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A distinct interaction between transpiration and soil moisture

stress and soil temperature was indicated. An increasing degree of

stomatal closure was observed at increasing soil moisture stress

and decreasing soil temperature.
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THE TRANSPIRATION PROCESS AS A FUNCTION OF

ENVIRONMENTAL PARAMETERS

INTRODUCTION

Practically all the water taken up by plants is ultimately lost

to the atmosphere as water vapor. Only a small fraction of the ab

sorbed water plays a permanent role in the development of the plant

and its metabolic processes. The water is mainly lost in the form of

vapor as leaf transpiration. Aerial parts of the plant other than

leaves sometimes give off water vapor but usually in amounts very

small in comparison to leaf transpiration.

The transpiratory water loss is classed either as stomatal or

cuticular, depending upon whether the loss occurs through the sto-

mates or through the cuticle. The greatest amount of water is lost

through the stomates. The quantities of water transpired are im

mense. For example, an acre of corn can transpire as much as 11

inches of water during a growing season. Apple orchards have been

shown to transpire as much as 9 inches of water during a growing

season.

Because most of the water absorbed by land plants is lost by

transpiration, the rate of water uptake must depend largely on the

rate of transpiration. When considering only the passive absorption

of water, transpiration is a diffusion process and can be treated in

accordance with Fick's laws, just as the diffusion of a solute. Water



moves, in this case, from regions of higher to regions of lower poten

tial energy, as it moves through the soil, into the plant root, and

through the plant to the leaves, as shown in Figure 1. The potential

energy continuously decreases until the water reaches the point in the

leaves at which evaporation is taking place.

Transpiration takes place by the movement of water from leaf

veinlets into surface layers of outer cell walls and evaporation of

water from surface layers into the atmosphere as cuticular transpira

tion, or from mesophyll walls into intercellular spaces and then out

ward diffusion through stomates. The pathways of water are shown

in Figure 2. The stomatal transpiration is dependent on the aperture

of the stomates. When stomates are closed, the rate of transpiration

is very low, since little vapor loss occurs through the cuticle. There

fore at a given potential energy gradient from the soil to the air, the

most decisive factor in controlling transpiration is the stomatal

opening.

The changing of the stomatal aperture (Kozlowski, 1964) is

governed by the turgor pressure difference (Figure 3) between guard

cells and surrounding cells. As a guard cell absorbs water osmotic-

ally, the thinner and the more flexible cell wall, remote from the

pore, elongates. Since the thicker and less flexible wall bordering

the pore elongates far less, it assumes more of a semicircular shape

which results in stomatal opening.
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Figure 1. Diagram showing entry of water from the soil to the root
hair and its path of movement through the plant to the
leaf cells, thence escaping as water vapor into the inter
cellular spaces, from where it passes to the atmosphere
(After Robbins^taL , 1957, p. 194).
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Figure 2. Transpiration from the leaf blade. Cross section through a blade including a vein.
Arrows indicate passage of water from the vein through the mesophyll cells into the
air spaces and out through the stomata. Solid arrows indicate liquid water; dotted
arrows, water vapor (After Sinnot, 1955, p. 73).

*•



Figure 3. A stomata. Face view, showing the guard cells con
taining chloroplasts; the pore or the opening between
the guard cells; and the adjacent cells of the epidermis
to which the guard cells are attached (After Sinnot,
1955, p. 65).



Various environmental influences impinge directly and in

directly on the stomatal system and cause internal changes which in

turn alter turgor. Among the most important environmental factors

affecting stomatal opening and closing are cell water deficits, carbon

dioxide concentrations, light and temperature.

The rate of water loss by plants is exceedingly variable. It

differs markedly with season and site which determines existing

meteorological conditions and water supply. As reviewed by

Kozlowski (1964) species differences have been reported by a variety

of investigators.

Transpiration control is intimately related to factors which

may cause resistance along the transpiration path to change. These

changes are encountered in the soil, plant, or air. Among the major

environmental factors controlling transpiration are leaf water status,

humidity of the air; soil, air, and leaf temperatures!' light; wind,and

available water. According to Milthorphe (1961) the really important

plant factors influencing transpiration are stomatal conductance and

the resistance of the outward diffusing stream of water vapor to flow

away from the leaf as a whole. Such resistances result from mutual

interference between diffusing molecules and the effect of frictional

drag on air movement over the leaf. The external resistance is a

function of the amount and shape of the leaf cover. Effects related to

conductances of the cell wall and substomatal cavities usually are



very small when adequate water is available for plant growth. How

ever, as the water status of the soil-plant system changes, marked

changes also occur in the resistances along this part of the flow path.

The purpose of the work described in this thesis was to meas

ure transpiration under conditions in which environmental factors

known to markedly influence transpiration were controlled or meas

ured, in order to evaluate resistances occurring in the transpiration

path as a function of these environmental parameters. The two main

parameters considered were soil moisture stress and soil tempera

ture. The effect of the interaction of these two parameters has long

been neglected in studies of this type.



DESCRIPTION OF THE PROBLEM

Under certain conditions (Rawlins, 1963) it is possible to con

sider transpiration as a catenary process. Under these conditions

water moves through a series of resistances according to potential

or concentration gradients, very much in analogy to Ohm's Law.

Van der Honert (1948) stated that Ohm's Law is applicable, not only

to an electric current, but to any process where its velocity is direct

ly proportional to a potential difference. Under conditions of steady

state water flow it can be used to express water transport through the

whole soil-plant-atmosphere system.

Consider a plant growing in the soil and transpiring. Water

moves from the soil to the air through a path, the various segments

of which have various resistances and gradients. The gradients may

be expressed in terms of water potential or in terms of vapor pres

sure in equilibrium with a given potential. The potential concept is

commonly used to describe the water energy status of the soil (mois

ture tension) or of the plant (diffusion pressure deficit), whereas the

vapor pressure is used when dealing with vapor diffusion as described

by Fick's first law. Water potential is defined in terms of the chemi

cal potential of water, fx , relative to that of pure, free water,
w

u , in a system (Boyer, 1965). It is represented by the symbol,
w

dj , and is related to the chemical potential as:
w



^ =(|i - Ji°)/(v ) (1)
w w w w

-3 0
where di is in units of ergs cm , u and u, are in ergs

w s ^w *w s
- 1 _ 3

mole and v , the partial molal volume of water, is in cm
w

, -1
mole

In soil-plant-air systems (Shimshi, 1963), the term vapor

concentration does not imply the presence of any vapor, but it

describes the energy status of the liquid phase by means of the vapor

concentration which would be in equilibrium with the water potential

at any point in this phase. For interpretation, vapor concentration

may be reconverted to the corresponding water potential.

Transpiration may be described by the following equation:

T=[(Ac) + (Ac) + (Ac) ]/(R +R +R ) (2)
s p a s p a

2
where T is the transpiration rate, gm of water per cm of leaf

per sec; Ac is the difference in vapor pressure along a segment of

3
the water path reduced to units of vapor concentration, gm per cm ;

R is the resistance to water movement of the segments, sec per cm.

The subscripts affixed to Ac and R, designate the segments of

the water path as follows: s the soil, p the plant, and a the

air. The soil and plant are the segments in which water moves in the

liquid phase, in the air water moves in the gaseous phase.
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Therefore, assuming transpiration to be a steady state process,

it would equal the water flux through any segment of the water path as

follows:

T = (Ac)/R = (Ac) /R = (Ac) /R = (Ac) /R . (3)
s s p p a a

Transpiration of water vapor from a plant leaf is a diffusion

phenomenon (Gates, 1965). The water vapor diffuses from the meso

phyll cell walls lining the substomatal cavity to the free air beyond

the boundary layer next to the leaf surface. It is usually assumed that

the air next to the mesophyll cell walls is saturated with moisture at

the temperature of the leaf, T . The saturation vapor density is

p at T . The vapor density of the free air, at a temperature,

T , is p , which is equal to the product of the relative humidity

and the saturation water vapor density of the free air, p at T .
s a

Utilizing the assumption of equation (3) and considering only

- 2 - 1the vapor phase, then the flow of moisture, T, in gm cm min ,

from the substomatal cavity through the stomatal opening, through

the boundary layer of air adhering to the leaf surface to the free air

beyond the leaf may be written:

p - p

T =-Lj-5 (4,

where R is the total resistance of the diffusion pathway expressed



in mm cm
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1

The total resistance along the flow path is made up of several

resistances in series defined as follows:

1. r - the resistance encountered by water molecules

passing from inside the leaf through the intercellular

spaces and the stomatal openings (or the cuticle).

The flow path in the leaf along which this resistance

occurs is represented by the dashed arrows in Figure

2.

2. r the resistance encountered by water molecules dif

fusing across the boundary layer which sheathes the leaf

surface (see dotted arrows in Figure 2).

3. r - the resistance encountered by water molecules dif-
mi

fusing across the cell walls of the mesophyll cells to the

evaporating surfaces, indicated where solid arrows change

to dashed arrows in Figure 2.

The resistance of the mesophyll, r „, is considered to be
r mi

negligible when adequate water is available to the plant However, it

has been postulated that as the soil dries out and the soil moisture

stress increases the resistance of the mesophyll increases to a point

where it can no longer be ignored This process has been termed
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incipient drying and has been held responsible for reductions in trans

piration independent of stomatal closures.

The literature offers much evidence which supports the varia

tion of transpiration independent of stomatal control (Boon-Long, 1941;

Van der Honert, 1948; Lewis, 1948; Meidner, 1955; Went, 1944).

Shimshi (1963) clearly demonstrated that transpiration was not a func

tion of stomatal width alone but varied with soil water content. Kuiper

(1961) stated that under conditions of water stress, transpiration may

well be limited by water supply through the petiole causing an incipient

drying resistance to become of importance. He indicated that this is

supported by anatomical observations on the cutine layer of the meso

phyll cell walls surrounding the intercellular spaces.

Rawlins (1963) indicated three possible mechanisms by which

the required changes in the permeability of the mesophyll cell walls

necessary to effect transpiration could come about: (1) actual clinical

changes of the cell -wall similar to that postulated by Kuiper (1961);

(2) partial dehydration of the cell walls -- the so-called "incipient

drying", and (3) the work of Boon-Long (1941) which showed a large

reduction in evaporation of solution through membranes due to the

concentration of solute in the pores or at the surface of the membrane.

Several investigators, as reviewed by Slatyer (1963), using

leaf tissue and porometer measurements, have demonstrated a

marked increase in mesophyll resistance with decreasing water
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content. No attempt has as yet been made to measure this resistance

on intact plants growing in the soil at various known levels of soil

moisture stress. An experimental evaluation requires the ability to

control the soil moisture content at a constant value.

Researchers have long sought after a technique for controlling

soil water content during plant growth. Most of this earlier work has

been reviewed by Kramer (1949).

Two techniques which recently have been used appear prom

ising: (1) a hanging water column method (Hsieh, 1963) and (2) an

osmotic control method using high molecular weight polyethylene

glycols and semipermeable membranes (Zur, 1961).

In the hanging water column method, Hsieh grew corn plants

on a screen which was underlain with soil (Figure 4). The screen

contained holes just large enough for the root hairs to grow through

but not the roots. Therefore only the root hairs were in contact with

soil of a known -water content. Water content of the soil from the root

hairs to the water source was monitored by a gamma emitting device.

Although Hsieh obtained excellent data the actual procedure was very

difficult to perform and required extensive preparation and specialized

equipment.

In the osmotic control method (Zur, 1961) thin layers of soil

were encased in a membrane which was permeable only to water but

impermeable to the solute. This soil cell was then immersed in an
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osmotic solution containing Carbowax 6000. Carbowax 6000 is a

polyethylene glycol with a molecular weight of 6000. Of the various

other molecular weights available, Carbowax 6000 has proved the

most satisfactory (Michel, 1963). —'

Zur (1961) found that good control of soil moisture could be

attained provided that the soil cell was kept very thin, that growing

plants were kept small (to keep the transpirational demand low) and

that the osmotic concentrations were kept low.

2/
Recently, several workers (Painter, 1962; Wiebe, 1962) —

have used this method or some modification thereof with varying de

grees of success. An intensive study was carried out by Michel

3/(1963) — to determine and solve several problems associated with

this method. He encountered the following problems: (1) Mixing of

the osmotic solution to prevent formation of concentration and temper

ature gradients at the membrane surface, (2) temperature control of

the osmotic solutions because of heat introduced by stirring apparatus,

(3) leaking of the soil cells, (4) adequate aeration of the plant roots

after prolonged immersion, (5) biological decomposition of the

— Michel, B. E. Department of Botany, University of Georgia,
Athens, Georgia. 1963. Personal communication.

2/— Western Regional Research Project on Water-Soil - Plant Relation
ships, Wyoming and Utah contributing project reports, 1962.

3/— Michel, B. E. Personal communication, 1963.
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membrane after 21 days of immersion, and (6) nutrient deficiencies

occurring due to small soil volume.

Temperature control is most important because of its effect

on water uptake by plants (Jensen and Taylor, 1961; Kuiper, 1962;

Moss et al. , 1961; and Nielsen et al. , I960). This effect on water

uptake has usually been attributed to the combined effects of changes

in permeability of the root membranes and the changes in viscosity

of the water. However, Kuiper (1964) showed that water uptake was

also dependent upon the temperature at which the plant was grown.

Arkley (1963) stated that the use of water by plants was also

influenced by soil fertility. He concluded that most of the differences

occurring in the transpiration ratio obtained for a given plant in dif

ferent seasons or at different locations was primarily due to differ

ences in either climatic conditions or soil fertility.

Since the osmotic control method appeared to be the more

satisfactory of the t-wo methods available, it -was chosen as the means

to control soil moisture. It was also found that many of the problems

4/
encountered by Michel(1963)—could be eliminated by modification of

Zur's (1961) approach.

4/
— Michel, B.E. Personal communication, 1963.
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An apparatus was developed in which the soil moisture levels

of several soil cells could be maintained independently by various

osmotic solutions at some selected temperature. This apparatus is

shown in Figure 5. Most of the problems associated with the osmotic

5/
control of soil moisture (Michel, 1963)— were either eliminated or

minimized by this apparatus and the procedure used.

The apparatus consisted of two banks of four independent

osmotic chambers, immersed in a water bath. As shown in Figure 5,

water was pumped into the bath, circulated through the chamber and

recycled to a temperature controlled water source. This gave a

positive temperature control for the osmotic solutions thus eliminating

any temperature variation -- induced or otherwise.

The osmotic solutions were stirred by a propellor, connected

to a shaft which protruded through the wall of the osmotic chamber.

Leakage around the shaft was prevented with oil seals and sealed

bearings imbedded in the chamber walls. This assembly is shown in

Figure 6. The shafts were driven by a geared-down electric motor

through a chain drive. Heat developed by the propellors was not a

5/
— Michel, B. E. Personal communication, 1963.
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problem because of the independent temperature control.

The soil cells (Figure 7) were constructed of clear plastic

sheets and possessed removable sides. Plants were grown in these

cells for about six weeks at which time the removable sides of the

cells were replaced by membranes- that were held in place by

specially built frames. Leakage was prevented by sealing the mem

branes and frames to the cell using an O-ring molded from a rubber

adhesive. —

The cells were then put in the osmotic chambers and sealed

in place using the same rubber adhesive. Each osmotic chamber was

brought up to volume with its corresponding solution of Carbowax 6000

and connected to a constant water level device.

The constant water level devices operate on the same principle

as a mariotte bottle and maintained the osmotic chambers at the same

pressure throughout the experiment. These devices were graduated

thus making it possible to accurately measure the volume of water

necessary to maintain this water level over a period of time. As

water was transpired by the plant, water moved from the osmotic

solution across the membrane to replace the water being used by the

plant in the soil. The constant water level devices thus indicated the

amount of water necessary to maintain the level or volume of the

osmotic chamber constant and consequently the amount of water being

— See the appendix for a list of materials used.
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Figure 7. Schematic drawing of equipment showing soil cell with
removable sides.
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transpired. If the volume of the osmotic chamber was not maintained

constant then the concentration of the osmotic solution would increase

as water moved from the osmotic solution into the soil. Increased

concentration of the osmotic solution would likewise result in an in

crease in the soil moisture stress.

Four concentrations of Carbowax 6000 were utilized which corre

spond to the following osmotic pressures: 0. 35atm. , 0. 70 atm. ,

i. OOatm., and 1. 32 atm. The above osmotic pressures were obtained

from Zur's (1961) work. A graph of concentration of Carbowax 6000

and the corresponding osmotic pressure is given in the appendix.

Temperature

Leaf and air temperatures were measured with thermistors,

read out through a Honeywell 24 point potentiometric recorder. Leaf

temperatures were measured by placing a bead thermistor in intimate

contact with the underside of the leaf surface. Small diameter plastic

tubing, through which the thermistor and leads were threaded, served

to hold the bead in contact with the leaf surface.

Air temperatures were measured by placing a bead thermistor

directly under the leaf but displaced a short distance below the leaf

surface.

Relative Humidity

Relative humidity was measured using a narrow range

Hygrodynamics sensor and meter coupled to the same Honeywell
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recorder used for temperature measurements. Periodic checks on

temperature and relative humidity were also made using a sling

psychrometer at the beginning and end of each test run.

Wind Speed

Air movement in the growth chamber was maintained at a con

stant speed by drawing air over the plants with a squirrel cage fan.

The actual wind speeds were not measured but were maintained at a

constant rate below leaf flutter by regulating the size of the air inlet

on the fan.

Transpiration

Transpiration was measured by taking the difference in water

levels of the graduated constant water level devices at the beginning

and end of each test period. Leaf areas were measured using a MK

area calculator with 100 squares per square inch grid.

Soil Temperature

Soil temperatures were controlled by varying the temperature

of the water circulated through the water bath. The four temperature

ranges tested were 50, 60, 70 and 80 F which were controlled within

± 1 F. Water bath temperatures were read manually from thermome

ters immersed in the bath. Previous work indicated that about 12



hours time was required for the soil cell temperature to become

constant after a ten degree change in the water bath. This was de

termined by measuring the temperature of the soil cell with four

thermisters imbedded in the soil at various levels.

Growth Chambers

All of the experiments were performed in a room with tempera

ture and humidity control. This facility has been described in detail

by Stevenson (1963).

Air temperatures were maintained within ± IF of 75 F through

out all tests. Relative humidity was maintained within ± 1 percent

of 45 percent. Checks on air temperature and relative humidity were

made using a narrow range Hygrodynamic s temperature and relative

humidity sensor. Periodic checks of temperature and relative humid

ity were also made at the beginning and end of each test period using

a sling psychrometer.

Light intensity was maintained constant at the tops of the

plants at 2300 f. c.

Relative Turgidity

Relative turgidity was measured using the method proposed by

Weatherly and Slatyer (1957) for the determination of the water status

in the plant leaves. Plant stems with the leaves intact were cut,
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weighed and then placed on a screen lying directly over a water sur

face with stems protruding into the water. Relative turgidity was then

calculated by the following equation:

RT = initial weight - dry weight x 1QQ
1 urgid weight - dry weight

where RT is the relative turgidity expressed as a percent.

Experimental Procedure

White Dutch clover plants were grown in the soil cells at an

air temperature and soil temperature of 7 5 F. When the plant roots

had adequately permeated the soil mass (6-8 weeks) the removable

sides of the soil cell were replaced with the Visking membrane. The

cells were then immersed in the various osmotic solutions. A waiting

period of 60-72 hours was observed for the system to come to equilib

rium and to check for lea.ks in the system. Evaporation from the soil

surface was prevented by placing a soft synthetic material around the

plant stem which was held in place with large hair curler clamps.

This synthetic material although sponge-like was non-porous, thus

preventing it from absorbing water vapor.

When the system reached equilibrium the air temperature,

leaf temperature, soil temperature, relative humidity and water level

of the graduated constant water level devices were recorded. The

plants were then allowed to transpire for eight hours at the end of
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which time the above parameters were again recorded. At this time

the plants were harvested and all plants from each cell were weighed

for the initial weight in the relative turgidity measurement. The

plants were allowed to remain in the water for six hours and then

weighed for the turgid weight measurement.

After obtaining the turgid weight the area of the leaves was

calculated using the MK area calculator. The dry weight of the

leaves and stems were then recorded after drying the material in

an oven at 90 ° C for an hour.

After the plants were harvested, the soil cells were removed

from the osmotic solutions. At this time a soil sample was taken to

determine the moisture content of the soil of each cell.— The mem

branes were replaced by the clear plastic sides and the cells were

then placed back under the lights for regrowth. About two weeks

time was necessary for the plants to regrow to the same size as when

previously tested. At this time the test was repeated.

The above parameters were measured at all possible combi

nations of the four levels of osmotic pressures and four soil tempera

tures. Each combination was replicated four times and two repli

cates were run during each test period. A total of 24 soil cells were

used in the experiment. Air temperature, relative humidity and light

intensity were maintained constant during all tests.

1/
See appendix for soil moisture tension curve and observed values.
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EXPERIMENTAL RESULTS AND DISCUSSION

Transpiration Measurements

A prevailing opinion concerning transpiration (Slatyer, I960)

is that within the entire range of available soil moisture, the main

resistance to transpiration is in the gaseous phase, from the evap

orating surfaces of the mesophyll cells, through the stomata to the

ambient air. Therefore, at a given water potential gradient from the

soil to the air, the most decisive factor in controlling transpiration is

the stomatal opening. Evaporation from the mesophyll cells occurs

in response to the difference in water vapor pressure between the

evaporating surface and the surrounding air. In transpiration the rate

of water loss is thought to be strongly influenced by factors relating

specifically to the plant such as stomatal opening and closing, per

meability of the cuticle, and incipient drying.

In order to separate the relative effects of the soil factors

from the plant factors, transpiration was measured from clover

plants as a function of soil temperature and soil moisture stress.

The results of the transpiration measurements are shown

graphically in Figure 8 in which transpiration in gms of water per

decimeter squared per hour is plotted versus soil temperature in

F , the parameter being soil moisture stress in bars.
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The curves in Figure 8 markedly demonstrate the important effect

of soil moisture stress even in the so called "wet range " and soil tem

perature on transpiration. The three dimensional block diagram in

Figure 9, plottedfromthe graph in Figure 8, also clearly shows this

dependence of transpiration on soil moisture stress and soil temperature.

The relative displacement of the curves in Figure 8 indicate that

a decrease in transpiration is brought about by small increases in soil

moisture stress. At a soil temperature of 50 F the transpiration rate

is decreased by more than 50 percent by going from a soil moisture

stress of 0. 35 bars to 1. 32 bars. At higher soil temperatures, the

relative displacements are not as marked but are still apparent.

Very little if any difference in transpiration rate occurs between a

soil moisture stress of 0.70 bars and 1. 00 bars.

The effect of soil temperature on transpiration is very clearly

demonstrated in Figure 8 by the change in slopes of the transpiration

versus soil temperature curves. Two distinct regions centered around

60F are evident from these curves. Above a soil temperature of 60 F

there appears to be a linear relationship between soil temperature and

transpiration. Below 60 F there is a much more rapid decrease in

transpiration as a function of soil temperature which appears to be

curvilinear in nature.

The linear increase in transpiration above 60 F is possibly due

to the decrease in viscosity of water at the higher soil temperatures.

This viscosity effect was observed by Kuiper (1964). He also
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Figure 9. Block diagram showing transpiration as a function of
soil temperature at four levels of soil water suction.
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attributed non-linear effects similar to the region below 60 F to a

combination of physiological and viscosity factors. In this region of

the curve he maintained that the transport of water through a plant

system was limited by the capacity of a metabolic process involved

in the establishment of the membrane structure in the flow path.

The relative displacement of the curves in Figure 8 and the

change in slopes of all curves with temperature indicates that an

interaction exists between soil moisture stress and soil temperature.

Since the experimental design was a randomized block design

with treatments set up in a factorial arrangement, it was possible to

run an analysis of variance on the experimental results. The results

of this analysis are given in Table 1.

As could be expected from the results shown in Figures 8 and

9 the transpiration rate as a function of both soil temperature and soil

moisture stress is highly significant (one percent level of significance).

The interaction between soil temperature and soil moisture stress is

also highly significant. It appears from these results that interpreta

tion of transpiration measurements made without due consideration of

soil temperature and/or soil moisture stress would be grossly in

error.
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Table 1. Analysis of variance calculations for transpiration measure
ments.

Source of Sum of Mean

Variation D.F. Squares Square
Remarks

Total 63 0.032431

Reps. 3 .000225 .000075 1.704 N.S.

Soil Temp. 3 .019618 .006539 143.61 **

Atms. 3 .008948 .002983 67.795 **

Soil Temp. xAtms. 9 .001651 .000183 4.159 **

Error 45 .001989 .000044

Relative Measurements of Stomatal Apertures

Because of the known interaction between stomatal opening and

soil moisture stress (Shimshi, 1963) it was necessary to determine

if any changes in stomatal openings had occurred among all treat

ment combinations of soil temperature and soil moisture stress. The

marked changes in the transpiration curves as shown in Figure 8

possibly indicate partial stomatal closures.

Zelitch (1961) developed a method to make direct microscope

observations of stomatal apertures on tobacco leaves. He found that

excellent replicas of stomatal apertures could be obtained by making

impressions of the leaf surface (negatives) in silicone rubber,
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followed by the preparation of replicas (positive) from the rubber

casts with films of cellulose acetate. He then observed the replicas

of the stomatal apertures on the cellulose acetate films under the

microscope.

Zelitch's method was modified in that only cellulose acetate

impressions (negatives) were taken of the leaf surfaces for direct

microscopic examination. Impressions were made only of the lower

surfaces of the leaf because previous work indicated that practically

all leaf stomata in T. repens occurred on this surface.

The width of the stomatal aperture is controlled by osmotic

forces in the kidney shaped guard cells which surround openings.

When the guard cells are filled with water and are turgid the stomata

possess a roughly circular shape and are open (Figure 10). When the

guard cells lose water and become flaccid, the stomatal opening be

comes more elongated and are greatly reduced in size (Figure 11).

Therefore stomatal width should be a good measure of the relative

changes in stomatal aperture among treatments.

Photomicrographs of various stomata were taken using a student

microscope equipped with a 35 mm camera attachment. The photo

micrographs in Figures 10 and 11 were taken of stomata from plants

subjected to a soil temperature of 50 F and soil moisture stress of

0. 35 and 1. 32 bars. Magnification was approximately 1000 X. It is

apparent that marked changes have occurred in the stomatal opening
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Figure 10. Photomicrograph of a cellulose acetate impression of
a stomatal opening on Trifolium repens. Treatment
combination included a soil temperature of 50 F and a
soil moisture stress of 0. 35 bars. Magnification
approximately 1000 X .

Figure 11. Photomicrograph of a cellulose acetate impression of
a stomatal opening on Trifolium repens. Treatment
combination included soil temperature of 50 F and a
soil moisture stress of 1.32 bars. Magnification
approximately 1000 X.
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under these treatment combinations of soil temperature and soil

moisture stress. Figures 12 and 13 are photomicrographs of stomata

from clover plants under the same treatment combinations as before

but at a magnification of about 400 X. These photomicrographs show

the relative distribution of stomata on the leaf surface.

By inserting a scale into the eyepiece of the microscope it was

possible to obtain a relative measurement of the stomatal widths.

Table 2 shows the variances and the mean widths of 21 stomata as

observed from cellulose acetate impressions of the lower leaf sur

faces of T. repens. Table 2 indicates that marked stomatal

changes have occurred at a soil temperature of 50 F and soil moisture

stresses of 1. 00 and 1. 32 bars.

The least significant difference (LSD) at a one percent level of

significance was used to test the means in Table 2 for relative changes

in the stomatal apertures. This high level of significance was used

because of the difficulty in determining the actual boundaries of the

stomatal aperture. The calculated LSD is indicated in Table 2.

The above approach shows that some stomatal closure has oc

curred at all levels of soil moisture stress except at 0. 35 bars at a

soil temperature of 50 F. At a soil temperature of 60 F, closure

occurred only at the two highest stresses as compared to closure only

at 1. 32 bars at a soil temperature of 70 F. No closures occurred at

a soil temperature of 80 F.
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Figure 12. Photomicrograph of a cellulose acetate impression of
a stomatal opening on Trifolium repens. Treatment
combination included a soil temperature of 50 F and a
soil moisture stress of 0. 35 bars. Magnification
approximately 400 X.

Figure 13. Photomicrograph of a cellulose acetate impression of
a stomatal opening on Trifolium repens. Treatment
combination included a soil temperature of 50 F and a
soil moisture stress of 1. 3 2 bars. Magnification
approximately 400 X.
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Table 2. Results of measurements of the relative width of stomatal

apertures as a function of soil temperature and soil water
suction.

Soil Temperature F
50 60 70

0. 3 5 atm.
X

S2

X

0. 70 atm. 2

X

1. 00 atm. 2

1.32 atm.
X

3.8 6 4. 14 4. 3 6 4. 48

7. 07 7. 07 6. 57 6. 74

3. 07 3. 83 4. 02 4. 31

6. 64 7. 17 4. 24 9. 24

2. 64 3. 67 3. 98 4. 26

4. 57 4. 67 5. 24 7. 31

2. 31 3. 36 3. 55 4. 07

2. 74 4. 57 7. 45 4. 64

X -- mean value of 21 observations

variance

LSD ^ 0. 41

By comparing stomatal widths across soil temperatures at

constant soil moisture stress it was found that at a soil moisture

stress of 0. 35 bars, stomatal closure occurred only at a soil temper

ature of 50 F. Stomatal closures occurred at all combinations of soil

temperature 50 and 60 F and soil moisture stresses of 0.70 and 1.00
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bars. At a soil moisture stress of 1. 32 bars stomatal closures were

noted at all soil temperatures except 80F.

The three dimensional graph in Figure 14 shows the relative

changes that occurred in stomatal apertures at all combinations of

soil moisture stress and soil temperature tested. The effect of soil

moisture stress and soil temeprature on stomatal aperture is clearly

demonstrated.

As indicated by the analysis of variance shown in Table 3

stomatal apertures were significantly influenced by soil moisture

stress and soil temperatures. A significant interaction was also

observed between soil moisture stress and soil temperature and

stomatal widths.

This interaction can be inferred from the variances in Table 2.

The variance in stomatal widths at 50 F and 0. 3 5 bars is quite high

indicating a wide range of stomatal widths present. At 50 F and 1. 32

bars the variance is quite low indicating a narrow range of stomatal

widths. By the same token the variance of stomatal widths at 80F

and 0. 35 bars and 1. 32 bars are quite comparable. This indicates

that as both low temperature and high soil moisture stress come into

play the over all effect on stomatal closing is much greater than

either factor by itself.

A graph of relative openings of stomatal apertures as a function

of soil moisture stress at various levels of soil temperatures is
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Figure 14. Block diagram showing the relative width of stomatal
openings as a function of soil temperature and soil
water suction.
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Table 3. Analysis of variance calculations for measurements of
relative width of stomatal apertures as a function of soil
temperature and soil water suction.

Source of ^ _ Sum of Mean ,_, „
,r . . D.F. F Remarks
Variation Squares Square

Total 335 228.49

Soil temp. 3 78.94 26.31 79-5

Atm. 3 34.44 11.48 34.7

Atm. x soil temp. 9 9-18 1.02 3.08

Error 320 105.93 0.331

shown in Figure 15. At high soil temperatures, such as 80 F, the

stomatal openings are not significantly influenced by increases in

soil moisture stress over the range tested. Slight decreases in

stomatal apertures are indicated over this soil moisture stress

range for soil temperatures of 60 and 70F. For a soil temperature

of 50 F progressive decreases in stomatal apertures are evident over

the entire soil moisture stress range demonstrating the marked inter

action between stomatal openings and soil moisture stress and soil

temperature. Possibly reduced water uptake at a soil temperature of

50 F is effective in reducing turgor in the guard cells to the point that

decided stomatal closures do occur in this particular species.
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Leaf Temperature Measurements

Leaf temperatures depend on the rate of transpiration, the net

radiation, the ambient temperature and the vapor pressure (Linacre,

1964). If the transpiration rate fluctuates and the other parameters

are held constant then fluctuations in leaf temperatures should be

observed.

Figure 16 is a graph of leaf temperatures as a function of soil

temperatures at various levels of soil moisture stress for all treat

ment combinations tested in the transpiration measurements. A

slight increase in leaf temperature is noted with increases in soil

temperature. The greatest increase in leaf temperature occurs when

the soil temperature exceeds the ambient temperature of 7 5F. A

marked increase in leaf temperature is also demonstrated at all soil

temperatures between a soil moisture stress of 1. 32 bars and all

other soil moisture stresses tested. All of these differences in leaf

temperature are demonstrated in the three dimensional block diagram

of Figure 17. The effect of high soil moisture stress on leaf tempera

ture is clearly evident.

An analysis of variance of the leaf temperature data shown in

Table 4 shows that soil temperature and soil moisture stress are

highly significant, with most of the sum of squares being attributed

to soil moisture stress. No interaction between soil temperature and
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Figure 17. Block diagram of leaf temperatures as a function of
soil temperature and soil water suction.
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Table 4. Analysis of variance calculations for leaf temperatures as
a function of soil temperature and soil water suction.

Source of _ „ Sum of Mean _ „
. ^. D.F. F Remarks

Variation Squares Square

Total 63 113

Reps.

Soil temp.

Suction

Soil temp, x suction 9

Error

3 2 0. 667 1. 87

3 7 2. 333 6. 54

3 86 28. 67 80. 53

9 2 0. 222 0. 62

5 16 0. 356

soil moisture stress was evident for the leaf temperature measure

ments .

Transpiration and Diffusive Resistances

Boundary Layer Resistance

In the case of evaporation from a wet surface, the flux takes

place across a boundary layer which sheathes the surface and in

which bulk air flow is laminar in character. Since laminar flow

implies that there is no mixing caused by volumes of air moving

normal to the direction of bulk transport, vapor can move across

such a boundary layer to the free air beyond, only by molecular
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diffusion.

At the present time several investigators have evaluated this

resistance by two main techniques. Gaastra (1959), Kuiper (1961),

Mellor etal. (1964) used a vapor flow technique. Raschke (195 6,

I960) used a heat flow approach since the diffusion of heat and water

vapor is influenced by the same boundary layer resistance. In the

vapor flow approach the boundary layer resistance, r , is calcu

lated from evaporating wet surfaces as similar as possible in surface

geometry to the actual leaves so that r can be estimated by using

a special case of equation 4:

61 " 62
E = — (6)

r2

-2 -1
where evaporation, E, is in gms cm sec ; r , the boundary

layer resistance is the total resistance in sec cm and e and

e are the saturation vapor pressure and vapor pressure of the air

-3
converted to gmH Ocm . The units of the resistance terms are

usually reported in minutes per centimeter; higher resistances im

plying a longer time required for water molecules to traverse a unit

distance.

The boundary layer resistance was determined for the same

environmental conditions used in the transpiration experiments. In

this work leaf size and shape, air temperature, relative humidity,
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light intensity and wind velocity were maintained constant, therefore

the assumption was made that the boundary resistance did not change

throughout the experiment. An electrobalance especially designed for

moisture loss determinations was used to measure evaporation from

leaf models of saturated blotting paper possessing the same geometry

as the clover leaves. This balance operates on the principle of bal

ancing sample torques by an electromagnetic torque directly propor

tional to an electric current. The temperature of the evaporating

surface was determined on parallel leaf models by the same method

used in measuring leaf temperatures. The value used for e in

equation 6 is the saturation vapor pressure at the determined surface

temperature. By using the above relationships a value of 0. 0055

minutes per centimeter was calculated for the boundary layer resist

ance.

Leaf Resistance

Using equation 4 it is possible to calculate the total resistance

encountered by water molecules passing from inside the leaf through

the intercellular spaces, the stomatal openings (or the cuticle) and

the boundary layer of air at the leaf surface into the surrounding air.

In these calculations the assumption is made that the vapor pressure

of water vapor within the plant leaf is a function of temperature alone.

An example of these calculations is given in Appendix III.
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Subtracting the boundary layer resistance, 0. 0055 min/cm,

from the total resistance for each treatment gives the corresponding

leaf resistance. Results of these calculations are shown in Table 5.

These results show the combined effect that soil moisture stress and

soil temperature has on leaf resistance.

Table 5. Transpiration, leaf temperature, and leaf resistance as a
function of soil water suction and soil temperature.

Soil Soil Tran- Leaf Leaf

Temperature Moisture spiration Temp. Resistance
Stress Calculated

from e

50 F

60 F

70 F

80 F

Bars gmH p/dm^hr degree F min/cm

0.35 1.35 76.0 0.049

0.70 0.99 76.5 0.072

1. 00 0. 94 77. 0 0. 079

1. 32 0. 63 78. 8 0. 131

0.35 1.54 76.0 0.042

0.70 1.44 76.5 0.047

1.00 1.40 77.3 0.051

1.32 1.23 79.3 0.068

0.. 35 1. 64 7 6.. 0 0. 042

0.70 1.49 76.5 0.045

1. 00 1. 48 77. 0 0. 047

1.32 1.34 79.5 0.063

0.35 1.70 77.2 0.041

0.70 1.50 77.2 0.047

1.00 1.50 77.5 0.049

1.32 1.36 79.8 0.061

These results are more clearly demonstrated in the three di

mensional graph of Figure 18. Cross hatching on the block surfaces
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Figure 18. Block diagram of leaf resistance as a function of soil
temperature and soil water suction. Conditions under
which significant stomatal closure was observed are
indicated by cross hatching.
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indicates those treatments in which stomatal closing occurred (see

Table 2). Increased leaf resistances correlate well with the observed

stomatal closures. It is interesting to note that the incidence of

stomatal closure decreases as soil temperature increases. Stomatal

closure was not observed at a soil temperature of 80 F over the

entire range of soil moisture stresses studied. It appears that the

viscosity effects on water transport within the soil-water-plant sys

tem produces an end result very similar to that of increased soil

moisture stress.

The degree of stomatal closures (Table 2) is directly propor

tional to the magnitude of the measured increase in leaf resistances

shown in Figure 18. It follows then that in most cases the increase

in leaf resistance can be attributed to an increase in stomatal resis

tance. That is, an increase in the resistance to the diffusion of water

molecules out through the smaller stomatal pore. The above increases

follow a trend similar to that found by Kuiper (196l)(Figure 19),

in which he showed that the relationship between width of stomatal

aperture and stomatal resistance to diffusion was a hyperbolic curve.

In this relationship, the stomatal aperture could close down from

fully open to almost half closed before any great changes in stomatal

resistances could be observed. After this time small changes in

stomatal aperture would bring about much greater changes in stom

atal resistance. The above relationship is inferred assuming that no
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Figure 19. Stomatal resistance as a function of stomatal aperture (After Kuiper, 1961).
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"incipient drying" of the mesophyll cell walls occurs.

Mesophyll Resistance

It is believed that considerable resistance to water transfer

exists between the vacuoles of the leaf cells and the substomatal

cavity. As discussed previously, a reduction of water content in the

leaf will be associated with a partial drying of the mesophyll cell

walls, and this will cause increase in the resistance of the walls to

water movement. Because of this increased resistance of the meso

phyll walls, marked changes in the transpiration rate would be ob

served in the absence of measurable stomatal action.

The displacement of the curves in Figure 8 suggests the exist

ence of such a resistance. The increase in leaf resistances inde

pendent of stomatal closures (unshaded blocks in Figure 18) also

suggests the existence of a mesophyll resistance. The recent study

by Shimshi (1963) strongly supports these findings. Shimshi meas

ured transpiration as a function of average stomatal width at three

moisture levels (Figure 20). He found that decreased soil moisture,

even within the available range, caused a further reduction in trans

piration which could not be attributed to stomatal closure. This re

duction in transpiration was attributed to an increase in mesophyll

resistance or "incipient drying."
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Figure 20. Transpiration as a function of average stomatal width
at three levels of soil water content (After Shimshi,
1963).
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If an incipient drying is occurring at the surfaces of the meso

phyll cells then the assumption that the relative humidity in the sub

stomatal cavity is 100 percent would be invalid. If the above is true

then equation 4 could not be used to calculate the total resistance

unless the vapor concentration in the stomatal cavities, e , could

be determined. The vapor concentration, e , is related to the

water potential of the leaf by the following relationship (Woo, 1965):

e = e • exp (———) (7)
Is R1

where \\> is the water potential of the leaf in bars; e is the

vapor pressure in the stomatal cavity and e is the saturation

vapor pressure at absolute temperature T expressed in terms of

the vapor concentration; R is the gas constant for water vapor in

erg per gm per degree and v is the partial specific volume of
w

water.

If the water potential of the plant leaves can be determined then

it is possible to use equation 7 to determine the vapor pressure of the

water vapor in the stomatal cavity. Therefore if a mesophyll resist

ance is present it would be possible to determine by use of equation 7

any reduction in vapor pressure in the stomatal cavity due to "incip

ient drying".

In order to intrepet the response of Trifolium repens to en

vironmental conditions and specifically test the hypothesis made in the
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previous section, it was of special importance to examine the internal

water relations of the individual plants tested. Presently the best way

to examine the internal water relations of plants is through the rela

tionship between the water content and the water potential of the leaf.

The most useful measurement of leaf water content is that of

relative turgidity. It is defined by Weatherley (1950) as the amount

of water in a quantity of tissue when sampled, expressed as a percent

age of the amount present when the tissue is fairly turgid and is de

termined simply as:

. , fresh weight - dry weight ,,. , nn ,_.Relative turgidity = - ^-— j2 k— X 100 (8)
turgid weight - dry weight

The water potential of the leaf represents the integration of

both atmospheric stress and soil water stress in the plant. The

water potential in the plant system can never increase to a value

larger than the water potential of the soil water since the absorption

gradient from soil to plant is eliminated at the point of equilibrium

between soil water and plant water potential.

A calibration curve of relative turgidity in terms of leaf water

potential is necessary because the inverse relationship between the

two is unique for a given plant specie (Weatherley and Slatyer, 1957).

Such calibration curves are also important because they permit rela

tive turgidity measurement to give a simple and accurate quantitative
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assessment of plant water stress in terms of water potential which

by itself is difficult a.nd tedious to measure.

Such a calibration curve was determined for T. repens using the

method described by Meyer and Wallace (1941) to determine the water

potential of the plant leaves. In this method, samples of plant leaves

were floated on sucrose solutions of various concentrations for a peri

od of five hours. According to the general accepted theories of the

water relations of plant cells, that solution concentration in which

there is neither an increase nor decrease in weight of the plant tissue

is in dynamic equilibrium, as far as water movement is concerned,

with the cells of the leaf tissue. Hence, on the average, the water

potential of the cells in the leaf tissue is equal to the water potential

of the circumambient solution. Relative turgidity of parallel leaf

samples was determined by floating the previously weighed samples

on distilled water for five hours at a light intensity of 65 fc. The

samples were then reweighed and then oven dried for one hour at 90 C

(Barrs and Weatherley, 1962). Figure 20 shows the calibration curve

obtained for _T. repens.

The results of the relative turgidity determinations are given in

8/
Table 6. Leaf resistances are also included and were calculated —

by using the relative turgidity values to determine the water potential

8/
See Appendix 1II-B for an example.
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Table 6. Relative turgidity, leaf temperature and leaf resistance as
a function of soil moisture stress and soil temperature.

Soil Soil Moisture Relative Leaf Temp. Leaf Resistance
Temperature Stress Turgidity From From

s v a

Bars Percent Degree F min/cm
0.35 92.0 76.0 0.049 0.048

0.70 89. 1 76. 5 0. 07 2 0. 07 1

50 F 1.00 88.7 77.0 0.079 0.078

1. 32 85.7 78. 8 0. 131 0. 130

0.35 91.5 76.0 0.042 0.042

0.70 88. 9 76. 5 0. 047 0. 045

60 F 1.00 88.5 77.3 0.051 0.051

1.32 86.6 79.3 0.068 0.068

0.35 91.8 76.0 0.040 0.039

0. 70 89. 5 76. 5 0. 045 0. 045

70 F 1.00 89.8 77.0 0.047 0.047

1.32 87.6 79.5 0.063 0.062

0. 35 92. 3 77. 2 0. 041 0. 040

0. 70 91. 5 77. 2 0. 047 0. 047

80 F 1.00 89.2 77.5 0.049 0.049

1. 32 88. 1 79. 8 0. 061 0. 060

of the plant leaves from Figure 21. Then the vapor concentration of

the stomatal cavity was determined using equation 7. Leaf resistances

were determined as before by subtracting the boundary resistance

from the total resistance as calculated from equation 4. For compar

ison, the leaf resistances calculated by assuming that the relative

humidity of the stomatal cavities is 100 percent are also included.

Both leaf resistances as calculated by the two methods are in
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most cases the same. This implies that if incipient drying is occur

ring under these experimental conditions the reduction in vapor con

centration within the stomatal cavity is not sufficient to bring about

any error in the leaf resistance calculation. In other words, the

assumption that the relative humidity of the stomatal cavity is 100

percent is sufficient for these environmental conditions studied.

In Figure 8, the transpiration versus soil temperature at 0. 3 5

bars is more or less a straight line for soil temperatures greater

than 60 F. The deviation from this straight line below 60 F is associ

ated with some degree of stomatal closure occurring also at this soil

temperature (Figure 18).

At a soil moisture stress of 0. 35 bars the mesophyll resistance

is considered negligible and the total resistance as determined by

equation 4 is mainly a function of the leaf resistance and the boundary

layer resistance. Therefore it is assumed that the leaf resistance at

0. 35 bars and soil temperature greater than 60 F are constant for a

given stomatal opening. As shown in Figure 16 these leaf resistances

are maintained constant at about 0. 041 min/cm. Therefore, any in

crease in leaf resistance in the absence of stomatal closure would

indicate a possible increase in the mesophyll resistance. Subtracting

this value of 0. 041 min/cm from all other leaf resistance values in

which stomatal closure has not been observed gives a quantitative

value for the mesophyll resistance.
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The results of these calculations are shown in Table 7. These

results show the marked influence of soil moisture stress on the

mesophyll resistance. Unfortunately the effect of soil temperature

can not be evaluated in all other treatment combinations because it is

impossible to separate increased stomatal resistance from mesophyll

resistance.

Table 7. Mesophyll resistance as a function of soil temperature and
soil moisture stress.

Soil Moisture Soil Temperature Mesophyll Resistance
Stress - Bars degrees - F min/cm

0.70 70 0.004

0.70 80 0.006

1.00 80 0.008

1.32 80 0.020

The relationship between relative width of stomatal apertures

from Table 2 and the corresponding leaf resistances from Table 5

are shown in Figure 22. A hyperbolic curve as determined by Kuiper

(1961) and shown in Figure 19 would be expected if the mesophyll

resistance were negligible. The four points encircled on the graph

correspond to those treatment combinations in which the mesophyll

resistance was determined (Table 7). Three of these points are
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removed from the curve indicating a higher resistance for a given

stomatal width. Other deviations from the curve are from treatment

combinations that include the higher soil moisture stress values.

Unfortunately the mesophyll resistance could not be evaluated under

these conditions because of a change in the stomatal resistance.

However, the deviation of these points from the general curve suggest

that there was also an increase in the mesophyll resistance under

these conditions.
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SUMMARY AND CONCLUSIONS

The interaction that exists between stomatal closure and

soil moisture stress has in the past made it very difficult to

evaluate diffusive resistances occurring in the transpiration flow

path.

An apparatus was developed in which transpiration could be

measured under controlled conditions of soil moisture stress and

soil temperature. Other environmental parameters such as air

temperature, relative humidity, light intensity and air speed were

held constant.

A partitioning of the diffusive resistances was made pos

sible by utilizing Fick's first law and observing stomatal changes

as influenced by treatment combinations. A significant interaction

between soil moisture stress and soil temperature was observed

for stomatal closures. Stomatal closures were observed even in

the so-called "wet range" of soil moisture stress.

An increase in mesophyll resistance or "incipient drying"

was observed for several treatment combinations. The mesophyll

resistance was observed to increase as soil moisture stress

increased.

From this study it can be concluded that:
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1) Soil moisture stress and soil temperature are major

factors in controlling the transpiration rate. Both

of these factors should be given consideration in all

transpiration experiments.

Reduced water uptake at low soil temperature

is effective in reducing the transpiration rate because

the rate of water loss is regulated by the supply. If

the transport of water through the plant system (Kuiper,

1964) is limited by a metabolic process which is involved

in the formation of membrane structure then it is easy to

conceive how increased soil moisture stress and low

soil temperatures could reduce the transpiration rate.

2) Stomatal closvires can occur even at relative high soil

moisture. Contents are likewise influenced by low soil

temperatures. Reduced water uptake at low soil temper

atures and increased viscosity and physiological effects

at increasing soil moisture stresses appear to be effective

in reducing turgor of the guard cells to the point that

decided stomatal closures do occur. All controlled

experiments should include some method for observing

stomatal changes.
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3) Mesophyll resistance increases in magnitude as soil

moisture stress increases and can thus markedly re

duce transpiration in the absence of stomatal closures.

Since it was observed that the incident of stomatal

closure decreased as the soil temperature increased

then one might assume that "incipient drying" can. be

attributed to a combination of physiological and viscosity

effects brought about by reduced water uptake. Although

the reduced water uptake was effective in decreasing the

transpiration rate by increasing the resistance of the

mesophyll, it was not effective in significantly reducing

the vapor pressure of the stomatal cavity as determined

by these experimental conditions.

It appears that more studies should be initiated to quantitative

ly evaluate the mesophyll resistance at various levels of soil mois

ture stress and stomatal apertures. Soil temperatures should also

be included in these studies.
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LIST OF MATERIALS



APPENDIX I

LIST OF MATERIALS

Plastic cells - Lucite

1
Membranes - Made by Visking Company and designated 3—S.S.

Specifications included an average pore diameter
of 4. 8 mu. and a wall thickness of 0. 0035 inches.

Available from Union Carbide.

Rubber adhesive - Silastic RTV 731, available from Dow Corning.

Carbowax 6000 - Polyethylene glycol with a molecular weight of
6000. Available from Union Carbide.

Cellulose acetate - Clear fingernail polish.

7 1
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SOIL MOISTURE TENSION CURVE
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EXAMPLE OF CALCULATIONS



APPENDIX III-A

Example of Calculations for Total Resistance R from Equation 4

By solving equation 4 for R, it is possible to calculate the

total resistance of the diffusion pathway.

Pc ~ P..
R - ^ (4)

The following data were obtained for a soil temperature of 70 F and

soil moisutre stress of 0. 35 bars.

gmH20 _3 gmHzO
Transpiration T = 1.64 - =0.274x102 . - • - - 2

dm hr cm -mm

Leaf temperature -76 F

Saturation water vapor density at 7 6 F

- 3 3
p - 0. 02234 x 10 " gm/cm

Air temperature = 75 F

- 3 3p = 0.02164x10 gin/cm

Relative humidity = 45 percent

- 3 - 3 s^mp = p (RH) =(0.02164x10 )(.45) = . 00974 x 10 ^—-
as 3

cm
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APPENDIX III-B

Example of Calculations of Vapor Concentration in Substomatal
Cavity from Equation 7

Taking the natural logarithm of both sides of equation 7 results

in the following:

V di
w^l

2. n e = 1 n e 4- -^—=~
1 s R I

For the treatment combination of soil temperature 70F and

soil moisture stress 0. 35 bars the following data were obtained

Relative turgidity = 91. 8 percent

Leaf temperature = 76 F

R , gas constant for water vapor = 0.461 joules/gm degree

V , partial specific volume of water ~ unity
w

iji , leaf moisture potential as determined from relative
turgidity in Figure 21 = -9. 4 bars

- 3 gm
e in terms of saturation vapor density = 0. 02234 x 10 ——-

s 3
cm

!nel = 3. 10638 - 5inl0 +7^^%^f =3- 10631 - 5In 10
cm

- 3 gm
e = 0. 022339 x 10 -±—

cm



R , --, • -3 20. 274 x 10 gm/cm in in

7 7

-3(0.02234 - .00974) x 10" gm/cm3 n nAn ,
_ q_ 040 mm/ cm

o v

These calculations are made under the assumption that the

relative humidity of the stomatal cavity is 100 percent. Saturation

vapor density values p^ are handbook values.



78

APPENDIX IV

OSMOTIC PRESSURES OF CARBOWAX 6000 SOLUTIONS
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Figure 24. Osmotic pressure of Carbowax 6000 solutions (After
Zur, 1961).




