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The effect of soil water suction and soil temperature on rates

of transpiration, photosynthesis, respiration and nitrogen fixation of

soybean (Glycine max. Merrill, var. Chippewa 64) seedlings was

studied. A special apparatus was developed in which the soil water

suction of several cells with soybeans growing in them could be maintained

independently at a selected temperature. Transpiration was deter-

mined by a constant-water level device which recorded the amount

of water used over a period of time. Photosynthesis and respiration

were measured using an infra-red gas analyzer. The total nitrogen

content of plants was measured by the micro-Kjeldahl method at the

beginning and end of a ten-day experimental period. Leaf surface

areas were determined with an air flow planimeter.

In general with increasing soil temperature rates of transpira-

tion, photosynthesis, and nitrogen fixation increased slowly at first



and then rapidly until a certain optimum range was reached and de-

creased at higher temperatures. Maximum rates occurred around

soil temperatures, of 30, 27 and 27o C, respectively. The rate of

respiration also increased with increasing soil temperature until an

optimum range around 27 oC was reached and then dropped rapidly

as the soil temperature further increased.

Rates of photosynthesis, respiration, transpiration and N-

fixation decreased steadily with increasing soil water suction. The

decrease in the rate of these metabolic processes with increased soil

water suction was attributed to effects of changes in viscosity and

root cell permeability, stomatal movement and translocation of meta-

bolic substrates.

At low soil temperatures the dry matter accumulation seemed

to be controlled by the water supply. At higher than optimum soil

temperatures the dry dry matter accumulation was very sensitive-to

temperature changes and less soil water dependent.

When the nitrogen supply from the soil is limiting, the nitrogen

fixation may possibly be a most important factor in the metabolic

processes and thus the growth of leguminous plants. It is obvious that

for such a plant, soil water availability, soil temperature and nodule

rhyzobium organism-plant relationships are important.
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SOIL PHYSICAL CONDITIONS AND NITROGEN
FIXATION OF SOYBEANS (GLYCINE MAX.

MERRILL, VAR. CHIPPEWA 64)

INTRODUCTION

General

Light and water are basic requirements for plant growth. In

the green plant sunlight splits the molecules of water in the process

of photosynthesis. The oxygen of the water is released into the air

and the hydrogen then acts with carbon dioxide and with nitrate

through several metabolic steps to produce the major constituents of

plant cells.

Practically all the water taken up by plants is ultimately lost to

the atmosphere as water vapor through the transpiration process.

Water is first absorbed from the soil by root hairs. It passes

through the endodermis and pericyle into the xylem ducts. Through

the xylem of the stem, it moves into the mesophyll cells and evapor-

ates at the mesophyll cell walls. Here diffusion occurs through the

intercellular spaces to the stomates and finally into the outside air.

Physiological and physical factors that affect the water transport

across this pathway are: permeability of root cells, internal meta-

bolic processes, and the role of stomates in controlling the exit of
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water vapor. Not only does soil water suction affect the water trans-

port but the soil temperature has a profound influence on the rate of

water movement as well. Low soil temperature causes an increase

in water viscosity, decrease in permeability of root membranes and

protoplasm, and inhibition of root growth. On the other hand, high

temperatures may also reduce root permeability (41), decrease

stomata,' opening, and deactivate enzymes which are involved in

plant metabolism. Thus a combined effect of these factors would

cause a reduction in water absorption and transport at either low or

high temperatures. Plant growth is impaired as soon as the water

supply decreases below some optimum level.

Plant growth is contingent upon the physiological balance be-

tween the rates of carbohydrate production by photosynthesis, the

use of these materials and energy evolved in respiration and the rates

of conversion of photosynthate into new plant tissues. The reactions

of the dark part of photosynthesis and respiration are under the con-

trol of enzymes that are very sensitive to temperature. Variability

of temperature in addition to soil water supply can be expected to

play a definite part in plant metabolism. Deficiencies in nitrogen

supply may lead to chlorosis and then to chlorophyll limitations to

photosynthesis. The importance of nitrogen fixation for a leguminous

plant whose sole source of nitrogen is the assimilation of atmospheric

nitrogen by the root nodule bacteria is clear. It is also obvious that
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for such a plant, soil water availability, soil temperature and nodule

bacteria function interactions are important.

In summary then, the more important environmental factors

governing or affecting metabolic processes (transpiration, photo-

synthesis, respiration and nitrogen fixation) are soil water supply

and soil temperature. Other important environmental factors are:

light intensity, CO2 concentration in the air, relative humidity,

mineral nutrition and wind speed. To study the effects of any chosen

parameter on plant metabolism it is necessary to maintain all others

constant throughout the experiments.

Many studies have been conducted on the effects of soil water

supply on rates of transpiration, photosynthesis and respiration.

Fewer studies have been reported on the effect of soil temperature on

plant functions, particularly relative to high temperatures. The ob-

jective of this study was to relate the rates of transpiration, photo-

synthesis, respiration and nitrogen fixation of soybean seedlings to

soil water suction and soil temperature. In view of the observations

made above, this experiment would thus possibly give some insight

into effects of soil water supply and soil temperature on plant meta-

bolic processes.

Transpiration

Soil water moves across root cells, through various parts of
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the plant and finally in the gaseous phase through either the cuticle

or stoma outward to the atmosphere. When steady state conditions

prevail, the rate of water transport is the same in all parts through-

out the pathway. Identifying the resistances in root cells, xylem,

leaf cells and in the gaseous phase as Rr, Rx, R1 and Rg respective-

ly, and the plant water suctions along the pathway as P1' P2' P3'

P4 and P5' respectively, the transpiration process may be quantita-

tively expressed by an equation similar to Ohm's law:

Transpiration P
2
-P

I
P3 -P2 P4 -P3 P5 -P4

rate Rr Rx R1 Rg
( 1 )

It is immediately obvious from this equation that a change in

resistance in any part of the pathway causes a change in the trans-

piration rate. The degree of change in transpiration rate depends on

the relative order of magnitude of resistance change to total resis-

tance (Rr + Rx + R1 + Rg) and total driving force (P5 - P1). Changes

in soil water supply effect the resistances as well as the plant water

suctions along the pathway.

In studying the effects of water deficits on plant metabolic pro-

cesses, the internal water balance of plants has to be determined in

order to have some quantitative measure of the extent of water deficits

existing in plants. However, other investigators have not measured

plant water stress per se but rather assumed that there is a
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concomitant increase in plant water stress as soil water suction in-

creases (38, 40).

Under high soil water suction, the limitations of soil water

supply to the absorbing surface of the roots and the closure of

stomata through the effect of turgescence becomes apparent and a

progressive decrease in rate of transpiration occurs. Schneider and

Childers (40) stated that the deficiency of water under natural or

cultural conditions was probably responsible for the poor growth and

death of more plants than diseases, insects, or any other cause.

Slavik (42) contributed to the observation of how a water deficit

affected the regulation of transpiration intensity with sugar beet

leaves. He demonstrated the effect of water deficits on transpiration

rate to be of a negative exponential character.

High soil water suctions and high or low soil temperatures in-

fluence the permeability of cell tissue to water absorption. Water

permeability of cell membranes thus presents a mechanism to con-

trol the transpiration rate in addition to stomatal movement. Boon-

Long (7) reported that high soil water suctions lowered the permea-

bility of the tissue to water and was largely responsible for the re-

duction in transpiration rates observed by him. The permeability

of protoplasm, as measured by the rate of tissue-shrinkage in a

dilute sugar solution, increased continuously up to the highest

temperature investigated (42oC) with onion leaf and Dandelion scape
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(13). Other parameters affecting root permeability are CO2 and 02

concentrations. Glinka and Reinhold (18) found that increasing CO2

concentrations rapidly decreased, and increasing 02 concentrations

increased the permeability of protoplasmic membranes to water.

Kramer (25) reported that the resistance to water movement through

living roots of sunflower was four to five times greater at a tempera-

ture of 25oC than near freezing. At 40 oC, the resistance was only a

little over half that at 25o C. The combined effects of decreased

permeability of the root membranes and increased viscosity of water,

resulting in increased resistance to water movement across the living

cells of the roots was accepted to explain the observations of de-

crease in transpiration rates of plants at low temperatures (26, 44).

Considering the increase of root permeability and decrease of

water viscosity with temperature, a linear relationship between the

quantity of water uptake and increasing temperature would be ob-

served, such as reported by Kramer (27) for collared cotton, water-

melon, sunflower and by Jensen and Taylor (24) for tomato plants.

However, on the other hand, excessively high soil temperatures can

also limit water uptake (19). Bialoglowski (6) using rooted leafy

lemon cuttings subjected to changes of root temperatures at constant

top conditions observed the rate of transpiration during the period of

illumination to increase up to a soil temperature of 25 to 30°C but to

decrease above 30°C. The decrease in transpiration rates at high
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temperatures were attributed to the inhibition of plant metabolic

activity at high temperatures.

Because water movement in the plant is essential to nutrient

distribution and because water loss in the vapor form is a necessary

corollary to CO2 absorption for photosynthesis and to 02 escape

through respiration, transpiration is an extremely important physio-

logical process (12). Hartt (20) reported that low moisture supply

depressed translocation of 14 C-labeled photosynthate. Low moisture

supply also retarded profile development in the stem.

Some studies indicated that reduction in concentration of car-

bohydrate resulting from reduced photosynthesis might be respon-

sible for the initial decrease in respiration (9) and limitation of

nodule development. Other studies suggested that reduction in photo-

synthesis might be due to the limitation of nitrogen supply (30). Un-

doubtedly an interaction occurs between transpiration, photosynthesis,

respiration and nitrogen fixation. Therefore, light intensity, water

deficit and temperature are important factors affecting the rate of

transpiration in particular and plant growth in general.

Photosynthesis

Rates of photosynthesis for the entire plant can be readily

followed by measuring the consumption of CO2 in the ambient air.

The whole process of photosynthesis takes place from start to
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completion in the chloroplast, a cytoplasmic particle involving grana,

stroma and several pigments. The absorption of light energy and

carbon dioxide and ultimate conversion of CO2 to carbohydrate with

the evolution of oxygen all take place within the illuminated chloro-

plast. In simplified form this process may be represented as follows:

v6CO2 + 12H20 ---->h
C

6
H1206 + 6H20 + 602 . (2)

This reaction occurs under the proper temperature conditions in the

presence of enzymes. Photosynthesis consists of two parts: (1) ab-

sorption of light energy by pigments in the chloroplast to split the

H2O molecules which occur in the green grana and (2) fixation of CO2

in the surrounding stroma which does not require light energy (45).

The dark part involving several enzyme activated reactions is limit-

ed by high light intensities and is very sensitive to temperature.

Like any other physical-chemical process, photosynthesis is

affected by the conditions of the environment in which it occurs.

Limiting factors, such as light intensity, CO2 concentration, 02

concentration, temperature and water supply, can influence the rate

of photosynthesis.

High CO2 concentrations can cause the closure of stomata and

hence depression of photosynthesis. Conversely low partial pres-

sure of CO2 can accentuate the stomatal opening (39). Temperature

enhances the rate of photosynthesis until an optimum temperature is
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reached above which the rate declines. Barker (3) reported that

maximum rates of photosynthesis occurred at about 28°C for N.

sterium, at about 32°C for N. palea.

Many studies have shown that high soil water suction reduces

the rate of photosynthesis. Ashton (2) pointed out in his sugar cane

experiment that the rates of photosynthesis remained at about the

initial rate until a significant water suction developed, then dropped

rapidly, approaching zero as permanent wilting set in. Hartt (20)

indicated that the translocation of photosynthate might be limited by

soil water suction and, hence photosynthesis might also be limited

by assimilate saturation while other factors were not limiting. In

Brix's (9) study on Lob lolly pine seedlings and tomato plants, the

results showed that both photosynthesis and transpiration rates de-

creased steadily as drying cycles progressed and recovered rapidly

when water was added. Devlin (14) concluded that the decreases in

photosynthesis rate were primarily caused by decreased hydration

of protoplasm and stomatal closure. Slavik (42) pointed out the de-

crease of photosynthesis was the result of hydroactive closing of

stomata bringing about a reduced CO2 supply, water stress in cyto-

plasmic ultrastructure affecting enzyme activity, and reduced

permeability of CO2 through dehydration of cell membranes.

Schneider and Childers (40) also showed a marked reduction in photo-

synthesis and transpiration before wilting was evident.
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Respiration

Respiration consists of an ordered series of reactions resulting

in a stepwise degradation of glucose to CO2 and H2O. Since respira-

tion reactions are controlled by enzymes, environmental factors that

are affecting enzyme activities would, as a consequence, influence

the rate of respiration. Among these, temperature, 02 and CO2

concentrations are important factors. High soil water suction caus-

ing initial reduction in photosynthesis may serve as an indirect

factor in affecting respiration (9). Laties and Budd (29) concluded

that root permeability may alter respiration metabolism because of

its effect on water uptake. Ragai and Loomis (36) concluded that the

rate of respiration increased logarithmically with temperature. How-

ever, temperatures above 30oC were not investigated.

Crafts (12) said that respiration should be subject to regulation

by the hydration of tissue since the structure of enzymes are also

sensitively affected by the water status of plants. Ragai and Loomis

(36) found the respiration rate of corn seed to increase exponentially

with increasing moisture content. Upchurch et al. (46) reported that

the respiration rate of the aerial portions of the ladino clover plant

tended to increase slightly as wilting appeared. Results of these

studies were in accordance with those of Loustalot on pecan trees

(32).
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Nitrogen Fixation

The leguminous plants are capable of fixing atmospheric nitro-

gen through the function of symbiotic association with soil bacteria

of the genus Rhizobium. Neither organism nor plant alone is able to

fix nitrogen. The mechanism of nitrogen fixation starts with the

growth of nodules on the roots of leguminous plants resulting from

rhizobium invading the root hairs.

Bauer (4) suggests that haem protein separated from haemo-

globin by electrophoresis is the actual site of fixation in the root

nodule. Bergersen (5) proposed the following mechanism of nitrogen

fixation in legume nodules: (1) The host plant membrane is the site

of fixation. (2) The bacteriods provide a source of reducing power

which is transferred to the nitrogen-fixing membrane via haemo-

globin. (3) The host supplies photosynthetic products for the

bacteroids. The above proposition may reflect the relationship be-

tween photosynthesis and nitrogen fixation of leguminous plants.

Fred and Wilsori (17) indicated that nitrogen fixation by leguminous

plants was usually limited by the carbohydrate synthesis in the

plants. Wilson (48) proposed that the degree of nodulation and nitro-

gen fixation by a plant was governed by its internal carbohydrate/

nitrogen ratio. Virtanen et al. (47) observed that the capacity of the

excised nodules for nitrogen fixation increased to an intermediate
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level when pea plants were moved from dark to light. Orcutt and

Fred (35) concluded that there was a positive correlation among

light intensity, photosynthesis and nitrogen fixation of manchu soy-

beans. Steward (43) also stated that symbiotic nitrogen fixation was

affected by the internal carbohydrate/nitrogen ratio as well as

temperature, p14, light, and the supply of all major and minor ele-

ments. In 1959, Meyer and Anderson (34) showed that the nodules

of subterranean clover fixed nitrogen actively at 20°C, at a maxi-

mum rate at 25°C, but hardly at all at 30 °C. The uninoculated plants

responded normally to nitrogen fertilization at both 20 and 30°C.

Plants inoculated with rhizobium fixed nitrogen and grew normally

only at the lower temperature but did not grow well at 30°C. Aprison

et al. (1) showed that the optimal temperature for fixation of nitro--
gen by soybean nodules exposed for one hour to 15N2 was 25°C.

Possible reasons for decrease in nitrogen fixation rate above this

temperature were not given. Steward (43) concluded that tempera-

ture would affect the rate of general plant metabolism, but that

nitrogen fixation was often specifically inhibited by temperature ex-

tremes which did not affect growth.

Soil temperature as well as soil water suction could affect

nitrogen fixation. Fogg and Tun (15) in their experiments on nitro-

gen fixation with green algae found that the ratio of nitrogen fixed

to oxygen evolved was consistent with the equation:
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2N2 + 6H20 = 4NH3 + 302. It was stated that nitrogen fixation

occurring in micro-organisms was independent of photosynthesis,

however, the two functions became closely linked when taking place

in the same organism. The results of their experiment with

Anabaena cylindrica showed that the hydrogen donors produced by

photolysis of water were readily available for the reduction of N2.
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MATERIALS, METHODS AND PROCEDURE

Control of Soil Water Suction and Soil Temperature

The technique suggested by Zur (49) and developed by Cox (11)

for the control of soil water suction and soil temperature was used

for this study with certain modifications. Thin slabs of perlite, each

encased in a semi-permeable membrane, were inserted in chambers

containing an osmotic solution which was prepared with Carbowax

6000. A set of 12 chambers was enveloped by a water jacket con-

nected to a constant temperature bath. The soil water suction in the

perlite slabs was controlled by the concentration of the osmotic solu-

tion and the soil temperature was controlled by the temperature of

the bath. Figures 1 and 2 show the experimental arrangement used.

Water was pumped into the water jacket from a temperature-

controlled water bath. This gave a positive temperature control for

the osmotic solutions and the perlite slabs. Measurements were

made at temperatures of 10.0°, 15.6°, 23.9°, 32.2° and 37.8°C.

In order to avoid the development of concentration gradients in

the osmotic solutions adjacent to the membrane each osmotic solu-

tion was periodically stirred by a mechanically driven propeller.

The perlite cells (0.8 x 30 x 10 cm) in which the plants were

grown consisted of a frame of lucite with removable covers (Figure

3). The perlite used for this study was a nitrogen-free, lightweight
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Figure 1. The experimental arrangement used showing a set of 12
chambers enveloped by a water jacket connected to a con-
stant temperature bath. The perlite cells can be seen
standing in the osmotic solutions. Burettes for the trans-
piration measurements are shown in the background.
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Figure 2. Close-up view of the apparatus used showing four cham-
bers each containing three perlite cells, with a total num-
ber of nine soybean seedlings for each chamber.
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Figure 3. Schematic diagram of the perlite cell used, showing re-
movable cover and braces.
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material, made by exploding sand grains at high temperatures.

Plants were grown from seed in the cells for about three weeks,

at which time the removable covers of the cells were replaced by the

semi-permeable membrane which was sealed at the lower end by

folding it over several times and clamping it with plastic clips. The

membrane was held in place at the upper end by braces (Figure 3).

The cells were inserted into the osmotic solution by gently lowering

them through slits (1.3 x 13 cm) in the cover of each chamber, and

came to rest on the braces.

Four osmotic concentrations were used corresponding to soil

water suctions of 0.35, 0. 70, 1.50 and 2. 50 bars. The required

concentrations were obtained from Zur's (49) work. A graph of con-

centration of carbowax 6000 and the corresponding osmotic pressure

is given in Figure 4.

Other Environmental Parameters

Growth Chamber

All experiments were carried out in a room in which tempera-

ture, relative humidity and light intensity were controlled. The air

temperature was maintained at 26. 7oC, and the relative humidity at

50%. The light intensity from fluorescent tubes and incandescent

lamps was maintained at 1800 ft-c at the tops of the plants.
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Air movement over the plants was maintained constant with

two electric fans. The actual wind speed was not measured but was

maintained at a constant rate below leaf flutter throughout the experi-

ments.

Leaf Surface Area Determination

At the time this experiment was conducted the leaf area plani-

meter, since acquired, was not available. Leaf areas were deter-

mined indirectly. A relationship between leaf surface area and total

plant dry weight was established (Figure 5).

Plants grown in the greenhouse under similar environmental

conditions as the plants grown for the experiments, were harvested

for estimation of leaf surface area. Intact leaves were separated

from the plants, taped to a piece of paper and xeroxed. At a later

date the leaves were cut out and the surface area was measured with

an air flow planimeter, developed and described by Jenkins (23).

Together with stems and roots which had been washed with distilled

water, the plants were dried in an oven at 70 oC for three days and

weighed.

Figure 5 shows the relationship between the dry weight and the

leaf surface area of the soybean seedlings.
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Transpiration Measurements

A constant-water level device operating on the principle of a

mariotte bottle was connected to each osmotic chamber (11). These

devices in the form of burettes were graduated to make it possible

to accurately measure the volume of water necessary to maintain

the volume of the osmotic solutions constant throughout the experi-

ment.

Water transpired by the plants, was replaced by water moving

from the osmotic solution across the semi-permeable membrane

through the pores in the perlite structure to the roots. The water

lost from the osmotic solution was replaced from the constant water

level device, which thus indicated the amount of water being trans-

pired. The rate of transpiration was obtained by reading the water

levels in the graduated supply vessels at regular intervals during

the day and calculated in terms of cm3 H2O per cm2 leaf surface area

per minute.

Photosynthesis and Respiration Measurements

Rates of net photosynthesis were measured by recording the

rates of CO2 consumption with a Heath recorder connected to a

Beckman Model IR 215 infrared gas analyzer.

The closed system used in this study was similar to that used
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by Lister et al. (31) for the measurement of changes in carbon diox-

ide concentration. The gas analyzer was connected to a cuvette

which was placed over the plants into a "floorplate" (Figure 6). The

plate had been put in place by providing slits for the seedling stems

to pass through. The slits were subsequently sealed with modeling

clay. The air in the closed system was circulated by a peristaltic

type pump during the measurements.

Rates of dark respiration were obtained by recording the rates

of increase in CO2 concentration, using a completely darkened

cuvette (Figure 7). The period of measurement was usually about

six minutes. Both the photosynthetic and respiratory rates were

measured in the growth chamber at different soil water suctions

and different soil temperatures and, the rates obtained were ex-

pressed in cm 3 CO2 per cm2 leaf area per minute.

Nitrogen Fixation Measurements

Twelve out of 48 cells of uniformly growing plants were ran-

domly selected for the initial dry weight and nitrogen content analy-

sis. The other 36 cells with their covers removed and semi-

permeable membranes provided, were moved into the growth room

for a ten-day experimental period.

The plants taken in each cell for the initial measurements,

were washed free of perlite on the roots with distilled water, dried
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Figure 6. Cuvette enclosing the entire top of one set of nine seed-
lings during measurement of photosynthesis rate.



25

Figure 7. Completely darkened cuvette using black polyethylene
bag provides the respiration measurement.
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in an oven at 70 oC for three days, weighed, and ground.

Total nitrogen content of the plants was determined by the

micro-Kjeldahl procedure, a modified Kjeldahl method described by

Jackson (22). The rates of nitrogen fixation were thus the difference

in the total nitrogen content of the plants before and after the ten-day

experimental period, and was expressed in mg N per day per set of

plants.

Experimental Procedure

Three soybean seeds, pre-germinated and inoculated with a

commercial preparation of Rhizobium japonicum, were grown in the

perlite filled cells and cultured in the greenhouse at a day tempera-

ture of about 27 oC and a night temperature of about 18 oC. The

plants were supplied three times each week with a nitrogen-free

nutrient solution prepared with distilled water as used by Russell

and Evans (37) and shown in Appendix 1.

After a period of three weeks, 48 cells of uniformly growing

plants were chosen for the experiment. Twelve of them were ran-

domly selected for the initial analysis of dry weight and nitrogen

content. The remaining 36 cells were moved into the growth room,

provided with semi-permeable membranes upon removal of the

covers and immersed into the chambers containing the osmotic solu-

tions. Each chamber contained three cells. A total of 12 osmotic
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chambers made up three replications of four different osmotic

solutions prepared with carbowax 6000, at a given temperature.

Measurements were taken on a set of nine seedlings above each os-

motic chamber at these combinations (Figure 2).

The burettes were filled with water and about 36 hours were

allowed for the system to come to equilibrium and to check for

leaks in the system. Then the "floorplates" of the cuvette were put

on and the slits of the plate through which the seedling stems were

introduced into the cuvette were sealed off with modeling clay.

When the systems reached equilibrium conditions by the third day,

the rates of transpiration were measured by recording the change in

the water level of the graduated burettes. The measurements of

rate of photosynthesis and rate of respiration were made during the

next two days. Measurements were repeated on the same set of

plants.

Air temperature, relative humidity, and light intensity were

maintained constant during all tests. The plants grown under these

environmental conditions were harvested after ten days and washed

with distilled water. Then the plants were dried for three days in

an oven at 70 oC, weighed and ground. Total nitrogen contents of

three seedlings in each cell were determined by the micro-Kjeldahl

method.

This procedure was then repeated for another selected soil
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temperature with new plant seedlings which had been grown in the

greenhouse for three weeks.
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EXPERIMENTAL RESULTS

Transpiration

Results of the transpiration measurements are shown in Table

1. The same results are shown in graphical form in Figure 8 where

transpiration rates in cm 3 of water per cm2 leaf surface area per

minute have been plotted as a function of soil temperature at various

levels of soil water suction. The effect of soil temperature on

transpiration rate is clearly demonstrated in this graph.

Table 1. Rates of transpiration at five soil temperatures and soil
water suctions of 0.35, 0.70, 1.50 and 2.50 bars.

Soil
Soil water suction

temperature 0.35 0.70 1.50 2.50

oC cm3 H 0/cm2, min x 10-4

10.0 2.01 1.79 1.34 0.97
15.6 2.22 1.95 1.58 1.34
23.9 3.28 2.08 2.52 1.90
32.2 3.74 3.73 3.18 2.77
37.8 2.77 2.65 2.44 1.91

Three distinct regions in the temperature response of transpiration

can be observed. Up to about 16. 0°C, the rate increased at a rather

constant and slow rate. Beyond 16o C, the transpiration rate in-

creased faster but still at an apparently constant rate up to about
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30
o C. At temperatures higher than 30oC, the transpiration rate

decreased. The Q10 values for the first two regions were 1.3 and

1.9 respectively and varied from 0.5 to 0.7 for soil water suctions

from 0.35 to 2.50 bars at temperatures higher than 30°C.

Figure 9 shows the transpiration rate plotted as a function of

soil water suction in bars, the parameter being temperature. A

definite decrease in transpiration rate when the soil water suction

is increased can be observed. This observation is in accordance

with other studies (9, 11, 42). At a soil temperature of 10°C, the

transpiration rate decreased by more than 50% by increasing the

soil water suction from 0.35 bars to 2.5 bars. At higher soil

temperatures, the relative decrease was less marked, but still very

apparent. At the highest soil temperature tested (37.8°C), the

transpiration rate did not decrease much with increased soil water

suction.

Photosynthesis

The rate of photosynthesis was obtained by recording the rate

of CO2 consumption as a function of time. Results of these measure-

ments are shown in Table 2 and also are shown graphically in Fig-

ure 10 where the rate of photosynthesis in cm3 of CO2 per cm2
of

leaf surface area per minute is plotted as a function of soil tempera-

ture in o C for four soil water suctions. The photosynthesis rates
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Figure 9. Transpiration rate as a function of soil water suction at
five different soil temperatures.
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Table 2. Rates of net photosynthesis and respiration at five soil
temperatures and four soil water suctions.

Soil Soil water
temperature suction Net photosynthesis Respiration

°c bars cm
3

H
2
0/cm2, min x 104

10.0 0.35 4.52 5.13
0.70 4.15 5.10
1.50 3.71 4.51
2.50 3.43 4.20

15.6 0.35 4.71 5.44
0.70 4.32 5.34
1.50 3.83 4.63
2.50 3.54 4.14

23.9 0.35 6.55 5.80
0.70 6.18 5.55
1.50 5.62 5.10
2.50 5.09 4.44

32.2 0.35 6.93 5.53
0.70 6.37 5.44
1.50 5.87 4.81
2.50 5.43 4.40

37.8 0.35 6.34 5.01
0.70 5.83 4.95
1.50 5.15 4.09
2.50 4.75 4.07
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increased up to a soil temperature of about 27. 0°C and then de-

creased. Three distinct regions of temperature response can be

observed. Up to a soil temperature of about 16. 0oC, the rate in-

creased rather slowly. There was a more rapid increase in the

rate of photosynthesis between 16. 0°C and 27.0°C. At temperatures

above 27.0°C, the rate of photosynthesis decreased. The Q10

values for the first two regions are 1.10 and 1.50 respectively,

and varied from 0.90 to 0,75 for soil water suctions ranging from

0.35 to 2,50 bars at temperatures higher than 27°C.

A plot of photosynthesis rates versus soil water suction in

bars is shown in Figure 11 at five soil temperatures. The observed

decrease of photosynthetic rates with increasing soil water suction

is consistent with other reported results (9, 20, 42, 46). The

curves all have essentially the same slope except the one at 37.8 oC

which is steeper, indicating that at this temperature the dependence

of photosynthesis on soil water suction is greater.

Respiration

The rate of respiration was obtained by measuring the rate of

CO2 production in a completely darkened cuvette as a function of

time. Results of these measurements are shown in Table 2 and

again graphically in Figures 12 and 13 where the rate of respiration

in cm3 of CO2 per unit leaf surface area per unit time is plotted as
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a function of soil temperature in °C and of soil water suction in bars,

respectively.

The effect of soil temperature on respiration is clearly demon-

strated in Figure 12 by the change in slopes of the curves of respira-

tion rate versus soil temperature. Two distinct regions centered

around 27oC are evident from these curves. The Q10 values for the

two regions are 1.10 and 0.85 respectively. Figure 12 indicates that

the variation of respiration rate as a function of soil temperature was

similar at all soil water suction treatments.

Nitrogen Fixation

Rates of nitrogen fixation were obtained as the difference of

total nitrogen content of plants before and after a ten-day experimental

period. The results of these measurements are given in Table 3.

Figure 14 shows a graph of the rate of N-fixation expressed as mg

of N fixed per day per set of plants as a function of soil temperature

in C. The graph shows that the rate of nitrogen fixation increased

slowly with increasing temperature from 10 to 15,6oC, rapidly

from 15.6 to 23. 7°C, and decreased sharply at soil temperatures

above 27oC.

In general, the rates of nitrogen fixation of soybeans decreased

with increasing soil water suction (Figure 15). At soil temperatures

between 10. 0oC and 15. 6oC, the N-fixation rate decreased by more
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than 50% in going from a soil water suction of 0.35 bars to 2.50

bars. Although the decrease was not as rapid at temperatures of

23.9 and 32.2°C, it was still considerable. The relationship between

nitrogen fixation and soil water suction was linear at 37. 8°C, the

highest temperature studied, in contrast to the curvilinear relation-

ship observed at the lower temperatures. The results of these

measurements show that the nodule bacteria must be very sensitive

to water supply and to soil temperature.

Table 3. Rates of nitrogen fixation at five soil temperatures and soil
water suctions of 0.35, 0. 70, 1.50 and 2.50 bars.

Soil
Temperature

°c

10.0
15.6
23.9
32.2
37.8

Soil water suction

0.35 0.70 1.50 2.50

mg of N/day

O. 76 0. 54 0.30 0.23
0.77 0.59 0.38 0.24
1.76 1.47 1.34 1.03
1.55 1.34 1.28 1.98
0.16 0.15 0.10 O. 08

The change in nitrogen concentration measured as a percentage

of the dry weight of soybean plants before and after the ten-day ex-

perimental period is presented in Figure 16. At temperatures of

10.00C and 37. 8oC, the nitrogen content decreased by 0.21 and 0.42

percent respectively during the ten-day experimental period. The

results indicate that the activity of nodule bacteria was inhibited at
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extreme soil temperatures. It seems that the capacity for nitrogen

fixation by soybean nodule bacteria is favorable in the range of soil

temperatures from 14 oC to 34oC and reaches its optimum around

27°C.

Change in Dry Weight

Increase in dry weight of the soybeans during the ten-day ex-

perimental period is shown in Table 4. The effect of soil temperature

on plant growth in terms of relative increase in dry weight (Figure 17)

indicates two distinct parts. At low temperatures, the relative in-

crease in dry weight increases with increasing soil temperature and

the dependence on soil water suction is considerable. At higher

temperatures, there is a sharp decrease in rate of growth and less

change with soil water suction. The optimum temperature for gain in

dry weight increases with increasing soil water suction.

Table 4. Increase in dry weight in grams per day of soybean seed-
lings during a ten-day experimental period at four soil
temperatures and soil water suctions of 0.35, 0.70, 1.50
and 2.50 bars.

Soil
temperature

Soil water suction

0.35 0.70 1.50 2.50

C g/day g/day g/day g/day

15.6 0.0304 0.0286 0.0251 0.0109
23.9 0.0409 0.0319 0.0327 0.0180
32.2 0.0309 0.0361 0.0331 0.0299
37.8 0.0159 0.0214 0.0229 0.0215
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Figure 18 shows the relationship of soil water suction and rela-

tive increase in dry weight of the plants during the ten-day experi-

mental period. At soil temperatures of 15. 6oC and 23.9 oC, the rela-

tive increase in dry weight decreased with increasing soil water suc-

tion. At soil temperatures of 32.2 and 37. 8°C, the gain in weight

increased initially when the soil water suction increased from 0.35

bars to 0.70 bars and then decreased at a slow rate.

Figures 17 and 18, together with Figure 16 indicate clearly that

the nodule bacteria of soybean rhizobia are sensitive to high tempera-

tures and to excessive drying.



46

o 8°Z-.

>-
cc

607.
Z

cc

w 4064-

_J
w

0

1

10,0 20,0 30,0

SOIL TEMPERATURE -4C
Figure 17. Relative increase in dry weight as a function of soil

temperature at four levels of soil water suction.

40,0



47

I I I I

0,50 1,00 1,50 2,00 2,50
SOIL WATER SUCTION-BARS

i

Figure 18. Relative increase in dry weight as a function of soil
water suction at four different soil temperatures.



48

DISCUSSION

Transpiration

Since viscosity of water decreases with increasing soil

temperature and in the meantime root permeability increases, it

may be expected that the non-linear effect of soil temperature on the

transpiration rate would be due to a combination of physiological and

physical factors,

Adjusted transpiration rates obtained by multiplying the actually

measured results (Figure 8) with the ratio of water viscosity at vari-

ous temperatures to that at 10 °C are given in Table 5. The trans-

piration rates in cm3 H2O per cm2 leaf surface area per minute after

water viscosity adjustment plotted as a function of soil temperature

in degree C at four levels of soil water suction are shown in Figure

19. Three distinct regions for the effect of soil temperature on the

transpiration rate can be distinguished. At low soil temperatures

(10.0° to 16,0°C), the transpiration rate did not change with in-

creasing temperatures, suggesting that in this region, the transpira-

tion rate is controlled by the viscosity of water. The Q10 value in

this region is approximately 1.30 which corresponds to the Q10

value of the change in viscosity of water at these temperatures.

At soil temperatures above about 16. 0 °C physiological factors be-

come important as well.
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Table 5. Transpiration rates after water viscosity adjustment at
soil water suctions of 0.35, 0.70, 1.50 and 2.50 bars for
a range of soil temperatures from 10.0 to 37.5°C.

Soil
temperature t

Transpiration rates from
Figure 8 x

t I 0
Soil water suctionrl

1 0

0.35 0.70 1.50 2.50

3 2cm H 20/cm -4
, min x 10

10.0 1.000 2.00 1.75 1.37 0.91
12.5 0.933 2.01 1.74 1.32 0.95
15.0 0.872 1.94 1.70 1.32 0.99
17.5 0.817 2.00 1.80 1.42 1.02
20.0 0.768 2.11 1.94 1.57 1.18
25.0 0.683 2.34 2.17 1.84 1.49
30.0 0.612 2.47 2.30 2.00 1.70
32.5 0.581 2.25 2.11 1.85 1.60
35.0 0.552 1.85 1.76 1.57 1.43
37.5 0.526 1.50 1.44 1.32 1.26

Figure 20 shows a conceptual model of the cell wall according to

Briggs, Hope and Robertson (8). According to Slatyer (41), a water

molecule passing through such a membrane would encounter a fluctu-

ating level of resistance due to the successive Vander Waal's forces

encountered between adjacent -CH2- groups. The diffusing molecule

would only be able to cross the lipid layer when it possessed the

minimum kinetic energy needed to break these bonds and separate

the lipid molecules. It is possible that a pore is created in this

manner (33) which rather than being a semi-permanent structural

feature of the membrane, is transient only, and closes again when
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Figure 20. Diagrammatic representation of the molecular structure
of a membrane with agueous pores: molecules (1)
triglycerides; molecules (2) = phosphatidic acid;
molecules (3) = cholesterol; molecules (4) = lecithin or
cephalin; (R) = non-polar side groups of the proteins
(After Briggs, Hope and Robertson, 1961).
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the kinetic energy of the hydrogen bonds between successive dif-

fusing water molecules drops below that of the surrounding lipid

molecules. It is suggested (41) that at low temperatures only tran-

sient pore development occurs, and single water molecules or tran-

sient files, rather than continuous files, may constitute most of the

diffusing molecules. With increasing temperature, however, the

extent and permanence of the pores may increase until the activation

energy would be such that water filled pores could be effectively

maintained.

At this point, it should be recalled that under the experimental

conditions, a steady state transpiration process was attained. Evi-

dence of this is presented in Figure 21 which shows the water use

rate of a set of plants at a soil temperature of 32.2°C and a soil

water suction of 1.5 bars. Similar graphs were obtained for all

combinations of experimental variables. For these conditions, the

transpiration process may be expressed according to equation 1.

Van den Honert (21) suggested the phrase "catenary process" for

this representation.

The results obtained in the experiment described here suggest

that at low temperatures, the characteristics of the membrane are

not affected by a change in temperature. The "pore structure" is

more or less permanent and the rate of water movement is only

changed by a change in viscosity. At some critical temperature, the
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characteristics of the membranes do become affected by increased

temperatures. In this region (Q10 continuous files, rather

than transient files of water molecules may constitute most of the

transmitted water with increasing extent and permanence of the

pores. The transpiration rate increase in this stage may be due to

the increase of kinetic energy of water molecules to pass easier

through cell membranes and the decrease of relative resistance of

the membranes in addition to the increase in metabolic activity of

the plant itself. Transpiration rates thus respond to a combination

of physiological and physical factors. The third region of the

response of transpiration rate to temperature change could possibly

show an inhibition of metabolic activity of plants due to high soil

temperatures. Q10 values in this region vary from 0.5 to 0.7 with

increasing soil water suction from 0.35 bars to 2.50 bars. Indica-

tions are that in this region the bacteria of soybeans are very sensi-

tive to temperature. At high temperatures, the nitrogen fixation

may be entirely inhibited as a consequence of short supply of

respiratory substrates to the nodule and root membranes. It is

possible that the configuration of the membrane structure may thus

be affected causing a decrease in root permeability at high tempera-

tures. Haas (19) reported that water absorption by lemons, Valencia

oranges, and grapefruits was reduced by soil temperatures of

30-35oC and Bialoglowski (6) found absorption of water by lemons
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Photosynthesis
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The response of photosynthesis to changes in soil temperature

was identical at all soil water suctions evaluated. Three regions

of response occurred, similar to those observed for the response

of transpiration rate to changes in soil temperature. It should be

recalled that the above ground conditions were identical for all ex-

periments. Only the temperature of the roots changed. It should

further be emphasized that the experiments were conducted at a

relatively low light intensity. Under these conditions, the explana-

tion of the results obtained must be attempted on the basis of the

source-sink relationship between the above ground part of the plant

and the below ground part. During the day a steady state equili-

brium was achieved between the demand for photosynthetic products

of the root system and the production of photosynthetic products in

the leaves. In general, increase in root temperature would result

in increased enzyme activity and therefore greater demand for

photosynthetic products. The increased root activity may be expect-

ed to reach a maximum value at a given temperature and decrease

beyond this temperature. This is essentially what the experiments

indicated. At low temperatures (10.0°C-16.0°C) the demand in-

creased little showing little response in rate of photosynthesis. Then
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the rates of photosynthesis increased linearly with increasing soil

temperature and finally reached an optimum at a temperature of

27. 0oC above which the photosynthetic rate decreased. The Q10

value for this region was about 1.5. As the temperature further

increased, the drop in photosynthetic rates (Q10 varying from 0.90

to 0.75 with increasing soil water suction from 0.35 bars to 2. 50

bars) would indicate the limitation of metabolic activity of the roots

through thermal deactivation of enzymes. This corresponds to a

decrease in transpiration rate.

Another possible reason for decreasing photosynthesis rate

at extremely high soil temperature may have been the inactivity of

nodule bacteria in nitrogen fixation. Deficiency in nitrogen supply to

the plant tissue can bring about limitation of photosynthesis through

large-scale depression of the chlorophyll content of leaves and

quantitative inhibition of protein metabolism. This possible explana-

tion seems unlikely however since similar decreases in rate of

photosynthesis at high soil temperatures were observed for wheat

plants (unpublished research by the author).

The decrease in photosynthesis with increased soil water suc-

tion may be caused by a decrease in stomatal opening caused by in-

creased leaf water deficit. In 1963, Kramer (28) found that the

hydroactive closing of stomates might rapidly reduce photosynthesis.

Premature closure of the stomates means a reduction in CO
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availability to the plants and hence, in photosynthesis.

Respiration

Two regions in the response of respiration rate to changes in

soil temperature were observed. With the initial increase in soil

temperature the respiration rate of the above ground parts of the

plants increased. At 27. 0°C a maximum was reached and at higher

temperatures the respiration rate decreased. Again, it must be

remembered that the air temperature was the same for all experi-

ments. An explanation for the changes in respiration rate is not

immediately obvious if it is assumed that changes in soil tempera-

ture had little effect on leaf temperature. Leaf temperatures were

not measured but it is safe to assume that changes in leaf tempera-

ture could not have been more than a few degrees (11). The explana-

tion for the response in respiration rate must be found in the response

in root activity to changes in root temperature, and its consequences

with regard to the translocation system of the plant.

A profound alteration of the respiration metabolism followed

by changes in permeability and absorption characteristics of corn

roots was reported by Laties and Budd (29). Together with the result

of Ragai and Loomis (36) on maize grain, it becomes clear that at

lower temperatures (10. 0oC to 20.0°C) C) ncrease of soil temperature

would cause an increase of root permeability and water absorption
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and subsequently an increase in respiration rate.

The relationship between respiration and soil water suction is

shown in Figure 13. In general, the respiration rates of soybean

seedlings decreased with increasing soil water suction. The results

are in agreement with those of Ragai and Loomis (36) on corn seed

and Upchurch et al. (46) on ladino clover. Schneider and Childers

(40) reported that in apple trees under water stress there were

marked reductions in photosynthesis, transpiration, but an increase

in respiration before wilting was evident.

Hartt (20) pointed out that low moisture supply has an effect

on the metabolism of plants. Low moisture supply depressed the

translocation of 14C-photosynthate when sugarcane was under higher

soil water suction, the supply of the respiratory substrate could be

reduced and thus the rate of respiration would be low. Satoo and

Negisi (38) and Brix (9), indicated a correlation between respiration

and photosynthesis with the change of respiration being more gradual

than the change in photosynthesis.

Nitrogen Fixation

The function of nitrogen fixation, like photosynthesis and

respiration, is related to several enzyme systems. As the soil

temperature increase s and reaches a favorable living range, a

rapid increase in the rate of nitrogen fixation occurs. This can be
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attributed to an acceleration of enzyme activities involved in the

nitrogen metabolism. Increase in temperature above the optimum

point resulted in a rapid decrease in the rate of nitrogen fixation.

This may be the result of deactivation of enzymes or thermal death

of the nodule bacteria. Temperature may also have an inhibitory

effect on symbiotic nitrogen fixation as a consequence of its influence

on the supply of carbohydrates to the nodules in association with the

depression of photosynthesis rate.

The bell-shaped curve found for the temperature response with

an optimum range around 27°C C s supported by several investigators.

Meyer and Anderson (34) showed an optimum at 25°C for the rate of

nitrogen fixation of subterranean clover. The same optimum for

soybeans was reported by Aprison et al. (1). Maximum weight of

soybean nodules was obtained at 24 oC (16).

The experimental results depend also on the other environ-

mental conditions during the tests. An increase in soil water suc-

tion resulted in a decrease in rate of nitrogen fixation. As men-

tioned of the decrease of photosynthesis with increasing soil water

suction, the decline of nitrogen fixation might be a result of short

supply of carbohydrates to the nodules. Fred and Wilson (17),

Wilson (48), Orcutt and Fred (35), Steward (43) and several other

investigators have pointed out the definite significance of carbohy-

drate supply to the nodule bacteria. Considering the metabolism of
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nitrogen fixation involving the nitrogen reduction with hydrogen pro-

duced from photolysis of water (4, 15), the relationships between

photosynthesis, nitrogen fixation and soil water suction could there-

fore be clear.

The linear-relationship of nitrogen fixation as a function of

soil water suction at the highest temperature tested (37.80C) seems

to be independent of soil water supply and probably due to the thermal

death of nodule bacteria at this temperature.

Change in Dry Weight

When nitrogen nutrient provided by the soil is limited, the

functions of nodule bacteria in the fixation of atmospheric nitrogen

assume a most important role in the growth of leguminous plants.

At low temperatures, the dry matter accumulation may be controlled

by the water supply. Above optimum soil temperatures, however,

the dry matter accumulation is very sensitive to temperature and is

less soil water dependent. Shifts in optimum temperature for the

relative increase in dry weight to a higher temperature with increas-

ing soil water suction may be associated with the effects of availa-

bility of water on the metabolic activities inside the plant tissue.

There is a minimum temperature for most growth processes,

which appears to be about 10°C. High temperatures (over 40°C),

however, may have adverse effects (10).
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SUMMARY AND CONCLUSIONS

The effect of four soil water suctions and five soil tempera-

tures on the rates of transpiration, photosynthesis, respiration and

nitrogen fixation of soybean plants (Glycine max. Merrill, var.

Chippewa 64) was studied.

A special apparatus was developed in which the soil water suc-

tion of several perlite slabs could be maintained independently by

various osmotic solutions at a selected temperature. Carbowax

6000 was used to prepare the osmotic solutions and soil temperature

was controlled by a water jacket connected to a constant temperature

bath. Transpiration was determined by a constant-water level de-

vice. Photosynthesis and respiration were measured using an infra-

red gas analyzer. The total nitrogen content of the plants was

measured by the micro-Kjeldahl method. Leaf surface areas were

determined indirectly with an air flow planimeter.

In general with increasing soil temperature rates of transpira-

tion, photosynthesis and nitrogen fixation increase slowly at first

and then rapidly until a certain optimum temperature is reached

followed by a decrease at higher temperatures. Transpiration

response to changes in soil temperature showed three distinct

regions centered at 30o
C. The Q10 values for the first two regions

were 1.3 and 1.9, respectively and decreased to about 0.6 for
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temperatures higher than 30 o
C. Similar trends for the response on

photosynthesis rate were observed with an optimum range around

27°C. Q10 values for the three regions were 1.10, 1.50 and about

0.8 respectively. The bell-shaped curves observed for the N-fixa-

tion response to changes in temperature showed an optimum range

around 27o C. This response could possibly be associated with the

living conditions and the enzyme activities of nodule bacteria. Two

regions with Q10 values of 1.10 and 0.85, respectively and an opti-

mum temperature around 27oC were found for the response of res-

piration rate.

In general with increasing soil water suction the photosynthetic,

respiratory, transpiration and N-fixation rates steadily decreased.

At the highest soil temperature tested (37.8°C), the transpiration

rate did not decrease much in comparison with the photosynthetic

rate with increased soil water suction. Nitrogen fixation at high

temperatures seemed to be independent of soil water supply. Low

rates of nitrogen fixation at high temperatures are probably due to

the thermal death of nodule bacteria at this temperature. Respira-

tion was less temperature dependent than transpiration and photo-

synthesis dependence. The observations of decrease of the meta-

bolic processes with increased soil water suction might possibly be

related to any one or more of the following: viscosity, root cell

permeability, stomatal movement and translocation of metabolic
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substrates.

At low temperatures the dry matter accumulation may be con-

trolled by water supply, however, at high temperatures the accumu-

lation was very sensitive to temperature and seems less soil water

dependent.

The results of N-fixation measurements showed that the

nodule bacteria were very sensitive to water supply and soil tempera-

ture. When nitrogen provided from soil is limited, the function of

nodule bacteria in the fixation of atmospheric nitrogen could possibly

exhibit the most important role in the metabolic processes and thus

the growth of leguminous plants. It is also obvious that for a plant

like soybeans, soil water availability and soil temperature influence

both the plant as a whole as well as the symbiont rhyzobium.
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APPENDIX I

Nutrient Solution (Nitrogen Free)
For Ceanothus and Legumes Without Nitrogen

Compound
Stock Nutrient Nutrient

Solution Solution Solution
Concentration m/leter g/72 leters

Macro Elements

K
2

SO4

MgSO47H20

KH2PO4
K2HPO4

CaS042H20
CaCl2

0.00158

0.002

0.0009

0.0001

0.006

0.0005

19.8

35.5

8.81

1.25

74.4

4.0

Compound
Stock Nutrient Nutrient

Solution Solution Solution
ppm ppm cc/72 1

FeEDDHA 1000 2,08 150

CoC1
2

4H20 360 .05 10

Micronutrients
(Misture)

Made up of

Bo3 250

MnS04 4H 20 250

ZnS0
4

7H20 50

CuS0 4.5H 20 20

Na2Mo04* 2H20 10
72 cc

NH4NO3 (Add in
special cases) 7200 1 10

pH of soln = 6.5 - 6.7
If tap water is used do not use any K2HPO4


