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INTRODUCTION
 

Water is the most significant environmental factor in
 
Pakistan. Its abundance determines the unusually diverse types

of vegetation that occur. The diversity of forest types is
 
exemplified by the mangrove forests of the coasts of Karachi, the
 
riverain forests of the Indus basin, the scrub forests of the
 
foothills, and the coniferous forests that extend from the
 
subtropics through the temperate, and then to the subalpine
 
regions of the Himalaya. These forest types result from
 
variations in the season and amount of precipitation, the
 
evapotranspiration demands of the climate, and the adaptations of
 
plants tnat maximize the use of available water, yet minimize the
 
stress of water deficit or over abundance.
 

Pakistan's wood shortage is becoming increasingly critical,
 
and this is compounded by the need to improve the management of
 
watersheds. This demands greater emphasis in the reforestation
 
of cut over lands, and the afforestation of new areas. The
 
success of these new plantings will be improved by foresters who
 
understand the relationships of plants to the water factor.
 

These lessons were written for M.Sc. students enrolled at
 
the Pakistan Forest Institute, and the topics follow the approved

syllabus for the course in plant water relationships. However,
 
the lessons may be studied independently, or individual lessons
 
may be incorporated into courses in botany, ecology, and
 
watershed management. Since the principles apply to both woody

and non-woody plants, the lessons may also be studied by students
 
of agriculture.
 

The illustrations were copied from the references listed as
 
Additional Reading at the end of each lesson. These references
 
have been deposited in the Pakistan Forest Institute library.
 

Mark Behan, Ph.D.
 
Peshawar, August, 1992
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LESSON ONE
 

THE ROLE OF WATER IN PLANTS
 

By the end of Lesson One you should be able to:
 

....Recognize the seven roles of water in plants
 

....
Describe how water is responsible for the growth of cells
 

....
Describe how water provides thermal stability of plants
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THE ROLE OF WATER IN PLANTS
 

Water is the single most important constituent of living
 
organisms. In plants water has seven crucial roles.
 

I. Constituent
 

Water comprises 80%-90% of the fresh weight of herbaceous
 
plants, and over 50% of the fresh weight of woody plants.
 

II. Solvent
 
Water is the universal solvent; more substances dissolve in
 

water than any other substance. Because cf this water is the
 
medium in which biochemical reactants are dissolved in the cell,
 
and chemical reactions take place. Cell membranes and cell walls
 
are both very permeable to water, so water can move from place to
 
place in the plant. Water forms a continuous liquid throughout
 
the plant. It fills the central portion (vacuole) of mature
 
cells, the spaces between the cellulose microfibrills of cell
 
walls, and most intercellular spaces. The intercellular spaces of
 
leaves are an exception by being gas filled because of the need
 
for carbon dioxide exchange with the air.
 

III. Reactant
 

Water is a reactant in the biochemical reactions of the
 
cell. Among these is photosynthesis, where water contributes
 
electrons ultimately used in the reduction of carbon to a
 
carbohydrate, and hydrogen protons which play a role in ATP
 
(adenosine triphosphate) production. The oxygen evolved in
 
photosynthesis originates in water. Water is also a reactant in
 
the hydrolysis of plant food reserves such as starch. In starch
 
hydrolysis the elements of water are inserted between the glucose
 
units of the starch polymer, converting starch to sugar.
 

IV. Transport
 
Minerals absorbed from the soil are transported across the
 

root, up the stem, and throughout the plant by water movement.
 
Carbohydrates formed in photosynthesis are also distributed
 
throughout the.plant by water.
 

V. Growth
 

At the time of cell division the vacuoles of newly formed
 
cells are scattered and small. Minerals are absorbed and
 
deposited into these small vacuoles. This causes water to
 
diffuse into the small vacuoles, and they enlarge, creating
 
pressure inside the cell. This pressure expands the plastic
 
walls of the young cell, and this expansion is cell growth.
 
Eventually the vacuoles coalesce into a central vacuole, and the
 
walls become so thick they loose plasticity, so that at maturity
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the cell no longer expands, but does maintain water pressure

inside the cell.
 

VI. Turgidity
 

Mature cells retain their shape by the force of water
 
pressing against the inside of the cell walls. 
This pressure

keeps the cells turgid, and if the pressure is lost (e.g. from
 
excess evaporation, death, or being placed in salt solutions)

they may loose turgidity and become flaccid. 
 It is the turgidity

of cells that gives the shape to many tissues such as leaves and
 
annual plants that do not have woody or other strengthening
 
tissues.
 

VII.Thermal Stability
 

More calories of hEat are required to raise the temperature

of water than any other common substance. For this reason
 
plants, which are mostly water, can absorb a considerable amount
 
of heat (e.g. from sunlight), and only slowly gain temperature.

Similarly, the same number of calories must be lost in order for
 
the temperature of water (or a plant) to be lowered; thus plant

temperatures can remain above air temperature during brief cold
 
periods. The high water content of plants permits them to
 
maintain a more constant temperature than that of the air.
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LESSON TWO
 

PROPERTIES OF WATER AND SOLUTIONS
 

By the end of Lesson Two you should be able to:
 

....Describe the atomic basis for hydrogen bonding
 

....Describe the unique properties of water with respect to
 
liquidity, specific heat, latent heats, viscosity, adhesive
 
and cohesive forces, surface tension, and boiling and
 
freezing points, and how these are affected by H bonding
 

....Describe why water is referred to as the universal solvent
 

....Differentiate between bulk flow and diffusion
 

....Describe the physical cause for diffusion
 

....List the factors that affect diffusion
 

....Define vapor pressure and describe the effects of solutes
 
temperature, and pressure on vapor pressure
 

....Describe the effects of solutes on diffusion
 

....	List the colligative properties of water, and describe
 
how they are related to each other
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THE PROPERTIES OF WATER AND SOLUTIONS
 

I. Hydrogen Bonding
 

Many of the unique properties of water can be explained by
 
the way its two hydrogen atoms are attached to its oxygen atom.
 
The hydrogens are apart at an angle of only 105 degrees (Fig.
 
3.3), making the water molecule very polar, i.e., it has a
 
positive end (where the two hydrogens are located) and a negative
 
end (where a pair of oxygen's electrons are exposed).
 

The positive field of the two hydrogen atoms are attracted
 
to the negative field of oxygen's exposed electrons. This
 
attraction is called hydrogen bonding. The force of hydrogen
 
bonds is generally stronger than covalent bonds, but not as
 
strong as ionic bonds. The result of hydrogen bonding is that
 
water molecules have a great deal of attraction for each other,
 
and it is this molecular attraction that gives water many of its
 
properties (Fig. 3-4).
 

II. Liquidity
 

Most substances with molecular weights about that of water
 
(e.g. ammonia, methane) are gases at room temperature, but water
 
is a liquid because hydrogen bonding gives water an apparent
 
molecular weight much greater than 18.
 

III. Specific Heat
 

Water requires 1 calorie per gram to raise its temperature 1
 
degree, the highest heat requirement of nearly any substance.
 
This high requirement is due to strong hydrogen bonding, which
 
requires substantial energy to separate one molecule from another
 
by heat as occurs in vaporization and boiling. This high
 
specific heat also means that substances with high water content
 
require large energy inputs or withdrawals in order to change
 
temperature, thus adding to their thermal stability.
 

IV. Latent heats of vaporization and fusion
 

Some 586 calories are required to convert 1 g of water to
 
vapor at 20 degrees, more than five times the heat required to
 
raise the temperature of water from 0 to 100 degrees. This high
 
heat requirement may create "evaporative cooling" effects in
 
transpiration by removing large amounts of heat. An equivalent
 
amount of heat is liberated upon condensation, as in dew
 
formation. These two factors also add temperature stability.
 

In order to melt 1 g of ice 80 cal must be supplied. This
 
high heat of fusion is again caused by hydrogen bonding. Also
 
during melting the volume of water decreases (and its density
 
increases) because the packing of water molecules in the liquid
 
state is closer than in the solid. This is the feature that
 
causes ice to float, which is fortunate for life on earth. If
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the density of ice was cgreater than liquid water, ice would sink,
 
and because of the high specific heat of water it is likely that
 
ice would form at the bottom of lakes and oceans, and not melt.
 

V. Viscosity
 

Because the oxygen of a water molecule shares hydrogen
 
bonding with two other water molecules, the viscosity of water is
 
less than that predicted on the basis of the strength of its
 
hydrogen bonds. The sharing weakens the effective bonds, and
 
water flows more readily (is less viscous).
 

VI. Adhesive and Cohesive Forces; Surface Tension
 

Adhesion is the attraction of one substance for another, for
 
example, water molecules for cellulose, which both have hydrogen
 
bonding, and thus have strong attraction for each other.
 

Cohesion is the attraction of one molecule for another of
 
the same species, and as mentioned before, the attraction of
 
water molecules for each other is very high. In other words, it
 
is difficult to separate water molecules, i.e. to form vapor. It
 
is the cohesive and adhesive properties of water that allow it to
 
be transported to the tops of the tallest trees.
 

Surface tension is associated with water's cohesive force,
 
and it is quite high, permitting some things that have greater
 
density than water to remain on the surface, e.g. a carefully
 
placed needle, or a water beetle.
 

VII. Water the Universal Solvent
 

Because of its polar nature and hydrogen bonding, water is
 
able to "cage" many solutes, preventing them from crystallizing
 
and thence precipitating. Because of this caging effect, water
 
can dissolve a very large number of substances.
 

VIII. Bulk Flow and Diffusion
 

Many molecules move at a time in bulk flow of liquids, but
 
only one molecule at a time by diffusion. Both methods of
 
transport occur in plants. Bulk flow requires a pressure
 
gradient. Diffusion requires a concentration gradient, i.e., a
 
gradient of chemical activity or potential (Fig.2-4)
 

IX. Physical Causes of Diffusion
 

All molecules greater than 0 degree Kelvin (absolute zero or
 
-273 C.) are in motion. In the case of solids this motion is
 
restrained, less so in liquids, and little in gases. During their
 
motion molecules in liquids and gases especially are in nearly
 
constant collision with other molecules, colliding off in random
 
vectors. If a substance is in greater concentration, or has
 
greater potential or activity (e.g. by having a higher
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temperature) in one area than another, the statistical
 
probability is that these random vectors will travel farther
 

toward the area of less concentration or activity. This tends to
 

equalize the activity or concentration throughout space over
 
time, and this process is called diffusion (Fig. 1-4).
 

X. Factors Affecting Diffusion
 

Diffusion occurs in response to differences in
 
concentration. For example, when CO. is consummed by
 

photosynthesis a CO. concentration gradient develops from air to
 

the chloroplast. CO2 diffuses in response to this gradient. The
 

chemical potential, or more commonly and accurately in this case,
 
water potential, can also be affected by pressure, temperature,
 
adsorptive surfaces, and by solutes (Fig.l-4).
 

Pressure increases water potential, and thus the tendency
 
for water to diffuse, and so does an increase in temperature.
 
Adsorptive surfaces, (e.g. clay, cellulose) decrease water
 
potential by restricting the movement of water molecules, and
 
thus the tendency to diffuse is lowered. Water molecules cage
 
solutes, and the motion of these water molecules becomes
 
restricted, thus they are less free to diffuse. The
 
concentration of water molecules with sufficient enerqy to
 
diffuse is less in the presence of solutes (even though the total
 
concentration of water molecules per unit volume may remain about
 
the same).
 

Although the above factors determine the potential for
 
diffusion, the rate of diffusicn is determined by the steepness
 
of the diffusion gradient, i.e., the distance over which the
 
changes in concentration or activity occur. The less the
 
distance the more rapid the rate of diffusion.
 

XI. Vapor Pressure
 
Water vapor creates a partial pressure that is added to the
 

air in proportion to the amount of water vapor present. Water at
 
3
20 degrees and 100% relative humidity contains 17.31 g m H20
 

(absolute humidity), and this vapor exerts a partial pressure of
 
2.34 MPa (MegaPascals). Both the density and vapor pressure
 
increase with pressure and temperature (at 100 degrees the vapor
 
pressure of water equals atmospheric pressure at its boiling
 
point.
 

As noted above, vapor pressures increase with temperature
 
and pressure, and decrease with added solutes (Fig. 1-5)
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XII. The Colligative Properties of Water
 

The addition of solutes to water causes an increase in
 
boiling point because more energy is required to separate water
 
molecules involved in caging solutes. Solutes cause a decrease
 
in freezing point for a similar reason in that more energy must
 
be removed from caging water molecules so that they can come to
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rest with other water molecules in the ice crystal. Solutes
 
decrease the vapor pressure of the solution compared to pure
 
water. And since solutes decrease the ability of water to
 
diffuse, water will tend to diffuse into areas where solute
 
diffusion is restricted, even creating a pressure. This special
 
case of diffusion is called osmosis.
 

If any of the colligative values are known, the others can
 
be computed. For example, 1 mol of sugar in 1 kg of water will
 
lower the freezing point to -1.86 degrees, raise the boiling

point to 100.56 degrees, lower vapor pressure at 20 degrees by

0.041KPa, and create an osmotic potential of about 2.24 MPa.
 

Additional Readings_

Salisbury, F. and C. Ross. 1978. Plant Physiology. pp. 18-32
 
Taiz, L. and E. Zeiger. 1991. Plant Physiology. pp. 61-67
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LESSON THREE
 

CELL WATER RELATIONS AND TERMINOLOGY
 

By the end of Lesson Three you should be able to:
 

.... 
List the factors that affect the chemical potential of
water, and the relationship between chemical potential and
 
water potential
 

.... 
Define water potential, osmotic potential, turgor pressure
 

.... 
Describe plasmolysis and its cause
 

.... Describe osmosis and how it occurs 
in cells
 

.... 
Define matrix potential
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CELL WATER RELATIONS AND TERMINOLOGY
 

I. The Chemical Potential of Water
 

Chemical potential is a term used in thermodynamics. It
 
By
quantitatively expresses the free energy of a substance. 


comparing the free energy at one condition with another, the
 

capacity for work by a change in conditions can be determined.
 
In soil-plant water relations the work is water movement from
 

soil to root, cell to cell, tissue to tissue, etc., and that
 

movement is a form of work, requiring a free energy difference
 
from the origin to destination. The chemical potential of water
 

in this situation is referred to as water potential.
 
There are four factors that affect water potential: solutes,
 

pressure, adsorptive surfaces, and gravity. These same factors
 

that affect the ability of water to diffuse.
 

II. Water Potential T
 

Water potential, *, expresses the free energy of water in
 

pressure units, usually megapascals (MPa). The reference or
 

standard state of water is taken to be pure water at ambient
 
pressure and at the same temperature as the sample. The * at the
 

standard state, is assigned the value of 0, making it easy to
 

calculate the * of a sample by difference (Fig. 2-2).
 

III. Osmotic Potential r
 

ff defines the amount by which the free energy of a solution
 
has been reduced from that of the pure water standard by the
 
presence of dissolved solutes. It is also defined in units of
 

pressure, MPa, expressing the pressure that would have to be
 
exerted on the solution to raise its * to that of the water
 
standard (Fig. 2-2).
 

One mol of a non-ionizing substance,i.e. sugar, dissolved in
 

1 kg water, will exert n of about 2.25 MPa under ideal
 
There are deviations from this relationship in all
conditions. 


but ideal circumstances in dilute concentrations, but the
 

relationship does provide an estimate. Since ff, like the other
 

colligative properties, is determined by the portion of water
 

molecules involved in caging dissolved substances, materials that
 
in portion to the ions present. It
ionize, i.e. NaCl, exert an ff 


might be expected that 1 mol of NaCl dissolved in 1 kg water
 

would exert ff of 4.5MPa, since NaCl would be expected to ionize
 
to Na+ and CI-, but the actual ftis slightly less because the
 
NaCl does not exhibit complete, independent ionization.
 

IV. Turgor Pressure P
 

If solutes accumulate inside a cell, water with a greater
 
If the cell is an animal cell, e.g.
will diffuse into the cell. 


a red blood cell (erythrocyte) the cell will burst as the
 

14 



pressure inside the cell exceeds the slight strength of its outer
 
membrane (hemolysis). But plant cells are surrounded by a strong
 
cell wall, so as water diffuses into the plant cell, and since
 
water is virtually incompressible, pressure inside the cell
 
increases. This pressure is termed turgor pressure P.
 

If the cell wall is plastic as occurs in young, newly
 
divided cells, P may cause the cell to expand by stretching the
 
plastic cell wall, causing the cell to grow. As the cell matures
 
additional cellulose is deposited, forming a thicker, less
 
plastic cell wall. In this case P increases until it compensates
 
for the decrease in * caused by the added solutes, or f. Because
 
of the small surface area, plant cells can withstand turgor
 
pressures of 3.0 MPa or more, with slight expansion, but without
 
any sign of bursting.
 

The shape of non-woody plant tissues such as leaves, floral
 
petals, etc., is maintained by turgor pressure, the force of
 
water pressing against the inside of cell walls, making them
 
rigid. If the membranes of such cells is disrupted (e.g.by
 
heating) solutes leak from the cell, and it looses turgor and
 
becomes flaccid. Such tissues also become flaccid if placed in
 
salt solutions.
 

V. Plasmolysis
 

If an erythrocyte is placed into a salt solution it
 
shrivels, like a grape shrivels to a raison during drying. This
 
is termed plasmolysis. But if a plant cell is placed in a salt
 
solution the cell wall prevents it from shrivelling. At first
 
the cell looses turgor, just becomes flaccid, and if P = 0, it is
 
termed incipient plasmolysis. Plant cells may also undergo

negative turgor. In living cells negative turgor may cause
 
membrane disruption as the cytoplasm is pulled away from the cell
 
wall by its attraction to the shrinking vacuole. This kills the
 
cell, and the contents of its vacuole is liberated on death.
 

Negative turgor can also occur in dead cells. Among these
 
the xylem cells of wood are the most significant, and as will be
 
discussed in a later lesson, it is the negative turgor in xylem
 
cells that permits water transport to the tops of rapidly
 
transpiring trees.
 

VI. Osmosis
 

Osmosis occurs when a solvent is allowed to diffuse, but not
 
the solute. A differentially permeable membrane is required to
 
establish this situation, i.e. a membrane permeable to the
 
solvent, in our case water, but not to the solute.
 

Osmosis can be established physically by placing a
 
cellophane membrane over the mouth of a funnel and securing it so
 
tightly that no leaks occur around its edges. The funnel is then
 
inverted, and sugar solution poured down the stem to the flared
 
end of the funnel. Cellophane is permeable to water, but not to
 
sugar. If the inverted funnel with sugar solution is then placed
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in a beaker of water, water will diffuse through the cellophane

into the funnel, causing the solution to rise up the stem of the

funnel. In theory-, water should continue to rise up the stem
 
until the hydrostatic pressure of water 
in the stem equals the

osmotic potential of the solution. This phenomena is called
 
osmosis.
 

Living cells may accumulate solutes inside the vacuole to

concentrations of 100 fold 
or more that of the environment. The

accumulation of solutes and maintenance of them inside the cell
 
requires metabolic energy. 
 Cells may also synthesize an increase
 
in solutes, e.g. by converting starch to sugar. Such solute
 
accumulation decreases * in cell, cellular membranes are
 
differentially permeable, and water diffuses into the cell by

osmosis in response to the * gradient (Fig. 2.1).
 

VII. Matrix Potential
 

In addition to caging solutes, the free energy of water may

be lowered by attraction to the surfaces of substances too large

to dissolve. Colloids 
(e.g.clay particles) attract a surface
 
film of water, with a force termed matrix potential.


Consider water held by a piece of blotter paper. 
Water is

first attracted to the surfaces of the cellulose fibers that
 
comprise the paper, then water moleuules bridge the spaces

between fibers by their attraction to each other, i.e. 
the matrix
 
or composition of the paper. 
 Water is held in the paper by

matrix potential, and it 
is less free to diffuse the pure water.

Water in soils is also held by matrix forces. The matrix
 
potential of soil water plus its 
n determines soil*
 

VIII. Measurement of Cellular Water Attributes
 

A. Water Potential
 
The water potential of tissues (e.g. leaves, potato


disks) can be measured by the Chardakov method in which the
 
tissue is immersed in 
a graded series sugar solutions of

increasing concentration. If the ltissue is 
less than *solution,

water will leave the tissue and dilute the solution. The treated
 
solution is then compared with 
a paired untreated solution by

transferring a drop. 
 In this case the drop should rise in the
 
control solution, because the treated solution has become less

dense. 
When a drop from the treated solution is placed into its

paired control and it neither rises nor sinks, the Ttissue equals 
Tsolution which equals nsolution (Fig. 2-5).Water potential can also be determined by placing a

soil or plant tissue sample in 
a small chamber with strict
 
temperature control, and determining the vapor pressure in the

chamber by measuring the dew point by isopiestic psychrometry
 
(Fig. 2-5).


The water potential of soils may be also be determined by

placing the soil in 
a pressure membrane apparatus, applying

pressure to extract soil water, and measuring the amount of water
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that remains after extraction at various pressures.
 

B. Osmotic Potential 7r
 
n can be determined by expressing cell sap and
 

It can also
determining freezing point depression (Fig. 2-10). 

a graded series of sugar
be determined by placing tissues in 


solutions and determining which solution causes the tissue to
 

just loose turgor, a condition defined as incipient plasmolysis. 

zero turgor the ff of the bathing solution equals iT of theAt 

tissue. This method is illustrated in Fig. 2-11.
 

Table 2.1 gives the osmotic potential for several plants.
 

C. Tuger Pressure
 
P is generally determined by differences after
 

can be measured directly on a few,
measuring , and n. It 

specialized cells. The negative turgor that occurs in rapidly
 

a pressure bomb, which
transpiring plants may be determined by 

,i r -vcrihni in a Iater lesson. 
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Figure 2-1 (a) A mochanical osmomeler Ina beaker. 
(b)Acell as an osmotic system. 

Additional Ileadinci: 
Salisbury, F., and C. Ross. 1978. Plant Physiology. pp. 33-39
 

Taiz, L. and E. Zeiger. 1991. Plant Physiology. pp. 67-76 
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 solutions unJerH2O, atmospheric under pressure vari'.us pressures 

-, pressu re
+' atmospheric pressure I
 

C1t 

b Diffuslon of Water InResponse to A, 
+ an osmometer (containing a an osmometer (containing a solution)sclution) in pure water in a less concentrated solution 

H20 	 equilibrium 0 outside ( , ot osmometer 
solution @ o soee

@pressure solution, equilibrium 
builds up 	 111111- O pessure

-0.5- to 1.0 MPa 
®)H 20 -A 
diffuses in \\\ 

-t.0 	 © solution -f 
inside osmometer 

c Two Water-Potential Gradients 
a typical soil-plant-air 
continuum 

water 

0 
soi 
>caused 

leaf cell 

Seffects 

2. 

air at
-3.0-

98% RH 

Oplsur 
ad 	 blds up 

solusion 
inside osmometer 

sea 
water 

from sea water through a 
mangrove tree to the atmosphere 

leaf 
xylem sap, cell 

. \open 

air at 

20C, 
97.5% RH 

Figure 2-2 A schematic 
Illustration of various effects on 
water potential. Black rectangles 
show the water potential (scale on 

the left). Wavy lines indicate 
depression In water potential 

by solutes (the osmotic or 
solute component of water 
potential). Unbroken lines suggest 
the effect of pressure on water 
potential. (Arrows point up for 
positive pressure, down for 
tension.) Zig-zag lines indicate 

of relative humidities below 
100 percent on water potential of 
the atmosphere (discussed later in 
the chapter and in Chapter 4). (a) 
The basic effects of solutes and 
pressures, alone and ;n 
combination, on water potential of 

liquid water. (b) Diffusion 
of liquid water in response to 
gradients in water potential, 

showing how water potential 
changes as diffusion occurs into 
an osmometer. (c) Water diffusion 
down a water potential gradient 
from the soil thiough a plant Into 
the atmosphere and from sea 
water through a plant into the 
atmosphere. The sea-water 
example (note tension in the 
xylem sap) Is discussed in
Chapter 4 (see Figure 4-13). 
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Figure 2-5 Three different ways to measure water potential.
Osmotic potentials are calculated at 200C by equation 2.2.The vapor-pressure device Ismade by Wescor, Inc., Logan,
Utah. (Drawing and photograph used by permission.) 
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Tabl 2-1 Anme Examples of Empl~rkluly Delsimina 
Osmotic Potentials of Lave.m 

Species 

Shadscale (Atriplex conertifolia) 

(The most negative values 
are highly questionable.) 

Pickleweed (Alenrolfea occidentals)b 

Sageb-ush (Artemisia tridentata)4 

Salicomla (Salicornia rubra)8 

Blue spruce (Picea pungens)b 

Mandarin orange (Citrus reticulata)b 

Willow (Salix babylonica)b 

Cottonwood (Populus deltoides)c 

White oak (Quercus a/ba) 

Sunflower (Hefianthus annuus)c 

Red maple (Acer rubrum)f 

Watedily (Nymphaea odoaa)c 

Bluegrass (Poa pratensis)0 

Dandelion (Taaxacum officinale)c 

Cocklebur (X(anthum spp.)O 

Chickweed (Stellaria mela)c 

Wandering Jew (Zebnina pendula0 

White pine (Pinus montco/a)d, dry site, 
August, exposed to sun 

White pine (Pinus monticola)d, moist site, 
April, more shaded 

Big sage (Artemlsla tidentata)d, 
March to June, 1973
 

Big sage (Arternista tndentata)d, 

July to August, 1973
 

Herbs of moist forestsO 


Herbs of dry forests* 


Deciduous trees and shrubsO 


Evergreen conilers and Ericaceous plantsO 


Herbs of the alpine zone* 


Osmotic Potential 

#. (MPa) 

-2.4 to -20.5 

-8.9 

-1.4 to -7.4 

-3.2 to -7.3 

--5.2 

-4.8
 

-3.6 

-2.1 

-2.0 

-1.9 

-1.7 

-1.6 

-1.4 

-1.4 

-1.2 

-0.74 

-0.49 

-2.5 

-2.0 

-1.4 to -2.3 

-3.8 to -5.9 

-0.6 to -1.4 

-1.1 to -3.0 

-1.4 to -2.5 

- 1.6 to -3.1 

-0.7 to -1.7 
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LESSON FOUR 

MOVEMENT OF WATER IN AND OUT OF CELLS 

By the end of Lesson Four you should be able to: 

....
Use the Water Potential Equation to solve problems in:
movement of water between cells and solutions
 
movement of water between cells
 
movement of water between tissues
 

....Define imbibition potential
 

....Use the Water Potential Equation to solve problems involving

imbibition
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MOVEMENT OF WATER IN AND OUT CELLS
 

I. Water Potential Equation
 

11* =P - ff- *matrix - *temp - *gravity 

Water potential*(ttal) = Pressure - osmotic potential - matrix 
potential - WP due to temp. difference - WP due to gravity 

The above equation includes all of the common factors that
 
affect *. In previous lessons you noted that an increase in P
 
increased **, and that an increase in solute concentration, which
 
caused v to become more negative, decreased f*. Water can also
 
be attracted to surfaces, and to itself across spaces such as
 
capillaries. This attraction is expressed as *matrix and also
 

decreases **. Differences in temperature can also affect **;
 

cold water has less free energy than hot water. This is the
 

reason water vapor in the air condenses on a glass of iced tea,
 

and vapor is released from a cup of hot tea. Finally, ravty is
 
special form of P taking into account the hydrostatic heAd
 

created by a standing water column such as in the xylem at the
 
biase of a tall tree. Not all of these factors are used in most
 
water potential calculations.
 

II. Movement of water between solutions and cells
 

Example Problem 1. Suppose a cell with g = 1.0MPa is 
immersed in pure water ( = 0). What will be the i*, P, and * of 
the cell at equilibrium? 

Answer: i = P - n; I pure water = 0 (see Fig. 3.10 (a)) 

at equilibrium iel-- 0 = pure water 

in order for the Tcel] = 0 the water potential equation is 
used: 

Tcee1 Pcel - 7 cell or 0 = 1.0 Na P - 1.0 MPa 71 

By definition the cell 7t = IMPa, therefore the only way the cell 
could achieve i = 0 would be to increase turgor pressure to iMPa. 

Example Problem 2. Cell A and Cell B are adjacent and can 
freely excha:nge water. Cell A has 7t= 0.7MPa and P = 0.8MPa. 
Cell B has /'= 1.5MPa and P 1.0MPa. Will water diffuse from 
Cell A to B, or B to A? 

Answer: **A = 0.8MPa P - 0.9MPa v = -0.MPa j* 

B = 1.OMPa P - 2.5NPa it -0.5Mia tP* 

Since the @B is more negative, water will move from Cell A 
to Cell B. 
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III. Practice Problems (Figure 3.10)
 

1. A cell with v = 0.8MPa is allowed to come into
equilibrium with pure water. 
What will the *, g, and P of the
 
cell be when it reaches equilibrium?
 

2. A chain of three cells are connected by their ends, and
water is allowed to diffuse through them. 
The end of Cell A has
been dipped into a sucrose solution with v = 0.2MPa. 

Cell A g = 0.4; Cell B g = 0.3MPa; Cell C v = 0.6MPa.
What will the 
 ,r, and P of Cells A,B,and C be at equilibrium?
 

3. A root is in 
a soil with *matrix = -0.2 and v = -0.05.
 
?
'What is the * soil
 

Water in the xylem of this root is under a negative

pressure (tension) P = -0.5, because of rapid transpiration.


The cells of the root cortex has P 
= 0.4MPa and v = -0.8MPa

Determine whether the * gradient from soil water to xylem.


sap is sufficient for soil water to enter the xylem.
 

4. A leaf has v = -l.5MPa. What is the maximum *soil that

this plant can extract without loosing turgor?
 

5. What is n of a solution consisting of 0.5 mol.s CaCl2 in
 per kg water, assuming the CaCl2 becomes 80% ionized?
 

IV. Imbibition
 
Imbibition is a special case of'matrix potential. The term


is used to express the attraction that substances such as seeds

and wood have for water. The absorption of water by such

substances is termed imbibition. 
Water that has been imbibed is
held with considerable force. 
Water first absorbed is held with
 
greater force than that absorbed later, as the distance between
the absorbing surface 
(or diameter of capillary space) increases.

The process of imbibition causes the imbibant to swell, and there
 
is a liberation of detectable heat (why?).


Stone cutters have used imbibitional forces to split rock by
driving dry wo,.den wedges into cracks and then filling the crack
with water. The swelling wood can crack rocks. 
 Similarly, seeds

absorb water and hold it with considerable force, swelling enough

to rupture hard ground.
 

Practice Problem 6. 
Bean seeds were immersed in a graded

series of sucrose solutions, and it was found that water was

imbibed in lesser amounts from solutions as the concentration
 
increased until the seeds were placed in 
a sugar solution

containing 4 mols sugar kg-1 
water. What is the imbibitional

potential of the bean seeds? 
 (Hint: use the relationship of 1

mol kg-1 exerts v = 2.25MPa even though this relationship is
 
unlikely at such high concentrations.)
 

25 



Additional Reading:
 
Kramer, P.J. 1983. Water Relations of Plants. pp 46-53
 
Salisbury, F., and C. Ross. 1985. Plant Physiology. pp 33-49
 
Taiz, L., and E. Zeiger. 1991. Plant Physiology. pp 68-79
 

Answers to Problems
 

1. The cell will come into equilibrium at 4 = 0. 
Since it has n = 0.8MPa, P must also = 0.8 MPa. 

2. All. three cells will come into equilibrium with the solution 
into which Cell A was placed, namely with *solultion = -0.2MPa. 
For the different cells: 

General Equation 
P = * -

Cell A 0.2MPaP = -0.2* - (-0.4v) 
Cell B 0.1MPaP = -0.2* - (-0.3v) 
Cell C 0.4MPaP = -0.2* - (-0.6v) 

3. a. *soil = -0.2*matrix + (-.05n) = -0.25 
b. * xylem = -0.5 P = -0.5 
C. *cortex = 0*4P + (-0.8n) -0.4 

A * gradient exists from soil, across cortex, to xylem, and
 
water should flow in response to that gradient.
 

4. -1.5MPa
 

5. (0.5)(3)(2.25)(0.8) = 2.7MPa
 

6. (4) (2.25) = 9MPa 

26 



Pure water 0.1 MSucrose solution 

P = 0 MPa 
= 0 N n = 0.244 MPa= tp 0P n'p = P-n= 0 MPa 

tp = 0- 0.244 MPa 
p = - 0.244 MPa(a) 

(b) 

Flaccid cell 
Turgid cell
 

P = 0 MPa P = 0.488 MPa0.732 MPa n = 0.732 MPa-0.732 MPa' = -0.244 MPa 	 Sucrose 
concentration 

- -increased 

Cell after . 0.1 M Sucrose Cell after 
equilibrium w -0.24 M~aequilibrium 0.3 M SucroseS-0.244 MPa 1P- -0.732 MPa P = 0 MPa = 0.732 MPa	 iP=p+ =0.488 MPa +=0MPa 

'Pip = -0.732 MPa 

(c) 

(d)
 

Applied pressure squeezes 
out half the water 0. 1 M Sucrose solution-024o)Pa 

.. 	
m 

p 0.732 MPa 
= -0.244 MPa .n = 1.464 MPaP=w+n 0.488MPa 

P = p + n= 1.22 MPa 

(e) 

FIGURE 3.10. Five examples to Illusirate the concept of water potential and Its components. In (a),the water potential and Its components are Illustrated for pure water. (b) shows a solutioncontaining 0.1 M sucrose. In (c), a flaccid cell is dropped In the 0.1 M sucrose solution. Because thecell's starting water potential is less than the solution water potential, the cell takes up water. Afterequilibration, the cell's water potential rises to equal the water potential of the solution, and theresult Is a cell with a positive turgor pressure. (d) Illustrates how the cell is made to lose water byIncreasing the concentration of sucrose In the solution. The Increased sucrose concentrationlowers the solution water potential, draws out water from the cell, and thereby reduces the cell'sturgor pressure. Another way to make the cell lose water is by slowly pressing It between twoplates (e). In this case, half of the cell water is removed, so cell osmotic pressure doubles and 
turgor pressure Increases correspondingly. 
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LESSON FIVE
 

PRECIPITATION AND WATER CYCLE
 

By the end of Lesson Five you should be able to:
 

....Describe the cause of precipitation and the three major
 
ways in which the causative factor occurs
 

....Describe the effect of season of precipitation on vegetation
 

....
Explain how type, duration, and intensity of precipitation

influence precipitation effectiveness and vegetation
 

....Describe the fate of precipitation with respect to
 
interception and redistribution
 

....Gi 
ve examples of the effect of vegetation on precipitatio)
 

....Summarize the role of precipitation in the water cycle by

identifying precipitation sources, fates of water striking

plants, routes of water flow overland and underground, ani

the eventual return of water to water bodies or ground water
 
recharge.
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PRECIPITATION AND THE WATER CYCLE
 

I. The Cause of Precipitation
 

The major source of the water vapor in the atmosphere is
 
evaporation from large water bodies, principally the oceans. In
 
the equatorial regions especially, intense solar radiation warms
 
the atmosphere and evaporates enormous amounts of water from,the
 
oceans. This warm, humid air rifses, and in doing so cools,
 
condensing into clouds, and if cooled enough, precipitation
 
occurs. Rainfall is heavy over the tropics for this reason.
 

These warm, humid, tropical air masses arise as cells which
 
flow as a mass north and south of the equator. Some of these
 
masses are spun off their polar routes by the earth's rotation,
 
causing them to travel westward over land masses. If these humid
 
masses encounter heavy, high pressure, cold air masses, the low
 
pressure warm air tends to over ride them, gaining additional
 
altitude, cooling further, and precipitation occurs. These types
 
of storms are termed frontal or cyclonic systems.
 

The westward movement is confounded by the monsoons, but
 
essentially the same proccass occurs in which warm, humid air
 
masses from the seas are thrust into high elevation, either by
 
over riding heavy cool air masses, or by convection from air
 
rising from hot land surfaces.
 

At about 20 - 30 degrees north and south latitude (the horse
 
latitudes) cells of surface air flow back toward the equator to
 
replenish air that arose because of equatorial heating. This
 
causes atmospheric air cells to descend over the horse latitudes,
 
completing the circulation of the cell which rose because of
 
heating over the equator, spread north or southward, and
 
descended at the horse latitudes, then returned to the equator.
 

Air warms as it descends. The air's capacity to hold water
 
increases as it warms, discouraging precipitation, and thus the
 
great deserts and arid regions occur in the horse latitudes
 
around the world.
 

Warm, humid air masses may be forced to higher, cooling
 
elevations by two other means. If such air masses are forced
 
against mountains the air mass rises, cools, and precipitation
 
generally occurs on the windward side of the mountain system. As
 
this same air descends on the lee side it is drier, having lost
 
water on the windward side, and is warmed by descending into
 
higher pressure, thus its capacity to hold water increases. Lee
 
sides of mountains are in the "rain shadow" for this reason.
 
Mountain system cooling causes orographic precipitation. The
 
cooling process is termed adiabatic cooling, and amounts to about
 
1 degree 100m -1 . (See Figure 19-3)
 

In the summer air is heated near the ground, becomes
 
lighter, and rises. If water vapor is added such as by
 
transpiring plants, the water vapor rises with the air mass,
 
cools, and if it rises high enough, condenses to form clouds.
 
The heat of condensation can cause the air mass to warm and
 
continue to rise forming the tall, cumulus clouds of summer. This
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is termed convectional precipitation, and it essentially recycles
 

past cyclonic precipitation in place.
 

II. Season of Precipitation Occurrence
 

In a few climates precipitation is distributed evenly

throughout the year, but in most climates it is seasonal. 
 The
 
season of occurrence affects vegetation, depending whether it
 
occurs during or outside the growing season.
 

Both the northeast and northwest sections of North America

receive about 100 cm yr-I precipitation. In the northeast it
 
occurs primarily during summer, and the forests are mostly

deciduous broadleaves such as maple, hickory and oak. 
 Because

broadleaves display such a large leaf surface to gather sunlight

they are quite productive, but also would heat if not provided

water for transpirational cooling. 
They occur in the northeast
 
because the summer rains supply this requirement.


In the northwest most precipitation occurs during winter.
 
The forests are the more xeric conifers, because the summers 
are
 
arid even though annual precipitation is similar to the
 
northeast. (See Figure 19-7)


Seasonal variations may also cause substantial changes in

productivity. For example, in Nepal the monsoon usually begins

in mid-June. In some years the monsoon is delayed to early or

mid-July. When the delay 
occurs rice production is markedly

reduced because the final, enlarging grain development occurs in

the cooler, shorter photoperiod of September instead of August.
 

III. Types, Duration, and Intensity of Precipitation
 

Precipitation may occur as rain, snow, drizzle, fog, hail,
 
or dew. There may be variations over space of the amount of rain,

and especially snow fall. These are generally caused by wind.

The crown of an exposed tree will intercept more rain than a tree
 
inside the forest because wind causes the rain to fall at 
an
 
angle. Snow will be deposited deeper in a clearing than in the
 
forest because of wind turbulence over the clearing.


Snow may also cause mechanical damage to trees if their

shape does not allow snow to shed, or if they have retained snow
collecting large leaves. 
 Hail may also cause extensive injury to

plants, even causing bark wounds on some thin barked trees.
 

Fog is an important source of moisture for some forests,

especially in coastal regions. The crowns of such trees are
 
generally cooler than oceanic air, either because the land mass

is cooler, or the crowns have been cooled by nocturnal re
radiation to space. 
 When warm, foggy air encounters these cool

surfaces the fog conden,;es and drips off the crown to the ground

below. (See Table 5-A)


Some species of desert plants appear to absorb dew into

their leaves. Dew formation in the desert occurs because strong,

nocturnal radiational cooling of surfaces causes condensation,
 
even of air of low daytime humidity.
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Slow drizzles are generally more effective forms of
 
precipitation than brief intense storms because less of the
 
precipitation is lost by evaporation, interception, and runoff.
 

IV. Fate of Precipitation
 
A. Interception. The crowns, branches, and leaves of plants
 

intercept precipitation to varying amounts depending upon their
 
geometry. A broad, spreading crown intercepts more than the
 
conical, tapered crown. (See Figure 5 B)
 

Forests and individual trees have an interception storage
 
capacity, and this capacity must be filled before precipitation
 
can fall through the canopy to the ground. Examples of
 
interception storage include snow on branches, water films on
 
leaves, stems, and bark, and water droplets on leaves and in
 
needle angles. (See Table 5 -1, 5 - 2)
 

An important aspect of interception is that foliage and
 
stems absorb the impact of falling rain. Even though the force
 
of each raindrop is hardly significant, the accumulation of
 
millions of drops, if allowed to fall on bare ground, is
 
sufficient to compact the soil so that water infiltration is
 
reduced and the water either evaporates from the surface or runs
 
off without penetrating into the soil.
 

B. Redistribution. Although precipitation may fall evenly
 
over the forest canopy, as soon as it strikes the crowns it is
 
redistributed. Some of the precipitation is intercepted, some is
 
throughfall, and another amount may be directed toward the stem
 
by the geometry of leaves and branches. Precipitation is focused
 
to stemflow by trees with spreading, upturned canopies such as
 
palms. Palms and other trees with upturned canopies generally
 
have taproot systems and stemflow is directed to them.
 

Other trees have a geometry that directs precipitation to
 
flow across the crown and fall at the canopy edge. The most
 
active root systems of these trees are located just below the
 
projection of the canopy rim, and they tend to be more spreading.
 

C. Infiltration into the soil
 
D. Transpiration (see Figure 19-14 and Table 11.5)
 

V. Contribution of Forests to Atmospheric Water Vapor and
 
Desertification
 

About 20% of the global water vapor in the atmosphere is the
 
result of evapotranspiration from forests. It has been estimated
 
that 70% of the precipitation in North America originates from
 
water vapor transpired from forests. Deforestation removes the
 
plant water system that pumps water from the soil into the
 
atmosphere, and therefore it reduces rainfall because there is
 
less water vapor in the atmosphere.
 

Deforestation is an important component of desertification.
 
Once the process of desertification commences it is difficult to
 
reverse. The climate becomes too arid for tree growth, soils
 
become compacted because of the absence of foliage to intercept
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the impact of raindrops, runoff increases as 
a result of soil
compaction, thus less water infiltrates into the soil, and this
compounds the reduced precipitation. 
This process is believed to
be the cause for the expansion of the Sahara desert by steppe
woodland removal by grazing and fuel wood extraction.

The deforestation of the Amazon rain forest is of global
concern not just because of the loss of species by extinction


from this special habitat, but because the humid, tropical
forests contribute about 50% of the water vapor from
evapotranspiration that falls as precipitation. 
This means that
about one-half Amazonian precipitation originates from water
 vapor transpired into the atmosphere, and not from oceanic
 sources. 
 Loss of the enormous component of transpired water
 vapor in this huge ecosystem could affect continental if not
global climates if the Amazon were deforested.
 
Deforestation can also cause forests to convert to
marshlands in the high latitudes where precipitation equals or
exceeds evapotranspiration potential. 
After World War II Russia
imposed a heavy war damages debt upon Finland that required
Finland to log extensive areas of forest to obtain funds for debt
payment. 
After tree removal transpiration ceased, and the water
table rose to the surface. Most tree seedlings cannot tolerate
flooded soils, so 
attempts at regeneration failed. 
 Some of these
lands were eventually reclaimed at great cost by installing
drainage canals to 
lower the water table enough to allow the


seedlings to establish.
 

VI. The Water Cycle.
 

Examine Figure 5-C in order to familiarize yourself with the
inputs of water to 
the atmosphere from water bodies, evaporation
from interception and surfaces, and transpiration; precipitation
as 
rain, snow, fog, and rime (water deposits as ice on very cold
surfaces); runoff and evaporation from soil surfaces;
infiltration into the soil, to perched water tables and to deep
seepage, and into the ground water table which may recharge
streams and lakes by seeps and springs. Each aspect of the water

cycle will be discussed in future lessons.
 

Additional Reading:

Kimmins, J. p. 1987. Forest Ecology. pp. 263-270
Spurr, S. H. and B. V. Barnes. Forest Ecology. pp. 155-162;
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Elevation (M) Mean annual precipitation (rmm) 

0300600900 12000 500 1000 I50 200 2500 31.00 
Seattle I
 

Cedar Lake -

Snoqualmie 
Pass 

Lake
 
Keechelus
 

Lake 
Kachess 

Cle Elum 

Ellensburg 

Figure 19-3 Precipitation along a cross section of the Cascade Range in 
the vicinity o[ Stoqualmic ta-. Washington (47 25' N. lat.); the distance 
from Seattle to Ellensburg is approximately 152 km. (F:am Franklin and 

Dyrness 1969, Natural vegetation of Oregon and Washington, U.S. Dept. of 
Agriculture Forest Service Research Paper PNW-80.) 

Note the heavy windward precipitation and
 
the lee side rain shadow
 

Figure 5-A Fog Drip Under Vegetation at 1783 m Table 5-1 Annual Percent Interception Loss In 
Elevation on Mt. Wilson, California (Data from Various Different Mature Forest Types in the U.S. (Data 
Kittredge, 1948) from Kittredge, 1948) 

Precipitation Fog Forest Type Location Interception, %
 
Vegetation Beneath the Vegetation, Drip,
 

Type cm cm Mature hardwoods S. Appalachian Mis. 12
 
Oak-pinc New Jersey 13
 

Open (no vegetation) 58 0 Quaking aspen Colorado 	 16
 
Shrubs: 	 Pondcrosa pine Idaho 22
 

Crannihii sp.. 	 Lxdgep le pine Colorado 32
 
2.4 m tall 	 58 0 Douglas-fir Washington 34
 

Ties 	 Pondcrosa pine Arizcna 40
 
Canyon live oaks, 121 63 Nlaplc-beech New York 43
 

13.7 m tall Eastern hemlock Connecticut 48
 
Psemdlorsuganuiarocarpa. 122 64
 

12.2 is tall 
Pin ponderas .	 154 96
 

24.4 m tall 

Table 5-2 Effects of Stand Age and Tree Spacing on 
Interception Loss 

Interception Interception, 
Age, yr Las, cm % 

Eastern white pine. 10 30.5 15
 
S.Appalachian Mts.' 35 38.1 19
 

60 53.3 26
 

34 Spacing Stems/ha
 
Douglas-fir. 18 yr old, IO.00 12.7 15
 

Coastal British Columbiab 3.000 19.5 23
 
1.370 	 20.4 24
 

730 22.0 26
 

Thedat for white pine isempion Imnei 19411.are for awnual (Kitredge. 
The data for Dousglaa.ir ipply aao8.mnth period, May-Decembr tKanim. 

wspublikhd data). 
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Figure 19-14 Diagram summari.ing Ihe hydrological cycle in a

vegetation-soil system; the components are approximately to scale foran

annual rainfall o( I(XX) mn and evaporation of 5(X) mm. (Gutlation is the

exudation of liquid waler from leaves.) (From Ruttller 1975. "The

hydrological cycle in vegetation" in Vegetaion and the AI~tvoss;Iiere, vol. 1,

ed. J. L. Monteith. By permis,ion of Academic Press, L.ondon.)
 

Table 11.5 Utilization of Water by Forests in Various Parts of the World (After

Rutter, 1968)
 

Annual Evapotrans
pirallon Loss 

Annual Precipitatoln, Growing SeasonForest Type cm cm % Soil Water Deficit 

Nonher aiva 52.5 28.6 54 Negligible
conifer torest. 
USSR 

,Southern tail* 6)(0 32.9 55 Negligible
conifer forcst. 
USSR 

Spruce sand. 135.0 80.0 59 Negligible
Great Britain 

Mixed conifer and 165.) 86.1 52 Negligible
deciduous laoid, 
Swiiicrijnd

Mixed conifer and 201.7 54.2 21 Negligible

deciduous stand.
 
N. Japan

Evergreen rain 195.0 157.1 81 Small 
tlrei,. Kenya

Ik'kidi,.,"% 111.1. 45.7 42.4 93 Moderate 
IEuhopean IISS1
 

(Cto er puii. 12.1.11wnia E..7 .. rC "-ilih . 37
3 '
 liforn.a 126.ll 58.1) 46P4kcaping. Severe 
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LESSON SIX
 

SOIL AS A MEDIUM FOR PLANT GROWTH, AND HOW WATER
 
OCCURS IN SOIL
 

By the end of Lesson Six you should be able to:
 

....List the functions of soil with respect to plants
 

....Describe the factors that affect the ability of the soil to
 
anchor plants
 

....List the factors that affect soil fertility
 

....Describe soil pore space
 

....Define the forms of water in the soil
 

....Describe the factors that affect the ability of the soil
 
to store water
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SOIL AS A MEDIUM FOR PLANT GROWTH, AND HOW WATER OCCURS IN THE
 

SOIL
 

I. Functions of the Soil for Plant Growth
 

The soil serves three main functions in plant growth: to
 
anchor the plant; to serve as a reservoir and supply of mineral
 
nutrients; and to provide a water supply and reservoir.
 

II. Factors affecting the ability of the soil to anchor plants
 

A. Soil texture
 
Sandy and gravelly soils with little internal cohesion
 

may not provide a good anchoring medium. Soils on steep slopes

that are subject to plastic flow may disrupt rooting and also
 
provide poor anchorage.
 

B. Soil depth
 
Shallow soils underlain by a hard pan or rock, or
 

effectively shallow because of poor root growth may provide poor

anchorage. Root growth may be restricted to surface layers by
 
poor aeration caused by water saturation.
 

C. Plant characteristics
 
1. Genetic. Species differ in their rooting patterns,


and this affects how well anchored they are. Some species

develop shallow, spreading roots, others taproots, others deep

spreading roots, and still others have little root development.


2. Environment. The environment in which a plant

develops affects rooting. Trees that develop in the shade
 
generally have less root development than tress that develop in
 
open sunlight. Trees that develop as members of an even age

stand have less root development than those that develop

individually. These environmental tactors become apparent after
 
a forest is clear cut when windthrow of trees at the boundary of
 
the cutting block may occur because such trees are often shallow
 
rooted having developed as members of an even aged stand or in
 
the shade.
 

III. The Soil as a Mineral Nutrient Reservoir and Supply
 

A. Parent Material
 
The ability of the soil to supply minerals depends in part
 

upon their parent material. Residual soils that developed in
 
place from granitic rocks tend to be less fertile because of low
 
base ion (e.g. Ca, Mg) content of granitic rocks. Soils that
 
develop from calcareous rocks and basalt tend to be more fertile
 
because of the high base ion content of these rocks.
 

Most soils have not developed in place, but on parent

materials that have been transported by wind (loess, dunes),

gravity (colluvial), water (alluvial), ice (moraine, till), lake
 
bottom (lacustrine), or ocean bottom (marine). The mineral
 
supplying power of these soils is a composite of the mixture of
 
transported parent materials.
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B. Soil depth

The actual or effective (e.g. limited by water table,etc.)


soil depth and root penetration throughout the soil determines
 
the volume of soil available to the plant. The greater the soil
 
volume occupied by roots the greater the minerals available.
 

C. Exchange Capacity

Cations such as K+, C++, and Mg++, are prevented from being

leached from the soil by being attracted to clay particles and
 
organic matter. Clay, and to a lessor extent organic matter,
 
possess a cation exchange capacity (Table 3.1). That is, they
 
can bind one ion, but this ion can be exchanged for another,
 
e.g., a H+ can replace a K+ bound on the exchange complex.

Although the chemistry of cation exchange is beyond the content
 
of these lessons, it should be recognized that the greater the
 
clay content the greater the ability of the soil to store mineral
 
nutrients by preventing them from being leached, and the more
 
fertile the soil. Thus, loam soils are more fertile than sandy
 
soils.
 

D. Organic Matter
 
The organic matter in the soil functions as a reservoir of


minerals that is made available for absorption after organic
 
matter decomposition.
 

E. Decomposition Rate
 
The rate of organic matter decomposition varies greatly with


climate and vegetation type. In grasslands decomposition of
 
organic matter to humus is rapid, but the decomposition of humus
 
less so. The dark color of grassland soils is due to their high

humus content.
 

Organic matter decomposition in humid tropical forest soils
 
is so rapid, and leaching so intense, that the nutrient cycle

requires minerals be transferred back into twigs efficiently

before the leaf fall. Mycorrhizae fungi at the soil surface
 
absorb the minerals released by decomposition within a few
 
centimeters of the surface before the minerals can be leached.
 

The litter of conifers tends to be acidic and contain
 
tannin, terpene, resins', and other substances that resist
 
bacterial decomposition. The cool climate and short growing
 
season where some of these species are found in also discourages

bacterial activity, so much of the decomposition is by less
 
efficient fungi. 
As a result minerals remain in the undecomposed

litter. This is a transfer of the mineral capital of the forest
 
soil to soil litter, where it no longer is available for nutrient
 
cycling, and the forest soil fertility is reduced as a
 
consequence.
 

A common way in which these minerals are leased is by fire.
 
Burning removes the acidity and antibiotic chemicals, encouraging

bacterial activity on the remaining organic matter, and releasing

"pot ash" by fire. Ash contains inorganic minerals that are
 
available for absorption by roots.
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IV. Characteristics of Soil
 

Soil includes four major components: the mineral or rock
 
material plus the non-living organic matter that forms the solid
 
matrix of the soil; the soil solution and the air that occupies

the pore space; and the living organisms - bacteria, fungt,

algae, protozoa, insects, small animals,, and living roots that
 
give soils their special characteristics.
 

The pore space is an important characteristic of soils.
 
This space is continuous, but geometrically complex. In
 
saturated soils it may be water filled, and in dry soils air
 
filled. Pore space occupies 30% - 60% of soils. At field
 
capacity, i.e. filled with the amount of water the soil can hold
 
against gravity, 40% - 60% 
of the pore space is water filled.
 

More important than total pore volume is the portion of
 
pores that are of capillary dimensions in the soil compared with
 
larger pores. The portion of pore space of capillary dimension
 
(30-6-um or less) determines the amount of water available to
 
plants. Capillary pores hold water at a potential of -I.5MPa 
or
 
less, and this is available for plant absorption (Fig. 3.4).


The soil atmosphere must contain a substantial amount of
 
oxygen and low CO2 for root growth, mineral, and water
 
absorption. These conditions are maintained by exchanges between
 
the soil atmosphere and the air. Good soil aeration is promoted

by large pore spaces, absence of surface compaction, and periodic

flushing from downward moving water fronts.
 

Soil texture is defined by the portions of sand, silt and

clays in the soil ( Fig.3.3). Sand, silt, and clay are defined
 
by their size (Table 3.1). The least complex soil is a sand,

which contains less than 15% silt and clay. Sandy soils have
 
good drainage and aeration because of the large portion of large

pore spaces, but sandy soils have a much lower capacity for watc
 
storage because of few capillary spaces. In contrast, clay soi
 
have a large portion of capillary pore spaces, a large capacity

for water storage, but may have poor drainage and aeration
 
because of the absence of large pore spaces. A good soil for
 
root growth and water retention has pore space about equally

divided between small capillary and large non-capillary spaces.
 

V. Forms of Water in the Soil
 

The water content of a soil is measured as the amount of
 
water lost when the soil is dried at 105Q. Water may occur in
 
soils in three forms:
 

A, Gravitational water
 
Gravitational water moves down through the soil in response


to gravity. If a soil is flooded with 3 cm of water, a wetting

front will move through the soil in large pores to a depth of
 
about 20 cm, filling capillary spaces as the front moves. There
 
are enough capillary spaces in a common soil to absorb 3 cm of
 
water in 20 cm of soil, so when the wetting front reaches the
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20 cm level, no further downward movement occurs because all of
the gravitational water has been used to fill capillary spaces.

B. Capillary water

Capillary water is held in the soil At tensions greater than
-0.03MPa, the approximate force of gravity.

C. Unavailable water

Unavailable water occurs as A film on colloidal and larger
particle surfaces (hygroscopic water),. or in capillary pores so
small that it is held at forces greater than -l.5MPa. Some
plants, especially some that occur in arid regions, can extract
water unavailable to crop species, but as 
each component is
removed at one force,e.g. -2.OMPa, the water remaining is held at
nearly exponentially increasing force (Fig. 10.2)

D. Available water

Available water is that portion of soil water held against
gravity at a force greater than -0.03MPa, but less than -I.5MPa,
the generally accepted permanent wilting percentage for crop


species.

Soils differ in Water Holding Capacity (WHC). Most of the
difference can be accounted for by soil texture and the organic
matter content of the soil. 
 Soil texture determines the
distribution of pore sizes. 
 Sandy soils contain large pore
spaces, and most of the water that falls on sandy soils
percolates through it as 
gravitational water. 
Clay soils, at the
opposite extreme, contain a large portion of capillary spaces,
and thus have a high water holding capacity. Clay soils also
have a large portion of capillary spaces so small that the water
is unavailable 
(i.e. held at tensions greater than -l.5MPa), and
a large amount of water still remains in such soils after plant
roots have extracted all that-they can. 
 Soil-organic matter also
contains a large amount of capillary space which can act as a
sponge in soaking up and maintaining water for future plant


absorption.
 

VI. The Development of Soils
 

Soils development is determined by climate and the type of
vegetation that occurs on them, and it is recognized by the
appearance and type of soil horizons that develop. 
Figure 10.15
illustrates the soil development processes that typically occur
in coniferous forestssuch as blue pine forests in Pakistan. 
The
Ac horizon in this figure is typical of 
a coniferous forest
podzol soil. 
 It develops because coniferous litter is slow to
decompose and acid, and leaches iron-and aluminum from the Ac
horizon to the B horizon, where it is deposited. The other major
soil groups that occur in Pakistan'are laterites of hot regions,
and the pedocal and desert soils of arid regions.
 

AdditionalReading: 
 * 

Kramer, P. J. 
1983. Water Relations of Plants. pp. 57-69.
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Fig. 3.3. 
 Diagram showing the percentage of sand, silt, and clay in various soil classes. (FromSoilSci. Soc. Am. Proc. 29, 347, 1965.) 
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Fig. 3.4. Differences in amount of capillary pore space in an old field and in an adjacent forest
on the same type of soil. The large percentage by volume occupied by noncapillary pore space in theforest soil provides better aeration for roots. 1halso increases the rate of infiltration, as shown in Fig.3.13, and decreases tunoff during heavy rains. (From Hoover. 1949.) 
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FIGURE 4.1. Root hairs make intimate contact with soil particles 

and amplify the surface area needed for water absorption by the 
plant. The soil is a mixture of particles (both mineral and 

organic), water, dissolved solutes, and air. As water is absorbed 

by the plant, the soil solution recedes into smaller pockets, 
channels, and crevices between the soil particles. This recession 

causes the surface of the soil solution to develop concave 

menisci (curved Interfaces between air and water), which brings 
the solution into tension, or negative pressure, by surface 
tension. As more water is removed from the soil, more acute 
menisci are formed, resulting In greater tensions (more negative 
pressures).
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LESSON SEVEN 

INFILTRATION, MOVEMENT, AND MEASUREMENT OF SOIL WATER 

By the end of this lesson you should be able to:
 

....List the possible fates of a raindrop after it strikes the
 
forest floor
 

....Describe the properties of the forest floor and the mineral
 
soil that affect infiltration and water movement
 

....Describe the effec- of compaction on infiltration
 

....List the results (. poor infiltration
 

....List the factors that affect the movement of water in the
 
soil
 

....Describe why the forest floor is sometimes disrupted to
 
encourage tree seedling establishment
 

....Describe the effect of mulching on soil water
 

....Describe one method each for measuring soil water content,
 
field capacity, permanent wilting percentage, available
 
water, soil moisture tension, and salinity
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INFILTRATION, MOVEMENT, AND MEASUREMENT OF SOIL WATER
 

I., Infiltration into the Forest Floor
 
Infiltration is the movement of water from the atmosphere


into the soil. In forest soils the soil consists of two major
 
components: the organic forest floor, and the underlying mineral
 
soil.
 

The forest floor is composed of twigs, leaves, needles,
 
rotting logs, etc, that are still recognizable. After
 
decomposition the origin of the litter becomes unrecognizable. It
 
is then termed humus, and becomes incorporated into the mineral
 
soil.
 

Large pores and water holding capacity allow rapid movement
 
and retention of water into the forest floor. The forest floor
 
can hold one to five times its weight in water, and only after
 
the water holding capacity of the forest floor has been saturated
 
can water continue its downward movement into the mineral soil.
 
It may take many weeks and many centimeters of precipitation for
 
moisture recharge of the mineral soil following a prolonged dry

period because of water retention in the forest floor.
 

Very little surface flow occurs across the forest floor.
 
Such flow can occur on slopes or because needles or leaves have
 
been arranged like roof tiles, but it is then for just a few cm
 
or meters before the water forms pools in micro-depressions,

behind logs, etc., allowing additional time for infiltration.
 

The presence of the forest floor prevents the soil from
 
becoming compacted or forming surface crusts. The impact of
 
raindrops on mineral soil is the most common cause of compaction,

but it can also be caused by trampling, harvesting, and grazing.


There is one instance in which the forester may wish to
 
disrupt the forest floor temporarily, and that is when the forest
 
floor interferes with tree seedling establishment. Because of
 
the large water holding capacity of the forest floor, it may,

become wetted while the underlying mineral soil remains dry. In
 
such a case the roots of tree seedlings may grow entirely in the
 
forest floor, never tapping the large water reservoir that occurs
 
after the mineral soil becomes recharged. Because the forest
 
floor is porous it dries quickly, often killing the tender roots
 
of young seedlings. For this reason seeding is often more
 
successful when placed directly on the mineral soil. However, if
 
the forest floor is disrupted, additional measures should be
 
taken to reduce erosion.
 

II. Infiltration into Mineral soil
 
Infiltration into the mineral soil is affected by -oil
 

texture, structure, root channels, capillary pore size, and the
 
permeability of the soil surface. (Fig. 4.1)


Soil texture, the proportions of sand, silt, and clay in the
 
soil, determines the size of pores in the soil. In sandy ard
 
gravelly soils infiltration is very rapid as is water mcvement
 
through the soil because the pore sizes are large. 7rTclay soils
 
initial infiltration is rapid because the small capillary pores
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III. Movement of Water in the Mineral Soil
 
Water movement in soils is termed percolation. The rate of
movement is determined by the hydraulic conductivity of the soil.
 
A. Factors affectint soil hydraulic conductivity


1. Initial water content. Water moves as a wetting
front through the soil in the large pore spaces by saturatec

flow. 
Water in these large pores is called gravitational ;-to::.
The capillary spaces in the soil remove water from the large
pores, and hold the water in place against gravity. No further

liquid water movement occurs after all the water has been rnwced

from the large pores into the capillary spaces. A light-,
may saturate the first few cm of soil, leaving the lower depths

dry. (Fig. 4-11)


A soil which has been saturated and allowed to have allgravitational water drained is to be ataway said .ieid capacity.It is not possible to irrigate a field to 50- fie-ld c-apacitv,
only to field capacity to a certain depth. An esti.late for
 common soils is that 3 cm rain will wet a soil to field capacity

to a depth of about 15 cm.
 

2. Surface permeability or 
 crusts affect the hydraul4c

conductivity of the soil.
 

3. The amount and size of'the pore spaces affect
 
conductivity as mentioned above
 

4. The swelling of soil colloids and organic matter

reduces permeability. Some clays swell more than others.


5. Duration of rainfall. Slow, steady rains allow for
 
greater conductivity.


6. Percolation barriers such as clay pans, hard pans,
underlaying rock, restrict hydraulic conductivity.

B. Hydraulic conductivity

The hydraulic conductivity of soils range from 0.002 cm hr-1
 in poorly drained soils to 25 1
cm hr- in soils such as sands
that have little water holding capacity. Hydraulic conductivity


is determined by the hydraulic gradient (degree of saturation of
the soil at different depths), capillary forces, and gravity.

The hydraulic gradient is downward in wet periods, but in dry
periods the hydraulic gradient may be upwards against gravity
because of evaporative loss of water at the surface. 
Upward

movement of liquid water in capillary spaces is much more rapid
than the movement of water vapor. 
Thus, when the surface of the
soil.dries, capillary channels are broken, and continued

evaporative loss occurs at the much slower rate because the slow
 movement of water vapor in the drying soil. 
Mulching,' the
application of organic matter such as straw over the soil, will
reduce the loss of water by surface evaporation and is a common

practice for promoting seed germination and seedling

establishment by maintaining a moist soil surface.
 

C. Percolation
 
Water continues to percolate through the soil in the absence
of pans, and it may reach ground water and remain there. Or it
 may percolate through cracks in the bed rock to deeper levels,
later to reappear as seepage. 
Seepage moves downhill unil it
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either joins a water surface (e.g. lake or stream), forms a
spring, or joins subterranean water.

D. The upward movement of water
Water may rise above the ground water level in the capillary
spaces of the soil. Soil with fine capillary spaces may permit a
capillary rise of 1 m or more. 
Some 	deep rooted tree species
tap this continually moist zone as their primary water source.
Water that rises to the surface from perched water tables
may cause the soil 
to become saline in arid climates. Solutes
accumulate after evaporation because in arid climates the
evaporation potential exceeds precipitation, preventing the
solutes from being leached through the soil to ground water.
 

VI. 	Measurement of Boil Water
 
A, Water Content.
1. Soil water content is measured by drying a known
volume or weight o 
soil at 105 degrees, then re-weighing in
order to determine the amount of water evaporated.
2. The watp r content of soils in the field can be
determined by a neutron probe. 
This 	technique is especially
useful in watershed management. 
A thin aluminum pipe is driven
into the ground (neutrons pass through aluminum) and a probe
containing a fast neutron source is lowered down the pipe. 
When
fast neutrons collide with hydrogen atoms they are deflected,
slowed, and measured when they rebound back toward the probe
which also contains a slow neutron detector. Since water is the
primary source of hydrogen atoms, measurement of the slow
neutrons created by fast neutron collisions with hydrogen can be
used 	to estimate water content. 
(Fig. 4.3)
The probe allows measurements to be made at several soil
depths.
3. 
Soil water content can be measured by lysimeters. 
Soil
and plants are placed in containers than can be weighed.
Precipitation, evapotranspiration, and soil water can be measured
by periodic weight measurements of the lysimeter. (Fig.4.2)
 

B. Field aact (FC)

1. 
The ability of the soil to retain water against the
force of gravity can be measured by weighing a saturated soil
that 	has been allowed to drain for 24 hours.
2. FC is 
more 	commonly estimated in soils laboratories
by placing a sample in a pressure membrane apparatus, and
extracting all the water held in a saturated soil at a tension
less than 0.03 MPa. This approximates the force of gravity. 
The
soil is then weighed, dried, and re-weighed in order to determine
its water content (Fig. 3.19).
 

C. PermanentWitIng Percentage (PWP)
1. The classic method of determining PWP is to place a
plant, generally a sunflower, in a pot of soil, allow it to grow
so that its roots thoroughly penetrate the soil. 
The plant is
then 	allowed to withdraw water from the soil until it wilts.
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Permanent wilting is determined when the plant does not recover
 
turgor overnight when placed in a humid environment (e.g. under a
 
bell jar). The soil is then removed, weighed, dried, and
 
reweighed to determine the amount of water left after plant
 
extraction.
 

2. Since the classic method requires several days, a
 
more convenient laboratory method is used, again with the
 
pressure membrane apparatus. In this case water is removed at
 
1.5 MPa pressure, the approximate value that most crop plants can
 
extract soil. The water remaining after pressure extraction at
 
1.5 MPa is determined by weighing, drying, and reweighing the
 
soil, and this is expressed as the PWP. (Fig. 3.5, 3.19)
 

D. 	Available water.
 
Available water is computed as the difference between
 

FC and PWP. It also may be crudely estimated on the basis of the
 
texture of the soil. (Fig. 3.9)
 

E. SojjMoisture Tension or Water Potential 7
 
1. Soil T may be measured by a tensiometer. These have
 

a porous clay or ceramic water-filled bulb attached to a water
 
filled stem connected to a mercury manometer or other means of
 
measuring tension. Water is withdrawn from the porous bulb into
 
the soil under increased tension as mercury rises in the
 
manometer. Measurement is made at equilibrium and expressed in
 
MPa. (Fig.3.7, 3,7)
 

2. Soil f may also be measured by porous (often gypsum)
 
blocks in which electrodes have been inserted. The blocks are
 
placed into the soil, and the moisture in them allowed to come
 
into equilibrium with the soil moisture. The more water absorbed
 
by the block, the less resistance to the flow of electricity from
 
one electrode to the other. The blocks are calibrated to relate
 
resistance units to soil T. (Fig. 4.4)
 

3. Neither of the above methods of measuring soil T
 
takes into account of contribution solutes in the soil solution.
 
These are usually negligible in soils, but may be substantial if
 
soils approach saline conditions. In such cases soil T can be
 
measured using a colligative properties of water; the change in
 
vapor pressure wita change in T (Fig. 3.2).
 

In this method the soil sample is placed in a temperature
 
controlled chamber p7ith a thermocouple. Current is applied to the
 
thermocouple, which causes it to cool (Pelter effect). When it
 
cools to the duw point of the atmosphere in the chamber, which is
 
controlled by the soil T, a droplet condenses on the
 
thermocouple, liberating heat of condensation, which is measured.
 
Soil 7 is computed from the vapor pressure of water in the sample
 
chamber caused by water in the soil.
 

F.Soil S-1--'DtZ 
The most common method of measurement for salinity is
 

conductivity, using the relationship that the greater soil solute
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concentration, the greater soil conductivity since salts are
 
charged ions.
 

Additional Reading:

Kimmins, J. P. 1987. Forest Ecology. pp.270-272

Kramer, P.J. 1983. Water Relations of Plants. pp.73-82

Slavik, B. 1974. Methods of Studying Plant Water Relations.
 

pp.157-190.
 

Preitai 

Transpiration
S and 

Infflrationevprto 

Fig. 4.1. The hydiologic cycle, showing disposilion of precipitation by surface runoff, infilra
don, and deep drainage, and its removal from the soil by evaporation and transpiration. 

*).. Up 
Figure 4-11 Diagram illustrating the concept of capillary 
water in soil. In which the large particles represenl sill or sand 
and the smaller particles represent clay. Water Is adsorbed to 
the particle surfacos by hydrogen bonding, hydrating the 
particles. Forces of hydration extend farther from Ihe more
highly charged clay surfaces. Curved surfaces are the menisci 
that appear in the capillary pores of the soil; they result from 
surface tension in the waler. (Compare Figure 4-3.) (From W. 
A. Jensen and F.B. Salisbury. 1984, Botany, p. 253.) 
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Fastron- Slow neutron 
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Fig. 4.3. Diagram showing essential features ofa neutron meter. A source of fast neutrons and a 
counter for slow neutrons are lowered to any desired depth in the access tube installed in the soil. The 
slow neutrons reflected by the hydrogen in soil water armcounted and the results indicated on the 
attached gauge. The water content of a spherical mass o soil surrounding the counter is measured,
the size of the mgps increasing with decreasing soil water content. A special model is available to 
measure water in the surface soil. 

Ground 
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Steel collar 25" dia.hatchway26"ID---,, 1 
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' " Weighing 

" | device = 

I ISump I 

"....
FIg. 4.2. Diagram showing the principle of a weighing lysimeter, modified from England andLesesne (1962). It consists of a large container filled with soil, mounted on a weighing device. 

Electronic weighing mechanisms are often used. The lysimeter must be .urrounded by a border of
similar vegetation if the results are to be applicable to crops or stands of plants. Some lysimetry
problems are discussed by Hagan el al. (1967, pp. 536-544). 
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Fig. 3.19 Cross section of the RICIIARDS' prestre membrane apparatus (RIceIRDSJ947). Two'
brass halves (I) of the pressure chamber containing (see also dclail on right upper part of thefigure) soil samples (2) which arc placed in mctal rings (3) on cellophane visking film (4) lyingon metal mesh (5) and a brass plate (6). The samples are covered with a sheet of rubber (7)
which is pressurised through an inlet (8). The pressure 13controlled through the inlet (9). Excess 
water is expressed from the samples through the cellophane visking film, brass mesh and water 

outlet (10). 

Z(51 .Height
W 
 of water 

(b) 
Height Applied 

Hg of mercury pressure 

Expressed 
water
 

FRigre 3M Determination of soil water content by (a) the suction plate method and (b) the pressure membrane. S,soil sample; M. membrane permeable to water; U, water; Hg,mercury; R, rubber sheet; G, metal grille. In (a) the applied tension is the equivalent height
(mm of water) of the water and mcrcury columns and is, at equilibrium, a measure of thesoil water (matric) potential. In (b) the samples arc contained in a pressurized container andthe applied pressure provides a measure of soil waler (matric)potential. In both cases the
soil water content can be detennined at equilibrium. 

Total water
 
.Insitu \ 

3030 field Avialcapacity' waer0.e . Evial 


20 0.2 

> 10wiltingOo lermanentpercenltage 

Unavailable water 

Sand ' Sandy Loam Silt Clay Clay 
loam loam loam 

Fig. 3.9. Diagram showing the relative amounts of available and unavailable water in soils
ranging from sand to clay. Amounts are expressed as percentages of soil volume and as centimeters 
of water per centimeter of oil. (From Cassell. 1983.) 
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" 	 F1i 3.7 Soil tensiometer (diagrammatic). S,air-light stopper; ",tube filled with water (no 

air); V,4, 	 vacuum gauge (or manometer) to measure water tension; P,porous pot. 

Fig. 3.7 Diagram ofa soil tensiometer.s 
- mercury manometer, 2 - tenslo-j
 

meter tube, 3- porous cppu
 

0480 	 100 

(0) 	 Mb Available water Inthe soll M% 

Fig. 4.4. (a)Surface and edge views showing location of electrodes inaplaster of panis block 
designed to measured changes in soil water content by changes in resistance. The electrodes are 
pieces of stainless steel screen separated by a,plastic spae and enclosed in plaster of paris. (b) 
Resistancejn ols of aplaster of paris resistance block plotted over available soil water content of a 
slit loam soil. (After Bouyoucos. 1954.) 
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56 	 Fig. 3.2 Left: A cross section of the thermocouple psychrn~mctr (type A) for, measuring soil 

water potential (RAWLINs and DALTON 197). 1 - acrylic tubing, 2 --'flon insert, 3 

coppr lead wires soldered with cadmium-iin "low thermal" solder tosing stainless steel solder 

flux, 4 - copper beat sinks, 5 --chromel-p wire 0.025 zim, 6 --conslanan wire 0.025 rm., 
7 - porous ceramic bulb 2 er indiameter. 

Right: A thermocouple constructed BROWN (1970). 8 Tefloncrecn psychromter by 	 -

IIinsert, 9 - chromel wire (25 im diameter), 10 - constantan wire (25 prn diameter), 

copper lead wircs, 12 - epoxy resin. 13 - screen cage made of fine-mesh stainles-steel wire. 



LESSON EIGHT 

ROOT GROWTH AND ENVIRONMENTAL FACTORS AFFECTING 
ROOT GROWTH 

By the end of this lesson you should be able to:
 
....Describe the difference in origin of primary, lateral,
secondary, and adventitious roots
....Be able to identify tap, fibrous, flat, pneumatophore and
heart root systems
....
Diagram'the cross section of a primary rootincluding root
hairs, epidermis, cortex, endodermis, pericycle, phloem,
cambium, and xylem
....
Diagram the primary root in loaigitudinal section including
the root cap, meristematic, elongation, aid maturation
regions, and location of root hairs
....
Describe the origin and importance of mycorrhizae
....Describe three methods of inducing adventitious roots
....
Describe the effect of gravity, soil texture and structure,
moisture, aeration, flooding, temperature, and minerals
(including salts and Ph) on root growth
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ROOT GROWTH AND THE ENVIRONMENTAL FACTORS THAT AFFECT ROOT GROWTH 
I. Origin and Anatomy of Roots


A. Primary roots develop from meristematic cells at the root
tip, Meristematic cells are capable of cell division.

The embryo in plant seeds consists of a plumule, the
embryonic stem and leaves, and a radicle, the embryonic root.
During germination the cells at the tip of the radicle divide and
elongate, and eventually break through the seed coat. After
emergence from the seed coat the radicle becomes the first
primary root. 
The cells at the tip of the new primary root may
continue to divide and elongate, forming a tap root. 
(Fig.2.1)
 
B. Lateral roots develop from the division of cells in the
pericycle of a primary root. 
The dividing cells first form a
bulge that grows through the cortex of the primary root, and then
penetrates the epidermis. 
This is followed by organization of
the cells into tissues such as xyJem and phloem. Continued cell
division at the tip of the lateral root forms a new primary root,
since cell division is 
now taking place in the meristematic
 

region at the root tip. 
 (Fig. 15.2)
If lateral root development replaces taproot development, a
fibrous root system develops.

Plants may emphasize tap root development at one phase of
their life cycle, and lateral development at another. 
In the
important cottonwood, Populus deltoides, radicle growth continues
as a single, prinuary, taproot that may extend a meter or more
into the soil, where it eventually reaches the capillary fringe.
At the capillary fringe lateral root development replaces taproot
growth so this moist soil 
zone becomes fully utilized.
 

C.Secondary root development creates the woody roots so
important in the anchorage of most trees. 
 Cell division again
occurs in the pericycle of the primary root as 
it did in lateral
root development, but in secondary growth division occurs around
the root cylinder rather than in just one spot. 
Division in this
region develops into the bark tissues of the root. 
This causes
the endodermis, cortex, and epidermis of the primary root to
eventually sluff off.

Plants that develop secondary roots must have an active
cambium to develop woody tissue. 
The cambium is located between
the phloem and xylem of the root, just as it is in woody stems.
Cell division in the cambium develops into water and mineral
conducting xylem cells on the inside, and sugar and nutrient
conducting phloem cells on the outside of the cambium. Secondary
development may occur in both tap and lateral primary roots.
 
D. Continuedprimary rootgrowth is crucial for the plant,
even though in some species older primary roots may develop into
secondary roots. 
 Secondary development of bark tissue, and even
suberin deposits in the tissues of primary roots, restricts theabsorption of water and minerals, as well as 
insect and disease
 

58 



organisms from entering the root. 
 Water and minerals already
absorbed are kept inside the root by suberization and secondary
development, but continued absorption requires the presence of
 young, primary roots.

The developing region of the primary root contains a root
cap, where gravity affects root growth, a meristematic region
where cell division occurs, a region of elongation where the cell
expansion occurs that drives the root tip deeper into the soil,
and a region of maturation where the root hairs, xylem, phloem,
and pericycle cells develop, and later, the epidermal cells
become suberized. 
 The majority of water and mineral absorption
occurs in the elongation and early maturation rec-ions, where
water is then swept into the developing xylem. The development
of suberin reduces the permeability of the root 
in the older
portion of the maturation region (Fig. 15.2).
If primary root growth becomes restricted, maturation
continues. 
This includes the development of suberized cells.
This truncates the region of elongation, reducing the ability of
the root to absorb water and minerals.
 

E. Adventitious roots develop from stem tissue. 
 Some of
these may be aerial roots. 
The prop roots that develop near the
base of corn stocks, and the roots that originate on the branches
of the banyan tree (Ficus bengalensis) are examples.
Adventitious roots also form on underground stems such as
rhizomes and bulbs, and at the points where runners such as those
of strawberry touch the ground.

The development of adventitious roots is 
an important
technique of plant propagation. Foresters may obtain stem
cuttings from the small twigs of woody plants. 
 These are often
treated with a hormone to accelerate the development of
adventitious roots, and then the cuttings are placed in moist
soil and protected from excess transpiration to encourage
rooting. Adventitious roots develop from that portion of the stem
buried in the soil.
 
Another technique of developing adventitious roots,
especially in plants that are slow to root, is layering. 
A lower
branch, e.g. juniper, can be bent downward, and the bend held
down, covered with soil, and kept moist. 
This allows slow
adventitious root development while the shoot can still provide
photosynthate, and the stem can still obtain water from the
parent plant. 
After the roots have developed, the branch can be
severed from its parent, the new sapling trimmed back for better
root/shoot balance, and then transplanted.

A modification of layering is to wrap a portion of an aerial
branch with moist soil or peat, then wrap the soil with black
plastic and seal it. After roots grow into the soil containing
bag, the twig may be cut free and planted. This works well with


Ficus spp.
 

F. Mvcorrhizae are fungal infections that develop in the
roots of many perennial species. 
There are two types of
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mycorrhizae, endomorphic, where the fungal hyphae invade the
 

cells of the root cortex, and ectomorphic, where the hyphae
 

replace the cortex with a fungal sheath (Fig. 15.3).
 

Each host species is generally infected by a specific
 

fungus, and many of these are mushroom forming species. The
 

fungus obtains carbohydrates, amino acids, vitamins, and other
 
The mycelia of fungi are much
nutrients from the host plant. 


finer than roots or root hairs, and they have a much higher
 
Because of this the mycelia intensively tap
metabolic rate. 


large soil volumes and absorb minerals more effectively than
 

roots, especially in infertile soils.
 
The excess minerals absorbed by mycorrhizae are transferred
 

to the host. Nutrient enrichment of the host increases its
 

photosynthetic capabilities, which in turn provides more
 

carbohydrates, etc., to the mycorrhizae, which absorbs more
 
and both partners benefit from this
minerals for the host, etc., 


symbiotic relationship. (Fig.5.13, Table 10.3)
 

The root systems of
 r. Roots mi L develop into many forms 

different species of uncultivated plants are stratified in
 

different soil layers. The plant community can fully utilize
 

soil resources and avoid competition by root stratification. The
 

form of forest tree roots is affected by heredity and the
 

environment (Figs. 6.1, 6.6, 3.21, 10.10).
 

II. Environmental Factors Affecting Root Growth
 
If a root is placed
A. Gravity is detected by the root cap. 


horizontally a hormone is liberated by the root cap that migrates
 

to the lower surface of the root, inhibiting elongation on that
 

side. Normal elongation occurs on the upper side, causing the
 

root to bend downward.
 
B. Soil Texture may affect root growth because it controls
 

the availability of soil. water and aeration. (Fig.3.9)
 
Good crumb
C. Soil Structure nay affect root growth. 


structure promotes root growth, whereas compaction, impermeable
 

layers such as those that develcp frc.m hard pans or cultivation,
 

and rock layers all inhibit root growth. Roots may grow several
 

meters in deep, well aerated loess soils. (Fig. 6.9)
 
._ Soil Moisture affects root growth because roots grow
 

This is the origin
more rapidly in moist soils than dry soils. 

of the layman belief that roots can "seek out" water at a
 

leaky pipes and tube wells.
distance and grow to it, such as 

Roots grow randomly in all directions. When these randomly
 

growing roots encounter moisture they branch profusely.
 
E. Soil Aeration affects root growth when the soil oxygen
 

concentration drops to less than 10%, and/or the CO2
 
concentration rises. Flooding the soil reduces soil oxygen by
 

restricting exchange with the atmosphere, but microbial
 
. These
respiration continues anaerobically, liberating CO2
 

conditions not onl" reduce plant growth, but may make the root
 

permeable to wnter and eliminate mineral absorption, causingless 
though flooded, and develop nutrientthe plant to ;ilt, even 
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Some species adapt to flooding by the development of tissues
 
that help deliver oxygen internally to the root tip. The air
 
spaces in the stems of some marsh plants and the pneumatophores

of mangroves are examples.
 

F.iQlTemerture affects root growth by slowing or

stopping growth at low and high temperature extremes. The
 
temperature of best root function varies with species. Specdes

of warm climates adapt to higher soil temperatures than those of
 
cool climates, whereas they may not grow in the cold soils ideal
 
for plants from cool climates.
 

G. Minerals. Salt Concentration, and PH also affect roots.
 
Roots grow more rapidly in soils supplied wity nitrogen and
 
phosphorous. High concentrations of salt tends to slow down or
 
stop root growth, but there are considerable differences in the
 
tolerance of different species to saline conditions.
 

H. Allelopathy refers to substances released by plants that
 
affect the growth of other plants, either favorably or
 
unfavorably. Terpene excreted by Artemisia and Eucalyptus, root
 
exudates, leachates from the decay of plant materials, may be
 
sources of allelopathic chemicals that may inhibit root growth
 

Additional Reading:

Kimmins, J. P. 1987. Forest Ecology. pp. 239-242
 
Kramer, P. J. 1983. Water Relations of Plants. pp. 120-186.
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RGURE 15.2. Primary root growth.
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Fig. 5.13. Development ot liycorhizie on a pine root. 'ric Iong rixt I ear- a normal ro) cap
and root hairs. but mycorrhizal btliichcs, similar io those shown t Fig. 5.14 are developing from the
branches (short roots). The upper pan of the cross section represe is a mycorrhizal rx)t, the lower 
pan an uninfected root. (Front H.atch, 1937.) 

Table 10.3 Growth of Seedlings of Three Species With and Without Incorporationof Pisofithus tinctorius Inoculum into the Nursery Soil Mix in Which the Seedlings
Were Grown 

%$'eight at 16 Weeks after Seeding, ng 

Species and Treatment Shoot Root Total Shoot , ot Ratlo 

Douglas-fir' 
Inoculated 354 (51)" 15 ) 505411 2.36Conlrol 23 5 112 347 2.11
 

Likgepldl pine'

Iniculated 129 1(5849 521
 
(',m4 
 83 HI641 1.113 

WI. in g. of 7 Month Seetling 

Sholti/roo Stem diam.Shout Root 'lotul RtIa Ift. (cm) (film) 

I.ohlolly pine'
Inocula l d 8 9 2 6 .X.tI5 0 ) 3 .42 36 3 8) 8 . 0Conlrol 4 1112 ) 1 6 III i tat 20 ) 

"I)al Iir J A I)angertietd tunpubliqtiedi
 
'tPrcent inrc:dy .jiIIiuttItci. i iut.iioi
'l)aa Irii i jria Iry(iitiJtl7hi 63 
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Figure .-1 Types of root systems: (a) In poison ivy. the taproot is adapted to reach moisture 
deep in the ground. (b)The carrot taproot system is adapted to store food. (c) The fibrous root 
system of blue grama grass is adapted to absorb surface water. (From W.A. Jensen. et 4f. 
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Figure 3.21. 	 Modification of root systems of forest trees by site. 
(u,b) Taproots anit hearlroots with reduced upper
laterals: patterns found in coarse sandy soils un
derlain by fine-textured substrata. (c Taproot with 
long tassels, a structure induced by extended capil
lary fringe. (dJ Superficial laterals and deep network 
of fibrous roots outlining an interlayer of porous ma
terials. (e) Flattene," heartront formed in lacustrine' 
clay over a sand bea. () Plate-shaped root developed
In a soil with a reasonably deep ground water table. 
(g) Plate-shaped root formed in organic soils with
shallow ground water tabl.. (h) Bimorphic system of 
platelike crown and heartroot or taproot, found in 
leached soils with a surface rich in organic matter. 
(i) Flatroot of angiosperms in strongly leached soils 
with raw humus. (i) Two parallel plate-roots con
nected by vertical joiners in a hardpan spodosol. (k)
Pneumatophores of mangrove trees In tidal lands. 
(Aftr S. A. Wilde, Forest Soils, 1958, The Ronald 
Press Company.) 

Figure 10.10 
Th e nm' wIa, of rootsyscnm cimnr3nly f nd in {r,... in 
s m etree .ciesthe f wi' of dhc n xXi %under ,51 om n ,g genetic cwm
whenras in ol-rs th root form is mrea 	 rcf'ld-fm t.f lh e.wil cmdi.
lion. under which the tree ii growing. Intermdialc, betwcen th-se
three main types am cmmon. (Afler Arr.wm. 1977. Used by penis.
sion of the University or Toronto pris and the author.) 
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LESSON NINE 

ROOT FUNCTION AND ROOT/SHOOT RELATIONS 

By the end of this lesson you should be able to:
 

....List four functions of roots
 

....List four effects roots have on shoots
 

....Estimate the portion of the biomass of a typical forest that
 
is composed of roots and mycorrhizae
 

....Define net primary productivity NPP
 

....Estimate the portion of NPP allocated to root growth
 

....Discuss the variations in NPP allocation to roots caused by
 
site and age differences
 

....List the major effect shoots have on roots
 

....Discuss the effects of herbivory and shade on root growth
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ROOT FUNCTION AND ROOT/SHOOT RELATIONS
 

I. Root Function
 

A. Anchorage Roots keep the plant upright, but both species
differences and the environment affect how well roots function as
anchors. For example, spruces can often adapt to swampy areas by
forming a relatively deep and spreading root system for
anchorage. Most pines, although better adapted for drier sites,
and subject to windthrow in marshy areas because they do not form
 
spreading root systems.
 

B. Food Storage Secondary roots often function as 
food
storage reservoirs. 
Most trees store foods in roots toward the
end of summer, and many nutrients recovered from deciduous leaves
before abscission are also stored in roots. 
 At the time of

dormancy release in the spring these food reservoirs are

redistributed to the expanding buds and leaves.
 

Biennials such as beet and carrot are also examples of root
storage systems, but the plant anatomist will distinguish between
them and food storage in underground stems (e.g. potato, ginger).
 

C. Synthesis The conversion of inorganic nitrogen to
organic nitrogen ( e.g. amino acids) takes place in the roots of
most species, and the nitrogen is translocated to the shoot in
the organic form. Roots also synthesize several growth

regulators such as the hormones cytokinnin, gibberellic acid, and
abscissic acid. acid, as well as the vitamins niacin and
thiamine. Shoots are dependent on roots for these vitamins and
cytokinnin. 
Other substances such as nicotine are synthesized in

the root and accumulate in the shoot.
 

D. Absorption 
Roots are crucial for the absorption of water

and mineral nutrients.
 

E. Soil Channels 
Dead and decayed roots provide channels

for soil aeration and water movement.
 

F. Root excretion Root tips excrete substances, e.g.
sugars, that stimulate microbial activity. The zone of this
effect is termed the rhizosphere. Microbial activity in the
rhizosphere may be twenty-fold that in the rest of the soil, and
it includes microorganisms that fix nitrogen, decompose organic

matter, and release slowly available soil nutrients.
 

II. Allocation of Net Primary Production to Root Growth
 

Net Primary Production is the photosynthate that remains

after deduction for leaf respiration:

Net Primary Production = 
Gross Primary Production - Respiration
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Root growth in corn is 5-6 cm day"1 , and in pine at 2.5 mm
day Root growth must remAin continuous throughout the growing
season because only young roots absorp water and minerals.
Root biomass is the fraction of total biomass in an
ecosystem allocated to roots. 
 In polar regions root comprise
20 
- 45% of the total biomass, whereas in tropical rain forests
roots account for only 10 
- 20% of the biomass. In tropical rain
forests much of the mineral component of the ecosystem is
maintained in the stem and leaves, and dependable precipitation
reduces the need for extensive root systems for water absorption.
Root replacement requires a substantial allocation of NPP.
In scotch pine 50% of NPP is required for root growth.
A study of biomass allocation and NPP in Pacific silver fir
disclosed that in infertile sites 30% NPP was allocated to root
growth, whereas on good sites only 8% NPP went to root growth. On
good sites much more NPP could be used for above-ground
production. 
This study also disclosed an NPP root allocation of
35% in young (23 year old), 
but 66% in mature (180 year old)
stands. Mycorrhiza comprised 0.7% and 0.3% of the biomass in
these stands respectively, but they required 14% and 15% of NPP.
These studies disclosed that a substantial portion of forest
NPP goes to root growth, and that even though mycorrhizae are a
minor biomass component, they require a substantial component of
the energy allocation of forests for their maintenance.
 

III. Effect of Roots on Shoots
 

Many of the effects of roots on shoots were discussed in
Section I, Root Function. 
Roots supply water, mineral nutrients,
and growth regulators to the stem. 
The supply of the growth
regulator cytokinin affects the allocation of NPP, such as into
fruit development at one period and bud development at another.
Ci 
 -1 apple root stocks can affect fruit quality, as
demons" 
 grafting studies. 
And root stocks have also been
shown to affect the disease resistance of the scion or grafted
shoots, especially of grape and apple.
Damage to the root threatens the life of.the plant. 
A
classic case in forestry occurs when a root system becomes
damaged during road construction, permitting disease organisms to
breech the root's defenses and enter it. 
 Such trees may turn
yellow in a few years, and die some years later; often so much
time passes that the cause of death (mechanical damage to the
root) becomes forgotten.
 

IV. Affect of Shoots on Roots
 

The major shoot effect on roots is the supply of
carbohydrates to the root.
Many species are intolerant to shade because when shaded
NPP, is allocated to stem growth at the expense of root growth.
If this strategy is successful the stem may grow through the
shading canopy. 
If it is not, the plant will suffer, especially
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during drought, from a poor root/shoot ratio, as it becomes more
 
susceptible to drought-induced mortality.
 

Herbivory may benefit the plant by reduction of self
shading, but too much grazing or browsing will reduce the ability
 
of the plant to supply sufficient carbohydrate to the roots for
 
proper growth, once again exposing the plant to increased
 
mortality from drought or nutrient deficiencies.
 

Additional Reading:
 
Kimmins, J. P. 1987. Forest Ecology. pp. 46 - 48, 239
 
Kramer, P. J. 1983. Water Relations of Plants. pp. 121 - 123,
 

161 - 164
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LESSON TEN
 

WATER ABSORPTION MECHANISMS
 
ROOT AND STEM PRESSURE
 

By the end of this lesson you should be able to:
 

....Describe the path of water across the root
 

....Describe the difference in origin of the water potential

gradient between slowly and rapidly transpiring plants
 

....List the physiological requirements for osmotic 
(active)
 
water absorption
 

....
List the reasons osmotic water absorption is not adequate for
 
rapidly transpiring,tall trees
 

....
Associate stem, root, or phloem pressures with exudation in
 
maple, birch, and palms
 

....List the properties of water that allow it to be under
 
negative pressure or tension
 

....
Explain how passive water absorption occurs
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WATER ABSORPTION MECHANISMS
 

All mechanisms of water absorption i'equire a free energy
gradient from soil water to the water transporting tissue of the
 
root, the xylem. In order for water absorption to continue, that

free energy gradient must extend through the leaf to the

atmosphere. 
This gradient is referred to as the soil-plant
atmosphere system.


The free energy gradient is expressed as water potential 7,
and the gradient must be increasingly negative from water in the
soil to that in the xylem for absorption to occur.- In order to

resupply water being lost from even a slowly transpiring plant,

most water flow across the root must be by bulk flow rather than

by diffusion. Bulk flow occurs under a pressure gradient. The
 
pressure gradient is the primary T component that determines bu"'flow across the root. Gradients may be induced either by osmot-Q

potential or negative pressure (tension) in the water column.
 

II. Path of Water Movement Across the Root
 
Water is absorbed through the epidermis of the root,


especially the root hairs which greatly expand the root's

absorbing surface. 
Water may also be absorbed by mycorrhiza,
(Fig. 4.1)


Water crosses the cortex of the zoot in the cell walls ana

intercellular spaces, not passing through the membranes of
 
cortical cells. 
However, when the water encounters the

endodermis it is forced to go through the cell membrane rather

than around it because the radial walls of endodermal cells are
 
filled with waxy suberin.
 

The endodermis serves the important function of regulating

the traffic of minerals into the stele, or the core of the root
 
containing the phloem and xylem. Minerals that pass into the

stele are prevented from leaking back out by the endodermis. It
is this feature that permits osmotic water absorption. (Fig. 4.3)
 

II. Osmotic (Active) Water Absorption
 
The forces that create pressure gradients are very different


between slowly and rapidly transpiring plants. In slowly

transpiring plants, osmotic absorption may occur because minerals
 
accumulate in the stele making the Txylem more negative than
?,oil. An example of osmotic water absorption is as follows:
 

Assume F0il = -0.05 MPa, indicating a moist aoil, and thatthe xylem has accumulated solutes so that rUxlem 
= -0.15 Mia.

Using the water potential equation (Lesson Four) it can be seen
 
that the water in the xylem will be under pressure when it
 
reaches equilibrium with soil water. 

T'oil = -0.05 MPa = Txylem at equilibrium 

xylem = xylem + Pxlem 
05 MPa = -0.15 MPa +.10 MPa 
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In this example, water in a moist soil held with little tension,
 
e.g. oi = -0.05 MPa, would be drawn into the xylem because of 
its osmotic potential n. A pressure would be created in the xylem 
as a result of the osmotic absorption of water. 

Osmotic water absorption occurs in warm, moist, well
aerated, fertile soils, the factors that enable the root to
 
absorb minerals. It is sometimes called active water absorption,
 
because active, respiring cells are required for mineral
 
absorption. Under such conditions r, the measure of the osmotic
 
potential of the root xylem, may reach -0.1 to -0.2 MPa.
 

After the osmotic gradient has been established, water moves
 
from soil to the xylem until the gradient disappears, e.g. by a
 
drying soil or by pressure in the xylem. Soil water is
 
essentially being sucked into the root by the high mineral
 
concentration (osmotic concentration) in the stele, and then
 
forced up the stem to the leaves under pressure. Review that
 
relationship by study of Fig.8.2.
 

C. Effects o f Osmotic Water Absorption
 
1. Water Balance Osmotic water absorption can maintain
 

water balance in a slowly transpiring plant that is not very
 
tall. A root xylem with v = 0.1 MPa has sufficient osmotic
 
potential under ideal circumstances to raise a water column to a
 
height of 10 meters. This is sufficient for many shrubs and
 
herbs, but not for trees. In addition, related phenomena to this
 
have not been observed in conifers, the tallest trees.
 

2. Guttation Osmotic water absorption may cause xylem sap
 
to leak from special pores, hydrothodes, in leaves. Hydrothodes
 
are common at the tips of grass leeves. This is called guttation
 
and it occurs under conditions of very low transpiration when the
 
root acts as an oqmometer. Salts accumulate in the stele, soil
 
water flows into the stele in response to the T gradient created
 
by the minerals in the stele, and continues to do so even as
 
pressure develops inside the root. This pressure forces xylem
 
sap through the hydrothodes. If the water of guttation dries,
 
the remaining xylem salts and may cause tip burn of the leaf.
 
(Fig. 8.5).
 

3. Root Pressure. If the top of a plant using osmotic water
 
absorption is detached, and a pressure gage such as a mercury
 
manometer attached to the root stump, pressure may be measured.
 
This is called root pressure, and it is n plant expression of
 
osmotic pressure. Root pressure may reach as much 0.15 MPa under
 
unusual circumstances. Root pressure has not been detected in
 
many tree species. However, root pressure may be demonstrated by
 
tying a portion of a child's balloon on the stump of grape in the
 
spring, and watching the balloon swell with exuded sap until it
 
bursts.
 

4. Exudation. Many cuttings exude xylem sap from the root
 
stump. Volumes of sap from 20-100 1 during spring in birch
 
stumps, 1 1 per week in sugar cane, and 100 ml per day in corn
 
have been measured. Exudation is similar to guttation, but it
 
occurs from the cut stump rather than through hydrothodes. There
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may or may not be measurable root pressure in exuding stumps, but
 
the cause is once again the accumulation of minerals in the
 
stele, and soU water being drawn into the root in response to
 
the osmotic ' iradient created. However, even the most rapid
 
rate of exudation does not approach the transpiration rates that
 
occurred before shoot removal (Table 8.2).
 

Maple also exudes sap, but this is not caused by osmotic
 
water absorption. Maple stems alternatively expand and contract
 
on bright sunny days followed by cold winter nights. The
 
expansion and contraction of the stem pumps sap from the stem,
 
which, like birch, may be evaporated to produce a syrup.
 -1
 

Coconut, date, and Palmyra palms can produce 6 - 20 1 day


of exudate from a cut inflorescence. This sugary exudate is from
 
the phloem, which is also under pressure, and it is not related
 
to osmotic water absorption.
 

IV. The Role of Osmotic Water Absorption
 
Although osmotic water absorption may induce guttation, root
 

pressure, exudation, and maintain the water balance of slowly
 
transpiring plants, it has many limitations that prevent it from
 
being the sole, or even major mechanism of water absorption.
 

Root pressure has not been observed in many tree-and other
 
plants. Root pressure is necessary if water is to be moved from
 
the root to the shoot by osmotic water absorption. Even in
 
species that demonstrate root pressure, the pressure observed
 
under the best conditions would only support of hydrostatic head
 
of about ten meters, much less than ordinary tree height.
 

Under rapid transpiration the mineral concentration of the
 
stele will be diluted, destroying the n gradient am soil to
 
stele. (This is illustrated in Table 8.1). The iow T gradient
 
associated with osmotic water absorption does not allow a
 
sufficient pressure difference for rapid absorption.
 

Osmotic water absorption may be able to maintain water
 
balance in short, slowly transpiring plants, but another
 
mechanism is responsible for absorption in trees and most plants.
 

V. Passive Water Absorption
 
When transpiration exceeds the rate of water absorption, the
 

water in the xylem is placed under tension. Turgor is maintained
 
in leaf cells because they have high concentrations of solutes.
 
Water flows from the xylem cells, which have low solute
 
concentrations, into the leaf cells to maintain turgor, and on
 
through mesophyll cell walls to replace water lost by
 
transpiration.
 

Examination of Fig. 8.1 discloses a rapid increase in
 
transpiration in the morning, exceeding absorption, thus
 
developing tension in the water column. Absorption continues
 
late into the night after transpiration has ceased. This will
 
relieve water stress induced by rapid transpiration during the
 
day.
 

Water can exist under tension in the xylem cells because of
 
its high adhesion (attraction for the cellulose walls of xylem
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cells) and cohesion (attraction of water molecules for each
 
other) (Fig. 4-14). Only under exceptional circumstances
 
(e.g.hard freezing) is the cohesive and/or adhesive forces of
 
water exceeded by tension. If this happens water turns to vapor,
 
a bubble forms, and cavitation occurs (Fig. 4.6). The
 
construction of xylem cells restricts this bubble to just one
 
cell, and water in adjacent cells is able to flow around the
 
cavitated cell unhindered.
 

As water is lost from the surface of a leaf cell it is
 
replaced by pulling water through adjacent cell waiis, from cell
 
to cell, until it is pulled from the water in the cavity of a
 
xylem cell. As water continues to be pulled out of the xylem

tension is created, and this tension is relayed from xylem cell
 
to xylem cell down t the root. (Fig. 4-13).
 

An illustration of water potential equation of xylem root
 
cells is:
 

T root xylem I + P 

-10 MPa = -0.1 MPa + (-9.9 MPa) 
In this equation the osmotic potential r is a minor component of 
the root T. The major component is the tension or negative 
pressure. At this tension the Troot would be able to extract 
soil water at a tension of -10 MPa or less, and if ?soil was near 
field capacity, e.g. -0.5 MPa, rapid water absorption could occur 
because of the large 7 gradient. Compare this equation with that 
used to illustrate osmotic water absorption and to Table 8.1. 

The path of liquid water is continuous from the surfaces of
 
mesophyll cell walls in tha substomatal cavity of the leaf,
 
through the space in and between cell walls, across the cell wall
 
of the xylem into its interior cavity, from one xylem cell to the
 
next all the way down the stem to the root. This allows water to
 
be pulled from the soil to the leaf, and this process is
 
sometimes referred to as transpirational pull. It is also called
 
passive water absorption because the root acts passively as an
 
absorbing surface, and will function if anaesthetized, or even
 
dead or removed. It has also been referred to as the cohesion
 
theory because of the property of water crucial for passive
 
absorption.
 

The process of passive water absorption can continue in the
 
absence of roots as illustrated by cut flowers in a vase. it is
 
best to re-cut the flower stems under water to remove xylem cells
 
cavitated during the first cutting and thus insure improved water
 
supply to the flowers.
 

F. Measurement of Xylem Water Potential
 
The T_.._ can be measured by a pressure bomb. When a stem
 

using passive water absorption is cut, xylem water retracts from
 
the cut in both directions because it is under tension. The cut
 
branch (or leaf) is then be placed in a cylinder with the stump
 
(or petiole) projecting from it. Pressure is applied to the
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VI. Measurement of Xylem Water Potential
 

The V 1., can be measured by a pressure bomb. When a stem
 
using passRe water absorption is cut, xylem water retracts from
 
the cut in both directions because it is under tension. The cut
 
branch (or leaf) is then be placed in a cylinder with the stump
 
(or petiole) projecting from it. Pressure is applied to the
 
cylinder, and the cut examined for the reappearance of xylem sap.
 
The pressure required to force re-wetting of the cut by sap is
 
equal to the sap tension before cutting. (Fig. 3.F).
 

Additional Readings:
 
Kramer, P. J. 1983. Water Relations of Plants. pp.215-234.
 
Salisbury, F., and C. Ross. 1985. Plant Physiology. pp. 75-95
 
Taiz, L., and E. Zeiger. 1991. Plant Physiology. pp. 84-89
 

II(,. 

FIGURE 4.1. Root hairs make intimate contact with soil particles 
and arnplify lire surface area needed tar water absorption by the 
plant. The soil is a mixture of pprlicles (both mineral and 
organic), water, dissolved salutes, and air. As water is absorbed 
by the plant. the soil solution recedes into smatter pockets. 
channels, and crevices between the soil particles. This recession 
causes the rutface ot the soil solution to develop concave 
rneni~ci (curved interfaces between air and water), which brings 
the solution into tension, or negative pressure, by surface 
tension. As muie water is removed from the soil, more acute 
menisci are formed, resulting in greater tensions (more negative 
pressures) 

76 



RIRE 4.3. Pathways for water 
uptake by the rool Through the 
cortex, water may travel via the 

Casparian 
stop "pathway, 

apoplast pathway or the cellular 
which includes the 

transmembrane and symplast 
Xylem with heavy pathways. In the symplast pathway 
IsNU,,ocornary walls water flows between cells through 

the plasmodesmata without crossir 
Celular pathway -Poen the plasma membr&ne. In the 

ransmembrane) .. 
• transmembrane pathway. water 

moves across the plasma 
membranes, with a short visit to the 
cell wall space. At the endodermis. 
the apoplast is blocked by the 

Cortx Casparlan strip. Water entering the 
root's vascular system must cross 

Epidermis 
the plasma membrane of the 
endodermis. 

Enenerermis 

Selo 

Apoplasl pathway.----

Casparie strip 

-0.2 41. of guttation fluid 

'f -1.0 ', of xylem sap 

-1.5 '. of xylem sap 

( Root 

Xylem Cortical 
sap cells 

SOl 

Tp 
-2.0 
40.5
-1-.5 

-5.0 
+4.0
-1. 

-

-0.3 

Fig. 8.2. [)ccrca.%c in o&1.4tic lnitial. '',. tit xylcm sap a., it nx)vcs upward. cau.d by 77 
transfer of salt to living ccll, adjaccnt to the xylent. The amount of decrease is based on data from 
Klepper and Kaufmann (1966) end Ocrlli 419M6). The tainler data illustrate how. in slwly transpir.
Ing plants. a gradient in waler rotcntial can occur i'nmi motist %oilto rtou xylem @mrUothe rotif corex. 
whh has a much lower mmtic potenlial than cithcr soil or rwit xylem but an intermediate walq 
potential. (From Kramer. I~69.) 



Xylem 

Fig. 8.S. Diagram of a hydatlhlde showing a pine. thc underlying cpilthc. and lerminalkM or 
xylem. The cpihcmn is merely a ns, of thin-walled parenchyma with large intcnellular -paM. 
dumugh which water can move readily. Ilydathodes often resemble incompletely diffcrenliatcd 
Momaa with nonfunctional guard cells. They usually occur at the lips and along the margins of 
leaves. (Adapted from several sources.) 

TABI.E 8.2 A Comparon of Ixudatlun with the Rate of Trantuplrallun prior to Removal 
ar the ToWpg" 

Tranmspiration. Exudation, 
milliliters of millililers of 

water per plant water per plant 
per hour per hour 

Exudatiom as 
Number First Socrnd First Second percent of 

Species of plants hour lkur hour hour Iranspir.alitn 

C'odeu.1 6 8.6 s.7 0.30 0.28 3.2 
Ilibil.lis 5 5.8 6.7 -().()1 0.05 0.7 
Impatiens 6 2.1 1.9 Tops -0.22 -(i.06 
Jlflianthu.s 8 4.3 5.m rnoved (I.II (.0' 0.4 
Tomato (I) 6 0 	 -0.62 01.(17 0.6101. 11.0 
Tutatao (2) 6 7.5 8.7 11.14 0.27 3.1 

0 Rapidly transpiring plant%usually show ahmrptii of %.atertlmreough the stuUps during at least 
tlk: firi halr hour after the hips arc rcmovcd. exudation bejginning only alter the water deflic ti in ihe 
nail system is eliminated. 

,Frm Krjnowr (19.'). 
A ininus sign indicates absorplion of water by ik; stumop instead ol cxudation. 

'Percentage relalions are Iha.d on Iranspirali,,n and exudation rale ftir the second hour. 

TAILE 8. 1 RelatIve Water PotentiaLs In Soil, Root Cortex. and Xylem Sap or Slowly and 
Rapidly Transpiring Pants In Sril at Approxlmately Field Capacity, 

Slowly Iranpiring planul, Rapidly iranspiring plant. 
oshmolik absorplion passivc absorption 

Soil 'oric Xylem sap Cortcx XylCm sap 

78' 	 - 0.01 -0.5 -0.2 -0.05 -0.057P., 	 - 0.02 - 

- .4 -01.05 (). --(.5 1( 
(.(13- o'.I - I.I -I. I. -(.4 -0.55 

" Values arc cslimalcs in onegapawal,. The positive prcssur in the xylem of the slowly Iranspir
ing plant oftcn rcsul:s in gullation. 
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FIGURE 4.8. The origin of tensions or 

Rais ot Flytostafuc 	 negative pressures in cell wall wait 
civli km tiie(~)of the last. As waler evaporates from 

the surface film covering the coil 
(a) 50 0 waells of lbs mesophylt. water 

withdraws farther itno t Intersices,I...=, 	 ()()0055- 03 between neighboring calls. aind 
r 

(d) 0 05 -3 surface tension effects reault in a 

(a."' 	 phase. As the waler potential 
decreases, liquid water remains only 
In the smaller cracks and crevices in 
and between coll waits, and the 
radius of curvature of the meniscus 

Cell wal progressively decreases. As the 

radius o curvature decreases 
' 

- Nucleus 	 (dashed lines). the pressure 
decreases (becomes more 

enegative), as calculated lrom the 
equation P - - 2Tir. where T is the 
surface tension of water and r Is the 

Ai r radius. 

Water .. 
1m 

FNO 4-14 Method of measuring te cohesive propee of 

waler utilizing a cenrifuged Z-lube. Small arrows indicate the
direction of cetrifugal lorce and the principle of balancing.The shap of the Z-lube prevents waer from flying out elle 

tension here end of the tube. 
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FRE 4.6. Detours around a vapor-locked vessel member. 

Trachelds and vessels constitute multiple. parallel. 

Iuterconnected pathways for water movement Cavitation in this 

eample blocks water movement within the cavitaled vessel 

member. However. because these water conduits are 

Interconnected through wall pits. cavilaticn of a vessl or 

tracheid does not completely stop water movement in [he cell file. 

Waler can detour around the block by moving through adlacent 
The spread of the vapor bubble throughouttracheary elements 


the xylem is eventually stopped by an imperforate end wall.
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(a) O 
Waler Colojnn 
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before excision 
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W co(n 	 W atr co l 
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after excision 	 wren pressure 

balance is 
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Compressed 
Chamber gas 

cylinder 

The diagram at 
FIGURE .F. The pressure chamber metho 

shoot sealed into a chamto:er. which may be pressurilza .ith compressed gs. 
for measuring plan; waixwrDotenlial 

he ellshows a 

The diagrame at righ! show the State of the water columns within the xylem as-hre points in 

In (a). the xylem is uncut and Under a negative pressure, or tension. In I). tie shO04 is cut. 
time 	 te lension 
causIng the wailer to pull back into Me tissue, sway from the cut surlce. in reponasto 

In the xylem. In ICl. the Chamber is pressurized. bringing the xylem sap back to the ciO surtac. 



LESSON ELEVEN
 

FACTORS AFFECTING WATER ABSORPTION
 

By the end of this lesson you should be able to:
 

....Express water absorption in terms of Ohm's law
 

....
Describe the effect of transpiration on water absorption
 

....
List the factors that affect root resistance to water
 

....Describe the relationship between soil moisture stress and
 
water absorption
 

....Describe the effectt 
of salinity, soil temperature, and
 
aeration on water absorption
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FACTORS AFFECTING WATER ABSORPTION
 

I. Ohm's Lay and Water Absorption
 
The absorption of water is analogous to Ohm's law in that it
 

is affected by the driving force, i.e. the difference between the
 
water potential of the soil and that of the root xylem (or the I
 
gradient), and the resistance of the root to water.
 

(WP M)

Absorption= (WPsil)resistancer0c# 

In moist, warm, well-aerated soils absorption is controlled
 
by transpiration. Increased transpiration causes 96 xylem to
 
become more negative by increasing the tension (negative
 
pressure) in the xylem. This increases the difference between
 
so'l - Troqt xylem and that will increase the rate of absorption 

by increasing the 7 gradient. 

The efficiency of the root in extracting soil water depends
 
upon the extent of the root system (i.e. how well roots have
 
permeated the soil), and the resistance of the root to water, or
 
the permeability of the root.
 

II. Root Resistance or Permeability to Water
 
A. Plant Factors
 
The effect of age and maturation on root permeability was
 

discussed in Lesson Eight. In review, it is the region just
 
behind the root tip that is most permeable to water. Beyond
 
these first few mm the root begins to mature, and in doing so the
 
outer layers become less permeable because of suberization.
 
Still farther back from the tip cork development begins in
 
secondary roots. If conditions are unfavorable for root growth,
 
maturation continues, reducing the region available for favorable
 
water absorption.
 

a. Soil Factors
 
1. Available Soil Water. As available water is removed from
 

the soil, that which remains is bound more tightly, and it is
 
less available than the initial soil water. Fig. 9.5 illustrates
 
that in Indio sandy loam, 75% of the total soil water available
 
was held with a tension less than -0.1 MPa, not much more than
 
field capacity. The tension holding the remaining 25% increased
 
markedly, requiring that the Troot xem be even more negative in
 
order for absorption to occur. If roo becomes as negative as
 
TYoil the plant will incur moisture striss. This may induce
 
stomatal closure, which will in turn reduce transpiration. Since
 
transpirational pull is the driving force for water absorption,
 
absorption is reduced. Thus an increase in soil moisture stress
 
may reduced water absorption.
 

2. Soil Solution - Salinity. In arid lands, where
 
evapotranspiration potential exceeds precipitation, there is a
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tendency for the soil solution to become saline. This process
 
may be accelerated by irrigation. When the 7Toil increases to
 
0.35 - 0.4 MPa, growth and yield are seriously depressed in most
 
crops. Recall that the standard permanent wilting point is a
 
soil moisture stress of -1.5 MPa, illustrating that the effect of
 
salinity is more than its osmotic effect on water availability.


Plants vary in their tolerance to salinity, with crops such
 
as cotton and sugar beet being much more tolerant than bean,
 
tomato, and deciduous fruits. Excessive use of fertilizers can
 
induce soil salinity in these agricultural crops.
 

Many plants adjust to salinity by absorbing salt into the
 
cell vacuole in order to counter balance that in the soil
 
solution. Other species may synthesize substances such as
 
proline to provide osmotic adjustment.
 

High solute concentrations in the vacuole can affect the
 
hydration of proteins (enzymes) and enzyme activity in the cell,
 
disrupting cellular metabolism, and by this means reducing the
 
permeability of the cell to water, or reducing root growth. The
 
decreased root permeability may reduce water absorption, thus
 
placing the plant under water stress (Fig. 9.10). Plants may

adjust to some salinity if salinity increases gradually.


Succulence is a common characteristic of halophytes (saline
 
adapted species).
 

3. Soil Temperature. Chilling the soil causes an increase
 
in the viscosity of water, and a decrease in root permeability,

growth, and salt accumulation. All these factors combine to
 
reduce water absorption. Species from warm climates are more
 
adversely affected by root chilling than species from cold
 
climates. Roots are also damaged at high temperatures, generally

above 30 degrees. (Figs. 9.4, 9.13)


4. Soil Aeration. A common cause of poor soil aeration is
 
flooding. Flooding causes the soil to become anaerobic, and
 
continued microbial activity in such soils may liberate C02 
as
 
well as toxins such as methane and H2S, which can kill roots.
 
Soil compaction also reduces soil aeration.
 

A decrease of soil oxygen to 17% adversely affects
 
mycorrhizae. At 10% soil oxygen root growth slows, and at 3%
 
mineral absorption is affected in most roots. When soil oxygen

falls to 0% the permeability of the root to water is reduced so
 
much that some flooded plants may actually wilt. C02

accumulation inhances the depressing effect of lack of oxygen on
 
the permeability of the roots to water, and at 10% soil C02 many
 
roots are killed.
 

Species that adapt to flooded soils, e.g. rice, mangrove,
 
cypress, appear to do so by transferring oxygen to the root
 
internally from the stem.
 

Additional Reading:

Kozlowski, T.T. et al. 1991. Physiological Ecology of Woody
 

Plants. pp. 308-336.
 
Kramer, P. J. 1983. Water Relations of Plants. pp.235-261

Taiz, L., and E. Zeiger. 1991. Plant Physiology. pp.362-367.
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Additional Reading:
 
Kozlowski, T.T. et al. 1991. Physiological Ecology of Woody
 

Plants. pp. 308-336.
 
Water Relations of Plants. pp.235-261
Kramer, P. J. 1983. 


and E. Zeiger. 1991. Plant Physiology. pp.362-367.
Taiz, L., 
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LESSON TWELVE
 

MINERALABSORPTION
 
THE RELATIONSHIPBETWEEN WATER AND MINERALABSORPTION
 

By the ez.d of this lesson you should be able to: 

....Compare the pathways of water with that of mineral nutrient
 
from the soil solution, across the root, into the root xylem
 

....List the characteristics of active mineral absorption
 

....Describe the role of mineral accumulation on cell growth
 

....Describe the importance of mycorrhiza on the nutrition and
 
water relations of forest plants
 

....Describe the source of the minerals accumulated by leaves
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MINERAL ABSORPTION; THE RELATIONSHIP BETWEEN WATER AND MINERAL
 
ABSORPTION
 

I Absorption of minerals by roots
 

A. Root Growth. Root growth taps new soil reservoirs of
 
water and minerals by growing into them. Any factor that affects
 
root growth will affect water and mineral absorption.
 

L. Path of water and nutrients across the root. Nearly all
 
of the mineral nutrients absorbed by plants are ions dissolved in
 
the soil solution. Soil water is swept across the root in
 
response to osmotic or transpirational pressure gradients and it
 
carries the ions with it. Since most soil water travels through
 
the apoplast (cell walls and intercellular spaces), each cortical
 
cell is essentially bathed in an extension of the soil solution.
 
This markedly increases the root surface area available for ion
 
absorption.
 

When water reaches the endodermis it is forced through cell
 
membranes. Although the membrane offers resistance to the
 
passage of water, it is fairly water permeable. There are
 
generally some unsuberized cells in the endodermis, and during
 
rapid transpiration, water, along with its dissolved solutes, may
 
be swept into the stele through these open, unsuberized windows,
 
without being forced through a membrane. (Fig.6-8)
 

C. Characteristics of Mineral Absorption. Membranes are
 
impermeable to ions. It requires metabolic energy to pull ions
 
across the membrane into the cytoplasm of the cell, but once they
 
are inside the cell, ions do not readily leak back out because of
 
membrane impermeability.
 

Cells use metabolic energy to absorb ions. Much of the
 
energy is used by ion carriers that pull ions across the membrane
 
barrier. Ion carriers are special molecules that are sPecific,
 

+
that is, one carrier is designed for K+, another for Ca , etc.
 
This allows the root to be selective, absorbing some ions more
 
than others, and even excluding some ions, depending upon the
 
presence and abundance of specific carriers. For example, most
 
plants absorb far more K+ than Na+ even though there may be more
 
Na in the soil solution.
 

Cells accumulate ions in concentrations far above that of
 
the soil solution. Accumulations of 100-fold are common.
 

All of the metabolically active cortical cells participate
 
in ion absorption, and once ions are absorbed they enter the
 
symplast. Recall that cytoplasmic strands pass from cell to cell
 
through pores in the cell walls (plasmodesmata), and that this
 
multicellular system of the cytoplasm is referred to as the
 
symplast. See Fig. 6-8, 6-23.
 

Absorbed ions move in the symplast from cell to cell,
 
eventually crossing the endodermis, also in the symplast. Once
 
inside the gt;1e, ions are secreted back across the membrane to
 
the apopla, iii the apoplast (inside the stele) the ions are
 

wept into the xylem, and transported to the leaf. 
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If transpiration is slow, the ions may accumulate in the
root, increasing 
rot, the osmotic concentration of the root.If the soil is mo st this may result in the osmotic absorption ofwater (Lesson Ten), 
which in turn may induce exudation, root
 pressure, and other phenomena related to osmotic absorption.

When transpiration is rapid the absorbed ions are swept up
the xylem stream to the leaf, where the leaf absorbs ions back
into the symplast by the same process that occurred in the
 

cortical cells of the root.
 

II. Ion absorption and Cell Growth
 

The vacuoles of newly divided cells are small and scattered.
Soon after division the new cell begins to absorb ions,
concentrating them in dispersed, small vacuoles. 
This lowers the 
Tce11 by an increase in r, and soil water enters the cell in
response to the Y gradient. This increases turgor pressure P,
and in young cells with thin, elastic cell walls, the vacuole
 
expands and the cell grows.


During ell development additional cellulose is laid down in
the cell wall, and the wall becomes less and less elastic, until
sufficient wall material accumulates that it becomes rigid. 
At
this point cell growth is complete, and the water potential
component P becomes more significant because P cannot be
dissipated by cell expansion. Compare the young and mature cells
 
depicted in Fig. 2.1.
 

III. Minpral Absorption by Mycotrophy
 

Most fL.,st plants do not absorb minerals directly from the
soil solution, but from mycorrhizae. The strands of ectotrophic

mycorrhizae (hyphae) form a mantle around the young root and
penetrate the outer layers, growing to form a network (Hartig
net) through the remaining root cells (Lesson Eight). 
 The hyphae

also penetrate the soil
 

Because hyphae are smaller in diameter and much more
extensive than roots, they occupy the soil more intensively,

exposing much more absorbing surface area than roots.

Mycorrhizae are also more metabolically active than roots, and
they liberate organic acids that dissolve soil minerals for
absorption. For these reasons mycorrhizae absorb ions, as well
 
as water, more efficiently than roots.


The minerals absorbed by the mycorrhizae are carried to the
root by its hyphae, and then made available for root absorption
but in a higher concentration than in the soil solution.

The efficient mineral and water absorption system provided
by mycorrhizae permits tree growth especially in soils of low
fertility. 
Today most forests are restricted to infertile soils
because forests that occurred on fertile soils in the past have
been removed, and the soil converted to agricultural use. For


this reason, mycorrhizae are especially important.
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Additional ReadinQ:

Kozlowskl, T. T. et al. 1991. Physiological Ecology of Woody


Plants. pp. 240, 227-231
 
Salisbury, F., 
and C. Ross. 1985. Plant Physiology. pp.114-134.

Taiz, L. and E. Zeiger. 1991. Plant Physiology. 100-107
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pericycle 

Rgurs 6-8 Anatomical aspects of symplastic andapoplastic pathways of ion absorption in theot-half region. The symplastic pathway Involves transport through the cytosol (stippled) of each ce all
the way to nonliving xylem. The apoplastlc pathway involves movement through thM cell wall
rauk as far as the Casparian strip, then movement through the symplasm. Casparian stnp of

dodegnis Isshown only as itwould appear Inend walls. (Redrawn from K. Esau, 1971.) 
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FIGURE 6.23. Diagram illustrating how plasmodesmata connect the cytoplasm of neighboring calls. 

Plasmodesmata are about 40 nm in diameter and allow free diffusion of water and small molecules 

from one cell to the next. Desmotubulas provide a direct connection between endoplasmic retlcula 
of adjacent cells. 
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LESSON THIRTEEN 

THE ASCENT OF SAP 

By the end of this lesson you should be able to:
 

....
Describe the role of matrix potential in the flow of water

from leaf vein xylem to the mesophyll cell surface
 

....
Define the factor that limits mesophyll cells to remain
 
turgid during water stress
 

....
Distinguish between the advantages and disadvantages of the
 
water conducting systems of anriosperms and gymnosperms
 

....
Provide evidence for the lateral movement of sap
 

....T late maximum 'xylem and species habitat
 

....Explain the relationship between 'xylem, 
tree height, and
 
time of day
 
....
Exolain the ascent of sap in a mangrove growing in sea water
 ..... 'A.3ntify the source of the T gradient that permits sap to be

raised to the top of the tallest trees 
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THE ASCENT OF SAP
 

Sap ascends in response to transpirationai piifl., and th3t

force originates in the leaf. Transpiration is the consequence

of the exchange of gas between leaf and air that is essential for
 
photosynthesis. As CO2 diffuses into the leaf, H20 diffuses out
 
(Fig. 4.9).
 

I. Role of Matrix Potential
 

Water evaporates from mesophyll cell walls to r.- lace

that lost through the stomates by transpiration. The matrix
 
potential by which each layer of water is held 
on the cell wall
 
increases on layers of water closer to the wall 
(Fig. 4.8). If
 
the matrix potential of the cell wall exceeds -1.5 MPa
 
(equivalent to a radius of curvature <0.01. Am in Fig. 4.8), 
it
 
will exceed Tcell of most crops. In that case water will be drawn
 
from the vacuole into the cell wall, causing the cell to loose
 
turgcr P and perhaps wilt. Species of arid climates compensate

by an increase in ncell" This decreases Tcell and thus a more
 
neaative cell wall matrix potential must occur before loss of
 
turgor.
 

The matrix potential of the cell wall causes sap to flow in

the intercellular spaces, on the surface of cells, and between
 
the fibrils of the cell wall, much like water flows across 
filter
 
paper. As water evaporates from the surface of the cell into the

substomatal cavity, sap flows from the xy-em in the leaf 
.-in to
 
replace it, and in response to the matrix potential gradient.

Xylem sap is placed under tension as a result. This tension is
 
relayed down the xylem column to the root.
 

II. Design of Xylem Cells
 

Xylem cells have an almost fool-proof design, but the
 
specific pattern varies between species adapted to different
 
environments. The water conducting cells are of two major types:

vessels and tracheids. (Fig. 4.5)


Vessels are larger in diameter (80 - 200 Am), and they have
 
endwalls that may be perforated, or absent, so that a string of

vessels may join in one long tube. Vessels may be from a few cm
 
to several m in length, and they conduct water rapidly and at
 
high velocity. The longest vessels are 
in ring porous wood and
 
in vines. Vessels also have pits that permit the lateral
 
movement of sap from one column to another.
 

Tracheids are much smaller in diameter, and they do not have
 
end walls, but their walls contain abundant pits. Water passes

from one tracheid to the next through pits. 
 The pits are small
 
enough to permit the passage of water, but too small to permit a
 
vapor bubble to pass through. Surface tension at the vapor
liquid interface of the bubble is too great to permit passage

through such a narrow opening. The velocity of sap movement in
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1
vessels is from 5 to 40 m hr- , whereas in tracheids velocity
 
ranges from 0.5 - 1.2 m hr-1 .
 

Vessels are prominent in broadleaf angiosperms. These trees
 
are found in regions with a dependable water supply during the
 
growing season, either from precipitation or ground water. Their
 
large leaf surfaces capture light for rapid photosynthesis (and
 
growth), but the leaf transpires heavily as a consequence. This
 
i:equires an efficient water conducting system, and vessels
 
provide it. However, the large diameter of vessels makes them
 
mlore susceptible to cavitation. Vessels with end walls can
 
confine the cavitation to a single vessel while water moves
 
laterally around it (Fig. 4.6). But the long vessels that
 
transport sap so efficiently are seriously compromised by
 
cavitation because the conduit becomes blocked for a substantial
 
distance.
 

Gymnosperms such as conifers do not have vessels. Because
 
their tracheids are quite narrow and without end walls,
 
cavitation is confined to a single tracheid. In addition, the
 
vapor is more likely to be reabsorbed than in large diameter
 
vessels. Conifers are more likely to be able to tolerate high
 
water stress conditions that cause cavitation in angiosperms, but
 
as importantly, they are able to survive the consequence- of cold
 
winters that freeze the sap. Gases are not soluble in ice, so
 
any gas dissolved in the sap that is frozen will form a bubble,
 
and .cause cavitation. In the spring bubbles in tracieds dissolve
 
in the thawed, moving sap. The larger bubbles in vessels may not
 
dissovle, maintaining cavitation, and compromising the water
 
conduction capabilities of the vessel.
 

Neither vessels nor tracheids remain efficient water
 
conducting systems indefinitely. In time, cavitation
 
accumulates, xylem elements become plugged with gums and other
 
chemicals, and tyloses (special cells in the wcod) grow into
 
xylem cells, plugging them. It is by this process tnat the non
conducting heartwood is formed. Heartwood is not useless; it may
 
store chemicals used in defense or nutrients, and water that may
 
be withdrawn from heartwood in times of stress. But nearly all
 
ascent of sap takes place in sapwood. There is an excellent
 
correlation between cross-sectional sapwood area of a stem and
 
dependent characteristics such as total leaf area or weight in
 
the crown.
 

The pits in vessels and tracheids permit water to move
 
laterally in the stem. This can be demonstrated by making
 
crosscuts partially across the stem, and then attaching a cup to
 
the stem using modeling clay below the crosscuts. A dye, e.g.
 
acid fuscin, can be placed in the cup, and then a whole drilled
 
though the dye into the wood. The dye will be drawn into the
 
xylem stream in a transpiring plant, marking the path of
 
transport. Using this technique lateral paths around the
 
crosscuts can be v.,sualized (Fig. 10.5)
 

Rapid transpiration can place so much negative tension on
 
xylem cells that they are pulled inward, and when this happens
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all across the stem, the diameter of the stem decreases.
 

Tracings of this may be seen in Fig. 7.10.
 

III. Xylem Water Potential
 

Water tension in the xylem is measured with a pressure bomb
 
and expressed as Txylem* There is a relationship between the
 
magnitude of Txviem developed by a species and its ecological
 
distribution. ig. 4.15 illustrates that the Txylem Of
 
hydrophytes iv.about -1.0 MPa, of forest plants -1.5 MPa, of
 
desert plants up to -8.0 MPa, and about -5.0 MPa for sea shore
 
plants that must compensate for the salinity of the sea.
 

There is also a relationship between the magnitude ?xylem
 
and the height of the tree. Fig. 10.11 illustrates T -lem
 
irasured at ?,) m and 79 m up the stem, and throughout he day.
 
These trees had a pre-dawn ?xylem of -0.5 and -1.0 MPa for the
 
lower and upper branches respectively, indicating the requirement
 
for a more negative T to compensate for gravity in the taller
 
tree. The Txylem became progressively more negative during the
 
day, reaching -1.6 and -2.25 MPa respectively by noon. After
 
noon 'xlembecame less negative, indicating water stress caused
 
stomatai closure. The reduction of transpiration caused by
 
stomatal closure with the same rate of water absorption should
 
relieve moisture stress in time. However, photosynthesis is also
 
restricted following stomatal closure. For this reason some
 
trees may photosynthize more on cloudy days (reduced moisture
 
stress and open stomates) than on sunny days.
 

IV. Magnitude of the Drying Power of the Air
 

A summary of forces involved in the ascent of sap is given
 
in Figs. 4-13 and 4.15. The ultimate driving force is the sun,
 
which provides the energy required to evaporate sap in the leaf,
 
and to warm the air. Note that at 50% relative humidity the Tair
 
was -94 MPa. In would require a pressure of 1 ton cm-2 on the
 
water in the atmosphere to raise its free energy equal to that of
 
the water vapor at 100% inside the leaf! This T gradient fro.
 
soil-root-stem-leaf-air (as illustrated in Fig. 4.15) is far mule
 
than enough to pull water in large volume and velocity to the
 
tops of the tallest trees, providing there is a proper conducting
 
system. The design of the xylem and the adhesive and cohesive
 
properties of water provides that system.
 

The special case of the ascent of sap in mangrove is 
illustrated in Fig. 4-17. Mangrove must compensate for the 
salinity of the sea which bathes its roots, and it does so by 
increasing c - and 17 -ea * Follow the T from sea through tree 
to air in this illustration. Also note that a downward flow is 
depicted in the phloem. This will be the topic of the next 
lesson on the circulatory system of plants. 
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Additional Reading :
 
Kramer, P. J. 1983. Water relations of Plants. pp. 262-284
Salisbury, F. and C. Ross. Plant Physiology. pp. 75-94
Taiz, L., 
and E. Zeiger. 1991. Plant Physiology. pp. 84-92
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FIGURE 4.1. The water pathway 
through the leaf. Water is drawn from 
the xylem Into the cell walls of the 
mesophyll, where It evaporates Into 
the air opacs within the leaf. By 
diffusion, water vapor then mover. 
through the leaf air space, through 
the stomatal pore, end across the 
boundary layer of still air that 
adheres to the outer leaf surface. 
CO2 ulso diffuses into the Iidf 
through stomata along a 
concentration gradient. 
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FIGURE 4.5. (a)Structural 
comparison of tracheids and vessel Perforation plate (compound) 

members, two classes of iracheary Perloraton plate (simple) 
elements involved in xylem transport 
ol water Tracheids (felt) are 
elongate, hollow, dead cells with 
highly lignified walls. The walls 

L 

contain numerous pits-regions 
where secondary wall is absent but 
primary wall remains The shape Ow 

and pattern of wall pitting vary w;th 
species and organ type. Trachoids 
are present in all vascular plants. 
Vessels consist of a stack of two or 
more vessel members (right) Vessel X. 

members are also dead cells and 
are connected to cne another 
through perforation plates-regions 0 

of the wall where a pore or hole in 

the wall has developed. Vessels are 
connected to other vessels and to 

tracheids through pits. Vessels are 

found in most angiosperms and are Vessel members 

lacking in most gymnosperms. 
(b) Scanning electron micrograph of 

red oak wood showing stacks of 
Individual vessel members (VM) 

comprising a portion of a vessel. 
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Large pits (P) are visible on the side 
walls (100 x ).(Photograph sourtesy 

of W. A. CMtt.) (c)Diagram of a 

simple pit pair. 

(a) Trachelds 
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FIGURE 4.5 Detours around a vapor-locked vessel member 
rracleds anid vessels constilute multiple, parallel, 
inter rne lelt pahways tr waier movernrril Cavitatiorn in this 
example blocks water movement within Ihe cavilaled vessel 
imenber However, because these water corndus are 
Inlerconnecled through wall pits. cavilatior ot a vessel or 
Iracheid itJjrs rlot complelely stop water movenent in the crll file. 
Waler can delour around the block by rnovinj through adlacent 
Iracheary elernents Tfre spread of the vapor bubble throughout 
Ihuxylerr isevendually slopped by anlimperforate end wall. 
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Fig. 10.5. Diagrams showing movement of 32p around cuts in trunks of pine trees. The cuts am 
designated as a, b, c, and d. "2P was supplied at point p. ant1 the stippled areas indicate the path 
followed by the Isotope. (After Po.tlethwait and Rogers. 1958: from Kramer and Kozlowski. 1979, 
by permission of Academic Press.) 
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Figure 7.10 Dendrograph traces showing afternoon shnnkage and night swelling of red pine stems 

during the summer The upper tracing (July 10- 17) shows no daily shrinking and swelling dunng the 

latter pan of theweek. but only continuous dianieter rowh because cloudy. rainy vealher reduced 

eck of sunny weather. August 21-28. (FromKozlowski. 1968c.)transpiration. The locr trace is for a 
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in x'tylttm potenials, measured with a pressure chamber, of twigs 
;ro' ,;cr aH';!owr paris of crowns ol Douglas-r trees. (From Scholander e.al.,1965.) 
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Figure 4-15 Negalive sap pressures in a variety of flowering plants, conifers, and ferns Most 
measurements were taken with a pressure bomb during the daytime in srong sunlight. Night 
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Scholander ei at. 1965. used by permission) 

THFDRIVING FORCE EVAPORATION 

(t 	 Evaporation horn 
cei all%.true 
to much iohe 

.	 , 'water )ii ai' Dotefitial 

." (21 creaisa lowerwater Potentia~l in 

(2" 0ii 
(3) 

ceWirlOiOriasr 
EneiQvulfm"ipely 

1 c~nrefrem Ihisun 
ad). warmed air. water) 

':0 " 

LOHEsON IN THE XYLEM 

141 Vaicr coluinni. Figuret-13 A summary of the cohesion theory of t ascent 
" 	 undeeson, of sap 

hold r'qnlhel f'y 

.Acoletior 
U~ 7 ) al". 10 C10.lin1 

1i~~j d~rn'flifl tihe 

f, 	"1t~t'I not 

ri.....,~yien 161 i cayaalioioccurs.cttSpasc 

uT TA.E Fr1OMTHE SOIL 

lirr~i ate 	 101i~i,r"t!ir ni ,,i ii in,Iiy 

cells and sol 
8) How haii increase 

abuil bing sui face. 

Iol,01 

endJodef miss ay 

be ouncloI. 



I, Waler Potential and Its Componerts (in MPa) 
, t:..RT
 

LOCATION 	 W P -IT Pw In(RH) 

Outside air -95.1 	 0.1 -95.2 
A Lo . ,"V (relativehumidity=50%) 

. Leaf internal air space -0.8 0.1 -0.9 

Cell wall of mesophyUt -0.8 -0.7 -0.3 0.1 
torn 	 (at 10rn) 

Vacuole of mesophyll -0.8 02 -1.1 0.1 
(ae tO m) 

Leaf xylem 	 -0.8 -0.8 -0.1 0.1
(at 10 m) 

Root xylem 	 -0.6 -0.5 -0.1 0.0 
(near surface) 

Root cell vacuole --06 0.5 -1.1 0.0 
(near surface) 

Soil adjacent to root -0.5 -0.4 -0,1 0,0 

- Soil 10 mm rom root -0.3 --02 -0.1 0.0 

FIGURE 4.15. Representative overview ofwater potential and Its components at various points In the 
.transport pathway from the soil thiough the plant to the atmosphere. Water polential ' can be
 
measured through this continuum, but the components vary. In the liquid part of the pathway,
 
pressure (P), osmotic pressure (it), and gravity (p.gh)determine 41.whereas In the air, only the
 
elects of gravity and relative humidity-RTIn(RH)lV. -are important. Note that although the water 
potential Is the same in the vacuqle ofa mesophyll cell and in the surrounding cell wall, the
 
components of 0 can differ greatly (e.g., In this example P Inside the mesophyll cell Is 0.2 MPa and
 
outside the cells is -0.7 MPa). (After Nobel, 1983.)
 

almosphefe: ,,. eIcafcells: 	 r = -32MPa 

P = 05MPaT = 20'C 

RH = 80%=
 

* -- 30 1MIa w apoplasl

(alem
V!5 (xylem)	 Figure 4-17 Water relations of a mangrove tree growing with 

its rools immersed in sea water The diagram indicates the 

-- ILA 	 "A "essenlial" parts of the mangrove tree in this context The 
"1 0 toi~.1 ( endoeell membranesendlodermat rmembrane keeps salt out of the xylem (except foreesaite hexemainctnor


°
-,w
Eo 	 negligible amounts), and the leaf-cell membranes maintain a 
-="",.. high solule concentration in the cells The result is that water 

C .0 	 .4,~ ninthe xylem must be under considerable lension both day
and night to remain in equiiibrium with sea water, and leafcells have such a negative osmotic potential that they absorb

E .water from the xylem in spite of its tension and low water 
potential. Only osmosis keeps the leafcells from collapsing.

0 9 	 t-(Data based on Scholander elal., 1965, but the hypothetical 
numbers have been modified to better match the discussions 

E in this chapter and in Chapter 7.) 
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LESSON FOURTEEN 

THE CIRCULATORY SYSTEM OF PLANTS 

By the end of this lesson you should be able to 
:
 

....
Describe the Munch hypothesis of phloem transport, including
the identification of sugar source and sinks, how phloem pressure
gradients develop, and how water flows from xylem to phloem at
the sugar source, and from phloem to xylem at the sink
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THE CIRCULATORY SYSTEM OF PLANTS
 

Water and minerals are transported upward from the root in
 

the xylem. Sugars are created by photosynthesis in the leaf, and
 

transported to the tissues where they are used (e.g. developing
 
fruits, cambium, the roots) in the phloem.
 

The transporting cells of the phloem are sieve tubes. Sieve
 

tubes react quickly to injury by forming a plug (callous) that
 

prevents leakage from the injured cell. The formation of callous
 

made studies of the phloem difficult until it was noticed that
 
aphids insert their stylet into sieve tubes without inducing the
 
callous-forming response. Aphid activity allowed the contents of
 

sieve tubes to be sampled and studied.
 

I. Sugar Source and Sinks
 

Fluid in the sieve tube is under pressure. This phenomenon
 
can be confirmed by aphid observations. After inserting its
 

phloem sap is
stylet into a sieve tube the aphid is force fed as 

forced under pressure through its body, forming a droplet at its
 

anus. These droplets often fall to the ground creating a sticky
 
surface. Phloem sap continues to flow through the stylet after
 
the aphid body has been cut free from it.
 

Analysis of phloem sap collected from detached aphid stylets
 
and tridisclosed that the major solutes are sugars, usually di-


saccarides. The concentration of sugars decreased the further
 
down the stem from the leaf the sap was collected. This gave rise
 

to the terminology of the leaf as the source (of sugars), and the
 

tissues where sugars are used as sinks.
 
Figure 7-24 illustrates the change in sugar (osmotic)
 

concentration determined in the phloem sap of Salix collected
 =
 
from aphid stylet extracts. Analyses disclosed 

7 upper stem 


1.344 MPa, and glower stem = 1.053 MPa. Using the water potential 
equation (Lesson Three), assumming that TIem -- hloem at their 

respective upper and lower sampling points, and tEat the Txylem
 
is more negative (-0.400 MPa) at the upper stem than the lower
 

stem -(0.223 MPa, also see Fig. 10.11 in Lesson Thirteen), the
 

phloem pressure gradient can be determined:
 
T ? + P 

Upper Stem: -0.400 = -1.344 + 0.944 

Lower Stem: -0.223 = -1.053 + 0.830 

The phloem pressure gradient of 0.114 MPa converts to 0.073 
-2

MPa m -I, and since 1 MPa = 10 kg cm , the pressure gradient
 
-2 -1
 converts to 0.73 kg cm m . It is this pressure gradient that
 

transports the sugars created in photosynthesis to sinks
 

throughout the plant.
 

II. The Mtnch Hypothesis
 

Fig. 7-5 show, a laboratory model of the Minch Hypothesis of 
a bag permeable tophlcem transport. When sugar is placed into 


, and then the bag placed into water, water
water but not 
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flows into the bag by osmosis and creates pressure. If the bag
 
is attached to another bag containing a less concentrated sugar
 
solution, the pressure created in the second bag will not be as
 
great as the first with its more concentrated solution. This
 
creates a pressure gradient. Water carrying the concentrated
 
sugar solution will flow from the first bag to the second in
 
response to the pressure gradient. The first bag containing the
 
concentrated sugar soluticn represents the source, or leaf, and
 
the second, the sink, or roots, cambium, etc.
 

Fig. 7.20 illustrates upward xylem sap transport under T 
gradient of -0.8 MPa - (-0.6 MPa) = 0.2 MPa. At the leaf source 
sugars are being loaded into the sieve cell creating T Ihloer-source 
= -1.1 MPa. Xylem sap (T = -0.8 MPa) should flow to tne sieve 
tube at the source, creating Pphloen 0.6 MPa. 

As sugars are consumed by sink cells the 7Tphloem is reduced
 
from 1.7 MPa at the source to 0.7 MPa at the sink, creating a
 
pressure gradient of 0.3 MPa that can induce pressure flow in the
 
phloem.


Water leaves the phloem si!o)- cell for the xylem in response 
to a T gradient of 0.2 MPa, corpleting the circulatory system. 

Demonstrate to yourseif that this circulatory system can 
operate without transpiration (e.g. during the night), but not 
without photosynthesis (e.g. after leaf drop in the autumn). 

comparable plant structures: 

swrops(sievetast-) Figure 7-6 Bottom: A laboratory model corsisting of two
vsMometers and Illustrating the pressure-flow theory of solute 

sink source 

ap,,.t3st
(water Li 
wails) 

translocation as proposed by MOnch. Note that the 
concentration of the solute present In the largest amount
(represented by black circles) will control the rate and 

a direction of flow, while more dilute solutes (open circles) will 
move along in the resulting stream. Dashed lines en the left 

nmpiv that flow will occur ifpressure is relieved by expansion 

S0 
0Top: 

0 

of the osmometer as will as by outward movener-t ef water. 
A schematic suggestion of how the model might apply to 

'.ohe ccncp-itrated solutions inthe phloem system (symplast) 
siuxrounded by the dilute solutions of the surrounding
apoplast. Solute concentration ismaintained high at the 

0 Od*e 
0 

o 

9 
0 1 

source era of the system as sugars and other solutes are 
moved into :he sieve tubes there; concentrations are low atthe sink end as solutes are moved out, which also occurs to 

lute 
solution o 

econctraled \ 
*: 

some extent along the route from source to sink. Loweredconcentration of solutes at the sink end allows water to move 
0 

. o 

g eo 

0oanalogy 

*% 

0 

out in response to the pressure transmitted from thz, source 
s:and (or inresponse to even higher concentrations of solutes in
th applas atthesink.) Sieve tubes do not expand in 

to the expanding osmometer of the laboratory model, 
2 

sink osmometer 

1 0 

source osmometer 

but growth of storage cells at the sink will cause absorption of 
water from the apoplast. !owering its water potential and thus
lacilitating exit of water from sieve tubes there. 

b 

Additional Reading:
 

Salisbury, F., and C. Ross. 1985. Plant Physiology. pp.135-160.
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Figure 7-24 1t osmolic qiarl tiru' ii i ll1ir ll n sirvn lilth s 
arI xylerr (apoplasl) of a yi Jr Vwilow (,Salix vulirr , it,)

rl;rllhll1 ie ornnic polerilinls (n) wre di',lerrmint) on 
Ihhomr ;aj1eyo (if-r frorm aphid slyleln, waler pt)lenlials (fi) of
fir .m lflti,'A (i',rk s;mples) were (Inter rnhrrrd with a v;prorl 

'-y(lfirfreplr Syqflr (SO F u(Ts2 .r ; 2l 9) arid prlr-srJres
(') il Ihre love Ilihs were car, :rl;rletr fby arIclrlfllrrr Ihat walnr 
rrrlrf'rlinl ofi tle i lihrlr'11iSap was In rlirrlf rrrllrr wil Ihal of Ihe 
Sufrrllfn(lr j hrsueS (P ,-fh - n) rrr:i,ljdr xylr'r Note fiai 
flr1P Irs R pOsiVCe rrressule qr,'Idi .rll (AP) Ir he Sieve itheS 
rm Ihe 'ipox hrwaid lire ras., evrr flirni(li hore is anl 
jlposri,' (Iralllren Inrfhe walr lrlertial nf fir apopljasI 

(caused )y lersion In ftir xylr r Frills Malric forces) lhe 
pressure raffiaen oi ahou 0 01 MPa r I is ample io drive a 
pressure flow of sap through sieve lubes (Dafa are averapes
hrom several experiments of S Rogers an(f A J Peel, 1975) 
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Xylem vessel members Phloem sieve elements Coxmpanon cell 

Source cell 

Active phloem
loading into 

Plow 

sieve elements 
increases the 

osmotic pressure, 
wteater enters, 
and highturgor 
pressure results Wsayroe 

Pressure-driven bulk flow
of water and solute 

--Transpiration nkcl 

stre a t (Fro P.n. obl. 

H10 
Active phloemn 

unloading 
decreases the 
osmotic pressure, 
water flows out, 
and a lower 
turgOrpressure HO 

H20 iSucrose 

FIGURE 7.20. Schematic diagram showing the pressure-flow model. In the source, sugar Is actively 
loaded Into the sieve element-companion cell complex. Water enters the ph;oem cells osmotically, 
building up a high turgor pressure. At the sink, as sugars are unloaded, watr~r leaves the phloem 
cells and a lower pressure results. Water and its dissolved solutes move by bulk flow from the area 
of high pressure (source) to the area of low pressure (sink). Possible values for 0,, P, and X In the 
xylem and phloemn are illustrated. (From P.S. Nobel.) 
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LESSON FIFTEEN
 

TRANSPIRATION
 

By the end of this lesson you should be able to:
 

....List the sources from which water vapor may be lost from 
plants 

....Define absolute humidity, relative humidity, vapor pressure, 
vapor pressure deficit 

... .List the factors that affect Cleaf - Cair in the transpiration 
equation 

....List the factors that affect rleaf in the transpiration 
equation 

....List the factors that affect rair in the transpiration 
equation
 

....Describe the role of energy in transpiration
 

....List three ways of measuring transpiration
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TRANSPIRATION
 

I. The Process 	of Transpiration
 

Transpiration is a special form of evaporation. 
Evaporation
can be described by a simple formula:
 

Evaporation= Csource-Cair 
rair 

or
 

Evaporation- esource -eair 
raix 

where:
 
C = absolute humidity in g M-3; r = resistance in seconds
cm-; and e = water vapor pressure in KPa, kilopascals ,
 

The driving force for evaporation is the difference in water
potential across a boundary, expressed in the above formulas as
the difference in the concentration of water at the 
source (e.g.
lake surface or soil), 
with that of the air. Concentration can
be expressed as the difference in the water vapor content of the
air C, or as the difference in vapor pressure e.
The rate of evaporation is determined by the resistance to
the flux of water across that boundary.

Similarly, transpiration may be described as:
 

Transpiration= ieaf-Cair
 
rloaf+ rai 

or
 

Transpiration=	eloaf-eair 
rlearf+rai ' 

Transpiration is defined as the loss of water vapor from
plants. 
Water vapor can be lost from lenticels in the bark, and
through the cuticle of the leaf, but most vapor passes through
leaf stomata. There is a continuous gradient of water potential,
from the leaf cell to the air in the transpiring plant, and that
gradient can be expressed either in terms of concentration or
 vapor pressure differences (Table 4.3).

The potential force for both evaporation and transpiration
is similar; i.e. the water potential at the surface of the cell
or body of water, and the air into which water vapor will
diffuse. The flux of water vapor in evaporation crosses one
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resistance, that imposed by the water surface-air boundary layer.
But the flux of water vapor from leaf to 
air crosses two
boundaries, that imposed internally by the leaf, and that across
the boundary between the leaf surface and the air beyond.
This pathway is illustrated in Fig. 4.9. 
 Water first
evapoates from cell wall surfaces into the substomatal cavity,
and may then diffuse through the cuticle, then across the air
boundary layer, and finally into the air beyond. 
 More commonly,
water vapor will diffuse through the open stomate, then across
the air boundary layer. 
 The air boundary layer is thicker over
open stomates than the rest of the leaf.
The water potential difference between leaf and air is
determined by the environment, principally the humidity of the
air (or its water vapor pressure), and the temperature. The
magnitude of Tair is given in Table 4.2, which illustrates the
drying power of the air; 
at Relative Humidity (RH)of 75% the !air
-89.4 Mpa! Fig. 11.3 illustrates the increase in vapor
pressure deficit Ae(the vapor pressure in the leaf 
- vapor
pressure in the air) as a function of temperature. Note the
difference in Ae at 60% RH at different temperatures.
Leaf and air resistances are determined by the geometry and
physiology of plants.
 

II. Energy Relations of Transpiration
 

A. Definitions: In the formulas given above, C, absolute
humidity, is the weight of water vapor in the air in g H20 m
 -3
The capacity of the air to hold watei .
 
increases with temperature.
Another measure of the water content of the air is vapor
pressure. 
Water vapor in the air exerts a pressure in addition
to atmospheric pressure, and in relation to the amount of water
vapor present. VP is expressed kPa (Table 11.5)
Absolute humidity and vapor pressureat saturation can be
determined from tables in the Handbook of Physics and Chemistry
and other sources.


Relative humidity (RH) is the vapor pressure or absolute
humidity as a portion of that which would be present at
saturation. 
For example at 20 degrees the vapor pressure at
saturation is 2.34 KPa, and at 70% RH the vapor pressure at 20
degrees is 
 70% of that, or 1.64 KPa.
The difference between the vapor pressure at saturation and
that of measurement is called the vapor pressure deficit Ae. 
 In
the example above of 70% RH and 20 degrees, the VPD is 0.70 KPa.
The Ae constitutes the potential for evaporation or
transpiration, and resistances determine the rate of water loss.
B. Solar energy is required in evapotranspiration to supply
the large number of calories required for vaporization.
 

Water vapor
 
L laahive Concentration Potential TABLE 4.3. 
 RepresentativeLocation humidity .(.Pa.)(m m __.. 

Values for relative humidity, absolute 
water vapor concentration, and waler potential for four points In the 

Inner air pathway of water loss from a leaf.*spaces (25"C) 0.99 1.27 -3.18 
Just inside 
stomatal pore (25 C) 0.95 1.21 -16.2 
Just outside 
stomalal pore (25'C) 0.47 0.60 -239Bulk air (20'C) 0.50 0.50 -215 

*Refer to Figure 49
Adapted from P S Nobel, Biophysical Plant Physiology and Ecology,
W H. Freeman, San Francisco, 1983, p.4t3. 



III. Factors Affecting Transpiration
 

A. Factors affecting Vapor Pressure Deficit
 
(eleaf - eair) = Ae
 

The major factors that affect Ae are air and leaf
 
temperature and the humidity of the air. 
 Table 11.5 lists the
 
effect of temperature on Ae at 70% RH. Note that at 20 degrees

and 70% RH Ae is 0.701 KPa, but at 30 degrees and 70% RH the Ae
 
is 1.273. Given equal resistances at both temperatures,

transpiration should occur nearly twice as 
fast at 30 degrees

than at 20 degrees.
 

The effect of temperature on Ae is further illustrated in
 
Fig. 11.3. In this illustration it is assumed that leaf and air
 
temperatures are the same, and that the interior leaf atmosphere

is at water saturation. In natural, leaves may exceed ambient
 
air temperatures if they absorb energy more rapidly than it can
 
dissipated by latent heat of vaporization or convection. Leaves
 
may be cooler than air if dissipation of heat by vaporization

exceeds energy absorption. In other words, plants can regulate

to some extent leaf temperature by control of transpiration.

This phenomena is significant in alpine and desert plants.


B. Factors that affect resistance of the air rair
 
The rate of diffusion of gases, including water vapor,


is controlled by the steepness of the diffusion gradient, i.e.
 
the depth of the boundary over which diffusion occurs. Fig. 4.9
 
illustrates the boundary layer, and Fig. 3-14 compares the depth

of the boundary layer as affected by wind. Wind velocities of
 

1
1 - 5 km hr- have the greatest effect on transpiration because
 
at these relatively low velocities the humid zone above the leaf
 
is removed, making the boundary layer thinner, and steepening the
 
diffusion gradient (Fig. 11.4). However, the relationship between
 
wind and transpiration in sunflowers (Fig. 11.4) may not occur in
 
other species (Fig.l1.6) because wind may cause stomatal closure.
 

Leaf size and shape also affects rair* Large leaves
 
retain a thicker boundary layer than small leaves. Leaves may

also change shape to maintain a boundary layer, such as the
 
curling or rolling of grass blades during drought.
 

C. Factors that affect leaf resistance rleaf
 
Leaf resistance rleaf can be divided into subcategories of
 

mesophyll resistance, cuticular resistance, intercellular
 
resistance, and stomi-atal resistance (Fig. 11.1).


Mesophyll resistance is affected by mesophyll cell v and the
 
Tmatrix of the cell wall. This resistance is very low (Table.

11.4). Intercellular resistance is the resistance to diffusion
 
of water vapor from the cell wall to the epidermis, and that too
 
is low. However, the internal anatomy leaves adapted to xeric
 
environments, and between sun and shade leaves on the same plant,

have decreased intercellular space by decreased spongy mesophyll

and increased palisade layers. These anatomical changes increase
 
intercellular resistance, thus reducing the flux of water vapor

from the leaf. (Fig. 11.12).
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Cuticular resistance varies over 1,000 fold between species,

with those adapted to hydric and mesic environments generally the
 
least, and those with xeric environments the greatest. (Table
 
11.3). The differences are due to the thickness of the waxy
 
cuticle layer over the epidermis of the leaf.
 

Stomates control the majority of rleaf. The number, size,
 
position, and degree of opening control most transpiration. These
 
factors will be discussed in Lesson Sixteen.
 

A comparison of the boundary, cuticle, and stomatal
 
resistance for several species is presented in Table 11.3.
 

Leaf anatomy, size, shape, and orientation determine energy

absorbed by the leaf, and subsequently leaf temperature, the
 
availability of energy available for vaporization, and the Ae.
 
For example, the leaves of some desert species are orientated
 
vertically, minimizing absorption of s'ar radiation, and thus
 
solar heating of the leaf. Many desert species have compound
 
leaves dissected into small leaflets (e.g. Acacia species).
 
Small leaves or leaflets can dissipate heat by convection better
 
than large leaves, thus maintaining the leaf at ambient
 
temperature instead of above air temperature from solar
 
absorption. If the leaf becomes warmer than air Ae increases
 
accordingly. Maximizing convective heat loss is a common
 
adaptive strategy to xeric environments, and small leaves
 
increase the effectiveness of convection.
 

Root/Shoot ratios can also affect transpiration (Fig. 11.7).
 
Decreased root growth increases resistance of water absorption
 
which results in partial stomatal closure.
 

IV. Magnitude of transpiration
 

On an annual basis a corn plant loses over 200 liters or 100 
times its weight in water during tne growing season. Deciduous 
forests transpire 25-35% of annual precipitation. 

There are marked seasonal differences in transpiration 
caused by either leaf fall during winter or drought, and/or
 
colder temperatures. Fig.ll.24 compares the annual transpiration
 
pattern for evergreen and deciduous trees.
 

Diurnal variations in transpiration also occur (Fig. 11.23).
 
Sunflower transpiration rates track changes in VPD, stomatal
 
closure at night (because of darkness), and late afternoon water
 
stress. The cactus shows an increase in transpiration at night
 
because its stomates open in darkness to absorb CO2 during that
 
period of less water stress. This is an adaptive mechanism to
 
the xeric environment.
 

V. Measurement of Transpiration
 

A. Gravimetric. Transpiration may be measured by weight
 
loss, including monitoring the weight loss of a potted plant or
 
in the more complex lysimeters previously illustrated (Lesson
 
Seven, Fig. 4.2).
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B. Volumetric. The volume of water transpired can be
 
measured from cut shoots, 
or whole plants in a container in which
 
input and output of liquid water can be measured.
 

C. Water Vapor. Plants can be enclosed in a chamber, and
 
the water vapor content of air going into the chamber and lering

it measured. The increased water vapor in exhaust is from
 
transpiration. Methods of measuring water vapor range from
 
absorbing water vapor in a desiccant, e.,g. CaCl2, to using

electronic humidity sensors.
 

D. Determination of measurin jeaf resistance rleaf. If " 
cup containing a humidity sensor is clamped to a leaf, the
 
increase in water vapor content of the cup over time can be
 
determined, and this value converted to rleaf in sec cm-2
 .
 
Assuming the water on the surface of leaf cells is 
at saturation,

and C or e of the air is measured, transpiration can be computed

from the above equation. If leaf area is measured the result can
 
be expressed in mg H20 cm-2 hr-1 .
 

Air tIfotiihiy 
Mesphyll , rells layerpareliryina Xylerr 

Upper -s 

epidermis 
FIGURE 4,9. The water pathway 

. _ _ lhroujh the leaf. Water is drawn tromhe xylem into file cell walls of the 

Vd~ I I: ~I ~mneCs phyll, were1evaporates into 
epiderm Vij; f CsC diffusion, water vapor thei 

towerth 
al moves 

a r saes with int herea Byrtc 

C(d.- ..--- , through C lomafa along a[}O~~~tl~boudar layer of shhl!~l~iair [fiat(Jll 

r it. . I f a 

------ CO;I1 W i af1) 

vapo(r {.milletl }h h '02 

Additional Reading:

Kramer, P.J. l§83. Water Relations of Plants. pp. 291-340.
 
Taiz, L., and E. Zeiger. Plant Physiology. pp. 90-93
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TABLEI IJ Restaranta to Movementof Water Vapor through the Boiadry Ltryer rt.) 
Cotk' fr.), and Stomata itr,)InIeaves ofeveral Spece" 
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c drula er r ut'roo ( .8 0 0 .9 2 .1 
QuerriuJ robur 0.69 6.7 180 
Acer plaranides 0.69 4.7 M5S 
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Lamium alebdlon 0.73 10.6 17 
Helianthu. annuus 0.5 0.111 

n From fluImgren et al. 119651. 
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Fig. 11.23. Daily course of transpiration ofsunflower and Opunia plants in soil at field 

capacity on ahot summer day. Note the midday decrease in transpiration of sunflower the first day, 

probably caused by loss of turgor and partial closure of stomata. Also, note that the maximum rate of 

transpiration of Opunhia came at night, acharacteristic ofplants with Crassulacean acid metabolism. 

(After Kramer, 1937.) 

25 
20 cc.. "a,
Vapor pressure delicit 

E O /5E 10 ,. ..... 2 ..
. ' 
5 Evaporaticn 

0 

40
 

040 

td 30 

20 
10 Trnsiration

Transpiration
118 o 

12 4PM 8 12 4AM 8 12 41'm 8 
noon midnight noon 

Fig. 11.7. Transpiration plotted over ratio of nints to leafarea (root dry weight in grams over 
leaf area in square dccimeters) forfour species of tree seedlings. An Increase in ratio ofroots it)leaf 
area wasxaccompanied by an increase in rate of transpiration per unit of leat area torthree species. 
The exception. red pine. had an extensively branched root system and densely clustered needles. 
(Alter Parker. 119;IftriInKraner and Kozlowski, 1979. hy pemaission of Academic Press.) 



LESSON SIXTEEN
 

STOMATAL CONTROL OF TRANSPIRATION
 

By the end of this lesson you should be able to:
 

....Describe the anatomical features of guard cells that permit
 
them to open and close
 

....Describe the physiological mechanism of stomatal opening
 

....Describe how light, wind, C02, and water stress affect
 
stomatal opening
 

....Explain the adaptive significance of species variation of
 
stomatal position and sensitivity to environmental factors
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STOMATAL CONTROL OF TRANSPIRATION
 
I. Occurrence of Stomata
 

Fig. 3-3 shows that the stomata occur mostly or exclusively
 
on the lower leaf surface of most plants. Stomata occur on both
 
surfaces of grasses, and in conifers they may be arranged in
 
distinctive lines on either side of the midvein of the needle
 
(e.g. Abies spectabalis), or on one of more facets of a multi
sided pine needle. Hydrophytes (e.g. water lily) have stomata on
 
the upper surface.
 

There is a greater likelihood that the boundary layer will
 
be thicker on the lower leaf surface because the layer is not so
 
likely to be disrupted by convection. Concentrating stomata on
 
the lower surface conserves water by taking advantage of the
 
thicker boundary layer and thus lower transpiration.
 

Another water conservation strategy is stomata sunken below
 
the epidermal surface (Fig. 3-3 b,d). The vapor cap above sunken
 
stomata is likely to stay in place even with wind, thus
 
maintaining a thick boundary layer and reducing transpiration.
 

II. Factors Affecting Stomatal Opening
 

A. Light. Most stomata open in the light. Fig. 6.14
 
illustrates how closely stomatal opening (and the photosynthesis
 
that results from it) track solar radiation. The degree of
 
opening was measured by stomatal conductance.
 

B. CO2 . Most stomata open in CO2 free air, and close at high
 
CO2 concentrations (e.g. >1,000 ppm). The mechanism of CO2
 
action on stomata is not well understood.
 

C. Water Stress overrides all other factors. Water stress
 
may be induced if transpiration exceeds water absorption because
 
of high transpiration rates, or slow water absorption because of
 
inadequate root growth or dry soil. Water stress often occurs at
 
midday, and this may be accompanied by partial stomatal closure.
 

If water stress is severe the leaf liberates abscissic acid
 
(ABA) which will keep stomata closed for several days even after 
water stress has been relieved. The ABA response occurs in some 
crop plants with as little as Teaf = -1.0 Mpa, thus it is 
prudent for the farmer with irrigation available to water crops 
well before wiltilng. 

Fig. 3-8 shows the daily course of stomatal opening.
 
Succulents are a special case because during water stress some
 
keep their stomata closed during the daylight, but open them at
 
night to absorb and store CO2 (as an organic acid) for
 
photosynthesis conducted without gas exchange during the day.
 

In summary, darkness, high C02 , and most of all, water
 
stress close the stomata of most plants, conserving water until a
 
time more favorable fot: photosynthesis.
 

III. Stomatal Anatomy
 

Stomata are composed of two, opposing, guard cells which are
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surrounded by the accessory cells. 
 All of these cells are a part

of the leaf epidermis.


Guard cells are unique among epidermal cells in that they

contain chloroplasts - not as many as mesophyll cells, but enough

to sense light and perform some photosynthesis (Fig. 6.15). They

are also unique in having radially arranged cellulose
 
nicrofibrils in their cell walls 
(radial micellation). The
 
concentration of radial microfibrils is much greater on the
 
inner, concave cell wall 
(because of its decreased radius of

curvature) than on the outer, convex cell wall. 
This causes the
 
inner cell wall to be thicker (Fig. 6.15, 4.14).


When turgor pressure increases in a guard cell the outer,

thin wall expands, pushing into its accessory cell. The radially

arranged microfibrils pull the thicker, inner wall toward the

bulging outer wall. Since this happens to both of the paired

guard cells, their touching walls pull apart and the pore opens.


in summary, when a pair of guard cells becomes turgid their
 
outer walls expand and bulge into accessory cells. Radial

microfibril pull the inner wall toward the outer wall, opening

the stomatal pore. Stomatal opening depends upon turgor changes

in the guard cells.
 

IV. Turgor Changes in Guard Cells
 

The energy of photosynthesis in guard cells is used to pump
K+ into the guard cells from the accessory cells. This increases
 
7guard cell and makes rd cell more negative. Water then flowsinto the guard cell om accessory cells, increasing their 
turgor, causing the pore to open. 
 This is the mechanisin of

stomatal opening in the light. In darkness, K+ leaves the guard

cell, reducing Tguard c1, and as water leaves the guard cell in
 
response to increased V, the cells loose turgor, and the pore

closes.
 

Any factor that increases water stress may also cause the

guard cells to loose turgor and close. The vruard cell is less

than 7Tmesophyll cell* Thus, the same negative ? which causes the
guard celIs to loose turgor and close should not cause a loss of
 
turgor in the mesophyll cells. 
 This should protect the mesophyll

from serious water stress, but the mechanism is not perfect

because drought is the major cause of plant death in the world.
 

Water stress occurs in guard cells when transpiration is
 
more rapid than the cells can absorb water. This may be caused by

high soil moisture stress 
(i.e. dry soil), high resistance to the
 
movement of water up the stem, or an excessively dry air in which

the flow of water from vein to accessory cell to guard cell is

slower than guard cell transpiration. This commonly occurs at
 
midday, even in well-watered soils. Midday stress causes partial

stomatal closure and reduced photosynthesis until the evapo
transpiration potential is lowered by decreased temperature in

the late afternoon. Fig. 5.27 illustrates midday closure with

increasing soil moisture tension, and Fig. 5.28 shows the effect
 
of progressive soil moisture stress on transpiration (stomatal
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closure) in Pinus radiata.
 

V. Variation in Stomatal Sensitivity
 

Stomata vary considerably in their sensitivity to water
stress, and this variation reflects adaptive strategies to
 
different environments.
 

The leaf varies between species (Fig. 5.16), and vsomata
varies in concert with that of the rest of the leaf. 
 TIs means
that some species adapted to arid conditions may keep stomata
 
open at higher levels of soil moisture stress than species found
in moist environments. Note that succulents, generally

considered well adapted to xeric environments, have very low
 
7rleaf" Succulents are very sensitive to soil or atmospheric
moisture stress, and quickly close their stomata at the slightest
stress. 
They save water with their thick cuticles from one

favorable time for photosynthesis to the next, but are not very
p-toductive because of the long intervals with closed stomata 
(and
thus little photosynthesis). For this reason 
succulents are

generally restricted to habitats too harsh for most plants, and
thus compensate for low photosynthetic capacity by avoidance of
 
competition.


Species vary in conductance of water vapor (Fig. 11.16).

Conifers generally have low conductance regardless of the
humidity of the air, thus conserving water. The other species
shown in Figure 11.16 close stomates with varying sensitivity as
the relative humidity decreases, even though they are well
watered.
 

Some desert species can maintain open stomata (and thus

maintain photosynthesis) because of very negative Tleaf

(Fig.3.46). 
 Larrea and Olea are desert shrubs that exhibit this.
Other desert plants close stomata with slighL water stress

similar to succulents, conserving water at the expense of
photosynthesis during drought. 
Many phreatophytes, e.g. some
Populus species, maintain open stomata even during hot, dry days,

but compensate by having root systems that tap the dependable

soil water of the capillary fringe above ground water, and have

low resistance conducting system in the stem.
 

Stomata may also become less sensitive with age. Stomata in
the older needles of many conifer species become so plugged with
cutin that they no longer function. Stomata in aging grass

leaves accumulate silicon, which reduces and eventually

eliminates cell wall elasticity. Such stomata in mature grass

leaves remain open, "curing" or drying the leaf as a part of
senescence. 
This has the ecological advantage of also reducing
the moisture content of the grain, helping to insure its long

term viability.
 

Additional Reading:

Larcher, W. 1980. Physiological Plant Ecology. pp. 90-93
Salisbury, F, and C. Ross. 1985. Plant Physiology. pp.56-62

Taiz, L. and E. Zeiger. 1991. Plant Physiology. pp. 94-97
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and one wilh slomales deeply sunken in a substomatal cavity (d) Note other details ofdilfering 
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(e) (b) 

FIGURE 6.15. Stomata in detached epidermis of the broad bean 

Vicia faba, showing a wide-open stomnatal pore (a) and a nearly 

closed pore (b). Stomatal apertures are measured under a 

microscope by recording aperture-widths. Measurements of the 

change in aperture as a function of experimental conditions allow 

characterization of stomatal responsas to different environmental 

stimuli. Bar = 20 pro. (Photos courtesy of G. Tallman and 
E.Zeiger.)
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FIg. 5.27. Diagram of daily changes in transpiration as it becomes progressively more difficult 
(curves 1-5) to maintain the water supply. The arrows indicate the stomatal movements elicited 
by changes in the water balance. The stippled area shows the range in which transpiration is ex
clusively cuticular. 1,unrestricted transpiration; 2, limitation of transpiration at noon as the sto
mala begin to close; 3, full closure or the stomata at midday; 4, complete cessation of stomatal 
transpiration by permanent closure of the stomata (only cuticular transpiration continues); 1' 
considerably reduced cuticular transpiration as a result of membrane shrinkage. After Stocker 
(1956) 

Fig. 5.28. Diurnal changes in transpiration of two-year-old seedlings of Pinus radiala during 
progressive drying of the soil. From Kaulmann (1977). 
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Fig. 5.16. Ranges for the vales of osmotic pressure of teave, of ecologically dilferent types of .125 
plants (the osmotic spectrum). The sub-ranges (black bars) shown rt the meado'w plants 
illustrale how to interpret the osmotic range given for each plant group; that is,itisderived from 
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After Wailer (1960) 
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LESSON SEVENTEEN
 

TRANSPIRATION FROM PLANT COMMUNITIES
 

By the end of this lesson you should be able to:
 

....
List the factors that determine the maximum rates of
 
community transpiration
 

....
Describe the factcrs that generally prevent maximum

transpiration rates from being achieved
 ....
Describe seasonal patterns of community transpiration
....
Explain the effects of leaf area index and solar radiation on
community transpiration
 

....
List two methods of measuring community transpiration
....
Describe the role of models in predicting community

transpiration and in forest hydrology
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TRANSPIRATION FROM PLANT COMMUNITIES
 

Transpiration from plant communities differs from that of
 
individual plants, primarily because of the effect surrounding
 
plants have on each other. An illustration of this is the
 
"oasis" effect depicted in Fig. 11.2. In this study
 
transpiration rates of sudan grass growing in a lysimeter were
 
measured, first when surrounded by other grasses, and next after
 
removal of the grasses surrounding the lysimeter. Transpiration
 
increased markedly after removal of the surrounding grass,
 
primarily because of increased wind and the advective transfer of
 
heat into the remaining stand.
 

Wind is also reduced in forests, tending to flow over
 
forests rather than through them. This increases humidity in the
 
stand, and helps maintain boundary layer resistance, both of
 
which tend to reduce transpiration.
 

I. Magnitude of Plant Community Transpiration
 

Community transpiration is of interest because it represents
 
a major loss of water from watersheds. Computations of watershed
 
yield for purposes such as irrigation, hydroelectric generation,
 
and public water systems include not just precipitation
 
measurements, but loses of water by evapotranspiration.
 

Stands of trees stocked at 250 trees ha-1 may transpire as
 
much as 40,000 liters ha-1 .
 

A more useful unit of expression for transpiration is mm of
 
soil water per day. An average soil 1 m deep at field capacity
 
holds about 20 cm of water. Energy is required for
 
evapotranspiration, and this energy comes from the sun. golar
 

-
radiation in temperate climates is about 350 calories cm2 day '.
 
Water requires 570 calories cm3 at 20 degrees for vaporization.
 
The maximum rate of transpiration is:
 
(350 cal cm2 day-1 available energy)/(570 cal required cm3 water)
 
or 0.6 cm3 water cm2 day -1 , providing all solar radiation is used
 
for evapo- transpiration. This theoretical maximum is seldom
 
reached because not all radiation is absorbed, plus leaf and air
oundary resistance.
 

-1
A soil moisture depletion rate of 0.5 cm3 water cm2 day is
 
a reasonable maximum estimate. Given the 20 cm water in 1 m soil
 
depth at field capacity described above, maximum transpiration
 
could be sustained for about 40 days. This means that maximum
 
transpiration rates cannot be maintained for the full growing
 
season. Transpiration may be reduced because of increased
 
stomatal resistance, perhaps stomatal closure, reduced solar
 
radiation (i.e. cool, cloudy days), or summer rainfall. Summer
 
rainfall usually does not supply enough water to maintain maximum
 
summer transpiration in high latitudes because so much
 
precipitation is lost by interception and litter storage and
 
evaporation; however, it may prolong the period of water stress
 
avoidance. Summer rain is very significant in monsoon climates.
 

A watershed study area in North America covered by mixed
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hardwoods disclosed that of an annual precipitation of 2,000 mm,
 
500 mm were transpired from the forest, and 50 mm from understory
 
plants. This rate approximates the reasonable maximum estimate
 
of 5 mm day-1 given above for the 100+ day growing season.
 

Transpiration losses from forest trees are given in Table
 
11.4. Note that annual transpiration remains about the same
 
regardless of leaf biomass. Trees with little leaf biomass
 
transpire more per leaf than tress with large leaf biomass.
 
Table 11.5 lists water utilization by forests in various parts of
 
the world. Forests generally use far less water than falls during
 
the year, but some forests may suffer severe water deficits
 
during the growing season. At San Dimas there is little or no
 
water to transpire in the summer, and most transpiration occurs
 
when rains return in winter.
 

Transpiration increases with crown coverage and leaf area
 
index (LAI). It is also affected by vegetation type. The
 
transpiration rates in different vegetation types are in order:
 
wet meadow>open water>forest>grasslands>vegetable crops>bare
 
soil. The high rate of transpiration in forests is due to more
 
complete absorption of energy, and rooting at several soil
 
depths.
 

II. Seasonal Patterns of Transpiration
 

Transpiration closely follows available soil moisture. An
 
extreme example is pine forests that occur on deep sand dunes
 
which transpire only after rains for as long as soil moisture
 
lasts. Similar information concerning the water economy of
 
Pakistan's Juniperus excelsa forests would be valuable.
 

North America , Europe, and much of Russia are characterized
 
by winter precipitation during the period of dormancy. Melting
 
snowfall causes soils to become "recharged" with moisture to
 
field capacity to the depth of the soil. Transpiration in these
 
forests is greatest during the period of soil moisture
 
availability, i.e. May, June, and early July. As a rule
 
midseason storms do not add greatly to soil moisture because so
 
much of the precipitation is lost from interception and litter
 
storage and evaporation. Transpiration slows during the late
 
summer months, but in evergreens may resume if sufficient rains
 
occur in the fall. This cycle is depicted in Fig. 10.3.
 

III. Leaf Area and Transpiration
 

Transpiration increases as LAI increases up to about 4, but
 
even at LAI = 4+, transpiration in forests is less than that of
 
moist soils or open water. This is due to stomatal resistance
 
and the lack of wind within the forest, which increases the
 
relative humidity inside the canopy.
 

Transpiration rates are similar over a wide variety of
 
vegetation types with LAI >3. Large, widely spaced trees
 
transpire greater than smaller, closely spaced trees, reminiscent
 
of the oasis effect discussed earlier (Fig. 11.2).
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IV. Measurement of Transpiration from Plant Communities
 
A. Evapotranspiration (ET) potential may be measured by
monitoring water loss from standard open pans, and estimated from
meteorological data such as temperature, wind, and the saturation
 vapor deficient Ae. The ET potential is generally not achieved
because of lack of available water and stomatal resistance.
 
B. Infra-red gas analysis. It is possible to measure the
upward flow of water vapor using infra-red absorption techniques.

C. Determination o 
water balance in watershed has been used
to estimate transpiration. Watersheds selected have impermeable


rock parent material (to minimize deep seepage). Precipitation

and streamflow leaving the watershed is monitored, and the
balance attributed to evapotranspiration and soil moisture
 
storage. 
This can be done on a micro scale by lysimeters (Lesson

Seven).


D. Soil moisture storage can be monitored by means of the
neutron probe (Lesson Seven). Withdrawal of soil moisture is 
an
index of transpiration. See Fig. 5.8.
 
E. Transpiration. An elegant technique for determining plant
community transpiration is determination of the variables in the
water balance model illustrated in Fig. 4.11. 
 This requires
knowledge of solar radiation, temperature, relative humidity, Ae,
precipitation, storage and storage capacity of water in soil,
stem, and leaf, and hydraulic conductivity of soil and stems.


With known initial conditions (e.g. after winter recharge) the
model should help keep track of soil water at various depths,
seepage, runoff, stomatal conductance, transpiration, and such
things as the mm of precipitation required to recharge the soil
to the point where additional seepage and runoff could be

expected. The Penman-Monteith equation (see Waring and
Schlesinger, 1985) is used in the solution of this model, and its
 
use illustrated in Fig. 5.9.
 

F. Another elegant method of measuring the transpiration of
conifers is the solution of the following equation:
 

T = k2k3 Dr LA 

Where: -K1 the latent heat of vaporization; K2 - specific heatof air; K3 - density of air; K4 - psychrometric constant. (These
values can be obtain from standard tables; see references inWaring and Schlesinger); T - Transpiration; D - saturation vaporpressure deficit Ae; rleaf 
- leaf resistance; and LAI - leaf areaindex. 
 This equation can be modified for broadleaf trees by
incorporation rair. The surface area of conifer needles is 
so
 
small. rair becomes; negligible.

Leaf area index can be determined by using the relationshipbetween sapwood cross-sectional area and LAI 
((Fig. 2.17, Table
2.4), which must be determined for each species of interest.

Stomatal resistance can be determined using the relationship
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between pre-dawn plant moisture stress (measured with the
 
pressure bomb, Lesson Ten) as illustrated for Douglas fir in Fig.
 
4.9. This relationship must also be determined for each species.
 

Additional Reading:
 
Kramer, P. J. 1983. Water Relations of Plants. pp. 337-339
 
Spurr, S. H. and B. V. Barnes. 1992. Forest Ecology.pp.257-260
 
Waring, R. H.and W. Schl esinger.1985. Forest Ecosystems.pp.88-113
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Table 11.4 Variation in Transpiration Losses of Water from Forest Trees 

Dally Transpiration Annual Transpiration 
Biomass of Foliage, of Leaves, g 1120 or 40-50-yr-old Stands 

-
Species kg ha-' (ggreen leaves) 1 cm 1110 

Birch 4,940 9.5 17 
Beech 7.900' 4.8 14 
Larch 13,950 3.2 17 
Pine 12,550 1.9 8.6 
Spruce 31 ,(M) 1.4 16 
Douglas-fir 40,X) 1.3 19 

Source: Data from Rulter,Iy6X.Copyrighl Academic Press. Used with peniiission. 
'Water loss expressed in lernis of Cn I2O per unit area. 
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Table 11.5 Utilization of Water by Forests in Various Parts of the World (After 
Rutter, 1968) 

Forest Type 
Annual Precipitation, 

cm 

Annual Evapotrans
piratlOn loss 

cm % 
Growing Season 

Soil Water Deficit 

Northern taiga 
conifer forest, 
USSR 

Southern taiga 
conifer. forest, 
USSR 

Spruce stand, 
Great Britain 

Mixed conifer and 
deciduous stand, 
Switzerland 

Mixed conifer and 
deciduous stand, 
N. Japan 

'Evergreen rain 
forest, Kenya 

Deciduous forest, 
European USSR 

Coulter pine, 
California 

Ponderosa pine, 
California 

Coulter pine, San 
Dimas, Calif. 

52.5 

60.0 

135.0 

165.0 

261.7 

195.0 

45.7 

123.0 

126.0 

52.5 

28.6 

32.9 

80.0 

86.1 

54.2 

157.0 

42.4' 

63.7 

58.0 

63.7 

54 

55 

59 

52 

21 

81 

93 

52 

46 

75 

Negligible 

Negligible 

Negligible 

Negligible 

Negligible 

Small 

Moderate 

Severe 

Severe 

Extreme 

E 1.0 

C 

c 0.5 

<0 
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Figure 10.3. The pattern of water absorption from the upper 20 
feet (6 ii) of soil at a southern Appalachian mountain 
site. Total absorption peaks in June and thereafter 
extraction of water comes more and more uniformly 
from the entire profile. (After Pattic et ai., 1965.. Re
produced from Soil Science .Society of: America 
Proceedings, Vol. 29. p. 105. 1965, by permission of 
the Soil Science Society at America.) 
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LESSON EIGHTEEN 

CAUSES OF WATER DEFICITS AND. STRESS. 

By the end of this lesson you should be able to: 
....List the factors that induce water deficits
....
Explain how trees may supplement soil water storage by stem
 

water storage
....Diagram the daily cycle of induction and reduction of water
deficits in a well-watered soil
 ....Define water stress in plants
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THE CAUSES OF WATER DEFICITS AND STRESS
 
The development of water deficits is similar to a bank
 

savings account. Plants loose water by transpiration
 
(withdrawals), and water is made available to plants by
 
precipitation (deposits). Soil depth and texture determine the
 
soil capacity for moisture storage. The amount of available soil
 
water is analogous to the current account balance. Such factors
 
as root growth and salinity determine how easy it is to make
 
withdrawals, and the hydraulic conductivity of roots, stem, and
 
leaves determine how rapidly transfers can be made from one
 
account (e.g. the soil) to another (e.g. the leaf). Water
 
deficits develop whenever withdrawals (transpiration) exceed the
 
rate at which transfers can be made to keep the leaf account with
 
a current, positive balance.
 

I. Transpiration
 

Transpiration often exceeds water absorption during the day.
 
Fig. 4.4 illustrates the common course of water absorption and
 
transpiration in Scots pine. Transpiration began at sunrise, and
 
soon exceeded water absorption. By 9:00 am a water deficit had
 
accumulated sufficient to increase water absorption by increasing
 
the T gradient at the root-soil water interface. At 10:00 am the
 
accumulated water deficit had been sufficient to cause partial
 
stomatal closure as evidenced by decreased transpiration. Trans
piration decreased more toward sunset, but water absorption
 
continued into the night until the deficit was removed. The
 
water deficit developed in the morning was removed at night.
 

II. Conductance
 

The conductance to the movement of water through the stem is
 
regulated by several factors (Lesson Thirteen), including xylem
 
anatomy and age. As previously discussed, water transport
 
encounters less resistance in xylem composed of vessels than of
 
trachieds. Fig. 4.14 illustrates decreased water conductance of
 
Scots pine wood with age. Water deficits can be induced in
 
leaves even with adequate soil moisture if stem or root
 
conductance is not sufficient to supply the transpiration demand.
 

III. Water Absorption
 

The ability of the roots to absorb water is also affected by
 

several factors (Lesson Eleven), including soil temperature,
 
salinity, water content, and any factor that affects root growth.
 

Poor soil aeration causes the resistance of the root to the
 
passage of water to increase, and plants often wilt because of
 

this, even though flooded. During later stages of poor soil
 
aeration (e.g. by flooding) roots may die, and become quite
 
resistant to water flux, or roots may cease growth, causing the
 

prime root region for water absorption to diminish because of
 
All of these can induce water deficit
tissue maturation. 
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Salinity affects both the permeability of the root to water and
 
increases rsoij, thus reducing the'potential for water 
absorption. Restricted absorption may induce a water deficit.
 

IV. Soil Drying Cycle
 

Fig. 7.5 illustrates water potential changes during a soil
 
drying cycle. Water deficits accumulate over time. The dashed
 
line depicts the increasingly negative Tsoil over six days, until
 
Tsoil reaches the permanent wilting point at day six at -1.5 MPa.
 
Note that Tleaf (solid line) goes though a diurnal cycle,
 
becoming very negative during the day, but overnight Tleaf
 
becomes less negative, equaling Tsoil by dawn. Pre-dawn
 
measurements of plant moisture stress (using the pressure bomb,
 
Lesson Nine) are used to measure soil moisture stress based upon
 
this relationship.
 

On day four in Fig. 7.5 Tjeaf dropped below -1.5 MPa.
 
Recall that the solute or osmotic concentrations of most leaves
 
is about 1.5 MPa. When Tleaf = -1.5 MPa,turgor = 0 (T = v + T,
 
Lesson Three), and the leaf wilts. On days five and six the leaf
 
continues to absorb water, as evidenced by less negative Tleaf
 
during the night, but the T remained more negative than -1.5MPa,
 
and the plant has entered the permanent wilting point. In
 
contrast, on day three the leaf wilted in the late afternoon, but
 
recovered by the following morning.
 

The daily leaf water potential of pine in three soil
 
moisture regions is shown in Fig. 7.6. When grown in moist soil,
 
Tleaf dropped to -1.3 MPa, and in dry soil to -1.8 MPa, but no
 
lower, indicating stomatal closure in dry soil.
 

V. Stem Storage
 

Trees have a tremendous capacity for stem storage of water,
 
as much as 300 t ha-1, or the amount that may be transpired over
 
5-10 days. In some cases stem water may be recharged quickly
 
following rainstorms, but in others, as illustrated in Fig. 4.3,
 
the stems may not recharge water lost during the summer until
 
autumn or winter. The ability to store and use water to replace
 
transpirational losses can significantly delay the onset of water
 
deficits in large trees. Stem water storage actually supplements
 
soil water storage in large trees.
 

Water stored in the stem may also be used during the day by
 
trees as illustrated in Fig. 7.4. The use of stored water is
 
reflected in diameter changes of the stem. Diurnal fluctuations
 
in stem diameter are common in trees.
 

VI. Water Stress
 

As can be seen from the above discussion, the development of
 
water deficits is a near daily occurrence in plants. Water
 
stress develops whenever: ".. water loss exceeds absorption long
 
enough to cause a decrease in cell enlargement and perturbation
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of various essential physiological processes" (Kozlowski, et.al.
 
1991). The usual cause for water stress is drought, but any

situation of excess transpiration, inadequate absorption,

insufficient water storage in stem and/or soil, or insufficient
 
rate of transfer, if severe enough and prolonged enough, can
 
cause water stress.
 

Additional Reading:

Kramer, P. J. 1983. Water relations of plants. pp. 344-351
 
Kozlowski, T, P. Kramer, and S. Pallardy. 1991. 
 Physiological

Ecology of woody plants. pp.250-254

Waring, R. and W. Schlesinger. Forest Ecosystems. 1985. pp.77-80.
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LESSON NINETEEN
 

THE EFFECTS OF WATER STRESS
 

By the end of this lesson you should be able to:
 

.... Define water stress
 

....
Describe the effect of water stress on cell elongation and
 
tissue enlargement
 

....Compare the effect of water stress on 
cell elongation with
 
its effect on photosynthesis
 

....Describe the mechanism by which some plants and seeds
 
resist water stress
 

....Define osmotic adjustment
 

....Describe the cause of water stress induced in winter
 

....Describe how water stress may be measured
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THE EFFECTS OF WATER STRESS
 

I. Water Stress
 

Water stress occurs when turgor pressure becomes so low that
cell enlargement, or other physiological processes are adversely

affected.
 

II. Avoidance of Water Stress
 

Turgor pressure develops in cells with a central vacuole.
Cells form a central vacuole after cell division when scattered

small vacuoles coalesce into one large vacuole, and that vacuole

expands. 
 Vacuolar expansion causes cell enlargement.


Not all plant cells form a central vacuole, and those

without them avoid water stress. Examples include the mosses and

lichens, which can be desiccated, but regain function upon

rehydration. 
But the cells of mosses and lichens do not expand

either, and thus they are 
limited to very short stature because
 
no conduction tissue 
(e.g. xylem cells) are formed.
 

The embryo and endosperm cells of most seeds also do not
have a central vacuole, and thus seeds avoid water stress. 
When

the seed germinates the emerging root expands by formation and

enlargement of the central vacuoles of its cells, and the
 
developing root is then subject to water stress.
 

III. Effects of Water Stress on Cells
 

The effects of water stress are summarized in Table 24-1.

Cell growth and wall synthesis is affected at T = -0.7 MPa, which
is less negative than required to induce stomatal closure in most

species. This means that photosynthesis can still occur in

plants under water stress (Figs. 12.10, 24-6). 
 Note that ABA

(abscissic acid) accumulation begins under a water stress of

about -10 MP&. ABA causes stomates to close and remain closed
 
even for some time after stress is relieved.
 

Proline and sugar accumulation occur at about the same
 
stress level as ABA accumulation. Both proline and sugar

accumulation increase vcell, permitting the cell to maintain
 
turgor against increasingly negative Tcell" 
 This is osmotic

adjustment by which plants acclimate to 
increased water stress.
 

Sudden water stress is generally more damaging than stress

that develops gradually. Gradual induction allows the plant to

acclimate by osmotic adjustment, formation of additional leaf
 
cutin, and improved root/shoot ratios
 

Water stress affects diameter growth in trees by reduced

cell expansion. Fig. 7.8 compares trachied growth in irrigated

and drought grown red pine. 
 Water was not limiting in initial

early wood growth, but under drought conditions the large cells

of earlywood growth ended sooner. 
 Both the number and the size
 
of latewood cells were reduced in drought.
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IV. Effect of Water Stress on Tissues and Whole Plants
 

The reduction in trachied number and size is reflected in

diameter growth as shown in Fig. 10.5. 
 Thinning this pine stand

increased the amount of water available to the remaining trees.

Thinned trees responded by increased diameter growth.


Water stress can also reduce height growth in trees. In

Fig. 7.11 water stress was measured as pre-dawn water potential

during summer drought in different habitats. Height growth of

Douglas fir decreased as water potential became more negative.

Species distribution is related to maximum pre-dawn water
 
potentials during summer drought. 
Abies has a similar
 
distribution to Abies spectabolis in Pakistan, preferring cool,

moist habitats. The distribution of Pinus ponderosa is similar
 
to Pinus roxburgii, occupying more xeric habitats; and the
 
distribution of the Quercus species in both areas is similar by

being found in the most xeric forest habitats.
 

The effect of water stress in reducing cell size is not

uniform throughout plant tissues. In general, the effect of cell
size and number reduction is most severe in leaf expansion. Leaf
 
area deceases, but leaf thickness may increases. Water stress
 
may also induce leaf senescence and leaf shedding.


Shoots are generally more reduced by water stress than
 
roots, resulting in an improved root/shoot ratio for drought.
 

V. 
The Cause of Water Stress Induced Cell Death
 

The vacuole shrinks as turgor becomes increasingly negative.

Eventually this shrinkage causes the cytoplasmic membrane to be
torn as the cytoplasm is pulled away from the cell wall. This
 
causes cell death.
 

VI. Effect of Water Stress on Insect Damage
 

Pine engraver beetles require tree T = -1.5 MPa or less for

successful penetration, and widespread infestations of pine bark
 
beetles occur after prolonged drought.
 

VI. Winter Water Stress
 

Water stress developing in winter may kill buds and leaves.

The hardening process during autumn increases the amount of bound
 
water and solutes in leaves, and protective, water retaining

tissues are formed around buds to protect them. But water can be

lost from these tissues during the dry winter. If the stem and/

or ground is frozen, preventing replacement, injury may occur.
 

VII. Measurement of Water Stress
 

Water stress may be measured by relative water content. A

leaf or leaf disk is weighed, floated on water, and weighed

again. Weight gained during hydration indicates water content
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- -

below saturation at the time the sample was taken. Most plants
 
suffer water stress when the relative water content is less than
 
92% of saturation.
 

Additional Reading:
 
Kramer, P. J. 1983. Water relations cf plants. pp. 352-380
 
Landsberg, J. J. 1986. Physiological ecology of forest
 

production. pp. 156-159.
 
Slavik, B. 1974. Methods of study of plant water relationships.
 

pp.136-145
 
Spurr, S. and B. Barnes. 1992. Forest ecology. pp. 264-268.
 

Table 24.1 Generalized Sensitivity to Water Stress of Plant Processes or Parameteras 

Sensitivity to Stress 

Very Relatively
 
Sensitive Insensitive
 

Tissue ipRequired to Affect Processb
 
Process or Parameter
 

Affected 0 bar -10 bars -20 bars Remarks
 

Cell growth Fast-growing tissue 

Wall synthesis Fast-growing tissue 

Protein synthesis Etiolated leaves 

Protochlorophyll
 
formation
 

Nitrate reductase
 
level 

ABA accumulation
 

Cytokinin level
 

Stomatal opening -


Depends on speciesCO2 assimilation -----

Respiration - - - Depends on species 

Proline accumulation
 

Sugar accumulation
 

"Length of the horizontal lines represents the range of stress levels within which a process first 
becomes affected. Dashed lines signify deductions based on more tenuous data. 

"With it,of well-watered plants under mild evaporative demand as the reference point. 
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LESSON TWENTY 

WATER USE EFFICIENCY 

By the time you complete this lesson you should be able to:
 

....Define water use efficiency WUE
 

....
Identify the factors that affect the rate of diffusion, and

describe the effect these factors have on transpiration,

photosynthesis, and WUE
 

....Explain the effects of changes in mesophyll, stomatal, and
 
boundary layer resistances on WUE
 

....Describe the effect of internal leaf surface area on WUE
 ....Explain variation in leaf form as an adaptive response to the
 
environment
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WATER USE EFFICIENCY
 

I. Water Use Efficiency
 

Water use efficiency WUE is the ratio of water transpired to
 
dry matter, crop yield, or CO2 fixed. Although WUE is related to
 
plant distribution, it is not equivalent to drought tolerance.
 

The loss of water vapor by transpiration, and the absorption

of CO2 by photosynthesis, are both diffusion processes. The rate
 
of diffusion is controlled by the diffusion gradient and by
 
resistances to diffusion. In Lesson Fifteen the relationship for
 
transpiration was expressed as follows:
 

T = (S20in - HOx,) (diffusivity) 

In this equation (H2Oins - H20ext) expresses the 
concentration of water vapor in the air (ext) and in the leaf
 
(ins) respectively, or the diffusion gradient. Resistances r. and
 
ra are stomatal and air-boundary layer resistances respectively.

These resistances are illustrated in Fig. 18-6. Diffusivity is
 
the diffusion coefficient of water vapor in still air.
 

The diffusion of CO2 in photosynthesis can be expressed as:
 

PS = (C 2 1s - C0 2 xt) (diffusivity) 
rm + r s + ra 

In this equation (C02 ins - C02 ext) represents the diffusion 
gradient. Diffusivity is the diffusion coefficient of C02 in
 
still air, and rM has been added to account for the resistance of
 
CO? diffusion into mesophyll cells. Although water vapor

originates from evaporation from the mesophyll cell surface, C02
 
must diffuse through cell walls into the mesophyll.
 

These two equations can be combined to give an expression
 
for WUE:
 

(ra+rs)
WUE = (0.64Diffusivity H2 0) (conc.diff.C02) 
conc.diff.H20 (ra+rs+rm) 

CO diffuses more slowly than H20 because diffusion is
 
proportional to molecular weight; MW C02 = 44 and MW H20 = 18.
 
The value 0.64 in the equation accounts for the differences
 
between the diffusivity of water and C02 caused by molecular
 
weight. Conc.diff. refers to the diffusion gradients of H20 and
 
C02 from inside to the exterior of the leaf.
 

An examination of the WUE equation discloses that there are
 
three ways in which the diffusion of H20 can be altered in
 
relation to C02: changes of rm which only affect C02;.a
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differential effect of L, + ra on the two gases; and changes in
 
the diffusion gradient, mostly of CO2 since that of H20 is fixed
 
by environmental conditions.
 

II. Differences in WUE
 

WUE varies more than ten fold between plant groups,
 
including notable differences between C3, C4, and CAM
 
(Crassulacean Acid Metabolism) plants (Table 5.5). C3, C4, and
 
CAM refer to different pathways of carbon fixation in
 
photosynthesis. The WUE of C3 plants is about 500:1, of C4 plants
 
about 250:1, and CAM plants about 50:1.
 

III. Differences in WUE based upon mesophyll resistance rm
 

A. C3 and C4 Plants
 
The differences in WUE of C3 and C4 plants is illustrated in
 

Fig. 13.2. Sorghum is a C4 species, whereas soybean is C3.
 
The initial CO2 acceptor in C3 photosynthesis is ribulose
 

biphosphate carboxylase-oxidase .(rubisco). This enzyme has a
 
relatively low affinity of C02, and as its name implies, it
 
reacts with oxygen as well as CO2. When rubisco reacts with
 
oxygen, carbon is lost by photorespiration. Carbon loss by
 
photorespiration increases with temperature, and net
 
photosynthesis (or yield) decreases when it occurs.
 

In initial acceptor in C4 photosynthesis is phosphoenol
 
pyruvic acid carboxylase (PPC). It has a very high affinity for
 
CO2 and does not react with oxygen, thus does not lose fixed
 
carbon by photorespiration.- The C4 process has a higher
 
potential for net photosynthesis. Many of the most productive
 
crops are C4 species (e.g. corn, sugar cane), especially in hot
 
climates because the increased carbon loss by photorespiration by
 
C3 plants in warm climates does not occur in C4 plants.
 

Plants which possess C4 photosynthesis have a greater WUE
 
because PPC has a higher affinity for C02, thus lowering
 
mesophyll resistance rm. C4 plants also maintain a steeper
 
diffusion gradient because no CO2 is lost back into the
 
substomatal cavity by photorespiration. Because of this C4
 
plants can reduce the internal CO2 concentration to near zero,
 
whereas C3 plants can only reduce the internal CO2 concentration
 
to 80-120 ppm (atmospheric CO2 is about 340 ppm). The combined
 
properties of a steep CO2 diffusion gradient and low rm account
 
for the high WUE of C4 plants.
 

B. CAM plants
 
CAM plants are succulents such aa. cactus. They have the
 

highest WUE. These plants are adapted to arid conditions. Their
 
stomata open at night and close during the day, just the reverse
 
of most plants. CAM plants absorb CO2 during the co,:i-, humid
 
night, minimizing water loss. CO2 is stored as (lIorganic acid,
 
and undergoes photosynthesis the following day. CAM plants also
 
have a low rm. Although CAM photosynthesis utilizes the lss
 
efficient C3 pathway, they have high WUE because, in addition to
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night time C02 absorption, these succulents expose a large,

internal surface area of mesophyll cells through which absorption
 
can take place, reducing rm by increased surface area.
 

IV. WUE differences based upon internal surface area
 

A large ratio of internal leaf (mesophyll) surface area to
 
exterior surface area is a general characteristic 	of plants with
 
high WUE. Xerophytes have a ratio of internal/external leaf area
 
of 17-31, sun leaves of mesophytes 12-19, and shade leaves 7-10.
 
Xerophytes have the highest WUE, and shade leaves 	the least.
 

The greater the internal mesophyll area of the leaf the
 
greater surface offered for C02 absorption, and the lower rm.
 

V. Differences Based upon Differential rs and r. 	to C02 and H20
 

The major resistance to CO? diffusion is rm. In order to
 
enter the cell CO2 must first di:;solve in the water-filled cell
 
walls. The rate of diffusion in liquids is about 	one thousand
 
times slower than in gas, thus diffusion of C02 is much more
 
affected by rm than by r. nd ra.
 

Since the major source of resistance to C02 diffusion is rm,
 
any factor that increases r. and ra will affect transpiration
 
more than photosynthesis, and thus improve WUE. Partial stomatal
 
closure improves WUE for this reason. This is the reason that
 
WUE may increase in midday as excess transpiration over water
 
absorption causes partial stomatal closure.
 

VI. Differences in WUE based upon C02 diffusion gradients
 

WUE efficiency increases with increasing external C02
 
concentrations. Fig. 10.6 illustrates that the effect of
 
increased C02 is greater in C3 soybean than in the C4 corn.
 
Increased external C02 has a greater effect on low C02 affinity
 
rubisco than high CO2 affinity PPC.
 

The effects of CO2 on photosynthesis, leaf conductance and
 
transpiration of cottonwood is illustrated in Fig. 10.4. WUE
 
increased with increasing C02 because of increased photosynthesis
 
and decreased transpiration. This was caused by partial stomatal
 
closure, as evidenced by decreased leaf conductance (to water
 
vapor) with increased CO .
 

The effects of partial stomatal closure on conductance (the

reciprocal of resistance) on CO2 and H20 diffusion is given in
 
Tab. 10.2. Note that stomatal closure reduced water conductance
 
by 50%, but C02 conductance by only 27%.
 

VII. Ideal Leaf Form
 
Fig. 	18.8 illustrates the relationships between leaf size
 

-
(expressed as cm of width), stomatal resistance (sec cm 1 ) on
 
photosynthesis and WUE at two temperatures. Large leaves at high
 
temperatures, especially those with high stomatal resistance,
 
exhibit poor photosynthetic rates. Large leaves maintain
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temperature by evaporative cooling since the alternative,
 
convectional cooling, is not efficient over large surfaces. Such
 
leaves tend to overheat in hot climates, close stomata, and
 
reduce photosynthesis.
 

One alternative for large leaves in hot climates is to
 
maintain very low transpiration resistance, and this is the
 
strategy of some phreatophytes and related plants with poor WUE.
 
These species must have a dependable water supply for their
 
roots, but they maintain high levels of photosynthesis because
 
their large leaves can be kept cool by rapid transpiration.
 
Populus deltoides, an exotic widely planted in Pakistan, utilizes
 
this strategy.
 

A poor WUE is not always a disadvantage. In areas with
 
water tables near the surface with danger of surface evaporation
 
and subsequent salinization, plantings of species such as Populus
 
may lower the water table by rapid transpiration rates, thus
 
reducing the likelihood of salinization by reduced evaporation
 
from the soil surface.
 

Fig. 18-8 also discloses the reason why small leaves are
 
common in hot, dry climates. This includes the world-wide
 
distribution of legumes with pinnately compound leaves. These
 
small leaflets are effectively cooled by convection, transpiring
 
water only as needed during CO2 exchange. Water is not needed
 
for cooling small leaves.
 

In contrast, in cool, moist climates, large leaves are more
 
photosynthetically efficient. Those with high leaf resistance
 
have high WUE.
 

The factors that affect transpiration and photosynthesis are
 
summarized in Fig. 19-10. Leaf characters such as pubescence are
 
included in this figure because of effects on solar absorbance,
 
with resultant effects on transpiration and photosynthesis, thus
 
WUE.
 

VII. Global CO2 increase, global warming, and WUE
 

Fig. 10.6 discloses the effect of increased CO2 on WUE,
 
illustrating the effect is greatest on the C3 soybean, and least
 
on the C4 corn. WUE increases with CO2 to 1900 ppm, or about
 
six-fold current atmospheric concentrations.
 

. This trend is further illustrated in Fig. 10.4 in which the
 
photosynthetic rate of cottonwood increased to about 900 ppm CO2,
 
whereas leaf conductance (to water vapor) and transpiration
 
decreased, giving an improved WUE.
 

These data suggest that as global CO2 concentration
 
increases, photosynthesis, especially in C3 plants should
 

But this is confounded by
increase, causing an increase in WUE. 

the fact that C02 enrichment of the atmosphere will cause global
 
warming and thus photorespiration in C3 plants, causing a
 

This conflict allows only speculation and not
decrease in WUE. 

plant productivity
prediction of the effect of global warming on 


or WUE.
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Additional Reading:
 
Barbour, M. G., et al. 1987. Terrestrial Plant Ecology. pp. 372,
 

445-447.
 
Kozlowski, T. T. 1991. Physiological ecology of woody plants.
 

pp. 382-385, 391.
 

Kramer, P. J. 1983. Water relations of plants. pp. 405-415.
 

Trahle 5.5. Average transpiration ratios for productivity (/., in 

liters of transpired water per kg dry matter produced). l)ata taken 

fromt Maximov (1923), Shantz and Piemeisel (1927), Ringoet 

(1952), Joshi et al.(1965), Polster (1950, 1967), Black (1971), 
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Table 10.2
 
Approximate ElTccts of Partial CIosurc of Stomata (in Conm. tanccs for Water Vapror and C.)"
 

Intcral or 
Air antistomatal mc.phyll Total Rcduction 

conductancc conductance conductance in total 
(cm %ec ) (cm %cc 1) (cm scc ') conductance 

Water vapor 

Stomata open 0.43 0 0.43 153 
Stomata closed 1.22 0 0.22 50% 

CO2
 

Stomata open 0.27 0.16 0.102
 
Stomata closed 0.14 0.16 0.074 27%
 

'From data of Cooke and Rand (1980). 
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A'-IA
Figure 19-10 Schematic Pubescence Length 

of the influences of 
pubescence, leaf length, and 
An'"IA on transpiration and Absorplance r..
 

photosynthesis. (From / 
"Influences of seasonal 
changes in leaf morphology Absnrbed 
on water use efficiency for solar r , 

three desert broadleaf energy 
shrubs" by W. K. Smith and 
P. S. Nobel, 1977. [cology 58: 
1033-1043. Copyright I') 1977 .eaf temperature 

by tie Ecological Society of 
America. Reprinte'd by' .-

eris in d bPhotosynthesis 
permission.)1
 

155 



LESSON TWENTY-ONE 

DROUGHT TOLERANCE 

When you finish your study of this lesson you should be able to:
 

....Describe the major causes of deserts
 

....Describe the characteristics of drought avoiders
 

....List two characteristics of water spenders
 

....Describe four ways plants may postpone dehydration
 

....List three ways in which plants may reduce water loss in
 
response to drought
 

....Define dehydration tolerance
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DROUGHT TOLERANCE
 

I. Drought
 

Drought is a meteorological event defined as a period
without precipitation of sufficient duration that soil moisture
is depleted and injury to plants may result. 
It is permanent in
arid regions, seasonal in regions with well-defined wet and dry
seasons, and unpredictable or random in many humid regions.
The response of plants to water stress is more appropriately
termed dehydration tolerance, and that term will be used
throughout the rest of this lesson.
 

II. The Causes of Arid Regions and Deserts
 

Arid regions have an evaporation potential EP that is
greater than precipitation P, and this includes about one-third
of the earth's land surface. Deserts receive 1
<25 cm yrprecipitation and have a P/EP ratio of about 0.25.
The major deserts of the world occur in the horse latitudes,
or between 15-30 degrees north and south of the equator. The
horse latitudes are an around-the-world band of arid regions.
They are called the horse latitudes because of the historic
abundance of these animals on 
the plains, grasslands and deserts
that occur in these regions. Grasses prosper in arid regions
because they can endure long periods of drought in dormancy, yet
grow quickly when water is available.

Air that ascended in other latitudes descends in the horse
latitudes, and in so doing it becomes warmer because of
compression. 
Warm air holds more moisture than cool air, and
thus precipitation does not occur with descending air masses.
The arid effect of the horse latitudes shifts northward in
summer and southward in winter. 
 In the northern hemisphere this
causes summer drought in the higher latitudes, and increased
summer precipitation in the lower latitudes.

The other major cause of arid regions is mountain ranges.
When air masses encounter mountain ranges the air is forced to
ascend; it cools during ascension and precipitation may occur.
The air mass descends on the lee side, warms, thus preventing
precipitation in the "rain shadow" of mountain ranges.
Because there is little water vapor in desert air, little
incoming short-wave radiation or long-wave outgoing radiation is
absorbed. 
For this reason deserts tend to be hot in the daytime
and cold at night. 
Hot air rises up slopes and canyons during
the day, and when cooled at night the air descends, causing winds
that may, in the proper circumstances, build sand dunes. 
More
commonly, "desert pavement" develops because the fine particles
on the soil surface are blown away leaving larger stones on the


surface.
 
The stress of drought has induced a number of adaptive
mechanisms in'plants, and these are similar around the world. The
same mechanism has evolved in very different plant groups
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(convergent evolution). For example the succulent form and
 
appearance of some Cactaceae are very similar to the
 
Euphoriaceae even though these families are unrelated.
 

Desert soils are often saline because there is insufficient
 
precipitation to wash the salts that have accumulated as a result
 
of weathering away from the soil surface into ground water.
 

III. Adaptation to Drought by Drought Avoidance
 

Desert ephemerals and geophytes are included in this group.
 
Many desert annuals avoid drought by passing through the dry
 
period in dormancy as a seed. After precipitation these annuals
 
germinate, display photosynthetically active leaves, flower, and
 
set seed very quickly, utilizing the water stored in the soil
 
before it drys out.
 

Geophytes, those plants that pass through the dormant season
 
as in the soil as bulbs, rhizomes, corms, tubers, or similar
 
organs, are also common in deserts. Because of their long
 
vegetative life cycles, few if any trees are drought avoiders.
 

Drought avoiders such as desert annuals and geophytes seldom
 
have xerophytic characteristics such as extra wax layers on their
 
leaves. The environment is mesic during the period of their
 
vegetative and floral development, and there is adequate soil
 
water because of the recent rain that induced their growth.
 

Many drought avoiders have characteristics that prevent them
 
from breaking dormancy or germinating until sufficient
 
precipitation has occurred. A common characteristic is a
 
germination inhibitor on the seed coat which must be washed away
 
by the percolation of soil water past it. These seeds will not
 
germinate if simply kept moist. This biological rain gauge often
 
requires the passAge of about 25 cm of water before the inhibitor
 
is removed. This is sufficient precipitation to wet the soil to
 
a depth of about 15 cm, enough soil water to assure that the seed
 
can germinate and complete its life cycle.
 

IV. Adaptation to Drought by Dehydration Postponment
 

There are two general strategies of dehydration
 
postponementt the water savers and the water spenders. Both
 
categories may have a few features in common, but differ in
 
others.
 

A. Water Spenders
 
This category includes the phraeatophytes such as Prosopis
 

and some Populus species. They are common as riparian vegetation
 
along water courses, and the roots of some may extend fifty
 
meters into the soil to tap deep ground water sources. Some,
 
such as Prosopis are so efficient at extracting soil water that
 
the growth of more desirable species such as grasses are
 
inhibited.
 

The stomata of water spenders remain fairly open, and
 
transpirational water may be used for evaporative cooling of
 
their leaves. In order to supply large volumes of transpiration
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water these plants develop extensive root systems, both in depth
and in spread. 
They also maintain favorable root to shoot
ratios. 
The water conduction system of water spenders is
efficient, having more vessels in the xylem, dense leaf venation,
shorter internodes, and more sapwood.
 
B. Water Savers
 

These plants may also have extensive root systems and
efficient conduction systems, but may also have water storage
capacities as well as 
characteristics designed to reduce water
 
loss.
 

1. Water Storage

Succulents such as cactus and manyh euphorbes store water,
often enough to supply plant needs for several months. The
succulent stems of many of these species are pleated, allowing
the stein to expand when absorbing water, and to contract as water
is used. The v of these succulents is generally low. 
 After
precipitation, roots develop to tap soil water, and then as the
soil dries out the roots abscess and scar tissue forms sealing
the succulent stem from the dry soil.

The African baobab (Adamsonia digitata) is the best example
of water storage in the tree form. 
The tree grows to a diameter
of several meters, and is used as a water 
(and food) source by
the African elephant. Douglas fir sapwood can supply several
days of the trees water needs, that of Scotch pine about onethird of the daily requirement, and 24% 
of the daily requirement
of spruce. Current investigations indicate that a substantial
portion of the water withdrawn from storage in trees comes from
 

the bark.
 
2. Reduced Water Loss


Many species reduce water loss during water stress.
europea reduces its water loss by 28% 
Olea
 

after acclimatization,
Quercus ilex by 11%, and many desert species by 30-70%.
Sclerophyllous trees and shrubs may reduce their water loss to
10-20% the rates before water stress.
 
This reduction is accomplished in a number of ways. Leaf
hairs and additional waxy layers may develop, Some leaves fold or
roll to reduce water loss. 
 There is generally a reduction in
leaf size during water stress, and there may be a change in leaf
orientation to reduce radiation absorption.

Leaves may also be shed during drought. Aesculus
california, Prunus persica, and Quercus species are known to stied
leaves during drought. Leaf abscission reduces water loss, and
preserves the buds and cambium for a longer period.
Low humidity induces stomatal closure in 
some species even
if soil water is adequate. This characteristic has been shown to
vary among province collections in species such as Populus, and
Juglan nigra, the black walnut.
 

V. Adaptation to Drought by Dehydration Tolerance
 

Dehydration tolerance is the capacity of the protoplasm to
 
endure dehydration without damage to its fine structure. 
There
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are very few examples of dehydration tolerance among higher
 

plants, but many thallophytes are remarkably dehydration
 
fungi, algae, and the lichens which
tolerant. These include some 


can resume photosynthesis within an hour after rehydration from
 

an air-dry condition. The resurrection plant, Seleginella, a few
 

ferns, mosses, and a few grasses can also tolerate air-dry
 

dehydration.
 
Among higher plants such dehydration is tolerated at one
 

stage of the life cycle, the seed. Indeed, seed preservation
 

depends upon, in part, maintenance in a dry condition.
 

Dehydration tolerance can be determined by measurement of
 
of the
the relative water content RWC which is lethal to 50% 


cells or tissue. Cells generally die if allowed to equilibrate
 
- 96%. This corresponds to
with air at a relative humidity of 92 


The organs of most species (e.g. leaves) are
T -5.5 to -11 MPa. 

fatally damaged if the relative water content falls to !0-75%,
 
but there are some exceptions. The desert shrub creosote bush
 

(Larrea divaricata) of North and South America, and Acacia aneura
 

of the Australian desert can withstand reductions of RWC to 30%.
 

VI Winter Drought 

Trees may be damaged by drought in late winter in regions
 

whe're the soil and/or stem is frozen, but air temperature and
 

humidity is conducive to evaporation. Water loss from buds, even
 

though covered with protective bud scales, may cause damage, as
 

well as the excessive dehydration of evergreen leaves.
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