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Preface

This is a CABI-WWF co-publication prepared as part of WWF’s sustainable sugar initiative.
For the purposes of this review, the term ‘sugar production’ refers to the combined activities of
the sugar industry: cultivation of sugar crops (cane and beet) and the primary processing
of raw materials derived from these crops. Secondary processing and utilization of primary
processing wastes as by-products are also considered. Environmental impacts include impacts
on human health, but not (for the purposes of this review) any related to sugar consumption.
It is noted that patterns of trade influence elements of sugar production that have an impact
on the environment, and trade patterns certainly affect the livelihoods of many connected with
the sugar industry. However, trade and livelihood issues are not covered in detail in this
review. It is not the main intention to compare cane and beet systems, although comparisons
are sometimes made for contextual purposes.

The environmental impacts of the processing (but not cultivation) of sugar crops have been
summarized previously by UNEP (1982), and other texts on aspects of sugar production often
include some coverage of environmental issues (e.g. Wilson et al., 1996; Keating and Wilson,
1997). However, this appears to be the first attempt to collate and review information on
the environmental impacts of sugar production as a whole. It was originally commissioned
specifically as a literature review, and its structure and style should be seen in that context. The
emphasis is on an environmental perspective, although agronomic priorities are generally
acknowledged where appropriate. The one area where a consistent difference in viewpoints
has become apparent is in relation to soil quality. From an environmental perspective, any
perturbation of (say) soil nutrient balance is seen as degradation; this only tends to be the case
from an agronomic perspective when the effect is sufficient to reduce yields.

The relevant literature is extensive, and there are undoubtedly gaps in this review. Many of
the specific studies cited here were identified through CAB Direct. CAB Direct is a database of
nearly 5 million abstracts from the world’s literature on agriculture and applied life sciences,
based on material going back to 1973, and managed by CAB International (CABI). CABI
also produces searchable databases of abstracts relating to specific aspects of agriculture
and particular commodities, including Sugar Industry Abstracts. The CAB Direct database
contains nearly 125,000 abstracts referring to sugarcane or sugar beet. Whilst a relatively small
proportion of these are devoted exclusively to environmental issues, many contain relevant
information. Clearly, it has not been possible to read every one of these, much less assimilate
them into this review. Some areas are poorly served by the literature. In particular, there appears
to be a lack of data on air pollution (and human health impacts) arising from poorly managed
aerial application of agrochemicals. Similarly, short-term water pollution events arising directly
from an application of fertilizer or pesticide appear not to be reported.

xi
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A range of general texts are available covering sugarcane, and this review draws particu-
larly on Bakker (1999) for contextual information on this crop. Unfortunately, the timing of the
review has meant that it was prepared without James’s updated and revised version of
Blackburn (1984) being available as a published source. In relation to sugar beet, the main
contextual source used here is Cooke and Scott (1993). In addition to these (and other) general
sources, volumes of technical papers on cane cultivation and processing are published
regularly, arising from meetings of the International Society of Sugar Cane Technologists
(ISSCT), and local associations like the South African Sugar Technologists’ Association
(SASTA), the Australian Society of Sugar Cane Technologists (ASSCT), the American Society
of Sugar Cane Technologists (also ASSCT) and the West Indies Sugar Technologists (WIST).
Similar volumes for beet are produced by the Institut International de Recherches Betteravières
(IIRB) in Europe, and the American Society of Sugar Beet Technologists (ASSBT). Of course, the
extent to which environmental issues are covered by general texts and volumes of technical
papers varies considerably.

In broad terms, the literature on environmental aspects of cane sugar production is
dominated by contributions from Australia, South Africa and to a lesser extent India and
Mauritius. In relation to beet sugar production, most contributions to the literature come from
Europe (published in a range of languages) and the USA. This should not be taken to suggest
that environmental impacts, or measures to reduce them, are necessarily of greatest significance
here, merely that relevant studies from these countries dominate the literature. There is also a
danger in extrapolating general trends from the available literature, given its considerable
geographical bias.

Oliver D. Cheesman
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Foreword

Sugar is a product that most of us consume on a daily basis; indeed it is so common that
most people do not give a second thought to where or how it is produced and with what
consequences.

Although sugar production contributes to development in many poor countries, by
producing employment and reliable incomes for many, there is a range of negative issues
associated with its production. These include poor working conditions and child labour, as
were highlighted in a recent report by Human Rights Watch. While these are problems typical
of farming and manufacturing in many developing countries, they also pose potential risks to
multinational companies, such as Coca-Cola or Cargill, which buy a significant part of the
approximately 145 million tonnes of sugar produced world-wide each year.

Sugar has hit the headlines in recent years because of health fears, with accusations and
counter-claims that too much sugar and fat in people’s diets contribute to a growing ‘obesity
epidemic’. However, despite these warnings, the demand for sugar has continued to rise
steadily, increasing by about 70% in total since 1980.

This important commodity also has taken centre stage in international trade arena. In a case
filed by Brazil, Thailand and Australia, a World Trade Organization (WTO) panel recently ruled
that the EU is illegally dumping millions of tonnes of subsidized sugar on world markets. This
ruling on sugar is important, since it will require the EU to take full account of the impacts of its
agricultural and trade rules on the rest of the world.

Meanwhile, the environmental impacts of sugar production have been largely ignored.
Sugarcane plantations in many tropical and sub-tropical countries have led to perhaps the
largest losses of biodiversity of any single agricultural product. Although much of this habitat
and species loss is historic, sugar production today – whether from cane or beet – has a
wide range of negative impacts on soil, water and air in parts of the world that environmental
organizations, such as WWF, have identified as globally important. The Great Barrier Reef off
Australia’s coast, which suffers from effluents and sediment from sugar farms, is one such case;
the Konya basin in central Turkey, a vital nature conservation area, is another where more than
300,000 hectares of sugar beet require between 50 and 80% of the usable water in the basin. This
is why WWF has identified sugar as a commodity for special attention.

Sugar is a much more complex matter than the simple spoonful that we add to our coffee or
tea might indicate. I welcome Oliver Cheesman’s thoughtful analysis, as well as the invaluable
collaboration between CAB International and WWF from which this book stems. I believe
that this publication will contribute strongly to the emerging body of knowledge on the
sustainability of sugar, by laying out clearly the main issues to be tackled, as well as identifying a
range of solutions that are already in use. Better understanding of the environmental issues

xiii
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around sugar, and their root causes, is the first step to ensuring greater sustainability for this
ubiquitous commodity.

Dr Claude Martin,
Director General, WWF International

August 2004

xiv Foreword
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1

Background

The following information is derived from
a range of sources, principally (where not
otherwise indicated): Bakker (1999) for
sugarcane; Cooke and Scott (1993) for sugar
beet; and SKIL (2003) for general information,
particularly with respect to processing.

Sugar

Sugars (saccharides) are a family of naturally
occurring carbohydrate compounds. They
are produced by plants through the process
of photosynthesis, which combines carbon
dioxide and water to generate oxygen and
glucose (one of the simplest forms of sugar,
a monosaccharide):

6CO2 + 6H2O → C6H12O6 + 6O2

carbon dioxide + water → glucose + oxygen

This reaction is driven by the energy of sun-
light, and energy can later be recovered from
glucose, in the process of respiration. In order
to store glucose, and to provide the physical
materials for growth, plants build more com-
plex sugars by chemically linking glucose
molecules together. Hence, they form com-
pounds like sucrose, a disaccharide (two glu-
cose molecules joined together), and starch
and cellulose, polysaccharides (many glucose
molecules joined together). Sucrose may sub-
sequently be broken down, in the process of
inversion, into two monosaccharide mole-
cules (one of glucose and one of fructose).

The requirement of photosynthesis for
water and sunlight provides two of the main
limits on plant growth, and hence on the
cultivation of agricultural crops. Crop plants
can only be grown effectively in areas where
sunlight and water are freely available (and
where soils are sufficiently fertile to provide
nutrients). Whilst sunlight cannot realistically
be provided by artificial means, water avail-
ability can be artificially enhanced, through
irrigation, and soil fertility can be manipu-
lated with amendments such as fertilizers.
Such activities influence some of the most
important environmental impacts of agri-
culture, along with the effects of clearing
natural habitats for cultivation in the first
place, and practices such as the control of
weeds, pests and diseases.

As well as providing dietary sources of
energy, sugars have been widely exploited
by humans as sweeteners and preservatives.
From very early times, fruit (rich in fructose)
was prized for its sweetness, as was honey
(rich in fructose and glucose). However, it
proved difficult to extract sucrose from plants
in significant quantities, and for many years
this form of sugar was an expensive com-
modity, particularly in Europe. However,
historical developments in the exploitation
of sugarcane and sugar beet substantially
increased access to refined sugar, and demand
continues to grow. Demand from developed
countries may slow down in the long term,
however, as it is already high, health concerns
have been expressed over consumption of

© O.D. Cheesman 2005. Environmental Impacts of Sugar Production
(Oliver Cheesman) 1
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refined sugar, and alternative sugars (e.g.
isoglucose from cereals or high fructose corn
syrup from maize) and artificial sweeteners
(e.g. saccharin, aspartame and cyclamate) are
increasingly investigated.

History of sugar production

Studies suggest that sugarcane was first
domesticated in Papua New Guinea, from
where its cultivation spread throughout
the Pacific and to India, where the first crude
forms of sugar were produced around 2000
years ago. Western Europeans probably
encountered such sugar during the crusades,
and a lucrative trade developed as a conse-
quence. Sugar was an expensive commodity,
and Europe sought to obtain its own sup-
plies. However, the plant only thrives in trop-
ical areas (within about 35° of the equator).
This led Portuguese settlers in Brazil to
initiate cane cultivation in the 16th century
(probably the first example of plantation agri-
culture – Courtenay, 1980). By the 17th and
18th centuries, when European colonial pow-
ers had established huge slave-based sugar-
cane plantations in the Caribbean, sugar held
a central position in the world economy. It is
difficult to transport refined sugar over long
distances, and cane sugar was (and still is)
imported to Europe in raw form and refined
locally. Political upheaval in the Napoleonic

period led to French blockades of sugar
imports into Europe. These, along with slave
revolts on Caribbean cane plantations, drove
a search for alternative sources.

Sugar beet was first identified as an alter-
native source of sugar, and one that could be
grown in temperate regions, in the mid-18th
century. However, processing methods were
not developed, and beet was not grown
widely in Europe until the 19th century and
the blockades of cane sugar imports. Plant
breeding, mechanized cultivation, the use of
fertilizers, technical improvements in beet
processing and trade barriers to cane all devel-
oped very quickly, and by the beginning of the
20th century most of the world’s sugar was
produced from beet. An international confer-
ence led to the relaxation of trade restrictions,
and a recovery of the predominance of cane as
a sugar source.

By the end of the latter part of the 20th
century, worldwide sugar consumption had
increased over 100-fold in 150 years. World
production has increased steadily in recent
decades (see Fig. 1.1). Between the mid-1960s
and 1990s, the largest expansion of sugar
production occurred in India (from 3 to 15 Mt)
and Brazil (from 5 to 10 Mt), but other
countries have seen a decline in production,
including Barbados and Cuba (Hartemink,
2003). Sugar is produced in around 120 coun-
tries, with cane sugar production (about 70%
of the global total – see Fig. 1.1) concentrated
in tropical areas, and beet in temperate

2 Chapter 1

Fig. 1.1. World sugar production from cane and beet 1940–2000 (after Draycott and Christenson, 2003).
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regions; in some areas, including parts of
Spain, North Africa, Iran and Pakistan, both
crops may be grown. In addition, a small
quantity of sugar is derived from the sap of
maple trees (Canadian Forest Service, 1995),
this industry being more or less confined to
parts of the north-eastern USA and eastern
Canada.

Increasing global sugar production
reflects changes in cultivation systems
(including those associated with mechaniza-
tion, use of agrochemicals and plant breed-
ing), increased areas under sugar crops in
some countries and technical advances in the
processing of sugar crops. The influence of
such developments on environmental aspects
of sugar production are complex; while

individual activities may have become less
polluting, the intensification of production
may have amplified negative effects. The
newest technological advances, notably in the
development of transgenic crops, raise impor-
tant questions in relation to environmental
protection. Systems of cultivation vary con-
siderably between localities, with smallholder
versus plantation production of cane, for
example. Cultivation systems and associated
socio-economic factors influence patterns
of productivity, uptake of technologies and
likely environmental impacts. Sugar produc-
tion and its environmental context in two very
different situations (Australia and Papua
New Guinea, respectively) are outlined in
Boxes 1.1 and 1.2.

Background 3

Box 1.1. Sugar production in Australia.

The rewards have undoubtedly been large . . . but ‘success’ in the context of the Australian sugar industry has
been achieved with substantial cost to the natural environment (Johnson et al., 1997)

Australia is currently amongst the largest sugar producers in the world. After some 70 years of increasing
productivity, a yield plateau affected the industry between about 1970 and 1990, but productivity began
to increase again shortly thereafter (Garside et al., 1997b). In 1997, the country produced 5.6 Mt of raw
sugar from 40 Mt of cane, an increase of around 70% on a decade earlier (Ballantyne, 1998). Average
annual cane yields are around 75 t/ha (Hartemink, 2003). Each 100 t of cane processed is estimated to
generate 14.3 t raw sugar, 27.2 t bagasse, 5.2 t filter cake, 2.6 t molasses and 50.7 t waste water. Bagasse
is generally used to fuel low efficiency boilers in cane mills (and, in some cases, to generate surplus
electricity for export), molasses tends to be sold at low value for animal feed or as distillery feedstock, and
filter cake and boiler ash are returned to cane fields as soil amendments. However, there is an increasing
interest in more effective utilization of by-products (Allen et al., 1997).

Much of Australia’s cane cultivation is centred on family-owned farms, and sociological aspects of
the industry are considered by Lawrence and Gray (1997). In 1998, Ballantyne (1998) estimated that the
average Australian cane farm was around 70 ha in area, producing over 6000 t of cane per year, although
Johnson et al. (1997) suggest that the average farm size per grower is increasing. Unlike many sugar produc-
ing countries, Australia exports a substantial majority of its output, making sensitivity to the global market
a key economic characteristic of the industry here. However, this is just one of many factors influencing
profitability of operations for Australian cane growers, which include: farm size, soil type, climate and
weather, availability of water for irrigation, farming practices, pests and diseases, level of debt, currency
fluctuations, government policies and charges, costs of fuel, labour and agrochemicals (Chapman and
Milford, 1997; Ballantyne, 1998). Cane growing in Australia is highly regulated; government and industry
regulations in Queensland effectively control the locations of farms, numbers of growers, areas cultivated
and quantities of sugar produced (Johnson et al., 1997).

The distribution of cane growing in Australia is largely determined by climatic limitations on
production (which are examined by Muchow et al., 1997). The Queensland industry accounts for 95% of
Australia’s raw sugar output (and almost all of its exports), while a separate industry in the northern part
of adjoining New South Wales accounts for most of the rest. A new, small centre of sugar production
was developed in the 1990s in the Ord River region of Western Australia. The location of the main areas of
cultivation brings the industry into potential conflict with sensitive environments, being concentrated along
2000 km of the subtropical east coast, mostly in high rainfall areas with important river systems, often
adjacent to World Heritage-listed rainforests or close to the Great Barrier Reef (Johnson et al., 1997;
Ballantyne, 1998).

continued
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4 Chapter 1

Box 1.1. Continued.

Arthington et al. (1997) note that data on environmental impacts are more readily available in Australia
than in most cane sugar producing countries. A number of studies have highlighted impacts of cane
cultivation and the link (in a number of cases) between these, agricultural practices and yield declines. For
example, Wood (1985) found a decline in soil quality under cane in an area (Herbert Valley) where yield
was declining, and identified excessive cultivation, insufficient fallowing, the burning of crop residues and
application of large quantities of N fertilizers as likely contributory factors. Such studies have led to wide-
spread changes in cane cultivation methods in Australia, including reduced tillage, and a shift from
preharvest cane burning to green cane harvesting/trash blanketing (Dick and Hurney, 1986). More recently,
there has also been investigation of the potential impacts of sugar cultivation on downstream environments.
Arthington et al. (1997) note that three consequences of sugarcane production have been particularly
detrimental: (i) extensive clearance of riparian and flood-plain habitats; (ii) soil erosion and stream sedi-
mentation; and (iii) pollution of water bodies with agrochemicals. Rising water-tables and salinization, and
acid sulphate soils are also acknowledged environmental problems, and Meyer (1997) and Arthington et al.
(1997) also draw attention to hydrological impacts related to irrigation, leading to over-commitment and
degradation of many river systems. Whilst there is often little solid evidence to connect cane growing with
downstream impacts (Johnson et al., 1997), considerable concern remains over potential effects on sensitive
ecosystems like the Great Barrier Reef (Thorburn et al., 2003a). Studies of sugar industry impacts in Australia
have also focused recently on effects in relation to the dynamics of greenhouse gases (Weier, 1998).

Sustainable development has been an increasing concern in Australia (as elswhere), as competition for
natural resources among conflicting uses becomes more intense and environmental concerns are more
widely expressed, and the local sugar industry has been identified as one focus for this (e.g. Johnson et al.,
1997; Syme et al., 1997). In recent years, the Australian sugar industry has shown an increasing interest in
developing programmes for reducing environmental impacts, for example with the development of the
CANEGROWERS’ Code of Practice for Sustainable Cane Growing in Queensland (CANEGROWERS, 1998;
see also Christiansen, 1999), and the launch of COMPASS (Combining Profitability and Sustainability in
Sugar) workshops for cane growers (Azzopardi et al., 2002). Other programmes include research into
Sustaining Soil and Water Resources (Kingston and Lawn, 2003) and Protecting the Environment (Rayment,
2003), under the auspices of the Cooperative Research Centre for Sustainable Sugar Production (CRC
Sugar).

Box 1.2. Sugar production in Papua New Guinea.

Papua New Guinea is considered to be the centre of origin of sugarcane, but until the early 1980s it relied
on imports to meet its domestic sugar demand. Although sugarcane is grown by farmers on a small scale,
and wild species (Saccharum robustum and Saccharum spontaneum) occur along river banks and on
fallow land, it is only recently that attempts have been made to establish a commercial sugar industry here
(Hartemink and Kuniata, 1996). An area of natural grassland, some forest and swamp vegetation, on the
alluvial soils of the Ramu Valley, was selected for cane cultivation (Chartres, 1981; Hartemink, 2003). An
initial planting of just 3 ha on the Ramu Sugar Estate in 1979 was increased to 1592 ha in 1981, 5011 ha
in 1983 and had expanded to 7546 ha by 1997 (Kuniata, 2000). Up to four ratoons can be obtained
following harvest of the planted cane, and cane yields have varied from 27 to 106 t/ha/year, stabilizing
during the 1990s at around 60 t/ha/year (Hartemink, 2003).

Although overhead irrigation is used in the nurseries, cane cultivation in Papua New Guinea is an
exclusively rain-fed operation (Kuniata, 2000). Erosion is a threat in some areas, and terraces have been
installed to control surface water flow (Hartemink and Kuniata, 1996; Hartemink, 2003). As the crop plant is
indigenous, the industry has faced particular challenges from pests, diseases and weeds, most of which are
also native and may have co-evolved with the ancestors of the crop plant, and these have been the main
factors in determining yields (Hartemink and Kuniata, 1996; Kuniata et al., 2001; Magarey et al., 2002). The
most important pest is the stem borer Sesamia grisescens, which can cause sugar production losses of up to
18% (Kuniata and Sweet, 1994), and against which an integrated system of control has been adopted
(Kuniata, 2000; Lloyd and Kuniata, 2000; Box 2.7). There is evidence that soil fertility is declining on the
estate (see Box 6.2), and may become an increasing constraint on yield (Hartemink and Kuniata, 1996;
Hartemink, 2003).
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In the context of this review, it is worth
noting that costs of compliance with environ-
mental regulations are amongst the factors
that affect the economics of sugar production,
and hence patterns of trade. This is a relatively
recent feature of this (as other) industry, and is
only part of a complex of factors that influence
the market, including sugar quotas, price
regulations, subsidies, quality standards, etc.
Most sugar is consumed within the country of
production and only around 25% of world
production is traded internationally. None the
less, global sugar trade issues are contentious.
As with other commodities, manipulation of
markets has long been a feature of the trade in
sugar. For example, when competition with
other crops depressed cane planting in the
early 1600s, statutes were simply introduced
restricting the cultivation of ginger, tobacco
and other rival commodities (Alexander,
1985). Currently, sugar prices are heavily
subsidized in the European Union (EU).
Consequently, over 5 Mt/year of refined beet
sugar is exported annually, while 1 Mt of raw
cane sugar is imported. This latter activity is a
form of overseas aid, which is also practised
by the USA. The EU’s perceived overproduc-
tion has been subjected to General Agreement
on Tariffs and Trade (GATT) requirements,
which will probably see a substantial cut-back
in production over the next few years.

Sugar products

Numerous types of sugar and syrup are avail-
able to domestic and industrial users. White
(refined) sugar is essentially pure sucrose,
although different manufacturers produce
crystals of different sizes, and this leads to
some apparent differences in characteristics.
For example, smaller crystals dissolve more
readily, and may therefore seem to be
sweeter. Brown sugars come in many differ-
ent styles but are essentially of two types:
sticky or free-flowing. Historically, sticky
brown sugar was essentially raw cane sugar,
and this type of product is still available
locally based on traditional or small-scale
manufacturing systems (for example,
‘jaggery’ or ‘gur’ from India – see below).

However, most brown sugar of either type is
now made by mixing a refined (or at least
purified) sugar with a suitable syrup. The
colour of the sugar and the syrup determines
the colour of the final product, and the ratio
of syrup to sugar (and the effect of drying
treatments) determines whether the product
is sticky or free-flowing. Syrups range from
pure sucrose solutions to heavily treated
products incorporating flavours and colours.
Refiners’ or ‘golden’ syrup is a sugar solution
containing inverted sucrose, the glucose
and fructose content helping to ensure that
crystallization does not occur during storage.
Treacle is a similar product, made from
molasses rather than a pure sugar solution.

Sugar consumption and human health

There is increasing concern over the impact of
increased consumption of refined sugar on
human health. This issue is outside the remit
of this study, but it is worth noting that some
authors have identified some irony in the
idea that agricultural practices (such as cane
cultivation), which may have serious envi-
ronmental impacts, underpin the supply of
food products which may impair consumer’s
health (e.g. Sager, 1995 – with particular
reference to the USA and Australia). In the
interests of balance, it should also be noted
that some recent analyses have challenged
many of the perceived health risks associated
with sugar consumption (e.g. Clay, 1998).

Cultivation and Processing of
Sugar Crops

In terms of cultivation, it is worth noting that
sugar crops differ from many others in that
the economic product is not derived from the
reproductive portion of the plant (e.g. as for
cereals harvested for grain), but from the veg-
etative structures (the stalk of cane and root
of beet). Differences between cane and beet
cultivation practices reflect differences in the
anatomy and physiology of the plants, as well
as the geographical and other circumstances
under which they are typically grown. There
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are, however, many similarities in the ways
in which the respective crops are processed to
recover sucrose. One of the main differences,
in this repect, is that cane is generally pro-
cessed to raw sugar (and then transported,
often over transcontinental distances, for
refining), whereas beet is typically processed
to refined sugar on one site.

Sugarcane

Sugarcane is a tropical grass, a group of Sacc-
harum species somewhat resembling bamboo,
which stores sucrose in its stem. There
may be considered to be two confirmed wild
species of Saccharum and four domesticated
species. The wild forms are S. spontaneum
(found throughout tropical Oceania, Asia and
Africa) and S. robustum (restricted to Papua
New Guinea and neighbouring islands). The
domesticated forms are S. officinarum (noble
cane, amongst the first forms of ‘chewing’
cane to be cultivated, but now grown in very
few localities), S. edule (apparently restricted
to Melanesia and Indonesia), S. barberi (from
which sugar was first manufactured) and S.
sinense. Virtually all commercial varieties of
sugarcane are hybrids obtained by selective
breeding based on the above species. Such
breeding programmes assisted the sugar
industry in increasing cane sugar yields from
around 1–1.5 t/ha to around 8–17 t/ha in the
course of the 20th century.

Cultivation of sugarcane

As with most commercial crops, many differ-
ent varieties (cultivars) are available, some
growing up to 5 m tall. Planting material is
typically in the form of cuttings (setts, seed-
pieces) from nursery stock. Optimum periods
for growth and harvesting vary between
localities, according to climatic seasonality.
Depending on local conditions, the cane
growing period varies between about 10
and 22 months, and cane yields range from
around 50 to 120 t/ha/year (Ruschel and
Vose, 1982). Once harvested, the roots of
the old crop may be ploughed out, and
the field replanted. However, under the right

conditions, cane will re-grow from the old
root stock. This repeated cropping is known
as ratooning, and may be continued for 6
or 7 years, providing for some economic
advantage over annual crops (although
yields typically decline somewhat with each
ratoon). The number of ratoons varies with
the vigour of the cane and with local condi-
tions. In Australia, for example, four to five
ratoons are typical (Garside et al., 1997b). At
least two ratoon crops would normally be
expected, resulting in the cane remaining in
the field for at least 3 years. Ratooning results
in cane cultivation sharing some characteris-
tics with the repeated cropping of perennials,
rather than annuals, and the typically short
fallow period between eventual ploughing
out and replanting (rather than rotation of
crops) exacerbates the effects of intensive
monoculture of this plant.

Sugarcane is renowned for its efficiency
in converting solar energy to organic material
(see Box 1.3). In order to fulfil this consider-
able growth potential, the cane plant requires
strong sunlight and abundant water.

Harvesting of sugarcane

Cane typically ripens in the cooler and drier
part of the year, and water stress enhances
sucrose accumulation. Although some leaves
remain green, much of the foliage is dead
once the cane is mature. In many systems
of cultivation, controlled burning before
harvesting is used to clear dead leaves (‘cane
straw’ or ‘trash’) and some of the waxy coat-
ing of the cane. In some areas of cultivation,
cane is cut by hand, providing significant
employment for local communities, but
incurring substantial labour costs to the
producer. Mechanized harvesting, however,
can also be expensive, in terms of the capital
and running costs of equipment, and is only
practical where land conditions are suitable
(for example, on relatively flat ground).
Mechanical harvesting also increases the
proportion of extraneous material removed
from the field with the cane. At harvest, the
cane is cut at approximately ground level,
the top green leaves are cropped off and cut
stalks are bundled together and transported
to the mill. Discarded tops and trash, where
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this has not been burnt, can provide a valu-
able mulch (see Box 2.4). If the whole plant is
to be harvested (e.g. for biomass – see Box
8.1), preharvest burning is inappropriate, and
tops and trash will be collected as well as
stalks. As a source of sugar, cut cane can dete-
riorate rapidly (e.g. Larrahondo et al., 2002),
for example through the action of micro-
organisms, and mills are generally sited close
to cane fields to minimize transport time.
Typically, cane is processed within 24 h of
cutting. Refined sugar is obtained from cane
in two stages, the first set of processes yield-
ing raw cane sugar, which is subsequently
refined (often some distance from the site of
cane cultivation and processing).

Sugar beet

Sugar beet is a temperate, biennial root
vegetable, the wild ancestors of which are
thought to have evolved in coastal areas and
first been domesticated as garden vegetables
on the shores of the Mediterranean in ancient
times. Although the taxonomy is confused,
all cultivated types can be considered to be
forms of Beta vulgaris, falling into one of four
categories: leaf beets, garden beets, fodder
beets and sugar beet (which is sometimes
referred to as Beta maritima).

During its first year of growth, the beet
stores sucrose in a bulbous root, similar in
appearance to a fat parsnip. Marggraf and
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Box 1.3. Sugarcane as a fixer of solar energy.

Alongside the extensive utilization of waste materials as by-products, the exceptional efficiency of cane in
the conversion of solar energy to biomass is amongst the most widely cited examples of positive environ-
mental features of the sugar industry. Payne (1991) asserts that sugarcane is a crop unparalleled in its
capacity to trap sunlight energy and has the highest harvest index (ratio of material utilized to material
grown in the field) of all crops. Except where otherwise indicated, the following account is based on
Alexander (1985), who considers that perennial tropical grasses like cane, grown in the tropics as total
biomass commodities, are potentially the most efficient farm crops on earth in their usage of expensive
agricultural inputs.

The great efficiency of cane as a fixer of solar energy arises from a combination of features. First, in evo-
lutionary terms, Saccharum species tend to interbreed readily, and there is even substantial interbreeding
potential between Saccharum and related genera. As well as providing a wide range of options for modern
plant breeders (and making hard work for taxonomists), this characteristic has assisted the natural spread of
traits conferring adaptive advantage between these plants.

In terms of its anatomy and growth form, the plant also has valuable characteristics that enhance
growth potential. Saccharum leaves are as effective a receptive surface to ‘capture’ sunlight as those of any
extant higher plant. The perennial crown and expanding stool cluster, from which new buds, shoots and
stalks develop, provide for continuous growth, while organic matter is continuously deposited above and
below ground as redundant parts of the structure die and decay. Its vigorous growth allows sugarcane
to outcompete other plants, and thereby to monopolize available resources (contributing to its ability to
suppress weeds in a cultivated situation).

Perhaps the key characteristics, however, are physiological. Sugarcane and related species use the C4
photosynthetic pathway, as distinct from the C3 (or Calvin cycle) pathway used by most other plants. In
terms of efficiency of photosynthesis, the C4 pathway allows a plant to exploit lower concentrations of
carbon dioxide and a greater range of light intensities, while eliminating photorespiration. Sugarcane has
also been shown to utilize a wider range of wavelengths of solar radiation within the visible spectrum
than most plants. Physiological adaptations also include the use by these plants of sucrose (as opposed
to, for example, starch) as a principal photosynthate, facilitating easy translocation of carbohydrate for
growth.

As a consequence of such adaptations, sugarcane fixes around four times as much solar energy as
most temperate crops, and can consequently yield around 50 t dry matter/ha/year (Paturau, 1989). Another
illustration of the yield efficiency of sugarcane is given by UNEP (1982), which estimates that 1 million
kcal of energy in the form of sugar requires (on average) 0.07 ha of sugarcane for its production, whilst the
equivalent amount of energy in the form of beef requires 7.70 ha to produce.
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Achard (in the 17th and 18th centuries) were
the first to develop means by which beet could
be used as an alternative source of sucrose to
sugarcane and to selectively breed varieties of
the plant for sugar production. Such breeding
programmes are complicated by physiologi-
cal constraints on the development of the beet
plant, that typically result in a negative corre-
lation between root yield and sugar content
(e.g. Hoffman and Marlander, 2001; Jansen
and Burba, 2001). Most commercial sugar
beet varieties currently grown in Europe
are triploid hybrid forms.

Cultivation of sugar beet

As with sugarcane, many different varieties
are available. Beet is typically grown from
seed. Timing of operations varies according
to local conditions, but much beet is sown
in the spring (after ploughing in autumn),
and then harvested in the first autumn/early
winter before it has a chance to flower and
set seed. However, the crop may be sown in
the autumn in areas with a Mediterranean
climate. Sugar beet is not generally grown in
the same fields year after year, but as part of
a rotation with cereals and other crops (often
providing the most important cash crop in
the rotation).

Sugar content for mature beet is typically
around 17% by weight, but varies con-
siderably according to variety and growing
conditions. This is substantially more than for
sugarcane, but the yield of beet per hectare
is much lower, such that sugar production is
often only 7 t/ha (although it is possible to
obtain yields up to 15 t/ha).

Harvesting of sugar beet

The beets are typically dug out of the ground
in autumn/early winter, using mechanized
harvesters. The green leaves are cut from
the tops of the plants, and may be left in the
field. Beet is usually transported to the sugar
factory in large trucks, because the distances
involved are typically greater than in the
cane industry. This is partly a result of
sugar beet being a rotational crop which
requires nearly four times the land area of the
equivalent cane monoculture, and partly due

to the slower rate of sugar loss in postharvest
beet.

Processing of sugar crops

The fundamental steps in the processing of
sugarcane and sugar beet are sufficiently
similar to be considered together here. Both
crops require cleaning on arrival at the mill/
factory (which results in some loss of sugar).
As a root crop, beet requires the greater
amount of cleaning. It is often fed down
flumes on delivery to the factory, and further
washed to remove mud, stones, leaves and
other waste material. A great deal of waste
water is generated by this process, from
which solid wastes (notably mud) are settled
out.

Juice extraction

Sucrose extraction from beets is easier than
extraction from cane for a number of reasons.
First, beet can be stored for several weeks
after harvesting without substantial loss of
sugar. Secondly, sucrose is readily diffused
out of whole cells in beet, whereas the cells of
cane need to be broken open prior to extrac-
tion – beet can therefore yield a higher purity
juice, without much of the cell material and
other impurities found in cane juice.

Once cleaned, beet is cut into 4–5 mm
thick slices (‘cossettes’), which are fed into
a tower or rotating drum diffuser. Sugar is
removed in solution by a counter current
diffusion process. Typical raw juice from
diffusion contains around 14% sugar. Spent
cossettes are fed into large screw presses,
which extract residual juice. Pressed pulp is
recovered at around 70% moisture content,
and fed into driers, large rotating drums,
using air at 600–900°C. This drying process
can account for about a third of the total
factory energy consumption. Newer, more
efficient, drier designs use steam.

Cleaned cane is typically shredded with
rotating knives or crushed using hammer
mills. Sugar is removed by washing the
shredded cane with hot water and running it
through rollers (milling), or by diffusion in a
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counter current process. Extracted cane juice
typically contains around 15% sugar. Residual
cane material (‘bagasse’) is recovered at about
50% moisture content. Bagasse is often used
as the main fuel source in the mill, firing
boilers for co-generation (production of
thermal energy, as steam, and the generation
of electricity, see Box 8.2).

Water consumption in juice extraction
can be substantial. More water removes
more sugar by diffusion, but also makes
the extracted juice more dilute, increasing the
energy required in the next stages of process-
ing. Extracted juice is cleaned (by clarification)
and concentrated (by evaporation) before the
sugar it contains is crystallized.

Clarification and evaporation

Clarification involves removal of impurities
from the juice, and adjustment of its chemical
properties to enhance this process and subse-
quent concentration of juice by evaporation.
Lime (calcium hydroxide) is used to treat
both beet and cane juice in the clarification
process, although beet factories tend to use
more lime than cane mills. Magnesium oxide
has been used as a partial substitute for lime
in some cases. In addition, carbon dioxide
may be bubbled through juice in the clarifi-
cation process. Sulphitation (the addition of
sulphur dioxide or derivatives) is also com-
mon in cane and beet sugar processing at
this stage and the next, to prevent impurities
reacting to cause coloration in the juice. Phos-
phatation (addition of phosphoric acid) may
also be carried out to assist clarification.
Treated juice is typically pumped slowly
through a tank (clarifier), where waste solids
settle out. These still contain valuable sugar,
which is recovered by slurrying (mixing solid
wastes with water) and/or passage through
vacuum filters or filter presses, leaving a
lime-rich waste material (filter press mud,
filter cake, lime mud).

After clarification, the clear juice is still
relatively dilute, and must be concentrated
prior to crystallization. This is typically
achieved by passage through multiple-effect
evaporators. It is not unusual to see six
(sometimes seven) effects in a beet factory
evaporator, although many cane mills use

only three or four. In either situation, the
effective management of the evaporators is
very important in determining the energy
efficiency of the whole processing operation.

Boiling

Crystallization is carried out by ‘boiling’ the
mother liquor (concentrated juice) in vacuum
pans. Crystals tend to form as pure sucrose,
so impurities (e.g. invert sugars – fructose
and glucose) become concentrated in the
mother liquor. Boiling is repeated (typically
three times) in order to recover as much
sucrose as possible, but the impurities
increasingly inhibit crystallization. The
mixture (‘massecuite’) of sugar crystals
and mother liquor from each boiling is
centrifuged to separate the main components.
As well as sugar, a sweet, viscous waste
material (molasses – essentially, the
exhausted mother liquor) is ultimately
generated by this process.

Such processing of cane juice yields raw
sugar, the crystals of which are brown and
sticky and have a distinctive taste. Generally,
this is stored at the mill, for transport to
refineries closer to the point of consumption of
the ultimate (white sugar) product. Refining
involves affination (partial dissolution of raw
sugar, followed by centrifuging), chemical
treatments similar to those described above
for clarification (and possibly decoloration
with activated carbon), followed by boiling to
recover white sugar crystals. Because of the
different nature of colour chemicals in beet
juice, it is possible to produce white sugar as
part of a single process at the beet factory.
However, some factories produce a form of
raw beet sugar, which is subsequently refined
elsewhere.

Traditional and alternative systems of
cane sugar processing

As noted above, the growing of cane for
sugar is an ancient practice in many parts of
the tropics. Old systems of sugar production
persist, producing traditional forms of
sugar, some of which operate on a semi-
industrialized scale (UNEP, 1982). For
example, ‘gur’ or ‘jaggery’ (‘juggeri’) is a
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form of raw sugar manufactured by tradi-
tional systems in India. It is generally used
for sweetening in cooking, or for fermenta-
tion, and has poor storage qualities. A similar
product called ‘panella’ is made in parts of
South America. These forms of raw sugar are
made by a small-scale process of milling
(traditionally, with a pestle and mortar),
evaporation (in an open, bagasse-fired pan)
and solidification (further heating in an
open pan, producing a syrup thick enough to
solidify on cooling). ‘Khandsari’ sugar is also
produced in India, based on a development
of gur manufacture which involves a partial
industrialization of the process, including

some clarification/decolouring and centri-
fuging to yield a dry crystal sugar (UNEP,
1982). Whilst traditional sugar processing of
this kind can contribute to local economies,
its products are unlikely to be widely traded,
and it can have negative environmental
impacts. The processes are energy ineffi-
cient, and may (for example) lead to over-
exploitation of fuel wood supplies, local
deforestation and soil erosion (UNEP, 1982).
However, such systems of sugar production
are much smaller scale, and less intensive,
than fully commercialized cultivation and
processing, and their environmental impacts
should be seen in that context.
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2

Overview

Environmental considerations are increas-
ingly important for the sugar industry, as a
consequence of pressure from conservation-
ists and local communities (Johnson et al.,
1997; Ballantyne, 1998; Mallawaarachchi and
Quiggin, 2001; Mallawaarachchi et al., 2001),
increasing regulation (ISO, 2001; SASA, 2002)
and pressures applied through markets
(SASA, 2002). Consequently, the reduction of
environmental impacts is an increasing focus
for the industry both for cane (e.g. Singh,
1994) and for beet (e.g. Cooke and Scott,
1993). Whilst this can be seen as a potential
source of conflict between producers and
other stakeholders, it can also be interpreted
as a opportunity to enhance productivity
and the long-term viability of the industry.
In some areas, increasing numbers of cane
farmers have become enthusiastic about the
social and economic benefits of adopting
ecologically sound practices, and there is
evidence that some measures that reduce
environmental impacts also contribute to
increased efficiency of production (e.g.
Ballantyne, 1998). Clearly, the development
of new equipment and technologies can be
important factors in the reduction of environ-
mental impacts, as for beet cultivation
(e.g. Hruska, 1991) and processing (e.g.
Goncharov, 1994; Grabka, 1995). In some
respects, it may be possible to transfer
technology between the beet and cane sugar
industries (Avram-Waganoff, 1990). How-
ever, in predicting the actual uptake of novel
methods, it is important to consider the full

range of constraints that affect how farmers
adopt new technologies, including those with
a particular environmental emphasis (e.g. see
Lawrence and Gray, 1997).

Like many industries, particularly those
based on intensive agriculture, the sugar
industry must address a complex range of
environmental concerns. Kropff et al. (1997)
discuss intensive agriculture and opportuni-
ties for sustainable production, with particu-
lar emphasis on the sugar industry. Principal
challenges include the need to improve
production systems to maximize water and
nutrient use efficiency, conserve soils and
better control weeds, pests and diseases while
reducing other impacts of pesticides. The
relative importance of particular concerns
may differ from country to country, as will the
local structures and regulations that exist to
manage them, but a similar range of issues
pertains across the sugar industry as a whole.

Although the cultivation of sugar crops
and the processing of the raw materials that
they yield can be seen as separate, they are
interrelated. For example, because the sucrose
content of cane declines rapidly following
harvest, active liaison between growers and
processors is important (e.g. Bakker, 1999).
Stockfisch and Marlander (2002) consider that
sugar beet is particularly well suited to the
development of sustainable production con-
cepts, specifically because cultivation and
processing are closely linked. Such linkages
can contribute to the limitation of environ-
mental impacts, for example, through the

© O.D. Cheesman 2005. Environmental Impacts of Sugar Production
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use of processing wastes (by-products) as soil
amendments, reducing the need for applica-
tions of other types of fertilizers (Lescure and
Affret, 1997). From an environmental perspec-
tive, the extent of by-product utilization is an
impressive aspect of the (particularly cane)
sugar industry, although maximum benefits
rely on responsible handling of potentially
polluting materials.

In any given situation, there may be diffi-
culties in unambiguously assigning environ-
mental impacts to the sugar industry. At a
landscape scale, cane growing is likely to be
just one (although possibly a dominant) land
use contributing to environmental degrada-
tion. Similarly, beet growing is just part of
a mosaic of activities at a landscape scale.
However, with this crop there are additional
difficulties in distinguishing its environmen-
tal impacts from those of other land uses, even
at a field or farm scale, and certainly over
medium to long time scales, because beet is
typically grown as part of a rotation. In some
areas, sugar processing may be just one of
a range of activities undertaken by a group
of factories or other industrial units, making
impacts (say, of effluent discharges) difficult
to assign to any individual set of operations.

Although trade issues are not specifically
examined in this review, it is also important to
acknowledge that patterns of trade affect pat-
terns of production, and therefore environ-
mental impacts. Any substantial shift in global
sugar trading conditions could significantly
alter the environmental impacts of sugar pro-
duction, for example, by shifting the balance
between cane and beet, rendering significant
areas of sugar cultivation uneconomic, or
creating opportunities for economically via-
ble sugar production in new localities. Whilst
some changes in trade patterns may be some-
what unpredictable, others are contingent
on known prospective political and economic
changes, such as enlargement of the European
Union (EU). The latter stands to affect patterns
and methods of beet sugar production and
trade in eastern Europe and the countries of
the former Soviet Union, where methods have
often been relatively inefficient and reliant on
relatively old technologies. Characteristics of
the sugar industry (including farm sizes,
factory capacities and expected yields) in

eastern European countries are summarized
by Urbaniec (1996) and Treadgold (1998).

The following sections summarize the
environmental impacts of the cultivation and
processing of sugarcane and sugar beet, and
measures that can be taken to reduce these
impacts. Subsequent sections present infor-
mation on a number of general agricultural
practices (tillage, agrochemical usage, etc.)
that contribute to multiple environmental
impacts, and general measures (effective
planning, alternative systems of agriculture,
etc.) that can reduce multiple environmental
impacts. Later chapters go on to examine
impacts of sugar production on particular
aspects of the environment (water resources,
soils, etc.), and additional measures that have
been suggested to reduce these impacts. The
final chapter examines the uses and impacts of
by-products of sugar production.

A Summary of the Environmental
Impacts of Cultivation of Sugarcane

and Sugar Beet

The environmental impacts of the cultivation
of sugar crops are summarized below, and
their sources relative to key processes and
inputs are illustrated in Figs 2.1 (for cane)
and 2.2 (for beet). A summary of the findings
of a recent review of the environmental
aspects of sugar beet cultivation in the UK is
given in Box 2.1.

Impacts on biodiversity

Loss of natural habitats

Historically, substantial areas have been
cleared for cane cultivation, leading to the
loss of habitats including rainforest, tropical
seasonal forest, thorn forest, semi-desert
scrub and savannah. In some places, includ-
ing South America, South-east Asia and
Australia, the area under cultivation has
continued to expand in recent years. Land
clearance not only results in the direct loss of
species and habitats, but underlies a range
of wider impacts on ecosystem function,

12 Chapter 2
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Fig. 2.1. Sources of environmental impacts relative to key processes and inputs in the cultivation of sugarcane.
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Fig. 2.2. Sources of environmental impacts relative to key processes and inputs in the cultivation of sugar beet.
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Overview 15

Box 2.1. Environmental aspects of sugar beet cultivation in the UK.

In June 2002, following a stakeholder consultation process, a report was produced by the UK
Government’s Department for Environment, Food and Rural Affairs, assessing environmental
aspects of sugar beet cultivation in the UK (Defra, 2002). The findings of that report are summarized
below.

The main environmental impacts of beet growing were identified as those relating to biodiversity,
use of agrochemicals, soil impacts and archaeological features. Environmental regulations and agri-
environment schemes relevant to beet growers were reviewed, as was the state of research into beet
cultivation and the environment in the UK. Sugar beet’s role as a break crop in arable rotations was seen as
positive, contributing to a reduction in pesticide and fertilizer inputs during other phases of the rotation (by
interrupting a potential build-up in pests/diseases associated with other crops, and by contributing organic
matter to the soil in the form of root fragments, leaf material and/or beet tops ploughed in following harvest).
Many of the more positive aspects of beet cultivation depended heavily on individual growers adopting
appropriate management practices (e.g. minimizing crop protection activities, not treating stubble from the
previous crop with herbicide in the autumn, timing mechanical weeding and irrigation to reduce possible
conflicts with wildlife). Encouragement of sympathetic farm management decisions was seen as the key to
realizing positive environmental outcomes.

Biodiversity

Overall, the presence of sugar beet in a crop rotation was seen as a positive contribution to crop diversity
(and to wider farmland biodiversity). Particular benefits were identified for farmland birds, which have
experienced population declines in the UK in recent decades. These benefits arose from:

Winter stubbles from the previous crop, left in the ground prior to spring sowing of beet

Valuable as winter feeding habitat for seed-feeding birds such as finches and buntings.

The relatively open vegetation structure of the beet crop in the late spring

Valuable as habitat for ground-nesting birds such as stone-curlew, lapwing and skylark.

Late harvested crop/postharvest beet stubble

Valuable as habitat for a range of species, and as winter feeding habitat for a range of birds, including
pink-footed geese, swans, skylarks, golden plover, lapwing, pied wagtail and meadow pipit. In particular,
the difficulty of controlling broad-leaved weeds in this crop results in increased numbers of such plants,
their seeds and associated invertebrates.

More detailed information is required on the impacts of beet cultivation on flora and fauna other than
farmland birds.

Agrochemicals

Between 1982 and 1998, the total pesticide input to UK beet cultivation fell from around 11 kg/ha to just
over 5 kg/ha (a reduction of well over 60%). The reduction in insecticide inputs, for example, was partly
due to a shift away from spraying towards seed treatment, such that 70% of UK beet crops received no
insecticide in spray form. Further details of these trends in pesticide inputs are provided elsewhere in this
review.

Use of nitrogen fertilizer in UK beet cultivation was found to have declined substantially, from an
average of 150–160 kg/ha in the 1970s to 100–105 kg/ha by 2000 (a fall of around 33%).

continued
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16 Chapter 2

Box 2.1. Continued.

These reduced agrochemical inputs were partly a consequence of increased adoption of a more integrated
approach to crop management. Despite the considerable reduction in inputs, concern remained over a
lack of detailed knowledge on pesticide impacts on watercourses and aquatic species, eutrophication of
ground and surface waters (due to N and P inputs), potential hazards of increased seed treatments, and the
effects of herbicide drift and runoff into adjacent habitats. It was noted that even more could be done to
reduce agrochemical usage in UK beet cultivation. The role and impact of genetically modified beet (see
Royal Society, 2003) were still under investigation.

Soil impacts

Erosion (by wind, water and removal of soil at harvest) was of some concern. However, it was noted that
wind erosion was increasingly controlled by the planting of cover crops. Water erosion, leading to silting
up of waterways, was seen as having potentially serious consequences, although quantities of soil lost
were much less than those attributable to removal at harvest. This factor accounted for 350,000 t of soil
removed from UK beet fields each year. Although substantial, this figure (equivalent to 6.5% soil tare)
represented the lowest rate of soil lost with beet at harvest in Europe, and all soil thus removed was
returned to agricultural land or used in other applications.

Although measures had been taken to reduce soil compaction risk in UK beet cultivation, this was
considered to remain a potential problem area requiring further improvements.

Archaeological features

As in other cropping systems involving deep ploughing, beet cultivation was seen as posing some risk of
damage to buried archaeological features.

Irrigation

Although identified as a measure generally reserved for periods of severe drought (with less than 5% of
the UK beet crop normally receiving irrigation), this was seen as an area requiring future monitoring in the
light of future water availability and climate change.

Environmental regulations/agri-environment schemes

A range of legislation was identified as relevant to the potential environmental impacts of UK beet
growing, including regulations on the discharge of dangerous substances into groundwaters, nitrate
pollution of ground and surface water and various aspects of the use of pesticides. Existing agri-
environment schemes were seen as providing relatively limited opportunities for encouraging
environmentally focused management practices amongst most beet growers.

State of research

Although relatively little research was devoted primarily to environmental objectives (excepting the
farm-scale evaluations of genetically modified beet – see Royal Society, 2003), many broader research
programmes were seen as contributing to the development of more ‘environment-friendly’ beet cultivation
in the UK. It was also recognized that there was a good communications network within the industry,
accelerating the uptake of research outputs.
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including changes to hydrology and
increased soil erosion. Particular concern
has been expressed over impacts on wetland
habitats, and the resultant effects on associ-
ated ecosystems such as rivers and coastal
zones. It is likely that only relatively very
small areas have been cleared specifically for
sugar beet, which was adopted as a widely
grown crop relatively recently and would
often have been grown on areas that were
already under some form of cultivation.

Impacts of ongoing cultivation

Some environmental impacts of sugar crop
cultivation have the potential to affect bio-
diversity well away from the farmer’s field.
Such impacts include the sedimentation of
waterways as a consequence of soil erosion,
or eutrophication arising from the leaching
and runoff of nutrients. In relation to the
farmer’s field, areas under cultivation
generally support fewer indigenous species
than adjacent natural habitats, although the
diversity of invertebrates amongst the crop
and in the soil can be considerable, and
microorganismal biodiversity in these situa-
tion is often overlooked. The use of pesticides
can have a direct impact on biodiversity by
killing non-target organisms, but can also
have indirect effects (e.g. by removing
species that provide food or shelter for other
organisms). The inappropriate use of bio-
logical control in cane cultivation has had
negative biodiversity impacts, notably
through introductions of the mongoose in the
Caribbean and elsewhere, and the introduc-
tion of the cane toad to Australia. Such cases
can distract from the potential environmental
benefits of responsible biological control
programmes. There has also been much
concern expressed recently over the potential
biodiversity impacts of the cultivation of
transgenic crops, including sugar beet.

Impacts on water

Excessive water consumption

Although entirely rain-fed in some localities,
cane cultivation relies on irrigation in many

other areas, and the quantities of water used
are a cause for increasing concern. This is par-
ticularly apparent in the literature from India,
where cane cultivation is seen as placing a
strain on available groundwater resources in
a number of areas (e.g. Dhillon and Panshi,
1987; Singh and Sankhayan, 1991). There are
also concerns that water extraction for cane
irrigation has resulted in over-commitment
and degradation of river systems, for
example in Australia (Arthington et al., 1997;
Meyer, 1997). In South Africa, there is even
debate over whether non-irrigated cane con-
sumes so much rainwater that it should be
classified as a stream flow reduction activity
(e.g. Schulze et al., 2000).

Sugarcane is amongst a group of crops
noted for their heavy water consumption
(along with rice and cotton, for example), and
it has been estimated that a cane crop of 100 t/
ha would be expected to consume in total
approximately 7.5 Ml/ha water. In areas where
this demand cannot be met by rainfall, the
water requirement translates into substantial
applications of irrigation water. For example,
estimates of irrigation requirements for cane
growing in parts of north-west Australia have
ranged from 15 to 54 Ml/ha/year (Wood et al.,
1998). Despite their importance to the indus-
try, irrigation systems have often been found
to be inefficient, leading to wastage of water.

Sugar beet is relatively insensitive to soil
moisture, but around one-fifth of the world’s
beet cultivation is irrigated (Dunham, 1993).
In drier localities, this may be essential for
successful cultivation, but in other areas the
benefits of irrigation appear to be marginal.
In addition to concerns over excessive water
consumption for irrigation, it is also worth
noting that irrigation may exacerbate other
cultivation impacts (particularly salinization
of soils).

Water pollution

Watercourses and aquatic habitats can be
polluted by agrochemicals and sediments
arising from the cultivation of sugar crops.
Groundwaters can be affected by leaching of
nutrients from fertilizers applied to the crops.
These impacts may extend to downstream
ecosystems, such as coastal zones. Examples
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of impacts of cane cultivation on water qual-
ity come from many areas where the crop is
grown, including Australia, South America
and the USA, although there may be difficul-
ties in separating the effects of cane growing
from other land uses. Similar concerns
have been raised in beet growing areas, but
unambiguous assignment of water pollution
to the cultivation of this crop is even more
difficult, as it is generally just one component
of a wider crop rotation.

Impacts on soils

Erosion

In many areas, cane is cultivated on slopes,
and beet is often cultivated in such a way that
fields are left bare over winter; both activities
exacerbate erosion risks. The extent of ero-
sion problems is heavily dependent on local
conditions. Estimates of erosion soil losses
under sugarcane range from around 15 to
> 500 t/ha/year (e.g. Lugo-Lopez et al., 1981;
Prove et al., 1995). Because they are often left
bare over winter, beet fields can be vulnera-
ble to wind erosion as well as water erosion.
Estimates of soil losses to wind erosion under
sugar beet range from 13 to 49 tons/acre/
year in the USA (Fornstrom and Boehnke,
1976), and estimates of soil losses to water
erosion range from 0.3 to 100 t/ha/year in
beet growing areas in Europe (De Ploey, 1986;
Morgan, 1986).

Soil lost at harvest

In addition to erosion, soil is also removed
from the field with the harvested crop. In
cane cultivation, extraneous material (includ-
ing soil) probably makes up about 1–15% of
the material delivered to the mill. However,
the nature of beet harvesting results in large
quantities of soil being removed with the
crop. Estimates suggest a soil ‘tare’ of 10–30%
for harvested beet (Elliott and Weston, 1993),
with studies suggesting figures such as
9 t/ha per harvest soil lost (Poesen et al.,
2001). Over large areas, these losses
become substantial, with published estimates

including 3 Mt/year for the EU (Elliott and
Weston, 1993) and 1.2 Mt/year for Turkey
alone (Oztas et al., 2002).

Reduction in soil quality

Compaction of soils can occur under cane
and beet, increasing bulk density and reduc-
ing porosity, as well as producing negative
effects on the soil fauna. Reduced porosity
(and consequently water infiltration rate)
results in increased runoff, which is likely
to exacerbate erosion problems. Compaction
risks associated with cane or beet cultivation
differ to some extent, according to the differ-
ing cultivation systems which are generally
used (monoculture and rotation, respec-
tively). In beet cultivation, the number of
field operations (and therefore vehicle
passes) used in field preparation and the fact
that soils are often wet during harvesting,
increase compaction risk and are particular
sources of concern.

Other soil quality impacts commonly
associated with sugar crop cultivation include
loss of soil organic matter, changes in nutrient
levels, salinization and acidification. Loss of
organic matter and changes in nutrient levels
are demonstrable under both cane and beet (as
well as other crops). Salinization (associated
with poor water management, particularly
drainage) and acidification (mostly as a
consequence of the application of inorganic
fertilizers) appear to be more prevalent in
certain cane growing areas than under beet
cultivation.

Combined impacts on soil quality can
lead to a loss of fertility, which is a particular
risk under cane, which is generally grown
as a continuous monoculture. Loss of soil
fertility appears to be having a negative
impact on cane yields in a number of
countries.

Impacts on air quality

Air pollution

The practice of burning cane prior to harvest
creates air pollution (and contributes to soil

18 Chapter 2

32A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:33:59 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



impacts). The use of fertilizers can exacerbate
nitrogenous emissions from fields.

A Summary of the Environmental
Impacts of Sugar Processing

The environmental impacts of the processing
of sugar crops are summarized below, and
their sources relative to key processes and
inputs are illustrated in Figs 2.3 (for cane)
and 2.4 (for beet).

Impacts on biodiversity

Most impacts of sugar processing on bio-
diversity are secondary effects from environ-
mental pollution, such as the discharge of
effluent into waterways.

Impacts on water

Excessive water consumption

Processing of sugar crops is a relatively water
intensive activity, involving a number of stages
that consume water. The water consumption
of beet processing is exacerbated by the need
to wash off the considerable quantity of soil
removed with the roots at harvest.

Water pollution

Sugar processing produces effluents that can
cause pollution when discharged; polluting
effects being exacerbated by the high oxygen
demand of the effluents and the use of
agents such as lime in processing operations.
Published accounts from many cane growing
areas, including parts of Africa, South Amer-
ica and the Caribbean, report environmental
impacts of sugar-processing effluents. There
is a particular body of literature from India,
demonstrating pollution of groundwaters
and surface waters (including rivers).
Reports of pollution from beet sugar-
processing effluents in Europe include
impacts on coastal ecosystems.

Impacts on soils

Reduction in soil quality

Soils can be negatively affected by poorly
managed application of wastes (by-products)
from sugar processing, or from poorly man-
aged irrigation with processing waste waters.
However, there is also much evidence that
processing wastes can be used as beneficial
soil amendments, if appropriately applied.

Impacts on air quality

Air pollution

The practice of burning bagasse to fuel cane
processing operations can result in undesir-
able emissions. However, this represents the
utilization of a by-product (see below) and
may be less polluting than alternative
arrangements. The wastes generated by
the processing of cane and beet can result in
significant odour problems, from the release
of noxious gases.

Positive Environmental Aspects of
Sugar Production

Crop characteristics

Sugarcane is a highly productive plant in
terms of yield per unit area and yield per unit
water consumed. The relatively large quanti-
ties of atmospheric carbon fixed by cane have
led to interest in its cultivation primarily as a
renewable fuel source, either as biomass or as
a source of alcohol. The use of waste fibre
(bagasse) to fuel cane processing in many
parts of the world already contributes to cane
sugar production being a relatively carbon
neutral activity (e.g. see Beharry, 2001). There
has also been interest in sugar beet as a source
of biofuel, although the plant does not benefit
from the high level of productivity associated
with cane. However, its deep, spreading root
system does make it an efficient scavenger of
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Fig. 2.3. Sources of environmental impacts relative to key processes and inputs in the processing of sugarcane.
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Fig. 2.4. Sources of environmental impacts relative to key processes and inputs in the processing of sugar beet.
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soil water and nutrients, relative to many
other crops.

By-products of sugar production

The waste materials arising from sugar
cultivation and processing (particularly
from cane) are, in many cases, utilized as
by-products. This reduces the absolute out-
put of waste materials, and has the potential
to ameliorate negative impacts of other sugar
production activities (e.g. through the use
of waste materials as mulches or beneficial
soil amendments). By-product utilization
can also prevent, by substituting for, more
environmentally damaging activities. This is
most clear where bagasse (a renewable fuel)
is burnt to provide power, where otherwise
fossil fuels might have been consumed. How-
ever, it should be noted that the utilization
and further processing of by-products can,
in itself, result in negative environmental
impacts. In some cases, this results in a very
complex overall cost–benefit analysis. Such
issues extend to wastes and by-products of
secondary processing activities. For example,
the consumption of molasses as a feedstock
for alcohol production generates a further
waste material (vinasse), which also has the
potential to be either a pollutant or a useful
by-product, depending on its handling.

Environmental Health Considerations

There appear to be no particular environmen-
tal health issues associated with sugar beet,
although agrochemical and factory safety
considerations, for example, cannot be dis-
regarded. UNEP (1982) suggested that there
were relatively few major environmental
health problems associated with sugarcane.
As with beet, the extent of health problems
arising from, for example, the mishandling
of agrochemicals and factory accidents, is
difficult to quantify. Other hazards may
include diseases associated with cane
cultivation systems, and bagassosis from
handling dried bagasse (see also Whitaker,
1978). Bilharzia and hookworm often occur

naturally in areas where sugarcane is grown,
and (although they are not a direct result of
the sugar industry) may become established
in cane fields and associated water bodies.
Depending on the location of the planta-
tion/mill, other insect- and snail-borne infec-
tions of humans and domesticated animals
may also become a problem. These include
fascioliasis and paramphistomiasis. Sugar-
cane irrigation systems that result in pooling
of water on and around the fields (e.g. flood
and furrow) may also serve to harbour schis-
tosomiasis and malaria vectors. Schistosomi-
asis in particular is considered further under
environmental impacts associated with water
consumption.

SASA (2002) recognizes that the organi-
zation of settlements where cane farm
workers are accommodated (i.e. farm village
sites) has implications for human health
and the wider environment. It makes recom-
mendations in this respect, summarized as
follows:

• Settlements should be appropriately
sited for accessibility and convenience.

• Settlements should be appropriately
designed, taking account of the health,
education, cultural, aesthetic and recre-
ational requirements of the community.

• Responsibility for settlement manage-
ment should be delegated to designated
responsible individuals.

• Water supplies must be adequate for
domestic use, and should be moni-
tored for quality in relation to health
considerations.

• Adequate facilities should be provided
for disposal of refuse and human waste.

• Health awareness programmes should
be instigated.

• Environmental education programmes
should be instigated.

• Appropriate facilities should be pro-
vided for storage and maintenance of
farm vehicles, equipment, chemicals, etc.

Energy Efficiency

One means by which the environmental
dynamics of an industry can be assessed and
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enhanced is in relation to its energy effi-
ciency. Although this is not a primary focus
of this review, the following paragraphs
outline some aspects of the energy efficiency
of sugar production.

Paturau (1989) illustrates how energy
consumption in the processing of sugar crops
showed a marked downward trend in the
latter part of the 20th century. Example data
from Mauritian cane factories show a fall
in energy consumption from around 1.9 to
1.4 GJ/t between 1960 and 1985, and those
from French beet factories show a fall from
around 1.65 to 1.0 GJ/t over the same period.
This is in sharp contrast to data for cane sugar
production in Puerto Rico over a similar
period (1950–1980) provided by Alexander
(1985), which show an increase in energy
consumption from around 0.55 to 1.05 kW/
ton/day. Increased energy consumption here
was ascribed to increased mechanization
in cultivation and the energy demands of
new mill technologies including scrubbers,
cleaning plants and other environmental
protection facilities. In this case, increased
energy consumption was accompanied by
a decline in energy produced (by bagasse-
fired boilers), resulting in a shift from
an overall energy surplus to an energy
deficit.

The beet sugar industry is generally seen
as being well ahead of the cane industry
in terms of energy efficiency, with energy
use per unit product around half that for
cane, even though the final product is
white rather than raw sugar (e.g. Fry, 1997).
The drive for energy efficiency has been less
in the cane industry, which tends to have
access to a free fuel source (bagasse), whereas
the beet industry has been very sensitive to
external energy prices. A range of methods
have been suggested for making cane
processing more energy efficient, many of
them relating to improved methods for
generation of energy from cane-processing
by-products. Bagasse is routinely used as
fuel in cane mills, and co-generation (the com-
bined production of electricity and thermal
energy, as steam) has been a long-standing
feature of cane sugar factories, which have
been well placed to exploit the technique. This
is principally a consequence of the ready

supply of bagasse, and the high level of usage
of low pressure steam in cane sugar process-
ing. The latter largely accounts for the higher
levels of thermal efficiency seen in many cane
sugar factories, relative to utility powerplants.
Co-generation can allow cane factories to
sell excess electricity, providing an additional
economic incentive for energy efficiency. The
production of ethanol and biogas from cane
and its by-products has also been explored.
Otorowski (1990) suggests that a beet sugar
factory, like a cane mill, can be energetically
self-sufficient, by exploiting beet pulp as an
energy source. Even where fossil fuels remain
the main source of power for beet factories,
there are economic as well as environmental
reasons for improving energy efficiency (e.g.
Urbaniec, 1996). Klemes et al. (1999) argue that
adoption of new methods in beet sugar
processing, such as cooling crystallization
of concentrated raw juice, as opposed to
the traditional method of evaporating
crystallization, has the potential to improve
energy efficiency and to reduce atmospheric
emissions, water consumption and the
polluting potential of effluents.

Reducing the Environmental Impacts
of Sugar Production

Measures to reduce environmental impacts
may be of greatest value if they are part
of a broad, holistic and pragmatic system of
sustainable management. Measures that can
be taken to reduce the multiple environmen-
tal impacts of various activities are discussed
in subsequent sections. In the context of
the principles of ecologically sustainable
development adopted by the Australian
authorities, Johnson et al. (1997) outline what
could be a ‘manifesto’ for increasing overall
sustainability in the sugar industry:

• Natural resource management in the
sugar industry is undertaken as a
fundamental part of, and necessary pre-
condition for, ecologically sustainable
development and the implementation of
the precautionary principle.

• Responsibility for natural resource man-
agement is shared between government,
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community and sugar industry in a
transparent manner.

• Appropriate incentives are put in place
to encourage the protection of natural
resources and to encourage their use
only in ways which are ecologically
sustainable.

• Appropriate mixes of incentives are
developed and appropriate weighting
given to motivational, voluntary,
property-right, price-based and regula-
tory instruments in ways which vary
according to the issue and local, regional
and social characteristics.

• The community as a whole – as well
as users and beneficiaries of natural
resources – contribute towards the pro-
vision of incentives to [sugar producers],
whose primary responsibility is for the
protection of the environment.

Of course, there are a number of require-
ments that need to be met before such
measures can be effectively implemented.
Those noted by Johnson et al. (1997) include:

• Government at all levels must show
unambiguous commitment to ecologi-
cally sustainable development, and
develop the necessary supporting
institutional capacity.

• Local communities and industry must
be informed, empowered and enabled to
manage natural resources.

• Sugar producers and other stakeholders
must be involved in the establishment
and operation of relevant decision-
making and advisory bodies.

• Sugar producers must ensure that
their own internal processes allow for
involvement of other stakeholders.

• Visible monitoring and accountability
mechanisms must be developed.

• Research must be undertaken, and
knowledge systems developed to sup-
port informed decision making and
monitoring.

Johnson et al. (1997) note that the cost of
controlling and preventing environmentally
damaging processes arising from sugar pro-
duction should be borne by the industry
itself, but that others (including government)

should accept responsibility for protecting
the natural environment when the costs can-
not be recovered using market mechanisms.

Many environmental impacts of cane
and beet cultivation could be reduced by the
adoption of what would widely and generally
be regarded as good agricultural practice.
Such measures often have associated eco-
nomic benefits to the grower (through a
reduced need for costly inputs, for example).
Similarly, in relation to sugar processing,
general aspects of good practice encapsulate
key measures that can be taken to reduce
environmental impacts, a number of which
may also generate cost savings, for example,
through reduced water or energy consump-
tion, or more effective exploitation of wastes
as by-products.

Overall, the following appear to be
particularly important considerations in the
reduction of environmental impacts of sugar
production:

• Reducing excessive water consumption
(particularly in the cultivation of cane,
and also in the processing of cane and
beet).
• Adoption of more appropriate irri-

gation practices in relation to sugar
crops:
• improved scheduling of irriga-

tion to enhance water use
efficiency;

• adoption of water-saving irri-
gation methods (drip irrigation
systems are attractive in this
respect, although there may
be technical and economic con-
straints on their installation in
particular situations);

• better assessment of whether
irrigation is strictly necessary
(particularly for beet);

• adoption of general measures
to conserve soil moisture (such
as mulching).

• Improvement of water efficiency in
sugar-processing operations:
• technologies are available, and

there is an increasing adoption
of systems which recycle pro-
cessing water.
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• Reducing soil impacts (declining soil
quality and erosion under cane, and the
loss of soil at harvest and erosion under
beet).
• Adoption of generic soil conserva-

tion methods in cultivation, such as
terracing on slopes, reduced tillage
and not farming marginal land.

• Improved management for soil fer-
tility, including monitoring of soil
quality.

• Reducing soil lost with beet at har-
vest (this may be difficult without
altering the shape of the root itself).

• Reducing water pollution (from cultivat-
ion and the discharge of effluents arising
from the processing of cane and beet).
• Improved crop management (includ-

ing soil conservation methods to
restrict sediment release, rational use
of pesticides, and better fertilizer
management to reduce leaching).

• More effective treatment of effluents
prior to discharge from sugar-
processing operations.

• Reducing air pollution (from preharvest
burning of cane).
• Adoption of green cane harvesting/

trash blanketing (already widely
used in parts of the industry, this
technique yields a range of environ-
mental benefits in addition to pro-
viding an alternative to preharvest
cane burning).

Broad Measures to Reduce Multiple
Environmental Impacts

Appropriate planning can minimize
environmental impacts

Land use planning is important at a range
of scales, if the sustainability of sugar crop
cultivation, and agricultural activities in
general, is to be enhanced (e.g. King et al.,
1992; Johnson et al., 1997; Rozeff, 1997). SASA
(2002) regards the development and imple-
mentation of a farm land use plan (LUP) to be
the fundamental basis for integrated conser-
vation management, while noting that less

than half of the South African sugar industry
had thus far adopted this approach (but see
example given by Platford, 1992). Johnson
et al. (1997) note that the development of
property management plans (PMPs) is
increasingly accepted practice for new cane
farms in Australia, although less so for estab-
lished farms. Baseline data are critical in land
use planning and for monitoring, but such
information is often lacking (Johnson et al.,
1997). However, the increasing availability of
computer based systems (such as Digital Ter-
rain Modelling, DTM, as used in Mauritius
by Seeruttun and Crossley, 1997) has made
the handling (and to some extent, gathering)
of data much faster and more efficient.
Bakker (1999) regards topographical survey
and mapping of soil types as key aspects,
and SASA (2002) stresses the importance
of developing strategies for soil and water
conservation (exemplified by terracing and
appropriate management of waterways),
while listing the following as other elements
to be considered:

• non-arable areas/natural habitats;
• wetlands and watercourses;
• dams;
• areas sensitive to burning (e.g. built-up

areas and roads);
• field layouts (e.g. in relation to terracing

and strip planting);
• road layouts and the cane extraction

system;
• tillage;
• suitability of areas for trashing (and

green cane harvesting);
• suitability of areas for mechanized

operations.

SASA (2002) notes that the implementa-
tion of a farm LUP is likely to be a phased
programme, over a period of up to 10 years,
and stresses the importance of environmental
audits for collecting baseline data and moni-
toring progress. Environmental audits have
also been found to be valuable in Australia
(e.g. McIlroy et al., 1995; Ballantyne, 1998). The
environmental impacts of agricultural sys-
tems at a range of scales can also be assessed
and monitored using life cycle analysis (LCA),
as applied to aspects of beet cultivation in the
Netherlands by Brentrup et al. (2001).
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A number of studies have shown that
landscape or regional scale data can be col-
lected in cane growing areas using remote
sensing techniques (e.g. in South Africa – Peel
and Stalmans, 1999; and Brazil – Fiorio et al.,
2000). Land use planning at this scale is chal-
lenging, but can be seen as a key component in
the sustainability of agriculture (as in Brazil –
Pinto and Crestana, 2001; and Thailand – Yama-
moto and Sukchan, 2002). Remote sensing cer-
tainly provides a useful tool for monitoring
changing land use at large spatial scales.

The potential benefits of landscape-scale
planning in relation to systems involving
sugar beet have also been explored, e.g. in
relation to assessment of soil erosion risks
in Bavaria, Denmark or Europe as a whole
(e.g. Chisci and Morgan, 1986; Madsen et al.,
1986; Schwertmann, 1986), the establishment
of mixed farming systems in the Netherlands
(Bos and van de Ven, 2000), the optimum loca-
tions for particular crops in Andalucia, Spain
(de la Rosa, 1989), for the development of sus-
tainable soil and crop management strategies
in parts of Greece (Floras and Sgouras, 2002);
and for efficiency of use of arable land in Rus-
sia (Mukha and Sviridov, 1999). Landscape-
scale planning using a geographical
information system (GIS) has also been used
to decide on the appropriate siting of beet
processing factories (e.g. Polacik, 1992).

Appropriate planning, for example
through the use, at the earliest possible stage,
of environmental impact assessments (EIAs),
can also contribute greatly to the reduction of
impacts of sugar processing (UNEP, 1982).

Appropriate management can minimize
environmental impacts without

compromising productivity and efficiency

Reflecting on the Australian sugar industry
in particular, Ballantyne (1998) notes that
there is an increasing awareness that sustain-
ability does not necessarily imply reduced
productivity and efficiency. Indeed, many
measures introduced to reduce environ-
mental impacts have resulted in increased
efficiency (see Box 2.2). Murty and Kumar’s
(2003) study of the effect of environmental

regulation on the productive efficiency of
water-polluting industries in India reinforces
this. Their main empirical finding was that
the technical efficiency of firms in the sugar
industry increased with their degree of
compliance with environmental regulation
and water conservation efforts. Similar syner-
gies between environmental protection and
enhanced productivity in Mauritius are
noted by Autrey (1999).

Regulation and the propagation of best
management practices

Increasingly, a complex body of domestic
legislation and administrative arrangements
affect the operations of the sugar industry.
Those relevant in Australia, for example, are
tabulated by Johnson et al. (1997). SASA
(2002) notes that, in addition to increasing
domestic legislation on the environment, the
provisions of international conventions such
as the Convention on Biological Diversity, the
Convention to Combat Desertification and
the Convention on Wetlands of International
Importance (RAMSAR) need to be consid-
ered by sugar producers where their nations
are signatories. The broad range of regula-
tions that affect the sugar industry are sum-
marized by ISO (2001), which also provides a
commentary on concerns over likely future
regulations from respondents in the culti-
vation and processing sectors. Cane growers
were concerned about further restrictions on
cane burning and more stringent land use
control, while beet growers were primarily
concerned over further restrictions in the
use of agrochemicals (including fertilizers).
Concerns from the processing sector varied
between countries, but further restrictions
in relation to air and water pollution were
common between those handling cane and
beet.

While the weight of relevant legislation
increases, there is a feeling within the sugar
industry that sustainability can best be
achieved through self-regulation and the
adoption of voluntary codes of conduct (e.g.
Zabaleta, 1997; Ballantyne, 1998). In relation
to self-regulation, the establishment of local
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stakeholder groups can assist in the propaga-
tion of a sense of democracy and local owner-
ship in relation to environmental issues, as
well as the propagation of better practice. In
South Africa, for example, the structure of the
sugar industry includes a network of Local
Environmental Committees (LECs), which
serve this type of role (SASA, 2002). Whilst
recognizing the value of voluntary (and
incentive based) agreements, Johnson et al.
(1997) conclude that external regulation will

remain important in ensuring appropriate
management of natural resources by the
sugar industry, particularly where potential
environmental impacts are most severe, not
least because it provides a ‘safety net to
protect against the recalcitrant few not
persuaded by other incentives’.

Many of the impacts of the cultivation of
sugar crops in any one place are significantly
influenced by local conditions, such as soil
type and climatic factors. Guides to best
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Box 2.2. Reducing environmental impacts can improve efficiency of production.

The following examples of areas where measures to reduce environmental impacts in the Australian sugar
industry have led to improved efficiency of production are given by Ballantyne (1998).

Use of chemicals

Over 70% of Queensland cane growers have completed a voluntary 1-day course and have been
accredited in the use of farm chemicals, resulting in a marked increase in proficient use and reduced
application rates and frequencies.

Green cane harvesting and trash blanketing

In 1997, 65% of Queensland cane was harvested green, compared with just 18% in 1987. This has
resulted in reduced pollution from cane burning (as well as increased flexibility in harvest schedules),
whilst the trash blanket left on the ground increases soil organic matter and contributes to a reduction in
nitrogen inputs.

Irrigation

Soil water monitoring has allowed more precise irrigation scheduling, whilst drip irrigation technology
(although not necessarily reducing total volume of water used) has increased water use efficiency.
Nutrient movement in groundwater and runoff is more widely monitored than previously, and tailwater
dams are commonly used to ensure that runoff is captured and reused.

Riparian management

Whilst native vegetation is still being cleared to allow an expansion of cane production, there is an
increasing recognition of the importance of riparian vegetation in filtration of nutrient runoff, prevention of
erosion and siltation, provision of wildlife corridors and reduction of pest problems in adjacent cane
fields. Trees are increasingly retained adjacent to waterways, and have been replanted in some areas.

Acid sulphate soils

An increased understanding of the environmental problems associated with acid sulphate soils
has resulted in the development of more precise land management strategies, leading to positive
environmental outcomes and improved farm productivity.

In addition to these examples, Ballantyne (1998) notes that improved fertilizer management, measures to
tackle soil salinization and consideration of coastal/reef water quality issues have imposed a short-term
cost on the sugar industry, but have had longer-term benefits for farm efficiency and sustainability. Wood
et al. (1997) also stress the combined economic and environmental benefits to the Australian sugar
industry that would arise from an improved system of fertilizer management in cane cultivation.
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management practices (BMPs) to reduce
impacts must therefore develop recommen-
dations based on site-specific considerations,
and combine these with more widely applica-
ble, generic recommendations. At least two
such guides have been developed and pub-
lished by the industry itself, the South African
Sugar Association’s Manual of Standards and
Guidelines for Conservation and Environmental
Management in the South African Sugar Industry
(SASA, 2002), and the Australian CANE-
GROWERS’ Code of Practice for Sustainable
Cane Growing in Queensland (CANE-
GROWERS, 1998; see also Christiansen, 1999).
The development of such voluntary technical
standards can assist in the self-regulation
process. Alternatively, relevant international
standards can be applied, which help to
facilitate universally applicable, safe and
efficient production systems, trading stan-
dards and consumer protection. For example,
the International Organization for Standard-
ization’s ISO 14000 standards relate to envi-
ronmental management systems that are
applicable to the sugar industry (SASA, 2002).
ISO standards provide one means of socio-
environmental certification, which has also
been explored as a method for ensuring the
observation of minimum standards in the
Brazilian sugar industry (Pinto and de Santis
Prada, 1999).

Mechanisms for communication and
information exchange (as through the Manual
in South Africa and the Code of Practice in Aus-
tralia) are important means of propagating
better practice. The value of such compendia
of information is also recognized in the beet
sugar industry, as a means of developing
more integrated approaches to quality
management, including the reduction of
environmental impacts (e.g. in Belgium –
Moyart and Sneessens, 2001). Recently, elec-
tronic mechanisms have come to the fore in
some areas, providing a fast and accessible
mean of enhancing the flow of information
and knowledge, e.g. between researchers and
growers (May and Fisher, 2001). A range of
electronic (mostly internet based) resources
are available to sugar beet growers in Europe,
for example, aiming to promote efficient,
economic and ‘environment-friendly’ meth-
ods – see Box 2.3. Electronic information and

decision support resources are also available
to cane growers in some parts of the world, for
example in South Africa via the website of the
South African Sugar Association (Schmidt,
2000). Rapid communication and uptake of
improved methods are also assisted by having
a relatively well-integrated industry (as for
beet sugar production in the UK – see Box 2.1).

Alternative systems of production –
precision, integrated and organic agriculture

Precision agriculture recognizes that field
conditions are not uniform, and encourages a
more precise application of specific inputs,
such as fertilizers, pesticides (e.g. Bateman,
2003) and soil amendments. The precision
approach may also look to optimize the use of
time, labour and energy. Correctly applied,
this technique can reduce inputs, increase
efficiency and reduce potential environmen-
tal impacts. Precision agriculture is recog-
nized as having potential benefits in both
sugarcane monocropping (e.g. in Australia –
Wood et al., 1996, 1997) and beet growing (e.g.
Sperlingson, 2003). The potential for such an
approach, using mechanized systems guided
by satellite-based navigational technology,
has been explored for cane cultivation in
Mauritius (Jhoty and Autrey, 1999). It has
also been explored in a theoretical case study
for Brazil, where it may be economically
feasible (Sparovek and Schnug, 2001b). Simi-
larly, economic feasibility is the focus of an
assessment of prospects for precision agricul-
ture, including sugar beet cultivation, in the
USA (Daberkow, 1997). The technique is also
explored in relation to UK production of this
crop by Holman and Miller (1995), in more
general terms by Jahns and Kogl (1993), and
in relation to fertilizer application specifically
by Draycott and Christenson (2003).

An integrated farming system (IFS)
approach was investigated for crop rotations
including sugar beet by El-Titi and Landes
(1990), who found that IFS resulted in signifi-
cant reductions in agrochemical consumption
and nitrogen fertilizer inputs (leading to
lower nitrate concentrations in the soil profile)
and positive effects on the abundance and
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diversity of the soil fauna. Economic analyses
showed a higher (not significantly) margin for
the IFS. Integrated systems for beet cultivation

have also been explored by Kovac and Zak
(2000), and particularly in relation to pesticide
and fertilizer strategies by Smid et al. (2001).
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Box 2.3. Electronic information resources available to European beet growers.

A sequence of papers in the Proceedings of the 64th Congress of the International Institute for Beet
Research (IIRB) provides examples of the electronic, particularly internet based, information resources
available to European beet growers. These are briefly summarized below. Common features of many of
these systems are their interactivity and free access granted to growers in the respective areas covered by
each.

Southern Germany (Burcky and Vierling, 2001)

BISZ – an up-to-date, concentrated, interactive, internet-based consultancy and information system for
beet growers.

Spain (Esteban Baselga, 2001)

RECOM – initially interactive software, now an internet-based system, built on a database of Associacion
da Investigacion para la Majora del Cultivo de la Remolacha Azucarera (AIMCRA) research, providing
information including general data, statistics and recommendations on crop water needs, and a range of
crop management practices.

Denmark, Sweden and Germany (Sorensen, 2001)

GrowCom – an internet-based system provided by Danisco, regularly updated with news and advice to
growers, using a common platform for the three countries served.

Romania (Kammerling, 2001)

LIZ – an internet-based system providing some 20,000 growers and consultants with information and
assisted decision-making (decision-making software also available independent of website).

UK (Pettitt et al., 2001)

The grower’s guide – an internet-based information system, also available as a component of web-inde-
pendent software (Decision and Encyclopaedic Support System for Arable Crops – DESSAC).

Netherlands (Maassen, 2001)

Betakwik – decision assistance software, from the Institute of Sugar Beet Research (IRS), now available
with other information resources via the internet.

Hungary (Potyondi et al., 2001)

An information and communication system developed by BETA-KUTATO, initially fax based, but now
available as an internet-based system.

In addition to these mostly country-specific systems, more generic resources are also available
electronically. For example, access to the International Beta Database (IDBB), which holds information on
11,000 accessions of Beta genetic resources, including 2500 of sugar beet and 4000 of its wild relatives
(Germeier and Frese, 2001). There is also the International Beet Library (BIB), which contains and collates
information published since 1990 on beet cropping and related agronomic and industrial issues. At the
time of Legrand’s (2001) account, the database contained around 20,000 records, with some 150 new
records being added each month.
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Studies suggest that the cultivation of sugar
beet as part of a relatively low input (tillage,
fertilizer application, irrigation, crop protec-
tion and treatment of crop residues) system
has benefits in terms of reduced costs and
reduced environmental impacts (e.g. Lanza,
1991). The need to consider farmer percep-
tions (as well as environmental and economic
factors) in any proposed change to agricul-
tural practice is noted by Wossink et al. (1997).

Organic production has also been investi-
gated by the sugar industry in some parts
of the world. Organic production requires
adherence to strict standards on permissible
chemical inputs and techniques. Conse-
quently, a shift to organic sugar production
requires modification of processing, as well
as cultivation, methods (e.g. Deville, 1999; Hoi
and Shum, 1999). A shift to organic cultivation
generally results in a substantial decline in
yield, at least initially, and there may be
increased costs in some aspects of production
(Gudoshnikov, 2001). However, these must
be considered alongside production savings
(e.g. with respect to synthetic agrochemical
inputs) and the substantial premium that can
be obtained on sale of the final product. There
has been much discussion of the environmen-
tal implications of organic farming in general
and, although results of individual studies
have sometimes been contradictory, there is
a widespread public perception that organic
systems are ‘environment-friendly’. There has
been much interest in the potential of organic
sugar, as a ‘value added’, speciality product
(e.g. see Bosworth, 2000; Buzzanell, 2000a,b;
ISO, 2000). However, the ultimate economic
viability of organic sugar depends on future
market trends, and is currently somewhat
unclear (e.g. Jolly, 2002). Some authors see
the potential for growth in this niche market
(Gudoshnikov, 2000, 2001), while others
suggest that a substantial increase in organic
production is unlikely (Sperlingson, 2003).

Gudoshnikov (2001) reports that organic
cane was initially cultivated in countries
including Mauritius (where organic pro-
duction declined after initial exploration –
Deville, 1999), Madagascar, Malawi, India, the
Philippines, Argentina, Colombia, Paraguay,
Brazil, Bolivia, Costa Rica, the Dominican
Republic and the USA. An organic approach

has similarly been explored in beet sugar
production, in countries including Chile
(where organic beet cultivation gave similar
yields to conventional methods, after a 5-year
transition period – Venegas and Aguilar,
1992), Sweden (where it recently accounted
for 1% of total production – Olsson and Nord-
strom, 2002), Switzerland (Arnold, 2003), the
UK (Jarvis et al., 2001; McAughtrie, 2001), Den-
mark and the Netherlands (Gudoshnikov,
2001). Robson et al. (2002) assessed a range of
break crops for use in organic cultivation of
arable rotations, and found that sugar beet
performed poorly in comparison with bean,
lupin, soybean, hemp, potato, carrot, swede
and linola, because (like oil-seed rape) it was
difficult to grow organically and had a limited
organic market. Draycott and Christenson
(2003) consider aspects of the cultivation of
organic sugar beet.

Appropriate use of fertilizers and
agrochemicals

The appropriate use of fertilizers and agro-
chemicals in the cultivation of sugar (and
other) crops can be an important factor
in maintaining soil fertility and preventing
devastating crop losses associated with weed
infestations and outbreaks of pests and dis-
eases. However, poorly managed applica-
tions can result in very serious environmental
pollution and have consequences for human
health. A range of fertilizers, pesticides and
other agrochemicals are used in the cultiva-
tion of sugar crops. The specific substances
used, their application rates and means
of application vary considerably between
localities, and their environmental fate is
dependent on a range of factors, including
soil type, climate and land use management
practices (e.g. Knappe and Haferkorn, 2001).
There is evidence that herbicide applications
can influence the environmental fate of fertil-
izer-derived nutrients (Sotiriou and
Scheunert, 1994).

In addition to fertilizers and pesticides,
chemical ripeners may be applied to sugar-
cane crops to facilitate harvesting and increase
sugar recovery. Alexander (1985) notes that,
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historically, these were generally broad-leaf
herbicides. Studies of such agents include
those by Donaldson (1990), Rufino et al. (2001)
and Solomon et al. (2002). Davis (1997) notes
that their introduction played a significant
role in increasing sugar yields in the Guyanese
sugar industry in the 1990s. There appears
to be limited information on the specific
environmental impacts of these practices.

Commercial sugarcane is usually grown
with high levels of inorganic fertilizer and
pesticide inputs, and contamination of
ground and surface waters is a major concern,
particularly in areas with shallow water-
tables (Hartemink, 2003). SASA (2002) recog-
nizes the potential harm to humans and the
environment associated with agrochemical
use in sugarcane cultivation, and makes a
series of recommendations for the appro-
priate use of agrochemicals (including herbi-
cides, fungicides, insecticides, nematocides,
plant growth regulators and adjuvants),
summarized as follows:

• Biological (rather than chemical) control
of weeds, pests and diseases should be
practised wherever possible.

• Where agrochemicals are used, those
with the fewest side-effects should be
selected.

• To minimize the risk of serious pollution
due to spillage, agrochemicals should
not be transported in bulk.

• Only registered agrochemicals may be
used.

• Manufacturers’ specifications (label
instructions) and legal requirements
must be observed, in relation to
application, storage and disposal.

• Staff applying chemicals should be
adequately trained and equipped.

• Equipment should be of an appropriate
design and maintained in good working
order.

• Agrochemicals should only be applied
under appropriate conditions (wind
speeds, temperatures, etc.).

Similar recommendations are made in rela-
tion to crop nutrition and the use of fertilizers
and lime. More detailed recommendations,
including aspects of pesticide formulation,
toxicity, registration, packaging, labelling,

storage, transportation, preparation, applica-
tion and disposal, as well as record keeping
and health monitoring of field workers, are
made in a well-written and illustrated man-
ual on The Safe Use of Pesticides produced by
the cane sugar industry in Guyana (Eastwood
et al., 1997b).

Although designed for use in cane
cultivation, these recommendations apply
equally well to beet. Beet cultivation in many
countries has been increasingly affected by
legislation restricting the use of agrochemicals
and increasing penalties for agrochemical pol-
lution. In relation to fertilizers and manures,
the main concern has been over nitrate
pollution of drinking-water (leading to more
emphasis on techniques like the growing of
trap crops – Scott and Jaggard, 1993), while
there has been a general drive to reduce
the quantities of pesticides applied to crops.
Scott and Jaggard (1993) suggest that a 50%
reduction in total nitrate inputs to beet across
the UK would result in an overall yield reduc-
tion of only some 10%, and note that the key
consideration would be to manage the timing
of nitrate inputs more effectively. Indeed,
there is evidence of decreased pesticide
and fertilizer use in UK sugar beet cultivation
in recent years (Draycott et al., 1997; Defra,
2002).

Specific aspects of better practice in the
use of fertilizers and pesticides, along with
other particular agricultural operations, are
considered in the following sections.

More Specific Measures to Reduce
Multiple Environmental Impacts

Across agriculture, there is an increasing
emphasis on the rational application of plant
nutrients such as N, by shifting focus from
sheer productivity to a balance between pro-
ductivity, crop quality and environmental
impact. The aim is to develop soil manage-
ment systems that optimize nutrient use
efficiency by the crop, through methods
such as cover cropping, reduced tillage and
improved timing and rates of application
of manures, crop residues and inorganic
fertilizers (Christensen, 2004).

Overview 31

45A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:05 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Tillage

The main objective of tillage is to produce
suitable conditions for sowing/planting,
establishment and growth of the new crop.
As such, tillage may aim to loosen the soil,
control weeds and incorporate into the
soil plant residues, (in)organic fertilizers,
pesticides and other soil amendments.

The following summary descriptions of
different types of tillage operations are based
on those given by Bakker (1999) for sugarcane
cultivation and Draycott and Christenson
(2003) for beet cultivation:

• Primary tillage – initial, major soil
manipulation, generally by ploughing.

• Secondary tillage – subsequent opera-
tions (harrowing, furrowing, etc.), in
preparation for sowing/planting.

• Deep tillage – disturbance (ploughing) of
soil to a depth below about 25 cm.

• Conventional tillage – disturbance
(ploughing) of soil to a depth of about
25 cm.

• Combination/conservation tillage – less
direct soil disturbance, e.g. 30% or more
of previous crop residue left on surface.

• Minimum tillage – little direct soil
disturbance prior to planting new
crop.

• No/zero tillage – new crop is planted
without primary or secondary tillage
following harvest of the previous crop.

Bakker (1999) suggests that cane crops
are generally ploughed out (under conven-
tional tillage) every 4 years, and in many
cases less often, depending on ratooning
potential. Old cane stools are mechanically
uprooted, followed by harrowing, furrowing
and planting of a new crop into the old
inter-rows. Beet-growing soils experience
more regular tillage, the precise operations
involved being determined by the particular
stage in the crop rotation. Henriksson
and Hakansson (1993) and Draycott and
Christenson (2003) summarize the tillage
operations typically applied in preparation
for the beet crop itself. Primary tillage or stub-
ble treatment (typically mouldboard plough-
ing) is usually carried out in the autumn in

Europe and the USA, allowing the soil to be
weathered over the winter months. Primary
tillage may be delayed until spring on
coarser textured soils, or to incorporate green
manures grown as a winter cover crop.
Other operations, such as application of
lime to ensure close to neutral soil pH, may
involve more than one additional ploughing
(Draycott and Christenson, 2003). The final
stages of seedbed preparation generally
involve one or two harrowings, followed by
sowing. Overall, up to nine operations may be
carried out, often in a random traffic pattern,
leading to a total track area (for tractors and
other vehicles) of three times the area of the
field. Henriksson and Hakansson (1993) also
note that ploughing depth for beet cultivation
has gradually increased in recent decades, to
around 25 cm in northern Europe and often
deeper in southern Europe. This is generally
deeper than the ploughing requirements for
other crops in the rotation.

The effects of tillage are complex, influ-
enced by factors such as soil type, topography
and climate, and involve both positive
and negative environmental impacts. For
example, regular tillage enhances the break-
down of soil organic matter, by aerating the
soil (stimulating microbial activity), releasing
organic matter ‘locked up’ in soil aggregates
and increasing its exposure to higher
temperatures at the soil surface (e.g. Bakker,
1999; Haynes and Hamilton, 1999). Whilst
this increases the availability of nutrients
in the soil (potentially reducing the need for
fertilizer inputs), soil structure and moisture
holding capacity may be impaired if the
organic matter is not replaced. Also, tillage
can reduce the erosion risk (and associated
runoff problems) presented by compacted
soils, but can (in itself) exacerbate erosion
problems in other situations. Conversely,
reduced tillage may be recommended to
reduce erosion risks, only to exacerbate soil
compaction and weed problems. Another
consideration is the retention of crop residues
associated with minimum tillage, which may
help to suppress pests and conserve soil mois-
ture but inhibit soil warming and germination
(Henriksson and Hakansson, 1993).

Overall, the trend in the literature
is to recommend reduced (minimum,
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conservation or even zero) tillage in order to
control a range of environmental problems
associated with the cultivation of sugar crops.
However, increased (deep) tillage has also
been recommended in a number of cases, to
address particular issues. For example, where
soils are compacted, deep tillage may be prac-
tised in order to loosen the subsoil. However,
this has the potential to do more harm than
good (according to soil type and local condi-
tions), impairing soil quality in the surface
layers and possibly even resulting in greater
compaction problems in the longer term
(Henriksson and Hakansson, 1993). In some
systems, deep tillage has been recommended
to enhance water conservation and reduce soil
erosion, as in cane cultivation in Sulawesi
(Subagio and Mumwandono, 1992).

Reports of the environmental benefits of
reduced tillage include the following:

• Improved water conservation in cane
cultivation (Holden et al., 1998).

• Improved water conservation in beet
cultivation (Stout et al., 1956; Papesch
and Steinert, 1997).

• Reduced soil erosion in cane cultivation
(Hadlow and Millard, 1978, 1981; Prove
et al., 1995; Glanville et al., 1997; Ferrer
and Nieuwoudt, 1998).

• Reduced soil erosion in beet cultivation
(Simmons and Dotzenko, 1975; Graf
et al., 1983; Merkes, 1983; De Ploey, 1986;
Sidiras et al., 1988; Sommer, 1989;
Opanasenko, 1998; Hao et al., 2001).

• Reduced impact of cane cultivation on
soil quality (Armas et al., 1991; van
Antwerpen and Meyer, 1996a,b; Blair,
2000; Dominy et al., 2001; Hammad and
Dawelbeit, 2001; Grange et al., 2002).

• Reduced impact of beet cultivation on
soil quality (Sommer, 1989; Hao et al.,
2001).

• Reduced fuel consumption (Dey et al.,
1997; Antonelli et al., 2001; Draycott and
Christenson, 2003).

Reduced tillage can promote weed popula-
tions (as demonstrated in beet fields in
the Ukraine – Korytnik and Malienko, 1994),
although it has also been suggested that
minimal cultivation systems discourage
weed emergence (Hopkins, 1992). Whilst

weeds play an important role in the
biodiversity of sugar cropping systems (as in
beet fields in the UK - Defra, 2002), measures
that actively promote their spread and
growth may not be desirable from an agro-
nomic perspective. Some systems of reduced
tillage may, therefore, involve increased
applications of agrochemicals, such as herbi-
cides (e.g. Hadlow and Millard, 1978, 1981;
Opanasenko, 1998), which may have to be
offset against environmental benefits such as
soil conservation. It is in this area (reduced
soil erosion) that reduced tillage appears to
be particularly valuable. Graf et al. (1983) esti-
mated that adoption of no tillage cultivation
of sugar beet on 0.5% slopes in Wyoming
(USA) resulted in an 85% reduction in soil
erosion. In the Ukraine, Opanasenko (1998)
reported at least a halving of soil erosion
(and increased beet germination) in fields
with slopes of 3° or less. In cane cultivation
systems in Australia, Prove et al. (1995) found
that zero tillage reduced soil loss rates on
conventionally cultivated slopes of 5–18%
from an average of 148 t/ha/year to < 15 t/
ha/year, and proved more effective than
trash mulching.

So it is that reduced tillage can be
particularly valuable on the sloping lands
where sugarcane is grown in countries like
South Africa. SASA (2002) concludes that
mimimum tillage must be practised on slopes
greater than 11% on erodible soils, 13%
on moderately erodible soils and 16% on
erosion-resistant soils. Bakker (1999) goes
further, concluding that minimum tillage
should be a general feature of cane cultivation,
even on flat lands (except on heavy clay soils).

Mulching and the cultivation of
catch/cover crops

Like reduced tillage, mulching has been iden-
tified as having a range of environmental
benefits in the cultivation of sugar crops.
There has been particular interest in the use
of cane trash as a form of mulch, often in com-
bination with a switch from preharvest burn-
ing to green cane harvesting (see Box 2.4).
Probably because of fundamental differences
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Box 2.4. Green cane harvesting and trash blanketing.

One particular agricultural practice in sugarcane cultivation that appears to have a range of environmental
benefits is the shift from preharvest cane burning to green cane harvesting and trash blanketing.

The adoption of green cane harvesting, in itself, eliminates a range of negative environmental impacts
arising from preharvest burning, including release of combustion pollutants (Scandaliaris et al., 1998; Cock
et al., 1999) and negative impacts on the soil (see Chapter 6). In combination with the retension of cane trash
in the field as a form of mulch (a trash blanket of 3–10 t/ha of crop residues – Ng Kee Kwong et al., 1987;
Thind, 1996; Swamy et al., 1998; Thanki et al., 1999), these benefits are increased. For example, instead of
CO2 being released in a single burning event, it is retained in the trash and released slowly, partly through
emissions to the atmosphere (which are greater from trash blanketed fields than from bare fields), and partly
through assimilation into soil organic matter (Weier, 1998). This increase in organic matter enhances soil
quality, and is seen as a major benefit of trash blanketing (Wood, 1986, 1991; van Antwerpen and Meyer,
1998; Graham et al., 1999, 2002; Haynes and Hamilton, 1999; Hartemink, 2003; Noble et al., 2003). In the
long term, computer modelling by Vallis et al. (1996a) suggests that trash blanketing can raise soil organic
matter content by around 40% after 60–70 years. In addition to increased soil organic matter, Yadav et al.
(1994) found that, over 3 years, trash blanketing increased available soil N by 37 kg/ha and available P by
10 kg/ha. Trash mulching also reduced optimum N fertilizer application rate from 241 kg/ha to 230 kg/ha,
and increased crop yield response per kg of N (applied at optimum rate) from 263 kg to 328 kg. Wood et al.
(1997) suggest that trash blanketing may have the potential to reduce N fertilizer input requirements
by 40 kg/ha/year. Retention of trash also appears to enhance soil biodiversity, in terms of microbial and
earthworm communities (Wood, 1991; Sutton et al., 1996; Graham et al., 1999, 2002).

In addition to improvements to soil quality, trash blanketing can reduce the risk of soil erosion
(Lugo-Lopez et al., 1981; Prove et al., 1986; Sullivan and Sallaway, 1994). SASA (2002) recommends that
trashing (mulching) should be practised on slopes greater than 15% during the wet season, to reduce the
impact of raindrop action, if insufficient crop cover has developed. As well as assisting in the conservation of
soil, trash blanketing contributes to the conservation of soil moisture. Some early studies questioned this
(e.g. Eavis and Chase, 1973), but many subsequent experiments have indicated significant benefits (e.g.
Lugo-Lopez et al., 1981; Thind, 1996; Denmead et al., 1997; Murombo et al., 1997; Swamy et al., 1998;
Meier et al., 2002). Yadav (1986), for example, found that trash mulching resulted in a 40% economy of
irrigation water. Trash blanketing can also contribute to the conservation of natural enemies of cane pests
and suppress weed development (Kuniata and Sweet, 1994), reducing the need for herbicide inputs (SASA,
2002). Other benefits ascribed to green cane harvesting and trash blanketing include reduced diurnal
fluctuations in soil temperature and the facilitation of wet weather harvesting (shortening the growing
season) (Garside et al., 1997b).

Some disadvantages to green cane harvesting and trash blanketing have been recorded. For example,
the shift away from preharvest burning in Australia contributed to the re-emergence of the sugarcane weevil
borer (Rhabdoscelus obscurus) as a significant pest in some areas (Robertson and Webster, 1995).
Hartemink (2003) suggests that it may also contribute to soil acidification (as pH-increasing ashes are no
longer returned to the soil), an idea supported by the results of Noble et al. (2003). Where internal drainage
is poor, there is some evidence that a trash blanket may produce allelopathic effects, with the potential to
suppress development of cane and other plants (Wood, 1991; Garside et al., 1997b). Facilitation of wet
weather harvesting may increase the risk of soil compaction, and reduced cultivation for weed control
reduces the alleviation of compaction associated with soil disturbance. However, experience in other
systems with zero tillage and stubble retention suggest that a period of 10 years is often required before
improvements in soil physical quality are recorded (Wood, 1986; Garside et al., 1997b).

Other disadvantages of green cane harvesting and trash blanketing may include increased harvesting
costs, complications to irrigation and fertilizer application and slowing of tiller emergence. However, these
appear to be significantly outweighed by the benefits (Murombo et al., 1997; Bakker, 1999), which may
include increased yields. The precise effects of green (vs. burnt) harvesting on cane yield factors and the
economics of cane cultivation are difficult to determine, but it is likely that any reduction in yield factors
under green cane harvesting are compensated for by other cost savings (Wood, 1991; Garside et al., 1997b).

Green cane harvesting and trash blanketing are now widely practised in some parts of the world, as in
Australia, where uptake of the technique has increased over recent years (Garside et al., 1997b). Ballantyne
(1998) estimated that, in 1997, 65% of Queensland cane was harvested green, compared with just 18% in
1987. However, the shift away from preharvest burning has been more rapid in some areas than in others.
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in the cultivation system, much less attention
has been paid to mulching, as such, in
beet growing. However, reported benefits
of leaving crop residues on or near the soil
surface in beet fields include improved water
and soil conservation (Hagen, 1974; Simmons
and Dotzenko, 1975; Sommer and Zach,
1984; Grundwurmer, 1991; Geelen et al., 1995;
Papesch and Steinert, 1997). A related prac-
tice more relevant to beet growing is the
cultivation of catch/cover crops. Cover crop-
ping has attracted limited interest in cane
cultivation, but is seen as having potential
to conserve soil moisture, reduce erosion,
improve soil quality and suppress weed
growth (Scandaliaris et al., 2002).

Catch/cover crops may be grown over
winter in fields awaiting the sowing of sugar
beet in the spring. This practice appears
to have a range of environmental benefits.
Where fields awaiting a beet crop are left bare
over the winter, there can be an increased
risk of soil erosion by wind and water and of
nitrate leaching. At the simplest level, some
degree of protective cover is provided simply
by allowing weeds or volunteer cereals to
grow over winter (Selman, 1976). Rye has
attracted particular attention as a sown cover
crop, specifically to reduce wind erosion
(Lumkes and te Velde, 1973; Pickwell, 1974;
Knottnerus, 1976a; Bastow et al., 1978; Cherry,
1983; Merkes, 1983). Defra (2002) noted that
wind erosion in UK beet cultivation was
increasingly controlled by the planting of
cover crops. A wide range of cover crops,
including Phacelia, mustard, oil-seed radish
and clover have been investigated to coun-
ter the general threat of erosion in beet
fields (Marlander et al., 1981; Merkes, 1983;
Schmidtlein et al., 1987; Sommer and Lind-
strom, 1987; Sidiras et al., 1988; Sommer,
1989). However, there have been suggestions
that cover cropping can inhibit crop develop-
ment under certain circumstances. Elliott et al.
(1979) found that ploughing in of wheat and

oats sown as winter cover crops resulted in
sugar beet seedling losses of 17–30%, caused
largely by phytotoxicity of decomposing
cover material, but only where this was in
close contact with the emerging crop plants
(suggesting that residues should be kept out
of beet rows). Various plants have also been
found to serve as catch crops, as well as cover
crops. These remove residual nitrate from the
soil after harvest of the preceding crop in the
rotation, reducing the risk of nitrate leaching
over winter (Allison and Armstrong, 1991;
Allison et al., 1993, 1998a,b; Duval, 2000). Such
catch crops can also be used as green manures,
being ploughed into the field prior to sowing
of beet. From an environmental perspective,
however, it should be noted that cover crops
may be killed off with an application of
herbicide, prior to beet being sown.

Fertilizers

Environmental problems associated with
fertilizer use in the cultivation of sugar
crops include:

• Impacts on soils:
• perturbation of soil nutrient balance;
• soil acidification.

• Impacts on water quality (through
runoff and leaching):
• contamination of groundwater

(including drinking-water);
• contamination of surface water;
• pollution of downstream aquatic

ecosystems.
• Impacts on air quality:

• release of gaseous emissions.

Environmental impacts typically arise
because the nutrients applied with fertilizers
are not entirely taken up by the crop
(Neeteson and Ehlert, 1988), although
deficiencies of certain nutrients may also
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Weier (1998) estimates that, in 1994, 88% of the North Queensland crop was harvested green, whilst 96.5%
of the crop in the Burdekin region was still subject to burning. Woods et al. (1997) discuss the complex
of issues behind farmer uptake of green cane harvesting and trash blanketing in Australia, in which
environmental considerations are just part of the decision-making process.
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contribute to a decline in soil quality. Nutri-
ents that are taken up by sugar crops may
later pose environmental problems, as waste
products of processing. Where fertilizer appli-
cations result in an excess of soil nutrients,
the threat of water pollution (particularly by
leaching) varies according to the nutrients
concerned, as well as their concentrations.
This is because different nutrients tend to be
more or less mobile in solution. For example,
nitrate and sulphate tend to be relatively
mobile, whilst phosphate and ammonium are
relatively immobile (Draycott and Christen-
son, 2003). Similarly, different fertilizers pose
different levels of risk in terms of atmospheric
pollution.

Aspects of soil quality in cane cultivation
systems, including broad coverage of issues
related to fertilizer usage, are reviewed by
Haynes and Hamilton (1999) and Hartemink
(2003). The role of nutrients in sugar beet
production is reviewed by Draycott and
Christenson (2003), and general papers on the
environmental aspects of nitrogenous inputs
in beet cultivation systems include those
by Brentrup et al. (2001) and Venturi and
Amaducci (2002).

Patterns of nutrient usage by sugar crops

Sugarcane and sugar beet both require around
14 different chemical elements for normal
growth and development, of which the most
important is N. In the absence of nitrogenous
fertilizers, plants incapable of symbiotic N
fixation rely on net mineralization of soil
organic matter and N input from atmospheric
sources. Net mineralization rates may be
high (around 200 kg N/ha/year) in newly
cultivated soils, but tends to decline (often
to < 50 kg N/ha/year) as soil organic matter
content decreases. Atmospheric sources
(rainfall, dry deposition of ammonia, non-
symbiotic N fixation) generally contribute
around 20–40 kg N/ha/ year (Keating et al.,
1997). In the absence of fertilizer, few arable
soils can provide more than 100 kg N/ha
during the growing season, and beet gener-
ally requires twice this amount for maximum
production (Draycott and Christenson, 2003).
Similarly, cane requirements exceed the N
available naturally in most soils.

Because of the importance of N in crop
nutrition (and fertilizer inputs), and because
N is relatively mobile in soil solution, creating
a particular threat of nitrate impacts on water
quality, the level of N recovery by sugar crops
is an important consideration. Estimates of
N recovery by sugarcane are generally of
the order of 20–50%, although these may be
underestimates, failing to account for gaseous
N losses from the plant (Hartemink, 2003).
Sugar beet has a reputation as a very effective
scavenger of soil N. Estimates of soil or fertil-
izer N recovery by beet vary, with reported
values ranging at least from 8 to 80%, although
50–60% seems to be representative, with much
of any remaining fertilizer N incorporated
into soil organic matter (Draycott, 1993;
Draycott and Christenson, 2003; Sotiriou and
Scheunert, 1994). The nitrogen dynamics of a
typical sugar beet field (after Draycott and
Christenson, 2003) are summarized in Fig. 2.5.
In a sugar beet crop, a greater proportion of
N is found in the leaves than in the roots.
Consequently, beet tops can be left in the field
after harvest as a form of organic fertilizer, but
this can increase the risk of leaching.

In relation to other major nutrients, it
appears that levels of P tend to increase in both
cane and beet growing soils following regular
inputs from fertilizers (Draycott and Christen-
son, 2003; Hartemink, 2003), partly because
it is relatively immobile when compared to
other nutrients (and is therefore less likely to
be leached than, for example, N). Sugarcane is
a relatively heavy consumer of K, and cane
growing soils can become depleted of this
nutrient (Hartemink, 2003). Beet also con-
sumes much soil K, but is a relatively heavy
consumer of Na (which it can partially sub-
stitute for K); this is related to its halophytic
origins (Draycott and Christenson, 2003).

Inorganic fertilizers

Inorganic fertilizers typically supply N, P
and/or K in mineral form, and some also
supply S. The specific form in which they are
applied can influence their environmental
fate. In many areas of the world, nitrogenous
fertilizers are routinely applied in cane culti-
vation at rates of around 50–200 kg/ha/year
(Ruschel et al., 1982; Haynes and Hamilton,
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1999). Smith (1997) suggests that annual
application rates of 120–240 kg N/ha,
30–50 kg P/ha, 40–100 kg K/ha and 15–25 kg
S/ha are common. Whilst these figures
appear to be representative of typical
application rates, greater ranges of rates are
undoubtedly used worldwide. In many cane
growing areas, detailed accounts of the pat-
tern of fertilizer use and its environmental
impacts are not readily available. However,
such issues have been well studied in Austra-
lia, where fertilizer application rates have
shown an upward trend in the last 50 years
(see Box 2.5). Draycott and Christenson (2003)
report wide variation in the application rates
of inorganic fertilizers in beet cultivation
worldwide, with ranges of 76–240 kg/ha for
N, 37–315 kg/ha for P2O5 and 0–290 kg/ha
for K2O. They also report substantial
decreases in the use of NPK fertilizers in
sugar beet cultivation in western Europe
since the 1960s (see Fig. 2.6).

Fry (1997) suggests that, globally, envi-
ronmental restrictions and quality payment
systems have encouraged a reduction in the
use of nitrogenous fertilizers in sugar produc-
tion. However, as with the use of other
technologies, patterns of fertilizer usage are
very variable from country to country. While
the Australian sugar industry has embraced
mechanization and accelerated its use of fertil-
izers (Box 1.1 and Box 2.5), the industry in

India, for example, is much less mechanized
and uses only limited amounts of inorganic
fertilizer (Fry, 1997).

Organic fertilizers

Although their use has potential benefits,
organic fertilizers (such as manures and
sugar-processing wastes) can also generate
environmental problems. Use of such organic
fertilizers is complicated by the variable
quantities of individual nutrients that they
contain, and by unpredictable nutrient
releases from the breakdown of their
organic content (Deville, 1999; Draycott and
Christenson, 2003).

Draycott and Christenson (2003) report
on the use of a range of organic fertilizers
(including poultry manures and animal slur-
ries) in beet cultivation. Although reliable fig-
ures are lacking, they conclude that inputs of
such materials have probably declined overall
in the last 50 years. Biosolids (sludge from
sewage treatment) are widely used on beet
fields in the EU and USA prior to sowing, but
the use of this material is heavily regulated,
because of the risk of pathogens and heavy
metals entering the food chain. Historically,
and in recent years, it appears that growers
regarded organic inputs as having principal
value as soil conditioners. However, lack of
attention to the nutrient content of such
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Fig. 2.5. The nitrogen dynamics of a typical sugar beet field (after Draycott and Christenson, 2003).
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Fig. 2.6. Patterns of inorganic fertilizer use in UK sugar beet cultivation: (a) N inputs and (b) P inputs (after
Draycott & Christenson, 2003).

Box 2.5. Inorganic fertilizer use in cane cultivation in Australia.

Whilst enabling increased production, increased inorganic fertilizer use in Australia has contributed to
degradation of cane growing soils, contamination of ground and surface water and enhanced greenhouse
gas emissions; application rates are high by world standards, increased substantially in the postwar years
and often exceed industry recommendations and levels required to maximize yields (Garside et al.,
1997b; Keating et al., 1997; Verburg et al., 1998). Mitchell et al. (2001) estimate that, in the Tully River
catchment, fertilizer N use increased by 130% between 1987 and 1999. Thorburn et al. (2003b)
concluded that, for more than a decade, N fertilizer use had been almost double that required to produce
the actual cane (and sugar) yields obtained by the industry. Garside et al. (1997b) quote figures which
suggest typical N application rates of around 210 kg/ha in the early to mid-1980s, followed by a
temporary reduction before applications increased again, to as much as 300 kg/ha in some areas. Heavy
inputs of other elements, notably P, have further contributed to an imbalance in soil nutrients under cane
in Australia (Garside et al., 1997b). Trends in inputs of N and P fertilizers, and cane yields, in the Herbert
River district during the 20th century are illustrated in Fig. 2.7.
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Wood et al. (1997) note that, in Australia, around 20–25% of N is commonly applied as NPK fertilizer
at planting or soon after ratooning, with the remainder applied around the time of canopy closure, usually
as urea. Urea is by far the cheapest and most popular form of N fertilizer, but can result in substantial
(around 40%) losses of N through volatilization when applied to the surface of a trash blanket (see
Chapter 7).

Thorburn et al. (2003b) explored why Australian cane growers tended to over-apply N fertilizers, and
concluded that uncertainty about the size of the forthcoming crop and possible long-term effects of reduced
applications were the main issues. This was despite considerable evidence that greatly reducing N inputs for
a single crop did not significantly reduce production, that only sustained under-application of N fertilizer
was likely to reduce profitability and later evidence that over-application of N could reduce the sugar
content of cane (Muchow et al., 1996). Even in the late 1990s, Wood et al. (1997) suggested that the
misconception that cane yields could be increased simply by applying more fertilizer may have been
widespread in Australia. However, these authors also noted a shift in the philosophy behind fertilizer use,
away from maximizing production (by focusing on supply to the crop rather than managing the soil
resource), towards maximizing efficiency of use (and minimizing soil nutrient imbalance), within the
context of maintaining soil health in the longer term.

Fig. 2.7. Patterns of inorganic fertilizer use and cane yields in the Herbert River district: (a) N inputs
and cane yields (after Keating et al., 1997) and (b) N and P inputs (after Wood et al., 1997).
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materials increases the risk of over-fertiliza-
tion, and of environmental impacts from run-
off and leaching. Increasingly, recommenda-
tions and regulations are being developed to
counter such risks in beet growing countries.
In the context of cane cultivation, SASA (2002)
considers that cane processing wastes (filter
cake, effluent) and other organic fertilizers
(chicken manure, kraal manure, abattoir
wastes) should be used as soil amendments
only with caution and after obtaining profes-
sional advice and guidance. None the less,
there is evidence of the benefits of application
of such materials in cane cultivation from
many parts of the world.

Draycott and Christenson (2003) also
report on the use of green manures in
beet cultivation, where leguminous or non-
leguminous crops are grown and ploughed in
prior to sowing. Such operations improve soil
structure, provide cover to the soil over winter
and decrease the risk of nitrate leaching.

Rationalizing fertilizer use

Maximizing crop nutrient use efficiency
requires a complex calculation of crop
requirements, based on an understanding of
nutrient (particularly N) cycles and particular
characteristics of cultivars, soils and climate
and the effects of management practices.
Assessment of appropriate fertilizer input
levels can be based on yield response func-
tions, soil analysis and plant tissue analysis.

A number of strategies are available
for rationalizing fertilizer inputs in cane
cultivation systems:

• Improved crop and soil monitoring to
assist decision-making (Keating et al.,
1997).

• Improved advisory services for growers
(Wood et al., 1997).

• More site-specific assessment of fertil-
izer requirements (Wood et al., 1997;
Thorburn et al., 2003b).

• More frequent application of fertilizers,
but in smaller quantities (Weier, 1998).

• Greater emphasis on organic matter and
‘minor’ soil nutrients (Wood et al., 1997).

• ‘Replacement’ strategy (grower aims to
replace the N lost from the previous

crop, rather than aiming to fertilize the
coming crop) (Wood et al., 1997; Weier,
1998; Thorburn et al., 2003b).

• Slow release fertilizers and nitrogen
stabilization packages, including nitrifi-
cation and urease inhibitors (Keating
et al., 1997; Wood et al., 1997; Weier, 1998;
Hallmark et al., 1999).

• Cultivation of cover crops during fallow
periods to remove residual nitrate, possi-
bly followed by ploughing in as a green
manure (Garside et al., 1996; Weier, 1998;
Bakker, 1999).

• Green cane harvesting/trash blanketing
(see Box 2.4).

• Rotations of cane with other crops
(Wood et al., 1997).

• Biofertilizers (Bangar et al., 1993;
Dobereiner et al., 1995; Hunsigi and
Shankariah, 2001; Shankaraiah et al.,
2001; Kannaiyan, 2002).

• Drip fertigation (Keating et al., 1997; Ng
Kee Kwong et al., 1999b; Thorburn et al.,
2000).

In some sugarcane cultivation systems,
there is a direct economic incentive for reduc-
ing fertilizer inputs, as fertilizer represents a
significant cost to the farmer (e.g. Dobereiner
et al., 1995). Where fertilizers do not represent
a significant cost, economic incentives for
reduced N inputs depend on negative
effects of excessive applications on the crop.
Excessive N does not appear to reduce bio-
mass production (e.g. cane response curves
tend to remain flat once the optimum N appli-
cation rate is reached – Keating et al., 1997).
However, there is evidence that excessive N
reduces the quality of both cane and beet in
terms of sugar yields (Muchow et al., 1996;
Draycott and Christenson, 2003). None the
less, it seems likely that reduced N inputs
to sugar crops are more likely to be driven
by environmental imperatives than by
economics (e.g. Keating et al., 1997).

Drip fertigation is perhaps of particular
interest from an environmental perspective,
in that it combines the increased water use
efficiency of a drip irrigation system with
the potential to manage more effectively
(and thereby reduce) fertilizer applications.
Keating et al. (1997) see this as a particularly
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promising technology in its potential to con-
trol N leaching in sensitive areas. The results
of Ng Kee Kwong et al. (1999b) and Thorburn
et al. (2000) suggest that drip fertigation allows
N fertilizer inputs to be reduced by 25–50%
without impairing cane productivity. Studies
of the biofertilizer approach are also of inter-
est, suggesting that combinations of nitrogen-
fixing microorganisms such as Azotobacter
chroococcum, Azospirillum brasilense and Aceto-
bacter diazotrophicus and organic amendments
could reduce fertilizer requirements by
20–25% (Bangar et al., 1993; Hunsigi and
Shankariah, 2001) and reduce the risk of
nitrate leaching (Shankaraiah et al., 2001).

A range of measures similar to those
above have been investigated for rationalizing
the use of fertilizers in sugar beet cultivation
systems. These include:

• Choice of appropriate fertilizer applica-
tion equipment (Tugnoli and Maini, 1992).

• Choice of appropriate crop rotations
(Ceotto, 2001).

• Choice of appropriate form of fertil-
izer (Zak et al., 2002; Draycott and
Christenson, 2003).

• Modified timing, rate and method of
application (Hills et al., 1978; Becker
and Bruss, 1996; Henriksen et al., 1998;
Draycott and Christenson, 2003).

• Improved crop and soil monitoring to
assist decision making (Draycott and
Christenson, 2003).

• Improved information and advisory
services for growers (Bartocci et al.,
2001; Ver Elst et al., 2001; Draycott and
Christenson, 2003).

• More site-specific assessment of fertilizer
requirements (Draycott and Christenson,
2003).

• ‘Replacement’ strategy (grower aims to
replace the P lost from the previous crop,
rather than aiming to fertilize the coming
crop) (Draycott and Christenson, 2003).

Christensen (2004) suggests that cultiva-
tion of crops such as sugar beet and potatoes
in cereal-dominated crop rotations presents
particular challenges in ‘tightening the nitro-
gen cycle’. Problems with beet include late
harvesting (not allowing for the sowing of
autumn cereals or cover crops), heavy soil

disturbance at harvest and the potential of
beet tops (left in the field after harvest) to
add to nitrate leaching losses. Draycott and
Christenson (2003) note that, despite 100 years
of research, it is still difficult to make specific
recommendations for fertilizer application
rates to beet crops at the field scale.

Scott and Jaggard (1993) consider that
restrictions on inputs of organic N sources
(manure and slurry) in many sugar beet grow-
ing areas will lead to improved yields. Many
farmers fail to consider the nitrates from these
organic sources when designing their fertil-
izer regime, resulting in excess nitrates that
only serve to reduce beet quality. For example,
20% of beet fields in the UK are estimated to
receive soil dressings of manure or slurry
prior to sowing, and half of these receive inor-
ganic fertilizers (sometimes at rates in excess
of 100 kg/ha) as well. Scott and Jaggard (1993)
suggest that a 50% reduction in nitrate inputs
to beet across the UK would result an overall
yield reduction of only some 10%, and note
that the key consideration would be to man-
age the timing of nitrate inputs more effec-
tively. Indeed, there is evidence of decreased
fertilizer use in UK sugar beet cultivation in
recent years.

Pesticides

Agricultural food production in general
strongly depends on the use of pesticides,
with herbicides representing about 50% of
pesticides used in many countries (Lanchote
et al., 2000). Quite apart from impacts on the
wider environment, the negative impacts on
human health are considerable. Specific fig-
ures for sugar crops are not readily available,
but, in relation to pesticide use in agriculture
in general, the World Health Organization
(WHO) estimates that there are 25 million
cases of acute chemical poisoning in develop-
ing countries each year (Dent et al., 2003).
Despite widespread concern over pesticide
misuse, the total value of world sales has
increased 2.5 times in the last 20 years, to
US$30 billion (Bateman, 2003). Agrochemical
companies, which often provide farmers
with most of their information on synthetic
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chemical inputs, are unlikely to develop or
promote techniques that reduce pesticide
use. However, it is in their interest to promote
practices that maintain the longer-term
viability of their business (Dent et al., 2003),
rather than becoming associated with nega-
tive impacts on environment and health. A
range of methods is available for optimizing
pesticide use in agriculture and minimizing
undesirable impacts (e.g. see Wilson, 2003).

Environmental problems associated with
pesticide use in the cultivation of sugar crops
include:

• Impacts on soils:
• accumulation of pesticides in soils.

• Impacts on water quality (through
leaching and runoff, involving soluble
residues and those bound to sediments):
• contamination of goundwater

(including drinking-water);
• contamination of surface water;
• pollution of downstream aquatic

ecosystems.
• Impacts on biodiversity:

• non-target effects (in the field and in
adjacent areas owing to spray drift).

• Impacts on human health.

In addition, as with poorly managed fertilizer
application, the environmental impact of pes-
ticides can manifest itself in effects on sugar
crop yields. In long-term agrochemical, micro-
biological and ecological experiments on the
use of pesticides on sugar beet, Mineyev et al.
(1993) demonstrated accumulation of toxic
substances in roots and aerial parts of the
crop plants, and found that maximum doses
of pesticides resulted in retardation of
growth and decrease in sugar content.

A wide variety of pesticides (herbicides,
insecticides, fungicides, nematocides) is used
in the cultivation of sugar crops. In cane
cultivation, chemical agents may also be used
against vertebrate pests, notably rats. In envi-
ronmental terms, the most persistent com-
pounds are the most problematic, although a
range of factors influence the rates at which
particular pesticides break down (e.g. see
Pussemier, 1991; McMartin et al., 2003). The
quantities and specific agents used in any
given case will depend on a range of factors,
including the identities of the weeds and pests

involved, availability and cost of pesticides
and equipment to the farmer, systems for reg-
istration of pesticides in individual countries
and enforcement of relevant regulations.
Although there has been a shift towards
more rigorous regulation of pesticide use and
adoption of less persistent agents, degrees
of enforcement of regulations and preferred
practices of growers inevitably vary consider-
ably between different localities. In addition
to pesticides themselves, Wevers (1997)
notes that concern is growing about the
environmental effects of other ingredients in
agrochemicals, like solvents and emulsifiers.

Along with inorganic fertilizers, pesti-
cide (particularly herbicide) use increased
in Australia in the post-war years, as the
economics of cane production justified their
application (Garside et al., 1997b). Hamilton
and Haydon (1996) reported that pesticide
usage in the Queensland sugar industry was
dominated by the use of herbicides (notably
atrazine), which exceeded insecticide use by a
factor of ten. None the less, control of pests
relies heavily on insecticide use, although
there is an increasing move towards alterna-
tive and integrated methods. These already
play a significant role in disease control
(Allsopp and Manners, 1997); fungicides
represent only a small proportion of the
pesticides used in Australian cane cultivation
(Hamilton and Haydon, 1996). The shift
towards more integrated methods of pest
control has been driven by a recognition that
old pesticide-based strategies are unlikely to
remain viable in the long term, as environ-
mental pressures have increased, and agents
like thallium sulphate and organochlorines
have been withdrawn (Allsopp and Manners,
1997). Although fewer persistent agents are
now used in Australia, there is evidence that
compounds such as DDT and dieldrin may
continue to pose a threat through bioaccumu-
lation in some cane growing areas (Johnson
et al., 1997).

In some other parts of the cane growing
world, there is a greater emphasis on non-
chemical control methods, particularly for
insect pests. In Guyana, for example, chemical
pest control has largely been abandoned (SAC,
2000), owing to a number of factors, including
the success of biological control against some
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key pests. It is likely that the threat of long-
term pesticide impacts has reduced in recent
years in many cane growing areas, as less
persistent agents have replaced older formu-
lations. Reduced impacts associated with less
persistent agents depend, of course, on new
formulations being adopted by growers.

Recent studies have shown a pattern of
reduced pesticide use in beet cultivation in the
UK (see Box 2.6). Elsewhere in Europe, there
is also evidence of a reduction in quantities
of pesticides used in beet cultivation, for
example, in Belgium (Eeckhaut, 2001). In
some beet growing areas, conventional
practice involves only limited use of chemical
pesticides. For example, herbicide use against
weeds in Moroccan beet is still very limited,
manual and mechanical control being the
dominant methods (El Antri, 2001).

Rationalizing pesticide use

Indiscriminate use of pesticides creates a
number of problems, such as development
of resistance in pests, upsurge of secondary
pests because of elimination of natural
enemies, pollutes the environment making
it hazardous for human beings and animals.

Moreover, they are expensive and increase
the cost of crop production. (Dr Zafar Altaf,
Chairman of the Pakistan Agricultural
Research Council, in the foreword
to Mohyuddin et al., 1994)

Reduced pesticide inputs have been found
to have a range of environmental benefits
(increasing biodiversity in a range of taxa in
sugar beet cultivation systems, for example –
Esbjerg, 1998). Various strategies are avail-
able for rationalizing and reducing pesticide
use in sugar crop cultivation systems. These
include:

• Development of more selective
pesticides.

• Use of appropriate application equip-
ment (Hopkins, 1992; Tugnoli and Maini,
1992).

• Use of reduced pesticide concentrations
(Muchembled, 1992; Eeckhaut, 2001;
Hermann et al., 2001).

• More precise application (Hopkins, 1992;
Rudolph and Klee, 1993; Scott and
Jaggard, 1993; Wijnands and van
Asperen, 1999).

• Use of trap crops (Hafez and Sundararaj,
1999; Held et al., 1999).
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Box 2.6. Pesticide use in beet cultivation in the UK.

In examining environmental aspects of beet cultivation in the UK, Defra (2002) identified a number of
trends and considerations with respect to pesticide use. Overall, between 1982 and 1998, the total pesti-
cide input to UK beet cultivation fell from around 11 kg/ha to just over 5 kg/ha (a reduction of well over
60%). The reduction in insecticide inputs, for example, was partly due to a shift away from spraying
towards seed treatment, such that 70% of UK beet crops received no insecticide in spray form. Use of
nematocides (seen as, generally, the most toxic group of agrochemicals – see Held et al., 1999) had fallen
by around 50% between 1994 and 2000, in terms of both quantities applied and area treated. In 2000,
around 7.25 t nematocides were used to treat approximately 10,500 ha (7% of the total beet cultivation
area in the country). Levels of molluscicide use, a relatively small component of pesticide usage overall,
varied considerably according to prevailing conditions each year, but typically involved treatment of
3000–10,000 ha. Fungicide use had not shown the recent decline found in application rates of other
pesticides, but remained low in beet relative to other crops (a single application was often made, in
comparison with three in cereals and up to seven in potatoes). Herbicide use tended to be greatest in the
earlier stages of beet crop development, with four to five applications typically made in spring/early sum-
mer. However, development of more efficient and low-dose sprays had led to a reduction in herbicide
inputs of more than 60% over 20 years. The reduced agrochemical inputs to beet in the UK identified by
Defra (2002) were partly a consequence of increased adoption of a more integrated approach to crop
management. Despite the considerable reduction in inputs, concern remained over a lack of detailed
knowledge on pesticide impacts on watercourses and aquatic species, the potential hazards of increased
seed treatments and the effects of herbicide drift and runoff into adjacent habitats. It is noted that even
more can be done to reduce pesticide use in UK beet cultivation, possibly through an increased focus on
integrated pest management.
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• Use of non-chemical methods (Becker
et al., 1989; Hopkins, 1992; Scott and
Jaggard, 1993; Ceccatelli and Peruzzi,
1995; Peruzzi et al., 1995; Barberi, 1997).

• Increased use of seed dressings for beet
(Eeckhaut, 2001; Pigeon et al., 2001;
Defra, 2002).

• Expert systems and computer software
to assist decision-making (Wevers, 1997,
2001; Simpson et al., 2003).

Perhaps the greatest potential benefits
arise from the adoption of integrated
management strategies for pests and weeds
(Allsopp and Manners, 1997; Fernandez-
Quintanilla et al., 1999; Defra, 2002), drawing
on rational pesticide use in combination with
other (e.g. cultural and biological) control
methods.

Integrated pest management and
biological control

Integrated pest management (IPM) aims to
combine a variety of appropriate control
methods (including rational pesticide use)
towards a more holistic and sustainable
approach to pest control. Hence, IPM
strategies may draw on, for example:

• enhanced knowledge of pest ecology;
• improved decision support systems;
• increased crop monitoring;
• resistant cultivars;
• cultural control methods;
• pheromones and other chemical

deterrents/baits;
• a variety of trapping methods;
• biological control.

Cooperative approaches in preventing the
spread of pests can also be an important com-
ponent of IPM (e.g. see Mauremootoo, 2001).
Maredia et al. (2003) review the application of
IPM in a global context, including reference
to IPM successes in sugarcane cultivation in a
number of countries. Koul et al. (2003) review
some of the constraints and practicalities
associated with IPM programmes in general.

Biological control is an important
component of many IPM programmes
and has significant potential environmental

benefits, in reducing the need for applications
of chemical pesticides. However, poorly
executed biological control programmes also
carry environmental risks, based on potential
impacts of biological control agents on
(particularly indigenous) non-target species.
It is unfortunate that two of the most widely
cited examples of ‘biological control gone
wrong’ are associated with early, very poorly
judged attempts to control pests in sugarcane.
These cases tend to overshadow the substan-
tial contribution that biological control has
made to the reduced use of pesticides in sugar
crops, particularly cane.

Integrated pest management and biological
control in sugarcane

Pesticide inputs can be reduced through the
adoption of IPM strategies in sugarcane culti-
vation. Even where formal integrated strate-
gies are not employed, practices intended to
reduce environmental impacts in one area
(such as soil erosion) may have beneficial
effects in relation to pesticide application and
impacts. Peng and Twu (1980) demonstrated,
for example, that application of the soil
conservation agent Curasol AH reduced
problems associated with redistribution of
herbicides. Trashing (mulching) can also
reduce the amount of herbicide needed for
weed control (e.g. SASA, 2002).

There are numerous examples of success-
ful IPM programmes in sugarcane throughout
the literature. One specific example is given
here (Box 2.7), from Papua New Guinea,
where IPM is seen as a high priority in
the sugar industry (Hartemink and Kuniata,
1996). IPM programmes in the Asia–Pacific
region (including those used in cane cultiva-
tion in countries such as Papua New Guinea,
Fiji, Taiwan, India and Pakistan) are discussed
in Ooi et al. (1992). Maredia et al. (2003) review
the application of IPM in a global context,
including reference to IPM successes in sugar-
cane cultivation in Brazil (Hoffmann-Campo
et al., 2003), India (Singh et al., 2003; see also
Madan, 2001; Pandey, 2002), Peru (Palacios
Lazo et al., 2003) and South Africa (Charleston
et al., 2003). Although the Australian sugar
industry relies heavily on chemical agents for
the control of pests, there is an increasing

44 Chapter 2

58A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:15 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



movement towards greater use of IPM sys-
tems. The implications of this and options
for major pests of Australian cane cultivation
are reviewed by Allsopp and Manners (1997).
Integrated methods for the control of cane
pests in Pakistan are reviewed by Mohyuddin
(1992) and Mohyuddin et al. (1994). Biological
control as a component of IPM programmes
against cane pests (particularly stem borers) in
Africa and neighbouring islands, including
Mauritius, are briefly reviewed by Great-
head (2003) and Overholt et al. (2003). Other
relevant studies include those by Liu (1985)
for Guangdong, China.

It is unfortunate that two of the most
widely cited examples of ‘biological control
gone wrong’ come from sugarcane cultivation
systems. The small Indian mongoose Herpestes
javanicus was introduced to Mauritius, Fiji,
Hawaii and islands in the Caribbean (Jamaica,
initially) in the late 19th century (Cock, 1985;
Lowe et al., 2001). Despite having relatively
little impact on the target pests (rats in cane
fields), the mongoose has become a significant
predator of small, indigenous vertebrates, and
has been implicated in the extirpation of
native biodiversity. The cane toad Bufo
marinus, released into Australia in the 1930s as

a biological control agent against insect pests
of sugarcane, spread rapidly and has become
a major environmental problem species; it has
subsequently been considered as a potential
target for biological control programmes
(e.g. Speare, 1990; Wittenberg and Cock, 2001;
Hazell et al., 2003).

Both these examples represent relatively
early attempts at biological control and
involve the release of generalist vertebrate
predators. Such releases would never be made
as part of officially sanctioned biological con-
trol programmes today, as environmental
safety standards are now very rigorous
(Wittenberg and Cock, 2001). In the wake of
such high-profile ‘horror stories’, it is easy
to overlook the fact that biological control
has contributed a very great deal to reducing
pesticide inputs, whilst protecting crops, in
sugarcane in many parts of the world, often as
part of wider IPM strategies.

Forms of biological control in sugarcane
are most commonly practised against exotic
or indigenous insect pests, either through
the importation and release of exotic natural
enemies, or through measures to encourage
the action of indigenous predators and
parasitoids (see Box 2.8). In India, for example,
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Box 2.7. IPM against the sugarcane stem borer Sesamia grisescens in Papua New Guinea.

Papua New Guinea is considered to be the centre of origin of sugarcane. Consequently, the relatively
recently established sugar industry here (see Box 1.2) is particularly afflicted by pests, diseases and weeds,
most of which are native and may have co-evolved with the ancestors of the crop plant (Hartemink and
Kuniata, 1996; Kuniata et al., 2001; Magarey et al., 2002).

The most important insect pest is the stem-boring larva of the noctuid moth Sesamia grisescens, control
of which requires an integrated approach (Kuniata and Sweet, 1994). Such a programme has been devel-
oped, involving identification of resistant cultivars and optimum planting times, combined with rational
pesticide use and biological control, based on close monitoring of the situation in the crop (Kuniata, 2000;
Lloyd and Kuniata, 2000). The programme has been built on a sound knowledge of the biology of the pest
species (Young and Kuniata, 1992), and has also investigated the use of pheromones for trapping or mating
disruption (Whittle et al., 1993, 1995). Because the weevil borer Rhabdoscelus obscurus (another signifi-
cant indigenous pest) tends to preferentially attack cane already afflicted by S. grisescens, measures to con-
trol the moth larva also result in reduced damage from the weevil (Kuniata, 2000; Lloyd and Kuniata, 2000).
The biological control element of this IPM programme has developed from studies of the natural enemy
complex associated with the pest (Kuniata and Sweet, 1994). The most important natural enemies are
hymenopterous parasitoids: the indigenous Cotesia flavipes (widely used in biological control programmes
around the world, e.g. see Polaszek and Walker, 1991) and Enicospilus terebrus, and the exotic Pediobus
furvus. Appropriately timed releases of C. flavipes and P. furvus have been incorporated into the Sesamia
control programme (Kuniata, 2000; Lloyd and Kuniata, 2000). Kuniata and Sweet (1994) demonstrated that
inappropriate chemical control aimed at S. grisescens in 1987 and 1988 resulted in a rapid build-up of
cicada pests, which were then responsible for considerable cane damage from 1988 to 1991.
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a wide range of such natural enemies have
been investigated for their biological control
potential in sugarcane (Ashok Varma, 2002).
Biological control has also been used success-
fully against weeds in cane growing areas, for
example, in Papua New Guinea, against the
giant sensitive plant Mimosa invisa, which is
a problem in cane fields and adjacent areas
(Kuniata, 1994; Kuniata and Korowi, 2001).
Having been successful as a biological control
agent against M. invisa in Australia, the
psyllid Heteropsylla spinulosa was released at
the Ramu Sugar Estate in Papua New Guinea
in 1993. The insect provided good control of
the weed, allowing for reduced herbicide
applications, although N fertilizer is applied
to M. invisa plants, as this increases the num-
bers of the biological control agent (Kuniata,
1994; Kuniata and Korowi, 2001). Prospects
for biological control of weeds in the

neighbouring South-east Asia region are
discussed by Waterhouse (1994). In some
cases, forms of biological control may even
be attempted against vertebrate pests. For
example, Ballantyne (1998) notes that some
Australian cane farmers have erected nest
boxes and artificial roosts on their property
to encourage the control of vermin by owls.

There are numerous further reports of
biological control in sugarcane throughout
the literature. In a number of cases, publica-
tions are available which catalogue releases of
biological control agents in cane cultivation
and other systems (e.g. Cock, 1985, for the
wider Caribbean region). Further examples
here are confined to those given in Box 2.8,
which describe activities in Guyana, where
chemical control of insect pests has been
all but abandoned, partly due to biological
control successes.

46 Chapter 2

Box 2.8. Biological control in sugarcane in Guyana.

The Guyanese sugar industry has all but abandoned chemical control of insect pests, partly due to
biological control successes and a relatively low pest diversity, and there has been a shift towards low-
volume application technologies in herbicide use (Eastwood et al., 1997a; SAC, 2000). The system of cane
cultivation in Guyana also allows for controlled flooding of fields, which can assist in non-chemical pest
control strategies. Specific examples of the use of biological control against insect pests in Guyana are
outlined below.

Historically, two of the most important pests in Guyana have been cane-boring larvae of the pyralid
moths Diatraea saccharalis and Diatraea centrella. In the early 20th century, their population levels were
approximately equal, although D. saccharalis was considerably more damaging to the crop. The introduc-
tion of the Amazon fly Metagonistylum minense from Brazil in the 1930s and a subsequent programme of
mass rearing and release into cane fields proved successful in reducing numbers of D. saccharalis (Cock,
1985; Dasrat et al., 1997; SAC, 2000). Although D. centrella (now the dominant species, numerically) was
only responsible for economically significant damage locally, biological control attempts were also targeted
at this pest. Particular efforts have concentrated on the hymenopterous parasitoids Allorhogas pyralophagus
and Cotesia flavipes (Cock, 1985; Quashie-Williams, 1991; Dasrat et al., 1997), although largely without
sustained success in the field.

Perhaps a particularly valuable lesson regarding the use of insecticides can be learned from experience
with the froghopper Aeneolamia flavilatera in cane cultivation in Guyana. Populations of this pest declined
to low levels after attempts at chemical control were discontinued, even without the release of specific bio-
logical control agents. This reduction in pest numbers was apparently due to the recovery of existing natural
enemy populations following the withdrawal of insecticide treatment (Dey et al., 1997; Eastwood et al.,
1997a; SAC, 2000). Natural enemies such as predatory syrphids (hoverflies) and cocinnelid beetles also
appear to provide adequate control of the aphids Sipha flava and Longiunguis sacchari (SAC, 2000).

After its early successes, work to enhance biological control of pests in the Guyanese sugar industry has
continued, with interest not only in insect natural enemies, but also other potential agents, including
Metarhizium anisopliae (SAC, 2000). This fungus has been used in biological control programmes (as a
‘biopesticide’) against cane pests in other areas, including Trinidad and Brazil (Cock, 1985; Dent et al.,
2003; Hoffmann-Campo et al., 2003). The potential use of entomopathogenic nematodes against pests such
as Castniomera licus, against which chemical control attempts have yielded indifferent results, has also
attracted attention in Guyana (SAC, 2000; Dasrat, 2001).
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Integrated pest management and biological
control in sugar beet

The adoption of an increasing focus on an
IPM approach is one of the factors underlying
the reduction in pesticide usage seen in UK
beet cultivation in recent years (Defra, 2002 –
see above and Box 2.1). Row crops like sugar
beet provide good opportunities for more
precise agrochemical applications, such as
band spraying of herbicides. For example,
Rudolph and Klee (1993) demonstrated a
60% reduction in herbicide application, an
average reduction in spray drift of 50%, and
increased beet yields in trials of this method.
Non-chemical methods, such as the use of
flame weeders in place of herbicides, have
been investigated for their potential in beet
cultivation in Europe and the USA (Ceccatelli
and Peruzzi, 1995; Peruzzi et al., 1995; Barberi,
1997). Overall, however, in comparison with
cane, it appears beet cultivation systems tend
to place a greater emphasis on combinations
of resistant varieties and rational pesticide
use, rather than on biological control and
cultural methods. None the less, there are
examples of biological control in beet grow-
ing systems, generally as part of broader IPM
programmes (e.g. see Samersov and Skur’yat,
1985). For example, Zarrabi and Ganbalini
(2001) outline a programme of IPM against
sugar beet weevil Bothynoderes obliquifasciatus
in Iran, which aims to bring together bio-
logical control (with entomopathogenic
fungi), rational pesticide use and cultural
methods.

Araji and Hafez (2001) examined the
economic and environmental benefits of nem-
atode biological control methods and IPM in
potatoes, sugar beet and lucerne in the Pacific
North-West (USA). Given that nematode
pests in these crops are at present managed
with expensive and toxic soil fumigants, and
alternative methods show significant efficacy,
these authors estimated that investment in the
development of nematode biological control
methods could eliminate 6.17 million kg of
active toxic material from the environment
in Idaho, and that farmers could see a gross
annual benefit of $43 million ($29 million net).

Other areas of interest in relation to
biological control in sugar beet include the

control of plant diseases with antagonist
microorganisms, often in the form of seed
dressings (e.g. Kiewnick and Jacobsen, 1998;
Moenne-Loccoz et al., 1998; Weiergang et al.,
2001).

Appropriate harvest operations

Harvest operations have a number of poten-
tial environmental impacts. In both cane and
beet cultivation systems, harvest results in
soil removal from the field, and soil compac-
tion is a risk. These problems are more acute
for beet than for cane, as the root crop has a
relatively high soil tare and is often harvested
in wet conditions. Erosion risk may also be
increased by the soil disturbance accompany-
ing harvest operations. Preharvest burning is
a particular feature of cane cultivation in
many areas, which has implications for air
and soil quality, although a shift towards
green cane harvesting and trash blanketing
is occurring in many areas, with consequent
environmental benefits (see Box 2.4).

SASA (2002) makes general recommen-
dations for good practice in cane harvesting,
summarized as follows:

• Planning should take account of topo-
graphy, soil characteristics, weather,
extraction routes, waterway crossings
and loading zone sites.

• Relatively wet and poorly drained
areas should be harvested during dry
periods.

• Staff should be appropriately trained
(and, where appropriate, accredited).

• Vehicles should be appropriately set up
and deployed (e.g. with respect to loads
on axles, tyre pressures and patterns of
in-field traffic).

• Trashing rather than burning should be
practised wherever possible, particularly
on slopes and relatively erodible soils.

Again, while designed for use in cane
cultivation, many of these recommendations
apply equally well to beet harvesting.
For example, the importance of selecting
appropriate agricultural machinery is noted
by Spiess and Diserens (2001), controlling
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patterns of in-field traffic in beet fields (use
of tramlines) is recommended by Brunotte
and Sommer (1993) and Draycott and
Christenson (2003), limiting axle loads (to

less than 6 t) is recommended by Henricksson
and Hakansson (1993), and the benefits of
increased tyre size are noted by Spiess and
Diserens (2001) and Defra (2002).

48 Chapter 2
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3

Water Consumption

Human activities that have an impact on
water availability are a growing concern. For
example, as Rao (2000) notes, the World
Watch Institute of Washington and the Birla
Foundation forecast that, by 2000, 60% of
groundwater would be depleted and that,
by 2025, 40% of the world’s people will face
chronic water shortage. The general trend of
global warming, coupled with low rainfall
and higher evaporation levels have already
created drought conditions in the USA, east-
ern Canada, the Pacific islands and portions
of Australia. In India, low groundwater levels
have led to drought in Haryana, Gujarat,
Madhya Pradesh, Rajasthan and Andhra
Pradesh. Dilip Yewalekar (1998) reported an
estimated decline in total water availability
per person per year in India from 1353 to
910 m3 between 1981 and 2001. It has been
estimated that water demand will exceed
supply in many parts of South Africa by 2020
(Schmidt, 2000). Human activities that lead
to over-consumption and contamination of
water resources have severe impacts on
the wider environment. For example, the
biodiversity of freshwater ecosystems is
considered to be more threatened globally
than the biodiversity of terrestrial systems
(e.g. Darwall, 2003; McNeely, 2003). Such
threats have further knock-on effects for
human well-being and livelihoods, for
example amongst communities that rely on
fisheries (e.g. Dugan, 2003).

Concern over water availability and
quality is reflected in recent discussions on

these subjects at major international meetings,
and in global awareness-raising initiatives.
For example, these issues received much
attention at the World Summit on Sustainable
Development (WSSD) in Johannesburg in
2002 and at the 3rd World Water Forum in
Kyoto in 2003, and 2003 was declared the
International Year of Fresh Water (Steiner,
2003). Those concerned with the conserva-
tion and sustainable management of water
resources have urged an ecosystem approach,
consistent with the Convention on Biological
Diversity (e.g. Steiner, 2003). Such an
approach is ambitious and complex, in aiming
to integrate the needs of human communities
with those of the wider environment across,
for example, entire river basins. For such
an approach to work, it must be tailored to
local conditions (economic, social, political,
cultural and environmental), and must
provide the necessary powers and resources
to local communities, preferably within a
robust legal framework (e.g. Masundire, 2003;
Scanlon, 2003). There have been recent moves
towards whole catchment management
approaches in some major sugar producing
countries, e.g. Australia (Johnson et al., 1997).

Agriculture, irrigation and water consumption

In most areas, there are three main natural
sources of water: rainfall, surface water and
groundwater. Where irrigated agriculture is
practised (drawing on surface and ground-
water reserves), a major objective should be

© O.D. Cheesman 2005. Environmental Impacts of Sugar Production
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to maximize crop yield per unit of water
consumed (e.g. WMO, 1998), although
different frameworks for maximizing water
productivity may operate at larger than farm
scales (Kijne et al., 2003). The enhancement of
water use efficiency and water productivity
in agriculture is particularly important, as
in many parts of the world this activity is a
dominant consumer of water. For example,
irrigated agriculture is the largest user
of water in South Africa (Schmidt, 2000;
Ascough and Kiker, 2002), Australia (Lisson
et al., 2003) and Pakistan (Azhar Javed and
Tariq, 2003). There is also increasing demand
for water from the agricultural sector in many
countries. In India, Dilip Yewalekar (1998)
suggested that expansion of the area under
irrigation and improved irrigation systems
were essential for increased agricultural
production. McNeely (2003) estimates that
more than 250 million ha of agricultural land
are currently being irrigated globally, around
75% being in developing countries (particu-
larly India, China and Pakistan). This equates
to around 70% of all freshwater consumption
being directed to irrigation, and over 85% in
low-income countries where the extent of irri-
gation is typically increasing (Herschy, 1998a;
McNeely, 2003). Consequences include
decreased river flows and falling groundwa-
ter levels, and wider environmental impacts
on hydrological processes and biodiversity
(McNeely, 2003). In addition, irrigation has
been a key driver in the salinization of agri-
cultural soils, in both ancient and modern
times (Ghassemi et al., 1995).

With these general considerations in
mind, irrigation in the cultivation of sugar
crops is an issue of particular interest. In some
areas of the world, either cane or beet is culti-
vated as a purely rain-fed crop, in other areas
they are irrigated. The need for irrigation
varies according to local conditions, notably
climatic factors such as rainfall. Cane in partic-
ular is noted as a relatively heavy consumer of
water, and (being grown largely in tropical
conditions, where available sunlight is not
limiting) water availability can be expected to
be one of the main factors limiting growth.
None the less, there is evidence that much
could be done to reduce water consumption
and improve the efficiency of water use in

many cane irrigation systems, and this has
been recognized in relation to best manage-
ment practices recommended, for example,
for South African cane growers (SASA, 2002).
The main concerns that have been expressed
in relation to irrigation in the cultivation of
sugarcane relate to the over-exploitation of
water resources, and environmental impacts
(notably salinization) related to soil water-
logging. Major infrastructural projects related
to irrigation may also be a source of environ-
mental concerns. There is also some evidence
that cane irrigation systems have contributed
to human health problems, notably schistoso-
miasis, in local communities, although cases
where a connection can be confidently deter-
mined are fewer than anecdotal evidence
would suggest.

There are also some areas where irriga-
tion is essential for the effective cultivation of
beet. However, with this crop, there may be
questions over whether irrigation is actually
necessary in some of the other areas where
it is practised. Such questions are based on
at least three considerations: (i) beet is not
particularly sensitive to water availability
(e.g. Dunham, 1993); (ii) the crop is principally
grown in temperate areas, where sunlight
rather than water availability would be
expected to limit plant growth (e.g. Scott and
Jaggard, 1993); and (iii) the economics of beet
production in Europe (based on quotas) mean
that maximum financial returns are not neces-
sarily based on maximizing potential yields
from a given cultivated area (e.g. see Box 3.3).
In contrast to cane cultivation, the main con-
cerns that have been expressed in relation to
water use in the cultivation of sugar beet relate
to impacts on soil and water quality, notably
through enhanced leaching as a consequence
of irrigation.

As for other crops, the development of
more efficient and effective irrigation systems
for sugarcane and beet requires consideration
of technical aspects of the operation. A key
consideration is the accurate estimation of
crop water requirements, based on soil water
balance (see Box 3.1). This often involves cal-
culations using various forms of the Penman
combination equation or the Blaney–Criddle
method (e.g. see WMO, 1998), and can assist
in assessing the amounts of irrigation water
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needed and the appropriate timing (schedul-
ing) of its application. Such calculations
are most easily undertaken using computer
models, which can also incorporate many
other relevant parameters.

Other important considerations in the
development of efficient and effective
irrigation systems include the individual
characteristics of available systems, sources
of irrigation water and non-technical aspects

Water Consumption 51

Box 3.1. Parameters for estimating crop water use and irrigation requirements.

The following summarized account is based on Bakker (1999) for sugarcane, but the principles are the
same for beet (e.g. see Dunham, 1993).

Summary of terms used:

Et = evapotranspiration (or moisture consumptive use)
Ept (or Et_pot) = potential evapotransiration
Ea (or Et_act) = actual evapotranspiration
Eo = evaporation from an open Class A pan
TAM = total available moisture content (of the soil)
FAM = freely available moisture content (of the soil)

Potential evapotranspiration (Ept) is the amount of water used by the plant at its maximum potential rate of
growth. Actual evapotranspiration (Ea) is the amount of water actually used by the plant, which may be
limited by a lack of available soil moisture. For example, rainfall may be sufficient to meet all of the plant’s
water requirements, such that Ea = Ept. Otherwise (and in many cases), irrigation may be required to top
up the soil moisture reservoir at a sufficient rate to allow the plant to transpire (and grow) at its maximum
potential rate.

Effective rainfall is that proportion of total rainfall (say, 70%) that infiltrates the soil and becomes
available to the root system of the cane. Ultimately, the availability of water to the root system depends on
the overall soil moisture balance, a ‘profit and loss’ account of soil moisture derived from the amount of
water entering the soil (effective rainfall, irrigation), leaving the soil (evapotranspiration, drainage) and
stored in the soil (determined by the soil’s water holding capacity).

The key to effective irrigation management is to know when to irrigate and how much water to apply. In
other words, how to ensure that Ea = Ept. Insufficient water will not allow the plant to grow at its maximum
potential rate, and excess water may also impede the plant’s development (as well as wasting resources and
leading to possible environmental problems such as soil waterlogging).

Estimating Et (particularly Ept) is an important part of determining when to irrigate and how much water
to apply. Penman developed an equation for estimating Et, based on environmental factors (such as
sunshine hours and temperature). It has also been shown that Et can be estimated by measuring the evapora-
tion of water from an open water surface, such as that in a US Weather Bureau Class A Pan (Eo). When the
crop has developed a full canopy, Et = Eo (in other words, the Et/Eo ratio = 1), and it is reasonable to assume
that Ept = Et = Eo. At earlier stages of crop development, Et depends on a combination of evaporation from
the bare soil surface and transpiration from the sparse canopy. In this situation, Et is less than Eo (Et/Eo ratio
< 1), although it increases in a more or less linear fashion as the canopy becomes fully developed.

Total available moisture content (TAM) and freely available moisture content (FAM) are standard mea-
sures of the water available to the root system of the plant, based on soil water content and rooting depth,
and are expressed in mm units. Regular assessment of such measures (e.g. based on laboratory analysis of
soil samples using suction devices), along with estimates of Et factors, allows the irrigation requirements of
the crop to be estimated using a meteorological approach, based on estimates of the soil moisture balance.
Alternatively, methods such as tissue analysis can be used to assess the irrigation requirements of the crop.

A record of TAM/FAM measures and assessments of Et factors through the growing season allow
estimates of the total water consumed by the crop to be maintained (e.g. in a moisture balance book – MBB).
This allows a farm manager to assess the amount of water consumed over the lifetime of the crop, compare
crop performance between fields and (on the basis of predictive equations) estimate likely yields. In
assessing the overall efficiency of water use (and water management), it is appropriate to calculate a form of
water utilization factor, for example the amount of water used to produce 1 t of crop or the yield of crop per
100 mm of effective water used.
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(economic and social factors). While cane may
remain in the field for a number of years,
influencing the suitability of particular irriga-
tion methods, beet irrigation must be seen
in the context of the annual rotation within
which this crop is typically grown. The princi-
pal irrigation systems available are variations
on three basic types: surface (e.g. flood, inun-
dation, furrow) methods, overhead sprinklers
(e.g. dragline, centre pivot) and surface/
subsurface drip (trickle) systems. In general
(e.g. WMO, 1998), surface irrigation tends
to result in oversupply (with substantial
drainage losses) of water, sprinkler irrigation
results in losses of water intercepted by
above-ground parts of the crop and drip/
trickle methods have greatest potential for
maximizing irrigation efficiency but are rela-
tively expensive to install. Particular irriga-
tion systems may be more or less suitable in
given situations, and there has been much
interest in the use of waste water (including
that from sugar processing) for irrigation.

Consumption of water in sugar processing

Although a large proportion of the raw
crop material itself is water, the processing
of sugarcane and beet involves relatively
high levels of water consumption. Sucrose is
typically extracted using diffusion into water,
and water-cooled condensers are used in
later stages of processing. None the less,
methods are available for significantly reduc-
ing water consumption in sugar processing,
particularly through recycling of water
between stages in processing operations.

SUGARCANE CULTIVATION

Water availability is likely to represent a
limiting factor to plant growth in the tropics,
where there is generally a reliable supply of
sunlight (and of carbon dioxide – together
the three fundamental resources for photo-
synthesis). The likelihood of water resource
limitation only increases for Saccharum and
its near relatives, with their exceptional
potential for rapid and vigorous growth (e.g.
Alexander, 1985). Whilst specific responses

vary between varieties, Rao (2000) notes that
drought conditions (water stress) can affect
aspects of cane development such as germi-
nation, root growth, cane elongation and
tiller formation, and a wide range of physio-
logical processes (including enzyme activity,
translocation of photsynthate and sucrose
accumulation). In addition, water stress has
been found to result in increased damage
from some diseases, such as red leaf sheath
spot Mycovellosiella vaginae (Nass et al., 2001).
However, the water requirements of a sugar-
cane crop are not simple. Particular growth
stages are especially vulnerable to water
stress, and (to some extent) water inputs can
be used to regulate the development of the
crop. Gaudin (1999) considers water supply
in sugarcane cultivation. Watering can theo-
retically be used to control the agricultural
calendar (adjusting the growth cycle, facili-
tating harvest after 12 months), while satisfy-
ing plant water requirements during the
so-called ‘main growth’ phase between 4 and
9 months. Water shortage at this stage results
in reduced yields, and the only way to make
up the shortfall is to extend the growth cycle
(provided the weather is warm enough). This
biological flexibility is due to the way the
plant grows, and its C4 type photosynthesis.
Particular care has to be taken during ripen-
ing, when requirements (water, nitrogen and
heat) are reversed in relation to the main
growth stage. Muchow et al. (2001) note that
irrigation of sugarcane (where practised) is
usually suspended prior to harvest to dry
the field for harvesting operations and to
increase the relative sucrose content of the
cane.

The water requirements of crops such as
rice, cotton and sugarcane are relatively high
when compared to other crops (e.g. Dhillon
and Panshi, 1987; Singh and Sankhayan, 1991;
Munir Ahmad, 2001). However, as in terms of
productivity per unit area, sugarcane has been
noted as being a very productive crop per unit
of water consumed (see Table 3.1). In order to
feed its substantial water requirements, sug-
arcane is able to extract soil water to depths
well below 1 m (Inman-Bamber et al., 1998).
In the Ord River Irrigation Area in Western
Australia, Plunkett and Muchow (2003) found
that sugarcane extracted water down to
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1.8 m, 1.6 m or 1.0 m, according to soil type.
Moisture absorption by sugarcane doubles in
sunshine relative to the rate under a cloudy
sky, and wind increases rates of transpiration
by driving moisture away from the above-
ground parts of the crop – the latter effect can
be sufficient to cause water stress under some
conditions, undesirable except in the ripening
phase of growth (Bakker, 1999). A sugarcane
plant comprises approximately 75% water
(and 25% organic matter), but consumes
around 250 parts of water for every one part of
dry matter produced, with the excess water
being lost through transpiration. On this basis,
a cane crop of 100 t/ha would be expected
to consume approximately 7.5 Ml (750 mm)
water/ha (Bakker, 1999). This may be a con-
servative estimate, or may fail to take into
account water lost by evaporation from the
soil as well as by transpiration, as Bakker
(1999) later suggests that a crop produced
under more or less ideal conditions might be
expected to yield 10 t of cane per 100 mm of
moisture consumed and that < 7 t of cane per
100 mm is more realistic.

In some areas, sugarcane cultivation
operates primarily as a rain-fed system, as
in the uplands of the north-eastern part (the
Isaarn Region) of Thailand (Anecksamphant
and Wichaidit, 2002). However, in many
places supplementary irrigation is practised,
and in some areas cane cultivation is fully
irrigated (as in Swaziland – Magwenzi, 2000).

Irrigation in the Cultivation of Sugarcane

The need for irrigation in the cultivation
of sugarcane varies between localities,

according to factors such as topography and
soil type, but particularly climatic factors
such as rainfall. As well as influencing the
need for irrigation, local climatic conditions
affect the precise pattern of cane develop-
ment and the most appropriate timing for
particular operations (planting, harvest, etc.).
However, the seasonality of rainfall may not
match the seasonality of crop water require-
ment, resulting in a need for water storage
and irrigation, even in areas of relatively
high rainfall. Bakker (1999) gives a number of
detailed examples of the influence of climatic
patterns on the nature and timing of cane cul-
tivation operations, citing parts of Kenya and
Papua New Guinea where cane can be grown
without irrigation, parts of Sri Lanka where
irrigation may be necessary and parts of
Zambia where irrigation is required. As well
as local conditions, the need for irrigation
varies between sugarcane varieties. A large
number of published research papers deal
with responses of sugarcane varieties to man-
agement variables including irrigation. Some
recent examples are provided in Appendix 1.
In addition to its direct effects on cane devel-
opment, irrigation can influence the relation-
ship between the crop, its pests and diseases
and their control. For example, Parsana et al.
(1994) and Mrig et al. (1995) studied the effect
of irrigation on the incidence of insect pests
(Chilo infuscatellus, Emmalocera depressella
(Polyocha depressella), Melanapis glomerata and
Saccharicoccus sacchari) on sugarcane in India.
Mrig and Chaudhary (1993) studied the
efficacy of different insecticides, combined
with different irrigation levels, for control of
C. infuscatellus and E. depressella.

Irrigation is important in many areas
where sugarcane is grown, in localities as far

Water Consumption 53

Crop
Evapotranspiration

(mm)
Crop yield

(kg/ha)

Productivity per unit
water consumed

(kg/m3)

Gross value of production
per unit water consumed

(US$/m3)

Cotton
Rice
Wheat
Sugarcane

579
414
357
965

1,293
1,756
2,276

47,929

0.22
0.42
0.64
4.97

0.43
0.13
0.10

–

Table 3.1. Productivity per unit water depleted for four crops in the Indus Basin 1993/94 (after
Bastiaanssen et al., 2003).
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apart as Jamaica (Strohl, 1985) and Côte
d’Ivoire (Pene, 1999). In Mauritius, 22% of the
total cane cultivation area is irrigated (Jhoty
et al., 2001). Availability of water is one of
the principal constraints on expansion of the
sugar industry in Australia, where 60% of the
crop is fully or partially irrigated, and where
irrigation is essential for consistently profit-
able cane cultivation and accounts for around
a third of production costs (Chapman and
Milford, 1997; Ballantyne, 1998). Garside et al.
(1997b) cite figures suggesting that irrigation
of cane in Australia increased by 6% between
1970 and 1990. Examples of the scale of irriga-
tion of sugarcane, even from specific localities,
illustrate the huge quantities of water
involved. Reportedly, 3.8 Ml/ha/year is con-
sumed in the Bundaberg region (Kingston,
1994), whilst consumption of 10 Ml/ha/year
is reported from the Burdekin region (Raine,
1995). In the Ord Irrigation Area in north-
west Western Australia, where commercial
sugarcane production only started in 1995
(Muchow and Keating, 1998), estimates of irri-
gation requirements have ranged from 15.3 to
53.8 Ml/ha/year (Wood et al., 1998). Muchow
et al. (2001) subsequently recommended less
frequent irrigation of Ord cane, particularly
during late growth, and Plunkett and
Muchow (2003) noted the need for irrigation
management strategies to support profitable
production with minimal environmental
consequences such as rising water-tables.

South Africa provides many examples of
the importance and scale of irrigation in sug-
arcane cultivation. Here, Schmidt (1998, 2000)
reported that approximately 21% (87,000 ha)
of the 412,000 ha under production was irri-
gated in 1996/97. In northern areas (compris-
ing some 47,000 ha, and typically producing
around 16% of South Africa’s sugarcane)
irrigation is a prerequisite for cultivation. In
1996/97 production in the northern irrigated
areas was worth R0.6 billion in miller and
grower revenues. The remaining 40,000 ha of
irrigated areas are in the coastal and midland
regions of KwaZulu-Natal, where irrigation is
generally supplementary to rainfall. Efficient
management of irrigation is becoming
increasingly important in catchments with
limited water, where there is competition
amongst users for resources, and this is

reflected in recent water legislation in South
Africa (Schmidt, 1997, 2000, 2001). One aspect
of this legislation is the concept of levying
land uses that represent stream flow
reduction activities (SFRAs). Measurement
of stream flows is an attractive means of
estimating the prevailing conditions in a
catchment, as stream flows represent the
combined results of all climatological and
hydrological factors, and can be relatively
easily measured while water is confined in
well-defined channels such as rivers and
streams (e.g. see Herschy, 1998b). There has
been considerable debate in South Africa
over whether rain-fed sugarcane should be
classified as an SFRA (Schulze et al., 2000).

Particularly where water is scarce, the
importance of effective and efficient irrigation
systems is increasingly recognized. None the
less, Schmidt (2000) notes that cane irrigators
in South Africa are generally perceived to
be inefficient users of water, and poorly
managed irrigation systems elsewhere in
the world have been shown to use water
inefficiently and ineffectively (Robertson
et al., 1997). For example, Agbossou et al.
(1995) studied cane irrigation in the Save area
of central Benin, and found that established
scheduling caused severe water stress during
critical periods, and Proag (1998) found that
inappropriate irrigation methods were
amongst the factors confounding accurate
assessments of sugarcane yields in the north
of Mauritius. In a study in the North-West
Frontier Province (NWFP) (Pakistan), Tahir
Sarwar et al. (2001) concluded that, when
water for irrigation is abundant and farmers
have full control over its supply, they tend to
over-irrigate their fields. Studies in Australia
suggest that cane growers are often unaware
of the quantities of water that they are apply-
ing, leading to wastage (Shannon et al., 1996).
Hence, training of farmers in better water
management may also be important (even in
areas where water supply is not limiting) if
problems arising from poor practice are to be
avoided. Pressure for the adoption of better
practices may come from a range of sources.
For example, in Australia, Attard et al. (2003)
note that increasing community awareness of
environmental issues has raised expectations
for irrigators to improve practices, minimize
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off-site impacts and maximize productivity
from scarce water resources. In Swaziland,
McGlinchey (1998) reports that irrigation was
highlighted as one of the most important and
costly agricultural inputs in the sugar indus-
try and that the need for industry expansion
with limited water resources, combined with
the likely introduction of new water laws,
prompted renewed efforts to fine-tune water
management.

There is evidence that effective best man-
agement practice (BMP) recommendations
can be developed for sugarcane irrigation.
Klok et al. (2003) report on field trials in
the Burdekin Delta region in Queensland,
Australia, comparing conventional and BMP
irrigation systems. Trials were conducted on
different soil types, and the BMP applied was
site specific (determined by consultation with
extension officers and farmers). BMP irriga-
tion reduced the amount of water applied by
an average of 15% and increased yields on
three of the six sites by approximately 6%. Irri-
gation is also amongst the issues covered in an
impressive set of generic BMP recommenda-
tions for conservation and environmental
management in the South African sugar
industry (SASA, 2002).

Problems Arising from Sugarcane
Irrigation

Over-exploitation of water resources

India provides a number of examples of
the way in which sugarcane cultivation can
place a strain on available water resources.
Fry (1997) suggested that problems in the
Indian sugar industry have been exacerbated
by heavily subsidized electricity, which has
encouraged excessive use of groundwater
from great depths. Problems are particularly
severe where areas under cane cultivation
have increased (or continue to increase),
as in parts of the Indian Punjab during the
post-Green Revolution period (Singh and
Sankhayan, 1991). Dhillon and Panshi (1987)
reported plans to increase the area under
sugarcane in Indian Punjab from 80,000 to
136,000 ha, although Joshi and Tyagi (1991)

noted that the rate of change in production
and yield here and in Haryana had slowed.
In some areas, the demand for water for cane
cultivation has outstripped groundwater
supply, causing significant ecological prob-
lems. For example, increasing irrigated cane
cultivation in the Indian Punjab contributed
to a situation in which water demand in
many areas exceeded levels of annual
groundwater recharge, such that the water-
table started to fall in almost the entire water
zone of the state (Dhillon and Panshi, 1987;
Singh and Sankhayan, 1991). Selvarajan and
Subramaniam (1988) estimated that water
application to cane cultivation in the
Amaravathy River basin, Tamil Nadu was
28% higher than the recommended levels
(excess applications to rice were even
greater). Problems have also been reported
in Maharashtra, where the strain that culti-
vation of sugarcane (the most important
commercial crop in the state) placed on water
supply was noted by Shiva and Bandyopad-
hyay (1986), and where Inamdar et al. (1995)
reported that productivity per unit of area
and of irrigation water had shown a con-
tinuous decline due to limitations on water
availability and farm-level inefficiencies in
irrigation management. Limited access to
water is a major consideration for cane
growers in some areas. Chawla et al. (1989)
concluded that only 43% of small and mar-
ginal farmers in western Uttar Pradesh
(whose main crops were sugarcane and
wheat) had access to groundwater.

Concerns over water supply and the
potential for over-exploitation of available
resources for cane cultivation are not confined
to India. Availability of water has been identi-
fied as a major limiting factor to cane cultiva-
tion in areas as far apart as Peru (Iguiniz,
1987), Malawi (Panje et al., 1987) and southern
China (Lu, 1991). Sugarcane cultivation is
also recognized as a major consumer of
water elsewhere, as for example in Mauritius
(Ramjeawon and Baguant, 1995). In many
areas, cane cultivation is dependent on
irrigation, which has to compete with other
demands on scarce available water resources,
as in central Sudan (Hussein, 1999) and parts
of South Africa (Schmidt, 1998). There are con-
cerns in Australia that irrigation of sugarcane
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has contributed to over-commitment and
degradation of river systems and over-
exploitation of groundwaters in the Burdekin
Delta and Bundaberg regions (Arthington
et al., 1997; Meyer, 1997).

Waterlogging of soils

Cane cultivation on flat or gently sloping
land is generally preferable to cultivation on
slopes, and the rich soils of alluvial valley
bottoms and coastal plains may be particu-
larly suited to agriculture. However, cultiva-
tion in such areas may result in problems
associated with waterlogging (e.g. Bakker,
1999), not all of which arise from direct effects
on crop development. In Guyana, for exam-
ple, poor drainage can contribute to popula-
tions of the froghopper Aeneolamia flavilatera
reaching serious pest levels (SAC, 2000).
Waterlogging has been blamed on under-
utilization of groundwater (as in parts of
India – Joshi and Tyagi, 1991), but is essen-
tially a consequence of poor drainage (e.g.
Bakker, 1999). Some soils are naturally poorly
draining, and the need for improved drain-
age is often exacerbated by local rainfall pat-
terns (Garside et al., 1997b) and particularly
by irrigation. The urgency of this need is only
increased by the threat of soil salinization
which accompanies rising water-tables
(Ghassemi et al., 1995).

SASA (2002) notes a range of indicators of
poorly drained areas, including the presence
of particular plant communities (such as
those including sedges, reeds, bulrushes,
algal mats) and particular soil forms and
surface characteristics (ponding, capping, salt
encrustation). They suggest that waterlogging
is often characteristic of the following
situations:

• In areas where water accumulates
naturally (such as footslopes, valley
bottoms).

• Adjacent to large areas of open water
(such as estuaries, lakes, dams).

• Where surface water management is
poor.

• Where there is leakage of water storage
or transport systems (such as dams,
canals, pipes, irrigation infrastructure).

• Around human-made obstructions (such
as embankments, bridges, drifts).

• Where over-irrigation has taken place.
• On soils with impervious horizons close

to the surface.

Water storage and major infrastructural
projects

In reviewing the early history of agriculture
in Australia, Meyer (1997) concludes that
major irrigation projects were seen as being
positive aspects of development, but that
realistic economic analyses were rarely car-
ried out. Consequently, major infrastructural
projects were undertaken, on the basis of
promises of increased productivity, but
early returns were invariably insufficient to
service the capital debt or cover running and
maintenance costs. Nor were environmental
consequences taken into account, such as
over-commitment of supplies and problems
related to drainage. Johnson et al. (1997) note
that recent government reforms in Australia
have included increased recognition that
investment in publicly owned resources
such as dams and irrigation systems should
generate satisfactory rates of return, as well
as taking ecologically sustainable develop-
ment principles into account. Even at smaller
scales, infrastructure for water storage needs
to be appropriately managed, as the breach-
ing of even a farm-scale dam can have a
major impact on human safety and the
downstream environment (SASA, 2002).
Consequently, in South Africa, storage of
more than 10,000 m3 of water per farm
requires registration of the dam or storage
facility with the appropriate authority.

Very large infrastructural projects have
been undertaken in some areas to enhance
water supply for sugarcane growing areas.
Examples include government approval of
plans for construction of the Driekoppies Dam
on the Lomati (Mluwati) River, to guarantee
a water supply for increased cane cultivation
in eastern Transvaal (Bekker, 1992). In some
cases, projects perceived to be primarily
for the benefit of the sugar industry have
been controversial. Damandeep Singh (1994)
reports that the Narmada Dam (which had
been proposed as a means to provide
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irrigation, drinking-water and power for
local communities) was strongly opposed
by those who argued that the water was
not meant for drought-prone villagers, but
for the burgeoning industrial sector and
the sugar industry of already rich central
Gujarat. A range of environmental and social
impacts are associated with dam construction
(including the flooding of villages and
displacement of communities – Damandeep
Singh, 1994). The Chittaurgarh irrigation
project, involving the construction of a dam
in the outer Indian Himalayas, was expected
to increase agricultural productivity of crops,
including sugarcane (Ahmad and Singh,
1991). However, anticipated environmental
effects included serious impacts on flora
and fauna, a considerable loss of forest
land, rising water-tables, waterlogging, soil
salinization, fodder and fuel wood crises
following deforestation, and increased levels
of crop pests and human diseases. After one
decade, siltation was anticipated to increase
20 times due to the poor vegetation in the
catchment area.

Irrigation and human health

UNEP (1982) noted that bilharzia and hook-
worm often occur naturally in areas where
sugarcane is grown, and (although they are
not a direct result of the sugar industry) may
become established in cane fields and associ-
ated water bodies. Depending on the location
of the plantation/mill, other insect- and
snail-borne infections of humans and domes-
ticated animals may also become a problem.
These include fascioliasis and paramphisto-
miasis. Sugarcane irrigation systems may
also serve to harbour schistosomiasis and
malaria.

Grosse (1993) provided a comprehensive
review of international literature on schistoso-
miasis in relation to water resource manage-
ment and development projects, including
a brief section on irrigated sugarcane. This
concludes that hard evidence for the promo-
tion of schistosomiasis by the introduction of
sugar irrigation systems (as with water man-
agement projects in general) is harder to find
than anecdotal reports would suggest. How-
ever, there are clear examples, as in Puerto

Rico. Here, studies revealed a substantial
increase in the prevalence of schistosomiasis
following the establishment of irrigation sys-
tems to allow sugarcane cultivation, particu-
larly the South Coast Irrigation System. This
was constructed in 1914, and local prevalence
of Schistosoma mansoni infection rose from
zero before 1910 to around 25% by 1930 (Jobin,
1980). There appears to be no evidence of
similar problems elsewhere in the Caribbean.
In Africa, a small number of studies appear
to clearly link sugarcane irrigation with
increased rates of schistosomiasis. For
example, on the Wonji estate in the upper
Awash valley of Ethiopia, rates of infection
rose from 7.5% in 1968 to 20% in the 1980s
(Kloos et al., 1988), and both the disease and its
Biomphalaria host snails were unknown in the
area prior to irrigation. In 1988, the prevalence
of S. mansoni infection in children at one Wonji
labour camp reached 82% (Simonsen et al.,
1990), partly due to poor maintenance of
water and sanitary facilities. Another example
comes from the Richard-Toll sugar complex in
the lower Senegal valley, where an outbreak
of S. mansoni infection in the 1980s was linked
to Biomphalaria pfeifferi host snails found only
in irrigation canals, and not in natural water
bodies (Talla et al., 1990; Diaw et al., 1991). The
ecology of this disease system has since been
studied further by Sturrock et al. (2001). How-
ever, Grosse (1993) concluded that a number
of other reported cases of sugar irrigation
schemes promoting schistosomiasis in Africa
were inconclusive.

Ijumba et al. (2002) examined malaria
transmission risk variations in different
agroecosystems in the Lower Moshi irrigation
area, northern Tanzania. Malaria vectors
and human populations associated with an
irrigated sugarcane plantation, a smallholder
rice irrigation scheme and savannah with
subsistence crops were compared. Irrigated
sugarcane cultivation resulted in water pool-
ing, but this did not produce more vectors.
The study suggested that malaria trans-
mission risk was lower for villagers near the
irrigated rice scheme (despite greater vector
potential) than for the other communities,
largely as a consequence of socio-economic
factors leading to greater use of antimalarials
and bednets.
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Technical aspects of improved
irrigation systems

Robertson et al. (1997) suggest that the devel-
opment of strategies to improve the efficiency
of cane irrigation can concentrate on: (i)
increasing the application efficiency (the pro-
portion of water applied that is stored in the
root zone); or (ii) varying the timings and
quantities of water applied so as to maximize
the crop response. In addition to the influence
of local climatic and other environmental
factors, a range of technical aspects need to
be considered when developing irrigation
management strategies for sugarcane. A lack
of technical information (and its application)
will only inhibit moves towards more effi-
cient water use. Relevant technical aspects of
sugarcane irrigation systems are discussed by
a range of authors, including Combres et al.
(1996), Torres et al. (1996), Robertson et al.
(1997), Muchow and Keating (1998), Singels
et al. (1998, 1999), Schmidt (2000), Attard et al.
(2003) and Plunkett and Muchow (2003).
Important considerations include:

• estimation of crop water requirement;
• monitoring of water use;
• irrigation scheduling;
• irrigation system characteristics;
• source of irrigation water;
• maintenance of irrigation infrastructure;
• availability of knowledge and training.

Assessment of the effectiveness of cane
irrigation strategies can be based on an
analysis of water use efficiency (WUE), the
ratio of cane yield to water consumed by
the crop. WUE is often used (at least in
Australia and South Africa) for estimating
crop response to irrigation and the amount
of irrigation required to attain a given
yield, and a ‘rule of thumb’ has been
developed, based around a benchmark
WUE figure of 8–10 t/Ml (Thompson, 1976;
Kingston, 1994). Although this appears to
be reasonably reliable under fully irrigated
cultivation, variability in WUE between sites
can range more widely (around 6–16 t/Ml),
and it is generally a less useful measure under
rain-fed or partially irrigated conditions
(Robertson and Muchow, 1994; Robertson
et al., 1997).

In addition to WUE, potential environ-
mental impacts should be considered (e.g.
Robertson et al., 1997) as well as linkages to
other aspects of farm management, such as
drainage (Meyer, 1997) and soil conservation
measures (SASA, 2002).

Tools to assist in estimation of crop water
requirement and irrigation scheduling

As Hussein (1999) and Chinnusamy and
Jayanthi (2000) note, a key aspect in the
accurate prediction of the water requirements
of a sugarcane crop is the reliable estimation
of evapotranspiration rates (see Box 3.1). As
Attard et al. (2003) note, irrigation water is
used most efficiently when crop requirement
is defined accurately and water is applied to
meet this demand both fully and at precisely
the right time. The most effective irrigation
sceduling is ideally based on day-to-day
monitoring of field conditions (Agbossou
et al., 1995). However, at a regional scale, opti-
mum scheduling is substantially influenced
by climatic conditions across a range of sites
(as demonstrated for India by Rajendra Gupta
and Tripathi, 1998a,b). A particular question
over irrigation scheduling of relevance to
sugarcane growers in parts of South Asia is
the extent to which warabandi-type irrigation
schemes (in which irrigation water is supplied
to a group of farmers in rotation, rather than
on demand) can effectively serve the needs of
the crop (e.g. Qureshi, S.A. et al., 2002a,b).

Appropriate scheduling can produce
significant savings of irrigation water. Ellis
et al. (1985) reported that severe water restric-
tions in Zimbabwe led to a review of irrigation
strategy and a revised system of scheduling
that provided a potential saving in water use
of 32% when compared with conventional
practices. Comparisons of estate sugar
production in successive years showed that
adoption of this strategy did not reduce
estimated recoverable sugar yield and that it
resulted in a 20% saving in total water applied.

With so many parameters to be con-
sidered in developing optimum irrigation
strategies for sugarcane, farmers can easily
be discouraged by the time and paperwork
required to carry out the calculations (Torres,
1998). It is not surprising, therefore, that a

58 Chapter 3

72A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:19 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



number of computer models and other tools
have been developed to assist in decision
making. Robertson et al. (1997) and Schmidt
(2000, 2001) note the particular value of a
modelling approach in its ability to deal with
a complex set of variables, drawing on base-
line information gathered in long-term data
sets. However, it is also noted that models
invariably fail to take account of fine-scale,
site-specific considerations, and may overem-
phasize biophysical parameters when socio-
economic factors are also a major feature of
decision making. Examples of computer mod-
els developed to assist in the refinement
of sugarcane irrigation strategies are listed
in Table 3.2. New technology can also be
harnessed in other ways to assist in the man-
agement (including irrigation) of sugarcane
crops. For example, Baran et al. (1999) describe
how a geographical information system (GIS)
is thus used in northern Côte d’lvoire.

Where farmer access to computer models
(or the requisite baseline soil and climatic

data) is constrained, the development of
simpler decision support tools may be
possible. For example, Torres (1998) suggests
a simple device which serves as a visual
aid for sugarcane irrigation scheduling.
This consists of a plastic bucket, which
acts simultaneously as a pluviometer and as
an evaporimeter. Once calibrated, there is no
need for human intervention beyond check-
ing the position of the water level in relation to
the irrigation control marks. The importance
of the availability of baseline data and simple
tools for irrigators is also noted by Holden
et al. (1998) and Culverwell et al. (1999). In this
context, Olivier and Singels (2001) provide
a database of crop water use coefficients for
irrigation scheduling of sugarcane in South
Africa and note the value of automated
weather data logging techniques.

Simulation modelling, in combination
with field trials, may be able to contribute to
the formulation of generic recommendations
for irrigation best management practices. Care
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Model Source – locality

CANEGRO

Thompson
PAWCER

SEPI

IRRICANE

DAM EA$Y

APSIM-SUGARCANE

CROPWAT

SWAP93
Other models
CANESIM

A soil moisture deficit (SMD) model
An atmospheric evaporative demand (AED)

model
A model to predict changes in total

evaporation under deep contour tillage
A model for assessing cost–benefit of

on-farm water storage
A model for optimal irrigation scheduling
A model to simulate effects of different

irrigation regimes on yields

Inman-Bamber et al. (1993) – northern Natal
McGlinchey et al. (1995) – South Africa
McGlinchey (1998) – Swaziland
McGlinchey (1998) – Swaziland
Zund and McDougall (1997) – Bundaberg, Australia
Lidon et al. (1999) – Kenana sugar growing area, Sudan
Combres et al. (1996)
Singels et al. (1998, 1999) – South Africa
Lisson et al. (2003) – Bundaberg, Australia
Robertson et al. (1997) – Australia/South Africa
Muchow and Keating (1998) – Ord, Australia
Cheeroo-Nayamuth et al. (2000) – Mauritius
Rajendra Gupta and Tripathi (1998b) – India
Qureshi, S.A. et al. (2002a,b) – Sindh, Pakistan

Schmidt (2000), SASA (2002) – South Africa
Inosako et al. (1995) – Miyako island
Attard et al. (2003) – Ord, Australia

Gardiner and Cazalet (1991) – steep slopes on the
Natal coast

Lisson et al. (2003) – Australia

Chaudhry and Leme (1996) – São Paulo, Brazil
Ah-Koon et al. (2000a,b) – Mauritius

Table 3.2. Computer models for the refinement of sugarcane irrigation strategies.



must be taken in interpretation, as so many
factors in irrigation effectiveness are site spe-
cific. However, it is interesting to note results
like those obtained by Ah-Koon et al. (2000a,b),
who combined field trials and simulation
modelling in Mauritius and found that opti-
mum cane yield would be achieved by irrigat-
ing a larger area at 0.50 ETc, whilst lowest
yield would be obtained if all the water were
to be concentrated on a small area at 1.0 ETc,
with the remainder of the perimeter rain-fed.
Chaudhry and Leme (1996) used an optimal
scheduling simulation model to assess
supplemental irrigation of sugarcane in São
Paulo, Brazil, and found that the elimination
or partial reduction of irrigation was possible
without affecting economic returns.

The accumulation of baseline data sets
is important if irrigation strategies are to be
‘benchmarked’ and generic recommendations
for best management practices developed.
Wood et al. (1998) describe the benchmarking
of irrigation practices in the Ord River area,
Australia, and indicate how their survey
results represent one of the most comprehen-
sive data sets on irrigation practices gathered
anywhere in the Australian sugar industry.
The data set has substantial potential, in com-
bination with field experimentation and crop
simulation modelling, to underpin a research
programme to develop the most profitable
and sustainable irrigation strategies for the
Ord area. Similarly, Jhoty et al. (2001) describe
a survey of irrigation practices for sugarcane
in Mauritius, collecting baseline data for a GIS
land management database.

Irrigation system characteristics

Application efficiency (the proportion of
water applied that is stored in the root zone)
varies considerably between (and within)
the different irrigation systems used in cane
cultivation (Robertson et al., 1997). Factors to
be considered include the uniformity with
which the system applies water (e.g. Lidon
et al., 1999; Ascough and Kiker, 2002).

In any given area of sugarcane cultiva-
tion, a variety of irrigation systems tend to be
in place, and these change over time. A useful
overview of different irrigation methods
and their use in cane cultivation is provided

by Bakker (1999). In many areas, traditional
irrigation methods are based on the flooding
of small cultivated plots (as described for
Nigeria by Phillips-Howard, 1996), and the
same inundation method has been widely
used in larger cane fields. Modern techniques,
such as the use of sprinkler or drip systems,
are replacing traditional inundation methods
in many areas (e.g. in India – Dilip Yewalekar,
1998; Jamaica – Strohl, 1985). In some areas,
the adoption of such techniques has been
identified as a key factor in the potential
expansion of the area under sugarcane
cultivation, for example in the Costa del Sol
region of Spain (Fernandez Lavandera and
Pizarro Checa, 1983) and Egypt (Fawzy and
Amer, 2002). In a survey of irrigation practices
in Mauritius, Jhoty et al. (2001) found that
three main irrigation systems were being used
(overhead, drip and surface) and that low-
pressure overhead irrigation systems, such as
the centre pivot and dragline, were gradually
replacing high-pressure overhead systems.

A number of studies examine the
responses of sugarcane varieties to different
irrigation methods and other management
variables. Some recent examples are provided
in Appendix 3. In addition to these, a number
of more generic comparisons of different
sugarcane irrigation systems have been
made. For example, in the northern areas of
KwaZulu-Natal and Mpumalanga, Schmidt
(2000) considered the small proportion of sug-
arcane under pivot (6%) and drip systems
(4%, but increasing) to be more efficient than
the 90% under overhead sprinkler systems. In
Swaziland, Magwenzi (2000) estimated that
water application efficiencies were 72–89%
under drip and centre pivot systems, 49–88%
under dragline and 48–75% under furrow
irrigation. Using agronomic and economic
data, Qureshi, M.E. et al. (2002) compared
profitability (based on net present value,
NPV) of growing sugarcane under different
irrigation systems in the Burdekin Delta,
Australia. Furrow irrigation on well-draining
soil had the highest NPV, followed by use of
centre pivot systems on moderately draining
soil, then furrow irrigation on poorly draining
soil and drip irrigation on well-draining soil.
However, when volumetric water charges
were used instead of area-based charges, the
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ranking changed. Use of the centre pivot on
moderately draining soil had the highest
NPV, followed by furrow irrigation on well-
draining soil, furrow irrigation on poorly
draining soil and drip irrigation on well-
draining soil. Under the volumetric water
charging option, the overall NPVs for each
irrigation system were lower than the NPVs
for area-based water charges. Ascough and
Kiker (2002) compared cane irrigation sys-
tems in South Africa, and estimated average
application efficiencies of 83.6% for centre
pivot, 73.5% for dragline, 76.7% for floppy
sprinklers and 78.9% for semi-permanent
sprinklers. These authors also examined uni-
formity of water application, which increased
through semi-permanent sprinklers, dragline,
floppy sprinklers, drip and centre pivot
systems, and concluded that good mainte-
nance and correct operation were key
considerations. Overall, Robertson et al.
(1997) concluded that application efficiency
increases from furrow to sprinkler to surface
drip to subsurface drip irrigation systems.

SURFACE IRRIGATION. In surface irrigation,
the cane field is inundated, and the soil serves
as a medium for infiltration and conveying
water from the upstream to the downstream
end of a field. Considerable improvements in
irrigation efficiency can be achieved by flood-
ing furrows between the crop rows rather than
the whole field. It can be difficult to achieve
consistently high levels of water use efficiency
with furrow irrigation. For example, Raine
and Bakker (1996) found that application
efficiency of furrow irrigation varied between
14 and 90% for individual water applications
and between 31 and 62% over the course of a
season. However, this method has the consid-
erable advantages of being inexpensive and
easy to operate. The main technical consider-
ations are the water holding capacity and
infilration rate of the top 60–100 cm of the soil,
the gradient, shape and length of the furrow,
and the volume of water to be discharged into
it (e.g. Bakker, 1999; Lidon et al., 1999). A key
objective is to obtain even application of
irrigation water along the furrow. Common
practice (as in Mauritius – Ng Cheong et al.,
1996) is to stop the inflow of water as soon
as it has reached the end of the furrow (or

preferably before – Bakker, 1999) and to bund
the latter to allow in situ water percolation.

As the studies in Appendix 3 indicate,
there are further potential efficiencies to be
achieved by flooding alternate (rather than
all) furrows. Yadav (1986) achieved water
savings of 36% using this method, and Ved
Singh (2001) achieved a water saving of 30%
using alternate furrow irrigation with rotation
(odd/even) of irrigated furrows. Alternate
furrow irrigation can also be combined with
trash mulching, yielding water savings of
36% (Thanki et al., 1999). Pandian et al. (1992)
achieved increases in water use efficiency of
43–66% by using alternate furrow irrigation,
with the greatest increases attained in
combination with mulching.

Raine and Shannon (1996) studied further
possible modifications to alternate furrow
irrigation in the Burdekin, Australia. They
found that modifications to the furrow shape
to produce a narrow ‘v’ shape with surface
compaction could reduce water use through-
out the season by 45%. This represented a
saving of Aus$218/ha/year to the grower and
a potential saving of Aus$1.74 million annu-
ally to the Burdekin sugar industry. Where
furrow lengths of 300 m were used instead of
600 m, the volume of irrigation water applied
was reduced by 42%. These shorter furrows
were found to produce a net return of either
Aus$132 or Aus$210/ha/year after the capital
and production costs were assessed, depend-
ing on the nature of the water delivery system
installed. Such modifications of furrow shape
were also found to be beneficial in studies by
Holden et al. (1998).

Bakker (1999) suggests that land prepara-
tion is a key element for effective furrow
irrigation, which relies on uniform slopes
(generally of 1 : 200 or less). Although contour
furrows may make surface irrigation practica-
ble on more steeply sloping areas, Bakker
(1999) recommends that, where land levelling
cannot be undertaken, overhead irrigation is
more appropriate. SASA (2002) suggests that
furrow irrigation is not suitable where soils
are less than 0.4 m deep, underlain by an
impervious layer, or on slopes of greater than
6%. They also suggest specific standards for
irrigation furrow gradients on particular soil
types.
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SPRINKLER IRRIGATION. Sprinkler irrigation
systems can provide for application efficien-
cies of up to 85% (Shannon et al., 1996),
although this is rarely attained. Sprinkler
systems come in a number of forms. For
example, Zadrazil (1990) reports on dragline
irrigation, an overhead sprinkler system
where sprinklers are connected by portable
hoses and (permanent or semi-permanent)
pipes to a pressurized water supply. The
dragline system, which has been in operation
for many years in Swaziland and South Africa,
was derived from the conventional sprinkler
system of portable pipes, in order to reduce
the labour requirement for its operation. This
was achieved with a modest increase of
capital costs, well below the comparative costs
of other, more automated irrigation systems.
Dragline systems can be adapted to the irriga-
tion of large estates, or to smallholder plots
of 1 ha or less. They can also be successfully
integrated with contour planting, as used
for erosion control on slopes. The dragline
sprinkler system used for the first 15 years of
cane cultivation on the Simunye sugar estate
in Swaziland provided very good service,
being low in capital cost, well suited to the
topography, simple to operate, and highly
visible (allowing faults to be detected easily).
However, the potential for increased produc-
tivity and water use efficiency prompted a
shift to a subsurface drip system in the late
1990s (Merry, 2003; see Box 3.2).

Sprinkler irrigation can produce substan-
tial water savings in comparison with furrow
irrigation (e.g. 37.5% – Shrivastava et al.,
1993). However, the necessary infrastructure
is considerably more expensive and may be
significantly more labour intensive to operate.

Bakker (1999) notes that the key elements
of an overhead sprinkler system are the layout
of the infrastructure, the spacing between
portable sprinkler lines (laterals), the mainte-
nance of appropriate water pressure in the
system and the design of the nozzles. SASA
(2002) suggests that soils of a minimum depth
of 0.45 m and a total available moisture (TAM)
of 50 mm are suitable for irrigation with over-
head systems, noting that where TAM is low
and a very short (3–5 days) irrigation cycle is
required, centre pivot or drip systems may be
preferred.

DRIP IRRIGATION. Bakker (1999) notes that
drip (trickle) irrigation is designed to deliver
water directly to the root system of the crop,
through frequent applications of relatively
small amounts of water. Typically, this is
achieved through a network of porous plastic
tubing, running along rows (or some multiple
of alternative rows), either on the surface or
buried at a depth of around 5–10 cm. Bakker
(1999) considers this system to be much less
intensive in use of labour, energy and water
than overhead or surface irrigation, but
other authors have noted problems with the
cost and maintenance of the infrastructure.
Hodnett et al. (1990) conclude that drip
irrigation methods have the greatest potential
for maximizing water use efficiency in
cane irrigation, but that subsurface drip
systems may not be cost effective in many
circumstances.

Schmidt (2000) summarizes the per-
ceived advantages and disadvantages of
drip irrigation in South Africa (relative to the
widely used overhead systems), as shown
below:

Advantages
• Higher water application efficiency

(increasing yield per unit water and/or
reducing water applied per unit area).

• Lower operating pressure, reducing
pumping costs.

• Lower operating labour costs.
• Potential for full automation.
• Better control over daily applications

(useful on ‘problem’ soils with low mois-
ture holding capacity or low infiltration
rates).

• Lower wetting area, enhancing rainfall
efficiency and restricting weed growth.

Disadvantages
• Higher capital cost.
• Greater management and maintenance

requirement.
• Better repair and maintenance backup

required for more automated systems.
• Potential for damage to dripper lines

(e.g. by rats or at harvest).

Schmidt (2000) also notes some of the
perceived advantages and disadvantages of
subsurface versus surface drip systems:
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Advantages
• Cheaper, thin-walled dripper tape can be

used.
• Lower operating labour costs (dripper

line does not need to be retrieved at
harvest or extracted from lodged cane).

• Higher water and fertilizer (fertigation)
application efficiency.

Disadvantages
• System must be planned and operated

with particular care.
• Greater difficulty in monitoring

performance.
• Greater difficulty in effecting repairs.
• Root intrusion.
• Poor germination on rapidly draining

soils.
• Obstructs pest and disease control by

deep tillage.

Studies clearly indicate that even surface
drip irrigation systems can provide substan-
tial water savings over other irrigation
systems, particularly inundation methods.
Water savings of around 50% are commonly
reported under drip irrigation of various
forms (e.g. Cho and Kuroda, 1987; Hapase
et al., 1990, 1992; Parikh et al., 1992; Shinde and
Jadhav, 1998, 2000; Raskar and Bhoi, 2001).
Water use efficiency can also be enhanced
substantially, from around two to three times
the level under furrow irrigation (Hapase
et al., 1990, 1992; Shinde and Jadhav, 1998,
2000). Yields and quality factors may also
be enhanced, e.g. by figures of around 20%
(Hapase et al., 1990, 1992; Shinde and Jadhav,
2000; Raskar and Bhoi, 2001). As with furrow
irrigation, combining mulching with drip
irrigation can improve results further (e.g. an
additional water saving of 16% – Shinde and
Jadhav, 1998). Thorburn et al. (1998) review
the agronomic and environmental benefits of
drip irrigation for sugarcane. Early research
showed few benefits, but studies published
since the mid-1980s have shown yield
increases of 5–20%, although these increases
do not necessarily persist through ratooning.
A number of studies found that irrigation
water use efficiency had increased by 50–80%
under trickle irrigation. One of the studies
reviewed suggested that nitrogen applica-
tions could be reduced under drip irrigation,

but studies on other crops, such as citrus,
showed that nitrogen leaching is substantially
enhanced where too much water and/or
nitrogen is applied. Camp et al. (2000) review
the use of subsurface drip irrigation (SDI)
in agriculture in the USA, and reach similar
conclusions. Early problems were followed
by improvement of systems such that crop
yields were equal to or better than those under
other irrigation methods (including surface
drip systems). SDI water requirements were
equal to or lower than surface drip, and fertil-
izer requirements were sometimes lower than
for other irrigation methods. Camp et al. (2000)
conclude that SDI is a very precise irrigation
method, both in the delivery of water and
nutrients to desired locations and in the
timing and frequency of applications for
optimal plant growth.

As noted below, however, non-technical
(including economic) issues must also be
considered when assessing the benefits of an
improved irrigation system. This is particu-
larly relevant to drip irrigation, which is per-
ceived to have relatively high associated costs.
Whilst some studies (e.g. Cho and Kuroda,
1987; Hapase et al., 1992) conclude that a drip
irrigation system represents a good invest-
ment, others stress the constraints to its
adoption. Analyses of the economic and social
aspects of adopting drip irrigation for sugar-
cane are particularly readily available from
India. Gurav et al. (2003) describe constraints
experienced by Maharashtra sugarcane farm-
ers in the adoption of drip irrigation, and their
suggestions for overcoming these. Based on
interviews with 102 farmers who had adopted
drip irrigation, reported problems included
high initial cost, requirement for regular
maintenance and lack of technical guidance
and locally available spare parts. Farmers sug-
gested that adoption of drip irrigation would
be enhanced by timely provision and avail-
ability of subsidies and loans, reduction in
total initial cost of the drip unit, provision
of regular after-sales service and technical
training. Inamdar et al. (1995, 1996a,b) exam-
ined the economic efficiency of biwall drip
irrigation in sugarcane production, using
a case study in Ankalkhop village in Sangli
District of Maharashtra. The benefits of the
new irrigation system were a saving of farm
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labour days, decreased manure and fertilizer
requirements, lower water usage, reduced soil
erosion and weed growth and increased
sugarcane yield and quality. The cost of instal-
lation of the biwall drip irrigation unit was
Rs36,423 per farm, with a government subsidy
(also noted by Chauhan, 1995) providing a
major incentive for farmers to adopt the new
technology. Per hectare, the output and return
from sugarcane were 24.32 t and Rs13,989
higher under biwall drip than surface irriga-
tion, and the biwall drip system was estimated
to have a benefit/cost ratio of around 1.5. It
was concluded that the biwall drip irrigation
system is an important technique for increas-
ing crop production and on-farm economic
efficiency. However, a later study by Kumar
et al. (2000) suggests that microtube systems
are more efficient than biwall. Srivastava and
Upadhayaya (1998) also studied the factors
influencing the economics of drip irrigation
in India, and highlighted the importance of
yield gain ratio, electricity charges, irrigation
requirement and depth of groundwater.

Berthelot and Robertson (1990) conducted
a comprehensive comparison of the financial
and economic viability of drip and overhead
irrigation of sugarcane in Mauritius, and con-
cluded that drip irrigation provided higher
net returns. The drip experience in Swaziland
is outlined in Box 3.2. Other studies examining
drip irrigation in sugarcane include Robert-
son et al. (1997), Ullman (1999) and Sanchez-
Roman (2000), and further studies examining
its application in India include Dua (1995),
Magar (1995), Dilip Yewalekar (1998), Kareem
(1999) and Soman (2002).

Source of water for irrigation

The source of water for irrigation is an impor-
tant consideration. Surface and groundwater
sources may be in limited supply, and the
location of cane fields may affect the ease
with which water can be imported from a
particular source. Another important factor is
the quality of water available from particular
sources. SASA (2002) suggests that quality of
irrigation water should be kept within certain
limits, in order to prevent soil degradation
effects (such as salinization) and impacts on
cane yields. A possible classification of water

quality and its suitability for cane irrigation
is given (see Table 3.3; cf. Table 3.4), and
it is suggested that irrigation water quality
should be monitored by an accredited
laboratory. Despite the need for caution
in using water of questionable quality, there
is considerable interest in using waste water
(from cane processing or other sources) and
saline water for cane irrigation.

IRRIGATION WITH CANE PROCESSING (AND OTHER)

WASTE WATERS. A number of studies sug-
gest that waste water from sugarcane mills is
suitable for irrigation, e.g. in Andhra Pradesh
(Srimannarayana and Sudheer, 2000), Taiwan
(Lu and Chen, 1991; Wang et al., 1999; Tzeng
et al., 2001), Hawaii (Yang et al., 1991), Cuba
(Inklan, 1991; Arzola Pina and Yera Martin,
1995c) and Brazil (Scaloppi et al., 1989). In
most cases, some treatment of the effluent
is recommended before its use in irrigation.
However, it is also suggested that (non-water)
waste materials remaining in the effluent
can have agriculturally beneficial effects,
substituting for mineral fertilizers (Arzola
Pina and Yera Martin, 1995c). In some cases,
sugarcane yield increases could effectively
cover the costs of disposing of waste water
via irrigation systems (Scaloppi et al., 1989).
However, the effects on crops of irrigation
with cane processing waste water are not
universally positive. Tewari and Archana
Tripathi (2001), for example, found that sugar
factory effluent suppressed germination of
peas (Pisum sativum) in a study conducted
in Balrampur (India), and Kumar Arindam
(2001) found a range of negative effects of
irrigation with sugar mill effluent on barley.
Scaloppi et al. (1989) note that a major benefit
of using cane mill waste water for irrigation is
the reduced environmental impact to surface
waters, into which the effluent would other-
wise have been discharged. However, there is
concern that untreated (and in some cases,
treated) effluent used in irrigation has the
potential to pollute soils and groundwater
(Inklan, 1991).

Deliberate irrigation of sugarcane with
waste water from other sources has also been
explored. Again, this can be an attractive
proposition, potentially reducing impacts
on aquatic environments where effluent was
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previously discharged (Braddock and Downs,
2001). Lau (1979) showed that sewage effluent
could be used to supplement water for furrow

irrigation of sugarcane without detriment
to groundwater quality and sugar yields,
suggesting that the technique could be
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Box 3.2. Conversion from sprinkler to drip irrigation – a case study from Swaziland.

Except where otherwise indicated, this summary is based on Merry (2003).
Irrigation is vital to sugarcane production at the Simunye sugar estate in Swaziland, which grows

around 11,000 ha of cane. Effective rainfall is about 440 mm/year, and around 750 mm/year (net) of
additional water is required for optimum cane growth. Irrigation water is obtained primarily from the
Mnjoli Dam and elsewhere on the Mbuluzi River. When full commercial production began here in 1982,
around 75% of land was irrigated using a dragline sprinkler system, the remainder by furrow (flood)
irrigation. Subsequent expansion of the estate led to experiments with surface drip systems (see Pollok and
Bosua, 1986). By the mid-1990s, further expansion, drought and the deterioriation of existing sprinker
infrastructure prompted complete redevelopment of the irrigation system. A cost analysis of seven different
options led to conversion from dragline sprinkler to subsurface drip. Details of the design used are provided
by Merry (2003), but the construction of ‘cluster houses’, to group together irrigation control valves, is a
notable feature. This system design also incorporates water filtration, and mechanisms to allow fertigation
and chemigation.

Performance of drip vs. sprinkler systems (see Ndlovu, 2000; Ndlovu et al., 2001)

Assessments indicate overall water savings of around 25% under drip, and an increase in water use
efficiency of 29% under plant cane and 18% under the first ratoon. Cane yields were greater under drip,
by around 17% for plant cane and 14% for first ratoon. Percentage sugar content was also greater under
drip, resulting in a final sugar yield increase of nearly 25%.

Post-investment audit

The cost of conversion to a subsurface drip system was US$2542/ha, versus US$868/ha to retain the
sprinkler system and replace worn-out parts. Benefits from the new system were principally labour cost
savings (US$219/ha/year), an increase in sucrose yields (worth US$91/ha/year) and water savings. In this
case, water savings did not produce substantial, direct cost savings, because there is no bulk water charge,
and the main supply is gravity fed. However, the opportunity value of water saved, in terms of potential
returns had it been used to irrigate cane, was estimated at US$162/ha/year. Together with a small saving in
the cost of power, these figures indicated an incremental rate of return, on the additional investment
required for conversion to drip, of around 30% per year.

Part of the success of this project was in the early recognition of the challenges involved, both in the
installation of thousands of kilometres of pipelines and drip laterals, and in changing operating practices.
Detailed forward planning was critical, as was the careful recruitment of reliable contractors to handle
design, supply and installation. It was also possible to reduce costs by incorporating some of the
infrastructure (pumping stations and mainlines) of the previous sprinkler network into the new system.

Class EEC (mS/m)a ASAR Suitability for irrigation

A = good

B = moderate to poor
C = poor

D = very poor

< 50

< 120
< 150

> 150

< 5

< 10
< 10

> 10

On all soils, except those with extremely low
permeability or excessive salinity/sodicity

On well-drained soils only
Only where no other water is available, and then

in combination with appropriate drainage
Not under normal circumstances

aTotal concentration of soluble salts, adjusted for local rainfall leaching.
ASAR, Adjusted sodium adsorption ratio (concentration of sodium, calcium, magnesium and
bicarbonate).

Table 3.3. A classification of water quality and its suitability for sugarcane irrigation (after SASA, 2002).
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used to augment natural water resources,
provide supplemental or alternative fertilizer,
alleviate ocean water pollution and reduce
costs of engineering systems in Hawaii.
Wu (1996) reported that the Taiwan Sugar
Corporation (TSC) owned 30 pig farms with
0.49 million pigs, accounting for 5% of the
pigs in Taiwan. Treated effluents from these
farms are recycled for irrigation in sugarcane
fields. Concerns over accumulation of heavy
metals (particularly Cu and Zn) in soils under
long-term irrigation with effluents appear to
have been overcome by modified application
models (Liu et al., 1996a,b). As the effluents
are also rich in N, P and K (Liu et al., 1996a,b),
their use in irrigation not only contributes
to solving waste disposal problems in the
pig industry, but also reduces the use of
chemical fertilizers (and enhances soil organic
content) in sugarcane cultivation in Taiwan
(Wu, 1996).

Palaniswami and Ramulu (1994) studied
the effects of continuous sugarcane irrigation
with paper factory effluent. They found that
organic carbon, pH, electrical conductivity
(EC), CEC, exchangeable Na, Ca, Mg and
K, available P, K, Fe, Mn, Zn and Cu, and
activity of urease and acid and alkaline
phosphatase enzymes all increased in the
0–15 cm soil layer after 15 years, and that
soil nitrogen levels fell. However, soil
physicochemical changes were negligible in
subsurface samples, and no visible toxicity
symptoms were observed in the crop. Work-
ing in Cuba, Arzola Pina and Yera Martin
(1995a) found significant increases in soil
sodium, bicarbonate and soluble salt follow-
ing irrigation of sugarcane with paper mill
effluents. Also in Cuba, Arzola Pina and Yera
Martin (1995b) studied the effects on soil
and sugarcane yield of irrigation with effluent
from torula yeast production, diluted with
water, or with sugar liquid from cane mills.
They concluded that this effluent represented
a valuable soil amendment, especially useful
for potassium deficient soils. Linedale (1998)
reports on irrigation of sugarcane in Bunda-
berg, Queensland, with urban waste water
from the Thabeban treatment works. Studies
showed virtually no beneficial accumulation
of nutrients (except S) at irrigated sites,
and there was some accumulation of Na.

Leachate analyses found only minor levels
of heavy metals, nitrates and phosphates
in deep drainage waters, suggesting a
low likelihood of significant groundwater
pollution.

Despite reports of successes arising
from irrigation with waste waters, there
are environmental risks where the activity is
undertaken without due care. SASA (2002)
notes that, in South Africa, waste water may
not be used for irrigation within an area liable
to flooding, or within 10 m of a watercourse
or borehole. Irrigation with industrial waste
water (or from waterworks) is subject to
controls from a regulating authority, the
Department of Water Affairs and Forestry,
with whom any such irrigation involving the
application of more than 10 m3/day must be
registered. However, a licence to irrigate with
waste water is not required where certain
quantitative and qualitative conditions are
met (shown here in Table 3.4). None the less,
SASA (2002) urges that, where waste waters
are used for irrigation, regular water and soil
samples should be taken to monitor and
control any likely detrimental environmental
effects from accumulation of salts, nutrients or
trace elements. Such monitoring should be
undertaken by an accredited laboratory, and
general good practice should be implemented
to prevent waterlogging, nuisance (from flies,
mosquitoes, odours or secondary pollution),
pollution of watercourses and unreasonable
degradation of the soil.

IRRIGATION WITH SALINE WATER. Rising
water-tables have led to problems of soil
salinity and sodicity in a number of areas
under sugarcane cultivation (see Chapter 6).
Saline soils will tend to produce saline drain-
age waters, which may (directly or indirectly)
be chosen for irrigation purposes. Nelson et al.
(2002) note that sodicity and related proper-
ties of soils and irrigation water restrict
sugarcane yields and cause environmental
problems such as turbid runoff. Meyer and
van Antwerpen (1995) reported preliminary
results of a survey of water quality for 12
selected rivers in the South African sugar
industry. Considerable spatial variability was
observed in salinity and sodicity levels within
and between rivers. The Mkuze River was
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found to be moderately saline with a fairly
high sodicity hazard, and salinity levels in
the lower Crocodile River had more than
doubled since the previous (1976) assessment.
Of the other rivers, the Pongola, Umfolozi
and Mhlatuze showed a moderate sodicity
hazard, suggesting that use for irrigation in
the long term could lead to soil degradation
and eventual yield decline on sensitive soils.

Except where over-irrigation and drain-
age are used specifically as a remedial mea-
sure in saline soil areas, or where soils are
naturally saline, saline drainage waters are
symptomatic of poor irrigation management
(Meyer, 1997). Consequently, they should be
seen less as a potential resource for use in
irrigation, and more as an indicator of the
need to alter existing irrigation strategies.
None the less, lack of available fresh water
has led to studies of the effects of sugarcane
irrigation with saline waters (e.g. Thomas
et al., 1981; Rozeff, 1998a) and the investi-
gation of more salt-tolerant cane varieties
(e.g. Sundara and Reddy, 1994; Lingle et al.,
2000).

Non-technical aspects of improved
irrigation systems

Successful design and implementation of
improved irrigation systems must consider
non-technical aspects, including economic
and political considerations and farmer
involvement. A number of authors stress the
importance of economic evaluations in the
design and implementation of improved irri-
gation systems, including Carruthers (1987),

Schmidt (1996, 2000), Robertson et al. (1997),
Frizzone et al. (2001) and Magwenzi (2002). It
may be appropriate to evaluate the econom-
ics of investment in research (e.g. Wegener
et al., 2000), as well as particular aspects
of irrigation systems themselves (e.g.
Brzesowsky and van Vilsteren, 1988; Chawla
et al., 1989). The recognition that the aim of
improved irrigation must be to maximize the
increase in crop production per unit of water,
not per unit of irrigated land, should be
central to economic evaluations (e.g. Mitra,
1989; Magwenzi, 2002). While the potential
for increased efficiency of water use from
changing irrigation systems may be very
clear, there may be little incentive to change
methods when economic factors (e.g. capital,
operating, maintenance, labour and water
costs) are considered. Whilst it may be eco-
nomic to improve the application efficiency
of a system that is already in place, it may not
be viable to switch to an entirely different
system. An example of one case where an
economic analysis revealed the viability of
switching systems is outlined in Box 3.2.

A significant economic factor is likely to
be the price of water itself; when this is low,
the benefits to the grower of upgrading the
irrigation system are unlikely to justify the
investment required. Meyer (1997) notes that
area-based water allocations (as practised in
Australia from the early days of irrigation) are
undesirable when compared to systems that
charge for the amount of water actually used,
but, once such allocations are enshrined as a
‘right’ of the farmer, there is likely to be resis-
tance to change. Schmidt (2000) notes that
inappropriate water pricing in South Africa
has led to greater misuse of irrigation water,
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< 500 m3 domestic or biodegradable
industrial waste water on any day

< 50 m3 biodegradable industrial
waste water on any day

Electrical conductivity (EC)
pH
COD
Faecal coliforms
Sodium adsorption ratio (SAR)

< 200 mS/m
6–9
< 400 mg/l
< 100,000 per 100 ml
< 5

< 200 mS/m
6–9
< 5,000 mg/l
< 100,000 per 100 ml
< 5

COD, chemical oxygen demand.

Table 3.4. Quantitative and qualitative standards for unlicensed irrigation with waste water in South
Africa (after SASA, 2002).
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but that moves towards charging for full cost
recovery will encourage more efficient use.
Selvarajan and Subramaniam (1988) noted that
excessive use of irrigation water in Tamil Nadu
had no effect on water cost, as water was
charged on a per area (rather than per volume)
basis in the canal irrigation systems. Carruthers
(1987) notes that improved irrigation systems
will often need to be accompanied by a shift in
willingness of farmers to pay user fees for
services, and Meyer (1997) stresses that water
prices must cover long-term maintenance
costs, or delivery systems will inevitably
degrade. In Australia, Johnson et al. (1997)
note a recent move towards water (and other
natural resources) being priced according to
the full social cost of their use. Meyer (1997)
stresses that pricing structures must separate
fixed and variable costs and be in a form that
irrigators can understand. Where this is
not the case and where there is insufficient
political will to maintain improved systems,
high overhead costs may result in poor
management (e.g. Ahmed, 1991). Ghassemi
et al. (1995) also consider water pricing as a
means to encourage the development of more
efficient irrigation systems, in the context of
avoiding soil salinization problems.

As with technical aspects, the develop-
ment of decision support tools may be useful
for assessing the complex economics of irriga-
tion in sugarcane (e.g. Magwenzi, 2002). One
such system is the IRRIECON model devel-
oped in South Africa, which allows the return
from potential yield increases to be compared
with the costs of purchasing and operating
different irrigation systems (Singels et al.,
1999; Schmidt, 2000).

A number of authors stress the importance
of farmer involvement in the development
and implementation of improved irrigation
strategies (e.g. Anon., 1984; Meyer, 1997).
Problems have arisen in projects where farmer
involvement has been limited, for example, in
Nigeria’s Kano River Project (covering about
16,000 ha under surface irrigation), where there
was no involvement of local farmers at the ini-
tial design and construction stage, and subse-
quent system operation and management was
handled entirely by the government (Ahmed,
1991). Other projects have ascribed their success
largely to the active involvement of farmers,

for example, the Water Check irrigation exten-
sion project in Queensland, which engaged
grower groups in on-farm demonstrations
and trials, employed participatory, action-
learning methods and achieved an increase
in water use efficiency of 0.9 t/Ml across
Bundaberg district (Holden et al., 1998). One
way in which to engage farmers, and ensure
their ongoing participation in the develop-
ment and management of irrigation projects,
is through the establishment of water user
associations, autonomous groups of farmers
able to manage and operate a scheme for
redeveloping their own region (e.g. White,
1996).

Increasingly, forms of regulation in the
supply and use of water for irrigation are
being introduced which affect cane farmers.
In this context, Meyer (1997) concludes that
water authorities need to avoid the conflict of
interest of being supplier and regulator. SASA
(2002) notes that, in South Africa, cane farmers
who use greater than specified quantities of
water (or who use waste water) in irrigation
must register with the Department of Water
Affairs and Forestry (DWAF), and that licens-
ing restrictions apply. It is then important that
water consumption is metered, or otherwise
recorded, to ensure that licensed allocations
are respected. SASA (2002) also notes that a
permit is required from the Department
of Agricultural and Environmental Affairs
before any virgin/new areas are converted
from dryland to irrigated land.

Reducing quantity of water used in
sugarcane cultivation

In addition to (or in combination with) appro-
priate management of irrigation systems,
a range of measures has been explored for
conserving water and soil moisture in
sugarcane cultivation. Aspects of mulching
(including trash retention) and modified
tillage are discussed in Chapter 2. Other
suggested methods include:

• Improvement of on-farm water storage
systems (Lisson et al., 2003).

• Cultivation of drought-tolerant varieties
(Hellmann, 1977; Rao, 2000; Olaoye, 2001).

68 Chapter 3

82A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:23 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



• Management of fertilizer application
(Yadav, 1986).

• Soil amendments (including potash, coir
waste, farmyard manure, cane process-
ing wastes, hydrophilic polymers)
(Bishop and Kruger, 1979; Durai et al.,
1996; Rao, 2000).

• Foliar applications (potash, urea, CaCO3)
(Thind, 1996; Rao, 2000).

• Weed control (Thind, 1996).
• Other aspects of crop management

(planting time, row spacing) (Yadav,
1986).

Measures to reduce runoff (e.g. in relation
to soil conservation) are considered in
Chapters 2 and 6.

Measures to reduce waterlogging – drainage

Where irrigation is practised, it must be
accompanied by effective and appropriately
managed drainage. Otherwise, there is a sub-
stantial risk that environmental degradation
will occur, and irrigated cultivation will
become uneconomic (Meyer, 1997). Simple
surface drainage systems, such as a network
of shallow ditches intercepting drainage flow
in the cane furrows (row drainage), can assist
in removing excess water (e.g. Smedema,
1983). However, the subsurface drainage
characteristics of soils are critical. Soils with
poor drainage characteristics are less suitable
for crops with the greatest irrigation require-
ments (such as sugarcane), as they are partic-
ularly prone to waterlogging and salinization
(Gajja et al., 2000; see also Chapter 6). Shallow
water-tables can provide substantial contri-
butions towards meeting a cane crop’s water
requirement. However, irrigation scheduling
in areas affected by shallow water-tables
should be modified to avoid excess irrigation
and to promote increased water use effi-
ciency. Shallow water-tables are generally
associated with areas of low elevation in
the landscape, and there is evidence that they
are common throughout the sugar industry
(Sweeney et al., 2001a,b).

SASA (2002) notes that there are limita-
tions on the establishment of drainage sys-
tems in South Africa, including legislative

requirements to protect natural wetlands
and regulations that require approval for
the excavation of new drains. The economic
benefits of draining poor (wet) agricultural
land may not exceed the costs, and it may only
be in situations where irrigation is practised
(and methods are required to regulate
waterlogging and leaching of salts) that new
subsurface drains are not just appropriate
but essential. A range of issues should be
considered in the establishment of a new
drainage system, including:

• Prior to establishment:
• the mapping of soil forms and types

in the target area;
• the establishment of an effective

surface water management system,
into which subsurface drainage can
be integrated;

• the positioning of a main drain at
the lowest point on any gradient;

• the development of a drainage plan
(showing the position of all main
drains, subsurface drains, outlets, etc.);

• the establishment of cut-off drains
to prevent seepage into wet areas;

• the stabilization of waterways;
• land-planing to prevent ponding

and promote free movement of
water across soil surfaces;

• the selection of an appropriate type
of drainage system (many are avail-
able) to match the soil type in the
target area.

• Following establishment:
• protection of drain outlets to pre-

vent erosion and collapse;
• alignment of cane rows to facilitate

free draining;
• the establishment of an annual

maintenance programme;
• the installation of inspection boxes

in a system of subsurface drainage
pipes, to enable regular cleaning of
silt, roots or blockages;

• the possible capture and re-use
of drainage water for irrigation
(depending on water quality);

• allowing areas in which soil
conditions remain permanently wet
to revert to natural wetlands.
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SUGARCANE PROCESSING

Relatively large volumes of water can be con-
sumed in the cane sugar factory, in cleaning
(washing) of cane, extraction of juice and sub-
sequent processing and in the production of
steam for processing and generation of elec-
tricity (co-generation – see Box 8.2). UNEP
(1982) reports that harvested cane may
require 3–10 m3 of washing water per tonne.
Payne (1991) estimates that 4000 l of washing
water may be consumed per ton of clean cane
per hour. This estimate is based on operations
in Hawaii, where cultivation and harvesting
methods result in unusually large amounts of
extraneous material having to be cleaned
from the cane delivered to the factory. How-
ever, the estimate also accounts for the
reduced consumption that results from
recycling of water in successive stages of the
cleaning process. With reference to water
consumed in the extraction and subsequent
processing of juice, Albert-Thenet in Payne
(1991) observes that:

Water is the material most extensively used
in sugar manufacture. It is normally freely
available to the operator and for this reason
is often used indiscriminately. But limiting
water use is of critical importance to the
conservation of energy, for all water added to
the process will have to be evaporated before
crystalline sugar can be produced.

Measures for Reducing Water
Consumption in Cane Processing

Treatment and recycling of water in cane pro-
cessing reduces the total volume consumed
and can reduce the volume and pollution
potential of effluent ultimately generated for
disposal (e.g. Srimannarayana and Sudheer,
2000). A key feature in recycling of cane
factory water is minimizing contamination
with organic materials, as clean water can be
used for a wider range of operations than
contaminated water. The cleanest recycled
water should be ‘primary’ condensate, steam
which has condensed without coming into
contact with organic material – turbine
exhaust steam, for example. This should be

suitable for use in high pressure boilers in the
power plant, which need to be fed with very
clean water. ‘Secondary’ condensates (from
later stages in juice processing) are likely to
be contaminated with organic volatiles and
are unsuitable as feedwater, except in lower
pressure boilers after appropriate treatment
(Payne, 1991). Condenser cooling water is
generally produced in large volumes with
only low levels of contamination (provided
that operations are managed carefully). It can
be recycled for use in cooling towers or spray
ponds, reducing total factory water usage.
As Snoad (1995) notes, such measures not
only contribute to reduced environmental
impacts, but can facilitate more effective
mill operations, possibly even delaying or
removing the need to expand the capacity of
processing equipment (with associated capi-
tal expenditure). Modifications of equipment
and processes to allow better recycling of
waste water need not be expensive, although
some measures may involve more significant
costs (Aso et al., 2001). In some cases, financial
assistance may be available to support the
introduction of new or improved systems.
For example, Mangal Singh (1996) reports
that cheap loans available from the central
government and financial institutions have
promoted modernization projects at Indian
sugar factories.

Specific measures that can be taken to
analyse and reduce water usage in cane pro-
cessing are examined by Ragen (1992), Wright
(1992), Snoad (1995), Mangal Singh (1996) and
Aso et al. (2001).

SUGAR BEET CULTIVATION

Dunham (1993) suggests that water supply is
not a major consideration in the cultivation of
sugar beet in many areas, as the plant is rela-
tively insensitive to soil moisture conditions.
Sugar beet is moderately resistant to drought,
and appears to be a relatively efficient user of
water, even when compared to a C4 species
like maize. The beet plant develops over a
long growing season, and develops a deep,
dense network of root fibres, penetrating up
to 2 m below the surface (Dunham, 1993;
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Defra, 2002). This root system makes the
plant a relatively efficient scavenger of soil
water and nutrients (Bailey, 1990). Although
sensitive to severe waterlogging of soils, beet
can withstand a water-table at about 1 m. In
addition, its relatively high value has meant
that the crop tends not be cultivated in
marginal areas. Consequently, resistance to
drought or wet soils has not been a primary
focus of selective breeding programmes for
this crop. In many areas, it is available sun-
light (not water availability) that ultimately
limits growth of the beet crop (Scott and
Jaggard, 1993). None the less, beet growth
and quality are influenced by soil water avail-
ability, either directly or through effects on
uptake of soil nutrients, which in turn can
affect the impacts of fertilizer application
(e.g. Rover and Buttner, 1999; Ruzsanyi, 2000;
Kenter and Hoffmann, 2002). The water
consumption of beet varies considerably
according to where it is grown. In Finland
(with a short, cool growing season) water use
by sugar beet during its development is about
400 mm, whereas in Morocco or southern
California (with longer, hotter growing
seasons) water use might be as great as
1500 mm (Dunham, 1993). Despite its relative
insensitivity to soil moisture, dry areas are
generally less suitable for sugar beet (e.g.
Zimmermann, 1974; Papesch and Steinert,
1997). Even where conditions are not consis-
tently arid, water stress can be a constraint
on beet and/or sugar yields, at least in some
years (e.g. in France – Richard-Molard and
Cariolle, 2001; in Poland – Choluj et al., 2001).
Local conditions in some beet growing areas
(for example, on soils with particularly
poor water-retention capacity) mean that irri-
gation is essential (e.g. Zimmermann, 1974).
Also, the lack of a serious need for additional
water has not prevented irrigation from
being applied elsewhere.

Irrigation of Sugar Beet

Detailed accounts of irrigation in the
cultivation of sugar beet are given by
Cavazza et al. (1976), Dunham (1993) and (for
the UK in particular) Bailey (1990). A number

of published research papers deal with
responses of sugar beet varieties to manage-
ment variables including irrigation. Some
recent examples are provided in Appendix 2.

While irrigation of sugar beet is
primarily undertaken to increase rates of
plant growth during the main phase of
plant development, irrigation water is some-
times applied to a beet field as part of seedbed
preparation (Dunham, 1993; Henriksson and
Hakansson, 1993) or at harvest time, to assist
lifting of the crop (Bailey, 1990; Dunham,
1993). Irrigation may also be applied to assist
seedling emergence through a dried soil cap
(Bailey, 1990) or, in extreme cases, to dilute
soil salts at germination time to overcome
the saline sensitivity of beet at this one stage
in its development (Dunham, 1993). The
irrigation requirements of beet grown for
seed also represent a minor consideration in
the wider cultivation of the plant (Dunham,
1993).

Overall, but with particular reference to
the UK, Bailey (1990) concludes that irrigation
of sugar beet has relatively limited benefits,
because the plant is only moderately sensitive
to drought and because irrigation generally
results in no marked increase in beet
quality (sugar yield). For a more detailed
consideration of the UK situation, see Box 3.3.
None the less, lack of water availability can
compromise yields in parts of the former
Soviet Union (e.g. Turkistan, Kazakhstan,
Kyrgyzstan, Republic of Georgia, Armenia
and southern Ukraine), the Mediterranean
(Spain, Italy, Greece, Turkey) and parts of the
former Yugoslavia, where irrigation may be a
prerequisite for satisfactory cultivation of beet
(Winner, 1993; Kolomiets et al., 1998; Tognetti
et al., 2002). Irrigation is also routinely prac-
tised in other beet growing areas. Dunham
(1993) estimates that about one-fifth of the
world’s 8 Mha of sugar beet receives irriga-
tion. As with quantities of irrigation water, the
proportion of irrigated land varies between
growing regions: in dry areas like parts of
the USA and Mediterranean, the Middle East
(notably Iran) and Chile, 80–100% of beet
growing areas may be irrigated; in the western
Mediterranean, the proportion is 20–80%;
in northern Europe, the former Soviet
Union, Japan and China, it is less than 20%.
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Jafari-Darabjerdi (1993) provides an overview
of irrigated agriculture in Iran, where a system
covering some 2.5 Mha and delivering around
50 Mm3 water per annum feeds rice, sugar
beet, cotton and winter wheat. The infra-
structure combines ancient storage dams and
underground channels (qanate) with modern
extraction and storage facilities. Zeng and Liu
(1992) report on the optimization of irrigation
of sugar beet in the Hetao irrigation area,
China.

Dunham (1993) reports that the amounts
of irrigation water applied to sugar beet crops
vary greatly worldwide. For example, in the
UK or France, where irrigation is very much
supplementary to reasonable levels of rainfall,
only 100–200 mm irrigation might be required
under dry conditions. In hot, dry environ-
ments, such as parts of the USA and the
Mediterranean, and in Pakistan, irrigation of
beet is essential, and 500–1000 mm of water
may be applied to the crop (Dunham, 1993).
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Box 3.3. Sugar beet irrigation in the UK.

Defra (2002) reports that beet is not normally irrigated in the UK, except in severe drought conditions
(largely because the crop is relatively drought tolerant). It is suggested that less than 5% of UK beet
growing areas are normally irrigated, mostly on lighter soils during the driest months. None the less, it is
considered that irrigation of beet in the UK should be monitored in the light of future water availability and
climate change, and it is predicted that the practice will decline as abstracting of water in eastern England
becomes increasingly unviable for economic and environmental reasons.

Bailey (1990) and Scott and Jaggard (1993) suggest that UK rainfall is often inadequate to maximize
beet yields. Experiments have shown that irrigation can increase sugar yield by around 3 t/ha over
unirrigated fields yielding about 10 t/ha (Bailey, 1990; Scott and Jaggard, 1993; Groves and Bailey, 1994).
However, Bailey (1990) anticipates smaller yield gains (< 1 t/ha sugar), except in the driest summers, and
Fisher and Kerr (1998) show that responses differ between varieties.

None the less, the potential value of beet yield losses from drought stress in the UK are substantial.
Jaggard et al. (1998) and Pidgeon and Jaggard (1998) estimate that the mean annual loss of sugar production
from 1985 to 1990 was 10.5%, values for individual years ranging from 0 to 25%. This is equivalent to
141,000 t/year, worth £27.9 million. Jaggard et al. (1998) and Pidgeon and Jaggard (1998) conclude that
drought stress is the largest single constraint on yield, but that irrigation has made little impact on drought
losses. Why is this?

An important factor in the cultivation of sugar beet in the UK, and elsewhere in the European Union
(EU), is the quota system (e.g. Scott and Jaggard, 1993). Farmers have an allocated quota, a predetermined
quantity of beet for which they will be paid a guaranteed, fixed (and relatively high) price. Any additional
beet (surplus) does not attract such a high price, so there is little incentive to maximize yield, as long as the
quota is met. This substantially affects the economics of operations like irrigation. If a quota-filling crop can
be grown without irrigation, there is little incentive to irrigate, even if it would increase yield still further. This
is particularly true, given that irrigation itself is a relatively costly operation.

Bailey (1990) reports studies of sugar beet irrigation in the UK, suggesting that irrigation was relatively
poorly matched with soil type, quantities of water applied were poorly matched with crop requirements and
water use efficiency for irrigation was low (except in the driest years). He concludes that (in addition to the
influence of the quota system) this is because UK farmers typically design their irrigation regimes around
more drought-sensitive crops, like potatoes, and beet only tends to be irrigated when these crops are not
placing heavy demands on the system. There is further evidence that UK farmers tend to irrigate sugar beet
(and, indeed, other crops) at levels below the calculated plant water requirements (Bailey and Minhinick,
1993; Knox et al., 1997). Whilst concluding that the economic returns from enhanced yield would justify the
cost of irrigation of some crops, Morris (1994) considers that irrigation benefits for sugar beet (and some
field-scale vegetables) are marginal, especially where water storage is needed.

Jaggard et al. (1998) and Pidgeon and Jaggard (1998) conclude that irrigation is unlikely to be used
to overcome drought stress yield losses in sugar beet in the UK in the future, given likely water supply
constraints. However, they note that drought stress may become a more significant problem under predicted
climate change, and recommend plant breeding for drought stress tolerance.
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Irrigation and sugar beet diseases

Although some studies consider the effects of
irrigation on diseases of sugarcane, there is a
more extensive literature on such effects in
the cultivation of sugar beet. This suggests
that the interactions between irrigation, plant
water stress, plant pathogens, insect vectors
and soil microorganisms are complex.

Dunham (1993) considers that insect pest
problems are generally reduced by irrigation,
and Bailey (1990) notes that irrigation can be
effective in washing virus-vectoring aphids
away from the beet plant.

Soil-borne plant pathogens respond
differently to soil moisture levels. Fungi
like Pythium (responsible for damping off)
and Phytophthora possess zoospores, which
are produced and move more freely in liquid
water, and can therefore benefit from moist
conditions. Others, such as Fusarium, are able
to perform better in dry soils, possibly because
the activity of antagonistic bacteria is reduced
under these conditions (Manners, 1982).
Dunham (1993) notes that, whilst root rots
are generally favoured by wet conditions,
roots that have previously experienced
drought are more vulnerable. Hence, season-
long irrigation may actually reduce root rot
risk. However, some foliar diseases like
Cercospora and Ramularia are greater problems
in humid conditions, and may need to be
controlled in irrigated fields.

A number of studies suggest that irriga-
tion increases pathogen populations and/or
disease incidence in sugar beet crops. Wang
et al. (1995) found that soil populations
of Pythium spp. (mainly P. ultimum) were
increased by presowing irrigation in field
experiments on sugar beet in California. In
Khuzestan province, Iran, Mahmoody et al.
(1997) studied Urophlyctis leproides, the causal
agent of sugar beet leaf and crown wart.
They compared fields under conventional
irrigation scheduling with fields where
irrigation was applied only when required
by the crop. Not only did the additional
irrigation applied under the conventional
system fail to increase root yield or sugar
content, but disease incidence was four times
greater than in fields irrigated when required
by the crop.

In studies of sugar beet root rot caused
by Fusarium oxysporum f. sp. betae in Texas,
USA, Harveson and Rush (1998) found that
irrigation treatments had no effect on disease
incidence or severity. However, Harveson
and Rush (2002) later found that reduced
irrigation resulted in lower disease incidence
in fields supporting a complex of sugar beet
root diseases (the fungal pathogens Aphano-
myces cochliodes, F. oxysporum f. sp. radicis-
betae, Rhizoctonia solani) and the viral pathogen
beet necrotic yellow vein virus (BNYVV).
They concluded that, when few alternative
options are available, sugar beet growers may
benefit from reducing irrigation and growing
locally adapted cultivars in soils severely
infested with root pathogens. Other studies
also suggest that reduced irrigation can
reduce the incidence of viral diseases of sugar
beet. Tuitert and Hofmeester (1994) studied
BNYVV in sugar beet, and found that differ-
ences in infection levels between irrigated
and non-irrigated plots were apparent only
at low initial inoculum levels, with irrigated
plots having a greater disease incidence than
non-irrigated plots. In studies involving soils
infested with BNYVV and beet soil-borne
mosaic virus (BSBMV), Piccinni and Rush
(2000) compared plots under four irrigation
regimes (every 2, 3, 4 and 5 weeks). They
found that sugar beets irrigated every 4 weeks
had the lowest disease severity, and yield was
not significantly different from beets irrigated
every 2 weeks.

Bailey (1990) and Dunham (1993) note
that irrigation has probably contributed to the
spread of Rhizomania in some countries, both
because the Polymyxa betae host fungus prefers
wet soil conditions, and because the fungus
and viral disease agent (BNYVV) may be
carried in runoff waters from infected soils.

Other studies show a decrease in disease
incidence in sugar beet under irrigation.
Vesely (1975) found that losses to black leg
(Pleospora betae) were greatest under drought
conditions, whilst Maiti et al. (2000) found that
increased irrigation enhanced root yield and
suppressed root rot caused by Sclerotium rolfsii
(Corticium rolfsii).

The complexity of irrigation effects
on soil microorganisms in sugar beet culti-
vation systems is illustrated by the work of

Water Consumption 73

87A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:24 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



Piotrowski et al. (1996) in Poland. Over several
years, these authors studied the effect of
irrigation of sugar beet on the number of total
soil microflora (bacteria – B, actinomycetes –
P and fungi – G), the biotic relations index
[(B + P)/G], bacteria from the genus Pseudo-
monas, fungi from the genera Pythium and
Fusarium, and A. cochlioides inoculum poten-
tial. On the supplementary irrigated plots,
the system of biotic relations that developed
gave higher soil fertility than that found on
non-irrigated plots. Actinomycete and bacte-
rial populations, including cellulolytic and
pectinolytic bacteria, and bacteria solubilizing
calcium phosphate, increased as the irrigation
treatment progressed. There was a parallel
decrease in certain fungal populations,
including those solubilizing calcium phos-
phate, and Fusarium plant pathogens, but
numbers of lower fungi from the genera
Pythium and Aphanomyces increased. In this
study, populations of potential soil antago-
nists (Pseudomonas bacteria) decreased under
the irrigation treatment.

Problems Arising from Irrigation
of Sugar Beet

Dunham (1993) notes that surplus irrigation
is wasteful, and can reduce yields through
waterlogging, nutrient leaching, increased
pest/disease problems and harvesting diffi-
culties. None the less, in many parts of
the world where irrigation is relatively
inexpensive (such as the USA) there has been
a tendency to use too much water in beet
cultivation. In addition, irrigation systems
may be ineffective and inefficient, leading
to wastage of irrigation water. For example,
Grigorov and Grigorov (2001) examined the
use of sprinkler irrigation (the most widely
used method) in the sugar beet growing
region of Volgograd, Russia. They found that
the effectiveness of sprinkler irrigation was
compromised by inadequate planning, poor
choice of irrigation priorities and regimes,
low quality design, construction and mainte-
nance of irrigation systems and inadequate
crop care. As with cane cultivation, the effec-
tiveness of irrigation in beet cultivation can

be estimated using some form of water use
efficiency calculation, based on the amount
of dry matter produced per unit of water
consumed, for example (see Box 3.1).

Technical aspects of improved
irrigation systems

Tools to assist in the estimation of crop water
requirement and irrigation scheduling

The calculation of crop water requirements,
for example, for the accurate scheduling of
irrigation, is outlined in Box 3.1. Bailey (1990)
notes that the calculation of soil water bal-
ance to assess the irrigation needs of sugar
beet is complicated by the fact that, relative
to other crops in the UK, the root system
develops so much during the growing sea-
son, substantially changing a key parameter
in the calculation (rooting depth). Scheduling
of irrigation is unlikely to be critical to the
development of the plant, as there are no
growth stages of sugar beet that are highly
sensitive to water stress, unlike flowering
in cereals and peas, or tuber expansion in
potatoes, for example (Dunham, 1993; Groves
and Bailey, 1994). None the less, scheduling is
important in order to optimize the efficiency
of water use. Bailey (1990) reports on studies
from the UK, investigating the methods used
by farmers to schedule their irrigation of
sugar beet. Most used some form of water
balance calculation, although use of tensio-
meters, degree of wilting and ‘feel of soil’
were also listed as practised methods.
Dunham (1993) also notes that traditional ‘by
eye’ methods are widely used in scheduling
of irrigation of sugar beet, while discussing
the availability of more sophisticated tech-
niques. Examples of computer models used
for simulating water dynamics and develop-
ing irrigation strategies in the cultivation of
sugar beet are listed in Table 3.5. Other crop
irrigation models with applicability to sugar
beet are discussed by Dunham (1993).
Remote sensing techniques can also aid
irrigation scheduling. Infrared radiometry
can be used to assess average canopy
temperature in sugar beet fields, overcoming
problems of small-scale variations across the
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site (Dunham, 1993; Roth and Rossler, 1998;
Margotti, 2000).

Irrigation system characteristics

Dunham (1993) notes that practically all
known methods of irrigating field crops are
used for sugar beet somewhere in the world,
and that methods chosen are invariably
guided by local conditions and economic
considerations, rather than the strict require-
ments of the beet crop. Thus, surface irriga-
tion (via basins, borders or furrows) is widely
used for beet in the USA, Turkey and Iran,
whereas overhead sprinkler systems (using
travelling rain guns, booms and centre
pivots) predominate in France, Italy and
northern Europe. In Spain, traditional surface
irrigation methods are being replaced by
sprinkler systems. Draycott and Christenson
(2003) conclude that furrow and overhead
sprinkler systems both tend to lead to ineffi-
cient water use, and may increase the risk
of leaching. A number of published research
papers deal with responses of sugar beet
varieties to different irrigation methods and
other management variables. Some recent
examples are provided in Appendix 4.

SURFACE IRRIGATION. Narang et al. (1992)
found that beet root yields were greater under
flood irrigation than furrow (or alternate
furrow) irrigation, but the relative quantities
of water used are not clear. As with surface
irrigation of cane, it is apparent that refine-
ment of furrow irrigation can result in
water savings. For example, Sepaskhah and

Kamgar-Haghighi (1997) found that alternate
furrow irrigation at 6-day intervals used 23%
less water than irrigation in every furrow
at 10-day intervals, maintaining yields and
increasing water use efficiency by 43%.

SPRINKLER IRRIGATION. There is evidence
that sprinkler irrigation does not result in
greater sugar yield from beet than furrow
irrigation (although it may enhance leaf
growth). Indeed, some studies show lower
yields under sprinklers than under furrow
irrigation (e.g. Eckhoff and Bergman, 2001).
However, sprinklers tend to be more efficient
than furrow methods, using some 20% less
water and resulting in greater uniformity of
water application (Dunham, 1993).

DRIP IRRIGATION. Dunham (1993) notes that
subsurface drip irrigation might be particu-
larly appropriate for sugar beet, given its deep
rooting habit. However, experiments in the
UK have shown no consistent benefits for drip
systems over sprinkler systems for beet culti-
vation. In the USA, Sharmasarkar et al. (2001b)
found that beet root yields and sugar content
were greater under drip than under flood irri-
gation, and that water savings and increased
water and fertilizer use efficiencies were also
achieved. Tognetti et al. (2002) recommends
drip irrigation over low-pressure sprinklers
for cultivation of sugar beet in semi-arid Med-
iterranean environments, while noting the
general lack of information on the use of drip
irrigation in the region (but see Tugnoli, 2001).

As drip irrigation is a relatively expen-
sive method, costs and benefits must be
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Model Source – locality

OPUS

DAISY

MORECS

PLANTGRO

SUBGRO

Smith (1995) – Germany
Svendsen et al. (1995) – Germany
Thompson et al. (1981) – UK
Davidoff and Hanks (1989)
Fick et al. (1975)

Other models
An optimum irrigation model
A daily water balance irrigation scheduling model
A farm water balance model
A linear model for crop distribution and water resources
utilization across a typically irrigated area

Zeng and Liu (1992) – China/Mongolia
Knox et al. (1997) – England and Wales
Gabellini et al. (2001a) – Italy
Chen Han et al. (1995) – China

Table 3.5. Computer models used in the development of improved irrigation strategies for sugar beet.
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weighed up carefully, not least in relation to
the wider rotation of crops used in most beet
growing areas, and other economic factors.
Sharmasarkar et al. (2001a) provide an agro-
economic analysis of drip irrigation for sugar
beet production in Wyoming (USA). They
concluded that economic returns from drip
were 11% greater than with furrow irrigation,
and that cultivation under drip irrigation
would be most profitable for a 40 ha area, with
payback periods ranging from 7 to 10 years.
Despite such encouraging findings, Draycott
and Christenson (2003) conclude that a greater
number of studies under different conditions
are required before drip irrigation can be
widely recommended for sugar beet
production.

Source of water for irrigation

IRRIGATION WITH BEET-PROCESSING WASTE WATER.

In laboratory-based studies of seeds on paper,
effluent from sugar beet factories has pro-
duced equal or improved germination for a
range of crops when compared with distilled
water (Klimakhin et al., 1998). Wider environ-
mental effects of irrigation with sugar beet
factory waste water were studied by Izsaki
et al. (1993).

IRRIGATION WITH SALINE WATER. As noted in
relation to soil salinity (Chapter 6), sugar beet
is relatively tolerant of saline conditions,
except in the germination stage. Studies of the
impact of irrigation with saline water on sugar
beet show a range of responses, which would
be expected to vary with beet variety, site-
specific factors such as local soil characteris-
tics, and whether irrigation with saline water
is a short- or long-term measure. Some studies
suggest that irrigation of sugar beet with
saline water has little detrimental effect on the
crop. For example, in the USA, Rhoades et al.
(1988) found no significant differences in yield
or crop quality in a range of crops, including
sugar beet, when brackish water was used for
up to 25–50% of crop irrigation requirements.
Other studies suggest that, under appropriate
conditions, irrigation with moderately saline
water can benefit a sugar beet crop. Green-
house pot experiments by Mekki and

El-Gazzar (1999) suggest that moderate salt
concentrations in irrigation water can enhance
sugar beet cropping characteristics. Compar-
ing water with 0, 2500, 5000 or 7500 ppm
chloride salts, these authors found that the
highest fresh root yield, root diameter and
whole plant dry weight were obtained
under irrigation with water with 2500 ppm
chloride salts. While high salt concentration
(7500 ppm) caused an increase in sucrose and
total soluble sugar percentages, juice purity
and sugar yield (g/plant) were reduced. In
a review of water requirements and crop
yields in Sweden, Johansson (1978) concluded
that, on clay soils high in Ca, responses of
sugar beet to irrigation with saline water were
good.

Other studies show negative effects of
irrigation with saline water. Kandil et al. (2001)
studied the physiological response of sugar
beet to irrigation with different levels of
chloride salinization. There were differences
in response between varieties, but results
showed that root yield, root length and dia-
meter, top height, dry weights of top and root,
as well as the total dry weight of whole
sugar beet, were significantly decreased by
enhanced levels of chloride salinization in
irrigation water up to 6000 ppm. However,
percentage of sucrose and total soluble solids
(TSS) of sugar beet roots was significantly
increased by increasing the concentration of
chloride salinity in irrigation water up to
6000 ppm. Other plant physiological charac-
teristics (such as cell sap concentrations and
proline content) were also affected by saline
irrigation. Shehata (1999) also studied these
chemical constitution characteristics, and
found that increasing the salt concentration in
irrigation water up to 4000 ppm significantly
increased total soluble solids in sugar beet
root juice, free proline concentration in leaves
and sodium concentration for both leaves and
roots. In this study, sucrose percentage, chlo-
rophyll B and carotenoids were not affected
by irrigation with saline water up to 4000
ppm. Kaffka et al. (1999) found that irrigation
with saline water (ECw 6.7 dS/m) decreased
beet percentage sugar, and hence sugar yield,
but considered that this was due to relatively
high levels of N in the saline water source.
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Schleiff (1982) studied one mechanism by
which irrigation with saline water influences
the development of the sugar beet plant, not-
ing that crop growth was often limited by a
suboptimal water supply to the shoot. Easily
soluble salts accumulated in the soil solution
close to the roots, such that root water uptake
was reduced more than might have been
expected from the salt concentration of the
average soil solution. In this study, roots of
young maize plants were able to absorb water
from rhizospheric soil solutions exceeding an
osmotic potential of about −9 bar, while sugar
beet roots did not absorb water from
rhizospheric soil solutions of less than −30 bar.

Non-technical aspects of improved
irrigation systems

The economics of sugar beet irrigation are
complicated by the typical cultivation of this
crop as part of a wider rotation. Hence, the
costs and benefits of installing and maintain-
ing an irrigation system must be considered
in relation to the full range of crops pro-
duced, not just sugar beet (Dunham, 1993).
The type of irrigation method used also
has important economic ramifications (e.g.
Avillez and Ramos Rocha, 1988).

As noted elsewhere (see Box 3.3), the
quota system used for sugar beet in the
European Union (EU) significantly influences
the economics of crop production, as the
maximum price is not necessarily secured by
attaining the maximum yield. Irrigation sys-
tems are also relatively costly, so there may be
no economic benefit to irrigation, even where
this might enhance yields to some extent.
Studies suggest that the economic benefits of
irrigation of sugar beet can be marginal at best
in some situations (e.g. in the UK – Morris,
1994; and parts of Italy – Valli et al., 1996).

Economic instruments may be proposed
as a means of reducing the volume of water
used in irrigation. Berbel and Gomez-Limon
(2000), for example, model the economics of
irrigated farming including sugar beet
in Spain, to assess the possible benefits
of reducing water consumption by water
pricing. They conclude that farm incomes

would fall by some 40%, and there would be
significant loss of employment (in agriculture
and processing) before water consumption
was significantly decreased, resulting in cata-
strophic impacts on the agricultural sector.
Berbel and Gomez-Limon (2000) conclude
that water pricing as a single instrument
would not serve the desired purpose of
reducing water consumption, but that small
charges might make farmers aware of the
scarcity of water resources and induce them
to adopt water-saving technologies.

Reducing quantity of water used in
beet cultivation

Draycott and Christenson (2003) conclude
that reducing the amount of irrigation water
applied to sugar beet has many advantages,
provided that yields are not impaired. They
note research from the USA suggesting that
irrigation can be discontinued reasonably
early in the growing season, provided that
soil water reserves are sufficient, without
significant reduction in sugar yield. In addi-
tion to (or in combination with) the use of
improved irrigation methods, various tech-
niques have been suggested for conserving
soil moisture in sugar beet cultivation sys-
tems. It has also been shown that adopting
systems of sugar beet cultivation that pro-
mote water conservation can contribute to
enhanced sugar yields (Wiklicky, 1981).
Aspects of modified tillage and mulching
are discussed in Chapter 2. Other suggested
methods include the use of subsurface
asphalt moisture barriers (Gupta and
Aggarwal, 1980).

BEET PROCESSING

Relatively large volumes of water can be
consumed in the processing of sugar beet,
in cleaning the roots, extraction of juice and
other operations. For example, in the
Ukraine, Nibit et al. (1994) reported that
traditional processing of 1 t sugar beet
required 20 m3 water (see also figures below).
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Measures for Reducing Water
Consumption in Beet Processing

Partly as a consequence of root shape,
mechanical harvesting of sugar beet results
in a relatively high soil tare (soil removed
at harvest, which has to be washed off
before processing – see Chapter 6). Elliott
and Weston (1993) note that, in addition to
significant cost savings, the development of
low-tare beet varieties would speed up har-
vesting, reduce soil degradation and reduce
the water consumption of beet factories.

Recycling of the water used in beet pro-
cessing reduces the total volume consumed
and can contribute to reducing volumes of
waste water effluent ultimately generated
for disposal. Provided that entrainment of
organic matter can be minimized by careful
management of operations, barometric con-
denser cooling water is generally produced
in large volumes with only low levels of con-
tamination. Thus it can be ideal for recycling
(e.g. for use in cooling towers, open or spray
ponds), reducing total factory water usage.

Evidence of considerable success in
reducing water consumption at sugar beet
factories comes from various sources.
Kuzminski et al. (1991) report that a Spanish
sugar beet factory reduced its water consump-
tion from 330 to 35 l/s between 1984 and 1990.
Benhnini (1991) predicted that two sugar beet
factories in Morocco would reduce their water
consumption from 350 to 130 m3/h and from

430 to 100 m3/h. Nibit et al. (1994) report that
sugar factories in the Ukraine introduced
various recycling schemes decreasing water
throughput from 300 to 50–60% on beet
from the 1960s to the 1980s. Fornalek (1995)
explains how the water requirement in Poland
has gradually been decreased from 105 m3/t
sugar in 1950 to around 10 m3/t in 1994. Also
in relation to Polish sugar beet factories, Polec
and Kempnerska-Omielczenko (1995) report
declines in water consumption from averages
of 2.8 m3/t beet (or 22.5 m3/t sugar) in 1989
to 1.1 (8.5 m3/t) in 1993/94, thanks partly to
extra closed circuits for cooling water. In some
cases, at least, improved water management
systems can ‘pay for themselves’: Kuzminski
et al. (1991) report that the costs of a new
system in a Spanish sugar beet factory were
recovered from savings on discharge permit
taxes and from profits obtained from better
utilization of by-products.

Specific measures for reducing water
usage in beet processing are examined by
Benhnini (1991), Kuzminski et al. (1991),
Nibit et al. (1994), Polec and Gozdek (1994),
Fornalek (1995) and Volgyi (2002).

Klemes et al. (1999) argue that adoption
of new methods in beet sugar processing, such
as cooling crystallization of concentrated raw
juice, as opposed to the traditional method of
evaporating crystallization, has the potential
to improve energy efficiency and to reduce
atmospheric emissions, water consumption
and polluting potential of effluents.
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4

Impacts on Water Quality and Aquatic Ecosystems

Sugar production can have an impact on
water quality and aquatic ecosystems through
both cultivation and processing of sugar
crops. In relation to cultivation, the main con-
siderations arise from runoff and leaching,
which can lead to pollution of groundwater
(which may include sources of human drink-
ing-water), surface water (including natural
watercourses such as rivers and streams) and
ultimately coastal environments. The main
polluting agents here are nutrients (notably
nitrates and phosphates derived from fertiliz-
ers, which can cause eutrophication), agro-
chemicals such as pesticides, and sediments
arising from soil erosion. Irrigation can
increase runoff and deep drainage, and
impacts on water quality potentially arise
from the use of waste or saline water for
irrigation, which can also contribute to the
salinization of soils (e.g. Ghassemi et al., 1995;
Feizi, 1998). Ometo et al. (2000) note that most
published studies of land use impacts on
aquatic systems focus on nitrogen dynamics
in temperate American and European catch-
ments, and less attention has been given to
impacts in tropical areas of developing coun-
tries, where land management practices are
often rather different, and where cane grow-
ing is concentrated. Johnson et al. (1997) con-
clude that downstream impacts of any form
of agriculture are largely governed by the
periodicity, volume and intensity of rainfall.
Although based on observations in Austra-
lian cane growing areas, this probably holds
true for most other (particularly tropical)

regions. In addition, Johnson et al. (1997) note
that it is the inputs associated with intensive
agriculture in general (rather than manage-
ment strategies for particular crops) that
result in increased risks of pollution.

In relation to processing of sugar crops,
the main consideration is pollution arising
from the discharge of effluents from cane mills
and beet factories. Given the nature of the
materials being processed, it is not surprising
that these effluents tend to be relatively rich in
organic matter, including carbohydrates, when
compared with those from other sources.
Consequently, sugar processing effluents can
represent pollutants with very high biologi-
cal/chemical oxygen demands (BOD/COD).
However, other potential pollutants occur
in these effluents, including heavy metals,
oil/grease and cleaning agents. In addition,
characteristics such as pH and temperature
of discharged effluent can influence environ-
mental impacts. Various measures can be
taken and forms of treatment used to reduce
the quantity and polluting potential of sugar
mill effluent. Recycling of processing waste
water reduces consumption, thereby easing
potential impacts of processing on water
availability (see Chapter 3), as well as reduc-
ing the volume of effluent. Such measures
are attractive, provided that large discharges
of low concentration effluents are not sim-
ply replaced by smaller disharges of
more concentrated effluents (Vigh, 1994).

The siting of sugar cultivation and pro-
cessing activities affects potential impacts on
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water quality and aquatic ecosystems. As a
relatively ‘thirsty’ crop, sugarcane in particu-
lar is grown where ground or surface water
is readily available for exploitation, in water-
rich catchments and areas which formerly
supported natural wetlands (see Chapter 5).
Such areas are also often located relatively
near to coastal zones, exacerbating potential
impacts on these (and marine) environments.
Sugar crop processing is also a relatively
heavy user of water, and so again will often
be undertaken where the resource is readily
available (and processing centres will often be
sited close to cultivation areas to minimize
costs of transporting harvested cane/beet
from field to factory).

It may be difficult, however, to unambig-
uously assign water pollution impacts to
sugar crop cultivation and processing in any
given area. Although cane growing may dom-
inate agriculture in some catchment areas, it is
often part of a mosaic of potentially polluting
activities. As noted elsewhere, the fact that
beet is typically grown as part of a rotation can
hinder the assignment of impacts to this crop,
specifically, over periods greater than one
growing season. Furthermore, although sugar
crop processing may be the single (or domi-
nant) activity at a given site, it is often under-
taken in areas where there are other sources of
effluents (other industrial operations, popula-
tion centres generating human wastes, etc.).

Runoff

Water, derived from rainfall or irrigation,
may drain from fields by running across the
soil surface, depending on rates of input,
topography and soil characteristics (notably
traits such as permeability or porosity that
influence infiltration rates). Hence surface
drainage (runoff) is closely linked to soil
factors, including compaction (which tends
to increase runoff rates) and erosion (which
tends to be promoted by runoff). The rela-
tionship between runoff and certain types of
erosion is considered in detail by Monnier
and Boiffin (1986). Surface drainage water
can carry with it dissolved nutrients, soluble
pesticide residues and soil sediments. The
latter (arising from erosion) can contribute
directly to a range of impacts downstream

(e.g. see Arthington et al., 1997), but can also
carry with them insoluble chemical residues.

Leaching

Water that does not drain from fields across
the soil surface can be assumed to infiltrate
the soil (excepting that proportion that
evaporates from the soil surface). During
the growing season, much of the water that
infiltrates the soil may be utilized by the crop
(see above in relation to evapotranspiration),
but a proportion may also drain from the
field at the subsurface level. Rates of sub-
surface drainage will be enhanced when the
crop is at an early stage of development,
or absent (postharvest). Subsurface drainage
water may carry soluble chemical residues
with it (leaching), affecting the chemical
composition of deeper soil strata or ground-
waters, or flushing these agents out into
waterways. Other environmental factors
may influence the specific composition of
leachates. Haynes and Hamilton (1999), for
example, note that soil acidification promotes
leaching of certain nutrients (such as Ca and
Mg) and accumulation in the soil of others
(notably Al). Leaching of nitrate can contrib-
ute to the eutrophication of freshwater and
coastal ecosystems. Although most leached
nitrate appears to originate from mineralized
soil organic nitrogen, excessive application of
inorganic fertilizers also contributes to the
loss of nitrate from soils (Christensen, 2004).
Effects of fertilizer and agrochemical inputs
on runoff and drainage waters will be influ-
enced significantly by local soil characteris-
tics, as these affect the dynamics of processes
such as leaching, as well as by climatic factors
(rainfall) and management factors such as
irrigation. The threat of water pollution also
varies between different chemical residues,
not just because of differences in their envi-
ronmental effects, but because some are more
soluble (and therefore mobile in solution)
than others. For example, nitrate and sul-
phate tend to be relatively mobile, whilst
phosphate and ammonium are relatively
immobile (Draycott and Christenson, 2003).
Consequently, nitrate tends to be relatively
easily leached from soils, whereas phosphate
might be expected to move more readily in
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association with sediments carried in runoff
waters.

SUGARCANE CULTIVATION

Concern has been expressed over the impacts
of sugarcane cultivation on the quality of
natural water resources in many parts of the
world, notably in Australia, where Arthing-
ton et al. (1997) note that three factors have
been particularly detrimental: extensive veg-
etation clearing in the riparian zones of rivers
and flood-plain wetlands (see Chapter 5); soil
erosion and stream sedimentation; and con-
tamination of water bodies with nutrients,
pesticides and other discharges from diffuse
sources. Although it is difficult to unambigu-
ously identify the sugar industry as the
source, evidence suggests that sugar culti-
vation has contributed to contamination of
groundwater with nitrates and pesticide resi-
dues (Brodie et al., 1984; Keating et al., 1996,
1997; Weier et al., 1996; Biggs et al., 2000),
although the levels of pollution involved
have tended to be fairly low. None the less,
Arthington et al. (1997) emphasize that the
long-term effects of even trace quantities of
pesticides in aquatic ecosystems are as yet
unknown.

Considerable concern exists in Australia
over the impacts of land use, including sugar
cultivation, on downstream environments,
not least the Great Barrier Reef (e.g. Arakel
et al., 1993; Christiansen and Hunt, 2000).
Crossland et al. (1997) examined evidence that
sugar production has had a negative impact
on the Great Barrier Reef and adjacent marine
environment. The principal difficulty is in dis-
tinguishing impacts of the industry from other
land uses along the eastern coast of Australia.
None the less, it is clear that the sugar industry
has been a significant player in major infra-
structural projects, including damming of the
Burdekin, Tully and Barron Rivers, that have
altered the pattern of freshwater flow into the
marine environment. It is also apparent that
sediment and nutrient loads have generally
increased from diffuse sources in cane grow-
ing areas, and that major discharge events
(i.e. following heavy rainfall) can carry these

materials to offshore reefs as well as inshore
environments. Also, drainage waters from
acid sulphate soils under cane and other crops
have had adverse impacts on the estuarine
and marine environment, and pesticide resi-
dues have been detected in coastal sediments
and marine organisms. Johnson et al. (1997)
consider that, although soil erosion is a prob-
lem in many cane growing areas in northern
Queensland, the precise rate and impact of
sediment delivery to estuarine and marine
environments remains poorly understood.
Also, available evidence suggests that nutri-
ent inputs to coastal waters arising from cane
cultivation are small relative to natural fluxes,
but, again, poor understanding of the dynam-
ics of these ecosystems hinders confident pre-
diction of long-term consequences. Although
precise causes could not be identified, Gaus
et al. (2001) reported elevated levels of higher
polychlorinated dibenzo-p-dioxins (PCDD) in
the coastal environment of Queensland. High
octachloro-dibenzodioxin (OCDD) concen-
trations were associated mainly with sedi-
ments collected near the mouth of rivers
that drain large catchments in the tropical
and subtropical regions. High concentrations
were found in samples from sugarcane drains
collected from coastal regions, and lower
concentrations in drain sediments from drier
inland cotton growing areas.

Johnson et al. (1997) observe that the scale
of the sugar industry in Australia results in
a large potential for diffuse source pollution
of ground and surface waters. However, a
number of studies suggest that, for example,
nutrient concentrations in streams in cane
growing areas are only a cause for concern, or
greater than those associated with other land
uses, during peak flow events. For example,
although not exclusively derived from cane
fields, runoff waters in north Queensland
catchments markedly increase stream concen-
trations of sediments and nutrients (mostly
bound to sediments) during periods of great-
est rainfall (Hunter et al., 1996; Mitchell et al.,
1996). Recorded rates of soil erosion from
Australian cane fields can be very high (e.g.
see Prove et al., 1995), but understanding of the
ultimate fate of sediments in runoff waters is
poor (Pailles and Moody, 1996). Arthington
et al. (1997) suggest that emphasis on potential
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impacts on sensitive marine ecosystems, such
as the Great Barrier Reef, may have led to
an under-appreciation of effects in freshwater
environments closer to the field. For example,
Arakel et al. (1989) estimated a sediment
deposition rate of 300,000 t/year (equivalent
to cane field erosion rates of 150 t/ha/year) in
the lower South Johnstone River, resulting
in the formation of large sand spits and
islands in the river mouth, but relatively
little sedimentation in the estuary.

In Mauritius, with around 90% of its
90,000 ha of existing arable land under sugar-
cane, the sugar industry has traditionally been
seen as a major source of pollution to surface
and groundwater (Ramjeawon and Baguant,
1995; Ng Kee Kwong et al., 1996). Umrit and
Ng Kee Kwong (1999) refer to crystal clear
watercourses becoming loaded with mud
during and after heavy rainfall events in
sugarcane cultivation areas in Mauritius,
stimulating public fears over water pollution.
Whilst this observation clearly demonstrates
the off-field movement of sediments, studies
suggest that movement of agrochemicals is
less than might be anticipated. Although
concerns remain that sugarcane cultivation
degrades water quality and the wider envi-
ronment, a study by Ng Kee Kwong et al.
(1996) showed that concentrations of nitrate
and herbicide residues in drinking-water
were well below the maximum permissible
levels. Such findings are supported by further
research, discussed below, from Mauritius,
where Ng Kee Kwong et al. (1998) note that
most fertilizer and pesticide application
occurs during the dry season, reducing the
likelihood of pollution of ground and surface
waters.

In Brazil, Ometo et al. (2000) demon-
strated that the water chemistry and macro-
invertebrate fauna of two streams in the
Piracicaba River Basin were related to land
use (including sugarcane cultivation) in their
respective catchments. Silva et al. (2001) con-
sidered that sugarcane cultivation could be a
contributory factor in the dynamics of dis-
solved nitrogen and phosphorus in the lower
portion of the Paraiba do Sul River. Gomes
et al. (2002) suggest that the disorganized
spread of agricultural activities including
cane cultivation has contributed to their

impact on environmentally sensitive systems,
including aquifers. Investigations in 1995–1998
revealed the presence of herbicide residues in
water samples from a semi-artesian well in the
State of São Paulo, where sugarcane is a major
crop.

Tudor-Owen and Wyatt (1991) note that
the cane producing areas of the South African
sugar industry are situated mainly in the
catchment areas of gently to steeply undulat-
ing land from which runoff flows into the
major rivers of the Natal seaboard; it has been
suggested that lack of adequate integrated
soil conservation practices on these farms
has resulted in soil erosion, leading to
degradation of the rivers and estuaries.

In the USA, much concern has been
expressed over the possible impacts of sugar-
cane cultivation on the Florida Everglades
(see Box 5.1). Soicher and Peterson (1997)
examined pollution of the coastal waters of
West Maui, Hawaii, and established that, in
addition to sewage effluent impacts, the prin-
cipal agricultural activities in the area (sugar-
cane and pineapple cultivation) contributed
to elevated loads of nutrients and sediments.

Runoff in Cane Cultivation Systems

Runoff phenomena tend to have been
relatively under-studied in tropical agro-
ecosystems (Ng Kee Kwong et al., 2002), but
there are a number of relevant studies
from cane cultivation systems, relating to the
movement of sediments and nutrients.

Soil erosion can facilitate the movement
of nutrients from sugarcane fields. Studies
from Australia suggest that 50% of N and
80% of P transported (in a flood event in the
Herbert River catchment) were bound to sedi-
ments (Crossland et al., 1997). In Louisiana
(USA), soil erosion losses averaging around
17 t/ha/year resulted in annual nutrient
losses from fields of around 18 kg N/ha,
14 kg P/ha and 104 kg K/ha. The amounts of
nutrients lost from fields depended on appli-
cation rates of inorganic fertilizers (Bengtson
et al., 1998). In Mauritius, Ng Kee Kwong et al.
(2002) examined runoff from cane fields on
slopes of 5–12%. There was a 6-week time lag
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between fertilizer application and the first
runoff event, which contributed to the rela-
tively small quantities of inorganic N and P
transported from the fields. Data from five
runoff events over a 2-year period indicated
that less than 1 kg P/ha and 2–7 kg N/ha
were lost from the cane fields. The transport of
N and particularly P was intimately linked to
that of sediment in the runoff water. Although
insignificant from an agronomic viewpoint,
the N and P transported were sufficient to
raise concentrations in runoff water to levels
considered to be of environmental concern.

Whilst noting that soil erosion is a prob-
lem in many cane growing areas in Australia,
Johnson et al. (1997) observe that the precise
rate of sediment delivery to estuarine and
marine environments remains poorly under-
stood. Although there have been reports that
suggest cane cultivation results in significant
sediment transfer to rivers and coastal areas,
solid evidence is often scarce. However, clear
demonstration of such impacts include stud-
ies for the Johnstone catchment (Pailles and
Moody, 1996). Prove et al. (1995) suggested
that, although adoption of no tillage reduced
erosion rates under cane cultivation in
Queensland, eroded sediments and a more
mobile fraction of soil nutrients might be
transported further from the field under this
system of cultivation.

Lindau et al. (1997) examined runoff and
surface water from cane fields on poorly
drained soils adjacent to forested wetlands
in Louisiana (USA). Fertilizer N draining into
the wetlands from cane fields was estimated
as only a small fraction of that applied, and
nitrate and ammonium concentrations were
low; around 3–4% of applied N was removed
in runoff waters. In addition to sediment
and nutrient transfer, runoff from cane fields
has also been shown to transport potentially
polluting levels of carbohydrates, including
sugars. Bohl et al. (2002), for example, demon-
strated that the BOD of irrigation runoff water
from postharvest cane fields in Australia
was well above state licensing limits for the
discharge of sewage and industrial effluents.
They concluded that the runoff water had
the potential to cause serious environmental
impacts, including fish kills, if it was allowed
to reach local waterways.

Leaching in Cane Cultivation Systems

Ng Kee Kwong and Deville (1984, 1987)
studied nutrient leaching under sugarcane
in Mauritius. These studies used 15N-labelled
fertilizer (as (NH4)2SO2 or NaNO3), applied at
a rate of 100 kg N/ha, on soils of different
types (Oxisols and Inceptisols) in areas of
differing rainfall. Vertical and lateral distri-
bution of residual fertilizer N in the soil was
not affected by type of fertilizer or timing of
application. More than half of the residual N
remained at the soil surface, and less than
30% moved laterally more than 0.3 m. The
amount of N leached was affected more by
the duration and intensity of soil drying
preceding rain than by leachate volume. The
cumulative N loss over 1 year was similar
across sites, but leaching was greater from
the drier (Inceptisol) soils. Soils with higher
organic matter content displayed greater N
leaching. Oxisols retained nitrate by absorp-
tion, reducing N leaching, but K and Ca were
more readily leached than N. Ng Kee Kwong
and Deville (1984, 1987) concluded that losses
of cations might be a more acute problem
than N leaching, which was not considered
a cause for concern in cane growing soils
in tropical environments like Mauritius. In
Australia, Wei-Ping et al. (1993) studied fertil-
izer N dynamics in recently harvested, trash
blanketed cane fields, and found no evidence
of N leaching (although 20–30% of applied
N was lost to NH3 volatilization). Similarly,
Chapman et al. (1994) found no significant
loss of N by leaching following urea fertilizer
application, but suspected appreciable losses
of gaseous N due to denitrification.

In contrast to those studies which sug-
gest that nutrient leaching under cane is not
a major concern, other studies indicate that
environmental problems can arise from this
source. In Australia, Verburg et al. (1998)
found that over-application of N fertilizer
could substantially increase leaching from
the root zone, and Keating et al. (1996) found
that 2% of sampled boreholes in Queensland
contained water with a nitrate concentration
of > 50 mg/l. For comparison, Keating et al.
(1997) note that 50 mg NO3/l is the threshold
set for infants under Australian drinking-
water guidelines (other age groups have a
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threshold of 100 mg/l), and that general
drinking-water guidelines laid down by the
World Health Organization (WHO) and Euro-
pean Union (EU) set thresholds at 45–50 mg/l.
Whilst Keating et al. (1996) suggest that some
of the groundwater pollution that they report
may derive from natural, geological sources,
most came from alluvial aquifers close to sites
associated with intensive horticulture and
sugarcane cultivation. Studies in the USA
have shown that leaching of fertilizer N
under cane cultivation can be considerable. In
Florida, El Wali et al. (1980) found losses of
6–24% of N applied as urea, depending on
fertilizer application rate and irrigation level.
Leaching of N was mostly as nitrate, but,
when irrigation took place before the N
hydrolysed from urea was completely
nitrified, leaching of ammonium was also
considerable. In Louisiana, Southwick et al.
(1995) also demonstrated substantial leaching
of nitrate, amounting to 15–60% of applied N.

In relation to leaching of pesticide resi-
dues, studies also show a mixed pattern of
results, although in many cases levels of pollu-
tion are below those that would cause imme-
diate concern. It is likely that the threat of
long-term pesticide impacts has reduced in
recent years, as less persistent agents have
replaced older formulations. For example,
Cavanagh et al. (1999) note that organo-
chlorine pesticides were widely used in the
Australian sugarcane industry from the early
1950s until the late 1980s, but have now been
succeeded by less persistent chemicals. Whilst
they found evidence of organochlorine resi-
dues in field soil samples, these authors found
no detectable residues (< 5 pg/g) in sediments
from inshore coastal regions of the Herbert
and Burdekin Rivers. Reduced impacts asso-
ciated with less persistent agents depend, of
course, on new formulations being adopted
by growers. Regulation of pesticide use and
degrees of enforcement of regulations vary
considerably between different countries.

Umrit and Ng Kee Kwong (1999) moni-
tored off-farm transport of atrazine, diuron,
hexazinone and acetochlor in runoff water at a
500 m2 plot scale and across a 40 ha catchment
at Valetta (Mauritius). Mean herbicide con-
centrations were low and did not exceed

existing drinking-water standards. The total
mass of herbicide lost by runoff from the 40 ha
catchment over one growing season repre-
sented very low proportions of quantities
applied (not more than 0.02% atrazine,
0.32% hexazinone, 0.07% diuron and 0.19%
acetochlor). At plot scale, herbicide losses
occurred mainly as sediment-bound residues,
but, at catchment scale, 70–95% occurred as
dissolved residues.

In the USA, Southwick et al. (1992, 1995)
measured leaching of atrazine and metribuzin
from soils under sugarcane in Louisiana.
Leaching of both herbicides was greatest
immediately following application, but
decreased over a period of weeks. Total losses
of 0.4–1.7% were found for metribuzin, but
levels in drainage waters did not exceed
health advisory levels for drinking-water.
Losses of 0.4–2.0% were found for atrazine,
the maximum levels of which in drainage
water (82–403 mg/l) substantially exceeded
the drinking-water health limit (3 mg/l),
which was only reached 20–30 days after
application. Bengtson et al. (1998) also exam-
ined atrazine and metribuzin leaching under
sugarcane in Louisiana, and found that appli-
cation method was the main factor determin-
ing rate of herbicide loss. In Brazil, Lanchote
et al. (2000) measured residues of atrazine,
simazine and ametryne in surface and
groundwater, in an area where sugarcane
is intensively grown and from which the
water-table of an important aquifer is
recharged. Ametryne residues were detected
in a small number of surface water samples,
but almost always at levels below internation-
ally recommended environmental limits. In
Australia, evidence to support pesticide con-
tamination events arising from cane cultiva-
tion is scarce (Johnson et al., 1997), although
low levels of atrazine and heptachlor have
been detected in the Burdekin Delta aquifer
system (Brodie et al., 1984; Keating et al., 1996).

Acid sulphate soils

These particularly problematic soils
undoubtedly occur in other cane growing
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countries, but have attracted particular
attention in relation to cane cultivation in
parts of Australia. They are typically found
in association with mangroves and coastal
wetlands, and undergo accelerated chemical
changes when such areas are drained for
agriculture (which may result in cultivation
attempts being abandoned – Bowman et al.,
2000). The soils contain naturally elevated
levels of pyritic minerals and become acid
when these are leached or oxidized. Subse-
quently, drainage waters tend to have low
pH and carry relatively high concentrations
of heavy metals, including Al, Fe and Zn.
Suspended iron oxide particulates may
also carry elevated concentrations of arsenic.
Polluting outflows tend to be concentrated
during the wet season, when oxidation prod-
ucts that have accumulated in the soil during
the dry season are flushed out (Bowman et al.,
2000). Drainage from acid sulphate soils
consequently discharges acid, heavy metals
and arsenic into downstream aquatic habitats
such as estuaries (Bowman et al., 2000;
Keene et al., 2003). A number of negative
impacts on fish and other fauna have been
reported as a consequence (Arthington et al.,
1997).

Impacts of Sugarcane Irrigation

In studies of sugarcane irrigation at Mackay,
Australia, Chapman (1997) found that irriga-
tion resulted in additional runoff and deep
drainage, amounting to 29% of the irrigation
water applied. In studies of cane irrigation
systems in India, Inamdar et al. (1995,
1996a,b) found that amongst the advantages
of a switch to drip irrigation was a reduction
in soil erosion. Irrigation has also been shown
to exacerbate the problem of soil salinization
in cane growing systems (see Chapter 6).
Saline soils tend to produce saline drainage
waters (Meyer, 1997), and it would be
reasonable to expect negative effects of
these on freshwater ecosystems, although
specific studies do not appear to be readily
available. Similarly, no information appears
to be available on the effects of salts (and
possibly nutrients) flushed from soils in

Guyana following flood fallowing (see Box
6.4).

Reduction of Cane Cultivation Impacts on
Water Quality and Aquatic Ecosystems

As in other aspects of environmental impact,
the adoption of good agricultural practice can
do much to alleviate the effects of cane culti-
vation on water quality and aquatic ecosys-
tems. In particular, this includes rational use
of fertilizers and pesticides (see Chapter 2).
As water quality impacts of agrochemicals
are often mediated by soil factors, SASA
(2002) notes that soil properties should also
be managed, for example, to limit the effect of
leachate from the soil on the wider environ-
ment. Decreased rates of runoff arising from
soil conservation measures will also be
expected to have benefits in reducing the
pollution of surface waters. SASA (2002) also
notes the importance of appropriate manage-
ment of waterways (including establishment
of bank vegetation), in combination with
soil conservation measures, in regulating the
transfer of runoff waters from fields into nat-
ural watercourses. Natural but rarely flowing
(ephemeral) streams can provide ideal chan-
nels for controlled surface drainage. Bank
vegetation should be managed by slashing or
careful herbicide application (with removal
of debris) rather than by activities such as
hoeing, which disturb the soil; where soil has
been deposited in drainage channels, it should
be removed using hand tools, not with
machinery. In addition, installation of storm
water drains may be necessary to prevent
uncontrolled runoff of heavy rainfall from
natural habitats, fields, roads, buildings, etc.

Arthington et al. (1997) report that artifi-
cial wetlands have been tested for the removal
of suspended solids and nutrients in irrigation
drainage waters from cane fields in the Burde-
kin River irrigation area in Australia. Storm
water treatment marshes also feature in strate-
gies to reduce nutrient runoff pollution in the
Everglades (Anderson and Rosendahl, 1997).
Such technologies have also been investigated
in relation to the treatment of cane mill
effluents (see below).
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SUGARCANE PROCESSING

Reports of water pollution by effluents from
sugarcane processing come from a range of
countries, although in many cases published
studies report on impacts of pollution from a
range of sources. Srivastava (1989) found that
discharge of water from two sugar factories
and a distillery into a stream without proper
treatment in the Gorakhpur district in Nepal
had rendered the water unfit for drinking,
bathing or irrigation. Galindo et al. (2001)
studied the Sali River in Tucuman (Argen-
tina), and discovered various sources of ionic
pollution derived from heavy human usage
of the watercourse, as well as severe contami-
nation by organic matter (mainly from
sugarcane processing) in the lower course.

Thuresson, M. (2001) reported that water
pollution problems have increasingly affected
Lake Victoria in recent decades, and that sugar
and allied industries were considered to be
the main point sources of organic matter and
nutrients in the Kenyan part of the drainage

basin. A number of reports of pollution of
surface and groundwater by cane processing
effluents in India are summarized in Box 4.1.

In terms of biodiversity impacts, the
effects of effluent discharge may be most
readily apparent initially from changes in the
plant community in affected aquatic habitats.
In Cuba, Borhidi et al. (1986) studied the
composition and stratification of aquatic veg-
etation in areas affected by various human
activities, including the discharge of waste
water from a sugar factory. They found
evidence of oxygen deficiency, leading to
dominance of aquatic plant communities by
macrophytes, which (in some areas) resulted
in thick mats of weeds that impeded the deliv-
ery capacity of canals and had an impact on
sport fishing and tourism. Ali and Soltan (1996)
studied the impact on submerged aquatic
plants in drainage channels and the River Nile
(Egypt) of effluents from two sugarcane mills,
a paper/chipboard factory and a fertilizer
plant. The main pollutant in the sugar factory
effluent was organic matter, including

86 Chapter 4

Box 4.1. Examples of reports of pollution by cane processing effluents in India.

Surface water

Baruah et al. (1993) found that sugar mill and distillery effluents resulted in deterioration of many aspects
of water quality in the River Gelabil (Assam) for 8 km downstream of the discharge point. During periods
when the factory was closed, pollution in the river system was negligible. Singh et al. (1998) found
evidence of adverse impacts on water quality in the River Ramganga (between Moradabad and Bareilly),
arising from discharges of sewage waste, and effluents arising from the sugar, rubber and paper industries.
Rajendra Singh (2000) examined soil and water pollution levels in the Abu drainage area (Meerut, Uttar
Pradesh), and identified indiscriminant discharge of effluents from a wide range of industries (including
sugar mills). These resulted in serious effects on the local flora and fauna, and water was found to be
unsuitable for human consumption, domestic use and irrigation purposes.

Groundwater

Ali and Ahmad (1993) studied the environmental chemistry of groundwater in parts of the Gandak Basin,
where they found that fluoride levels were elevated in the vicinity of three sugar factories, although not
sufficiently to render it unsuitable for drinking purposes. Singh et al. (1996) examined the effects of indus-
trial effluents on groundwater quality in urban industrial units, including a sugar factory and distillery, in
Sardarnagar (Gorakhpur, Uttar Pradesh) and found that both hand pumps and boreholes yielded poor
water quality. At Sonai (Maharashtra), Pawar et al. (1998) found that effluents from the Mula sugar factory,
released into a stream flowing through the area, had infiltrated the underlying aquifer. Relative to the
discharge point, the resulting plume of polluted groundwater extended only a few metres upstream,
but more than 400 m on either side of the waterway downstream. This resulted in a zone of polluted
groundwater extending for more than 3.5 km2. It was recommended that the base of sugar factory lagoons
and the stream used for effluent discharge should be waterproofed for the protection of groundwater,
which was the only source available locally for drinking and agricultural purposes.
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carbohydrates. In drainage channels domi-
nated by large growths of sewage fungus,
submerged vegetation was absent, although
some emergent vegetation survived. In the
most polluted river sites, even up to 2 km
downstream of discharge points, the flora was
restricted to a single species (Potamogeton
pectinatus), even though a more diverse sub-
merged flora occurred elsewhere in the river.
Kumar Arindam (1999) studied pollution
effects of carbonaceous effluent from the
Chakia sugar mill (India) on herbaceous
plants along drainage channels. At stations
200 m apart along the channels, distinct plant
communities were recorded, and differences
could not be ascribed to natural environmen-
tal variability such as local climatic effects.

Sugar mill effluents can also have an
impact on other aquatic taxa. Pearson and
Penridge (1987) noted that relevant studies
from tropical systems were few, but demon-
strated that sugar mill effluent discharged
into a stream in Queensland (Australia)
substantially reduced the diversity of aquatic
macroinvertebrates as a consequence of low-
ered levels of dissolved oxygen. Still further
up the aquatic food chain, Lopez-Lopez et al.
(2003) determined that the high level of
pollution from sugar industry effluents in
the De La Vega reservoir (Mexico) may
impose a considerable stress on the native
fish population of the Ameca basin.

Selective monitoring of biodiversity can
provide a tool not only for assessing pollution
(Pearson and Penridge, 1987), but for encour-
aging measures to reduce it. Henne et al. (2002)
validated a family-level biotic index method
for rapid assessment of organic pollution from
untreated municipal sewage and sugarcane
processing in a west-central Mexican river.
The biotic index was highly correlated to dis-
solved oxygen and sensitive to different levels
of pollution. Information from rapid assess-
ment biomonitoring was used successfully
by local natural resource managers to help
bring about improvements in water resource
management.

Indeed, many improvements have been
made to effluent management systems at cane
mills in recent years, as pollution impacts
become less acceptable. By the mid-1970s,
waste water from the Sainte Madeleine cane

sugar factory was polluting the Cipero River
(Trinidad) so badly that major expenditure on
effluent treatment was undertaken (Millette,
1991). Arthington et al. (1997) consider that the
extent of waterway pollution from cane
mills in Australia has decreased since the
1960s (when low dissolved oxygen levels,
increased temperatures, odour problems and
fish kills were reported downstream of efflu-
ent discharge points). This is a consequence of
improved effluent management in the indus-
try. However, some problems have persisted,
with oxygen depletion downstream of dis-
charges, particularly during periods of low
stream flow (Moss and Bennett, 1991).

Sources of Cane Mill Effluents

Cane washing

Payne (1991) notes that the waste water
generated from cane cleaning presents an
environmental problem, as the effluent is
muddy and has a high BOD. UNEP (1982)
suggests a BOD of 200–900 mg/l, depending
on the washing system used.

Barometric condenser cooling water

UNEP (1982) considers that water from the
cooling systems of barometric condensers
represents one of the major sources of poten-
tially environmentally damaging waste in a
cane mill. Large volumes are produced and
may easily become contaminated by sugar
(‘sucrose entrainment’), depending on the
design and management of the equipment.
However, provided that such entrainment
and levels of contamination can be mini-
mized, barometric condenser cooling water
can be suitable for recycling (e.g. for use
in cooling towers, open or spray ponds),
reducing total factory water usage.

Other sources of waste water in cane mills

UNEP (1982) notes that mills can produce
acid and caustic wastes, from the cleaning of
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equipment, although this tends to be in rela-
tively small quantities and is generally insuf-
ficient to affect the pH of the combined waste
flow. A significant quantity of contamination
in waste water can also arise from accidental
sugar and molasses spillages, and from poor
maintenance of equipment (contributing oils
and greases). Potential sources of pollutants
also include chemical reagents used in the
processing and testing of sugar products. For
example, Wilson (1996) proposed an alterna-
tive method for raw sugar polarization, to
reduce risks associated with the handling and
disposal of the lead subacetate reagent of
the International Commission for Uniform
Methods of Sugar Analysis (ICUMSA) method.

Characteristics of Cane Mill Effluents

The extent to which effluents have been
treated (see below) prior to discharge will
have a substantial influence on their
polluting potential. As a consequence of
the materials and processes undertaken in the
sugarcane mill, raw effluents tend to be rich
in organic matter, including carbohydrates,
and consequently high in COD/BOD, when
compared with those from other sources (e.g.
Ali and Soltan, 1996). As well as variations
between sites, there may be substantial varia-
tion in effluent volume and composition
from a single mill, throughout the season and
even within the weekly cycle of processing
operations (Wong Sak Hoi et al., 1996).

A number of sources provide information
on the characteristics of mill effluents,
although it is not always clear whether these
represent untreated or treated material; in a
few cases, a comparison between the two is
provided (e.g. Amitabh et al., 1999). Example
figures are given in Tables 4.1 and 4.2. For
comparison, figures for toxicity of heavy
metals are given in Table 4.3.

Reduction of Cane Processing Impacts
on Water Quality

Various measures can be taken to reduce
the quantity and polluting potential of sugar

mill effluent. Some sources of waste water
contamination, such as those arising from
accidental sugar and molasses spillages,
cleaning and poor maintenance of equip-
ment, are best tackled using simple in-plant
control measures, the costs of which are
negligible compared with effluent treatment
costs. A range of techniques are available for
treating sugar mill effluents, from simple
methods to settle out solid wastes, to various
forms of aerobic and anaerobic treatment.

Cane washing

UNEP (1982) notes that minimizing the need
for cane washing by reducing the extraneous
material collected with the cane at harvest is
desirable from an economic point of view as
well as from an environmental perspective,
because of the cost of the operation and
because of the sucrose lost during cane
washing. For example, Payne (1991) suggests
that unburned cane, cut by hand in dry
conditions, should not need cleaning prior
to sugar extraction. UNEP (1982) notes
that experiments have been conducted to
investigate possible methods for dry cleaning
of cane, using pneumatic processes.

Treating sugar mill effluent

Various methods are available for treatment
of sugar mill effluents, some of which may
be used in combination. Relatively simple
methods, such as the use of settling ponds or
lagoons, can be used for preliminary effluent
treatments. Although these methods may
be considered inefficient (Contreras Moya
et al., 1998), they can at least reduce pollutant
levels far enough for release of effluents on to
the land, as some regulatory systems allow
for higher levels of pollutants in waste water
discharged on to land than into waterways
(Rao and Rao, 1992; Shukla, 1995). Conse-
quently, irrigation with (partially treated)
sugar mill waste waters may be an attractive
proposition, compared with release into
watercourses (Wong Sak Hoi et al., 1996).
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Source pH
BOD
(mg/l)

COD
(mg/l)

Suspended
solids (mg/l)

Total solids
(mg/l)

Oil/grease
(mg/l)

Temp
(°C) Notes

India
Puerto Rico
Hawaii
Philippines
USA (Louisiana)
Mauritius
India
Taiwan
India
Nepal
Trinidad
India
India
India
India

1a
1b
1b
1c
1d
2
3
4
5
6
7
8
9

10
10

6.8–8.4
5.3–8.8

–
5.3–7.9

–
–

4.2–7.9
5.2–7.9
5.8–7.4
6.4–8.2
4.7–11.4
3.8–4.8
6.8–7.9
8.0–7.9
7.5–7.9

, 667–1,660
112–225
115–699

, 130–1,220
81–562

–
–

28–164
, 500–1,000

1.2–280.
2,000–15,000
1,600–21,000
, 568–21,00
1,000–21,00
, 28–21,00

, 890–2,236
385–978

, 942–2,340
–

, 729–1,430
+ 75+–21,00
5,200–21,00

–
1,000–2,000

–
–

3,500–65,000
, 960–21,00
2,000–21,00
, 220–21,00

504–936
100–700

, 915–3,590
, 50–1,880
, 150–8,120

–
1,102–21,00

–
300–800

–
, 176–2,580

, 800–12,000
, 836–21,00
, 300–21,00
, 77–21,00

, 792–2,043
, 500–1,400
3,040–4,500
, 240–5,440
, 409–21,00

–
1,670–21,00

–
, 550–2,000
, 730–3,560

–
–
–

, 800–21,00
, 32–21,00

Traces to 60
–
–

Traces to 113
–
–

74
–

20–40
–
–
–

71
–
–

–
31–49

–
34–48

–
–

39
–
–
–

24–53
38–48

30
–
–

untreated
? treated
untreated

untreated
? treated
Pre-treatment
Post-treatment

Sources: (1a) Verna et al. (1978) (for 25 mills) in UNEP (1982); (1b) US EPA (1975) in UNEP (1982); (1c) G.A. Pecache (personal communication) in UNEP
(1982); (1d) UNEP (1982); (2) Wong Sak Hoi et al. (1996); (3) Sinha (1993); (4) Lu and Chen (1991); (5) Rao and Rao (1992); (6) Srivastava (1989) (also gives
figures for distillery effluent); (7) Millette (1991); (8) Baruah et al. (1993); (9) Hari Om et al. (1994) (cane mill and distillery combined); (10) Amitabh et al. (1999).

Table 4.1. Characteristics of cane mill effluents – (1) general characteristics.
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However, irrigation with effluents can have
mixed effects (see Chapter 3).

More sophisticated chemical or biological
(aerobic or anaerobic) treatments or combina-
tions of treatments may be required when
effluent is to be discharged into waterways.
Avram-Waganoff (1990) recommended the
purification of cane factory waste water in
fully biological plants. Gunasekaran et al. (1999)
note that, with appropriate biological treat-
ment systems, BOD and COD of the treated
water may be brought down below 5 ppm and
10 ppm, respectively. In some cases, partially
treated effluent may be diluted in order to
achieve pollution levels sufficiently low for
discharge into waterways (preferably using
uncontaminated waste waters). For example,
Rao and Rao (1992) described a sugar factory
in India where effluent was held in an anaero-
bic lagoon for 10 days (with daily organic
loading 0.12 kg/m3) and then treated in an
anaerobic contact filter for 12 h. The BOD of
this treated effluent was approximately 72 mg/l,
but dilution with excess condensate and con-
denser outlet water lowered it to 30 mg/l, the
permissible level for discharge into rivers.

Effluent treatment also has the potential
to yield useful by-products other than irriga-
tion water. Malmary et al. (2000) investigated
the use of solvents to recover aconitic and
lactic acids from dilute aqueous effluents of
the sugarcane industry, in order to reduce
environmental pollution and in view of the

possible uses of pure solutes in the field of
foods and pharmaceuticals.

Artificial wetlands have been investigated
for their potential in removing pollutants
from mill effluents, for example, as a tertiary
form of treatment in Australia (Dawson et al.,
1995), where the method was used success-
fully to reduce BOD, nutrient levels and total
suspended solids. Similar methods have
been examined for the treatment of distillery
effluent (see Chapter 8).

Recycling of cane processing water

Amongst processing operations, cane wash-
ing in particular does not require fresh water,
but can be performed with water recycled
from previous washings, or with other waste
water, notably barometric condenser cooling
water (UNEP, 1982). However, water quality
is more critical in other operations. For
example, boilers operating at relatively
high pressures require especially high quality
water (Payne, 1991). Appropriate monitoring
and treatment may allow condensate water
to be fed to boilers operating at above
4000 kPa. However, evaporator condensates
in particular should not be used when boiler
pressures reach 6000 kPa, because of the high
likelihood of this water being contaminated
by organic volatiles.
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Source Cadmium Copper Lead Chromium Zinc Arsenic

Philippines (ppm)
Taiwan (mg/l)
India (mg/l)

1
2
3

0.0004
0.0004
0–0.2

0.18
0.025
0.01–0.12

0.003
0 .004
0.01–0.12

Undetectable
0–0.05
0–0.05

–
0–0.09
4.5–15.

–
–

0.01–0.08

Sources: (1) Abotal and Cabigon (2001); (2) Lu and Chen (1991); (3) Baruah et al. (1993).

Table 4.2. Characteristics of cane mill effluents – (2) heavy metals.

Copper Zinc Lead Cadmium Iron Manganese Aluminium

Toxicity in solution to plants
Toxicity in solution to fish
Drinking-water
Water for farm animals
Irrigation water

0.02
0.02
1.5
0.5
0.2

1.3
1.3

15.0
25.0

2.0

1.7
1.7
0.1
0.1
5.0

2.1
2.1
0.01
0.05
0.01

9.3
250.3

1.0
–
5.0

0.06
100.06

0.5
–
0.2

0.93
1.5

–
5.0
5.0

Table 4.3. Toxicity (mg/l) of heavy metals (after SASA, 2002).
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Considerable reductions in effluent
volumes can be achieved using recycling of
water at various stages in the processing
of cane. Lu and Chen (1991), for example,
reported on water recycling in sugar factories
in Taiwan. Those producing raw sugar were
able to reduce effluent outputs from nearly
15 to 1.5 t/t cane, and those producing
white sugar reduced outputs from 17 to 3 t/t.
Srimannarayana and Sudheer (2000) describe
a ‘zero pollution’ system operated at a sugar
factory in Andhra Pradesh (India), where
recycled processing water is used as make-
up water for spray ponds and (after suitable
treatment) for a range of other purposes. After
initial oil and grease removal, biological treat-
ment in an anaerobic lagoon is followed by an
anaerobic upflow filter and two oxidation/
stabilization ponds. The water from these is
clean enough to be added to the cooling water
system or, outside the cane crushing season,
used for irrigation.

SUGAR BEET CULTIVATION

Impacts of sugar beet cultivation on the
surrounding environment can be difficult to
assess unambiguously, as it is usually just
one of a number of crops cultivated as part of
a rotation at any particular site.

Most published studies examining the
impact of sugar beet cultivation on water
quality consider the effects of leaching of
nitrogenous inputs derived from fertilizers,
and it is such pollution in relation to drinking-
water (from underground aquifers or rivers
and streams) that has influenced much recent
legislation in this area (Scott and Jaggard,
1993). Cooke and Scott (1993) note that the
environmental acceptability of sugar beet as
a crop is enhanced by the fact that it is a
very effective scavenger of nitrogen fertilizer,
leaving little in the soil at harvest to escape
into groundwater. However, nitrate contami-
nation of groundwater is also a function of the
management of fertilizer application. In some
cases, in Europe at least, there is evidence
that typical levels of fertilizer (and pesticide)
applications to beet crops have decreased
(see Chapter 2). However, despite the

considerable reduction in fertilizer inputs
in the UK, Defra (2002) notes that concern
remains over a lack of detailed knowledge
of impacts such as eutrophication of ground
and surface waters due to N and P inputs
(and the impact of soil nitrates on buried
archaeological features). Also, Businelli et al.
(2001) modelled herbicide impact on ground-
water quality in Umbria (central Italy), based
on various chemical agents and weed control
strategies, in crop rotations including sugar
beet. They identified a significant risk
of groundwater contamination at levels
exceeding EU limits, even with weed control
strategies of low pollution potential. A critical
factor was the combination of crops in the
rotation.

Runoff in Beet Cultivation Systems

Defra (2002) suggests that erosion of soil
under beet cultivation in the UK can have
potentially serious consequences, such as
silting up of waterways. In general, runoff
from eroding topsoils and from poorly
managed application of organic fertilizers
is the usual route of phosphate loss from
beet fields, whilst nitrate tends to be more
readily leached (Draycott and Christenson,
2003). Such transfer of phosphates can con-
tribute to eutrophication of surface waters.
Neeteson and Ehlert (1988) found that beet
leaves left in the field after harvest sub-
stantially increased levels of residual soil P,
potentially increasing the risk of pollution.

Leaching in Beet Cultivation Systems

Draycott and Christenson (2003) consider
that leaching is the predominant means by
which nitrogen is lost to the environment
from most beet fields (i.e. relative to gaseous
losses by volatilization and denitrification),
particularly on free draining soils. Phosphates
are only likely to be found at appreciable
levels in leachates when soil phosphate
concentrations are relatively high. In most
temperate beet growing regions, the greatest
risk of leaching is over winter, when the soil
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is wet and water is draining from it (Kolen-
brander, 1978; Milosevic et al., 1989; Allison
et al., 1996; Nievergelt, 2002). This effect can
be amplified following a dry summer (when
uptake of N by the previous crop has been
restricted), and leaching can sometimes be
a problem also during spring if conditions
are wet (Draycott and Christenson, 2003).
Leaching has also been shown to increase
substantially in beet cultivation systems
when heavy rain follows application of
nitrogenous fertilizers. Last and Draycott
(1975a,b) found that 40 kg N/ha was lost by
leaching in wet years, whereas losses were
neglible under normal conditions (rainfall of
around 50 mm/month).

Some degree of nitrate leaching from
beet growing soils is reported from a range
of areas, including (for example) Lithuania
(Sileika, 2000) and Poland (Borowiec and
Zablocki, 1989). In Germany, Isermann (1989)
concluded that intensive crop management
in systems, including sugar beet cultivation,
where inputs of organic and inorganic fertiliz-
ers were substantial was incompatible with
the use of shallow wells for drinking-water
supply. Draycott and Christenson (2003)
review the evidence that nitrate leaching
from beet fields constitutes a threat to
the quality of groundwaters, noting that
recommended limits on nitrate content of
drinking-water are 50 mg/l in the EU and
45 mg/l in the USA. In a theoretical study,
Johnston (1989) showed that rainfall in
the average UK winter was sufficient to
generate leachate from beet fields with nitrate
levels above recommended levels. However,
Draycott et al. (1997) measured the nitrate
content of beet field leachates in the UK,
and found that it was below recommended
levels in most years where inorganic fertiliz-
ers were applied for optimum yield without
excess. In either case, leachate from agricul-
tural fields would be expected to be diluted
by other sources of water entering aquifers,
reducing impacts on groundwater quality. In
the Netherlands, Neeteson and Ehlert (1988)
found that there was little risk of nitrate leach-
ing from beet fields receiving optimum levels
of inorganic fertilizer, unless beet tops were
left in the field after harvest and ploughed
in, raising levels of residual N in the soil.

Leaching of soil N derived from beet leaves is
also reported by Thomsen and Christensen
(1996).

Over-application of organic fertilizers
(manures) can result in excessive soil N and
increased risk of leaching. Isermann (1989)
concluded that incorrect manure application
may lead to greater nitrate leaching than with
mineral N. Evidence of nitrate leaching where
organic fertilizers are used to excess in sugar
beet cultivation systems includes the work
of Mathers and Stewart (1984) and Eck et al.
(1990). Malzer and Graff (1995) reported
greater leaching of nitrate in the second
year than the first, following application of
poultry manure, illustrating the lag that can be
caused by delayed mineralization of material
contained in some organic amendments.

In western Europe, where precipitation
exceeds evapotranspiration for part of the
year, there is evidence of K leaching from beet
fields, particularly on freely draining soils
(Draycott and Christenson, 2003). However,
evidence of deleterious effects of K on the
quality of natural waters is lacking (Syers,
1998).

Impacts of Sugar Beet Irrigation

Irrigation of sugar beet can increase the
risk of nutrient leaching, particularly if it is
excessive (Dunham, 1993), poorly scheduled
(Bailey, 1990) and/or applied by particular
methods (Draycott and Christenson, 2003). In
an 11-year study of a rotation including sugar
beet, Bizik (1989) found that irrigation had a
marked influence on the downward move-
ment of soil solution. By reducing irrigation
from 50 to 30 mm, the risk of nitrate pollution
of groundwater declined, while this change
of method, in combination with reduced rates
of fertilizer application, increased overall
crop yields for the rotation substantially. In
a sugar beet cultivation system in Montana
(USA), Eckhoff and Bergman (2001) found
greater nitrate concentrations in ground-
water under a flood irrigation regime than
under sprinkler irrigation, and demonstrated
the presence of nitrates in flood irrigation
runoff water.
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However, it should be noted that the
risk of nutrient pollution is determined by
fertilizer application levels as well as by
the effects of irrigation. Sharmasarkar et al.
(2001b) note that mismanagement of nitroge-
nous fertilizers has caused serious nitrate con-
tamination in many flood-irrigated regions of
the western USA. In their own study of sugar
beet cultivation in south-eastern Wyoming,
these authors found that drip irrigation
reduced the quantity of water leaching
beyond the root zone, relative to flood
irrigation. Drip irrigation resulted in greater
residual soil nitrate, and the overall results
indicated that beet cultivation could be sus-
tained with lower water and fertilizer use by
using drip irrigation. Where fertilizer applica-
tion rates are well judged, it may be the case
that irrigation can reduce the risk of leaching,
by enhancing nutrient uptake by the crop. In a
UK study, Groves and Bailey (1997) found
that, in dry years on light soils, irrigation
aided the uptake of N by sugar beet, reducing
residual soil N by 31 kg N/ha (0–90 cm)
compared with an unirrigated treatment
(79 kg N/ha). The potential for N leaching
during the ensuing winter was consequently
more than halved. However, the additional N
uptake associated with irrigation tended to
concentrate in the beet leaves (tops), which are
normally returned to the soil, and may make
some contribution to future leaching risks
(e.g. see Destain et al., 1991; Brentrup et al.,
2001).

Irrigation with beet processing waste
water can also result in water pollution risks,
although the overall effects can be complex.
Paulsen et al. (1997) examined the effects of
long-term irrigation with beet processing
waste water on the chemical composition
of arable soils, leachates and groundwater.
Drainage water showed raised concentrations
of some alkali and alkaline earth metals, and
oxygen-demanding substances (COD and
BOD compounds) were also translocated
down to the drainage level. In contrast, the
nitrate content of leachates was lower than
for non-irrigated soils. Limits on the use of
waste water from sugar beet processing
for irrigation purposes was considered
appropriate on certain soils and in areas
overlying deep groundwaters.

Reduction of Beet Cultivation Impacts
on Water Quality and Aquatic

Ecosystems

As noted in relation to cane cultivation, and
with respect to other aspects of cultivation-
derived environmental impacts, shifts in
agricultural practice (including appropriate
use of agrochemicals and soil conservation
measures) can do much to alleviate the effects
of beet cultivation on water quality and
aquatic ecosystems (see Chapters 2 and 6).
For example, Berg et al. (1997) showed that it
was possible to reduce the leaching of nitrate
to groundwater in cropping systems involv-
ing sugar beet by adopting an organic farm-
ing approach rather than a conventional
or integrated strategy. In addition, specific
measures have been investigated for reduc-
ing the particular risk of nitrate leaching that
arises in many areas over the winter months
prior to the sowing of beet. These include the
incorporation of straw into the soil (Powlson
et al., 1985; Allison, 1989; Allison et al., 1992),
and the use of catch/cover crops (Allison and
Armstrong, 1991; Allison et al., 1993, 1998a,b;
Duval, 2000) to remove residual nitrate from
the soil after harvest of the preceding crop in
the rotation. Catch crops can subsequently be
used as green manures, being ploughed into
the field prior to the sowing of beet.

In the low-lying agricultural plains of
north-east Italy, controlled drainage systems,
managed water-tables and wetlands (com-
prising Phragmites australis, Typha latifolia and
Carex elata) have been found to be useful in
controlling nitrate levels in drainage waters
(Borin et al., 2001).

BEET PROCESSING

Volumes of waste water produced in
sugar beet processing can be considerable.
For example, in the Ukraine, Nibit et al.
(1994) reported that traditional processing of
1 t sugar beet generated up to 3 m3 effluent.
This waste water can have substantial pollut-
ing potential. For example, a series of studies
relates the pollution of Danish coastal waters
by effluent from sugar factories to bacterial
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pathogens and an ulcer syndrome in the
cod, Gadus morhua. Fish living in polluted
waters are exposed to considerably higher
bacterial counts, reflected in a higher preva-
lence of disease (Larsen et al., 1978; Larsen,
1982, 1985; Larsen and Jensen, 1982). The fish
pathogen Saprolegnia parasitica was amongst
microorganisms (which also included the
sewage fungus Leptomitus lacteus) found
by Zhan and Hu (1989) in reaches of
the Songhuajiang River polluted by sugar-
refining waste water.

Issues of effluent management and
other sources of pollution in sugar beet
processing in Poland, and their regulation,
are summarized in Box 4.2.

Sources of Beet Factory Effluents

Beet washing

UNEP (1982) notes that a major difficulty
with handling sugar beet is the large quantity

94 Chapter 4

Box 4.2. Issues of effluent management and other sources of pollution in sugar beet processing in
Poland.

A series of papers by Polec and co-workers (and others) examine aspects of the environmental impacts of
sugar beet processing in Poland. Polec and Gozdek (1994) review progress in water economy and waste
water treatment in the years 1893–1993; aspects of reduced water consumption reported by Polec and
Kempnerska-Omielczenko (1995) can be found here in Chapter 3. Issues of atmospheric pollution
reported by Wolski (1993, 1995), Polec and Kempnerska-Omielczenko (1995) and Tomaszewska and
Polec (1997) are examined in Chapter 7.

In relation to effluent management, Marciniak (1989) reported that biological purifiers were installed
at the Melno sugar factory in 1986, with the aim of eliminating the harmful effect of recycling water from and
to Lake Skape, where pollution levels had exceeded acceptable limits for surface water for at least 8 years.
In addition, Miniflox aerators were installed along the lake at depths of 4–9 m, to suppress putrefactive
organisms. Comparisons of lake water quality in 1986 and 1988 indicated the success of these measures
in reducing pollution effects. In particular, COD and BOD had decreased from 157–294 and 26–65 mg/dm3

to 62–66 and 1.7–2.9 mg/dm3, respectively, while dissolved oxygen had increased from 0–1.2 to
4.7–5.2 mg/dm3. However, Polec and Kempnerska-Omielczenko (1995) found waste water treatment at
Polish sugar beet factories to be widely unsatisfactory in 1993: 35 of the 78 factories used only mechanical
treatment, while activated sludge treatment was preceded by closed anaerobic fermenters (with biogas
recovery) at only three factories and by open fermenters at eight. The situation had improved somewhat in
1994, the corresponding figures being 28, five and 13, respectively. Indeed, the Koscian sugar factory
received an award from the Polish Environment Minister in 1994, recognizing the good environmental
quality of its processing, mainly in relation to quantity and quality of effluent discharged (Scigacz, 1995).
Plichta and Nitzler (1999) assessed the performance of a waste water cleaning unit installed in 1989/90
at the Chelmza sugar beet factory, after 5 years of utilization. The quality of treated waste water from open
fermentation tanks was comparable to that discharged from closed fermentation tanks. However, based
on comparisons of a reservoir built in 1986 for the Hodonin sugar beet factory (Czech Republic) and a
steel reactor built in 1987 at Wroclaw (Poland), Bielas (2001) concluded that closed systems had many
advantages over open systems in the initial stages of effluent treatment. A detailed analysis of waste water
cleaned in a biological treatment unit at the Koscian S.A. sugar beet factory was made in 1998 by an
independent German company, to assess the efficiency of the biodegradation process. The results showed
that, whilst during the first half of the processing season the unit performed well, the quality of waste water
gradually deteriorated and was unsatisfactory in the last quarter of the season (Polec et al., 1999).

Increasing regulation, partly associated with Polish accession to EU membership, is imposing controls
on pollution from sugar beet factories. Marciniak (2000) and Polec (2000) summarized existing pollution
levels and regulation of factors such as effluent content of nitrates, phosphorus, chlorine, sulphur, heavy
metals and solids, in the context of existing Polish environmental regulations and those of the EU. Polec
(2002) considered the impact on sugar beet factories of a new (from 1 January 2002) Polish environmental
protection law, relevant to air and water pollution, waste disposal, noise and electromagnetic pollution.
Although not all relevant control instruments were in place, beet sugar factories were required to obtain a
number of permits from relevant authorities, based on the polluting potential of their operations.
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of soil and trash (‘tare’), particularly
associated with mechanized harvesting and
harvesting in wet weather, that is brought
into the factory with the root crop. Despite
attempts to reduce the quantity of solid waste
delivered to the factory with the beet, a great
deal of mud enters the system through the
initial beet washing in the fluming process.
Sugar may also be lost at this stage,
particularly where hydraulic fluming (an
otherwise effective and expedient means of
transporting and cleaning beet) is used.

Barometric condenser cooling water

As in cane mills, beet factories can generate
large volumes of waste water from the cool-
ing systems of barometric condensers. Again,
however, if contamination can be minimized,
there are good prospects for recycling this
water within the factory (UNEP, 1982).

Lime mud

UNEP (1982) notes that beet factory lime mud
waste, principally from clarification opera-
tions, is generally recovered from vacuum
filters at about 50% moisture content. Water
is usually added, resulting in a (potentially
highly polluting) slurry that can be easily
pumped, generally to a holding pond in the
first instance.

Other sources of waste water in
sugar beet factories

As in cane mills, effluents from beet process-
ing factories can become contaminated with
acid and caustic wastes (from the cleaning

of equipment), with organic material (from
spillages) and by oils and greases (from poor
maintenance of equipment).

Characteristics of Sugar Beet
Factory Effluents

Much less information appears to be readily
available (in English, at least) on the specific
characteristics of sugar beet factory effluent
than on effluent from cane processing. Exam-
ple data are given in Table 4.4. Sugar beet
processing generates relatively high levels of
ammoniacal nitrogenous wastes, arising from
amides in beet juice, causing decreases in pH
during processing and atmospheric pollution,
and contributing to the polluting potential
of factory waste waters (Gryllus and Anyos,
1993; Morris and Herbert, 1997). As with cane
mill effluents, polluting potential involves
increased temperature as well as biochemical
characteristics such as high oxygen demands
(e.g. Morris and Herbert, 1997).

Reduction of Beet Processing Impacts
on Water Quality

The need to reduce the pollution potential
of sugar beet processing waste waters is
recognized by a range of authors; incentives
include the need to operate within legal stan-
dards (e.g. Kuzminski et al., 1991; Marciniak,
2000). UNEP (1982) noted that in-plant
control measures are important, including
appropriate handing of beet prior to arrival at
the factory, design of flume systems to facili-
tate dry handling techniques, dry methods
for handling lime mud waste, and water
recovery and recycling. As in sugarcane
mills, it is likely that simple in-plant control
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Temp. (°C) pH Dissolved oxygen (mg/l) BOD COD NH3-N (mg/l)

50 m upstream of the outlet
10 m beyond the outlet
300 m beyond the outlet

0
5
1

6.8
5.9
6.7

11.25
3.14
5.72

3.7
135.7

25.7

8.4
143.6

23.8

1.25
3.96
1.73

Table 4.4. Example of data on effluent from sugar beet factories (recorded in the Songhuajiang River,
China, by Zhan and Hu, 1989).
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measures (e.g. prevention of spillages and of
contamination of water with cleaning agents,
oils and greases) will be more cost effective
than removal of polluting materials from
waste water at the treatment stage. Changes
to processing methods, as well as treatment
of effluents, can make an important contri-
bution to pollution control in beet sugar
factories. For example, Klemes et al. (1999)
argued that adoption of new methods such
as cooling crystallization of concentrated raw
juice, as opposed to the traditional method of
evaporating crystallization, has the potential
to improve energy efficiency and to reduce
atmospheric emissions, water consumption
and the polluting potential of effluents.

Beet washing and fluming

The amount of extraneous material that
needs to be washed from beet can be reduced
by minimizing the collection of mud, leaves
and trash at harvest. Shaking and screening
the beet at the factory before processing can
also reduce the amount of solid waste that
would otherwise accumulate in waste waters.
Recycling is an effective means of reducing
quantities of flume water; spent flume water
may be settled in holding ponds (possibly
with the addition of lime to assist clarifica-
tion) or fed through mechanical clarifiers,
which demand less space at the factory site
(UNEP, 1982). In reviewing plans for effluent
disposal at sugar factories in the Ukraine,
Nibit et al. (1994) noted that in the flume-
wash circuit the amount of mud from vertical
clarifiers was only 60–70% (w/w beet)
whereas that from radial clarifiers was
100–120%. They also noted that it was possi-
ble to design an effluent-free, closed flume
water circuit, where separated mud was
sent to ground-level settling ponds whose
decantate re-entered the circuit. In the USA,
Fuentes et al. (2001) examined the potential
benefits of using polymers, cationic coagu-
lants and/or anionic flocculants for mud
removal in a flume water clarifier, and
identified an anionic polymer (KFLOC 4919)
as the most effective compound. Plichta
(2002) also reports on the use of flocculants

and poly-electrolytes for thickening flume
sludge, to reduce the volume for disposal and
associated environmental impacts. Improved
methods for dealing with beet washing are
also discussed by Guyot et al. (2003).

Removal of solid wastes from effluent

UNEP (1982) notes that mechanical clarifiers
and settling ponds (following coarse screen-
ing) are generally used to remove as much
soil and other solid wastes as possible at beet
processing sites. These need to be effectively
operated and maintained, and waste reten-
tion times should be minimized to reduce the
risk of fermentation and creation of odours.
Clarifiers with retention times of 30 min to
several hours can provide effective removal
of solid wastes with minimal odour problems.
Mechanical clarifiers can reduce settleable
solids from 30–125 mg/l to 1.0 mg/l. Chlori-
nation or pH control with lime may also be
used to reduce odour production. Chemical
flocculation at pH 10.5–11.5 will settle fine
clay particles, and addition of lime not only
suppresses fermentation, but serves to raise
the pH to levels necessary for effective floccu-
lation. Settling ponds are widely used in the
beet sugar industry and perform a similar
role to mechanical clarifiers in separating
out solid wastes from effluent. Waste water
retention times in ponds generally range
from 24 to 48 h. Settling (or holding) ponds,
as distinguished from waste stabilization
lagoons, are used for solids removal and
waste retention without discharge into
surface waters. Long-term storage may be
followed by water disposal by evaporation or
filtration and discharge. Waste stabilization
ponds (lagoons) are specifically designed
and constructed to provide waste treatment
for subsequent controlled land disposal,
irrigation or discharge to surface waters.

Lime mud

UNEP (1982) notes that lime mud slurry
is generally pumped to holding ponds, to
separate solids from supernatant fluid waste.
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Settled, solid lime mud waste is often
allowed to solidify before it is recalcinated
for reuse in the factory or removed for
application to the land.

Treating sugar beet factory effluent

In addition to (or in combination with)
methods to settle or filter out solid wastes,
anaerobic and aerobic biological methods are
widely used in the treatment of beet factory
effluents, e.g. involving waste stabilization
lagoons, activated sludge units, trickling
filters and various types of biological reactor.
Bugaenko (1996) gives a brief account of tech-
nologies used for waste water treatment in
the beet sugar industry, with reference to
biological treatments practised in the UK,
Germany, the Netherlands, Austria, the
Czech Republic, Slovakia and Poland, the
types of reactor used, quality requirements
for water entering anaerobic treatment sys-
tems and the appropriate location of effluent
treatment stations. Murathan and Yildirim
(2001) reported that an activated-sludge
process was being used in the co-treatment
of industrial effluents (including those from
a cotton mill, locomotive factory and beet
sugar factory) and residential waste water, to
reduce organic loading on the Porsuk River
in Turkey.

Kuzminski et al. (1991) reported that, in
addition to substantial water use savings, the
pollution load of effluent discharged from a
beet sugar factory in Spain was significantly
reduced (BOD decreased from 55 to 5 g/s),
after modifications to processing methods.

The most important changes were the conver-
sion of the barometric condenser circuit from
open to closed, with incorporation of cooling
towers, and the installation of a high-rate
anaerobic treatment unit for highly polluted
waters; streams were segregated into those for
recycling and those for treatment. This study
also demonstrates how, in some cases at least,
improved water management systems can
‘pay for themselves’: Kuzminski et al. (1991)
report that the costs of the new system were
recovered from savings on discharge permit
taxes and from profits obtained from better
utilization of by-products. In relation to by-
products, Gryllus and Anyos (1993) describe
how ammonia-rich condensates from one
sugar beet factory were treated, reducing
pollution potential and yielding 5.6 t/day
(NH4)2SO4 as a fertilizer by-product.

As in other areas of mitigating the
environmental effects of sugar industry waste
waters on the environment, reed beds have
been investigated for their potential in the
treatment of beet factory waste waters. In the
UK, Morris (1996) and Morris and Herbert
(1997) reported that reed beds were being
tested as a low-energy alternative to existing
waste water treatment systems (such as trick-
ling filters, anaerobic digesters and activated-
sludge units). Operation of vertical flow reed
beds (two in series) during the beet processing
season resulted in 87.3% reduction in COD,
87.7% removal of total suspended solids and
a 79.5% reduction in ammoniacal nitrogen.
Treating larger volumes of cooler, stored
wastes out of season, the mean removal effi-
ciencies were 73.9% for COD, 88.0% for total
suspended solids and 93.4% for ammoniacal
nitrogen.
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5

Impacts on Terrestrial Biodiversity

Agriculture is arguably the predominant
influence on the Earth’s land surface (Tharme,
2003). Conversion to agriculture has led to
substantial losses of many habitat types and
associated biodiversity (with implications
for ecosystem function) around the world.
In many cropping systems, biodiversity has
been reduced, although productivity has
remained high (Anderson, 1994). The contin-
ued expansion of agricultural monocultures
is seen as a particular driver in the loss of
natural habitats, particularly in developing
countries (Tinker, 1997). However, precise
patterns of land use change (even in the
relatively recent past) can be difficult to
determine and their overall environmental
impacts difficult to analyse (e.g. see examples
given by Hartemink, 2003). None the less,
there is an increasing pressure for the
development of sustainable systems of land
use. The sugar industry has a significant
role to play in this, and biodiversity manage-
ment is one aspect of environmental
sustainability for which it will be held
increasingly accountable (as in Australia –
Woods, 2000).

The cultivation of sugar crops has led to
loss of indigenous biodiversity in many parts
of the world (as demonstrated, for example,
by reductions in species richness associated
with cane growing in Cuba – Vega et al.,
1999). Agricultural activities also threaten
the sustainability of ecosystems, for example
those of the sloping uplands of South-east
Asia, where cane is grown (Garrity, 1993).

Substantial areas have been cleared for cane
cultivation, and in some places its cultivation
continues to expand. As with other forms
of agriculture, particular concern has been
expressed for impacts of cane cultivation on
wetland habitats and the resultant effects
on associated ecosystems such as rivers and
coastal zones (see Box 5.1). It is likely that
only relatively small areas have been cleared
specifically for sugar beet, which was adopted
as a widely grown crop relatively recently
and would often have been grown on areas
already under some form of cultivation.

At a community or species level, most
intensively cultivated agroecosystems are
relatively lacking in biodiversity. Weeds and
pests may provide important resources for
other (non-pest) taxa. Hence, measures to con-
trol them may have knock-on effects for other
taxa, either directly (e.g. through non-target
effects of pesticides) or indirectly (e.g. through
disruption of food chains). Of course, some of
these taxa may be agronomically beneficial,
as natural enemies of weeds and pests. The
importance of the biodiversity of agricultural
systems (agrobiodiversity), its evolution,
function, management and environmental
significance, is reviewed by Wood and Lenne
(1999). One aspect of agrobiodiversity that is
often overlooked is the suite of microorgan-
isms associated with a crop. Most studies
concentrate on particular pathogenic species,
their epidemiology and control. More exten-
sive work is to be encouraged, not least on soil
microorganisms, which play such a critical
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role in ecosystem function, for example in the
turnover of soil organic matter (Burke et al.,
2003). Knowledge of soil microorganisms also
provides for more detailed environmental
impact assessment. Although proxy measures
(such as kinetic respiration analysis – Blago-
datsky et al., 2002) can be used to monitor soil
microbial communities under environmental
change, better characterization of the baseline
community of microorganisms would be
valuable (Colwell, 1992).

The conservation of crop genetic diver-
sity is itself an important consideration. There
is evidence that maintenance of diversity
within the standing crop has agronomic
benefits, and the conservation of cane and beet
germplasm collections is vital. Such collec-
tions form the basis of breeding programmes,
which allow for the development of new
varieties. This is important from both an
agronomic and an environmental perspective.
The development of varieties with increased
resistance to pests and diseases may allow
for reduced pesticide inputs (often as part
of broader integrated pest management
strategies). Varieties which absorb and utilize
nutrients more efficiently may facilitate the
reduction of fertilizer application rates. The
breeding of varieties more tolerant of drought
may contribute to water conservation strate-
gies. A combination of selective breeding
objectives can produce varieties better suited
to local growing conditions, which is effec-
tively a contribution towards precision farm-
ing. Proponents of genetic modification are
keen to stress the potential advantages that
this technology provides in increasing the
scope for breeding programmes, including
the enhancement of varieties in ways that
reduce the environmental impacts of their cul-
tivation. None the less, there remains concern
over the direct and indirect effects of growing
transgenic sugar crops, particularly in relation
to potential negative impacts on biodiversity.
Whether through traditional selective breed-
ing or genetic modification, however, it
should be borne in mind that development
of new varieties can be seen as treating the
symptoms, not the causes, of many challenges
to crop production. Where environmental
constraints to production are exacerbated by
environmental degradation, the development

of new varieties may be less appropriate (and
sustainable) than measures to prevent the
decline in environmental quality (see Berding
and Skinner, 1987; Garside et al., 1997b).

SUGARCANE CULTIVATION

Ecosystem- and Habitat-scale Impacts

Land clearance for sugarcane cultivation

The greatest impact of sugarcane on bio-
diversity undoubtedly arises from the histori-
cal clearance of land for cultivation. This has
had an impact on a wide range of habitat
types in the tropics (and sometimes subtrop-
ics), including rainforest, tropical seasonal
forest, thorn forest, semi-desert scrub and
grass-dominated savannah (Bakker, 1999). In
Puerto Rico alone, cane is grown in irrigated
semi-arid valleys and plains, humid valleys
and plains and humid uplands; for many
years, a traditional use of labour in the
off-season was the clearance of forests and
perennial scrub, before decline in the indus-
try led to reduced acreages (Alexander, 1985).
Johnson et al. (1997) note that cane growing
in Australia has led to the clearance of
large areas of riverine rainforest and riparian
habitats and the loss of some mangroves. The
particular case of wetland habitats like these
is outlined in Box 5.1. In Brazil, significant
areas of cerrado habitat have been lost to
sugarcane cultivation and other agricultural
activities (Araujo et al., 1999).

Land clearance impacts can have a long
history. Inglese (1999) notes how 16th-century
Spanish and Portuguese colonists began
converting land in Latin America for large-
scale cultivation of crops including sugarcane,
fundamentally and permanently altering the
nature of the landscape and the soil. Since the
mid-19th century, when Europeans settled in
the Herbert River catchment in Australia, land
clearance has resulted in a substantial reduc-
tion in the area of Melaleuca spp., rainforest
and Eucalyptus-dominated land cover (John-
son et al., 2000). This has been accompanied by
a marked increase in sugarcane plantations
and a decline in landscape diversity, integrity
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100 Chapter 5

Box 5.1. The particular case of wetlands and riparian habitats.

Agriculture undoubtedly represents the main cause of loss of wetland habitats (Tharme, 2003). Half of the
world’s wetlands have been lost to drainage and conversion to agriculture (60–70% in Europe), and even
protected wetland areas are subject to agricultural impacts. The conversion of natural vegetation to
agricultural crops in major watersheds can have substantial impacts on the wider environment, including
altered rates of rainfall infiltration, flooding and accelerated soil erosion, all of which modify aquatic, soil
and riverine habitats, having an impact on biodiversity (e.g. McNeely, 2003). Natural peatlands also
represent major carbon storage centres, and the conversion of these (and other habitats) to agriculture can
result in substantial releases of carbon dioxide into the atmosphere (van Noordwijk et al., 1997; Page
et al., 2002).

Low-lying and alluvial areas often support rich soils, and enjoy a good natural water supply, so it is not
surprising that river valleys and wetland areas have attracted particular attention as agricultural activities
have expanded. Whilst volcanic soils underpin cane cultivation in some areas, cane is often grown on
alluvial soils (Hartemink, 2003). Clearance of land for cane cultivation has resulted in substantial loss of
coastal wetlands in many areas of Australia (Johnson et al., 1997), including flood-plain habitats like
Melaleuca wetlands (Arthington et al., 1997). A 60% reduction in such habitats occurred in the Johnston
River catchment between 1951 and 1992 (Russell and Hales, 1996). The loss of wetland and river
catchment habitats has also generated concern in other cane growing countries, including South Africa
(Peel and Stalmans, 1999). Agriculture, including cane cultivation, not only threatens the biodiversity of
natural wetlands and associated ecosystems, but can also threaten the traditional cultures and livelihoods
of communities that rely upon them, for example, in the coastal wetlands of Brazil (Diegues, 1991) and
Australia (Johnson et al., 1997).

Riparian habitats in Australia

Large areas of natural riparian vegetation have been cleared in Australian cane growing regions, and
revegetation of stream banks is often due to invasion by exotic weeds that suppress the regeneration of the
original plant community (Johnson et al., 1997). For example, around 45 km of stream bank vegetation
was cleared in the Herbert River catchment, Queensland, between 1990 and 1995 (Perry, 1995). In New
South Wales too, cane is often grown right up to the banks of streams, leaving no natural vegetation
(Arthington et al., 1997).

Natural riparian vegetation plays an important ecological role, providing habitat for wildlife and
influencing water quality, stream morphology and ecosystem dynamics, whilst providing a buffer zone
between agricultural systems and waterways (Arthington et al., 1997). Riparian habitats provide a filter,
reducing sediment loads and agrochemical concentrations in waters running off cane fields. Riparian vege-
tation also provides shading to waterways, which has a significant influence on the biological communities
that develop and persist there. Bunn et al. (1997) found that lack of shading, resulting from the clearance of
natural riparian vegetation, had led to choking of a lowland stream channel by a few, dominant aquatic and
semi-aquatic plants, disrupting the dynamics of the stream ecosystem. Fish can be negatively affected by the
clearance of riparian vegetation, as a consequence of loss of shade and consequent disruption of the food
chain (Arthington et al., 1997). The source of leaf litter entering streams is also important in driving the
dynamics of the aquatic community, and there is evidence that material from sugarcane itself does not
provide the necessary resources that would normally be derived from indigenous, bank-side vegetation
(Bunn et al., 1997). The failure of organic matter from cane leaf litter to be assimilated into the food web in
the normal way may result in a pollution threat as great as that posed by runoff of nutrients from cane fields
(Arthington et al., 1997).

In addition to their wider ecological importance, well-maintained riparian habitats can provide
benefits to agriculture. These include regulation of flooding following heavy rainfall, consolidation of
stream banks (reducing erosion), provision of refuges for beneficial insects and even contributions to the
control of rats and weeds (Arthington et al., 1997).

The Florida Everglades

Throughout the 20th century, expansion of agriculture in Florida resulted in large areas of the northern
Everglades being ‘reclaimed’, with the construction of an elaborate network of levees, canals and dams.
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and ecosystem quality. Agriculture and asso-
ciated environmental degradation can also
have a complex history at any given site. For
example, Conte (1999) discusses the history of
the Mlalo Basin, an upland region in the west
Usambara Mountains, Tanzania. During the
Iron Age, alluvial soils, formed from sedi-
ments deposited by the Usambara Mountain
streams, would have supported sorghum,
millets and pulses. Agricultural intensifica-
tion occurred between AD 800 and 1200, when
farmers adopted other crops, including sugar-
cane, and introduced irrigation. By the 19th
century, the Iron Age landscape had under-
gone several transformations, driven by
cycles of deforestation, regeneration, agri-
culture and demographic change, and soils
were exhausted and eroded.

Whilst the greatest land clearance for
sugarcane cultivation is historical, land has
continued to be cleared in some areas in recent
years. The late 20th century saw a steady
increase in global sugar production, partly
driven by improved agronomic practices and
yields, but also by increased areas under

cultivation. In some cases, this reflected a
switch from other crops, but, in other cases, new
land was cleared. It was during this period, for
example, that natural grassland and associ-
ated habitats were cleared in the Ramu Valley
for the first commercial cultivation of sugar-
cane in Papua New Guinea (Chartres, 1981;
Hartemink, 2003 – see Box 1.2). Power and de
Araujo (1993) concluded that a programme
initiated by the Federal Government in 1975,
to use sugarcane as the raw material for fuel
alcohol production, led to the deforestation of
new areas in the State of Alagoas, Brazil, such
that only 3% of the original rainforest cover
remained. There are also reports of recent land
clearance for agriculture, including sugarcane
cultivation, in other parts of the world,
for example in Sumatra (Gauthier, 1996),
Thailand (Kobayashi, 1996; Fry, 1997) and
Australia (where, increasingly, marginal
areas and those of significant conservation
value are being cleared of natural habitats –
Johnson et al., 1997; Ballantyne, 1998).

Whilst new areas continue to be cleared,
there is an increasing recognition, in some
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This activity led to the establishment of the Everglades Agricultural Area and of the Florida sugar industry,
with nearly 200,000 ha now turned over to cane cultivation, representing about 25% of sugar production
in the USA (Anderson and Rosendahl, 1997). By the end of the century, about half of the original wetland
habitat had been drained, resulting in dramatic declines in biodiversity. For example, wading bird
populations have fallen to about one-tenth of their former size (Schrope, 2001).

In addition to habitat loss, ecosystem impacts of agricultural development in the Everglades include
major redistribution of water flows (e.g. Harwell et al., 1996; Anderson and Rosendahl, 1997) and
subsidence due to shrinkage, compaction and accelerated microbial decomposition of drained soils
(leading to losses of 2.7–4.0 m of surface elevation in the last century, although at decreasing rates in recent
years – Anderson and Rosendahl, 1997). The sugar industry has received much of the blame for such
impacts, and particularly for the effects of nutrient pollution arising from fertilizer use. However, the industry
has placed itself fourth in a list of environmental degradation sources, after water distribution, fire and
invasion of exotic species (Anon., 1992). As with other major areas of sugar production adjacent to sensitive
ecosystems (such as the Great Barrier Reef), it is very difficult to distinguish between impacts arising
from cane cultivation and those derived from other land uses. Overall, the true environmental impact of
sugarcane cultivation in the Everglades remains largely unquantified (Hartemink, 2003). None the less,
research has been conducted to investigate the dynamics of (particularly N and P) pollution here, and to
develop best management practices (BMPs) for cane cultivation to reduce impacts (Capone et al., 1995;
Izuno et al., 1995; Thomas et al., 1995; Anderson and Rosendahl, 1997, 1998; Hossain, 1998; Ivanoff et al.,
1998; Rice and Izuno, 1998; Stuck et al., 2001; Rice et al., 2002).

Policies that once favoured development are now being reversed, with increasing emphasis on the
restoration of natural ecosystems and alternative forms of agriculture (Anderson and Rosendahl, 1997;
Snyder et al., 1999). However, arguments over the best way to proceed with proposed, major restoration
projects reveal a lack of detailed understanding of the functional dynamics of the original ecosystem, and of
the specific roles played by ongoing agricultural impacts (such as N and P pollution) in its degradation and
that of adjacent ecosystems like Florida Bay and the Florida Keys (Schrope, 2001).
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parts of the world, of the need to protect
natural habitats against the impacts of cane
cultivation. SASA (2002) notes that, in South
Africa, regulations apply to the cultivation of
virgin land and that adjacent to certain natural
habitats, and natural wetlands are protected
from drainage and cultivation. Similarly,
protection for riparian habitats is emerging
in Australia (Arthington et al., 1997).

In some areas, however, land has been
taken out of intensive cane monoculture and
converted to systems of agriculture that have
greater potential sustainability and benefits
to the local community (e.g. Mulkins, 2000)
or allowed to revert to natural habitats. Unfor-
tunately, the environmental damage that has
already occurred can inhibit their return
to a natural condition. Land clearance itself
can promote soil salinization (Ghassemi et al.,
1995), and agricultural activities can lead
to eutrophication of wetlands. Kent et al.
(2000) note that eutrophic wetlands, such
as those released from sugarcane cultivation
in Puerto Rico and elsewhere, may be in a
state of marshy, arrested succession because
of a lack of forest species adapted for rapid
reforestation of nutrient-rich habitat. SASA
(2002) notes that remedial measures, such
as removal of invasive species and closure
of agricultural drains, may be required to
promote the re-establishment of natural
vegetation when wet agricultural land is
abandoned and allowed to revert to natural
habitat.

Impacts of ongoing cultivation practices

SASA (2002) recognizes that all natural (and
cultural) assets, including uncultivated areas,
of the farm form part of a natural resource
(ecosystem) that can be utilized, but which
needs to be appropriately managed, prefera-
bly through the development of a manage-
ment plan. In South Africa, government
programmes exist for the formal recognition
of natural heritage sites and sites of conser-
vation significance, both of which provide
vehicles for the encouragement of environ-
mental conservation by non-governmental
organizations and landowners.

Fragments of natural habitats

SASA (2002) suggests that uncultivated areas
of the cane farm should be mapped (accord-
ing to a recognized habitat classification
system), as part of the development of
a management plan; natural habitats can
be restored on areas of degraded land,
providing wildlife corridors, a function also
served by well-maintained watercourses. In
a number of sugarcane cultivation systems,
fragments of natural habitats persist within
the agricultural landscape, and these can
represent important refugia for indigenous
biodiversity. Examples are given by Arthing-
ton et al. (1997) of the value of remnant
wetland habitats (such as bulkuru sedge
swamps) in the coastal zone of the Tully–
Murray catchment in Australia, which pro-
vide nursery grounds for fish and support
important bird populations. Martin and
Catterall (2001) found that fragmented
remnants of coastal heathland amid cane
growing areas in New South Wales were also
important for birds. Heathland fragments of
500 ha contained high densities of ‘natural-
vegetation-dependent’ bird species, many of
which were also found in heathland frag-
ments down to 5 ha in area. However, Martin
and Catterall (2001) suggest that the botanical
character of smaller (tens of hectares) heath-
land fragments is unlikely to survive, given
the degree of environmental change in the
surrounding agricultural landscape, leading
to longer-term declines in bird populations.
Amador and Viana (2000) express similar
concern for forest remnants in the plateau
region of São Paulo, Brazil, and urge active
restoration of such fragments of natural habi-
tats. These authors report on experimental
restoration work undertaken in patches of
forest on a sugarcane plantation at Piracicaba.
The importance to avian biodiversity of such
forest fragments in the sugarcane growing
landscape of São Paulo is demonstrated by
bird surveys reported by Willis and Oniki
(2002). Also in São Paulo, Araujo et al. (1999)
showed that botanical diversity was similar
in a 20 ha fragment of cerrado habitat which
persisted in an agricultural area including
sugarcane, and which had been designated
a reserve in 1994, to that measured in other
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cerrado areas. Other biodiversity studies
encompassing fragments of natural vegeta-
tion within cane growing areas include that
of Moron et al. (1998), who studied the
scarabaeid beetle fauna of Nayarit, Mexico,
in sugarcane fields with remnants of tropical
deciduous forest and oak forest.

Important questions over conservation
mangement arise where relatively large areas
of natural habitats survive in agricultural
landscapes, including those that support
sugarcane cultivation. For example, Sawarkar
(2000) considers Terai grassland ecosystems
in Uttar Pradesh, India. The conservation
value of these ecosystems has been increas-
ingly recognized and, of approximately
11,200 km2 of Terai grassland, 19% is now
included in Protected Areas. The Dudwa
National Park (490 km2), the Kishanpur Wild-
life Sanctuary (204 km2) and the Katerniaghat
Wildlife Sanctuary (400 km2) support 12
major vegetation communities and contain at
least 24 plant, 12 mammal, 29 bird and five
reptile species of conservation importance.
The Dudwa National Park has a reintroduced
population of Rhinoceros unicornis, and
Katerniaghat is contiguous with the Royal
Bardia National Park, Nepal. The Protected
Areas are situated within a landscape of
Shorea robusta-dominated forests, sugarcane
and paddy-fields, scattered hamlets and
small townships and thus have a large inter-
face (and some conflicts) with a variety of
human activities. Wildlife management plans
typically address the Protected Areas alone,
and forest work plans address only the man-
aged forest. Sawarkar (2000) contends that an
integrated landscape approach, encompass-
ing all elements of land use in an holistic
manner, is required if the ecological interests
of the Terai grassland ecosystem are to be
secured.

Diverse agriculture is a good thing

Intensification does not tend to promote
diverse agroecosystems, which may persist
where options for intensification are limited
or where economic conditions favour alter-
native approaches. In a study in mixed agro-
ecosystems (including sugarcane cultivation)
in Veracruz, Mexico, Gallardo-Lopez et al.

(2002) concluded that farmers with smaller
farms, and with no access to irrigation,
designed their agroecosystem structure and
management in accordance with available
resources and high subsistence usage, result-
ing in higher agricultural diversity. Although
diverse agroecosystems (particularly those
with fragments of natural habitats) are some-
times seen as providing for reservoirs of pest
species, there is evidence that the opposite
is true. Baliddawa (1985) reviewed literature
on the effects of plant species diversity on
crop pests, including those of sugarcane, and
noted that populations of several pests were
found to be depressed in situations where
crop and/or weed diversity was relatively
high. In some cases, such effects may be due
to enhanced diversity and abundance of pest
natural enemies in relatively diverse agroeco-
systems. For example, Salman et al. (1978)
compared cane fields at two localities in
Upper Egypt, and found much greater
numbers of predacious arthropods (mostly
spiders and coccinellid beetles) in the more
diversified ecosystem. Garside et al. (1997b)
note that there are potential agronomic
advantages in maintaining diversity within
the standing crop itself; domination of large
cane growing areas by single varieties in
Australia has led to serious problems
with disease outbreaks. Indeed, Birch (1997)
observes that genetic uniformity, even at the
level of a single gene present in all varieties,
can create problems if it leads to unforeseen
disease susceptibility, citing such an example
from maize cultivation in the USA in 1970
(see Zadoks and Schein, 1979).

SASA (2002) notes that, in addition
to appropriate management of uncultivated
land for conservation purposes, it may be
possible for cane farmers to develop public
recreational areas within the farm landscape.
Although this has potential costs, in terms of
provision (and maintenance) of facilities, it
can also act as a tangible demonstration of the
farmer’s commitment to the conservation of
natural resources, particularly if accompanied
by the installation of signboards, maps, etc.
Access may need to be restricted at certain
times of year (for protection of fire-prone
areas, for example), but provision of facilities
for activities such as fishing, hiking and
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mountain biking can enhance the relationship
between the farmer and the wider commu-
nity, as well as demonstrating environmental
credentials, particularly if this is done in
collaboration with local interest and conserva-
tion groups. Although these specific examples
apply to South African (and possible cultur-
ally similar) situations, they illustrate mea-
sures that can be taken in the management
of the farm landscape which recognize the
importance of the human dimension. Some
studies indicate that local communities may
wish to see natural habitats preserved within a
cane growing landscape (e.g. Mallawaarachchi
and Quiggin, 2001; Mallawaarachchi et al.,
2001).

Community- and Species-level Impacts
of Ongoing Cultivation Practices

Papua New Guinea is considered to be the
centre of origin of sugarcane, and is likely
also to host a suite of species that have
co-evolved with the ancestors of the crop
plant. In this respect, Papua New Guinea
is special in relation to cane-associated
biodiversity, although it also means that
the local sugar industry faces particular
challenges from pests, diseases and weeds,
many of which are indigenous (Hartemink
and Kuniata, 1996; Kuniata et al., 2001;
Magarey et al., 2002). In the majority of cane
growing areas, where the plant is not indige-
nous, a complex of associated organisms
develops (which will be considered pests,
diseases and weeds, if they impair crop
production). Species from adjacent habitats
will also be expected to use cane fields, to
varying extents.

Plants

Alexander (1985) suggests that the growth
of many weed species in cane fields is
likely to be suppressed by the highly
competitive crop plant, particularly when
the crop canopy is closed. Thus the cane
field will be vulnerable to most weeds only
when there are gaps in the mature canopy,

and particularly during periods when the
soil surface is exposed (between harvest
and the establishment of a new mature crop).
None the less, there is evidence that sugar-
cane is a relatively poor competitor against
weeds, including in Papua New Guinea
(see above) (Hartemink and Kuniata, 1996).
Assessment of weed diversity in cane culti-
vation may be complicated by differences
between species found in the seed bank
and those that dominate after emergence (as
observed in Sri Lanka by Witharama et al.,
1997).

The botanical significance of cane
farming areas may be influenced by the
presence of rare indigenous species or of
invasive alien species that threaten other
habitats. SASA (2002) urges that the various
plant species that occur on a farm be recorded
and measures taken to ensure the survival
of rare or endangered species and to control
invasive species. Examples of the latter
which pose a serious threat to the
environment in South Africa include triffid
weed (Chromolaena odorata), tickberry (Lantana
camara), Barbados gooseberry (Pereskia
aculeata), bugweed (Solanum mauritianum),
sesbania (Sesbania punicea), Mauritius thorn
(Caesalpinia decapetala) and inkberry (Cestrum
laevigatum).

The appropriate management of vege-
tation in the vicinity of the cane crop can
promote beneficial insects, which may act
to suppress pest numbers, as well as contrib-
uting to wider enhancement of biodiversity
(see below).

Vertebrates

Avian biodiversity has been shown to be very
low in cane fields. Petit et al. (1999) studied
bird communities of 11 natural and modified
habitat types, across a gradient from exten-
sive forest to intensive agricultural land, in
central Panama. They found that sugarcane
plantations and introduced Pinus caribaea
woodlands supported the fewest species
compared to all other habitats, including rice
fields, actively grazed pastures and residen-
tial areas. Natural wooded habitats generally
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supported the most species and individuals.
Willis and Oniki (2002) also demonstrated the
importance of natural woodland for birds
in a landscape otherwise dominated by
sugarcane cultivation in Brazil. Martin and
Catterall (2001) found that cane fields
supported very few bird species relative
to surviving fragments of heathland (and
residential areas) in coastal New South
Wales, Australia.

Rats represent a particular vertebrate
pest problem in many cane growing areas,
and various control measures have been
explored, some of which have had a nega-
tively impact on indigenous biodiversity,
notably historical introductions of the mon-
goose. Integrated strategies (as explored in
India, for example – Srivastava, 1998) may
provide more environmentally acceptable
methods. Given that preharvest cane burning
has been justified as a means of reducing
the risk of snake bite where the crop is cut
by hand, it seems likely that cane fields also
provide useful habitat for reptiles in some
areas. (Perhaps rat–snake–mongoose inter-
actions would provide an interesting area
for ecological study in some cane cultivation
systems.) Whilst noting that forest remnants
can act as reservoirs for pest vertebrates
(including rats, but also pigs, monkeys, birds
and deer) in a recently developed agricultural
landscape in Sumatra, Gauthier (1996) found
that areas where greater numbers (and diver-
sity) of trees were actively planted as part of
the agroecosystem were less affected by these
pests.

SASA (2002) notes that wildlife (perhaps
exemplified by vertebrate) populations pro-
vide important indicators of the effectiveness
with which the farm ecosystem is managed.
This can be formalized by regular censuses
of such populations, in combination with
specific measures to protect rare species from
hunters and poachers. Ideally, the fauna of
the cane farm (including, for example, nesting
sites of important bird species) should be
recorded as part of the development of a
management plan. Farm workers should be
encouraged to treat wildlife with respect, and
(for example) should be discouraged from
attacking and killing wildlife during cane
harvesting operations.

Invertebrates

Studies of invertebrates in cane fields often
focus on pest species and their natural
enemies. The complex of invertebrates found
feeding directly on sugarcane outside its
native range will be made up primarily of
indigenous species that have adapted to the
introduced plant (Strong et al., 1977) and
other species imported (generally acciden-
tally) from around the world. Charleston et al.
(2003) note that in 1950 (around 100 years
after its commercial introduction to South
Africa) sugarcane growing in southern
African countries had at least 33 species of
indigenous insects feeding on it. Although
a few more records have now been added
and a small number of non-native species
also feed on the plant, only two insect species
(both indigenous) constitute major cane
pests in South Africa. However, the length
of time over which cane has been cultivated
at a given locality is much less important
in determining the number of arthropod
herbivores associated with the crop than the
size of area over which it is cultivated (Strong
et al., 1977).

The diversity of invertebrates in cane
fields can be considerable. For example,
in studies in China, Zhang (1989) collected
1035 spiders belonging to 58 species and 11
families, whilst in Brazil, Rinaldi et al. (2002)
collected a total of 1291 spiders belonging
to 73 species and 20 families. In studies of
edaphic beetles in sugarcane in Cuba, Padiz
and Garcia (1997) collected representatives of
38 species from 15 families, the greatest beetle
density and biomass being concentrated in
the first 10 cm of soil. In some cases, diversity
of particular taxa may be greater in the crop
than in surrounding vegetation (as found
for cicadellid leafhoppers in Cuba – Hidalgo-
Gato et al., 1999), although this may apply
principally to pest taxa and situations where
adjacent habitats are highly disturbed.

Invertebrate diversity may be signifi-
cantly enhanced by the presence of fragments
of natural habitats in the sugarcane cultiva-
tion landscape. Such an effect probably con-
tributed to the findings of Moron et al. (1998),
who collected scarabaeid beetles representing
122 species and 11 subfamilies in sugarcane
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fields with remnants of tropical deciduous
forest and oak forest in Mexico. In Hawaii,
Topham and Beardsley (1975) found that
populations of Lixophaga sphenophori (a cane
weevil parasite) were enhanced where field
margins contained plants which could act
as nectar sources. Continuous elimination
of such plants with herbicides resulted in
a decrease in populations of the parasite,
compromising its potential as a biological
control agent against the weevil.

A significant proportion of the inverte-
brate diversity (of particular taxa) in cane
fields may be accounted for by alien species,
some of which may show invasive dynamics.
Haynes et al. (2003) found that earthworm
communities in agricultural soils (including
those under sugarcane) in South Africa were
dominated by exotic species accidentally
introduced from Europe, India and West
Africa. Cherry (2003) found that pitfall trap
catches of arthropod ground predators in
sugarcane fields in Florida were dominated
by the imported red fire ant, Solenopsis invicta.
This is a highly problematic invasive species,
although its predatory zeal can be exploited
in crop systems to counter potential pest
outbreaks. For example, Ali et al. (1984)
examined the influence of selected weedy
and weed-free sugarcane habitats on diet
composition and foraging activity of S. invicta
in Louisiana, and concluded that S. invicta
population levels could be enhanced through
judicious vegetation management.

Specific cultivation practices can be
a major factor influencing patterns of
invertebrate agrobiodiveristy. Haynes et al.
(2003) found that earthworm numbers were
relatively low (< 60/m2 vs. 230–310/m2 under
permanent pasture), as were soil organic
matter content and microbial biomass, in
soils under conventional tillage sugarcane
cultivation in South Africa. In studies of
the pantropical earthworm Pontoscolex core-
thrurus in soils under cane in north-eastern
Queensland, Spain et al. (1990) found that
populations were substantially increased
where harvest residues were retained as a
surface mulch or mechanically incorporated
into the topsoil, relative to situations where
residues were burned. Srikanth et al. (1997)
examined the impact of cultural practices,

irrigation and postharvest trash burning
on spider abundance in sugarcane at
Coimbatore, Tamil Nadu, India. Exclusion
of selected cultural practices (manual weed
control, earthing up and three detrashing
operations) significantly increased spider
populations in the later stages of crop
development, particularly the soil-associated
Hippasa greenalliae. In comparisons of furrow,
surface drip and subsurface drip irrigation,
furrow irrigation disturbed the spiders most
and subsurface drip least. Postharvest trash
burning reduced spider numbers to 13.5% of
pre-treatment levels (numbers recovered to
65% of pre-treatment levels within 3 weeks).
In Florida, Cherry (2003) found that cane
harvesting itself did not affect pitfall trap
catches of arthropod ground predators, but
that replanting reduced arthropod catches
for 5–6 months. This suggests that, for most
of its 3–5 year crop cycle, Florida sugarcane
is a stable ecosystem at ground level for
arthropod ground predators.

Microorganisms

Aoki and Salleh (2001) consider the diversity
of fungal communities found on sugarcane
and rice plants in Malaysia, and Mohawed
et al. (1999) studied seasonal fluctuations of
soil and root surface fungi of sugarcane in
Upper Egypt. The latter study identified a
total of 73 species and five varieties repre-
senting 33 genera, and monthly counts of
these fungi fluctuated irregularly. Ingleby
et al. (2000) found that the ectomycorrhizal
inoculum potential (MIP) of soils from forest
restoration sites in South Vietnam was much
lower where sugarcane and rice had previ-
ously been cultivated than under wooded
habitats. Declerck et al. (1998) report on
experiments with arbuscular mycorrhizal
(AM) fungi, isolated from the rhizosphere of
bananas and sugarcane.

Burke et al. (2003) studied soil micro-
organisms found under natural habitats
and tropical agriculture (including sugarcane
cultivation), and found that soil type mainly
determined the relative proportions of Gram-
positive versus Gram-negative bacteria,
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whereas land use primarily determined the
relative proportion of fungi, protozoa and
actinomycetes versus other types of micro-
organisms. Significantly lower microbial bio-
mass has been found in soils under long-term
sugarcane cultivation than in soils at new land
sites in Australia (McGarry et al., 1996; Garside
et al., 1997a,b; Holt and Mayer, 1998). Dominy
et al. (2001) found a decrease in both soil
microbial biomass C and basal respiration
under continuous sugarcane cultivation in
KwaZulu-Natal, and associated this with a
decline in soil organic matter.

Pankhurst et al. (2000) compared the
diversity of bacterial populations in the
rhizosphere of sugarcane growing in parts
of the Burdekin (Queensland, Australia) that
had been under continuous cane with mini-
mal breaks for more than 20 years and those
that had been taken out of cane and rotated to
pasture and bare fallow for 3.5 years. Isolates
from 25 different bacterial genera were
identified. Bacterial diversity in soil under
continuous cane cultivation was greater than
that in the rhizosphere under rotation. Several
genera, including Acidovorax and Clavibacter
(which contain known plant pathogens), were
present in the continuous cane rhizosphere,
but not in soils under rotation. Conversely,
soils under rotation yielded higher numbers
of bacteria (notably Pseudomonas spp.) that
were inhibitory to the growth of Pachymetra
chaunorhiza and Pythium graminicola in a
laboratory bioassay.

Impacts of transgenic sugarcane

Birch (1997) reviewed opportunities and
limitations in relation to transgenic sugar-
cane, noting that the first field trials of such
plants commenced in 1996, and that genetic
modification had been used to confer on cane
plants resistance to several major diseases,
insect pests (e.g. see also Meyer et al., 2000;
Setamou et al., 2002; Tomov et al., 2003) and
a herbicide. Further applications of the tech-
nology were predicted, providing environ-
mental and consumer benefits. Smith (1997)
considered opportunities for using genetic
manipulation to improve the uptake and

utilization of nutrients, predicting that such
developments might reduce environmental
impacts associated with high levels of
inorganic fertilizer use in cane cultivation.
Allsopp and Manners (1997) considered
opportunities for transgenesis to control dis-
ease problems in cane, acknowledging that
one concern over this technology relates to
the use of genes from pathogenic viruses and
the risk that they might recombine with other
viruses (a phenomenon demonstrated in
laboratory studies – Greene and Allison,
1994).

Sugarcane genetic resources

Some benefits of maintaining diversity within
the cane crop itself are highlighted above.
The maintenance of cane genetic resources
in germplasm collections (Balakrishnan et al.,
2000; Tai and Miller, 2001, 2002; Balakrishnan
and Nair, 2003) provides a vital facility for
cane breeding programmes (Ramdoyal et al.,
2003). Germplasm collections have been sup-
ported by surveys of cane genetic resources,
both in areas where the plant has been
domesticated for some time (Kwon-Ndung
et al., 2000; Nair and Somarajan, 2003) and
in Papua New Guinea, its centre of origin
(Magarey et al., 2003).

SUGAR BEET CULTIVATION

Ecosystem- and Habitat-scale Impacts

Land clearance for cultivation

It is likely that only very small areas have
been cleared specifically for the cultivation of
beet, relative to land clearance for cane, as
the crop has only been cultivated relatively
recently and in many cases has been grown
on land that was already under some other
form of cultivation. Consequently, published
examples of such environmental impacts of
sugar beet cultivation on natural habitats
are relatively few. Sluyter (1998) provides
one example, examining historical landscape
changes in central Mexico. It had been argued
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that the agriculture of indigenous people was
responsible for environmental degradation
or that this accompanied the introduction
of livestock by Spanish settlers in the 16th
century. However, Sluyter (1998) contends
that even high densities of livestock farmed
between the 16th and 19th centuries were
probably managed in such a way that over-
grazing was avoided. Instead, it is suggested
that agrarian reform, introduction of
drainage and irrigation and the cultivation
of sugar beet later in 19th century may
have been responsible for greater levels of
environmental degradation.

Impacts of ongoing cultivation

There is little available information on
the impacts of ongoing beet cultivation
on ecosystems and habitats, except where
outlined in other sections of this review.

Diverse agriculture is a good thing

The general issue of diversity in land use
in agricultural systems is discussed in more
detail in relation to the cultivation of cane.
In the UK, reduction in crop diversity is
considered to have contributed to recent
declines in the wider biodiversity of farm-
land, notably bird populations (Defra, 2002).
Sugar beet is typically grown as part of a
crop rotation and is therefore already part
of a relatively diversified system of agri-
culture, which has environmental benefits
over less diverse systems (e.g. Bramm, 1988).
Where beet is included in the rotation, these
benefits include reductions in agrochemical
inputs during other phases of the rotation (by
interrupting a potential build-up in pests/
diseases associated with other crops and by
contributing organic matter to the soil in the
form of root fragments and leaf material),
as well as directly providing resources
for farmland birds and other species (Defra,
2002). There is evidence that further increases
to the diversity of crops (in space and time)
would enhance sustainability in beet
cultivation systems (Boinchan and Lykov,
1999).

Community- and Species-level Impacts
of Ongoing Cultivation Practices

Many studies concentrate on the impacts
of ongoing cultivation on particular broad
taxonomic groups, but some consider a wider
range of taxa. For example, Heijbroek and
van de Bund’s (1982) report on a long-term
field experiment to examine the influence of
crop rotation, insecticides and herbicides
on soil arthropods, nematodes, soil fungi
and weeds. Such multi-trophic studies have
become more common in recent years. In
particular, the use of pesticides in sugar beet
cultivation can present risks to terrestrial
and aquatic non-target species, and large
variations in pesticide use have been found
between farmers (e.g. de Snoo et al., 1997).
Reduced pesticide inputs in sugar beet
cultivation systems can result in increased
biodiversity across taxa (Esbjerg, 1998).

Plants

Weeds can be a serious agronomic concern
in sugar beet crops. For example, El Antri
(2001) reports that weeds, if uncontrolled, can
reduce beet yields in Morocco by over 80%.
Conversely, however, Covarelli and Onofri
(1998) found sugar beet yields reduced by
< 2.5% in central Italy where weeds were not
removed. In the UK, Defra (2002) notes that
efforts to control weeds in beet fields often
tend to be most intense whilst the crop is
becoming established, but (given the nature
of the crop) control of broad-leaved weeds is
relatively difficult. Consequently, beet fields
tend to support more such weeds than cereal
fields, and this is an important aspect of
the biodiversity value of beet cultivation.
Increased numbers of weeds result in larger
numbers of invertebrates, which (along with
weed seeds) provide an important resource
for farmland birds (see below). Ishikawa and
Takenaka (2002) recorded 24 weed species in
sugar beet fields in Japan.

In general, it has been found that
increasing intensity of agricultural practices
leads to a reduced diversity of plants amongst
the weed community. In agricultural systems
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including sugar beet cultivation in Spain
and Morocco, Deil and Sundermeier (1992)
concluded that traditional farming methods
resulted in an intermingling of weeds, fallow
species and subnitrophilous ruderal thero-
phytes, whilst modern tilling techniques
decreased both weed diversity (by 48 and 22
species/field in Morocco and Spain, respec-
tively) and abundance. It was suggested that
agropastoral phytocoenoses are disappearing
in Spain. Barberi et al. (1995) also found a
reduction in weed diversity with intensifica-
tion of cultural practices in arable cultivation
including sugar beet, particularly under high-
input cropping systems. Von Bernhardt et al.
(1991) found a high proportion of nitrophilous
species amongst emergent weeds of maize
and beet fields in the Osnabruck district
(Germany), and attributed this to the use of N
fertilizers. In this study, species belonging
to the Chenopodietea and Secalietea were
promoted by extensive cultivation (mostly
hoeing), whilst intensive (cultural or chemi-
cal) weed control led to a reduction in species
diversity. In relation to pesticide use in gen-
eral, preliminary results from Esbjerg (1998)
in Denmark suggest that, in a spring barley,
winter wheat and sugar beet cultivation
system, reduced dosages of herbicides and
insecticides (1/4 and 1/2 compared with 1/1)
rapidly resulted in significantly increased
density and diversity of wild plants.

The seed bank is an important store
of botanical diversity in arable cultivation
systems, although von Bernhardt et al. (1991)
found considerable differences between the
species content of the seed bank and that of
the weed cover of maize and beet fields in the
Osnabruck district. Holub (1994) studied the
vertical structure of the seed bank below
wheat, sugar beet and lucerne at Tuchoraz
(Czech Republic), and found that most seeds
occurred in the top 30 cm of the soil, although
under annual crops diversity and abundance
of seeds were reduced in the uppermost
0.5 cm. In north-eastern Italy, Cantele and
Zanin (1992) assessed the influence of crop
rotation, irrigation and fertilizer use on the
seed bank in the cultivated soil layer (0–35 cm).
The average seed count was 7190/m2, with
peak values found under sugar beet (5482)
and lucerne (8341) in the second year of a

6-year rotation. Different rotations did not
greatly influence seed bank composition, but
(generally) the shorter the rotation length the
greater the augmentation of the seed bank.
Irrigation did not affect the seed bank, while
fertilizer applications enhanced the emer-
gence of some species and suppressed that of
others.

Crop edges and field margins can be
important habitats for non-crop plants. In the
Netherlands, de Snoo (1997) and de Snoo and
van der Poll (1999) examined the arable flora
on the edges of winter wheat, sugar beet and
potato fields and on adjacent ditch banks.
Edges were sprayed or unsprayed with herbi-
cides and insecticides over 4 years. Leaving
3–6 m wide edges unsprayed increased the
frequency and abundance of (mainly dico-
tyledonous) plants by factors of 4.8–12.1 and
1.5–2.7, respectively. Although the majority of
the plants were common farmland species,
there was a major enhancement of the floristic
value of the unsprayed fields. In the sprayed
centres of fields, frequency and abundance of
farmland plants (and overall floristic value)
were consistently lower than in sprayed and
unsprayed edges. On adjacent ditch banks,
potentially vulnerable to spray drift, only
along the unsprayed winter wheat crop did
the diversity and cover of dicotyledons (and
floristic value) increase, with 65 species found
compared to 50 on banks adjacent to sprayed
edges, including a number that were found
nowhere else in the study. The differences in
ditch-bank vegetation associated with differ-
ent crops were explained by differences in
herbicides, dosages and spraying methods.
However, leaving the crop edges unsprayed
significantly decreased crop cover in sugar
beet, but not other crops.

Vertebrates

As noted above, the weed community associ-
ated with beet fields provides a valuable
resource for farmland birds in the UK. Defra
(2002) reports that cereal stubbles from the
preceding crop (particularly where these are
not treated with herbicides) are another fea-
ture of beet cultivation systems that favours
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birds, for example, providing winter habitat
for seed-feeding species such as finches and
buntings. The open structure of the new beet
crop in spring provides opportunities for
ground nesting species such as stone-curlew,
lapwing and skylark. Late-harvested beet fields
also provide valuable winter habitat for birds,
and postharvest fields (particularly where
tops are retained) provide feeding grounds
for many species, including pink-footed geese,
swans, skylarks, golden plover, lapwing,
pied wagtail and meadow pipit. Between a
quarter and a third of the world’s pink-footed
goose population use postharvest beet fields
in eastern England in this way.

Invertebrates

As noted above, the weed community and
other aspects of the cultivation system in beet
fields provide a valuable resource for farm-
land birds in the UK. This is partly a conse-
quence of the invertebrate populations that
develop in these situations (Defra, 2002).
Peaks in invertebrate abundance are often
strongly seasonal or resource dependent (e.g.
aphids – Bennewicz et al., 2001) and/or sig-
nificantly influenced by climatic conditions
and reproductive strategy (e.g. carabid bee-
tles – Varis et al., 1984). Spatial scale is also
important, as particular taxa may be very
localized in agricultural habitats (e.g.
Kinnunen et al., 2001).

Studies in sugar beet cultivation systems
indicate that, at a landscape scale, invertebrate
diversity is generally enhanced by environ-
mental heterogeneity, including the presence
of fragments of natural habitats, for example
in Hungary (Ferenc et al., 1998), the Nether-
lands (Booij and Noorlander, 1992) and the
UK (Bedford and Usher, 1994). At the field
scale, diversity and abundance of particular
invertebrate taxa may vary considerably
according to habitat and crop type. In Switzer-
land, Salveter (1998) found that 40% of hover-
fly species occurred exclusively in a single
habitat (either in forests, herb strips or apple
orchards). Natural wooded habitats sup-
ported a particularly distinct fauna, an obser-
vation also made for carabid beetles and

spiders in a UK agroecosystem (Bedford and
Usher, 1994). However, for particular taxa,
greatest abundance is not necessarily found in
natural or semi-natural habitats, but may be
associated with a particular crop. For exam-
ple, in Hungary, Ferenc et al. (1998) found that
abundance of carabid beetles was generally
higher under winter wheat, pea and rape, but
lower under sugar beet and in forest strips. In
Belgium, Baguette and Hance (1997) found
that crop type significantly influenced the
diversity of carabid beetle assemblages in
mixed arable fields including sugar beet. In
Finland, Varis et al. (1984) also found that
carabid numbers were affected by crop cover,
with diversity greater under sugar beet and
cabbage than under timothy grass. In the
Netherlands, Booij and Noorlander (1992)
related the influence of crop type on inverte-
brate diversity and abundance to crop growth
characteristics. In a study of predatory
carabids, staphylinids and spiders, these
authors concluded that crops with greater
cover early in the season, such as winter wheat
and peas, were more favourable than late,
open crops, such as onions or carrots.

The characteristics of field margins and
adjacent land parcels are important influences
on invertebrate diversity and populations in
sugar beet cultivation systems. Invertebrate
diversity can be greatest at the interface of nat-
ural and cultivated habitats, because this zone
supports a mixture of the relatively distinct
fauna associated with either habitat type (e.g.
Bedford and Usher, 1994). In central Poland,
Kaczorowski and Debek-Jankowska (1997)
found that diversity and abundance of insects
(particularly predatory carabids and hover-
flies and parasitic Hymenoptera) was greater
on the boundary of sugar beet fields than in
adjacent fields. Closer scrutiny of field mar-
gins (different types of ditches, hedges and
forest edges) revealed significant differences
in diversity and abundance of hoverflies.
Structural characteristics appeared to be
important, as field margins with low
vegetation (ditches) had higher numbers of
hoverflies than other sites, as was the diversity
of plant species present.

Levels of farm management intensity have
been found to influence invertebrate diversity
and abundance in sugar beet cultivation
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systems. In the UK, Buchs et al. (1997) found a
general reduction of arthropod productivity
with increasing intensity of crop management,
but very different (and sometimes opposite)
reactions at the species level, depending on
life history characteristics. Certain pest spe-
cies were enhanced by an increasing intensity
of crop management, whilst (due to harvest
and tillage procedures) some beneficial insects
failed to build up stable populations in the
crop, but did so in long-term set-aside (fallow)
areas. Weiss et al. (1997) also found set-aside
areas to be beneficial to spider diversity in an
arable farming system including sugar beet.
Booij and Noorlander (1992) studied preda-
tory carabids, staphylinids and spiders under
conventional, integrated and organic farming
systems in the Netherlands, and found that
abundance and diversity were clearly affected
by farming system, although in most cases
the type of crop appeared to be of greater
importance at the field scale. In Lithuania,
Saluchaite (2000) compared bio-organic, inte-
grated and intensive cropping systems and
found greater beetle diversity and abundance
on organic sites than on intensive sites. The
adoption of more environmentally sustain-
able systems of agriculture, such as integrated
farming systems, has also been shown to
benefit the general soil fauna of sugar beet
fields (e.g. El-Titi and Landes, 1990).

The typical cultivation of sugar beet
as part of a crop rotation rather than by
continuous planting in the same plots also
has beneficial effects on invertebrate diver-
sity. Heijbroek and van de Bund (1982) found
greater soil arthropod abundance and diver-
sity in fields under a sugar beet/winter wheat
rotation than in continuous beet. There was
no difference in levels of damage caused by
soil pests, but different species became pre-
dominant under rotation/continuous beet.

Specific farm management activities, such
as application of manures and weed manage-
ment practices, are also known to influence
invertebrate biodiversity in sugar beet culti-
vation systems, as is the timing of cultivation
practices. In some cases, application of inor-
ganic fertilizers has been shown to have nega-
tive effects on insect diversity in sugar beet
crops (e.g. Venegas and Aguilar, 1992). Curry
and Purvis (1982) and Purvis and Curry (1984)

investigated the influence of surface-applied
farmyard manure and weeds on the distribu-
tion and abundance of selected arthropod taxa
in sugar beet fields in the Irish Republic.
Manuring enhanced numbers of soil Collem-
bola, and resulted in a rapid but temporary
increase in diversity of ground-dwelling arthro-
pods and numbers of common predatory
carabid beetles. Compared with plots treated
with herbicides, weedy plots supported
greater numbers of soil Collembola, enhanced
diversity and abundance of other taxa (detri-
tivores, weed-specific herbivores, predatory
staphylinid beetles and parasitic Hymenop-
tera) and considerably smaller numbers of
the pest aphid Aphis fabae. In crop rotations,
Purvis et al. (2001) found that timing of culti-
vation (spring versus autumn), and micro-
climatic effects arising from the establishment
of a crop canopy were notable influences on
carabid beetle assemblages. In Belgium, Hance
and Gregoire-Wibo (1987) found that manur-
ing enhanced the diversity and abundance of
carabid beetles. Cultivation and soil incorpo-
ration of green manures had an even greater
positive effect. Spring-breeding carabids, with
overwintering adults, were very sensitive to
autumn ploughing and bare soil in winter.

Other studies also demonstrate the
importance to invertebrate biodiversity of cul-
tivation practices which have direct impacts
on the soil. Baguette and Hance (1997) note
that deep ploughing drastically changes soil
structure, and is probably one of the most dis-
turbing agricultural practices for soil fauna. In
Belgium, they found that ploughing increased
the abundance of the dominant carabid spe-
cies (Pterostichus melanarius), while reduced or
no tillage increased the abundance of other
carabids. Soil compaction may particularly
affect invertebrates in the upper strata of the
soil, where numbers of certain invertebrates
are greatest. Heisler (1994) considered the
effects of soil compaction on springtails
(Collembola) and predatory mites in the
top 15 cm of soil in a German arable system
including sugar beet. Species abundance was
reduced on loaded plots, especially on the
wheel track, where springtail density was just
30% (and mite density 60%) of that found in
unloaded plots. Diversity of both groups was
also negatively affected by mechanical loads.
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Insecticide application clearly has the
potential to negatively affect invertebrate
biodiversity, although use of appropriate
active ingredients, dosages and application
methods can reduce immediate impacts.
However, even in these situations, there may
be long-term effects. The impact of insecti-
cides on carabid populations in sugar beet
cultivation systems in Belgium are amongst
the issues discussed by Hance and Gregoire-
Wibo (1987). In Germany, Epperlein and
Schmidt (2001) found that imidacloprid
seed dressings were effective against a range
of pest insects, but did not have significant
adverse effects on soil organisms including
spiders (predominantly Linyphiidae), milli-
pedes, carabids and staphylinids, whereas
lindane spray applications did have a signifi-
cant impact on non-target taxa. Baker et al.
(2002) studied the effects of a range of insecti-
cide seed treatments on beneficial inverte-
brates in sugar beet in the UK. They found no
significant effects on numbers of earthworms,
Acari or Collembola in soil cores or on
numbers of carabids, staphylinids, spiders
and Collembola in pitfall traps. However,
although the trend was not statistically signifi-
cant, insecticide-treated plots tended to have
fewer organisms overall than untreated plots,
possibly as a consequence of suppressed num-
bers of predatory arthropods in plots where
their (pest) food source has been eliminated.
It is suggested that long-term use of these
insecticide treatments in a rotation could
result in a reduction in biodiversity.

As in other systems, invertebrates can
act as useful bioindicators of environmental
impacts in beet growing systems. Diekkruger
and Roske (1995) present a model (validated
in crops including sugar beet) for the simula-
tion of Collembola population dynamics
under field conditions. This can be used to
assist in assessing the environmental impact
of agricultural practices on this group.

Microorganisms

A number of studies consider the soil micro-
bial diversity under sugar beet crops, particu-
larly in relation to pathogens and other

organisms that have potential to inhibit them
(Vesely, 1986) or to inhibit pests such as cyst
nematodes (Schuster, 1997). There has also
been work towards the genetic modification
of these organisms, such as Pseudomonas
fluorescens, a potential biological control
agent against rhizomania. Whipps et al.
(1998), for example, report on the survival,
establishment, dissemination, gene transfer
and impact on indigenous microbial popu-
lations of genetically modified P. fluorescens.
Aspects of the potential environmental
impacts of genetically modified (GM) micro-
organisms are examined by Colwell (1992),
who notes that concerns over their release
involve socio-economic, health-related and
ethical, as well as environmental issues, and
those relating to public trust in scientists.

Irrigation can affect the soil microbial
community under sugar beet (see Chapter 3),
as can other agronomic practices including
agrochemical applications. In long-term stud-
ies on the use of pesticides on sugar beet,
Mineyev et al. (1993) found adverse effects
on soil microflora, resulting in an increase in
spore bacteria, Actinomyces spp., Penicillium
spp. and toxinogenic fungi under intensive
cultivation.

Impacts of transgenic sugar beet

There is a rapidly expanding literature on
the environmental impacts of transgenic
sugar beet. It has been argued that crop plant
transgenesis provides a potential mechanism
by which to increase productivity and reduce
the environmental impact of cultivation of
this crop (e.g. Elliott et al., 1996; Madsen
and Sandoe, 2001; Pidgeon et al., 2001). Risk
assessment is an important factor in assessing
the biosafety of transgenic sugar beet (e.g. de
Vries, 1999). However, there are widespread
concerns over the possible negative conse-
quences of the cultivation of transgenic sugar
beet, even where specific evidence of risks to
human health or the environment is lacking.
As Madsen and Sandoe (2001) note, the
background to these concerns is complex,
involving not just fear of specific food safety
and environmental risks, but also reflecting
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an aversion amongst consumers to commer-
cial monopolies in crop production. On-farm
experiments to assess environmental risks
associated with transgenic sugar beet and
other crops, such as the recent UK farm-scale
trials (see below), have themselves been
controversial (e.g. Gura, 2001). Regulatory
frameworks for the commercialization of
transgenic crops, including sugar beet, and
food products arising from them are also
important considerations in this rapidly
developing field, for example in Europe
(Liegeois, 1997) and the USA (Harlander,
2002).

Specific environmental concerns over the
cultivation of transgenic sugar beet (and other
crops) include the risk of gene flow from
transgenic plants to their wild relatives
(e.g. Bartsch et al., 2002, 2003; den Nijs et al.,
2004) as well as impacts on crop-associated
biodiversity, including weeds, plant patho-
gens, soil organisms and pest species and their
natural enemies (e.g. Lotz et al., 2000). Impacts
on these organisms could lead to wider
indirect effects on species that rely on them,
such as farmland birds and other wildlife (e.g.
Watkinson et al., 2000).

To date, work with transgenic sugar beet
has centred on the investigation of genetically
modified herbicide-tolerant (GMHT) culti-
vars (e.g. Brants and Harms, 1998; Villarias
et al., 2001). It has been argued that these have
the potential to deliver environmental bene-
fits through reduced application of herbicides
(e.g. Madsen et al., 1995; Madsen and Sandoe,
2001; Phipps and Park, 2002). Studies by
Pidgeon et al. (2001) and Dewar et al. (2003)
suggest that cultivation of GMHT sugar beet
allows more controlled application (band
spraying) of herbicides, accumulation of
weeds between rows without yield reductions
and positive knock-on effects for inverte-
brates and their predators (farmland birds
and other wildlife). However, the precise
pattern of crop management adopted with
GMHT sugar beet is likely to be a critical factor
in determining whether these provide bene-
fits or otherwise for biodiversity. Watkinson
et al. (2000) simulated the effects of GMHT
sugar beet cultivation on weed (Chenopodium
album) populations and consequences for seed-
eating birds, especially the skylark (Alauda

arvensis). They predicted that, depending on
management practices, C. album populations
could be reduced to low levels or practically
eradicated, leading to severe reductions in
food availability for birds.

In the UK, a set of farm-scale trials to
assess the potential impacts on farmland bio-
diversity of GMHT beet, maize and oil-seed
rape have recently been completed. These
have been described as ‘the largest scientific
investigation of farm ecology the world has
seen’ (Coghlan, 2003a). Full reports of impacts
on field and field margin plants and inverte-
brates have been published (Royal Society,
2003). In summary, these suggest that GMHT
sugar beet has greater negative impacts on
farmland plants and invertebrates than con-
ventional beet. Not surprisingly, these results
were largely dependent on the herbicide man-
agement regimes used in the respective crops.
To some extent, more interesting findings
from the studies relate to the impacts on
biodiversity of particular arable crops and
their management, whether GM or non-GM
varieties (Coghlan, 2003a). In this context,
a sugar beet crop appears to support more
biodiversity than maize, oil-seed rape and
probably wheat crops. The negative effects
of GMHT beet found in the field-scale trials
have been challenged; when a broader range
of environmental impacts are taken into
consideration using life cycle analysis, there
appears to be evidence of environmental
benefits (e.g. the work of Phipps and
Bennett, described by Coghlan, 2003b). Such
apparently contradictory findings illustrate
the difficulties of assessing environmental
impacts associated with complex activities
like agricultural operations.

Sugar beet genetic resources

Wild forms of crop plants provide an impor-
tant genetic resource for the improvement
of their domesticated relatives. Kleijer (1993)
notes that Europe is rich in wild plant species,
of which 300 are ancestors of economically
important plants, and the conservation of
these genetic resources is an important
consideration. There is some concern, for
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example, about potential negative effects of
genes from cultivated beet crossing into
populations of wild relatives (Bartsch et al.,
1999). The maintenance (for example, in gene
banks) of a diverse pool of semi-domesticated
forms (ecotypes and landraces) and of culti-
vated varieties (cultivars) is also important in
the conservation of the biodiversity of agro-
ecosystems. Heszky et al. (1999) consider such
issues in relation to agriculture in Hungary,
noting that the first decades of the 21st
century may see reductions in the bio-
diversity of maize, rape, soybean and sugar
beet in agroecosystems as multinational
companies achieve a monopolistic position
and promote a small number of genetically
modified cultivars.

Germplasm collections provide beet
breeders with the necessary genetic resources
to modify and enhance varieties according to
the needs of growers. Despite considerable
residual genetic variation amongst cultivated
beet, concern has been raised over the limited
gene pool in cultivated varieties, highlighting
the importance of genetic resources that reside
in uncultivated forms of Beta (Asher et al.,
2001). An important area, for example, is
varietal resistance to pests and diseases. Work
on sugar beet, including a cross-European
programme, scrutinizing the characteristics
of cultivated and wild Beta germplasm,
has identified lines with varying degrees of
resistance to beet cyst nematode, Cercospora
leaf spot, Rhizoctonia root rot, rhizomania,
mildews (Erisiphe and Peronospora), beet
yellowing viruses, beet mosaic virus, curly top
virus and Aphanomyces and Pythium seedling
diseases (Asher et al., 2001). Similar properties
have been identified by screening pro-
grammes in the USA (Doney, 1998). Genetic
resources can also be drawn upon to enhance

beet tolerance of abiotic stress (Richard-
Molard and Cariolle, 2001), including water
availability (of particular interest, for
example, in areas like Iran – Sadeghian and
Yavari, 2001). Other dimensions include plant
developmental and seed characteristics (van
Swaaij et al., 2001; Zimmermann and Zeddies,
2001), yield/quality traits (Hoffmann and
Marlander, 2001; Jansen and Burba, 2001) and
characteristics to reduce soil tare at harvest
(Olsen et al., 2001). Integrated breeding pro-
grammes draw on all of the above to produce
improved cultivars appropriate for local
growing conditions (Gabellini et al., 2001b).
In Europe, the screening of germplasm (like
that noted above for pest/disease resistance),
and hence the development of breeding pro-
grammes, is assisted by a substantial database
of Beta genetic resources (Germeier and Frese,
2001).

BEET PROCESSING

Over a period of 3 years, Dinter and
Paarmann (1989) studied the arthropod
community associated with a sludge disposal
site for soils washed from sugar beet. Around
200 species were identified, mainly Brachy-
cera (Sphaeroceridae, Ephydridae), Nemato-
cera (Culicidae, Chironomidae, Scatopsidae),
Coleoptera (Staphylinidae, Carabidae),
Acarina (Eugamasidae) and Araneida (Liny-
phiidae, Lycosidae). Levels of arthropod
activity and density of up to 9000 individu-
als/m2/week were recorded. The results
suggested that the structure and dynamics of
the arthropod community were particularly
influenced by soil quality and climatic
factors.
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6

Impacts on Soils

The direct environmental impacts on soils
of sugar processing are relatively few, with
the exception of localized impacts associated
with the construction and operation of cane
and beet processing facilities. However,
indirect impacts may arise from the disposal
of sugar processing wastes on land (see
Chapter 8). The greatest range and intensity
of impacts of sugar production on soils arise
from the cultivation of sugar crops.

Soil is recognized as a fundamental
resource in the cultivation of sugar beet (e.g.
Morgan, 1986) and of sugarcane (e.g. SASA,
2002). SASA (2002) describes soil as a living,
dynamic resource, made up of different-sized
mineral particles (sand, silt and clay), organic
matter and a diverse community of living
organisms. They estimate that a healthy
soil should contain 1000 kg/ha earthworms,
2700 kg/ha fungi, 1700 kg/ha bacteria,
150 kg/ha protozoa and 1000 kg/ha arthro-
pods and other small animals. Conservation
of soils, and maintenance of their physical,
chemical and biological integrity is seen as
vital for the sustainable cultivation of sugar
crops (e.g. Morgan, 1986; SASA, 2002).

Many different types of soils are recog-
nized, and systems of soil taxonomy are well
established (Soil Survey Staff, 1975, 1999).
Different soil types display different proper-
ties, including (for example) vulnerability
to erosion and salinization. It is not within
the remit of this document to summarize the
range (and characteristics) of the many soil
types associated with the cultivation of sugar

crops globally. Summaries are given, for
example, for South African cane growing soils
by SASA (2002). However, it is worth stress-
ing that baseline conditions vary substantially
between different areas. Cane growing soils
in Guyana are naturally acidic, for example,
while the Barbados industry was built on
alkaline soils (Blackburn, 1984). Alkaline soils
are also a feature of cane growing in Pakistan,
where lack of organic matter is the primary
cause for concern (Nasir and Quereshi,
1999a,b; Arain et al., 2000). Even within a given
country, different soil quality issues may per-
tain in different areas, according to soil types
and local management practices. For example,
van Antwerpen and Meyer (1996a,b) suggest
that in northern KwaZulu-Natal, acidification
is a particular problem of dryland soils, whilst
increased salinity and sodicity primarily
afflict irrigated areas. In relation to soils, as
much as any other subject area considered
in this book, the environmental impacts
reported reflect where published studies have
been carried out, and extrapolation of general
trends must be undertaken with caution.
Irrespective of locality, however, knowledge
of the types and characteristics of soils is very
important for effective land use planning,
be it at the landscape or the field scale. Soil
characteristics also have a major influence
on requirements for irrigation, drainage and
nutritional management (e.g. fertilizer inputs).

Cultivation of sugar crops can contribute
to soil degradation through negative impacts
on soil quantity (by accelerating erosion and
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through removal of soil at harvest) and soil
quality. Soil quality is a complex concept,
involving a wide range of biological, chemical
and physical variables. Haynes (1997) consid-
ers that soil quality can be broadly defined
as the sustained capability of a soil to accept,
store and recycle nutrients and water,
maintain economic yields and maintain
environmental quality. Negative impacts of
cultivation systems on soils involve a range
of factors, whose interactions create complex
challenges for soil conservation. For example,
soil compaction is undesirable in itself
(restricting the rooting ability of crops and
other plants, for example), but it can also pro-
mote erosion by increasing rates of surface
water runoff. Tillage can ameliorate compac-
tion (although it can also promote compaction
in the longer term, under certain conditions),
but it can also promote erosion by exposing
soil aggregates to rainfall. The complexity of
environmental impacts associated with soils
is increased further by the close relationship
between soil and water issues, for example in
relation to erosion, movement of sediments,
salinization and leaching.

The nature of the impacts on soils of
cane and beet cultivation is similar in many
respects, but also differs in a number of ways.
In particular, the fact that cane is generally
grown as a continuous monoculture, whilst
beet is generally grown as part of a rotation,
influences the types of impacts associated
with either crop. It is also notable that
harvesting of beet (as a root crop) results in
particular soil loss problems, which are less
pronounced in relation to cane.

Loss of soil fertility in agricultural sys-
tems is a source of major concern worldwide,
notably in the tropics. Tropical countries are
the main centres of the expanding global
human population, and hence face particular
challenges in terms of agricultural sustain-
ability. Agriculture here must support
increasing numbers of people, either directly
through supply of food or through earnings
associated with traded commodities. Particu-
lar concern has long been expressed over the
effects on tropical soil fertility of cultivation of
annual crops, but perennial crops (including
sugarcane) have recently received increasing
attention (e.g. Hartemink, 2003). Aspects of

soil quality management, with an emphasis
on temperate agriculture, have recently been
reviewed in Schjonning et al. (2004).

Erosion

Soil erosion is recognized as a major problem,
particularly in tropical agriculture, and gen-
eral reviews are given by, for example, Lal
(1990), Morgan (1995) and El-Swaify (1997). It
is a matter of concern in a number of areas
under sugarcane or beet cultivation. In agro-
nomic terms, soil erosion is a major problem,
resulting in the absolute loss of a fundamen-
tal resource or redistributing organic matter
and nutrient-rich material at a landscape
scale, along slopes for example (e.g. Schwert-
mann, 1986). Soil erosion also represents a
substantial environmental threat, through
land degradation and the washing of
sediments (and associated nutrients and
agrochemicals) into surface waters.

The physical loss of soil by erosion is
influenced by a range of factors including
water dynamics (rainfall and irrigation), wind,
temperature, soil type, cultivation systems
and topography. In particular, erosion is
promoted by soil disturbance (a general fea-
ture of cultivated land), high-intensity rainfall
(a feature of many cane growing areas) and
increasing gradients of slope (e.g. Bakker,
1999). The erodibility of soil varies consider-
ably with soil type, depending on the stability
of soil aggregates (related to organic matter
content) and the percentage of coarse primary
particles resistant to erosion (e.g. Morgan,
1986). The presence of vegetation (including
crops) reduces the risk of erosion, by consoli-
dating the soil and protecting bare ground
against direct exposure to water inputs. Hence,
soils are vulnerable to erosion where natural
vegetation has been cleared, or (on cultivated
plots) during fallow periods, when the crop
is in the earliest stages of establishment, and
following harvest. One tool that has been used
in an attempt to capture all of these factors in
the analysis of soil erosion (in both cane and
beet cultivating systems) is the universal soil
loss equation (USLE) (see Box 6.1).

Erosion risk is greatest when the soil
water infiltration rate is low, increasing run-
off, which is also influenced by factors such
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as compaction and gradient of slope. The
relationship between runoff and certain types
of erosion is considered in detail by Monnier
and Boiffin (1986). From an agronomic per-
spective, cultivation on flat or gently sloping
land is generally preferable to that on steeper
gradients, but cane and beet are grown on
sloping land in some areas. Even on gentle
slopes, erosion occurs as a gradual process
(so-called ‘interil’ erosion) and may result
in dramatic environmental degradation in
the long term (Bakker, 1999). However, as
the gradient of the slope increases, so does
the rate of runoff and erosion. Wrigley (1985)
estimates that velocity of runoff doubles
for each fourfold increase in slope and that
a doubling of runoff flow rate increases
scouring capacity fourfold and carrying
capacity 32-fold and allows particles 64 times
larger to be carried in the flow.

Soil quality impacts

Soil quality is a complex concept, involving
a wide range of biological, chemical and
physical variables. Impacts of the cultivation
of sugarcane or beet on soil quality include
effects on physical properties (e.g. compac-
tion) and biological properties (e.g. soil bio-
diversity). In addition, effects on chemical
properties (e.g. changing nutrient levels,
acidification and salinization) appear to be of

particular concern in relation to cane culti-
vation in some areas. In addition to the
complexity of soil properties that must be con-
sidered, further complexity exists in the range
of crop management practices that can affect
them. These include tillage, irrigation, mech-
anization and the application of soil amend-
ments, including mulches and manures, as
well as inorganic fertilizers and pesticides.

Compaction alters a number of the
physical properties of soil. Bulk density and
soil strength are increased (e.g. Martin, 1979;
Soane et al., 1982), while porosity, permeabil-
ity and water infiltration rate are decreased
(e.g. Hansen, 1982). Compaction can lead to
surface sealing, which reduces infiltration
rates and increases runoff and can thus exac-
erbate erosion problems (e.g. Morgan, 1986;
Schwertmann, 1986; Hartemink, 2003). It can
also negatively affect the soil mesofauna (e.g.
Heisler, 1994) and inhibit the rooting ability of
the crop. Loam-rich soils are more vulnerable
to compaction than clays or sands, and
compaction risk increases with soil moisture
content. A degree of compaction can arise
from the exposure of bare soil to the physical
impact of heavy rainfall. However, it is the use
of in-field transport and other heavy machin-
ery (particularly when the soil is wet) which
is associated with the most important soil
compaction problems. In beet cultivation,
the number of field operations (and therefore
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Box 6.1. The universal soil loss equation (USLE).

The universal soil loss equation (USLE) was developed and refined in the USA, as a tool for analysing rates
of soil loss in relation to a range of factors (see Wischmeier and Smith, 1965, 1978; Wischmeier et al.,
1971). It takes the general form:

A = R × K × SL × C × P, where

A = average soil loss (t/ha/year)
R = an ‘erosivity’ index, related to intensity of rainfall
K = an ‘erodibility’ index, related to soil characteristics
SL = a topography factor, based on slope gradient (S) and length (L) of land units
C = a crop management factor
P = a soil conservation practices factor

The applicability of the USLE in different situations has been a subject of debate, but it has been widely
adopted (and adapted) as a basis for estimating potential soil losses due to erosion in areas where sugar crops
are cultivated. For example, European studies which discuss the use of the USLE include Biagi (1986), Chisci
(1986b), De Ploey (1986), Madsen et al. (1986) and Schwertmann (1986). Examples of the use of the USLE
in cane cultivation systems include work in Australia (e.g. Sullivan and Sallaway, 1994) and South Africa
(e.g. SASA, 2002).
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vehicle passes) used in preparation of the
field and the fact that soils are often wet
during harvesting contribute particularly to
compaction risk.

Soil organic matter is a key attribute
of soil quality, as (via mineralization) it is a
source of nutrients such as N, P and S. It is
also important in maintaining soil structural
stability (e.g. Qongqo and van Antwerpen,
2000; Dominy et al., 2001) and in influencing
soil biological characteristics. As organic mat-
ter content affects soil physical properties,
its reduction can render the soil more prone
to structural breakdown by raindrop impact,
resulting in blockage of pore spaces, reduced
water infiltration rate, increased erosion risk
and enhanced susceptibility to compaction
(Sumner, 1997). Loss of organic matter is
recognized as a problem associated with
cultivated soils in general.

Acidification of soils appears to be a
problem affecting cane growers in many
areas. Haynes and Hamilton (1999) and
Hartemink (2003) discuss the chemistry
underlying acidification of cane growing
soils, and conclude that the effect is mainly
caused by the use of acidifying nitrogenous
fertilizers such as urea and ammonium sul-
phate, coupled with nitrate leaching driven by
heavy rainfall. Ammonium-based fertilizers
have the greater acidifying potential (143 g
H+/kg N for ammonium sulphate versus
71 g H+/kg N for urea), but a greater risk of
volatilization of NH3 is associated with urea
fertilizers. Soil acidification promotes leach-
ing of certain nutrients (such as Ca and Mg)
and accumulation of others (notably Al).

Studies of nutrient balances in soils under
sugar crops tend to focus on changes in levels
of N, P and K, which are also the predominant
components of inorganic fertilizers. However,
other elements are also removed from the soil
by cane and beet. Draycott and Christenson
(2003) list 11 other elements that are known to
be essential for sugar beet and four others that
may be, and Wood et al. (1997) report that at
least 14 elements are essential for normal cane
growth and development. Failure to replenish
soil reserves of any of these elements can
give rise to soil nutrient imbalances and defi-
ciencies, a situation exacerbated by recent
trends for inorganic fertilizers to contain

fewer impurities and trace elements (Wood
et al., 1997). However, there is also evidence
of soil nutrient imbalances arising from the
presence of such impurities. In some areas of
Australia, Arthington et al. (1997) report that
cadmium, probably derived from impurities
in phosphatic fertilizers, is present in soils
under long-term cultivation at levels seven
times those found in uncultivated sites
(although still within acceptable, background
levels). The need to consider replacement of
elements other than NPK in the cultivation
of sugar crops may provide one argument
for using processing wastes, which contain a
wide range of nutrients, as soil amendments
(see Chapter 8).

The global issue of soil and water saliniz-
ation is reviewed by Ghassemi et al. (1995). In
the context of sugar production, salinization
of soils appears to be of greatest significance
in certain cane growing areas. Haynes and
Hamilton (1999) consider saline soils to be
those where the concentration of soluble salts
is sufficient to restrict plant growth (often
taken as those where electrical conductivity of
a saturation paste extract exceeds 4 dS/m –
Sumner, 1997). They also note that saline soils
also tend to be sodic (percentage of exchange-
able cations present as Na (ESP) exceeds 15%).

A range of inorganic fertilizers, pesticides
and other agrochemicals are used in the
cultivation of sugar crops. The inappropriate
management of these agents can result in
impacts on soil quality, but also on air quality
(e.g. through the release of nitrogenous gases
and volatiles) and water quality (through
leaching and runoff). The environmental
fate of fertilizers is dependent on a range of
factors, including soil type, climate and land
use management practices (e.g. Knappe and
Haferkorn, 2001). Herbicide applications can
influence the environmental fate of fertilizer-
derivednutrients (SotiriouandScheunert,1994).

Inorganic fertilizers typically supply
nitrogen, phosphorus and/or potassium in
mineral form. The specific form in which they
are applied can influence their environmental
impact (e.g. Brentrup et al., 2001). Environ-
mental impacts typically arise because the
nutrients applied with fertilizers are not
matched against those taken up by the crop
(Neeteson and Ehlert, 1988; Haynes and
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Hamilton, 1999). Nutrients that are taken up
by the crop may also pose environmental
problems, as waste products of processing
(Draycott et al., 1997). A wide range of organic
soil amendments are also used in the cultiva-
tion of sugar crops, which can also result in
environmental problems (e.g. Isermann, 1989).
Aspects of rational fertilizer and pesticide use
are considered in more detail in Chapter 2.

SUGARCANE CULTIVATION

Soil degradation is recognized widely as a
problem in the cultivation of sugarcane,
particularly in relation to the effects of the
intensive growing of cane as a continuous
monoculture, which contributes to yield
decline as well as environmental degradation
(e.g. Haynes and Hamilton, 1999; Garside
et al., 2001; Meyer and van Antwerpen, 2001;
Pankhurst et al., 2003; Nixon and Simmonds,
2004). It is the introduction of such intensive
agricultural practices that represents, in gen-
eral, a particular threat to soils in tropical
areas (Sparovek et al., 1997; Sparovek and
Schnug, 2001a). Past concerns over loss of
fertility of tropical agricultural soils have
focused particularly on those under annual
crops. It has been argued that the characteris-
tics of perennial crops, including their rate of
return of organic material to the soil, amelio-
rate their impact on soil fertility. Such a case
has been made for sugarcane. For example,
Alexander (1985) considers that the cane
plant’s perennial habit results in

an enormous underground commitment
of decaying organic matter . . . that cannot
be matched by temperate plants and
seasonal-tropical species. For this reason it
has essentially been possible to maintain
cane cropping on the same field, literally
for centuries, without apparent loss of soil
productivity. There are sites in Puerto Rico
that have improved in fertility through
nearly four centuries of continuous
sugarcane cropping.

Although cane yields have been maintained
on some soils over very long periods of culti-
vation, a recent examination of the evidence
by Hartemink (2003) concludes that the

impact of sugarcane on tropical soil fertility,
although less than that of annual crops, is
greater than that of other perennials and
plantation crops and is a significant source
of concern. Specific aspects of the impact on
soils of cane cultivation are examined below,
and are illustrated by a case study from
Papua New Guinea in Box 6.2. In at least one
case, change of land use from sugarcane culti-
vation (to market gardening, in Martinique)
appears to have resulted in increased soil
degradation problems, owing to the adoption
of increasingly intensive practices (Hartmann
et al., 1998).

Impact of Sugarcane Cultivation
on Soil Quantity

Erosion

Sparovek et al. (1997) and Sparovek and
Schnug (2001a) note that soil erosion is a
particular threat to long-term productivity in
tropical areas, because erosion rates here are
usually greater than the rate of soil formation.
In addition to environmental impacts, ero-
sion in cane growing areas can have an
impact on cane yields (e.g. McCulloch and
Stranack, 1995) and may ultimately limit the
sustainability of sugarcane cultivation (e.g.
Glanville et al., 1997).

Some soil types are more prone to erosion
than others, which may be a consideration
in cane cultivation systems (Ahmad, 1996;
Hartemink, 2003). It has also been shown that
inefficient or excessive irrigation of cane fields
can increase runoff and/or erosion (Inamdar
et al., 1995, 1996a,b; Chapman, 1997; Harte-
mink, 2003). Vegetation cover is another
important factor in regulating runoff and
erosion. Consequently, cane fields are
particuarly prone to erosion when the surface
is most exposed, between harvest and the
development of the next closed crop canopy,
or during bare fallow. Rates of runoff from
land under cane cultivation have been com-
pared with those under certain other land
uses. Leitch and Harbor (1999) found that
conversion of cane fields to pasture reduced
freshwater runoff into the near-coastal zone of
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Box 6.2. The impact on soil of sugarcane cultivation in Papua New Guinea.

Commercial cultivation of sugarcane is a relatively recent activity in Papua New Guinea, having begun
only in 1979 (see Box 1.2). Hartemink (2003) presents a case study of the impact of cane growing on soils,
based on his work in Papua New Guinea (see also Hartemink and Kuniata, 1996). His findings are
summarized below, and presented in diagrammatic form in Fig. 6.1. These findings are mostly based on
data collected in the 1980s and 1990s, and so generally reflect changes that occurred over little more than
10 years of cane cultivation (a much shorter period than experienced by soils in many other cane growing
areas). Although the effects of pests and diseases are probably the main constraints on cane yield in Papua
New Guinea, decline in soil quality may become agronomically more significant in the future.

The Ramu Sugar Estate is the one area in Papua New Guinea given over to commercial sugarcane
cultivation. It covers some 7000 ha, on alluvial soils (Fluvents and Vertisols) in the Ramu Valley, and the
main crop is entirely rain-fed. Up to four ratoon crops are possible after harvest of the planted cane, after
which the field is replanted (in some plots, cowpea Vigna unguiculata is sown, grown for a year and
ploughed in prior to replanting of cane). Over the course of the cultivation period, there has been a shift
away from preharvest burning, towards green cane harvesting and trash blanketing. This has been accompa-
nied by a shift away from urea-based N fertilizers, towards ammonium-based preparations. Between 1991
and 1995, N was applied at an average rate of 90 kg/ha/year. P and K fertilizers have not been applied.

Soil erosion is a threat in some areas of the estate, and terraces have been installed to help manage the
flow of surface water. There was evidence of compaction in cultivated fields, with soil bulk density
increased to depths of 0.3–0.5 m. Compaction of topsoil resulted in a reduced water infiltration rate.

Evidence was found of soil acidification; the effect was greatest (a decrease of around 0.5 pH units) in
topsoils, but remained statistically significant to depths of 0.6 m. The pH values were slightly lower within
the cane rows than in the inter-rows. Overall, Hartemink (2003) suggested an annual decrease in pH of
about 1%, with the initial decrease possibly due to an increase in the mineralization of organic matter.
Thereafter, annual applications of ammonium-based fertilizers were identified as an important factor
causing soil acidification. Another possible contributory factor was the shift away from preharvest burning,
resulting in pH-increasing ashes no longer being returned to the soil.

Evidence was also found of a decrease in soil organic matter content. Soil organic C in cultivated soils
declined between 1979 and 1996 by about 40% (from around 56 g/kg to around 30 g/kg). Soil organic C
levels in topsoils were around 10 g/kg lower in the inter-rows (and about 8 g/kg lower within cane rows)

Fig. 6.1. Summary diagram showing major changes to soils under sugarcane cultivation in Papua New
Guinea (after Hartemink, 2003).
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the Holetown watershed in Barbados. In Thai-
land, Putthacharoen et al. (1998) found that (on
an annual basis) soil losses due to erosion on
fields with a 7% slope were highest under
cassava grown for roots, followed by cassava
grown for forage, sugarcane, mungbeans,
sorghum, groundnuts, maize and pineapples.
The relative value of sugarcane as a cover
crop (e.g. da Silva et al., 1986) is enhanced
by the fact that the crop tends to remain in
the ground for a number of years (due
to ratooning), producing an extensive root
system and (for much of the growing period)
a closed canopy that protects the soil from
the erosive effects of rain (e.g. Bakker, 1999).
However, erosion in cane growing areas can
still represent a very serious problem, leading
not only to soil degradation, but to secondary
impacts (for example) on waterways. Umrit
and Ng Kee Kwong (1999) refer to crystal clear
watercourses becoming loaded with mud
during and after heavy rainfall events in
sugarcane cultivation areas in Mauritius.

Cultivation on slopes

Cultivation on slopes is undesirable, as it
tends to increase rates of runoff and erosion.
It has been suggested that cane should not be

grown on slopes greater than 8%, although
slopes of 20–30% are used, for example, in
parts of the Caribbean and South Africa
(Bakker, 1999). The average slope of land
cultivated with cane in South Africa has been
estimated to be 20%, and associated problems
have been noted by various authors (e.g.
Landrey, 1978b; Gardiner and Cazalet, 1991;
Tudor-Owen and Wyatt, 1991; SASA, 2002).
In this context, it is worth noting that com-
mercial sugarcane farmers in KwaZulu-Natal
do appear to concentrate their soil conser-
vation efforts on their most steeply sloping
fields (Ferrer and Nieuwoudt, 1997). A
number of socio-economic factors have con-
tributed to the expansion of cane cultivation
on to slopes in various parts of the world. For
example, Gawander (1998a) and Seru (1998)
report that until the 1940s sugarcane growing
in Fiji was confined to flat land. Population
growth, high demand, attractive prices and
the land tenure system drove expansion into
less fertile, highly weathered undulating
terrain. Although a soil conservation pro-
gramme was introduced in the 1950s to
enhance sustainable development in the
cane growing belt, this was compromised by
further socio-economic changes in the 1970s.
As a result, cane production on marginal land
has led to higher production costs and lower
productivity due to soil erosion. However,
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than under natural grassland. There was some decrease in organic C content in inter-row subsoils, but that
within rows was similar to the level found in natural grassland. The annual rate of decline in soil organic C
was estimated at 1–3%. However, the shift towards green cane harvest and trash blanketing may result in
enhancement of the soil organic matter content.

Total soil N was lower in the topsoil of inter-rows than in that of cane rows or natural grassland, but
there was no difference between the three soil categories at subsoil depth. Available P was around 5 mg/kg
less in the cultivated topsoil (inter-rows and within rows) than in that of natural grassland. Subsoils of
inter-rows showed some decline in available P, but this was not apparent in the subsoil within rows.
Exchangeable K levels were similar in the topsoils of rows and inter-rows, but below the levels found in
uncultivated topsoils. At a range of depths, there was a striking increase in exchangeable Mg within the cane
rows, and a possible elevation of exchangeable Ca levels.

Data were also collected on changes in the nutrient content of sugarcane leaves over the period of
cultivation at Ramu. These broadly matched the trends for major nutrients seen in the topsoil data, with
declines in N, P and K.

Overall, Hartemink (2003) concludes that a consistent decline in all soil chemical properties was
found in both soil types (Fluvents and Vertisols) under cane cultivation in Papua New Guinea. Temporal
data suggested that the decline was largest in the early stages of cultivation, and then began to level off.

The impacts of cane cultivation on soils reported here (and illustrated in Fig. 6.1) from Papua
New Guinea largely reflect those recorded in other cane growing areas around the world, perhaps with the
exception that levels of available P are generally shown to increase rather than decline.
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growers continue to sustain themselves on
these farms mainly because of the high price
of sugar due to preferential European Union
(EU) markets to Africa, Caribbean and Pacific
countries. This results in short-term gain for
social sustainability and long-term misuse of
land; a national land use plan would help to
guide more sustainable practices.

Examples of figures for rate of soil erosion
under sugarcane

Sparovek and Schnug (2001a), working in the
Ceveiro watershed (Brazil), estimate a mean
soil erosion rate of 15 t/ha/year for an area of
mixed land use including sugarcane cultiva-
tion, and note that erosion was greatest on
sugarcane areas, at 31 t/ha/year. Rates
estimated in Australian sugarcane studies
indicate soil losses of 42–227 t/ha/year on
conventionally cultivated slopes of up to 8%
(Sallaway, 1979, 1980) and 47–505 t/ha/year
(average 148 t/ha/year) on conventionally
cultivated slopes of 5–18% (Prove et al., 1995).
In the latter case, the considerable variation in
erosion rate was largely explained by varia-
tion in rainfall. In Puerto Rico, Lugo-Lopez
et al. (1981) found soil losses of over 15 t/ha/
year from unmulched cane fields (half the
rate of those found under coffee). In Louisi-
ana (USA), soil erosion losses averaging
around 17 t/ha/year were recorded under
sugarcane by Bengtson et al. (1998). Based
on experiences in South Africa, SASA (2002)
estimates that, for every 1 mm/ha of soil ero-
sion, losses equate to 10 t soil, 2 m3 water and
0.02 t sucrose production. For a cane farm of
150 ha, where soil conservation is poor and
50 mm of erosion has occurred, this equates
to 75,000 t soil, 15,000 m3 water and 150 t
sucrose. Rates of soil loss will depend on
soil type and condition, according to which
losses of between 4 and 23 t/ha/year may
be acceptable. Shallow (< 400 mm), erodible
soils are particularly in need of protection,
with sandy, poorly structured soils being
more vulnerable than well-structured soils
with a relatively high clay content.

Because they depend on soil parent
material and soil-forming conditions, precise

generalizations for rates of soil regeneration
cannot be made. However, broad estimates
for soil formation rates of 25 mm every
300–1000 years have been suggested. In
South Africa, soil regeneration probably
occurs at around 10 t/ha/year, equivalent to
1 mm/ha/year (SASA, 2002).

Soil erosion risk under sugarcane varies
with cropping methods, as demonstrated,
for example, by Pohlan and Borgman (2000)
in Central America, and noted in relation to
various tillage systems in the coastal Burnett
district of Australia (Sullivan and Sallaway,
1994). It may also vary according to farm lay-
out: El-Swaify and Cooley (1980) noted that
rates of soil erosion in Hawaiian watersheds
where cane was grown increased as the pro-
portion of land given over to roads increased.
SASA (2002) also notes the particular erosion
risks associated with roads, and recommends
measures such as the grassing of secondary
and tertiary roads and the siting of primary
roads away from watercourses and wetlands,
as means of reducing the potential negative
environmental effects. Examples of the ways
in which cropping methods can be adapted to
reduce erosion risk are outlined below.

Measures to reduce erosion

A wide range of measures has been proposed
and investigated for the reduction of runoff
rates and soil erosion in sugarcane cultivation
systems, particularly on sloping land.
Aspects of modified tillage and mulching/
trash retention are discussed in Chapter 2.
Other measures include:

• Field layout (Landrey, 1978b).
• Terracing (Landrey, 1978b; Armas et al.,

1991; Gardiner and Cazalet, 1991; Ferrer
and Nieuwoudt, 1998; Vanegas Chacon
and Vos, 1999).

• Contour planting (Liao, 1972; Armas
et al., 1991; Gawander, 1998a; Vanegas
Chacon and Vos, 1999).

• Strip tillage/planting (de Boer, 1997;
Bakker, 1999; SASA, 2002).

• Hedgerows/vegetation ‘live barriers’
(Garrity, 1993; Mangisoni and Phiri,
1996; Gawander, 1998a,b).
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• Drainage ditch design (Liao, 1979;
Vanegas Chacon and Vos, 1999).

• Cover crops (Scandaliaris et al., 2002).
• Enhanced vegetation of watercourses

(Landrey, 1978a; Tudor-Owen and
Wyatt, 1991).

• Soil amendments (Peng and Twu, 1980;
Finegan, 1990).

The risk of erosion may increase with
irrigation, and so measures may need to
be taken specifically to counter this effect.
Hartemink (2003) notes that appropriate
soil erosion control measures (drains, bunds,
ridges, strip cropping, etc.) are employed
on most cane plantations. The integration
of various soil conservation measures to
minimize the risk of erosion from cane
cultivation is outlined by SASA (2002), which

provides recommendations for practices in
relation to the cultivation of cane on new land
of different slopes and soil erodibility classes,
presented here in Table 6.1.

The value in erosion control of indige-
nous vegetation associated with waterways is
noted by SASA (2002), who also recommend
the active planting of grasses and wetland
plants, the use of revets (bundles of cane tops)
to line waterways until protective vegetation
becomes established and (in extreme cases)
structures such as rock baskets to consolidate
unstable banks. With respect to ongoing main-
tenance of waterways, SASA (2002) suggests
that vegetation should be managed by slash-
ing or herbicide application (with removal of
debris) rather than by activities such as hoeing
which disturb the soil; where soil has been
deposited in drainage channels, it should
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Soil erodibility

Land preparation/conservation
practices

High
(max. slope %)

Moderate
(max. slope %)

Low
(max. slope %)

Tillage: conventional
Terraces: yes
Harvest: burn + tops scattered

10 15 20

Tillage: conventional
Terraces: yes
Harvest: full trashing

15 20 25

Tillage: minimum
Terraces: yes
Harvest: burn + tops scattered

20 25 30

Tillage: minimum
Terraces: yes
Harvest: full trashing

25 30 30

Tillage: conventional
Terraces: spillover
Harvest: full trashing
Other: strip planting

15 20 25

Tillage: minimum
Terraces: spillover
Harvest: full trashing
Other: strip planting

No No 30

Terraces imply water-carrying structures; full trashing implies leaving all residues after harvest; strip
planting implies adjacent terrace banks planted with a 6-month difference in age; where a practice is not
tried and tested in an area, it should not be used.

Table 6.1. Recommendations for practices in relation to the cultivation of cane on new land of different
slopes and soil erodibility classes (after SASA, 2002).

137A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:44 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



be removed using hand tools, not with
machinery.

Sugarcane itself can be employed as a
‘live barrier’ or in border planting to reduce
erosion (e.g. Mangisoni and Phiri, 1996; Hellin
and Larrea, 1998), or as a soil conservation
cover crop (Ismail, 1990). In the context of a
large area under cane cultivation on land
at risk from erosion, this is reflected in the
practice of strip planting, or strip cropping
(e.g. Bakker, 1999). Under this practice, strips
(blocks, panels) of cane rows at different
stages of development are established across a
slope. Mature and maturing strips provide
barriers against erosion from the relatively
bare strips (those with cane at the earliest
stages of development, or where harvesting
has just occurred). SASA (2002) recommends
that strip planting should be employed on all
slopes of greater than 2%, except in certain
areas, and that alternate strip planting must be
practised on slopes greater than 12%.

Mathematical modelling can be used to
help predict erosion risk, erosion impacts and
the likely effectiveness of soil conservation
measures under various conditions at a local
scale (one of the most straightforward exam-
ples is the USLE, see Box 6.1). Increasingly,
computer software is available to assist in
the application of mathematical models.
For example, on the north coast of KwaZulu-
Natal, McCulloch and Stranack (1995) used
the CANEGRO model to simulate sugarcane
yields from various soil depths and to esti-
mate losses in revenue resulting from erosion
of the topsoil. In Queensland, Australia,
Glanville et al. (1997) used the WEPP (Water
Erosion Prediction Project) model to predict
soil loss for five soils, for a range of cane
furrow lengths and gradients, with different
surface treatments. Remote sensing can be
used to assess vegetation cover (e.g. at
different stages in the sugarcane cultivation
cycle) and hence erosion risk at a regional
scale. Cavalli et al. (2000) tested such tech-
niques in São Paulo, Brazil; the data obtained
allow for better planning of the sugarcane
crop in the region, avoiding possible environ-
mental impact problems and maintaining
sustainability for the crop.

In KwaZulu-Natal, Ferrer and Nieu-
woudt (1997, 1998) found that cane growers’

decisions over whether to adopt soil conser-
vation measures, and over which methods
to employ, were constrained by financial
resources, management time and farmers’
technical abilities. For such reasons (particu-
larly in relation to small-scale agriculture), it is
important that recommendations are tailored
to farmers’ needs and resources. For example,
in Malawi, Mangisoni and Phiri (1996) consid-
ered that it may be easier to improve tradi-
tional soil and water conservation techniques
than to introduce new methods. Hellin
and Larrea (1998) found that farmers in
Guinope, Honduras, were using live barriers
to control erosion, as recommended by a
non-governmental organization (NGO) pro-
gramme in the 1980s. However, they tended
not to use species promoted by the earlier
programme (Napier grass, Pennisetum
purpureum and king grass, P. purpureum ×
Pennisetum typhoides (Pennisetum glaucum)),
but increasingly employed sugarcane and
fruit trees. Whilst the grasses were more
effective in retaining soil, farmers pointed
out that they were invasive and that there
was little demand for the amount of fodder
produced. The species chosen by farmers
were less effective in retaining soil, but
contributed to the farm household in terms
of domestic consumption and/or the sale of
the products of the live barriers.

It is interesting to note that Honduran
farmers rejected certain species of plant
for soil consolidation on the basis of their
invasiveness. The environmental dangers of
invasive species are increasingly recognized,
and should be considered when selecting
plants for use in soil conservation projects;
Tudor-Owen and Wyatt (1991), for example,
specifically recommend indigenous tree
species for stabilizing and rehabilitating
watercourses and drainage lines.

Removal of soil with cane at harvest

UNEP (1982) estimates that harvested cane
can contain up to 3–5% soil by weight;
however, the amount of extraneous material
(soil, trash) removed from the field depends
on harvesting method and on soil and
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weather conditions during harvest (Payne,
1991). Generally speaking, increased mecha-
nization of harvesting results in higher levels
of extraneous material. The main factors
determining whether cane is cut by hand or
by machine are the cost of labour and the size
of the area cultivated. Carefully hand-cut and
loaded cane may contain just 1% extraneous
material, but the rate of harvesting by this
method is very low. The adoption of mechan-
ical loading can increase this fraction to
around 6%, and fully mechanized harvesting
can increase it to 15% or above, even under
favourable conditions. In the particular case
of recumbent cane, where the growing cycle
is such that the crop lodges at an early stage
and stalks develop horizontally (as seen in
Hawaii), the most straightforward harvesting
methods can result in around 40% extraneous
material in loads delivered to the factory, half
of it soil (Payne, 1991).

Impact of Sugarcane Cultivation
on Soil Quality

Soil quality declines under sugarcane culti-
vation have been widely reported and are
associated with declines in yields in many
parts of the world. As Garside et al. (1997a,b)
note, a wide range of soil factors may be
implicated in yield decline, the relative
importance of each varying between loca-
tions, depending (for example) on soil type,
environmental factors and patterns of crop
management. However, very few studies
examine closely the detailed relationship
between cane yield and soil quality at a
within-field scale (Hartemink, 2003). Even
at larger scales, knowledge is limited, with
much more known about impacts on chemi-
cal properties of soils than on physical and
biological properties (Haynes and Hamilton,
1999; Hartemink, 2003).

Haynes and Hamilton (1999) provide
a concise synthesis of world literature on
the impact of sugarcane cultivation on soil
quality. The main effects identified are:

• loss of soil organic matter;
• soil acidification;
• changes in soil nutrient levels;

• soil salinization and sodification;
• compaction of topsoil.

More recently, Hartemink (2003) has
analysed the impacts of cane cultivation
on soil fertility, with particular emphasis on
chemical characteristics, including a detailed
case study from Papua New Guinea. The
above aspects of soil quality are explored
further in the following sections, drawing on
work cited by Haynes and Hamilton (1999)
and Hartemink (2003), and additional
material.

Organic matter

Bakker (1999) notes that the organic matter
content of (even virgin) tropical soils tends to
be relatively poor, partly because high soil
temperatures promote the rapid mineraliza-
tion of organic material. However, this
organic matter content tends to decline
further under cultivation. A decrease in soil
organic matter when virgin land is brought
under sugarcane cultivation is commonly
observed (Haynes and Hamilton, 1999), as it
is with other tropical crops (van Noordwijk
et al., 1997). Decreased organic matter content
under cane is particularly consistently a fea-
ture of topsoils, with studies showing losses
from those of Oxisols to be typically around
5–7% per year (Hartemink, 2003). Declines
in soil organic matter under sugarcane have
been specifically recorded in Australia (King
et al., 1953 – one of the first studies of its type;
Wood, 1985), Brazil (Cerri and Andreux,
1990; Caron et al., 1996), Cuba (Armas et al.,
1991), Fiji (Masilaca et al., 1986; Gawander
and Morrison, 1999), Indonesia (Sitompul
et al., 2000), Papua New Guinea (Hartemink
and Kuniata, 1996; Hartemink, 1998), the
Philippines (Alaban et al., 1990), South Africa
(van Antwerpen and Meyer, 1996a,b; Qongqo
and van Antwerpen, 2000; Dominy et al.,
2001) and Swaziland (Henry and Ellis, 1996).
However, it should be noted that some stud-
ies in Australia appear to show no overall
decline in soil organic C after more than
20 years under cane, although various effects
of cultivation (including changes in organic
matter content) were identified in different
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soil types at different depths (Bramley et al.,
1996; Skjemstad et al., 1999).

The level of decline in soil organic matter
content in cane growing areas is illustrated by
the following examples. Studies in Australia
have shown levels of organic C under cane
(after 20, 30 or more years of cultivation) to be
less than half of that found in uncultivated
soils (King et al., 1953; Wood, 1985). Between
1979 and 1996, organic C content of soils
under sugarcane cultivation in Papua New
Guinea declined from around 5.5 to 3.2 g/kg
(Hartemink, 1998). In the Philippines, Alaban
et al. (1990) recorded a decrease in organic C
from 13.3 to 9.9 g/kg over the course of 19
years of cane cultivation, accompanied by a
decrease in pH. In Brazil, Cerri and Andreux
(1990) found a decline in organic C to 46% of
the level found in forest soils after 50 years of
cane cultivation, and Caron et al. (1996) found
topsoil organic C levels of 34 and 45 g/kg
under primary forest (depending on soil
type), compared with 16 and 30 g/kg, respec-
tively, under cane after 20 years of cultivation.
In this case, differences in soil organic C were
also accompanied by a decrease in pH and
extended to around 1 m depth. In KwaZulu-
Natal, Dominy et al. (2001) estimated that
organic C content was 46 g/kg under undis-
turbed vegetation, compared with 34 g/kg
or 13 g/kg under continuous sugarcane
cultivation, depending on soil type.

Biological indicators of soil quality
(such as microbial biomass C, soil respiratory
rate, soil enzyme activity and soil earthworm
communities) are sensitive to changes in soil
organic matter content, and can change mark-
edly before any substantial changes in organic
matter content itself are detected. Recent years
have seen an increasing interest in the use
of such biological indicators of soil quality
(e.g. Pankhurst et al., 1997; Sparling, 1997), and
this area overlaps significantly with consider-
ations of the biodiversity impacts of cultiva-
tion. However, relatively little is yet known
in detail about changes in soil biological
characteristics associated with sugarcane
production (Hartemink, 2003). Significantly
lower microbial biomass has been found in
soils under long-term sugarcane cultivation
than in soils at new land sites in Australia
(McGarry et al., 1996; Garside et al., 1997a,b;

Holt and Mayer, 1998). Dominy et al. (2001)
found a decrease in both soil microbial bio-
mass C and basal respiration under continu-
ous sugarcane cultivation in KwaZulu-Natal,
and associated this with a decline in soil
organic matter.

Recent studies using computer model-
ling of soil organic matter dynamics have
explored how levels of the original (pre-
cultivation) organic material change in soils
under sugarcane cultivation. Typical rates of
turnover of pre-cultivation organic matter
vary, for example, between 13 and 50 years
depending on soil type (Burke et al., 2003),
although pre-cultivation organic C can remain
detectable at some depths in cane soils for
much longer periods (Vitorello et al., 1989;
Cerri and Andreux, 1990). New equilibrium
levels of total soil organic matter are eventu-
ally reached, based on the gradual decay of
pre-cultivation material and an even slower
build-up of crop-derived material. This pat-
tern is demonstrated for soils under sugarcane
for a period of 50 years in Brazil (Cerri and
Andreux, 1990; van Noordwijk et al., 1997).
These studies also show that pasture systems
return greater amounts of organic C to the soil
(7.5 t/ha/year) than cane (0.96 t/ha/year),
resulting in a relatively rapid return of total
soil organic C to pre-cultivation levels. The
typical pattern of soil organic matter dynam-
ics under cane appears to be a relatively
rapid decline in pre-cultivation material,
accompanied by a slow build-up of cane-
derived material, leading to a new equilib-
rium level of organic C (below that seen in the
pre-cultivation soils) after many years (Cerri
and Andreux, 1990; van Noordwijk et al., 1997;
Sitompul et al., 2000).

A number of the studies cited above
emphasize the complexity of soil organic
matter dynamics, including differences in
patterns according to soil type, soil texture
and particle size, depth at which measure-
ments are taken and cultivation practices. For
example, Haynes and Hamilton (1999) and
Hartemink (2003) report evidence that organic
matter can accumulate in subsurface horizons
(> 30 cm depth) in soils under cane cultiva-
tion. This may be a result of topsoil being
redistributed by deep tillage (e.g. Gawander
and Morrison, 1999; Grange et al., 2002) or as a
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consequence of turnover of root material from
this reasonably deep-rooted crop. However,
such effects are not entirely consistent
across the industry. In a study in Australia,
Skjemstad et al. (1999) found lower levels of
organic C in subsoils of old (20–70 years) cane
fields relative to virgin sites.

Soil acidification

Sugarcane tolerates a pH range of 5–8, and
some studies have suggested an optimum pH
of about 6, but some cane fields on very acid
soils are known nevertheless to produce high
yields (Blackburn, 1984; Coale and Schuene-
man, 1993). A decrease in soil pH when
virgin land is brought under sugarcane
cultivation is commonly observed, for most
soil types, at a range of depths (Haynes and
Hamilton, 1999; Hartemink, 2003). Such
effects have been specifically recorded in
Australia (Maclean, 1975; Wood, 1985;
Garside et al., 1997a,b), Brazil (Caron et al.,
1996), Fiji (Masilaca et al., 1986), Florida
(Coale, 1993), Papua New Guinea
(Hartemink and Kuniata, 1996; Hartemink,
1998), the Philippines (Alaban et al.,
1990), Puerto Rico (Abruna-Rodriquez and
Vicente-Chandler, 1967) and South Africa
(Schroeder et al., 1994; van Antwerpen and
Meyer, 1996a,b; Qongqo and van Antwerpen,
2000).

The degree of soil acidification recorded
under sugarcane is illustrated by results from
South Africa, particularly the northern and
southern coastal regions of KwaZulu-Natal,
where Meyer et al. (1998) reported a decline in
mean soil pH from 6.2 in 1980/81 to 5.6 in
1996/97, and an increase in the proportion of
soil samples with pH < 5 (from 18% in 1980
to 43% in 1997). In Papua New Guinea, the
pH of topsoils under sugarcane cultivation
decreased from around 6.5 to 5.8 between 1979
and 1996 (Hartemink, 1998). In Fiji, declines in
soil pH from 5.5 to 4.6 were recorded over the
first 6 years of cane cultivation in some areas
(Masilaca et al., 1986), and, in the Philippines,
Alaban et al. (1990) recorded a decrease in
soil pH from 5.0 to 4.7 over 19 years of cane
cultivation.

Sumner (1997) and Haynes and Hamilton
(1999) discuss the chemistry underlying
acidification of cane growing soils, and
conclude that the effect is mainly caused by
the use of acidifying nitrogenous fertilizers
such as urea and ammonium sulphate,
coupled with the nitrate leaching that occurs
under the high rainfall conditions that often
prevail in cane cultivation areas. Hartemink
(2003) also identifies the use of ammoniacal
fertilizers as a major contributory factor to
soil acidification under sugarcane, owing to
oxidation of ammonium to nitrate. Sumner
(1997) notes that mineralization of organic
matter can also contribute to soil acidification,
through the oxidation of N to HNO3 and S to
H2SO4.

Sumner (1997) and Haynes and Hamilton
(1999) also note that a range of other chemical
changes typically accompany declining pH of
soils under sugarcane, including an increase
in exchange acidity, increase in exchangeable
Al (which becomes soluble at pH < 5.5),
decrease in exchangeable bases (Ca, Mg, K)
and overall decrease in cation exchange
capacity. Such effects have also been noted
by van Antwerpen and Meyer (1996a) and
Qongqo and van Antwerpen (2000).

The particular issue of acid sulphate soils
is discussed in relation to water pollution in
Chapter 4. Rayment (2002) suggests that a fur-
ther hazard associated with this particular soil
type is potential acid contamination of surface
layers when spoil from drain construction is
dumped.

Changes in soil nutrient levels

As well as directly influencing cane growth
and development, soil nutrient levels can
influence the impact of pests (Atkinson and
Nuss, 1989) and diseases (Anderson and
Dean, 1986), and have also been shown to
play a role in the biological control of weeds
(Kuniata, 1994; Kuniata and Korowi, 2001).

Haynes and Hamilton (1999) conclude
that changes in soil nutrient levels under sug-
arcane depend primarily on whether fertilizer
inputs exceed or are less than nutrients
removed in harvested cane or lost by other
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means. It has been estimated that annual
removals of nutrients in a 100 t/ha sugarcane
crop are around 120 kg N/ha, 33 kg P/ha and
125 kg K/ha (de Geus, 1973; see also figures
given by Srivastava, 1992; Hunsigi, 1993;
Malavolta, 1994). Hartemink (2003) provides
a detailed analysis of soil chemical changes
under sugarcane cultivation, and concludes
that the most typical general trends are
decreases in total N and exchangeable
cations (particularly K), and an increase in
available P.

A range of processes (other than fertilizer
additions and removal of nutrients by the
crop) contribute to changes in soil nutrient
levels under cane cultivaton. Levels of inputs
from biological nitrogen fixation vary con-
siderably, and many processes contribute to
losses of soil nutrients (and may contribute to
wider environmental impacts). Soil erosion,
for example, can contribute to the loss of nutri-
ents from cane fields. In Louisiana (USA), soil
erosion losses averaging around 17 t/ha/year
resulted in annual nutrient losses of around
18 kg N/ha, 14 kg P/ha and 104 kg K/ha
(Bengtson et al., 1998). Runoff and leaching are
potentially important pathways for nutrient
loss from cane fields (see Chapter 4). Nutri-
ents may also be lost to the atmosphere,
through denitrification and volatilization, and
it has also been estimated (Valdivia, 1982) that
preharvest burning may be responsible for as
much as 30% of the annual N removal in a cane
crop (see Chapter 7). Consequently, careful
management of fertilizer inputs is important,
not only for maintaining soil nutrient balance,
but for controlling air and water pollution.

Sugarcane is regarded as a relatively
heavy consumer of N (Malavolta, 1994),
although its N requirements are similar to
those of wheat and maize, despite its much
greater biomass productivity (Keating et al.,
1997). However, a general N balance for
the cane crop is difficult to construct, as a
consequence of widely differing agronomic
practices and growing conditions, and a lack
of knowledge of certain processes (Ruschel
and Vose, 1982). Under some circumstances,
there is evidence of substantial potential
inputs due to biological nitrogen fixation,
equivalent to over 200 kg N/ha/year, provid-
ing 60–80% of total plant N (Boddey et al.,

1991; Urquiaga et al., 1992). It has been argued
that, in some situations, such biological
nitrogen fixation allows cane to be grown con-
tinuously, with only low levels of inorganic
fertilizer application, without serious deple-
tion of soil N, despite substantial removals
of N by the crop (Lima et al., 1987). However,
the dynamics of nitrogen fixation are complex
and incompletely understood and are affected
(for example) by applications of mineral N.
Application rates for inorganic fertilizers
and organic amendments vary substantially.
A study of cane cultivation in Latin America
and the Caribbean, for example, found
inorganic fertilizer application rates ranging
from 60 to 200 kg N/ha/year (Ruschel et al.,
1982), although a greater range of rates is
undoubtedly used worldwide (see Chapter 2).
In terms of N outputs, individual studies
often fail to quantify N losses due to erosion,
denitrification and leaching, further impeding
the construction of complete N budgets for
this crop (Hartemink, 2003). In addition, it has
been shown that quantities of gaseous N can
be lost from the plant itself. These results call
into question many estimates of N recovery by
sugarcane, which are generally of the order
of 20–50% (Hartemink, 2003). For example,
Ng Kee Kwong and Deville (1994b) showed
that accounting for gaseous N losses from the
plant increased recovery rate estimates from
13–18% to 20–40%. Such experiments also
suggest that levels of denitrification and
volatilization, which have generally been
assumed to explain unaccounted-for N loss
after other factors are taken into account, may
have been greatly overestimated (Hartemink,
2003). With such complications in mind,
Hartemink (2003) suggests that the N balance
for cane cropping is generally negative, which
is consistent with direct measurements of soil
nutrient levels under cane, which generally
show a decline in total N. Examples of such
a decline include studies from Australia
(King et al., 1953 – total N in soils under cane
cultivation for 22 years was less than half that
found in uncultivated soils) and Swaziland
(Henry and Ellis, 1996). Hartemink (2003)
summarizes the results of a range of cane
growing studies by suggesting that N losses
from the topsoils of Oxisols, for example, are
typically up to 10% per year.
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In terms of changes in levels of exchange-
able cations, effects of cane cultivation on K
appear to be the most pronounced. Relatively
high levels of K are typically removed from
the soil by sugarcane, and depletion of soil K
is a common phenomenon under this crop
(Haynes and Hamilton, 1999). Summarizing
the results of a range of studies, Hartemink
(2003) suggests a typical K depletion rate of
between 3 and 10% per year. Depletion of soil
K under cane has been specifically reported
from Fiji (Masilaca et al., 1986), Papua New
Guinea (Hartemink, 1998), the Philippines
(Alaban et al., 1990) and Swaziland (Henry
and Ellis, 1996). Conversely, K levels are gen-
erally high in South African soils under cane,
suggesting that there may be over-fertilization
with this nutrient here (Meyer et al., 1998).
Levels of K are naturally elevated in the
(illite-rich) soils of Pakistan, but rates of K
removal by cane are a cause for concern and
an influence on soil management strategies
(Nasir and Quereshi, 1999a).

As well as K, levels of other exchange-
able cations tend to decrease in soils under
sugarcane (Hartemink, 2003). Haynes and
Hamilton (1999) note that soil acidification
promotes leaching of certain nutrients (such
as Ca and Mg) and accumulation of others
(notably Al). A decrease in topsoil Ca and
Mg under cane, relative to uncultivated
soils, was shown in Australia by Mclean
(1975). Decreases in Ca and Mg and increases
in Al have been reported for cane grow-
ing soils in Australia (Wood, 1985; Bram-
ley et al., 1996) and Costa Rica (Krebs et al.,
1974).

Studies show that levels of available P
in soils under sugarcane generally increase,
often (in the topsoils of Oxisols) at a rate of
around 5–15% per year (Hartemink, 2003).
Specific studies showing such an effect
include work from Australia (Mclean, 1975),
Fiji (Masilaca et al., 1986) and Swaziland
(Henry and Ellis, 1996). However, decreases
in available P have been demonstrated for
cane growing soils in Australia (Wood,
1985) and the Philippines (Alaban et al.,
1990). Hartemink (2003) concludes that P
accumulation in cane growing soils most
probably results from high application rates
of P fertilizers.

Soil salinization and sodification

Salt-affected soils occur naturally and as a
consequence of human land management
activites (Ghassemi et al., 1995; Sumner,
1997). Haynes and Hamilton (1999) consider
saline soils to be those where the concentra-
tion of soluble salts is sufficient to restrict
plant growth (often taken as those where the
electrical conductivity (EC) of a saturation
paste extract exceeds 400 mS/m – Sumner,
1997). They also note that saline soils also
tend to be sodic (ESP exceeds 15%). In the
context of cane cultivation in South Africa,
SASA (2002) recommends that soil samples
should be taken and assessed against the
criteria outlined in Table 6.2.

Poorly managed irrigation is the main
cause of human-induced soil salinization
(Ghassemi et al., 1995; Sumner, 1997; Haynes
and Hamilton, 1999). As a consequence of
poor drainage of irrigation waters, the
water-table rises and salts dissolved in the
groundwater reach the soil surface by capil-
lary action, where they accumulate as water
evaporates or is transpired by the crop. This
process can be exacerbated by the use of saline
waters for irrigation. Hence, prevention of
soil salinity is largely a matter of appropriate
management of soil water. Naturally shallow
water-tables are generally associated with
areas of low elevation in the landscape, and
there is evidence that shallow water-tables
are common throughout the sugar industry
(Sweeney et al., 2001a,b). Ghassemi et al. (1995)
note that the risk of raising the water-table
(and inducing salinization) by irrigation
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EC (mS/m) Rating
Effect on cane
growth

0–200
200–400
400–600
> 600

Non-saline
Slightly saline
Moderately saline
Strongly saline

None
Slight
Severe
Very severe

Table 6.2. Criteria for assessment of soil salinity
(based on samples from the upper 600 mm) in
irrigated cane fields in South Africa. Soils suitable
for irrigation are those with a sodium adsorption
ratio (SAR) of < 15 and an EC of < 200 (after
SASA, 2002).
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is invariably underestimated – even where
the natural water-table is 10–20 m below the
surface, it can easily be raised to within
1–2 m of the surface, particularly where
drainage is poor.

Excessive salt concentrations in soil
under sugarcane have been reported from
many areas, particularly where rainfall is
relatively meagre and irrigation is practised
(Haynes and Hamilton, 1999). Specific reports
include those from Australia (Ham et al., 1997;
Nelson and Ham, 1998), Egypt (Nour et al.,
1989), India (Tiwari et al., 1997), Iran (Sehgal
et al., 1980; Abbas Keshavarz, 1998; Sohrabi
et al., 1998), Jamaica (Shaw, 1982), South Africa
(Maud, 1959; von der Meden, 1966; van
Antwerpen and Meyer, 1996a,b), Swaziland
(Workman et al., 1986), the USA (Bernstein
et al., 1966) and Venezuela (Wagner et al.,
1995b). Salinity and sodicity of soils have
been linked to serious cane yield declines in a
number of these areas (Haynes and Hamilton,
1999). Ghassemi et al. (1995) give three exam-
ples of areas where irrigation of sugarcane
has resulted in soil salinization. These are
summarized in Box 6.3.

Remediation measures for saline soils
include enhanced surface and subsurface
drainage (see also Chapter 3), combined with
accelerated leaching of salts by deliberate over-
irrigation, and application of ameliorative
agents such as gypsum or phosphogypsum
(e.g. SASA, 2002). Where sodicity is a prob-
lem, addition of gypsum (to replace some of
the exchangeable Na with Ca), combined with
improved drainage to promote leaching of
Na, may be effective; this also has the benefit
of reducing the likelihood of clay dispersion
and surface sealing (Sumner, 1997).

Accumulation of pesticides in the soil

Cultivation methods are likely to influence
the levels of pesticide residues in the soil,
either by affecting rates of runoff in water
and sediments or by affecting rates of break-
down of pesticides in situ. For example,
Srivastava et al. (1999) found that atrazine
herbicide residues in soil under sugarcane
cultivation decreased with increasing levels

of N application and soil moisture regime.
Umrit and Ng Kee Kwong (1999) found that,
following applications of atrazine, diuron,
hexazinone and acetochlor, there was a rapid
dissipation of herbicide in the top 0–2.5 cm
layer of the soil, and little herbicide was trans-
ported down the soil profile to below 30 cm
depth. These authors found no evidence of
on-farm build-up of herbicide residues. How-
ever, despite their widespread replacement
by less persistent pesticides, Cavanagh et al.
(1999) found easily detectable concentrations
(0.01–45 ng/g) of organochlorine pesticide
residues in soil samples from sugarcane
fields in North Queensland, Australia.

Compaction

Many smallholders and subsistence farmers
cultivate sugarcane, but most is grown on
large-scale plantations with a high degree of
mechanization, and heavy vehicles are often
used for in-field operations such as tilling
and harvesting (Hartemink, 2003). Particu-
larly when the soil is wet, it is this that results
in the most important compaction problems
associated with cane cultivation, including
breakdown of soil structure and direct dam-
age to cane stools (e.g. Bakker, 1999; SASA,
2002). Compaction alters physical properties
of soil, including bulk density and soil
strength (increased), porosity and water
infiltration rate (decreased). SASA (2002)
provides a summary of critical values for
bulk density and porosity for different soil
types, shown here in Table 6.3.

SASA (2002) suggests that compaction
can be identified by the following:

• Ponding on soils with a fine, sandy
texture.

• Measurements with a penetrometer.
• Digging a pit, observing root growth and

looking for evidence of a ‘hardpan’.
• Smeared, shiny soil surface lacking

structure.
• Lack of cracks, deep roots or earthworm

holes.
• A platey soil structure.
• Grey, anaerobic topsoil.
• Mottling caused by impeded drainage.
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Bulk density (kg/m3) Porosity (%)

Normal range Critical value Normal range Critical value

Clay soil (> 35%)
Sandy soil (< 20%)

1100–1300
1500–1700

1500
1800

58–51
43–36

43
32

Table 6.3. Critical values for bulk density and porosity for different soil types (after SASA, 2002).

Box 6.3. Irrigation of sugarcane as a cause of soil salinization

Ghassemi et al. (1995) give the following examples of cases where soil salinization has been directly or
partially attributed to the irrigation of sugarcane.

Khuzestan, Iran

In ancient times, Khuzestan in south-west Iran was the land of sugarcane. However, around 700 years ago,
cane cultivation ceased. Clearly, it is difficult to ascertain the precise cause, which may be ascribed to a
combination of factors including an earthquake, invasion, siltation of irrigation canals and a breakdown
in the elaborate institutions needed to operate the ancient irrigation system. However, it has also been
suggested that salinization, resulting from a lack of knowledge of soil/water management, was a significant
factor. Salinization as a consequence of inappropriately managed irrigation is believed to have contrib-
uted to the collapse of agriculture in other parts of the ancient world. Since the 1960s, sugarcane
cultivation has returned to this area of Iran, although soils and groundwater are saline and remedial
drainage programmes have been required. A measure of their success is the increase in cane yield since
cultivation was reinstigated, from around 77 to 120 t/ha. More recently, Abbas Keshavarz (1998) has
reported the problem of shallow water-tables and soil salinity, and measures to control it, as part of the
14,300 ha Amir Kabir Sugarcane Irrigation Project, in Ahwaz, Khuzestan.

Egypt

Despite having very limited rainfall, agriculture flourished in Egypt for thousands of years, based on
surface irrigation methods tied to the annual flooding of the Nile River. This regular but infrequent
inundation of the land did not result in salinization problems, because the local soils have a high capacity
for natural drainage. However, systems for perennial irrigation were introduced in about 1820, to
facilitate the cultivation of cotton and sugarcane. Subsequently, a number of major infrastructural projects
(including the High Aswan Dam) and a network of canals have been completed to increase access to
perennial irrigation. Seepage from these canals has resulted in a gradual but general rise in the water-table
and accumulation of salt in the soil. Soil degradation and the need for improved drainage are now priority
issues in many areas.

Kakrapar Irrigation Project, India

The Kakrapar Irrigation Project is one of the largest in Gujarat. The construction of a weir on the Tapi River
at Kakrapar facilitated the introduction of increased irrigation to the area in the late 1950s, and the
construction of the Ukai Reservoir in the early 1970s increased the area to which water was available on a
perennial basis. The soils here are fertile, and can sustain increased crop production under irrigation, but
are not freely draining. The increased availability of water led to a shift from traditional unirrigated crops
to new irrigated crops, including sugarcane. By 1984, around 12% of the irrigation area was under cane.
The shift in cultivation practices led to a water-table rise estimated at 0.3 m/year over a period of 20 years.
Whilst 150,000 ha had a water-table deeper than 9 m in 1957, virtually no land in the area did by 1980.
Salt-affected areas increased, and thousands of hectares became almost barren. Over-irrigation of sugar-
cane and the cultivation of cane in areas with soils least suitable for irrigation have been identified as sig-
nificant factors in this process (see also Gajja et al., 1994, 1997, 1998, 2000). Adherence to recommended
cropping patterns (based on land irrigability classes), higher water charges and education of farmers are
recognized as important means of recovering productivity in the Kakrapar area (Gajja et al., 1997, 2001).
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Haynes and Hamilton (1999) report that
compaction problems have been reported
from many areas where sugarcane is grown.
For example, significant differences of
0.15–0.18 mg/m3 in the bulk density of the
surface 8 cm of soil have been shown for
cultivated versus uncultivated land (Maclean,
1975; Wood, 1985). Further specific reports
come from Australia (Braunack and Hurney,
1996; see also below in relation to inter-rows),
Brazil (Centurion et al., 2000), Colombia
(Torres and Villegas, 1993), Cuba (Armas
et al., 1991), Fiji (Masilaca et al., 1986),
Guyana (Davis, 1997), Hawaii (Trouse and
Humbert, 1961), India (Srivastava, 1984; Rao
and Narasimham, 1988), Papua New Guinea
(Hartemink, 1998), Thailand (Grange et al.,
2002), South Africa (Maud, 1960; Johnston and
Wood, 1971; Swinford and Boevey, 1984;
van Antwerpen and Meyer, 1996a,b) and
Venezuela (Wagner et al., 1995a,b).

Because of the pattern of vehicle move-
ment through the cane crop, compaction can
be most pronounced in the inter-rows (Haynes
and Hamilton, 1999; Hartemink, 2003). Heavier
mechanized traffic has the potential to cause
greater inter-row compaction and also com-
paction (and stool damage) in the cane rows
themselves, which is a greater threat to yields
than inter-row compaction. Topsoil bulk den-
sity has been shown to be significantly greater
in inter-row spaces than in cane rows or under
natural vegetation. For example, in Australia,
McGarry et al. (1996) found topsoil bulk densi-
ties of 1.85 mg/m3 in the inter-row, 1.55 mg/
m3 within the row and 1.40 mg/m3 on
uncultivated land (see also Braunack, 1997).

Compaction is likely to be a particular
problem under zero tillage, as the soil is
not regularly loosened by tillage operations
(Haynes and Hamilton, 1999; Grange et al.,
2002). However, this must be set against the
reduced risk of erosion derived from zero
tillage, particularly on sloping, high rainfall
areas.

Surface sealing

Sumner (1997) notes that surface sealing and
crust formation can occur on cane growing

soils. This phenomenon results from the
breakdown of soil aggregates, followed by
the dispersion of fine clay particles which
block pore spaces. This results in a relatively
impermeable layer at (or close to) the soil
surface, which can form a hardened crust on
drying. Sodic soils are particularly vulnerable
to sealing, and the loss of organic matter often
associated with cultivation can also render
(particularly low salt content) soils more
susceptible. Sealing reduces water infiltration
and increases runoff, increasing the risk of
erosion and pollution of waterways. It also
reduces the water available to the crop (i.e. by
reducing the proportion that permeates the
soil) and can inhibit seedling emergence.

Impacts of preharvest cane burning

There is evidence that sustained preharvest
burning of sugarcane can contribute to a
decline in soil quality. This applies to decline
in the physical properties of the soil (as
demonstrated in Brazil by Ceddia et al., 1999)
and soil microbial activity (as demonstrated
in South Africa by Graham et al., 2002). In
Lucknow, India, Yadav et al. (1994) found
that trash burning reduced soil organic
carbon by 0.02%, available N by 15 kg/ha
and available P by 16 kg/ha. Valdivia (1982)
suggested that preharvest burning may be
responsible for as much as 30% of the
annual N removal by a cane crop. However,
Hartemink (2003) suggests that preharvest
burning may help to counter the risk of
soil acidification, through the return of
pH-increasing ashes to the soil, an idea sup-
ported by the results of Noble et al. (2003).
Implications of a shift from cane burning to
green cane harvesting and trash blanketing
are outlined in Box 2.4.

Measures to Reduce Impacts of
Sugarcane Cultivation on Soil Quality

Haynes and Hamilton (1999) conclude that
sustainable systems of cane cultivation that
maintain or improve soil quality are required
to ensure the future of the sugar industry. A
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range of methods has been investigated in
relation to reduction of the impacts of sugar-
cane cultivation on soil quality. Aspects of the
rational use of agrochemicals, appropriate
harvest operations, modified tillage and trash
blanketing, all of which can make significant
contributions to reducing or remediating
impacts on soils, are discussed in Chapter 2.
Other suggested methods include:

• Soil amendments (including cane pro-
cessing wastes and animal manures)
(Lugo-Lopez et al., 1981; Ng Kee Kwong
and Deville, 1988; Scandaliaris et al.,
1995; Haynes and Hamilton, 1999;
Meyer and van Antwerpen, 2001; van
Antwerpen et al., 2003).

• Application of lime to counter acidifica-
tion (Choudry and Corpuz, 1984; Meyer
et al., 1989; Meyer et al., 1991; Turner
et al., 1992; Coale, 1993; Coale and
Schueneman, 1993; Schroeder et al., 1993;
Kingston et al., 1996; Sumner, 1997;
Wood et al., 1997; Haynes and Hamilton,
1999; Noble and Hurney, 2000).

• Crop rotation, fallowing, green manur-
ing (Armas et al., 1991; van Antwerpen
and Meyer, 1996a,b; Pankhurst et al.,
2000, 2003; Dominy et al., 2001; Garside
et al., 2003; van Antwerpen et al., 2003;
Nixon and Simmonds, 2004).

• Intercropping (Akhtar and Silva, 1999).

As the negative effects of cane cultivation
on soils have often been related to the ten-
dency to grow the crop as a continuous
monoculture, the use of fallowing is of partic-
ular interest. Alexander (1985) suggested that
the economics of tropical agriculture strongly
mitigated against taking areas out of pro-
duction. However, interest in fallowing cane
fields (leaving soils bare, establishing pasture
or growing a break crop or green manure)
is not new (e.g. Chinloy and Hogg, 1968).
In Guyana, an unusual situation exists in
the routine flood fallowing of cane fields
(see Box 6.4).

In Australia, a maximum of 6 months
fallow (bare ground, weeds or sown legumes)
has been common between ploughing out
and replanting, and, in some areas of north-
ern Queensland, rotation of sugarcane and
bananas has been introduced (Garside et al.,

1997b). However, interest in fallowing has
increased substantially in Australia in recent
years, and it has been shown to enhance soil
quality (van Antwerpen et al., 2003) and yield
(Pankhurst et al., 2000; Nixon and Simmonds,
2004). Such effects have the potential to reduce
the need for water and fertilizer applications
(Garside et al., 2003). Fallowing has also been
found to reduce populations of detrimental
soil organisms, while increasing numbers of
beneficial organisms (Pankhurst et al., 2000,
2003).

SUGAR BEET CULTIVATION

As in other respects, identification and char-
acterization of the specific impacts of sugar
beet cultivation on soils are complicated by
the fact that beet is typically grown as part
of a rotation of crops. There is evidence that
the use of rotations, in itself, reduces soil
impacts relative to monocropping, as well
as ameliorating declines in crop yields.
Zawislak and Tyburski (1992) and Zawislak
and Rychcik (1997) present results of studies
of continuous cropping of sugar beet (and
other crops) versus rotation in Poland.
Average yield reduction under continuous
cropping (based on weighted means from
numerous trials of various durations during
the period 1957–1991) was 28% for sugar
beet. Volkov (1986) stresses the importance of
crop rotations both for the farm’s short-term
results and for maintaining long-term soil
fertility. However, soils in continuous arable
production (even with rotation of crops)
remain at risk of degradation (e.g. Morgan,
1986).

Impact of Sugar Beet Cultivation on
Soil Quantity

The main considerations in relation to beet
cultivation impacts on soil quantity are ero-
sion and removal of soil at harvest (the latter
representing a greater problem with this crop
than with cane). Soil under sugar beet culti-
vation can be prone to wind erosion as well as
water erosion, according to local conditions.

Impacts on Soils 133

147A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:47 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



For example, Frede (1986) notes that, in
Germany, wind erosion is mainly restricted
to areas in the north, whilst water erosion
occurs throughout the country, and areas of
intensive sugar beet are amongst those most
affected. Wind erosion causes damage to beet
seedlings, and can therefore affect short-term
yields as well as contributing to longer-term
environmental degradation.

Chisci and Morgan (1986) note that soil
erosion was not considered a major issue in
Europe in the 1970s, as traditional agricultural
systems were not seen as posing significant
erosion risks. There was greater concern
over the impact of farm machinery on soil
structure (compaction), and issues related to
soil organic matter content. However, con-
cerns over erosion increased in the 1980s,

particularly in relation to cultivation of slop-
ing areas in the Mediterranean (e.g. Chisci,
1986a, and other papers in Chisci and Morgan,
1986), but also in the rolling, loamy landscapes
of northern and western Europe (e.g. Monnier
and Boiffin, 1986; Morgan, 1986, and other
papers in Chisci and Morgan, 1986). The
increase in erosion risk identified in these
areas was related to recent changes in the
pattern of land use, in combination with
local topographical, geomorphological, pedo-
logical and climatic factors (e.g. Chisci, 1986a;
Monnier and Boiffin, 1986). Key aspects of
changing land use were altered cropping
systems, notably the switch from pasture to
arable, but also increasing crop specialization
under arable (including switches from cereals
to row crops such as sugar beet), increased
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Box 6.4. Flood fallow in Guyana.

The following summary of this unusual practice is based partly on an unpublished presentation given at a
meeting to celebrate the 50th Anniversary of the Faculty of Agriculture and Natural Sciences, University of
the West Indies, St Augustine, Trinidad (A.D. Dey and H.B. Davis, 1998, The effects of flood fallow on soil
fertility maintenance under sugar cane monoculture).

Flood fallow is a practice dating back to the 19th century in Guyana and Surinam, and may have
originated as a means of controlling insect pests such as Castniomera licus (Follett-Smith, 1934; cf. SAC,
2000). Current practice is to submerge cane fields with 30–45 cm fresh water for 6–12 months, following
postharvest incorporation of crop residues into the soil. Apart from suppression of pests and weeds, the
technique results in benefits to soil structure, with improvements seen in soil air–water relations and
soil aggregate stability, and reduced bulk density. Such benefits are apparent for up to 4 years following
flooding, and contribute to the alleviation of subsoil compaction (Davis, 1997). Soil nutrient status is also
improved, from an agronomic perspective, through the liberation of substantial quantities of ammonium.
This process is apparently independent of microbial activity, or reduction of nitrates, and has instead been
ascribed to the release of ammonium bound to clay particles (e.g. Evans, 1962). It results in a reduced need
for N fertilizer applications in the subsequent crop cycle (Dey and Davis, 1997). Other benefits include the
flushing of salts from the soils, some of which are significantly saline.

This technique has proved suitable for use on around two-thirds of the cane growing soils in Guyana,
specifically those based on high activity (swelling) clays. It is less applicable to the more porous soils, or
those rich in fine sands and silts with a low percentage of swelling clays (where a fallow period under
legumes may be more appropriate – Dey et al., 1997). However, the precise mechanisms behind the
physical and chemical effects of flood fallowing have not been clearly elucidated. It appears that flooding
creates reducing conditions in the upper soil layers, and may promote anaerobic decomposition of organic
matter, resulting in releases of gases such as N2O, H2S, NH3 and CH4. Gaseous releases contribute to the
formation of cracks and crevices in the soil, allowing the reduction products of Fe2O3 to percolate
downwards, contributing to the release of ammonium from lower soil layers. When the field is drained,
oxidizing conditions return, and reconstitution and redistribution of iron contributes to the consolidation of
improved soil structure.

Studies suggest that the agronomic benefits and increased yields arising from flood fallowing are
sufficient to compensate for the time that land is taken out of production (McLean, 1982). From the environ-
mental perspective, however, it is interesting to note that, whilst flood fallowing alleviates compaction and
can reduce fertilizer (and presumably herbicide) inputs, it promotes the release of various gases from the soil
and the removal of salts (and possibly nutrients) in drainage waters.
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mechanization and up-and-down cultivation
of slopes (Chisci, 1986a; De Ploey, 1986;
Eppink, 1986; Monnier and Boiffin, 1986;
Morgan, 1986). Soil erosion in sugar beet
cultivating areas can result in economic as
well as ecological problems (e.g. in Germany
– Heissenhuber and Schmidtlein, 1988),
including beet yield declines (e.g. in the
former USSR – Zaslawskij, 1982).

Wind erosion

Because beet fields are often ploughed in
autumn and left bare over winter, and
because the crop canopy takes a relatively
long time to develop after sowing, wind ero-
sion can be a serious problem, particularly on
light soils (Henriksson and Hakansson, 1993).
The seedbed (and seeds) can be blown away,
and wind-borne soil particles can damage
young seedlings, sometimes resulting in a
need to completely resow the crop. Forn-
strom and Boehnke (1976) estimated figures
for annual soil loss due to wind erosion in
sugar beet fields under conventional tillage in
a 3-year experiment in Wyoming (USA) as 49,
19.5 and 13.1 tons/acre. Use of alternative
tillage systems reduced these losses to 17, 5.5
and 13.1 tons/acre, respectively.

Water erosion

Cultivation on slopes enhances the risk of soil
erosion. In Europe, this has been recognized
as a problem in beet growing areas, particu-
larly in the hilly areas of the Mediterranean
(e.g. Chisci and Morgan, 1986, and papers
therein). Even in the less hilly areas of
northern and western Europe, where soil
types increase erosion risk, increasing slope
gradients exacerbate potential soil losses. For
example, on loamy loess soils in the southern
Netherlands, erosion risk becomes severe on
slopes of > 8%, but remains a problem to
some extent on slopes of > 2% (Eppink, 1986).
These figures can be compared to those given
by Tarariko et al. (1990) for the Obukhov
district, Kiev region of Ukraine, where areas
with slopes of > 7° were identified as being at

particular risk of erosion, those of 3–7° were
at moderate risk and those of < 3° were of
least concern.

Exposure of bare soil increases erosion
risk, whilst vegetation cover tends to reduce
erosion. Sugar beet has been identified as a rel-
atively ineffective cover crop in this respect,
due to its slow canopy development during
the first 2 months after sowing (Frielingshaus
et al., 1986, 1988; Schwertmann, 1986). Eppink
(1986) also notes the significance of different
crop cover on erosion risk in the southern
Netherlands, suggesting that risk under
sugar beet is intermediate to that under maize
(higher) or cereals (lower). Crop combinations
resulting in particular problems on the
relatively erodible soils in parts of northern
and western Europe have been identified as
sugar beet/potatoes (Eppink, 1986) and sugar
beet/cereals (Morgan, 1986).

In relation to rates of soil loss associated
with erosion under arable systems including
sugar beet, Eppink (1986) reports losses of
6.7 t/ha in an experimental area of the south-
ern Netherlands between September 1983 and
March 1984. De Ploey (1986) reports losses of
a minimum of 3 t/ha/year on loess loams
in Belgium, with 15 t/ha/year on recently
cleared areas, and 10–100 t/ha/year on
areas with steeper slopes. Under sugar beet
specifically, Morgan (1986) suggests losses
of 0.3–2.7 kg/m2 in Belgium, and Graf et al.
(1983) report losses of 1.57 t/ha in Wyoming
(USA). Defra (2002) provides no figures for
rates of water erosion under beet cultivation
in the UK, but notes that soil losses of this kind
are much smaller than those that occur with
harvested beet.

Soil loss at harvest

The removal of soil from fields on mechani-
cally harvested sugar beet can represent an
important factor in soil degradation (e.g.
Poesen et al., 2001; Oztas et al., 2002). Essen-
tially, it is a consequence of the shape of
the sugar beet root. Elliott and Weston (1993)
estimated the proportion of soil in material
delivered to the factory (soil tare) typically to
be 10–30%, noting that the industry in the EU
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had to separate around 3 Mt of soil from har-
vested beet each year, at a cost of some £40
million. Poesen et al. (2001) considered soil
losses at harvest for two commonly grown
root crops in Belgium (chicory and sugar
beet), and determined that soil loss was
9.1 t/ha/harvest for sugar beet. Assuming
that root crops were grown every other year
in the study area, mean annual soil losses
would be 5 t/ha/year (0.33 mm/year). Based
on these figures, the authors further esti-
mated that, as these root crops had been
grown in Belgium for at least 200 years, some
66 mm of soil losses could have accumulated.
However, soil texture, soil moisture at
harvest time and harvesting technique all
influenced the amount of soil removed. In
Turkey, Oztas et al. (2002) estimated that
annual soil losses on harvested sugar beet
were approximately 30,000 t in Erzurum and
1.2 Mt for the whole country, resulting in N, P
and K losses worth approximately US$60,000
annually for the study area.

Defra (2002) found that removal of soil
at harvest was the most significant impact
on soils under beet cultivation in the UK,
resulting in 350,000 t soil removed from
fields each year. Although substantial, this
represented the lowest soil tare (6.5%) in
Europe (see Table 6.4), and all soil thus
removed was returned to agricultural land or
used in other applications. However, it was
noted that returns to agricultural land had
to be undertaken in such a way as to avoid
undesirable impacts, such as excess nitrate
leaching. Progress in reducing sugar beet soil
tare has also been made elsewhere in Europe
in recent years. Eeckhaut (2001), for example,
estimates that soil tare was reduced from

around 18.5% to 10.5% between 1980 and 2000
in Belgium.

Measures to reduce impacts of beet
cultivation on soil quantity

Wind erosion

Methods to combat wind erosion on land
where sugar beet is cultivated include
reduced tillage and winter cover crops (see
Chapter 2), and the following:

• Establishment of cover intercrops
(Hagen, 1974; Selman, 1976; Bastow et al.,
1978; Lumkes, 1981; Cherry, 1983).

• Exploitation of residues from the
previous crop (Hagen, 1974; Simmons
and Dotzenko, 1975).

• Application of farmyard manure
(Hagen, 1974; Bakewell, 1980).

• Application of sugar factory waste lime
(Hagen, 1974; Pickwell, 1974; Bastow
et al., 1978; Bakewell, 1980).

• Application of vinyl/bituminous emul-
sions (Hagen, 1974; Pickwell, 1974;
Neururer, 1984).

• Creation of ridges in beet inter-rows
(Styles, 1973; Hagen, 1974).

• Shelterbelts (Dzhodzhov and Georgiev,
1980).

In wind tunnel experiments, Knottnerus
(1976b) studied a particularly wide range of
measures, including methods of decreasing
surface wind speeds with shelter belts, strip
cropping, screens, straw trusses and rough
surfaces, and of decreasing erodibility with
manures, mulches, town refuse composts,
crust-forming agents and artificial sticking
agents. Measures to reduce wind erosion
problems are also reviewed by Matthews
(1983) and Henriksson and Hakansson (1993).
Because wind erosion results in damage to
sugar beet seedlings as well as soil loss,
preventative methods can increase yields.
For example, Styles (1973) saw root yields
increased from 8–10 to 15–17 tons/acre when
ridges were created between rows of beet to
reduce wind erosion. Dzhodzhov and
Georgiev (1980) found that a single-row
shelterbelt of coppiced Robinia pseudoacacia
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Country Soil tare Country Soil tare

France
Hungary
Finland
Belgium
Netherlands
Italy
Ireland

20%
15%
13%
12%
11%
10%

9%

Portugal
Austria
Denmark
Spain
Sweden
UK

8%.5
7%.5
7%.5
7%.5
7%.5
6.5%

Table 6.4. Soil tare rates for European beet
cultivation (data from Defra, 2002).
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(9 m high, 2 m wide) significantly reduced
wind erosion during a dust storm, and
estimated that beet yield on the protected
area was 32% greater than that obtained by
resowing unprotected areas after the storm.

Water erosion/runoff

A range of measures is available for reducing
soil erosion and runoff in sugar beet cropping
systems. Aspects of modified tillage and the
use of cover crops are discussed in Chapter 2.
Other measures include:

• Contour cultivation (Zaslawskij, 1982;
De Ploey, 1986; Tarariko et al., 1990).

• Contour ditching (Chisci and Boschi,
1988).

• Terracing (Zaslawskij, 1982).
• Live barriers/contour strips (Zaslawskij,

1982; Schmidtlein et al., 1987).
• Changes to crop rotation (Boschi and

Chisci, 1978; Boschi et al., 1985; Chisci
and Boschi, 1988).

• Loosening of vehicle tracks (Schmidtlein
et al., 1987).

• Application of bituminous emulsion
(Neururer, 1984).

Other papers which evaluate erosion
control measures include Heissenhuber and
Schmidtlein (1988) and Brunotte (1990). De
Ploey (1986) recommends substantial changes
in land use (reforestation and switches from
arable to pasture) over significant areas in
northern and western Europe, and also
favours contour and reduced tillage, while
dismissing the effectiveness of other potential
measures, such as strip planting and the
grassing of waterways.

Because slope gradient is such an
important factor in determining erosion risk,
various authors have commented on soil con-
servation measures and land uses appropriate
for fields with different slopes. De Ploey
(1986) discusses options for reducing erosion
in the loamy loess areas of northern and west-
ern Europe, and suggests that (for comprehen-
sive soil conservation) hundreds of thousands
of hectares with slopes > 4–5% should be
reforested, and contour tillage should be
adopted on slopes of < 4%, in addition to other
measures noted above. As part of a strategy to

reduce soil erosion problems in the Obukhov
district (Ukraine), Tarariko et al. (1990)
divided cultivated areas into three groups,
suggesting that those with gradients > 7°
should be used for grass leys only, and those
of 3–7° should not support row crops. Only
areas with gradients of < 3° were considered
suitable for a wide range of intensively grown
crops. Tarariko et al. (1990) note that, whilst
these and other soil conservation measures
brought soil erosion under control, financing
and the lack of a unified land service for
coordination of the project were obstacles to
its success.

A series of papers from Italy (Boschi and
Chisci, 1978; Boschi et al., 1985; Chisci and
Boschi, 1988) examines the influence of crop
type and other factors on soil erosion and run-
off in sugar beet cultivation systems. Results
indicate that the use of lucerne (Medicago) ley
in the rotation has benefits. Erosion under
lucerne was much less (3 t/ha/year versus
9 t/ha/year) than under arable crops (maize,
sugar beet, wheat). Runoff was less than
under arable crops, peak runoff discharge was
retarded, runoff velocity was reduced and
water infiltration was increased.

Soil loss at harvest

Elliott and Weston (1993) note that, in
addition to significant (e.g. transport) cost
savings, the development of low-tare beet
varieties would speed up harvesting, reduce
the problem of environmental degradation
associated with soil losses from fields and
reduce the water consumption of beet facto-
ries. Selective breeding for root shapes which
carry less soil when harvested is one option
for reducing soil tare. There are suggestions
that new varieties could be developed that
reduce soil tare by up to 50% whilst maintain-
ing yield characteristics such as sugar content
and juice purity (e.g. Olsen et al., 2001).

Impact of Sugar Beet Cultivation on
Soil Quality

Amongst the factors contributing to declining
soil quality under arable systems including
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sugar beet in Europe are loss of organic
matter content and compaction (Chisci and
Morgan, 1986) and impacts associated with
the use of fertilizers and pesticides. However,
Winner (1993) suggests that the growing of
beet as part of a rotation generally leaves the
soil in relatively good condition for the
following cereal crop.

Organic matter

Relative to the tropical soils in which cane
is grown, beet growing soils in temperate
regions typically display rather slow rates
of mineralization of organic matter, as a
consequence of lower temperatures. None
the less, Draycott and Christenson (2003)
note that most beet growing soils in Europe
contain little organic matter (no more than
1–2.5%), having been under some form of
cultivation for hundreds of years. Morgan
(1986) reports a loss of organic matter content
from soils under arable systems including
sugar beet in northern Europe (possibly
related to the removal of grass leys from
the farming system). As organic matter
content affects soil physical properties, this
has made the soil more prone to structural
breakdown by raindrop impact, increasing
erosion risk.

Soil pH

Processes that promote soil acidification
(such as the use of ammonium fertilizers
and winter leaching of Ca) do occur in
agricultural systems where beet is grown
(Brentrup et al., 2001; Draycott and
Christenson, 2003). However, beet is very
sensitive to soil acidity, and application of
lime (often that recovered from beet process-
ing) is commonly used to ensure a close
to neutral soil pH. In order to obtain an
appropriate pH, beet growing soils should
be tested well in advance of sowing, and
more than one lime application (followed by
ploughing to ensure thorough incorporation
with the soil) may be required (Draycott and
Christenson, 2003).

Changes in soil nutrient levels

Again, because beet is typically only one crop
in a wider rotation, soil nutrient dynamics in
beet fields are complex. Among other factors
associated with beet growing specifically,
erosion can contribute to nutrient losses
(Oztas et al., 2002), and the practice of leaving
beet tops in the field after harvest can
substantially increase levels of residual N
and P in the soil (Neeteson and Ehlert, 1988).
In some areas (e.g. parts of the USA) where
timing and quantity of rainfall do not
promote leaching, nitrate has been shown to
accumulate in soils to such an extent that beet
quality factors are impaired (Draycott and
Christenson, 2003). Nitrate levels can also
be elevated in the lower horizons of beet
growing soils where leaching is occurring
if inorganic or organic fertilizer N inputs are
sufficient (Isermann, 1989; Milosevic et al.,
1989). However, such patterns are contrary to
the usual soil N dynamics under sugar beet,
provided that inputs are kept to reasonable
levels. Owing to its deep, spreading root sys-
tem, the plant is a very efficient scavenger of
soil nutrients. For maximum production, a
beet crop generally requires twice the amount
of N that is available naturally in most arable
soils, which is around 100 kg/ha for the
growing season, so fertilizer inputs can be
important for maintaining soil N levels. In
contrast, soil P concentrations tend to have
increased markedly in beet growing soils
after long-term cultivation. This has been
recognized and has led to a reduction in P
fertilizer inputs in many areas (Draycott and
Christenson, 2003).

Soil salinization and sodification

Like other members of the plant family
Chenopodiaceae, sugar beet is a halophyte, and
therefore relatively tolerant of saline condi-
tions in the main gowth stage (Elliott and
Weston, 1993; Jarkovsky, 1997). It is able
to utilize soil Na, which it can partially
substitute for K, and may remove sufficient
from some soils (e.g. in western Europe)
for Na additions in fertilizers to be required
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(Draycott and Christenson, 2003). Whilst
sugarcane growth can be severely affected
by salinity of 4–6 dS/m (SASA, 2002), beet
yields are unaffected by soil salinity up to
7 dS/m (Draycott and Christenson, 2003).
Dunham (1993) suggests that, amongst com-
mon field crops, only cotton and barley are
more salt tolerant.

None the less, saline and sodic soils
can be a problem in relatively arid beet
growing areas, for example, in parts of
Albania (Garo, 1994), Greece (Floras and
Sgouras, 2002) and the USA (Kaffka et al.,
2002). As with saline and sodic-cane growing
soils, remedial measures include addition
of gypsum and improved drainage to leach
excess salts. Tregaskis and Prathapar (1994)
review the effects of salinity on sugar
beet (and other crops) within the Murray
Basin, Australia. Salt stress does increase
the level of impurities in beet juice, and beet
is very sensitive to salinity in the germina-
tion stage, 6–12 dS/m reducing emergence
by half, with only tomatoes and onions
showing equivalent sensitivity (Dunham,
1993). However, as sugar beet is typically
grown in rotation with other crops, their
salt tolerances will be equally important in
determining fitness of land for agriculture,
including beet.

Compaction

Morgan (1986) reports that compaction has
occurred in soils under arable systems
including sugar beet in northern Europe,
particularly as a consequence of the use of
heavy machinery. This has led to reduced
infiltration rates and increased water erosion
(particularly along tractor wheelings, where
runoff rates have increased). Compaction
is also noted as a problem associated with
cultivation systems including sugar beet by
Sommer and Lindstrom (1987), Sommer
(1989), Brunotte (1990), Sommer et al. (1995)
and Birkas (2001). Whilst acknowledging
improvements made in the UK sugar
industry, Defra (2002) considered that soil
compaction remained an ‘at risk’ aspect of
beet cultivation.

Tillage systems influence soil physical
characteristics (e.g. Gemtos and Cavalaris,
2001), and Henriksson and Hakansson (1993)
note that the various field operations con-
ducted for seedbed preparation and sowing of
sugar beet can contribute to soil compaction
problems. Up to nine operations may be car-
ried out, often in a random traffic pattern,
leading to a total track area (for tractors and
other vehicles) of three times the area of the
field. Degree of compaction varies according
to soil type (and particularly soil moisture),
the distribution and number of passes by vehi-
cle wheels, the loads on those wheels and
wheel characteristics such as tyre pressures.
Morgan (1986) notes that the first pass of
a vehicle generally has the greatest impact,
although repeated passes lead to longer-term
problems at greater depths. Cooke and Scott
(1993) note that seedbed preparation tech-
niques for beet cultivation methods in eastern
Europe, which may involve two or three
ploughings and subsequent operations with
ineffective implements, have often resulted in
over-compacted soils. The work of Pidgeon
and Soane (1978) also emphasizes the impor-
tance of tillage in determining risks of com-
paction, showing compaction to a depth of
300 mm when harvester wheels passed over
soils previously deep ploughed, to 180 mm
following mouldboard ploughing, 150 mm
with chisel ploughing, and 60 mm with no
tillage.

In addition to seedbed preparation,
Henriksson and Hakansson (1993) note that
sugar beet harvesting imposes unusually high
risks of compaction. Harvesting is often car-
ried out in relatively wet conditions (when
compaction risk is greatest) using relatively
heavy vehicles. For small-grain cereal pro-
duction, annual traffic intensity has been esti-
mated at 150–200 t km/ha, but in sugar beet
production this load can be inflicted during
harvest alone, with total annual traffic loads
being twice as high. Axle loads of greater than
6 t can cause compaction deeper than 40 cm,
which can persist for decades (and may
become permanent). This can impair produc-
tivity, and it has been estimated that (when
operating heavy machinery on wet soils) com-
paction costs can exceed the costs of machin-
ery and labour. Tobias et al. (2001) studied
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compaction of wet and dry soil under excava-
tors and sugar beet harvesters, estimating that
caterpillar track loads of excavators varied
from 13 to 19 t and wheel loads of harvesters
from 6 to 11 t. On dry soil, excavators did not
cause significant plastic deformation at 30 cm
depth, but beet harvesters on wet soil led to
soil sinkage of 1–2 cm, even at 60 cm depth.
Increased wheel load in subsequent passes led
to greater subsidence than during the first
pass.

Impacts of pesticide inputs

There is some evidence from beet cultivating
systems of the persistence of pesticides in
soils (e.g. Fuhr, 1986; Wevers, 1997). In terms
of environmental accumulation of pesticides,
persistent agents are the most problematic.
Fedorov (1999) reports on persistent organic
chemicals in the former Soviet Union. A num-
ber of persistent organic chemicals (POCs)
were found across the landscape, most
notably dioxins, dioxin-like compounds,
DDT and miscellaneous pesticides.

Impacts of irrigation

Irrigation of sugar beet crops can affect soil
quality. In part this is related to the removal
of nutrients by leaching (see Chapter 4), but

irrigation can also affect soil physical proper-
ties such as infiltration rate, total porosity and
bulk density (Abedi-Koupai et al., 2001),
although such effects are not necessarily
negative (Artigao et al., 2002). In addition,
irrigation can affect the microorganism popu-
lations of sugar beet soils (Piotrowski et al.,
1996), with implications for disease agents,
wider microorganismal biodiversity and soil
health. Irrigation with beet-processing waste
water can also influence soil quality. Paulsen
et al. (1997) found that long-term irrigation
with beet-processing waste water had a
liming effect on soils. Drainage water showed
raised concentrations of some alkali and alka-
line earth metals, and chemical/biological
oxygen demanding substances (COD and
BOD compounds) were also translocated
down to the drainage level.

Measures to reduce impacts of sugar beet
cultivation on soil quality

A range of measures has been considered in
relation to reducing impacts on soil quality
of cultivation systems including sugar beet.
Aspects of the rational use of agrochemicals,
modified tillage, mulching and appropriate
harvest operations are discussed in Chapter
2. Draycott and Christenson (2003) also note
the development of a range of synthetic soil
conditioners which may have benefits in
improving the structure of beet growing soils.
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7

Atmospheric Impacts

Carbon dioxide is emitted from agricultural
soils as a consequence of the breakdown
of organic matter, but is also fixed by the
photosynthetic activity of crop plants. A few
studies have attempted to address aspects of
the carbon dioxide dynamics of sugar pro-
duction, particularly from cane. This is seen
as an important issue, given the high-profile
status of carbon dioxide as a greenhouse gas.
However, complete carbon dioxide budgets
for sugar production are complex, involving
emissions from processing operations (such
as the burning of bagasse) as well as the bal-
ance between soil emissions, other sources
related to cultivation (from preharvest cane
burning, vehicles and machinery, for exam-
ple) and the carbon dioxide assimilated by
the crop.

Other emissions from agricultural soils
include those of nitrogenous compounds,
which are exacerbated by the use of fertilizers.
Nitrous oxide may be released through
microbially mediated nitrification of ammo-
nium or denitrification of nitrate. In relatively
wet environments, the latter is the predomi-
nant process (Keating et al., 1997), although
very wet (waterlogged) conditions reduce
N2O emissions by encouraging conversion of
N2O to N2 (Smith and Arah, 1990). Nitrous
oxide is 350 times more potent than carbon
dioxide as a greenhouse gas, and 90% of global
emissions of this gas are thought to be derived
from soils (Byrnes, 1990). Seventy per cent

of global nitrous oxide emissions have
been linked specifically to agricultural land
(Mosier, 1994). In addition, ammonia may be
released through volatilization, contributing
to acidification and unwanted enrichment
of nutrient-limited natural ecosystems when
returned from the atmosphere by wet or dry
deposition (Christensen, 2004).

In addition to emissions from soils, culti-
vation of sugarcane can result in air pollution
where the crop is burnt prior to harvesting,
releasing carbon dioxide, nitrous oxide and
(in the smouldering phase) methane. Cane
burning also has a range of knock-on effects,
notably negative impacts on soils. These, and
air pollution impacts, can be eliminated by
the adoption of green cane harvesting and
trash blanketing, which has a range of other
beneficial effects (see Box 2.4).

Aerial application of agrochemicals also
has the potential to generate air pollution and
associated health risks. However, published
data from cane and beet cultivation systems
are apparently lacking.

The processing of sugar crops results in a
range of air pollution effects, principally the
release of gases and particulates (particularly
from power plants) and unpleasant odours
and gases (including H2S) from effluents and
other waste materials. Forms of anaerobic
fermentation are often used to treat effluents
rich in organic material such as cellulose,
giving rise to methane and carbon dioxide.
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SUGARCANE CULTIVATION

Aerial pollution from cane cultivation
derives mainly from two sources – emissions
from soils and preharvest cane burning.
Comprehensive assessments of the impact of
cane cultivation on atmospheric composition
are rare, but Weier (1998) attempted such
an assessment for Australia, focusing on
greenhouse gas dynamics. The results are
summarized here in Box 7.1.

Emissions from Soils under
Sugarcane Cultivation

Concern over nitrogenous emissions associ-
ated with fertilizer use have been expressed
in a number of cane growing areas, including
Mauritius (Ng Kee Kwong et al., 1996, 1999a)
and Australia (e.g. Keating et al., 1997).
Hartemink (2003) notes that many studies
of the N balance in cane cultivation show
an appreciable fraction of fertilizer N

unaccounted for, and it has often been
assumed that gaseous emissions through
denitrification (releasing N2O and N2) and
volatilization (releasing NH3) are the main
components of this. However, it has been
shown that significant quantities of gaseous
N can be lost from the plant itself (Ng Kee
Kwong and Deville, 1994b). Such experi-
ments suggest that previously assumed lev-
els of denitrification and volatilization may
have been greatly overestimated (Hartemink,
2003). Weier (1998) also urges caution in the
interpretation of indirect estimates of nitroge-
nous emissions from cane cultivation, which
have often suggested that denitrification (or
N2O emissions specifically) might account
for 25–60% of N losses from the system
(e.g. Balasubramanian and Kanehiro, 1976;
Chapman et al., 1994; Vallis et al., 1996b).

Weier et al. (1996) examined the potential
for biological denitrification of fertilizer N in
soils under sugarcane in Australia. In glass-
house studies, denitrification losses accounted
for 13–39% of N applied, and most of the
loss ocurred as N2. In the field, denitrification
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Box 7.1. The greenhouse gas dynamics of sugarcane cultivation in Australia.

The following are the results of an assessment by Weier (1998), who urges caution over possible
inaccuracies and lack of precision in estimates of this kind, based on extrapolation from smaller-scale
studies which are themselves limited by the reliability of techniques available to researchers. Estimates
were made for the total area under cane cultivation in Australia, in relation to carbon dioxide (CO2),
nitrous oxide (N2O) and methane (CH4) data from 1994.

CO2 emissions arose from uncropped cane fields, either left bare (1058 kt C/year) or trash blanketed
(1331 kt C/year). Mean emission rates from trash blanketed fields were nearly double those from bare soils
(23.4 versus 13.0 kg/ha), probably as a result of differences in soil moisture and temperature. A further
5.2 Mt C/year was released as CO2 through preharvest cane burning, giving a total of 7.6 Mt C/year from
cane cultivation (around 1.5% of Australia’s total annual CO2 emissions, and about half of the emissions
derived from cultivated land). The assimilation of CO2 by sugarcane was estimated to be 13.4 Mt C/year
(suggesting a net removal of 5.8 Mt C/year from the atmosphere), but around 50% of this would be expected
to be released again by the growing crop as CO2 through respiration. Unfortunately, the assessment does not
go on to estimate the quantity of the remaining sequestered carbon that was subsequently released as CO2 in
the burning of bagasse or other processing and by-product utilization operations.

Denitrification in soils following inorganic fertilizer application led to N2O emissions of 4.4 kt N/year
from cane fields. In addition, preharvest burning contributed 6.3 kt N/year as N2O. Hence, total N2O
emissions from cane cultivation were 10.7 kt N/year, around 1% of Australia’s total annual emissions of
this potent greenhouse gas (and around 18% of that derived from croplands).

The smouldering phase of preharvest burning resulted in CH4 emissions of 6.7 kt C/year. This is a very
small proportion of Australia’s total annual CH4 emissions, which were estimated at 6.5 Mt C, to which
domestic livestock made the greatest single contribution. However, cane cultivation was also found to
contribute to the removal of CH4 from the atmosphere, through trash blanketing (which could result in the
CH4 equivalent to 15–105 kt C/year being absorbed) and CH4 oxidation in soils.
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losses of around 1–20% of applied N were
estimated, with considerable differences
according to soil type. It was concluded that
denitrification was an important process in
the loss of fertilizer N from fine-textured soils,
with N2O making up 45–78% of the gaseous
product (depending on soil water content
and nitrate concentration). Weier (1996) found
greater N2O emissions where nitrate-based
(as opposed to urea-based) fertilizers were
used, and somewhat increased rates of N2O
emissions from trash blanketed versus bare
soils where urea and water were applied.
Hartemink (2003) observes that the Australian
research summarized here did not specifically
take into account the gaseous N losses from
the cane plant itself, noted above from the
work of Ng Kee Kwong and Deville (1994b).

Other studies of denitrification emissions
include that by Ng Kee Kwong et al. (1999a) in
Mauritius, which estimated N2O releases of
16–20 kg N/ha over one growing season. Soil
emissions of N2O and N2 were monitored at
four sites, with or without fertilizer applica-
tion at 140 kg N/ha. Despite between-site
variabilities, emissions invariably showed a
base level rate of 30–50 g N/ha/day, with a
pulse of two to three times this level during
the rainy season (December to April). When
fertilizer was applied, large emission pulses
(300 g N/ha/day) were recorded at one site,
while at the other three sites applications
hardly affected emission rates. The former
was also the only site where gaseous losses of
fertilizer N were of agronomic significance:
16% of the 140 kg N/ha applied escaped to the
atmosphere over the 1996/97 growing season,
compared to less than 3% at the other study
sites. This was also the only site where N2

production was significant. Here, 80% of the
soil pore space was water-filled for prolonged
periods and, although emission rates could
not be predicted by any single soil variable,
soil wetness was the most important factor
controlling both the size of the flux of N2O and
N2 and the N2O : N2 ratio.

In relation to volatilization, Hartemink
(2003) notes that studies in Australia have
shown relatively high NH3 emission rates
associated with trash blanketed cane fields
receiving urea fertilizer in relatively dry
conditions (e.g. Freney et al., 1994). Trash, like

other plant material, contains the enzyme
urease, which breaks down urea to CO2

and NH3. In relatively dry conditions (with
small amounts of moisture provided by dew,
condensation and light rain), slow but steady
NH3 emissions were found to represent some
20–40% of the N applied in urea fertilizer.
Heavy rainfall tended to wash urea from the
trash, reducing NH3 losses to 17% of applied
N. Trivelin et al. (2002) quantified differences
in the fate of N from urea fertilizers in Brazil,
according to method of application. Under
ratoon cane, surface application led to a 50%
loss of N, from volatilization in the soil or via
the plant, but this was reduced to 19% (all lost
via the plant) when urea was applied at a
depth of 15 cm.

The particular practice, in Guyana, of
flood fallowing appears to promote the
release of gases such as N2O, H2S, NH3 and
CH4 from cane growing soils (see Box 6.4).

Preharvest Cane Burning

In Australia, preharvest burning was
adopted from about the 1930s, to combat the
spread of Weil’s disease amongst cane cutters
(Garside et al., 1997b). In other cane cultiva-
tion areas it may be considered a ‘traditional’
form of harvest management, often (anec-
dotally) justified as a means of clearing
snakes from the field before hand cutting.
Whether or not preharvest burning is prac-
tised may be most significantly influenced by
the cost of labour and size of area cultivated
(larger estates may be more inclined to burn);
there is also a more established history of
burning in countries such as Brazil, Australia
and Hawaii than, for example, in Mauritius,
India, the Philippines, Thailand and Taiwan
(Payne, 1991). Clearly, preharvest burning
will not be appropriate where the intention is
to maximize the collection of cane biomass
for use as a fuel material; up to half of the
fibre in the crop may be found in tops and
trash (Payne, 1991). Preharvest burning is
now declining in many cane growing areas,
as the potential benefits of green cane har-
vesting and trash blanketing are increasingly
appreciated (see Box 2.4).
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UNEP (1982) noted that dust and particu-
late emissions may result from the burning of
cane prior to harvest, but considered this to be
a problem only for short periods, and one
which should not produce deleterious effects
if carried out under proper controls. However,
other authors consider preharvest burning to
be severely polluting (e.g. Szmrecsanyi, 1994;
Ripoli et al., 2000). Kirchhoff et al. (1991) found
substantially elevated levels of carbon mon-
oxide and ozone in the atmosphere around
cane fields in São Paulo (Brazil) at the time of
preharvest burning. Consistent with figures
presented by Weier (1998) (see Box 7.1), Park
et al. (2003) reported that preharvest burning
was the greatest source of greenhouse gas
emissions in Australian cane cultivation. Con-
cern has also been expressed over the direct
impacts of cane burning on human health,
although the extent of such impacts has been
questioned (e.g. Whalen, 1989). The practice
certainly causes nuisance to local communi-
ties, such as ash fall-out (e.g. Cock et al., 1999).
In Brazil, dos Santos et al. (2002) analysed
selected atmospheric pollutants in and
around the city of Campos dos Goytacazes,
and concluded that vehicular exhausts and
the burning of cane trash/bagasse were the
two major sources of pollution in the area.
Sugarcane burning was not the main source of
toxic compounds, such as polycyclic aromatic
hydrocarbons (PAHs, like benzo(a)pyrene),
which were derived principally from vehicle
exhausts. However, it did result in elevated
levels of other compounds, including laevo-
glucosan, particularly in areas surrounded
by cane plantations. There is also evidence
that cane burning can significantly influence
rainwater quality (e.g. Lara et al., 2001), and
Patrick et al. (1994) found that it was a minor
(2%) contributor to atmospheric mercury
pollution in the Everglades.

There are also indications that cane
burning can contribute to a decline in soil
quality (see Chapter 6) and potentially reduce
sugar recovery (Boonthum et al., 1997) and
quality (Narayan, 1999 – who observed that
the extent of cane burning in Fiji had increased
from 19 to 62% between 1968 and 1997,
contributing to massive inefficiency in the
industry).

Reducing atmospheric impacts of
sugarcane cultivation

Nitrogenous emissions, in particular, from
soils under sugarcane cultivation, can be
reduced by improving fertilizer management
practices (Weier, 1998). Control of soil nitrate
levels may be particularly beneficial in reduc-
ing N2O emissions due to denitrification.
General aspects of rational fertilizer use are
discussed in Chapter 2.

The impacts of preharvest burning can
be eliminated by a switch to green cane
harvesting and trash blanketing (see Box 2.4).
Although this has a wide range of environ-
mental benefits, it can contribute to enhanced
emissions of NH3 under certain circumstances
(see above). If cane is burnt prior to harvest,
a number of straightforward measures can
be taken to reduce negative environmental
impacts. Measures should be taken to ensure
that the fire does not spread uncontrollably
(e.g. by ensuring that suitable fire breaks are
in place and by carefully considering wind
direction before ignition). Wind speed and
direction should also be checked to ensure
that smoke and smuts are not blown into sen-
sitive areas (such as residential or industrial
areas, roads, parks and the routes of power
lines) from further afield (SASA, 2002).

In some areas, specific regulations exist
that limit cane burning activities. For example,
SASA (2002) notes various legislative instru-
ments which apply to cane burning in South
Africa (The Forest Act (1984), the Road Traffic
Act No. 29 (1996) and the Atmospheric
Pollution Prevention Act No. 45 (1965)), and
Rozeff (1998b) discusses regulation of cane
burning in the USA. As well as formal legisla-
tion, voluntary codes of practice have been
developed to limit the negative impacts of
cane burning, as in South Africa (SASA, 2002).

CANE PROCESSING

Amitabh et al. (1999) report that, along with
waste water, emissions from boiler stacks are
the main sources of environmental pollution
from cane sugar factories. Bagasse is routinely
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used to fire boilers (see Chapter 8), but
supplementary fuels are commonly used
for boiler start-up, or when bagasse supply
is limited (Payne, 1991). Wood and oil are
frequently used as supplementary fuels, but
coal may also be used in some areas, and par-
ticularly where co-generation (see Box 8.2) is
an objective. In general, UNEP (1982) noted
that mills should be sited downwind
of populated centres, to minimize nuisance
from gaseous emissions. As awareness of
the environmental and health threats posed
by air pollution has increased, regulation of
emissions from sugar mills has become more
rigorous, and this trend is likely to continue
(McBurney and McBurney, 1997; Kroes and
Dixon, 1998; Lora and Jativa, 1999).

Particulates

The main concern over particulate emissions
from cane processing relates to those released
in the burning of bagasse to fuel boilers.
Other particulate (dust) pollution may arise
as a consequence of the handling of bagasse
(e.g. Payne, 1991), lime and coal (where this is
used as a fuel source) and as a result of heavy
transport traffic (UNEP, 1982). Lora and
Jativa (1999) suggest that untreated exhaust
gases from typical, commercial, bagasse-
fired boilers carry particulate emissions of
around 3000–5000 mg/Nm3, although higher
concentrations are quoted by Chang and Lee
(1989, 1991), at 6000–10,000 mg/Nm3, and
8000–12,000 mg/Nm3 respectively. Examples
of emission standards for particulates from
bagasse boilers are given in Table 7.1
for comparison.

Hindy (1990) reported that the sugar
factory (situated close to residential areas)
was the only major source of air pollution
in Abu Qurqas (Egypt). Particulate samples
were collected from the tallest building in
the area (approximately 20 m high and 50 m
downwind of the factory), in a period when
the factory operated at full capacity and no
rain fell. Particle size distribution and heavy
metal content of the bulked sample were mea-
sured. Mass deposition rate, for particulates

and metals, increased with decreasing particle
size, and 75% of particulates were < 20 mm.
Metals consistently detected were (in mg/
m2/day): Fe (74), Pb (15), Zn (12), Cu (5), Cr (4),
Mn (2.5), Ni (1.2) and Cd (0.9). While Fe and
Mn may have originated from soils via
bagasse, the others may have been derived
from fuel oil. The Pb deposition rate exceeded
those recorded in urban areas and industrial
centres.

Odours

Odour problems associated with sugar mill
effluents are reported by Yang et al. (1991) in
Hawaii and by Sinha (1993) in India. Odours
may also arise from drying operations and
storage areas where deterioration of cane
residues and other organic matter occurs
(UNEP, 1982).

Gases

The burning of bagasse to fuel boilers results
in CO2 emissions, but these should be viewed
in the context of the overall carbon balance
of the sugarcane bioenergy system, and
compared with emissions derived from
non-renewable fossil fuels (Beeharry, 2001).
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Jurisdiction
Standard
(mg/Nm3)

Australia (1991)
Australia (1990, for new boilers) a

South Africa (1991)
South Africa (1996, for new boilers)
Hawaii (1991)
India (1992) (inclined grate boilers)
India (1992) (spreader-stocker boilers)
Mauritius (1999)
Malaysia (1999)
World Bank (1997) (recommendations

for project funding)

450
250
450
120
870
250
800
400
400

100–150

aJoyce and Dixon (1999); all other data from Lora
and Jativa (1999).

Table 7.1. Examples of particulate emission
standards for bagasse boilers.
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Boilers often also emit NOx and SOx (e.g.
Chang and Lee, 1991), although releases may
be within statutory limits (Kroes and Dixon,
1998). UNEP (1982) suggests that SO2 may be
a particular concern where oil is used as a fuel
source. In contrast, one of the environmental
benefits of burning bagasse in cane factory
boilers is the relatively low sulphur content
of this fuel material (Payne, 1991). Although
their concentrations may be expected to be
relatively small (Shukla, 1995), boiler fire
emissions such as NOx and PAHs need to
be considered in environmental assessments
(Lora and Jativa, 1999). In addition to poten-
tial emissions from boilers, sulphitation
may be used in the processing of cane sugar,
potentially resulting in the release of SO2.

Other Issues

Chang and Lee (1991) note that high (90%)
relative humidity in boiler exhaust gas can
cause an opaque white plume, which could
infringe pollution control standards. Heat
exchangers can be used to avoid this, using
the waste heat of incoming flue gas to reheat
the exhaust gas, decreasing relative humidity
and opacity.

Reducing Air Pollution arising from
Sugarcane Processing

Because the nature of the combustion process
itself influences emissions, the basic design
and operation of cane mill boilers may be
important in controlling the release of atmo-
spheric pollutants. Aspects of boiler design
in this context are considered by Silva Lora
and Olivares Gomez (1995) and Basu and
Talukdar (1997).

Particulates

Drying of bagasse prior to its use as boiler
fuel can increase burning efficiency (see
Chapter 8) and reduce emissions. Paz et al.
(2001) found that bagasse-drying resulted
in a substantial reduction in exhaust

gas particulates, from 4500 mg/m3 to
< 300 mg/m3. Boiler flue gases can them-
selves be used in the bagasse drying process,
further improving cane factory efficiency
whilst enhancing environmental protection
(Avram-Waganoff, 1990). This, for example,
is the basis of the first of three main types of
bagasse driers described by Paturau (1989),
the cylindrical rotating drier; the other
designs are the pneumatic drier and the
Exergy drier. The issue of bagasse drying
using boiler flue gases is considered in detail
by Payne (1991).

Lora and Jativa (1999) conclude that
regulatory standards on particulate emissions
of < 120 mg/Nm3 cannot be attained without
the use of control devices. They compare those
used in the cane sugar industry to reduce
boiler particulate emissions: (multi)cyclones;
wet scrubbers (perforated tray, spray tower or
venturi scrubber); and electrostatic precipita-
tors, as well as a new device – the core separa-
tor. They consider that the spray tower is the
most widely used device, although this (along
with other wet scrubbers) has the disadvan-
tage of generating waste water effluents that
require treatment. However, suitable treat-
ment can allow the water to be recycled back
to the scrubber (e.g. Chang and Lee, 1991).
Particulate emission control devices used in
the cane sugar industry are also reviewed by
Chang and Lee (1989, 1991), Marie-Jeanne
(1993), Saechu (1995), McBurney and
McBurney (1997) and Joyce and Dixon (1999).

Calero et al. (2001) analysed the disper-
sion of particulates from a Colombian cane
mill, and concluded that modifying the
combustion process and adopting emission
control systems could reduce particulate
emissions by around 98%.

Odours

UNEP (1982) suggests that much can be done
to reduce odours from treatment systems by
screening to remove organic solids (reducing
the load on anaerobic or aerobic holding
ponds and lagoons). In general, well-
designed lagoons and avoidance of overload-
ing can reduce the threat of odour problems,
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as can the adoption of alternative treatment
systems.

Gases

Emission control devices for boiler flues are
discussed above. Liu and Ho (1989) reported
that sulphitation of cane juice under vacuum,
rather than under pressure, reduced air
pollution due to leakage of SO2. Jadhav et al.
(1990) reported that removal of unwanted
colour using hydrogen peroxide in place
of SO2 resulted in a higher quality sugar
product, reduced air pollution and required
no new equipment.

SUGAR BEET CULTIVATION

Emissions from Soils under Sugar
Beet Cultivation

There is an increasing interest in greenhouse
gas dynamics associated with agriculture
(including beet cultivation) in Europe, partly
inspired by the Kyoto Protocol (e.g. in
Austria – Dersch and Bohm, 2001). However,
detailed analyses of the greenhouse gas
dynamics of beet cultivation are not readily
available. Fuchs et al. (1995) estimated CO2

emissions from fields of beet in Germany to
be greater than those supporting winter
wheat and winter barley crops. Draycott and
Christenson (2003) estimated nitrogenous
emissions from soils under sugar beet
cultivation to be relatively small in most
cases, suggesting an average loss of 10 kg
N/ha (see Fig. 2.5). Risks of nitrogenous
emissions through denitrification were pre-
dicted to be greatest where large amounts of
organic manure are used and on soils with
poor drainage characteristics. Stoeven et al.
(2002) examined N2O emissions from soils
under crop rotations including sugar beet in
Germany, but found no relationship with
crop species. Draycott and Christenson (2003)
suggest that the risk of NH3 volatilization is
likely to be greatest where fertilizers are
applied in the form of urea or organic
manures, particularly when application is to

the soil surface without incorporation into
the soil (see also Jacobs, 1995; Chambers and
Smith, 1999). Sotiriou and Scheunert (1994)
found that N applied to soil as urea (under
a rotation including sugar beet) was more
likely to be lost through volatilization and
denitrification than through leaching. This
loss was greater from sandy loam than from
loamy sand, and was slightly increased by
incorporation of straw into the soil, but
decreased by application of monolinuron
herbicide.

SUGAR BEET PROCESSING

As in relation to cane, the principal air pollut-
ants arising from the processing of sugar beet
are emissions from power plants, other gases
and odours.

Air Pollution from Power Plants

Power units (boilers) used to provide energy
for beet factories can represent sources of
particulates and polluting gases including
oxides of carbon, nitrogen and sulphur,
invariably as a result of the burning of fossil
fuels (e.g. Evertz, 1991; Urbaniec, 1996; Zajac,
2000). UNEP (1982) suggests that SO2 emis-
sions may be a particular concern where oil is
used as a fuel source, although Brejski (1998)
suggests that, with effective systems, SO2

emissions can be decreased by switching
from coal-fired boilers to natural gas or oil.
Polec and Kempnerska-Omielczenko (1995)
reviewed air pollution from Polish sugar beet
factories in 1993/94. Few had installations
for flue gas desulphurization, and it was
estimated that limits set for SO2 and NOx

emissions were infringed in 70% and 13% of
cases, respectively.

Odours and Gases from Processing,
Effluents and Waste Water Treatment

Odours at beet sugar factories, ranging
from musty smells to hazardous gases, are a
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nuisance to the factory personnel and to the
community (Helge and Larson, 1993). Gryllus
and Anyos (1993) note that NH3 is a potential
atmospheric pollutant from beet processing,
generated from amides in beet juice. A range
of odour problems and gaseous emissions
are associated with factory wastes and
their treatment, including releases of H2S
and methane, notably from holding ponds
and lagoons (UNEP, 1982; Nibit et al., 1994;
Sarmento and Robbins, 2001).

Wolski (1993, 1995) studied emissions
from an open fermentation chamber for efflu-
ent treatment in a Polish sugar beet factory,
and found that the anaerobic digestion pro-
cess generated 75–80% methane, 19–24% CO2

and 1% others (ammonia, H2S, mercaptans
and water vapour). The methane concentra-
tion inside the fermenter was 3 g/m3 (0.42%
v/v), and was estimated to become zero at
140 m from the fermenter. Air sampled 30 cm
from the sump contained 15.8 mg/m3 ammo-
nia, the concentration of which was estimated
to reach zero approximately 271 m from the
fermenter. The highest H2S concentration,
detected above the water being stored
before fermentation, was 0.008 mg/m3, well
below the permitted limit of 0.03 around the
fermenter.

Tomaszewska and Polec (1997) studied
air quality (including CH4, SO2, H2S, NH3 and
CO concentrations and abundance of micro-
organisms) associated with the waste man-
agement infrastructure of a sugar beet factory.
The most important sources of gaseous pollu-
tion were reservoirs for accumulating waste
waters, flume mud and carbonatation mud,
near which H2S concentrations were up to
400 mg/m3 (compared with a regulatory limit
of 30 mg/m3), and NH3 concentrations
reached 2500 mg/m3 (compared with a limit of
400 mg/m3). Near fans for cooling condenser
water, NH3 concentrations were as high as
9–10 mg/m3. Regulatory limits for CO
(5 mg/m3) and SO2 (600 mg/m3) were not
exceeded. However, levels of SO2 near the res-
ervoir receiving flume mud and the closed fer-
mentation chamber of the biological treatment
system equalled or exceeded proposed new
limits of 400 mg/m3. Regulatory limits for total
bacterial count were often exceeded, particu-
larly near the closed fermentation chamber,

the reservoir receiving carbonatation mud
and the spray cooler of condenser water.

Other Sources of Atmospheric Pollution

Dust may represent a hazard in sugar
beet factories. Polec and Kempnerska-
Omielczenko (1995) reviewed air pollution
from Polish sugar beet factories in 1993/94,
and found that most factories had inefficient
equipment for dust removal, such that limits
set for the emission of dust were infringed
in 63% of cases. Increasing regulation has
sought to limit such sources of pollution (see
Box 4.2); for example, Marciniak (2000) noted
that all boilers at the Melno sugar beet factory
had been equipped with dust filters.

Reducing Air Pollution arising from
Sugar Beet Processing

Incentives for reducing air pollution from
beet processing include the need to operate
within legal limits for emissions (e.g.
Urbaniec and Suchecki, 1994; Urbaniec, 1996;
Tomaszewska and Polec, 1997; Marciniak,
2000; Zajac, 2000). A range of measures can
be taken to reduce particular aspects of air
pollution from beet processing (see below).
Integrated systems may be adopted, such as
that proposed by Friedemann (1992), where
deammoniation and acidification of diffuser
feed water are combined with removal of
noxious gases (SO2, NO, NO2) and smuts
from flue gas. Changes in processing meth-
ods may also have the potential to reduce air
pollution and other environmental impacts.
Klemes et al. (1999) argue that cooling crystal-
lization (versus the traditional method of
evaporating crystallization) has the potential
to improve energy efficiency and reduce
atmospheric emissions, such as ammonia and
CO2, water consumption and the polluting
potential of effluents. Dust in sugar beet
factories can be managed using appropriate
ventilation systems (e.g. Evfimenko, 2001).

Equipment such as separators can be
used to reduce particulate emissions from
beet factory boiler flues (e.g. Zajac, 2000),
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and a range of equipment and techniques
is available to reduce gaseous emissions
(e.g. Evertz, 1991; Zajac, 2000). Urbaniec
and Suchecki (1994) report on methods of
desulphurizing boiler flue gases used in
Polish sugar beet factories. Wet, semi-dry and
dry methods typically yielded efficiencies of
90%, 70–90% and 40–50%, respectively.

A range of odour control measures are
available for use in the management of
sugar beet factory wastes. Removal of solid
wastes from effluents can help to reduce
odour problems in subsequent handling
and treatment of these wastes. UNEP (1982)
notes that mechanical clarifiers and settling
ponds (following coarse screening) are
generally used to remove as much soil and
other solid wastes as possible. These need to
be effectively operated and maintained, and
waste retention times should be minimized
to reduce the risk of fermentation and creation
of odours. Clarifiers with retention times of
30 min to several hours can provide effective
removal of solid wastes with minimal odour
problems. The problems of fermentation
and odours associated with handling of
beet factory lime mud can be reduced by
the use of shallow holding ponds and/or
aeration. Alternatively, waste mud from beet
washing can be dewatered using presses
(such as the belt press, e.g. Kallstrom et al.,
2001), which can reduce air pollution
associated with mud ponds and the costs of
mud transport. Additives can also be used to
reduce odour problems. UNEP (1982) notes
that odour problems associated with holding
ponds, where flume water is settled and
clarified, can generally be controlled by the
addition of lime and maintenance of pH above
10. Enzymes and organic scavengers can be
used for the control of sulphides such as H2S
(e.g. Sarmento and Robbins, 2001). In the
USA alone, the beet sugar industry annually
spends at least $4.5 million on minimizing
odour problems, using odour-masking
agents, pH control reagents, antifoams,
settling aids, bioaugmentation and other
measures (Helge and Larson, 1993). Manage-
ment of beet factory odour problems may also
involve improved communications with local
communities affected by the nuisance (e.g.
Smith, 2001).

IMPACTS OF AIR POLLUTION ON
CULTIVATION OF SUGAR CROPS

In addition to impacts of the sugar industry
on air quality, the potential impact of air pol-
lution and changing atmospheric conditions
on cultivation of sugar crops has attracted
attention from some authors. The following
is by no means a comprehensive review of
published information in this area, but gives
some indication of the scope of available
material.

Sugarcane

Climatic phenomena are an important con-
sideration in the cultivation of sugarcane.
Major phenomena like El Niño can have sub-
stantial impacts, sometimes with significant
social and economic consequences (Marcus,
1992; Mafla Cifuentes, 1997; Singels and
Bezuidenhout, 1999; Vos et al., 1999; Palwarty
et al., 2001). Studies on specific aspects of the
impacts of air pollution on the cultivation of
sugarcane include assessments of the effects
of SO2 pollutants (Chen, 1984; Lin et al., 1984)
and enhanced concentrations of CO2. Increas-
ing CO2 concentrations are anticipated to
have direct effects on the development of
crop plants such as sugarcane, possibly
leading to increased growth and yield (Singh
et al., 1991), although weed species may show
even greater enhanced development (Ziska
and Bunce, 1997). However, the influence of
increasing CO2 concentrations also involves
indirect effects through changing climate,
which may result in major perturbations in
natural and agricultural ecosystems, includ-
ing those supporting sugarcane crops (Singh
et al., 1991; Rosenzweig and Hillel, 1993).

Sugar Beet

Studies on sugar beet include assessments of
the effects of a range of atmospheric pollut-
ants, such as NO, NO2, SO2, HF and O3, and
of air pollution in general (Bell, 1984; Fuhrer
et al., 1989), as well as more specific studies on
the impacts of SO2 (Maly, 1986), O3 (Olszyk
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et al., 1988; Naf, 1991) and O3–herbicide inter-
actions (Dixon et al., 1995, 1996). Increased
atmospheric concentration of CO2 may
enhance the growth and productivity of
sugar beet (Dahlman et al., 1985; Demmers-
Derks et al., 1998). However, wider impacts
on beet cultivation associated with climate
change under enhanced CO2 concentrations
may be substantially more far-reaching
and harder to predict (El-Maayar et al., 1997;

Demmers-Derks et al., 1998; Lorenzoni et al.,
2000). Draycott and Christenson (2003)
observe that declining levels of sulphurous
atmospheric pollutants in the UK have
actually contributed to an increased need
for S additions in fertilizers to provide for
beet nutrition. Jaggard et al. (1998) suggest
that predicted climate change appears likely
to increase the severity of both drought and
disease stresses on beet in the UK.

150 Chapter 7

164A4886 - Cheesman - Voucher Proofs #G.prn
Z:\Customer\CABI\A4858 - Cheesman\A4886 - Cheesman - Voucher Proofs #G.vp
Monday, October 11, 2004 11:34:52 AM

Color profile: Disabled
Composite  150 lpi at 45 degrees



8

Use and Impacts of By-products

The disposal of large volumes of waste
materials can be an expensive and environ-
mentally threatening operation. However, if
alternative uses can be found, disposal costs
can be avoided and added economic value
can be obtained from the conversion of
wastes into by-products. The extensive utili-
zation of wastes from the processing of sugar
crops (particularly cane) as by-products is a
notable, positive environmental aspect of the
industry. However, environmental hazards
can also arise from the handling and further
processing of these by-products.

Particularly notable uses of sugar indus-
try by-products, discussed in more detail
below, include:

• Burning of bagasse as fuel to power
cane processing and provide surplus
electricity.

• Fermentation and distillation of sugar-
rich wastes, notably molasses (many mil-
lions of tonnes of which, from cane and
beet, are traded internationally each year).

• Use of various wastes as soil amend-
ments, either by direct application
or after composting (e.g. James and
Hasibuan, 2002; papers by Madejon and
co-workers).

• Use of wastes in livestock feed (e.g.
Leng and Preston, 1986; Preston, 1993;
Hernandez and Babbar, 2001), where
recent advances in animal nutrition have
greatly improved understanding of such
by-product utilization.

Originally explored with some enthusiasm
in the 1970s, there is also interest in the
contributions that sugar crops and their by-
products can make in the field of renewable
energy sources, notably ethanol and biomass.
Renewed attention has been paid to such
strategies, in response to recent, increasing
concerns over greenhouse gas emissions and
the development of the Kyoto Protocol (e.g.
Askew and Holmes, 2002; Atkinson, 2004).

The economics of by-product manufac-
ture and utilization are heavily influenced
by external factors (such as the availability
of alternative materials). However, develop-
ments in various technologies (including
genetic engineering, e.g. Cooke and Scott,
1993) promise increased opportunities for
economically rewarding recovery and utiliza-
tion of sugar industry by-products and alter-
native outputs. Also, integrated systems can
enhance efficiency: it may be helpful, where
possible, to combine on the same site (and
under the same management) the manufac-
ture of sugar with the production of one or
more by-products (Paturau, 1989).

SUGARCANE

Sugarcane has well-explored potential for
yielding useful by-products. The sugar
industry in Cuba, for example, has at least
30 utilizable outputs other than sugar itself
(Almazan, 1994). Indeed, it has sometimes
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been suggested that sugarcane has such rich
potential for other uses that it should be
grown for the specific purpose of obtaining
materials other than sugar. Two notable
examples, both initially driven to a large
extent by the global oil crisis in the 1970s,
relate to cultivation of energy cane (a holistic
approach, recognizing the energy generating
potential of many cane materials; see Box 8.1)
and the cultivation of cane for the production
of fuel alcohol (see below). Whilst most cane
cultivation currently remains geared mainly
towards sugar production, it is worth consid-
ering that future energy crises, perhaps again
related to the cost and availability of fossil
fuels, might catalyse changes in the purpose,
dynamics and impacts of cane cultivation.

The use of sugar processing wastes as
soil amendments is a particularly attractive
proposition in some areas of cane cultivation,
given the expense of inorganic fertilizers and
shortage of organic manures (Ng Kee Kwong
and Paul, 1997; Nasir and Quereshi, 1999b;
Wynne and Meyer, 2002). It also has a particu-
lar role to play in the organic cultivation of
sugar crops (Hallmark et al., 1998).

Allen et al. (1997) predict an increasing
emphasis on the utilization of by-products
in the cane sugar industry, for example, in
Australia, as the value of sugar as a primary
product declines in real terms. One important
development may be the more widespread
use of machinery designed to separate sucrose
from other materials (principally bagasse) in
the initial stages of cane processing, to
increase the efficiency of operations and by-
product recovery. Other key developments
may include the development of technologies
to enhance the recovery of minor (but rela-
tively high value) impurities and their deriva-
tives, such as aconitic acid, polysaccharides,
glycolic acid and octacosanol.

Paturau (1989) reviewed the industrial
utilization of cane sugar by-products, estimat-
ing that cane sugar production at 66 Mt
yielded approximately 66 Mt dry weight of
bagasse, 17 Mt of molasses, 5 Mt dry weight of
filter muds and 215 Mt of cane tops and trash.
In Australia, Allen et al. (1997) estimated that
each 100 t of cane generated 14.3 t raw sugar,
27.2 t bagasse, 5.2 t filter cake, 2.6 t molasses
and 50.7 t waste water.

Bagasse

Bagasse is the fibrous waste left after the
crushing of cane stalks and extraction of
juice. UNEP (1982) notes that bagasse is
generally used as a fuel in cane mills, except
where alternative fuels are cheaply available,
although a range of other uses have also been
explored. The particular value of bagasse as
a fuel for co-generation (the production of
electricity and thermal energy, as steam) is
a subject of great interest in the cane sugar
industry (e.g. Payne, 1991 – see Box 8.2). The
fuel potential of cane-derived lignocellulose,
either directly as a material for burning or as
the basis of other fuel production methods,
underpins much of the energy cane concept
(Alexander, 1985 – see Box 8.1). From these
perspectives, bagasse (or the complete ligno-
cellulose resource represented by bagasse,
tops and trash) can be seen less as a waste
and more as a primary product of cane
cultivation.

Paturau (1989) describes bagasse as being
composed principally of cellulose (from
which paper and similar products can be
obtained), pentosans (90% xylan, from which
furfural and its derivatives can be obtained)
and lignin (from which plastics can be
obtained). These compounds make up the two
main physical components of bagasse: fibre
and pith. Some non-combustion uses may
require that the pith component is removed,
adding to the costs of handling bagasse prior
to its utilization.

Immediately after juice extraction,
bagasse typically contains 40–50% moisture
and 1–3% sugar (Payne, 1991). Where bagasse
is not used rapidly, as a fuel source at the cane
factory, storage becomes an issue. Owing to
the presence of sugar, moisture and micro-
organisms, fermentation quickly occurs in
stored bagasse, producing alcohol (followed
by acetic and other acids), heat and carbon
dioxide. Fermentation results also in a break-
down of the fibrous constituents of the raw
material. The microbiology of stored bagasse
is discussed in more detail by Lacey (1980).
Fermentation can be suppressed by drying
(e.g. by storage of baled bagasse in aerated
stacks) or chemical treatment (Paturau, 1989).
However, a degree of fermentation is often
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Use and Impacts of By-products 153

Box 8.1. The energy cane alternative.

It is sometimes difficult for the sugar technologists who have devoted their entire careers to sugarcane to
recognise that sugar production is not the only thing that this plant does well. It is equally difficult to believe
that sugar production is not even the thing that it does best. (Alexander, 1985)

The oil crises of the 1970s stimulated an increased interest in the potential of biomass as an alternative
source of fuel. In this context, sugarcane was seen as a particularly promising source of biomass, given its
efficiency in converting solar energy into organic matter. With particular reference to the Puerto Rican
sugar industry, Alexander (1985) considers in detail the potential for refocusing cane cultivation and pro-
cessing, away from an exclusive interest in the manufacture of sugar, on to biomass production – the
energy cane alternative. The underlying concepts, as outlined by Alexander, are summarized below. The
value of cane residues (bagasse) as fuel in co-generation (the production of electricity and thermal energy,
as steam) as part of the conventional sugar industry are explored by Payne (1991, see Box 8.2).

Alexander (1985) presents plant biomass as a multifaceted commodity, acknowledging its values as a
source of oxygen, food, fibre and energy and its less tangible contributions to human well-being through its
aesthetic qualities and its role as a ‘friend of man’. Such a perspective resonates with more recent promotion
of the broad range of values and benefits associated with botanical biodiversity.

As a source of energy, in particular, herbaceous land crops and managed forests are likely to be most
effective in providing the principal commodities – fermentable solids and lignocellulose. Sugarcane and
related tropical grasses have particular potential, based on their combined anatomical, physiological and
agronomic features, which provide for continuous growth and efficient harnessing of solar energy (see Box
1.3). These underpin a potential for high biomass yields (in tropical countries, at least) and greater efficiency
of biomass production than could be achieved with woody species. From a biomass perspective, sugarcane
is reinvented as ‘energy cane’, a source of fermentable solids (cane juice, sugars, syrups, molasses) and
lignocellulose (tops, trash, bagasse). In this context, the whole plant (not just millable cane) becomes a
harvestable commodity. Cultivation for maximum growth may also allow for greater efficiency of nutrient
use (including reduced leaching, even at greatly increased levels of fertilizer inputs) and of water use,
through enhanced development of the root system of the plant.

As presented by Alexander, the energy cane concept is holistic and complements the natural tendency
of the cane plant to maximize its exceptional growth potential (see Box 1.3), rather than its yield of
recoverable sugar. A new blend of food and energy planting is proposed, with cane explicitly recognized as
a multiple-product commodity. Greater emphasis is placed on lignocellulose yield, for the manufacture of
fuel, fuel products and industrial feedstocks, together with expanded opportunities for the exploitation
of fermentable solids (e.g. in the production of fuel alcohol, see below). Essentially, those materials that are
otherwise seen as wastes and by-products of cane sugar manufacture all become primary products of cane
processing, with cane sugar itself becoming a by-product. Consequently, the crop is managed for
lignocellulose as well as sugar production, and the whole cane is harvested. Cane factories shift from being
‘sugar mills’ to being ‘biomass dewatering mills’ – along with high yields, removal of excess moisture and
size reduction/compaction of derived materials are the main constraints in energy cane production.

The energy cane concept is seen as providing a wide range of benefits, largely based on a new ‘grand
alliance’. Here, the grower’s objectives are brought into line with the biological imperatives of the plant
(maximizing production of biomass rather than recoverable sucrose), and there is a shift from a qualitative
perspective to a quantitative one.

Although particularly inspired by the oil crises of the 1970s and broader limitations of fossil fuels, the
energy cane concept also recognizes (and seeks to serve) a wider need for diversification within the sugar
industry. A need driven by a complex of factors, including increasing sugar production costs, shifts in
consumer tastes and preferences (competition from alternative sweeteners), changes in agricultural labour
patterns (increased mechanization, urbanization), increased environmental awareness (and regulation),
stagnation of productivity and yield declines. However, unlike more radical changes to the industry,
the energy cane concept allows for diversification whilst retaining the essential, familiar features and
infrastructures associated with the cultivation and processing of sugarcane.

The enthusiastic promotion of the energy cane concept may not be fashionable currently, but the
challenges that led to its development (a crisis in fossil fuel supply and socio-economic pressures on the
sugar industry) have not been consigned for ever to history. Nor has the interest in biomass fuels been
entirely forgotten. Perhaps future developments will lead to a reassessment of the potential of energy cane
and a reinvention of the cane sugar industry along the lines advocated by Alexander and others in the
1970s–1980s.
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acceptable, and large quantities of bagasse
may simply be bulked in storage sheds
or silos, or in the open, where the piles of
material can reach ‘monumental’ size (Payne,
1991). Where bagasse is piled up in the open,
the wind may scatter the surface material until
the pile stabilizes. Fire may also be a hazard in
bagasse stores, and Allen et al. (1997) note that
storm water runoff from stockpiled bagasse
can cause severe environmental problems.

Use of bagasse as a fuel source

The burning of bagasse to fire boilers in
cane factories is widespread and reduces the
reliance of the industry on fossil fuels. As
well as providing a means of generating
steam and electricity (co-generation – see Box
8.2) for use on the factory site, the quantities
of bagasse produced in cane processing
also allow for the production of surplus
electricity, which can be sold. Paturau (1989)
estimated that it was possible for a cane fac-
tory to produce around 60 kWh of surplus
electricity per tonne of cane processed, trans-
lating into 36 billion kWh/year of surplus
electricity potential globally, based on an
annual total of 600 Mt of cane processed. In
some cases, this surplus electricity can make
a significant contribution to meeting national
energy needs, particularly in small countries
with a strong cane sugar industry. For
example, Payne (1991) estimated that, in the
mid-1980s, the ‘national grid’ of Hawaii was
able to obtain around 10% of its electricity
(400 million kWh/year) from the surplus pro-
duced by 13 cane factories, whilst Mauritius
obtained around 25% of its electricity (115
million kWh/year) from 15 factories. The
Kyoto Protocol, in particular, has inspired
increased interest in such contributions from
the sugar industry for meeting national
requirements for electricity, for example, in
Australia (Dixon and Burbridge, 2000; Down-
ing et al., 2002), Thailand (Wakamura, 2003)
and Zimbabwe (Mbohwa and Fukuda, 2003).

The quantities of bagasse consumed
and energy obtained (and hence of potential
surplus bagasse and energy) will depend to
a large extent on the efficiency of furnaces

and boilers used in cane factories, as well as
on the energy efficiency of cane processing
operations. Some relevant aspects of power
plant design are summarized briefly in Box
8.2. Further details of improved efficiencies
in the use of bagasse directly as fuel in cane
factories and of methods for the generation
of electricity for export from the factory are
given by Paturau (1989) and Payne (1991).

The calorific value of bagasse can be
improved by reducing its moisture content
(e.g. using boiler flue gases), a process which
can also reduce atmospheric pollution by
particulates on burning (e.g. Paz et al., 2001 –
see Chapter 7). Bagasse immediately recov-
ered from crushing and juice extraction has
a moisture content of around 50% and a
net calorific value of about 7500 kJ/kg
(Paturau, 1989). This compares with around
42,000 kJ/kg for fuel oil, 28,000 kJ/kg for bitu-
minous coal, 50,000 kJ/kg for natural gas and
15,000 kJ/kg for wood. Drying of bagasse to
25% moisture increases its net calorific
value to around 12,500 kJ/kg and bagasse of
0% moisture can yield around 17,500 kJ/kg.
Wang et al. (1990) found bagasse drying from
50 to 35–40% moisture content increased net
calorific value by 12–17%, heat transmitted to
steam by 9–13% and bagasse surplus by 1–2%.
However, although drying (and increased cal-
orific value) can result in some fuel economy,
Paturau (1989) suggests that substantial
improvements should not be expected, partic-
ularly if the existing boiler is well designed
and has a good thermal efficiency when using
bagasse at 50% moisture.

In addition to its direct utilization to fire
cane factory boilers, bagasse can be further
processed to yield fuel materials. Paturau
(1989) highlights the following approaches:

• Densification – formation of small
briquettes by depithing, drying and
compression. Such processing is not
cost free, but the resulting briquettes (or
pellets) can be relatively easily stored,
transported and utilized in a range of
situations.

• Charcoal production, by:
• the Java process – bales of bagasse

are carbonized (as in the production
of charcoal from wood); charcoal
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Use and Impacts of By-products 155

Box 8.2. Co-generation in the cane sugar industry.

Co-generation refers to the combined production of electricity and thermal energy (steam) by appropri-
ately designed power plants. This subject is considered in some detail in relation to the cane sugar
industry by Payne (1991), from which source the summary below is largely derived.

Co-generation has been a long-standing feature of cane sugar factories, which have been well placed
to exploit the technique. This is principally a consequence of the ready supply of a biomass fuel (bagasse)
and the high level of usage of low pressure (process) steam in sugar recovery operations. The latter largely
accounts for the higher levels of thermal efficiency seen in cane sugar factories, relative to utility power
plants. However, higher pressure steam and high temperatures are generally required for generation
of electricity, and so furnace and boiler design is important in efficient co-generation. The types of
turbines/turbogenerators used influence the reliability of electricity supply for export from the factory, and
therefore represent another important consideration.

There is a high level of direct generation of steam from the burning of bagasse, relative to other fuels, as
a consequence of the relatively high moisture content of the material. Energy can be recovered from the
steam in flue gases through the use of sensible heat recovery equipment, such as air heaters, economizers
and bagasse driers.

Furnace/boiler design

Although bagasse is invariably the principal fuel source, in most cases cane factory furnaces and boilers
will also need to be able to handle supplementary fuels, such as wood, oil, coal and municipal waste. As
well as greatly influencing the efficiency of energy production, furnace and boiler design and types of fuel
used also affect the potential levels and characteristics of atmospheric emissions from flues. In cane
factories, a spreader-stoker is often employed, which sprays a mixture of bagasse and air into the furnace.
A travelling grate allows for continuous discharge of ash. Boiler specifications (e.g. in terms of output
steam pressure) will depend to some extent on the types of turbines/turbogenerators employed. Efficient
co-generation generally requires a boiler pressure of around 6000 kPa (with steam at around 460°C),
although lower pressure boilers (around 3000–4000 kPa) may be suitable for relatively small-scale
operations. Based on the net calorific value of bagasse fuel (at 40–50% moisture content), boiler efficiency
in a cane factory would be expected to be around 85%.

Turbines/turbogenerators

With no use for low pressure (process) steam, utility power plants tend to operate high pressure boilers
in combination with condensing turbogenerators. Back pressure/mechanical drive turbines are suitable
for use in cane factories which generate process steam and power only for their own consumption, or
with excess electricity exported from the factory as an interruptible supply. Although this method of
co-generation is efficient in terms of electric energy heat rate, electricity production is bound to fluctuate
with the factory’s demand for process steam. If a more stable or increased supply of (export) electricity is
required, condensing turbogenerators are more appropriate, although their heat rate efficiencies may be
lower. Back pressure turbines and condensing turbogenerators may be used in combination, to meet the
various energy needs (including electricity exports) of the cane factory.

Process steam

Process steam is generally utilized at 65–140 kPa and is often superheated. It may be recovered from the
exhaust of back pressure/mechanical drive turbines and/or the steam extraction points of condensing
turbogenerators. A lower energy form of process steam (vapour) is that produced by the evaporation of
cane juice. The use of steam at different pressures and temperatures for various operations (including the
generation of electricity) in the cane factory can result in complex steam cycles. Efficient management of
these, as well as safe operation of equipment, requires reliable instrumentation and effective monitoring
and control systems. Efficient use of process steam is a key element in effective co-generation, as it
maximizes the steam available for the generation of electricity.
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thus obtained is mixed with molas-
ses and formed into briquettes,
which are carbonized by baking.
Inputs of 270 kg bagasse and
100 kg molasses yield around 100 kg
charcoal. Resulting briquettes can
be used as a substitute for wood
charcoal, but their relatively high
content of potassium salts may
limit their use in some specialized
processes;

• destructive distillation of bagasse –
although there are methodological
difficulties, destructive distillation
can be used to yield charcoal
(around 45% of product), combusti-
ble gases (35% of product, which
can be fed back into cane factory
furnaces) and small quantities of
tar, acetic acid and methyl alcohol.
By this method, around 10 t bagasse
might produce 1 t charcoal, and
molasses could again be used as
a binder in the production of
briquettes.

• Biogas/methane production – bacterial
anaerobic fermentation (in a digester) of
cellulose-rich organic material can yield
biogas (sludge gas), a 35 : 65 mixture of
methane and carbon dioxide. Biogas has
a calorific value of about 22,000 kJ/kg
(27,500 kJ/m3). The anaerobic fermenta-
tion process is sensitive to operating con-
ditions, and is inhibited by the presence
(as in bagasse) of lignin. It is therefore
more suited to the treatment of wastes
such as vinasse, but this can be aug-
mented with bagasse-derived material,
such as surplus pith. Theoretically, 1 kg
cellulose can yield 415 l methane.

• Producer gas production – producer gas
is manufactured by burning solid fuel in
air and steam (in a furnace) to yield a
mixture of burned and unburned gases.
Thus treated, bagasse yields producer
gas with a composition of around 11%
carbon dioxide, 17% carbon monoxide,
6% methane, 6% hydrogen and 60%
nitrogen, and a calorific value of about
5000 kJ/kg (3800 kJ/m3). The use of pro-
ducer gas (e.g. to fuel gas engines) is now
a rather outdated technology. Similar

processes can be used to obtain synthesis
gas, a mixture of carbon monoxide and
hydrogen (Alexander, 1985).

Use of bagasse in the manufacture of paper
and related products

For many years, the fibrous component of
bagasse has been exploited in a number
of countries in the production of paper,
cardboard, fibreboard and similar materials.
Almazan (1994) estimated that bagasse-based
paper contributed around 2 Mt to the world’s
annual paper output of 170 Mt. A key consid-
eration is the detrimental effect of pith on the
quality of pulp and requirement for chemical
agents in processing (Paturau, 1989). Hence,
depithing may be important if high quality
pulp is to be obtained from bagasse, and the
nature of the raw material also influences the
suitability of different pulping techniques.
Alkaline pulping processes are generally
much favoured over acid processes for
bagasse, and the most commonly used
methods for pulping bagasse highlighted by
Paturau (1989) are the soda process, the kraft
(or sulphate) process, the Celdecor process,
neutral sulphite or bisulphite processes, the
Cusi process and the mechano-chemical
process. Manufacture of paper from bagasse
generally requires bleaching as well as pulp-
ing, and bagasse pulp may be blended with
pulp from other sources, depending on the
end product.

Like the cultivation and processing of
cane for sugar, manufacture of pulp-based
by-products from bagasse can involve signifi-
cant water usage and generate substantial vol-
umes of effluent. Paturau (1989) notes that
good quality water is often needed for pro-
cessing these by-products and that volumes
consumed vary considerably according to the
processes and final products involved. Water
consumption estimates vary from around
100 m3/t of pulp for production of unbleached
pulp, to between around 200 and 450 m3/t for
bleached pulp. Further processing to the final
product may require a further 50 m3/t.
Paturau (1989) notes that effluent disposal can
represent a problem. As with cane processing,
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a feature of effluent produced by paper mills
and similar operations is its relatively high
biological oxygen demand (BOD), owing to its
relatively high levels of organic material.

Bhaid (1990) considered the economy
of water in small and medium size bagasse-
based paper mills in India, noting that they
need an ample water supply, which may
not be available for half the year. Improved
systems can reduce water demand, reduce
pumping costs and allow the operation of
smaller lagoons for effluent treatment. For
example, between 1984 and 1987, Marath-
wada pulp mill decreased its water consump-
tion from 160 to 100 m3/t, while increasing its
annual output from 7500 to 10,800 t. Penin
et al. (1988) examined the physical and chemi-
cal properties and environmental impact
of effluent from bagasse stored in bulk at
the Panchito Gomez Toro paper factory. Here,
anaerobic treatment of effluent, with or with-
out solid wastes from the same factory, was
recommended, and the possibility of using
effluent as a fertilizer recognized. Paturau
(1989) suggests that prospects for the
production of fertilizer by-products would be
enhanced by the use of ammonia-based pulp-
ing methods, but notes that such techniques
have not proved suitable in most situations.

Bagasse can also be used in the manufac-
ture of particle board (in sheets, or moulded
for use in a wide range of situations),
chipboard and cement board for use in the
building industry (Paturau, 1989; Allen et al.,
1997). Unlike by-products based on pulps,
manufacture of these materials generally
involves dry processing, mixing particles or
fibres with a bonding agent.

Use of bagasse in the manufacture of
chemicals and activated carbon

Bagasse is a potentially valuable raw material
for the production of a range of chemicals,
including furfural, alpha-cellulose, xylitol
and plastics (polymers). It can also be used
as a source of activated carbon, a useful
commodity across the chemical industry.
Allen et al. (1997) note that a key, initial step
in the use of bagasse as a source of many

chemical feedstocks is a two-stage hydrolysis
to yield glucose (from cellulose) and xylose
(from xylan). Methods for fractionating
bagasse into its cellulosic and lignin compo-
nents, as a platform for the development
of chemical feedstocks, are considered by
Moens (2002). The following summaries of
such uses of bagasse are based mainly on
Paturau (1989).

Furfural (C5H4O2), an aldehyde of furan,
is a colourless, inflammable, volatile, aromatic
liquid. It has a range of uses in the chemical
industry, including as a selective solvent in
the refining of high quality and vegetable oils,
and as an intermediate in the manufacture of
furfuryl alcohol, resins and tetrahydrofuran
(which can be used in nylon production).
Furfural can be derived from a range of
pentosan-rich plant materials, including corn
oats and the hulls of oats, rice, cotton seeds
and groundnuts. Historically, the Quaker
Oats Company dominated the world pro-
duction of furfural. Around 22% of world
furfural production is based on bagasse. The
chemistry of furfural production is complex,
but practical considerations include the need
to use depithed bagasse and to deal with
residual lignin, which can be burnt in the
boiler furnace of the cane mill.

Alpha-cellulose is a purified, relatively
insoluble form of cellulose, and is the main
constituent of ‘dissolving pulp’, a material
which can be used in the manufacture of rayon
and acetate fibres, cellophane, plastics, explo-
sives, photographic films, lacquers and fine
papers. Historically, most dissolving pulp
has been obtained from spruce pulp, but
agricultural residues including bagasse can
provide a source, although the economics of
using them may be marginal.

A wide range of natural and synthetic
plastics (polymers) have been turned to an
enormous diversity of uses in human
endeavours. In terms of bagasse, most
attention in this area has focused on the lignin
component of the material, which (for exam-
ple) formed the basis of Valite, a bagasse-
derived plastic which provided a substitute
for shellac in the manufacture of gramophone
records during the Second World War. How-
ever, the highly competitive market in plastics
which has developed since that time has
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marginalized the viability of producing
plastics from bagasse.

Xylitol is an easily purified sugar alcohol,
which can be used as a sugar substitute in
a range of specialized foodstuffs. It can be
derived from xylan, via xylose, and can
thus be obtained by the chemical processing
of bagasse (see Gurgel et al., 1995).

Other chemicals that can be derived from
bagasse, but which are generally obtained by
other means, include:

• Carboxymethyl cellulose (CMC), which
has a range of uses, including as a
dietary additive (thickener) and as a
detergent promoter.

• Diacetyl (2 : 3 butanedione), which can
be used as an aroma carrier in (for
example) butter, vinegar, coffee and
honey products.

• Methanol.
• Ammonia.
• Ethanol (see also Allen et al., 1997).

Activated carbon is widely used in the
chemical and allied industries, for the removal
of impurities from an enormous range of
reagents and products. Whilst other methods
predominate, it is possible to obtain activated
carbon from bagasse. Carbonization (as in the
manufacture of charcoal, e.g. by destructive
distillation – see above) is the initial step, fol-
lowed by activation achieved by processing
with steam or phosphoric acid.

Use of bagasse in mulches and soil
amendments

Paturau (1989) notes that there is a small mar-
ket for bagasse-based mulch, notably in the
nursery industry in the growing of high value
crops such as fruits and ornamental plants.
Bagasse mulch may also find a use in other
situations. For example, Manson (1981) des-
cribes its use to aid revegetation and stabili-
zation of denuded land on road verges. Areas
were sown with grass and supplied with
NPK fertilizer, and a mulched plot produced
vigorous grass cover, whilst an adjacent
unmulched plot supported only sparse grass
growth confined to moist depressions.

There has also been interest in the use of
bagasse as a soil amendment and conditioner,
either directly or as a component of composts
integrating a range of organic materials
including vinasse and livestock manures.
Paturau (1989) considers that its low mineral
nutrient content and slow decomposition
rate results in most beneficial effects being
obtained through modification of soil
physical characteristics. In this context, for
example, bagasse has been used in the
stabilization of soils, as in the geotextile
outlined by Finegan (1990) for control of soil
erosion. However, there is also evidence that
bagasse amendments can influence the bio-
logical characteristics of soils. Elnaghy et al.
(1998) examined the effect of organic soil
amendments on Trichoderma harzianum (a
useful biological agent against several
soil-borne fungal pathogens) in different
Egyptian soil types. Amongst a range of
amendments including bagasse, rice straw,
Eucalyptus leaves and pigeon waste, bagasse
in particular was found to greatly stimulate
the T. harzianum population.

Use of bagasse in animal feed

Bagasse can be used in animal feeds, either as
the primary component or by combination
(particularly of pith) with molasses (Paturau,
1989). Bagasse has a digestibility to rumi-
nants of around 25%, but this can be
increased by appropriate chemical, thermo-
mechanical or biological treatments to
around 65%. Such treatments, followed by
combination with molasses, protein and
nutrients, can produce a livestock feed of
equivalent nutritional value to a good quality
lucerne hay (Allen et al., 1997).

Other uses of bagasse

Dried bagasse, like other agricultural
residues, has been used as litter (bedding
material) for poultry. Primary considerations
in the selection of poultry litter are high
absorptive ability, low matting tendency,
freedom from dust, cleanliness and manure
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value of the used litter. Paturau (1989)
suggests that bagasse scores well against
most of these criteria, with the possible
exception of matting tendency, and that
some 200,000 t of dried, screened and baled
bagasse was marketed annually for this
purpose, mostly to poultry producers in
North America.

Sugarcane bagasse has also been investi-
gated as a potential component of aquaculture
sytems. Visscher and Duerr (1991) found
potential for the use of bagasse-based feed
in the culture of the marine shrimp Penaeus
vannamei. Keshavanath et al. (2001) obtained
disappointing results for bagasse (particularly
when compared with bamboo) as an artificial
substrate to enhance production of freshwater
herbivorous fish in pond culture, although
they also called for further research.

Paturau (1989) notes that almost every
cane producing country has attempted to
use bagasse as a component of building
materials, for example, as a filler in various
forms of cement or plaster. However, it
appears to have no particular qualities to
recommend it in this context, except
(possibly) its low cost and weight. Allen et al.
(1997) suggest that milled pith derived from
bagasse could be produced in a suitable form
for human consumption as dietary fibre in
products such as bread, breakfast cereals
and snack bars. Bagasse can be an excellent
substrate for mushroom cultivation, with the
cultivation residue potentially used in animal
feed (UNEP, 1982).

Cane Tops/Trash

A very large tonnage of cane tops is available
during the harvesting season, representing
about 40% of the millable cane by weight
(Paturau, 1989). Payne (1991) suggests that,
for a 2-year cane crop at harvest, half of the
fibre in the crop can be found in the tops and
trash. Alexander (1985) estimates that cane
fields can yield around 4.5 tons of cane tops
per acre year, plus 5.0 tons of detached trash
(leaves that have died, desiccated and fallen
from the plant) and 1.5 tons of attached trash
(dead leaves adhering to the stem).

Use of cane tops/trash as mulch

The potential benefits of retaining trash as a
mulch in cane fields are outlined in Box 2.4,
but cane trash mulching has also been explored
in relation to other cropping systems. In
India, Shaikh et al. (1994a,b) found that cane
trash mulch at 5 t/ha failed to increase yield
in rain-fed pearl millet (Pennisetum glaucum),
although it did suppress weed populations,
and Mishra et al. (2001) found that cane trash
mulching reduced irrigation demands in
aonla/guava orchards. In Réunion, Chabanne
et al. (2001) found that sugarcane straw mulch
increased above-ground biomass and essen-
tial oil yields in rose geranium (Pelargonium
asperum (Pelargonium graveolens)) plots, where
it also enhanced the biodiversity of soil
macrofauna (seven taxa identified in bare
soil plots; 13 taxa and substantially enhanced
diplopod populations under mulch). Cane
trash mulch has also been investigated in
relation to the cultivation of tomatoes (Firake
et al., 1990), sunflowers (Das et al., 1994) and
soybeans (Jayapaul et al., 1995, 1996).

Use of cane tops/trash in animal feeds

Cane tops have traditionally been widely
used as livestock fodder, often by the families
of the cane cutters (Paturau, 1989). They can
be fed to livestock fresh, ensiled or in combi-
nation with other feeds, including other
sugar processing wastes such as molasses
and filter mud.

Other uses of cane tops/trash

SASA (2002) recommends the use of revets
(bundles of cane tops) to line waterways until
protective vegetation becomes established, as
part of erosion control programmes.

Filter Mud

Filter mud (filter cake, scums, cachaza) is
a major cane processing waste, typically
recovered from press and vacuum filters
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when sludge from the clarification process
is dewatered. Nasir and Quereshi (1999b)
estimate that the Pakistan sugar industry,
for example, produces around 1 Mt of filter
cake each year. Paturau (1989) suggests that
around 3.5% filter mud per weight of cane
is typically produced, containing colloidal
organic matter, some 15–30% fibre, 5–15%
crude protein, 5–15% sugar, 5–15% crude wax
and fats and 10–20% ash, including oxides of
Si, Ca, P, Mg and K.

For disposal purposes, filter mud can be
handled dry (e.g. transferred to holding bins
or trucks for removal from the mill), or it may
be mixed with water (slurried) and then dis-
charged directly, settled (and the supernatant
liquid discharged) or impounded (e.g. UNEP,
1982). In addition to its possible value as a
fertilizer/soil amendment, various other uses
have been recognized for filter mud, notably
in animal feeds and as a source of wax
(Paturau, 1989).

Use of filter mud as a fertilizer/
soil amendment

Filter mud is generally disposed of on land
and incorporated into soils as a fertilizer,
often on cane fields some 6 weeks ahead
of planting. In this context, its value has pri-
marily been ascribed to its phosphate con-
tent, at around 1% by weight (Paturau, 1989).
However, this use of filter mud can result in
odour problems, and inputs should be based
on due consideration of the character of the
recipient soil if the risk of wider environ-
mental pollution is to be minimized (UNEP,
1982).

Zia et al. (1999) investigated various soil
amendments for use in conjunction with
brackish groundwater for irrigation of wheat
in Faisalabad, Pakistan. They found that, in
combination with effective microorganisms
(EM), sugarcane filter cake was superior to
farmyard or poultry manure in sustaining
crop yield and soil properties. Van
Antwerpen et al. (2003) also found that filter
cake was superior to a range of other soil
amendments, in its ability to improve soil bio-
logical properties. It has also been suggested

that applications of filter cake (or composted,
dewaxed filter mud) can promote the con-
servation of soil moisture (Paturau, 1989).
Jayapaul et al. (1995, 1996) examined its use in
this context in the cultivation of irrigated soy-
bean (Glycine max L. Merr) at Madurai, Tamil
Nadu. Such effects may be attributable to the
ability of filter cake to increase soil organic
matter content (also noted in Puerto Rico by
Lugo-Lopez et al., 1981). Yield benefits were
recorded by Scandaliaris et al. (1995) in experi-
ments with filter cake as a fertilizer on cane in
Argentina. These authors concluded that, for
ratoons, the filter cake could be applied in
solid form at 25 t/ha (equivalent to around
90 kg N), or distributed in irrigation water.
For plant cane, they recommended 100 t/ha
worked into the ground or 25 t/ha placed
in furrows before planting. However, when
comparing filter cake with municipal solid
waste plus biosolids, Alva et al. (1999) found
that leaching of most elements (including N)
was greater from soil amended with filter
cake than with the other materials, although
leachate nitrate concentrations did not exceed
drinking-water quality standards.

Filter cake can also be used in combina-
tion with other wastes in the preparation of
soil amendments. For example, combination
with molasses in a ratio of around 7 : 4 gives a
free-flowing material, easily applied to fields
from tankers (Paturau, 1989). Marie-Jeanne
(1993) suggests that fly ash, recovered from
chimney gases and used as a filtration aid in
the sugar mill, can subsequently be combined
with filter cake and used as a soil amendment.
Anon. (1991) reports that filter cake can be
used as a matrix upon which vinasse can be
degraded by solid-state fermentation to pro-
duce an organic fertilizer. Use of filter cake in
combination with distillery waste is consid-
ered further in the section dealing with the use
of vinasse as a fertilizer/soil amendment.

Use of filter mud as a source of wax

Cane wax, the lipid fraction of sugarcane,
comprises waxy lipids (true wax, derived
mostly from the whitish waxy coating on the
stalk) at around 0.12% of cane by weight, and
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fatty lipids at around 0.06% (Paturau, 1989).
Quantities of these materials become sepa-
rated from the bagasse during cane process-
ing, and are occluded from the juice during
clarification, ultimately being deposited in
the filter mud. Using appropriate solvents,
cane wax can be recovered from filter cake,
and the waxy lipids separated from the fatty
lipids. Various methods can then be used for
refinement and bleaching of the wax, which
can be used in materials like polishes.
Although wax is a potentially valuable
by-product, extraction and processing costs
are relatively high, leaving a rather small
profit margin (Paturau, 1989). However,
Allen et al. (1997) are confident that new tech-
nologies and an increasing market for natural
waxes will increase the viability of cane wax
as a by-product from filter cake (or directly
from the cane stalk epidermis).

Use of filter mud in animal feeds

Filter mud can be integrated into animal
feeds, for example, in combination with other
waste products of cane sugar production,
such as molasses and cane tops (Paturau,
1989).

Boiler and Fly Ash

Boiler ash is the residue left in the boiler
grate after bagasse burning, whilst fly ash
(collected by particulate emissions control
systems in the chimney stack) may also need
to be dealt with. Paturau (1989) estimates that
bagasse ash is generated at a rate of 0.3% of
the weight of cane processed, and provides
a summary of the chemical constitution of
bagasse ash, based on data from a number of
countries. Both boiler and fly ash may be han-
dled dry and retained on site by impounding
(UNEP, 1982), but stockpiles may present an
environmental hazard. Bloesch et al. (2003)
studied the changes in nutrient value and
potential environmental impacts of stock-
piled mill mud/ash at a sugar mill in New
South Wales, Australia. Stockpiles were very
permeable, with 31–48% of rainfall passing

through as leachate, but with negligible
runoff. Leachate concentrations of mineral N
and P were high, and very high BOD levels in
the un-attenuated leachate were of concern.
The excess liquid initially draining from the
stockpiles had the greatest oxygen depletion
potential. Such findings have implications for
the siting of stockpiles. Even though there
were losses of 22–33% N and 6–16% P, loss of
mass due to carbon mineralization resulted in
overall N and P enrichment.

Uses of boiler and fly ash

Like other waste materials from cane process-
ing, bagasse ash has been used as a fertilizer,
but other uses have also been investigated.
These include the use of the material in
glass manufacture, as a partial substitute for
cement and as a filtration aid (Paturau, 1989).
In relation to the latter, Marie-Jeanne (1993)
noted that fly ash extracted from boiler
chimney gas could be used as a filtration aid
in the sugar mill itself. Gupta et al. (2002)
report on the use of bagasse fly ash beyond
the sugar factory for the removal of the
pesticides lindane and malathion from waste
water. They found that 97–98% removal
was possible under optimum conditions,
demonstrating that fly ash was inexpensive
and effective for the task.

Molasses

Final or blackstrap molasses is the residue
produced after repeated crystallization of
sugar – the waste syrup from which no
further sucrose can be extracted by these
means. This is the form of molasses consid-
ered below. High test molasses, a concen-
trated form of partly inverted cane juice
(a syrup used in alcohol production), is a
specific product of certain cane mills.

Molasses is an important raw material,
particularly for the fermentation industry,
although it also has other applications. In
South Africa, for example, cane mills produce
around 850,000 t molasses each year, around
75% of which is traded locally and the
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remainder exported (Wynne and Meyer,
2002). The yield of final molasses is typically
around 2.7% by weight of cane, and its precise
composition is somewhat variable. Broadly
speaking, molasses is a complex mixture of
water (say, at 20%), sucrose (30–35%), glucose
(4–7%), fructose (6–9%), other reducing sub-
stances (3%), ash (oxides of e.g. K, Ca, Mg, Si,
Na, Fe and Al, with SO3, Cl and P2O5 acids,
totalling around 12–14%), nitrogenous com-
pounds (crude protein and amino acids,
4.5%), lipids (0.4%) and traces of pigments and
vitamins (Paturau, 1989; Wynne and Meyer,
2002).

Use of molasses in the production of
yeast/single-cell protein

Paturau (1989) notes that molasses may
be used in the production of baker’s yeast
(Saccharomyces cerevisiae) or feed yeast (vari-
ous species, including S. cerevisiae, but mostly
Torulopsis utilis) for consumption by humans
or livestock. It may also be used in the pro-
duction of high protein dietary supplements
for humans or livestock, derived from a
range of microorganisms (so-called single-
cell protein, SCP). Feed yeast (generally as S.
cerevisiae) can be recovered as a by-product
of ethanol manufacture by the fermentation
of molasses, which is considered in more
detail below. However, yeast may also be
the primary product from the processing of
molasses.

Use of molasses in animal feeds

Paturau (1989) notes that the most important
characteristic of molasses as animal feed
is its carbohydrate content (mostly sugars),
although it can also be a useful source of
trace elements and B-complex vitamins; in
contrast, the digestible protein content is
negligible. However, molasses also has the
advantage of high palatability, and can be
used as a binding agent, so it can be used to
induce livestock to eat poor quality roughage
and to make dry feed more easy to handle.
Bagasse can be combined with molasses, and

this has provided a useful role for the pith
(which may have to be removed prior to the
use of the fibrous component in other bagasse
by-products). Animal feeds based on combi-
nations of molasses and cane tops, or cane
tops and filter mud, have also been investi-
gated. Whilst some molasses is used directly
by livestock farmers, a greater quantity is
used in the production of formula feeds.

Molasses has also been investigated as a
component in the ensiling process of other
(non-cane) plant wastes. For example, Megias
et al. (1999) studied canned artichoke (Cynara
scolymus L.) by-product ensiling, using formic
acid, cane sugar molasses and sodium chlo-
ride treatments. The nutritive value of the
final silage product was greatest with sodium
chloride. Total effluent production was least
with cane sugar molasses, but effluent chemi-
cal oxygen demand (COD) and conductivity
were both relatively high with cane sugar
molasses and sodium chloride treatments.

Use of molasses as a fertilizer/
soil amendment

The use of molasses as a fertilizer in cane
cultivation has a long history (e.g. see Doty,
1933). Paturau (1989) suggests that it is gener-
ally applied in the furrows, 2 weeks ahead of
planting, at the rate of 10–20 t/ha (equivalent
to around 500–1000 kg K2O/ha). However,
the extent of its use has historically varied
with the cost and availability of other sources
of organic and inorganic fertilizers. Wynne
and Meyer (2002) suggest that, in order to
provide a balanced nutrient input, applica-
tion of molasses should be accompanied by
the application of nitrogenous compounds
such as urea. They summarize the advantages
and disadvantages of molasses use as a
fertilizer as follows:

Advantages
• A good source of K.
• Also provides numerous trace elements

in appreciable amounts.
• Increases soil organic matter content and

microbial activity, enhancing nitrification.
• Improves soil aggregation and reduces

surface crusting.
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• Potential 5–10% improvement in cane
yields on low fertility soils.

Disadvantages
• Variable nutrient content, creating

difficulties for consistent and even
application.

• Difficult to handle and apply,
particularly on sloping land.

• Need for storage (must be collected
rateably from the mill, but cannot
necessarily be so applied to the field).

• Risk of soil and water pollution if not
properly applied.

The particular value of molasses in
improving soil structure is also noted by
authors including Lugo-Lopez et al. (1981).
It has also been suggested that the increased
soil microbial activity arising from molasses
application can assist in the control of
certain soil pests, by enhancing levels of
nematophagous fungi (Tianco, 1983).

Wynne and Meyer (2002) have recently
assessed the economics of using molasses (in
combination with urea) as a fertilizer in the
South African sugar industry. Key factors in
determining whether this practice is economi-
cally viable include the exchange rate (and
its effect on prices for imported fertilizer
and exported molasses) and competition for
molasses with distillers. However, it is noted
that molasses used in ethanol production
ultimately gives rise to vinasse, which also has
potential value as a fertilizer (see below).

Other uses of molasses

Cane molasses has also been exploited, on
a limited scale, as a raw material in the pro-
duction of dextran, monosodium glutamate,
L-lysine, xanthan gum, aconitic acid and
itaconic acid (see Paturau, 1989).

Use of molasses in fermentation/
ethanol production

Fermentation is most widely recognized as
the conversion of sugar to ethanol and carbon
dioxide, by the action of enzymes produced

by yeasts. However, a wide range of micro-
organisms and enzymes may be involved in
fermentation in a wider sense, and the pro-
cess can result in a broad spectrum of organic
compounds. For example, molasses is used
as a raw material in fermentation operations
producing acetic acid and vinegar, butanol
and acetone, lactic acid, citric acid and glyc-
erol (see Paturau, 1989). None the less, the
production of ethanol by fermentation (and
subsequent distillation) remains a predomi-
nant activity associated with the cane sugar
industry. Traditionally, such activities have
centred around the production of rum from
molasses. However, ethanol has a wide range
of other uses (e.g. as a fuel, organic solvent
or chemical intermediate in the production
of other compounds) and various means by
which the sugar industry might exploit these
have also been investigated. Particularly
where promising economic opportunities
have been identified (e.g. in relation to
fuel alcohol production in Brazil), direct
fermentation of cane juice has also been
explored. The particular issue of fuel alcohol
production is considered separately below.

Paturau (1989) notes that rum is generally
defined as an alcoholic distillate from the fer-
mentation of sugarcane juice or cane sugar
by-products, possessing an identifiable fla-
vour and aroma, based on a characteristic
combination of alcohols, esters, aldehydes
and organic acids. Cane molasses is generally
accepted as the most suitable and economical
raw material for rum production, and a range
of criteria can be applied to identify the grades
of molasses which result in the best rum.
Industrial ethanol is produced in various
grades and has various uses, but the processes
involved in its production are largely similar
to those employed in the manufacture of rum.
A ‘mash’ is fermented, based on molasses
diluted to around 14–18% sugar, a slightly
higher concentration than for rum pro-
duction. Nutrients are added (and the pH
adjusted) as necessary to enhance the
fermentation by yeast, generally a strain of
S. cerevisiae, also widely used in the rum
industry. Fermentation produces a ‘beer’ of
up to around 13% alcohol. The ethanol thus
obtained is purified by distillation, with stills
in industrial use typically operating at an
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efficiency of around 97.5%. Although figures
vary (e.g. according to the composition of
molasses and strains of yeast used), the pro-
duction of 10 l of industrial alcohol might
be expected to consume around 38 kg of
molasses. Further refinement (dehydration)
is required to produce absolute alcohol,
a purified form of ethanol used in the
pharmaceutical industry, or for use in internal
combustion engines.

The processes described above represent
a highly summarized and simplified descrip-
tion of the production of ethanol from molas-
ses. Two considerations, in particular, should
be borne in mind in this context: (i) fermenta-
tion and distillation are evolving technolo-
gies, with new developments potentially
affecting the economics and environmental
impacts of the industry; and (ii) the economics
and hence patterns of output of the produc-
tion of industrial ethanol from sugarcane and
its by-products are substantially influenced
by external factors, notably world trade in
oil. The latter is particularly important, as it
affects the viability of using cane- or molasses-
derived ethanol (rather than ethylene from the
petrochemical industry) as a chemical inter-
mediate, and influences the viability of using
this ethanol as a fuel source (in competition
with petrol). With such issues in mind,
Paturau (1989) concluded that ethanol pro-
duced from molasses was generally insuffi-
ciently competitive to replace either petrol or
ethylene, except under unusually favourable
commercial conditions. However, Allen et al.
(1997) predict growth in the use of ethanol
from molasses as a feedstock in the
(petro)chemical industry.

The scale of distillery operations associ-
ated with the sugar industry justifies a brief
consideration here of their environmental
impacts.

Environmental impacts of
distillery operations

The production of ethanol from cane juice or
molasses has the potential to consume signifi-
cant quantities of water and generate envi-
ronmental pollutants. Distillery operations

generate a number of waste products, notably
vinasse (stillage, slops, spent wash, dunder),
the effluent arising from alcohol production.
These wastes can contribute to environ-
mental impacts, but can also find use as by-
products of the industry. For example, fusel
oil is a by-product of distillation, a mixture
mostly of higher alcohols, comprising around
62.5% amyl and iso-amyl alcohol, 15%
isobutyl alcohol, 12.5% n-propyl alcohol,
5% ethanol and 5% other residues. Around
1.1 l fusel oil is produced per 1000 kg molas-
ses processed. It is not generally refined, and
may present disposal problems, although
it does have some commercial value as a
lacquer solvent (Paturau, 1989).

Environmental impacts on air quality

Carbon dioxide is produced during
fermentation. Paturau (1989) estimates that
distillery production rates are around 160 kg
carbon dioxide per 1000 kg of molasses pro-
cessed (theoretically, 46.6 kg carbon dioxide
per 100 kg of fermented sugars). Of this,
Paturau (1989) estimates that 80–85% is
recovered and processed to yield liquid CO2

(used in the carbonation of beverages, fire
extinguishers and food preservatives) or
solid CO2 (dry ice). Distillery operations
also result in odour problems, for example,
as a consequence of the decomposition of
nitrogenous material in the fermented mash.
Such material can be removed by decantation
or filtration.

Water consumption

The production of 10,000 l of industrial etha-
nol might be expected to consume around
1 Ml of water in the fermentation stage
and another 1 Ml in the distillation stage
(Paturau, 1989). This does not include steam
used in distillery operations, which (along
with electricity) may be supplied by a cane
factory where this operates on the same site
as the distillery. However, quantities of water
consumed vary according to the particular
methods used by the distillery. The Biostil
process of fermentation, for example, uses
only 60% of the process water required by
traditional methods (Paturau, 1989).
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Environmental impacts on water
and soil quality

Cortez et al. (1998) consider that around
10–15 l of vinasse are produced for every 1 l
of ethanol produced, and that its polluting
characteristics are a major concern in most
cane growing countries with an associated
distilling industry. Such concern is based
largely on the substantial volumes produced
and the high BOD of the effluent. Some
authors also note the relatively high acidity
of vinasse (giving values of pH 4.0–4.5), and
the problems that this presents (e.g. Ng Kee
Kwong and Paul, 1997; Nasir and Quereshi,
1999a). Alexander (1985) cites research which
estimates that the ‘pollutant value’ of 1 day’s
vinasse output from Puerto Rican distilleries
in 1980 (710,000 gallons) was equivalent to
the daily sewage output of a city with over a
million inhabitants. Paturau (1989) estimates
vinasse BOD at around 25,000–50,000 ppm,
with a high organic matter content (around
7.5 g/ml), and an approximate composition
(excluding water) of: approximately 29%
mineral matter; 21% gums; 17% wax,
phenolic bodies, lignin, etc.; 11% reducing
sugars; 9% proteins; 5.5% glycerol; 4.5% lactic
acid; 1.5% volatile acids; 1.5% other organic
acids.

Alexander (1985) notes that rum distillery
wastes were historically discharged into the
Atlantic Ocean and Caribbean Sea in massive
quantities, challenging the potential of even
these substantial water bodies to dilute and
disperse the material. Particularly where
relatively small distilleries are surrounded
by cane fields, it has also historically been
common practice to pump vinasse on to the
land as a fertilizer (Paturau, 1989; Wang et al.,
1996). The potential value of vinasse in this
respect is considered further below; however,
it should be noted that uncontrolled dumping
on land can result in environmental pollution.
Chapman and Usher (1996), for example,
report that spraying of large quantities of
excess vinasse on to an extensive land
disposal site in the Mackay district of
Australia sometimes resulted in unmanage-
able environmental problems, including
runoff into marine wetlands, odours and fly
breeding.

As with cane factory effluents, a range of
methods are available for treating distillery
effluents prior to their disposal. These include
aerobic treatment using activated sludge,
anaerobic bacterial digestion and concentra-
tion by evaporation (Paturau, 1989). The latter
two approaches have the potential to yield
useful by-products. Anaerobic digestion can
be harnessed to produce biogas (a mixture
of methane and carbon dioxide – see under
bagasse) and fertilizer sludge (Alexander,
1985; Paturau, 1989; Lettinga and van
Haandel, 1993; Cortez et al., 1998). Concentra-
tion of vinasse, on the other hand, allows
recovery of water which can be fed back into
the distillery (e.g. for molasses dilution), and
yields a concentrated syrup (concentrated
molasses solubles/solids, CMS) of around
60% solids. The CMS can be neutralized by
treatment with lime if necessary, and then
used as a fertilizer, in animal feed (possibly
combined with cane tops and/or bagasse) or
as fuel in an appropriately designed furnace
(the resultant ash having potential uses as
a potash-rich fertilizer, or as cullet in glass
production). The process of producing CMS
incurs additional costs for the distillery opera-
tions. However, the Biostil process of fer-
mentation produces relatively concentrated
vinasse that can be used directly without fur-
ther concentration by evaporation (Paturau,
1989). Alternatively, a fuel material can be
derived by mixing vinasse with bagasse pith,
and drying the resultant material with boiler
flue gases.

In comparing vinasse treatment methods,
Paturau (1989) suggests that aerobic treatment
may have prohibitive energy costs for distill-
eries, and notes that anaerobic treatment
(although a more viable option) is not suffi-
cient in itself to entirely eliminate potential
pollution hazards. It is estimated that, even
where treatment achieves 95% breakdown
of organic pollutants (say, reducing the BOD
from 25,000 to 1250 ppm), the resultant efflu-
ent remains some three times more polluting
than domestic sewage. A follow-up treatment,
using an aerobic process or by simple
lagooning, is recommended. The efficacy of
a range of microorganisms for the treatment
of vinasse continues to be investigated. For
example, Angayarkanni et al. (2003) report on
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the biotreatment of distillery effluent in India,
using the fungus Aspergillus niveus (Fennelia
nivea), with various carbon sources, including
bagasse, molasses and sucrose.

In Kenya, the potential for the treatment
of distillery effluent by artificial wetlands has
been investigated, using Cyperus papyrus,
Cyperus sp., Phragmites mauritianus and
Echinochloa pyramidalis, but with only limited
success (Thuresson, M., 2001; Thuresson, S.,
2001).

Other opportunities for the utilization or
treatment of vinasse have also been investi-
gated. For example, Herrera Coello and Diaz
Rodriguez (1998) found that vinasse could
partially replace molasses in the production of
single-cell protein for animal feed (derived
from the yeast Kluyveromyces fragilis).

Use of vinasse as a fertilizer/soil amendment

There is (rightly) concern over the potential
polluting effects of uncontrolled dumping
of vinasse on the land, or its inappropriate
use as a fertilizer. For example, Szmrecsanyi
(1994) concludes that the indiscriminate use
of large amounts of vinasse as a fertilizer can
lead, for example, to salinization and river
pollution. However, there is also a body of
evidence which suggests beneficial effects
on soil quality from appropriately managed
application of vinasse. These effects are
ascribed, in particular, to the high levels
of organic matter (e.g. Nasir and Quereshi,
1999a) and K (e.g. Chang and Li, 1989; Ng
Kee Kwong and Paul, 1997) in vinasse. In
addition to its potential role in enhancing soil
quality, it has been suggested that vinasse
may have insecticidal qualities that might be
harnessed in agriculture (Sundaramurthy,
1998).

Examples of the use of vinasse as a fertil-
izer include the work of Nasir and Quereshi
(1999a), who compared the application of
vinasse (at 740 t/ha + 50 kg N/ha) 4 months
before cane planting with the application
of 170–100–50 kg NPK/ha at planting. The
vinasse treatment improved the original
soil quality through a reduction in pH (from
8.10 to 7.5). However, other studies have sug-
gested that changes in soil pH effected by
vinasse tend to be only short-term (Rao, 1983;

Cruz et al., 1991; Ng Ke Kwong and Paul,
1997). Nasir and Quereshi (1999a) also found
increased organic matter content (from 0.3
to 0.9%) and enhanced NPK levels in soils
following application of vinasse + N. Cane
yields were around 35% greater under the
vinasse treatment than with the fertilizer
treatment, and there was evidence of small
increases in juice quality parameters. Similar
experiments in Venezuela suggested that
vinasse could substitute for around 50%
of N, 75% of P and 100% of K otherwise
obtained from inorganic fertilizers in cane
cultivation (Gomez Toro, 1996). Chang
and Li (1989) found that a single vinasse
application (at 50 t/ha) to fields in Taiwan
could provide sufficient K for at least two cane
crops.

Vinasse can also be applied in dilute form
in irrigation water, as part of a fertigation
strategy (Wang et al., 1996). For example,
Booth and Lightfoot (1990) reported the value
of vinasse in irrigation waters for maintaining
nutrient levels in cane growing soils in Zimba-
bwe. Nasir and Quereshi (1999a) produced
evidence of a beneficial effect on yields of
the application of dilute vinasse in irrigation
water to standing crops of cane, wheat, rice
and fodder maize.

In contrast to this strategy of diluting
vinasse, Chapman and Usher (1996) suggest
that one of the problems associated with
vinasse application as a fertilizer in the
Mackay district of Australia had historically
been that the material was already too dilute
at the point of production. This resulted in
uneconomical transport costs, and it was
only through the production of a more con-
centrated form of vinasse (biodunder), when
the Biostil process (see above) was adopted
at the local distillery, that use as a fertilizer
became a viable option. Enriched with
standard nutrients, this vinasse has been
successfully marketed for use on cane fields,
at 55–95% of the cost of equivalent quantities
of KCl fertilizer. Chapman et al. (1995) note
an additional potential benefit from the use
of this form of vinasse in fertilizer application,
in that dissolution of urea in biodunder,
rather than application of granular urea,
decreased N losses through volatilization of
ammonia.
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Vinasse can also be used as a fertilizer/
soil amendment in combination with filter
cake. It has been suggested that this combina-
tion is attractive because the vinasse supplies
the K and S, while the filter cake supplies the N
and P that would otherwise be derived from
inorganic fertilizers (Korndorfer and Ander-
son, 1997). Complementarity is also noted by
Muraoka et al. (1995), who comment on the
relatively high organic matter content of both
materials, and the balance between high P
levels in filter cake and high K and Ca levels
in vinasse. This nutrient matching may also
contribute to the perceived value of vinasse/
filter cake combinations in animal feed (e.g.
Zamora et al., 1996). Ng Kee Kwong and Paul
(1997) investigated combinations of filter cake
applied at 12 t/ha at the time of planting, with
different levels of either inorganic KCl fertil-
izer or vinasse, in cane cultivation in Mauri-
tius. They found that vinasse was a perfectly
adequate substitute for KCl, and that a single
large dose (equivalent to 360 kg K2O/ha) of
vinasse, banded in furrows at the time of
planting, could provide all the K requirements
of the plant crop and five ratoons. Nasir and
Quereshi (1999b) concluded that application
of a vinasse/filter cake biocompost at 25 t/ha
could produce increased cane yields whilst
replacing all the K and half the N and P that
would otherwise be applied as inorganic
fertilizers.

The use of vinasse in combination with
other amendments may also have beneficial
effects on soil quality. For example, Nasir and
Quereshi (1999a) suggest that vinasse applied
with gypsum can assist in the treatment of
sodic soils.

Other uses of vinasse

Vinasse has also been used in Brazil, in
combination with soil, in the manufacture of
bricks (Freire and Trevisan, 2002).

Fuel Alcohol from Sugarcane

As noted above, rum and industrial
alcohol can be produced by fermentation
and distillation of molasses. Ethanol can

also be derived by the same methods directly
from cane juice, and this approach has been
investigated particularly in relation to fuel
alcohol production. Ethanol gives a smoke-
less and colourless burn, and yields around
29,700 kJ/kg, slightly more than coal
(Paturau, 1989).

Use of plant materials and derivatives in
the production of fuel alcohol (bioethanol) has
attracted considerable interest in recent years.
Sugarcane and its by-products have been a
major focus, although maize has also been
used, particularly in the USA (Jolly, 2001), and
other crops, including cassava (Verschuur and
van Wijk, 1990), may also have potential in this
role. Production of bioethanol from woody
plant material is also possible, and would be
more economically attractive given appropri-
ate biotechnological advances for efficient
degradation of lignocellulose and fermenta-
tion of relatively complex sugars (Verschuur
and van Wijk, 1990; Zaldivar et al., 2001).

Interest in bioethanol production, espe-
cially from sugarcane and its by-products,
has been particularly acute in Brazil (UNEP,
1982), which launched a National Alcohol
Programme in 1975. However, the technology
has also been explored elsewhere, including
other parts of Latin America (Cardenas, 1993;
Reeser et al., 1994), India (Verschuur and van
Wijk, 1990; Sharma and Goel, 1997), parts
of Africa (Verschuur and van Wijk, 1990), and
Australia, Mexico, Thailand and the USA
(Jolly, 2001).

The primary arguments in favour of
bioethanol as a fuel (particularly for vehicles,
either as pure alcohol, or mixed with petrol as
‘gasohol’ – Goldemberg et al., 1993) is that it
results in less air pollution than fossil fuels
(Verschuur and van Wijk, 1990; Goldemberg
et al., 1993; Sharma and Goel, 1997; Kammer-
bauer et al., 1999), and represents a renewable
resource (Reeser et al., 1994). However, fuel
alcohol has also been recognized for its poten-
tial to reduce dependence on foreign oil,
enhance local employment opportunities and
create ‘added value’ in a sugar industry
afflicted by unfavourable world commodity
prices (Goldemberg et al., 1993; Sharma and
Goel, 1997).

Nastari (1992) describes bioethanol as
environmentally friendly at all levels of
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production and use. However, concerns have
been raised over the potential negative
impacts of the bioethanol industry. In Brazil,
Madeley (1981) considered that production of
ethanol was generating enormous amounts of
waste and causing serious pollution, particu-
larly of water, and that peasant farmers were
being displaced by large landowners who had
been encouraged by government incentives to
expand sugar hectarages. Cortez et al. (1998)
note that river pollution near distilleries was a
problem in Brazil, even before the National
Alcohol Programme was launched, when much
less effluent was being produced. In addition
to the generation of potentially polluting resi-
dues, UNEP (1982) notes that the economics
of fuel production through fermentation of
sugar crops is complex and needs careful con-
sideration. Fry (1997) noted the predominance
of ethanol production from sugarcane in
Brazil, but suggested that removal of govern-
ment incentives for fuel alcohol production
would result in a shift back towards
production of sugar, as ethanol becomes an
increasingly uncompetitive product.

SUGAR BEET

The value of sugar beet by-products
(principally tops, pulp and molasses) was
recognized very early in the cultivation of the
plant (Winner, 1993). Cooke and Scott (1993)
note that these materials are extensively used
as animal feeds (either separately or in com-
binations), and that this compares favourably
with the level of by-product utilization in
the cane sugar industry. However, beet by-
products have also been used in a variety of
other ways. Beet molasses (like that produced
from cane) can be used in fermentation to
yield alcohol and waste products with poten-
tial by-product uses. Draycott and Christen-
son (2003) note that a range of beet processing
wastes are returned to the land as soil
amendments in different countries, such as
pulp-based wastes (including raffinate), lime
and post-distillation waste (vinasse). Lime is
used principally to adjust the pH of acid soils,
while other wastes provide a range of nutri-
ents and small amounts of organic matter.

Sugar Beet Tops

Use of sugar beet tops in animal feed

Harland (1993) notes that, depending on
harvesting method, beet tops may comprise
leaves, or leaves and root crowns. Fresh tops
can be grazed in the field (common practice
when they are fed to sheep) or removed from
the field to be fed directly to livestock or to be
ensiled. Beet tops are very palatable and may
be fed to all ruminants (and sparingly to pigs).
On an energy basis, 10 kg beet top silage is
equivalent to 1.5 kg barley. The yield of tops
is generally similar to that of roots, but varies
according to harvesting time, variety, etc. In
the UK, maximum top yield (generally obtained
by harvesting in September) is around 50 t/
ha fresh weight (5–6 t/ha dry matter).

The ensilage of beet tops results in the
production of effluents, which can cause
pollution problems if not properly managed.
Nuttall and Stevens (1983) report effluent
discharges of 194–333 l/t, with most effluent
produced in the first 7 days.

Harland (1993) notes four principal
requirements for the production of good silage
from beet tops, whilst minimizing potential
environmental impacts from silage effluents:

• Tops should be removed from the field
during harvest operations, to minimize
contamination by soil.

• They should be wilted, to reduce effluent
production and to aid compaction in silos.

• Silos should be appropriately sited for
proper effluent disposal.

• Silos should be filled correctly, to ensure
that air is excluded.

Other uses of sugar beet tops

Sugar beet tops can be left on the soil surface
of fields, as a source of nitrogen, a practice
which has implications for soil quality and
which may increase the risk of nitrate leach-
ing (e.g. see Destain et al., 1991; Christensen,
2004). The production of methane from sugar
beet leaves has also been investigated, on a
laboratory scale (e.g. see Zauner, 1988).
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Sugar Beet Pulp

Use of sugar beet pulp in animal feed

Harland (1993) notes that, following
extraction of sucrose in the initial stages
of processing, wet pulp is produced (in the
form of spent cossettes), with a dry matter
content of just 6–12%. This can be used
directly as animal feed, or pressed first to
increase the dry matter content to 18–30%.
Pressed pulp can also be ensiled, further
dried (to yield dried plain sugar beet pulp,
containing 87–92% dry matter), mixed with
molasses, or mixed with molasses and then
dried. Beet pulp provides livestock with
energy (mostly derived from structural
carbohydrates) and digestible fibre. It is
suitable for feeding to ruminants, and more
sparingly to pigs. Used in combination with
other feeds (such as those based on straw
and hay), it can increase their digestibility,
making it a valuable addition to livestock
feed rations.

Harland (1993) notes that wet pulp can be
difficult to handle or store, but is none the less
used as animal feed in some beet growing
countries (including Denmark). Pressed pulp
is more widely used throughout Europe as
animal feed. It should be used within 5–7
days, if mould growth and spoilage are to be
avoided, or ensiled (e.g. Kunteova, 1997) with
appropriate care, to maximize the quality and
quantity of silage recovered. Because of its
relatively low water content, dried plain
sugar beet pulp is relatively stable, and can
(generally in pellet form) be used for feed
directly or stored for up to a year.

De Brabander and Boucque (1992)
suggest that use of feeds like sugar beet
pulp, which reduce nitrogen excretion and
total faecal dry matter production by cattle
when compared with grass-based feeds, can
help to reduce the environmental impacts
associated with livestock farming.

Use of sugar beet pulp as fuel

The use of beet pulp as a source of fuel has
been considered by a range of authors (e.g.

Otorowski, 1990; Mantovani and Vaccari,
2001). Like bagasse, beet pulp can be used to
produce fuels such as biogas by fermentation,
or can be burned directly as fuel. Otorowski
(1990) notes that beet pulp for burning must
contain < 50% moisture, and suggests that
direct burning of predried beet pulp
can result in better heat efficiency than
conversion to biogas by anaerobic fermenta-
tion, estimating that dried pulp (90% dry
matter) generates half as much heat as an
equal weight of fuel oil in an efficient boiler.
UNEP (1982) notes that it may be possible to
obtain alcohol from beet pulp by microbial
fermentation; this would be an attractive
proposition if it could profitably be
conducted using wet pulp.

Drying sugar beet pulp

As noted above, beet pulp is often dried
prior to being used as animal feed, and must
be dried if it is to be burned as fuel. Pulp
pressing is a very energy-hungry activity
(UNEP, 1982), and there is environmental
concern over emissions from pulp driers.
Thielecke et al. (1991) identified waste gas
from pulp drying as the most important
source of emissions of organic compounds at
a beet sugar factory. The total organic carbon
absorbable in NaOH solution typically
amounted to 200–350 mg/m3 (up to a
maximum of 665 mg/m3), and increased with
increasing molasses dose and higher dryer
inlet temperature. The main components
were 60–80% acids (50–60% acetic) and
7–10% carbonyl compounds (acetaldehyde,
benzaldehyde, furfural and ten others). Such
emissions can be controlled by the use of
equipment such as scrubbers (e.g. Thielecke
et al., 1991; Buchholz et al., 1992). Jensen (1995,
2002, 2003) discusses the use of alternative
steam drying methods, considered more
energy efficient and capable of reducing
the atmospheric pollution potential of beet
drying (relative, for example, to drying in
rotating drums). Methods for drying beet
pulp, including aspects of their environmen-
tal impacts, are also discussed by Accorsi and
Zama (1996).
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Other uses of sugar beet pulp

Harland (1993) notes that sugar beet pulp has
been investigated as a possible component
in human diets, where it may yield health
benefits associated with its high fibre content,
and Stekar (1999) suggests that beet pulp is
a useful additive to silage, reducing the
production of potentially highly polluting
effluents.

Lime Mud

Storage of lime-rich filter mud produced as
a waste material from clarification in beet
sugar factories may present problems.
Draycott and Christenson (2003) note that
lime from beet processing had been stock-
piled on site in Michigan (USA) for over 100
years, but that new environmental regula-
tions and limited storage capacity compelled
processors to change this practice.

Use of lime mud as a soil amendment

Lime recovered from beet processing has an
important potential by-product role as a soil
amendment. As the crop is very sensitive to
soil acidity, lime is commonly applied to beet
fields to ensure a close to neutral pH. Soils
should be tested well in advance of sowing,
and more than one lime application (followed
by ploughing to ensure thorough incorpora-
tion with the soil) may be required (Draycott
and Christenson, 2003). Christenson et al.
(2000) report on the responses of various
crops to soil additions of waste lime from
beet processing.

Sugar Beet Molasses

The residual syrup (molasses) from sugar
beet processing is used principally in animal
feed or for fermentation. Roughly half of
its dry matter content is sugar, which con-
ventional processing is unable to extract by

crystallization (e.g. Harland, 1993). Molasses
can be desugared by other means, to produce
raffinate, which can be used in animal feeds
or as a soil amendment (e.g. Goos et al., 2001).

Use of sugar beet molasses in animal feed

Harland (1993) notes that the high viscosity
of molasses means that it is difficult to handle
and is generally diluted before use by farms
and feedmills. The precise chemical composi-
tion of molasses is variable, but its relatively
high energy content and palatability make it
suitable for inclusion in the diets of a range of
livestock. It is often provided as one element
of a compound feed. It has been argued
(e.g. Araba and Byers, 2002) that the use of
sugar beet molasses in cattle feed results in
beef production with reduced environmental
impact, on the grounds that traditional grain-
based feeds consume more fossil energy in
their production than molasses. However,
the complex combinations of food material
which are typically included in livestock
diets make it difficult to assess environmental
impacts of this kind in a meaningful way.

Molasses may be used in animal feed in
combination with pressed or dried beet pulp.
Such products are widely used in Europe, in
various forms, and provide a major outlet for
beet factory wastes (Harland, 1993). A com-
monly used form is dried molassed sugar beet
feed (DMSBF), which stores well for up to a
year, is palatable to (and suitable for) a wide
range of livestock and is generally assumed to
have a similar energy value to that of barley.
DMSBF combines the rapidly available
energy from the sugar in molasses with the
slower release energy of digestible fibre in the
pulp.

Beet molasses is also often used as an
additive to silage, particularly that based on
low quality grasses, where it provides a valu-
able addition of sugar, aiding fermentation
(Harland, 1993). Interestingly from an envi-
ronmental perspective, DMSBF has also been
used as an additive to herbage silage, partly
to enhance the ensilage process, but also
to reduce potential pollution from silage
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effluents. Harland (1993) notes that DMSBF
can absorb up to three to four times its own
weight in effluent, thus retaining substances
which are of value in the final animal feed
product and reducing the discharge of
pollutants. Interest in this use of DMSBF was
renewed in the late 1980s (particularly in the
UK and Ireland), when concern over silage
effluent pollution and numbers of related
prosecutions increased.

Fermentation of sugar beet molasses

Like the molasses produced in cane sugar
processing, beet molasses can be used in
the production of alcohol by fermentation
(although it is not suitable for the manu-
facture of rum), with vinasse produced as a
waste product. This poses a pollution risk if
discharged as effluent, but it can be treated
to reduce its environmental impact (e.g. in
an anaerobic reactor, with the potential to
produce fuel gas – Jenicek et al., 1994) or can
be utilized directly as a by-product. Harland
(1993) notes that vinasse from the fermenta-
tion of beet molasses is very low in sugar but
rich in crude protein and potassium. Madejon
et al. (2001b) noted that the annual production
of vinasse from the distillation of fermented
beet molasses in south-west Spain was
around 50,000 t. The vinasse was character-
ized by a high organic matter content (BOD =
60–70 kg O2/l) and high salinity (electrical
conductivity (EC) = 25–30 dS/m). Histori-
cally, vinasse had been held in evaporation
ponds, resulting in groundwater contamina-
tion, odours and nuisance from insects. More
recently, the trend had been to use it, often in
concentrated form, in animal feeds (e.g. see
Weigand and Kirchgessner, 1980; Haaskma
and Vecchiettini, 1988), in the production
of potassium salts or as a component in
composts (see below).

Use of sugar beet vinasse as a fertilizer/
soil amendment

There is interest in the use of beet vinasse
as a fertilizer/soil amendment, including its
potential value in this respect to organic

agriculture (e.g. Schmitz and Fischer, 2003).
Debruck and Lewicki (1997) estimate that
beet vinasse concentrated to 68° Brix contains
8–9% K2O and 2–3% total N, so application of
2.5 t/ha is roughly equivalent to 80 kg N/ha
and 200–225 kg K2O/ha. These authors found
that application of concentrated beet vinasse
at 2.7–3.5 t/ha improved yields in a range of
crops by 10–25% compared with untreated
controls. Other relevant publications in this
area include those by Kunteova (1997), and a
series by Madejon and colleagues based on
work in Spain (Madejon et al., 1995, 1996,
2001a,b; Diaz et al., 2002a,b). These latter
studies focus on co-composting of concen-
trated depotassified beet vinasse with other
agro-processing wastes (such as grape marc,
olive pressed cake and cotton gin trash)
where direct application of vinasse is
constrained by its relatively high density
and salinity. Generally, the resulting compost
increased yields of study crops, as did
inorganic fertilizer. Unlike inorganic fertil-
izer, however, the composts also tended
to increase soil organic matter content. How-
ever, there was also evidence that, under
certain conditions, vinasse-based compost
could result in increased leaching when com-
pared with inorganic fertilizer (2–180 mg/l
versus 3–25 mg/l nitrate in drainage water).

Sugar Beet as Biofuel

Sugarcane has long been explored as a source
of fuel alcohol in Brazil and elsewhere (see
above), and there was also early interest in
using beet in a similar way, notably in France
(Winner, 1993). Winner (1993) notes that a
beet sugar yield of 8–10 t/ha corresponds to
an output of 5000–6000 l/ha of ethanol. More
recent studies have continued to consider the
potential of sugar beet as a source of ethanol
for fuel (e.g. Serase et al., 1993; Jossart et al.,
1995; Kunteova, 1996; Mach and Svatos, 1998).
However, others suggest that using beet as a
biomass fuel for the production of electricity,
rather than as a source of bioethanol for
vehicles, is ecologically and economically
preferable (Hanegraaf et al., 1998).
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Other Sugar Beet By-products

Gryllus and Anyos (1993) describe how
ammonia-rich condensates from one sugar

beet factory were treated, reducing emissions
of this pollutant gas and yielding 5.6 t/day
(NH4)2SO4 as a fertilizer by-product.

172 Chapter 8
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Appendices

229

Source Locality Examining Varieties Comments

Mubien (1996) Subang sugar
factory,
Indonesia

Sprinkler
irrigation

BZ 132 Optimum irrigation rate:
3.95–3.99 mm/day

Pene et al.
(1997)

Northern and
central regions
of Côte d’Ivoire

Deficit irrigation – Yield losses due to deficit
irrigation were greater at later
(elongation and yield formation)
growth stages than at earlier
(tillering) stages

Singh and
Mohan (1994)

Dehra Dun,
Uttar Pradesh,
India

Irrigation and N COS 767
G.T. 54-9

Yield and irrigation efficiency
was greatest at IW : CPE = 1.
Up to 200 kg N/ha significantly
increased yield. Irrigation and N
had no significant effect on juice
quality

Yang LiTao
and Li YangRui
(1995)

– Late irrigation Guitang 11;
F 172

Various physiological and
biochemical characteristics of
either variety responded to (lack
of) irrigation

Jadhav et al.
(1997)

Marathwada
Agricultural
University,
Parbhani

Irrigation and N Co 7219 Irrigation at IW/CPE = 1 gave
significantly higher cane yield
than lower IW/CPE ratios.
Maximum cane yield (150 t/ha)
and WUE (661 kg/ha/cm) at
400 kg N/ha

Gulati et al.
(1995)

Chiplima,
Orissa

Levels of
irrigation and
intercropping
with wheat or
Brassica juncea

Co 6304 Cane yield increased with
IW : CPE up to 1. Intercropping
decreased cane yield by c. 8%.
Net return and WUE were
greatest with B. juncea intercrop

Wiedenfeld
(1995)

Lower Rio
Grande Valley,
Texas

Irrigation and N CP65-357 Various responses in plant and
ratoon crops are reported

continued

Appendix 1. Recent examples of published research on the responses of sugarcane to management
variables including irrigation.
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Source Locality Examining Varieties Comments

Pene and Dea
(2000)

CRNA
Research
Station,
Ferkessedougou,
northern Côte
d’Ivoire

Irrigation and
cane variety

Co 957;
Co 997;
R 570

Various responses in plant and
first ratoon crops are reported

Shafshak et al.
(2001)

Egypt Irrigation and N GT 54-9 Various responses in cane
growth characters and juice
quality are reported over two
field seasons

Ruiz Traba
and Delgado
Morejon (1996)

Matanzas,
Cuba

Irrigation and
harvest timing

– Irrigated yields exceeded
unirrigated by 21.4 t/ha after 12
months, but after 24 months the
difference had increased to only
27.8 t/ha

Pawar and
More (1996)

Rahuri,
Maharashtra

Irrigation and N Co 7219 WUE highest with irrigation at
100 mm CPE. Yield increased
with increasing N rate

Hossain et al.
(1999)

Bangladesh Irrigation and
interplant spacing

Isd 16 Optimum treatment: flood
irrigation and 45 cm spacing

Toor et al.
(1999)

Punjab, India Irrigation CoJ 84 Greatest mean cane yield (65.3
t/ha) at IW : CPE = 1.5; not
significantly different from yield
(62.4 t) at IW : CPE = 0.75

Altaf-ur-Rehman
and Said
Rehman (1998)

Mardan,
Pakistan

Irrigation and N CP 65/357 Sugar yield increased with up to
150 kg N/ha; juice quality was
greatest with no N. Sugar yield
decreased with decreasing water
availability, while juice quality
increased

Bhale et al.
(2002)

Parbhani,
Maharashtra,
India

Irrigation and
intercropping
with groundnut,
cowpea or green
gram

Sugar equivalent yield and gross
monetary return (GMR) greatest
in sugarcane/groundnut system.
Cane yield, GMR and water
expense component greatest at
IW : CPE = 1.2; WUE greatest at
IW : CPE = 1

Hassan et al.
(1999)

– Irrigation and
cane variety

ISD 16; ISD 20;
ISD 21

Cane yield averaged 64.0 t/ha
without irrigation; no significant
varietal differences. Greatest
cane yield (171.8 t) with first
irrigation (10 cm) 35–40 days
after transplanting and then at
Eo = 200 mm (IW : CPE = 1;
four irrigations in total)

Pawar and
More (1993)

Maharashtra Irrigation and N CO 7219 Cane yield response to water
applied (50–125 mm cumulative
Eo) and N application
(187–312 kg N/ha) was linear

Appendix 1. Continued.
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Source Locality Examining Varieties Comments

Jambulingam
et al. (2001)

Sugarcane
Breeding
Institute,
Coimbatore,
Tamil Nadu,
India

Irrigation and
cane variety

Co 6806;
Co 7201;
CoC 671;
Co 419;
Co 6304;
Co 1148

Various responses in relation to
cane yield, juice quality and
jaggery yield and quality are
reported

Miyagi and
Shimabuku
(1997)

Okinawa
Miyako Island

Irrigation at
different growth
stages

– Yield and quality responses of
sugarcane are reported

Pene et al.
(2001)

CNRA
Research
Station,
Ferkessedougou,
northern Côte
d’Ivoire

Irrigation and
cane variety

R 570 and two
others

Various responses in cane
yield and quality in relation to
irrigation and crop blooming are
reported

Pene and Edi
(1999)

Northern Côte
d’Ivoire

Deficit irrigation
at two growth
stages

Co 449 Cane growth/yield much more
sensitive to water stress at stem
elongation than at tillering

Thanki et al.
(2000b)

Gujarat
Agricultural
University,
Navsari

Irrigation – Moisture stress during juvenile
and main growth (but not
mature) stages reduced cane
yield considerably

Bhoi et al.
(1999)

Maharashtra Fertigation and
planting (paired
rows vs. four
rows) under
drip irrigation

CO 7219 Mean cane yield highest
(171.4 t/ha) with four row
planting + 20 splits of N (at
250 kg N/ha). Paired row
planting produced similar yield
(169.9 t) with 20 splits of N

Jambulingam
et al. (1999)

Tamil Nadu Irrigation and
cane variety

CoC 671 and
five others

Early maturing cv. CoC 671
produced highest sugar yield
(17.30 t/ha) with irrigation at
25% ASM. Mid–late cvs
produced higher cane yields, but
early maturing cvs produced
higher sugar yields

Minhas et al.
(1992)

Tandojam,
Pakistan

Delayed first
irrigation

BL-4 Delaying irrigation decreased %
germination, cane yield and %
CSC

Rincones
(1990)

– Irrigation and
cane variety

V68-78;
PR62258;
V64-10;
V58-4;
B6749;
PR61632 and
two others

PR61632, B6749, V64-10 and
V58-4 showed good
performance under irrigation and
were recommended for use in
areas of reduced water supply

Goudreddy
et al. (1994)

Agricultural
Research
Station, Bidar
(NE Transitional
Zone, Karnataka)

Irrigation and
cane variety

Co 7318;
Co 7219;
Co 740;
Co 70A-645;
Co 6907 and
possibly others

Cane yield and quality
responses of test varieties are
reported

continued
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Source Locality Examining Varieties Comments

Elsheemy and
Elsayed (1993)

Egypt Irrigation – Optimal trickle irrigation:
9000 m3 and 1200 m3

(first/second ratoons,
respectively)

Ng Kee Kwong
and Deville
(1994a)

Belle Vue,
Mauritius

Fertigation via
drip irrigation

R 570 FUE was significantly higher with
fertigation than with fertilizer
incorporation

Dalri and Cruz
(2002)

São Paulo,
Brazil

Subsurface drip
irrigation

– Irrigation increased cane yield by
over 45%, but irrigation
frequency had no significant
effect

Moreira and
Cardoso (1998)

Araras, São
Paulo, Brazil

Soil moisture
content and
irrigation

RB785148 Germination decreased with
decreasing soil moisture, with no
effect of irrigation interval

Nyati (1996) South-east
lowveld,
Zimbabwe

Irrigation in
years of low
rainfall

NCo376 Irrigation increased yield but did
not affect quality. 660 mm
irrigation gave 69% of yield
obtained under full irrigation
(1520 mm). Irrigating at
Et : Eo = 0.70 to 0.85 could
save water without major yield
reduction

Anwar et al.
(2002)

Nawabshah,
Sindh, Pakistan

Lodging and
preharvest
irrigation

– Lodging and preharvest irrigation
of mature cane adversely affect
juice quality; irrigation to mature
cane should halt a month before
harvest

Chapman
(1997)

Mackay,
Australia

Irrigation Q124; Q138
and four others

Irrigation increased cane yield,
mainly due to increased stalk
weight

Agrawal
(2001)

Uttar Pradesh,
India

Deficit irrigation,
manure, cultural
and cropping
systems

Various Effects on cane productivity and
quality are highlighted

Ah-Koon et al.
(2000a,b)

Mauritius Deficit (drip)
irrigation

R570 Cane yield declined with
reduced irrigation, but could be
optimized by applying reduced
(0.50 ETc) irrigation over a large
area versus full (1.0 ETc)
irrigation over a small area

Muchow et al.
(2001)

Ord, Australia Irrigation
scheduling

Q99 Less frequent irrigation is
recommended, particularly
during late growth

Ng Cheong
et al. (1996)

Mauritius Irrigation
scheduling

– Furrow irrigation every 20 days
required more water than 10-day
intervals; yield was greater with
10- than with 20-day intervals
for the same volume of water;
a larger area can be irrigated
using the 10-day cycle

Appendix 1. Continued.
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Source Locality Examining Varieties Comments

Others
Oriol et al.
(1995)

Morondava
valley,
Madagascar

Irrigation
scheduling

The use of tensiometers for
irrigation scheduling is discussed

See footnotes to Appendix 4 for abbreviations.
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Source Locality Examining Varieties Comments

Azzazy (1998) Shandaweel
Research
Station, Sohag,
Egypt

Sowing date,
irrigation interval
and N

– Root yield greater with 7- than
with 14-day irrigation intervals in
one of two growing seasons.
Increasing N increased root
yield, but decreased % sucrose
in one of two growing seasons

Ciavatta and
Cecchini (2002)

Emilia
Romagna, Italy

Fertilizers and
irrigation

– Various impacts on yield are
reported

Bonari et al.
(1992)

North-central
Italy

Drip irrigation – Root yield increased with
increasing irrigation rate, but
sugar content decreased; no
significant difference between
sugar yields at 60, 80 or 100%
ET

Mambelli et al.
(1992)

Cadriano,
Bologna, Italy

Drip irrigation Monofort;
Kawegiga
mono

Irrigation generally increased
root yield; various impacts on
quality parameters are reported
over two growing seasons

Asad et al.
(2000)

Badjgah and
Kooshkak,
Fars, Iran

Irrigation levels,
N and time of N

– Longer irrigation intervals
decreased root yield and
increased WUE, but had no
effect on sugar content.
Increasing N increased root
yield but decreased sugar
content at one of two sites.
Timing of N application had no
predictable effect

Borowczak and
Grzes (2002a,b)

Poland Irrigation, foliar
fertilization
and N

– Irrigation increased yield of root,
leaves and seed. Effects of
fertilizer application in relation to
irrigation are reported

Podstawka-
Chmielewska
and Malicki
(1997)

Chelm, Poland Cultivation
intensity and
sprinkler irrigation

– Simplification of cultivation
decreased leaf mass and
increased protrusion of root tops
above soil surface, but did not
affect root or sugar yield if full
cultivation was applied to
previous crop residues. Sprinkler
irrigation, independent of
cultivation system, increased
root, leaf and sugar yield (most
greatly in drought years)

Khafagi and
El-Lawendy
(1997)

– Irrigation
interval

Sucropoly Decreasing irrigation frequency
led to decreased fresh and dry
weight of leaves and roots, leaf
number, leaf area, root length
and water content of leaf and
root, but increased chlorophyll
and carotene concentration in
leaves

Appendix 2. Recent examples of published research on the responses of sugar beet to management
variables including irrigation.
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Source Locality Examining Varieties Comments

Podstawka-
Chmielewska
and Ceglarek
(1995)

Chelm district Sprinkler
irrigation and N

– Irrigation increased root yield
and sugar content, but increases
varied considerably between
years. Root yield increased with
increasing N, but sugar content
decreased

Svachula (1993) Near Prague Irrigation
(long-term trials:
1967–1987)

Dobrovicka A Irrigation increased root yield,
but increases varied
considerably between years.
Highest average sugar yields in
moist years with irrigation

Khan et al.
(1998a,b)

Sugar Crops
Research
Institute,
Mardan,
Pakistan

Irrigation
interval
and N

KaweTerma;
KawePak 294

Root and sugar yields were
highest with the greatest
application of N, but this reduced
juice quality. Yields were higher
under 7- or 14 (versus 21)-day
irrigation intervals. KawePak 294
was higher yielding than
KaweTerma

Gasiorowska
(1997)

– Irrigation and
NPK

PN Mono 4 Various response in chemical
composition of roots and leaves
are reported

Rzekanowski
and Rolbiecki
(1997)

– Sprinkler
irrigation, fertilizer
and sunshine
hours

PN Mono 1 Irrigation affected the
relationship between root and
leaf yield parameters and
sunshine hours

Dyakov
(1997a,b)

Ruse, Bulgaria Irrigation – Greatest WUE obtained with
irrigation to maintain 60% of
maximum ET; data for root yield
and sugar content are given for
a range of irrigation levels

Camposeo
et al. (2001)

Southern Italy Drip irrigation
scheduling

– Greatest root yield and best
dense juice purity obtained
under irrigation at 70% of total
available water, with irrigation
intervals of 11 days, irrigation
volumes of 80 mm and only four
irrigation events

Bazza and
Tayaa (1999)

Doukkala,
Morocco

Irrigation – Greatest profit with irrigation at
40 kPa of soil water potential or
60 mm/m of soil water depletion;
data for root and sugar yields
and WUE are given for various
irrigation levels

Kirda et al.
(1999)

Turkey Deficit irrigation – Withholding irrigation during the
ripening stage saved nearly 22%
water with no significant yield
decrease

Sorella (2000) Torremaggiore,
southern Italy

Trickle irrigation
and time of
harvest

– Root and sugar yields decreased
with decreasing irrigation rate,
and were greatest with latest
harvesting date

continued
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Source Locality Examining Varieties Comments

Borowczak
(1996)

– Sprinkler
irrigation and N
(long-term trials:
1985–1992)

PN Mono 1 Irrigation and N enhanced seed
yield. Irrigation increased
germination by c. 2% for the
whole period and c. 4% in dry
years

Caliando et al.
(1997)

Torremaggiore
and San Severo,
Italy

Irrigation – Root and sugar yields increased
with irrigation rate

Buniak et al.
(1996)

– Sprinkler
irrigation and N

– Irrigation enhanced root yield;
optimum N rate was 120 kg/ha.
Increasing N rates reduced
sugar and dry matter content.
Various quality responses are
reported

Massoud and
Shalaby (1998);
Massoud et al.
(1999)

Sohag, Egypt Irrigation
interval

Recolta;
Marina

Root and sugar yields were not
significantly affected by irrigation
treatment; WUE increased as
irrigation interval increased.
Sugar yield was greater in
Recolta than in Marina

Urbano et al.
(2000a,b)

Southern Spain Irrigation – Best yields and quality were
obtained with irrigation at
45 cbar

Wang et al.
(1995)

Davis,
California,
USA

Irrigation,
planting depth
and fungicide
seed treatment

– Stand establishment was
improved by irrigating before
(versus immediately after)
sowing, and by shallow (2
versus 4 cm) sowing of
fungicide-treated seeds

Urbano et al.
(1992)

Duero valley,
Spain

Trickle irrigation
and date of
harvest

– At four of five sites, root and
sugar yields were significantly
higher with irrigation of 30 and
45 cbar. Harvest date had no
effect on root yield but sugar
content and yield increased with
lateness of harvest

Akinerdem
(1992)

Eskisehir,
Ankara and
Konya, Turkey

Irrigation – Plant mortality 20–35% without
irrigation, but decreased with
increasing irrigation frequency.
Five irrigation events gave best
root and sugar yields (sugar
yield doubled versus unirrigated)

Karczmarczyk
et al. (1995);
Koszanski et al.
(1995)

Lipki Sprinkler
irrigation and N

PN Mono 4 Root yields increased with
irrigation and N. Irrigation and
increasing N reduced root sugar
content. Other yield and
chemical composition data are
reported

Kumar (1993) Sri Ganganagar,
Rajasthan

Irrigation Ramonskaya-06 Generally, sugar content and
yield increased with increasing
irrigation frequency, whilst
impurity levels fell

See footnotes to Appendix 4 for abbreviations.

Appendix 2. Continued.
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Source Locality Examining Varieties Comments

Ramesh (1998) Coimbatore PRP with AFI
and trash mulch
in unirrigated
furrows

Co 8014 PRP with trash mulch in
unirrigated furrows gave 7.5%
higher cane yield and 11.0%
lower water requirement
compared with URP with EFI

Bakker et al.
(1997)

Burdekin River
irrigation area,
Australia

AFI – AFI reduced yield compared to
EFI (for the same irrigation
frequency), but not when AFI
was applied more frequently in
response to the crop ET. AFI
used less water than EFI, and
improved WUE

Hapase et al.
(1990, 1992)

Three different
locations in
India

Surface/
subsurface drip
with daily/
alternate-day
irrigation and
PRP

Co 7219 Compared to furrow irrigation,
drip systems showed a water
saving of 50–55%, yield increase
of 12–37%, increase in sugar
recovery and a 2.7 times
increase in WUE. Surface drip
with PC mechanism, PRP and
daily irrigation gave highest
yield/ha

Azzazy et al.
(1999)

El-Mattana
Agricultural
Research
Station, Qena,
Egypt

Drip irrigation GT 54-9;
F 153;
G74-97

Sucrose and purity % were
greater under drip than surface
irrigation

Murugesan
and Natarajan
(2000)

Sevathur village,
Vellore, Tamil
Nadu, India

Turbulent PC
Rain Tape
irrigation

– Rain Tape increased yield by
37% and reduced water
requirements by 40% compared
with conventional practice

Shinde and
Jadhav (2000)

Vasantdada
Sugar Institute,
Pune

PC, Non-PC
and in-line drip
irrigation

– PC and in-line drip irrigation
used 50% less water, increased
cane yield by 17–20% and
increased WUE by 2.46 times
compared with furrow irrigation

Ahluwalia
et al. (1998)

Punjab
Agricultural
University,
Ludhiana, India

Drip irrigation – At optimum irrigation levels, drip
used 38% less water and
increased WUE by 61%
compared to surface irrigation.
Drip induced earlier maturity and
gave higher sugar yield, but
lower juice extraction %

Kittad et al.
(1995)

Rahuri,
Maharashtra

Drip irrigation,
AFI and PRP

Co 7219 Drip with pit planting or PRP
increased cane yield by 21 or
14%, respectively, compared
with furrow irrigation. Cane yield
was lowest with AFI. Juice
quality was greatest with drip
irrigation/PRP

continued

Appendix 3. Recent examples of published research on the responses of sugarcane to different
irrigation methods and other management variables.
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Source Locality Examining Varieties Comments

Parikh et al.
(1992)

Navsari,
Gujarat

Drip irrigation Co 6304 Cane yields were higher with
drip, which also consumed
8–50% less water than furrow
irrigation

Ramesh et al.
(1994)

Coimbatore,
Tamil Nadu

Surface/
subsurface
(biwall) drip with
daily/alternate-
day irrigation

Co 6304;
Co 8021

Subsurface drip increased cane
yield parameters relative to
surface drip or furrow irrigation in
plant and ratoon crops

Pandian et al.
(1992)

Cuddalore,
Tamil Nadu

AFI, mulch and
hydrophilic
polymer
(Jalshakti)

CoC 85061 Trash mulch in all rows with AFI
gave highest cane yield; sugar
yield was highest with EFI. WUE
increased by c. 43–66% under
AFI versus EFI, and was highest
with mulch in all rows. Jalshakti
amendment/EFI gave the lowest
WUE

Sharma and
Verma (1996)

Sehore,
Madhya
Pradesh

AFI, mulch and
hydrophilic
polymer
(Jalshakti)

Co 7318 Jalshakti amendment with EFI at
IW : CPE = 0.8 gave the highest
mean cane yield and the highest
sucrose content

Shrivastava
et al. (1993)

Navsari,
Gujarat

Sprinkler
irrigation

Co 63304 Sprinkler irrigation at
IW : CPE = 0.45 gave the
highest yield and used 37.5%
less water than furrow irrigation

Raskar and
Bhoi (2001)

Rahuri,
Maharashtra,
India

Drip irrigation,
fertigation, PRP
and four row
planting

– Drip increased juice quality,
cane yield by 20–30%, and
reduced total water use by
42–52% versus surface
irrigation. Juice quality increased
with increasing levels and
number of splits of fertigation

Kalaisudarson
et al. (2002)

Annamalai
University,
Annamalainagar,
Tamil Nadu,
India

Irrigation level,
mulching and
phosphobacteria

CoG 93076 Irrigation at IW : CPE = 1 with
10 cm thick trash mulch
increased cane yield; irrigation at
IW : CPE = 0.50 reduced yield.
Application of phosphobacteria
with 100% recommended
phosphorus favourably
influenced cane yield

Durai et al.
(1996)

Cuddalore,
Tamil Nadu

Irrigation
scheduling and
soil amendments
(coir waste;
farmyard manure;
pressmud
(filter cake);
hydrophilic
polymer
(Jalshakti))

CoC 671 Irrespective of irrigation regime,
incorporation of 25 t/ha coir
waste gave higher cane yield
than other amendments.
Jalshakti gave the next highest
yield. Irrigation by recommended
practice (every 10 days) gave
the highest cane yield, but water
consumption was higher and
WUE lower than when irrigation
was scheduled by IW : CPE or
soil water depletion

Appendix 3. Continued.
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Source Locality Examining Varieties Comments

Ved Singh
(2001)

Rajasthan,
India

Irrigation type
and scheduling

CO 66-17 Cane yields greatest under
irrigation in flat plot or AFI in
rotation (odd/even) at
IW : CPE = 0.9 or 1.2. Greatest
WUE (and water saving of
30.3%) recorded under AFI in
rotation (odd/even) compared to
irrigation in flat plot and EFI

El-Debaby
et al. (1996)

El-Matana,
Egypt

Trickle irrigation
and N

GT 54-9;
F153;
G74-96

Some cane growth parameters
were greater under trickle than
under furrow irrigation, others
unaffected. Cane growth
increased with increasing N, and
was generally greatest in in cv.
G.T. 54-9

El-Geddawy
et al. (1996)

El-Matana,
Egypt

Trickle irrigation
and N

GT 54-9;
F153;
G75-96

Cane and sugar yields were
highest in cv. GT 54-9, with
trickle irrigation and maximum
N rate. Juice quality was
unaffected by irrigation system
and cultivar, but declined with
increasing N

Shinde and
Jadhav (1998)

Pune,
Maharashtra

Surface and
subsurface
irrigation,
fertigation and
mulching

– Automatically controlled drip
used up to 56% less water,
increased yield by up to 52%
and increased WUE by about
2.5–3-fold compared with
conventional methods. Fertilizer
rates could be reduced by drip
fertigation. Mulch further
decreased water use by 16%

Ghugare et al.
(1994a,b)

Rahuri,
Maharashtra

Drip irrigation,
AFI and PRP

Co 7219 Plant crop juice quality was
best with AFI, followed by drip
irrigation. Ratoon cane yield,
CSC and juice quality were
greater with drip than with furrow
irrigation

Sundarsingh
et al. (1995)

Madurai, Tamil
Nadu

AFI and coir pith
amendment

CoC 671 Cane yield higher at
IW : CPE = 0.90 than 0.75,
higher under EFI than under AFI,
and highest with 30 t/ha coir pith

El-Geddawy
et al. (1997)

El-Mattana
Research
Station,
Qena, Egypt

Drip irrigation,
cane variety
and N

GT54-9;
F153;
G74-96

Cane and sugar yield greater
under drip than furrow irrigation,
and increased with increasing N

Maliwal et al.
(1999)

Khandha,
Gujarat

AFI and mulch CO 6304 Cane yield and net income
greatest with EFI at
IW : CPE = 0.9 and with trash
mulch

Malavia et al.
(1992)

Junagadh,
Gujarat

Irrigation
scheduling and
mulch

Co 6304;
CoC 671

Cane yield greater with trash
mulch; sugar content unaffected
by treatments

continued
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240 Appendices

Source Locality Examining Varieties Comments

Thanki et al.
(2000a)

Gujarat Irrigation
scheduling,
mulch and
hydrophilic
polymer
(Jalshakti)

Co 6304 Cane yield significantly higher
with irrigation at IW : CPE = 0.8
than 0.5; irrigation + Jalshakti
produced the highest cane yield

Thanki et al.
(1999)

Gujarat
Agricultural
University,
Navsari, India

AFI and mulch – AFI with mulch reduced irrigation
water use by 36% and gave
yields similar to those under EFI

See footnotes to Appendix 4 for abbreviations.

Appendix 3. Continued.
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Appendices 241

Source Locality Examining Varieties Comments

Narang et al.
(1992)

Kheri, Indian
Punjab

Flood irrigation,
EFI, AFI and N

Ramonsakaya-
06

Root yields greatest under flood
irrigation, then EFI, then AFI,
and increased with increasing N

Yonts et al.
(1999)

Nebraska, USA Reduced
late-season
sprinkler and
furrow irrigation

– Yield parameters not influenced
by water stress due to reduced
or no irrigation late in the
growing season

Arroyo et al.
(1999)

Spain Drip and
sprinkler irrigation

Oryx Crop yield did not vary
significantly between irrigation
systems at 90% Eo minus
precipitation (P), but drip gave
higher yields at 70 and 50%
Eo − P. Highest sugar content at
90% Epan − P for drip and at
70% for sprinkler irrigation

Sepaskhah and
Kamgar-Haghighi
(1997)

Iran AFI – AFI at 6-day intervals produced
similar root yield to EFI at 10-day
intervals, but used 23% less
water. WUE was 43% higher for
more frequent AFI versus less
frequent EFI

Cukaliev and
Iljovski (1993)

– Micro-sprinkler
and sprinkler
irrigation

Al-omona Highest yield and sugar content
obtained with micro-sprinkler at
50–70% relative humidity (RH)
versus sprinkler and unirrigated
treatments

Tognetti et al.
(2002)

Molise,
southern Italy

Drip and
low-pressure
sprinkler irrigation
and date of
harvest

– Increasing irrigation up to 100%
of estimated ET gave improved
root yield and sucrose
accumulation. Drip was
adjudged better than
low-pressure sprinklers for sugar
beet production and sugar
quality in semi-arid
environments. Growers should
harvest in advance of traditional
dates

Eckhoff and
Bergman (2001)

Montana, USA Low-pressure
sprinkler irrigation

– Higher sucrose content, root and
sucrose yields, lower impurities
and greater extraction under
furrow-flood irrigation than under
sprinkler irrigation

continued

Appendix 4. Recent examples of published research on the responses of sugar beet to different
irrigation methods and other management variables.
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242 Appendices

Source Locality Examining Varieties Comments

Sharmasarkar
et al. (2001b)

Wyoming, USA Drip and flood
irrigation

– Greater root yields and sugar
content under drip than flood
irrigation; increasing trend in
yields with increasing N. Drip
used less water and resulted in
higher WUE and FUE than flood
irrigation. Beet production could
be sustained with lower water
and fertilizer use by using drip
irrigation

Ruzsanyi (1996) Hungary Furrow and
reel irrigation

Gisella;
Emma;
Astro;
Magda;
Hilma

Root yield greatest with 7
irrigations of 25 mm water
under furrow (versus 5 or 3
applications giving a total of
180 mm via reel irrigation).
Reducing number of irrigations
or total amount of water applied
reduced yields. Gisella and
Emma gave the highest yield
responses to irrigation

AFI, alternate furrow irrigation, skip furrow irrigation; ASM, available soil moisture; CSC, commercial
sugar content; EFI, every furrow irrigation (conventional practice); Eo, evaporation from an open Class A
pan; FUE, fertilizer use efficiency; IW : CPE (or IW/CPE), irrigation water to cumulative pan evaporation
ratio; PRP, paired row planting; PC, pressure compensation; URP, uniform row planting (conventional
practice); WUE, water use efficiency.

Appendix 4. Continued.
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Index

Acetobacter diazotrophicus 41
Acetic acid 154, 156, 163, 170
Acetochlor 84, 130
Acidovorax 107
Aconitic acid 90, 152, 163
Actinomyces 112
Aeneolamia flavilatera 46, 56
Africa 3, 6, 19, 45, 57, 106, 122, 168
Agrochemicals 3, 12, 17, 27, 30, 30–31, 33, 79,

80, 108, 116, 118, 141
in beet cultivation 15–16, 26, 30, 93, 112,

140
in cane cultivation 4, 82, 85, 100, 133
see also Chemical ripeners, Fertilizers,

Pesticides
Alauda arvensis 113
Albania 139
Alcohol 154, 162, 164, 168, 169, 171

fuel 19, 101, 152, 153, 163, 167–168, 172
see also Ethanol, Methanol

Allorhogas pyralophagus 46
Ametryne 84
Ammonia 36, 83, 95, 97, 118, 134, 141, 142,

143, 144, 147, 148, 157, 158, 167, 172
Ammonium 36, 37, 80, 83, 84, 118, 120, 127,

134, 138, 141
sulphate 118, 127, 172

Andalucia 26
Andhra Pradesh 49, 64, 91
Animal feed 3, 151, 159, 165, 166

from beet processing wastes 168,
168–169, 169, 170, 170–171,
171

from cane processing wastes 158–159,
159–160

Aphanomyces 114
cochloides 73, 74

Aphids 46, 73, 110, 111
Aphis fabae 111
Aquifer 82, 84, 86, 91, 92
Archaeological features 15, 16, 91
Argentina 30, 86, 160
Armenia 71
Artificial wetlands 85, 90, 97, 166
Asia 6

South 58
South-east 12, 47, 98

Asia-Pacific region 45
Aspergillus niveus 166
Atrazine 84, 130
Australia 3–4, 5, 6, 12, 17, 18, 25, 26, 27, 28,

33, 34, 35, 37, 38–39, 42–43, 45, 46, 47,
49, 50, 54, 55, 56, 58, 59, 60, 61, 68, 79,
81, 82, 83, 84, 85, 87, 98, 99, 100, 101,
102, 103, 105, 107, 117, 118, 122, 124,
125, 126, 127, 128, 129, 130, 132, 133,
139, 142, 143, 144, 145, 152, 154, 161,
165, 167, 168

Austria 97, 136, 147
Azotobacter chroococcum 41
Azospirillum brasilense 41

Bagasse 3, 9, 10, 145, 152, 152–159, 161, 166,
169

in animal feed 158–159, 162, 165
as boiler fuel 3, 9, 19, 20, 22, 23, 141, 142,

144, 145, 146, 151, 152, 153, 154,
154–156, 161

drying 146, 154–156
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Bagasse continued
in paper manufacture 152, 156–157
pith 152, 156, 159, 162, 166
in production of activated carbon

157–158
in production of plastics 152, 157–158

Bagassosis 22
Bananas 106, 133
Barbados 2, 115, 121
Barley 64, 109, 139, 147, 168, 171
Bavaria 26
Beet cyst nematode 112, 114
Beet necrotic yellow vein virus (BNYVV) 73
Beet soil-borne mosaic virus (BSBNV) 73
Belgium 28, 43, 110, 111, 112, 136
Benin 54
Best management practices (BMPs) 26–28

in cane cultivation 50, 55, 101
Beta 29, 114

maritima 7
vulgaris 7

Bilharzia 22, 57
Biodiversity 12–17, 19, 43, 45, 49, 50, 57, 86,

87, 98–114
birds 101, 102, 108, 113

and beet cultivation 15, 109–110
and cane cultivation 102, 104–105

fish 100, 102
and beet processing 94
and cane processing 83, 85, 87

invertebrates 17, 100
and beet cultivation 15, 108,

110–112, 113
and cane cultivation 82, 103, 104,

105–106
and beet processing 114
and cane processing 87
see also Pests

microorganisms 17, 98–99
and beet cultivation 112
and cane cultivation 106–107
see also Biodiversity, soil fauna

non-target impacts 17, 108, 113
in cane cultivation 13, 42
in beet cultivation 14, 42, 112

plants (non-crop) 33, 100, 104–106, 116
and beet cultivation 15, 108–109,

113
and cane cultivation 100, 102–103,

123, 124
and cane processing 86–87
see also Weeds

soil fauna 18, 30, 34, 105, 106, 108, 111,
112, 113, 115, 117, 126, 133, 140,
159

vertebrates
and beet cultivation 109–110
and cane cultivation 103, 104–105
see also Biodiversity, birds, fish

see also Natural habitats
Bioethanol see Ethanol
Biofertilizers 40, 41, 160
Biofuel

from beet 19, 172
see also Biomass, Alcohol

Biogas 23, 94, 156, 165, 169
Biological control 44–47, 158

in beet cultivation 44, 47, 112
in cane cultivation 13, 17, 31, 43, 44–47,

127
Biomass

from cane 7, 19, 143, 151, 153, 172
see also Bagasse

Biosolids 40, 160
Biostil process 165, 167
Boiler ash 20, 21, 161–162

as a soil amendment 3, 161
Boilers 3, 20, 21, 70, 90, 145, 146, 147, 154–156

see also Bagasse
Boiling see Crystallization
Bolivia 30
Bothynoderes obliquifasciatus 47
Brazil 2, 26, 28, 30, 45, 46, 59, 60, 64, 82, 84,

99, 100, 101, 102, 105, 122, 124, 125,
126, 127, 132, 143, 144, 163, 167, 168,
172

Bufo marinus see Cane toad
Bundaberg region 56, 59, 66, 68
Burdekin region (Burdekin Delta) 35, 54, 55,

56, 60, 61, 84, 85, 107
By-products 7, 12, 19, 22, 23, 24, 118, 151–172

beet 78, 97, 136, 138, 168–172
cane 3, 90, 133, 142, 151–168

see also Bagasse
see also Animal feed, Boiler ash,

Distillery operations, Filter cake,
Molasses, Soil amendments,
Tops

Caesalpinia decapetala 104
California 71, 73
Canada 3, 49
Cane toad 17, 45–46
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Carbon dioxide 9, 34, 100, 141, 142, 145,
148, 149–150, 154, 156, 163, 164–165,
165

in photosynthesis 1, 7, 52, 141, 142
see also Preharvest cane burning, Soil

emissions
Carbon monoxide 144, 148, 156
Carex elata 93
Caribbean 2, 17, 19, 45, 47, 57, 121, 122, 128,

165
Cassava 121, 167
Castniomera licus 46, 134
Catch crops 34–35

in beet cultivation 35, 93
Cellulose 1, 141, 152, 156, 157–158
Central America 122
Cercospora 73, 114
Cereals 5, 35, 41, 43, 74, 109, 135, 138, 140

see also Barley, Maize, Rice, Wheat
Cestrum laevigatum 104
Chemical ripeners 31
Chenopodiaceae 139
Chenopodium album 113
Chile 30, 71
Chilo infuscatellus 53
China 45, 50, 55, 72, 75, 95, 105
Chromolaena odorata 104
Clarification 9, 10, 20, 21, 170
Clavibacter 107
Climate change 16, 72, 149–150
Climatic factors 28, 30, 32, 40, 49, 50, 79, 80,

87, 110, 114, 116, 117–118, 118, 125,
127, 132, 135, 138, 143

in beet cultivation 92, 149–150
in cane cultivation 3, 6, 48, 53, 58, 81, 82,

83, 149
see also Climate change, Drought

Co-generation 9, 23, 70, 145, 152, 153, 154,
155

Colombia 30, 132, 146
Compost 151, 158, 160, 167, 171, 171–172
Concentrated molasses solids (CMS) 165
Contour planting 62, 123, 137
Convention on Biological Diversity 26, 49
Convention to Combat Desertification 26
Convention on Wetlands of International

Importance (RAMSAR) 26
Cossettes 8, 169
Costa del Sol 60
Costa Rica 30
Côte d’Ivoire 54, 59
Cotesia flavipes 45, 46

Cotton 17, 52, 53, 72, 81, 97, 131, 139, 157, 171
Cover crops 32, 34–35

in beet cultivation 16, 32, 35, 40, 41, 93,
135, 136, 137

in cane cultivation 35, 40, 121, 123, 124
Crop water requirements 50, 51, 52

in beet cultivation 29, 72, 74–75
in cane cultivation 52, 53, 58, 58–60, 69
see also Water availability

Crystallization 5, 9, 23, 78, 96, 148, 162, 170
Cuba 2, 64, 66, 86, 98, 105, 125, 132, 151
Cultivars see Varieties
Cyperus 166

papyrus 166
Czech Republic 94, 97, 109

Dams 25, 56, 56–57, 65, 72, 81, 100, 131
DDT 42, 140
Deforestation 10, 57, 101
Denitrification 83, 91, 128, 141, 142–143, 144,

147
Denmark 26, 29, 30, 93–94, 109, 136, 169
Diatraea

centrella 46
saccharalis 46

Dieldrin 42
Digital Terrain Modelling (DTM) see

Geographic Information Systems
(GIS)

Dioxins 140
Diseases, of crops 15, 30, 98, 99, 108, 112,

113, 158
of beet 73–74, 74, 114, 140, 150
of cane 3, 4, 31, 45, 52, 53, 63, 73, 104,

107, 120, 127
control 1, 11, 63

Diseases, human see Human health
Distillery operations 3, 163–166, 167–168,

171, 172
see also Fermentation

Diuron 84, 130
Dominican Republic 30
Drainage 18, 51, 52, 56, 79, 80, 85, 100, 101,

102, 108, 115
in beet cultivation 93, 139, 140, 147
in cane cultivation 48, 56, 58, 65, 67,

69–70, 81, 83, 84, 85, 123, 124,
127, 129–131, 134

Drought 49, 57, 99
and beet cultivation 16, 71, 72, 73, 150
and cane cultivation 65
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Echinocloa pyramidalis 166
Effective microorganisms (EM) see

Biofertilizers
Effluent 12, 19, 66, 80, 82, 86, 141

characteristics 79, 157
in beet factories 94, 95, 147–148
in cane mills 86–87, 87, 88, 89–90,

145
in distilleries 89, 165, 166, 171

discharge 25, 79, 83, 169, 171
from beet factories 19, 23, 78, 79,

93–97
from cane mills 19, 64, 79, 86–91
from distilleries 86, 168

sources
in beet factories 94–95
in by-product processing 157,

168–169, 170
in cane mills 87–88, 146

treatment 25, 79, 141, 157
in beet factories 94, 96, 97, 147–148,

149
in cane mills 23, 64, 70, 85, 87, 88,

88–90, 146
in distilleries 90, 165–166, 171

Egypt 60, 86, 103, 106, 130, 131, 145, 158
Electricity

export of surplus 3, 20, 23, 151, 154,
155

see also Co-generation
Electronic information resources 28

for beet cultivation 29, 44, 74–75
for cane cultivation 59, 68, 124

Emmalocera (Polyocha) depressella 53
Energy

consumption in cultivation of sugar
crops 6, 7, 23, 62

consumption in processing 9, 166
of beet 8, 23
of by-products 170
of cane 10, 23, 70

dietary 1, 168, 169, 170–171
efficiency 22–23, 24, 28, 78, 96, 148, 154
renewable 151, 168

see also Fuel
Energy cane 152, 153
England 72, 75
Enicospilus terebrus 45
Ensiling 160, 162, 168–169, 169, 170, 171
Entomopathogenic fungi 46, 47
Entomopathogenic nematodes 46
Erisiphe 114

Ethanol 158, 162, 163, 163–164, 165
fuel 23, 151, 163, 164, 167–168, 172

Ethiopia 57
Eucalyptus 99, 158
Europe 16, 18, 19, 26, 32, 43, 47, 50, 79, 91, 106,

113, 114, 117, 136, 138, 147, 169, 171
eastern 12, 139
northern 72, 75, 135, 137, 138, 139
western 37, 92, 135, 137, 139

European Union (EU) 18, 40, 72, 77, 84, 91,
92, 136

enlargement 12, 94
trade factors 5, 122

Eutrophication see Pollution
Evaporation 51, 59, 96, 165, 166, 171

in processing 9, 10, 20, 21, 155
see also Crystallization

from the soil 51, 80, 129
Evapotranspiration 51, 58, 80, 92
Everglades 82, 85, 100–101, 144

Fallowing 4, 6, 40, 107, 111, 116, 119, 133,
134, 143

Fascioliasis 22, 57
Fermentation 156, 163

in by-product processing 154
beet 168, 169, 170, 171
cane 153, 161, 162, 163–164, 165, 167

see also Effluent treatment
Fertigation 40, 41, 63, 65, 166
Fertilizers 1, 2, 4, 12, 15, 17, 19, 25, 28, 30,

30–31, 35–41, 47, 80, 99, 115, 117, 118,
141, 157, 158, 160–161, 161, 163, 165,
166–167, 171–172, 172

in beet cultivation 14, 15–16, 26, 30, 71,
75, 91, 92, 93, 109, 111, 138, 147,
162

in cane cultivation 13, 27, 34, 63, 64, 66,
69, 82–83, 83–84, 101, 107, 118,
127, 128–129, 133, 134, 142–143,
144, 152, 153, 160

organic 36, 37, 40, 163
see also Green manures, Manures

rational use of 40–41, 85, 119, 144
and soil acidification 18, 35, 127, 138

Fiji 45, 122, 125, 127, 129, 132, 144
Filter cake 3, 9, 20, 21, 95, 96–97, 149, 152,

160–161, 170
in animal feed 160, 161, 162, 167
as a soil amendment 3, 40, 160–161, 167,

170
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Filter (press) mud see Filter cake
Finland 71, 110, 136
Florida 82, 84, 100–101, 106, 127
Fly ash see Boiler ash
France 23, 71, 72, 75, 136, 172
Fructose 1, 2, 5, 9, 162
Fuel 152, 153, 165, 166, 169, 170, 171

charcoal 156
consumption in cultivation of sugar

crops 23, 33
fossil 22, 23, 144, 145, 147, 152, 153, 154,

155, 168, 170
producer gas 156
wood 10, 57, 144, 154, 155
see also Bagasse, Biogas, Biomass,

Alcohol
Furfural 152, 157, 170
Fusarium 73, 74

oxysporum 73

Gadus morhua 94
Gasohol see Ethanol
Genetic resources (crops) 99

beet 7, 29, 99, 113–114
cane 6, 99, 107

Geographical information systems (GIS) 26,
59, 60

Georgia (Republic of) 71
Germany 29, 75, 92, 97, 109, 111, 112, 134,

147
Glucose 1, 2, 5, 9, 157, 162
Glycine max see Soybean
Great Barrier Reef 3, 4, 81, 82, 101
Greece 26, 71, 139
Green cane harvesting and trash blanketing

4, 13, 25, 27, 34–35, 39, 40, 48, 83,
120–121, 133, 141, 142, 143, 144

Greenhouse gases 4, 38, 141–149, 151
see also Carbon dioxide, Nitrous oxide,

Methane
Green manures 32, 35, 40, 93, 111, 133
Guangdong 45
Gujarat 49, 57, 131
Gur 5, 9, 10
Guyana 31, 43, 46, 47, 56, 85, 115, 132, 133,

134, 143
Gypsum 130, 139, 167

Harrowing see Tillage
Harvest 47–48, 111, 116

of beet 8, 14, 41, 71, 74, 110, 116, 136,
140, 168, 169

loss of sugar following 8
and soil compaction 18, 118, 140

of cane 6, 6–7, 13, 25, 27, 34, 52, 53, 62,
63, 88, 105, 116, 119, 120, 123,
124, 128, 130, 133, 143, 153

by hand 6, 88, 105, 125, 143
loss of sugar following 7, 11, 88
mechanized 6, 125
see also Green cane harvesting and

trash blanketing
see also Soil, loss at harvest

Haryana 49, 55
Hawaii 45, 64, 66, 70, 82, 89, 106, 122, 125,

132, 143, 145, 154
Heavy metals 40, 66, 79, 85, 88, 90, 94, 145
Heptachlor 84
Herbert Valley (Herbert River district) 4, 38,

82, 84, 99, 100
Herpestes javanicus see Mongoose
Heteropsylla spinulosa 47
Hexazinone 84, 130
Hippasa greenalliae 106
Honduras 124
Hookworm 22, 57
Human health 22, 57, 112, 145

and agrochemicals 22, 30, 31, 42, 43, 141
and sugar consumption 1–2, 5
and sugar production 22, 40, 50, 56, 144

Hungary 29, 110, 114, 136
Hydrogen sulphide 134, 141, 143, 147, 148,

149
Hydrological factors 4, 17, 50

Idaho 47
Imidacloprid 112
India 2, 5, 10, 17, 19, 26, 30, 37, 45, 46, 49,

50, 53, 55, 56, 57, 58, 59, 60, 63, 64, 70,
85, 86, 87, 89, 90, 91, 103, 105, 106,
130, 131, 132, 143, 145, 157, 159, 166,
168

Indonesia 6, 125
Indus Basin 53
Integrated agriculture 29–30, 111

in beet cultivation 16, 29–30, 43, 93
Integrated pest management 4, 42, 43, 44,

44–47, 99, 105
Intensive agriculture 3, 6, 10, 11, 79, 84, 92,

98, 101, 102, 103, 104, 108, 109, 111,
112, 119, 134, 137
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Intercropping 133, 136
International Organization for

Standardization see ISO standards
Internet resources 28, 29

see also Electronic information resources
Invasive species 100, 101, 102, 104, 106,

124
Inversion 1, 162
Invert sugars 5, 9

see also Fructose, Glucose
Iran 3, 47, 71, 72, 73, 75, 114, 130, 131
Ireland (Republic of) 111, 136, 171
Irrigation 1, 24, 27, 49–52, 79, 80, 86, 91, 101,

103, 108, 109, 115, 116, 117, 159, 160,
166

in beet cultivation 14, 16, 17, 24, 30,
71–77, 92–93, 112, 140

in cane cultivation 3, 13, 17, 22, 34, 52,
53–70, 85, 106, 119, 123, 129–131,
166

with saline water 64, 66–67, 76–77, 79,
129

with waste water 19, 52, 64–66, 68, 76,
79, 88–90, 93, 140

see also Irrigation methods, Irrigation
scheduling

Irrigation methods 52, 60–67, 75–77, 92
drip (trickle) 24, 52

in beet cultivation 75–76, 93
in cane cultivation 27, 41, 60, 61,

62–65, 85, 106
overhead sprinkler (dragline, centre

pivot) 52
in beet cultivation 74, 75, 92
in cane cultivation 4, 60, 61, 62,

65
surface (flood, inundation, furrow) 52

in beet cultivation 75, 92, 93
in cane cultivation 60, 61, 106

warabandi 58
Irrigation scheduling 24, 51, 92

for beet 74–75
for cane 27, 58, 58–60
see also Crop water requirements

ISO standards 28
Italy 71, 75, 77, 91, 93, 108, 109, 136, 137

Jaggery 5, 9
Jamaica 45, 54, 60, 130
Japan 59, 72, 108
Juice extraction 8–9, 20, 21, 70, 154

Kazakhstan 71
Kenya 53, 86, 166
Khandsari sugar 10
Khuzestan 73, 131
Kluyveromyces fragilis 166
KwaZulu-Natal (Natal) 54, 59, 60, 82, 107,

115, 121, 124, 126, 127
Kyoto Protocol 147, 151, 154
Kyrgyzstan 71

Lactic acid 90, 163
Land use planning 25–26, 102, 105, 115, 122,

124, 131
Lantana camara 104
Latin America 99, 128, 167
Leaching 17, 25, 35, 36, 63, 79, 80–81, 85, 116,

118, 138, 160, 161, 172
under beet cultivation 35, 37, 40, 41, 42,

50, 74, 75, 91, 91–93, 136, 138,
139, 140, 147, 169

under cane cultivation 27, 41, 42, 65, 66,
69, 83–84, 85, 127, 128, 129, 130,
153

Leptomitus lacteus 94
Lignin 152, 156, 157, 165
Lignocellulose 152, 153, 167
Lime 96, 149, 165, 168

use in beet cultivation 32, 136, 138
use in cane cultivation 31, 133
use in sugar processing 9, 19, 20, 21,

145
Lime mud see Filter cake
Lindane 112, 161
Lithuania 92, 111
Livestock feed see Animal feed
Lixophaga sphenophori 106
Longiunguis sacchari 46
Louisiana 82, 83, 84, 89, 106, 122, 128
Lucerne 47, 109, 137–138, 159

Mackay district 85, 165, 167
Madagascar 30
Madhya Pradesh 49
Maharashtra 55, 63, 64, 86
Maize 2, 71, 77, 103, 109, 113, 114, 121, 128,

135, 137, 166, 167
Malaria 22, 57
Malathion 161
Malawi 30, 55, 124
Malaysia 106, 145
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Manures 32, 37, 117, 158, 159, 160
in beet cultivation 31, 37, 40, 41, 92, 111,

136, 137, 147
in cane cultivation 40, 64, 69, 133, 152
see also Green manures, Soil

amendments
Martinique 119
Mauritius 23, 25, 26, 28, 30, 45, 54, 55, 59, 60,

61, 64, 82, 83, 84, 89, 121, 142, 143,
145, 154, 167

Mechanized agriculture 2, 3, 23, 25, 28, 37,
111, 117, 130, 132, 135, 136, 139, 141,
153

see also Harvesting
Medicago see Lucerne
Mediterranean 7, 8, 71, 72, 75, 135
Melaleuca 99, 100
Melanapis glomerata 53
Melonesia 6
Metagonistylum minense 46
Metarhizium anisopliae 46
Methane 134, 141, 142, 143, 147, 148, 156,

165, 169
Methanol 156, 158
Metribuzin 84
Mexico 87, 103, 106, 107, 168
Microorganisms 7, 32, 41, 47, 73–74, 94,

101
see also Biodiversity, microorganisms

Middle East 71
Mimosa invisa 46–47
Molasses 3, 5, 9, 20, 88, 156, 162–164, 166,

168, 170, 170–171
in animal feed 3, 159, 160, 161, 162, 169,

170–171
as distillery feedstock 3, 22, 151, 153,

162, 164, 167
in soil amendments 160–161, 162–163
in yeast production 162

Mongolia 75
Mongoose 17, 45, 105
Monoculture 98, 133

in cane cultivation 6, 8, 18, 28, 102, 116,
119, 133

Montana 92
Morocco 43, 71, 78, 108, 109
Mpumalanga 60
Mulch 6, 22, 24, 33, 34–35, 45, 61, 63, 69, 77,

106, 117, 123, 137, 140, 158, 159
see also Trash

Murray catchment 102, 139
Mycovellosiella vaginae 52

Natural habitats 12–17, 17, 25, 85, 98, 99–104,
105, 107–108, 110, 116, 149

aquatic 3, 4, 12, 17, 19, 36, 42, 49, 56, 66,
79, 80, 81, 82, 83, 85, 86–87, 90,
91, 93, 94, 98, 100, 166, 168

cerrado 99, 102–103
clearance for agriculture 1, 100

for beet cultivation 17, 107–108
for cane cultivation 4, 12–17, 13, 81,

98, 99–102
see also Deforestation

coastal 3, 17, 19, 27, 79, 80, 81, 82, 83, 84,
85, 93–94, 98, 99, 100, 102

forest 3, 4, 12, 83, 99, 101, 102–103,
104–105, 106, 110

grassland 4, 12, 99, 101, 103, 121
heathland 102, 105
riparian 4, 27, 81, 99, 100, 102
scrub 12, 99
wetland 4, 17, 25, 69, 70, 80, 81, 83, 85,

93, 98, 99, 100–101, 102, 122, 165
Nepal 86, 89, 103
Netherlands 25, 26, 29, 30, 92, 97, 109, 110,

111, 135, 136
New South Wales 3, 102, 105, 161
Nigeria 60, 68
Nitrate 36, 79, 80, 94, 118, 141, 160, 172

in beet cultivation 16, 30, 31, 35, 40, 41,
91–93, 136, 138, 169

in cane cultivation 41, 66, 81, 82, 83–84,
127, 134, 143, 144

Nitrification 40, 84, 141, 163
Nitrogen 36, 76, 79, 101, 141, 142–143, 156,

161, 169
emissions from cane plants 36, 128,

142–143
in fertilizers 4, 27, 32, 37, 118, 167

in beet cultivation 16, 30, 36, 38,
138–139

in cane cultivation 34, 38–39, 63,
120, 128–129, 134, 142–143,
166

fixation 36, 37, 41, 128
in soils 118, 160

in beet cultivation 36, 91, 92, 93,
138–139

in cane cultivation 34, 36, 66, 82, 83,
121, 127, 128–129

Nitrous oxide 134, 141, 142, 142–143, 144, 147
North-West Frontier Province (NWFP) 54
Nursery cane 4, 6
Nutrient use efficiency 11, 32, 40, 99, 153
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Oceania 6
Octacosanol 152
Odours 19, 20, 21, 66, 96, 141, 145, 146,

147–148, 148–149, 160, 165, 171
Ord River region (Ord Irrigation Area) 3,

52, 54, 59, 60
Organic production 30, 93, 111, 152, 171
Organochlorines 42, 84, 130
Ozone 144, 149

Pachymetra chaunorhiza 107
Pacific 49, 122
Pakistan 3, 45, 50, 54, 59, 72, 115, 129, 160
Panama 104
Panella 10
Papua New Guinea 2, 3, 4, 6, 45, 46–47, 53,

101, 104, 107, 119, 120–121, 125, 126,
127, 129, 132

Paraguay 30
Paramphistomiasis 22, 57
Particulates 141, 143, 145, 146, 147, 148
Pasture 104, 106, 107, 121, 126, 135, 137
Pediobus furvus 45
Pelargonium asperum 159
Penicillium 112
Penman combination equation 50
Pennisetum

glaucum 124, 159
purpureum 124
typhoides 124

Pentosans 152, 157
Pereskia aculeata 104
Peronospora 114
Peru 45, 55
Pesticides 11, 15, 28, 30, 41–47, 79, 80, 98, 99,

108, 117, 118, 161, 166
accumulation in soils 42, 130
in beet cultivation 14, 15–16, 30, 43, 47,

91, 109, 112, 138, 140
herbicide 16, 35, 43, 47, 91, 109, 111,

113, 147, 149
insecticide 15, 43, 109, 112
seed treatment 15–16, 43, 44, 112
spraying 15–16, 43, 47, 109, 112, 113

in cane cultivation 13, 42, 45, 81, 82, 84,
130

herbicide 31, 34, 42, 45, 46, 47, 82,
84, 85, 106, 107, 123, 130, 134

insecticide 42, 45, 46
rational use of 25, 42, 43–44, 45, 47, 85,

119

Pests 15, 30, 57, 98, 99, 103, 108, 111, 112, 113,
163, 165, 171

of beet 47, 73, 74, 112, 114
of cane 3, 4, 27, 31, 34, 45, 46, 53, 56, 63,

104, 105, 106, 107, 120, 127, 134
control 1, 11, 33, 42, 44, 46, 53, 63

Philippines 30, 89, 90, 125, 126, 127, 129, 143
Phosphate 36, 66, 79, 80, 91, 118, 160
Phosphogypsum 130
Phosphoric acid 9, 158
Phosphorus 94, 101, 161

in fertilizers 36, 37, 118, 167
in beet cultivation 16, 38, 139
in cane cultivation 38–39, 120,

128–129, 166
in soils 36, 118

in beet cultivation 138–139
in cane cultivation 34, 82, 121,

128–129
Photosynthesis 1, 7, 52, 71, 141, 142
Phragmites

australis 93
mauritianus 166

Phytophthora 73
Pinus caribaea 104
Plantation agriculture 2, 3, 22, 57, 99, 102,

123, 130
Plant breeding 3, 99

cane 6, 7, 107
beet 2, 8, 71, 72, 114, 138

Planted cane (cf. ratoons) 4, 6, 120, 160, 163,
166, 167

Plant growth regulators 31
Pleospora betae 73
Ploughing

in beet cultivation 15, 16, 35, 40, 92, 93,
111, 135, 138, 139–140, 170

in cane cultivation 40, 120
to remove old stools 6, 32, 133

see also Tillage
Poland 71, 74, 78, 92, 94, 97, 110, 133, 147,

148
Pollution 3, 12, 19, 22, 30

atmospheric 18–19, 19, 25, 26, 36,
141–150, 168

arising from beet cultivation 14, 37,
91, 118, 147

arising from beet processing 19, 21,
23, 78, 94, 95, 96, 141,
147–149, 172

arising from by-product processing
164–165, 170
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arising from cane cultivation 13, 34,
48, 118, 128, 134, 141–144

arising from cane processing 19, 20,
144–147

impacts on sugar crops 149–150
see also Greenhouse gases, Odours,

Particulates, Soil emissions,
Sulphurous emissions

water 17, 17–18, 19, 25, 26, 31, 36, 49,
79–97, 116, 127, 132, 163, 168, 171

arising from beet cultivation 14, 16,
17–18, 42, 91–93, 118, 140

arising from beet processing 19, 21,
23, 78, 93–97, 148

arising from by-product
processing 165–166,
168–169, 171, 172

arising from cane cultivation 4, 13,
17–18, 38, 42, 66, 81–85, 101,
118, 121, 128, 134

arising from cane processing 19, 20,
86–91

see also Effluent, Leaching, Runoff,
Sediments, Nitrate,
Phosphate, Water

Polymyxa betae 73
Pontoscolex corethrurus 106
Portugal 136
Potamogeton pectinatus 87
Potassium 171

in fertilizers 37, 118, 163, 166, 167
in cane cultivation 120, 128–129,

166
in soils 36–37, 92, 118

in cane cultivation 66, 82, 83, 121,
127, 128–129

Potatoes 41, 43, 47, 72, 74, 109, 135
Precision agriculture 28, 47, 99
Preharvest burning of cane 4, 6, 7, 13, 18–19,

25, 26, 34–35, 47, 105, 120, 123, 128,
132–133, 141, 142, 143–144

Pseudomonas 74, 107
fluorescens 112

Pterostichus melanarius 111
Puerto Rico 23, 57, 89, 99, 102, 119, 122, 127,

153, 160, 165
Pulp (beet) 21, 23, 168, 169–170, 171
Punjab 55
Pythium 73, 74, 114

graminicola 107
ultimum 73

Queensland 3, 27, 35, 42, 55, 66, 68, 81,
83, 87, 100, 106, 107, 124, 130,
133

Quota system for beet production 5, 50, 72,
77

Raffinate 168, 170
Rain-fed agriculture 50, 159

cane 4, 17, 53, 54, 58, 60, 120
Rajasthan 49
RAMSAR see Convention on Wetlands of

International Importance
Ramularia 73
Ramu Valley 4, 101, 120

Ramu Sugar Estate 4, 47, 120–121
Ratoons 4, 6, 32, 39, 63, 65, 120, 121, 143, 160,

167
Rats 42, 45, 62, 100, 105
Reed beds see Artificial wetlands
Regulation 3, 5, 24, 26–28, 113

environmental 5, 11, 15, 16, 26, 26–28,
37, 40, 42, 54, 66, 68, 69, 84, 88,
91, 94, 95, 102, 144, 145, 146, 148,
153, 170

self-regulation 27–28, 144
Remote sensing 26, 74, 124
Reunion 159
Rhabdoscelus obscurus 34, 45
Rhinoceras unicornis 103
Rhizoctonia 114

solani 73
Rhizomania 73, 112, 114
Rice 17, 52, 53, 55, 57, 72, 103, 104, 106, 157,

158, 166
Robinia pseudoacacia 137
Romania 29
Rotation of crops 6, 30, 40, 133–134

in beet cultivation 8, 12, 14, 15, 18, 29,
32, 41, 52, 76, 77, 80, 91, 92, 93,
108, 109, 111, 112, 116, 133, 137,
138, 139, 147

in cane cultivation 107, 133
Runoff 17, 18, 32–33, 35, 43, 79, 80, 81, 116,

117, 118, 154, 161, 165
under beet cultivation 40, 73, 91, 92,

137–138, 139
under cane cultivation 27, 67, 69, 81,

82–83, 85, 100, 119, 121, 122, 128,
130, 132

Russia 26, 74
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São Paulo 59, 60, 82, 102, 124, 144
Saccharicoccus sacchari 53
Saccharomyces cerevisiae 162, 164
Saccharum 6, 7, 52

barberi 6
edule 6
officinarum 6
robustum 4
sinense 6
spontaneum 4

Saprolegnia parasitica 94
Savannah see Natural habitats, grassland
Schistosomiasis 22, 50, 57
Sclerotium rolfsii 73
Scrubbers 23, 146, 148, 170
Sediments and sedimentation 17, 25, 57, 79,

80, 81, 116
and beet cultivation 16, 42, 91
and cane cultivation 4, 27, 42, 81, 82,

82–83, 84, 85, 100, 130, 131
Sesamia grisescens 4, 45
Sesbania punicea 104
Shorea robusta 103
Silage see Ensiling
Siltation see Sediments and sedimentation
Simazine 84
Simunye Sugar Estate 62, 65
Sindh 59
Sipha flava 46
Slopes

cultivation on 116, 117, 135, 137, 163
beet 33, 117, 135–136
cane 18, 33, 34, 48, 56, 61, 62, 82, 98,

117, 121, 121–122, 122–123,
124

Slovakia 97
Smallholder agriculture 3, 62, 124, 130
Socio-economic factors 3, 6, 10, 11, 22, 24,

28, 41, 49, 51–52, 56–57, 57, 59,
63–64, 67–68, 77, 100, 103, 103–104,
112, 121–122, 124, 135, 137, 149, 153,
168

Sodium 36, 65, 66, 130, 139
see also Soil, sodicity

Soil 12, 15, 18, 19, 101, 115–140
acidification 18, 80, 115, 117

and beet cultivation 138
and cane cultivation 4, 13, 34, 118,

120, 125, 126, 127, 129, 132,
133

acid sulphate 4, 27, 81, 84–85, 127
alluvial 4, 56, 100, 101, 120

amendments 3, 12, 19, 22, 28, 32, 40, 66,
69, 117, 118, 119, 123, 133, 151,
152, 158, 160–161, 162–163,
166–167, 168, 170, 171–172

bulk density 18, 117, 120, 130–132, 134,
140

cation exchange capacity 127, 128–129
compaction 32, 33, 80, 101, 116, 117,

117–118, 118, 135
in beet cultivation 14, 16, 18, 47,

111, 138, 139–140
in cane cultivation 13, 18, 34, 47,

120, 125, 130–132, 134
conditioners 40, 140, 158
conservation 11, 25, 33, 115, 116, 117,

160
in beet cultivation 35, 93, 136–138
in cane cultivation 34, 45, 58, 69, 82,

85, 121, 122, 122–124
see also Soil erosion

emissions from 13, 34, 141, 142–143,
147

erosion 4, 10, 17, 18, 32–33, 47, 79, 80,
100, 101, 115, 116, 116–117, 117,
118, 119

in beet cultivation 14, 16, 18, 25, 26,
33, 35, 91, 134–136, 136–138,
138, 139

in cane cultivation 13, 18, 25, 27, 33,
34, 35, 44, 62, 64, 81, 82–83,
85, 119–124, 128, 132

see also Soil conservation
fertility 1, 25, 30, 116, 119, 125, 131, 134,

163
see also Soil nutrient levels, organic

matter
formation 119, 122

under cane 4, 13, 18
loss at harvest 18, 116

beet 8, 14, 16, 18, 19, 25, 47, 78, 95,
96, 114, 134, 136, 138

cane 13, 18, 47, 125
moisture conservation 24, 33, 34, 35, 69,

77, 160
nutrient levels 18, 30, 32, 35, 36, 117,

118
and beet cultivation 22, 71,

138–139, 140
and cane cultivation 13, 34, 38–39,

66, 120, 125, 127–129, 134,
166

see also Soil fertility
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organic matter 18, 32, 36, 80, 99, 115,
116, 118, 119, 135, 141, 160, 163,
168, 172

under beet 15, 37, 108, 138
under cane 7, 34, 66, 83, 107, 119,

120–121, 125, 125–127, 127,
132, 134, 166

pH 32, 120, 126, 127, 138, 170
see also Soil acidification

porosity 18, 80, 117, 118, 131, 140
see also Soil water infiltration rate

salinity 17, 18, 50, 56, 57, 68, 69, 79, 102,
115, 116, 117, 118

and beet cultivation 71, 76, 139
and cane cultivation 4, 13, 27, 64,

65, 66–67, 85, 118, 125,
129–131, 134

sodicity 115, 118, 167
and beet cultivation 139
and cane cultivation 65, 66–67, 125,

129–131, 132
structure 32, 40, 111, 118, 122, 130, 134,

135, 138, 140, 163
surface sealing 120, 130, 132
tare see loss at harvest
types 25, 28, 30, 32, 33, 40, 115, 116, 118,

119, 158, 160
under beet 72, 135, 139, 147
under cane 3, 48, 53, 55, 61, 69, 83,

122, 125, 126, 127, 134, 142
water 22, 50, 51, 62
water infiltration rate 18, 61, 62, 80, 100,

116, 117, 118, 120, 130, 132, 139,
140

see also Soil porosity
waterlogging 50, 51, 56, 57, 66, 69–70,

71, 74, 141
see also Biodiversity, soil fauna

Solanum mauritianum 104
Solenopsis invicta 106
South Africa 17, 25, 26, 27, 28, 33, 45, 49, 50,

54, 55, 56, 58, 59, 61, 62, 66, 67, 68, 69,
82, 100, 102, 104, 105, 106, 115, 117,
121, 122, 125, 127, 129, 130, 132, 144,
145, 162

South America 10, 12, 18, 19
Soviet Union (the former) 12, 71, 72, 135, 140
Sowing of beet 8, 15, 32, 35, 40, 93, 135, 138,

139, 170
Soybean 30, 159, 160
Spain 3, 26, 29, 60, 71, 75, 77, 78, 97, 109, 136,

171

Sri Lanka 53, 104
Starch 1, 7
Steam in cane processing 9, 23, 70, 155
Stem borers 45

see also Sesamia grisescens
Stream flow reduction 50, 54

by cane cultivation 17, 54
Strip planting 25, 123, 124, 137
Sudan 55, 59
Sulawesi 33
Sulphate 36, 80, 156
Sulphitation 9, 146, 147
Sulphur

in fertilizers 37, 150, 167
in soils 66, 118, 127

Sulphurous emissions 145, 150
Sulphur dioxide 145, 146, 147, 148, 149
see also Hydrogen sulphide

Sumatra 101
Surinam 134
Swamp see Natural habitats, wetland
Swaziland 55, 59, 60, 62, 64, 65, 126, 128, 129,

130
Sweden 29, 30, 76, 136
Sweeteners 1, 2, 9, 153
Switzerland 30, 110

Taiwan 45, 64, 66, 89, 90, 91, 143, 166
Tamil Nadu 55, 68, 106, 160
Tanzania 57, 101
Terraces 4, 25, 120, 123, 137
Texas 73
Thailand 26, 53, 101, 121, 132, 143, 154,

168
Thallium sulphate 42
Tillage 12, 25, 32–33, 111, 116, 117, 139–140

in beet cultivation 30, 77, 109, 111, 136,
137, 139–140, 140

in cane cultivation 63, 69, 83, 106, 122,
123, 127, 130, 132, 33

reduced 4, 25, 32, 111, 136, 137
see also Ploughing

Tomatoes 139, 159
Topographical factors 25, 32, 48, 53, 62, 80,

116, 117, 135
Tops

beet 8, 15, 36, 41, 91, 92, 93, 138, 168,
168–169

cane 6, 7, 123, 143, 152, 153, 159–160,
161, 162, 165

Torulopsis utilis 162
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Trade factors 2, 3, 5, 10, 11, 12, 30, 116, 151,
162, 163, 164

Transgenic
biological control agents 112
crops 3, 17, 99

beet 16, 17, 112–113
cane 107

Transpiration 51, 53
see also Evapotranspiration

Transvaal 56
Trap crops 31, 44
Trash (cane) 6, 7, 20, 106, 124, 143, 152, 153,

159–160
see also Green cane harvesting and trash

blanketing, Preharvest cane
burning

Trichoderma harzianum 158
Trinidad 46, 87, 89, 134
Tully River catchment 38, 102
Turkey 18, 71, 75, 97, 136
Turkistan 71
Typha latifolia 93

Uptake of new technologies 3, 11, 16, 23, 35,
43, 64, 65, 67–68, 77, 78, 84, 96, 124,
148

UK 12, 15–16, 28, 29, 30, 31, 33, 35, 38, 43, 47,
71, 72, 74, 75, 77, 91, 92, 93, 97, 108, 109,
110, 111, 112, 136, 137, 139, 168, 171

Ukraine 33, 71, 77, 78, 93, 96, 135, 137
Universal soil loss equation (USLE) 116, 117,

124
Urea 39, 69, 83, 84, 118, 120, 127, 143, 147,

163, 167
Urease 40, 66, 143
Urophlyctis leproides 73
USA 3, 5, 18, 28, 30, 32, 33, 40, 47, 49, 63, 71,

72, 73, 74, 75, 76, 77, 82, 83, 84, 89, 92,
93, 96, 100–101, 113, 114, 117, 122,
128, 130, 135, 136, 138, 139, 144, 149,
167, 168, 170

Uttar Pradesh 55, 86, 103

Varieties (cultivars) 40, 44, 99, 114
of beet 8, 47, 71, 72, 73, 75, 76, 78, 138,

168
of cane 6, 45, 52, 53, 67, 69, 103

Venezuela 130, 132, 166
Vietnam 106
Vigna unguiculata 120

Vinasse 22, 156, 164, 165–167, 171
in soil amendments 158, 161, 163, 165,

166–167, 168, 171–172
Volatilization 39, 83, 91, 118, 128, 141, 142,

143, 147, 167

Wales 75
Water 12, 17–18, 19, 49–97

availability 3, 16, 17, 49, 54, 55, 72
to crops

see also Crop water
requirements 1, 52, 132

to beet crops 50, 71, 114
to cane crops 6, 50, 51, 120

conservation 25, 26, 33, 99
in beet cultivation 33, 35, 77
in beet processing 78, 95–96, 138
in cane cultivation 33, 68–69, 124,

133
in cane processing 70

consumption 8–9, 17, 19, 24, 49–78, 79
in beet cultivation 17, 70–77
in beet processing 19, 21, 23, 52,

77–78, 96, 148
in by-product processing 157, 164,

165
in cane cultivation 13, 17, 51, 52–70
in cane processing 19, 20, 52, 70

drinking-water 31, 36, 42, 57, 79, 82,
83–84, 84, 86, 90, 91, 92, 300

over-commitment/over-exploitation of
resources 49, 50, 55–56, 56

for irrigation of cane 4, 55, 55–56
pricing 65, 67–68, 77
recycling 24, 52, 146, 165

in beet processing 78, 95, 96, 97
in cane processing 70, 87, 90–91

storage 53, 56, 56–57, 59, 69, 72
stress

in beet 71, 72, 73, 74
in cane 6, 52, 53, 54

waste 3, 8, 19, 52
see also Effluent, Irrigation

see also Irrigation, Pollution
Water-tables 84, 93, 129–131

falling 50, 55
rising 4, 54, 56, 57, 66
shallow 31, 69

Water use efficiency 11, 24, 27, 41, 50, 58, 61,
62, 63, 65, 68, 69, 72, 74, 75, 153

Wax 6, 160, 161, 165
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Weeds 4, 30, 33, 98, 100, 108, 113, 159
in beet crops 33, 35, 43, 47, 108–109, 111
in cane crops 7, 31, 34, 35, 45, 46–47, 62,

64, 69, 104, 106, 127, 134, 149
control 1, 32, 42, 44, 45, 46–47, 69, 91

Western Australia 3, 52, 54
Wheat 35, 53, 55, 72, 109, 113, 128, 137, 147,

160, 166
Wyoming 33, 76, 93, 135, 136

Xylan 152, 157–158
Xylitol 157–158

Yugoslavia (the former) 71

Zambia 53
Zimbabwe 58, 154, 166
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