environment
from the PAS can be eliminated because of the large water treatment capacity.

19.5.2 Algal management with tilapia co-culture

Nile tilapia Oreochromis niloticus was selected as the co-cultured fish in the PAS because the fish
can feed on microalgae (Edwards et al. 1981) and South Carolina regulations allow possession
and culture of that non-native fish. Co-culture of a filter- feeding organism plays an essential role
in the PAS (Drapcho and Brune 2000). Equation 19.12 suggests that production of algal biomass
represents "storage" of potential oxygen demand and ammonia. If this oxygen demand can be
harvested from the system directly as algal biomass or indirectly as filter feeder biomass, then
algal biosynthesis generates a system of net oxygen production and net ammonia removal, thereby
reducing the need for external oxygenation and additional nitrogen assimilation capacity.

Relative to systems without tilapia, PAS units with tilapia reduce average algal cell age from
6 to 8 days to 4 to 6 days with a corresponding reduction in algal standing crop from 100 to 150
mg/L to 50 mg/L. A tilapia stocking ratio of 25% of catfish biomass at the end of season stabilizes
algal biomass at approximately 50 mg/L (of dry weight) and algal cell ages at 2 to 4 days. Young
algal cell age contributes to stable algal populations and improved water quality. In general, if the
PAS is operated with sufficient tilapia biomass (more than 25% of catfish biomass at the end of
the season), algal densities typically range from 40 to 60 mg/L (Secchi disk visibility of 15 to 18
cm). If tilapia are not included in PAS units with catfish biomass exceeding 11,000 kg/ha (ca.
10,000 pounds/acre), algal cell densities will typically exceed 100 to 150 mg/L dry weight (Secchi
disk visibility of 5 to 10 cm).

Importantly, tilapia co-culture successfully reduces the dominance of cyanobacteria in the
phytoplankton communities of the PAS. Phytoplankton communities of PAS units stocked with
tilapia breeding pairs (250 adult pairs/ha; 100/acre) shift from cyanobacterial dominance to more
desirable green algae (Chlorophyta) as tilapia populations and biomass increase as the growing
season progresses. In 1999, the 0.8-ha (2-acre) unit was dominated by green algae populations
and off-flavors in harvested fish were mild (a hedonic score of 1.0 to 1.5 out of 5, with 5 being
extremely off-flavored). The mild off-flavor was described as being "grassy." However, in 1999,
the phytoplankton community in four of six small PAS units shifted from dominance by
cyanobacteria early in the growing season to more desirable green algae as the tilapia breeding
populations and biomass increased in late season. In two of the 0.13-ha (0.3 3-acre) PAS units in
1999, late season algal populations shifted to predominantly cyanobacterial populations,
suggesting that use of tilapia breeding pairs alone at these feeding rates was close to, or slightly
beyond, the limit of cyanobacteria population control.

19.6 WATER QUALITY DYNAMICS: PREDICTION AND CONTROL

Continuous acquisition of water quality data allows detailed monitoring of system dissolved
oxygen concentration, pH, and total ammonia-nitrogen levels. An initial data acquisition system
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used continuous sampling (with submersible pumps) to supply water to a centralized monitoring
location. Long-term maintenance requirements to prevent fouling of sample lines and the
susceptibility of a hard-wired system to lightning damage led to the adaptation (in 1999) of a
mobile data acquisition unit using telemetry to transfer data to a central computer system.

19.6.1 Diurnal fluctuations

Accelerated algal growth in the PAS produces intense diurnal oxygen, pH, and ammonia
fluctuations (Meade 1998; Schwartz 1998; Drapcho and Brune 2000). An automated, continuous
data-acquisition system allowed quantification of these diurnal shifts. Typically, dissolved oxygen
concentration in the algal growth basins ranges from 4 to 15 mg/L early in the season (July) to
2 to 21 mg/L in late season. Total ammonia-nitrogen ranges from 0.1 to 0.7 mg/L in the early
season to 1.8 to 3.8 mg/L in the late season. Values of pH range from 7.2 to 8.7 in the early
season to 6.9 to 9.7 in the late season.

The increased capacity of the PAS to remove ammonia from the water column was
dramatically demonstrated during the 1996 growing season when three conventional catfish ponds
were operated as controls with an end-of-season average carrying capacity of 10,417 kg/ha (9,296
pounds/acre) in comparison to six PAS units averaging 9,875 kg/ha (8,812 pounds/acre). The
resulting water column total ammonia-nitrogen concentrations exceeded 16 mg/L in conventional
ponds while concentrations in the PAS peaked at 4 to 5 mg/L.

Variations in dissolved oxygen concentration, pH, and un-ionized ammonia concentration in
the PAS algal basin are too extreme for successful fish culture. However, water quality variation
in fish raceways can be moderated by controlling the water flow rate across the fish with a second
fish raceway paddlewheel that operates independently of the main algal basin paddlewheel. By
reducing water velocity through the fish raceway, excessive daytime dissolved oxygen concen-
trations can be reduced to more reasonable values. Fish respiration (carbon dioxide production)
suppresses raceway water pH levels which, in turn, reduces raceway un-ionized ammonia
concentrations to acceptable levels. During nighttime, raceway aerators are used to maintain fish
dissolved oxygen at desired minimum levels.

19.6.2 Feedback control

Independent control over water velocity to the fish raceway using a separate fish raceway
paddlewheel allows moderation of the diurnal water quality shifts experienced by the fish. In a
fully loaded PAS during late afternoon, dissolved oxygen concentrations may exceed 20 mg/L
with a pH of 9.5 and total ammonia-nitrogen of 1.0 mg/L. At a water velocity in the fish raceway
of 3 cm/second (0.1 feet/second), fish would be exposed to excessive dissolved oxygen concen-
trations of 16 mg/L and an un-ionized ammonia concentration of 0.6 mg/L. By reducing the water
velocity by a factor of four, these extremes in water quality can be reduced to a more acceptable
dissolved oxygen concentration of 6 mg/L and an un-ionized ammonia concentration of 0.03
mg/L. Paddlewheel speed is adjusted by using the output signal from a dissolved oxygen sensor
in a feedback control system.

At low early morning dissolved oxygen concentrations, a similar raceway water velocity
adjustment is used to maximize the efficiency of supplemental aeration. The supplemental
aeration capacity must be sufficient to meet fish oxygen demand to produce the desired minimum
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steady-state dissolved oxygen concentration. If dissolved oxygen concentrations in the raceway
influent fall below this value, then paddlewheel speed is reduced to minimum levels. At influent
dissolved oxygen concentrations greater than this value, dissolved oxygen concentrations increase
in direct proportion to raceway flow velocity.

19.6.3 System electronics and reliability

A personal computer is used for control and data acquisition in the six 0.13-ha (0.33-acre) and
the 0.8-ha (2-acre) PAS units. The computer receives input signals from the combined dissolved
oxygen and temperature probes and from current monitors on the aerators. Direct current millivolt
signals are converted to an optical signal before processing by the computer to isolate the
computer from potential lightning damage. Signals are recorded once every second and used to
update the control system every two minutes. Computer output signals control a solid state relay
board that in turn controls 12-V power relays to actuate aerators and adjust paddlewheel speed.

An automatic transfer switch transfers system power requirements to a standby generator in
the event of an electrical outage. This standby capacity is absolutely necessary to successfully
maintain the system. Operator notification of system failures is also essential for system
reliability. If dissolved oxygen concentration declines below the range of safe operation, the
computer activates a phone dialer. The phone dialer is also activated if the aerator electrical
current exceeds the high limit (indicating an overload) or falls below the low limit with the
aerator on (indicating a motor or wiring failure). The computer also resets a cycle timer every five
minutes. If a computer failure occurs, this timer is not reset and the phone dialer is activated.
Electrical interruption or generator startup also activates the phone dialer.

The most reliable (default) mode of operation is to provide for raceway aerators in a normally
"on" configuration with paddlewheel speed default setting on "low." The computer must energize
a relay to change these fail-safe settings. If the computer system fails, these devices default to the
safe state and the phone dialer is activated. The phone dialer calls pagers and the operators may
call the dialer to identify the problem.

19.6.4 System oxygen mass balance

Continuous acquisition of water quality data in the various PAS units allows development of an
oxygen mass balance. An oxygen mass balance is developed by summing all oxygen losses and
gains within the systems:

Gross Photosynthesis - Algal Respiration - Fish Respiration -
Sediment Oxygen Demand ± Surface Exchange ± Oxygen Storage = 0 (19.17)

Oxygen mass balances are useful to evaluate the success of reducing supplemental aeration
requirements and to target components of the PAS for future improvements. Oxygen mass
balances performed on control ponds and fully loaded PAS units illustrate the impact of enhanced
algal growth on system oxygen dynamics (Table 19.1). Conventional ponds require 100% offish
and fish waste oxygen demand supplied by external supplemental aeration. In contrast, because
of the increased net photosynthetic oxygen production, a doubled fish biomass in the PAS
requires only 40% supplemental aeration; that is, 60% of the fish oxygen demand is provided by
algal oxygen production within the system. Sediment oxygen demand in the PAS is extremely
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Oxygen sink or source
Gross photosynthesis
Algal respiration
Fish respiration
Sediment oxygen demand
Surface gas exchange
% offish oxygen demand supplied

by surface gas exchange

g oxygen/m2 per day
Control pond PAS
+ 12.0 +37.6
- 4.7 - 7.0
- 6.9 - 15.3
- 10.1 - 21.5
+ 9.7 + 6.2

141% 40%

high because the rate of algal biomass production and sedimentation is correspondingly high,
suggesting that additional enhancement of PAS performance may be achieved through improved
algae and/or sediment management.

19.6.5 Modeling water quality dynamics

A detailed computer model constructed to describe water quality dynamics in the PAS is based
on oxygen, nitrogen, and carbon mass balances. The primary forcing functions are time-dependent
solar radiation and empirically derived relationships among feeding rate, fish respiration, algal
oxygen production, algal respiration, and sediment oxygen demand (Schwartz 1998). The model
predicts algal and fish raceway oxygen concentrations, pH, and total ammonia-nitrogen
concentrations as a result of changes in feeding rate, algal management, sediment oxygen
demand, solar radiation, paddlewheel speed, and raceway supplemental aerator set point.

Simulating the effect of extended cloud cover

As the essential waste treatment function of the PAS is based on algal photosynthesis, reduced
solar radiation—particularly during extended periods of cloudy weather—adversely impacts
system performance. Detailed observations of the impact of such an event were made during an
extended cloudy period from mid-July to early August 2000. During this unusually long period
(nearly three weeks) of cloudy weather, fish in the 0.8-ha (2-acre) PAS were fed to satiation. After
10 days of reduced sunlight and sustained feeding, total ammonia-nitrogen concentration
exceeded 16 mg/L. As a consequence of the low-light event, combined with sustained feeding,
fish mortality occurred for 10 days, resulting in a net loss of 3.5% of stocked fish. Water flushing
initiated after peak ammonia concentrations were measured reduced total ammonia-nitrogen
below 10 mg/L.

The reduction in solar radiation and the resulting ammonia concentration was used to calibrate
the PAS computer model. In the revised model, a protocol provided for the suspension of feeding
whenever two low-light days (75% full sunlight) occur sequentially. Using this practice, predicted
total ammonia levels are reduced by 50% (to 10 mg N/L). Extended cloudy periods during the
growing season are rare for the area of South Carolina where PAS trials have been conducted.
However, local light regimes must be considered when locating and planning a photosynthetically
dependent culture system such as the PAS. In the event of sustained low light, feed management
protocols, such as the practice simulated, must be implemented.

TABLE 19.1. Oxygen mass balance (g of oxygen/m2 per day) in control ponds receiving 132 kg of feed/ha per
day and in the PAS receiving 281 kg of feed/ha per day.
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TABLE 19.2. Stocking rates (kg/ha) for channel catfish and Nile tilapia in experimental PAS units from 1995
through 2000.

PAS unit Area (ha) 1995 1996
1 0.135 396 C 740 C

280 Tb

2 0.135 396 C 740 C
280 T

3 0.135 396 C 740 C
280 T

4 0.135 396 C 740 C

5 0.135 396 C 740 C

6 0.135 396 C 740 C

Large 0.810

1997
1,220 C

740T

1,220 C
740 T

1,220 C
740 T

1.220C
1,500 T

1,220 C
1,500 T

1,220 C
1,500 T

1998
1,950 C
1,100 TUC

1,950 C
1,100 TU

1,950 C
1,100 TU

1,950 C
1,100 TSf

1,950 C
1,100 TS

1,950 C
1,100 TS

1999
1,728 C
3,218 CCd

215 TBe

1,728 C
3,218 CC

215 TB
1,728 C
3,218 CC

215 TB
1,728 C
3,218 CC

215 TB
1,220 T
1,728 C
3,218 CC

215 TB
1,220 T
1,728 C
3,218 CC

215 TB
1,220 T
2,390 C

740 T
70 TB

2000
1,885 C
2,000 CC

100 TB
1,885 C
2,000 CC

100 TB
1,885 C
2,000 CC

100TB
1,885 C
2,000 CC

100 TB

1,885 C
2,000 CC

100 TB

1.885C
2,000 CC

100 TB

2,320 C
123 TB

a C = channel catfish fingerlings.
b T = tilapia fingerlings.
c TU = unsexed tilapia fingerlings.
d CC = catfish carry-overs.
e TB = tilapia breeding pairs.
f TS = sexed tilapia fingerlings.

19.7 FISH PRODUCTION AND MANAGEMENT

Carrying capacity and yield of the PAS increased incrementally over time as a result of trials to
assess effects of increased fish density, carryover of below market-size catfish, improved system
capacity for water quality control, and tilapia co-culture for algal management. For the growing
seasons of 1995 to 2000, the six, 0.13-ha (0.33-acre) PAS units were stocked with catfish finger-
lings (size classes of 18, 30, and 60 g) ranging from 396 kg/ha in 1995 to 1,950 kg/ha in 1998.
(Table 19.2). By 1997, maximum daily feeding rates reached 224 kg/ha (200 pounds/acre) with
average daily feeding rates of 106 kg/ha (94 pounds/acre). Average net catfish production in the
six 0.13-ha (0.33-acre) experimental PAS units increased from 3,456 kg/ha (3,078 pounds/acre)
of system surface area in 1995 to 19,382 kg/ha (17,263 pounds/acre) in 2000 (Table 19.3).

19.7.1 Cohort management

High-density raceway culture of catfish in the PAS offers many opportunities over conventional
pond culture, especially fish cohort management. Catfish are stocked into individual raceway
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TABLE 19.3. Channel catfish production characteristics for studies in the PAS from 1995 through 2000.

Year
1995
1996
1997
1998
1999
2000

Maximum
carrying capacity
(kg/ha)

3,657
9,900

15,779
18,728
19,087
15,864

Yield
(kg/ha)

3,456
9,319

14,910
19,044
16,715
19,382

Feed
allowance
(kg/ha/day)
22
67

106
127
112
129

Maximum
feed allowance
(kg/ha/day)

67
168
224
235
292
292

Tilapia
production
(kg/ha)

0
0/ 932b

3,158
2,648
2,284
5,034

Catfish FCR"
1.34
1.53
1.41
1.40
1.40
1.50

' FCR = feed conversion ratio (kg total feed allowance +• kg fish produced).
3 In 1996, three ponds were not stocked with tilapia and three ponds were stocked with tilapia.

sections at the beginning of each growing season as size-graded cohorts. This practice is required
because fingerling production results in variable fish sizes. In addition to stocking fingerlings, any
carryover fish from the previous year that are below market size are stocked as a separate cohort
(5,600 kg/ha in 1999). Stocking carryover fish allows better utilization of system carrying
capacity and increased average feeding rate. Carryover cohorts reach harvest size by mid-season,
resulting in an average production of 11,000 kg/ha (ca. 10,000 pounds/acre). By the end of the
growing season, spring-stocked fingerlings have reached a total biomass of 19,000 kg/ha (ca.
17,000 pounds/acre), of which 70% are market size. Approximately 30% are less than market size
and are carried over into the next spring. With a 2,200 kg/ha (ca. 2,000 pounds/acre) spring
stocking, the system is capable of a net production of 22,000 kg/ha (ca. 20,000 pounds/acre) at
a combined net yield of 25,000 kg/ha (ca. 22,000 pounds/acre) and a maximum carrying capacity
of 19,000 kg/ha (ca. 17,000 pounds/acre).

Cohort separation allows feeding rates appropriate for the fish size and biomass. Improved
feed management in the PAS results in feed conversion ratios of 1.5 (Table 19.3), as compared
to ratios of 2.0 to 2.2 that are typically observed in conventional pond culture. The high-density
PAS configuration is designed to provide the opportunity to achieve such feed conversion on a
routine basis in a large system.

19.7.2 Tilapia co-culture

Tilapia fingerling co-stocking ranged from 280 kg/ha in 1996 to as much as 1,500 kg/ha (24 g
fish) in 1999. In 1998, sexed versus unsexed tilapia trials were investigated, yielding no
observable advantage, and thereafter discontinued. Beginning in 1999, stocking with 100 to 215
kg/ha of adult tilapia breeding pairs was initiated. The breeding-pair procedure was ultimately
adopted as the lower-cost and least labor-intensive technique for supplying sufficient tilapia
biomass to the PAS at the end of the season to successfully control both algal density and
dominant blue-green algal species. While this stocking technique does not provide year-round
control of the algal population, it is considered an acceptable compromise, given the significantly
greater cost associated with indoor (heated) production of tilapia fingerlings to supply as much
as 1,500 kg/ha of tilapia for stocking in the spring. Because of observed improvements in water
quality dynamics and a reduction in system aeration requirements as a result of tilapia co-culture,
the co-culture technique was adopted as standard practice. By 2000, an average net catfish
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production of 19,3 82 kg/ha (17,263 pounds/acre) was demonstrated with only 100 kg/ha of tilapia
breeding pairs stocked into the system in early spring.

19.7.3 Fish health management

Raceway confinement of fish provides for better and more efficient management of both
infectious and non-infectious diseases. Direct application of chemicals to a confined biomass and
within a limited water volume reduces the cost and increases the effectiveness of treatment. Flow
control and/or aeration and degassing in the fish raceways is more effective and less costly than
whole-pond oxygen manipulation. Whole-pond treatment for toxic cyanobacterial removal was
required in early PAS production trials (before tilapia co-culture). Isolation of the fish raceway
flow path permits such treatment if needed.

Columnaris disease is the most significant disease problem in the PAS, but is controlled
effectively with medicated feed and potassium permanganate. Periodic Costia and monogenetic
trematode infestations are controlled with 1-hour exposure to 250 ppm formalin. Infrequent
occurrences of methemoglobinemia are treated with sodium chloride. Proliferative gill disease
(PGD) affects the winter carryover fish in the PAS. Significant mortalities (25 to 100%) of
carryover fish occurring in the early spring limit PAS production to 19,000 kg/ha (ca. 17,000
pounds/acre) as opposed to the 22,000 to 26,000 kg/ha (ca. 20,000 to 23,000 pounds/acre)
expected from successful production of the winter stock carryover. A treatment strategy for PGD
using hydrated lime to kill sediment oligochaetes is currently under investigation.

19.8 SYSTEM ECONOMICS

A detailed economic analysis of the PAS compared the economics of catfish production in the
PAS with that in conventional earthen ponds (Goode et al. 2002). In this analysis, 18 ha (ca. 45
acres) and 73 ha (180 acres) of PAS units with a maximum net projected production of 412,600
kg (ca. 909,800 pounds) and 1,712,300 kg (ca. 3,775,670 pounds) of catfish was compared to
traditional 160-and 640-acre catfish farms producing a net of 317,000 kg (700,000 pounds) and
1,290,000 kg (ca. 2,845,000 pounds) of catfish. The results suggest that the PAS culture could
reduce production costs by as much as $0.29 to $0.42/kg ($0.13 to 0.19/pound). This analysis is
dependent upon successful grow out and carryover of undersized overwintered fish
(approximately 20% of the total system harvest). As previously stated, PGD has resulted in
significant mortality to carryover fish. This loss results in production costs in the PAS that are
$0.04 to $0.1 I/kg ($0.02 to 0.05/pound) greater than in conventional ponds.

19.9 FUTURE DEVELOPMENTS, APPLICATIONS, AND SIGNIFICANCE

19.9.1 Filter-feeders

The choice of filter-feeding organism is a major challenge constraining widespread application
of PAS technology. Although tilapia co-culture effectively controls phytoplankton production and
species composition and improves water quality in the PAS, tilapia is a warmwater species that
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FIGURE 19.6. Process flow chart for PAS with iron-salts flocculation and anaerobic digestion of algal
biomass. Nitrogen fluxes and solids and energy production are daily rates per acre.

requires over-wintering of significant biomass or acquisition of large numbers of tilapia
fingerlings in the spring. Silver carp and freshwater mussels have been tested in experimental
PAS units (Starkey 1999; Mueller 2001), but each species presents unique difficulties. Native
mussels filter green algae more effectively than cyanobacteria (Stuart et al. 2000a, b). Silver carp
effectively control phytoplankton density and species composition (Mueller 2001), but
importation of this species is restricted in many southern states. Combinations of tilapia and
shellfish offer a potential solution to these limitations. In marine PAS applications, co-production
of valuable mollusks may control phytoplankton production and significantly improve system
economics.

19.9.2 Enhanced algal harvest and utilization

If algal harvest through filter-feeding fish can be controlled or increased through physicochemical
means, the primary fish production capacity and potential for increased yields of secondary co-
cultured fish can be improved substantially. For maximum system efficiency, high algal densities
(100 to 200 mg/L of algal dry weight) should be reduced and sustained at 50 to 60 mg/L.
Additional reductions in algal density by increasing tilapia stocking density are not likely to be
economical in temperate zones because of the excessive costs of supplying tilapia fingerlings in
the spring. (Tilapia cannot overwinter in most of the southern U.S.)

Iron salt flocculation is an effective technique for controlled and enhanced removal of algal
biomass from the PAS (Brune et al. 2003) (Fig. 19.6). Metal salt flocculation/coagulation is a
well-developed technology (Tenny and Stumm 1965; Stumm and O'Melia 1968). The cost of iron
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TABLE 19.4. The spectrum of PAS carrying capacity configurations.

salts is the primary disadvantage of this process. However, if the harvested algal biomass can be
used to produce an offsetting valuable product (such as energy or additional fish biomass), then
the cost of enhanced algal cell removal may be justified. Iron salt usage of 18,000 kg/ha (ca.
16,000 pounds/acre) per season costs approximately $l,200/hectare per season and would result
in a doubling of the nitrogen treatment capacity of the PAS algal channels, yielding an algal
biomass (dry weight) production of 18,000 kg/ha (ca. 16,000 pounds/acre) per season.

Algal biomass can be successfully bio-gasified in anaerobic digesters. The 18,000 kg/ha
(ca. 16,000 pounds/acre) per year of harvested algal biomass (dry weight) can be digested
anaerobically to produce 70,000 kW-hour/ha of energy (as methane) per season. This energy is
sufficient to reduce the external energy requirements of the PAS by 80% by directly powering the
oil hydraulic system that drives the paddlewheel. Such systems offer the potential to provide
energy self-sufficiency to waste treatment (Golueke et al. 1957; Golueke and Oswald 1959;
Oswald and Golueke 1960). Alternatively, the algal biomass may be converted to filter feeder
biomass through direct consumption, producing an additional 4,500 to 9,000 kg/ha (ca. 4,000 to
8,000 pounds/acre) per season offish (depending on conversion efficiency). Preliminary feeding
trials with iron flocculated algae indicate that iron salts are not toxic to tilapia.

19.9.3 Significance of PAS technology

The PAS offers the potential to increase fish production per unit area by a factor of three to five
over conventional pond aquaculture. Future aquaculture development will be increasingly
constrained by water availability and potential environmental impacts. The PAS represents a
redesign of the conventional aquaculture pond that provides a spectrum of applications ranging
from moderate yield (7,000 to 11,000 kg/ha; 6,000 to 10,000 pounds/acre) engineered ecosystems
to high yield (17,000 to 34,000 kg/ha; 15,000 to 30,000 pounds/acre) controlled production
processes (Table 19.4). The system offers the potential for a 90% reduction in total water usage.
The modular nature of the PAS, increased productivity per unit area, and reduced water
requirements offers the potential for fish culture systems to be installed at sites not currently
suitable for conventional fish production in ponds.

Advanced PAS processes utilizing "controlled eutrophication" offers the potential for solar-
driven protein and energy self-sufficiency without release of waste nutrient discharges to the

Carrying capacity
(kg/ha) (pounds/acre) Configuration or process
5,600-6,700 5,000-6,000 Conventional pond culture
6,700-11,200 6,000-10,000 Paddlewheel-driven raceways
11,200-16,800 10,000-15,000 Paddlewheel-driven raceways

Algal control (tilapia breeding pairs)
16,800-22,400 15,000-20,000 Paddlewheel-driven raceways

Algal control (tilapia breeding pairs)
Feedback control

22,400-33,600 20,000-30,000 Paddlewheel-driven raceways
Algal control (tilapia breeding pairs)
Feedback control
Process control of nitrogen
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environment. Commercial realization of this potential will come through demonstration of
economic competitiveness and long-term reliability of large-scale applications of the technology.
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20.1 INTRODUCTION

Farm-raised catfish has emerged as a dependable alternative muscle food item, having gained
significant inroads as a prominent seafood fare in many restaurants over the past several decades.
Desirable characteristics of catfish as a starting material for processing include the ability to
obtain boneless and skinless product forms, size uniformity, year-round availability, desirable
flavor and texture profiles, and absence of most food-safety hazards commonly associated with
other animal or seafood products. These benefits have not gone unrecognized by consumers and
by the catfish industry. Evidence of continued production gains and increased demand has yielded
a situation where every fish grown is easily sold. Furthermore, continued depletion of capture
fisheries has increased the need for aquacultured foods. Thus, continued expansion of the channel
catfish industry is expected for the foreseeable future.

20.2 PROCESSING

20.2.1 Pre-processing considerations

Perhaps the biggest challenge for catfish processors is the constant vigilance required to prevent
off-flavored catfish from being processed and marketed. Pre-harvest off-flavors include blue-
green algal (cyanobacterial) off-flavors, decay/rotten off-flavors, and petroleum off-flavors (see
Chapter 10; Tucker 2000). The most common off-flavors are caused by secondary metabolites
(geosmin and 2-methylisoborneol are the most common) produced by certain cyanobacteria.
Geosmin and 2-methylisoborneol are intensely odorous compounds and cause objectionable
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flavors even at very low concentrations. Off-flavor is a severe impediment to marketing catfish
and the economic cost to the industry is well documented (see Chapter 21).

Geosmin and 2-methylisoborneol are not harmful to consumers but may significantly impact
product quality. If off-flavor is objectionable, consumers may be so negatively affected by the
flavor that they are unwilling to purchase catfish again. As a result, fish are continuously
monitored for off-flavor and will not be harvested if off-flavors are present. Usually, catfish are
sampled for off-flavor 3 to 5 times before harvest and processing. Marketing off-flavored fish can
result in processors losing favor with high-value customers. This loss of business can greatly
impact company growth and negatively impact farmer incomes.

Prior to receipt of catfish at the processing plant, a range of pre-processing factors are
addressed. For example, the quality of incoming fish is determined by general condition of the
pond, husbandry practices of the farmer, and harvesting/transport conditions. The pond environ-
ment influences the presence and quantity of off-flavor and the degree of microbial contam-
ination. Processors expect that catfish producers deliver fish with no off-flavor and low microbial
counts. Harvesting methods and transportation conditions and duration also impact the
microbiological quality offish delivered to processing plants.

Nutrient management practices obviously impact production efficiency but also affect flavor
and other product quality factors. Some of these quality factors may include feed-associated
problems such as antibiotic residues or presence of deleterious substances. One recent event
illustrates the potential negative consequences of a food safety issue on catfish marketing. Catfish
feeds manufactured by one particular feed mill were thought to contain dioxins derived from clay
used to prevent caking of grain meals. There was concern that catfish would accumulate poten-
tially dangerous amounts of this chemical in their edible tissues. A rigorous testing program
indicated that the concern was unfounded.

Husbandry practices by catfish producers have an impact on final product quality. Fish treated
with pharmaceuticals should not be harvested prior to established clearance times. Likewise
chemicals used to control the algae that cause off-flavor should not present a residue problem in
edible fish tissue. Fish that are harvested in an abusive manner will have muscle tissue damage
including bruising, cuts, and abrasions that may affect final consumer product quality and whether
such damaged fish can be readily processed using conventional processing equipment. In
addition, fish that are harvested and transported in a stressed condition will undergo rigor more
rapidly than desired. Rapid onset of rigor can lead to undesirable texture changes in final
products. In addition, fish mortality during harvesting and transportation should be minimized
because processors may not accept shipments with dead fish. Processors have a reasonable
expectation that husbandry practices by farmers meet guidelines established by grower groups or
those dictated by government regulations.

As most commercial processing plants in the southeastern United States are located in close
proximity to catfish farms, most harvested fish are transported in live-haul trucks that contain a
series of well-aerated water-filled compartments where fish are held during transport. Loading
rates of catfish vary by water temperature and the duration of transport (see Section 8.5). Upon
arrival at the processing plant, live fish are transferred to holding tanks containing well-aerated
water. If the processing plant is a long distance from the farm, fish may be hauled on crushed ice
to the processing plant. Holding times of less than 48 hours on ice are recommended prior to
processing. The amount of ice needed for holding and transport depends on the initial fish
temperature and duration of holding. During iced transportation, care should be taken to avoid
tissue damage due to compression.
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FIGURE 20.1. Unit operations involved in processing channel catfish.

Processing plant site location and layout are important considerations when designing optimal
facilities in terms of physical and profit considerations (Wheaton and Lawson 1985). Obviously,
plants should be located near production areas to facilitate transportation of product to plants and
to reduce transportation costs. Likewise, plants should be located reasonably near to urban centers
from which employees can be sourced. Other considerations include accessibility to utilities
(water, electricity, natural gas, waste and sewage disposal) and transportation hubs (rail, truck,
or air).

20.2.2 Major unit operations

Modern catfish processing is a complicated undertaking and ultimate product quality is largely
determined by the combined relative success of each unit operation. Logical product flow through
processing dictates the location of each unit operation (Fig. 20.1). In modern, automated
processing plants, the entire processing procedure occurs in less than 30 minutes. Plant layout is
vital to optimal processing and for the opportunity to expand or add new-generation equipment.
General guidelines for plant and equipment design are found in the current Good Manufacturing
Practices (GMP) section of the Code of Federal Regulations, Title 21, Part 110 (21 CFR 110).

Normally, several fish from a pond are screened for off-flavor by the processor prior to
harvesting and only those ponds with fish samples having acceptable flavor are harvested. Live
fish are transported from the pond to the receiving station of a processing plant in live haul trucks.
During the receiving step, employees should require that suppliers provide information about
product quality, including information on presence of residues (antibiotics), absence of defects
and foreign materials, and acceptable flavor. Upon arrival at the plant, each shipment is carefully
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inspected and rechecked for off-flavor. Off-flavor is determined by trained sensory technicians
who microwave edible tissue to an internal temperature of at least 70°C (158°F) and taste a
portion of the sample. Care should be taken to avoid sensory fatigue, a condition wherein the
technician develops tolerance for off-flavor that eventually leads to acceptance of product that
consumers would reject.

From live haul trucks, fish are delivered to holding tanks prior to placement on conveyors that
move fish into the processing plant. While on conveyors, fish are exposed to a low voltage
electric current for a few seconds to stun the fish prior to handling. Stunning allows easier
handling offish and permits more humane sacrifice. After stunning, fish are deheaded with a band
saw or a mechanical deheader. Many mechanical deheaders also cut the fish abdomen to facilitate
evisceration. Fish that are deheaded by hand with a band saw pass to a slitting/evisceration station
where belly cuts are made to open the abdominal cavity and viscera are removed using a vacuum
extractor with hand cleaning as necessary. Viscera and heads are sent to an offal collection bin
located outside the processing area. Following this stage, fish carcasses are either skinned for
whole dressed fish or filleted first, then skinned. In either case, fish are skinned by passing the
skin side of the carcass or fillet across a mechanical skinner by hand. The skinner is a rapidly
rotating cylinder containing parallel ridges that gently pull the skin away from the meat. Whole
dressed fish can remain intact or may be cut into steaks by making perpendicular band saw cuts
along the length of the fish.

Catfish are filleted by hand using a knife (for larger fish) or mechanically. Mechanical fillet
machines operate by placing eviscerated, deheaded carcasses dorsal side up on a sliding device
that makes two simultaneous knife cuts on either side of the carcass that removes two fillets per
carcass. Proper positioning of the blades is critical to obtain high yield and maintain high fillet
quality (intact fillets that are free of bones). Each blade must be placed appropriately for the size
fish being processed, which makes fish sizing an important criterion for this process. After fillet
removal, the carcass frame is transported to the offal bin. Undersized or oversized fish are usually
filleted manually. Following filleting, each bone-free fillet is then skinned. Fillets contain the
belly flap, which is removed by hand using a knife cut. Trimming the belly flap yields nuggets
(belly flap) and shank fillets.

Whole dressed fish and fillets are cooled by immersion in a chilled water or chunk ice chill
tank. Water temperature in the chill tanks is maintained below 5°C (41 °F). After chilling, fillets
or whole dressed fish are electronically size graded and sorted. Fillets destined for frozen storage
are usually treated with phosphates to aid moisture retention and to reduce drip loss upon
thawing. Phosphates are applied either by vacuum tumbling or needle injection. Flavoring
ingredients can also be added with the phosphate mixture or added separately as a marinade.

Some products may also be battered and breaded. Fillets, nuggets, whole fish, or fingers
(slices of fillets) are predusted with a dry mixture that absorbs surface moisture, enabling better
adhesion of the batter. Then, a liquid batter is applied, which is a mixture of water, starch, flour,
and seasonings. Battered product is then breaded using a dry mixture of flour, starch, and
seasonings. These value-added products are ready-to-fry immediately out of the box.

After processing, products are placed on ice or frozen to temperatures of -40°C (-40°F).
Individual items are quick frozen by passing through a freeze tunnel or spiral freezer. Blast
freezing of individual pieces results in a product described as individually quick-frozen (IQF).
After freezing the pieces are glazed with water to add a protective layer that minimizes freezer
burn and reduces the rate of lipid oxidation, which can lead to development of rancid flavors.
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Dressed Whole
Whole fish headed, eviscerated and skinned
with tail left intact.

Steaks
Cross-section bone-in cuts from larger, dressed
fish.

Shank Fillets
Boneless fillet with belly-flap removed.

Nuggets
Small, belly-flap section removed from shank
fillet.

Strips/Fingers
Boneless finger-size pieces cut from shank
fillets.

FIGURE 20.2. The major product forms available after processing channel catfish.

Each product produced is packaged in wax lined cardboard boxes, weighed, labeled, and
either stored frozen or chilled on ice (1 part fish to 2 parts ice) prior to distribution. Boxed
product is then placed on refrigerated trucks for distribution. Each box is usually checked with
a metal detector prior to storage and distribution.

Aside from processing space, most plants include employee restrooms and lounge, office
space, dry storage room, and mechanical equipment room that are separate from the processing
area (Wheaton and Lawson 1985). The construction details of these areas are usually covered by
local or national regulations. Careful consideration of employee comfort is vital to high
processing output. For example, first aid kits, control of noise exposure, reduction of repetitive
motion disorders, adequate lighting, and adequate clothing are some areas that plant management
should address.

20.2.3 Product forms

The types of fresh or frozen product forms (Fig. 20.2) available after processing include whole,
dressed whole (headed, eviscerated, and skinned), steaks (cross-section cuts from larger dressed
fish), regular fillets (boned sides of the fish with belly section attached, cut lengthwise away from
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the backbone, either with or without skin), shank fillets (boned sides of the fish with belly section
removed, cut lengthwise away from the backbone, either with or without skin), nuggets (boneless
pieces cut from the belly section of the fillet), and strips and fingers (boneless fillets without skin
cut to various lengths and thicknesses). Each of these forms can be further processed by batter and
breading into ready-to-fry products or marinated with various seasonings.

Catfish products are packaged in a variety of manners prior to shipping. These include ice
pack (ice and fresh catfish combined in a box), dry pack (fresh catfish packed in a poly bag inside
a larger poly bag with ice), bloody pack (fresh catfish is spread between wax paper with ice
layered below and above the fish), polybag pack (fresh catfish packed inside a poly bag and
placed inside a wax-covered ice pack box), tubs or pans of fresh or marinated (fresh catfish
packed in plastic tubs with lids placed inside a master wax-covered box either fresh or frozen),
or IQF (water-glazed and individually flash-frozen; frozen individual catfish portions are placed
in poly bags, sealed in wax-covered freezer containers).

20.2.4 Processing by-products

Catfish processing produces a number of by-products that can be further processed into value-
added materials. Processing yield is around 45% for fillets with the remaining 55% as offal
(McAlpin et al. 1994). Most offal is shipped to rendering plants to make fish meal, which is used
in animal feed. Catfish frames, the remaining product after fillet removal, can be passed through
meat-bone separation machines to separate adhered muscle from the bones (Suvanich and
Marshall 1998). The obtained muscle is called mince and has a fine paste-like texture and a gray
appearance (Kim et al. 1996; Hoke et al. 2000; Suvanich et al. 2000a, b). After refining to remove
bone and skin fragments, washing to remove pigments and fat, and dewatering, the mince can be
used to manufacture a variety of value-added consumer products such as restructured nuggets or
surimi gels (Kim et al. 1996). Mince yield is approximately 25 to 60% of the total frame weight,
washing reduces yield to approximately 30%, and surimi yield can be around 15%. Surimi gels
can be used to manufacture a variety of fish and shellfish analogs. Unfortunately, the market
demand for these types of products is currently being met by commercial Alaskan pollack
Theragra chalcogramma, which is less expensive than using farm-raised catfish and produces a
higher quality mince and surimi.

20.3 CATFISH COMPOSITION AND NUTRITIONAL VALUE

The proximate composition and nutritional value of a typical catfish fillet is shown in Table 20.1.
Farm-raised catfish are a good source (15% by weight) of high quality protein (Nettleton et al.
1990). Catfish have essentially no carbohydrates or fiber. The fat content of aquacultured catfish
is low (7%) compared to other animal-based foods such as meat (10%) and poultry (9%). The
cholesterol level and caloric value of catfish is also low, which makes catfish a desirable food for
those on a fat-reduced, calorie-controlled diet. Omega-3 fatty acid content of catfish is low
compared to other fatty fish such as salmon. The lipid content and fatty acid profiles of catfish
are greatly affected by the amount and composition of fat used in aquaculture feeds. Fat-soluble
vitamins (A and E) are low and water-soluble vitamin (B-complex, thiamin, and niacin) content
is high. Catfish have low levels of sodium and high levels of potassium, which is good for hyper-
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TABLE 20.1. Composition of raw, farm-raised catfish (USDA 2003). Values are on a per-fillet (159 g) basis.

Variable
Proximates

Water
Energy
Protein
Total lipid
Ash
Carbohydrate
Fiber
Sugars

Minerals
Calcium
Iron
Magnesium
Phosphorus
Potassium
Sodium
Zinc
Copper
Manganese
Selenium

Vitamins
Total ascorbic acid
Thiamin
Riboflavin
Niacin
Pantothenic acid
B-6
Folic acid
B-12
A
Retinol
E
K

Fatty Acids
Total saturated

C4 through C12
14:0
16:0
18:0

Unit

g
kcal
g
g
g
g
g
g

mg
mg
mg
mg
mg
mg
mg
mg

Hg
Hg

Hg
ug
Hg
mg

Hg
Hg
Hg
V-%
IU

V-%
mg

ug

g
g
g
g
g

Value

119.9
214.7

24.7
12.1

1.6
0
0
0

14.3
0.8

36.6
321.2
475.4

84.4
1.2
0.2

29
20

954
574
119

3.7
954
299

15.9
3.9

79.5
23.8

1.9
0.2

2.81
0
0.16
2.03
0.56

Variable
Fatty acids (continued)

Total monounsaturated
16:1
18.1
20:1
22:1

Total polyunsaturated
18:2
18:3
18:4
20:4
20:5 n-3
22:5 n-3
22:6 n-3

Cholesterol
Amino acids

Tryptophan
Threonine
Isoleucine
Leucine
Lysine
Methionine
Cystine
Phenylalanine
Tyrosine
Valine
Arginine
Histidine
Alanine
Aspartic acid
Glutamic acid
Glycine
Proline
Serine

Unit

g
g
g
g
g
g
g
g
g
g
g
g
g
mg

g
g
g
g
g
g
g
g
g
g
g
g
g
5

g
g
g
g

Value

5.70
0.45
5.04
0.12
0.08
2.49
1.39
0.15
0.06
0.14
0.11
0.14
0.33

74.7

0.28
1.08
1.14
2.01
2.27
0.73
0.27
0.97
0.84
1.27
1.48
0.73
1.50
2.53
3.69
1.19
0.88
1.01

tensive individuals. Other nutritionally important minerals are generally in low amounts. The
nutrient content of farm-raised catfish fillets does not differ due to season of harvest (Nettleton
et al. 1990). Farm-raised catfish also have higher fat, caloric, and thiamin values than do wild-
caught catfish. The sum total of the nutritional value of catfish demonstrates the high quality
associated with this product using conventional nutritional guidelines.

Depending on preparation and cooking method, catfish can be an important contributor to the
daily diets of consumers. Unfortunately, the common practice of deep-fat frying greatly increases
the amount of fat and calories per serving. Cooking method (hot air or deep-fat frying) does not
affect protein quality (Ibrahim and Unklesbay 1986). However, frying increases the fat content,
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which increases the energy value of the fried product compared to the air-heated product. With
moderation even deep-fat frying can yield products with desirable nutritional characteristics.

20.4 CATFISH FOOD SAFETY

The transmission of human foodborne diseases from cultured catfish has not been documented,
possibly because of low levels of harmful chemicals, low incidence of enteric pathogens, and
because products are cooked before consumption. However, a variety of microorganisms,
including potential human pathogens, are present in catfish and in catfish processing plants
(Andrews et al. 1977; Fernandes et al. 1997a, b; Cotton and Marshall 1998). As human pathogens
can be spread through a catfish farm environment by water, feed, birds, reptiles, and other wild
animals, their presence on preharvest catfish is unavoidable. Also, contamination can occur
during harvesting, transportation, processing, retail display, and during food preparation. Thus,
although foodborne disease outbreaks related to catfish have not been reported, it is possible for
catfish to serve as a vehicle for foodborne pathogens.

The incidence levels of potential human pathogenic bacteria, especially Aeromonas spp., on
channel catfish is highest in the summer (Wang and Silva 1999). Indicator bacteria are also higher
on fillets obtained during warmer months than on those obtained during the winter (Fernandes
et al. 1997a). Catfish fillets do not harbor human pathogens such as Escherichia coli O157:H7,
Campylobacter, or Klebsiella (Fernandes et al. 1997b). Plesiomonas shigelloid.es and Vibrio
cholerae can be isolated from fillets processed during warmer months. The incidence of
Salmonella in dressed catfish is low (8.4%) although the pathogen is detected in 50% of catfish
ponds and 20% of processing plants (Wyatt et al. 1979).

Aside from the low incidence of definitive human enteric pathogens, there is one potentially
infective bacterium frequently isolated from catfish. Edwardsiella tarda, first reported in 1973
(Meyer and Bullock 1973), causes human gastroenteritis and bacteremic infections, including
wound abscesses and meningitis (King and Adler 1964; Sonnenwirth and Kallus 1968; Jordan
and Hadley 1969; Van Damme and Vendepitte 1980; Janda and Abbott 1993). Edwardsiella
tarda is often recovered from catfish and may infect people through ingestion of uncooked
contaminated products or as a cross-contaminant of other foods.

Research on methods to decontaminate catfish products has focused on the use of selected
biological, chemical, or physical agents such as organic acids either singly or combined (Kim and
Hearnsberger 1994; Kim et al. 1994; Kim et al. 1995a, b; Marshall and Kim 1995; Verhaegh et
al. 1996; Marshall and Jindal 1997; Bal'a and Marshall 1998; Fernandes et al. 1998; Kim and
Marshall 2000). Listeria monocytogenes is the bacterium in most need of control (Farber and
Peterkin 1991). Raw catfish products are required to be free from L. monocytogenes contam-
ination. This demand is being driven by food service establishments, primarily restaurant chains,
that are fearful of the potential for cross-contamination of products (salads, other cooked meats)
that will not receive a terminal kill step (cooking) prior to consumption. Listeria monocytogenes
is a naturally occurring bacterium in pond water and as a result, catfish entering the processing
plant can be expected to contain a small but measurable level of contamination by this
microorganism (Douglas Marshall, Mississippi State University, unpublished data). Current
processing practices can minimize the potential for the bacterium to multiply on products;
however, because the bacterium is psychrotrophic (can grow under refrigerated storage), there is
the real possibility that the bacterium can increase in numbers during storage. Frozen catfish does
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not support growth of the bacterium unless the product is thawed. Like other muscle food (meats,
poultry) processors, catfish processors will likely require the implementation of decontamination
unit operations to be able to compete in the marketplace. These manufacturers of competing
products have long been using steam vacuuming or organic acid washes to decontaminate meat
carcasses and trisodium phosphate washes to decontaminate poultry carcasses. Catfish processors
will likely face the need to implement such decontamination procedures in their operations.

Early work on catfish quality described the effects of ice storage before and after processing
(Heaton et al. 1972). Research on the impact of package type (oxygen-permeable overwrap,
oxygen-barrier modified atmosphere 80% CO2:20% N2 bags) on the potential for Clostridium
botulinum outgrowth and toxin production during chill storage of catfish fillets indicates that
product spoilage coincides with toxin detection (Cai et al. 1997). Modified-atmosphere packaged
(MAP) fillets have a shelf-life two times longer than air-packaged fillets. High CO2 environments
retard aerobic spoilage microorganisms on refrigerated catfish (Silva and White 1994). This
retardation of microbial growth can lead to an 8-day shelf-life extension (Silva et al. 1993). An
additional increase in catfish fillet shelf-life can be achieved by coupling high CO2 packaging
with low dose gamma irradiation (Przybylski et al. 1989). The combined approach extends
refrigerated shelf-life to 20 to 30 days compared to untreated shelf-life of 5 to 7 days.

Chemical residue analysis of edible catfish products indicates low levels of potentially
hazardous substances (Collins et al. 1973; Hawthorne etal. 1974;Nettletonetal. 1990; Santerre
et al. 2000, 2001). In one study (Santerre et al. 2000), channel catfish were collected from farms
in eight states in the southeastern United States and analyzed for 34 organochlorine,
organophosphate, and pyrethroid pesticides. Fewer than half the catfish contained detectable
residues and residues of only one pesticide—DDT—were detected in more than 10% of the
samples. In all samples in which residues were detected, levels were far below FDA action limits.
For example, the average concentration of total DDT residues was less than 1 % of the FDA action
limit and the highest concentration found in an individual sample was 6% of the action limit.
Metal residues in farm-raised catfish also were far below FDA action limits and were generally
much lower than in wild-caught fish (Santerre et al 2001).

During catfish production, medicated feed is occasionally needed to fight infectious agents
that can lead to crop losses. These feeds can contain antibiotics and before treated fish can be
harvested, there must be sufficient withdrawal time to allow for depletion of residues in edible
tissues. The withdrawal periods of oxytetracycline, sufadimethoxine, and ormethoprim depend
on fish size and compound ingested (Du et al. 1995). The energy level and chemical composition
of diets also affects deposition rate of oxytetracylcine in catfish (Luzzana et al. 1994). A variety
of techniques are used to detect residues in catfish muscle, including various liquid
chromatographic techniques (Mainers etal. 1994; Holland et al. 1995; Munns etal. 1995; Walker
and Barker 1994b) and enzyme immunoassays (Milner et al. 1994; Walker and Barker 1994a).

20.5 FOOD-SAFETY REGULATIONS

Catfish processors operate under prescribed federal and state regulations that are designed to
ensure that consumer products are grown, harvested, processed, distributed, and prepared in a
manner that ensures safe and wholesome products. These regulations are promulgated by the
FDA, and include Good Manufacturing Practices (21 CFR 110), Standard Sanitary Operating
Procedures (21 CFR 123.11), and Hazard Analysis Critical Control Points (21 CFR 123.10).
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There is a voluntary fee-based seafood inspection program run by the United States
Department of Commerce, National Oceanic and Atmospheric Administration, National Marine
Fisheries Service. This program offers a variety of inspection services that assures compliance
with all applicable food safety regulations. In addition to food safety issues, product quality
evaluation, grading, and certification services are also provided. Benefits of this service include
the ability to apply official marks, such as the U.S. Grade A, Processed Under Federal Inspection
(PUFI), and lot inspection marks. Their services include sanitation inspection, process and
product inspection, product grading, product lot inspection, laboratory analyses, training, and
consultation.

Most catfish processed in the United States must pass stringent taste tests at the ponds and
before receipt at the processing plant. Most fish also undergo inspections by the United States
Department of Commerce at processing plants before they can carry the "Certified Processors"
seal confirming that they have met the highest standards set by The Catfish Institute, an
association of catfish farmers, processors, and feed manufacturers. This quality control program
was implemented in 1987 and preceded FDA's mandatory HACCP regulatory system for the
seafood industry, which was instituted in 1994 to prevent food safety problems before they occur.

20.5.1 Good Manufacturing Practices

Good Manufacturing Practices (GMPs) are a series of management practices designed to ensure
that foods are not adulterated and unfit for consumption. Good Manufacturing Practices help
processors manufacture foods in a manner that they are prepared, packed, and held under sanitary
conditions such that they are not contaminated or are otherwise injurious to health. Areas that
processors must control include personnel, buildings and facilities, sanitary operations,
equipment, production and process controls, and defect action levels.

Under personnel control, processors must take every precaution to ensure employee disease
control, cleanliness, education and training, and supervision when employees could potentially
contaminate food, food contact surfaces, or food packaging materials (21 CFR 110.10).
Employees who, either by medical examination or by supervisory observation, have been shown
to have illness or open skin lesions should be excluded from operations if there is the possibility
of food contamination. Employee hygiene should protect against food contamination by clothing
control (outer garments, gloves, hairnets, beard covers), personal cleanliness, proper hand
washing and sanitizing, removal of unsecured personal items like jewelry, and exclusion of food,
chewing gum, drinks, and tobacco use. Other precautions should be taken with employees to
ensure that food does not become contaminated. All persons working in a food-processing
environment should be properly trained to a level of competency to ensure that sanitation,
processing, and food handling are conducted in a manner to produce safe food. To accomplish
these personnel control practices, competent supervisors should assure compliance.

Building and facility control includes processing plant grounds, plant design, and plant
construction (21 CFR 110.20). The grounds around the plant must be maintained to protect
against food contamination. Items such as litter and waste removal, weed and vegetation control,
road, yard, and parking lot maintenance, and adequate drainage can reduce the risk of dust, dirt,
filth, vermin, and pests, which if uncontrolled may enter processing facilities and contribute to
food contamination. Plant design and construction should be such that adequate size, layout, and
materials are used to permit proper maintenance and sanitary operations for the production of safe
food. Plant design factors that can influence food safety include location, time, partition, airflow,
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enclosed systems, and water control. Separation of operations that may provide likely sources of
contamination is an important factor. Materials used in plant construction should be able to be
adequately cleaned and kept in good repair, and should be free from drip or condensate that could
contaminate food. Adequate lighting and ventilation should be provided; however, their location
should be such to avoid contaminating food. Barriers to pest entry into the plant is another
critical factor to prevent food contamination.

Sanitary operations within the processing plant involve maintaining all buildings, fixtures, and
other physical facilities in a manner that they are sanitary and can be kept in repair to prevent food
adulteration (21 CFR 110.35). These operations include proper cleaning and sanitizing of all
utensils and equipment. Control of these operations includes ensuring that cleaning, sanitizing,
and pesticide compounds and equipment are properly labeled for identification, properly held to
prevent food contamination, and are properly used and disposed of. All pests should be prevented
from entering the plant and if present should be properly exterminated using procedures mandated
by local, state, and federal regulations such that food contamination is avoided. All food contact
surfaces should be cleaned and sanitized as frequently as needed to prevent contamination. All
non-food contact surfaces should likewise be cleaned as needed to prevent food contamination.

Sanitary facilities, which include water supply, plumbing, sewage disposal, toilet facilities,
hand washing facilities, and rubbish and offal disposal, should be adequate to prevent food
contamination. The water supply should be from a safe source and of adequate quality. Plumbing
should prevent contamination of potable water with wastewater—including safe delivery of
potable water and proper disposal of wastewater using adequate pressure, backflow prevention
devices, and adequate floor drainage. Sewage should be discharged into a proper sewage system.
Toilet and hand wash facilities should be adequately maintained in a sanitary condition and
should provide the necessary supplies such as fixtures, cleaning preparations, refuse receptacles,
and hand drying supplies to achieve proper personal hygiene. Rubbish and offal should be
collected and disposed of in a manner to minimize pests and prevent food contamination.

Equipment used in processing should be cleanable and easily maintained (21 CFR 110.40).
Care should be taken to avoid food contamination by lubricants, fuel, metal fragments, or other
materials. Equipment should be made of materials that are corrosion resistant and non-toxic.
Equipment designed for heating or cooling foods prior to, during, or after processing should have
accurate temperature measuring/recording devices that are easily accessible and should have
temperature control devices that have automatic control and alarm features. Other equipment used
to control process flow and other critical parameters should be adequately maintained.

Other production and process controls should be adequate to prevent food contamination.
Operations such as receiving, inspection, transportation, segregation, preparation, manufacturing,
packaging, and storing of food should be conducted using sound sanitation principles. Quality-
control procedures should be designed to control these operations. Raw materials and ingredients
should be inspected for safety and wholesomeness prior to receipt. Water used for washing,
rinsing, conveying or as an ingredient should be safe and not contribute to food contamination.
Materials and ingredients should be free of harmful microorganisms and other deleterious sub-
stances such as harmful chemicals or physical hazards such as metal fragments. After receipt of
materials they should be stored in a manner to prevent contamination. Frozen or refrigerated
materials should be kept in such condition to prevent contamination. For refrigeration, temper-
atures below 4°C (40°F) are desirable. For hot-holding cooked foods, temperatures of 60°C
(140°F), or higher, are required to prevent microbial growth during holding. When processors use
batter and breading unit operations, care should be taken to prevent contamination of these
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products during use. Adequate time and temperature controls must be in place to ensure microbial
growth does not occur in batter. This includes periodic discarding of batter to reduce risk of
microbial growth. When ice is used for chilling in ice water tanks or for packaging, it must be
manufactured with potable water and be of adequate sanitary quality. Human food manufacturing
facilities should not be used to manufacture animal feed or other inedible products unless there
is no possibility for contamination of human food. During storage and transportation of processed
catfish, there should be protection against contamination by biological, chemical, and physical
agents and there should be protection against product deterioration.

There are a number of naturally occurring or unavoidable defects in foods that normally do
not pose a human health hazard. These defects can occur even under the strictest GMP programs.
The FDA establishes maximum allowable levels of these defects in most foods. It should be noted
that these defect action levels could change over time due to new technology and new
information. As such, prudent processors must be continuously aware of these levels because
products that exceed these levels are considered adulterated. It is expected that processors will
use quality control procedures to minimize the levels of natural or unavoidable defects to the
lowest level currently possible. Mixing batches of food that exceed action levels with those that
do not is unacceptable. Current defect action levels can be obtained by contacting the Industry
Programs Branch (HFF-326), Center for Food Safety and Applied Nutrition, Food and Drug
Administration, 200 C Street SW, Washington, DC 20204.

20.5.2 Sanitation Standard Operating Procedures

Catfish processors should have Sanitation Standard Operating Procedures (SSOP), which are
written, step-by-step guidelines for maintaining the processing environment in an adequate
sanitary condition. A properly functioning sanitation program can effectively control many food
safety hazards. The SSOP should include a monitoring program of sufficient frequency to ensure
that the sanitary guidelines outlined in the GMPs are being appropriately met. Conditions such
as water quality, cleanliness of food contact surfaces, prevention of cross-contamination, proper
employee hygiene, and pest control should be monitored. Records of monitoring and corrective
actions should be maintained.

20.5.3 Hazard Analysis Critical Control Points

Hazard Analysis Critical Control Points (HACCP) is a logical management plan designed
specifically to control food safety hazards in foods. HACCP, in theory, is not designed directly
to control food quality; however, many processors find that well-functioning HACCP plans have
a beneficial carryover in terms of improved food quality. According to federal law, every
processor of seafoods must conduct a formal hazard analysis of their products and processes to
determine if biological, chemical, or physical hazards are reasonably likely to occur. As part of
this hazard analysis, processors are also required to identify preventive measures that can be used
to control the identified hazards. All food-safety hazards must be considered whether introduced
outside the processing plant or from within. This includes hazards before, during, and after
harvest. A food-safety hazard that is reasonably likely to occur is one where a prudent processor
would establish controls based on scientific reports, illness data, experience, or from any other
reliable source. Thus, in the absence of controls, the food-safety hazard would have a reasonable
likelihood of occurring in the product.



Processing 597

There are seven steps in the construction of a HACCP plan. The first requires the processor
to list the food-safety hazards that are reasonably likely to occur. These hazards can include
natural toxins, pathogenic microorganisms, toxic chemicals, pesticides, drug residues, unapproved
use of direct or indirect food additives, and physical hazards. The second step requires the listing
of critical control points (CCP) for each of the food safety hazards. These control points should
include points that control hazards that could be introduced within the processing plant as well
as those that may be introduced outside the plant, which may include hazards occurring before,
during, and after harvesting and processing. For each identified CCP, the processor must then list
critical limits, which are process controls—such as time, temperature, or pH—designed to control
food-safety hazards. The next step is to list procedures used to monitor each CCP to ensure that
critical limits are in compliance. This monitoring should include the frequency of testing. The
fifth element in a HACCP plan is the requirement for corrective action for each CCP. These
would be invoked when a critical limit is violated. A corrective action could range from simply
correcting a temperature deviation to condemning and disposing of a potentially unsafe product.
The next step is to list the verification procedures and their frequency for ensuring the relevancy
of the HACCP plan. Lastly, the success of every HACCP plan depends heavily on the record-
keeping system used by the processor. Records should contain all values and observations
collected during monitoring and the company's corrective action should a critical limit be vio-
lated. Sanitation controls do not have to be part of a HACCP plan if they are monitored through
an SSOP program. Most HACCP plans are dynamic and subject to continuous updates as new
information becomes available about hazards and as new processes are implemented in the plant.
Because of these evolutionary changes in HACCP plans, periodic verification is necessary. An
additional requirement for the successful development and implementation of a HACCP plan is
the need for well-educated employees. As a result, there are ongoing training sessions throughout
the United States where supervisors and line workers can receive formal training in HACCP.

According to the FDA, farm-raised catfish have potential chemical hazards, which includes
drug residues and agricultural chemicals. As catfish farms are often located on sites previously
used for growing crops or are located adjacent to crops, there is the possibility that catfish may
be contaminated with agricultural chemicals, which may include unintentional substances
resulting from fertilization, herbicide and pesticide treatment, or from aquaculture drug use such
as antibiotics. It is therefore the responsibility of the processor to consider these potential
contaminants in their HACCP plan and to consider if their plan has adequate critical control
points to control these hazards. Most catfish processors will use the receiving step as the CCP.
This step is monitored by supplier certification that stipulates that chemical residues are within
tolerance limits. These supplier guarantees should be periodically verified by records review of
farmer practices, onsite visits to collect and analyze soil and water samples, testing offish upon
receipt for the presence of contaminants, or third party certification that farmers are using audited
quality assurance programs to control chemical contamination. FDA has numerous tolerance,
action, and guidance levels for many potentially hazardous chemicals.

20.6 SUMMARY

The growth and evolution of the United States farmed-raised catfish industry has provided
outstanding benefits for consumers. There is year-round availability of a seafood product that is
price-competitive with wild-caught products and is frequently of much higher quality. Catfish has
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also shown remarkable resiliency in competing against other muscle foods, such as beef and
poultry. Processing operations are such that high-quality fish are transformed into high-quality
food with many desirable characteristics, including high nutritional value, an exemplary food-
safety history, versatility in preparation methods, portion control for food-service applications,
and perhaps of most importance, simple good taste. Continued effort by the processing industry
to deliver these high quality attributes bodes well for future growth of this industry. The
challenges that remain for the industry are control of off-flavor and control of food-safety hazards.
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21.1 PRINCIPAL MARKETS FOR CATFISH

Markets for farm-raised catfish have grown, developed, and evolved as an integral part of the
growth of the overall industry. Catfish from the Mississippi River and its tributaries have
constituted a preferred food for many years for people living in southern areas, particularly in the
lower Mississippi River drainage. Catfish farmers tapped into the existing demand and market
channels for wild-caught catfish by demonstrating that farm-raised supply could be provided on
a consistent basis. In the early years, most catfish were sold to live-haulers and fish markets, but
processing plants specializing in catfish were built in the 1970s. The majority of product sold in
the early years was whole-dressed (gutted only or with head, viscera, and skin removed) or ice-
packed fresh catfish. As the market developed, the demand for fillets and other value-added
products increased and frozen products began to comprise a larger portion of the total product
mix. Thus, the mix of catfish products evolved to include both fresh and frozen catfish products
as whole-dressed fish, fillets (regular, shank, and strip fillets), steaks, and nuggets.

Annual fresh catfish product sales were $102 million in 1986 and increased to $243 million
in 2002. Fresh whole-dressed product volume and value remained fairly constant from 1986 to
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FIGURE 21.1. (A) Quantity of United States fresh processed catfish; (B) Value of United States fresh
processed catfish by product form.

2002. Although sales of fresh fillets steadily increased over the same time period (Fig. 21.1), the
advantage of additional shelf storage life and associated convenience in shipping and handling
has increased the desirability of frozen catfish products over fresh products. Total frozen catfish
product sales increased from $ 121 million in 1986 to $415 million in 2002. Frozen fillet products
have had the greatest increase (both in volume and in sales) of any fresh or frozen product (Fig.
21.2). Frozen whole-dressed fish volumes have been lower throughout most of the 1990s as
compared to the 1980s while the volume of frozen "other" products has increased.

As fresh and frozen fillets have increased in sales, the shank fillet (fillet cut with the nugget
portion removed and sold separately) has become the product form of choice. Typical large-scale
processors produce 60 to 70% fillets, 10 to 15% whole-dressed fish, 10 to 15% nuggets, and 10
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FIGURE 21.2. (A) Quantity of United States frozen processed catfish; (B) Value of United States frozen
processed catfish by product form.

to 15% value-added breaded, marinated, or strip/finger products. This preference for frozen over
fresh fillets will likely continue, while fresh whole-dressed fish will continue to be favored over
frozen whole-dressed fish.

Hanson et al. (2001) estimated own-price elasticities of catfish products that ranged from
-1.1473 to -0.0371. Own-price elasticities represent a measure of the responsiveness of
quantities sold to changes in price. Higher absolute values indicate that a small change in price
will generate a proportionately greater change in quantity demanded. Results suggest that
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FIGURE 21.3. United States catfish processed, sales and number of processors, 1986—2002.

demand is more sensitive to own-price changes for fillets and steaks than for whole-dressed fish
and nuggets. The intense competition among national restaurant chains for higher quality fillets
could possibly explain the sensitivity of own-prices for fillets. On the other hand, catfish steaks
are considered a lower quality product having a limited market. Localized restaurants that serve
catfish steaks have developed clientele bases demanding this product over other forms, but profit
margins are slim, and supply has decreased steadily. Quantities of whole-dressed fish are affected
only slightly by price changes because markets are small and specialized. Nuggets are strictly by-
products of shank fillets and are priced independently.

The number of catfish processing facilities has varied over time as processing plants have
been built, closed, restarted, and sold. In 1986 there were 15 catfish processing companies
reporting to the National Agricultural Statistical Services' Monthly Catfish Processing Report
(Fig. 21.3). This number increased until it reached a peak of 31 processors in 1990. Since that
time the number of processors has fluctuated between 23 and 28 processors. There are four multi-
plant processors with capacities greater than 22.7 million kg liveweight/year (50 million
pounds/year), 12 with capacities between 4.5 and 22.7 million kg liveweight/year (10 to 50
million pounds/year), and three companies with 2.27 million kg liveweight/year (5 million
pounds/year). These, combined with the very small facilities, comprised a total processing
capacity of 307 million kg liveweight (676 million pounds) of catfish in 2000.

As catfish farming continues to expand within and outside the traditional four-state region
(Mississippi, Arkansas, Alabama, and Louisiana), additional processing companies are likely to
enter the industry. However, it has been difficult to sustain operations without a guaranteed
supply offish, particularly in new or expanding catfish production areas, such as Georgia, North
Carolina, and Illinois. Some plants pay premium fish prices and transport fish long distances to
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TABLE 21.1. Per capita consumption of the top ten finfish and shellfish in the United States in 2002 and 1995.

Item
Shrimp
Canned tuna
Salmon
Pollock
Catfish
Cod
Crab
Clams
Tilapia
Oysters

2002

Rank
1
2
3
4
5
6
7
8
9

10

Per capita consumption
(kg)
1.68
1.41
0.92
0.51
0.50
0.30
0.26
0.25
0.18
0.14

(pounds)
3.70
3.10
2.02
1.12
1.10
0.66
0.57
0.55
0.39
0.30

1995

Rank
2
1
4
3
6
5
8
7
—
—

Per capita consumption
(kg)
1.14
1.55
0.54
0.69
0.39
0.45
0.15
0.26
—
—

(pounds)
2.51
3.42
1.18
1.52
0.86
0.99
0.33
0.57
—
—

Change (%)
+47
- 9
+70
-26
+28
-33
+73
- 4
—
—

keep plants working at full capacity. Competition for fish from traditional production areas from
plants in non-traditional areas is expected to increase, at least until sufficient local production can
be developed to supply new plants.

The dramatic growth and development of the catfish industry has resulted from changing
tastes and preferences of United States consumers. Decisions to purchase certain types of
products are based upon consumer preferences. Preferences, in turn, are based upon attitudes that
consumers have towards those products.

United States consumers ate more than seven times more red meat (beef and pork) and more
than four times more poultry (chicken and turkey) than fish and shellfish products in 2001.
United States per capita consumption offish and shellfish reached an all-time high in 1987 of 7.4
kg (16.2 pounds). Since then consumption has varied about 3 to 5% annually (6.7 kg/capita or
14.8 pounds/capita in 2001; 7.1 kg/capita or 15.6 pounds/capita in 2002).

United States farm-raised catfish must compete within the much larger and highly volatile
seafood industry. Discoveries of previously unexploited stocks of marine white-fleshed fish can
temporarily flood the seafood market, causing prices to drop. This will also exert downward
pressure on catfish and other fish prices as well. While catfish can promote its stable year-round
supply, the fluctuations in the overall seafood market will continue to challenge the catfish
industry.

The quantity of catfish demanded continues to grow with rising per capita consumption.
Increases in catfish sales can occur either from population growth, capturing market share from
other seafood products or from other protein sources (USDA 2003). United States per capita
consumption of farm-raised catfish has more than doubled from 0.39 kg (0.86 pounds) in 1985
to 0.50 kg (1.1 pounds) in 2002 (Table 21.1). Farm-raised catfish is ranked the fifth most popular
seafood consumed in the United States after shrimp, tuna, salmon, and pollock. Catfish surpassed
cod for the first time in 1999 (Tally 2000). The health value of fish, whether freshwater or
marine, grain-fed, or wild-caught, has contributed to the popularity of catfish. Fish can indirectly
help reduce the incidence of heart disease because all varieties, even the fattier fish, are low in
saturated fats. Compared to other animal foods, fish is usually lower in calories and higher in
protein. Fish is also a good source of all the B vitamins and all minerals except calcium. The
nutritional value of catfish, along with favorable consumer attitudes towards the flavor of catfish
and the perception of catfish as inexpensive, create a high level of potential demand for the
product.
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TABLE 21.2. Catfish consumption by state, 1996.

Rank
1
2
3
4
5

Total consumption
State
Texas
Illinois
California
Louisiana
Tennessee

(million kg)
21
10
7
7
7

(million pounds)
47
23
16
16
15

Per capita consumption
State
Arkansas
Mississippi
Louisiana
Texas
Tennessee

(kg/capita)
2.57
1.96
1.67
1.12
1.09

(pounds/capita)
5.65
4.31
3.67
2.47
2.40

Arkansas ranks first in per capita consumption and Texas ranks first in total consumption
(Table 21.2). Twenty-five years ago, catfish consumption was primarily consumed in southern
states of the United States, but now there is significant distribution of catfish outside this region.
The top ten states in total consumption of catfish are Texas, Illinois, California, Louisiana,
Tennessee, Arkansas Florida, Mississippi, Alabama, and Michigan. Texas and Illinois are the two
highest-volume sales states due to major cities such as Chicago, Dallas, and Houston with
significant percentages of the population being catfish consumers. Arkansas and Mississippi have
the highest per-capita consumption rates in the nation but have much lower overall population
levels.

The traditional market areas for catfish have been primarily in the southern states and
northward along the Mississippi River. The Mississippi River and its tributaries have provided
a supply of catfish that historically has been a preferred food in the region. However, elsewhere
in the United States, consumers have traditionally held negative attitudes towards catfish. Catfish
was perceived to be a scavenging bottom-feeding fish that resulted in a poor quality product.
Over time, and with the advertising efforts of The Catfish Institute (TCI), attitudes towards farm-
raised catfish in nontraditional market areas began to diverge from the general attitudes towards
catfish.

The only national study of consumer attitudes and preferences towards farm-raised catfish
was conducted in 1988 (Engle et al. 1992). In this study, 400 households were surveyed from
each of the nine continental census regions of the United States. Respondents who had eaten
catfish compared it favorably to other fish. On a scale of 1 to 10, in which 10 represents complete
agreement and 1 represents complete disagreement, the average ranking of farm-raised catfish
by respondents was 5.61 across all regions. The highest (6.11) and lowest (5.23) rankings among
all regions did not differ by more than one point and all regions rated it favorably with a ranking
above 5. Nationwide, catfish was mentioned most often as the favorite finfish (Table 21.3). It was
ranked first for consumers in the traditional consumption areas (west south-central, east south-
central, and west north-central), second in the east north-central, and third in the Pacific region.
There were regional differences in preferences for other species that are likely derived from
availability from local fisheries.

Consumers were asked to rank catfish on attributes such as appearance and packaging, odor,
flavor, nutritional value, ease of preparation, quality, and to compare catfish to other fish. The
ranking scale used was a 10-point scale, in which 10 represented complete agreement and 1
represented complete disagreement. Consumers in the traditional catfish market areas of the west
south-central and east south-central census regions rated farm-raised catfish higher on all
attributes as would be expected.
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TABLE 21.3. Favorite finfish of consumers by region, 1988.

Region
New England
Middle Atlantic
East north-central
West north-central
South Atlantic
East south-central
West south-central
Mountain
Pacific
All regions

Most preferred
Fish
Haddock
Flounder
Perch
Catfish
Flounder
Catfish
Catfish
Trout
Salmon
Catfish

%
23
13
12
23
21
32
42
14
17

Second most preferred
Fish
Cod
Haddock
Catfish
Trout
Trout
Flounder
Flounder
Halibut
Halibut
Flounder

10
11
9
8
7
7
5

12
15

Third most preferred
Fish
Swordfish
Salmon
Whitefish
Cod/Roughy
Red snapper
Bass
Snapper/bass/redfish
Salmon
Catfish
Cod

%
9
3
7
5
7
6
4

11
7

However, across the United States, both those who had eaten catfish before and those who
had not rated farm-raised catfish favorably (above 5) on all attributes with the exception of
appearance and packaging (Table 21.4). The highest ratings overall were for nutritional value,
ease of preparation, flavor, and quality. Of these, nutritional value and flavor were the most
important. While many consumers may say that purchases are based on nutritional value, flavor
has been shown to be the most important variable influencing purchase frequency, both at home
and in restaurants (Kinnucan and Venkateswaran 1991). Catfish was rated favorably on flavor

TABLE 21.4. Weighted average of catfish and non-catfish consumer perceptions of catfish by region, 1995.

Attributes
Appearance
and packaging

No fish odor

Flavor

Nutritional
value

Easy to
prepare

Quality

Consumer
Group
Catfish
Non-catfish
All

Catfish
Non-catfish
All

Catfish
Non-catfish
All

Catfish
Non catfish
All

Catfish
Non-catfish
All

Catfish
Non-catfish
All

Region"
NE
7.3
4.5
4.9

6.3
5.4
5.2

7.2
4.8
5.7

8.0
6.5
7.0

7.6
5.8
6.4

5.9
4.5
5.1

MA
6.5
4.4
5.2

6.9
5.1
5.5

7.5
5.1
6.1

7.9
6.7
7.2

7.1
5.5
6.1

7.1
4.9
5.6

ENC
6.3
4.8
5.7

6.1
5.0
5.7

7.4
5.2
6.6

7.9
7.0
7.5

7.5
6.2
7.0

7.3
6.8
6.6

WNC
6.3
4.9
5.8

5.9
4.7
5.5

7.4
5.8
6.8

8.6
7.0
8.0

7.9
6.2
7.3

7.8
6.1
7.1

SA
7.0
4.6
5.9

6.7
4.7
5.8

7.7
5.5
6.8

8.4
6.9
7.7

7.8
6.0
7.0

7.8
5.9
6.9

ESC
6.8
5.9
6.6

6.0
5.1
5.8

7.7
6.1
7.4

8.4
8.0
8.4

8.1
7.1
7.9

8.2
6.9
7.9

WSC
6.8
5.8
6.6

6.4
5.5
6.3

7.9
6.4
7.7

8.7
7.2
8.5

8.3
6.6
8.0

8.2
6.8
8.0

M
6.0
4.4
5.2

6.1
5.1
5.6

6.1
5.6
6.3

7.9
7.3
7.6

7.4
6.7
7.0

6.8
5.5
6.2

P
6.1
4.8
5.4

6.2
4.8
5.5

7.4
5.8
6.6

8.3
7.1
7.6

7.8
6.2
7.0

7.3
5.5
6.2

All
6.6
4.8
5.7

6.4
5.0
5.7

7.5
5.5
6.7

8.2
7.0
7.7

7.7
6.2
7.0

7.4
5.9
6.6

* NE = New England; MA = Middle Atlantic; ENC = East north-central; WNC = West north-central; SA = South
Atlantic; ESC = East south-central; WSC = West south-central; M = Mountain; P = Pacific; All = All regions.
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in all regions with the exception of non-catfish consumers in the northeast. Farm-raised catfish
was not considered to be expensive when compared to other meats or fish. Consumers in the
northeast and middle Atlantic census regions who had never eaten catfish were the only
respondents to rank catfish lower than 5 on quality. Negative attitudes toward catfish clearly still
exist in this region. The lowest average rankings of all attributes evaluated were for appearance
and packaging and no fishy odor (5.73 and 5.67, respectively). Consumers who had not eaten
catfish ranked farm-raised catfish much lower (4.85) than did consumers of catfish (6.55).

Market channels have been developed that are capable of handling the larger volumes of
production of a mature industry. Large-scale growers clearly need the high-volume outlet that
processing plants provide. Processors sell approximately 50% of frozen product to distributors,
30% to national restaurant chains, and 20% to direct end users. Approximately 80% of fresh
catfish products go to retail grocery stores or supermarket chains and the remainder to chain
restaurants. Fresh catfish sold to retail groceries are usually in whole dressed, fillet, or nugget
form. Frozen products consist mainly of fillets, strips (from the whole fillet), or nuggets.

Small-scale growers must identify alternative market outlets to operate profitably. Some of
the alternatives for small-scale producers are live sales with custom processing, fee-fishing
operations, direct sales to local grocery stores and restaurants, and sales to or through live-
haulers. In areas with populations that eat fish regularly, sales of live fish can be a means of
achieving higher prices. The capability to process fish according to preferences of the customer
may attract a broader clientele. Fee-fishing operations essentially sell a recreational opportunity
to their customers, but if located within 50 to 80 km (ca. 30 to 50 miles) of a major population
center, fee fishing may offer a viable market outlet for farm-raised fish. Direct sales to local
grocery stores and restaurants require on-site processing unless restaurant personnel clean the
fish. Typically, only managers of very exclusive seafood restaurants will purchase whole fish to
be cleaned by their personnel. Livehaulers truck live fish to pay lakes or live markets and require
a larger 0.9 to 1.4 kg (2 to 3 pound) fish. Careful evaluation of market volumes, size preferences,
costs, and state and local regulations must be evaluated carefully before investing in a small-scale
catfish business.

Growing consumer awareness and new product forms have been major factors in the
widespread distribution of catfish. Industry-wide advertising and promotion programs are
accelerating this trend. These programs are developed and implemented by The Catfish Institute
(TCI), a nonprofit corporation funded by a $5 per ton of feed contribution by catfish feed mills
in Mississippi, Louisiana, Alabama and Arkansas. The Catfish Institute was established in 1986
and is directed by a president who meets with a 25-person board consisting of contributing catfish
feed mill representatives to determine overall programming efforts. The four primary programs
conducted by TCI are advertising, public relations, food service, and export promotion.

Early advertising efforts by TCI focused on differentiating pond-raised from wild-caught
catfish through aquaculture pond schematics in their advertisements. From the beginning,
advertisements also included recipe coupon booklet offers. At first there was a small cost to
purchase these booklets and between 15,000 and 30,000 were sold per year. In 1998, recipe
booklets were provided free and requests jumped to 70,000 in 1998, 83,000 in 1999 and 125,000
in 2000.

The TCI advertising budget of $1.25 million/year remained constant through the mid-1990s.
Since then, it has increased to the 2001 budget of $3.7 million. Print contacts were estimated to
be 30 million people per year prior to the mid-1990s and have since increased to approximately
60 to 80 million annually.
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In 2002, the Catfish Farmers of America filed an anti-dumping lawsuit against Vietnam. The
lawsuit was funded by TCI funds at approximately $1 million annually. In 2003, the Department
of Commerce and the International Trade Commission ruled in favor of the Catfish Farmers of
America. Tariffs ranging from 37 to 64% were subsequently levied against Vietnamese basa and
tra {Pangasius spp.) processors.

Early advertising themes centered on pond-raised catfish quality, availability, versatility, low-
cost, taste, and part of the "New American Cuisine." Later advertising themes continued with
these themes but also focused on a variety of catfish preparation methods. Most recently, the
"Made in America" theme is being used to encourage consumers to be selective and buy products
passing the stringent food quality regulations of the United States government.

Print advertisements have been the mainstay of the promotional campaigns. Outlets for print
advertisements have included service, regional, general interest, epicurean, and trade magazines
as well as select newspaper slots. General public magazine advertisements were focused toward
an audience of women living in households having an income between $35,000 and $64,000.
Geographically, TCI advertising has concentrated mainly on the 15 states consuming the most
catfish with the goal of increasing their citizenry's frequency of consumption. A brief foray was
made into national and cable television between 1994 and 1997 and to spot or network radio in
1992 and 1994. The large expense for television and radio combined with the limited impact on
audiences resulted in TCI returning exclusively to print advertising.

A TCI survey indicated that in 1994/95 Americans were eating more catfish in restaurants
than at home. TCI responded in 1996 with an educational effort on preparing catfish in ways
other than the traditional fried methods to target "white tablecloth" restaurants. These programs
targeted professional culinary schools, catering businesses, contract food services, professional
chefs, and college/university food services. This program has been successful in introducing
catfish to restaurant menus and enhancing the image of catfish by restaurant patrons. Research
studies contracted by TCI have shown that sales of other preparations—such as broiled, baked,
grilled, and sauteed—have increased and have grown to equal traditional frying preparations.

21.2 PRINCIPAL PRODUCTION AREAS

As explained in Section 1.2, the commercial catfish industry evolved from attempts in the 1950s
to raise buffalofish Ictiobus spp. in rotation with rice production in Arkansas (Arkansas Coop-
erative Extension Service 1991). The market for buffalo fish was saturated rapidly and as prices
dropped, production switched to catfish in the early 1960s. Edgar "Chip" Farmer of Dumas,
Arkansas, is widely credited as being the first commercial catfish farmer.

The catfish industry has undergone remarkable technological advances since its inception in
the 1960s (see Section 1.2) and the production cost structure has changed accordingly. Early
production technologies in the 1960s were based on low stocking rates, feeds that were not
balanced nutritionally, little management of water quality, single-batch and single-harvest
production systems. Most ponds were new, and the catfish businesses tended to be small without
sufficient scope to warrant accounting expenses or significant investment. Fish-eating birds had
yet to become a problem in the industry. With single-batch production and one annual harvest
per year, there was no need to account for inventories of fish carried over the winter. Off-flavor
did not begin to become a serious problem until the 1980s and its effect on inventory cost was
neither apparent nor substantial in the 1970s. Thus, budgets developed through the 1970s had no
costs charged for pond renovation, telephone service, water quality analysis, accounting, bird
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harassment, or interest on fish inventory (Burke and Waldrop 1978). Farms in the 1970s
primarily did their own harvesting and hauling and these costs were embedded in equipment,
labor, and fuel costs. Production costs were low, but market prices were also low. In addition,
the single-batch, single-year production system of the 1970s failed to provide an adequate supply
of product to the processing plants. Dramatic increases in the price of feed in the 1970s (due to
a shortage of fishmeal), the economic recession in the United States that resulted in decreased
demand for consumer products, and the seasonality of catfish supply resulted in plant closures
and a substantial decline in acreage in catfish production.

In the early 1980s, continuous-production systems emerged that were based on multiple sizes
of fish in the pond. These systems could supply processors on a continuous basis. Production
intensified as stocking rates, feeding rates, and use of aeration technologies increased. Yields also
increased. New diseases emerged that required treatment, and increased attention was paid to
efforts to monitor and manage pond water quality.

Catfish production intensified throughout the 1980s as the market grew and continuous
production systems began to emerge. The use of paddlewheel aeration became common. Feeding
rates and equipment usage increased, as did the related costs. Stocking and feeding rates
intensified over this period and were reflected in higher operating costs. Many farms began to
hire custom harvesting companies to harvest and haul their fish. This reduced the need for
harvesting and hauling equipment on the farm, but incurred a charge for each pound of fish
hauled. Ownership costs per pound increased substantially during this period due to the increased
mechanization and capitalization of catfish production.

These technological changes increased costs per unit pond area as quantities of aeration, feed,
and other inputs increased. Increases in yield can potentially offset the increased intensity of use
of production inputs. Figure 1.4 in Chapter 1 shows the trend of increasing yields of catfish over
time that is due to technological advances. However, yield has not increased as rapidly in recent
years. External factors and production problems have resulted in higher (poorer) feed conversion
ratios. Among the contributing factors are new problems of off-flavor, increased pressure on
commercial fish ponds by fish-eating birds, market-driven production requiring year-round
harvest, and inefficiencies imposed by the multiple-batch systems required to maintain a viable
processing sector.

The trend towards increased size and types of equipment used to raise catfish continued in
the 1990s. Given the increased age of many catfish ponds, additional expenses were incurred for
pond renovation and levee maintenance. Electric costs increased due to the increased number and
use of aerators in the industry. The greater costs associated with water quality monitoring
reflected changing management philosophies directed more towards management of ponds to
prevent problems rather than to treat problems after they occurred. Chemical usage and costs
declined in the 1990s as the industry used fewer chemical treatments and less medicated feed
than previously, opting for preventive management strategies. While farms in the 1970s primarily
used part-time labor, full-time, permanent workers were needed in the 1990s. With more frequent
harvests from multiple-batch production, a full-crew was needed for those farms that did their
own harvesting. On farms that harvested through a custom harvester, the 6-month nighttime
oxygen crew was converted to year-round help to harass fish-eating birds the other 6 months.

The majority of catfish production acreage and sales are in Mississippi, Arkansas, Alabama,
and Louisiana. The combined production acreage of these four states makes up 94% of all catfish
production acreage. Mississippi has had more acreage in catfish production than the other three
states combined and has held this position since the late 1980s. Arkansas and Alabama have had
similar production acreage areas until recently when new Arkansas acreage has increased
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perceptibly above that of Alabama. Louisiana acreage is lowest of the top four states and about
half that of Arkansas. In 2002, total sales from these four states made up approximately 96% of
all catfish sales. Other states having more than 360 ha (900 acres) of catfish production acreage
in 2002 were California, North Carolina, Missouri, and Georgia.

21.3 DEMAND AND SUPPLY OF CATFISH

Farm-raised catfish, as distinguished from wild-caught river fish, is a relatively new product. It
has been positioned in marketing and advertisement campaigns as a differentiated product
because the fish are grain-fed, in captivity, processed under industrial-scale conditions, and mass
marketed. Theories related to market growth identify four distinct phases of the life cycle for a
new product: introduction, growth, stationary (saturation), and decline. The growth phase exhibits
exponential growth while the stationary phase typically describes a mature product that has
saturated its markets.

Zidack and Hatch (1991) estimated wholesale demand for processed catfish. Processed cat-
fish appeared to have been in the introductory period from 1970 to 1979, followed by sales
increases from 1979 to 1988 characteristic of the growth phase. The long-run, own-price
elasticity was estimated to be -1.06, indicating elastic long-run demand. This indicates that the
quantity demanded will change to a proportionately greater degree than the change in price.
Therefore, if price increases, the decrease in quantity demanded will be proportionately greater,
and total revenue will decrease. Results indicated that catfish was viewed as a normal good rather
than an inferior good; that is, as incomes rise, consumers will purchase more rather than less
catfish. This study indicated that negative images of catfish were changing.

Higher prices provide an incentive for producers to increase production of that particular
product and more producers are willing and able to supply the product at higher prices. Yet the
supply of a product is influenced by many factors, including economic conditions outside the
particular industry. The resulting fluctuations in the price and quantity supplied of catfish (Fig.
21.4) are thought to hinder orderly growth of the industry. Catfish ponds are relatively permanent
structures with few alternative uses, and catfish production is affected less by variations in the
weather than are row crops. The lack of research and understanding of the forces that cause
fluctuations in the supply and price of catfish make it difficult for farmers, lenders, and
processors to make appropriate decisions.

Kouka and Engle (1998) examined catfish supply using a multi-stage model designed to
capture supply dynamics. This model separated catfish supply into distinct production stages that
included fry/fingerling, foodfish, and wholesale supply of round-weight processed fish to analyze
effects and interactions of different production stages. Results of the multi-stage model were then
used to simulate the effect of changes in feed cost and farm prices on supply of catfish. The
supply of catfish reacts to higher catfish prices indirectly, by increasing the supply of
fry/fingerlings. Foodfish supply and feed quantities increase in subsequent quarters. Supply of
round-weight fish for processing (wholesale supply) is affected by its role as a cost to processors,
who will purchase lower quantities at higher prices unless new markets or strategies are
developed. The first two stages (fingerling and food-size fish production) showed relatively weak
price effects compared to non-price effects. The inelastic short run supply of food-size fish
suggested a non-responsive quantity supplied to price of fish and feed cost. While increased
catfish prices may result in increased acreage over the long run, catfish foodfish supply does not
adjust rapidly to price fluctuations. An imperfectly competitive market structure at the processor
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FIGURE 21.4. Price and quantity supplied of catfish.

level and the high level of capital and management required in catfish farming may be
contributing factors. Simulation results further suggested that an increasing feed cost would lead
to a decrease in supply. Increases in farm price would increase supply at both the fingerling and
the foodfish stages.

Catfish prices fluctuate as do prices of many commodities. Catfish prices have tended to
decrease every 5 years with a major decrease every 10 years (Fig. 21.4). Catfish prices fell to
very low levels from 2001 through 2003. While this decrease in price follows past trends, the 11
September 2001 terrorist incident combined with an economic recession, and the introduction
of basa and tra (Pangasius spp.) from Vietnam as lower-priced alternatives compounded the
normal price cycles. Quagrainie and Engle (2002) found that the market for domestic frozen
fillets plays a significant role in the price determination of imported catfish.

21.4 CATFISH PRICES AND COMPETITION FROM IMPORTS

The United States market has attracted a relatively small volume of lower-priced species over
time (Fig. 21.5). In the 1980s, wild-caught fish from the Amazon River were exported to the
United States. These fish frequently were of poor quality and occupied a lower-priced niche in
the market. In the late 1990s, Vietnam began to export frozen fillets of Pangasius spp. as a low-
priced product. Volume imported into the United States increased from 3.6 million kg (8 million
pounds) to over 8.2 million kg (18 million pounds) in one year. An anti-dumping lawsuit and
federal legislation allowing only ictalurid catfish to be labeled as "catfish" resulted in decreased
volumes of imports in 2002 and 2003.
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FIGURE 21.5 Quantity of imported Brazilian fish and Vietnamese basa and tra into the United States.

21.5 CATFISH PRODUCTION COSTS

Catfish production is a capital- and management-intensive business. Successful farms are those
with access to substantial capital reserves (at least enough to survive several years of below-
average prices) and those with efficient management. Highly skilled and dedicated management
minimizes adverse effects of production and financial risks. Effective management is needed
regardless of the type of ponds constructed and of the size of the business.

The following discussion will treat costs associated with catfish production in embankment
and watershed ponds separately (see Chapter 9). However the major difference between these two
pond types is the amount of capital invested in pond embankments, or levees. Embankment
ponds require the construction of four embankments; watershed ponds may be constructed with
one, two, or three embankments.

The discussion on production costs will be based on the results of enterprise budget analyses
of catfish production. Enterprise budgets are static analyses that capture the annual costs and
returns of a catfish operation at one fixed point in time. The values used are average prices, costs,
and yields. This type of analysis gives a general idea of whether or not an enterprise is profitable
and of the general level of profitability. Sensitivity analyses can be used to explore the effects
of varying assumptions used on specific prices, costs, or other parameter values.

21.5.1 Embankment ponds

This section will summarize production costs for catfish farms with embankment ponds for
different sizes and scales of operation. Costs for both foodfish and fingerling production will be
discussed.
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Foodfish

Total capital investment for commercial-scale catfish farms can range from $8,739 to $9,470/
land ha ($3,496 to $3,788/land acre or $3,932 to $4,329/water surface acre) for farms that range
in size from 64 to 256 ha (160 to 640 acres) (Table 21.5; Engle and Kouka 1996). Costs per land
area decrease as farm size increases because more levees can be shared and equipment can be
utilized more efficiently. Of this investment, equipment costs are the greatest investment,
followed by pond construction, and land costs.

Annual operating costs range from $7,090 to $7,470/ha ($2,836 to $2,988/acre) for these
same farm sizes (Table 21.6). Feed is by far the single greatest expense and represents 52 to 54%
of total annual operating costs. Labor is the second greatest cost (9 to 11%), followed by
fingerlings (8.5 to 10%) and interest on operating expenses (7.6% of total annual operating costs).

Annual fixed costs range from $1,560 to $l,702/ha ($624 to $681/acre). Of these, depre-
ciation represents 55% of annual fixed costs, with another 43% from interest on investment.
These costs result in total costs of $1.52 to $1.61/kg ($0.69 to $0.73/pound). Ownership (fixed)
costs range from $0.28 to $0.30/kg ($0.125 to $0.136/pound). Of these, $0.15 to $0.16/kg ($0,069
to $0.075/pound) is from depreciation alone. Farmers who do not take depreciation costs into
account in their financial calculations may believe that they are making $0.15/kg ($0.07/pound)
more than they are. When it is time to replace equipment or rebuild ponds, then it becomes
apparent that costs are higher than had been estimated.

Operating costs range from $1.25 to $1.32/kg ($0.57 to $0.60/pound). Catfish production
costs are highly sensitive to feed costs. For example, on a 128-ha (320-acre) farm, an $1 I/metric

TABLE 21.5. Total capital investment for 64-ha (ca. 160-acre), 128-ha (ca. 320-acre), and 256-ha (ca.
640—acre) catfish farms in southeast Arkansas (1996).

Item
Land'
Pond construction

Earth moving (@ $0.92/m3)
Drainage structure
Gravel (@$10.46/m3)
Vegetative cover

Water supply (well, pump, motor, pipe)
Feed storage
Office building

85 m2 (ca. 950 ft2)
160m2(ca. 1,725 ft2)
260 m2 (ca. 2,775 ft2)

Equipment
Total investment
Investment per water surface hectareb

Investment per water acrec

Investment per land hectare
Investment per land acre

Farm size
64-ha
$163,000

117,000
10,185
6,897
1,562

50,000
10,400

18,000
—
—

228,630
606,114

10,823
4,380
9,471
3,833

128-ha
$323,000

223,000
20,369
13,937
2,861

100,000
20,800

—
29,000

—
413,510

1, 146,767
10,095
4,085
8,959
3,625

256-ha
$643,000

447,203
40,739
27,875

5,730
200,000

26,000

—
—

45,000
801,520

2,237,067
9,829
3,978
8,739
3,537

1 Land valued at S2,500/ha (ca. $l,010/acre).
b Based on 56, 113.6, and 227.6 water hectare, respectively.
c Based on 138, 281, and 562 water acres, respectively.
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TABLE 21.6. Estimated annual operating costs for production of catfish for 64-ha (ca. 160-acre), 128-ha (ca.
320-acre), and 256-ha (ca. 640-acre) catfish farms in southeast Arkansas (1996).

Item
Repairs and maintenance
Pond renovation
All fuel and utilities
Chemicals
Telephone
Water quality
Fingerlings
Feed-
Labor
Management
Harvesting and haulingb

Accounting/legal
Bird harassment (ammunition)
Interest on operating cost0

Total operating costs
Operating cost per ha
Operating cost per acre
Ownership cost per kg
Ownership cost per pound
Operating cost per kg
Operating cost per pound
Total cost per kg
Total cost per pound

Farm size
64-ha
$12,000

7,200
18,698

485
2,000

—
42,000

215,600
36,600
21,000
28,000

1,800
1,000

31,882
418,325

7,470
3,020
0.30
0.14
1.32
0.60
1.61
0.73

128-ha
$20,000

13,000
37,995

985
2,500

450
85,200

437,360
85,000
35,000
56,800
2,400
2,000

64,242
842,932

7,420
3,000
0.28
0.13
1.31
0.59
1.59
0.72

256-ha
$36,000
23,000
76,000
2,000
3,100
2,000

136,560
876,260
182,963
60,000
85,350
3,500
4,000

122,985
1,613,718

7,090
2,870
0.28
0.13
1.25
0.56
1.52
0.69

1 Feed priced at $308/metric ton ($280/ton).
' Harvesting and hauling costs were set at $0.09/kg ($0.04/pound).
; Interest on operating costs charged at 11% for 9 months.

ton ($ 10/ton) increase in feed price results in a 1 to 2% increase in total cost per unit weight of
fish produced.

Feed conversion ratios vary from farm to farm depending on management practices, off-
flavor occurrence, and pressure from fish-eating birds. Each change of 0.1 in feed conversion
ratio resulted in a change of approximately 2% in the total cost per unit weight offish produced.

Reported yields in the catfish industry vary greatly. Many farmers indicate that they can
achieve yields of 8,000 kg/ha (ca.7,000 pounds/acre) in certain ponds. However, other ponds on
the same farm treated in substantially the same manner, will only produce yields of 2,800 to
3,400 kg/ha (2,500 to 3,000 pounds/acre). Some of this difference is due to disease problems,
dissolved oxygen depletions, or off-flavor problems that result in fish losses, delayed harvest, or
reduced average yields across the farm. Engle and Kouka (1996) showed that, as yields increased
from 5,682 to 6,250 kg/ha (5,000 to 5,500 pounds/acre), the cost of producing catfish would
decrease by 9%. Conversely, as yield falls from 5,682 to 5,114 kg/ha (5,000 to 4,500
pounds/acre), costs increased by 11%. For each increase of 568 kg/ha (500 pounds/acre), costs
decreased by 8 to 14%.

Average yield reported across the industry is relatively low, around 4,000 kg/ha (3,500
pounds/acre), even considering that approximately 10% of the production is sold to the live-haul
market. It is essential that research efforts be intensified to find ways to increase yields in catfish
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farming. As costs continue to increase, it will be necessary to find new technologies to increase
yield and reduce the per-unit-weight cost of raising catfish.

Production ponds on commercial fish farms are 4 to 8 ha (10 to 20 acre) in size. While
smaller ponds are easier to manage, most commercial farmers build large ponds because the costs
of construction per unit pond area are considerably lower. Nevertheless, producing fish for direct
sales generally requires smaller, more expensive ponds (less than 2 ha; 5 acres) because direct
sales require a regular supply of market-sized fish. Access to a greater number of ponds allows
the producer to rotate harvesting and manage around off-flavor.

Stone et al. (1997) developed cost estimates for a production unit consisting of six, 0.8-ha (2-
acre) ponds that would meet the unique production and marketing requirements of small-scale
catfish production. Because this constitutes a different production and marketing system, costs
should not be compared directly to costs of large-scale farms producing fish to supply processing
plants. Due to the small scale of operation, an all-terrain vehicle can be used for feeding and
checking ponds in addition to the partial use of a tractor. The production system selected for
analysis had a stocking rate of 9,375 fingerlings/ha (3,750 fingerlings/acre). This stocking
strategy was expected to produce a marketable yield of 5,114 kg/ha per year (4,500 pounds/acre
per year) of 0.80 kg (1.75 pound) fish by the second year of production. A permanent 2.2-kW (3-
horsepower) electric aerator would be required in each pond.

Long-term investment costs included land, ponds, water supply, and a feed bin. Pond
construction costs were estimated at $43,755 and the water supply at $12,333, for an average cost
of $ll,685/ha ($4,674/acre) of pond. Equipment costs totaled $27,410, or $5,710/ha ($2,284/
acre). Operating costs (feed, fingerlings, etc.) for these ponds were $34,745. Per yield operating
costs were $1.41/kg ($0.64/pound), but total annual costs were $2.02/kg ($0.92/pound) offish
produced.

Fingerlings

Many commercial catfish farms produce fingerlings to stock into growout ponds. Hatch and
Atwood (1988) determined that the fingerling component of an integrated catfish farming
operation was both most profitable and most risky. Costs associated with fingerling acquisition
can represent as much as 12 to 13% of the total variable costs of catfish production (Engle and
Kouka 1996).

Fingerlings can be produced by either 1) stocking fry to grow to fingerlings at the end of the
growing season or 2) stocking fry initially at a high density and then thinning and restocking at
lower densities when the fry reach 5 cm (ca. 1 inch). In general, fry stocked at higher densities
will have higher overall costs per ha to stock and feed fry, but lower costs per fish, per unit
weight, and per unit length (Engle and Valderrama 2001 a; 2002a). Costs per fingerling can range
from $0.0062 to $0.0705/fingerling. Per kg, costs range from $1.03 to $1.89/kg ($0.47 to
$0.86/pound) and per-cm costs range from $0.00067 to $0.00457 ($0.0017 to $0.0116/inch).
These costs vary depending upon the stocking density and whether or not fingerlings were
thinned and re-stocked. It was cheaper to produce small (<10 cm; 4-inch) fingerlings without
thinning, but larger fingerlings (>11.4 cm; 4.5 in) were produced most inexpensively with
thinning.

Risk analysis indicated that a management strategy of producing large fingerlings by stocking
fry at low densities would have a high probability of costing more than market prices of those
fingerling sizes. By stocking at higher fry densities, the chances of producing fingerlings at a cost
per unit length less than commercial rates are very high. This does not mean that high-density
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production of smaller fmgerlings is the most profitable nor the best management strategy for a
grow-out operation. The relative value of different sizes of fmgerlings is related to their per-
formance when understocked in grow-out ponds.

Stockers

Pomerleau and Engle (2003a) estimated costs of producing stocker (27 to 340 g) catfish that
could be used in a three-phase production system. Costs ranged from $ 1.57 to 1.68/kg for stocker
production at fingerling stocking densities of 50,000,100,000 or 150,000 fmgerlings/ha. The risk
of producing stockers at costs above market prices ranged from 44 to 67%. Pomerleau and Engle
(2003b) determined that a small-stocker strategy (37 g fish) was the most profitable with single-
batch production of larger (254 g) stockers as the second most profitable strategy. The large
stocker strategies generally resulted in the highest yields but not the highest net returns because
harvest and fingerling costs were too high.

21.5.2 Watershed ponds

Watershed ponds are laid out according to the terrain. By using areas with higher elevation as
levees, watershed ponds can be built with one, two, or three levees. Water to supply watershed
ponds may be captured from runoff from the watershed but is usually supplemented with a well.

Engle and Whitis (2000) developed costs and returns information for a 4 ha (10-acre)
watershed pond assumed to be part of a 32-ha (80-acre) fish farm. A stocking rate of 15,000
fingerlings/ha (6,000 fingerlings/acre) was used with an average yield of 5,682 kg/ha per year
(5,000 pounds/acre per year) with partial harvests.

When compared to production in embankment ponds, labor was assumed to be 10% higher
because the distance between watershed ponds requires additional travel for feeding, oxygen
monitoring, chemical treatments, and general oversight as compared to the side-by-side
configuration of most embankment ponds. An additional cost of $250/ha ($ 100/acre) was charged
for elimination of trash fish from ponds.

Ponds with one levee cost an average of $3,780/ha ($l,512/acre) with a range of from $90
to $12,908/ha ($36 to $5,163/acre); two-levee ponds averaged $4,575/ha($l,830/acre) (range of
$1,545 to $14,415/ha or $618 to $5,766/acre); and three-levee ponds had an average cost of
$5,838/ha($2,335/acre) (range of $2,242 to $28,985/haor$897 to $ll,594/acre). The wide range
in pond construction costs per unit land area for watershed ponds is a result of the variation in
terrain. Ideal sites will result in very low pond construction costs that, in return, reduce annual
fixed costs and increase net returns. Selection of the site to construct the dam should be made
only after careful analysis of all available alternative sites.

Estimated net returns to management and risk for a one-levee pond were $25 5/ha ($ 102/acre).
Breakeven yield above variable cost was 4,541 kg/ha per year (3,996 pounds/acre per year) and
5,516 kg/ha per year (4,854 pounds/acre per year) to cover total cost. Breakeven price above
variable costs was $ 1.23/kg ($0.56/pound) and increased to $ 1.50/kg ($0.68/pound) to cover total
cost. Breakeven price above total costs increased up to $1.54/kg ($0.70/pound) for hill ponds
with three levees, indicating the clear desirability of careful site selection to minimize the number
of levees required and to take maximum advantage of the terrain to minimize construction costs.
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21.6 BUSINESS LOANS FOR CATFISH PRODUCTION

21.6.1 Lending alternatives and requirements for catfish production

Many prospective and existing fish farmers indicate that they have experienced difficulties in
obtaining financing for aquaculture businesses. In many cases, lenders are not familiar with
aquaculture practices and market potential. In other instances, lenders are concerned with the
uncertainty and risk associated with aquaculture ventures. Obtaining credit to construct ponds
and facilities is one of the greatest problems in starting a fish farming business.

In the early years of the catfish industry, the majority of the capital used was equity capital
supplied by the farmer. Many catfish farmers began with a few ponds and expanded as they could
generate farm earnings to re-invest into building additional ponds and facilities.

Venture capital is often discussed with reference to financing aquaculture operations.
However, in actuality, there has been little venture capital used in catfish aquaculture. Venture
capitalists prefer to see demonstrated profit potential before committing capital resources.

Federal lending programs have been major sources of capital for catfish farming. What is now
called the Farm Services Agency (FSA; previously the Production Credit Association and the
Federal Land Bank) has provided a large proportion of capital for pond construction and equip-
ment loans, as well as for operating loans. The FSA is restricted with upper lending limits for real
estate and operating loans, but nevertheless has played a significant role in making capital
available to the catfish industry.

In recent years, there has been a marked increase in lending from private lending institutions.
The guaranteed loan program of the Farmers Home Administration has been instrumental. With
50 to 65% owner equity, the FmHA will guarantee the private lender up to 90% of the loan in
case of default. This type of federal guarantee for private lenders reduces some of the risk of the
private lending institution and has encouraged many to expand their portfolios in catfish loans.
As the catfish industry has grown and become more established, the required amount of owner
equity has decreased. Some banks will now make catfish loans with as little as 10% owner
equity.

21.6.2 Components of business loan proposals

Even if a lender understands aquaculture and its potential, an inadequately prepared business loan
proposal will result in rejection by the lender. There are two major components of a business loan
proposal: the marketing plan and the financial analysis. Taken together, a well-conceived
marketing plan and a carefully documented financial analysis will result in more favorable
consideration by a lender.

The marketing plan is often the most overlooked component of a business proposal. Many
growers focus on the technical aspects of fish production and do not spend time considering
market opportunities. Yet, the most successful aquaculture businesses often are those that are
market-oriented, have diverse markets, and are committed to their customers. Decisions
regarding species, harvest size, or volume should be based on a comprehensive and specific
market analysis for that particular business. Small-scale producers especially should carefully
analyze market opportunities before beginning to produce fish.

Small-scale operators need to understand the product qualities and characteristics expected
by retail operators and end consumers, paying close attention to price, product form (fillets,
steaks, whole-dressed, in-the-round, fresh, frozen, and so on), product quality requirements,
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species availability, quantities sold, and other contingencies. Large-scale producers must obtain
key information from the processing plant that includes 1) historical prices paid for fish from the
plant as compared to other plants; 2) dockage rates (poundage or percentage deducted from the
total delivery amount) for trash fish, out-of-size fish, turtles, or other reasons; 3) required stock
purchases and/or billbacks; 4) transportation charges; 5) payment frequency to growers and
typical length of time between the time of delivery offish and receipt of payment; 6) seasonality
issues; 7) delivery volume requirements; 8) fish size requirements; 9) quality standards and
checks; 10) delivery quotas and scheduling patterns; 11) availability of contracts and
requirements; and 12) state bonding requirements.

Once the market analysis is complete, the business proposal must then describe the site and
its characteristics in terms of physical support and of technical support infrastructure. The
production system should be described in detail. This should be followed by a set of financial
statements.

The first financial statement needed is an annual cost and returns statement (Engle and Stone
1997). This statement, also known as an enterprise budget analysis, estimates, in a general way,
the overall profitability of the proposed catfish enterprise. It provides an idea of whether or not
the proposed activity would likely be profitable in a typical year. It also provides an estimate of
breakeven price and breakeven yield.

An estimate of required financing is prepared. This should be divided into the following loan
categories: real estate, equipment, and operating loans.

Lenders will require a pro forma balance sheet. The balance sheet lists the assets and liabi-
lities (debt) for the entire business including the new aquaculture operation. The balance sheet
is used to calculate net worth, or owner equity as well as other financial indicators of solvency
and liquidity.

The pro forma income statement is similar in format to the annual costs and returns, but is
prepared for a specific point in time for a specific business. It is used to calculate net farm
income, a measure of profit of the business.

The pro forma cash flow budget shows cash receipts and cash expenses by month, quarter,
or by year. It includes only cash expenses and provides an indication of when cash will be
available for loan repayment.

21.6.3 Cash flow considerations in commercial catfish production

Stocking larger fingerlings or stockers in the first year can further reduce cash flow problems for
startup businesses. It may be possible to harvest and sell these fish the first year and generate
much needed revenue. Whether or not it is best to continue to purchase and stock stockers after
the initial year will depend upon the price of stockers and the relative cost of producing stockers.
Additional research will be needed to determine the conditions under which stockers should be
selected.

21.6.4 Lenders' perspectives on catfish production

In evaluating a business proposal and loan application, lenders will take into consideration
several factors. The overall character and honesty of the individual is considered based on his or
her history of paying other bills and on character references. Owner equity, the current ratio, the
loan to appraisal value, and the value of farm production are key indicators for many lenders.
Earnings will be examined in great detail along with repayment capacity. These will be viewed
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in terms of sustaining production over a 3-year price cycle. Collateral and capital of the
individual operator will also affect the level of the lender's decision. The lender will look at the
financial condition of the processor to make certain that the producer will receive payment within
two to three weeks of fish delivery.

Lenders in areas with a great deal of catfish production have become increasingly receptive
to granting loans for catfish production. The required amounts of owner equity have decreased
over time and there are several banks in which catfish loans constitute a major portion of their
loan portfolios.

Nevertheless, in counties with little catfish production, many lenders are still hesitant to
approve catfish loans. Reasons for this reluctance stem from the lack of understanding of fish
farming practices and the unease at being unable to inspect crops first-hand. It takes training and
familiarity with industry practices to be able to gauge size and standing stocks from observing
fish feeding or to interpret fish farming records. This, along with the lack of crop subsidy
programs, and the potential for severe losses due to disease, bird depredation, or power outages,
combine to portray catfish production as a risky business. It is incumbent upon the prospective
borrower to convince the lender that the fish producer has, or will hire, the skilled management
that is required to reduce the risk involved in catfish farming.

21.7 CATFISH FARM MANAGEMENT

21.7.1 Economics of stocking

Economic trade-offs associated with single- and multiple-batch production (see Section 8.3.1)
were analyzed by Engle and Pounds (1994) using multi-period and risk programming
mathematical models. Mathematical programming models can be used to analyze effects and
impacts across an entire farm. What is most profitable from the perspective of the entire farm
may be different from what is observed in analyses that are based on a budget unit of a single
pond. Mathematical programming models allow the analyst to factor in varying levels of
availability of capital and their inputs as well as varying market conditions and constraints.

Single-batch stocking strategies maximized net returns above variable cost, primarily because
poorer feed conversions in multiple-batch systems resulted in lower net returns. In the absence
of off-flavor, single-batch production would increase annual net returns by 5%. Multiple-batch
production was selected as a risk-reducing strategy, but expected income decreased by 8% to
35% depending on the number of ponds stocked in multiple batches. Cash flow restrictions
decreased annual net returns by 18% because multiple-batch stocking strategies were required
to meet financial obligations.

Losinger et al. (2000) used a Just-Pope catfish production function to develop estimates of
profit-maximizing stocking densities of multiple-batch catfish production. Production functions
are specialized multiple-regression analyses that are used to quantitatively estimate the effect of
specified independent variables on yield, the dependent variable. Independent variables
frequently used in production functions include feeding rate, stocking rate, and capital among
others. Large numbers of observations are required for this type of analysis.

In the Losinger et al. (2000) study, the production function used was estimated with survey
data from 571 catfish farms. Since most catfish farmers use multiple-batch production strategies,
the relationships measured are those of multiple-batch production. Profit-maximizing stocking
densities ranging from 16,942 to 21,312 fingerlings/ha (6,777 to 8,525/acre) increased with
catfish prices and decreased with higher feed prices (for an output price range from $1.54 to
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$1.76/kg ($0.70 to $0.80/pound) and a feed price range of $0.23 to $0.27/kg or $0.10 to
$0.12/pound). Stocking densities associated with maximum yield (25,000 to 30,000 fmgerlings/
ha or 10,000 to 12,000 fingerlings/acre) were in a range that has been reported on catfish farms.
Thus, this study indicates that farmers stocking at these high rates are probably maximizing
yields and not profits.

To determine the optimal size of fingerling to understock in multiple-batch grow-out ponds,
Engle and Valderrama (2001b) compared net yield, growth, survival, costs, and economic risk
of understocking 7.6-cm (3-inch), 12.7-cm (5-inch), and 17.8-cm (7-inch) channel catfish
fmgerlings in grow-out ponds. Fingerlings were understocked at 15,000/ha (6,000/acre) with
1,369 kg/ha (1,205 pounds/acre) carryover fish averaging 0.58 kg (1.28 pound). Mean growth
rate and individual weights at harvest increased significantly with size at stocking, but none of
the understocked fingerlings reached minimum market size (0.57 kg; 1.25 pound) over the study
period. Survival of the smallest (7.6-cm; 3-inch) understocked fingerlings was significantly
lower, but there was no difference in survival between the two other treatments. Net yields were
highest for the two treatments understocked with 12.7-cm (5-inch) and 17.8-cm (7-inch) catfish
and significantly lower for the treatment understocked with 7.6-cm (3-inch) fish. Breakeven
production costs were highest for the treatment understocked with 7.6-cm (3-inch) fish and lower
for the other two treatments. The risk analysis showed very little risk associated with growing
out 12.7-cm (5-inch) and 17.8-cm (7-inch) understocked fish at costs less than $1.32/kg to
$ 1.65/kg ($0.60 to $0.75/pound). However, the risk of growing out 7.6-cm (3-inch) understocked
fish at costs above market prices increased sharply. This static analysis indicated that the
preferred size to understock in grow-out ponds was 12.7 cm (5 inches).

21.7.2 Economics of feeding

Summer feeding

Feed represents the largest cost input in intensive catfish production. Daily feed rations are
generally related to stocking densities, up to the point where high feeding rates begin to affect
water quality. Econometric techniques were used by Losinger et al. (2000) to estimate a Just-
Pope catfish production function to compute marginal products of inputs. As catfish price
increased from $ 1,54/kg to $ 1.76/kg ($0.70 to $0.80/pound), the profit-maximizing feeding rate
increased from 7,171 kg/ha per year to 11,211 kg/ha per year (6,310 to 9,866 pounds/acre per
year). As feed price increased from $0.25/kg to $0.27/kg ($0.11 to $0.12/pound), for a catfish
price of $1.54/kg ($0.70/pound), the profit-maximizing feeding rate decreased from 7,171 kg/ha
per year to 5,222 kg/ha year (6,310 to 4,595 pounds/acre per year).

Not only is the quantity of feed fed an important economic parameter, but the nutritional
quality is also important. Nutritional requirements satisfying criteria for maximum growth are
not necessarily the most economical (profit maximizing). Dasgupta et al. (2002) estimated feed-
price boundaries that allowed the feeding rate to exceed the minimum biological level but still
reflected economically efficient rates over a range of catfish prices and producer risk preferences.
However, feed prices have on occasion exceeded these upper bounds in which case the producer
cannot feed at a profit-maximizing level and is restricted to feeding levels necessary to meet farm
financial needs.

Cacho et al. (1991) found that economically optimal dietary protein levels were dependent
on nutrient prices as predicted by input-output maximization analysis. Ingredients supplying
protein to catfish feeds are generally more costly than other ingredients, consequently variations
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in protein content of feed can substantially alter per unit feed costs. For example, in a 26%
protein feed diet, there were $207 of raw feed ingredients per metric ton of feed ($188/ton). The
protein sources contributed more than 60% of the final cost of production. Protein ingredients
comprised 65% and 67% of the total feed ingredient costs in 32% and 38% protein diets.

There may also be important economic interactions between nutrient levels and the daily
feeding rate (Cacho 1990; Cacho and Hatch 1990). Data provided from a feeding trial experiment
by Li and Lovell (1991) comparing the effects of satiation and restricted feeding of channel
catfish fed varying protein levels on production were used by Hatch et al. (1998b) to gain insight
into the economics of feed management. Channel catfish were fed either 26, 32, or 38% protein
diets at up to 74 kg/ha per day (65 pounds/acre per day) or to satiation (reaching 142 kg/ha per
day; 125 pounds/acre per day).

Important economic trade-offs from the study results were 1) satiation feeding resulted in
greater weight gains than restricted feeding; 2) increasing dietary protein decreased weight gain
for the fish fed to satiation, while increasing dietary protein increased weight gain for the fish fed
a restricted diet; and, 3) feed conversion was greater (less efficient), for the fish fed to satiation.
Furthermore, Li and Lovell (1991) reported that protein efficiency ratios for each feeding
regimen and the restricted feeding regimen had greater weight gain per unit of protein consumed
than the satiate feeding regimen. Restricting feed allowed fish to better use the protein provided
and explains why the net returns were greater for the satiate feeding regimen.

The highest net returns were obtained with a satiation-feeding regimen at either 26% or 32%
protein. The satiation fed regimens for the 26% and 32% protein diets had double the net returns
for the same protein diets of the restricted feeding regimens and could possibly be explained
through the low restricted level of feeding imposed on this feeding regimen. Thus, if only a 26%
or a 32% protein feed was available, then satiation feeding would be more profitable than
restricted feeding.

Increases in dietary protein in the satiation feeding regimen led to decreased net returns
(Table 21.7) However in the restricted feeding regimen, increasing feed protein levels resulted
in increased net returns. The profit-maximizing feed choice varied with feed and fish prices as
well as changes in the cost and production potential of each feed protein level. If only 38%
protein feed is available, then a restricted feeding system would be more profitable and preferred
over the satiation feeding regimen.

Winter feeding

Robinson and Li (1999) reported winter feeding to benefit catfish by preventing weight loss and
maintaining health. Economic analyses were undertaken by Hatch et al. (1998a) using data from
winter feeding research (Kim and Lovell 1995) with follow-on summer satiation feeding data
(Kim 1994). They focused on three over-wintering strategies for two year-classes of catfish: 1)
full feeding when air temperatures exceeded 13°C (55°F); 2) partial-feeding during November,
March, and April, and 3) no winter feeding. Cost and returns for grow-out of over-wintered fish
were calculated from experimental results extrapolated to minimum market-sized fish and
commercial-scale practices. Commercial-scale net returns were subjected to a series of sensitivity
analyses that altered feed conversion ratios, stocking rates, and selling prices, providing outcomes
more likely to represent actual farmer situations.

Partially fed catfish groups were the most profitable when grown out to a minimum
processing size of 0.57 kg (1.25 pound) foryear-1 fish and year-2 fish. The year-1, fully fed fish
had lower net returns than the no-feed winter regimens. Similar results for year-2 fish were found
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TABLE 21.7. Net returns* for satiate and restricted feeding regimens using feeds with 26%, 32% and 38%
crude protein under experimental feed conversion ratios (FCR) and commercial feed conversion ratios at three
feed prices.

Feeding regimen
Satiation

Satiation

Satiation

Restricted

Restricted

Restricted

Protein level
(%)
26
26
26

32
32
32

38
38
38

26
26
26

32
32
32

38
38
38

Feed Price
($/mt)
208
260
311

238
297
356

270
337
404

208
260
311

238
297
356

270
337
404

($/ton)
189
236
282

216
269
323

245
306
367

189
236
282

216
269
323

245
306
367

Experimental
FCR
1.47
1.47
1.47

1.40
1.40
1.40

1.46
1.46
1.46

1.32
1.32
1.32

1.23
1.23
1.23

1.21
1.21
1.21

Net returns
$2,015

1,816
1,617

1,699
1,481
1,262

1,031
775
518

947
768
589

972
780
588

1,193
979
766

Commercial
FCR
2.40
2.40
2.40

2.28
2.28
2.28

2.38
2.38
2.38

2.15
2.15
2.15

2.00
2.00
2.00

1.97
1.97
1.97

Net returns
$1,508

1,183
858

1,150
795
440

381
-38

-456

494
203
-88

492
180

-131

655
309
-38

' Net returns above selected costs that include labor, feed, and fixed costs.

where partially fed fish had the highest net returns. The two fed overwinter treatments had fish
ready for harvest well before the non-fed treatment. Among the two fed overwintered treatments,
the partially fed treatment had higher net returns than the fully fed treatment.

Two clear points are apparent from economic analysis for production of year-1 and year-2
fish. Partially fed fish during the winter provided a higher profit than either full-feeding or no-
feeding. Expenses were higher for the year-2 fish because they go through two winters compared
to only one for the year-1 fish. This additional winter resulted in higher fixed costs, as well as
more labor, feed, electricity, equipment, maintenance and other operating capital. Clearly, year-1
fish, partially fed during the winter (November, March, and April) and then fully fed until harvest
in August, were more profitable than year-2 fish.

The data upon which this analysis was based do not include the possibility of having market-
sized fish going into the winter. Under this circumstance, it might be reasonable to feed fish
sufficiently to maintain body weight at desired market size if the fish are to be sold during the
winter.

21.7.3 Economics of aeration

The development and widespread adoption of improved aeration technology was a major factor
responsible for increased catfish yields in the 1980s. An economic engineering approach was
used to estimate total aeration cost and to generate average cost curves of aeration (Engle 1989).
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Economic engineering approaches involve selecting recommended production systems and units
and assigning relevant costs. These approaches are frequently used to develop enterprise budgets
or estimates of annual costs and returns.

Fixed and variable costs were estimated for 23 different electric and tractor-powered aeration
devices. Least-cost aeration devices were selected for varying pond sizes. Below about 250 hours
of aeration per season, tractor-powered aeration devices were more efficient economically.
Above approximately 250 hours of aeration, electric aerators were more efficient. However, for
ponds less than 2 ha (5 acres) in size, the propeller-aspirator pumps (0.75 to 2.25 kW; 1 to 3
horsepower) were the least-cost system. For pond sizes above 0.4 ha (1 acre), electric floating
paddlewheels generally were the most cost efficient.

Engle and Hatch (1988) developed a risk-programming model using Target MOTAD
methodology to analyze the effects of stocking rate, aeration yield response and availability of
labor, capital and electricity on the selection of aeration strategy. Continuous aeration with
electric paddlewheels was most often selected as the best aeration strategy. However, as farmers
became increasingly concerned with financial risk, they applied continuous aeration with pump
sprayers first, then no aeration, and lastly emergency aeration with tractor-powered
paddlewheels. Emergency aeration was only used when 1) electricity was not available and the
producer desired a highly conservative financial strategy and 2) the relative efficiency of
continuous aeration in the field was dramatically reduced from experimental results.

Aeration equipment has continued to evolve and change over time since this study was
conducted. The development of low-maintenance bearings on paddlewheels has reduced
maintenance time, costs, and risk, and electric aerators are the most common choice.

21.7.4 Economics of managing off-flavor

The occurrence of off-flavors in farm-raised catfish delays harvest and increases farm costs of
production. Harvest delays result in increased production time, greater risk of losses due to
oxygen or disease problems, loss of sales efficiency, and cash flow problems. Coats et al. (1989)
showed, using a catfish growth simulator, that production costs can increase by up to $0.10/kg
($0.045/pound) for 16 weeks of off-flavor across all production acres. Kinnucan et al. (1988)
demonstrated that supply restrictions caused by off-flavor cause revenue losses to the catfish
industry. The causes of off-flavor are discussed in Section 10.5

Stocking strategies used by catfish farmers are related closely to the risk of off-flavor (Engle
and Pounds 1994). With multiple-batch strategies, there are more ponds with market-size fish
than with single-batch strategies at any given point in time; thus, the likelihood of having on-
flavor fish to sell is higher with multiple-batch strategies.

Engle et al. (1995) developed a mathematical programming model to evaluate the economic
effects of varying patterns of off-flavor incidence and to estimate costs incurred by catfish
farmers due to off-flavor. Off-flavor incidence patterns included a set of data collected from
commercial catfish farms in addition to arbitrarily set patterns that, although not observed in the
particular dataset, have been reported by other farmers.

All scenarios selected by the model were single-batch management strategies stocked with
larger (18- to 20-cm; 7- to 8-inch) fingerlings. Sales months selected by the model were from
October to December. Holding fish for longer periods decreased net returns above variable costs
from the farm. This study demonstrated that the patterns of off-flavor incidence had less effect
on farm profits than whether or not fish were off-flavor during certain key months—the months
with higher sales prices.
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The inclusion of cash-flow constraints in the model resulted in selection of multiple-batch
cropping strategies. This change in production practices resulted in lower net returns. Reductions
in net returns for the various off-flavor scenarios from the no off-flavor base ranged from
decreases of 3 to 98% in the models without cash flow constraints to 4 to 99% in the models with
cash flow constraints. These decreases in net returns resulted in increased costs of production of
$0.05 to $0.06/kg ($0.02 to $0.03/pound) in the models without cash-flow constraints and from
$0.04/kg to $0.25/kg ($0.02 to $0.1 I/pound) with cash-flow considerations.

Managing off-flavors with copper sulfate

Copper sulfate is a chemical approved by the United States Environmental Protection Agency
(EPA) that can reduce cyanobacterial (blue-green algal) populations that produce off-flavor
compounds (see Section 10.5.3). Tucker et al. (2001) used 18 earthen ponds in northwest
Mississippi in a 3-year study to evaluate the effectiveness of weekly applications of copper
sulfate pentahydrate at reducing the incidence of environment-derived off-flavors in channel
catfish.

Overall prevalence of off-flavor was reduced by 80% for ponds treated with copper sulfate
relative to untreated ponds, and episodes of off-flavor were of shorter duration in treated ponds.
Off-flavor episodes persisted for 17 to 286 days in untreated ponds and from 7 to 28 days in
ponds treated with copper sulfate. Off-flavors never delayed fish harvest from treated ponds,
whereas off-flavors delayed fish harvest on ten occasions in untreated ponds. Average annual fish
harvest was 5,900 kg/ha (5,263 pounds/acre) from ponds treated with copper sulfate and 5,349
kg/ha (4,771 pounds/acre) from untreated ponds. The 9% reduction in fish harvest from control
ponds was due to infectious disease outbreaks in one or two ponds each year where harvest was
delayed due to off-flavor.

Enterprise budgets showed that average net returns above variable costs were $ 1,900/ha for
control ponds and $2,720/ha for ponds treated with copper sulfate. Variation in net returns was
twice as great for control ponds as for treated ponds, indicating increased stability in production
and economic returns when off-flavors were managed using copper sulfate. High variation in
annual economic performance of control ponds resulted from one or more ponds having high net
returns while one or more ponds had extremely poor returns due to protracted episodes of off-
flavor.

Managing off-flavors with diuron

In April 1999 and each year through 2003, the EPA has granted 1-year emergency exemptions
under Section 18 of the Federal Insecticide, Fungicide, and Rodenticide Act authorizing the use
of the algicide diuron [3-(3,4-dichlorophenyl)-l,l-dimethylurea] for control of algae-related
flavor problems in pond-raised channel catfish. Diuron reduces the incidence of off-flavor in fish
by suppressing the growth of the blue-green alga Oscillatoria perornata, the primary cause of
musty off-flavors in pond-raised catfish (see Section 10.5). Hanson (2000) analyzed the
effectiveness of diuron in reducing off-flavor occurrences and estimated the economic impact of
diuron usage during the 1999 production year in Mississippi. Catfish farmers were surveyed by
mail and processor flavor-checks were analyzed for the 1997, 1998, and 1999 production years.

The survey indicated that approximately 11.8 metric tons (13 tons) of diuron were applied
to 14,520 ha (36,300 acres) of Mississippi catfish ponds in 1999 at a cost of $155,450. Treated
pond area was approximately 43% of all pond areas in foodfish production in the state. Average
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diuron treatment frequency was 5.1 applications per pond, less than the permitted nine appli-
cations per pond, indicating that fish flavor quality improved before the complete treatment
regimen was needed. Survey respondents reported some fish loss due to treatment-related water
quality problems (mainly reduced dissolved oxygen levels). These losses were estimated to be
$51,500 for the entire state and could not be conclusively separated from water quality problems
that normally occur in catfish ponds.

Survey results indicated that occurrence of off-flavor on a per pond basis was lower in 1999
than in either 1998 or 1997. Off-flavor caused an additional 500,000 days of grow-out past
harvestable size in 1999 or an additional 14.5 grow-out days per ha (5.5 days per acre) of food-
fish production in Mississippi. The 1999 delay was 10% lower than that in 1998 and 16% lower
than in 1997 (Table 21.8).

Aggregate costs from flavor-related delays to fish harvesting included additional operational
expenses, value of fish mortality, fish sampling transportation costs, and opportunity costs.
Additional cost estimates were only for the off-flavor delay period and did not include the costs
to raise fish to harvest size. The estimated total cost was $14.7 million for 1999, which was $8.5
million lower than for 1998 ($23.2 million) and $8.0 million lower than 1997 ($22.7 million)
(Table 21.9).

A financial benefit-to-cost analysis was conducted for diuron usage in the Mississippi catfish
industry in 1999. Benefits were derived from the difference in off-flavor aggregate costs to the
Mississippi catfish industry between 1998 and 1999 and also between 1997 and 1999. Costs for

TABLE 21.9. Aggregate costs of off-flavor to the Mississippi catfish industry over three years.

Category
Operating expenses

Feed
Labor
Other
Subtotal

Catfish losses
Infectious disease
Water quality deterioration
Bird predation
Subtotal

Fish sampling
Total direct cost
Opportunity cost
Total cost

$ million/year
1999

5.0
0.4
1.4
6.8

4.0
1.6
0.9
6.5
0.2

13.5
1.2

14.7

1998

6.4
I.I
3.0

10.5

5.6
3.9
1.1

10.6
0.2

21.3
1.9

23.2

1997

6.6
1.5
3.3

11.4

5.0
3.1
1.0
9.1
0.3

20.8
1.9

22.7

Indicator 1999 1998 1997
Average number of "off-flavor days" per pond per farm 48a 63b 66b
Average number of "off-flavor ponds" per farm 25.5 25.0 25.0
Number of catfish farms 405 346 349
Total number of days that harvesting was delayed 495,720 544,950 575,850

TABLE 21.8. Indicators of the incidence of off-flavor in the Mississippi catfish industry over 3 years. Values
in the same row followed by different letters are significantly different at the 0.15 level of probability.
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the analysis were the sum of total diuron purchases and fish mortality resulting from diuron use.
The benefit-to-cost ratio for diuron usage was 42.5 for 1999 compared to 1998 and 36.5 for 1999
compared to 1997. Benefits of diuron usage far outweighed its costs, indicating financial justifi-
cation for its use.

Processing records showed that the incidence of samples declared off-flavor in 1999 was
lower than in 1998 and 1997. From April 26 to December, 1999, 43% of the samples submitted
to processing plants were deemed off-flavor compared to 52% of samples being off-flavor over
the same time period in 1997 and 1998. Obviously, many factors could have affected the reported
reduction in off-flavor losses. However, the use of diuron in 1999 was one of the more important
changes in management from prior years and may have been a contributing factor responsible
for the decrease in off-flavor occurrences in the Mississippi catfish industry.

21.8 CATFISH PROCESSING

The object of processing is to convert catfish into forms that can be sold profitably to consumers.
The processing environment has changed dramatically since the late 1980s as a result of
increased volumes processed and changes in product mix and processing technologies. As a
result, the structure of processing costs has changed. The product mix by weight has gone from
52 to 60% frozen and from 46 to 60% fillets. Many of the more labor-intensive tasks such as
deheading, filleting, and skinning have been automated and new technologies to improve the
accuracy of grading, sorting, measurement, and performance control have been developed.

21.8.1 Costs of processing for various product forms

The major processing cost components are meat cost, labor, other operating costs, and capital
investment. Meat cost is related to the price for live fish, including harvesting and hauling, and
the processing yield for saleable components. Fillets yield approximately 82% shank fillet and
18% nugget, and the shank fillet yield is 37% of the whole fish. Combining these yields with the
average product mix for the year 2000, the average meat yield is 48% and the meat cost is 2.08
times the live-weight cost. For example, the meat cost of processed product, assuming a $1.65
live-weight price ($0.75/pound), is $3.43/kg ($1.56/pound). Many factors can affect this cost
component. Besides the live-weight purchase price, variations in yield will occur on a seasonal
basis, and are affected by fish quality, size distribution, processing efficiencies, product mix,
offal value, and other factors.

The second major cost component is labor and benefits. Typically, a plant processing 22,727
kg/day (50,000 pounds/day) or 5.4 to 5.9 million kg annually (12 to 13 million pounds), would
have a labor force of about 100 people. This would result in a payroll of approximately $1.7
million annually, resulting in a cost of $0.62/kg ($0.28/pound) of finished product. There will be
some reductions in labor costs per weight processed for higher levels of output. The current
automated fillet lines, often costing in excess of $500,000 each, result in labor cost savings with
around a 1 - to 1.5-year payback period. Besides technology improvements, other factors affecting
labor costs include fish size distribution, labor turnover, incentive programs, and creative work
schedules.

Packaging and utilities add another $0.20/kg ($0.09/pound) of finished product. Freight and
brokerage fees (sales cost) are each estimated at $0.18/kg ($0.08/pound) of product, but can vary
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TABLE 21.10. Labor and total processing costs (based on 40 fish/minute) of three different live-weight sizes
of fish.

Variable
Dressed weight

Yield
Rate

Labor cost of dressed fish
Fixed overhead cost of dressed fish
Total processing cost of dressed fish

Units

kg(lb)
kg(lb)
$/kg ($/lb)
$/kg ($/lb)
$/kg ($/lb)

Size offish (live weight)
0.27 kg (0.6 lb) 0.68 kg (1.5 lb)

0.12(0.26)
399(880)
0.18(0.08)
0.55 (0.25)
0.73 (0.33)

0.42 (0.92)
998 (2,200)
0.07 (0.03)
0.22(0.10)
0.29(0.13)

1.14 kg (2.5 1b)

0.68(1.50)
1,664(3,670)
0.04 (0.02)
0.13(0.06)
0.17(0.08)

depending upon the markets, method of sales organization and other factors. Administrative and
overhead charges add an additional $0.045/kg ($0.10/pound) of finished product.

The third major cost component is for capital investment and interest. A 22,727 kg/day
(50,000 pounds/day) plant built to be expandable to over 45,455 kg/day (100,000 pounds/day)
may cost in excess of $6 million to construct and equip with new equipment. This equates to an
investment cost of $0.15/kg ($0.07/pound) and an average interest cost of $0.18/kg ($0.08/pound)
of finished product. The level of automation, options for new or used equipment, and the use of
mechanical or cryogenic freezing are among factors that impact these costs.

Adding up all these costs results in processing costs totaling $5.15/kg ($2.34/pound) of
finished product. The margin between the cost of processing and selling price is low and
processors make money through volume processed, producing value-added products, and other
steps identified.

The catfish processing industry is continuing to grow with the trend toward middle-sized,
well-managed, efficient operations. In many cases, processing is vertically integrated in some
way with fish supply being totally or partially owned by the processing company or, in the case
of a cooperative, owned by shareholders. There is some activity outside the traditional geo-
graphical production area for development of catfish production and processing.

21.8.2 Effect offish size on processing costs

Catfish processing plants are limited by the number of fish that can be processed in any given
time period, regardless offish size. Thus, if a plant can process 40 fish/minute, they can process
either 40 large or 40 small fish/minute. However, if the plant processes 40 large fish/minute, the
total pounds of marketable product available at the end of the day will be much greater for the
same processing costs than if they processed 40 small fish/minute.

An example will illustrate the effect offish size on the cost of processing (Whittington 1999).
This example is based on a processing capacity of 40 fish/minute. To keep the analysis simple,
this example assumes that small and large fish have equal dressout yields (assumed to be 61%
for this example) and all fish are processed and sold as a whole-dressed product.

Fixed overhead costs are assumed to be $0.22/kg ($0.10/pound). Labor costs include the work
of 12 people (1 head cutter, 3 gutters, 5 skinners, and 3 people to grade and pack). At $6/hour,
labor would cost $72/hour. Table 21.10 shows processing labor cost and total per-weight
processing cost for processing small (0.27 kg; 0.6 pound), medium (0.68 kg; 1.5 pound), and
large (1.14 kg; 2.5 pound) fish. Processed yield per fish ranges from 0.17 kg (0.366 pound) for
small fish to 0.42 kg (0.915 pound) dressed weight for medium fish to 0.68 kg (1.5 pound)
dressed weight for large fish. At 40 fish/minute, total dressed weight for 1 hour of processing is
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399 kg (878 pounds) of small fish, 998 kg (2,196 pounds) of medium fish, and 1,664 kg (3,660
pounds) of large fish. This results in processing labor cost/kg of $0.176/kg ($0.08/pound),
$0.066/kg ($0.03/pound), and $0.044/kg ($0.02/pound) of dressed product. Total cost of dressed
product is $0.726/kg ($0.33/pound) for small fish, $0.286/kg ($0.13/pound) for medium fish, and
$0.176/kg ($0.08/pound) for large fish. Per-weight processing costs are substantially lower when
larger fish are processed. For the sizes selected in this example, costs dropped by 61% between
small and medium fish and another 38% between medium and large fish.

21.8.3 Potential for genetic enhancement to increase the product form mix value

Hanson et al. (2001) employed a novel approach to estimate gains from hypothetical changes in
catfish product mixes that might be obtained through genetic research. The impact of changes
in relative quantities of final product forms on consumer demand was estimated using an indirect
translog demand system. As relative quantities and prices change, consumers are expected to
substitute among products. For example, if the price of catfish fillets were to increase
significantly while the price of other catfish product forms did not, consumers might switch to
a different product form of catfish.

In this study, alternative catfish product mix scenarios were developed by assuming various
percentage increases in catfish fillet yield that could possibly be achieved through genetic
selection. Hanson et al. (2001) suggested that there might be significant social gains to genetic
manipulation of catfish as measured by net consumption and production benefits. Increases in
fillet quantities increase social welfare more than increases in nuggets or reductions in whole fish,
reflecting the fact that fillets are a high value product that has the highest income sensitivity of
all product forms. In addition, producer profit increased most when fillets were increased and
whole-fish processing was decreased. Continued research into genetic improvement of catfish
may translate into increased consumer and processor welfare.

However, consumers in the United States and elsewhere have become increasingly concerned
over the safety implications relative to use of genetically modified organisms in the food supply.
Potentially negative consumer reactions to genetic manipulation of catfish must be measured and
weighed against potentially positive gains to be made in processing economics. On the other
hand, food safety concerns may also result in increased market opportunities through the growing
market for organic products.

21.9 ECONOMIC ISSUES RELATED TO ENVIRONMENTAL REGULATIONS

21.9.1 Costs of treating effluents

A number of states do have regulations that affect a catfish producer's ability to discharge
effluents. Several potential methods for treating effluents have been analyzed, including land
application of effluents discharged to irrigate crops, constructed wetlands, use of filter-feeding
fish, intermittent sand filters, and settling basins (Kouka and Engle 1995). Catfish production
costs would be increased by $0.00 to $0.1 I/kg ($0.00 to $0.05/pound) if mandatory effluent
control measures were to be enforced and farmers would have to select one of the listed
treatment technologies.

The only alternative that did not result in increased costs of production was land application
of effluents to irrigate crops. While there was an increased cost for additional pipes and water-
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control structures, this was offset in Arkansas by the higher yields of rice in the first 100 m from
the point of discharge. Groundwater in Arkansas rice-growing areas is high in iron. Lower rice
yields in the area surrounding well heads are due to iron toxicity. Nevertheless, there are
difficulties in irrigating crops from fish ponds. There is little congruity in the timing between the
time when a fish farmer needs to drain a pond and when the row-crop farmer needs water applied
to crops. For example, peak irrigation times occur in the months of July and August. These are
the months when oxygen levels are the most critical issue for fish farmers and when they can
least afford to lose the oxygen storage capacity of larger pond volumes by irrigating crops with
pond water. These practical problems with the use of pond water to irrigate crops may preclude
the feasibility of this option for all but a few unique situations.

Any regulation requiring treatment of catfish pond effluents will increase production costs.
It is also highly unlikely that any increase in production cost can be passed through to consumers.
Thus, increasing production costs through regulation of effluents is likely to decrease the supply
of farm-raised catfish. Economic repercussions of this supply decrease would include adverse
economic impacts on rural communities—particularly in impoverished rural areas like the
Mississippi Delta region—and increased incentive for foreign production of catfish to be
imported into the United States, contributing to a widening trade deficit.

A more feasible approach may be to define and recommend a comprehensive set of Best
Management Practices for pond production of catfish to minimize any potential adverse environ-
mental effects of discharges from ponds (see Section 22.7). Better water management practices
include those that address fish harvest, placement of the effluent pipe, pond draining techniques,
and type of overflow structure (Barker et al. 1974; Boyd 1978; Seok et al. 1995). More work is
needed to compile a comprehensive set of Best Management Practices and to conduct an in-depth
analysis of the economics of their implementation.

Pond aquaculture internalizes much of the waste treatment cost. Approximately 27 to 28%
of the cost of producing fish in ponds is related to the waste treatment processes (Engle and
Valderrama 2002b). Regulations that require settling basins on catfish farms could increase the
total investment cost of a catfish farm by $126 to $2,990/ha (Engle and Valderrama 2003). Total
annual costs could increase by $ 19 to $367/ha. Costs increase with the number of drainage outlets
and size of foodfish ponds.

21.9.2 Economic effects of predation by cormorants

The growth of the farm-raised catfish industry has been accompanied by increases in depredation
by fish-eating birds (see Chapter 16). The double-crested cormorant is widely perceived by
scientists and fish farmers to cause the greatest losses on catfish farms. Most attempts to quantify
losses on catfish farms have been based on studies that quantify the numbers of cormorants
observed on ponds and the numbers of fish consumed daily as observed on specified sampling
days. However, the most important effect is the reduction of catfish yield due to depredation by
cormorants.

In single-batch production, after depredation by cormorants, harvested yield was 4,659 kg/ha
per year (4,100 pounds/acre per year), a decrease of 19.6% (Glahn et al. 2002). Total feed fed
was 6,670 kg/ha (5,870 pounds/acre). The cost of catfish raised in single-batch production
without predation by cormorants was $1.65/kg ($0.64/pound). With cormorant predation in-
cluded, this cost increased by 17.2% to $1.93/kg ($0.75/pound). Net returns without predation
by cormorants were $825/ha ($33O/acre), but decreased by 262% to - $512/ha (-$205/acre) with
cormorant predation
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In multiple-batch production, the effect of predation by cormorants was similar to the effects
in single-batch production. The production cost increased from $0.3I/kg ($0.68/pound) to
$0.34/kg ($0.74/pound), while net returns decreased from $319/ha ($128/acre) to become
negative at -$584/ha (-$234/acre) with predation by cormorants on catfish.

21.10 ECONOMIC IMPACTS FROM CATFISH FARMING

The catfish industry has significant impacts on local and state economies. In Chicot County,
Arkansas, catfish farming generated $384 million in total economic output, 2,665 jobs, and $22
million in tax revenue (Kaliba and Engle 2003; 2004). Catfish processing had a significant direct
impact on economic output, value added, and employment. Catfish farms also had significant
direct effects but the indirect effects of expenditures and employment from secondary support
businesses was even greater. The economic multiplier calculated for catfish farming was 6.1.
Thus, each dollar of earnings by catfish farms generated $6.10 total economic activity in the
Chicot County, Arkansas, economy.

Hanson et al. (2004) developed estimates of the state-wide impact of the catfish industry in
Mississippi. The industry was estimated to provide 11,300 direct and indirect jobs and generate
$226 million in employee income, $388 million in value added, and $845 million in total
economic output in 2001.
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22.1 ENVIRONMENTAL AND SOCIAL IMPACTS OF AQUACULTURE

Similar to other agricultural activities, aquaculture can have negative environmental impacts, so
concerns related to the environmental impacts of agriculture have now been extended to
aquaculture (Primavera 1993; Goldberg and Triplett 1997; Boyd and Clay 1998; Naylor et al.
2000). Most of the concerns over the environmental impacts of aquaculture were initially directed
at marine shrimp farming and net-pen culture of salmon in the coastal and marine environment.
In addition to complaints over negative environmental impacts, questions were raised about food
safety (World Health Organization 1999) and social injustices arising from aquaculture (Bailey
1988, 1997).

Initially, concerns about aquaculture were expressed by a few international non-government
organizations (NGOs) with environmental or social agendas operating outside the United States.
However, the concerns rapidly spread. More NGOs, international development organizations such
as World Bank and the Food and Agriculture Organization (FAO) of the United Nations,
governmental agencies in many nations including the United States, aquaculture industry
advocacy groups such as Network of Aquaculture Centers in Asia Pacific (NAC A) and the Global
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Aquaculture Alliance (GAA) became part of the discussions concerning the environmental and
social impacts of aquaculture. Thus, in this context, development and operation of aquaculture
projects now require attention to environmental, food safety, and social consequences.

Major environmental impacts that have been attributed to aquaculture include wetland
destruction, conversion of agricultural land to ponds, water pollution, loss of biodiversity,
excessive use of water, introduction of non-native species, use of toxic or bioaccumulative
chemicals, wasteful use offish meal in feeds, and inefficient use of other natural resources. The
major issue related to food safety has been use of antibiotics, drugs, and other chemicals for
treating aquatic animal diseases. There also have been questions about contamination of
aquaculture products with pesticides and other organic compounds. Socioeconomic factors
involve working conditions, compensation rates, and relationships between investors and
managers of aquaculture projects and members and institutions of local communities. Land rights
issues and access to common property resources also have arisen in some nations, and there is a
general concern over competition between aquaculture and other water uses.

An assessment of channel catfish farming in Alabama indicated that the environmental
performance was similar to that of other agricultural activities in the region and that negative
environmental impacts were minimal, but suggested ways of further improving efficiency and
performance in catfish farming (Boyd et al. 2000). This chapter provides a general discussion of
environmental issues in catfish farming in the United States and considers strategies that will
improve the environmental performance of catfish culture in ponds. The major concern about the
environmental impact of catfish farming is the possibility of water pollution resulting from pond
effluents. Thus, this chapter will emphasize discussion of catfish pond effluents, but other
concerns—food safety, threats to biodiversity, and social concerns—will be addressed first.

22.2 FOOD SAFETY

Consumer advisories warning against the consumption offish or shellfish due to the presence of
various contaminants have become commonplace. Unfortunately, most consumers are not aware
of the differences between cultured or captured fish, and such advisories have the potential to
negatively affect consumer demand for catfish. Furthermore, public perception of the risk of
consuming farm-raised fish is often not aligned with objectively defined risks. In general, cultured
channel catfish are safe to consume because the ponds in which they are cultured are a controlled
environment. Water used to fill most catfish ponds is pumped from uncontaminated aquifers so
cultured catfish are generally not exposed to water that receives runoff containing agricultural
pesticides or discharge from industrial facilities.

Although there are many potential food safety hazards associated with aquaculture production
(Reilly and Kaferstein 1997), the two primary food safety concerns with catfish cultured in ponds
are exposure to agricultural pesticides and heavy metals. Most catfish are grown in areas with
abundant row crop agriculture. Aerial application of agricultural pesticides in this region is
common and the potential for aerial drift into catfish ponds is high. Nevertheless, in a study of
34 agricultural pesticide residues in channel catfish collected from commercial ponds, residues
in most catfish samples were below the limits of detection and, in those samples where pesticides
were detected, residues were below the United States Food and Drug Administration (FDA)
action levels (Nettleton et al. 1990; Santerre et al. 2000). Catfish samples were also analyzed for
nine heavy metals that are indicators of pollution. Similar to results obtained for pesticide
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residues, heavy metals in samples of catfish were well below safety limits established by the FDA
(Santerre et al. 2001). One interesting finding, which was true across the spectrum of residues
tested by Santerre at al. (2000; 2001), was that farm-raised catfish consistently had lower residue
levels than their wild-caught counterparts.

Recently, there have been reports of elevated levels of dioxins in cultured catfish (Schecter
et al. 1998, 2001; Hayward et al. 1999; Jensen et al. 2000; Jensen and Bolger 2001). The nature
of catfish pond aquaculture is such that the only possible route of contam- ination of farm-raised
catfish with dioxins is through the use of contaminated feeds—a source that should be easy to
detect and easy to correct once identified. In the best documented case of dioxins in catfish at
levels above background, it was determined that a minor feed ingredient—ball clay—was the
source of contamination (Hayward et al. 1999; Jensen and Bolger 2001). Ball clay is used to
improve the flow of soybean meal during manufacture of animal feeds. The contaminated clay
was from a single mine and its use was immediately discontinued.

The dioxin example illustrates two aspects of the food safety of pond cultured catfish. First,
many of the identified potential food safety hazards have the potential to bioaccumulate in fish.
Bioaccumulation or biomagnification occurs in all ecosystems, but is more pronounced in natural
than agricultural ecosystems, where food chains are usually longer and the potential for
environmental contamination is greater. Second, catfish receive the overwhelming majority of
their nutrition from formulated feeds and so exposure to potential environmental contaminants
through consumption of natural foods and foraging in sediment is lower than in natural fish
populations.

22.3 THREATS TO BIODIVERSITY

There are numerous examples of the movement of catfish species and associated pathogens to
drainage basins beyond the native range. More recently, there has been considerable discussion
of the use of genetically modified organisms (GMOs) in aquaculture and the potential effects of
their release upon wild populations. Channel catfish are a native species in the major production
areas and the fish has not been genetically modified other than improvement of production traits
through traditional selective breeding programs. No ecological consequence of their escape from
ponds has been demonstrated. Channel catfish have been introduced for possible use in
commercial aquaculture in many countries. However, there are no reports of ecological disruption
resulting from the escape of channel catfish from aquaculture facilities.

Disease is a major problem in channel catfish production. Fish are crowded in ponds, and
when stressed by low temperature, poor water quality, or other factors, become highly susceptible
to numerous infections. There are no reports of disease epizootics in natural fish populations
resulting from channel catfish culture.

22.4 SOCIAL CONCERNS

Most catfish farming occurs in the flood plain of the Mississippi and Yazoo River valleys, an area
known as "the Delta," encompassing northwest Mississippi, southeast Arkansas and northeast
Louisiana. Catfish farming also occurs in the Black Belt prairie soil edaphic region of west-
central Alabama and northeast Mississippi. Social impacts of catfish farming are different in the
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two areas, primarily because farms in the Delta are larger than those in the Black Belt prairie and
the socioeconomic history followed somewhat different paths.

The Delta and many other parts of the rural southeast United States are characterized by high
unemployment, a median family income that is 50% of the national average, a low average
education level, and a high poverty rate. The extent to which catfish farming has perpetuated the
prevailing social order or has improved socioeconomic conditions on the whole is an open
question and deserves more thorough investigation. The specific social impacts of channel catfish
farming are difficult to assess because they can not be easily differentiated from those of other
forms of agriculture. Therefore, it is instructive to understand socioeconomic history as it relates
to agriculture in Mississippi, Alabama, and Arkansas, where most catfish farming occurs.

Prior to settlement, the Delta was a dense, seasonally flooded wilderness, but the flat land and
deep alluvial soils indicated promise for successful row-crop agriculture, especially cotton.
Settlement and clearing of the Delta began in the 1830s and resulted in the eventual development
of large plantations. Following the Civil War, the plantation system was modified into a form of
tenant farming called sharecropping. White plantation owners would extend credit for seed, tools,
housing and food. Black sharecroppers would farm the land in turn for a share of the proceeds
from harvest. However, the share was diminished by charges for expenses incurred during the
cropping cycle so that sharecroppers often remained deep in debt. White landowners were
dependent upon black labor to plant, weed, and harvest their crops and black laborers were
dependent upon the patronage of plantation owners for jobs. Although the social system was
based on racial interdependence, profound economic and social inequities resulted. Tenant
farming is no longer in place, but the sharecropping system established a pattern of economic
dependency and inequitable social relationships that persist to the present.

Lured by the promise of manufacturing jobs in urban centers of the Midwest, especially St.
Louis, Chicago and Detroit, many black laborers emigrated from the Delta during the 1940s.
Simultaneously, agriculture in the Delta began to undergo a transformation in the late 1940s and
1950s as farming became increasingly mechanized, reducing the requirement for manual labor.
With mechanization, 4 or 5 tractor drivers and a manager could farm 2,000 acres of row crops.
As the economy of the region began to diversify, alternative employment opportunities became
available to agricultural workers. In 1930, 90% of the population in the Delta was employed in
agriculture, but by 1960 that proportion had declined to 60%. In 1990, the proportion of the
population employed in agriculture had declined to 10 to 15% and the proportion employed in
the service sector had increased to about 50%.

In general, catfish farming is a more labor-intensive activity than traditional row-crop
agriculture; a 250-acre farm requires 6 to 8 personnel. However, catfish farming is not as
commonly practiced or widespread as row-crop agriculture, so the aggregate impact on regional
employment in agriculture is minor. Catfish farming assumes local prominence in some areas and
therefore can be an important source of employment, particularly where alternative employment
opportunities are limited. Most employment in the catfish industry occurs in the processing sector.
Labor turnover is endemic to catfish processing as the work is repetitive, sometimes dangerous,
and there is pressure to meet processing quotas. Repetitive motion disorders are common. Efforts
to unionize processing plants have met with stiff resistance although some improvement in wage
rates and working conditions have taken place as a result of labor actions. Increasingly, the local
black labor force in processing plants is being replaced by low-wage immigrant workers from
Mexico and Central America.
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Commercially viable catfish farming is a capital intensive economic activity. As such, barriers
to entry into catfish farming are formidable and restricted to those with access to land and loans
for pond construction and farm operation. The general trend in the catfish industry has been
towards increasingly larger farms. In the mid-1970s, in partial response to the Arab oil embargo,
many smaller, economically marginal farms went out of business or were consolidated into
existing large operations. Nonetheless, west-central Alabama, northeast Mississippi, and parts of
Arkansas have many viable medium-size farms that are operated as mixed-enterprise agricultural
operations. In some of these cases, catfish farming is conducted to provide supplemental income,
the primary source of which is derived from off-farm employment.

22.5 POND EFFLUENTS

There are three primary reasons that water is discharged from catfish ponds: 1) unintentional
overflow when rainfall and runoff exceeds the water storage capacity of the pond; 2) intentional
drawdown of water levels to facilitate harvest of watershed ponds; and 3) complete draining for
renovation of ponds, irrespective of pond type. Effluent volumes vary according to pond type.
There are three types of ponds with distinct hydrology: 1) levee (or embankment) ponds filled
with groundwater or other external water sources; 2) watershed ponds with water inflows
dominated by runoff; and 3) ponds that are hybrids between levee and watershed ponds. Most
catfish ponds are levee ponds. Pond type affects effluent volume, particularly during overflow
events. In general, overflow from watershed ponds exceeds that from levee ponds because the
contribution of runoff from the surrounding catchment to watershed pond water inflows is
unregulated and is much greater than that to levee ponds.

Effluent volume also varies according to production phase. About 85% of the pond area
devoted to catfish farming is used for foodfish production, and most of the ponds are managed
with a multiple-batch cropping system that conserves water and allows harvest throughout the
year for many successive years. Ponds are initially stocked with fingerlings and marketable fish
are harvested for multiple years with a size-selective grading seine. After a few years of operation,
there are several size classes offish in the pond and the biomass and population number cannot
be accurately determined. Thus, pond water levels will be drawn down after 5 to 10 years to
facilitate a complete harvest offish. Pond levees deteriorate over time, and after 15 to 20 years,
ponds must be completely drained to renovate embankments using sediment that has accumulated
on the pond bottom. Traditionally, ponds for fry and fmgerling production are drained for harvest
annually.

22.5.1 Fate of nutrients and organic matter added to ponds

Feed is the primary source of nutrients added to catfish ponds, although fertilizers may be used
sparingly in some, primarily nursery ponds. Feed application is based on feeding response, which
is largely a function of water temperature. Feeding rates often exceed 100 kg/ha per day, and
feeding rates above 100 to 125 kg/ha per day result in hypereutrophic conditions (Cole and Boyd
1986; Boyd and Tucker 1995). Water quality tends to deteriorate when feeding rates are high
(Tucker etal. 1979; Boyd etal. 1978; Cole and Boyd 1986). During winter, water is cooler, feed
is not applied, phytoplankton abundance diminishes, and water quality improves.
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TABLE 22.1. Calculated inputs, outputs, and pond loadings of carbon, nitrogen, and phosphorus for the
production of 1,000 kg live channel catfish using 2,000 kg feed (feed conversion ratio = 2.0). Quantities are
reported on a dry-weight basis.

Variable
Carbon
Nitrogen
Phosphorus
Dry matter

Feed (input)
(%)
45.8

5.58
0.87

91.7

(kg)
840
102.3

15.96
1,834

Fish (output)
(%)
55.0

8.15
1.42

23.0

OCR)
126.5

18.7
3.26

230

Output/input
(%)
15.1
18.3
20.4
12.5

Loading
(kg)

713.5
83.6
12.7

1,604

Feed is also a source of organic matter, but much more organic matter in ponds originates
from phytoplankton photosynthesis. Nutrients released in the production of one unit weight of
live channel catfish result in two to four times as much dry matter production by phytoplankton
(Boyd 1985). Waste loads to the pond (inputs in feed minus outputs in fish) represent 87.5% of
dry matter, 84.9% of carbon, 81.7% of nitrogen, and 79.6% of phosphorus contained in the feed
(Table 22.1). In this example, carbon input from photosynthesis was not estimated so the carbon
load would actually be much greater than indicated.

Despite high waste loading rates, the pond ecosystem has a comparably large capacity to
assimilate nutrients and organic matter and so a relatively small proportion of the material added
as feed is discharged in effluents. For example, only 3.1% of carbon, 28.5% of nitrogen, and 7.0%
of phosphorus added to channel catfish ponds in feed are contained in pond effluents (Schwartz
and Boyd 1994a). Well-known biological, chemical, and physical processes remove most of the
waste nutrients and organic matter from the water. Without these loss processes, concentrations
of certain waste products, such as ammonia, would accumulate to levels that would kill fish.

22.5.2 Effluent quality

Effluent quality will depend on the reason water is discharged from ponds (Tucker and
Hargreaves 2003). Water will flow out of ponds when rainfall exceeds pond storage capacity. In
this case, effluent quality of this unintentional discharge will be very similar to that of the bulk
pond water pond. The mean composition of water samples taken quarterly from 20 catfish ponds
in Mississippi and 25 catfish ponds in Alabama was similar between the two sets of samples
(Table 22.2). Samples of overflow taken during winter and spring from 55 catfish ponds in
Alabama (Boyd et al. 2000) were slightly more dilute with respect to most water quality variables
than pond waters collected in summer and fall.

Second, water is discharged when ponds are drained. Effluent quality of intentional discharge
will change as a function of the fraction of pond volume discharged, depending on pond type.
Most levee ponds are fitted with internal drainage structures in which water level is controlled
by an external standpipe. When the drain in a pond is first opened, the sediment around the intake
to the drain is drawn into the pipe by outflowing water. Thus, the initial discharge has a high
concentration of suspended solids and 5-day biochemical oxygen demand (BOD5) (Tucker and
Hargreaves 2003). After a short period (less than 20 minutes), the suspended solids concentration
declines to that of pond water and the quality of the remaining effluent is almost identical to that
of pond water.



640 Boyd and Hargreaves

TABLE 22.2. Concentrations of water quality variables in samples collected from 20 commercial channel
catfish ponds in northwest Mississippi (Tucker et al. 1996) and 25 ponds in central and west-central Alabama
(Schwartz and Boyd 1994b). Values are the annual mean and range for samples collected in February, May,
August, and November of 1992.

Variable
5-d biochemical oxygen demand (mg/L)

Settleable solids (mL/L)

Total suspended solids (mg/L)

Total phosphorus (mg/L)

Soluble reactive phosphorus (mg/L)

Total nitrogen (mg/L)

Total ammonia-nitrogen (mg/L)

Nitrite-nitrogen (mg/L)

Nitrate-nitrogen (mg/L)

State
MS
AL
MS
AL
MS
AL
MS
AL
MS
AL
MS
AL
MS
AL
MS
AL
MS
AL

Mean
15.5
7.7
0.07
0.06

111
57

0.38
0.18
0.03
0.01
5.90
3.80
1.35
1.09
0.05
0.05
1.35
0.67

Range
5.4-36.4
1.3-23.1

0-1.35
0-0.35

41-204
1-320

0.13-1.03
0-0.83
0-0.46
0-0.10

1.84-10.96
0.58-14.04
0.03-8.10
0.01-5.18

0-0.20
0-0.44
0-3.39

0.02-6.31

When watershed ponds are drawn down to facilitate harvest or when ponds are completely
drained, the initial 75 to 80% of water discharged is similar to the pond water in quality (Boyd
1978; Schwartz and Boyd 1994a). The most concentrated effluent from watershed ponds occurs
in the final 20 to 25% of effluent when ponds are completely drained (Schwartz and Boyd 1994b).
The final draining effluent may have BOD5 concentrations above 100 mg/L and total suspended
solids concentrations of 200 to 300 mg/L, or more.

There have been many studies of pH and concentrations of nutrients, BOD5, suspended solids,
and dissolved oxygen in catfish pond effluents. Findings of these studies have been reviewed by
Tucker (1998), Boyd and Tucker (1998), and Boyd et al. (2000). In summary, channel catfish
pond effluents resulting from partial drawdowns and storm overflow will seldom exceed the
following concentrations: BOD5, 15 mg/L; total suspended solids, 100 mg/L; total phosphorus,
0.5 mg/L; total nitrogen, 8 mg/L; and total ammonia-nitrogen, 3 mg/L. The pH usually will range
between 6.5 and 9, and dissolved oxygen concentration usually will be above 5 mg/L in effluent
released during daylight hours. The initial effluent from levee ponds and the final draining
effluent from watershed ponds may have greater concentrations of BOD5 and total suspended
solids than effluents released at other times.

From a regulatory standpoint, the most problematic parameters appear to be 1) the concen-
tration of total suspended solids in partial drawdown and overflow effluents from all pond types;
2) total suspended solids, BOD5, and total phosphorus from initial discharge from levee ponds;
and, 3) nearly all water quality variables in the final effluent from watershed ponds. However,
most of the solids from initial effluent from levee ponds and final draining effluent from
watershed ponds are easily removed by sedimentation.
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TABLE 22.3. Annual estimates of overflow and drawdown for partial harvest or complete draining of channel
catfish ponds in Alabama.

Type of pond
Levee ponds

Fry and fingerling
Food fish

Watershed ponds
Fry and fingerling
Food fish

Water discharged (cm)
Overflow

8.0
7.0

235.0
379.7

Drawdown

167.0
22.3

167.0
22.3

Total Effluent

175.0
30.3

402.0
402.0

22.5.3 Effluent volume and mass loading

The numerous studies that have estimated the volume of effluents from catfish ponds have been
reviewed by Boyd and Tucker (1998), Boyd and Queiroz (2001), and Hargreaves et al. (2002).
Most catfish ponds are located in the southeastern United States and rainfall and evaporation
amounts and patterns are similar across the region. Thus, data on annual estimates of effluent
volumes for catfish ponds in Alabama (Boyd et al. 2000) provided in Table 22.3 can be
considered typical for catfish farming in the four states.

Levee ponds have small watershed areas, so they discharge less effluent than watershed ponds
(Table 22.3). In aggregate, fry and fingerling ponds have less effluent than food fish ponds.
However, fry and fingerling ponds produce more effluent per unit area than food fish ponds
because they are drained annually. Watershed ponds have similar total effluent volume for fry and
fingerlings and for food fish. However, much less of the effluent from watershed ponds for food
fish is drawdown or final draining effluent compared to levee ponds.

The load of a pollutant is the mass discharged over a specific time and can be calculated as
the product of pollutant concentration and effluent volume. Boyd et al. (2000) estimated average
annual loads of selected variables in catfish pond effluents (Table 22.4). Loads of nitrogen and
phosphorus from catfish ponds are greater than loads of these nutrients in runoff from agricultural
land. Overflow occurs mostly in the winter and spring during heavy rains and ponds are turbid
with suspended soil particles at this time. Most of the discharged phosphorus is apparently
associated with soil particles. During drawdown and most of the final draining, most total
phosphorus, total nitrogen, and BOD5 is associated with plankton and dead organic matter.

Fry and fingerling ponds are usually drained annually and so contribute proportionately
greater amounts of nutrients and organic matter than foodfish ponds. In Alabama, fry and
fingerling ponds represent 10.6% of the total pond area, but release about 35% of the total
suspended solids, 30% of the BOD5, 35% of total nitrogen, and 18% of total phosphorus (Boyd
et al. 2000). Across the catfish industry, fingerling ponds represent about 13% of the total pond
area, but contribute about 30% to total annual effluent volume (Hargreaves et al. 2002).

The scope for reducing mass discharge by reducing effluent volume is greater than that by
reducing pollutant concentration. Thus, methods that reduce effluent volume will have a greater
effect on reducing environmental impact than methods that improve effluent quality. Effluent
volume is affected by the pond draining frequency and pond water storage capacity. Manipulation
of these two factors can significantly reduce the volume of water discharged.
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Harvesting fish without draining ponds allows water to be used for multiple fish crops.
Operation of ponds without draining makes good use of the waste assimilation capacity of the
pond ecosystem. Increasing the interval between pond drainings allows natural processes to
remove more wastes before discharging the water. Using a catfish pond hydrological model,
Tucker et al. (1996) estimated that waste discharge from ponds used for 5 years before draining
was 45% of that from ponds drained annually.

Maintaining water storage capacity allows for capture of rainfall, rather than discharge
through overflow. With "drop-fill" water management schemes, the pond is not refilled
completely when water is added to replace losses from evaporation and seepage. In general,
overflow decreases as the water storage capacity in the pond increases (Hargreaves et al. 2001).
Estimated mass discharge of nitrogen, phosphorus, and organic matter from ponds managed to
capture rainfall is only about 30% of that discharged from ponds not managed to maintain water
storage capacity (Tucker et al. 1996). Estimated mass discharge from ponds managed with water
storage capacity and not drained for 5 years is 60% of that from ponds managed with no water
storage capacity and drained annually (Tucker et al. 1996).

TABLE 22.4. Mass discharge (kg/ha per year) of total suspended solids (TSS), 5-d biochemical oxygen demand
(BOD5), total nitrogen (TN), and total phosphorus (TP) from channel catfish ponds in Alabama (Boyd et al.
2000).
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22.5.4 Potential environmental impacts of effluent constituents

Catfish ponds release solids, organic matter, and nutrients into receiving streams. Substances in
effluents can affect receiving water bodies in the following ways: 1) particulate matter in the
effluent is deposited in the receiving body, altering substrate composition, reducing water depth,
and causing potential alterations in benthic invertebrate and fish community composition; 2)
organic matter loading results in a greater oxygen demand, leading to possible limitations on the
distribution of biota sensitive to low dissolved oxygen concentration; and 3) nitrogen,
phosphorus, and other nutrients can stimulate excessive growth of aquatic plants. The major
constituents of concern in catfish pond effluents are solids, organic matter, and nutrients.
Pesticides and other toxic materials are not present in effluents from catfish ponds.

Sedimentation

The substance in catfish pond effluents that most frequently exceeds existing water quality
standards is total suspended solids (Schwartz and Boyd 1994b). Suspended solids in pond
overflow are primarily organic, and consist mainly of phytoplankton cells and detritus of
phytoplankton origin. Inorganic solids enter watershed ponds from erosion of watersheds, but
tend to settle onto pond bottoms. Internal processes that contribute to sedimentation include
erosion of levees and bottoms by water currents generated by aerators or wind, bioturbation
caused by sediment disturbance by fish, seining, and water currents caused by pond draining. Soil
particles that are resuspended by these processes will settle again within ponds unless they are lost
in outflowing water. Erosion of channels carrying effluents away from the pond can contribute
to the load of suspended solids reaching receiving waters. The average concentration of settleable
solids discharged during complete drain-harvest of catfish ponds at Auburn, Alabama, ranged
from 2,870 to 16,305 kg/ha and averaged 9,370 kg/ha (2,560 to 14,550 pounds/acre; average =
8,358 pounds/acre) (Schwartz and Boyd 1994a).

Estimates of total suspended solids discharged from catfish ponds (Boyd et al. 2000) ranged
from 432 kg/ha (385 pounds/acre) per year for foodfish grown in levee ponds to 4,600 kg/ha
(4,100 pounds/acre) for fry and fingerlings grown in watershed ponds. When weighted for the
total pond area devoted to the various pond types and uses, the average is about 1,400 kg/ha
(1,250 pounds/acre) per year, or less than a quarter of that produced by row-crop farming. The
yield of suspended solids from catfish ponds calculated by Boyd et al. (2000) is based on
conditions in Alabama where a significant portion of catfish production is derived from watershed
ponds. Industry-wide yield of suspended solids from ponds is undoubtedly lower than that
estimate because most catfish are grown in levee-type ponds that discharge less water and are not
subject to inputs of inorganic suspended solids derived from erosion on the watershed upstream
of the pond. Furthermore, most of the suspended solids discharged from catfish ponds are
particulate organic matter and not soil.

Sediment that accumulates in catfish ponds is removed every 15 to 20 years, but this
renovation involves moving sediment from the bottoms of ponds and using it to repair erosion
of levees or dams. Sediment is not disposed of outside the ponds because it is needed to replace
the soil eroded from the inside of the levee.
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Oxygen depletion and eutrophication

The oxygen demand expressed by decomposition of organic solids discharged from aquaculture
ponds is of greater concern than the effects of sedimentation on receiving streams. However, the
BOD5 of effluents from catfish ponds is relatively low (usually <15 mg/L) compared to
wastewater effluents and is expressed over a longer period than most wastewaters (Boyd and
Gross 1999). Further, concentrations of suspended solids of algal origin are highest during
summer and autumn, but discharge volume from ponds is low or non-existent at that time of year.

If water is discharged from a pond when dissolved oxygen concentrations are low, the water
will be rapidly reaerated in the mixing zone of the effluent-receiving stream. Therefore, pond
effluents should not cause depletion of stream dissolved oxygen concentrations in the outfall area.
Results of a stream survey (Boyd et al. 2000) verified this conclusion, and in several cases,
dissolved oxygen concentrations were higher downstream from catfish farms than upstream.

Other than fry and fingerling ponds, which comprise about 10% of the production area, catfish
ponds are seldom drained and most ponds are managed to provide water storage capacity. Thus,
most of the nutrients and organic wastes from feeding fish are assimilated or dissipated by
naturally occurring processes in ponds rather than discharged. The combination of low discharge
volume and within-pond waste processing reduces mass discharge of nutrients and organic matter
into receiving streams. Further, climatic conditions are such that nearly all overflow occurs during
the wet winter and spring seasons when streams are flowing high with runoff from non-point
sources in the watershed that carries large loads of inorganic suspended solids derived from
erosion of fallow fields and other areas. Thus, the localized impact of potential pollutants in pond
effluents is small because nutrients are quickly diluted and transported to larger streams. The
timing, volume, and composition of effluent suggest that catfish farming is not a major source of
nutrients or organic matter to streams in the southeastern United States.

Salinization

Common salt (NaCl) is often added to catfish ponds to prevent nitrite toxicosis (methemo-
globinemia), which occurs naturally in fish ponds as a result of bacterial nitrification of the fish
metabolite ammonia (Boyd and Tucker 1998). Salt is added to achieve chloride concentrations
of 50 to 150 mg/L. Samples from 36 ponds on 11 farms in Alabama had chloride concentrations
from 2 to 210 mg/L with an average of 78 mg/L (standard deviation = 44 mg/L) (Boyd et al.
2000). The impact of adding salt to ponds on stream water chloride concentrations is not
significant because the amounts of salt added to ponds are low and do not raise chloride
concentrations or specific conductance above levels readily tolerated by freshwater species
endemic to the region. Specific conductance values in Alabama watershed ponds filled by runoff
averaged 459 |iS/cm (standard deviation = 157 uS/cm), but most freshwater organisms can
readily tolerate specific conductance values up to 1,500 uS/cm (Boyd 2000).

Source of toxic chemicals

Catfish pond effluents contain environmentally insignificant quantities of pesticides and
therapeutants because 1) only EPA-approved chemicals are used in ponds, 2) those chemicals are
used infrequently because it is expensive to treat large volumes of water, and 3) the long hydraulic
residence time and intense microbial activity in catfish ponds provides ample time and
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opportunity for dissipation of the chemical before discharge. Other than salt, lime, and fertilizer,
the most commonly used chemical is copper sulfate for algal control. Copper sulfate can be toxic
to fish at high concentrations but algicidal concentrations are usually less than 0.5 mg Cu/L, well
below levels that kill fish. Copper from copper sulfate has a short residual life (less than 1 day)
in pond water because it quickly precipitates to pond soils as copper oxide (Masuda and Boyd
1993). Following precipitation, copper will redistribute to soil fractions with progressively lower
bioavailability (Han et al. 2001). Thus, effluents from ponds will not have significant residues of
copper, and any copper in the effluent will be in the form of sparingly soluble copper oxides. In
addition, Han et al. (2001) measured no effect on sensitive toxicity test organisms exposed to
sediment from ponds with a 3-year history of copper sulfate application. Therefore, there will
likely be no impact of copper on receiving-stream biota.

Rotenone and formalin occasionally are used in ponds, but these compounds degrade quickly
and should not be present in pond effluent. Herbicides such as 2,4-D and glyphosate are
sometimes sprayed around pond edges to control weeds. The compounds could be present at low
concentration in effluents from treated ponds, although if a pond is so infested with weeds that
they require treatment, it is unlikely that the pond will be drained before sufficient time has
elapsed for the herbicides to dissipate from the water. Medicated feeds are occasionally used for
disease treatment. Two drugs approved by the Food and Drug Administration (oxytetracycline
and a potentiated sulfonamide containing sulfadimethoxine and ormetoprim) are sometimes used
in catfish feeds, and there is a mandatory withdrawal period following treatment with either drug
before fish can be harvested and slaughtered. As such, it is likely that natural processes will
remove any residual drug from the water before ponds are drained, although extremely low levels
could occur in overflow effluents.

Most mechanical aerators and pumps are operated by electricity, so fuel and oils are
infrequently used and stored around ponds. Accidental spills may occur when fueling or
lubricating tractors and other equipment, but fish farming presents no greater risk of fuel and oil
spills than does any other type of mechanized agriculture. Further, petroleum products at low
concentrations can impart an undesirable off-flavor to fish, so fish farmers are particularly careful
to avoid contamination of the culture water.

Source of human pathogens

Most catfish are raised in levee ponds filled with groundwater. Levee ponds have no true
watershed and there is no source of human fecal contamination. Catfish ponds, like all impounded
surface waters, provide habitat for other warm-blooded animals, and coliforms are therefore
present. Coliform levels are low, even in watershed ponds (usually fewer than 200 organisms/100
mL; Boyd and Tanner 1998), and coliform abundance is no greater than other impounded surface
waters. As such, catfish pond effluents pose little threat of contributing to coliform abundance
in receiving streams.

22.5.5 Managing ponds to reduce mass discharge

There are three broad approaches to reducing quantities of substances discharged from catfish
ponds, including 1) reducing discharge volume; 2) decreasing waste production within the pond
by reducing feeding rates, increasing feed nutrient retention by fish, or by optimizing the amount
of nitrogen and phosphorus in the feed; and 3) increasing rates of in-pond biological and
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physicochemical loss processes for nitrogen, phosphorus, and organic matter to reduce
concentrations of those substances in the pond before water is discharged. Managing pond
effluents by treating the water after it has been discharged from ponds is discussed in the next
section.

Reduce effluent volume

Reducing effluent volume appears to be the most practical way to reduce nutrient and organic
matter discharged from catfish ponds. This can be accomplished by reusing water in foodfish
production ponds for multiple fish crops, maintaining water storage capacity in ponds so rainfall
is captured rather than allowed to overflow; and reducing or eliminating water exchange using
pumped water during the production cycle. This topic was discussed in section 22.5.3.

Beyond the simple practices of harvesting fish without draining the pond and maintaining
water storage capacity in ponds, water can be pumped or drained into adjacent ponds and stored
when it is necessary to completely drain ponds. Water stored in this manner could then be drained
or pumped back into an empty pond for reuse. On large farms, it may be possible to transfer water
to a storage reservoir.

Another approach to reducing effluent volume is based on using some ponds on a farm for
both fish production and water storage (Cathcart et al. 1999). The production/storage ponds are
0.3 to 1 m deeper than typical production ponds to provide additional volume for storage of
rainfall. The production/storage ponds are linked via culverts to 1 to 3 production ponds so that
overflow from all ponds in the linked system drains into the production/storage pond. Overflow
occurs only when storage capacity of the linked system is exceeded. Mathematical modeling using
a 26-year climatological record showed that effluent discharge from linked ponds can be reduced
by 40 to 90% (depending upon rainfall) relative to single ponds refilled to the top of the overflow
device every time the water level drops 7.6 cm (3 inches).

Prior to about 1985, water exchange was used liberally in catfish ponds in attempts to correct
water quality and fish health problems. However, no benefit of water exchange as a water quality
management procedure in large commercial aquaculture ponds has been demonstrated.

Reduce waste production within ponds

As discussed in section 22.5.1, despite the use of high-quality manufactured feeds, a relative
minority of feed nutrients are ultimately converted to catfish flesh and the majority represents a
nutrient load to ponds. Reducing the waste load in ponds can be accomplished by decreasing the
amount of feed added to the pond or by maintaining high feeding rates but increasing the
efficiency of feed utilization.

Water quality in ponds is directly related to the amount of feed added to ponds, which is a
function of fish biomass and water temperature. The maximum daily feeding rate at which net
fish production does not increase in proportion to increases in feeding rate appears to be in the
range of 100 to 150 kg/ha (Cole and Boyd 1986). Pond water quality (and, therefore, effluent
quality) could be improved by reducing feeding rates, but based on the few data available
(primarily Cole and Boyd 1986), truly significant improvement in water quality appears possible
only by reducing average daily feeding rates to values less than about 50 kg/ha per day. It is
doubtful if catfish farming would be profitable on a large scale at the production levels possible
with that level of feed input.
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Improving nutrient utilization will reduce waste production per unit feed consumed by fish.
Most efforts have concentrated on improving utilization of phosphorus, which is considered to
be the most important potential nutrient pollutant released from fish culture facilities. The extent
of reduction in phosphorus loading to the water possible by diet modification is overwhelmed by
the complex fates of phosphorus within the pond ecosystem. Phosphorus concentrations in pond
water are controlled by sediment adsorption of phosphorus and oxidation-reduction potential. As
such, modest improvements in feed phosphorus utilization have not resulted in improved quality
of potential pond effluents. However, reducing dietary phosphorus concentrations can be
beneficial even if it does not result in direct reduction of water-borne phosphorus levels because
the capacity of pond soils to adsorb phosphorus is conserved.

Feed utilization efficiency can be improved through careful feeding. Feeding fish more than
they can consume in a relatively short period (20 to 30 minutes) is wasteful and leads to poor feed
conversion. As feed typically represents about 50% of production costs, inefficient feeding
practices can have a large effect on profitability. In addition, decomposition of uneaten feed exerts
an unnecessary oxygen demand and releases nutrients that contribute to an overabundance of
phytoplankton.

Enhance within-pond removal of nutrients and organic matter

Natural biological and physicochemical processes within ponds act to reduce nutrient and organic
matter levels in potential effluents far below the levels expected from simple mass balance of
inputs and outputs. Effluent quality could therefore be improved if rates of these natural processes
could be enhanced. Approaches that have been examined include the following: 1) aeration or
circulation to enhance the dissolved oxygen supply; 2) precipitating inorganic phosphorus from
water with soluble calcium or aluminum salts; 3) using bacterial or enzyme amendments
(bioaugmentation); and 4) assimilation of nutrients by aquatic plants.

Mechanical aeration is the most common method for improving water quality in catfish
ponds. Aeration prevents thermal stratification and reduces the development of anaerobic
conditions in deeper water and at the soil-water interface. By enhancing dissolved oxygen
concentrations, aeration increases the capacity of ponds to assimilate organic matter by aerobic
processes. Higher dissolved oxygen concentrations increases the nitrification rate of ammonia to
nitrate, which is then lost from the pond through denitrification in the large volume of anoxic
sediment. Aeration and water circulation also affect rates of phosphorus loss from pond water.
An oxidized sediment-water interface in aerated ponds functions as an effective barrier to the
movement of soluble reactive phosphorus from sediment porewaters. However, excessive
aeration and circulation may produce strong water currents that erode and suspend soils from
pond bottoms and levees, thereby increasing the suspended solids concentration in pond effluents.

Alum (aluminum sulfate) treatment quickly reduces the amount of phosphorus in water by
co-precipitating phosphorus with floes of aluminum hydroxide formed after alum is added to
water. Treatment of channel catfish culture ponds with 20 mg/L alum (about 1.8 mg Al/L)
reduced soluble reactive phosphorus concentrations by about 50% and total phosphorus
concentrations by about 80% (Masuda and Boyd 1994). In soft-water ponds, phosphate can be
removed by increasing the concentration of calcium, which forms poorly soluble calcium
phosphates at pH values above neutrality. Increasing calcium concentrations in fertilized fish
ponds from less than 5 mg/L to about 50 to 60 mg/L reduced soluble reactive phosphorus
concentrations by about 95% relative to those in control ponds (Wu and Boyd 1990).
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The improvement of water quality by augmentation of native microbial communities with
microorganisms produced in culture is called bioaugmentation. Numerous studies of catfish pond
bioaugmentation have been conducted, but only three studies have been published (Tucker and
Lloyd 1985; Queiroz and Boyd 1998; Queiroz et al. 1998) because much of the data is proprietary
or the results were equivocal. In no study has bioaugmentation significantly improved water
quality. The lack of response to pond bioaugmentation is not surprising given the current level
of understanding of catfish pond ecology. Large organic matter additions to ponds (either as fish
waste or through algal production) provide ample substrate for bacterial growth, sustaining
abundant and diverse microbial communities. The activity of the microbial community and the
resulting rate of organic matter decomposition in catfish ponds is more likely limited by oxygen
availability than by the abundance of a particular group of microorganisms.

Floating aquatic plants have been intentionally cultured in fish ponds to remove nutrients and
improve water quality. Actively growing water hyacinths over at least 10% of the pond surface
remove large quantities of nutrients from the water and reduce phytoplankton abundance through
competition for nutrients and light (McVea and Boyd 1975; Boyd 1976). However, dissolved
oxygen concentrations are reduced in ponds with hyacinths, and plants must be harvested
frequently to maintain rapid nutrient removal rates. The labor involved in harvesting hyacinths
and the resulting disposal problem (hyacinths are 90% water and have no commercial value) are
significant obstacles to the widespread use of this practice. Large mats of water hyacinth may also
interfere with normal culture operations, especially fish harvest, and may serve as a refuge for fish
predators. Evapotranspiration rates from ponds with water hyacinths exceed evaporation rates
from open ponds, thereby increasing the need for pumped groundwater. Also, hyacinths thrive
only in warm water and will have no effect on water quality during the winter when most water
is discharged from catfish ponds. On the contrary, if hyacinths are not harvested in late autumn,
they will release nutrients and organic matter back into the pond when they die and decompose.
Under those conditions, effluent quality will be worse in the winter than if plants were not present
at all.

22.5.6 Effluent treatment

Many schemes have been proposed for treating pond effluents or using water discharged from
ponds for a beneficial purpose. Proposed practices include using retention ponds to prevent
discharge, removing nutrients and organic matter with traditional wastewater treatment processes,
using effluents for hydroponics or to grow another crop of aquatic animals, using effluents for
irrigation of row crops or rice, treatment of effluents in wetlands or settling basins, and water
reuse. Nutrient and organic matter concentrations and the timing and volume of discharge will
limit the selection of practical, effective, and economical treatment methods. The three processes
that appear to have some application in treatment of pond effluents are wetlands, settling basins,
and crop irrigation. Even these three approaches have serious drawbacks that make their use
problematic.

Wetlands

Using wetlands to treat effluent is based on removal of nutrients and solids as the water is slowly
passed through a shallow, vegetated impoundment. Nutrients are assimilated by wetland plants,
removed by physicochemical processes, such as precipitation and adsorption reactions in the soil,
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and transformed and removed by biological reactions associated with the vast surface area
provided by plant roots and above-ground plant biomass. Solids are removed by filtration and
settling as water slowly passes through the system.

Constructed wetlands have been evaluated as a technique for treating catfish pond effluents
in west-central Alabama (Schwartz and Boyd 1995). Water from a single pond was passed
through a constructed wetland consisting of two cells, one planted with bulrush (Scirpus
californicus) and giant cutgrass {Zizaniopsis miliacea) and one planted with maidencane
(Panicum hemitomori). Removal of potential pollutants from water flowing through the wetland
was determined for 1-, 2-, 3-, and 4-day hydraulic residence times (HRTs). Concentrations of
potential pollutants were much lower in effluent from the wetland than in influent from the catfish
pond. Overall performance of the wetland was best when operated with a 4-day HRT in the
growing season, but good removal of potential pollutants was also achieved with shorter HRTs.
Water quality was improved even in late fall and winter when vegetation was dormant.

The disadvantage of constructed wetlands for treating wastes from channel catfish ponds is
the large area necessary to provide adequate hydraulic residence time when the process is used
on large farms. Schwartz and Boyd (1995) estimated that a minimum wetland area of 0.7 times
the pond area would be needed during pond draining. An alternative to using wetlands designed
to treat all effluents from a farm would be to construct a small wetland to treat only the most
concentrated effluents released when ponds are drained in the drier seasons. This approach would
minimize the land needed for constructed wetlands and significantly improve effluent quality
during dry periods.

Settling basins

Settling basins are easier to construct and operate than wetlands because there is no need to
establish vegetation. The effectiveness of settling basins in improving water quality of catfish
pond effluents is similar to that of constructed wetlands (Seok et al. 1995). Removal of total
phosphorus, total suspended solids, turbidity, and BOD5 from water discharged during the final
stages of pond draining was usually greater than 50% after an 8-hour HRT (Boyd et al. 1998).

Boyd and Queiroz (2001) studied the feasibility of using settling ponds to treat effluent from
pond draining alone or effluent from pond draining and storm overflow. Average settling basin
areas to treat effluents from pond draining alone are 0.25 to 0.28 times the production pond area.
Settling pond areas required to treat overflow from storms are obviously much greater than that
required to treat only the effluent when ponds are drained. For levee ponds, settling pond areas
(per hectare of production pond area) are 0.07 ha for rainfall from a 25-year storm, 0.08 ha for
a 50-year storm, and 0.09 ha for a 100-year storm. Settling pond areas need to be much greater
for watershed ponds because of additional runoff from the catchment basin. Settling pond areas
(per hectare of production pond area) for watershed ponds are 0.43 ha for rainfall from a 25-year
storm, 0.50 ha for a 50-year storm, and 0.57 ha for a 100-year storm. Thus, as with wetlands, a
substantial area is required for settling basins. Land and construction costs for settling ponds large
enough to treat draining and overflow effluents would likely be prohibitive. While settling basins
would not be feasible for treating storm runoff, some farms could possibly use settling basins to
treat the last 20 to 25% of the draining effluent volume.

As an alternative, an empty production pond can be used as a temporary settling basin. For
watershed ponds that must be partially drained to facilitate fish harvest, another possible approach
that does not require additional investment is simply using the production pond as its own settling
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basin. When ponds are drained during fish harvest, the final volume of water may be held in the
pond for 2 to 3 days to allow solids to settle before draining completely. Holding this last portion
of water without discharge is even more desirable and can further minimize the potential
environmental impacts of catfish pond effluents. Alternatively, the last 20% of water discharged
from ponds can be held in farm drainage ditches for settling prior to final discharge.

Crop irrigation

The primary goal of integrating catfish aquaculture and terrestrial agriculture would be to make
productive use of pond effluents by supplementing the water supply for irrigation. Nutrients in
the pond effluent might also be beneficial to the crop. However, problems with using pond waters
for irrigation are as follows: 1) peak water demand for irrigation occurs during the dry, summer
months, when there is little or no overflow from fish ponds; 2) catfish producers object to
draining ponds during the summer growing season; and, 3) evaporation and seepage losses from
ponds would be greater than that if the water were directly applied to fields. In addition, irrigating
row crops with catfish pond water does not result in water quality improvement in catfish ponds
operated with relatively low rates of water exchange. Finally, pond effluents represent an
extremely dilute nutrient source for crops.

22.6 SOLID WASTES

The two major sources of solid wastes on catfish farms are sediment and dead fish. Empty feed,
fertilizer, and other types of bags, and waste from employee quarters are major sources of solid
wastes in some kinds of aquaculture (Boyd 1999). In catfish farming, feed usually is purchased
in bulk and stored in bins and there is little use of bagged products. Catfish farms are not in
remote areas that are difficult to access, and workers seldom are housed on site.

22.6.1 Sediment

Sediment is not routinely removed from channel catfish ponds as is done in several other kinds
of pond aquaculture (Boyd and Tucker 1998). External sediment loads usually are not great (Boyd
et al. 2000), but internally derived sediment accumulates in the deeper areas of channel catfish
ponds. Erosion of the insides of embankments by rainfall, wave action, and water currents
generated by mechanical aerators generate suspended solids that settle in the deeper areas of
ponds (Munsiri et al. 1995). After 15 to 20 years, it usually will be necessary to drain ponds
completely, remove sediment from the pond bottom, and repair erosion damage to the insides of
embankments. In ponds where most solids originate from internal erosion, sediment can be
removed from the bottom and used in repairing the earthwork. In cases where there is consid-
erable input of external solids into ponds, more sediment may be removed than can be used in
repairing insides of embankments. The sediment may be spread in thin layers on surrounding land
or used as landfill. However, disposal of sediment outside of ponds should be done in a way that
will prevent rainfall from washing it into nearby streams.
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22.6.2 Dead fish

The disposal of dead fish is a potentially troublesome issue in channel catfish farming.
Mechanical aeration is used widely, and mass mortalities offish as a result of dissolved oxygen
depletion, which once were common in catfish farming, rarely occur. Nevertheless, fish die from
disease, and it is not uncommon to observe a few to several hundred dead fish floating around the
edges of a channel catfish pond. Farmers seldom remove dead fish from ponds. Dead fish are
removed by vultures and other scavengers or decompose within the pond. Thus, the issue of
sanitary disposal of dead fish outside of ponds has not arisen.

22.7 BEST MANAGEMENT PRACTICES FOR CATFISH AQUACULTURE

The previous discussion indicates that current production methods do not result in widespread,
negative environmental impacts or wasteful use of natural resources. Nevertheless, there is
considerable scope for improving the environmental performance of catfish farming. Adoption
of environmentally responsible and sustainable production practices can standardize techniques,
encourage the development of more efficient technologies, and enhance environmental
stewardship. Implementation of these practices should, in the long term, increase profitability and
sustainability as well as providing environmental protection.

These practices, known as Best Management Practices (BMPs), combine sound science,
common sense, economics, and site-specific management to reduce or prevent adverse
environmental impacts of a particular activity. Title 40 of the Code of Federal Regulations (Part
122.2) defines BMPs as schedules of activities, prohibitions of practices, maintenance procedures,
and other management practices that prevent or reduce pollution.

Rarely will a single practice solve a problem, so usually a collection of practices must be
adopted. Collectively, BMPs can be used in situations where numerical limits for particular water
quality variables in an effluent are not feasible or where BMPs are best suited to achieve
numerical limits. Adoption of BMPs that minimize environmental impacts will be a more
effective means of implementing environmental management for catfish pond aquaculture than
monitoring and post-discharge treatment.

Best Management Practices provide substantial flexibility to achieve the goal of pollution
abatement. The use of BMPs rather than numerical limits recognizes that strategies may vary
among farms because of operational scale, geographic location, and financial situation. The
practices listed below, taken as a whole, will optimize mass discharge by reducing effluent
volume or by improving nutrient utilization and removal within ponds.

The major environmental concern related to channel catfish fanning is the potential pollution
of natural waters by pond effluents. Farms cannot be operated without effluents because overflow
occurs following heavy rains and ponds occasionally must be partially or completely drained.
Although catfish pond effluents are not highly concentrated in pollutants when compared with
municipal and industrial effluents, they sometimes have greater concentrations of some water
quality variables than typically allowed in effluent permits (Schwartz and Boyd 1994b). The most
feasible way of minimizing the water pollution potential of catfish farms is to develop and
implement a system of BMPs to reduce the volume and improve the quality of pond effluents.

These are several major ways of reducing the volume and improving the quality of pond
effluents. The volume of effluents can be reduced by installing conservation practices on
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watersheds that result in less runoff. The volume of overflow can be minimized by managing
pond water levels to maintain the capacity for the storage of rainfall and runoff.

Suspended solids resulting from soil particles can be controlled by preventing erosion on
watersheds, in ponds, in discharge canals, and at final outfalls. Nutrient concentrations can be
minimized through careful feeding and fertilization techniques; nutrient reduction is the best way
of preventing dense phytoplankton blooms and associated problems of high BOD, high pH, and
low dissolved oxygen concentration (Boyd and Tucker 1998). Farmers sometimes apply
antibiotics, drugs, and other chemicals to ponds to treat fish diseases and to remediate other
biological problems. Most of these agents are not harmful to the environment at the
concentrations used in catfish ponds (Boyd and Massaut 1999), but application of these chemicals
according to BMPs will minimize the potential for discharge of chemicals in pond effluents.

Practices that can be used to improve environmental performance of catfish farming by
reducing the volume and improving the quality of pond effluents have been developed. These
practices are listed below according to eight categories: 1) site selection and pond construction;
2) liming and fertilization; 3) feeds and feeding; 4) solids management and disposal; 5) use of
drugs and chemicals; 6) mortality removal and disposal; 7) management of escapees, and; 8)
general facility operation and maintenance (Boyd and Queiroz 2001; Tucker et al. 2002).

22.7.1 BMPs for site selection and pond construction

• Before purchasing land or constructing ponds, be aware of all restrictions and regulations that may
apply to the use of the land for pond aquaculture.

• Ponds should not be located on watersheds that are already impacted by residential subdivisions,
industrial activities, or row-crops.

• Ponds should not be constructed on sites with contaminated soils.
Ponds should not be constructed in wetlands or other ecologically sensitive areas.
Ponds should not be constructed in areas prone to flooding.
Site topography, hydrology, and soils should be suitable for construction and management of
aquaculture ponds.

• Water supplies should be free from contamination by chemicals or pathogens.
• Watershed ponds should not be located where embankment failure could result in loss of life or

damage to residences, industrial buildings, highways, or public utilities.
• Construct watershed ponds with the proper ratio of watershed to pond area. New watershed ponds

should have a watershed area to pond area ratio of 10:1 or less to minimize overflow.
• Riparian vegetation of trees or shrubs should be preserved or established to provide a vegetative

buffer zone along streams.
• Ponds should be constructed according to USDA Natural Resource Conservation Service (NRCS)

standards and be compatible with implementation of other BMPs.
• During pond renovation, excavate to increase operational depth and rainfall storage capacity.

22.7.2 BMPs for liming and fertilization

• Apply fertilizers only when necessary to promote phytoplankton blooms.
• Use chemical fertilizers and avoid use of animal manures.
• Avoid excessive fertilization by using moderate doses and relying on the Secchi disk visibility to

determine if fertilization is needed.
Apply agricultural limestone to ponds with total alkalinity below 20 mg/L as CaCO3.
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22.7.3 BMPs for feeds and feeding

• Use high quality feeds. Feeds should meet nutritional requirements and be water stable.
• Use efficient feeding practices. Feed efficiently by applying no more feed than fish will eat.
• Feeding regimes for ponds should be based on the assimilative capacity of the pond for waste

nutrients. There is no set value for pond assimilative capacity, which can vary greatly depending on
water temperature, pond size and depth, amount of supplemental aeration, feeding schedule, and other
factors. Assimilation capacity can be loosely determined empirically by monitoring fish feeding
response. A reduced feeding response that can not be attributed to infectious disease may indicate that
pond assimilative capacity has been exceeded.

• Store feed in well-ventilated, dry bins, or if bagged, in a well-ventilated, dry room. The feed should
be used by the expiration date suggested by the manufacturer.

• Maintain adequate dissolved oxygen levels. Apply adequate mechanical aeration or circulation to
maintain dissolved oxygen concentrations above 4 mg/L.

22.7.4 BMPs for solids management and disposal

Management of overflow effluents

• Operate foodfish production ponds for several years without draining. Harvest fish by seining and
without partially or completely draining ponds unless it is necessary to inventory fish stocks or repair
pond earthwork.

• Manage ponds to capture rainfall. Maintain at least 15 cm (ca. 6 inches) of rainfall storage capacity
in ponds during summer and fall. The upper 15-cm length of overflow pipe can be painted a bright
color to serve as a guide when adding water to replace water loss.

• Minimize water exchange. Water exchange does not improve water quality in ponds.
• Position mechanical aerators to minimize erosion of pond bottoms and embankments.
• Inspect pond drains frequently and repair when needed.
• Control erosion on pond watersheds and pond levees.
• Optimize the ratio of watershed to pond area.
• Divert excess runoff from large watersheds away from ponds.
• Discharge water from the pond surface. Do not have deep-water discharge structures in ponds.

Management of draining effluent

• Where possible, release pond effluents into low-gradient drainage ditches.
• Allow solids to settle in the pond before discharging water.
• When possible, reuse water that is drained from ponds.
• Treat pond effluents in settling basins or natural or constructed wetlands prior to discharge to

receiving waters.
• Where practical, use effluents to irrigate terrestrial crops.

Management practices to reduce soil erosion

• Control erosion on watersheds by providing vegetative cover, eliminating gully erosion, and using
terraces to route water from areas of high erosion potential.

• Restrict livestock from watersheds of ponds.
Eliminate steep slopes on farm roads and cover these roads with gravel.
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• Provide grass cover on sides of pond dams or embankments and grass or gravel on tops of dams or
embankments.

• Position mechanical aerators so that water currents caused by these devices do not cause erosion of
pond earthwork.

• Install structures (e.g., rip-rap) to prevent drainpipe discharge from impacting and eroding earthwork.
• Construct drainage ditches with adequate hydraulic cross section to minimize erosion and establish

plant cover on ditch embankments.
• Provide check dams in ditches to reduce water velocity and allow sedimentation.
• Avoid leaving ponds drained in winter, and close valves once ponds are drained.
• Close drain valves when renovating ponds.

Management practices for solids disposal

Use sediment from within the pond to repair embankments rather than disposing of it outside of
ponds.

• Properly dispose of solids removed from settling basins.

22.7.5 BMPs for the use of drugs and chemicals

• Use good water quality management procedures to prevent unnecessary stress to fish.
• Emphasize disease prevention strategies, such as appropriate husbandry and hygiene, biosecurity,

routine health monitoring, and immunization.
• Obtain accurate disease diagnosis prior to initiating any disease treatment.
• Ensure bacteria causing the aquatic animal disease are sensitive to the antimicrobial considered for

use.
• If medicated feed is used, ensure aquatic animals are feeding before treatment is applied.
• Limit therapeutic exposure according to label instructions.
• Observe all required withdrawal times.
• Maintain accurate records of treatment.
• Use good waste management practices.
• Ensure all chemicals and drugs are secured to prevent unauthorized use.
• Store therapeutants so that they cannot be accidentally spilled to enter the environment.
• Store water quality enhancers under cover where rainfall will not wash them into surface waters.

Properly dispose unused medicated feed and medicated articles.
• Copper sulfate applications (mg/L) should not exceed 1% of total alkalinity or a maximum dose of

1.0 mg/L. Pond water should not be released for 72 hours after application of copper sulfate.
• Sodium chloride applications should not exceed that resulting in 100 to 150 mg/L chloride.
• Lime (calcium oxide or hydroxide) applications should not exceed 100 mg/L.
• Agricultural limestone and gypsum (calcium sulfate) applications should not exceed 5,000 kg/ha and

2,000 kg/ha, respectively.
• Calcium hypochlorite or other chlorine compounds should not be applied to catfish ponds.

22.7.6 BMPs for mortality removal and disposal

• Follow recommended aquatic animal health management practices.
• Whenever possible, prevent water discharge from ponds during fish kills.
• Take measures (e.g., trash screens) to insure that fish are not discharged with overflow.
• If practical, remove dead fish from ponds for sanitary disposal.
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22.7.7 BMPs for management of escapees

• Follow all local, state, and federal regulations that govern the fish (including native species, non-
native species, hybrids, and genetically modified organisms) that may be imported, exported,
cultured, or sold live locally or nationally.

• Design, operate, and maintain all holding, transport, and culture systems to prevent escape. Methods
of containment will be site-specific.

• Ponds should not be constructed in areas prone to flooding.

22.7.8 BMPs for general facility operation and maintenance

• Use and store petroleum products to prevent contamination of the environment.
• Use and store chemicals to prevent contamination of the environment.
• Develop a response plan for spills of petroleum products, pesticides, and other hazardous materials.
• Collect and dispose of solid waste on a regular basis and in a responsible manner according to all

applicable state and federal regulations.
• Prevent soil erosion on the farm property.
• Develop a record-keeping system.

22.7.9 Recommendations

Catfish ponds cannot be operated without discharge. The most practical way to minimize the
likelihood of negative impacts from catfish pond effluents is to use BMPs to reduce the volume
and improve the quality of these discharges. Research and practical experience in aquaculture and
other types of agriculture have demonstrated that many of the BMPs suggested above are effective
and not difficult or costly to implement. Other suggested BMPs could improve the environmental
performance of catfish farming, but there is little research or experience on their implementation.

Best Management Practices should be developed through a broad, collaborative, and trans-
parent process. Because a BMP system must be implemented at a reasonable cost, working groups
involving all stakeholders should be formed to develop this system for catfish farming in
individual states. These groups should have representation from catfish farmers, aquaculture
research and extension scientists, representatives of state and district soil and water conservation
and management agencies, NRCS, the state environmental regulatory agency, and other parties
capable of providing special expertise. Once the acceptable BMPs have been identified, details
on how to implement them should be provided. The NRCS has developed technical guidelines
and fact sheets for many soil and water conservation practices and the NRCS format for BMP
presentation to catfish farmers would be an excellent approach. Education and training should be
provided by an aquaculture industry association, independent third-party, or an appropriate public
agency. Implementation and verification of a carefully formulated system of BMPs should be a
simple, reasonable, and cost-effective method to protect the quality of receiving waters.
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Achlya, 410
Acidosis, 51, 53
Active metabolism, 42
Adrenocorticotropic hormone, 76
Adventitious dietary toxins, 312-316
Advertising, 12-13, 608-609
Aeration (see also Aerators, Dissolved oxygen)

cage culture, 533—535
diffused, 555
economics, 623-624
eggs, 158
flow-through systems, 547-549
fry ponds, 170
hatcheries, 158
in-pond raceways, 537-538
low-head oxygenator, 555
practices, 250-252
principles, 244-246
recirculating systems, 555
water mixing, 255—257

Aerators (see also Aeration, Dissolved oxygen)
air-lift, 535, 537-538
diffused air, 245, 249-250
packed column, 149-150, 151-152
paddlewheel, 247-248
performance of, 246
pump-sprayer, 248
standard aeration efficiency, 246
standard oxygen transfer rate, 246
types, 246-250
vertical pump, 248-249

Aeromonad septicemia, 404^107, 479
Aeromonas, 404-407, 479, 592
Aflatoxins, 314-315
Age

length relationship, 20
sexual maturity, 22
wild fish, 20-22

Agglutins, 354-355
Air-lift aerators, 535, 537-538

Albino catfish, 99-101, 104
Algae (see Phytoplankton)
Algicides, 226-228, 232-234, 625-626
Alkalinity

copper toxicity, 60
hatchery water supplies, 153
pH and carbon dioxide relationships, 51,218,

259,261-263
pond water supplies, 217-218

Allographs, 364-365
Allozyme frequencies, 111
Alum, 272
Ambiphrya (Scyphidia), 424, 489^190
Ameiurus catus (white catfish), 3, 102, 108
Ameiurus natalis (yellow bullhead), 3
Ameiurus nebulosus (brown bullhead), 3, 51, 76
American white pelican

control of depredations, 525
costs and benefits of control, 525
diet and depredation problems, 523-524
distribution and abundance, 522-523
economic impact, 524-525
identification, 521-522
vector for Bolbophorus, 430, 494, 495, 524, 525

Amino acid content of catfish, 590-592
Amino acids, dietary

availabilities from feedstuffs, 310-311
crystalline, 290-291
digestibilities, 310-311
essential, 289-291
requirement, 289-291
taste and olfaction, 40-41

Ammonia
effluents, 639-640
excretion by fish, 52-53, 267
flow-through systems, 549
hatchery waters, 154
management, 270
partitioned aquaculture system, 574, 576
pond dynamics, 267-270
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Ammonia (continued)
recirculating systems, 554
sediments, 264-265, 267
toxicity, 53-55

Anabaena, 226, 229, 235
Anacystis, 237
Anamnestic response, 362-363
Anchor worms, 424-426
Androgenesis, 117
Androgens, sex determination, 88
Anemia, 50, 297, 433
Anesthestics, 468^469
Anterior kidney, 351,359
Antibiotics, 318, 345-346, 467^68 , 593
Antibodies

Edwardsiella ictaluri, 374-376
maternal, 362
mechanisms, 360
responses, 359-362

Antigen
antibodies and, 359-361
B cells and, 358, 365
Edwardsiella ictaluri, 376
major histocompatability complex, 367—368
primary immune response, 352
processing, 368-369
secondary immune response, 362
T cells and, 363-366, 368
types, 358-359

Antioxidants, 318
Aphanizomenon, 229, 235, 237
Aphanomyces, 413—414
Apiosoma (Glossatella), 424, 489^190
Aquarium spawning, 140-141
AQUAVAC-ESC®, 463
Ardea alba (see Great egret)
Ardea herodius (see Great blue heron)
Aristichthys nobilis (bighead carp), 189
Arkansas, early aquaculture, 4—5, 609
Ascorbic acid, 300-301, 330
Aspergillus, 314
Auburn catfish strain, 130
Aurantiactinomyxon, 417, 483

B lymphocytes (B cells), 46, 358-359, 361,
362-363, 365, 370

Bacillus mycoides, 410
Bacteria, foodborne, 592-593
Bacterial aquaculture systems, 563-564
Bacterial diseases

columnaris, 397-404, 478^79
Edwardsiella tarda septicemia, 404^07, 479
enteric septicemia of catfish, 391-397, 476^179
management considerations, 474^176
miscellaneous bacterial pathogens, 410

motile aeromonad septicemia, 404^t07, 479
Bar graders, 183
Basal metabolic rate, 41
Bead filters, 553
Best management practices (BMPs)

drugs and chemicals, 654
economics, 630
effluent management, 653
escapees, 655
facility maintenance, 655
feeds and feeding, 653
liming and fertilization, 652
mortality disposal, 654
site selection, 652
soil erosion, 653-654
solids disposal, 654
use of, 651-652

Bighead carp, 189
Bigmouth buffalo, 189-190
Binders, pellet, 317-318
Biochemical oxygen demand (BOD), 639-640
Biodiversity, 636
Biological filtration, 554
Biotin, 295-296, 330
Bird depredation (see also listings under

specific birds)

American white pelican, 521-525
black-crowned night heron, 515
cattle egret, 515
cormorant, 504-515
economics, 630-631
fish diseases and, 518-519
great blue heron, 515-521
great egret, 515-521
little blue heron, 515
snowy egret, 515
wading birds, 515-521
wood stork, 515

Black buffalo, 189-190
Black carp, 495
Black-crowned night heron, 515
Blackland Prairie, 9-10
Blood, constituents, 37
Blue catfish

channel catfish virus disease and, 389
hybrid with channel catfish, 2-3, 102-105
nitrite toxicosis and, 57

Bluegill, 26
Blue-green algae (see Cyanobacteria)
BMPs (see Best management practices)
BOD (biochemical oxygen demand), 639-640
Body composition and nutritional value, 590-592
Bolbophorus

lesions, 430^31,493^94
life cycle, 430^31, 433, 494, 524-525
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management of, 495^198
Brain

pituitary-gonad axis, 78-79
reproduction and, 75-76

Branchiomyces, 414-416, 482
Breeding (see also Genetics)

commercial farms and, 97
generation interval, 99
goal of, 96
programs, 118-122
selective, 101-102
strain evaluation, 105-107, 120

Broodfish
age at spawning, 131
care of, 134-135
determining gender, 132, 133
feeding, 343, 344
numbers required, 136-137
nutrition, 134-135
ponds, 134, 137-139
predators of, 135
selection, 130-132
sex ratios, 136
sources, 129-130
stocking densities, 134

Brown-blood disease (see Methemoglobin)
Brown bullhead, 3, 51, 76
Brown pelican, 521
Buffalofish, 4, 189-190
Bulbulcus ibis (cattle egret), 515
Business loans, 618-620

Cage culture
advantages and disadvantages, 530-531
aeration, 533-535
construction, 532-535
economics, 542
feeding, 540
fish diseases, 540-541
history, 531-532
polyculture, 540
stocking densities, 539—540

Calcium, dietary, 303, 331
Calcium, egg and embryo development, 84
Calcium, hatcheries, 152
Calcium hydroxide, 260-261
Camallanus, 427
Campylobacter, 592
Canola meal, 327

Capriniana (Trichophrya), 424, 489^90
Carbohydrate

dietary, 282-284
digestibility, 310, 312

Carbon dioxide
concentrations in ponds, 258-260

effects on fish, 51
flow-through systems, 549
hatchery water, 150-151
interactions with dissolved oxygen, 50
management of, 260-261

P-Carotene, 293
Carp pituitary, 82, 141
Catecholamines, 38
Catfish Bargaining Association, 12
Catfish Farmers of America, 12
Catfish farming

climate for, 166-167
economic impacts, 631
economics, 613-617, 620-627
environmental impacts, 634-657
factors contributing to success, 7—13
geographical distribution, 8-10, 606-611
history, 3-7
intensification, 6-7
personal attributes of farmers, 11-12
physical resources and climate, 8-10
research and extension impact, 13
social impacts, 636-638
socio-economics, 10-11,636-638
vertical integration, 6

Catfish reovirus (CRV), 391
Cattle egret, 515
C-banding, 109-111
CCVD (channel catfish virus disease), 388-391
Cell-mediated immunity, 363-370
Cestodes, 426^127
Channel catfish (see also Catfish farming)

annual sales and processing, 601—604
body composition and nutritional value, 590-592
commercial fisheries, 24
consumption per capita, 605-609
description, 2, 15—16
distribution, 16
environmental requirements, 36—66
exploitation of wild populations, 27—28
fisheries management, 24-29
food habits in the wild, 22-24
general culture characteristics, 7-8, 102
hybrid with blue catfish, 2-3, 102-105
improved lines, 120
natural history, 15-35
oxygen consumption rates, 41-44
principal markets, 601-609
principal production areas, 8-10, 609—611
product attributes, 606-608
sex, identification of, 132, 133
sociological significance, 29-30
sport fishing, 27-30
state records, 21
stocking in farm ponds and rivers, 25-26
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Channel catfish virus disease (CCVD)
causative agent, 390-391
clinical signs, 389-390
diagnosis, 390
epizootiology, 391, 433, 471^472
losses to, 388
management of, 471^174
prevention, 473^174
range, 389
species susceptibility, 389
temperature and, 459
treatment, 472^473

Chemoreception, 4 0 ^ 1
Chilodonella, 421^22, 489, 490
Chloride

dietary, 304-305, 331
nitrite toxicosis, 56-59, 270-271

Choline, 296-297, 330
Chromaffin tissue, 79
Chromium, dietary, 306-307
Chromosome

mapping, 108—113
number, 108
sex, 108, 115-116

Circulation (see Water mixing)
Circulators, 255-257
Clarias gariepinus, 80
Clarias macrocephalus, 73
Clay turbidity, 271-273
Climate for catfish farming, 166—167
Clinical signs, disease, 447-456
Clinostomum, 429^130, 493
Clostridium, 410, 593
Coagulants, 272
Cobalamin (vitamin B-12), 300, 330
Cobalt, dietary, 306, 331
Columnaris disease

causative agent, 399^100
clinical signs, 399, 478
culture, 410-402
diagnosis, 400, 478
dissolved oxygen and, 49
epizootiology, 402-404, 433
losses to, 397-398
range, 398
species susceptibility, 390
treatment, 479

Complement, 355-356
Composition of catfish, 590-592
Conjugated linoleic acid, 287-288
Consumer attitudes, 606-608
Consumption of catfish, 605—609
Contracaecum, 427
Copper

dietary, 306, 331

toxicity, 59-61
Copper sulfate

algicide, 227, 232-234, 237, 625
disease treatment, 469^170, 490, 491, 492^193
snail control, 496^97
toxicity, 59-61

Corallobothrium, 426^127
Cormorant

abundance, 505-506
control of depredations, 509-514
costs and benefits of control, 514-515
depredation problems, 506-508
diet, 506-508
distribution, 505-506
economic impacts, 508—509
identification and biology, 504—505

Corn, 310, 328, 333
Corticosteroids, 38-40, 49, 78, 79, 83
Cortisol, 38^40
Costia (Ichthyobodo), 422, 489, 490^191
Costs, production (see also Economics, Production

costs), 613-617
Cottonseed meal

cyclopropenoic fatty acids, 313
digestibility, 310-311
feedstuff, 327
gossypol, 313

Cropping system
diseases and, 460
economics, 620-621, 624
foodfish, 172-174
multiple-batch, 172-174, 620-621, 624
off-flavors and, 174, 231, 624-625
single-batch, 172-174, 620-621, 624

Crossbreeding, 102-105
Crustacean parasites, 424^126
CRV (catfish reovirus), 391
Cryopreservation, 118
Ctenopharygodon idella (grass carp), 187-188
Culture intensity, 6-7, 562-564
Culture methods in ponds, 166—195
Cutting seines, 181
Cyanobacteria

ecology, 221-224
management, 226-228
off-flavor, 229-230, 231-234
toxins, 235-238

P-cyclocitral, 230
Cyclopropenoic fatty acids, 313
Cytogenetics, 108-111
Cytokines, 366-367
Cytotoxic T cells, 369-370

Danio rerio (zebrafish), 73, 84, 87
Dead fish disposal, 651, 654
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Deformities, physical, 99
"Delta," Mississippi

early aquaculture, 5-7
physiography of, 8-10
socio-economics, 636-638

AP (delta P), 50-51, 151-152
Demand and supply, 611—612
Denitrification, 268
Deoxynivalenol, 315
Depredation, bird (see Bird depredation)
Dero digitata, 417, 483
Destratifiers, 255-257
Development, embryo, 84—87
Dichelyne, 427
Dichyuchus, 410
Dietary toxins, 312—316
Diets (see Feeds)
Diffused aeration, 245
Digenetic tematodes, 429^*32
Digestibility, nutrient

amino acids, 310, 311
carbohydrate, 310, 312
determination of, 308-309
energy, 310, 312
lipids, 310, 311
minerals, 310, 312
protein, 309-311

Digestion, 307-312
Digestive system, 307-308
Dioxins, 586, 636
Discharge (see Effluents)
Diseases, human foodborne, 592-593
Diseases, infectious (see also listings under

specific diseases)

Ambiphrya (Scyphidia), 424, 489^190
aphanomycosis, 413-414
Apiosoma (Glossatella), 424, 489^190
bacterial, 474-476
behavioral signs, 448^151
Bolbophorus, 430-431, 493-498, 524-525
branchiomycosis, 414^416, 482
cages and in-pond raceways, 540—541
Capriniana (Trichophrya), 424, 489-490
catfish reovirus, 391
cestodes (tapeworms), 426-427
channel catfish virus disease, 388-391, 471^74
Chilodonella, 421^22, 489, 490
columnaris, 397-404, 478^479
diagnosis, 456^57
digenetic trematodes, 429^132
Edwardsiella tarda septicemia, 404^107, 479
enteric septicemia of catfish, 391-397, 476-479
fungal, 159-160, 410-416, 480-482
gill lesions, 451-452
hatcheries, 159-160

Henneguya spp., 418-419
Heteropolaria (Epistylis), 423-424
Ichthyobodo (Costia), 422, 489, 490^191
Ichthyophthirius, 420-421, 433, 491^193
Lernaea (anchor worm), A2A—426
losses to, 388
management of, 444—502
medicated feeds, 345-346
metazoan parasites, 424^132
miscellaneous bacterial pathogens, 410
monogenetic trematodes, 428^129
motile aeromonad septicemia, 404^107, 479
myxosporidean, 416-419, 482^188
nematodes (roundworms), 427^28
nursery ponds, 170—171
partitioned aquaculture system, 579
physical signs, 451^156
prevention, 458^463
proliferative gill disease, 417-418, 482-488
protozoan, 419^124, 488^193
recirculating systems, 555, 557
saprolegniasis, 410-413, 433, 480^82
seasonality, 432^433
skin lesions, 452-455
temperature and, 432^133, 459^160
Trichodina, 422^423, 489^190
winter mortality syndrome, 407, 411, 433, 459,

480-482
Diseases, non-infectious

algal toxins, 225-238
ammonia toxicosis, 53—55
anemia, 50,297,433
copper toxicosis, 59-61
dietary toxins, 312—316
hydrogen sulfide toxicosis, 59
hypercapnia, 51
hypoxia, 48-50
nitrite toxicosis, 54, 56-59, 270-271
pH, 51
visceral toxicosis, 388, 433, 450

Disease treatments
antibiotics, 318, 345-346, 467^168, 593
application, 466
chemical therapeutants, 468^71
failures, 464^466
vaccination, 374-378, 462^163
when to treat, 463^164
withholding (restricting) feed, 342, 345-346,

477, 479, 484
Disinfection, hatchery, 462
Dissolved oxygen (see also Aeration, Aerators)

budgets, partitioned aquaculture system, 575-576
budgets, pond, 238-241
critical concentrations, 44, 48
fish diseases and, 49
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Dissolved oxygen {continued)
growth and, 44
hatcheries, 149-150
hypoxia, 47-50
interactions with other factors, 49-50
metabolism, 43-44
partitioned aquaculture system, 574-576
phytoplankton and, 238-239
recirculating systems, 554-555
requirements, 47-50
sediments and, 264
spawning and, 82—83
stratification, 241-244
temporal variation, 241—244
water mixing and, 253

Distillers' grains, 327
Diuron, 234, 625-626
DNA

marker variation, 111-112
microsatellites, 112, 113-114

Dopamine, 76, 82
Double-crested cormorant (see Cormorant)
Dress-out percentage, 103-104, 590
Drop-fill water management, 209-210, 642
Drugs,

antibiotics, 318, 345-346, 467^68, 593
best management practices, 654

Drum filters, 553
Dyes, bird depredations and, 513

Early life history, 83-88
Economics {see also Marketing, Production costs)

aeration, 623-634
bird depredations, 508-515, 519-521, 524-525,

630-632
business loans, 618—620
cages and in-pond raceways, 542
demand and supply, 611—612
effluent treatment, 629-630
embankment ponds, 613-617
feeding, 621-623
flow-through systems, 551
impacts of catfish farming, 631
import competition, 612
off-flavor, 624-627
partitioned aquaculture system, 579
prices, 605, 611,612
principal markets, 601—609
principal production areas, 609-611
processing, 627-629
production costs, 613-617
recirculating systems, 558
regulatory impacts, 629-631
stocking rates, 620-621
watershed ponds, 617

Edwardsiella ictaluri (see also Enteric septicemia
of catfish)

antigens, 376
description, 396
dietary fatty acids and, 286-287
history, 391-392
humoral antibody responses, 374-376
immune response, 350
neutrophils and, 378
phagocytic response, 376-377, 378
temperature and, 47, 396, 432, 459
transmission by birds, 518-519
vitamin C and, 301

Edwardsiella tarda, 407^410, 479, 592
Effluents

best management practices, 653—654
cost of treating, 629-630
flow-through systems, 551-552
impacts, 643-645
improving quality, 646—648
mass pollutant loading, 641-642, 645-648
quality, 639-641
reducing mass discharge, 645—648
reducing volume, 646
sources, 638-639
treatment, 648-650
volume, 208-211, 641-642, 646

Eggs
collection, 154-156
development, 84-86, 157
diseases, 159-160
handling, 156
hatching, 86
hatching troughs, 146-147
incubation in hatchery, 156-159
incubation in ponds, 142-143
transport, 156, 163-164
viability, 73-75
weight, 157

Egret {see Cattle egret, Great egret, Snowy egret)
Egretta caerulea (little blue heron), 515
Egretta thula (snowy egret), 515
Electrofishing, 29
Embankment ponds

advantages, 9—10
effluents, 641-642
hydrology, 197,203-205
production costs, 613-617

Embryo development, 84—87
Emphasematous putrefactive disease, 407-410
Endocrine system, reproduction, 75-79
Endocrinology research, 98-99
Energy

dietary, 280-282
digestibility, 310, 312
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digestible energy to protein ratio, 282, 289,
330,333

feedstuffs, 327-329
Enteric septicemia of catfish (ESC; see also

Edwardsiella ictaluri)
catfish strain susceptibility, 106-107
causative agent, 396
clinical signs, 393-396, 476
diagnosis, 396, 476-477
epizootiology, 396-397, 433
immune response, 373-378
immunization, 374-378
losses to, 391
medicated feed, 467
range, 392-393
seasonally, 396
species susceptibility, 392
temperature and, 47, 396, 432, 459
transmission by birds, 518-519
treatment, 474-476, 477^178
vaccination, 374-378, 462^63
withholding (restricting) feed, 342, 345-346, 477

Entervcoccus, 410
Environmental impacts (see also Effluents)

assessment of, 634-635
biodiversity, 636
effluent treatment costs, 629-630
effluents, 638-650
types, 634-635

Epistylis (Heteropolaria), 423-424
Erucic acid, 314
ESC (see Enteric septicemia of catfish)
Escapees, best management practices, 655
Essential amino acids, 289-291
Essential fatty acids, 285-287
Estradiol, 73, 77-78, 115
Estrogens, sex determination and, 88
Eustrongylides, All
Eutrophication, 644
Evaporation, 201-202, 211
Extension service, catfish farming and, 13
Extrogen, variation among strains, 106
Extrusion, 336-337

Farm Services Agency, 618
Farmers Home Administration, 618
Fat, fillet, 333-334, 591
Fathead minnows, 192,485
Fats and oils, feedstuffs, 328-329
Fatty acid content of catfish, 590-592
Fatty acids, dietary

cyclopropenoic, 313
essential, 285-287
human health and, 287-288
immune response and, 372—373

fecundity, 135
Feeding (see also Feeds, Feedstuffs, Nutrition)

allowance, 340-341, 621-623
best management practices, 653
broodfish, 343, 344
diet of wild fish, 22-24
economics, 621-623
fingerlings, 170, 342, 344
fish in cages and in-pond raceways, 540
foodfish, 342-343, 344
fry, 161, 170,341,344
medicated feeds, 318, 345-346, 467^168, 593
pond nitrogen and, 267
temperature and, 45
water quality and, 219-221
winter, 343-345, 460
withholding (restricting) feed, 342, 345-346,

477, 479, 484
Feeds (see also Feeding, Feedstuffs, Nutrition)

adventitious toxins, 312-316
antibiotics, 318
antioxidants, 318
early research, 4
fillet color and, 333
fillet fat content and, 333-334
fish flavor and, 333
fry, 339
formulation, 330-333
manufacture, 334-339
nutrient composition, 330
pellet binders, 317-318
phosphorus supplements, 329
specialty, 339

Feedstuffs (see also Feeds, Feeding, Nutrition)
blood meal, 326
canola meal, 327
catfish offal meal, 325-326
corn, 310, 311,328
cottonseed meal, 310, 311,313,327
digestibilty coefficients, 310
distillers' grain, 327
energy supplements, 327-329
fats and oils, 328-329
fish meal, 310, 325
meat and bone meal, 310, 325
milo, 328
peanut meal, 310, 327
poultry by-products, 326
protein sources, 325-327
rapeseed, 314
rice bran, 310
soybean meal, 310, 311, 313, 326-327
sunflower meal, 327
wheat, 310, 311,328

Fertilization, egg, 81, 98
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Fertilization, pond, 168, 652
Fiber, dietary, 317
Filters

nitrifying biolfilters, 554
suspended solids, 553

Fingerling
culture, 167-172
feeding, 170, 342, 344
harvesting, 171
length-weight relationship, 172
pond preparation, 167-168
production costs, 616-617
size to stock, 175-176, 621
stocking rates, 168-170

Finquel®, 468-469
Fish Breeders of Idaho, 546-550
Fish meal, 310, 325
Fish pumps, 184
Fisheries management, 24-29
Fishing, sport, 27-30
FISHY computer program, 177-178
Flavobacterium columnare (see also Columnaris

disease), 397^104, 478
Flexibacter, 398
Flow-through systems

advantages, 550—551
disadvantages, 551-552
economics, 551
effluents, 551-552
facilities, 547-549
Fish Breeders of Idaho, 546-550
history, 545-546
stocking rates, 547-551
water quality, 549-551
water use, 547-549

Folacin, 297, 330, 373
Follicle stimulating hormone, 77, 79
Food safety (see also Processing), 592-597,

635-636
Food-safety regulations, 593-597
Foodfish

cropping systems, 172-174, 620-621, 624
feeding, 342-343, 344, 621-623
harvesting and grading, 178-184
length-weight relationship, 176
production costs, 614-616
sizeoffingerlings, 175-176,621
stocking rates, 174-175,620-621

Formalin, 62, 159-160, 468, 490, 491, 492
Fry

ammonia tolerance, 153
calcium requirement, 152
development, 86-87
feeding, 161, 168, 170,341,344
feeds, 339

inventory methods, 161-162
pond preparation, 167-168
rearing troughs, 146-147, 158, 160-161
stocking rates, 169-170
transporting, 162—164

Fumonisin, 315
Fungal diseases, 410-416, 480^82
Fungal infections of eggs, 159-160
Fusarium, 315

Gametes
eggs, 84-86
sperm, 70—72

Gas bubble trauma, 50-51, 151-152
Gas supersaturation, hatcheries, 151-152
Gas transfer equation, 244-246
Gene transfer, 117
Generation interval, 99
Genetic engineering, 117
Genetic mapping, 112-113
Genetically modified organisms (GMOs), 117, 636
Genetics (see also Breeding)

breeding programs, 118—122
cryopreservation, 118
cytogenetics, 108-111
genome size, 107-108
improvement in other animals, 95-96
linkage maps, 112-113
marker-assisted selection, 102
molecular, 107-114
polyploidy, 116-117
qualitative traits, 99-101
quantitative traits, 101—107
research locations, 98-99
sex reversal, 115-116
strain evaluation, 105-107, 120
transgenic catfish, 117

Genitalia, 131-132, 133
Genome size, 107-108
Geosmin, 229-230, 585-586
Gill lesions, 451^52
Gill nets, 28-29
Gill rot (branchiomycosis), 414
Glossatella (Apiosoma), 424, 489^*90
Glucosinolates, 314
GMOs (genetically modified organisms), 117, 636
GMP (good manufacturing practices), 594-596
GnRH (gonadotropin releasing hormone), 76,

78-79, 82
Gonad development

environmental effects, 75
female, 72-75
male, 70-72

Gonad differentiation, 87-88
Gonad, sex steroids, 77-78
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Gonadosomatic index, 72—73
Gonadotropin (GTH), 76-77, 78-79, 82
Gonadotropin release inhibiting factor (GRIF), 76
Gonadotropin releasing hormone (GnRH), 76,

78-79, 82
Good Manufacturing Practices (GMP), 594-596
Gossypol, 313
Grading, size (see also Harvesting)

cutting seine, 181
in-pond bar, 183
live cars or socks, 181-182
vat, 183

Grass carp, 187-188
Great blue heron

control of depredations, 520—521
costs and benefits of control, 520-521
diet and depredation problems, 517-519
distribution and abundance, 517
economics impacts, 519
identification and biology, 515-517

Great egret
control of depredations, 520-521
costs and benefits of control, 520-521
diet and depredation problems, 517-519
distribution and abundance, 517
economic impacts, 519
identification and biology, 515-517

Green sunfish, 167
GRIF (gonadotropin release inhibiting factor), 76
Groundwater

hatchery supply, 147—148
pond water supply, 197-205, 216-218, 262

Growth
dissolved oxygen and, 43^t4
growing season, 8, 166-167
hormone, 76
sexually divergent, 88
temperature and, 43, 44, 4 5 ^ 6

GTH (gonadotropin), 76-77, 78-79, 82
Gynogenesis, 116—117
Gypsum, 272
Gyrodactylus, 428

Habitat, natural, 16-17
HACCP (Hazard Analysis Critical Control Points),

596-597
Hamburger gill disease, 417^118, 482^488
Hardness

ammonia toxicity, 53
copper toxicity, 60, 263
hatchery water supply, 152
pond water supply, 217-218

Harvesting (see also Grading)
fingerlings, 171
foodfish seine mesh sizes, 179

general considerations, 178-179
grading, 181-185
levee ponds, 179-180
live car capacities, 182
loading, 184
watershed ponds, 180-181

Hatcheries
disease management, 159-160
disinfection, 462
egg incubation, 156-159
facilities, 145-147
troughs, 146-147
water supplies, 147-154
water temperature, 149

Hatching, of eggs, 86
Hauling tanks, 185-186
Hazard Analysis Critical Control Points (HACCP),

596-597
HCG (human chorionic gonadotropin), 141
Health (see Diseases)
Heat shock proteins, 40
Heliosoma trivolis (rams horn snail), 430^131
Hematopoeisis, 351
Henneguya ictaluri, 417^118, 482^488
Henneguya spp., 418—419
Hepatoxins, algal, 235-238
Herons (see Great blue heron, Little blue heron,

Black-crowned night heron)
Heteropneustes fossilis (Indian catfish), 70, 73, 75,

78,79
Heteropolaria (Epislylis), 423-424
Heterotrophic aquaculture systems, 563-564
Hormones

induced spawning and, 82, 140-142
reproduction and, 75-79, 81-82

Human chorionic gonadotropin (HCG), 141
Humoral immune response, 358—362
Hybrid catfish, channel * blue, 2-3, 102-105
Hydrated lime

carbon dioxide removal, 260-261
snail control, 496-497

Hydrogen peroxide treatment of eggs, 159-160
Hydrogen sulfide, 59, 154
Hydrology, 18, 196-214
Hypercapnia, 51
Hypopthalmichthys molotrix (silver carp), 188-189,

580
Hypothalamus, 76
Hypoxia

effects of, 48-50
physiological response to, 47-50

Ichthyobodo (Costia), ATI, 489, 490^191
Ichlhyophthirius, 420^21 , 433, 468, 491^193
Ictalurid catfishes, 1-3
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Ictalurus catus {see Blue catfish)
Ictalurus punctatus {see Channel catfish)
Ictiobus spp. (buffalofish), 4, 189-190, 609
Idaho, catfish culture, 546-550
Ideogram, 110-111
IgM, 360-362, 362-363
Immune response (see also Immunology)

mycotoxins and, 316
pesticides and, 372
stress and, 371
temperature and, 45-46, 370-371
therapeutics and, 371

Immunization, enteric septicemia of catfish,
374-378, 462-^63

Immunoglobulins
structure, 360-361
types, 358, 361-362

Immunology
agglutins and precipitins, 354-355
antibody responses, 359-362
antigens processing, 369
B lymphocytes, 46, 358-359, 361, 362-363,

365,370
cell-mediated immunity, 363-370
complement, 355-356
cytokines, 366-367
enteric septicemia of catfish and, 373-378
immunoglobulins, 358-362, 362-363
immunomodulators, 370-373
inflammatory response, 357-358
interferon, 353-354
lymphomyeloid tissue, 350-352
lysozyme, 354
major histocompatability complex, 367-368
non-specific cytotoxic cells, 357
nonspecific immune responses, 352-358
phagocytes, 356, 376-377
physical barriers, 353
secondary immune responses, 362-363, 370
specific immune responses, 358-370
T lymphocytes, 46, 363-366, 368-369, 370
temperature and, 370-371
transfer™, 353

Impacts of catfish farming
economic, 631
environmental {see also Environmental impacts),

634-657
social, 636-638

Imports, 609,612
Improved lines of catfish, 120
In-pond raceways

advantages and disadvantages, 531
aeration, 537-538
construction, 535-539
economics, 542

feeding, 540
fish diseases, 540-541
history, 531-532
polyculture, 540
stocking densities, 539-540

Incubation, eggs
in hatcheries, 156-159
in ponds, 142-143

Indian catfish, 70, 73, 75, 78, 79
Induced spawning, 81-82
Industry development, 3-7
Inflammatory response, 357-358
Innate resistance, 352—353
Inositol, 297-298, 330
Insects, fry ponds, 167-168
Intensive pond aquaculture, 562-564
Interferon, 353-354, 367
Interleukin, 366-367
Inventory methods

foodfish, 176-178
fry, 161-162

Iodine, dietary, 306, 331
Iodine treatment of eggs, 159-160
Iron, algal flocculation, 580-581
Iron, dietary, 305, 331,373
Iron, hatcheries, 153-154
Irrigation, using effluents, 650

Kansas catfish strain, 103-107, 120, 130
Kidney, anterior, 351, 359
Kidney, endocrine tissue and, 79
Klebsiella, 592

Largemouth bass, 25, 26
Least-cost feed formulation, 332-333
Length-weight relationship

fmgerling, 172
foodfish, 176

Lepomis cyanellus (green sunfish), 167
Lepomis macrochirus (bluegill), 26
Lepomis microlophus (redear sunfish), 495
Lernaea, 424-426
Leukocytes, 350
Levee ponds {see Embankment ponds)
Leydig cells, 70, 77
LHRH (luteinizing hormone-releasing hormone),

82, 141
Lift nets, 184
Light, phytoplankton and, 222
Ligictaluridus, 428
Lime

carbon dioxide removal, 260—261
pH management, 262-263, 266
snail control, 496-497

Linkage maps, 112-113
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Linoleic acid, conjugated, 287-288
Lipid

content of catfish, 590-592
dietary, 284-288
digestibility, 310, 311
feedstuffs, 328-329

Listeria, 592
Little blue heron, 515
Live car, 181-182
Loading, after harvest, 184
Loading limits, pond, 219—221
Loans, 618-620
Low-head oxygenator, 555
Luteinizing hormone, 77, 79, 82
Luteinizing hormone-releasing hormone (LHRH),

82, 141
Lymph, 352
Lymphocytes, 350-352, 357
Lymphocytes, B, 358-359, 361, 365, 370
Lymphocytes, T, 363-366, 368-369, 370
Lymphoid tissue, 352, 359
Lysozyme, 354

Macrobrachium (freshwater prawn), 192-193
Macrophages, 353, 356, 358, 366, 376-377
Magnesium, dietary, 304, 331
Major histocompatability complex (MHC),

367-368
Manganese, dietary, 306, 331
Mapping, genetic, 112-113
Marion catfish strain, 103-107, 120, 130
Marker-assisted selection, 102
Markers, DNA, 111-112, 113-114
Marketing (see also Economics)

advertising, 608-609
annual sales, 601-604
consumer attitudes, 606-608
price elasticity, 603-604
principal markets, 601-609
small-scale producers, 608
The Catfish Institute, 12, 608-609

MAS (motile aeromonad septicemia), 404^(07,
479

Mass loading, effluents, 641-642
Maturation-inducing substances, 78
Meat and bone meal, 310, 326
Medicated feeds, 318, 345-346, 467^168, 593
Medicated feeds, best management practices, 654
Melano-macrophage centers, 352
Melanocyte stimulating hormone, 76
Melatonin, 79
Menhaden oil, 373
Mennonite, 11
Metabolic scope, 42
Metabolism, 41-44

Metazoan parasites, 424^432
Methemoglobin, 56—59
2-Methylisoborneol (MIB), 229-230, 585-586
MHC (major histocompatability complex),

367-368
MIB (2-methylisobomeol), 229-230, 585-586
Microcystins, 235-238
Microcystis, 226, 230, 235-238
Micropterus salmoides (largemouth bass), 25, 26
Microsatellites, DNA, 112, 113-114
Migration and movement, 18—19
Milo, 328
Mineral content of catfish, 590-592
Minerals, dietary

calcium, 303
chloride, 304-305
chromium, 306-307
cobalt, 306
copper, 306
deficiency signs, 302
digestibility, 310, 312
feed levels, 329-331
iodine, 306
iron, 305
magnesium, 304
manganese, 306
phosphorus, 304
potassium, 304—305
requirements, 302
selenium, 296, 306
sodium, 304-305
sulfur, 305
zinc, 305

Mississippi "Delta"
early aquaculture, 5—7
physiography, 8—10
socio-economics, 5—7, 636—638

Mississippi River Alluvial Valley {see also
"Delta"), 8-10

Mixing (see Water mixing)
Modified atmosphere packaging, 593
Molecular genetics, 107—114
Moniliformin, 315
Monocytes, 356
Monogenetic trematodes, 428^132
Mortality disposal, 654
Motile aeromond septicemia (MAS), 404^107,

467^68, 479
MS-222 (tricaine methane sulfonate), 468—469
Mucus, disease defense, 353
Multiple-batch cropping, 172-174, 620-621, 624
Mussels, 580
Mycotoxins, 314—317
Mycteria americana (wood stork), 515
Mylopharyngodon piceu (black carp), 495
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Myxosporidians, 416-419, 482^188

Natural history, 15-35
Natural killer (NK) cells, 357
Nematodes, 427^28
Neurotoxins, algal, 235
Neutrophils, 356, 357-358, 378
NGOs (non-governmental organizations), 634
Niacin (nicotinic acid), 298, 330
Nicotinic acid (niacin), 298, 330
Nitrate, 267-270
Nitrification

flow-through systems, 549
ponds, 268-270
recirculating systems, 554

Nitrite
effluents, 639-640
interactions with dissolved oxygen, 50
management of, 270-271
pond ecology, 268—270
toxicity, 54, 56-59, 270-271

Nitrogen (see also Ammonia, Nitrite, Nitrate)
budgets, 267-270
effluents, 639-640
partitioned aquaculture system, 580

NK (natural killer) cells, 357
"No-blood" disease (see Anemia)
Non-governmental organizations (NGOs), 634
NOR (nucleolus organizer region), 108-109
Norris catfish strain, 104-105, 130
Nostoe, 235
Nucleolus organizer region (NOR), 108-109
Nucleus lateralis tuberis, 76
Nursery pond

preparation, 167-168
water quality, 170-171

Nutrient retention by fish, 219
Nutrients, cyanobacteria and, 223-224
Nutrition (see also Feeds, Feeding, Feedstuffs)

amino acid requirements, 289-291
broodfish, 134-135
carbohydrates, 282-284
digestion, 307-312
energy, 280-282
fatty acids, 285-287
fiber, 317
fry, 161
immune response and, 372—373
lipids, 284-288
minerals, 302-307
mycotoxins, 314-317
pigments, 317
proteins, 288-291
toxins, 312-316
vitamins, 291-301

Nutritional value of catfish, 590-592
NWAC103 catfish strain, 105-107, 113-114, 130,

157
Nycticorax nycticorax (black-crowned night heron),

515

Ochratoxin, 315-316
Off-flavor

causes, 228-230
cropping system and, 174, 231, 624-625
cyanobacterial, 229-230
decay/rotten, 230, 234
economic impacts, 624-625, 626
economics of management, 625-626
flow-through systems, 550
management, 231-235
petroleum, 230
quality control, 585-586
recirculating systems, 557-558

Offal, 325-326, 590
Olfaction, 40-41
Omega-3 fatty acids, 287, 590
Oocyte, 72-73
Oogenesis, 72-74
Oomycete diseases, 410-416, 480^182
Oreochromis (see Tilapia)
Oscillatoria, 226, 229, 235-236
Osmoregulation

ammonia and, 53
copper and, 60

Ovary
development, 72—75
morphology, 72-75
sex steroids, 77-78

Ovulation, 72-74
Oxygen (see Dissolved oxygen)
Oxygen consumption rates, 41^14
Oxygen transfer coefficient, 244-246
Oxytetracycline, 318, 345-345, 467^168, 593
Ozone, 555-556

Packed-column aerators, 149-150, 151-152
Paddlefish, 190
Paddlewheel aerators, 247-248, 256
Paddlewheel mixers, 256-257, 566-568
Paddlewheel, partitioned aquaculture system,

566-568
Pangasius, 612
Pantothenic acid, 298-299, 330
Parasites

metazoan, 424^132
myxozoan, 416-A19
protozoan, 419-424

Partitioned aquaculture system (PAS)
algal harvest, 580-581
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design, 564-571
disease management, 579
dissolved oxygen, 574-576
economics, 579
filter feeders in, 579-580
fish cohort management, 577-578
fish production, 577-579, 581
history, 561-566
oxygen budget, 575-576
paddlewheel, 566-568
polyculture, 573
primary production, 571-573
raceways, 568-571
significance, 581-582
water quality, 573-576

PAS (see Partitioned aquaculture system)
Peanut meal, 310, 327
Pelecanus erythrorhynchos (see American white

pelican)
Pelecanus occidentalis (brown pelican), 521
Pelican {see American white pelican, Brown

pelican)
Pellet binders, 317-318
Pelleting feeds, 336-329
Pen spawning, 139-140
Pesticides

immune response and, 371
food safety, 593, 635-636
toxicity, 62

Petroleum off-flavors 230, 234
PGC (primordial germ cell), 87-88
PGD {see Proliferative gill disease)
PH

effects on fish, 51
hatcheries, 153
management, 262-263
pond, 261-262

Phagocytes, 356, 376-377
Phalacrocorax brasilianus (see Cormorant)
Phenotype, 101-102
Phosphorus, dietary

feed supplement, 329
phytase, 304, 313,329
requirement, 304, 331

Phosphorus, effluents, 639-640
Phosphorus, sediments, 265
Photoperiod, reproduction and, 75, 79, 82
Photosynthetic intensification techniques, 562-563
Phytase, 304, 313, 329
Phytic acid, 313
Phytoplankton

carbon dioxide and, 258-260
community structure, 221-224, 225-226
dissolved oxygen and, 238-239
flocculation with iron salts, 580-581

management of, 226-228
nitrogen budgets and, 267-270
off-flavor and, 228-235
partitioned aquaculture system, 564, 571-573,

575-576,580-581
periodicity of, 225-226
role in ponds, 221
standing crops, 221-224, 224-225
toxins, 225-238
water mixing and, 254-255

Pigments, dietary, 317
Pimephales promelas (fathead minnow), 192, 485
Pineal gland, 79
Pituitary extract, carp, 82, 141
Pituitary, reproduction and, 76-77
Plesiomonas, 410, 592
Pollution (see Effluents)
Polyculture

bighead carp, 189
buffalofish, 189-190
cages and in-pond raceways, 540
fathead minnows, 192
freshwater prawns, 192—193
grass carp, 187-188
paddlefish, 190
partitioned aquaculture system, 563, 573,

578-579
silver carp, 188-189
tilapia, 191

Polyodon spathula (paddlefish), 190
Polyploidy, 116-117
Pond culture intensification techniques, 562-564,

610
Ponds (see also Embankment ponds, Watershed

ponds)
construction, 652
hydrology, 196-214
loading limits, 219-221
sediments, 263-266
soils, 7-10
stratification, 241-244
types, 196-198
water budgets, 203-211

Potassium, dietary, 304-305, 331
Potassium permanganate, 61, 470—471
Poultry by-products, 310, 325
Povidone iodine treatment of eggs, 159-160
Prawns, 192-193
Precipitation, 199, 203-207, 209-210
Precipitins, 354-355
Predators

broodfish, 135
birds (see also Bird depredation), 503-529
insects, 167-168

Prices, catfish, 605, 611,612
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Primordial germ cells (PGCs), 87-88
Processing

by-products, 590
composition and nutritional value, 590—592
economics, 627-629
fillet yield among strains and hybrids, 103-105
food safety, 592-593
food-safety regulations, 593-597
Good Manufacturing Practices (GMP), 594-596
Hazard Analysis Critical Control Points

(HACCP), 596-597
number of plants, 604-605
offal, 590
pre-processing considerations, 585-587
product forms, 589-590
sanitation standard operating procedures, 596
seasonality of, 5-6
unit processes, 587-589
volume, 601-604

Product forms
cost of processing, 627-628
sales, 601-603
types of, 589-590

Product quality, 585-586
Production costs (see also Economics)

cages and in-pond raceways, 542
embankment ponds, 613-617
fingerlings, 616-617
flow-through systems, 551
foodfish, 614-616
partitioned aquaculture system, 579
stackers, 617
watershed ponds, 617

Prolactin, 76
Proliferative gill disease (PGD)

causative agent, 417-418, 482^83
Dero digitata control, 484^85
dissolved oxygen and, 49
foodfish, 488
prevention, 485^188
sentinel fish, 486^87
temperature and, 459
treatment options, 483-484

Protein content of catfish, 590-592
Protein, dietary (see also Amino acids)

digestibility, 309-311
digestible energy to protein ratio, 282, 289, 330,

333
feed level, economics, 622-623
feedstuffs, 325-327
requirement, 288-291

Protein isozyme variation among strains, 111
Protozoan parasites, 419^24, 488^93
Prymnesium, 235
Pseudomonas flourescens, 410

Pump-sprayer aerator, 248
Pyridoxine (vitamin B-6), 300, 330

QTL (quantitative trait loci), 102, 112-113,
113-114

Qualitative genetics, 99-101
Quantitative genetics, 101-107
Quantitative trait loci (QTL), 102, 112-113,

113-114

Raceways (see Flow-through systems, In-pond
raceways, Partitioned aquaculture system)

Ractopamine, 334
Rainfall, 199, 203-207, 209-210
Rams horn snail, 430^131, 494, 495^98
Rapeseed, erucic acid, 314
Raphidiopsis, 226
Rearing troughs, fry, 158
Recirculating systems

aeration, 555
ammonia, 554
design, 553-556
dissolved oxygen budget, 554-555
economics, 558
fish diseases, 555, 557
history, 552-553
ozone, 555-556
stocking rates, 557

Record catfish, state, 21
Record-keeping, farm, 176-178
Red River catfish strain, 130
Redear sunfish, 26, 495
Regulations

environmental, 629—631
food safety, 593-597

Releases of improved genetic lines, 120
Reovirus, 391
Reproduction (see also Spawning)

broodfish management, 129-144
early life history, 83-88
embryo development, 84-87
endocrine system, 75-79
environmental effects, 75
generation interval, 99
genitalia, 131-132, 133
gonad development, 70-75
gonad differentiation, 88
hatcheries, 145-165
morphology, female, 72-75
morphology, male, 70—72
photoperiod, 75, 79, 82
sex determination, 87-88
sexual development, 78-79
sex identification, 132, 133
sexual maturity, 99
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spawning and fertilization, 81
spawning behavior, 79—80
temperature, 69, 75, 79, 82, 84, 86, 88
wild populations, 19—20

Research, catfish fanning and, 13
Restricting (withholding) feed, 342, 345-346, 477,

479, 484
Riboflavin (vitamin B-2), 299, 330
Rice bran, 310, 328
Rio Grande catfish strain 106
Romet®, 318, 345-346, 467, 593
Rotenone, 167
Roundworms (nematodes), 427^428
Runoff, 199-200,206

Sales, annual, 601-604
Salinity

effects on fish, 51-52
egg and embryo development and, 84
hatchery waters, 152
population distribution and, 18
tolerance, 52

Salinization of effluent-receiving streams, 644
Salmonella, 592
Salt (NaCl)

disease treament, 471
nitrite toxicosis, 56-59, 270-271
treatment of eggs, 159-160

Samples, disease investigations, 456^157
Sampling, assessment of wild populations, 28-29
Sanitation Standard Operating Procedures (SSOP),

596
Saprolegnia, 410-413, 433, 480-482
Scyphidia (Ambiphrya), 424, 489^90
Seasonality, disease, 432^433
Seasonality, water quality, 224-225, 226, 268,

269-270
Secondary immune responses, 362-363, 370
Sedimentation, 643
Sediments

ecology, 264-265
horizons, 263-264
management of, 265-266
oxygen budgets and, 239—240
waste, 650

Seepage, 202-203, 203-204, 206-207, 212
Seines, 179-180
Selective breeding, 101-107
Selenium, dietary, 296, 306, 331
Sertoli cells, 70, 77
Serum constituents, 37
Settleable solids, 639-640
Settling ponds, 548-549, 629, 649-650
Sex

chromosomes, 108, 115-116

determination, 88, 132
identification, 132, 133
ratios of broodfish, 136
reversal, 115-116

Sexual characteristics, 131—132, 133
Sexual development, 78-79, 87
Sexual maturity, age, 22, 99
Shellcracker (redear sunfish), 495
Shipping eggs and fry, 163-164
Sidewinder aerator, 256
Signs, disease, 447^156
Silver carp, 188-189,580
Single-batch cropping, 172-174, 620-621, 624
Site selection, 652
Size grading (see Grading)
Skin, disease defense, 353
Skin lesions, 452-455
Slat traps, 29
Snail control, 495^98
Snowy egret, 515
Social impacts of catfish farming, 636-638
Socio-economics and development of catfish

farming, 10-11
Sociological significance of catfish, 29-30
Socks (live cars), grading, 181-182
Sodium, dietary, 304-305, 331
Software, record-keeping, 177-178
Soil erosion, 653—654
Soils, pond construction, 7—10
Solids, effluents, 639-640
Solid waste, best management practices, 654
Soybean meal

digestibility, 310
feedstuff, 326-327
trypsin inhibitors, 313

Spawning,
aquarium method, 97, 140—141
behavior, 19-20, 79-81, 155
broodfish age and, 131
broodfish management, 129—144
cans, 137-139, 155
early research, 4
egg collection, 154-156
environmental effects, 82-83
fecundity rate, 135
induced, 81-82, 140-142
natural populations, 19-20
out of season, 98-99, 142
pen method, 97, 139-140
pond techniques, 97, 134, 135-139
season, 154
success among strains, 103, 106
temperature and, 75, 98-99, 154-155
wild spawning, 142-143

Specific immune responses, 358—370
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Sperm
cryopreservation, 118
morphology, 72
spermatogenesis, 70-72

Spleen, 351
Sport fishing, 27-30
Spotted bass, 25
SSOP (Sanitation Standard Operating Procedures),

596
Standard aeration efficiency, 246
Standard metabolism, 42
Standard oxygen transfer rate, 246
Steam pelleting, 338-329
Steroids, sex, 77-78
Stock assessments, wild populations, 28-29
Stockers

cropping system, 172
production costs, 617

Stocking
farm ponds and rivers, 25-26
fish size and success, 26-27

Stocking rates
broodfish,134
cages and in-pond raceways, 539-540
economics, 620-621
effect on cormorant depredation, 512
flow-through systems, 547-550
foodfish, 174-175
fry and fingerlings, 169-170
partitioned aquaculture system, 577-579
recirculating systems, 557

Storage, water, 209-210, 642
Strain evaluation, 103-105, 105-107
Strains

Auburn, 104, 120
crossbreeding, 102-105
fillet yields, 104
Kansas, 103-107, 120, 130
Marion, 103-107, 120, 130
Norris, 104-105, 130
NWAC103, 105-107, 120, 130, 157
protein variation among, 111
Red River, 130
Rio Grande, 106
testosterone variation among, 106

Stratification, dissolved oxygen and, 241-244,
252-258

Streptococcus, 410
Stress

diseases and, 459-460
immune response, 40, 371
recovery from, 38-39
response, 36^tO
spawning success and, 82-83

Sulfadimethoxine, 318, 345-346, 467, 593

Sulfur, dietary, 305, 331
Supply and demand, 611-612
Swingle, H.S., 4

T-2 toxin, 317
T lymphocytes (T cells), 46, 363-366, 368-369,

370
T-cell receptor, 368-369
Tanks {see Flow-through systems)
Tapeworms, 426-421
Taste and olfaction, 40^11
TCI (The Catfish Institute), 7, 12,608-609
Temperature

critical ranges, 44-41
egg development, 84-86
egg incubation, 157
feeding, 45
fish metabolism, 42-43
gonad development, 75
growing season, 8, 166-167, 217
growth, 43, 44
hatchery water, 149
immune response, 46, 370-371
infectious disease and, 459-460
natural populations and, 17-18
phytoplankton ecology, 222
reproduction and, 69, 75, 79, 82, 84, 86, 88
spawning, 98-99, 154-155
stratification, 241-244, 252-258
stress response and, 39^10
water mixing and, 252-253

Terramycin®, 318, 345-346, 467^68
Testis

development, 70-72
morphology, 70-72
sex steroids and, 77

Testosterone, 88, 106, 115
Tetraploid catfish, 116
The Catfish Institute (TCI), 7, 12, 608-609
Therapeutants, best management practices, 654
Therapeutants, fish stress and, 59-62
Thermal shock, 45
Thermal stratification, 241-244, 252-258
Thiamin (vitamin B-l), 299, 330
Thymus, 350-351, 365-366
Thyroid stimulating hormone, 76
Tilapia

cages and in-pond raceways, 540
partitioned aquaculture system, 573, 578-579
polyculture in ponds, 191

Total dissolved gas pressure, 50-51, 151-152
Toxic substances

algal toxins, 225-238
ammonia, 53-55
carbon dioxide, 51
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copper, 59—61
dietary toxins, 312-316
formalin, 62
hydrogen sulfide, 59
nitrite, 54, 56-59, 270-271
pesticides, 62, 371
pH, 51
potassium permanganate, 61
visceral toxicosis, 388, 433, 450

Toxins
algal, 235-238
dietary, 312-316
visceral toxicosis, 388, 433, 450

Transferrin, 353
Transforming growth factor, 366-367
Transgenic catfish, 117
Transportation

eggs, 156, 163-164
fingerlings and foodfish, 185-186
fry, 162-164

Treatment, disease, 463^71
Trematodes

digenetic, 429^32
monogenetic, 428^429

Trenbolone acetate, 115-116
Tricaine methane sulfonate (MS-222), 468-469
Trichodina, 422^123, 489^190
Trichophrya (Capriniana), 424, 489^190
Triploid catfish 116
Troughs, hatching and rearing, 146-147
Trypsin inhibitors, 312
Tumor necrosis factor, 366-367
Turbidity, 271-273
Turnovers, 253—254

Ultraviolet (UV) sterilization, 555
Un-ionized ammonia (see Ammonia)
USDA103 (see NWAC103)

Vaccination
enteric septicemia of catfish, 374-378, 462-463
Ichthyophthirius, 493

Vertical pump aerator, 248-249
Vibrio, 592
Vietnam, fish imports from, 609, 612
Viral diseases, 388-391, 471-474
Visceral toxicosis of catfish (VTC), 388, 433, 450
Vitamin content of catfish, 590-592
Vitamins, dietary

A, 293, 330, 372-373
B-6 (pyridoxine), 300, 330, 372
B-12 (cobalamin), 300
biotin, 295-296, 330
C (ascorbic acid), 300-301, 330, 372-373
choline, 296-297, 330

D, 293-294, 330
deficiency signs, 292
E, 294-295, 330, 372-373
feed levels, 329, 330
folacin, 297, 330, 373
inositol, 297-298, 330
K, 295, 330
losses during extrusion, 329
pantothenic acid, 298-299, 330
requirements, 292
riboflavin (B-2), 299, 330
thiamin(B-l), 299, 330

Vitellogenesis, 73
Vitellogenin, 73, 78
VTC (visceral toxicosis of catfish), 388, 433, 450

Wading birds, depredations, 515-521
Waste, solid, 650-651
Water budgets

effluent volume and, 641-642, 646
flow-through systems, 547-549
ponds, 203-213

Water exchange, 210-211, 638, 646, 653
Water mixing

partitioned aquaculture system, 564-571
ponds, 252-258

Water quality
aeration, 244-252
algal toxins, 235-238
carbon dioxide, 258—261
dissolved oxygen, 238-244
effluents, 639-641
feeding and, 219-221
flow-through systems, 549-551
hatcheries, 148-154
mixing and, 252-258
nitrogen in ponds, 266-271
nursery ponds, 170-171
off-flavor, 228-235
partitioned aquaculture system, 573—576
pH, 261-263
phytoplankton and, 221-228
pond water supplies, 217-218
sediments and, 263-266
turbidity, 271-273

Water recirculating or reuse systems (see
Recirculating systems)

Water storage, 209-210, 642
Water supplies

hatcheries, 147-154
ponds, 216-219

Watershed ponds
effluents, 641-642
hydrology, 10, 197,205-207
production costs, 617
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Weeds, 187-188, 216 Withholding (restricting) feed, 345-346, 477, 479,
Weight gain {see Growth) 484
Wetlands, constructed, 629, 648-649 Wood stork, 515
Wheat, 310, 311,328
White catfish 3, 102, 108 Xanthophyll, 317, 328, 333
White pelican {see American white pelican)
Wild spawning, 142-143 Yazoo-Mississippi River Floodplain {see "Delta")
Winter feeding Yellow bullhead, 3

diseases and, 460 Yellow grub, 429-430, 493
economics, 622-623 Yersinia ruckeri, 410
schedule, 343-345

Winter mortality syndrome, 407, 411, 433, 459, Zebrafish, 73, 84, 87
480^82 Zinc, dietary, 305, 331,373
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