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Chapter 3 

Tree Anatomy and Physiology 

S. Gul, Z.S. Siddiqui, A. Noman and F. Rasheed* 

Abstract 

Trees are complex organisms. They originate either from vegetative propagation or 
through sexually fertilized egg that matures into a seed encased embryo. On 
planting, seed give rise to one of the nature’s largest living organisms. A tree has 
three major parts: roots, stem and leaves, which are anatomically different from 
each other. In this chapter, anatomy of cell, roots, stem and leaves has been 
described. Related topics like secondary growth, role of cambium, vascular tissues 
and structure of wood have been discussed. Differences between the wood 
formation of gymnosperms and angiosperms have been marked out. Water is an 
important element of life present on the earth. The huge quantity of water loss on 
every day by trees is a consequence of transpiration that must be reinstated for their 
growth and survival. In this chapter, importance of water absorption, relation, their 
interaction with soil and other important aspect of tree physiology like hormonal 
role and photosynthesis are discussed.  
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3.1. Introduction 

Trees are the tallest self-supporting organisms in the world. A tree is generally 
defined as a woody plant having the height of 15 ft or more and characterized by a 
single trunk. They live long and grow superior to any other living organism on the 
Earth; well-defined stems support a crown. Being perennial in naure, their 
anatomical features are different from other annuals and/or biennials. Coast 
redwood Sequoiasempervierns (Hyperion) is the world's tallest known living tree, 
measuring up to 115.61 m (379.3 ft) in height. Treephysiology is the study of 
natural phenomena operating in the living trees and tree parts. In tree physiology, 
structure of the cells, tissues and organs are associated with processes and 
functions. Trees are physiologically alike to other form of plants like 
biennials/annuals because they are also autotrophic, non mobile, soil dependant for 
waters and minerals etc. Wood formation and larger heights make trees 
distinguished from bushes, grasses and/or dwarf plants. Some major physiological 
phenomena like water absorption, ascent of sap, photosynthesis, transpiration and 
plant hormones are briefly discussed in this chapter. 

3.2. Tree 

A tree consists of three major portions: root, stem or trunk and crown (Figure 3.1). 
Crown consists of limbs (> wrist thickness), branches (thumb thickness < wrist 
thickness), twigs (≤ thumb thickness), leaves, flowers, seeds etc. Trunk supports 
limbs and limbs carry branches and twigs, which, ultimately, support leaves. 
Leaves are the food manufacturing factories as they contain chlorophyll and the 
process of photosynthesis occurs therein. Limbs and branches are woody in nature 
and useful part of a tree to be used for timber or fuel purpose. Distinguish 
characteristics of crown parts (leaves and seeds) can also be used for tree 
classification i.e. depending on leaves; tree can be classified as Hardwoods and 
Softwoods. Softwoods are the Gymnosperms and the Hardwoods are the 
Angiosperms.  

3.3. Gymnosperms 

Gymnosperms or softwoods are also called evergreen since most remain green all 
the year long. Most of softwoods bear scaly leaves and cones in which seeds are 
produced, therefore often referred as conifers. Included in softwoods are the genera 
like Pinus (Pine), Picea (Spruce), Larix (Larch) Abies (Fir), Sequoia (Redwood) 
and Pseudotsuga (Douglas-fir) etc., In gymnosperm wood, tracheids constitute bulk 
of axial system. These thick walled treachery elements looks like elongated boxes 
with rectangular cross section cum tapering upper and lower ends. In spite of thin 
primary wall, secondary wall is made up of series of layers.  
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Fig. 3.1 Major parts of a 
tree 

 

 

Usually spirally arranged micro fibrils differ in their orientation among successive 
wall layers. Often, each layer reverses the direction of spiral winding in adjacent 
layers. In addition to lignified wall matrix, communication between tracheid takes 
place by means of bordered pits in radial walls. These pit characteristics e.g. size, 
number are characteristics in specie or genera. Trachieds produced in spring is 
generally wider than those of produced in later season. In coniferales, pit torus is 
considered as chief characteristic that act like a plug (Mauseth 1991). Bars of sanio, 
thickened areas between pits are another characteristic of conifer wood. In taxus, 
some Picea spp. and Torreya, secondary wall of tracheid has herical band of 
thickening. But some conifers also have tertiary wall thickening. Normally, 
gymnospermic woods lack vessels and fibers. If fibers are present in trachieds, they 
are found arranged axially along trachieds. Axial parenchyma is rare. Axial resin 
ducts have been reported in panacea and Cupressacea. The presence of such ducts 
is used as a taxonomic characteristic. Traumatic ducts found in Cedrus should 
never be confused with resin ducts. 

Ray system of gymnosperms consists of parenchymatous cells. Some general radial 
tracheids have also been reported. Rays are usually unisereate or bisereate. The 
wall pitting and thickening of ray tracheid may also be important characteristically. 

3.4. Angiosperms 

On the contrary, hardwood bears broad leaves that can change color and drop in the 
mostly in temperate zones. They fall in the dicotyledons class and include species 
like Quercus (Oaks), Fraxinus (Ash), Acer (Maple), Betula (Birch), and Fagus 
(Beech) and Populus (Cottonwood and Aspen). Angiospermic or hard wood is 
composed of multiple types of cells making vast range of wood types. Other than 
wall pitting, many more and easily observable characteristics are present in this 
wood type as compared to coniferous wood. Axial system is composed of vessels 
as major elements while tracheids are sparse. Vessels mainly possess perforation 
plates for water transport. Fibers and varying amount of axial parenchyma are also 
present. Fusiform initials are considered as precursors of these cells (Mauseth 
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1991). Usually fibers are elongated and show intrusive growth. Normally, xylem 
parenchyma is with somewhat thickened and lignified walls. Mature vessels exhibit 
extreme diversity in their form. Vessels, fibers and axial parenchyma are arranged 
in a particular fashion, so that, the clear growth rings can be observed in T.S. of 
wood. 

As compared to north, south temperate and mountain species, lowland tropical 
species do not exhibit growth ring boundaries. Wall thickness has also strong 
impact on wood hardness. When seen radially, ray cells appear arranged like bricks 
in a wall. In some species, rather than similar size and proportion, distinctly 
identifiable differences are present. A cell of a particular size is found generally 
arranged in regular courses. Rays are more complex than gymnosperms. These may 
be unisereate or multisereate. 

Rays are unisereate in Castanea, multisereate, in Fagus, Quercus rays are of two 
distinct sizes. Rays may have random distribution in TLS or may be arranged in 
clear horizontal strips in some species. This is a diagnostic difference between 
families for example Fabaceae or some genera of Elaeagnacae. 

In diffuse porous wood, vessel may appear size graded according to growth season 
i.e. wider in early season to narrower in late season while this is opposite in ring 
porous wood. Viewed in T.S. vessels may be solitary, in pairs or in small groups. 
Variation is found in arrangement of these groups e.g. tangential groups, oblique 
chains etc. Chiefly, characteristic appearance of wood is because of variation in 
vessel distribution. This gets strength often by distribution of axial parenchyma if 
present. 

3.5. Tree Anatomy 

3.5.1. Root 

Structurally roots can be divided as monocot roots and dicot roots (here, only dicot 
roots will be discussed) and they can be further divided into two categories. 1. 
Primary roots 2. Adventitious roots. The functions of the primary roots are to 
anchor the plant in the soil, to absorb water and also serve as store house of food 
materials. Adventitious roots are helpful in support the plant body into soil and 
absorbing soluble substances from soil. Root cap consists of parenchymatous cells. 
The function of root cap is to give protection and control the movement of root. 

Epidermis:This layer is consisted of elongated cells without cuticle and stomata. 
Most of the epidermal cells extend out in tubular unicellular root hairs. Epidermis is 
also known as Epiblem, Rhizodermis and Piliferous layer (Figure 3.2 and Figure 
3.3). Beneath the epidermis is one or multilayer exodermis present whose cell walls 
can suberized. 

Cortex:It is consisted of polygonal parenchyma cells. These cells contain starch 
grains. The roots of dicotyledons, sometimes, exhibit secondary growth and shed 
their cortex. Various idioblasts and secretory structures are found in the root cortex.  
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Endodermis: The inner most distinct layer of the cortex is known as endodermis. It 
is characterized by the presence of Casparin strips on their anticlinal walls. 
According to Guttenberg, suberin like materials are found in the strips. 

Pericycle: The layer next to the endodermis is pericycle. It may be uniseriate or 
multiseriate. Lateral roots also arise from pericycle cells. It provides outer 
boundary of the vascular tissues. 

Vascular system: Phloem strands occur beneath the pericycle. Xylem forms 
discrete strands alternating with the phloem strands. If xylem is not differentiated in 
the centre, the centre is occupied by pith. The root shows an exarch xylem, 
metaxylem occur inward side while proto xylem outward side of vascular cylinder. 
The phloem is also centripetally differentiated i.e., the protophloem occurring 
closer to the periphery than the metaphloem. The parenchymatous conjunctive 
tissue occurs in between xylem and phloem strands. The pith is scanty or absent. 

Fig. 3.2 Cross 
Section of Dicot 
Root 

 
 

Fig. 3.3 Longitudinal and 
cross Section of a tree 
Root  

Source: Anonymous (2017)  
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3.5.2. Stem 

The close association of the stem with the leaves makes the aerial part of the plant 
axis that is structurally more complex than the root (Figure 3.4). The term shoot, 
which refers to the stem and leaves are as one system, serves to express this 
association. The root and stem make a continuous structure called the Axis of the 
plant. The vascular bundles are continuous from the root to the stem. But the 
arrangement of vascular bundles is quite different in the two organs. The stems 
possess collateral bundles with endarch xylem, where as the root possess radial 
bundles with exarch xylem. 

Fig. 3.4 Cross Section of 
a woody stem 

 

 

Cortex: The region that lies next to the epidermis is the cortex. The innermost layer 
of the cortex is endodermis. It consists of a single layer of cells which contain 
numerous starch grains. The part of the cortex situated between the epidermis and 
endodermis is generally divided into two regions, an outer zone of collenchyma 
cells and an inner zone of parenchyma cells. 

Endodermis: The inner most layer of the cortex is the endodermis. The cells are 
barrel-shaped, elongated and compact in structure. These cells contain starch grain 
may be termed at starch sheath.  

Pericycle: The region between the vascular bundles and the cortex is known as the 
pericycle. It is generally composed of parenchyma and schlerenchyma cells. 
Vascular bundles: each vascular bundle consists of 3 parts. Xylem are thick walled 
and occur nearest the centre of stem, while phloem cells are thin walled and 
occurred towards the peripheral portion of vascular bundle. Between the xylem and 
phloem cambium layer is present, which is consists of meristematic cells. Cambium 
cells divided to increase the size of vascular bundles by forming xylem cells on the 
inner side and phloem cells on the outer side. 

Xylem: The xylem which is formed by the activity of the cambium is called 
primary xylem. The xylem formed is nearest the centre of the stem is called 
protoxylem. The more peripheral part the xylem is known as metaxylem. The 
xylem is composed of 3 types of cells-Tracheary cells, trachied and vessels, wood 
fibers and wood parenchyma. The protoxylem is composed largely of annular and 
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spiral vessels and parenchyma, while the tracheary elements of the secondary 
xylem are pitted.  

3.5.3. Leaf 

It isan important component of the plant body. It is engaged in fundamental 
physiological activities such as respiration, transpiration and photosynthesis. 
Typically a leaf is a thin, dorsiventral flattened organ, produce above ground. There 
are two types of leaves (i) isobilateral leaf and (ii) dorsiventral leaf. Leaves are 
isobilateral if they possess stomata on both surfaces and are dorsiventral if stomata 
are present only lower surface.  

Epidermis: It consists of single layered of cells and covered with waxy substance 
called Cutin. Stomata are found in most abundance in the lower epidermis of the 
dorsiventral leaf (Figure 3.5). Each stoma remains surrounded by two semi lunar 
guard cells. The guard cells are living and contain chloroplasts. The guard cells 
may remain surrounded by two or more accessory cells in addition to epidermis 
cells. Stomata are found in scattered form. 

 

Fig. 3.5 Cross Section of dicot leaf 

Mesophyll cells: The tissue of the leaf that lie between upper and lower epidermis 
and between the veins consists of thin walled parenchyma is known as mesophyll. 
Mesophyll portion consists of two types one is palisade cells and other one is 
spongy tissues. Both cells contain chlorophylls therefore take part in photosynthesis 
process. The palisade tissue may consist of a single or more layers and compactly 
arranged, while spongy tissue occur lower portion of the mesophyll in the leaf. The 
spongy tissue is usually composed of loose, irregular, thin walled cells having big 
intercellular spaces among them. Due to the presence of a large air space in the 
spongy tissue they are more adaptable to the exchange of gases between the cells 
and the atmosphere. The function of the midrib and the lateral veins are to strength 
the leaf.  

Collenchyma, Schlerenchyma and Parenchyma: In the centre of the upper portion 
of the mid rib, just below the epidermis, there is usually a group of collenchymas 
cells which are turgid and give strength to the leaf. Schlerenchyma cells are 
associated with the vascular tissues of the leaves. They occurred surrounded the 
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vascular bundle of leaves. Usually these cells are thick walled, dead and lignified. 
Parenchyma cells occupy the region between collenchymas cells and the central 
portion of the midrib. These cells give turgidity and strength to the midrib. 

3.6. Secondary or Stem growth 

Increase in thickness of stem is due to formation of secondary tissue by activity of 
vascular cambium is known as secondary growth. This can be prominently 
observed in dicotyledon and gymnosperms (Mauseth 1991). With passage of time 
because of primary growth number of leaves and branches increase that in turn 
elevate transpiration rate so there emerges a need to increase conduction machinery 
for proper functioning. Under such condition three major requirements of plants are 
satisfied by secondary growth  

Secondary growth is considered as one of the most important biological process in 
tree growth. The final product, Wood, is of prime significance for humans as timber 
for construction, fuel woods, and for paper manufacturing. It is also 
environmentally cost-effective renewable energy source (Larson 1994). However, 
despite the economic and environmental importance, secondary growth has been 
paid little research interest, mainly because many agricultural products are derived 
from seeds or roots. Furthermore, the biology of wood formation is surprisingly 
understudied because of the inherent issues of tree species: long generation time, 
large size, and scanty of genetically pure lines.  

a) Stem is incremented to provide effective conduction of water and 
assimilate translocation. 

b) Stem is rendered with rigidity to provide support. 

c) Stem has phloem tissues that transport photosynthetic assimilates like 
carbohydrates to all roots for growth purposes. 

These benefits are achieved by production of secondary xylem and phloem and 
lignification of wood vessels to meet increased needs. Following steps are included 
in secondary growth of perennial woody dicotyledons. During the foremost step, 
meristematic activity of interfasicular parenchyma joins fasicular cambium strips to 
each other. So, a complete cambium ring is formed. Division of fusiform initials 
parallel to the stem surface that results the formation of either xylem inside or 
Pholem outside is called Periclinical division and radial division of cambium cells 
that give rise to new cambium cells is termed as Anticlinical division. Cambial cells 
then start dividing activity and cells to both inner and outer sides are added 
continuously (Larson 1994). Secondary xylem develops on inner sides (towards 
pith) while secondary phloem cells are produced on outer side.  

The derivation of ray initials produce rays. Circumferences of tree ring increase due 
to addition of secondary xylem toward center. Inhibition of new rays in secondary 
vascular tissue takes place when new ray initials cut off from fusiform cells during 
circumference increase. Before differentiation cambial cells divide once or twice 
periclinally, therefor cambium appears multi layered during peak activity time. 
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A cambial zone is formed during growth period by cambial initials (Figure 3.6). 
The cells are formed to be arranged in radial rows. Initially, cells of this zone widen 
gradually until acquire attributed of mature xylem and phloem elements. Xylem 
mature cells are bit longer then phloem mother cells (Bannan 1955). An interesting 
point is unidirectional cambium present in some conifers i.e. Pinus longeava that 
produces phloem only (Ewers 1982). During dormant periods, commonly, the 
multilayered cambial zone generally reduces to few or one cell layer (Fahn and 
Werker 1972). 

Fig. 3.6 Cambial zones 
in dicots 

 

 

3.6.1. Types of Cambium 

Based on arrangement of fusiform initials observed tangentially, two types of 
cambium can be differentiated as described below. 

a. Storied or stratified cambium: In this type of cambium, horizontal rows of 
fusiform initials can be observed with their end at approximately same level i.e. 
Tamarix and Rrobinia. Size of these initials varies between 140 μm to 520 μm 
(Fahn and Werker 1972).  

b. Non-storied or non-stratified cambium: Fusiform initials are found overlapping 
each other in this type. These are longer in length than fusiform initials of storied 
cambium e.g. 320-2300 μm in dicots. In vessel, less dicots, length has been 
recorded up to 6200 μm. This is more common type of cambium. 

Characteristics: Earlier researchers have recorded that both ray and fusiform 
initials are essentially alike. Accordingly, they possess basic cellular apparatus and 
membranes like that of typical parenchyma cells. Generally fusiform cells are 
uninucleate but multinucleate fusiform cells have also been recorded (Iqbal 1981). 
Active growing cambium cells were reported to have RER, polyribosomes and one 
or two vacuoles. Mitochondria occur singly. Seasonal changes influence some 
properties of cambial cells i.e. starch content. In fusiform initial of active cambium 
cisternae of RER were appeared in association with microfilaments part no such 
association was found in Ray initials. 

Life of cambium: A lot of variability is found in arranged functional life of 
vascular cambium. Diversity in functional life varies among species and even it is 
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different in plant parts. For example, in perennial woody plants, cambium of stem 
survives from time of formation till plant death. In such plants, cambium activity is 
continuous. In deciduous plant parts, cambium life is comparatively short. Here, all 
cambial cells mature as vascular tissue (Mauseth 1991). 

3.6.2. Cell Division and Growth 

Periclinal and anticlinal division takes places in cambial cells. Cells divide 
periclinally more frequently and new cells are added to xylem and phloem. These 
derivatives constitute radial rows. Cells expand radially during early stage of 
differentiation (Fahn and Werker 1972). Circumference of xylem cylinder increases 
due to secondary thickening. Along with this, cambium circumference is also 
incremented by addition of new cells. Initial in storied cambium undergo 
longitudinal anticlinal divisions and new fusiform in non-stratified cambium 
oblique and anticlinal divisions that are followed by intrusive growth resulting in 
longer cells. Orientation of fusiform initial may be changed both in storied and non-
storied cambium (Wolch 1987). Difference between various degrees of polarity of 
cambial initials may have connections with determinate polarity of auxin transport. 
If transport gets blocked, diffusion-dependent flux develops resulting in induction 
of new polarity. According to Zagroska-Marek and Lutle (1986), orientation of 
fusiform cells and direction of IAA transport are parallel. In normally growing 
trees, cells formed after anticlinal divisions of fusiform cells may experience some 
sort of transformation. Some of newly formed cells grow and convert into new 
fusiform cells where some mature into abnormal xylem or phloem after losing their 
generative capacity. Bannan (1962) stated that intensively dividing cambium cells 
of conifers divide every 4-6 days while apical meristematic cells divided every 8-18 
hours. It is further thought that slow division of cambium cells is due to time 
required for phragmo plasts to reach ends of long cells. Most divisions take place in 
xylem mother cells as compared to phloem mother cells. Rate of division is also 
high among xylem cells. 

3.6.3. Seasonal Activity of Cambium 

Continuous activity of cambium normally takes place in many plants of tropical 
region. Its extent can be imagined from presence of ring less trees in different areas. 
The percentage of such trees was 75, 43 and 15 in rain forest of India, Amazon 
basin and Malaysia, respectively (Chandary 1961; Alvin 1964). In warm temperate 
climates, the percentage of ring less trees are low. During harsh condition, in plants 
growing in definite seasonal climate, cambium stops its activity. 

In autumn, later, cambium enters dormant phase until coming spring. On start of 
spring cambium resume its normal activity. As described earlier cambial activity 
comprises of two steps in redial expansion of cells and cell division (Figure 3.7). 
Due to enlargement, radial walls become weak and are peeled off. On later stages, 
bark may be easily separated due to increased in number of cells in cambium zone. 
Evidences are in hand that illustrate effect of day length on cambial activity. In 
Mediterranean region and hot desert, it is possible to find plant with conditional 
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cambial activity, periodic cambial activity and intermediates (Liphshitz and Lev 
yadun 1986). 

Studies revealed that even some plants were not found in full dormant stage despite 
winter e.g., Pinus radiate in north island of New Zealand (Barnett 1973); in trees of 
Eucalyptus camaldulensis that are without dormant period or have short dormancy 
during July-August, it is very difficult to distinguished between growth rings. 

 

Fig. 3.7 Representation of Cambium activity showing addition of new cells. 

3.6.4. Secondary vascular tissues 

Primary xylem cells are pushed toward center due to production of secondary 
vascular tissue. These primary xylem bundles can be observed on periphery of pith 
before its ultimate fire up. Secondary xylem of di-cotyledons comprises of axil/ 
vertical and horizontal ray system. Ray system consists of radially running files of 
parenchyma. The ray may be uni seriate (single cell wide) or multi seriate (many 
cell wide). These rays traverse rays are continuously added to ever accumulating 
secondary vascular tissue. 

Bannan (1955) reported that formation of secondary xylem is a methodical 
developmental progression involving cell division, cell expansion, lignification etc. 
In secondary xylem production, the cells on the xylem side of the vascular 
cambium get differentiated by involving a division zone where the xylem mother 
cells continue to divide, then an expansion zone where the derivatives expand to 
their final size, next a maturation zone where lignification and secondary cell wall 
thickening occurs, and finally through an apoptotic zone. The cell division for 
secondary xylem is initiated in the one or two layers of the cambiumzone. 

Due to gradual accumulation of secondary vascular tissue, wood is formed that is of 
characteristic type according to species. Narrow, peripheral and functional part is 
sap wood while major central nonfunctional portion is Heart wood. Chemical 
change in heart wood cells may result as a consequence of tannin and lignin 
deposition. Tylosis may take place due to migration of adjacent parenchyma cell to 
vessels. Due to seasonal activity of cambium spring wood (with loose and widely 
dispersed tracheal element) and autumn wood is produced (narrow closely packed 
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tracheal element). Difference of spring and autumn wood can be easily observed in 
form of annual rings.  

Like secondary xylem, secondary phloem also consists of horizontal and vertical 
system (Iqbal 1981). Ray characteristics are almost same like that of rays in 
secondary xylem layer of secondary phloem in circumference and never become 
very thick. Pervious year secondary phloem is often peeled off with bark. Outward 
stress rupture epidermis and cortex too. 

The radial fusiform cell of the secondary phloem in conifers and dicots are 
comprised of different cell type’s i.e.  fibres, parenchyma and sieve cells or sieve 
elements and companion cells (in dicots). These cell types are arranged species-
specific sequences along radii of the cell files. The sequences are duplicated in 
adjacent files and leads to tangential bands of same cell type (Kollman and Cote 
1968). cell production plus determination are events which occur simultaneously 
across the radial files. The repeating blocks of cells may establish functional units 
of phloem tissue, and the integral cells probably have precise configurations of 
symplasmic connections cum mechano-structural properties (Chandary 1961). 

3.6.5. Bark or Rhytidome 

Phellogen activity may be periodic, seasonal or annual. With increasing age, new 
cork cambium cells arise in deep layers. Thus, push older tissues to outer side. 
Older periderm outer to newly formed cork cambium of new periderm is called 
bark or rhytidome. Bark is sloughed off in large pieces or patches of various sizes. 
It is likely that the vascular cambium cells might have come off with the bark tissue 
when it was separated from the xylem tissue (Arteca 1996).  

3.6.6. Root Secondary Growth 

A root experiencing secondary growth shows massive girth increases owing to the 
action of the vascular cambium. Root thickness also increases like due to secondary 
vascular tissue formation. Similarly, xylem and phloem elements are produced on 
inner and outer sides respectively. Within exception of monocots and herbaceous 
dicots, this growth is common in di-cotyledons and gymnosperms. 

Primarily, cambium parenchyma within vascular bundle become meristematic 
which later joined by inter fascicular cambium to form cambium ring. This 
cambium ring is wavy in outline in beginning but outline varies in different roots 
because of number of proto-xylem ridges. Vascular cambium is not well 
differentiated into fusiform and ray initials. This also undergoes periclinal divisions 
to contribute cells to inner and outer sides. Endodermal diameter and no. of 
endodermal cells amplify dramatically in the region of secondary growth. 

Anticlinal divisions in cambium ultimately increase circumferences. Rays produce 
by root vascular cambium are wider than that of stem rays. 
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3.7. Structure of Wood 

Wood is the ultimate product of secondary growth. Adequate diversity is found 
among plant species as far as wood is concerned. Wood may be storied or non-
storied depending upon the source from which it is being derived i.e. storied 
cambium or non-storied cambium (Fahn and Werker 1972). 

3.7.1. Growth Layers 

Cambial activity in temperate areas is usually periodic and yields a growth layer. In 
transverse section (T.S.) of stem and roots, these layers be definite rings known as 
growth rings. In plant with definite seasonal growth or when growth takes place 
during a season growth layer is called annual layer and growth ring may be termed 
as annual ring respectively. Periclinical division of a fusiform initials results in the 
formation of two cells. One of which remains meristematic and the other becomes 
either a Xylem cell or Pholem cell. The mother cell then may begin to expand 
radially of may itself divide one or more times before developing into a mature 
Xylem or Pholem. Maturation of new xylem cells involves diameter growth and 
increase in length followed by thickening of cell wall and finally lignification. 
Following general steps are involved in the periclinical division. a) fusiform initial 
starts to divide as chromosomes split, separate, and then migrate to opposite ends of 
the cell. In (b), a cell plate begins to form and becomes a new cell wall at (c). Both 
cells begin to grow in diameter (d) and length (e). The innermost cell becomes part 
of the xylem, pushing outward the other portion that remains part of the cambium. 
In (f), the cycle begins again.  

Fig. 3.8 Wood 
demonstration  

Source: Andrews (2012)  

 

 

Wood is produced in an inconstant environment and is subjected to developmental 
control, xylem cells are formed that are of different shape, size, cell wall structure, 
composition and texture (Fahn and Werker 1972). In plants that have experienced 
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bad environmental condition like stress, disease etc. and growth is interrupted but 
resumed later, an additional or second growth layer may be observed in wood. Such 
layer is called false annual ring and the two or more rings formed are termed as 
multiple annual ring. Generally, spring is reckoned as the best for plant growth. 
High assimilation rate in spring directly relates with necessity of bulk quantity of 
water. Therefore, vessels formed during spring have more diameter than routine 
vessels to facilitate water transport. Such wood has no fibrous element or very little 
and called spring wood (Figure 3.8).  

During summer growth rate generally drops and few vessels with little diameter are 
produced. This wood possesses more fiber and is dark in color. This is known as 
summer wood or late wood. Due to reduced rate of assimilation in summer, denser 
xylem is formed, later on, separation of early wood and late wood takes place with 
a sharp line describing limits of both wood types produce. Approximate age of trees 
can be estimated by counting the number of growth rings. In areas where seasonal 
variation is absent, annual rings are not formed in plants. These can be more 
conveniently viewed in deciduous and evergreen plants (Mauseth 1991). 

3.7.2. Sap Wood and Heart Wood 

Secondary xylem elements are very specialized in their function. Tracheary 
elements that are without protoplast are particularly related with water movement 
and the living cells perform storage function and remain active during peak activity 
time of xylem. Outer portion of secondary xylem comprises of living cell and is 
actively engaged in water movement. This part is termed as sap wood or Albernum. 
This is light color region when inner part of xylem ceases its function and cell start 
dying. Protoplast disintegration and removal of cell sap along with lose of reserve 
material accompany cell death process. Therefore, inner, dark color portion 
consisting of non-functional element is demarked named as heart wood or Ourmen.  

In some tree species vessels get blocked by tyloses. In the later phase, parenchymal 
cell walls become heavily lignified. Sum substance e.g. oil, resins, gums form in 
cells and polymerization color substances developed in heart wood (Fahn and 
Werker 1972). With special reference to gymnosperm due to rigidity of pit 
membrane, tours close pit aperture and reduce its function in water conduction. 
Tours in sapwood is composed of pectin mainly but cellulose and hemicellulose 
too. But in heart wood, tori become lignified. 

The changes make heart wood resistant to decay. Presence of dark color substances 
make it easily recognizable from rest. Different authors have elaborated heart wood 
formation as result of changes with ageing of sapwood cells. According to Barnett 
(1973), heart wood formation can be considered as a developmental process of tree 
like other phase of plant development. He thought heart wood formation as 
regulatory process for keeping sap wood amount at optimum level. 

Histological, fundamental differences can be observed between wood of dicot and 
gymnosperms particularly conifers. Wood of dicot is called as hard wood and that 
of gymnosperm is called soft wood. The degree of hardness or softness of both 
wood types should not be confused with these terms. 
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Secondary xylem of gymnosperms is simpler and homogenous then that of 
angiosperm. With exception of grelates, absence of vessels is a major difference 
between angiosperm and gymnosperm wood and parenchyma are relatively in 
small amount in gymnosperms. Rays of gymnosperm are mostly homocelluler. 
Resim ducts develop in large number of gymnosperms. The wood having pores is 
called porous wood whereas wood not having pores is termed as non-porous wood. 
Based on distribution of pores, porous wood may be of following types 

Ring porous wood: In this type earl wood vessels are large than late wood and 
vessels are of unequal diameter i.e. Acer populous. 

Diffused porous wood: Vessels are approximately equal diameter constitute this 
type of wood. This vessel can be found uniformly distributed throughout i.e. Malus, 
Juglans. 

3.7.3. Chemical Components of Wood 

Wood is a carbohydrate composed principally of carbon, hydrogen, and oxygen. 
Table 3.1 details the typical chemical composition of wood and shows carbon to be 
the dominant element on a basis. In addition, wood contains inorganic compounds 
that remain after high-temperature combustion in the presence of abundant oxygen. 
Such residues are known as ash.  

Table 3.1 Elemental composition of wood  

Elements Dry weight (%) 
Carbon 49 
Hydrogen 6 
Nitrogen Slight amount 
Ash 0.1 

The elemental constituents of wood are combined into several organic compounds: 
cellulose, hemicellulose and lignin. Table 3.2 shows the approximate percent of dry 
weight of each in hardwood and softwood. Cellulose, perhaps the most important 
component of wood, constitutes slightly less than one-half the weight of both 
hardwoods and softwoods. The proportion of lignin and hemicellulose varies 
widely among species and between the hardwood and softwood groups.  

Table 3.2 Organic constituents of wood 

Type Cellulose Hemicellulose Lignin 
Hardwood 40-44 15-35 18-25 
Softwood 40-44 20-32 25-35 

Note: Pectins and starch commonly compose approximately 6% of the dry weight.  

Source: Kolimann and Cote (1968) 
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3.8. The Absorption of Water in Trees 

Tree functioning is an important aspect for forestry. This chapter deals with the 
basic concepts regarding the important functions of trees. Soil-water relation is an 
integral part of the forest tree survival. Starting with absorption, plants need to 
utilize water effectively for their survival. Water absorption, ascent of sap, fluid 
movement, photosynthesis and loss of water (transpiration) are important tree 
process for proper growth. and functioning.  

The large quantity of water loss daily by trees is a consequence of transpiration that 
must be restored for their growth and survival. This is done by the continuous 
absorption of water from their roots. Therefore, the absorbing organ, soil 
environment, the mechanism and factors of absorption of water in trees need to be 
carefully understood.  

Tree roots serve a variety of functions including anchorage and absorption of water 
and nutrients. Roots not only absorb moisture and minerals but also transfer them to 
above ground parts. These are often called feeder roots. The branching of the roots 
guarantees that a large area of the soil can be tapped for water absorption. These 
roots offer the framework for the rooting system and are different for each tree 
species. Generally, the direction of this framework is horizontal and radial. The 
depth to which roots penetrate the soil varies with species and greatly affected by 
various factors. Tree roots rarely grow below four feet because the upper few feet 
of the soil usually are enriched with water, oxygen, minerals, and optimum 
temperature. Horizontal root spread is one of the important mechanisms to 
overcome soil compaction. In addition, some of the trees have slender like 
outgrowths called root hairs to increase the surface area of roots for the increment 
of nutrient and water uptake, especially in deciduous trees.  

3.8.1. Mechanism of Water Absorption 

The force which brings about the absorption of water transmitted to the roots is 
basically created by the leaves through a mechanism called as transpiration. 
However, large extent of water is required to maintain tree growth which is s 
acquired chiefly from the soil. Two sorts of water absorption mechanisms often 
occur independently which are discussed as below; 

Passive Mechanism: Plant exposed to environment, transpiring aerial surfaces 
develop a powerful transpiration force therefore xylem elements in the root have a 
negative pressure. These negative pressure is not only restricted to the 
transportation of water across the cortical cells but also facilitate the water 
movement towards the peripheral root hairs.  

Active Mechanism: In natural environment, the actively growing cells of the roots 
uptake and hoard mineral nutrients from the soil. The absorbed mineral is quickly 
diffused in the cells and move towards xylem elements. For minerals absorption, 
transportation and xylem loading, substantial amount of energy is required. Due to 
minerals loading in the xylem cells, a diffusion pressure deficit (DPD) gradient is 
created between the soil solution and xylem sap which behave as the motive force 
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for water flow into roots through passive osmosis. In this phenomenon, water 
uptake in roots does not require energy, however, the mineral accumulation which 
develop the force for water uptake, needs energy therefore it is called as 
osmotically active process.  

3.8.2. Factors Affecting the Rate of Absorption 

Water absorption in soil is usually hindered by low moisture content, slow root 
growth, inappropriate soil aeration, low soil temperature and a concentrated soil 
solution or amalgamations of these factors. There are some attributes which 
manipulate the water absorption in roots; 

Soil moisture: As dehydration continues in soil the rate of water absorption by tree 
roots declines because of resistance to water flow in soil and within the tree as well 
as loss of soil-root interaction. In soil, capillary movement of water from moist to 
dry region in moist soil at equal or below field capacity is very slow. In moist soil, 
resistance to water movement is low since lesser forces are required to move water 
through water-filled pores. Though, as the soil began to moist the resistance to 
water movement increases until reach the saturation point.  

In tree, resistance to water movement also increases as the soil continues to dry up, 
partially because of greater tension on water in the conducting elements in stems. 
Usually, the hindrance in water movement from soil to root surfaces is smaller than 
the resistance to radial movement in roots, however as the soil dries, resistance to 
water movement increases and the driving force reduces. 

Transpiration: The rate of water absorption is mainly regulated by the rate of 
transpiration. However, throughout the day the transpiration rate is greater than the 
absorption rate of the plant. Consequently, trees keep dehydrating throughout the 
day, predominantly on hot and sunny days. At night, however, when the rates of 
both transpiration and absorption are low, the rate of absorption of soil water is 
greater than the transpiration rate. Subsequently, trees tend to fill-up with water 
during the night moisture of the soil. 

Soil aeration: Undevelopedsoil aeration in flattened or flooded soils usually 
decreases the roots capacity for absorbing water by preventing root development 
and elongation, encouraging roots decay, and overwhelming mycorrhizal 
development. Since root growth is lessened more than leaf growth by poor soil 
aeration; the trivial root system cannot sufficiently absorb water quick enough to 
refill the water moved out in transpiration, causing dehydration of tree crowns. 

Several flood tolerant tree species can develop adventitious roots which can adopt 
physiologically for loss of much of the original root system. For instance, the flood 
tolerant Betula nigra shaped several adventitious roots after flooding, whereas the 
intolerant Betula papyrifera did not produce.  

Many trees are modified root systems by the mycorrhizal development, formed by 
subsequent invasion of young roots by hyphae of certain fungi. In mycorrhizal 
association, the tree supplies vital metabolites that are benefited to the fungus. In 
reply, fungus increases water absorption and nutrients by increasing the root area 
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and the root system. Indeed, soil volume is exploited by a mycorrhizal root which 
may be up to ten times greater than non-mycorrhizal root. Certain evidence 
indicates that mycorrhizae enhanced drought tolerance of woody plants in arid 
regions. Mycorrhizae are chiefly beneficial to trees growing in poorly developed 
soils. Insufficient soil aeration reduces the roots ability for water absorbing and 
nutrients by preventing mycorrhizal development. Mycorrhizal fungi like to grow 
in strongly aerobic condition; hence poor soil aeration reduces mycorrhizal 
associations in trees. In flattened soils mycorrhizae, may be found only in the 
topmost layers whereas in non-flattened soils they found in much greater depths of 
depression. 

Soil temperature: Water absorption is abridged by low soil temperatures. It 
decreases the roots’ permeability directly and increasing the water viscosity 
indirectly. When soil temperature falls from 25 to 5°C, the resistance in water flow 
via roots is approximately double. Moreover, low temperature ranges (25-5°C) in 
soil also restrict water absorption by hindering root extension. Decreasing root 
permeability, increasing water viscosity and inhibiting root growth are the few 
consequences of low temperature in soil. As soon asstems temperature drop down 
to a few degrees less 0°C, the water in the xylem elements may solidify, stopping 
water movement to the top even though some root parts are in unfrozen soil. The 
eventual result of these environments is desiccation on the top of the tree; 
subsequently leaves shedding are taken place. The range of freezing injury is 
affected by the freezing time in the soil, depth of frozen soil, snow depth, air 
moisture and the wind speed. 

Concentration of soil solution: Unexpected experience of tree roots to high 
melting salt concentrations or amount of fertilizers in the soil water may cut off 
absorption due to osmotic effects which results in the dehydration on the top of the 
tree. Later, a tree may be exposed to physiological drought even sufficient amount 
soil water is available. Tree with roots subjected to progressively increasing 
melting salt concentrations do not desiccate as quickly as those with roots quickly 
exposed to concentrated salt solutions.  

Reduction in water absorption in the saline soils may also be related to shrinkage of 
root permeability by dehydration, increased suberization, and root growth 
inhibition. High amount of salt in the soil may also damage young feeder roots, 
particularly those of trees growing on sandy soils, further reducing water 
absorption.  

Growing root system (Root growth): Continuous root development into wet soil 
zones is imperative for sufficient water absorption to substitute the water lost 
through transpiration and thus avoid leaves dehydration. Therefore, trees with 
deeply penetrating, well branched, and speedily growing roots absorb water most 
efficiently. In drought environment, high root-shoot (R:S) ratio is predominantly 
important for growth and survival of trees.  

Transplantation of evergreens with simple roots, or even with a root ball of soil, 
suffers physiological shock since their ability to absorb water is suddenly and 
greatly reduced at a time once high rates of transpiration continued. Loss of roots is 
often related to dehydration of uprooted trees because they usually lose water 
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quicker than they can substitute it by absorption. Therefore, transplantation will 
depend chiefly on the capability of roots to start growing quickly and establish 
close contact with the soil beyond the root ball in order to absorb suitable amounts 
of water. 

3.9. Ascent of Sap 

Water is necessary for plants to perform their metabolic activities. It is absorbed 
from the soil with the help of roots and is supplied to the leaves. Large quantities of 
absorbed water in trees cover very large distance against the gravitational force. 
This upward movement of water is calledascent of sap. How does water moves 
upward is roughly demonstrated in given flow chart (Figure3.9). 

Fig. 3.9 Flow chart 
showing water pathways 
from root to leaf in tree 

 

 

It is important to know the translocation of water (or ascent of sap) because some 
of the trees are very tall such as Australian eucalyptus and Sequoia semipervians in 
which water moves to much great height like 400ft. or more. 

3.9.1. Path of Water 

Water from the soil enters the root hair and is transferred to the adjacent cortex due 
to the osmosis and diffusion pressure deficit (DPD), the process continues till it 
reaches the pericycle through endodermis. The upward movement starts when 
water moves to xylem from pericycle. The water column extends upto the leaf 
xylem through root xylem and stem xylem.  

For the continuous flow of water, xylem column must be unbroken. Cohesive 
forces of water molecules give the tensile strength which required remaining intact 
with the column. This is how the water pushed up in tall trees. In addition, some 
trees have evolved bordered pits which allow water to in or out from this column 
established pressure along the side wall of the cells. The pit membrane is a type of 
primary cell wall therefore it is reasonably flexible to respond the change in 
pressure by opening or closing the border on the pit.  
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3.9.2. Mechanism 

Ascent of sap can be easily explained in herbs or in small trees but in tall trees like 
Eucalyptus and some conifers where water reaches a height of about hundreds of 
meters, in fact, becomes a problem. There are many forces which help in the ascent 
of sap. Based on these forces several theories have been put forward to explain the 
mechanism of ascent of sap. For convenient these are divided into the following 
main categories: 

A. Vital force theories 

B. Root pressure theory 

C. Physical force theory 

A. Vital force theories 

According to these theories the ascent of sap is under the control of vital activities 
of the stem cells. Several works have supported this view. Two theories are 
explained this as follow: 

a) Pumping action or Relay pump theory: Godlewski (1884) advocated this 
theory. According to him the living cells of xylem are responsible for the 
ascent of sap. He suggested that rhythmic or alternate changes in the 
osmotic pressure of xylem parenchyma are responsible for upward 
movement. These rhythmic changes bring about a pumping action of water 
in an upward direction.  

b) Pulsation theory: Another strong advocate of vital force theory was Bose 
(1923). He found that the pulsatory mechanism is responsible for the 
upward movement. Bose suggested that is an alternate contraction and 
expansion occurs in living cortical cells nearer to the xylem that develops 
vital force called pulsatory force. He demonstrated the pulsatory 
mechanism in living cells by means of electric probe needle while working 
with Desmodium plant. 

Because some experiments performed by different workers, the vital force 
theories were rejected. The main reasons for the rejection of these theories 
were: 

i. After killing the living cells by poison or heat the ascent of sap 
continues in the stem through xylem. 

ii. There was no correlation between pulsatory activity and ascent of sap. 

iii. Many workers could not repeat the experiments. 

B. Root pressure 

According to this theory a hydrostatic pressure is built within the root system due to 
the absorption of large amount of water through roots, called Root Pressure. In all 
plants this pressure forces the water upward all along the length of stem. It is 
believed that some plants develop root pressure under favorable conditions, usually 
roots develop 2 atm pressures but very rarely it reaches 4 to 6 atm. It is known that 
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1 atm root pressure can push water upto 15 feet only. Consequently, 6atm root 
pressure can support the water rise to the altitude of just 75 feet and not more than 
this. Generally, it has been observed that numerous tall plants do not display any 
sort of root pressure. However, root pressure that establish in some kinds of plants 
is likely to occur when there is surplus water and high relative humidity in the 
atmosphere. Now it has become clear that the force responsible for the upward 
movement of water is not developed by root pressure but by something else. 

C. Physical force theories 

According to physical force theories the dead cells are responsible for the ascent of 
sap. There are several theories given by different researchers, a few are discussed 
here: 

a) Imbibitions theory: In 1868, it was proposed that imbibitional force is 
generated in the wall of xylem which causes the water to rise through the 
wall of the xylem. The upward movement of water by imbibitions is very 
slow but it generates sufficient pressure to carry water to any distance. It 
was supported by Sachs (1878). It is found that water moves through the 
lumen of the xylem therefore this theory is rejected. 

b) Capillary force theory: This theory proposed that tracheids and vessels of 
the xylem work as capillary tubes and water rise in the adjoining tubes of 
xylem due to the capillary force. There are many objections to this theory: 

i. A free surface is required for capillary action which is not possible in 
xylem. 

ii. To raise the water in tall trees a high magnitude is required. 

iii. Plant anatomy speaks against the law of capillary. 

c) Cohesion and transpiration pull: This theory is based on cohesive 
(attraction between similar molecules) and adhesive (attraction between 
different molecules) property of water. It was proposed by Dixon and Jolly 
(1894) and has been modified to understand some observations that were 
not explained before. This theory is also called suction force theory and is 
supported by notable scientists like Kramer and Kozlowski (1960). 

The moisture content is the most significant aspect that activates this process. At 
50% Relative Humidity the negative pressure generates diffusion pressure deficit 
(DPD) gradient. This DPD produces a most influential force for the quick exclusion 
of water from leaves into the air that creates one directional pull by water 
containing xylem columns. The dragging force on water containing xylem columns 
is called Transpiration Pull or Suction Pressure. Water adheres with the xylem cells 
due to adhesive force whereas due to cohesive forces water gets united to provide 
tensile strength to keep the column intact.  

Transpiration pull and cohesive force between water molecules, both these forces 
when work together becomes so powerful that water rises in the body of plant up to 
the top of plant within no time. This theory provides the best explanation for the 
ascent of sap, and is considered as the most successful theory. 
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3.10. Photosynthesis 

Photosynthesis is a key process letting plants, and chiefly trees, to trap the solar 
energy and converts it into chemical energy (ATP) and reducing power (NADPH) 
to synthesize sugar. Photosynthesis requires pigment, light, water and carbon 
dioxide to complete the process. Plant leaves keep resulting carbohydrate in cells in 
the form of glucose for tree. Photosynthesis characterizes brilliant bio-chemical 
reactions using six water molecules from roots and six carbon dioxide molecules 
from the air and produces one molecule of sugar. There would be no life on earth 
without the photosynthetic process. 

Generally, photosynthesis means ‘made up of polymers using light’. It is generally 
anabolic process that occurs within chloroplasts. These organelles are placed in the 
cytoplasm containing green coloring matter called chlorophyll. In photosynthesis, 
water has been absorbed by the tree roots and moved toward the leaves where it 
finds the layers of chlorophyll. In the meantime, carbon dioxide from the air is 
taken into leaves via stomata (leaf pores) and exposed to sun-light and a very 
important bio-chemical reaction materializes. Subsequently water molecules are 
broken down into oxygen and hydrogen combines with carbon dioxide in the 
chlorophyll (reaction center) to synthesize sugar. 

Additionally, an important byproduct of this chemical reaction is remaining oxygen 
that leaf releases back into the atmosphere. Released oxygen becomes an integral 
part of the air we breathe though the glucose is transported to the other parts of the 
tree as nourishment. 

From the photosynthesis, high amount of oxygen comes from the tree. Therefore, 
tree contribute substantial role for the maintenance of damaged environment 
Biochemical equation for this process is: 

6 carbon dioxide molecules + 6 water molecules +sun-light → glucose + 6 
molecules of oxygen 

6 CO2 + 6H2O + hv (light energy) → C6H12O6 + 6O2 

Many developments happen in a leaf, however none of them are significant than 
photosynthesis and the resulting biomass production. It has been observed that 
through photosynthesis, the solar energy is trapped in leaf structure and made 
accessible to other living things. Excluding some types of bacteria, photosynthesis 
is the only metabolic reaction in which organic compounds are produced from 
inorganic substances, with subsequent energy storage. 

Unluckily, approximately 80 percent of the earth's total photosynthesis is made in 
the ocean and mostly inaccessible to living creatures on the land. Therefore, stress 
is constantly on terrestrial plants to retain the pace. Entire sugar production on land 
plants is likely to be 40 billion tons in a year and much more than sufficient to 
sustain every living terrestrial organism at present. 

Mainly in photosynthesis light energy is first trapped by accessory pigment like 
carotenoids called trapping of light energy. Later it is transferred to reaction center 
to cause excitation chlorophyll molecules. Energy release from the excited 
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chlorophyll molecule is utilized in the synthesis chemical energy. Later chemical 
energy is required for the carboxylation, reduction and regeneration process of dark 
reaction. In a forest, height of the tree plays substantial role to receive considerable 
amount of solar radiation which ultimately effect on the production of biomass as 
an product of the photosynthesis.  

How does plant utilizes the solar energy and its incorporation in the process of 
carbon fixation in tress can be illustrated as in Figure 3.10 

 

Fig. 3.10 Light and dark reactions during photosynthesis in tree leaves 

3.11. Loss of Water by Transpiration 

In trees water is absorbed primarily by their roots and evaporation of water occurs 
through the stomatal openings called transpiration.  

3.11.1. Why do Trees Transpire? 

Transpiration occurs due to the following reasons: 

• Cooling: As soon as water evaporates fromthe leaf cell, some amount of 
energy is given out from the leaf cell. In this process energy is utilized to 
break hydrogen (H) bonds between water molecules; the energy used is 
converted to highly energetic gas molecules which are then released into 
the atmosphere and cools the tree. 

• Accessing nutrients uptake: Transpiration enhances nutrient uptake from 
the surrounding soil as the water that pass in the root contains many 
important soluble nutrients crucial for plant growth.  
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• Carbon dioxide entry: During transpiration, stomatal opening not only 
allowing water molecules to move out from the leave but also let carbon 
dioxide (CO2) to enter. Unluckily, much more water given out from the 
leaf than CO2 enters for three motives: 

i. CO2 is larger molecules in size than H2O and so they change to their 
target rapidly. 

ii. CO2 is merely 0.036% of the total air so the concentration for H2O 
moving from a hydrated leaf into a dry air is much larger than the 
gradient for CO2 entry into the plant. 

iii. CO2 has a relatively greater distance to reach its destination in the 
chloroplast from the air than H2O which merely must move from the 
leaf surface to the air. This irregular exchange of H2O and CO2 leads 
to a variation. The higher stomatal opening causes much easier 
opportunity for CO2 to enter the leaf to initiate photosynthesis; 
nevertheless, this greater opening (stomata) will also let the leaf to 
lose bulk amounts of water and face the threat of drought stress. 
However, those plants that can retain their stomata marginally open 
will lose smaller amount of H2O molecules in place of every CO2 
molecule that move in and will have better water use efficiency 
(WUE). Plants with greater WUE showed better ability to survive 
when available moisture in the soil is low 

3.11.2. How Fast does Water Move through Plants? 

Rate of transpiration depend on two major factors which are discussed as under:  

• Solar Radiation: The solar radiation is the driving force for transpiration. 
The difference in the amount of water (water potential) in soil and the 
plant surrounding creates a gradient, allowing water to flow in the 
direction of regions with less water. Water loss from the leaf surface into 
the drier atmosphere creates a suction pulling water up through the xylem 
tubes and water is sucked out of the soil by root hairs. The dry air around 
the plant creating larger the pulling force which result in rapid 
transpiration rate. Osmotic pressure and capillary rise assists water 
movement by transpiration pull.  

• Resistances: Three main resistances of evaporation in plants include 
stomata, cuticle, and boundary layer resistance. Transpiration rate will be 
slower when the resistance to water movement is greater.  

3.11.3. Factors Affecting Transpiration Rate 

Transpiration is supported by two significant factors including plant parameters and 
environmental conditions. 
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3.11.4. Plant Leaf Attributes 

Several factors effect transpiration rates comprising leaf number shape, size, 
stomata, and waxiness of the leaf surfaces. These leaf characteristics aid plants 
control transpiration rate by reducing water flow out of the plant.  

• Stomata: They are small breathing pores in the leaf that permit gaseous 
interchange where water vapor and CO2 enter the plant leaves. Guard cells 
regulate stomatal opening and closing. Plants control water loss via 
transpiration by opening and closing stomata. Once stomata are exposed to 
sunlight, transpiration rates increase; as soon as they are closed, 
transpiration rates decrease. Diurnal variation is affected by transpiration 
rate mainly due to stomatal response. Normally stomata are open in the 
day and closed during night. Normally transpiration cannot go beyond 
evaporation and under ideal conditions transpiration may attain 95% of 
evaporation. In the mid of winter, transpiration from deciduous trees is 
less than 15% of evaporation and when deciduous trees lose their leaves it 
nearly stops.  

• Boundary layer: It is a delicate layer of static air enclosing the leaf 
surface. When transpiration occurs, water vapors exit from the stomata 
reach the atmosphere through this layer where the water vapor will be 
vanished by moving air. Layers located on edges increase as leaf size 
increases causing substantial reduction in transpiration rates.  

• Cuticle: It is waxy and hydrophobic layer present on all above-ground 
tissueof a plant and serves as barrier that water cannot move through it 
very easily. The thicker the cuticle layer on a leaf surface, the slower the 
transpiration rate. Conifer needles are more efficient at retaining moisture 
than broadleaf trees because they have stiff, waxy leaves (needles) with 
small stomata that are buried in the leaf surface that is why conifers are 
found in drier and colder environments where water supplies are restricted. 

• Leaf area: Greater leaf area is responsible to increases transpiration rate. 
It was examined that at the uppermost part of the canopy, transpiration is 
higher than near to ground level. An exposed canopy eases transpiration 
compared to a closed canopy. Isolated tree has a greater transpiration rate 
than a tree in a forest surrounded by other trees. 

• Environmental conditions: Some environmental conditions accelerate 
transpiration rate while others have modified the plant’s capability to 
regulate water loss.  

• Relative humidity: It is the quantity of moisture in the air related to the 
quantity of moisture that air could keep at a given temperature. A turgid 
leaf would have a relative humidity near 100%, just like an atmosphere on 
a rainy day. When relative humidity (RH) is less, the air holds less 
moisture and increasing the transpiration rate. Higher the RH, more the 
moisture in atmosphere and there will be less transpiration. 
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• Soil water: The soil water is the main source of water for transpiration 
which is comes from the soil. It is important to have sufficient amount of 
available soil water for transpiration. Plants with suitable soil moisture 
will usually transpire at greater rates since soil delivers the water to move 
via plant. If the soil is dry, leaves will droop and wilt plants cannot 
continue to transpire anymore. 

• Solar radiation: Intensity of solar radiation is also a major factor that 
influences the rate of transpiration. Transpiration is greatest during the 
mid-day when maximum solar radiation is available and nearly stops 
during the mid-night. It was clearly observed that trees have to increased 
transpiration rate with increased temperatures and sunlight intensity. If it 
gets too hot, though, transpiration will shut down. 

• Sunlight: Light and CO2 becomes available to plant when stomata are 
open in the light so that becomes accessible for the photosynthesis. In 
dark, stomata are closed in most plants. At low light intensity at morning 
can cause stomata to open and they can access CO2 for photosynthesis as 
soon as the sunrays hit their leaves. Stomata are most sensitive to blue 
light, the light component prevailing at sunrise. 

• Wind: Wind velocity can change rates of transpiration by removing the 
boundary layer- immobile layer of water molecules enclosing the leaf 
surface. Wind velocity accelerates the water movement from the leaf 
surface when it decreases the boundary layer, the reason for that the path 
for water to access the atmosphere becomes shorter. 

3.11.5. How Transpiration Occurs? 

The water movement via plant is called the transpiration stream. The water 
movement during this pathway is initiated at the root epidermis and progressed 
symplastically and apoplastically to the endodermis and remains in the root’s 
vascular cylinder. The endodermal transport proteins accumulate the water and 
mineral solution then push them up to the xylem of each root, stem, and the leaf of 
the plant. In fact, in the leaf, the soil solution covers the cells in the mesophyll 
apoplastically, vanishes into the gas spaces among the cells, and given out from the 
leaf into the air via stomata.  

• Root pressure: The water influx into roots is not constant throughout the 
length of a root. Increased secondary metabolites deposition (suberization) 
in mature parts of the root resist water uptake through the endodermis. In 
fact, water consumption is inadequate to just before the cell elongation 
area at the tips of the root However, the key fact is that the transporter 
proteins in endodermis allowing root to accumulate minerals by means of 
active transport. This process utilized much sugar but markedly produces a 
more concentrated mineral solution exclusively from the vascular cylinder 
of the root. Osmotic potential is the process that causes water flow along 
with minerals and this can develop pressure within the vascular cylinder if 
the transpiration rate is relatively slower. The pressure that grows at the 
base of the xylem can drive water up to that column.  
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One manifestation of root pressure is guttation. A shoot often exudes a 
drop of liquid from the xylem is called guttation. Osmosis driven water 
uptake can pressurize the vascular cylinder (0.05 to 0.5 MPa) and can push 
xylem sap up several centimeters to perhaps a meter. Sometime, root 
pressure is also noticeable on leaves. In high humidity, chilling 
temperature, and lesser light duration, root pressure can thrust xylem sap 
through leaf mesophyll in and out from few relatively larger pores in the 
leaves called hydathodes.  

• Capillarity helps water to climb up the xylem: Capillary tube in xylem 
has function of bonding of the liquid to the cell wall of the xylem, and 
keep holding (cohesion) of the water molecules to each other that let water 
to climb up to the xylem (Figure 3.11). 

• Cohesion and cavitation: The water in the xylem column spreads from the 
root xylem through stem into the xylem of the leaf. All xylem column 
must be attached each other for the continuous flow water. As water is 
flown upto a high tree, the strength of tensile is desirable to retain the 
column constant. Cohesion of water particles is the real cause of tensile 
strength. Further, several trees have developed a bordered pits; anti-
cavitation tool. Laterally the side of the cells walls in xylem these 
bordered pits allow water to pass in or exit the column which is based on 
pressure and so on. The pit membrane is really a primary cell wall that is 
convincingly flexible. As soon as pressure varies in a tracheid, the 
membrane act in response by either terminating the border on the pit or 
opening the border on the pit. The regulated plug for the border is denoted 
as torus. 

• Evaporation from the intercellular spaces ofleaves pulls water up to the 
xylem: Water is evaporated from the mesophyll cells of the leaf into the 
humid air inside the leaf that eliminates water from the top of the water 
column in the xylem (A closer look has been presented in the Figure 3.11. 
to see the route of water in leaf and the pull which is regulated by capillary 
action in small pits on the cell wall surface). In large trees this process 
produced force that is well enough to lift the water against the 
gravitational force. This evaporation pull shouldn’t be undervalued. 

Fig. 3.11  Leaf 
anatomy showing 
the evaporation of 
water in leaf air 
spaces where it is 
diffused through 
stomatal pore 
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3.11.6. A Closer Look of Leaf Anatomy 

Water evaporates into the internal environment i.e. spongy parenchyma of the leaf 
then it moves out to relatively less humid environment outside through stomatal 
opening as shown in the figure 3.12. 

Arrows have a “wiggly” edge because they goes through the epidermis by means of 
stomata. The wiggly edges showed a resistance to the movement of water which is 
produced by the tiny stomatal opening and the outer layer of dead air (Figure 3.12). 
The rapid movement of water from internal atmosphere to external environment is 
determined by these two factors. The function of stomatal pore size and the 
thickness of outer layer is to regulate the rate of transpiration as discussed earlier. 

Fig. 3.12  Mechanism of 
transpiration 

 

 

The water potential in plant tissue is the measure of energy required to pull the 
water from one place to another, the more negative value of water potential cause 
stronger pull of water even against the gravity of the earth. Transpiration flow is 
explained by water potential and four components namely root pressure “push”, 
capillarity “climb”, evaporation “pull” and properties of water (osmosis, adhesion 
and cohesion). 

The sap present in xylem is a dilute solution containing minerals and its 
composition is almost same throughout the plant height. The potential of 
gravitation elevates 0.1 MPa in xylem tissue for each 30 feet in height. Australian 
Eucalyptus at 492 feet was the tallest ever known tree. The pulling force of water to 
this tree is pressure potential which is needed to nullify the frictional resistance of 
perforation plates etc hence stronger vacuum is needed for the upward movement 
of water in a large tree. 

3.11.7. Regulation of Stomatal Aperture 

The turgid living cells that surround the vascular bundle i.e. bundle sheath, help in 
the loading of monosaccharide to the phloem tissues whereas unloading of water 
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from xylem vessels. This water is pulled form these turgid cells and takes the 
apoplastic route and bathed the mesophyll cells. The apoplast fluid get concentrated 
after the evaporation and the diffusion of sugar from the cells of bundle sheath. The 
pressure potential is somewhat negative because water is being drawn through the 
pits from this non-cellular tract. The evaporated water from the apoplastic fluid 
diffused into the intercellular spaces in mesophyll of leaf. Now these intercellular 
spaces have low water potential than the apoplastic solution and higher humidity 
than the outer atmosphere of the leaf. Hence this situation in enough to derive the 
evaporation process or to remove the surplus water to the outside of the leaf. The 
outer environment is dryer as compared to the leaf’s internal environment. 
Difference in water potential provides the force to drive the movement of water 
vapors to outside the air through stomata.  

3.12. Plant Hormone and Plant Signaling Molecules 

Hormones mediate the intercellular communication and are produced in smaller 
quantities, like tiny messengers communicating around. They are also called as 
signaling molecules. It is thought that plant growth and development is regulated 
by five kinds of hormones which are as follows: 

• Auxin 

• Cytokinins 

• Gibberellins 

• Abscisic acid 

• Ethylene 

3.12.1. Auxin 

It was discovered because of Charles Darwin and his son’s observations in 1880s. 
They inspected that canary grass (Phalaris canariensis) coleoptiles twisted towards 
light, if the coleoptiles are covered with non-transparent foil then the coleoptiles 
didn’t bend. From this they concluded that the coleoptiles tip of this grass respond 
to the light. 

Various experiments have been conducted to observe the growth of modifying 
compound that was produced at the tip of the coleoptiles transported to the sub- 
apical zone and caused elongation of cell. The compound causing these changes 
was reported by F.G Went in 1926 and isolated in 1934 and named Auxin. 

Indole Acetic Acid (IAA) is produced in most metabolic active meristematic 
region. It is synthesized from the amino acid typtophan and there were two 
pathways in plants but Indole 3-Pyruvate (IPA) route appears to be major one 
(Davies 1995). Many investigators suggested that the auxin stimulates the cell 
division, cell elongation, xylem and phloem differentiation and growth of floral 
tissues. Further it was observed that auxin stimulates the lateral root development 
and initiation of root on stem cutting in tissue culture, production of ethylene at 
high concentrations (Raven 1992). The supply of auxin from apical region check 
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the growth of lateral buds and induce the bending against the light and gravity. 
Auxin delay senescence (aging) in leaf can inhibit / promote abscission 
(detachment) process in ripened fruit and old leaves via stimulation of ethylene. In 
some plants, it can also delay the fruit ripening or induce the fruit setting. With the 
company of ethylene auxin promotes the development of gynoecium in dioecious 
flower and flowering in some plants (Mauseth 1991; Salisbury and Ross 1992; Taiz 
and Zeiger 2010). 

3.12.2. Cytokinins 

Cytokinins (CKs) are known to be produced in roots, embryos and fruits, or in 
active part of the growing tissue. The fate regarding the relative proportion of auxin 
to cytokinins controls that where cells will develop i.e. higher level of cytokinins 
promotes the emergence of shoot whereas higher concentration of auxin induces 
the development of roots. In addition to that cytokinins perform many other things, 
for instance they delay the senescence by destructing older proteins and increase in 
the concentration of newer proteins. Many horticulturalists and shop keepers utilize 
this property to keep the freshness of flowers and leaves by spraying the cytokinins. 

All the naturally occurring cytokinins are adenine derivatives. In addition, free base 
CKs are also found as the riboside (ribose sugars is attached at position 9 on the 
ring) and as ribotide (ribose sugar moiety is esterifies with phosphoric acid at its 5 
position). Originally it is present in coconut milk and corn grain (zeatin). In 1940s 
their effects using coconut milk was first discovered by Folke skoog. Some workers 
reported that the effectiveness of cytokinins depends upon its type and plants 
species (Mauseth 1991; Raven 1992; Salisbury and Ross 1992; Davies 1995). CKs 
induces cell division (as its name indicates: Cyto = cell; Kinesis = division), cause 
leaf expansion by cell elongation, ensuring stomatal opening in some plants, 
stimulate the chlorophyll biosynthesis, growth of lateral bud-release apical 
dominance and in tissue culture stimulates the morphogenesis i.e. shoot initiation 
and bud formation. 

3.12.3. Gibberellins 

Gibberellins are the class of hormones produces wide variety of effects. The 
Gibberellin was named after its discovery in a fungus called Giberella fujikuroi (a 
pathogenic fungus of rice seedling). It is also known as gibberellic acid (GA) and is 
a group of chemicals that encourage the cell division and cell elongation. They are 
classified on their discovery, structure and functions as GA1, GA2, GA3 and so on 
(GAn). Recently 136 different types of GAs are identified from bacteria, fungi and 
plants. GA3 was first among the gibberellins to be structurally characterized. 
Chemically they are 19 - 20 carbon containing compound gathered into four or five 
cyclic rings. GAs initially synthesized through mevalonic acid pathway from 
acetyle CoA. 

Moreover, GAs is not only prevalent in flowering and non-flowering plants but also 
in ferns. GA produced in the actively growing tissues of the shoot, developing and 
germinating seed as well. However young root produced gibberellins in not 
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confirmed yet. Some evidence showed that plant leaves is the main source of 
gibberellin synthesis (Salisbury and Ross 1992; Sponsel 1995). 

Active GAs involved in several physiological processes. These processes and their 
effects depend on the type of GA and the plant species. Gibberellin stimulates the 
physiological processes including stem elongation, flowering in long day plants, 
breaks the seed dormancy, mobilize seed reserves, stimulates the germination by 
the production of important enzyme (amylase), prompt the production of 
androecium in dioecious plants, induces parthenocarpy or seedless fruit, hinder the 
aging process in leaves and in some fruits as well (Mauseth 1991; Raven 1992; 
Salisbury and Ross 1992; Davies 1995). 

3.12.4. Abscisic Acid 

Abscisic acid is a natural growth inhibitor originally involved in abscission. It is 
ubiquitously present in plants and is 15 carbon containing compound i.e. 
sesquiterpenoid which is produced through mevalonic pathway in plastids 
including chloroplast. The production of abscisic acid (ABA) in increased under 
drought, saline and freezing environments. The biosynthesis of ABA takes place 
via the production of carotenoids indirectly. 

In late 19th century (1963), Fredrick Addicott with his coworker recognized and 
characterized when they were studying those compounds which are involved in the 
abscission process in cotton fruits. The two compounds were separated named as 
abscising type 1 and abscising type II. Recently abscisin II is known as abscisic 
acid. In the meantime, the other two groups also discovered this compound. These 
two groups were led by Philip Wareing and Van Steveninck seperately and were 
working on bud dormancy in woody plants and abscission mechanism of lupine 
flowers and fruits. Plant biologists agreed to name this chemical compound as 
abscisic acid (Salisbury and Ross 1992). 

As the name indicate abscisic derived from the “abscise” which means to cut off or 
fall away. Scientists believed that ABA is involved in the in the abscission of 
leaves and fruits. Later, it was observed that other harmones are mainly involved in 
abscission process. ABA sometimes called as stress hormone because most of its 
functions are inhibitory however ABA promote some of the functions in plants 
(Salisbury and Ross 1992; Arteca 1996). During water shortage (drought) ABA 
synthesis increased and it stimulate many inhibitory actions including the closing of 
stomata, inhibit shoot growth, maintenance of dormancy, and induce transcription 
of gene for proteinase inhibitors against the wound which is involved in defence 
against the pathogens (Davies 1995; Taiz and Zeiger 2010). 

3.12.5. Ethylene 

Ethylene is a class of phyto-hormone usually found in gaseous state and it is the 
only member of its class. Ethylene is naturally occurring plant hormones and has 
simple chemical arrangement. It is ubiquitously synthesized in all angiosperm 
plants and is typically ascribed with fruit ripening and other physiological response. 
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In 1864, gas outflow from the street-lights displayed growth inhibition, plants 
twisting, and abnormal thickening in stems (Salisbury and Ross 1992; Arteca 
1996). In early 19th century (1901), Dimitry Neljubow a Russian scientist reported 
that the active constituent in the outflow was ethylene. Later, Doubt (1917) 
uncovered that ethylene stimulates abscission. After that, in 1934, another scientist 
Gane reported that plants produce ethylene. In 1935, Crocker suggested that fruit 
ripening and plant growth inhibition was caused by ethylene. To date, ethylene is 
now known regarding many other physiological roles in plant as well. 

Ethylene is produced in all higher plants from the precursor methionine (an amino 
acid). Ethylene production is varied with the kind of plant tissue, plant species, and 
the developmental stage of the plant. Generally, ethylene is synthesized from ana 
amin acid methionine in a three-main step (Salisbury and Ross 1992; McKeon et al. 
1995). For instance, Adenosine tri phosphate (ATP) is an important component in 
the ethylene synthesis from methionine. For instance water are combined with 
methionine in presence of ATP which results in loss of the three phosphates and S-
adenosyl methionine (SAM). Later, enzyme amino-cyclopropane carboxylic acid 
synthase (ACC-synthase) expedites the synthesis of ACC from SAM. 

For the completion of ethylene synthesis, oxygen is then obligatory for Acc 
oxidation by an enzyme called ethylene forming enzyme (EFE). The regulation 
regarding ethylene production has received substantial investigation. Study 
regarding ethylene is not only observed around the synthesis of auxin, respiration, 
and dehydration but also dealt with fruit-ripening. Enzyme ACC synthase plays key 
role in limiting ethylene synthesis and that is why this enzyme is utilized in 
biotechnology to delay fruit ripening in Lycopersicum esculantum (tomatoe) called 
as flavor saver (Klee and Lanahan 1995; Taiz and Zieger 2010). It was observed 
that ethylene break the dormancy, enhance plant growth and development. Ethylene 
may play substantial role in adventitious root formation, encourages leaf and fruit 
abscission, flower induction, femaleness inductionin dioecious flowers, accelerate 
flower opening, (Mauseth 1991; Salisbury and Ross 1992; Raven 1992; Davies 
1995; Lamber et al. 2009; Taiz and Zeiger 2010) 

3.13. Conclusion 

Anatomy of a tree is different from monocots. Being perennial in nature, cells of all 
the parts of trees are continuously in activity and they remain active for long times. 
Anatomical difference between the trees at various levels i.e bark, seeds, leaves, 
stem color, flowers and fruits, are their characteristic features and may be the result 
of long environmental adaptations. Water absorption, transpiration and their 
interaction with soil is an important aspect of tree physiology. As water moves on 
within the plant it carries substantial amount of mineral to produce metabolically 
active substrates. In last few decades, due to climatic changes not only affected 
small but there is also substantial effect on tree physiology. Moreover, in plant 
water relationship, plant anatomy and soil characteristic cannot be ruled out.  
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