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GROWTH RATE OF WHEAT (TRITICUM AESTIVUM L.
VAR. GAINES) AS A FUNCTION OF MOISTURE

STRESS AND NITROGEN SUPPLY

INTRODUCTION

The yield of grain crops is determined by the size of the vegeta-

tive organs, and therefore the yield is determined before heading

(flowering). The factors that determine the size of plant vegetative

organs are many and are interrelated in a complex manner. Environ-

mental factors rank high among the vegetative growth determinants;

and among these environmental factors nitrogen and soil moisture play

key roles.

In fact, crop production is often limited or totally prevented in

many situations by lack of soil moisture or nitrogen or both. The

exact physiological, biochemical and morphological manner in which

soil moisture and nitrogen, or lack of them, act to limit crop yield

will take a long time to work out. Basically, lack of soil moisture and

nitrogen 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 photosynthesis

as well as absorption are also adversely affected probably because of

the low efficiency of the organs concerned.

The problem of how soil moisture and nitrogen affect crop size is

complicated by the fact that these factors affect the rate of increase
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or growth of leaves and roots and their overall sizes differently.

The specific objective of this study was to determine how nutri-

ent nitrogen and moisture stress affect the rates of increase of

(1) leaf-area, (2) shoot weight, and (3) root weight.
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REVIEW OF LITERATURE

Nitrogen Supply and Plant Growth

The high yield increase of field crops in the U. S. A. has been

made possible by improved varieties through selected breeding, more

efficient use of fertilizers and improved farm management through

increased use of applied technology.

In the Pacific Northwest, the cost of nitrogen applied to wheat

fields leads in farm capital outlay (Whittlesey and Fanning, 1968).

This is due not only to the large acreage of wheat fields but also to the

consistent response obtainable from judicious use of the fertilizer

(Cheney et al. , 1956; Murarka, 1968).

Many reasons can be suggested for the observed response to

nitrogen fertilizer. Some of these are:

(1) Increase in production of organs for nutrient absorption and

photosynthesis (Murata, 1969); increase in leaf area

(Thomas, 1965).

(2) Increase in size and number of flowering organs.

(3) Increased rate of photosynthesis per unit leaf area (Murata,

1965).

(4) Decreased rate of respiration per unit area (Murata, 1965).

Numbers 3 and 4 can be combined in Net Assimilation Rate (NAR).

(5) Decrease in water transpired per unit weight of dry matter
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produced or higher water use efficiency.

Nitrogen and Plant Growth

Murata (1965) found that N-fertilizer increased rates of photo-

synthesis and leaf-area to different degrees. Leaf area increased

proportionately to applied nitrogen but the increase in photosynthesis

rate remained less than the rate of leaf area increase. Later studies

by Osada (1966) showed that the rate of photosynthesis per unit leaf

area of rice, Oryza sativa variety japonica increased by a maximum

of 10%, while its leaf-area increased by 35%. In the same experiment

he showed that the rate of photosynthesis of the variety indica in-

creased by a maximum of 5% per unit leaf area compared with an 83%

increase in leaf area. Both Lamb (1967) and Schlehuber and Tucker

(1967) indicated that nitrogen could improve leaf growth. The latter

indicated that nitrogen could improve root growth as well but neither

gave quantitative evidence in support of these statements.

Kmoch et al. (1957) found that the root weight of wheat was in-

creased 50% by application of nitrogen while Ramig and Rhoades (1963)

found that an application of 80 lb of N/acre to a soil with a nitrogen

content of 0. 37 lbs of N/acre doubled the straw yield.

Langer (1959) studied the effect of different levels of nutrients

on total number of tillers, rate of appearance of leaves per shoot,

total leaf area, dry matter production and relative growth of timothy



5

grass. He found very marked effects on total number of tillers, leaf

area and dry matter production but no significant effect on rate of new

leaf production per plant or relative growth rate. The increase in

leaf area he attributed to increased size of leaf and total number of

tillers. He also concluded that production of dry matter was controlled

by the size of leaf. Ryle (1964) also studied the effects of nitrogen

fertilizer on these plant components. His results agreed with Langer's

results with respect to total number of tillers, leaf area and dry

weight, but Ryle found that there was an increased rate of new leaf

production per shoot when nitrogen fertilizer was applied.

Pharis and Kramer-(1964) studied the effect of nitrogen on

drought resistance of loblolly pine. They found that nitrogen defi-

ciency reduced the length of the needles. Their results are supported

by Fowells and Krauss (1959) who found that leaf production was high-

est when the nitrogen content of the nutrient solution was 100 ppm.

They used nitrogen concentrations in the nutrient solution of 1, 5, 25,

100, 200 and 400 ppm in their study.

Hamilton et al. (1956) studied the effects of nitrogen on stem

length, branch length, number of branches, and stem cross-sectional

area of cotton plants. They reported that nitrogen fertilizer increased

all the characteristics which they studied by 1/3-1/2 except the num-

ber of branches, which remained the same.

White (1958) found an improvement in leaf-length as well as
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leaf-color when pine trees growing on poor sites were fertilized with

nitrogen.

Nitrogen and Rate of Transpiration

There has been very little written on what effect nitrogen might

have on the rate of transpiration per unit area of leaf. Lamb (1967)

indicated that both potassium and nitrogen supply might affect the

permeability of plant tissues to water movement.

Childers and Cowart (1935) found that the rate of transpiration

in nitrogen-deficient apple tree leaves was 31% lower than in the

leaves that did not suffer any deficiency. Those deficient in NPK and

K had a rate of transpiration of 73% and 91% of the leaves that were not

deficient. They also reported that stomatal movement in nitrogen-

deficient leaves was sluggish. But Murata (1969) could not detect any

effect of nitrogen deficiency on transpiration.

Many investigators have noted that application of nitrogen ferti-

lizers increased leaf size in both farm crops and forest trees

(Fowells and. Krauss, 1959; Langer, 1959; Pharis and Kramer, 1964;

Ryle, 1964; White, 1958) and this can affect the heat as well as the

vapor exchange of the leaves (Cowan and Milthorpe, 1968; Raschke,

1956; Slatyer, 1966).

According to Cowan and Milthorpe the rate of transpiration

-2 -1E (gm cmsec) may be expressed by



whe re:

7

EH/X+p[qt(T)-q]/ra
E = (1)E+ 1+ ri /ra

E = increase of latent heat content with increase of sensible

heat of saturated air at the ambient air temperature

(cal gm-1),

H = the net rate of absorption of radiant heat by the leaf

(cal gm 1)

p = the density of air (gm cm-3),

q' (T), q = the saturation and actual specific humidities respectively of

ambient air (gm cm-3),

r
a

= the external diffusive resistance (sec cm-1),

-1rf = the internal diffusive resistance (sec cm ),

1. = the latent heat of vaporization of water (cal gm-1).

Equation 1 shows that external diffusive resistance is an im-

portant factor in the control of transpiration (Cowan and. Milthorpe,

1968; Van den Honert, 1948). The external diffusive resistance may

also be expressed by

whe re

.r = 2. 6A0. / u.5
a

°

A = the leaf area (cm 2)

u = the wind speed (cm sec-1).

(2)
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Equation 2 shows that the external diffusive resistance increases

with increased leaf area. Increased diffusive resistance reduces

transpiration rate.

Since fertilizers increase leaf size, it may be expected that

fertilizers should reduce the transpiration rate per unit leaf area.

There do not seem to have been experiments designed to verify

this but Raschke (1956) showed that smaller leaves transpired more

water per unit area than larger leaves Slatyer (1966) arrived at the

same conclusion as Cowan and Milthorpe (1968) by using the boundary

layer resistance equation only.

whe re:

rb = kv-°. 5h° 5 (3)

k = a constant,

rb = boundary layer resistance (sec cm 1),

v = wind velocity (cm sec-1),

h = leaf width (cm).

Hence the boundary layer resistance increases with leaf width (other

things being equal) and this should bring about a reduction in the rate

of transpiration per unit leaf area.
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Nitrogen and Rate of Photosynthesis

The effect of nitrogen on rate of photosynthesis is compli-

cated by the fact that nitrogen is a component of chlorophyll and all

the enzymes involved in photosynthesis. The different effects of

nitrogen supply on chlorophyll and enzymatic activities no doubt, has

contributed to the conflicting reports on the effects of nitrogen on

photosynthesis.

Thus Willer (1932) failed to detect any effect on photosynthesis

when he reduced the supply of Ca(NO3)2 from 1 gm to 0.05 gm per

liter when his plants were in weak light, but the same change reduced

photosynthesis by 50% in strong light. This suggests that, in weak

light, light was limiting, whereas in strong light, nitrogen was limit-

ing.

Recently, Meinl (1969) applied varying amounts of nitrogen

fertilizer to a number of potato varieties. He found that the rate of

photosynthesis was the same in all nitrogen treatments although dry

matter production increased significantly at the higher nitrogen levels.

Emerson (1929) and Fleischer (1935) showed that the rate of

photosynthesis in chlorophyll-deficient Chlorella was proportional to

the amount of chlorophyll present in the tissue. The condition of

chlorophyll deficiency was imposed by withholding nitrogen or iron in

the nutrient solution. Anderson (1967) has shown that under natural
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conditions chlorophyll could not be a limiting factor in photosynthesis.

Loustalot et al. (1950) conducted a time course study on the

effect of nitrogen on photosynthesis of tung seedlings. At the end of a

nine week experiment, their results showed that the plants in the

feeding solutions containing 9 and 81 ppm N, photosynthesized to the

extent of only 35% and 75%, respectively, compared with the plants in

complete nutrient solution. In another time course study, Gregory

and Richards (1929) showed that barley plants grown without nitrogen

had lower rates of photosynthesis per unit area. Their experiments,

however, showed that on some days, plants without nitrogen had

higher rates of photosynthesis. This could possibly be due to low

light intensity and chlorophyll deficiency since it is believed that

chlorophyll deficient plants are more efficient in weak light than in

strong light.

Childers and Cowart (1935) studied the effects of nutrient defi-

ciency on the rate of photosynthesis, transpiration and stomatal move-

ment of apple leaves. It was found that the rate of photosynthesis was

reduced to only 32% in plants whose feeding solution was deficient in

nitrogen. It was also observed that the stomatal movement was slug-

gish without adequate nitrogen.

White (1958) studied the effect of nutrients on forest seedling

growth in dry, low site quality, forest lands. He reported that in-

creased nutrient supply increased photosynthetic activity of red pine.
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Unfortunately, he neither described how he measured photosynthetic

activity nor gave any data in support of the claim.

Nitrogen and Rate of Respiration

Respiration is a very important process in plant lives since all

plants depend on the energy released during respiration for all their

biochemical and physiological processes, including photosynthesis and

biosynthesis of proteins. For good growth and development of plants,

therefore, a rigorous but not excessive rate of respiration is a pre-

requisite.

Thomas (1967) concluded from a rather lengthy review of the

literature on the rate of photosynthesis that the rate of respiration

might be decreased, or increased by nitrogen deficiency. Nitrogen

deficiency may leave the process unaltered. Murata (1965) suggested

that the variety of rice with the high nitrogen response also had high

rates of photosynthesis or low rates of respiration.

Generally, increasing nitrogen from deficiency status, in-

creases the rate of respiration (Lamb, 1967; Osada, 1966; Tanaka

et al. , 1964, 1966).

Van De Sande Bakhuyzen (1937) reported that high nitrogen

supply or tissue content increased the rate of respiration and retarded

aging in wheat which is very favorable to vegetative growth and high

yield provided that there is adequate available water and time for
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maturation. This has also been confirmed recently by Ryle (1964) who

found that nitrogen increased the rate of respiration and retarded

aging in timothy grass. This increased forage yield. Heinicke (1934)

selected two apple trees with comparable rates of respiration, applied

nitrogen to one, but left the other untreated. He reported that the tree

without nitrogen had lost almost all its leaves by the end of the experi-

ment, whereas the treated tree retained up to 2/3 of its leaves. He

did not study the effect of the treatment on the rate of respiration.

Tanaka et al. (1964, 1966) reported a large increase in the rate

of respiration per unit area of land when nitrogen fertilizer was ap-

plied to rice plants. This was in part due to large increases in dry

matter production. These investigators found that the rate of photo-

synthesis continued to increase for 90 days after planting but respira-

tion continued to increase for 110-120 days. They also found that

most of the respiration could be accounted for by leaves which re-

ceived no radiation energy, and therefore could not carry out photo-

synthesis. This physiological phenomenon could possibly lie behind

Laopirojana's (1970) finding that the highest wheat grain yield was

attained when nitrogen was applied at the rate of 125 lb/A.

In contrast to most investigators, Meinl (1969) reported that

varying nitrogen in the feeding solution did not affect the rate of res-

piration in a number of potato varieties. His result is supported by

Lister et al. (1968) who found that varying the nitrogen in the feeding
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solution from 0 to 265 ppm did not affect the rate of respiration in

Pinus strobus seedlings.

Nitrogen and Water Use Efficiency

Water use efficiency has been used to express the ratio of grain

weight to water used (evapotranspiration) or total dry matter produced

to water used (Ramig and Rhoades, 1963; Viets, 1962, 1966; Warder

et al. , 1963). For basic research, Viets (1962) recommended the use

of net assimilation rate (NAR) of CO2 per unit of water used. In

small pot experiments where all water losses except those through the

plant are prevented, water used for evapotranspiration is equivalent

to transpiration. Generally, water incorporated in the plant (usually

less than 10%) is neglected.

Whether water-use efficiency is increased or decreased by

nitrogen fertilizer depends on the amount of nitrogen applied, the

amount of water available and the genetic characteristics of the crop.

Jensen and Sletten (1965) found that with abundant moisture supply, a

heavy application of N caused lodging in winter wheat and reduced

yield. Fisher and Kohn (1966) and Warder et al. (1963) reported de-

creases in yield due to application of nitrogen fertilizer to soil in

which the moisture was not adequate. Both reports associated this

decrease in yield and decrease in water use efficiency to rapid early

growth which exhausted available moisture before grain formation.
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Whenever application of nitrogen leads to increased yield, this

is generally accompanied by more efficient use of moisture by the

crops. Briggs and Shantz (1913) carried out an extensive literature

review on plant water requirements and were able to conclude that

almost without exception, the use of fertilizer increased water use

efficiency. On highly productive soils the reduction was small but

could amount to 50% in poor soils.

Ramig and Rhoades (1963) found that water-use efficiency in-

creased with increased nitrogen fertilizer application and available

moisture provided that the rate of nitrogen fertilization did not exceed

200 lb/acre and preplanting moisture did not exceed 5. 9 inches. They

explained that with lower available moisture, all moisture was ex-

pended on dry matter production.

Water Supply and Plant Growth

Moisture Stress and Plant Growth

Apart from its controlling effect on photosynthesis, respiration

and transpiration (Baba lola, 1967) moisture stress also affects de-

velopment of plant organs which in turn can have very profound effects

on plant growth. Among these, Slatyer (1969) listed initiation and

differentiation of vegetative and reproductive primordia in apical

meristems, cell division and cell enlargement as being very sensitive
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to moisture stress. Since these processes control the size of plants,

it can be expected that they will control the total available substrate

for metabolism and materials that produce growth.

Crowther (1934) studied, among other things, the effects of

moisture stress on meristematic activity--that is the number of nodes

and number of flowers developed. He concluded that under the condi-

tions of the experiment, moisture was never so limiting as to prevent

meristematic activity but the initiated primordia failed to expand.

There is very little doubt that moisture stress reduces the size of

plants but Raschke's (1956) observations that Barleria priovites and

Rungia pectinata, during the dry season, developed leaves with only

about one quarter of the surface area of the leaves developed during

the wet season seems to be an extreme example.

Martin (1940) found that reduced available moisture reduced

leaf area and the leaf appeared thin. From anatomical study of the

leave s he suggested that the smallness of leaves was probably due to

failure of the cells to expand owing to reduced turgor.

Ryle (1964) found that the rate of leaf senescence was dependent

on relative turgidity of the leaf as well as its nutritional status. With

high nitrogen supply senescence was delayed until relative moisture

stress became 75% but under nitrogen deficiency, senescence pro-

ceeded rapidly at 85% relative turgidity.
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Moisture Stress and Rate of Transpiration

Water transpired by plants follows a continuous pathway through

the soil into the plant and through the plant into the atmosphere. On

its way water meets with a number of resistances which are analogous

to the resistances in an electrical circuit, i.e., the water potential

difference between two points in the soil-plant-atmosphere continuum

is analogous to the electrical potential difference between two termi-

nals in an electrical circuit. This means that the water potential (P)

between two points in the soil-plant-atmosphere continuum is related

to the resistance (R) between those two points in the same way as

potential difference is related to electric resistance in Ohm's Law.

This concept which is represented diagrammatically in Figure 1

makes it possible to express water transpired (E) (like current

consumed) in terms of the potential drop across the resistance. Thus:

whe re:

P2 -P1 P3 -P2 P4-P3 P5 -P4 P6 -P5
E rs rr rst rb

-1E = transpiration rate (gm cm-2sec ),

P1 = water potential in the soil (bars),

P2 = water potential in the root xylem (bars),

P3 = water potential in the stem xylem (bars),

P4 = water potential in the leaf (bars),

(4)
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P5 = water potential at the leaf surface (bars),

P6 = water potential of the atmosphere (bars),
- 1

r = diffusive resistance in the soil (sec cm ),

-1rr = diffusive resistance in the root xylem (sec cm ),

-1rst = diffusive resistance in the stem xylem (sec cm ),

- 1
r = diffusive resistance in the leaf (sec cm ),

rb = diffusive resistance at the boundary layer (sec cm-1).

Some of these resistances can further be broken down; some of

the components are parallel and others are in series with each other.

Figure 2 shows how the resistance in the leaf r/ can be subdivided,

and ri is related to the components in Equation 5.

1 1 1

r rc r +r.+r
s 1 w

where:

r1 = leaf resistance (sec cm 1)>

-r = cuticular resistance (sec cm 1),
c

- 1rs = stomatal resistance (sec cm ),

-1r. = sub stomatal resistance (sec cm ),
1

- 1
r = cell wall resistance (sec cm ).
w

Water transport in the soil-plant-atmosphere system is a

catenary process (Van den Honert, 1948) and under steady state

(5)
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condition the rate of transport of water through all successive parts

is the same. The point which has the highest resistance exercises

the greatest control on the overall system. This has been identified

with the boundary layer resistance of the leaf (Cowan and Milthorpe,

1968; Van den Honert, 1948).

In this process, the resistance across the root membrane is

not considered limiting, yet the importance of the role of the root

should never be overlooked. This is so partly because root membrane

permeability can be altered by alterations of its environment (Cox and

Boersma, 1967; Kramer, 1940; Sedgley and Boersma, 1969; Slatyer,

1967) and partly because the amount of water taken up depends on root

morphology and total size of the root system ,(Gardner, 1960).

The rate of transpiration is controlled directly or indirectly by

the plant's environment. Generally the water vapor pressure of the

ambient air is less than the leaf water vapor pressure. This means

that water vapor will move from the leaf tissue into the atmosphere.

The vapor is replaced by evaporation of water from the xylem. The

tension or stress created this way is transmitted through the roots to

the soil. The greater the difference in vapor pressure between the

various parts of the plant, the greater the stress. The stress can be

relieved if water moves through the soil into the roots fast enough to

satisfy the transpirational demand. The greater the available soil

moisture, i. e. > the less soil moisture stress and the greater the



20

hydraulic conductivity of soil, the easier it is to satisfy transpiration-

al demand (Gardner, 1960).

When the water vapor difference between ambient air and leaf

tissue is very high, the rate of fall of soil water content and the

hydraulic conductivity may be so rapid that it becomes impossible to

satisfy transpirational demand, even though the average soil water

content is still high. Such a condition can be created by high wind

speed (see Equation 3) or high temperature, since the saturation

deficit of air is dependent on the air temperature or to be more exact,

radiation energy (see Equation 1). This condition can also be created

by an increased concentration of CO2 around the roots, low tempera-

ture or excessively high temperature. High CO2 concentration re-

duces root permeability (Glinka and Reinhold, 1962), while low tem-

perature reduces root permeability and increases viscosity of water

and protoplasm (Jensen and. Taylor, 1961; Kramer, 1942; Tew et al. ,

1963).

With increase in the lag between water uptake and water tran-

spired from leaf surfaces, the water status of the leaf falls and

physiological changes which are not too well understood occur in the

guard cells which close the stomata. This puts such a high resistance

in the pathway of water vapor that transpiration usually virtually stops.

The lag between evaporation and water uptake is commonly

created by high soil moisture stress, when conditions are favorable
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for transpiration (Brix, 1962; Martin, 1940; Schneider and Childers,

1941; Slatyer, 1967). According to Veihmeyer and Hendrickson (1955,

1961), the rate of transpiration is independent of soil moisture con-

tent but this is difficult to uphold in view of findings like those of

Slatyer (1967), Baba lola (1967) and. Brix (1962).

And yet the point at which transpiration is first affected by

moisture stress is not clear. Most early experiments which were

used to assess water loss were based on reduction in weight from a

specified initial weight like field capacity. Since field capacity varies

from soil to soil, comparison of experiments is very difficult.

Veihmeyer and Hendrickson (1955) reported that only when their prune

trees had extracted enough water to reach the permanent wilting per-

cent was the rate of transpiration reduced, whereas Martin (1940)

found that removing 2/3 of the available soil moisture left the soil

above permanent wilting percent and the plant's transpiration was

already affected. Perhaps when the control of soil moisture through

osmotic solution such as used by Baba lola et al. (1967) and Kuo (1970)

is perfected, the question of when soil moisture stress starts to af-

fect transpiration can be tackled more quantitatively.

Moisture Stress and Rate of Photosynthesis

It has already been mentioned that moisture stress reduces

leaf area--this inevitably reduces the total net photosynthesis. The
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CO2 for photosynthesis must diffuse through the stomata and mesophyll

(Trebst et al. , 1958). In its passage through the stomata, it is sub-

jected to stomatal resistance which increases with decrease in

stomatal aperture. The reduction of stomatal aperture can be brought

about in nature by high CO2 concentration in the ambient air, darkness

or wilting (Mansfield, 1965; Meidner and Mansfield, 1965; Zelitch,

1965). Mansfield (1965) suggested any handling that involved breathing

on the leaf could introduce serious errors into experiments.

Heath (1959) explained that a sudden change of moisture stress

which gives no time for guard cell adjustment will induce stomatal

closure. This corresponds to passive closure due to lack of water.

On the other hand, a more slow loss of water induces moisture stress

which brings about biochemical and physiological changes leading to

stomatal closure. These physiological changes consist of increase in

guard cell starch, often accompanied by reduced osmotic pressure

and at the same time increase in sugar concentration of the mesophyll

cell. The closure of stomata due to moisture stress obviously limits

the CO2 supply, thus reducing photosynthesis. Because of parallelism

often observed between photosynthesis and transpiration (Babalola et

al., 1967; Brix, 1962; Larcher, 1963), it has been argued that the

effect of moisture stress is expressed primarily by its effect on

stomata.

Apart from hydroactive closure of stomata, due to moisture
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stress, Slavik (1965) has suggested that (1) the hydration of the cyto-

plasmic ultrastructure in which photosynthetic processes take place,

has a direct effect on the enzymatic activity of photosynthesis and

(2) hydration of the cuticle, the epidermal cells, and the membranes

of the intercellular cells decreases the permeability for CO2 and thus

reduces CO2 supply to active sites. To show that these were factors

in the reduction of photosynthesis and respiration, Slavik (1965)

eliminated the complication of stomatal closure by using hepatic

thalus which has no stomata and showed that photosynthesis was re-

duced when the tissue's osmotic potential was reduced. Up to 50%

water saturation deficit, the reduction in photosynthesis was linearly

related to tissue osmotic potential.

In an earlier experiment, Slavik (1963) measured the photosyn-

thetic intensity of the tobacco leaf-blade apex at 12.9 bars osmotic

pressure and petiole at 10.6 bars. The rate of photosynthesis of the

leaf-blade apex was 22% lower than that of the base or petiole, despite

the lower water saturation deficit which he recorded in the petiole.

He attributed the decrease to permanent differences in the hydration

of cells in the two organs.

Boyer (1965) used NaC1 to reduce osmotic pressures varying

from 0.5 to 8.5 bars. The treatment did not affect stomatal aperture

or transpiration but photosynthesis was reduced by 22% at 8.5 bars

compared with photosynthesis at 0.5 bars.
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Although TroughtonTroughton (1969) and Troughton and Slatyer (1969)

have provided evidence that the mesophyll resistance did not affect

photosynthesis until the relative water content was reduced to between

75-55%, it is quite clear that hydration of cytoplasm and/or cellular

membranes affects the rate of photosynthesis.

Moisture Stress and Rate of Respiration

The effect of moisture stress on respiration seems to be vari-

able (Brix, 1962; Kramer, 1969) depending on the species of plant,

rate of imposition of stress and the intensity of stress (Slatyer, 1967).

Brix (1962) showed that at low leaf moisture stress, the rate of

respiration of loblolly pine was low, increased at a moderate moisture

stress and finally decreased gradually. In the same series of experi-

ments, Brix got a gradual decrease in respiration with increased

moisture stress for tomatoes.

Baba lola et al. (1968) and Kuo (1970) investigated the effects of

moisture stress and temperature on the rates of respiration in

Monterey pine and soy beans respectively. Calculations from their

data show that the lowest rate of respiration due to moisture stress

was obtained at a temperature of 15. 6°C and a moisture stress of

2.50 bars when the rate of respiration of Monterey pine was 56%

and soy bean was 71% compared with the rate of respiration at 15.6°C

and 0.35 bars.



25

Moisture Stress and Water Use Efficiency

Reports on water use efficiency are conflicting and no general-

ized statement can be made (Viets, 1966). Larcher (1963) plotted

data which showed that Picea abies, at low moisture stress, increased

in water use efficiency (WUE) with increased moisture stress but WUE

started to decline even before a severe stress was developed. Scots

pine which is much more tolerant of drought showed a greatly im-

proved WUE at a high moisture stress.

Ramig and Rhoades (1963) reported that WUE increased from

0. 62 bu/in when preplant moisture was zero inches to 1. 22 bu/in

when preplanting moisture was 5.9 inches, but there was a decrease to

1. 12 bu/in when preplanting moisture was 8. 1 inches. Both grain and

straw yield were highest at 8. 1 inches of water uptake. Evans et al.

(1960) studied the effects of moisture stress, nitrogen and plant

density of corn on yield in the Willamette Valley. There was a slight

increase of WUE in the dry treatment. Again the highest yield was

obtained with the wet treatment.

Doss et al. (1964) studied the water-use-yield relations of

sorghum. They found that WUE was increased from . 37 ton/in without

irrigation to 0.42 ton/in when sorghum was irrigated. In nearly all

cases yields were higher at the lower moisture stresses. Thus even

if WUE increases with increased moisture stress, low crop yield may

make it uneconomical to use water stress as a means of conserving

soil moisture.
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MATERIALS AND METHODS

The Osmotic Chambers

The method used to control soil moisture osmotically in this

experiment has become almost a "standard" in this laboratory. It

was first suggested by Zur (1961), developed by Cox (1966) who in-

corporated many modifications to overcome some problems found

with the technique. It has been used by Baba lola (1967), Sedgley and

Boersma (1969) and Kuo (1970); all of them obtained very satisfactory

results.

The modification used in this experiment consisted of a battery

of 12, six-liter osmotic chambers made of lucite. Chambers were

separated by lucite slabs which were sealed water-tight to the long

sides (see Figure 3). Each osmotic chamber had three slits on the

top to receive the experimental plants.

The chambers were surrounded by a water-jacket which was

connected to a water bath. The water bath temperature was thermo-

statically controlled at 24. 4°C. Water was pumped from the bath

through the jacket and recirculated to the water bath. To each cham-

ber was connected a mechanically driven stirring propeller and a

constant volume burette device. The whole apparatus, except the

water bath, was housed in a growth chamber, the temperature and

humidity of which were controlled at 24.4°C ± 1°C and 50% ± 1%
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Figure 3. The experimental arrangement used showing the general view of the
chamber enveloped by a water jacket and the wheat plants.
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Predetermined moisture stress (0. 35 -2. 50 bars) was imposed

by osmotic solutions containing appropriate weights of "Carbowax

6,000" (a polyethylene glycol with a molecular weight of 6, 000). See

Appendix I for solution composition.

Predetermined quantities of nutrients were dissolved in the

osmotic solution. The composition of the nutrient solutions is shown

in Appendix II.

To prevent solution gradients in the chambers, the solutions

were stirred intermittently by a mechanical stirrer with an automatic

timing device.

The plants were grown in perlite (an inert expanded silica mate-

rial) contained in plexiglass cells (0. 8 x 30 x 10 cm) with one open

end and removable sides (see Figures 4 and 5).

The cells with the sides removed were encased in semiperme-

able cellulose acetate membranes which allowed water and nutrients

into and out of the perlite. The membranes were made to fit the cells

quite snugly (Figure 6). Retaining clamps were used to hold the mem-

brane to the cells. The cells were then immersed in the solution

through the slits so that the cells were suspended in the osmotic solu-

tion by the clamps (see Figure 7).
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Figure 4. Schematic diagram of the perlite cell
showing the removable cover and braces.

Figure 5. Two cells with the covers removed showing
wheat growing in perlite.
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Figure 6. One cell containing six wheat plants growing in perlite.
The cell is enclosed in a semipermeable membrane ready
to be placed in the chamber.

Figure 7. Wheat plants already inserted through the slits with the
semipermeable membrane enclosed cells suspended in
carbowax and nutrient solution.
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One serious drawback for this technique which Kramer (1969)

has also noted is that the cellulose acetate membrane is very easily

attacked by microorganisms. With about 100 ppm N as free ammon-

ium nitrate in the solution it usually took less than a week for the

organisms to destroy the membrane. Ten ppm each of Pimaricin and

nabam were applied to the nutrient solutions. This did not eliminate

the problem completely, but the fungi were satisfactorily controlled.

The fungi did not grow on the cellulose if there was no N in the solu-

tion or when the osmotic pressure was 2.50 bars. Appendix III shows

information relating to the fungicide Pimaricin.

Measurements

Leaf Area and Plant Weight

The air flow planimeter developed and described by Jenkins

(1959) was used to determine the leaf area of the plants. The appara-

tus consisted of two identically perforated copper plates mounted on

an airtight drum connected to a constant speed fan. The rate of air

flow was recorded with one plate (measuring plate) which was sealed

airtight when covered and the other plate (specimen plate) was open.

This was datum pressure or a vernier scale zero reading. The

leaves were mounted, face down, on the specimen plate and were held

flat by the suction developed by the fan. The datum was then restored
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by opening part of the measuring plate, and the leaf area was equal to

the open part of the measuring plate as indicated on the vernier scale.

The roots were carefully washed; and both the roots and the

shoots were dried at 105°C for 48 hours. The weights of shoots and

roots were determined separately to the nearest milligram.

Transpiration

A constant-water level graduated burette device operating on the

principle of a Mariotte bottle was connected to each osmotic chamber.

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

transpired was automatically replaced from the burettes. This en-

sured that the osmotic pressure remained constant and the volume of

water transpired was accurately obtained from the burette readings

which was taken every two hours. Water loss was calculated and ex-

pressed as cm 3 H2O per unit area of leaf per minute.

Photosynthesis and Respiration

Carbon dioxide exchange during photosynthesis and/or respira-

tion was recorded by a Heath recorder connected to a Beckman Model

215 infrared gas analyzer. During measurements, the plants in a

chamber were enclosed in a plexiglass cuvette (see Figure 3) which
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was connected to the gas analyzer in a closed circuit system. The air

in the system was circulated by a peristaltic type pump. The CO2

consumed during a four minute period was established by reading the

decline of CO2 from the graph. The light intensity was maintained

at 21,520 lux.

During the measurement of respiration, the cuvette was dark-

ened by covering it with black polyethylene bags. The amount of CO2

evolved in four minutes was read from the graph.

Both respiration and photosynthesis were expressed as cm 3 of

CO2 per cm 2 of leaf per minute. Gross photosynthesis was obtained

by adding the net photosynthesis to respiration in the dark.

Experimental Procedure

Five pregerminated wheat (Triticum aestivum L.) seeds, Gaines

variety, were planted in perlite-filled cells and grown for about five

weeks in growth chambers, at day time temperatures of 26.7°C and

night time temperatures of 18°C. The plants were given water and

nutrients on alternate days.

After four weeks, 42 cells with uniformly growing plants were

selected and trimmed. Six cells containing the trimmed plants were

randomly selected for initial leaf area and weight determination.

The sides of the cells of the remaining 36 were then removed

and the cells enclosed in the semi permeable membrane and inserted
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in the osmotic solution in the growth chamber. Each of the 12 cham-

bers contained three cells.

In the leaf area and dry weight studies, plants from two cham-

bers were removed every other day. The leaves were clipped and

then leaf area determined. The roots were then washed and dried.

In the studies on rates of photosynthesis, respiration and

transpiration, these variables were measured daily on the same plants

for a period of six days. Results of these studies will not be reported

in this thesis.
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RESULTS

Leaf Area

Results of the leaf area measurements are shown in Table 1.

For the analysis of the results it was assumed that the leaf area in-

creased at a constant rate over the short time interval considered

here. The rate of increase in leaf area was obtained by the method

of least squares. Results of these calculations are shown in Table 1

and also graphically in Figures A-1 through A-6 presented in Appen-

dix IV. The rate of increase in leaf area was then plotted as a func-

tion of soil moisture suction for the two nitrogen treatments. These

two curves are shown in Figure 8.

Table 1. Leaf area per chamber in cm2 for 4-week old wheat seed-
lings as a function of time for three levels of moisture
stress and two levels of nitrogen.

Day
No.

0.35 bar 1.00 bar 2.50 bar
0 ppm N 100 ppm N 0 ppm N 100 ppm N 0 ppm N 100 ppm N

2cm 2
cm

2
cm

2
cm 2cm 2cm

0 98.45 109.17 105.22 109.52 60.25 108.5
2 102.57 119.73 109.00 118.53 71.17 102.9
4 102.38 142.11 107.50 128.42 62.47 121.5
6 129.58 148.33 120.85 148.87 67.58 123.0
8 122.48 162.40 127.22 155.73 77.67 146.7

10 134.15 94.50
12 -- 89.40
i 3.53 6.75 2.79 6.14 2,67 4.83

r
2

0.840 0.975 0.852 0.974 0.767 0.812
2i = rate of increase (cm/day).

r2 = correlation coefficient.
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Figure 8. Rate of increase in leaf area per chamber in cm2 /day as a
function of soil moisture stress for nitrogen concentrations
in the nutrient solutions of 0 ppm and 100 ppm.
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The rate at which the leaf area increased was strongly influ-

enced by the availability of nitrogen as well as by moisture stress.

At moisture stress levels of 0.35, 1.00, and 2. 50 bars an appli-

cation of 100 ppm N in the nutrient solution increased the rate of

growth 91%, 120%, and 70% respectively over the 0 ppm N treatment.

The effect of moisture stress was large as well, particularly for the

100 ppm N treatment. Increasing the moisture stress for this treat-

ment from 0. 35 bars to 2. 50 bars reduced the rate of increase 29. 5%.

When no nitrogen was applied reduction in rate of leaf area growth was

less marked. Increasing the moisture stress for this treatment from

0. 35 bars to 2. 50 bars reduced the rate by 23. 5%.

Shoot Dry Weight

Results of the measurements of shoot dry weight are shown in

Table 2. For the analysis of the results it was assumed that the dry

weight of shoots increased at a constant rate over the short time inter-

val considered. The rate of increase was obtained by the method of

least squares. Results of these calculations are shown in Table 2 and

also have been graphically presented in Appendix Figures A-7 through

A-12. The rate of shoot growth plotted as a function of moisture

stress for the two nitrogen treatments is shown in Figure 9.

The rate at which the shoot dry weight increased was strongly

influenced by the availability of nitrogen as well as by moisture stress.
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Figure 9. Rate of increase in shoot dry weight per chamber in
gm/day as a function of soil moisture stress for nitrogen
concentrations in the nutrient solution of 0 ppm and 100 ppm.
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At 0.35, 1.00, and 2.50 bars an application of 100 ppm N in the nutri-

ent solution increased the rate of growth 83%, 62%, and 40. 5% respec-

tively over the 0 ppm N treatment. The effect of moisture stress was

large as well. Increasing the moisture stress at 100 ppm N from

0.35 bars to 2.50 bars reduced the rate of growth from 0.042 gm/day

to 0.027 gm/day or 36%, with most of the reduction occurring in the

low stress range (0. 35 to 1.00 bars). When no nitrogen was applied

the reduction was less marked. Increasing the moisture stress for

this treatment from 0.35 bars to 2.50 bars reduced the rate of growth

from 0.023 gm/day to . 019 gm/day or 17%.

Table 2. Dry weight of shoots per chamber in gm of 4-week old wheat
seedlings as a function of time for three levels of moisture
stress and two levels of nitrogen.

Day
No.

0.35 bar 1.00 bar 2.50 bar
0 ppm N 100 ppm N 0 ppm N 100 ppm N 0 ppm N 100 ppm NEm m_ zgn. RiLa

0 0.509 0.405 0.558 0.399 0.351 0.602
2 0.666 0.465 0.575 0.457 0.447 0.693
4 0.734 0.537 0.641 0.523 0.398 0.668
6 0.767 0.597 0.638 0.597 0.420 0.732
8 0.817 0.758 0.725 0.651 0.516 0.850

10 0.802 0.504
12 - - 0.628 -

i 0.023 0.042 0.020 0.032 0.019 0.027

r 2 0.896 0.951 0.907 0.998 0.779 0.847

i = rate of increase (gm/day).
r = correlation coefficient.
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Root Dry Weight

Results of the root dry weight measurements are shown in Table

3. For the analysis of the results it was assumed that the root dry

weight increased at a constant rate over the short time interval con-

sidered. The rate of increase was obtained by the method of least

squares. Results of these calculations are shown in Table 3 and also

in Appendix Figures A- 13 through A- 18. The rate of root growth was

then plotted as a function of moisture stress for the two nitrogen

treatments. These two curves are shown in Figure 10.

Table 3. Dry weight of roots per chamber in gm of 4-week old wheat
seedlings as a function of time for three levels of moisture
stress and two levels of nitrogen.

Day
No.

0.35 bar 1.00 bar 2.50 bar
0 ppm N 100 ppm N 0 ppm N 100 ppm N 0 ppm N 100 ppm N

Ern_ gr_ri LrLa m
0 0.690 0.437 0.604 0.321 0.365 0.580
2 0.817 0.484 0.629 0.341 0.453 0.732
4 0.878 0.503 0.788 0.340 0.428 0.682
6 0.950 0.547 0.767 0.389 0.507 0.783
8 0.959 0.577 0.836 0.441 0.545 0.728

10 0.949 0.509
12 0.606

i 0.025 0.017 0.030 0.014 0.017 0.017
r 2 0.833 0.987 0.865 0.871 0.853 0.514

i = rate of increase (gm/day).
r 2 = correlation coefficient.

The rate at which the root dry weight increased was strongly
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stress. At moisture stress levels of O. 35, 1.00, and 2.50 bars an

application of 100 ppm N in the nutrient solution reduced the rate of

growth by 31
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%, over 100%, and increased the rate by 2% respectively

over the 0 ppm N treatment. The effect of moisture stress was large

as well, particularly for the no nitrogen treatment. Increasing the

moisture stress for this treatment from 0. 35 bars to 2.50 bars re-

duced the rate of increase 32%. When nitrogen was applied there was

no reduction.

Nitrogen Concentration

Samples were taken from the oven dry shoot and root material

for total nitrogen determinations by the micro-Kjeldahl procedure, a

modified Kjeldahl method described by Jackson (1958). Results of

these determinations are shown in Tables 4 and 5.

The percent nitrogen of the shoots was strongly influenced by

the availability of nitrogen but moisture stress did not seem to have

much effect on it. When 100 ppm Nwas applied in the nutrient solution,

the nitrogen content increased about one percent. When there was no

nitrogen in the solution the nitrogen content dropped as the plant

weight increased. The lowest level reached apparently depended on

the rate of growth.

The nitrogen concentration in the roots showed more variation.
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When nitrogen was withheld from the nutrient solution, the concentra-

tion in the root decreased as the root weight increased. Nitrogen

supply did not result in a great increase of nitrogen concentration.

Table 4. Nitrogen concentration of the shoots of 4-week old wheat
seedlings as a function of time for three levels of moisture
stress and two levels of nitrogen.

Day
No.

0. 35 bar 1.00 bar 2. 50 bar
0 ppm N 100 ppm N 0 ppm N 100 ppm N 0 ppm N 100 ppm N

0
2

4

%

2.83
2. 60
2. 78

%

2. 98
3. 65
3. 98

%

2. 54
2. 45
2. 62

%

4. 13
4. 41
4. 23

%

3. 19
3. 19
2. 88

%

2. 59
2. 93
3. 22

6 2.03 3.99 2.05 4.75 2.81 3.44
8 2. 15 4. 13 2. 11 4. 38 2. 57 3. 99

10 1. 72 4. 80
12 - 2. 11 --

Table 5. Nitrogen concentrations of the roots of 4-week old wheat
seedlings as a function of time for three levels of moisture
stress and two levels of nitrogen.

Day
No.

0. 35 bar 1. 00 bar 2. 50 bar
0 ppm N 100 ppm N 0 ppm N 100 ppm N 0 ppm N 100 ppm N

% % % % % %

0 1. 38 1. 31 1. 27 2. 04 1. 36 1. 25
2 1. 26 2. 08 1. 15 1. 42
4 1. 13 1. 53 1. 13 2. 08 1. 32 1. 67
6 1. 10 1. 80 1. 03 2. 22 1. 12 1. 50
8 0. 98 1. 53 0. 93 2.41 0.98 1.81

10 0.92 0.86 2.02
12 -- 0.93 --
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DISCUSSION

The resAts of the experiments have been summarized in Tables

6 and 7. The rate of increase in total dry weight was obtained by add-

ing the rate of increase of shoot dry weight and root dry weight.

Table 6. Summary of the results of the experiments with 0 ppm of
nitrogen in the nutrient solution.

Variable
Moisture stress (bars)

0.35 1.00 2.50

leaf area (cm2/day) 3.53

shoot weight (gm/day) 0.023

root weight (gm/day) 0.025

total weight (gm/day) 0.048

shoot weight/leaf area (mg/cm2) 6.52

root weight/leaf area (mg/cm2) 7.08

total weight/leaf area (mg/cm2) 13.60

2.79

0.020

0.030

0.050

7.11

10.75

17.92

2.70

0.019

0.017

0.036

7.04

6.30

13.33

Table 7. Summary of the results of the experiments with 100 ppm of
nitrogen in the nutrient solution.

Variable

leaf area (cm2
/daY)

shoot weight (gm/day)

root weight (gm/day)

total weight (gm/day)

shoot weight/leaf area (mg/cm2)

root weight/leaf area (mg/cm 2)

total weight/leaf area (mg/cm2)

Moisture stress (bars)
0.35 1.00 2.50

6.75 6.14 4.83

0.042 0.032 0.027

0.017 0.014 0.017

0.059 0.047 0.044

6.21 5.24 5.53

2.53 2.55 3.58

8.74 7.59 9.10



45

Leaf Area

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

nitrogen supply to the plants was increased (Fowells and Krauss,

1959; Langer, 1959; Loustalot et al. , 1950; Murata, 1965; Osada,

1966; Ryle, 1964; Tanaka et al. , 1964). In general, increase of leaf

area could result from (1) increased production of new leaves,

(2) leaf expansion, (3) better distribution of synthate between various

organs of the plant, (4) increased longivity of leaves (or increased

number of live leaves), and (5) higher increase of photosynthesis

over respiration. Under the present experimental conditions it could

not be ascertained which of the factors contributed most to the leaf

area increase. At all levels of moisture stress and without nitrogen

it was noticed that after three or four days in the growth chamber, the

plants began to show symptoms of nitrogen deficiency and at the same

time the lower leaves started to show signs of senescence. By the

end of each experiment, these leaves usually dried up. The areas of

these dried leaves were not included in total leaf-area for two rea-

sons, (a) they were not making any contribution to respiration,

transpiration or photosynthesis, and (b) the airflow planimeter could

not be used to determine their area. The senescence is believed to be

due to withdrawal of nitrogen from these old leaves for use by young
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leaves and lower rates of respiration due to deficiency of nitrogen

(Langer, 1959; Ryle, 1964; Van De Sande, 1937). The degree of

senescence and subsequent death varied with moisture stress.

New leaf production made a large contribution too. After the

appearance of nitrogen deficiency symptoms, the rate of new leaf

production usually slowed down or stopped, but the production of new

leaves proceeded normally throughout the experimental period when

nitrogen was applied. Langer (1959) did not find increase in the rate

of production of new leaves per plant due to nitrogen fertilizer, but

Ryle (1964) found increasing nitrogen fertilizer enabled plants to pro-

duce more leaves per plant. Both of these investigators found that

increasing nitrogen fertilizer increased the rate of tiller production

and leaf area.

In addition to lowering of photosynthetic efficiency, moisture

stress may have an effect on the rate of increase of leaf area.

Slatyer (1969) indicated that the first symptom of moisture stress was

the reduction in cell enlargement and subsequent reduction in leaf

size. There is some evidence in the experiments without nitrogen

that leaf expansion has been curtailed more strongly than plant weight

increase. For example: the shoot weight to leaf area ratio for 0.35

bars was 6.5 mg/cm2 compared with 7.11 mg/cm 2 at 1.00 bars

(Table 6). The same general differential effect of moisture stress on

leaf area and shoot weight is evident in Table 8, in which it is shown
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that 2.50 bars reduced the rate of leaf expansion to 76% and shoot

weight increase to 83% of the rates at 0.35 bars respectively.

Table 8. Relative rate of leaf area and shoot weight in-
crease as a function of moisture stress at two
levels of nitrogen supply.

Moisture Leaf area Shoot weight
stress 100 ppm N 0 ppm N 100 ppm N 0 ppm N

(bars)

0.35 100.0 100.0 100.0 100.0
1.00 91 79 77 87
2.50 72 76 64 83

When nitrogen was applied at the rate of 100 ppm in the nutrient

solution the effect of moisture stress in limiting leaf expansion was

overcome. The reason for this is not quite clear. It is probable that

the increase in respiration due to increase in nitrogen supply produced

enough energy to overcome the effect of moisture stress on leaf ex-

pansion.

With the application of 100 ppm of nitrogen the rate of increase

of leaf area was linearly related to soil moisture stress. This is un-

like the relationship between photosynthesis or respiration and mois-

ture stress (Baba lola, 1967; Brix, 1962; Kuo, 1970). These studies

showed that these processes decreased rapidly over the moisture

stress interval of 0.35 to 1.50 bars from whence the decline was re-

duced. The rate of increase of shoot dry weight followed this pattern.
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It could not be ascertained from these experiments whether there is

an inherent difference between the response of leaf area and shoot

weight to moisture stress. It may be noted however, that both the

rate of increase of weight and rate of photosynthesis involve increase

in bulk (or three dimensional increase), whereas leaf area change is

two dimensional. Furthermore, the technique developed in these ex-

periments has made it possible to impose a constant moisture stress

over a comparably long period of time. This might have modified the

relationship between leaf area increase and moisture stress.

Another probable reason has already been given. That is that

leaf expansion involves the expenditure of energy which was not avail-

able or could not be properly harnessed when there was no nitrogen.

Supplying nitrogen could have increased available energy for leaf

expansion, the result of which was a uniform reduction in the rate of

leaf increase with increased moisture stress.

The effect of nitrogen treatment on leaf growth at low and high

moisture stress is essentially the same (Table 9). At 0. 35 bars with-

holding nitrogen reduced the rate of leaf growth by 471% compared to

reduction of 44% at 2.50 bars. With 100 ppm of nitrogen concentra-

tion in the solution, increasing the moisture stress from 0. 35 to

2. 50 bars reduced the rate of increase of leaf area by 28% compared

with a reduction of 24% when there was no nitrogen in the solution

(Table 8).
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Table 9. Relative rate of leaf area and shoot weight in-
crease as a function of nitrogen level at three
levels of moisture stress.

Moisture Leaf area Shoot weight
stress 100 ppm N 0 ppm N 100 ppm N 0 ppm N

(bars)

0.35 100.0 52.5 100.0 54.8
1.00 100.0 45.0 100.0 62.0
2.50 100.0 56.0 100.0 71.0

On the basis of this comparison it can be seen that the nitrogen

treatment reduced the rate of increase of leaf area more than mois-

ture stress did. This result partly agreed with Morton and Watson

(1948) who found that moisture stress did not affect production of new

leaves even though their treatment resulted in wilting. Furthermore,

the nitrogen treatment was much more drastic than the moisture

stress treatment, and could be expected to produce more drastic

effects than moisture stress.

Shoot Weight

The effect of nitrogen deficiency on shoot weight is more marked

at low moisture stress than at high moisture stress (Table 9). Lack

of nitrogen at the moisture stress of 0.35 bars reduced the rate of

shoot weight increase to about 55% compared with 71% at 2.50 bars.

Although there have been several reports of increases of dry

matter production following the application of nitrogen (Langer, 1959;
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Ramig and Rhoades, 1963; Swan, 1960) there is no agreement among

these investigators as to why increasing available nitrogen increased

the rate of growth. While some workers have attributed increases in

dry matter production to highly efficient use for available moisture

(Koehler, 1960) others believed that dry matter production was con-

trolled by the effect of fertilizer on leaf area (Osada, 1965). Zelitch

(1969) has linked the high photosynthetic efficiency of maize to low

photorespiration. If lack of nitrogen reduced the rate of photosynthe-

tic efficiency, it could be expected that the rate of weight increase

would be reduced at no nitrogen.

It is probable that the response of plants to their nutrient supply

is more complex than either of the stated views above have pictured.

The true explanation of increase in dry matter production may lie in

more efficient use of available moisture, increase of total leaf area,

good rate of respiration which releases energy, good rate of photo-

synthesis, and the elimination of toxic effects of imbalance of nutri-

ents.

Generally the rate of growth under the no nitrogen treatment was

slow and the reduction due to moisture stress was also small (Table

6). Thus shoot weight was reduced to 64% by increasing the moisture

stress from 0. 35 to 2. 50 bars at 100 ppm N and 83% when there was

no nitrogen (Table 8). The explanation of this may simply be that

those nitrogen deficient plants which were already at suboptimal
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growth conditions were less sensitive to further adverse conditions.

Although increased moisture stress actually reduced the rela-

tive effect of nitrogen deficiency and nitrogen deficiency reduced the

effect of moisture stress, there is no advantage gained by withholding

nitrogen when moisture is lacking since the total growth is greatly

reduced by this treatment.

Root Dry Weight and Total Dry Weight

The preparation of the experimental plants involved trimming

and reduction of the plants to six plants per cell. It was not possible

to exclude the roots of plants whose tops had been cut, from those

plants whose tops were intact for the purpose of root weight determi-

nations. This has built into the data a bias that makes meanful

interpretation difficult. This bias affects total weight also. It may

account for the fact that there was no consistent trend for root weight

increase for any of the treatments. For example: the rate of root

weight increase of nitrogen deficient plants was highest at 1.00 bar,

and lowest at 2.50 bars. With 100 ppm of nitrogen in the nutrient

solution 1.00 bar produced the lowest growth rate of roots with 0. 35

and 2.50 bars producing almost equal root growth rates. Nitrogen

supply reduced the rate of root growth at 0. 35 and 1.00 bars, in fact

it increased the rate of root growth very slightly at 2, 50 bars.

The literature is almost as inconsistent on the effect of moisture
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stress as the results here presented. Kmoch et al. (1957) found that

wheat roots were best developed on their non-irrigated plot and

Klemmedson and Ferguson (1969) reported that increased moisture

stress enhanced root growth of Bitterbrush but Salim, Todd and

Schlehuber (1965) found that wheat, oats and barley root development

was highly correlated with soil moisture level. Albregts (1969) and

Newman (1966) claimed that moisture stress below 6 bars and 3 bars

did not effect the growth of flax and okra respectively. Higher mois-

ture stress reduced the rate of root growth. According to their

conclusion the moisture stress in these experiments should not have

affected root growth.

The reports on the effect of nitrogen on root growth is just as

confusing. Klemmedson and Ferguson (1969) reported that increasing

soil available nitrogen from 34 to 100 Kg/ha reduced root growth of

Bitterbrush while Brouwer and DeWitt (1969) found that reduced

nitrogen supply decreased the general growth but roots grew better

than other organs.

The rate of total weight increase showed a rather definite trend

but because of the bias in the data as the result of the inclusion of root

weight caution must be exercised in drawing a definite conclusion.

When there was no nitrogen the rate of total weight increase was

very slightly higher at 1.00 bars than at 0. 35 bar; both were much

higher than at 2.50 bars. When the plants received 100 ppm of
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nitrogen in the nutrient solution; the rate of increase of total weight

was much higher at 0. 35 bars than at either 1. 00 bars or 2. 50 bars.

There was very little difference between the increase at 1. 00 and

2.50 bars (Table 7).

There have been reports of increased production of straw fol-

lowing increased available moisture (Ramig and Rhoades, 1963).

Slatyer (1969) stated that initiation and differentiation of primordia

were sensitive to moisture and increased moisture stress therefore

could reduce the number of cells produced. Martin (1940) had shown

that plants grown under stress produced smaller leaves because the

cells failed to expand. Thus the generally lowered rate of growth

could have resulted from a reduced rate of organ initiation and differ-

entiation as well as failure of cells to expand.

Ratio of Shoot Dry Weight to Leaf Area

The shoot dry weight to leaf area ratio reflects two important

treatment effects: (a) photosynthetic efficiency and (b) the cell ex-

pansion. The effect of moisture stress on the ratio at no nitrogen

treatment was different from the effect when the plants were supplied

with nitrogen. When nitrogen was withheld, moisture stress probably

restricted cell expansion relative to cell division; thus the ratio went

up (Slatyer, 1969). This restriction was most noticeable between

0. 35 bars and 1.00 bars, there being very little difference between
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the ratio at 1. 00 bars and 2.50 bars. Photosynthetic efficiency could

have been restricted also but it is probable that cell expansion had the

dominating effect on this ratio under the treatment.

When 100 ppm of nitrogen was supplied in the solution, it is

probably that the low photosynthetic efficiency became the dominant

factor determining the shoot dry weight to leaf area ratio. Thus at

0. 35 bars the ratio was 6. 21 gm/cm2 and at 1, 00 and 2. 50 bars,

5. 24 mg/cm2, 5.53 mg/cm2 respectively.

Nitrogen supply did not have much effect on this ratio at 0. 35

bars. This would suggest that photosynthetic efficiency was about the

same and 0. 35 bars moisture stress did not restrict cell expansion.

At 1. 00 bars, and 100 ppm N, the ratio was 5. 24 mg/cm2 compared

with 7. 11 gm/cm 2 at 1. 00 bars and no nitrogen at 2. 50 bars and

100 ppm N, the ratio became 5. 53 mg/cm2 compared with

7. 04 mg/cm2 at 2. 50 bars and no nitrogen (Tables 5 and 6). It has

already been suggested that with good supply of nitrogen, there is a

high respiration rate. This seems to supply enough energy to over-

come the restriction imposed on cell expansion by the moisture stress.

Thus cell weight was relatively low compared with cell "surface

area. "

Root Dry Weight to Leaf Area and Total Dry
Weight to Leaf Area Ratios

It has already been pointed out that all interpretations involving



55

root dry weight must be made with caution. In view of this the re-

sults of root dry weight to leaf area and total dry weight to leaf area

ratios shall be stated simply. When nitrogen was withheld, the ratio

was lowest at 2. 50 bars being 6. 30 mg/cm 2 compared with

10.75 mg/cm2 at 1. 00 bars and 7. 08 mg/cm2 at 0. 35 bars. Total

dry weight to leaf area ratio followed the same pattern being 13. 60,

17. 92, and 13. 33 mg/cm 2 .at 0. 35, 1. 00, and 2. 50 bars respectively.

When 100 ppm N was supplied in the nutrient solution, the ratio

was considerably lower at all moisture stress levels. Thus at 0. 35,

1. 00, and 2. 50 bars, the ratios were 2. 53, 2. 35, and 3. 58 mg/cm2

respectively. The total weight to leaf area at these moisture stress

levels was 8.74, 7.59, and 9. 10 mg /cm2 respectively.

The effect of nitrogen treatment was very marked. Thus at

0. 35 bars and 100 ppm N the root dry weight to leaf area ratio was

2. 53 mg/cm2 compared with 7. 08 mg /cm2 at 0. 35 bars and 0 ppm N.

Similarly at 1. 00 bars and 0 ppm N, the ratio was 10.75 mg/cm 2

compared with 2.35 mg/cm 2 at the same moisture stress and

100 ppm N, the ratio was 6. 30 mg/cm2 compared with 3. 58 mg/cm 2

at 2. 50 bars and 100 ppm N.

The possible explanation for the effect of nitrogen on root dry

weight to leaf area ratio is that nitrogen deficiency enhanced root

growth relative to shoot growth. This is contrary to Slatyer's (1969)

view and the findings of Salim, Todd and Schlehuber (1965) but in
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Troughton (1960).

Nitrogen Concentration
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In the growth chamber, when nutrient solution was used to

water the plants, the nitrogen concentration remained at a rather

constant level. In the experimental chamber when 100 ppm N was

supplied in the nutrient solution, the nitrogen concentration rose to

higher levels although the roots were separated from the solution by

a semipermeable membrane. This showed clearly that the nutrient

ions were able to pass through the membrane. The increase in

nitrogen concentration, up to 25% in most cases, probably involved

some luxury consumption since there was no sign of nitrogen defi-

ciency when the plants were being grown in the chambers. Murarka

(1968) and Laopirojana (1970) found that nitrogen concentration in-

creased with increased availability of nitrogen.

When nitrogen was withheld from the nutrient solution, the

nitrogen concentration decreased with weight increase. The decrease

was greater at 0.35 bars (which also had higher rates of growth) than

at 2.50 bars, showing that this decrease was due to a dilution effect.

Moisture stress influenced nitrogen concentration indirectly

through dilution effect and did not seem to have affected nitrogen

uptake. Thus the nitrogen concentration of plants at 0.35 bars and
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0 ppm N was lower than at 2.50 bars and 0 ppm N, the total content

in the plant tissue was probably about the same in both treatments.

The nitrogen concentration in the roots was lower than the con-

centration in the shoots at all times. The concentration in the roots

of the plants that did not receive nitrogen decreased with weight

increase at all moisture treatments. When the plants received

100 ppm nitrogen in the solution the roots' nitrogen concentration did

not show such a marked increase in concentration as was shown by

the shoots. This may indicate that the roots are less prone to show-

ing luxury consumption than the shoots. This will make the analysis

of roots for the critical level of nitrogen more useful than the analysis

of the shoots.

It is not quite clear why the nitrogen concentration of the shoots

was higher than in the roots; this may be associated with photosyn-

thetic processes in a yet unsuspected manner.
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SUMMARY AND CONCLUSION

The effect of three levels of moisture stress and two levels of

nitrogen on the rates of leaf area and dry matter increase and total

nitrogen content of four-week-old wheat seedlings (Triticum aestivum

L. , var. Gaines) was studied.

A special apparatus, in which a predetermined moisture stress

of several perlite cells could be maintained constant for long periods

of time by various osmotic solutions, was used. Carbowax 6000 was

used to prepare the solution. A known quantity of ammonium nitrate

and other nutrients were dissolved in the osmotic solution. The leaf

area was determined with an air flow planimeter. The dry weights of

shoots and roots were determined separately to the nearest milligram

on a Mettler balance. The total nitrogen concentration was measured

by the micro-Kjeldahl method.

In general, with increasing available nitrogen, the rates of leaf

area increase and dry matter accumulation and total plant nitrogen

concentration increased. With 100 ppm N in the nutrient solution, the

leaf area increased linearly with decreased moisture stress, but dry

matter accumulation decreased rapidly between 0.35 and 1.00 bars

and more slowly between 1.00 and 2.50 bars. There was little in-

crease in the nitrogen concentration of the roots. When there was no

nitrogen in the solution total nitrogen decreased, because of dilution
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effect.

The increased rate of shoot dry weight and leaf area with

increased nitrogen was due to more efficient photosynthesis and

respiration and more efficient use of available moisture. The high

efficiency of the physiological processes led to increased rates of

leaf production and increased numbers of live leaves per chamber.

In addition, increased nitrogen supply enhanced leaf expansion of

stressed plants.

In general, with increasing moisture stress growth rates d -

creased. The rates of leaf area and dry weight of shoot increase,

decreased more rapidly between 0.35 and 1.00 bars than between

1.00 and 2.50 bars in nitrogen deficient plants. The decrease was

due to decrease in photosynthetic efficiency. In addition, leaf expan-

sion of nitrogen deficient plants was restricted.

Leaf area increase was more sensitive to nitrogen deficiency

than lack of moisture.



60

BIBLIOGRAPHY

Albregts, E.E . 1969. Okra (Hibiscus esculentus L.) germination and root
elongation at 3 temperatures under stress of moisture, ammon-
ium sulfate and pH. Agronomy Abstracts. Amer. Soc. Agron.
Nov. 9-14, 1969. Detroit, Michigan.

Anderson, M. C. 1967. Photon flux, chlorophyll content and photo-
synthesis under natural conditions. Ecology 48:1050-1053.

Babalola, 0. 1967. The effect of soil moisture suction and soil
temperature on transpiration, photosynthesis and respiration
in Monterey pine (Pinus radiata D. Don). M. S. thesis.
Cor',a His, Oregon State University. 72 numb. leaves.

Babalola, 0. , L. Boersma and C. T. Youngberg. 1968. Photosyn-
thesis and transpiration of Monterey pine seedlings as a function
of soil water suction and soil temperature. Plant Physiol.
43:515-521.

Boyer, J. S. 1965. Effects of osmotic water stress on metabolic
rates of cotton plants with open stomata. Plant Physiol.
40:229-234.

Briggs, L. J. and H. L. Shantz. 1913. The water requirement of
plants. U. S. Bur. of Plant Indus. Bulletin No. 205. p. 96.

Brix, H. 1962. The effect of water stress on the rate of photosyn-
thesis and respiration in tomato and loblolly pine seedlings.
Physiologia Plantarum 15:10-20.

Brouwer, R. and C. T. DeWit. 1969. A simulation model of plant
growth with special attention to root growth and its consequences.
In: W. J. Whittington (ed. ). Root Growth Proceedings of the
5th Easter School in Agric. Sci. University of Nottingham,
1968.

Cheney, H. B. , W. H. Foote and E. G. Knox. 1956. Field crop pro-
duction and soil management in Pacific Northwest, p. 2-60.
In: A. G. Norman (ed. ). Adv. in Agron. , New York, Academic
Press. 423 p.



61

Chernayskaya, N.M. and A.A. Nichiporovich. 1966. Harmonious
combination of illumination and nitrogen nutrition. In:
A.A. Nichiporovich (ed. ). Photosynthesis of Productive
System. Academy of Sci. U.S.S.R. p. 136.

Childers, N. F. and F. F. Cowart. 1935. The photosynthesis,
transpiration and stomata of apple leaves as affected by certain
nutrient deficiencies. Amer. Soc. Hort. Sci. Proc. 33:160-163.

Cowan, I. R. and F. L. Milthorpe. 1968. Plant factors influencing
the water status of plant tissues, p. 137-18a. In:
T. T. Kozlowski (ed. ). Water Deficits and Plant Growth,
Vol. 1. New York, Academic Press. 390 p.

Cox, L. M. 1966. The transpiration process as a function of
environmental parameters. Ph.D. thesis. Corvallis, Oregon
State University. 79 numb. leaves.

Cox, L. M. and L. Boersma. 1967. Transpiration as a function of
soil temperature and soil water stress. Plant Physiol.
42:550-556.

Crowther, F. 1934. Studies in growth analysis of the cotton plant
under irrigation in the Sudan. I. The effects of different
combinations of nitrogen application and water supply. Ann.
Bot. 48:877-913.

Doss, B. D. , D. A. Ashley, O. L. Bennett, R. M. Petterson and
L. E. Ensminger. 1964. Yield, nitrogen content, and water
use of sart sorghum. Agron. Jour. 56:589-592.

Emerson, R. 1929. Photosynthesis as a function of light intensity
and of temperature with different concentrations of chlorophyll.
Jour. Gen. Phys. 12:623-639.

Evans, D. D. , H. J. Mack, D. S. Stevenson and J. W. Wolfe. 1960.
Soil moisture stress, nitrogen and stand density effects on
growth and yield of sweet corn. Ore. Agr. Exp. Station,
Bulletin 53. p. 36.

Fischer, R.A. and G. D. Kohn. 1966. The relationship of grain
yield to vegetative growth and post-flowering leaf area in wheat
crop under conditions of limited soil moisture. Australian
Jour. Agr. Res. 17:281-295.



62

Fleischer, W.E. 1935. The relation between chlorophyll content and
rate of photosynthesis. Jour. Gen. Phys. 18:573-597.

Fowells, H. A. and R. W. Krauss. 1959. The inorganic nutrition of
loblolly pine and Virginia pine with special reference to nitrogen
and phosphorus. For. Sci. 5:95-112.

Gardner, W. R. 1960. Dynamic aspects of water availability to
plants. Soil Sci. 89:63-73.

Gates, C. T. 1968. Water deficits and growth of herbacious plants,
p. 135-190. In: T. T. Kozlowski (ed. ). Water Deficits and
Plant Growth. Vol. 2. New York, Academic Press.

Glinka, Z. and L. Reinhold. 1962. Rapid changes in permeability
of cell membranes to water brought about carbon dioxide and
oxygen. Plant Physiol. 37:481-486.

Gregory, F. G. and F. J. Richards. 1929. Physiological studies in
plant nutrition. I. The effect of manurial deficiency on the
respiration and assimilation rate in barley. Ann. Bot. (London).

Hamilton, J. C. O. Stanberry and W.M. Wootton. 1956. Cotton
growth and production as affected by moisture, nitrogen and
plant spacing on Yma Mesa. Soil Sci. Soc. Amer. Proc.
20:246-252.

Hammer, K. C. 1936. Effects of nitrogen supply on rates of photo-
synthesis and respiration in plants. Bot. Gaz. 97:744-764.

Heath. O.V. S. 1959. The water relations of stomatal cells and the
mechanisms of stomatal movement, p. 193-250. In:
F. C. Steward (ed. ). Plant Physiology. New York, Academic
Press.

Heinicke, A. J. 1934. Photosynthesis in apple leaves during late fall
and its significance in annual bearing. Amer. Soc. Hort. Sci.
Proc. 32:77-80.

Honert, T. H. van den. 1948. Water transport in plants as a catenary
process. Faraday Society, London. Discussions 3:146-153.

Jackson, M. L. 1958. Soil chemical analysis. Englewood. Cliffs,
New Jersey, Prentice Hall. 500 p.



63

Jenkins, H. V. 1959. An airflow planimeter for measuring of the
area of detached leaves. Plant Physiol. 34:532-536.

Jensen, M. E. and N. H. Sletten. 1965. Evapo-transpiration and soil
moisture fertilizer interpretations with irrigated winter wheat
in the Southern High Plains. U. S. Dept. Agr. Res. Rep. 6.
25 p.

Jensen, R. D. and S.A. Taylor. 1961. Effect of temperature on
water transport through plants. Plant Physiol. 36:639-642.

Klemmedson, J. 0. and. R. B. Ferguson. 1969. Response of bitter-
brush seedlings to nitrogen and moisture on a granitic soil.
Soil. Sci. Soc. Amer. Proc. 33:962-966.

Kmoch, H. G. , R. E. Ramig, R. L. Fox and F. E. Koehler. 1957.
Root development of winter wheat as influenced by soil moisture
and nitrogen fertilization. Agron. Jour. 49:20-25.

Koehler, F. E. 1960. Nitrogen uptake and moisture use by wheat,
p. 141-146. Proceedings of 11th Annual Pacific Northwest
Fert. Conf. , Salt Lake City, Utah.

Kramer, P. J. 1940. Root resistance as a cause of decreased water
absorption by plants at low temperatures. Plant Physiol.
15:63-79.

Kramer, P. J. 1942. Species differences with respect to water
absorption at low soil temperature. Amer. Jour. Bot. 29:828-
832.

Kramer, P. J. 1969. Plant and soil water relationships. New York,
McGraw-Hill. 400 p.

Kuo, T. 1970. Soil physical conditions and nitrogen fixation of
soybeans (Glycine Max. Merrill, Var. Chippewa 64). M. S.
thesis. Corvallis, Oregon State University. 69 numb. leaves.

Lamb, C. A. 1967. Physiology, p. 181-223. In: K. S. Quisenberry
and L. P. Reitz (eds. ). Wheat and. Wheat Improvement.
Madison, Amer. Soc. Agron.

Langer, R.H. M. 1959. Growth and nutrition of timothy (Phleum
pratense L. ) V. Growth and flowering at different levels of
nitrogen. Ann. Appl. Biol. 47:740-751.



64

Laopirojana, P. 1970. Effects of residual and applied nitrogen on
Nugaines wheat. M. S. thesis. Corvallis, Oregon State
University. 115 numb. leaves

Larcher, W. 1965. The influence of water stress on the relationship
between CO2 uptake and transpiration, p. 184-194. In: P. Slavik
(ed. ). Water Stress in Plants, The Hague, W. Junk Publishers.
322 p.

Lister, G. R. , V. Slankis, G. Krotkov and C.D. Nelson. 1968. The
growth and physiology of Pinus strobus, L. seedlings as
affected by various nutritional levels of nitrogen and phosphorus.
Ann. Bot. (NS) 32:33-43.

Loustalot, A. J. , S. G. Gilbert and M. Drosdoff. 1950. The effect of
nitrogen and potassium levels in tung seedlings on growth and
apparent photosynthesis and carbohydrate composition. Plant
Physiol. 25:394-412.

Mansfield, T.A. 1965. Response of stomata to short duration
increases in carbon dioxide concentration. Physiologia
Plantarum 18:79-84.

Martin, E, V. 1940. Effect of soil moisture on growth and transpira-
tion in Helianthus annuus. Plant Physiol. 15:449-466.

Meidner, H. and T. A. Mansfield. 1965. Stomatal responses of
illumination. Biol. Rev. 40:483-509.

Meinl, G. 1969. Assimilations vermogen als Sortenmerkmal.
Photo syntheti ca 3:9- 19.

Morton, A. G. and D. J. Watson. 1948. A physiological study of leaf
growth. Ann. Bot. (NS) 12:281-310.

Muller, D. 1932. Die Assimilation der blattrollkranken kartof-
felpflanzen. Planta 16:10- 16.

Murarka, I. P. 1968. The effect of fertilizer treatments on nutrient
uptake, yield and quality of winter wheat on selected Western
Oregon soils. M. S. thesis. Corvallis, Oregon State University.
81 numb. leaves.



65

Murata, Y. 1965. Photosynthesis, respiration and nitrogen response,
p. 385-400. In: The Mineral Nutrition of the Rice Plant. Int.
Rice. Res. Inst. Baltimore, Johns Hopkins.

Murata, Y. 1969. Physiological response to nitrogen in plants,
p. 235-260. In: Physiological Aspects of Crop Yield.
Madison, Wisconsin. Amer. Soc. Agron. and Crop Sci. Soc.
Amer. 396 p.

Newman, E. I. 1966. Relationship between root growth of flax
(Linum usitatissimum) and soil water potential. New Phytol.
65:273-283.

Osada, A. 1966. Relationship between photosynthetic activity and
dry matter production in rice varieties especially as influenced
by nitrogen supply. Bull. Natl. Inst. Agr. Sci. Japan, Ser. D.
14:117-188.

Pearsall, W.H. 1927. Growth studies. VI. On the relative sizes of
growing plant organs. Ann. Bot. 41:549-556.

Pharis, R. P. and P. J. Kramer. 1964. The effects of nitrogen and
drought on loblolly pine seedlings. I. Growth and. Composition.
For. Sci. 10:143-149.

Ramig, R.E. and H. F. Rhoades. 1963. Interrelationships of soil
moisture level at planting time and nitrogen fertilization on
winter wheat production. Agron. Jour. 55:123-127.

Raschke, K. 1956. Uber die physikalischen Beziehungen zwischen
warme uber gangszahl, Stralungsaustausch, Temperature and
Transpiration eines Blattes. Planta 48:200-238.

Ryle, G. J. A. 1964. A comparison of leaf and tiller growth in seven
perennial grasses as influcned by nitrogen and temperature.
Jour. Brit. Grassland Soc. 19:281-290.

Salim, M. H. , G. W. Todd and A. M. Schlehuber. 1965. Root
development of wheat, oats and barley under conditions of soil
moisture stress. Agron Jour. 57:603-607.

Scarsbrook, C. E. , 0. L. Bennett and R. W. Pearson. 1959. The
interaction of nitrogen and moisture on cotton yields and other
characteristics. Agron. Jour. 51:718-721.



66

Schlehuber, A. M. and B. B. Tucker. 1967. Culture of wheat,
p. 117-179. In: K. S. Quisenberry and L. P. Reitz, (eds. ).
Wheat and Wheat Improvement. Madison, Wisconsin, Amer.
Soc. Agron.

Schneider, G. W. and M. F. Childers. 1941. Influence of soil mois-
ture on phtosynthesis, respiration and transpiration of apple
leaves. Plant Physiol. 16:565-583.

Sedgley, R. H. and L. Boersma. 1969. Effect of soil water stress
and soil temperature on translocation of Diuron. Weed Sci.
17:304-306.

Simpson. G. M. 1968. Association between grain yield per plant and
photosynthetic area above the flag leaf node in wheat. Canadian
Jour. Plant Sci. 48:253-260.

Slatyer, R. 0. 1957. The influence of progressive increases in the
total soil moisture stress on transpiration, growth and internal
water relationships of plants. Australian Jour. Biol. Sci.
10:320-336.

Slatyer, R. 0. 1966. Some physical aspects of internal control of
leaf transpiration. Agric. Met. 3:281-292.

Slatyer, R. 0. 1967. Plant water relationships. London and New
York, Academic Press. 366 p.

Slatyer, R. 0. 1969. Physiological significance of internal water
relations to crop yield, p. 53-84. In: J. D. Eastin (ed. ).
Physiological Aspects of Crop Yield, Madison, Wisconsin.
Amer. Soc. Agron. and Crop Sci. Soc. Amer. 396 p.

Slavik, B. 1963. On the problem of the relation between hydration
of leaf tissue and intensity of photosynthesis and respiration,
p. 225-234. In: A. J. Rutter and F. H. Whitehead (eds.).
The Water Relation of Plants. Oxford, Blackwell Sci. Publ.

Slavik, B. 1965. The influence of decreasing hydration level on
photosynthetic rate in thalli of the hepatic Cenocephallum
conicum, p. 195-201. In: B. Slavik (ed. ). Water Stress in
Plants. The Hague, W. Junk Publishers. 322 p.

Snow, A. G. 1936. Transpiration as modified by potassium. Plant
Physiol. 11:583-594.



67

Steinberg, R.A. 1951. Correlation between protein, carbohydrate
metabolism and mineral deficiencies in plants, p. 359-386.
In: E. Truog (ed. ). Mineral Nutrition of Plants. Madison,
University of Wisconsin Press.

Swan, H. S. D. 1960. The influence of N, P, K and Mg deficiencies
on the growth and development of white and black spruce, jack
pine and western hemlock seedlings grown under controlled
environment. Pulp and Paper Res. Inst. Canada Tech. Rep.
No. 168. Woodland Res. Ind. No. 116.

Tanaka, A. , K. Kawano and J. Yamaguchi. 1966. Photosynthesis,
respiration and plant type of the tropical rice plant. Int. Rice
Res. Inst. Tch. Bulletin 7:1-46.

Tanaka, A. , S. A. Navasero, C. V. Garcia, F. T. Parao and
E. Ramirez. 1964. Growth habit of the rice plant in the tropics
and its effect on nitrogen response. Int. Rice Res. Inst.
Bulletion 3:1-80.

Tew, R.K. , S.A. Taylor and G. L. Ashcroft. 1963. Influence of
soil temperature on transpiration under various environmental
conditions. Agron. Jour. 55:558-560.

Thomas, M. D. 1965. Photosynthesis: environmental and metabolic
relationship in plant physiology, p. 10-202. In: F. C. Steward
(ed. ). Plant Physiology, Vol. IVA. Metabolism: Organic
Nutrition Nitrogen Metabolism. New York and London,
Academic Press.

Trebst, A. V. , H. Y. Tsujimoto and D. I. Arnon. 1958. Separation
of light and dark phases in photosynthesis in isolated chloro-
plasts. Nature 182:351-355.

Troughton, A. 1960. Further studies on the relationship between
shoot and root systems of grasses. Jour. Brit. Grassland
Soc. 15:41-47.

Troughton, J. H. 1969. Plant water status and carbon dioxide ex-
change of cotton leaves. Australian Jour. Biol. Sci. 22:289-302.

Troughton, J. H. and R. O. Slatyer. 1969. Plant water status, leaf
temperature and the calculated mesophyll resistance to carbon
dioxide of cotton leaves. Australian Jour. Biol. Sci. 22:815-827.



68

Van De Sande Bakhuyzen, H. L. 1937. Studies on wheat grown under
constant condition. Food Res. Inst. Stanford University,
California. 340 p.

Veihmeyer, F. J. and A. H. Hendrickson. 1955. Does transpiration
decrease as the soil moisture decreases-? Amer. Geophys.
Union Trans. 36:425-428.

Veihmeyer, F. J. and A. H. Hendrickson. 1961. Responses of a
plant to soil moisture changes as shown by guayule. Hilgardia
30:621-637.

Viets, F. G. , Jr. 1962. Fertilizers and efficient water use, p. 223-
264. In: A.G. Norman (ed.). Adv. in Agron. Vol. 14.

Viets, F. G. , Jr. 1966. Increasing water use efficiency by soil
management, p. 259-274. In: W. H. Pierre (ed.). Plant
Environment and Efficient Water Use. Madison, Wisconsin,
Amer. Soc. Agron.

Vose, P.B. 1962. Nutritional response of shoot/root ratio as a
factor in the composition and yield of genotypes of perennial
ryegrass, Lolium perenne L. Ann. Bot. 26:425-437.

Warder, F. G. , J. J. Lehane, W. C. Hinman and W. J. Staple. 1963.
The effect of fertilizers on growth, nutrient uptake and moisture
use of wheat on two soils in Southwestern Saskatchewan.
Canadian Jour. Soil Sci. 43:107-116.

Weaver, J. E. , J. Kramer and M. Read. 1924. Development of root
and shoot of winter wheat under field environment. Ecology
5:26- 50.

White, D. P. 1958. Available water: The key to forest soil evalua-
tion, p. 6-11. In: Proceedings of 1st North Amer. For. Soil
Conf., East Lansing, Michigan State University, Agr. Exp.
Station.

Whittle se y, N. K. and C. D. Fanning. 1968. Economics of nitrogen
fertilization of wheat in the Pacific Northwest, p. 108-116.
Proceedings of 19th Pacific Northwest Fertilizer Conf., Salem,
Oregon.



69

Williams, R. F. and R. E. Shapter. 1955. A comparative study of
growth and nutrition in barley and rye as affected by low water
treatment. Australian Jour. of Biol. Sci. 8:435-466.

Zelitch, I. 1965. Environmental and biochemical control of stomatal
movement in leaves. Biol. Rev. 40:463-482.

Zelitch, I. 1969. Mechanisms of carbon fixation and associated
physiological responses. In: J. D. Eastin (ed. ). Physiological
Aspects of Crop Yield, Madison, Wisconsin Amer. Soc. Agron.
and Crop Sci. Soc. Amer. 396 p.

Zur. B. 1961. The influence of controlled soil moisture suction.
relative humidity and initial salt status on chloride uptake by
sunflower plants. Ph. D. thesis. Davis, University of Cali-
fornia. 33 numb. leaves.



APPENDICES



70

APPENDIX I

Table A-1. Composition of osmotic solutions used to
control the moisture stress.

Moisture stress Carbowax 6, 000

(bars)

O. 30 42. 5

0. 35 48. 0

0. 70 73. 0

1. 00 87. 5

1. 50 108. 0

2. 50 150. 0

3. 00 170. 0
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APPENDIX II

Table A- 2. Make-up of nutrient solutions used for
growing the wheat plants.

Compound Concentration in Solution

gm/liter
Macronutrients

K
2

SO4

MgSO4 7H20

KH
2
PO4

K2HPO4 3H 20

CaS0
4

2H 20

CaC1
2

NH4
NO3

0. 275

O. 493

0. 122

O. 031

1. 033

O. 056

O. 500

Micronutrients

ZnS04 7H20 0. 067

MnS04
4H20 0.876

CuSO4 5H 20 0. 078

FeEDDHA 1.00
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APPENDIX III

Table A-3. Trade names and active ingredients of the chemicals
used to control pests during the course of the
experiment.

Trade name Active ingredient

Spectracide (Insectocide)

Pipron (fungicide)

Dithane 1)-14 (Nabam)
(fungicide)

Pimaricin (fungicide)
(2. 5%)

0, 0-diethyl 0 (2-isopropyl 4-
methyl 6-pyrimidinyl)
phosphorothioate - 25%

3- (2-methyl piperidino) propyl
3, 4-dichlorobenzoate (82%)

Disodium ethylene
bisdithiocarbamate (22%)

C
33

H47N013

(produced by Streptomyces
natalensis)
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APPENDIX IV
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Figure A-1. Leaf area per chamber in cm 2 for 4-week old wheat
seedlings as a function of time at a soil moisture stress
of 0. 35 bars and a nitrogen concentration in the nutrient
solution of 0 ppm.
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Figure A-2. Leaf area per chamber in cm 2 for 4-week old wheat
seedlings as a function of time at a soil moisture stress
of 1. 00 bars and a nitrogen concentration in the nutrient
solution of 0 ppm.
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Figure A-3. Leaf area per chamber in cm 2 for 4-week old wheat
seedlings as a function of time at a soil moisture stress
of 2. 50 bars and a nitrogen concentration in the nutrient
solution of 0 ppm.
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Figure A-4. Leaf area per chamber in cm 2 for 4-week old wheat
seedlings as a function of time at a soil moisture stress
of 0. 35 bars and a nitrogen concentration in the nutrient
solution of 100 ppm.
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Figure A-5. Leaf area per chamber in cm 2 for 4-week old wheat
seedlings as a function of time at a soil moisture stress
of 1. 00 bars and a nitrogen concentration in the nutrient
solution of 100 ppm.
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Figure A-6. Leaf area per chamber in cm 2 for 4-week old wheat
seedlings as a function of time at a soil moisture stress
of 2. 50 bars and a nitrogen concentration in the nutrient
solution of 100 ppm.
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Figure A-7. Dry weight of shoots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 0. 35 bars and a nitrogen concentration in the
nutrient solution of 0 ppm.
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Figure A-8. Dry weight of shoots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 1.00 bars and a nitrogen concentration in the
nutrient solution of 0 ppm.
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Figure A-9. Dry weight of shoots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 2. 50 bars and a nitrogen concentration in the
nutrient solution of 0 ppm.
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Figure A- 10. Dry weight of shoots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 0. 35 bars and a nitrogen concentration in the
nutrient solution of 100 ppm.
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Figure A-11. Dry weight of shoots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 1.00 bars and a nitrogen concentration in the
nutrient solution of 100 ppm.
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Figure A-12. Dry weight of shoots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 2. 50 bars and a nitrogen concentration in the
nutrient solution of 100 ppm.
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Figure A- 13. Dry weight of roots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 0. 35 bars and a nitrogen concentration in the
nutrient solution of 0 ppm.
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Figure A-14. Dry weight of roots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 1. 00 bars and a nitrogen concentration in the
nutrient solution of 0 ppm.
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Figure A- 15. Dry weight of roots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 2. 50 bars and a nitrogen concentration in the
nutrient solution of 0 ppm.
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Figure A-16. Dry weight of roots
wheat seedlings as
stress of 0. 35 bars
nutrient solution of
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per chamber in gm for 4-week old
a function of time at a soil moisture
and a nitrogen concentration in the
100 ppm.
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Figure A- 17. Dry weight of roots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 1. 00 bars and a nitrogen concentration in the
nutrient solution of 100 ppm.
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Figure A-18. Dry weight of roots per chamber in gm for 4-week old
wheat seedlings as a function of time at a soil moisture
stress of 2. 50 bars and a nitrogen concentration in the
nutrient solution of 100 ppm.


