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Abstract approved:

The effect of soil temperature and plant water stress on nitrogen

uptake, growth rate and transpiration rate of wheat (Triticum aestivum

VILL. , Host) seedlings was studied. A special apparatus for the con-

trol of plant water stress and root temperature was used.

Leaf area was measured by the air flow planimeter technique.

Dry matter weight was determined with a Mettler balance after oven

drying of the plant material. Nitrogen concentration in shoots and

roots was determined by the micro-Kjeldahl procedure. The tran-

spiration rate was obtained with a constant-water level graduated

burette device operating on the principle of a Mariotte bottle.

Growth rate of shoots and roots was slowest at the extreme

temperatures with a maximum rate of growth occurring around a root

temperature of 24° C. The growth rate was higher at a plant water



stress of 0.35 bar than at a plant water stress of 2.5 bars.

Rates of transpiration decreased steadily with increasing plant

water stress. The increase of transpiration rate with root temperature

increase was attributed to the change of water viscosity and increased

root cell membrane permeability.

The nitrogen content of roots and shoots increased as root

temperatures increased from 10.0 to 25.0°C, while there was no

significant difference at plant water stresses of 0.35 and 2.5 bars.

The increase in rate of nitrogen uptake was found to be proportional to

the increase in rate of root growth. The same proportionality

described a decrease in the rate of nitrogen uptake as a result of

decreased rate of root growth.

The rate of leaf area increase was found to be related to the

rate of dry matter increase of the shoot. This relation was the same

at all root temperatures and plant water stresses considered.
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NITROGEN UPTAKE BY WHEAT (TRITICUM AESTIVUM
VILL. , HOST) AS A FUNCTION OF ROOT

TEMPERATURE AND PLANT WATER STRESS

INTRODUCTION

The yield of grain crops is in part determined by the size of the

vegetative organs, and therefore the yield is often determined before

heading or flowering. Factors that determine the size of plant vege-

tative organs are many and they are interrelated in a complex man-

ner. Environmental factors rank high among those that determine

vegetative growth and among these environmental factors nitrogen,

soil temperature, and soil water play key roles.

Crop production is often limited or totally prevented in many

situations by lack of soil water, nitrogen, optimum soil temperature

or combinations of all three. The exact physiological, biochemical

and morphological manner in which soil water, nitrogen and soil

temperature, or the lack of these, act to limit crop yield will take a

long time to work out. Basically, lack of soil water, nitrogen and

soil temperature reduce the size of vegetative organs in two ways.

Their deficiencies reduce the size of photosynthetic organs, mainly

leaves, and the absorption organs, mainly roots. The rate of photo-

synthesis as well as absorption are also adversely affected probably

because of the low efficiency of the organs concerned.
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The problem of how soil water, nitrogen and soil temperature

affect crop size is complicated by the fact that these factors affect the

rate of increase or growth of leaves and roots and their overall sizes

differently.

This study was planned to determine how soil water suction and

soil temperature affect the rate of (1) dry matter accumulation,

(2) leaf area increase, (3) transpiration, and (4) nitrogen uptake.
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REVIEW OF LITERATURE

Nitrogen and Plant Growth

Plants, like all organisms, require nitrogen for their growth

and reproduction. Nitrogen is a constituent of all proteins, enzymes,

and many metabolic intermediates involved in synthesis and energy

transfer.

On the basis of relative number of atoms needed for alfalfa

plants at blooming stage, nitrogen heads the list of those that come

from the soil and fertilizers (Viets, 1961). Grasses show response

to high nitrogen application rates. Reid (1970) reported that the yield

response of perennial rye grass to nitrogen application was almost

linear for rates between zero and 300 lb/acre, then it decreased

steadily, becoming non-significant at a rate of about 500 lb/acre.

Corn growth increased as nitrogen application rates were raised to

200 ppm (Dormaar and Ketcheson, 1960).

The reasons for the observed response to nitrogen fertilizer

application may be its effect on various plant organs and their char-

acteristics. The nitrogen effect on roots and shoots is considerable.

In wheat-grasses, when NO-3 was deficient in the nutrient solution,

roots made up a larger portion of the total plant than when NO
3 was

not deficient (Hylton et al. , 1970). Brouwer (1962) systematically
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studied the effect of nitrogen on the root and shoot development of

corn grown in Hoagland solutions. He found that when plants had

ample nutrients, a constant shoot-to-root ratio was maintained, but

when Hoagland solutions without nitrogen were substituted, root

growth was accelerated in relation to shoot growth and the shoot-root

ratio sharply decreased. Viets (1965) stated that nitrogen increases

the shoot to root ratio.

It is reported by Murayama (1964) that elongation of rice roots

was stimulated, but that their number decreased with nitrogen defi-

ciency. He showed also that nitrogen deficiency decreased the ratio

of leaf blade to culm in rice plants. In this case the top length de-

creased from 103 cm to 45 cm and dry matter in leaf blades, stems

and roots decreased from 1.15 to 0. 25, 3.96 to 0. 2, and 0.69 to

0.35 gm per two plants, respectively.

Hewitt (1963) suggested that the pale green color due to lack of

chlorophyll synthesis, and stunted growth of shoots resulting from

reduced cell division and enlargement due to inadequate protein syn-

thesis are nitrogen deficiency effects.

Increasing the amount of nitrogen availble to the plants, when it

is initially deficient, will produce a much greater leaf area (Murata,

1964; Viets, 1965). Ryle (1964) studied the nitrogen effect on leaf N.

area of perennial grasses and found that leaf area and actively-

growing number of leaves increased by increasing the nitrogen supply.'
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He reported an increase of area of ninth leaf and mean leaf area per

main shoot from 1321 and 3466 mm2 at 15 ppm of nitrogen to 1742

and 4643 mm2 at 150 ppm of nitrogen, respectively.

According to Murata (1964) photosynthetic activity correlated

with protein-nitrogen content, chlorophyll content, fresh weight, dry

weight and respiratory rate. Protein-nitrogen content of plants is a

function of the nitrogen application. Reid (1970) showed that response

of crude-protein yield was virtually linear from the 0 to 700 lb of

nitrogen per acre rate.

The response to nitrogen supply depends on other growth fac-

tors. Examples of these are light intensity and water supply. Murata

(1964) reported that under weak light, the rate of light reaction is

likely to limit the photosynthetic process, thus making the chlorophyll

content a limiting factor. He showed that at high light intensity there

is not a close correlation between photosynthetic activity and chloro-

phyll content of the leaf. However there is a close correlation under

weak light. Plants grown at optimum nitrogen levels develop photo-

synthetic activity in proportion to their chlorophyll content. Those

grown at high nitrogen levels have already reached chlorophyll satu-

ration, and nitrogen exerts no limiting influence on photosynthesis

even under weak light. At high light intensities large amounts of

nitrogen are therefore required to increase photosynthesis.

A positive correlation between the photosynthetic activity and
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the rate of dry-matter increase has been demonstrated. The change

in dry weight over a given time interval is often termed net assimila-

tion rate (NAR). Dry matter increase in response to nitrogen ferti-

lization occurs in two ways (Viets, 1965): (1) greater leaf area, and

(2) an increased NAR per unit of leaf surface until self-shedding.

Soil Water Stress and Plant Growth

Water deficits reduce plant growth. Water is essential because

of its four main plant physiological functions:

(1) It is the major constituent of physiologically active tissues.

(2) It is a reagent in photosynthesis and in hydrolytic processes

such as starch digestion.

(3) It is the solvent in which salts, sugars and other solutes

move from cell to cell and from organ to organ.

(4) It is essential for the maintenance of the turgidity necessary

for cell elongation and growth and affects root elongation.

Moisture stress affects development of plant organs which in

turn can have very profound effects on plant growth. Initiation and

differentiation of vegetative and reproductive organs in apical

meristems as well as cell division and cell enlargement are very

sensitive to water stress (Prusakova, 1960; Slatyer, 1969). Ordin

(1960) showed that turgor pressure has a great influence on cell wall

metabolism and elongation of the avena coleoptile. From a review of
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other studies Gates (1964) concluded that photosynthesis is less

affected by water deficit than is elongation.

Elongation in cotton leaves reflected the cycle of irrigation re-

ceived. The rate of change of elongation declined linearly with in-

creasing soil water suction to become zero at suction values between

13 and 14 atmospheres (Wadleigh and Gauch, 1948). Prusakova (1960)

reported wheat leaf lengths of 250 mm and 75 mm for soil water sup-

plies corresponding to 70% and 25-30% of field capacity respectively.

When senescence effects were eliminated, relative leaf growth-rate

of kale seedlings was a linear function of soil water content in the

range equivalent to pF values of 1.7 and 4.2 (Orchard, 1967). Scotch

pine seedling stem and needle elongation decreased at soil water

suctions of 1.5 and 0.5 atm, respectively (Sands and Rutter, 1959).

Protein metabolism is also affected by soil moisture.

Prusakova (1960) showd that in wheat leaves larger amounts of trypto-

phan were formed under optimal water conditions.

Water Uptake and Transpiration

The transpiration process may be expressed by an equation

analogous to Ohm's law.

P2-P1 P 3-P2 P4-P3 P 5-P4
T Rr Rx RI
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where T is the transpiration rate and Rr, Rx, RI, and Rg

identify the resistances in root cells, xylem, leaf cells and the gase-

ous phase respectively, P1, P2, P3, P4, and P5 denote the plant

water suctions along the transpiration pathway. Under steady state

conditions the rate of water transport through all successive parts is

the same. The point which has the highest resistance exerts the

greatest control on the overall system. The rate of transpiration

further depends on the total driving force (P1 P5).

Changes in soil water content affect the resistances as well as

the plant water suction values along the pathway. With high soil

water suction and high transpiration demand a lag between evaporation

and water uptake occurs (Brix, 1962; Slatyer, 1967), which decreases

leaf water content, especially in the guard cells, and consequently

causes stomatal closure. This increases the resistance in the path-

way of the water vapor decreasing the transpiration rate.

In addition to stomatal movement, water permeability of cell

membranes, which can be influenced by high soil water suction, pre-

sents a mechanism to control the transpiration rate. Some reports

show the transpiration rate to be independent of soil water suction.

According to Veihmeyer and Hendrickson (1955, 1961), the rate of

transpiration is independent of soil water content but their results do

not agree with the findings of Baba lola (1967), Brix (1962), Kuo

(1970) and Slatyer (1967).
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Kuo's results show that at temperatures between 10-32°C the

transpiration rate decreased as plant water stress increased.

Greenway and Klepper (1968) reported that at a soil water suction of

5.4 atm water uptake reduced to about 30% of the value at 0.4 atm.

With high light intensity, wind speed or high leaf temperature a

lag between water loss and water uptake occurs which decreases the

transpiration rate even at high soil water content (Kramer, 1963).

Martin (1940) found that by removing only 30% of the available soil

water left above the permanent wilting percent the plant's transpira-

tion rate was affected.

Photosynthesis

Water stress reduces net photosynthesis because of a reduction

in leaf area and its effect on assimilation. Carbon dioxide diffuses

into leaf tissue through stomates and subsequently across mesophyll

cell walls. Photosynthesis is affected by water stress because it in-

creases resistance to gaseous diffusion due to stomatal closure and

high water stress in the mesophyll cells (Brix, 1962). The closure

of stomata due to water stress obviously limits the CO2 supply, thug

reducing photosynthesis. The effect of water stress on photosynthesis

and transpiration is often observed to be similar (Baba lola, 1967;

Brix, 1962; Troughton, 1969). It has been argued that the effect of

water stress is expressed primarily by its effect on stomata.
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Troughton (1969) showed that the mesophyll resistance and conse-

quently, the photosynthesis did not vary with the relative leaf water

content down to 75%, but increased progressively as the relative wa-

ter content dropped from 75% to 56%.

Respiration

In general the respiration rate of soybean seedlings (Kuo, 1970),

corn seed (Ragai and Loomis, 1954), Ladino clover (Upchurch et al. ,

1955) and tomato (Brix, 1962) decreased with increasing soil water

suction. According to Hartt (1967) low water supply decreased the

translocation of photosynthate. The supply of respiratory substrate

would then be reduced and consequently the rate of respiration would

be decreased also.

Soil Temperature and Plant Growth

Transpiration

Changes in the root environment affect the transpiration rate

(Rufelt, 1959). Among these changes root temperature is very im-

portant. Its increase may increase the transpiration rate within the

range of absorption of a given species (Kramer, 1940). At a given

soil water suction, the rate of transpiration in Monterey pine seedlings

decreased with decreasing soil temperature (Babalola et al. , 1968).
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At low soil temperatures (10-15.6°C) the rate of water uptake is

limited by the permeability of the membranes (Jensen and Taylor,

1961; Kuiper, 1964; Tew et al., 1963). Others suggested that in this

temperature range the transpiration rate may be controlled by the

viscosity of water (Babalola et al. , 1968). Kramer (1940) mentioned

that resistance to water movement through living roots of sunflower

was 5 to 6 times greater at a temperature of 25°C than near freezing.

At 40°C, the resistance was only a little over half that at 25°C. Kuo

(1970) measured the transpiration rate of soybean plants at different

soil temperatures. It changed slightly with increasing soil tempera-

tures between 10.0° to 16.0°C, but increased rapidly between 16°C

to 30°C, and decreased between 30° to 37. 8 °C.

Water absorption was depressed 20% at a root temperature of

10°C and 70% at 5°C in alfalfa plants compared with root temperatures

of 24°C (Ehrler, 1963).

Growth

The processes which might be affected by soil temperature are:

(1) The production of substances by the roots which affect the

top growth

(2) Root growth

(3) Leaf area increase

(4) Root permeability and water uptake
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(5) Nutrient uptake.

Chilling of the roots has been shown to result in an accumula-

tion of sugars throughout cotton seedlings (Unger and Danielson, 1967)

as well as a reduction in the utilization of carbohydrates and of the

synthesis of nitrogen compounds in the roots (Oritani, 1963). Unger

and Danielson (1967) reported an increase in total fructose and glu-

cose level in bean plant leaves from about 7. 25% to 12% during 4 days

at 10° C root temperature.

Otpimum soil temperature varies with plant species and variety.

Shoot growth in spring wheat (Woolley, 1963), corn and bromegrass

(Nielson et al., 1961) and sorghum (Adams, 1962; Quinby et al. ,

1958; Rhykerd et al. , 1960; Stoffer et al., 1963) increases with in-

creasing soil temperature up to 26.7°C, whereas the increase in top

growth for oats (Nielson et al. , 1960) and Phalaris Tuberosa

(Ketellapper, 1960) occurs up to 19.4°C and 25°C, respectively.

Root growth in sorghum (Adams, 1962; Rhykerd et al. , 1960),

corn (Nielson et al., 1961), and spring wheat (Woolley, 1963) in-

creases with soil temperature up to 26.7°C. In bromegrass root

growth increases up to 19.4°C. Decrease in root growth was reported

by Nielson et al. , (1960) for oat plants as temperature increased

from 5° to 26.7°C.

Soil temperature affects both growth (Cannell et al. , 1963) and

morphology of the root system (Ketellapper, 1960). Low soil
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temperature causes development of thick white roots and under condi-

tions of high soil temperature the roots are thin and brown. Low

temperatures retard the elongation of roots. Cannell et al. (1963)

reported that fewer large roots were found at 7. 2°C than at 20° C or

27. 8°C. This would be most important in soils with water contents

below field capacity since it is in this range that water availability

depends on the extension of root tips into contact with the water films

surrounding the soil particles.

According to Box et al. (1963), temperature appears to override

the influence of soil water at low soil water content. Cannell et al.

(1963) showed that for tomato plants dry matter yield was not signifi-

cantly affected by water content at 12. 2°C. At this temperature

growth was retarded to such an extent that limiting effect of low soil

water on growth was small compared to the effect of low temperature.

Lowering the soil temperature decreases the rate of water movement

from the soil to the absorbing surfaces of the roots.

Photosynthesis

The permeability of cells decreases with temperature. The

viscosity of the protoplasm and of the colloidal gels in the cell walls

is much higher at low temperatures. It has been suggested that the

low temperature effect on plant growth is due to an influence on the

water status of the plants (Nelson, 1967; Unger and Danielson, 1967).
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The influence of root temperature on leaf water content is well estab-

lished (Cox and Boersma, 1967; Ehrler, 1963; Kramer, 1949;

Troughton, 1969). It has been reported that the water content of cot-

ton leaves varied from 56 to 96% as the root temperature increased

from 6° to 30°C. The relationship between root temperature and net

photosynthesis which operates via leaf water content and leaf diffusive

resistance was demonstrated by Troughton (1969) and Unger and

Danielson (1967). This decrease in plant water content has been

attributed to increase in the viscosity of water and decrease in the

permeability of the root cells (Baba lola et al. , 1968; Kramer, 1940).

Low soil temperature reduction of the water uptake which in turn

decreased leaf expansion, with little or no measureable effect of the

treatment on assimilation per unit leaf area was reported by Nelson

(1967). He found a leaf area reduction of 60% and 32% at 18°C and

12°C, respectively compared with 24°C. Dry weight decreased 8%

and 29% at 18°C and 12°C, respectively, compared with 24°C. A

similar effect has been shown by Brouwer (1963) for eight different

bean species and by Unger and Danielson (1967) for beans.

Root Respiration

Respiration may increase as soil temperature increases within

the range of adaptation of a given species. Root respiration of corn

and tomato plants increased by increasing the soil temperatures from
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5 °C to 30°C (Jensen, 1960). This effect is more marked in thermo-

philic plants such as corn than in cold resistant ones, like wheat and

potato. The effect of soil temperature on shoot respiration is indirect.

Kuo (1970) reported that higher temperatures caused an increase of

root permeability and water absorption which consequently increased

the respiration rate.

Ion Uptake

The uptake and transport of ions to the aerial parts of plants

can be the result of two different processes, one "passive" and the

other "active" (Brouwer, 1954; Kylin and Hylmo, 1957; Hooymans,

1969; Russell and. Barber, 1960). The first process occurs in re-

sponse to concentration gradients (Kylin and Hylmo, 1957; Russell and

Barber, 1960), the second process is connected with metabolic pro-

cesses.

According to Laties (1959) and Russell and Barber (1960), the

accumulation of electrolytes in the vacuoles of plant cells or ion

transfer across the cell membranes depends upon the expenditure of

metabolic energy derived from respiration.

The active process would be affected by adding respiratory

inhibitors to the root medium (Rufelt, 1959). Decreasing the soil

temperature may be considered a respiratory inhibitor and therefore

a decrease in active ion uptake may be expected to accompany such a
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manipulation.

Transpiration Rate

The effect of transpiration upon ion uptake has been reported

differently for various ions by various investigators. Ion transfer

from the outer medium to the shoot can, under certain circumstances,

be accelerated by increasing the rate of transpiration (Bowling, 1968;

Kylin and Hy lmo, 1957; Hy lmo, 1953; Russell and Barber, 1960;

Russell and Shorrocks, 1959). Of course, this effect is more pro-

nounced on passive uptake, though transpiration may have an indirect

effect on active ion uptake as well (Greenway and Klepper, 1968;

Jackson and Weatherly, 1962, Pettersson, 1966; Russell and Barber,

1960) by increasing the ion delivery to sites of active uptake.

Transpiration effects on ion uptake are determined by ion con-

centrations in plant and external solution (Bowling, 1968; Kylin and

Hy lmo, 1957; Russell and Barber, 1960; Russell and Shorrocks,

1959). The transpiration effect on ion uptake is not the same for all

plants. Van Den Honert et al. , (1955) reported that no influence of

transpiration rate on the rate of absorption of ammonium, potassium,

nitrate and phosphate could be demonstrated in maize, when diluted

solutions were used. But Brouwer (1954) showed an increase in

nitrate and phosphate absorption in young maize plants at higher

transpiration rates with more concentrated solutions.
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It has been reported by Bowling (1968) that in dilute solutions

(1/10 strength of culture solution) transpiration has no effect on K,

Ca, NO3, and SO4 uptake in Helianthus annuus, but in more concen-

trated solutions the uptake of K, SO4 and NO3 were found to be sensi-

tive to changes in water flux across the root, although Ca uptake was

found to be unaffected by water uptake. For K uptake, Bowling's

results have been supported by Hooymans (1969) at high concentration

solutions. He found that both components of K absorption by the roots

of barley plants, i. e. , accumulation into the vacuoles and binding in

the cytoplasm, proceeded independently of the transpiration rate, but

at low transpiration rates the transfer of K ions from root tissues to

the xylem vessels was limited by the rates of removal of ions from

these vessels to the upper plant parts. Contrary to the finding of

Bowling (1968) in Helianthus, a transpiration effect was shown for

barley at low outside K concentration (Hooymans, 1969).

Sulfate uptake dependence upon transpiration in wheat plants

with high outside SO4 concentrations has been reported by Kylin and.

Hy lmo (1957). Bowling (1968) on the other hand stated that the maxi-

mum rate of sulfate transport is independent of the transpiration rate

in sunflower plants, at standard culture solutions. This is in agree-

ment with results of Christersson and Pettersson (1968) in Ricinus

communis.

According to Greenway and. Klepper (1968) high transpiration



18

rates led to large increases in phosphate transport to the shoots of

tomato plants even though the P concentration in the xylem sap did not

change appreciably. Wrights and Barton (1955) showed phosphorus

absorption from solution to decrease with decreasing rates of trans-

piration.

The water extracted from the soil by the plant carries along the

substances dissolved in it towards the root surface. The amounts of

supplied ions are directly related to the amount of water transpired

(Wiersum, 1969). He stated that the rate of uptake of any single ion

has not been directly linked with the rate of entry of water into the

roots. The transpiration thus only indirectly has an effect on the

amount of ions taken up. Nitrate might be an exception and the rate of

nitrogen supply of plants would be dependent on ion mass flow which

is influenced by the water uptake. According to Oliver and Barber

(1966b) mass flow makes a significant contribution to the uptake of Ca

and Mg.

Soil Temperature

Soil temperature may influence the ion uptake indirectly by

affecting the root respiration rate, water flow rate and transpiration

rate, or it may be that the effects are associated with differences in

growth habits of plants grown at different soil temperatures (Nielsen

et al. , 1960; Nielsen et al. , 1961; Stoffer and van Riper, 1963;
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Woolley, 1963).

The soil temperature effect on ion uptake varies for different

elements and in various plant species. Nielsen et al. (1961) stated

that the uptake of N, P, Ca, Mg, and K by corn, bromegrass, and

potato usually increased with increasing temperature to at least

19.4°C. The P uptake by corn decreased considerably when the tem-

perature was decreased even when P was added and at 12.2°C

amounted to 42% of that at 26.7°C. In tomato plants the phosphorus

uptake at 18. 8 °C is more than double that at 7. 2 °C. The nitrogen

uptake in the stem appears to be directly proportional to the soil

temperature. Root analysis for nitrogen showed that at low tempera-

ture the nitrogen may be locked in the roots and cannot be translocated

to the stem and leaves (Canham, 1962).

Stoffer and van Riper (1963) reported that, under controlled

conditions, mineral uptake (N, P, Fe) generally increased with in-

creasing temperature from 15.6° to 26.7°C in sorghum plants. Parks

and Fisher (1958) studied wheat plants and found nitrogen absorption

to be greatest at temperatures between 20° and 30° C and the uptake

of phosphorus to be significantly reduced at 10°C.

A lowering of root-temperatures from 10° to 7°C decreased the

uptake of ions by the root itself, but did not affect transport of ions

from the medium to the shoot (Hylmo, 1953). At these low tempera-

tures the ion uptake by wheat roots is an active process (Kylin and
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Hy lmo, 1957). Shtrausberg (1958) reported that nutrient translocation

to the aerial parts decreased as soil temperatures were lowered to

7°C. Woolley (1963) showed that the P content of spring wheat shoots

increased as temperatures were increased from 7.2°C to 26.7°C.

Shoot phosphorus content increased 38% whereas shoot nitrogen in-

creased only 17%. The root temperature affected root phosphorus

content in a similar manner. The highest nitrogen percentage in the

roots occurred at lower temperatures. The change in total nitrogen

per plant was not significant when soil temperatures were raised to

26.7°C, the amount of nitrogen in the roots increased 14%. But in-

creasing the root temperatures from 7. 2° to 26.7°C increased the

total amount of phosphorus in the roots more than 100%. According to

Quistel and Bange (1969) the optimum temperature for ammonium up-

take is 24°C for English rye grass. They reported that the K uptake

rate increased with increasing temperature to 35°C.

Water Stress

Several characteristics of the soil are influenced by content and

movement of water, which can have a profound effect on mineral

nutrition. An inverse relationship between amount of water in the soil

and concentration can generally be expected for the anions: NO3,

SO4' Cl, because almost the entire store of these ions is in solu-

tion. For PO4 ions an intricate interplay of equilibria occurs with
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"bound" phosphate and the result will be that dilution is partly coun-

teracted by release of phosphate ions (Metwally and Pollard, 1959).

The water content effect on cations (K, Na, Ca, and Mg) is

more complicated. One of the main operating factors is the valency

effect. High water content will result in a relative increase of mono-

valent K , and Na ions in the soil solution over the divalent Ca

and Mg ions. Recent data given by Moss (1964) show that the ratio

of Ca +Mg
in the soil solution decreases from 0.20 to 0.13 as the

pF value rises from 0 to 3 for the soil used. Studies by Oliver and.

Barber (1966a) suggest that with increasing water content B concentra-

tion diminishes while Fe, Zn, and Al concentrations may rise.

For steady state conditions the relation between ammonium and

nitrate uptake and their concentration in solution is of a hyperbolic

nature (Quistel and. Bange, 1969). There is an ion interaction effect

on the rate of uptake. Quistel and Bange (1969) found that the potas-

sium uptake is strongly decreased by the presence of ammonium,

while the presence of potassium has no apparent effect on ammonium

uptake.

Nitrate uptake is affected by the presence of ammonium ions in

solution. Wheat seedlings (Minotti et al. , 1969a, b; Weissman, 1951),

ryegrass seedlings (Lycklama, 1963; Quistel and Bange, 1969) and

slices of potato tuber (El-Shishiny, 1955) have been shown to absorb

less nitrate-N from media also containing ammonium-N than from



22

media containing exclusively nitrate-N. According to Minotti et al.

(1969b) NH4 can directly influence the NO3 uptake process.

Ferguson and Bollard (1969) and Quistel and Bange (1969) stated that

NH4 prevents the utilization of nitrate by inhibiting at least partially

the uptake of NO3 and by inhibiting almost completely the reduction of

NO3 to NO2.

The two important ways in which migration of ions is possible

in solution is, either by diffusion or by mass flow. The amount of ion

migration by means of diffusion is dependent both on the concentra-

tion gradient and on the cross sectional area of the pathway. Varia-

tions in soil water content have a large influence on the total pathway

available for diffusion. For excised roots diffusion is almost the only

process by which the ions can reach the root surface. Mass flow is

negligible (Wiersum, 1958) since no transpiring plant is attached to

the roots. He has found that the uptake of several nutrients was posi-

tively correlated with increasing water content of the soil. The effect

of water content on diffusion rate can be illustrated by results obtained

by Olsen et al. (1965). The porous system self-diffusion coefficient
-7(Dp) ranged from 0.4 x 10 to 15.5 x 10-7

2cm /sec as the volumetric

moisture content increased from 0.22 to 0.55 cm3/cm 3. This is a

nearly 40 times increase in rate of diffusion as the soil water suction

is lowered from 6 to below 0.1 bars in a silty clay loam.

The diffusion mechanism for P and K uptake by corn plants has
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been described by Mederski and Wilson (1960) and for rubidium in

barley plants by Russell and Shorrocks (1959). The Ca content was

found to be independent of soil water content which is not surprising

if mass flow supplies excessive amounts (Meder ski and Wilson, 1960).

Jenne et al. (1958) reported that in corn plants under water stress

reduction of P and K content to 40% and 71% compared with control

occurred, respectively, but calcium still accumulated to 93%.

Flocker and Timm (1966) reported that phosphate content in the

petioles of the potato plants rises as water suction in the soil is low-

ered from 0.7 to 0.2 atm but behavior of the nitrate content is just the

opposite.
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MATERIALS AND METHODS

Four week old wheat seedlings growing in a perlite substrate

were subjected to predeterminated levels of soil water suction and

soil temperature. At two day intervals leaf area, plant weight and

nitrogen concentration was measured.

Control of Soil Water Suction and Soil Temperature

Soil water suction was controlled by inserting thin slabs of

perlite surrounded by a semipermeable membrane into an osmotic

solution. This method was first suggested by Zur (1961) and later

modified by Cox (1966). The method was also used by Baba lola

(1967), Kuo (1969) and Amujo (1970).

The plants were grown in perlite (an inert expanded silica

material) contained in plexiglass frames, 0.8 cm thick, 30 cm high,

and 10 cm wide with removable sides (Figure 1). At the time the.

seedlings were 4 weeks old the cells were prepared for the experi-

ments by removing the sides (Figure 2). These were then replaced

by a semi-permeable membrane (Figure 2), consisting of cellulose

which loosely fitted around the cells. The lower end of the

casing was sealed by folding it several times and securing the folds

with a loose leaf paper binder. Retaining clamps were fastened to the

top and the cells were then immersed in the osmotic solution (Figure
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ICM

Figure 1. Per lite cells with sides and clamps to retain the casing
after removal of the sides.

Figure 2. Perlite cell with sides and casing. The photograph shows
a cell with sides removed, an empty cell with casing,
empty casing and clamp.



Figure 3. Chambers with osmotic solutions, with wheat plants in
soil cells inserted in them.

Figure 4. Arrangement of the burettes for the transpiration
measurements.

26
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3), through slits in the cover of the chambers and became suspended

in the solution by resting on the retaining clamps supported by the

chamber cover.

The osmotic solution consisted of carbowax 6000 (Polyethylene

glycol) dissolved in distilled water. The desired osmotic pressures

were obtained by dissolving the appropriate amount of carbowax.

Osmotic pressures of 0.35 and 2.5 bars were used for the nitrogen

uptake experiments. For an earlier series of transpiration experi-

ments osmotic pressures of 0.35, 0.70, 1.50 and 2.50 bars were

used. The amount of material to be dissolved was based on Zur's

(1961) work.

The temperature of the osmotic chambers was controlled by

circulating water from a constant temperature bath through jackets

surrounding the chambers. Measurements were made at tempera-

tures of 10.0, 18.3, 23. 9, 29.4, 32.2 and 35.0°C.

Nutrients were made available during the course of the experi-

ments by adding them to the carbowax solutions. The concentrations

of the nutrient solutions used are shown in Table 1. In order to avoid

the development of concentration gradients near the membranes the

solution was stirred manually with a stirring rod at least once each

day.

One of the problems with this technique is the growth of micro-

organisms which attack the membrane (Amujo, 1970; Kramer, 1969).
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This was particularly a problem at high temperatures and high nitro-

gen levels in the nutrient solutions. At a temperature of 35°C and

with 100 ppm nitrogen in the solution the membrane was destroyed in

less than a week. With 0 ppm nitrogen in the solution the develop-

ment of microorganisms was not a problem. To retard the growth of

these organisms the fungicide Pimaricin was added to the solution at

the rate of 10 ppm. This did not completely control the growth.

Table 1. Make-up of the nutrient solution used for grow-
ing the wheat plants.

Compound Concentration in Solution

Macronutr ients gm /liter

K 2504 0.275

MgSO4 7H20 0.493

KH
2
PO4 0.122

K
2
HPO4 3H 20 0.031

CaS04 2H20 1.033

CaC1
2

0.056

NH4NO3 0.500

Micronutrients
ZnSO4 7H 20 0. 067

MnSO4 4H20 0. 876

CuSO4 5H 20 0. 078

Fe EDDHA 1. 000

CoC12' 4H 2O
2

0. 00005
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Measurements

Leaf area was measured by the air flow planimeter technique

developed and described by Jenkins (1959) and used by Amujo (1970).

The area of detached leaves from each cell was measured. Roots

were washed free of perlite with distilled water, and both shoots and

roots were dried at 52°C for 48 hours. They were then weighed

separately to the nearest milligram.

Nitrogen concentration in shoots and roots was determined by

the micro-Kjeldahl procedure as modified and described by Jackson

(1958).

The transpiration rate was obtained with a constant-water level

graduated burette device operating on the principle of a Mariotte bot-

tle connected to each osmotic chamber (Figure 4). Initially the

burettes were filled with distilled water and the chambers with the

plants in them were filled with osmotic solutions and sealed so that

water loss was possible only through transpiration. The water tran-

spired was automatically replaced from the burettes. This ensured

that the osmotic pressure remained constant and the volume of water

transpired was accurately obtained from the burette readings which

were taken every two hours. Water loss was calculated and expressed

3as cm H2O per unit area of leaf per minute.
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Experimental Procedure

Five pregerminated wheat (Triticum aestivum VILL. , Host)

seeds, variety Gaines, were planted in each perlite filled cell, and

grown in a growth chamber with day and night temperatures of 23.9°C

and 21. 1 °C, respectively, for about five weeks. The relative humid-

ity in the growth chambers was not controlled and ranged between 40

and 80 percent.

Six cells were selected randomly for initial leaf area, shoot and

root weight, and nitrogen content determination. The covers of 48

cells were removed and the cellulose membranes were put in place.

These cells were then immersed in 16 compartments filled with

osmotic solutions. Each compartment contained three cells (Figure

3). Plants were brought out for leaf area, shoot and root weight, and

nitrogen content determinations every other day. Results from two

chambers were averaged for each of the two suctions considered.
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RESULTS

Dry Weight Accumulation

Results of the dry weight measurements, made every second

day are shown in Tables 2 and 3. The measurements shown are

averages of two separate experiments. At the high temperatures the

number of observations is smaller than at the low temperatures.

During the course of the experiments the cellulose membrane was

attacked and decomposed by microorganisms, rendering the system

inoperable after a period of time. The rate of organism growth was

much higher at the high temperatures allowing fewer observations.

The rate of organism growth was reduced by the increase in suction

from 0.35 bars to 2.50 bars, allowing usually more observations at

the higher suction level.

Observation of Table 2 makes it clear that the plants in the

chambers did not grow at a constant rate. This is further indicated

by Figures 5, 6, 7, and 8 which show the increase in shoot and root

dry weight at 10.0°C and 23.9°C. It has been indicated previously

that the plants were grown in a growth chamber at a day time tem-

perature of 23.9°C and were well supplied with water. The change to

an environment which imposed a temperature stress and a soil water

stress reduced growth gradually. This is well demonstrated by the
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Table 2. Dry weight of shoots of 5-week old wheat seedlings in mg
per chamber, harvested at two day intervals. Measure-
ments are shown for two levels of soil water suction and
six root temperatures.

Soil Water
Suction

Day
No.

Root Temperature, °C
10 18.3 23.9 29.4 32.2 35.0

bars La& mg. rng.

0.35 0 664 666 485 691 622 554
2 921 865 588 790 730 604

4 1000 897 674 799 774 644

6 959 1028 751 - - -

8 967 1039 - - - -

2.50 0 664 667 587 691 622 554

2 846 798 701 839 716 608

4 862 838 707 791 763 623

6 851 936 783 849 - -

8 895 970 871 - - -

Table 3. Dry weight of roots of 5-week old wheat seedlings in mg per
chamber, harvested at two day intervals. Measurements
are shown for two levels of soil water suction and six root
temperatures .

Soil Water
Suction

Day
No.

Root Temperature, °C
10 18.3 23.9 29.4 32.2 35.0

bars rng_ Lag. g

0.35 0 469 466 314 484 373 462
2 553 570 359 586 399 472
4 669 527 393 623 407 510

6 587 615 458 - - 552

8 546 638 486 - - 479

2.50 0 469 466 386 484 373 461

2 579 497 487 639 415 584

4 570 531 477 560 396 547

6 510 564 507 599 - 571

8 599 571 500 - - -
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Figure 5. Shoot dry weight (mg) per chamber as a function

10°C.
suctions

time
(days) at two soil water tions and soil temperature of
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Figure 6. Shoot dry weight (mg) per chamber as a function of time
(days) at two soil water suctions and soil temperature of
23.9°C.
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Figure 8. Root dry weight (mg) per chamber as a function of time
(days) at two soil water suctions and temperature of 23.9°C.
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difference in response at the two temperatures. At 10°C (Figures 5

and 7) the rate of growth decreased rapidly during the first several

days. At 23.9°C (Figures 6 and 8) the change in growth rate was

much less as it should be since the change in environmental conditions

was much less severe. It was assumed that a constant growth rate

eventually is reached and that this constant rate is approached expo-

nentially during the first four to five days of the experiment. Since

difficulty was experienced in fitting the proper exponential equation to

the data the lines shown in the figures were drawn in without the bene-

fit of a statistical approximating technique. From these graphs daily

growth rates were obtained, which are listed in Table 4 and shown in

Figure 9. Growth rates at soil temperatures of 10.0, 15.5, 21.1,

26.6, and 32. 2 °C were obtained from Figure 9 and are tabulated in

Table 4.

Table 4. Rate of increase in dry weight of shoots and roots of 5-week
old wheat seedlings in mg per day per cell at two levels of
soil water suction and five soil temperatures. The values
in this table were obtained from Figure 9.

Soil
Plant Water
Part Suction

Soil Temperature, °C
10.0 15.5 21.1 26.2 32.2

bars mg /day mg /day mg /day mg /day mg /day

Shoots 0.35 7.0 23.0 30.0 30.2 22.8
2.50 5.8 18.7 25.6 25.3 18.7

Roots 0.35 4.5 12.2 16.3 15.6 11.6
2.50 3.4 10.0 13.3 13.1 10.0

Shoot /Root Ratio

0.35 1.56 1.89 1.84 1.94 1.97
2.50 1.71 1.87 1.92 1.93 1.87
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Figure 9. Rate of shoot and root dry weight increase (mg /day) per cell
as a function of root temperature at soil water suctions of
0.35 and 2.5 bars.
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Leaf Area Increase

For most of the experiments leaf area measurements were

made at each harvest. From this a correlation between leaf area

increase and dry matter accumulation was obtained. Results of these

measurements are shown in Figure 10. The regression equation

y = 2.65 + 0.14x, r = 0.87

where y is the increase in leaf area (cm 2) since the initiation of an

experimental run and x is the gain in dry matter (mg) during this

period was obtained. Results of the experiments conducted at a soil

water suction of 0.35 bar were not statistically different from the

results of the experiments conducted at a soil water suction of 2.50

bars. For this reason the data were treated as being part of the same

population. The coefficient 0.14 which is the rate of leaf surface

area increase in cm 2 per mg was multiplied by the rate of gain in dry

matter of the shoots in mg per day (Table 3) to obtain the rate of leaf

area increase in cm 2 per day per chamber. Results are shown in

Table 5.

The correlation between total dry weight and total leaf area was

also considered. Figure 11 shows total leaf area as a function of

shoot dry weight. Again a linear correlation is indicated. The

regression equation
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y = 9.61 + 0.20x, r = 0.71

was found. The fact that at a leaf area of 9.61 cm
2 a dry weight of zero

mg is indicated, together with the higher rate of increase in leaf area

per unit dry weight found (0. 20 cm
2/mg vs 0.14 cm2 /mg) suggests

that the leaf area increase per unit dry weight was not constant during

the five week growth period but gradually decreased.

Table 5. Rate of leaf area increase of 5-week old wheat seedlings in
cm 2 per day per chamber for two levels of soil water
suction and five soil temperatures.

Soil Water Soil Temperature, °C
Suction 10.0 15.5 21.2 26.6 32.2

bars cm 2 /day cm2 /day cm
2 /day cm2 /day cm2 /day

0.35 0.98 3.22 4.20 4.23 3.19
2.50 0.81 2.62 3.58 3.54 2.62

Transpiration Rate

Transpiration measurements were made to consider the rela-

tion between transpiration rate and nutrient uptake. Results of the

measurements are shown in Table 6. The same results are shown in

graphical form in Figure 12, where the transpiration rates in cm 3 of

water per cm 2 of 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 and soil water suction is clearly

demonstrated by these data.
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Table 6. Transpiration rates of 5-week old wheat seed-
lings as a function of soil temperature at four
levels of soil water suction.

Soil Soil Water Suction (bars)
Temperature 0.35 0.70 1.50 2.50

°C 105 cm /cm 2/cm min.
10.0 4. 84 4.40 4.10 3. 60
18. 3 6. 50 5. 50 4. 60 4. 10
26.7 10.15 8. 85 6. 65 5.70
35.0 12. 35 10. 65 8. 80 6. 55
40. 6 8. 85 7.80 6. 35 4. 65

It is clear from the graph that the transpiration rates increased

by increasing the soil temperature from 10° to about 33°C and de-

creased at higher temperatures. This effect was similar for all soil

water suctions. The transpiration rate increased 159%, 151%, 138%,

and 102% at soil water suctions of 0. 35, 0.7, 1. 5, and 2. 5 bars as

the temperature increased from 10 to 33°C. The greatest increase

occurred at the lowest soil water suction. As soil water became less

available the increase with increasing soil temperature became less.

The decrease in transpiration rate at temperatures above 33°C was

29%, 28%, 28%, and 31% for soil water suctions of 0. 35, O. 7, 1. 5,

and 2. 5bars. The decrease was similar at all levels of soil water

suction considered.

The transpiration rate as a function of water suction at differ-

ent temperatures is shown in Figure 13.
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five soil temperatures.
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Nitrogen Uptake

The nitrogen content of shoots and roots of harvested plants

was determined by the micro-Kjeldahl method as modified by Jackson

(1958). Each treatment consisted of 6 cells distributed over two

osmotic chambers with each cell usually containing four plants.

Each experiment was done two times. The average nitrogen concen-

tration determined for each harvest is shown in Tables 7 and 8.

Table 7. The nitrogen concentration in percent of the shoots of 5-
week old wheat seedlings harvested at two day intervals.
Measurements were made at two levels of soil water
suction and five soil temperatures.

Plant
Part

Soil
Water
Suction

Day
No.

Soil Temperature, °C
10.0 18.3 23.91 23.911 32.2 35.0

bars
Shoot 0. 35 0 3.40 4. 16 4. 50 2.98 4.01 2. 92

2 3.31 3.96 4.24 3.65 4.15 3.44
4 3.08 3.64 4.23 3.98 4.02 3.73
6 3. 10 3. 70 4. 04 3. 99 3. 82
8 2. 98 3. 83 4.05 4. 13 4. 15

2.50 0 3.40 4. 16 4.50 2.59 4.01 2.92
2 3. 22 3.94 4. 11 2.93 4. 12 3. 25
4 3. 12 3.82 3. 95 3. 22 4.08 3. 29
6 3. 14 3.69 4. 03 3. 44 3. 40
8 3. 17 3. 82 4. 20 3. 99
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Table 8. The nitrogen concentration in percent of the roots of 5-
week old wheat seedlings harvested at two day intervals.
Measurements were made at two levels of soil water
suction and five soil temperatures.

Plant
Part

Soil
Water
Suction

Day
No.

Soil Temperature. °C
10.0 18.3 23.91 23.911 32.2 35.0

bars
Root 0.35 0 2.32 2.38 2.78 1.31 2.51 1.62

2 1.93 2.37 2.54 2.39 2.04
4 2.05 2.34 2.70 1.53 2.44 2. 14
6 2. 14 2.39 2.65 1.80 2.26
8 2.06 2. 43 2. 36 2. 52

2. 50 0 2. 32 2. 38 2.78 1. 25 2. 53 1. 62

2 2.03 2.32 2.49 1.42 2.36 1.95
4 2.08 2.39 2. 54 1.67 2. 19 2. 15

6 2. 25 2. 67 2. 66 1.50 - - 2. 29
8 2. 17 2. 51 2. 51 1. 81

Results of the measurements are shown in Figures 14, 15, 16,

17, and 18 for soil temperatures of 10. 0, 18. 3, 23. 9, 32. 2, and

35. 0°C respectively. In general the concentrations of roots as well

as shoots changed during the first days of the experiments to remain

at a constant level thereafter. The degree and direction of change

depended on the initial concentration. Most experiments started out

at a higher concentration than the final equilibrium level. In some

instances however the initial concentration was very low and concen-

trations increased to reach the final equilibrium value.

To establish the final nitrogen concentrations attained best

fitting curves were drawn by visual observation. At soil temperatures
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of 10°C and 18.3°C the concentration of the shoots slightly decreased,

but the concentration of the roots remained nearly the same. At a

soil temperature of 23.9°C the two experiments started out at greatly

different initial concentrations and results were not averaged. The

experiment starting out at a high initial concentration proceeded very

similar to those conducted at 10.0°C and 18.3°C. For the experiment

starting out at a low initial concentration the nitrogen content

increased. The concentration of the shoots reached the same level as

was attained in the shoots of the experiment starting at a high concen-

tration. The nitrogen level of the roots however remained lower than

obtained in the experiments starting out at a high concentration even

though some increase occurred. It is assumed that in this case the

shoots were taking nitrogen from the roots, leaving not enough nitro-

gen available to build up the concentration. The experiment conducted

at 35.0°C also was started with plants at a very low initial concentra-

tion.

The final nitrogen concentrations achieved were obtained from

the graphs and are shown in Table 9. The equilibrium nitrogen con-

centrations as a function of soil temperature are also shown in Figure

19. The nitrogen concentrations of shoots and roots were low at low

soil temperatures, slowly increased as soil temperature increased,

and reached a constant value at about 25°C. No statistically
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significant difference between the two soil water suctions was

observed, and average values obtained at the two suctions were

therefore used.

Table 9. Nitrogen concentrations of 5-week old wheat seedlings
growing at the indicated combinations of soil water suctions
(0. 35 and 2.50 bars) and soil temperatures.

Soil Shoots Roots
Temperature 0.35 2.50 Av. 0.35 2.50 Av.

°C % % % % % %

10 3.05 3.12 3.1 2.10 2.14 2.1
18.3 3.67 3.73 3.7 2.40 2.50 2.4
23.9 4.04 4.05 4.0 2.50 2.50 2.5
32.2 4.06 4.10 4.1 2.45 2.4
35.0 4.10 ? 4.1 2.45 2.40 2.4
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Figure 19. Shoot and root nitrogen content (percent) as a function of
soil temperature. Results obtained at soil water suctions
of 0.35 and 2.50 bars were combined.
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DISCUSSION

Transpiration Rates

Since the viscosity of water decreases with increasing soil tem-

perature and in the meantime the root permeability increases, it may

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

spiration rate is the result of changes in physiological and physical

factors. The viscosity effect can be eliminated by adjusting the

transpiration rate for the change in this parameter. Adjusted tran-

spiration rates obtained by multiplying the actual measured results

obtained from Figure 12, with the ratio of the water viscosities at

the various temperatures to its value at 10° C are given in Table 10.

The transpiration rate in cm 3 of water per cm 2 leaf surface area per

minute after water viscosity adjustment plotted as a function of soil

temperature in °C at four levels of soil water suction are shown in

Figure 20. Three distinct regions for the effect of soil temperature

on the transpiration rate can be distinguished. At low soil tempera-

tures, the adjusted transpiration rate did not change with increasing

temperatures, suggesting that in this region the transpiration rate is

controlled by the viscosity of water. At higher temperatures physio-

logical factors become important as well and the transpiration rate

increased at a faster rate than could be accounted for by viscosity
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changes alone.

Table 10. Transpiration rates after adjustment for changes in vis-
cosity 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
40° C.

Soil Soil Water Suction (bars)
Temperature 11 10

0.35 0.70 1.50 2.50

°c 105 cm /cm 2/cm min

10.0 1.000 4.85 4.34 3.72 3.34
12.5 0.933 4.90 4.34 3.73 3.34
15.0 0.872 4.97 4.34 3.72 3.32
17.5 0.817 5.15 4.41 3.69 3.27
20.0 0.768 5.38 4.54 3.77 3.30
25.0 0.683 6.20 5.20 4.19 3.59
30.0 0.612 7.25 6.25 4.93 3.92
32.5 0.581 7.29 6.33 5.11 3.93
35.0 0.552 6.78 5.88 4.81 3.60
37.5 0.526 5.71 4.97 4.08 3.02
40.0 0.502 4.68 4.11 3.36 2.46

According to Slatyer (1967), a water molecule passing through

a membrane like a cell wall encounters a fluctuating level of resist-

ance due to the successive Vander Waal's forces encountered between

adjacent CH2 groups of lipid compounds. The diffusing water mole-

cule is only able to cross the lipid layer when it possesses the mini-

mum kinetic energy needed to break these bonds and separate the

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

(la Mer, 1962) which is transient only and closes again when the

kinetic energy of the hydrogen bonds between successive diffusing
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water molecules drops below that of the surrounding lipid molecules.

It is suggested (Slatyer, 1967) that at low temperatures only transient

pore development occurs, and single water molecules or transient

files, rather than continuous files, may constitute most of the diffus-

ing molecules. At higher temperatures however, the extent and

permanence of the pores may increase until the activation energy is

such that water filled pores are effectively maintained.

The results obtained here suggest that at low temperatures, the

characteristics of the membrane are not affected by a change in tem-

perature. 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 characteristics of the membranes do

become affected by increased temperatures. In this region the

permeability of the membrane increases as a result of the develop-

ment of permanent pores, the size and extent of which depends on the

temperature. The temperature at which this transition occurs de-

pends on the soil water suction. As the soil water suction increases

the temperature at which the transition occurs increases. This

observation seems to fit the hypothesis of increased cell permeability.

At high soil water suction the cell wall may be expected to be partially

collapsed due to dehydration and it will require a higher activation

energy to develop the open pores than it would be in a fully turgid

cell. The increase in metabolic activity of the plant itself must be
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considered a factor also. The third region of the response to tem-

perature change shows a rapid decrease in rate of transpiration. It

is suggested that this may have resulted from inhibition of metabolic

activity of the plants due to high soil temperatures. It is possible

that the integrity of the membrane structure maintained by metabolic

activity may be affected causing a decrease in root permeability.

Hass (1936) reported that water absorption by lemons, valencia

oranges, and grape fruits was reduced by soil temperatures in the

range of 30-35°C and Bailoglowski (1936) found absorption of water

by lemons to be reduced at 35°C.

Three regions may be recognized in describing the effect of

root temperature on transpiration rate. These are identified in Fig-

ure 20. At low temperatures changes in transpiration rate resulting

from changes in soil temperature apparently can be attributed entirely

to changes in viscosity. At higher temperatures physiological

changes occur as well leading to changes in the membrane permeabil-

ity, whereas, finally at very high temperatures the permeability of

the membranes again decreases, destroying in part its ability to

transmit water rapidly.

Nitrogen Uptake

The rate of nitrogen uptake was obtained from the rate of dry

matter accumulation (Table 3) and the nitrogen content of the plant
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material at the various treatment combinations (Figure 19). These

rates are shown in Table 11. Also shown in this table is the fraction

of the total amount of nitrogen taken up that was transported to the

shoots.

Table 11. The nitrogen concentrations in percent and rate of nitrogen
uptake of shoots and roots of 5-week old wheat seedlings.
Also shown is the percent of total uptake found in the
shoot.

Soil N- Fraction
Plant Water Soil N- Uptake to
Part Suction Temperature Concentration Rate Shoot

bars °C % mg /day °70

Shoots 0.35 10.0 3.10 0.22 70
15.5 3.51 0.81 74
21.1 3.88 1.16 74
26.6 4.04 1.22 76
32.2 4.07 0.93 76

Roots 0,35 10.0 2.10 0.10
15.5 2.32 0.28
21.1 2.43 0.40
26.6 2.47 0.39
32.2 2.48 0.29

Shoots 2.50 10.0 3.10 0.18 72
15.5 3.51 0.66 74
21.1 3.88 0.99 75
26.6 4.04 1.02 75
32.2 4.07 0.76 75

Roots 2.50 10.0 2.10 0.07
15.5 2.32 0.23
21.1 2.43 0.32
26.6 2.47 0.32
32.2 2.48 0.25
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The concentrations of nitrogen in the plant dry matter seem

to indicate that root temperature may put some restrictions on the

rate of nitrogen uptake at low temperatures. The fraction of the total

amount of nitrogen taken up that was transported to the shoots

remained more or less constant at all temperatures. This seems to

indicate that restricted translocation to the shoots did not limit nitro-

gen uptake by allowing high nitrogen concentrations to build up in the

roots.

Nitrogen Uptake and Transpiration

A relationship between nutrient uptake and water uptake has

often been discussed. To test the hypothesis that nitrogen uptake

depends on the rate of water uptake the nitrogen uptake per unit of

water entering the plant was calculated. The progress of these cal-

culations is shown in Table 12. The total nitrogen uptake rate was

obtained from Table 9. Transpiration rates in cm 3 per day were

calculated using data obtained from Figure 12 and assuming a leaf

surface area of 175 cm2. The nitrogen concentration in ppm was

obtained by dividing the transpiration rate into the nitrogen uptake

rate.

It is immediately apparent that the amount of nitrogen entering

the plant per unit volume of water absorbed is not constant. Clearly

the rate of nitrogen uptake was not correlated with the transpiration
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rate. Contrary conclusions were reached by Bowling (1968) for nitro-

gen uptake by sunflower plants from concentrated solutions and by

Wiersum (1969) for nitrogen uptake from soils. Both investigators

suggested a linear correlation between nitrogen uptake and transpira-

tion.

Table 12. Calculation of the rate of nitrogen uptake per unit of
water transpired. Results are shown in ppm.

Soil
Water
Suction

Soil
Temperature

N-uptake
Rate

Transpiration
Rate

N-uptake
Rate

bars ° C mg/day cm3 /day ppm

0.35

2.50

10.0
15.5
21.1
26.6
32.2

10.0
15.5
21.1
26.6
32.2

0.32
1.09
1.56
1.61
1.22

0.25
0.89
1.31
1.34
1.01

12.2
14.9
18.8
25.6
31.6

8.5
9.6

11.5
14.4
17.0

26
73
83
65
39

29
93

114
93
59

Bowling interpreted his results to indicate that transpiration

only affects the non metabolic transport of ions across the root. He

indicated that the efficiency of the nitrate pump is high, with little

back flux of the nitrogen taken up.

Apparently the reduced rates of nitrogen uptake at low root

temperatures can not be explained on the basis of physical phenom-

ena such as translocation rate to the shoots or transpiration rate only.
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To be considered in the analysis is the energy available for the active

uptake process.

It has been suggested that only a limited number of exchange

sites are available for nutrient uptake and that these are occupied

as soon as they are formed. Kramer (1969) indicated that it seems

reasonable to suppose that in nature the exchange sites on growing

roots are occupied as rapidly as they are produced and that metabolic

uptake alone is responsible for the steady, long term movement of

ions into root cells. The rate of formation of these exchange sites

determines then to a great extent the rate of nutrient uptake. If this

is so then an increase in the rate of nutrient uptake must be propor-

tional to the increase in rate of root growth. This hypothesis was

tested with the calculations shown in Table 13. For example, the

rate of nitrogen uptake increased 0.77 mg per day by increasing the

temperature from 10.0 to 15. 5 °C. At the same time the rate of root

growth increased from 4. 5 mg per day to 12. 2 mg per day or 7. 7 mg

per day. The increase in rate of nitrogen uptake of 0.77 mg per day

corresponded then to an increase in rate of root growth of 7.7 mg per

day, so that the rate of nitrogen uptake increased 0.100 mg per mg of

root dry matter. Table 13 shows that this relation was nearly the

same for all temperature ranges considered. The ratio was not

indicated for the temperature range of 21.1 to 26. 6° C because root

growth and nitrogen uptake changed little over this temperature range.
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It is noteworthy that the relationship was the same for increasing rates

of root growth as well as decreasing rates of root growth.

Table 13. Rate of nitrogen uptake as a function of the rate of
root growth. The change in rate of nitrogen uptake
was divided by the change in rate of root growth.

Soil Water Soil Temp. Change in Rate
Suction Range N-uptake Root Growth Ratio

bars °C mg /day mg /day

0.35 10.0-15.5 0.77 7.7 0.100
15.5-21.1 0.45 4.1 0.110
21.1-26.6 0.05 -0.7
26.6-32.2 -0.39 -4.0 0.098

2.50 10.0-15.5 0.64 6.6 0.097
15.5-21.1 0.42 3.3 0.127
21.1-26.6 0.03 -0.2
26.6-32.2 -0.33 -3.1 0.106

Leaf Area Increase

Rate of leaf area increase was found to be related to the rate of

dry matter increase of the shoots in the same manner at all root tem-

peratures and soil water suctions considered (Figures 10 and 11).

There have been many reports of increase in leaf area when the

nitrogen supply to plants was increased (Murata, 1964; Osada, 1966;

Tanaka et al. , 1964). Soil water suction may have an effect on rate

of leaf area increase as well. Slatyer (1969) indicated that the first

symptom of soil water suction increase was a reduction in cell

enlargement followed by a reduction in leaf size. Such an occurrence
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was not observed in these experiments. Leaf expansion was curtailed

in the same ratio as plant weight was.

Results of these experiments suggest that there is no inherent

difference between the response of leaf area and shoot weight to

stress, nor does it seem to matter whether a temperature stress or a

leaf water suction stress is imposed.

Dry Weight Increase

The rate of growth of roots and shoots increased as the root

temperature increased. A maximum growth rate was attained at a

root temperature of about 24. 0 °C. At higher temperatures growth

rates decreased. The growth rate of both shoots and roots was high-

est at the soil water suction of 0.35 bar.

The results are in agreement with literature reports.

Culpepper and Moon (1939) and Willis et al. (1957) indicated this rela-

tionship between growth rate and temperature. Their results showed

that with an increase in soil temperature the rate of growth increased

almost linearly, and the production of dry weight increased in the

same proportion. The most favorable soil temperature for corn

growth appeared to be about 23.9°C. Furr and Taylor (1939),

Mederski and Wilson (1960), Stevenson and Boersma (1964), Taylor

and. Ratliff (1969), and Thomas and. Wiegand (1970) all are in agree-

ment with results of this study indicating that growth rate decreases
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as the total soil water suction increases. These investigations con-

cerned lemon fruits, corn, corn and sunflower, cotton and peanuts,

and cotton respectively. Dehydration of plants under water stress

may be the cause of a marked growth reduction. Under these condi-

tions, certain phases of protein synthesis may become limiting

(Loomis, 1958; Nightingale, 1937).

Shoot to root growth rate ratios were calculated and were

shown earlier in Table 4. This ratio increased by increasing the

root temperature from 10.0°C to about 25.0°C with little change

occurring at higher temperatures. This change corresponds to the

response of the nitrogen concentrations in the plant material to

changes in root temperature. It increased over the same tempera-

ture range to reach a more or less constant value at the same tem-

perature. It is suggested that at low root temperatures shoot growth

was restricted by competition for nutrients from the roots. That this

occurs was suggested by Canham (1962). He indicated that root

analysis for nitrogen showed that at low temperature the nitrogen may

be locked in the roots and cannot be translocated to the stems and

leaves. These results indicate that what occurs is not so much a

locking in of the nitrogen in the roots as it is an equal distribution of

a limited supply. Table 11 showed that the percent of the total

amount of nitrogen taken up by the plants transported to the shoots

was the same at all temperatures.
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SUMMARY AND CONCLUSION

The effect of soil temperature and soil water suction on the rate

of growth and rate of nitrogen uptake of wheat (Triticum aestivum,

VILL. , Host) was studied. Wheat seeds were planted and grown in

perlite, a nutrient free, non-adsorbing material made by exploding

sand grains at high temperatures. The perlite was contained in thin

slabs, 10 cm wide, 30 cm long, and 1 cm thick. The seeds germinated

and were cultured in a growth chamber at a day temperature of

23.9°C and a night temperature of 21.1°C, until they were 5 weeks

old from the time of planting. During this time the plants were

watered and supplied with nutrients daily. At the age of five weeks

the cells were taken from the growth chambers and encased in a

semi-permeable membrane after removal of the covers from the

cells. The membrane covered cells were then immersed in an

osmotic solution, maintained at a constant temperature. Nutrients

were mixed with the osmotic solutions. Plants were allowed to grow

exposed to these conditions for a period of 8 days with some of the

plants being harvested at day No. 0, 2, 4, 6, and 8. The meas-

urements made were: dry weight of roots, dry weight of shoots, and

nitrogen concentration of both shoots and roots. Experiments were

done at temperatures of 10.0, 18.3, 23. 9, 32. 2, and 35.0°C, and

soil water suctions of 0.35 and 2.50 bars. Transpiration rates were
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measured in separate experiments with a constant level Mariotte

device.

Nitrogen concentrations were determined on the plant material

with the micro-Kjeldahl method.

The growth rate of the plants in the chambers was obtained by

plotting the change in dry weight of shoots and roots as a function of

time. At all treatment combinations a constant rate of growth was

approached exponentially during the experimental period. This con-

stant rate of growth was assumed to be the growth rate at the tem-

perature and soil water suction of the experiment. The nitrogen con-

centration of the plant material was obtained by plotting the

concentration of shoots and roots as a function of time. During the

course of the experiment the nitrogen concentration of the plant

material approached a constant value, which was obtained from these

graphs.

Three regions were recognized in describing the effect of root

temperature on transpiration rate. At low temperatures, changes in

transpiration rate resulting from changes in root temperature were

attributed entirely to changes in viscosity. At higher temperatures,

physiological changes such as increased membrane permeability

occurred as well. At very high temperatures the permeability of the

membranes decreased, resulting in loss of ability to transport water.

It was suggested that this decrease might have been the result of
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decreased ability of enzymes to function at high temperatures. The

nitrogen content of roots and shoots expressed as percent of the dry

matter increased as the root temperature increased over the tem-

perature range of 10.0 to 25.0°C from 2.10 to 2.45 and from 3.10 to

4.05 respectively. At higher temperatures the nitrogen concentra-

tions of the plant material changed very little. The hypothesis that

in nature the exchange sites in growing roots are occupied as rapidly

as they are produced so that metabolic uptake alone is responsible

for the steady long term movement of ions into root cells was evalu-

ated. It was shown that the increase in rate of nitrogen uptake was

proportional to the increase and rate of root growth and that the same

proportionality described a decrease in the rate of nitrogen uptake as

a result of decreased root growth.

The rate of leaf area increase was found to be related to the

rate of dry matter increase of the shoots in the same manner at all

root temperatures and soil water suctions considered. No inherent

difference was found between the response of leaf area and shoot

weight to plant water stress imposed by soil water suction changes

or root temperature stress.

The rate of growth of roots and shoots increased as the root

temperature increased to reach a maximum at a root temperature of

about 24.0°C. At higher temperatures the growth rate decreased.

The growth rate of the plants was greater at a soil water suction of
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0.35 bar than it was at a soil water suction of 2.50 bars. These

results are in agreement with literature reports. The shoot to root

ratio increased from 1.56 at 10.0°C to 1.94 at 26.6 °C and a soil

water suction of 0.35 bar and from 1.71 at 10.0°C to 1.93 at 26.6 °C

at a soil water suction of 2.50 bars.
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