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Effects of soil water potential ( ) and soil temperature
*soil

(Tsoil)
on the growth and nutrient uptake of 16 day old sudangrass

seedlings (Sorghum vulgare var. Piper) were determined in a walk-in

growth chamber with light intensity at 285 pE/m2/sec and day/night

cycle of 14/10 hours. Soil water potentials were -.03, -.06, -.10,

-.15 and -.25 MPa and soil temperatures were 16, 22, 28, 32 and 36°C.

Lowering D
soil

from -.03 to -.25 MPa decreased the growth rate

of shoots from .243 to .140 day
-1

and for roots from .235 to .188

day
-1

at T
soil

of 32°C. Optimum temperature for growth of shoots and

roots was 32 °C. Lower growth rates at temperatures above or below

the optimum were attributed to decreases in rates of translocation

and photosynthesis.

Lowering D
soil

from -.03 to -.25 MPa decreased leaf water

potential (*
1
) from -.80 to -1.6 MPa and osmotic potential (*

s
) from

-1.2 to -1.8 MPa measured at the end of the light period over all

soil temperatures. Partial osmotic adjustment occurred from 12:00 to

22:00 hours at all *
soil

and T
soil

combinations. The generally



assumed relationship between growth rate and turgor pressure (* ) was

not found in this study. Growth rate varied widely at the same
P'

suggesting that the growth rate is not determined by * . The

relationship between shoot growth rate and the daily change in *s

(A*s) was curvilinear with a rapid decrease in growth rate with

respect to A*s for small A*s values, and a smaller decrease in growth

rate with respect to A*s as A*s became larger. Large A*s values

correspond to high concentrations of solute reflecting decreased

rates of translocation.

Dry matter per unit leaf area varied with Tsoil and *soil' e.g.

7.15 mg/cm2 at Tsoil of 16°C and
*soil of

-.2 MPa, and 4.35 mg/cm2 at

Tsoil
of 32°C and

*soil
of -.045 MPa.

Transpiration per unit leaf area increased from 2.20 to

3.90 lig/cm2/sec as T
soil

increased from 16 to 36°C at *
soil

of -.03

MPa. The change was attributed to changes in the viscosity of the

water and to biological factors responsible for membrane

permeability.

Concentrations of K, P, Mg, Mn, Cu, Ca, S, Fe, Zn, and Ba in the

plant material increased with increasing T
soil.

Significant effects

of *
soil

on the concentrations of the elements were not noted, except

for P and Mg. The concentration of P increased with increasing

soil'
while that of Mg decreased with increasing *

soil**
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SOIL WATER POTENTIAL AND SOIL TEMPERATURE EFFECTS ON
GROWTH AND NUTRIENT UPTAKE OF SUDANGRASS SEEDLINGS

(SORGHUM VULGARE VAR. PIPER)

INTRODUCTION

Plant growth is the result of complex interactions

between physical, chemical, and biological processes,

affected by environmental factors above and below the

soil surface. Solar radiation, air temperature and

relative humidity are the main environmental factors

affecting growth above the soil surface. Water availa-

bility and soil temperature are important soil physical

properties that affect plant growth and productivity.

Studies on the effects of the environment on crop

plants are justified because of the extent to which

agricultural productivity is limited by environmental

factors. An environmental factor such as water deficit

can affect plant growth by affecting the physiological

processes of the plant. Reduction in plant productivity

and crop yield are unavoidable consequences of exposing

plants to water and temperature stress. Hsiao (1973),

Boyer and McPherson (1975), Begg and Turner (1976), Hsiao

et al. (1976), Hanson and Hitz (1982), and Michelena and

Boyer (1982) showed that plant water stress affects all
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aspects of growth and plant development including cell

division, cell enlargement, stomatal opening, photosyn-

thesis, respiration, and translocation.

The effects of temperature stress on the growth and

physiological processes of the plant were investigated by

many workers (Barlow and Boersma, 1976; Barlow et al.,

1977; Duke et al., 1979; Moorby and Graves, 1980;

Bjorkman et al., 1980). Duke et al. (1979) reported that

root weights of soybean plants grown at the root tempera-

ture of 13°C with the air temperature at 20°C were 12

percent of plants with root temperature and air tempera-

ture at 20°C. Respiration and photosynthesis rates

were higher in soybean plants at 20 °C root temperature

than at 13°C. Barlow and Boersma (1976) reported

that lowering the root temperature from 27.5 to 15°C,

reduced the net photosynthetic rate of the source leaf

by 17 percent while the soluble carbohydrate content

increased 45 percent at the end of the 7 hour treatment

period. Moorby and Graves (1980) reported that low soil

temperature affects the rate of photosynthesis per unit

leaf area and the rate of translocation of the assimi-

lated CO
2

of tomato. Bjorkman et al. (1980) reported

that photosynthesis is one of the most heat sensitive

aspects of plant-growth.

The effects of water and temperature stress on ion

uptake have been examined in several studies. Slatyer

(1969) reported that nutrient supply may retard some
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aspects of growth and development of the plant during

water stress conditions due to the reduction in rate of

water uptake, rate of plant growth and to the migration

of nutrients out of the older leaves. Begg and Turner

(1976) noted that the uptake rates of N and P frequently

increase more rapidly than plant growth rates when ade-

quate water is supplied to crops. Viets (1972) concluded

that mineral deficiency is seldom a cause of reduced

growth of water-stressed plants. He suggests that most

plants contain sufficient reserves of minerals to carry

them through a water stress period. Pitman (1981)

reviewed the relationships between ion uptake and water

stress and stated that it is difficult to determine how

much of the reduction in ion uptake is caused by reduced

growth and how much is the direct effect of the drying of

soils.

In this study we examine the effects of root tem-

perature and soil water potential on some of the

physiological processes that occur in sudan-grass

seedlings, including the effect of soil water potential

and root temperature on nutrient uptake.
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LITERATURE REVIEW

Temperature Effects

Introduction

Plants are not able to maintain their cells and

tissues at constant optimum temperature and therefore

their shoots and roots follow the surrounding air and

soil temperature. Root temperature affects plant growth

in many ways. It influences the rates of root growth,

shoot growth, nutrient uptake, and transpiration as well

as other physiological processes in the plants.

Root Temperature and Plant Growth

The rate of plant growth measured at a wide range of

constant temperatures can commonly be represented by an

asymmetric bellshaped curve (Cooper, 1973; Sutcliffe,

1977), with a steeper drop-off at the higher temperatures.

The optimum temperature range of higher plants varies

widely from 100C to 450C (Fitter and Hay, 1981).

Reviews of the studies on root temperature show that

most of these were done with seedlings (Nielsen and

Humphries, 1966; Cooper, 1973; Nielsen, 1974; Young,

1975). The growth rate during these early stages is

often exponential. In contrast, in more mature and
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fruiting plants the rate of growth can be linear or even

declining and the type of effects might therefore be

different.

Moorby and Graves (1980) reported that the increase

of root temperature from 13 to 28°C of tomatoes and

lettuce grown in nutrient solutions surrounded by a plas-

tic tank to control root temperature, has always produced

an increase in fresh and dry weight. Hurewitz and Janes

(1983) reported that the increase of root temperature

from 10 to 30°C of tomato seedlings grown in a controlled

environmental chamber at 18°C air temperature with 70

percent relative humidity and 12-hbur photoperiod resulted

in an increase in fresh and dry weights and leaf area.

The optimal root zone temperature for tomato seedlings

growth was found to be 30°C. Barlow and Boersma

(1976) and also Barlow et al. (1977) reported that

lowering the soil temperature from 27.5 to 15°C caused

the elongation rate of corn seedlings to decrease by 45

percent during the first hour of treatment. The decrease

was smaller between 2 and 7 hours of the treatment. The

reduction of the growth was attributed to restricted rate

of water uptake that lowered the plant water potential.

Barlow and Boersma (1976) reported that lowering the root

temperature of corn seedlings from 27.5 to 15°C resulted

in a 47 percent reduction in rate of net photosynthesis

and an increase of 45 percent of the soluble carbohydrate

content at the end of a 7-hour treatment. They concluded
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that the rate of leaf enlargement is more sensitive to

low soil temperature or water stress than rate of photo-

synthesis. Duke et al. (1979) reported that root weights

for soybean plants grown in a controlled environment

chamber at the root temperature of 13°C with the air tem-

perature of 20°C for 63 days were 12 percent of plants

with root and air temperatures at 20°C. The roots at

the lower temperature exhibited less branching. The

plants with roots at 13°C had higher dry matter density

than the plants with roots at 20°C, namely 24.0 mg/cm2 at

13°C versus 20.5 mg/cm2 at 20°C. Photosynthetic rates

on a leaf area basis were about three times as high at

20°C as compared to 13°C root temperature. They also

found that soybean plants with root temperature at 20°C

had higher rates of root respiration than plants at 13°C.

They concluded that root temperature affects the growth

of soybean plants by affecting the rates of photosynthe-

sis, respiration, and root resistances.

Root Temperature and Plant Water Status

The effect of root temperature on the plant water

status of crops has been reported in the literature by

many workers (Ehrler, 1963; Kleinendorst and Brouwer,

1972; Frank et al., 1973). Barlow et al. (1977)

reported that decrease in soil temperature resulted

in a decrease in leaf water potential of corn
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seedlings. Leaf elongation ceased at the leaf water

potential of -0.9 MPa, presumably due to decline of leaf

turgor pressure. Kirkham and Ahring (1978) observed that

leaf water, osmotic, and turgor potentials of winter wheat

(grown in controlled environment chamber at the air tem-

perature of 25°C) were highest at the root temprature

of 24.7°C. Potentials were lowest at the highest root

temperature of 32.1°C.

Root Temperature and Rate of Water Uptake

Effects of soil temperature on rate of water uptake

have been investigated by many workers (Tew, et al., 1963;

Cox and Boersma, 1967; Markhart et al., 1979; Moorby and

Graves, 1980). They found a reduction in water uptake

when root temperature decreased from optimum levels.

Babalola et al. (1968) and Dalton and Gardner (1978)

reported that the decrease in the rate of water uptake as

a function of the soil temperature may be attributed in

part to changes in the viscosity of water and in part to

changes in the permeability of the membranes. They

derived a general equation for the effect of temperature

on water uptake by plant roots. Their equation suggests

an increase in flux of water with temperature. Young

(1975) earlier had reported that the increase in trans-

piration rate was due to the decrease in viscosity of

water with increasing temperature and to other factors

relating to the increase in soil temperature such as
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increased permeability of root cells and decreased root

resistances.

Root Temperature and Nutrient Uptake

Root temperature is considered to be an important

factor in controlling nutrient uptake, as well as rate

of plant growth, because of its effects on the growth

rate and development of roots. Root temperature affects

the processes of nutrient uptake by reducing the rate of

diffusion and the rate of mass flow of the nutrients in

the soil solution. Diffusion rate and mass flow rate

increase with increasing temperature in most instances

(Cooper, 1973; Nye and Tinker, 1977; Noridin, 1977).

Labaneuskas et al. (1964) found differences in the dis-

tribution of K, Cl and B between tops and roots with a

5.3°C temperature change, but no significant differ-

ences in dry weight or total accumulation of nutrient

elements in the tops. Moorby and Graves (1980) reported

that the rate of nutrient uptake by tomatoes was a posi-

tive function of root temperature. They found that the

amounts of nitrogen, potassium and phosphorous absorbed

by tomato plants grown at constant air temperature of

22°C were 56, 70 and 11 mg/day-plant at the root

temperature of 13°C and 155, 280 and 90 mg/day-plant

at the root temperature of 28°C. They reported that the

rate of phosphorous uptake was much more temperature sen-

sitive than the rates of nitrogen and potassium uptake.
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They did not comment on these observed differences. The

uptake of iron was found to be very temperature sensitive

in the Moorby and Graves (1980) studies. The smaller

plants resulting from lower root temperatures showed signs

of iron deficiency even though they were supplied with the

same amount of iron as the larger plants. They concluded

that iron might be retained in the roots at low tempera-

tures. Thus, the effect of root temperature on the uptake

of iron might be related to the effects of temperature on

root structure.

Horrocks and Yang (1983) reported that at the 8-leaf

stage sorghum plants subjected to a root temperature of

25°C had significantly higher concentrations of N, P,

K, Mg and Cu, than plants at 20°C. They also found

that soil temperature did not significantly affect the

concentrations of Zn, Fe and Mn. They did not comment

on these observations but concluded that further research

relating nutrient element uptake to root temperature is

needed.

Dalton and Gardner (1978) derived an equation for

the effect of root temperature on the rate of nutrient

uptake by plants. The equation suggests an increase in

nutrient uptake with temperature. The increase in nutri-

ent uptake was attributed to changes in the viscosity of

water, in the osmotic permeability coefficient of the

membranes, and in the rate constants for the active solute
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transport terms in the equation. Predicted values agreed

with experimental results obtained by Kramer (1940).

Soil Water Potential Effects

Introduction

Water is an essential component of plant life. It

comprises approximately 90 percent of the total fresh

weight of plants. If the soil water potential decreases,

many of the physiological activities of the plant are

affected. Low soil water potentials generally result in

reduced leaf water potential and osmotic potential and

reduced rates of ion uptake, water movement and trans-

location.

Soil Water Potential and Growth

The growth of a plant organ is accomplished by cell

division, followed by cell expansion and differentiation

of individual cells. However, there are other related

events that are needed for growth such as uptake of water

and nutrients, synthesis of structural materials, and

transport of substances between cells. Therefore, the

rate of growth is strongly influenced by plant water

status.

The effect of water stress on cell division and elon-

gation is strongly marked in the literature (Meyer and

Boyer, 1972; Hsiao et al., 1976; McCree and Davis, 1974;

Kirkham et al., 1972; Barlow et al., 1976; Barlow et al.,



11

1977; Matsuda and Riazi, 1981; Michelena and Boyer, 1982;

Quisenberry et al., 1984; Westgate and Boyer, 1984).

The sensitivity of cell enlargement to water

deficits has been clearly demonstrated on maize. Rate of

leaf enlargement declined at leaf water potentials

below -.2 MPa in controlled environment studies (Boyer,

1970; Hsiao et al., 1970; Acevedo et al., 1971). How-

ever, Watts (1974) reported that there was no reduction

in leaf extension rate of maize until leaf water poten-

tials were below -.9 MPa in a field study.

It is generally considered that the turgor pressure

is the main factor controlling growth. Boyer (1968),

Hsiao (1973), Barlow et al. (1976), Acevedo et al.,

(1979), and Cutler et al. (1977a) showed a correlation

between the rate of leaf elongation and turgor pressure.

Bunce (1977) has shown a linear relationship between

turgor pressure and elongation rate for plants grown

under three different environments. Davies and Lakso

(1979) showed a linear relationship between leaf area

and turgor pressure of apple trees. Sepaskhah and

Boersma (1979) showed a linear relationship betweeen

leaf elongation rate and turgor pressure of wheat at

different osmotic potentials of the soil solution.

Wenkert et al. (1978a) concluded that within moderate

day time water deficits, soybean leaves may adapt to the

extent that turgor pressure does not limit growth.
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Cutler et al. (1980) in their study on rice, found that

under slower drying conditions turgor pressure has been

maintained but the leaf expansion rates were markedly

reduced, and suggested that the reduction in growth

resulted from a decrease in rate of water uptake.

Michelena and Boyer (1982) concluded that despite the

maintenance of turgor pressure, the leaf elongation

rate of maize grown in a controlled environment chamber

decreased in the elongation region. They suggested that

low water potential inhibits the growth of leaves of

plants for reasons other than the loss in turgor pressure.

Soil Water Potential and Plant Water Status

Effects of soil water potential on the water status

of plants have been reported in the literature by many

workers (Fereres et al., 1978; Cutler et al., 1977a; Jones

and Rawson, 1979; Sharp and Davis, 1979) for many crops

and crop species. Leaf water potential of soybean plants

grown in the growth chamber fell as low as -2.3 MPa during

stress but after rewatering the potential returned to

approximately -.6 MPa (Sionit and Kramer, 1977).

Simmelsgaard (1976) reported that a decrease in soil water

potential by 0.1 MPa resulted in lowering 1Ps by .146 MPa

and leaf water potential by .068 MPa, producing an increase

in the turgor pressure of .078 MPa of wheat plants grown

in a controlled environment chamber using polyethylene

glycol to control soil water potential.
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Hoffman and Jobes (1978) reported that as soil water

potential of barley and wheat grown in growth chambers

decreased, leaf water potential and osmotic potential

decreased linearly.

Diurnal Patterns of 4'1, 'Ps, and 11)P

Plant water relations can be expressed by the equa-

tion relating leaf water potential 'Pp to its components,

osmotic potential and turgor pressure 1Pp.

4)1 = 'Ps + pp (1)

The more negative 11)1 is, the more negative IPs

must be to keep the turgor pressure constant. In order

to maintain the turgor pressure high at low leaf water

potential the osmotic potential 1Ps must decrease

(Hsiao et al., 1976).

The diurnal cycle of leaf water potential follows the

diurnal change in rate of incoming energy for diverse

plant species in the field (Reicosky et al., 1975;

Acevedo et al., 1979) and in controlled environments

(McCree, 1974; Bunce, 1977; Ackerson, 1981). Acevedo et

al. (1979) reported that during the diurnal changes of

1P1 and 11's, in expanding leaves of unirrigated maize

42 days after planting, values decreased to -1.2 and -1.6

MPa respectively at 12:00 noon. Turgor pressure was

highest during the night. Reicosky et al. (1975) reported

that a maximum leaf water potential of -.15 MPa occurred



just prior to sunrise in corn grown in the field. The

minimum value, which occurred during peak radiation, was

dependent on soil water potential. Soil water potentials

of -.008 and -.06 MPa at the 15 cm depth in irrigated and

nonirrigated plots resulted in minimal *1 of -1.2 and

-1.8 MPa respectively. These results demonstrate the

effect of environmental stresses on leaf water potential.

Fereres (1976) reported that the turgor pressure of

sorghum planted in the field decreased as *1 and *s

decreased under stress condition.

Ackerson (1981) studied the effect of water stress

on the diurnal cycle of *1, *s and 1)/3 of cotton grown in

a growth chamber with a 14/10 hours light/dark cycle. He

reported that stressed plants exhibited lower daily minimum

*1 and *s but maintained turgor pressure. McCree (1974)

reported a minimum leaf water potential of -1.7 MPa in

water stressed sorghum plants grown in a growth chamber

with a 14/10 hours light/dark cycle. Sanchez-Diaz and

Kramer (1971) reported that the lowest leaf water poten-

tials in stressed corn and sorghum were -1.28 and -1.57

MPa respectively.

Osmotic Adjustment

Osmotic adjustment is defined as the lowering of

osmotic potential arising from the net accumulation of

solutes in response to water deficit or salinity (Turner

and Jones, 1980). The relationship: *1 = *s +
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shows that if Pp is to be maintained at a constant level

as 11,1 decreases, then a concurrent decrease in IPs must

occur. The occurence of osmotic adjustment has been shown

in leaves (Hsiao et al., 1976), in the soybean hypocotyl

(Meyer and Boyer, 1972; Cavaleri and Boyer, 1982), in the

root (Acevedo, 1975), in the apex (Munns et al., 1979),

and in reproductive organs of many plant species, as fully

reviewed by Turner and Jones (1980). Solute accumulation

in the cells of stressed plants has been shown in trees

(Davies and Lakso, 1979), sorghum (Acevedo et al., 1979;

Jones and Turner, 1978; Jones et al., 1980), wheat

(Morgan, 1980; Campbell et al., 1979), tropical grasses

(Wilson et al., 1980; Wilson and Ludlow, 1983), soybean

(Meyer and Boyer, 1981; Wenkert et al., 1978b), cotton

(Ackerson, 1981), and sunflower (Jones and Turner, 1980).

Many studies have shown that the concentrations of

solutes, particularly sugars and free amino acids, in-

crease with water stress. Cutler et al. (1977a) reported

that an increase of sugar and malate of 10 to 40 percent

accounted for the diurnal change in osmotic potential of

field cotton. Ackerson (1981) found that increased con-

centration of glucose and sucrose contributed to the

decrease in osmotic potential of cotton. Munns et al.

(1979) concluded that the main contribution to the

decrease in osmotic potential from -1.2 to -4.0 MPa in

wheat leaves was due to an increase in the content of

ethanol-soluble carbohydrate and of some amino acids.
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Jones et al. (1980) reported that accumulation of

glucose and sucrose and of inorganic ions (IC+ and

Cl) contributed equally to the decrease in osmotic

potential of fully expanded sorghum leaves. The con-

tribution of Cl- to osmotic adjustment in winter

wheat was observed by Christensen et al. (1981). Ford

and Wilson (1981) reported that the most important

solutes contributing to the decrease of the osmotic

potential in grass are Na +, K+ and C1-.

Soil Water Potential and Water Uptake

The reduction in the rate of water uptake with

decreasing soil water potential at a fixed evaporative

demand is well documented in the literature (Blizzard and

Boyer, 1980; Barlow et al., 1977; Ackerson and Krieg,

1977; Herkelrath et al., 1977).

Water movement in the soil-plant-atmosphere continuum

is governed by the difference in the water potential

between the air and soil and the magnitude of the resis-

tances (Van den Honert, 1948). This relation states that

the potential difference across each component of the

system divided by the transpiration rate equals the resis-

tance to water flow of that component. Lawlor (1972),

Hansen (1974), Taylor and Klepper (1975), and Reicosky and

Ritchie (1976) used the same principle in their studies

to determine the resistances in the soil and the plants.
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It is well documented that stomata close in response

to decreasing water potential, which in turn decreases the

rate of transpiration from the plants (Sanchez-Diaz and

Kramer, 1971; McCoy et al., 1980. Hsiao (1973) stated

in his review that stomatal closure is the main cause for

transpiration decline as water stress develops.

Soil Water Potentia and Nutrient Uptake

Nutrients in the soil are transported by mass flow

and by diffusion. Mass flow occurs when solutes are

transported with the flow of water from the soil to the

surfaces of plant roots. Diffusion occurs when an ion is

transported from a higher to a lower concentration.

Nutrients diffuse toward the root surfaces when the

concentration at the root surface is decreased (Mengel

and Kirkby, 1982). Ions such as nitrate that are entirely

soluble can be completely extracted from the soil by mass

flow. Barber et al. (1963) stated that mass flow can

account for most of the transport of Ca, Mg, and N, but is

inadequate to account for much of the transport of P and

K. Water content appears to be very important for nutri-

ent transport to the root, but probably just as important

is its effect on the rate of extension (Viets, 1972).

Nye and Tinker (1977) noted that, in dry soils, movement

of ions to plant roots is restricted by low rates of mass

flow and diffusion.
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Begg and Turner (1976) reported that the uptake rates

of N and P are frequently increased more rapidly than

plant growth rates when adequate water is supplied to the

crops due to better availability of nutrients in wet soils

than in dry soils. O'Toole and Baldia (1982) showed in

their study on rice that transpiration and nutrient

uptake of N, P and K are highly correlated during the

development of even mild soil and plant stress. Yambao

and O'Toole (1984) concluded that the reduction of trans-

piration rate in plant water stress resulted in the

decrease of nitrogen content of the plant. Excellent

reviews of this subject are by Viets (1972),. Jarrell and

Beverly (1981) and Pitman (1981).

Conclusions

It is well documented that temperature and water

stress affect the growth and other physiological processes

in the plant (Boyer, 1970; Hsiao, 1973; Turner and Kramer,

1980). It is generally assumed that turgor pressure is

the main factor controlling the growth (Hsiao et al.,

1976; Bunce, 1977; Barlow et al., 1976). Wenkert et al.

(1978b) concluded that within moderate day time water

deficits, soybean leaves may adapt to the extent that

turgor pressure does not limit the growth. Cutler at al.

(1980) in their study on rice, found that under slowly

drying conditions the turgor pressure has been maintained

but that the leaf expansion rates were markedly reduced
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and suggested that the reduction in growth resulted from

a decrease in water uptake. Michelena and Boyer (1982)

concluded that despite the maintenance of turgor pressure,

leaf elongation rates decreased in the elongation region.

They suggested that low water potential inhibits the

growth of leaves of plants for reasons other than the loss

in turgor pressure. Quisenberry et al. (1984) found that

there is an inverse relationship between turgor pressure

and growth. They concluded that plants that maintained

higher turgor had lower growth rates. This implies that

maintenance of turgor pressure under water stress may be

detrimental to growth of the plants.

These recent studies suggest that turgor pressure

may not be related to growth of plants. In this study

we examine the effect of root temperature and water stress

on the growth and some physiological processes in sudan

grass, and determine whether growth rate and turgor pres-

sure are related. In the second part of the experiment

we examine effects of water stress and temperature stress

on rate of nutrient uptake.
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MATERIALS AND METHODS

Introduction

Pre-germinated sudangrass seedlings (Sorghum Vulgare

Var. Piper) were grown in soil slabs for two weeks in a

reach-in growth chamber in the manner described for wheat

by Sedgley and Boersma (1969). The photoperiod was 14

hours long. The day and night temperatures were 26.7 and

23.8°C respectively. After two weeks 60 cells with

uniformly growing plants were selected for each experiment.

The side covers of the soil slabs were removed and cells

were inserted into the cellulose membrane sleeves. The

soils with the membranes were put in distilled water for

1/2 hour before immersing them in a temperature controlled

bath containing polyethylene glycol-8000 dissolved in nu-

trient solution. The osmotic chambers were in a walk-in

room continuously maintained at an air temperature of

23.8°C and a relative humidity of 45 to 50 percent, with

a 14 hour photoperiod. For the measurements of growth

and nutrient concentrations, two cells were taken from

each osmotic solution on days 1, 2, 3, 4, 5 and 6,

after two days of equilibration. Leaf water potentials

were taken at 7:00, 8:00, 9:00, 12:00, 15:00, 21:00 and

24:00 hours on days 3 and 5 in a separate series of

experiments.
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Preparation of Plant Materials

Sudangrass (Sorghum Vulgare Var. Piper) seeds were

placed on moist filter papers in germination trays.

The trays were kept in the dark in a controlled tem-

perature chamber set at the temperature of 23.8°C.

Germinated seeds were planted in soil packed in the

soil slabs referred to above.

Sandy loam soil was taken from the stockpile in the

greenhouse and sieved through a 2.36 mm screen. Soils

were sterilized by heating them at 60°C for one hour,

then cooled to room temperature, wetted with distilled

water and left overnight before heating them again at

60°C for one hour. The soil was uniformly packed in

soil slabs with dimensions of 10 x 30 x 0.8 cm as

described by Sedgley and Boersma (1969), using a vi-

brating device to ensure uniformity of the packing.

After germination of the seeds, seedlings were trans-

planted into the soil slabs with five seedlings per slab.

The soil slabs were then placed in a reach-in growth

chamber with light intensity of 285 peinsteins/m2/sec

at the top of the plants from fluorescent tubes and incan-

descent lamps. The day length was 14 hours with 26.7°C

air temperature. Night temperature was maintained at

23.8°C. The plants were irrigated with distilled water

during the first five days, then the seedlings were watered

with nutrient solution by placing the soil slabs in the

solutions for 1 1/2 hours each day.
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Control of Soil Temperature

The chambers containing the osmotic solutions were

surrounded by a water-jacket, connected to a constant

temperature water reservoir (Fig. 1). Water was pumped

from the reservoir through the jacket and recirculated to

the water reservoir. The temperature of the circulating

water was controlled at the desired treatment level

(Barlow and Boersma, 1976). Measurements were made at

temperatures of 16, 22, 28, 32 and 36°C. These temper-

atures are referred to as "soil temperatures" or "root

temperatures."

Control of Soil Water Potential

A great number of investigators have attempted to grow

plants at specific levels of water stress by putting the

roots in a nutrient solution which contained an osmotic

compound (Mexal et al., 1975). However, there are reports

of toxic effects resulting from the use of PEG as an osmo-

tic compound when in direct contact with the roots. A

significant amount of PEG is absorbed by the plants

(Janes, 1974). Other studies found that PEG reduced P

uptake, transpiration rate (Emmert, 1974; Resnik and

Flowers, 1971) and the oxygen content of nutrient

solutions (Mexal et al., 1975).

Zur (1966) observed that it was not necessary to

place the plant directly into the PEG solution to control

its water potential. He proposed to separate the soil

from the PEG solution with a semi-permeable membrane.
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Figure 1. The growth chamber arrangement showing the water

reservoir, and soil slabs with the sudangrass seedlings

used in this experiment.

Figure la. A side view of the growth chamber arrangement showing the

osmotic solution chambers, and soil slabs with the

sudangrass seedlings used in this experiment.
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The technique used in these experiments for the

control of soil water potential was similar to that pro-

posed by Zur and was used in previous studies of plant

water relations in this laboratory (Sedgley and Boersma,

1969; Young, 1975; Ekasingh, 1982). Cellulose membrane

tubing with a flat width of 11.68 cm was cut in 40.64 cm

lengths. The cellulose membrane tubings were sealed at

the lower end by folding them over several times and

securing the folds with plastic clips to prevent leakage.

Covers from the soil slabs were removed, and the slabs

were carefully slid into the cellulose membrane. The

soil slabs surrounded by the membranes were then immersed

in distilled water for 45 minutes to ensure good contact

between the soil and the membrane. The soil slabs sur-

rounded by the membranes were then immersed in a mixture

of nutrient solution and polyethylene glycol (Carbowax-

8000) of known matric potential. Water and nutrients can

pass freely through the membrane to the plant roots in

the soil. The described arrangement allows adequate gas

exchange between the atmosphere and the soil.

The concentration of PEG at the desired tempera-

ture was estimated using an empirical equation reported

by Michel and Kaufman (1973), and Michel (1983), as

follows:
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s = 0.129[PEG]2T - 14.0[PEG]2 - 0.4[PEG] , (2)

where

1Ps = is the water potential of PEG-8000 solutions (MPa),

T = is the temperature °C, and

[PEG] = is the concentration of PEG-8000 (g/g H20).

The above equation yields the same results as ob-

tained from a curve expressing the relationship between

osmotic potential and concentration of PEG solution

reported by Zur (1961). Concentrations of PEG at soil

water potentials and temperatures used in the experiment

are shown in Appendix Table 1. Water potentials used in

these experiments were -.03, -.06, -.10, -.15 and -.25 MPa.

Each osmotic chamber held three cells (Figures 1 and

la). Twenty chambers were used for each experiment. Four

chambers were used for each of the five osmotic solutions

for a total of 20 chambers. For the measurements, two

cells from each osmotic solution were taken on days 1, 2,

3, 4, 5, and 6, after two days of equilibration in the

osmotic solution. Tingey and Stockwell (1977) reported

that bean plants equilibrated with the nutrient solution

within one to four days.

Nutrient Supply

The composition of the nutrient solution used in

these experiments is shown in Table 1. Nutrients were

made available to the plant roots growing in the soil

slabs by mixing them with the carbowax solution.
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Table 1. Composition of the nutrient solution used for
growing the plants.

Compound Stock solution Final concentration

Macronutrients A/liter mg/liter

K2SO4 68.75 275

MgSO4.7H20 123.75 493

KH
2
PO

4
30.5 122

K2HPO4.3H20 31.00 31

CaSO4.2H20 - -- 1033

CaCl2 56 56

NH003 125 500

Micronutrient s

ZnSO4.7H20 16.75 67

MnS0
4*

4H
2
0 219.0 876

CuSO4, 5H20 0
.+

19.5 78

H
3
BO

3
1.0 .25

Na2Mo04.2H20 0.040 .01

FeEDTA 17 17

CoC1
2*

411
2
0 5 5
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Environment of the Walk-in Growth Chamber

The experiments were done in a walk-in growth chamber

where light, temperature and relative humidity were con-

trolled. The air temperature was 23.8°C, the relative

humidity was 45 to 50 percent, the light intensity, from

fluorescent tubes and incandescent bulbs, was 285

ueinsteins/m2/sec at the top of the plant canopy, with

the day/night cycle of 14/10 hours.

Measurements

Dry Matter Production

Two plant cells were harvested on days 1, 2, 3, 4,

5 and 6 from each of the five levels of soil water po-

tential. This procedure was repeated for each root

temperature. The soil was carefully washed from the

roots using a jet or spray of water aided by hand mani-

pulation. The soil-root slabs from the containers were

placed on a pin-board and sprays of water were used to

separate the soils from the roots.

Determination of Ion Concentration

The determination of ion concentrations was done in

the Plant Analysis Laboratory at the Department of Horti-

culture at Oregon State University, according to standard

procedures.
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Leaf Area

Total leaf area for each sample was obtained immedi-

ately after harvesting, with a leaf area meter (Lambda

Instruments LI-3100).

Transpiration Rate and Leaf Diffusive Resistance

Measurements of transpiration rate and diffusive re-

sistances were made with a steady state porometer (Lambda

Instruments, Model LI-1600). The measurements were taken

at 9:00, 12:00, 15:00 and 21:00 hours on day four since

starting the experiment.

j.eaf Water Potential

The measurements of leaf water potential were made

in a separate series of experiments because they require

destructive sampling. Leaf samples from two cells at each

of the five soil water potentials were taken for the de-

termination of leaf water potentials and leaf osmotic

potentials on days 3 and 5 at 7:00, 8:00, 9:00, 12:00,

15:00, 21:00 and 24:00 hours. Leaf water potentials

were measured using the pressure chamber technique

(Scholander et al., 1964, 1965; Barrs, 1968; Frank and

Harris, 1973). Leaves were cut with a blade, passed

through a rubber stopper and inserted into the body of

the pressure chamber. Pressure was applied slowly and

the top of the chamber was tightened during pressuriza-

tion if a leak developed around the rubber stopper. The
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pressure was slowly increased until sap appeared at the

cut end of the leaf. This pressure is numerically

equal to the water potential of the leaf but with the

opposite sign.

Osmotic Potential

The leaves taken from the pressure chamber following

the leaf water potential determination were inserted into

a piece of tygon tubing and then immediately placed in dry

ice. At the time of measurement the samples were thawed

for at least one hour. The tubing was then squeezed

between two steel rollers, made for this purpose, to mix

the symplastic and apoplastic sap and to squeeze the sap

to the upper end of the tubing. A filter paper disc with

a diameter of 7 mm was used to absorb some of the sap.

The disc was placed in the sample chamber for osmotic

potential measurements. The measurements of osmotic

potential were made with the Wescor Vapor Pressure

Osmometer Model 5100C.

Tissue osmotic potential obtained by the above method

may.not represent the true osmotic potential of the solu-

tion in the cytoplasm and vacuole, because thawing and

squeezing the tissue permits mixing of cell wall water

with the symplastic solutes. Thus the osmotic potential

is increased and a negative turgor pressure may be calcula-

ted as explained by Tyree (1976). Correcting this error is
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possible by obtaining the apoplastic water fraction (B),

and the relative water content of the leaf tissue (RWC).

The correction factor (a ) is calculated from,

a = RWC
RWC-B

(3)

The corrected value of osmotic potential is then obtained

by multiplying the measured value of osmotic potential by

the correction factor.

Leaf Turgor Pressure

The turgor pressure is the algebraic difference

between the water potential measured with the pressure

chamber and the corrected value of osmotic potential,

according to equation (1).

Statistical Design of the Experiment

The split plot design with randomized complete blocks

was used for these experiments. The five levels of soil

water potential were considered as the whole plots or

whole units. Each unit was divided into six subunits

namely soil slabs or time. The five whole units were

randomized within each block with a total of 2 blocks.

The six subunits, soil slabs, were randomized within each

whole unit. The partitioning of the degree of freedom

for a split-plot design in which the whole units are

arranged in randomized complete block is given in Table

2 (Steel and Torrie, 1980).
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Table 2. Partitioning of degrees of freedom for a
split-plot design with randomized complete
blocks.

Source of variation df Mean Square

Whole Plot analysis

Soil water potential (A) (a-1) = 4

Block (r-1) = 1

Error (a) (a-1)(r-1) = 4

Whole unit total ar-1 = 9

MS A

MS R

MS E
a

Split plot analysis

Time (days) B (b-1) = 5 MSB

Time x soil water pot. (a-1)(b-1) = 20 MSAB

Error (b) a(r-1)(b-1) = 25 MSE
b

Subtotal ar(b-1) = 50

Total abr-1 = 59
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RESULTS AND DISCUSSION

Plant Water Potentials

Expected Results

Plant water potentials, at any time of the day, are

determined by the evaporative demand, soil water poten-

tial and soil temperature. The diurnal cycle of 111_,

and IP') follows the diurnal cycle in incoming radiation.

In this experiment all lights were turned on at 8:00

hours and turned off at 22:30 hours. As the light came

on, the rate of irradiation increased and the transpira-

tion rate increased. The increase in transpiration rate

would be expected to result in a rapid decrease in leaf

water potential to maintain a water potential gradient from

the soil to the transpiring leaves. The level of irradia-

tion remained constant during the day time period. Thus

the rate of transpiration and the leaf water potential

could be expected to be at constant levels during the day.

When the lights were turned off, the level of radiation

decreased to zero and the rate of transpiration decreased

to near zero. Leaf water potential was expected to

recover rapidly.
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Two important consequences of decreased leaf water

potential are decreased rates of photosynthesis and

decreased rates of translocation. The rate of photo-

synthesis decreases in part as a result of stomatal

closure, but an equally important reason for the decrease

in rate of photosynthesis may be the reduced rate of

translocation away from the photosynthesizing leaves.

Details of the impact of leaf water potential on rate of

photosynthesis and translocation were discussed by Sung

and Krieg (1979), Geiger (1979), Gifford and Evans (1981),

Cron shave (1981), Woolhouse (1983), and Boyer and Younis

(1983). As a result of decreased translocation rates the

concentrations of solutes in the mesophyll cells increase

and thus the osmotic potential decreases. The decrease

in osmotic potential is expected to occur at a slower

rate than the decrease in leaf water potential. Because

the turgor pressure is the difference between leaf water

potential and osmotic potential, turgor pressure is

expected to decrease rapidly following the onset of the

light period and then reach a constant value once *1 and

4)s have approached constant values. The level of IPT)

depends on the decrease of i's with respect to 1P1 . The

more leaf water potential decreases in comparison with

osmotic potential the lower the turgor pressure will be

in comparison with turgor pressure during the dark period.
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The changes in water potentials that occur with the

onset of the dark period are similar, but of opposite

direction. As soon as irradiation ceases, the evapora-

tive demand ceases and leaf water potential is expected

to recover, that is, to increase in value, very rapidly.

Translocation will continue, possibly even at a more

rapid rate. Thus concentrations of solutes will decrease

and solute potential will increase. This increase is

expected to be at a much slower rate than the increase

in leaf water potential.

The expected changes are shown in Figures 2 and 3.

During the dark period the value of leaf water potential

is constant and determined by the concentrations of the

PEG solutions. When the lights are turned on, the leaf

water potential decreases almost instantaneously, rapidly

at first, then more gradually during the remaining part

of the light period. The slow decrease following the

initial rapid decrease reflects continued response to the

evaporative demand.

The osmotic potentials change in concert with the

changing leaf water potentials but the changes are

brought about by different mechanisms. Leaf water

potentials decrease because the plant system cannot

satisfy the evaporative demand. One consequence of this

change in l is a reduction in the rate of transloca-

tion in the phloem system of the plant. As a result the
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concentration of solutes may be expected to increase

resulting in a decrease in S. The increase in con-

centration of soluble carbohydrates in stressed plant

parts has been discussed by Barlow et al. (1976). The

effects of plant water stress on translocation are

discussed by Nobel (1983).

When the lights are turned off, the begins to

increase, although at a slower rate than *1. Turgor

pressure 11)/3 is determined by equation (1) and changes

accordingly.

Soil Water Potential Effects

Reduction in leaf water potential is expected with

decreasing soil water potential in order to maintain a

water potential gradient from the soil to the transpiring

leaves throughout the day to satisfy the evaporative

demand. The consequences of decreased leaf water

potential with respect to water stress are decreased

rates of photosynthesis and translocation as discussed

earlier which results in a decrease of osmotic potential.

The effects of water stress on turgor pressure will

depend on the relative changes of leaf water potential

and osmotic potential. When the changes of leaf water

potentials and osmotic potentials are of the same magni-

tude resulting from decreasing soil water potentials, we

have complete "osmotic" adjustment. The degree to which

any osmotic adjustment might occur with the sudangrass
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seedlings was not known at the start of the experiment.

Thus treatment effects on turgor pressure were also not

known.

Soil Temperature Effects

Decreasing the soil temperature from an optimum

value of about 30°C is expected to decrease leaf water

potential throughout the light period. The decrease in

leaf water potentials with decreasing soil temperature

might be expected to result from a decrease in the

permeability or conductivity of the root tissue, from

the increase of water viscosity which expresses itself

in a decrease of conductivity of root and shoot tissue,

all contributing to a decrease in the ability of the

plant to take up enough water to satisfy the evaporative

demand.

The increase of soil temperature above the optimum

value of about 30°C may be expected to decrease leaf

water potentials due to changes in metabolic activity

causing a reduction in rate of water uptake by the

roots. The increase in root temperature is expected

to also decrease osmotic potentials due to the reduction

in rates of photosynthesis.

Effects of temperature stress on turgor pressure

depend on the relative changes in *1 and IPs.
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Correction of Osmotic Potential

As mentioned earlier, tissue osmotic potential

obtained by the Vapor Pressure Osmometer does not rep-

resent the true osmotic potential of the cell sap,

because thawing and crushing the tissue permits mixing

of symplast and apoplast water, thus decreasing the

concentration originally present in the symplast.

Correcting this error is possible by obtaining the

apoplastic water fraction with the P-V curve technique.

Wilson et al. (1980) found the apoplastic water fraction

of pasture plants to be 12± 1%. Ekasingh (1982) reported

an apoplastic water content for soybeans grown in a

controlled environment of 9.8 ± 3%. Since P-V curves

were not determined we chose to use 12% as a reasonable

value for the apoplast water fraction of sudangrass

plants grown in a controlled environment. The osmotic

potentials referred to in this report are the corrected

osmotic potentials.

Diurnal Changes of 4)1, 1Ps and 4)13

Plant water potentials can be related by equation 1

relating leaf water potential 11)1 to its components, osmotic

potential and turgor pressure 4)13. The equation clearly

shows the relation between leaf water potential and its

components. The more negative 11)1 is, the more negative 4)s

must be to keep the turgor pressure constant. In order to
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maintain the turgor pressure high at low leaf water po-

tential IP1, the osmotic potential 4is must decrease. The

osmotic potential can be lowered by dehydration, which

increases the solute concentration in the cell, or by

increasing the solute content, either by uptake or internal

production of substances (Hsiao et al., 1976). Some of the

substances that contribute to lowering osmotic potentials

are sugars, amino acids, and K4 and Cl- (Munns et al.,

1979; Jones et al., 1980; Ackerson, 1981).

In this experiment we obtained measurements of the

diurnal cycle of IP 1, 1Ps and 11)/0 at different root tempera-

tures and soil water potentials. The measurements were

made on days three and five since starting the experi-

ment. A total of 45 sets of measurements were obtained.

Selected graphs were chosen from the data set for

discussion in this report.

Figure 2, discussed earlier, shows the diurnal cycle

of 11)1 , IPs and 11)1) at the root temperature of 22°C and the

soil water potential of -0.25 MPa while Figure 3 shows the

diurnal changes of 1P1 , 'Ps and 11)1) at the root temperature

of 32°C and soil water potential of -0.15 MPa.

In Figure 2, leaf water potential was -0.4 MPa just

prior to the start of the light period. Upon turning on

the lights the leaf water potential started to decrease

rapidly to reach -1.15 MPa at 12:00 hours. The change of

the leaf water potential was very small from 12:00 hours
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until the lights were turned off. The lowest leaf water

potential was -1.3 MPa and occurred at the end of the

light period. Leaf water potential increased rapidly

with the start of the dark period and reached -0.6 MPa

at midnight.

Osmotic potential changes diurnally, as does the

leaf water potential. Figure 2 shows that the highest

osmotic potential of -1.10 MPa occurred at the end of the

dark period while the lowest osmotic potential of -1.60

MPa occurred at the end of the light period. The osmotic

potential did not increase as rapidly as the leaf water

potential did after the light was turned off, but lagged

behind around midnight. The lagging behind of Ills

resulted in a rapid increase of the turgor pressure

after the lights were turned off. The increase was

from 0.3 to 0.9 MPa at the root temperature of 22°C and

soil water potential of -0.25 MPa. Turgor pressure

changes diurnally similar to *1 and 1s with the lowest

turgor pressure of 0.3 MPa occurring during the day time

period and highest 11)13 of 0.9 MPa, occurring at midnight.

The turgor pressure decreased rapidly when the lights

came on because of the rapid decrease in q)1.

In Figure 3, maximum leaf water potential of -0.4 MPa

occurred at the end of the dark period and minimum leaf

water potential of -1.2 MPa occurred at the end of the

light period. Maximum and minimum osmotic potentials
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were -1.0 and -1.45 MPa respectively. The diurnal

changes of turgor pressure were similar to those shown

in Figure 2. Turgor pressure was 0.65 MPa at the end of

the dark period, decreased rapidly when the light came on

to 0.3 MPa at 12:00 noon, stayed constant until the end of

the light period, then increased sharply to the maximum

value of 0.85 MPa before dropping back to 0.6 MPa at 7:00

hours.

Figures 2 and 3 clearly show that the diurnal

changes in 11)1, 1's and 111/3 are mainly a response to the

radiation or evaporative demand of the atmosphere

(Reicosky et al., 1975).

The effect of soil water potential on the diurnal

changes of the plant water potentials is shown in Figures

4 and 5 at root temperatures of 28 and 32°C. Figure 4

shows that lowering the soil water potential from -0.03

to -0.25 MPa resulted in a decrease of the leaf water

potential from -.85 to -1.10 MPa at end of light period.

Decreasing the soil water potential from -0.03 to -0.25

MPa lowered the osmotic potential from -1.2 to -1.4 MPa

at end of light period. The changes in leaf water poten-

tial and osmotic potential with decreasing soil water

potential occurred simultaneously, albeit with some

lag, resulting in partial maintenance of turgor pressure

during the light period. The turgor pressure was about
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0.3 MPa during the day and about 0.7 MPa during the

night at 28°C and 0.7 MPa at 32°C.

Figure 5 shows the diurnal cycle of 4)1, 1Ps and 11)13

at root temperature of 32°C and soil water potentials

of -0.03, -0.10, and -0.15 MPa. Lowering the soil water

potential from -0.03 to -.15 MPa decreased leaf water

potential from -.85 to -1.10 MPa and osmotic potential

from -1.2 to -1.45 MPa respectively, at end of the light

period. The changes of 1P1 and Ps with decreasing soil

water potential from -.03 to -.15 MPa, resulted in

maintenance of a constant turgor pressure during the day

period. Minimum turgor pressure was about .3 MPa during

the day while the maximum was about .8 MPa at midnight.

The effect of root temperature on the diurnal cycle

of water potentials is shown in Figures 6 and 7 for soil

water potentials of -0.25 and -.15 MPa respectively.

Increasing or decreasing the root temperature from the

root temperature of 28°C resulted in decreases of leaf

water potentials and osmotic potentials. At the soil

water potential of -.25 MPa, minimum leaf water potential

of -1.45 MPa occurred with the root temperature of 16°C.

Minimum osmotic potential of -1.80 MPa occurred with the

root temperature of 16°C. Figure 7 shows that the

lowest values of leaf water potential and osmotic poten-

tials occurred at the root temperature of 16°C at the

soil water potential of -.15 MPa. Turgor pressure was
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about .3 MPa during the day and about .7 MPa during the

night.

Figures 6 and 7 show the diurnal changes in 4'1, 'Ps

and 1Pp are in response to the change in the rate of in-

coming energy, at root temperatures of 16°C, 28°C, 32°C

and 36°C. The changes in potentials occurred because

the roots were not able to take up sufficient water to

supply the evaporative demand. The decrease can be due

to an increase in the viscosity of water due to the

lowering of root temperature and other biological

changes. The decrease in potentials at high root

temperatures may be the result of changes in metabolic

activity. The changes of leaf water potential and

osmotic potential resulted in maintenance of a constant

turgor pressure during the light period. The turgor

pressure was higher during the night than during the day

by about 0.4 MPa.

Discussion of Osmotic Adjustment

Much has been written recently about the ability of

plants to maintain turgor pressure while the leaf water

potential is decreasing by simultaneously lowering

osmotic potential. Turner and Jones (1980) defined

"osmotic adjustment" as the lowering of osmotic poten-

tial arising from the net accumulation of solutes in

response to water deficits or salinity. Other terms

that have been used to describe similar phenomena in
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lower plants and microorganisms are "osmoregulation" and

"turgor regulation." Proper terminology for these pheno-

mena was discussed by Reed (1984) in a paper with the

title "Use and abuse of osmo-terminology."

Osmotic adjustment in response to decreasing water

potential resulting from rapid rates of transpiration can

give rise to partial or full maintenance of turgor

pressure. The principle of osmotic adjustment is demon-

strated in Figure 8, where turgor pressure is plotted as

a function of leaf water potential. The line labeled "a"

describes conditions of full turgor maintenance. With

decreasing water potential, turgor pressure is maintained

at its initial level. This can only occur if osmotic

potential decreases by an amount equal to the decrease in

Line d, that follows a 45° angle, describes the con-

dition where turgor pressure and leaf water potential

decrease in equal increments. This condition occurs when

cells maintain a constant internal osmotic potential. As

water deficits increase, the concentration of solutes in

the cell must decrease to allow for the decreasing cell

volume. The line above c describes the condition of "no

osmotic adjustment." In this case the concentration of

solutes increases a small amount as cells lose water due

to the increasing water deficit. Any line between a and

c describes a condition of "partial" osmotic adjustment

or "partial" turgor maintenance. The closer line b is
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to line a, the closer the plant is to full turgor main-

tenance.

The system used in our experiments is a dynamic one.

Thus, we do not expect responses as schematically demon-

strated in Figure 8. The expected response is shown in

Figure 9. Assume the turgor pressure and leaf water

potential just before the onset of the light period to be

at point A. As soon as the lights are turned on, the

leaf water potential is expected to decrease. This

change has been described earlier and is shown in Figure

2. This diagram shows plots of turgor pressure as a

function of leaf water potentials. Points labeled 1

through 7 in Figures 9 and 10 are the measurements taken

at 7:00, 8:00, 9:00, 12:00, 15:00, 21:00, and 24:00

hours. These measurements were made three days after

exposure to the experimental conditions. If there is no

osmotic adjustment and no change in cell volume, the

turgor pressure is expected to decrease by an equal

amount, that is, the loci for points showing the turgor

potential as a function of leaf water potential would

follow a line with a 45° angle, shown in Figure 9.

For the treatment combinations shown in Figure 9 this

response was indeed observed for several hours after

the onset of lights. The 45° line was initially followed

for nearly all treatments. However, starting at about

9:00 hours (point 3) the loci follow a different course.
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Figure 10. Leaf water potential as a function of osmotic potential

at 7:00, 8:00, 9:00, 12:00, 15:00, 21:00, and 24:00 hours
on the third day of the experiment at root temperatures

of 16, 25, and 32°C.



54

After 9:00 hours changes in osmotic potential occur at a

more rapid rate than changes in 1P1 , and as a result the

turgor pressure begins to increase somewhat even though

the leaf water potential is still decreasing. Then, as

soon as the lights are turned off at 22:30 hours, leaf

water potential increases rapidly. This recovery (points

6 to 7) follows the 45° line, indicating that this change

initially occurs without much change in the osmotic poten-

tial. The turgor pressure, after several hours of dark-

ness, exceeds the turgor pressure that was measured in the

early morning hours as indicated by measurements at 24:00

hours (point 7). During the night the turgor pressure

then slowly decreases as the increases as a result

of transport of solutes from the leaf to sinks in the

plant. Thus, the trajectory of the relationship between

turgor potential and leaf water potential follows an

elliptical pattern lying at an angle of 45°, in the

quadrant bounded by the two variables.

The conditions of the experiment differ from

field conditions in that the evaporative demand was

imposed instantaneously. Thus, little opportunity

existed for immediate osmotic adjustment. The con-

clusion would be that initially little osmotic

adjustment occurred (see 45° line, Fig. 9). However,

once the leaf water potential approached a constant

value after about 2 to 3 hours of light, the cells had
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an opportunity to accumulate solutes and the osmotic

potential decreased at a more rapid rate than the leaf

water potential, resulting in increased turgor poten-

tial (points 3, 4, 5, and 6). The experiment, because

of its dynamic nature, does not provide an opportunity

to derive conclusions regarding the potential for osmotic

adjustment under field conditions. The experiment

points out that osmotic adjustment cannot be evaluated

as a constant property of plants. Osmotic adjustment

in itself is dynamic, and the degree of osmotic adjust-

ment depends on the rate at which water stress is

imposed on the plant. It is possible that under field

conditions measurements would have found a relationship

between turgor potential and leaf water potential

described by a single line and the conclusion would

have been that sudangrass exhibits partial turgor

maintenance.

The general characteristics of the relationships

between turgor potential and leaf water potential are

the same for all treatment combinations. Several

specific differences are present, however. When com-

paring the treatments at the soil water potentials of

-0.03 and -0.06 MPa with those at -0.15 and -0.25 MPa, it

is noted that the early morning turgor pressure is from

0.1 to 0.2 MPa higher at the lower root water potentials,

while at the same time leaf water potentials are generally
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lower at this time. We attribute this difference to a

difference in the solute concentrations in the leaf cells.

Under the more stressed conditions translocation is re-

tricted so that at equilibrium conditions the cells have

a higher concentration of osmotic solutes. This lower

11Js results in a higher

Under stress conditions (-0.15 and -0.25 MPa) during

the light period, the turgor pressure reaches a lower

value than it does under nonstress conditions (-0.03 and

-0.06 MPa). The difference is about 0.05 MPa. Under

stressed conditions the trajectory described by the loci

for the combinations of turgor and leaf water potential

encompasses a large area. The leaf water potential

reaches substantially lower values under stressed con-

ditions than it does under nonstressed conditions.

Generally the recovery in turgor potential during osmotic

adjustment is larger under stressed conditions than it is

under nonstressed conditions.

For a long time it has been assumed that growth

is in part controlled by turgor pressure. This con-

clusion is based on the correlations that are generally

found between growth rate and turgor pressure. Recently

this causative relationship has been increasingly called

into question.

The dynamic nature of response of osmotic adjustment

is further emphasized in Figure 10, where osmotic poten-



57

tial is shown as a function of leaf water potential. For

complete osmotic adjustment this relationship should

follow a line on a 45° angle. This is not the course

followed during any part of the light period except for

a few hours after the lights have been on for several

hours. During the middle of the light period there is a

period during which osmotic potential changes while leaf

water potential remains constant. A rapid decrease in

leaf water potential occurs when lights are turned off

while the decrease in osmotic potential is much slower.

Finally, we show in a set of figures (Fig. 11) the

relationship between osmotic potential and leaf water

potential measured at 7:00, 8:00, 9:00, 12:00, 15:00,

21:00, and 24:00 hours. At each instant in time the

relationship between these two variables follows a

45° line except at 7:00, 8:00, and 24:00 hours, when

lights have been off for several hours. The osmotic

potentials in the leaves decreased linearly relative

to leaf water potentials with a slope of about 1MPa/MPa

as shown in Figure 11 at 9:00, 12:00, 15:00, and 21:00

hours. This relationship is often reported in the

literature. The difference between 11)1 and 11's was

0.40, 0.33, 0.33, and 0.34 MPa at 9:00, 12:00, 15:00,

and 21:00, indicating the value of 11)p at those hours.

The high correlation coefficients suggest the same turgor

pressure of 0.33 MPa for all treatment combinations at
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these times. At 9:00 hours the osmotic pressure was still

lagging behind leaf water potential and turgor pressure

was decreasing to the constant value of 0.33 MPa.

At 8:00 hours the difference ( - 'Vs) was a

function of 11)1 as follows: for Vi = -0.40 MPa,

*p = 0.47 MPa, for IP' = -0.50 MPa, 11)/) = 0.54 MPa, and

for i = -0.60, *p = 0.61 MPa. At this time the turgor

pressure increases linearly with 1P1 according to the

equation

*p = 0.19 - 0.72 11)1.

The increasing turgor pressure with decreasing leaf water

potential is a reflection of lack of osmotic adjustment

at 8:00. The lights have been on for 15 minutes, the

leaf water potential is decreasing rapidly, but osmotic

potential still remains at original levels. The osmotic

adjustment occurs over a period of time and is reflected

in the increase in the slope of the relationship 4's vs *1

shown in Figure 10.

Leaf Water Potential

Lowering soil water potential from -0.03 to -.25 MPa

resulted in a decrease of the leaf water potential at the

root temperatures of the experiment (Appendix Tables 2 and

3). Leaf water potentials measured at 21:00 hours, that

is, near the end of the light period, were plotted as

functions of soil water potentials for different root

temperatures (Figure 12). The figure shows that the
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decrease in soil water potential from -0.03 to -.25 MPa

resulted in a decrease of leaf water potential from -.80

to -1.10 MPa at the root temperature of 28°C and a

decrease of leaf water potential from -1.05 to -1.55 MPa

at the root temperature of 36°C. Similar results were

reported by Ekasingh (1982) for soybean seedlings.

Figure 13 shows the leaf water potential measured at

the end of the light period (21:00 hours) as a function

of root temperature at soil water potentials of -.10 and

-.25 MPa. Leaf water potential increased with increasing

soil temperature to a maximum value at 28°C, then

decreased as soil temperature further increased at both

soil water potentials. The figure shows that at the soil

water potential of -.10 MPa, the leaf water potential was

-1.2 MPa at 15°C then increased with increasing root

temperature to a maximum of -0.94 MPa at 28°C, and

decreased with increasing temperature to -1.2 MPa at the

root temperature of 35°C. At the soil water potential

of -.25 MPa, leaf water potential was -1.5 MPa at the

root temperature of 15 °C then increased sharply with

increasing root temperature to a maximum of -1.06 MPa at

28°C then decreased to -1.5 MPa at the root temperature

of 35°C. The decrease in the leaf water potential was

not a consequence of the decrease in the water potential

of polyethylene glycol (PEG-8000) solution due to the

lower temperature of the PEG solution. Temperature effects
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Figure 12. Leaf water potential as a function of soil water

potential at soil temperatures of 16, 22, 28, 32, and

36°C.
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for soil water potentials of -.10 and -.25 MPa.
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on the potential of the PEG solution were accounted for

in the preparation of the solution using equation (2)

(Michel, 1983). The decrease in leaf water potential at

low root temperature may be attributed to the decrease in

water uptake due to increase in the viscosity of water and

biological changes (Babolalo et al., 1968; Dalton and

Gardner, 1978) at extreme temperatures. The decrease in

leaf water potential at high temperature may be attributed

to changes in metabolic activity. This observation agrees

with reports that show that water-stressed plants at

high or low root temperature have lower leaf water poten-

tials than the same plants at optimum root temperature

(Watt, 1972; Kirkham and Ahring, 1978). Watt (1972)

observed that root temperatures of 20, 30, and 35°C

lowered leaf water potential of corn (Zea mays L.) com-

pared to similar plants with a root temperature of 25°C.

Osmotic Potential 'I's

Osmotic potentials 11's measured at the end of the

light period (21:00 hours) were plotted as functions of

soil water potential at the root temperatures of the

experiment (Figure 14). The figure shows that the

decrease in soil water potential from -.03 to -.25 MPa

resulted in a decrease of osmotic potential from -1.15

to -1.38 MPa at the root temperature of 28°C and a

decrease from -1.3 to -1.9 MPa at the root temperature

of 36°C.
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Figure 14. Osmotic potential as a function of soil water potential

at soil temperatures of 16, 22, 28, 32, and 36°C.
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The effect of root temperature on the osmotic poten-

tial is shown in Figure 15. The figure shows that osmotic

potential increased with the increase in root temperature

to a maximum value at 28°C, then decreased as the root

temperature further increased. At the soil water poten-

tial of -.10 MPa, the osmotic potential was -1.5 MPa at

15°C then increased to a maximum of -1.2 MPa at 28°C

and dropped back to -1.5 MPa at the root temperature of

25°C. These observations agree with results reported

by Kirkham and Ahring (1978) who showed water and osmotic

potentials to be highest (least negative) at the root

temperature of 24.7°C for wheat. The results suggest

that solute concentration in the leaf tissue increased by

accumulation of more osmotically active solutes (Hsiao,

1973).

Turgor Pressure 4,p

Figures 4 through 7 show that the changes of 41

and Ps with changing root temperature and soil water

potential resulted in maintenance of a constant turgor

pressure during the light period. Thus, soil water

potential and root temperature had no effect on turgor

pressure during the period with evaporative demand.

This agrees with results reported by Watt (1972) showing

that turgor pressure did not change with changes in root

temperature from 20 to 40°C on corn (Zea mans L.).
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Figure 15. Osmotic potential as a function of root temperature at

soil water potentials of -.10 and -.25 MPa.
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Analysis of variance was done to evaluate the effects

of soil water potential and root temperature on 11'1,

and 'gyp . There was a significant effect of root temper-

ature and soil water potential on leaf water potential

and osmotic potential measured at 21:00 hours as suggested

by the analysis of variance (Tables 3 and 4). The effect

of soil water potential on turgor pressure was not sig-

nificant as shown in Table 5. This suggests again the

consequences of osmotic adjustment on turgor pressure.
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Table 3. ANOVA for effects of soil water potential
and root temperature on leaf water
potential of sudangrass seedlings.

Source of Variation df Mean Square

Total 24

Temperature 4 .8393 x 10-1 11.66**

Soil water potential 4 .1640 22.78**

Error 16 .7198 x 10-2

Standard error of means = .0379

**Significance at 1%
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Table 4. ANOVA for effects of soil water potential and
root temperature on osmotic potential of
sudangrass seedlings.

Source of Variation df Mean Square

Total 24

Temperature 4 .6626 x 10-1 11.09**

Soil water potential 4 .1240x 20.77**

Error 16 .5971 x 10-2

Standard error of means = .034

**Significance at 1%
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Table 5. ANOVA for effects of soil water potential and
root temperature on turgor pressure of
sudangrass seedlings.

Source of Variation df Mean Square F

Total 24

Temperature 4 .2123 x 10-1 4.968**

Soil water potential 4 .4396 x 10-1 1.028

Error 16 .4273 x 10-2

Standard error of means = .029

**Significance at 1%
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Rate of Growth

The growth rate of seedlings is often exponential, as

reported by Moorby and Graves (1980) for tomato. The

growth rate of the plants increases exponentially when

each new growth increment of the plants effectively con-

tributes to subsequent growth. Young (1975) showed the

derivation of the growth equation for sudangrass seed-

lings, where the rate of the growth dY, as a function of

time, t, may be stated as

or

dY
,71t = by ,

dY
=bdt

and by integration

lnY

fYt t

= bti + C .

Y
a 0

(4)

(5)

(6)

At time t = 0, Y = a, and at time t = t, Y = Yt so that

where

aebtY
t

(7)

Yt = dry weight (mg) or leaf area (cm2) on day t

a = initial dry weight or leaf area (mg or cm2)

b = growth rate (day -1)

t = time (days).
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Because of the difficulty to obtain the same initial

dry weight for each run, the growth rate (b) was calcula-

ted by the following procedure

On day(t) Y
(t

) = aebt

On day (t+5) Y = ae
b(t+5)

The relative growth rate is then defined by:

(8)

( 9)

Y
(t+5) -

y
(t) ae b(t+5) - ae bt

(10)
Y
t ae

bt

Y
(t+5)

- y
(t) e

5b
. e

bt
- e

bt

Y
t e

bt

(t+5)
- Y

(t)

Y
t

e5b - 1 . (11)

When t = 1, the first day of the measurement,

then Y(6)(6) Y(1)
= e

5b (12)

Y
6
-y

1
ln( + 1)

Y
1and thus b = (13)

5

is the relative growth between day one and day six of

the measurements.
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Rate of Growth of Shoot and Leaf Area

The growth rates of shoot dry weight and leaf area

were calculated according to equation 13 and are shown

in Tables 6 and 6a. Tables 6 and 6a show that the growth

rate decreased with decrease in soil water potential

from -.03 to -.25 MPa at the root temperatures of the

the experiment. At the root temperature of 32°C, the

relative growth rates were .243, .220, .218, .205, and

0.140 day-1 at soil water potentials of -.03, -.06,

-.10, -.15, and -.25 MPa respectively. A statistical

analysis was done to evaluate the effects of soil water

potential and root temperature on the relative growth

rate of shoots as shown in Table 7. The analysis shows

significant effects of soil water potential and soil

temperature at the one percent level. The mean values

of the relative growth rates in Table 6 at the soil

temperatures and water potentials of the experiment,

show little difference between root temperatures of 22,

28 and 32°C but significant differences at the root

temperatures of 16 and 36°C. Differences in soil water

potentials were large at -.03 and -0.25 MPa, but small at

soil water potentials of -.06, -.10 and -.15 MPa. The

reduction in growth rate may be the result of decreasing

the rate of water uptake with decreasing soil water poten-

tial. The effect of soil water potential on the increase

in shoot dry weight and leaf area is shown in Figure 16

and 17 respectively at the root temperature of 32°C.
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Table 6. Rates of increase in shoot dry
calculated with equation (13)
data.

weight as
from experimental

Temperature °C

Water
Poten-
tial

16 22 28 32 36 Mean

MPa day-1

-0.03 .145 .210 .233 .243 .221 .210

-0.06 .155 .172 .220 .220 .200 .193

-0.10 .150 .182 .193 .218 .156 .179

-0.15 .130 .156 .166 .205 .170 .165

-0.25 .128 .132 .136 .140 .112 .129

Mean .142 .170 .189 .205 .172

LSD.05 = .023
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Table 6a. Rates of increase in leaf area as calculated
with equation (13) from experimental data.

Temperature °C

Water
Poten- 16 22 28 32 36 Mean
tial

MPA day-1

-0.03 0.100 0.147 0.197 0.208 0.246 .180

-0.06 0.057 0.082 0.148 0.156 0.146 .118

-0.10 0.023 0.141 0.160 0.147 0.107 .115

-0.15 0.068 0.132 0.130 0.122 0.135 .121

-0.25 0.024 0.117 0.047 0.073 0.077 .068

Mean 0.054 0.127 0.136 0.141 0.142

LSD.05 = .04
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Table 7. ANOVA for effects of soil water potential and
root temperature on shoot growth rate. Also
shown are values of standard error (S.E.) of
the treatment means.

Growth Source of
Variation

df Mean
Square

F Remarks

Dry weight Total 24

Water
Potential 4 .471E-02 16.6 **

Temperature 4 .283E-02 10.0 **

Error 16 .283E-03 S.E.=.007

Leaf Area Total 24

Water
Potential 4 .7904E-02 8.8 **

Temperature 4 .6968E-02 7.58 **

Error 16 .8981E-03 S.E =.013

** Significance at 1% level
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Reasons for the decrease in the rate of growth of

the growing tissue due to the water stress are well

documented (Boyer, 1970; Kirkham et al., 1972; McCree

and Davis, 1974; Hsiao et al., 1976; Barlow et al., 1977;

Kramer, 1983). These authors discuss the effect of soil

water potential on the growth and the manner in which the

growth rate may be changed.

The reduction in growth rate with decreasing soil

water potential illustrates the effectiveness of the

osmotic solution semipermeable-membrane method in con-

trolling water potential of the root environment.

A statistical analysis was done to evaluate the

effect of soil water potential on the growth rate of dry

weight of shoots and leaf area at the root temperature of

32°C. There was a significant effect of soil water

potential on these parameters as shown in Tables 8 and 9.

Figure 18 shows growth rate as a function of tem-

perature at the soil water potentials of the experiment.

These growth rates were scattered in the figure because

of the limited replications of the experiment. As men-

tioned earlier in the literature review, growth rate as a

function of root temperature can be represented by a bell-

shaped curve. The curves of the growth rate as a function

of temperature for the soil water potentials of the experi-

ment were drawn using the eye best fit of the data taking

into consideration that the soil water potential curves

should not cross each other, as shown in Figure 18a.
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Table 8. ANOVA for effects of soil water potential on
dry weight of shoots of sundangrass seedlings
at the root temperature of 32°C.

Source of Variation df Mean Square

Whole plot variance

Soil water potential 4 .6899 x 10-1 25.04**

Blocks 1 .153 x 10-3

Error 4 .2755 x 10-2

Split plot variance

Time (days) 5 .293 36.19**

Time x soil water
potential

20 .897 x 10-2 1.10

Error 25 .809 x 10-2

Total 59

**Significance at 1%
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Table 9. ANOVA for effects of soil water potential
on leaf area of sudangrass seedlings at
the root temperature of 32°C.

Source of Variation df Mean Square F

))hole plot variance

Soil water potential 4 9724 315.9**

Blocks 1 12

Error 4 30.78

Solit plot variance

Time (days) 5 9660 21.94**

Time x soil water
potential

20 746.6 1.69

Error 25 440.1

Total 59

** Significance at 1%
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The figure shows that the growth rate of sudangrass

seedlings increases with temperature to an optimum rate

at the root temperature of 32°C. The growth rate of

shoots decreases as root temperature further increases

at the soil water potentials of the experiment. For

example, at the soil water potential of -.06 MPa, rela-

tive growth rate increases from .15 day-1 at the root

temperature of 15°C to .225 day-1 at the optimum root

temperature of 32°C then decreases to .20 day-1 as the

root temperature increases to 36°C.

These results agree with the results reported by

Cooper (1973), Sutcliffe (1977), and Fitter and Hay (1981).

This asymmetric response of plant growth to the tem-

perature arises in two ways as explained by Fitter and

Hay (1981). First, as the temperature of plant cells

rises, the velocity of movement of reacting molecules and

enzymes increases, leading to more rapid reaction rates.

Second, as temperature rises further, the activity of the

enzyme decreases, thus reducing the reaction rate. In

the optimum range, temperature changes have little effect

on the process because the two antagonistic effects are

balanced. However, in our experiment, leaf temperature

remained nearly constant for the soil temperatures of the

experiment (data not given). Thus the temperature and

water stress affect the growth by affecting the parameters

which contribute to growth as reviewed by Hsiao (1973).
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The high temperature causes high rates of respiration

(Luxmoore and Stolzy, 1972). High respiration rates

cause an increase in carbon dioxide concentration in

the soil and rapid consumption of oxygen. As a result

root activity and root growth may be depressed. The

net photosynthesis response to root temperature is broadly

similar to that of overall growth (Fitter and Hay, 1981).

Figure 18 shows that the optimum temperature of

sudangrass seedlings occurred at a root temperature of

32°C which agrees with the results reported by Young

(1975).

The relationship between leaf area and dry weight is

shown in Figure 19 for different soil water potentials at

the temperature of 32°C, and in Figures 20, 21, and 22

at all temperatures for soil water potentials of (-0.03

and -0.06), (-0.10), and (-0.15 and -0.25) respectively.

In Figure 19 we combined the values at soil water poten-

tials of -0.03 and -0.06 MPa because we could not find a

significant difference between them when we used the

regression to obtain the best fit for these values. The

same procedure was used for soil water potentials of -.15

and -.25 MPa. Similar results were obtained for all the

root temperatures of the experiment (Figures 20, 21, and

22). The ratio of dry weight per unit leaf area as

indicated by the reciporocal of the slope of the graphs

Figures 19, 20, 21, and 22 are in Table 10.
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Figure 19. The leaf area of sudangrass seedlings in cm2 as a

function of shoot dry weight in mg at soil water

potentials of (-.03, -.06) and (-.15, -.25) MPa and the

root temperature of 32°C.
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Figure 20. The leaf area of sudangrass in cm2 as a function of shoot

dry weight in mg at soil water potentials of -.03 and

-.06 MPa and the root temperature of the experiment.
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Figure 21. The leaf area of sudangrass in cm2 as a function of shoot

dry weight in mg at soil water potentials of -.10 and the

root temperature of the experiment.
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Figure 22. The leaf area of sudangrass in cm2 as a function of shoot

dry weight in mg at soil water potentials of -.15 and

-.25 MPa and the root temperature of the experiment.
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Table 10. Leaf dry matter density in mg/cm2 as a
function of soil water potentials and root
temperatures.

Soil Soil /ater Potential (MPa)
Temperature

-.03 and -.06 -.10 -.15 and -.25

o
C mg/cm2

16 5.00 5.88 7.14

22 4.55 5.41 6.80

28 4.35 5.13 6.25

32 4.35 5.00 6.25

36 4.41 5.26 6.58
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Table 10 indicates that the leaf area per unit leaf

mass increased with decreasing soil water potentials of

the experiment. The increase in mass per unit area when

plotted as a function of water potential was nearly

linear, as shown in Figure 23. Highest densities for a

given soil water potential were at the temperature of

16°C, followed by 22°C, 36°C, 28°C, and 32°C. Little

difference was seen between the temperatures of 28°C and

32°C.

McCree (1974) reported progressive increase in the

dry weight of lamina per unit leaf area of sorghum of

3.3, 3.4, and 4.0 mg/cm2 with respect to drier treat-

ments. Cutler et al. (1977b) found the dry weight of

the leaf per unit area increased from 3.3 mg/cm2 to

4.5 mg/cm2 for the wet and dry treatments of cotton

respectively. Simmelsgaard (1976) found the dry weight

per unit leaf area of 30 days old wheat to be 8.0 mg/cm2

and 9.3 mg/cm2 for the control and dry treatments

respectively.

Figure 23 shows that as soil water potential decrea-

ses the leaf dry matter density (mg/cm 2
) increases. This

indicates an increase of dry weight per unit leaf area

with the decrease in soil water potential. The increase

of dry weight per unit area for drier treatments may be

the result of an increase in the total mass of cells, as

could occur with smaller cells and thicker cell walls.
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Figure 23. Leaf dry matter density in mg/cm2 as a function of soil

water potentials.
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McCree and Davis (1974) concluded that the increase of dry

weight with the decrease in soil water potential could

have been due to an increase in either the number of cells

per unit area or the mass per cell.

Rate of Root Growth

The rates of root growth (dry weight) were calculated

according to equation 13 (Table 11). Results are plotted

as a function of temperature at soil water potentials of

the experiment (Figure 24). The figure shows that the

growth rate of sudangrass roots increases with temperature

to an optimum rate at the root temperature of 32 o C at the

soil water potentials of -.03, -.06, -.10, and -.15 MPa.

The growth rate of roots decreases as root temperature

further increases at those soil water potentials. A sta-

tistical analysis was done to evaluate the effects of soil

water potential and root temperature on growth rate of

roots as shown in Table 11a. The analysis shows signifi-

cant effects of soil water potential and root temperature

at the one percent level.

Discussion of Water Potential Effects on Rate of Shoot
Growth

Until recently it has generally been assumed that

the rate of growth is at least in part controlled by

turgor pressure. The relationship between turgor pres-

sure and growth has been described in numerous papers.

Expansion of leaf cells is primarily responsible for
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Table 11.- Rates of increase in root dry weight as
calculated with
mental data.

equation (13) from experi-

Water
Poten-
tial

Temperature ct

16 22 28 32 36 Mean

MPA day-1

-0.03 .190 .210 .220 .235 .220 .215

-0.06 .185 .201 .216 .228 .210 .208

-0.10 .190 .203 .207 .206 .194 .200

-0.15 .182 .185 .196 .194 .181 .187

-0.25 .180 .189 .189 .188 .182 .186

Mean .185 .197 .205 .210 .197

LSD.05 = .029

Table 11a. ANOVA for effects of soil water potential
and root temperature on root growth rate.

Source of Variation df Mean Square F Remarks

Total

Water potential

Temperature

Error

24

4 .717E-03 13.5

4 .325E-03 6.14

16 .529E-04

* *

* *

S.E.=.010

** Significance at 1% level
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enlargement of the leaf surfaces. Leaf water potential

was positively correlated with the rate of leaf elonga-

tion. This influence is assumed to be exerted through

the effect of leaf water potential on turgor potential,

which is the mechanical driving force for extending the

cell wall. Turgor potential also affects protein and

cell wall synthesis (Cleland, 1971). Plant leaves did

not grow unless the total leaf water potentials were

higher than -.35 and -1.2 MPa for sunflower (Helianthus

annuus L.) and soybean (Glycine AAA (L.) Merr.),

respectively (Boyer, 1968, 1970). Similar results were

reported by Sivakumar and Shaw (1978) for soybeans. Corn

(Zea mays L.) leaves ceased elongation at a leaf water

potential of -.70 MPa (Acevedo et al., 1971). On the

other hand, in another study, using a different experi-

mental technique, corn leaves continued to elongate at

water potentials as low as -.9 MPa (Barlow et al., 1976).

The leaf elongation of Lolium temulentum L. ceased when

leaf water potential decreased to about -2.5 MPa (Wardlaw,

1969).

In order for cell expansion to occur, work must be

done for which a force is required. Lockhart (1965a, I))

analyzed cell enlargement in terms of the rheology of the

cell wall and cell water uptake. He presented an equation

expressing the rate of cell growth as being proportional

to turgor potential, 1Pp above a threshold level, 1Ppo
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The relationship proposed by him can be stated as

Growth rate = Eg ( - 4)130) /

where Eg is defined as the gross extensibility of the

cell wall. In the evaluation of this relationship it

must be recognized that I) is determined by the ability

of the plant to absorb water. Threshold turgor poten-

tials of .35, .2, .06, and .03 MPa were required for

rapid cell extension of the Avena coleoptile (Cleland,

1967), Nitella (Green, 1968; Green et al., 1971),

Sorghum bicolor (L.) Moench (Hsiao et al., 1976), and

corn (Barlow et al., 1977), respectively. The effect

of turgor potential on cell enlargement has been attri-

buted to increased protein and cell wall synthesis at

higher potentials (Ordin, 1960; Hsiao, 1970).

Only recently has the causative relationship between

turgor pressure and rate of growth been called into ques-

tion. Because of this ongoing evaluation of the effect

of turgor pressure on rate of growth we evaluated several

aspects of this relationship. Figure 25 shows the rela-

tionship between rate of shoot growth and turgor pressure.

The linear relationship between turgor pressure and growth

rate that is generally assumed in some of the past studies

was not found in this experiment. The growth rate varied

widely at the same turgor pressure. This suggests that

the growth rate is not determined by turgor pressure.
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Figure 25. Shoot growth rate (bs) as a function of turgor pressure
at the root temperature of the experiment.
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Figures 26 and 27 show the relationship between rate of

shoot growth and leaf water potential and rate of shoot

growth and osmotic potential, respectively. The linear

relationships that are generally reported were also found

in this study. The diagrams show the correlation equa-

tions. Separate correlations were performed for tempera-

tures of 16°C, 28°C, 36°C, and the combination of 22 and

32°C. Correlation coefficients ranged from a low of .75

to a high of .97. The relationship had the lowest slope

at the temperature of 16°C. For each unit decrease in

potential the rate of growth decreased less than it did at

higher temperatures. The steepest slope occurred at the

temperature of 28°C. The significance of these differ-

ences in slopes is not clear. We cannot cite a specific

reason for the finding that small decreases in leaf water

potential produce a large decrease in the rate of growth

at the temperature of 28°C. It may be assumed that the

relationship between shoot growth and leaf water poten-

tial at temperatures that deviate substantially from the

optimum temperature is perturbed by processes which are

temperature-dependent.

In the hope of finding a single relationship that

might describe the relationship between growth rates and

water potentials, we plotted the rate of shoot growth as

a function of the change in leaf water potential and

osmotic potential during the daylight period (Figures
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28 and 29). The potential differences plotted in these

diagrams are the differences in the measurements obtained

at 7:00 hours and 21:00 hours, the measurements shortly

before turning on the lights and turning off the lights.

The plot of L1P1 did not provide further insights into the

effects of water potential on rate of shoot growth. The

results were similar to those found for the relationships

between rate of growth and water potential. The lowest

slope, that is the smallest change in rate of growth per

unit change in difference in potential again occurred at

16°C, and the steepest slope, that is the largest change

in rate of growth per unit change in water potential dif-

ference, again occurred at the temperature of 28°C. The

very large change in rate of growth per unit change in A*1

at 28°C is noteworthy. It shows a great sensitivity to

the processes controlled by water potential.

The relationship between rate of shoot growth and

daily change in solute potential showed the unifying

trend that had been sought. The results obtained for

the 25 treatment combinations seem to follow a single

relationship. This relationship is curvilinear with a

very rapid decrease in growth rate for very small changes

in solute potential, followed by increasingly smaller

decreases in growth rate with changes in solute potential

as these daily changes become larger. If we accept the

hypothesis that the change in solute potential during a
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daily growth cycle is a measure of the perturbation of

the rate of the translocation processes, then the result

shown in Figure 29 is not surprising. Recall that

decreases in solute potential occur as a result of

increases in solute concentrations during the day. These

increases reflect changes in the rate processes involved

in translocation. Thus, a large increase suggests a sub-

stantial reduction in rate of translocation. For optimum

conditions, that is, at optimum temperature and high soil

water potential, growth processes occur at maximum rate.

A small perturbation in this condition will result in a

substantial decrease in rate of translocation and, there-

fore, rate of growth. When conditions are less than

optimum for the plant, a concomitant change in solute

potential during the daily cycle is of lesser consequence

than it is in comparison with conditions at optimum value.

The results available from this experiment are not

sufficient to resolve the question of how water potential

may affect rate of shoot growth. However, certain in-

sights are offered. The key to understanding water

potential effects on rate of growth lies in understanding

the consequences of decreased solute potential during the

daily growth cycle.

Rate of Transpiration

Water movement in the soil-plant-atmosphere continuum

is governed by the differences in the water potential
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between the soil and the leaf and the sum of the resis-

tances to water movement through the system. This

relationship is expressed by

J

where

)

T
R

(15)

V = is the transpiration flux (g/cm 2 -sec)

( -1Ps) = is the difference in water potential

between the leaf and soil (MPa)

= is the sum of the resistances in the

soil-plant system (MPa - sec/cm)

T

Effects of root temperature on transpiration rate are

shown in Figure 30 and in Table 12. As root temperature

increased from 16°C to 36°C the transpiration rate per

unit leaf area increased from 2.2 to 3.9 pg/cm2-sec. This

increase in transpiration rate is in part the result of

the decrease in the viscosity of water with increasing

temperature (Babalola et al, 1968; Dalton and Gardner,

1978) and in part due to biological factors affected by

the increase in temperature such as increased permea-

bility of the cell membranes (Young, 1975; Dalton and

Gardner, 1978). The viscosity of water increases from

0.7052 to 1.109 gm/sec-cm as the temperature decreases

from 36 to 16°C. In order to determine the viscosity

effect, the measured transpiration rates were adjusted
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Figure 30. Transpiration rate in ug/cm2-sec as a function of root

temperature for soil water potentials of -.03, -.06,

-.10, -.15, and -.25 MPa.



108

Table 12. Transpiration rate in lig/cm2-sec as a
function of soil water potential and
root temperature. Values are means of 4
measurements.

Water
Potential

Temperature °C

16 22 28 36

MPa pg/cm2 sec

-0.03 2.30 3.10 3.60 3.90

-0.06 2.35 2.80 3.10 3.40

-0.10 2.50 3.00 2.90 3.30

-0.15 2.50 2.75 2.75 3.30

-0.25 2.00 2.50 2.60 3.20

Table 12a. Transpiration rate in pg /cm2 -sec as a
function of soil water potential and
root temperature adjusted for viscosity.

Water
Potential

Temperature °C

16 22 28 36

MPa pg/cm
2

sec

-0.03 2.30 2.67 2.70 2.48

-0.06 2.35 2.41 2.33 2.16

-0.10 2.50 2.58 2.18 2.10

-0.15 2.50 2.37 2.06 2.10

-0.25 2.00 2.15 1.95 2.03
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for viscosity using the viscosity at 16 °C as the refer-

ence (Figure 31 and Table 12a). The adjusted values for

the soil water potential of -0.03 MPa, show an increase

in transpiration rate with increasing temperature, to an

optimum at root temperature of about 28°C, then decreased

as temperature further increased, indicating that changes

in viscosity alone did not cause the observed increase.

The remaining increase must be due to the effect of tem-

perature on the resistance to water movement offered by

cell walls or other plant components, including xylem

vessels. The adjusted rates of transpiration decreased

slightly with the increase in temperature at the soil

water potential of -.25 MPa. Thus most of the change in

transpiration rates could be accounted for by the vis-

cosity adjustment at soil water potential of -.25 MPa,

but not at soil water potential of -.03 MPa.

Effect of soil water potential on transpiration rate

is shown in Figure 32 and Table 12. As soil water poten-

tial decreases from -.03 to -.25 MPa, the transpiration

rate per unit leaf area decreases at the root temperature

of 22, 28, and 36°C. Nearly all of the decrease in

transpiration rate occurred from -.03 to -.10 MPa soil

water potential. The transpiration rate remained constant

from -.15 to -.25 MPa soil water potential at the root

temperatures of the experiments. At the root temperature

of 16°C the transpiration rate decreased only slightly
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with decrease of soil water potential from -.03 to -.25

MPa. Figures 30 and 32 suggest that at low root tempera-

tures such as 16°C, transpiration rate is not affected

by the change in soil water potential. At the high root

temperatures an effect of soil water potential on transpi-

ration rate occurs. Most of the decrease in transpiration

rate occurred from the decrease of -0.03 MPa to -0.10 MPa.

Little change occurred over the range -0.1 MPa to

-0.25 MPa.

Figures 33 and 34 and Table 13 show the effect of

soil water potential and root temperature on the total

resistance of the soil-plant system. The total resis-

tances were calculated using equation 15 and leaf water

potential measured at 21:00 hours. As root temperature

changed from the optimum root temperature of 28°C and

the soil water potential decreased from -.03 to -.25 MPa,

the total resistances increased. Figure 33 shows an

increase in total resistance of 0.9 X 10 5 and 2.0 X 105

MPa-sec/cm as soil water potential decreases from -.03

to -.25 MPa at the root temperature of 28 and 16°C

respectively. The high total resistance in the plants

caused a decrease in the rate of water uptake which

resulted in a decrease in leaf water potential. Ackerson

and Krieg (1977) reported that a decrease in leaf water

potential resulted from a reduction in transpiration

rate of sorghum and corn under water stress condition.
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Figure 34. Total resistance as a function of root temperature at

soil water potentials of -.03, -.06, -.10, -.15, and -.25

MPa.
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Table 13. Total resistance in MPa-sec/cm as a
function of soil water potential and
root temperature.

Water
Potential

Temperature °C

16 22 28 36

MP a MPa-sec/cm

-0.03 53.25x10. 2.70x10 5 2.0x10 5 2.45x105

-0.06 3.40x105 3.0x105 2.3x105 2.70x105

-0.10 3.25x105 3.0x10 5 2.75x105 2.76x105

-0.15 4.50x105 3.25x105 2.70x10 5 3.0x105

-0.25 5.25x105 3.95x105 2.90x105 3.6x105

Table 13a. Total resistance in MPa-sec/cm as a
function of soil water potential and
root temperature adjusted for viscosity.

Water
Potential

Temperature °C

16 22 28 36

MP a MPa -sec/cm

-0.03 3.25x105 2.32x10 5 1.50x105 1.55x10 5

-0.06 3.40x105 2.58x105 1.73x105 1.72x105

-0.10 3.25x105 2.58x105 2.06x105 1.76x105

-0.15 4.50x105 2.80x105 2.03x105 1.91x105

-0.25 5.25x105 3.40x105 2.18x105 2.29x105
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The results show that at root temperature of 28°C

the total resistance is the lowest. The high resistance

at high root temperature may be attributed to the internal

resistance of the plants which results in a decrease of

leaf water potential.

In order to investigate the viscosity effect on the

total resistance of the plants, the total resistance

values from Table 13 were adjusted to eliminate viscosity

effects by using the viscosity of water at 16°C as the

reference level (Figure 35 and Table 13a). The adjusted

and the calculated total resistance of the soil-plant

system at soil water potential of -.03 and -.25 MPa

responds similarly to the increase in root temperature

from 16 to 36°C. The adjusted total resistance decreased

with increasing root temperature.

Zur et al. (1982) reported a reduction in transpira-

tion rate of soybeans in dry condition with high total

resistance in the soil-plant system. They attributed the

decrease to the increase in soil resistance. However,

Meyer and Ritchie (1980) and Reicosky and Ritchie (1976)

reporting on their studies on sorghum, state that the

high total resistance to water transport in plants is

attributable to plant resistance and not to the soil.

Nutrient Uptake

Measured concentrations of the ions K, P, Ca, Mg, S,

Mn, Cu, Fe, Zn and Ba in the shoots and roots of sudangrass
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seedlings are shown in Appendix Tables 7 through 16a at

the soil water potentials and root temperatures of the

experiment.

The total accumulation of nutrients in the shoots

was obtained by multiplying the total dry weight by the

concentration of each element. The response of ion

accumulation to the soil water potentials and root

temperatures of the experiment was similar to the

response of the shoot and root growth. Figures 36 and

37 show the response to soil water potential at the root

temperature of 32°C of the accumulation of K and S in

the shoots.

Statistical analyses were done to determine the

effects of root temperature and soil water potential on

ion concentrations. Results are shown in Tables 14

through 18a. The results shown in Tables 14 and 14a were

calculated using the average concentration for the 6 daily

measurements.

Potassium. The concentration of K in the shoots

increased slightly with time. The concentration of K

increased as root temperature increased from 16 to 36°C.

There was no effect of soil water potential on K con-

centration.

Phosphorus. The concentration of P decreased with

time. However, the concentration increased with the in-

crease in root temperature. The concentration of P was



25
E

U)

20

15

LL.

0

10
0
2

-J

a 5i
o
I-

2 3 4

TIME (days)

5 6

119

Figure 36. Total accumulation of K in mg in shoots as a function of

time for soil water potentials of -.03, -.06, -.10, -.15,
and -.25 MPa at the root temperature of 32°C.
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Figure 37. Total accumulation of S in mg in shoots as a function of

time for soil water potentials of -.03, -.06, -.10, -.15,

and -.25 MPa at the root temperature of 32°C.
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Table 14. ANOVA for effects of soil water potential and
root temperature on ion concentrations of shoots
of sudangrass seedlings. Also shown are values
of standard error (S.E.) of temperature and
potential means.

Ele-
ment

Source of
Variation d.f

Mean
Square F Remarks

K Temperature 4 .306E+00 16.83 **

% dwt Water Potential 4 .141E-01 0.77 N.S.

Error 16 .182E-01 S.E.=.60E-1

P Temperature 4 .585E-02 15.65 **

% dwt Water Potential 4 .488E-02 13.05 **

Error 16 .374E-03 S.E.=.86E-2

Ca Temperature 4 .533E-01 371.58 **

% dwt Water Potential 4 .146E-02 10.20 **

Error 16 .143E-03 S.E.=.53E-2

Mg Temperature 4 .489E-01 379.58 **

% dwt Water Potential 4 .341E-02 26.4 **

Error 16 .128E-03 S.E.=.50E-2

S Temperature 4 .158E-01 50.6 **

% dwt Water Potential 4 .457E-03 1.46 N.S.

Error 16 .313E-03 S.E.=.79E-2

Mn Temperature 4 .448E+05 45.33 **

ppm Water Potential 4 .374E+04 3.78 *

Error 16 .989E+03 S.E.=.14E+2

Cu Temperature 4 .260E+03 30.28 **

ppm Water Potential 4 .155E+02 1.80 N.S.

Error 16 .859E+01 S.E.=.13E+1

Fe Temperature 4 .610E+04 73.69 **

ppm Water Potential 4 .637E+02 0.77 N.S.

Error 16 .828E+02 S.E.=.40E+1

Zn Temperature 4 .494E+04 55.06 **

ppm Water Potential 4 .944E+02 1.05 N.S.

Error 16 .897E+02 S.E.=.42E+1

Ba Temperature 4 .219E+01 13.94 **

ppm Water Potential 4 .192E+00 1.22 N.S.

Error 16 .157E+00 S.E.=.17E+0

** Significance at 1% level
* Significance at 5% level
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Table 14a. ANOVA for effects of soil water potential and
root temperature on ion concentrations of roots
of sudangrass seedlings. Also shown are values
of standard error (S.E.) of temperature and
potential means.

Ele- Source of Mean
ment Variation d.f Sauare F

K Temperature 4 .231E+00 71.51
% dwt Water Potential 4 .188E-01 5.80

Error 16 .323E-02

P Temperature 4 .379E-02 55.00
% dwt Water Potential 4 .112E-02 16.25

Error 16 .689E-04

Ca Temperature 4 .649E-01 55.0

% dwt Water Potential 4 .528E-02 4.47

Error 16 .118E-02

1* Temperature 4 .494E-01 215.7

% dwt Water Potential 4 .123E-02 5.37
Error 16 .229E-03

S Temperature 4 .191E+00 32.7
% dwt Water Potential 4 .153E-01 2.62

Error 16 .583E-02

Mn Temperature 4 .737E+05 147.1
ppm Water Potential 4 .739E+04 14.7

Error 16 .501E+03

Cu Temperature 4 .223E+04 36.02
ppm Water Potential 4 .619E+03 11.04

Error 16 .593E+02

Fe Temperature 4 .152E+08 111.60

ppm Water Potential 4 .767E+05 0.58
Error 16 .131E+06

Zn Temperature 4 .113E+05 29.09
ppm Water Potential 4 .447E+03 1.16

Error 16 .385E+03

Ba Temperature 4 .521E+03 163.3

ppm Water Potential 4 .710E+00 0.22
Error 16 .319E+01

Remarks

**
**

S.E.=.25E-1

**
**

S.E.=.37E-2

**

*

S.E.=.15E-1

**

**

S.E.=.67E-2

**

N.S.

S.E.=.34E-1

**
**

S.E.=.10E+2

**

**

S.E.=.34E+1

**

N.S.

S.E.=.16E+3

**

N.S.

S.E.=.87E+1

**

N.S.

S.E.=.79E+0

** Significance at 1% level
* Significance at 5% level
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Table 15. ANOVA for effects of soil water potentials at
the root temperature of 22°C on ion concen-
trations of shoots of sudangrass seedlings.
Also shown are values of standard error of
time (S.E.T.) and potential (S.E.P.) means.

Ele- Source of Mean
ment Variation d.f Svare F Remarks

K Time (days) 5 .174E+00 5.04 **

% dwt Water Potential 4 .278E-01 0.80 N.S.

Error 20 .345E-01 S.E.T.- .75E -1

S.E.P.=.83E-1
P Time (days) 5 .317E-02 10.39 **

% dwt Water Potential it .924E-03 3.03 *

Error 20 .305E-03 S.E.T.=.71E-2
S.E.P.=.78E-2

Ca Time (days) 5 .566E+06 1.0 N.S.

% dwt Water Potential it .566E+06 1.0 N.S.

Error 20 .566E+06 S.E.T.=.30E+3
S.E.P.=.36E+3

Mg Time (days) 5 .142E-02 5.27 **

% dwt Water Potential it .137E-02 5.09 *

Error 20 .269E-03 S.E.T.=.66E-2
S.E.P.=.73E-2

S Time (days) 5 .294E-02 3.83 *

% dwt Water Potential it .208E-02 2.71 N.S.

Error 20 .767E-03 S.E.T.=.11E-1
S.E.P.=.12E-1

Mn Time (days) 5 .209E+05 21.4 **

ppm Water Potential it .411E+04 4.21 *

Error 20 .976E+03 S.E.T.=.12E+2
S.E.P.=.13E+2

Cu Time (days) 5 .217E+03 5.77 **

ppm Water Potential it .235E+02 0.62 N.S.

Error 20 .376E+02 S.E.T.=.25E+1
S.E.P. =.27E +1

Fe Time (days) 5 .415E+03 1.55 N.S.

ppm Water Potential It .242E+03 0.90 N.S.

Error 20 .268E+03 S.E.T.=.66E+1
S.E.P.=.73E+1

Zn Time (days) 5 .565E+03 2.84 *

ppm Water Potential It .429E+03 2.15 N.S.

Error 20 .199E+03 S.E.T.=.57E+1
S.E.P.=.63E+1

Ba Time (days) 5 .605E+01 13.09 **

ppm Water Potential it .231E+01 5.00 **

Error 20 .462E+00 S.E.T.=.27E+0
s,E,22(1

** Significance at 1% level
* Significance at 5% level
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Table 15a. ANOVA for effects of soil water potentials at
the root temperature of 22°C on ion concen-
trations of roots of sudangrass seedlings.
Also shown are values of standard error of
time (S.E.T.) and potential (S.E.P.) means.

Ele-
me t

Source of
V io d f

Mean
S u r

K Time (days) 5 .385E-01 5.91 * *

% dwt Water Potential 4 .206E-01 3.16 *

Error 20 .651E-02 S.E.T.=.32E-1
S.E.P.=.36E-1

P Time (days) 5 .681E-03 12.90 **

% dwt Water Potential 4 .518E-03 9.84 **

Error 20 .526E-04 S.E.T.=.29E-2
S.E.P.=.32E-2

Ca Time (days) 5 .592E-02 6.77 **

% dwt Water Potential 4 .783E-02 8.95 **

Error 20 .874E-03 S.E.T.=.12E-1
S.E.P.=.13E-1

Mg Time (days) 5 .297E-02 2.47 N.S.

% dwt Water Potential 4 .215E-02 1.79 N.S.

Error 20 .120E-02 S.E.T.=.14E-1
S.E.P.=.15E-1

S Time (days) 5 .932E-02 3.08 *

% dwt Water Potential 4 .192E-01 6.35 **

Error 20 .302E-02 S.E.T.=.22E-1
S.E.P.=.24E-1

Mn Time (days) 5 .213E+04 1.60 N.S.

ppm Water Potential 4 .104E+05 7.81 **

Error 20 .133E+04 S.E.T.=.14E+2
S.E.P.=.16E+2

Cu Time (days) 5 .223E+06 1.01 N.S.

ppm Water Potential 4 .213E+06 0.97 N.S.

Error 20 .219E+06 S.E.T.=.19E+3
S.E.P.=.21E+3

Fe Time (days) 5 .132E+06 0.69 N.S.

ppm Water Potential 4 .136E+06 0.72 N.S.

Error 20 .189E+06 S.E.T.=.17E+3
S.E.P.=.19E+3

Zn Time (days) 5 .581E+03 2.76 *

ppm Water Potential 4 .399E+03 1.88 N.S.

Error 20 .214E+03 S.E.T.=.59E+1
S.E.P. = .65E +1

Ba Time (days) 5 .238E+02 3.56 *

ppm Water Potential 4 .539E+01 0.81 N.S.

Error 20 .667E+01 S.E.T.=.10E+1
S.E.P.=.11E+1

** Significance at 1% level
* Significance at 5% level
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Table 16. ANOVA for effects of soil water potential at
the root temperature of 28°C on ion concen-
trations of shoots of sudangrass seedlings.
Also shown are values of standard error of
time (S.E.T.) and potential (S.E.P.) means.

Ele- Source of
ment Variation d. f

Mean
Sauare F Remarks

K Time (days) 5 .895E-01 2.45 N.S.

% dwt Water Potential 4 .139E+00 3.80 *

Error 20 .365E-01 S.E.T.=.77E-1
S.E.P.=.85E-1

P Time (days) 5 .342E-03 0.70 N.S.

% dwt Water Potential 4 .793E-02 16.38 **

Error 20 .484E-03 S.E.T.=.89E-2
S.E.P.=.98E-2

Ca Time (days) 5 .142E-01 10.14 **

% dwt Water Potential 4 .181E-02 1.29 N.S.

Error 20 .140E-02 S.E.T.=.15E-1
S.E.P.=.16E-1

Mg Time (days) 5 .245E-01 14.16 **

% dwt Water Potential 4 .662E-02 3.82 *

Error 20 .173E-02 S.E.T.=.17E-1
S.E.P.=.18E-1

S Time (days) 5 .190E-02 1.59 N.S.

% dwt Water Potential 4 .893E-03 0.75 N.S.

Error 20 .119E-02 S.E.T.=.14E-1
S.E.P.=.15E-1

Mn Time (days) 5 .848E+04 2.55 N.S.

ppm Water Potential It .170E+05 5.12 **

Error 20 .332E+04 S.E.T.=.23E+2
S.E.P.=.25E+2

Cu Time (days) 5 .815E+02 3.43 *

ppm Water Potential It .225E+02 0.94 N.S.

Error 20 .237E+02 S.E.T.=.19E+1
S.E.P.=.21E+1

Fe Time (days) 5 .733E+03 0.45 N.S.

ppm Water Potential 4 .133E+04 0.82 N.S.

Error 20 .162E+04 S.E.T.=.16E+2
S.E.P.=.18E+2

Zn Time (days) 5 .176E+04 3.47 *

ppm Water Potential It .484E+03 0.95 N.S.

Error 20 .506E+03 S.E.T.=.91E+1
S.E.P.=.10E+2

Ba Time (days) 5 .170E+01 7.45 **

ppm Water Potential 4 .187E+00 0.82 N.S.

Error 20 .228E+00 S.E.T.=.19E+0
S.E.P.=.21E+0

** Significance at 1% level
* Significance at 5% level
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Table 16a. ANOVA for effects of soil water potential at
the root temperature of 28°C on ion concen-
trations of roots of sudangrass seedlings.
Also shown are values of standard error of
time (S.E.T.) and potential (S.E.P.) means.

Ele -

e t
Source of
Variation

Mean
f Square F Remarks

K Time (days) 5 .982E-01 3.55 *
% dwt Water Potential 4 .292E-01 2.04 N.S.

Error 20 .143E-01 S.E.T.=.48E-1
S.E.P.=.53E-1

P Time (days) 5 .705E-03 6.65 **

% dwt Water Potential 4 .201E-02 18.95 **

Error 20 .106E-03 S.E.T.=.42E-2
S.E.P.=.46E-2

Ca Time (days) 5 .526E-01 55.6 **

% dwt Water Potential 4 .377E-02 3.9
Error 20 .946E-03 S.E.T. = .12E -1

S.E.P.=.13E-1

Mg Time (days) 5 .508E+06 1.00 N.S.

% dwt Water Potential 4 .508E+06 1.00 N.S.

Error 20 .508E+06 S.E.T.=.29E+3
S.E.P.=.32E+3

S Time (days) 5 .789E-01 14.1 **

% dwt Water Potential 4 .143E-01 2.5 *

Error 20 .557E-02 S.E.T.=.30E-1
S.E.P.=.33E-1

Mn Time (days) 5 .294E+06 0.76 N.S.

ppm Water Potential 4 .351E+06 0.90 N.S.

Error 20 .387E+06 S.E.T.=.25E+3
S.E.P. =.27E +3

Cu Time (days) 5 .694E+03 2.89

ppm Water Potential 4 .214E+04 8.91 **

Error 20 .240E+03 S.E.T.=.63E+1
S.E.P. = .69E +1

Fe Time (days) 5 .758E+06 3.49 *

ppm Water Potential 4 .175E+06 0.80 N.S.

Error 20 .217E+06 S.E.T.=.19E+3
S.E.P.=.20E+3

Zn Time (days) 5 .878E+05 0.87 N.S.

ppm Water Potential 4 .104E+06 1.04 N.S.

Error 20 .106E+06 S.E.T.=.13E+3
S.E.P.=.14E+3

Ba Time (days) 5 .140E+03 16.80 **

ppm Water Potential 4 .608E+01 0.73 N.S.

Error 20 .833E+01 S.E.T.=.12E+1
S.E.P.=.11E+1

** Significance at 1% level
* Significance at 5% level



Table 17. ANOVA for effects of soil water
the root temperature of 32°C on
trations of shoots of sudangrass
Also shown are values of standar
time (S.E.T.) and potential (S.E
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potentials at
ion concen-
seedlings.

d error of
.P.) means.

Ele- Source of Mean

Time (days) 5 .463E+00 7.29 **

% dwt Water Potential 4 .648E-01 1.02 N.S.

Error 20 .635E-01 S.E.T.=.10E+0
S.E.P.=.11E+0

P Time (days) 5 .247E-02 1.11 N.S.

% dwt Water Potential 4 .627E-02 '2.84

Error 20 .221E-02 S.E.T.=.19E-1
S.E.P.=.21E-1

Ca Time (days) 5 .179E-01 4.15 **

% dwt Water Potential 4 .317E-02 .74 N.S.

Error 20 .430E-02 S.E.T.=.26E-1
S.E.P.=.29E-1

Mg Time (days) 5 .148E-01 5.23 **

% dwt Water Potential 4 .303E-02 1.07 N.S.

Error 20 .284E-02 S.E.T.=.21E-1
S.E.P.=.24E-1

S Time (days) 5 .673E-02 2.87 *

% dwt Water Potential 4 .134E-02 .57 N.S.

Error 20 .234E-02 S.E.T.=.19E-1
S.E.P.=.21E-1

Mn Time (days) 5 .212E+05 2.65 N.S.

ppm Water Potential 4 .380E+04 .48 N.S.

Error 20 .799E+04 S.E.T. = .36E +2

S.E.P.=.39E+2

Cu Time (days) 5 .881E+02 3.13 *

ppm Water Potential 4 .249E+02 .88 N.S.

Error 20 .281E+02 S.E.T.=.21E+1
S.E.P.=.23E+1

Fe Time (days) 5 .1913E+04 5.64 **

ppm Water Potential 4 .352E+03 1.04 N.S.

Error 20 .339E+03 S.E.T.=.75E+1
S.E.P.=.82E+1

Zn Time (days) 5 .2466E+04 7.16 **

ppm Water Potential 4 .916E+03 2.66 N.S.

Error 20 .344E+03 S.E.T.=.75E+1
S.E.P.=.82E+1

Ba Time (days) 5 .513E+01 7.38 **

ppm Water Potential 4 .350E+00 0.51 N.S.

Error 20 .679E+00 S.E.T.=.33E+0
S.E.P.=.17E+L

** Significance at 1% level
* Significance at 5% level
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the root temperature
trations of roots of
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soil water potentials at
of 32°C on ion concen-
sudangrass seedlings.

Also shown are
time (S.E.T.)

value s of standard error of
and po tential (S.E.P.) means.

Ele-
ment

Source of
Variation d f

Mean

Time (days) 5 .682E-01 1.99 N.S.

% dwt Water Potential 4 .1061E-01 0.31 N.S.

Error 20 .342E-01 S.E.T.=.75E-1
S.E.P. = .82E -1

P Time (days) 5 .174E-02 6.30 **

% dwt Water Potential 4 .945E-03 3.42 *

Error 20 .226E-03 S.E.T.=.61E-2
S.E.P.=.67E-2

Ca Time (days) 5 .207E-01 14.5 **

% dwt Water Potential 4 .107E-01 7.5 **

Error 20 .142E-02 S.E.T.=.15E-1
S.E.P.=.17E-1

Mg Time (days) 5 .309E-01 12.2 **

% dwt Water Potential 4 .167E-02 0.66 N.S.

Error 20 .253E-02 S.E.T.=.20E-1
S.E.P.=.22E-1

S Time (days) 5 .133E+07 1.0 N.S.

% dwt Water Potential 4 .133E+07 1.0 N.S.

Error 20 .133E+07 S.E.T.=.47E+3
S.E.P.=.51E+3

Mn Time (days) 5 .817E+04 3.53 *

ppm Water Potential 4 .174E+05 7.53 **

Error 20 .231E+04 S.E.T.=.19E+2
S.E.P.=.21E+2

Cu Time (days) 5 .139E+04 2.34 *

ppm Water Potential 4 .751E+03 1.26 N.S.

Error 20 .594E+03 S.E.T.=.99E+1
S.E.P.=.10E+2

Fe Time (days) 5 .249E+07 11.36 **

ppm Water Potential 4 .364E+06 1.66 N.S.

Error 20 .219E+06 S.E.T. = .19E +3

S.E.P.=.20E+3

Zn Time (days) 5 .677E+03 0.24 N.S.

ppm Water Potential 4 .352E+04 1.26 N.S.

Error 20 .279E+04 S.E.T.=.21E+2
S.E.P.=.23E+2

Ba Time (days) 5 .179E+03 74.6 **

ppm Water Potential 4 .564E+01 0.56 N.S.

Error 20 .996E+01 S.E.T.=.13E+1
S.E.P.=.14E+1

** Significance at 1% level
* Significance at 5% level
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Table 18. ANOVA for effects of soil water potentials at
the root temperature of 36°C on ion concen-
trations of shoots of sudangrass seedlings.
Also shown are values of standard error of
time (S.E.T.) and potential (S.E.P.) means.

Ele- Source of Mean
ment Variation d.f Sauare F Remarks

K Time (days) 5 .352E+00 3.55 *

% dwt Water Potential 4 .142E+00 1.43 N.S.

Error 20 .990E-01 S.E.T.=.13E+0
S.E.P.=.14E+0

P Time (days) 5 .370E-02 4.09 *

% dwt Water Potential 4 .202E-01 22.34 **

Error 20 .904E-03 S.E.T.=.12E-1
S.E.P.=.13E-1

Ca Time (days) 5 .819E+06 1.0 N.S.

% dwt Water Potential 4 .819E+06 1.0 N.S.

Error 20 .819E+06 S.E.T.=.36E+3
S.E.P.=.40E+3

Mg Time (days) 5 .922E-02 6.27 **

% dwt Water Potential 4 .792E-02 5.38 **

Error 20 .147E-02 S.E.T.=.15E-1
S.E.P.=.17E-1

S Time (days) 5 .752E-02 5.04 **

% dwt Water Potential 4 .431E-03 0.29 N.S.

Error 20 .149E-02 S.E.T. = .15E -1

S.E.P.=.17E-1

Mn Time (days) 5 .246E+05 7.56 **

ppm Water Potential 4 .203E+05 5.81 **

Error 20 .349E+04 S.E.T.=.24E+2
S.E.P.=.26E+2

Cu Time (days) 5 .371E+05 1261.9 **

ppm Water Potential 4 .227E+03 7.72 **

Error 20 .294E+02 S.E.T.=.22E+1
S.E.P.=.24E+1

Fe Time (days) 5 .392E+04 17.5 **

ppm Water Potential 4 .182E+03 0.81 N.S.

Error 20 .224E+03 S.E.T.=.61E+1
S.E.P.=.66E+1

Zn Time (days) 5 .427E+04 7.61 **

ppm Water Potential 4 .103E+04 1.83 N.S.

Error 20 .561E+03 S.E.T.=.96E+1
S.E.P.=.10E+2

Ba Time (days) 5 .808E+01 6.84 **

ppm Water Potential 4 .169E+01 1.43 N.S.

Error 20 .118E+01 S.E.T.=.44E+0
S.E.P.=.48E+0

** Significance at 1% level
* Significance at 5% level
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Table 18a. ANOVA for effects of soil water potentials at
the root temperature of 36°C on ion concen-
trations of roots of sudangrass seedlings.
Also shown are
time (S.E.T.)

values of standard error of
and potential (S.E.P.) means.

Ele-
ment

Source of
Variation d.f

Mean
Square F Remarks

K Time (days) 5 .200E+00 9.25 **

% dwt Water Potential It .316E-01 1.46 N.S.

Error 20 .216E-01 S.E.T.=.60E-1
S.E.P.=.65E-1

P Time (days) 5 .668E-03 1.55 N.S.

% dwt Water Potential 4 .147E-02 3.42 *

Error 20 .430E-03 S.E.T.=.84E-2
S.E.P.=.92E-2

Ca Time (days) 5 .727E-02 2.23 N.S.

% dwt Water Potential It .157E-01 4.81 **

Error 20 .376E-02 S.E.T.=.25E-1
S.E.P. = .27E -1

Mg Time (days) 5 .686E-02 2.65 N.S.

% dwt Water Potential It .267E-02 1.03 N.S.

Error 20 .259E-02 S.E.T.=.20E-1
S.E.P.=.22E-1

S Time (days) 5 .550E-01 6.65 **

% dwt Water Potential 4 .516E-01 6.24 **

Error 20 .826E-02 S.E.T.=.37E-1
S.E.P.=.40E-1

Mn Time (days) 5 .987E+04 2.7 N.S.

ppm Water Potential 4 .173E+05 4.74 **

Error 20 .365E+04 S.E.T.=.24E+2
S.E.P. = .27E +2

Cu Time (days) 5 .270E+04 11.29 **

ppm Water Potential It .293E+03 1.22 N.S.

Error 20 .239E+03 S.E.T.=.63E+1
S.E.P.=.69E+1

Fe Time (days) 5 .497E+07 6.75 **

ppm Water Potential 4 .273E+07 3.70 *

Error 20 .736E+06 S.E.T.=.35E+3
S.E.P.=.38E+3

Zn Time (days) 5 .194E+04 3.42 *

ppm Water Potential 4 .770E+03 1.36 M.S.

Error 20 .563E+03 S.E.T.=.96E+1
S.E.P.=.10E+2

Ba Time (days) 5 .581E+02 3.30 *

ppm Water Potential 4 .516E+02 2.13 N.S.

Error 20 .176E+02 S.E.T.=.17E+1
S.E.P-=.19E+1

** Significance at 1% level
* Significance at 5% level
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affected by the soil water potentials. The concentration

increased as soil water potential increased.

Calcium. The concentration of Ca decreased with

time. The concentration of Ca increased with the

increase in root temperature, reached a maximum value

at the root temperature of 32°C, then decreased.

There was no effect of soil water potential on the Ca

concentration in the shoots.

Magnesium. The concentration of Mg decreased

with time and with soil temperature. The concentration

of Mg was affected by soil water potentials. The

concentration decreased as soil water potential in-

creased.

Sulfur. The concentration of S in the shoots

increased with time. The concentration of S increased

with the increase in root temperature to a maximum value

at the root temperature of 28°C, then decreased as the

root temperature further increased. Soil water potential

had no effect on S concentration in the shoots.

Manganese. The concentration of Mn in the shoots

increased slightly with time and root temperature. Soil

water potential had no effect on Mn concentration.

Copper. The concentration of Cu increased with

time. The concentration of Cu increased dramatically

with the increase in root temperature. There was no
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effect of soil water potential on Cu concentration in the

shoots.

Iron. There was a slight increase in the concen-

tration of Fe with time. Iron concentration increased

with the increase in soil temperature to a maximum value

at 32°C, then decreased as the root temperature further

increased. There was no effect of soil water potential

on concentration of Fe.

Zinc. The concentration of Zn increased with

time. Concentration of Zn increased with root tempera-

ture to a maximum value at the root temperature of 32°C,

then decreased as the root temperature further increased.

There was no effect of soil water potential on ion con-

centrations.

Barium. There was a slight decrease in the con-

centration of Ba in the shoots with time. The Ba

concentration decreased with root temperature to a

minimum value at 28°C, then increased as the root

temperature increased further. There was no effect of

soil water potential on the concentrations of Ba.

Discussion of Nutrient Uptake

Effects of soil temperature and soil water potential

on the rate of nutrient uptake by the sudangrass seedlings

were evaluated by obtaining the amounts of P, K, Ca, Mg,

S, Mn, and Zn present in the plants on each day of the
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experiment. The information available to conduct this

analysis were the measured concentrations of these nutri-

ents in the shoots and roots, the mass of shoots and roots

present at the start of each day of the experiment, and

transpiration rates. The experimental variability in

the data of mass of shoots and roots has already been

discussed. For this analysis we chose to develop a

hypothetical data set based on the growth rates of

shoots and roots as a function of root temperature

(Figures 18 and 24) and the relationships between leaf

area and mass of shoots (Figures 20, 21, and 22). For

the initial mass of shoots and roots we chose 200 and

120 mg respectively. This choice was based on measure-

ments shown in Appendix Tables 4 and 6. The mass at the

start of each day was then obtained with the equations

y =200e bt for shoots and y = 120e bt for roots using

values for b obtained from Figures 18 and 24. Results

are in Appendix Tables 17 and 18. The data shown in

Appendix Table 17 and Figures 20, 21, and 22 were used

to obtain the leaf area present at the start of each

day of the experiment (Appendix Table 19). The amount

of water transpired each day was then calculated using

the information of Appendix Table 19 and the transpira-

tion rates shown in Table 12 (Figure 30) and are presented

in Appendix Table 20.
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The total mass of the nutrients P, K, Ca, Mg, S, Mn,

and Zn present in the shoots and roots at the start of

each day of the experiment is shown in Appendix Tables

21, 22, and 23. These values are averages of soil water

potentials tested. These data were used to obtain the

concentrations of the nutrients present in the trans-

piration stream.

Concentration of Nutrients in Transpiration Stream

The relationship between rate of ion uptake and rate

of transpiration was inspected by calculating the concen-

tration of ions in the transpiration stream (Table 19).

Generally, the concentration increased by a small amount

each day. This increase was small for P, K, S, Mn, and

Zn. Mg was the only nutrient for which the concentration

decreased as time progressed.

The effect of temperature on the ion concentrations

was inconsistent, and the differences were small. This

comparison was made by comparing averages of the soil

water potential treatments at each temperature.

The transpiration rates varied over a wide range

during the experiment. The observation that con-

centrations changed little over this wide range of

transpiration rates indicates a rate of ion uptake nearly

proportional to the transpiration rate or the rate of

water movement along the stem of the plant (Hylmo,

1953; Brower, 1954; Greenway and Klepper, 1968; Verasan
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Table 19. Concentrations of the indicated elements in the trans-
piration stream (ppm) at the indicated root. temperatures.
The values shown are average of five soil water potentials
and present at the start of each day.

Element Root

Temperature

Dav

1 2 3 4 5 6

Oc ppm

P 16 82.7 86.0 88.6 96.0 95.8 98.7

22 72.1 76.1 79.4 81.5 83.8 84.8

28 58.0 62.2 64.3 67.5 71.8 71.3

32 66.7 70.7 74.9 77.7 77.1 83.1

36 63.8 67.5 72.0 75.5 79.9 79.0

Mg 16 221.9 226.2 228.4 232.0 233.2 233.9

22 158.3 163.8 161.6 162.5 164.7 166.0

28 209.3 203.7 192.8 190.0 175.1 162.5

32 165.2 168.1 166.1 159.8 148.2 146.8

36 147.1 149.8 149.4 149.7 151.6 145.7

Ca 16 314.8 324.2 330.8 341.4 354.6 359.6

22 222.7 230.1 233.5 239.4 245.9 248.2

28 233.2 244.6 233.4 242.7 239.2 243.9

32 194.0 201.3 206.4 208.5 200.5 208.0

36 172.4 180.8 188.6 190.4 198.9 199.8

K 16 986 1020 1041 1047 1090 1119

22 707 741 766 790 807 817

28 563 591 608 650 660 683

32 565 624 679 724 741 825

36 534 605 656 695 753 765

S 16 267 281 287 297 311 324

22 191 205 207 218 228 241

28 225 234 244 265 273 285

32 174 187 201 192 212 232

36 170 183 195 206 221 223
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Table 19, continued.

lament Root Dav

Temperature
1 2 3 4 5

°C PPm

Mn 16 17.8 18.4 19.1 19.9 21.0 21.7

22 14.4 15.5 16.4 17.3 18.1 18.9

28 13.7 14.4 15.2 16.6 17.2 18.2

32 15.2 16.2 17.2 18.1 18.3 19.8

36 18.8 19.8 20.8 21.8 23.0 23.2

Zn 16 5.9 6.2 6.5 6.8 7.3 7.6

22 4.6 4.8 5.0 5.2 5.4 5.6

28 4.4 4.7 4.8 5.0 5.1 5.3

32 5.5 5.8 6.1 6.4 6.6 6.8

36 4.8 5.0 5.3 5.6 5.8 6.1
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and Phillips, 1978; O'Toole and Baldia, 1982). It is

tempting to conclude that transpiration rate affects the

rate of ion uptake. This conclusion would be in agreement

with the views of Hylmo and other workers. But other

researchers have concluded that rate of transpiration

per se has no direct effect on rate of ion uptake,

and that any increase in the rate of ion uptake that

accompanies an increased transpiration rate is an

indirect effect in which the removal of ions from root

xylem causes more rapid active transport into the xylem

stream. Hence, it remains uncertain whether transpira-

tion rate causes the rate of ion uptake to increase

directly by increasing mass flow of ions into the roots

by means of the transpiration stream, or indirectly by

stimulating active transport into the stele, or both.

The mechanism needs more justification in additional

research work.

litAtributirloftletenSosc021Rts
The percentage of ions taken up and translocated

to the shoots is shown in Table 20. The percentage

of the daily uptake of Zn, K, and Mg moving to the

shoots increased with increasing soil temperature at

all soil water potentials. The progressive increase

in translocation to the shoots may be attributed to the

effect of temperature on translocation. The percentage
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Table 20. Percent of total element uptake to the shoots at the
indicated root temperatures and elements. The values
shown are average of the five soil water potentials and
were present at the start of each day.

Element Root

Temperature

rev

1 2 3 4 5 6

Oc

P 16 71.1 70.6 69.7 68.0 67.8 66.7

22 76.0 75.5 75.1 74.8 74.5 73.0

28 66.5 66.8 66.7 65.7 62.6 65.0

32 67.4 66.7 66.9 66.7 66.4 66.5

36 71.8 71.4 70.5 70.2 69.9 68.9

Mg 16 54.7 54.1 54.5 55.7 55.7 56.4

22 55.0 55.6 56.3 57.0 57.8 58.7

28 64.3 64.9 65.3 66.2 67.1 68.4

32 61.5 62.6 63.2 63.9 65.2 68.7

36 70.3 68.3 67.4 67.0 65.9 65.2

Ca 16 63.7 62.3 60.8 59.4 57.9 56.4

22 64.7 63.6 62.3 60.9 59.8 58.6

28 68.0 66.7 65.0 63.6 62.3 59.8

32 71.1 70.0 69.1 68.3 67.0 65.7

36 65.8 65.4 64.3 63.6 62.5 61.8

K 16 82.1 81.4 80.7 81.5 79.3 78.5

22 81.3 80.9 80.5 80.1 79.0 79.3

28 78.6 78.4 78.2 78.0 77.8 77.5

32 76.0 76.4 77.0 77.6 78.2 78.7

36 82.8 83.3 83.2 83.4 83.7 83.6

S 16 46.0 44.8 43.5 42.6 41.6 40.6

22 46.7 46.7 46.9 46.9 46.8 46.9

28 45.2 45.2 45.6 45.8 46.0 46.3

32 47.0 47.4 48.0 48.4 48.7 49.3

36 44.0 43.5 43.7 43.8 44.1 44.5
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Table 20, continued.

Elemalt Root aw
Tencerature

1 2 3 4 5 6

oc

Nil 16 58.8 57.6 56.5 55.2 56.7 53.3

22 59.6 60.2 60.3 60.0 59.9 60.1

28 60.5 59.9 59.2 58.3 57.9 57.4

32 56.1 56.3 57.2 56.7 56.6 56.8

36 56.1 55.3 54.8 54.4 53.8 53.4

Zn 16 41.1 40.0 38.3 37.5 36.3 35.4

22 47.3 46.6 45.4 44.6 41.4 43.1

28 51.0 50.8 50.7 50.0 50.0 49.2

32 53.1 52.5 52.1 52.1 51.7 53.4

36 56.6 56.4 54.5 54.2 53.9 53.4
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of S, P, and Ca translocated to the shoots varied only

slightly with temperature, and no specific trend was

apparent. The increase in temperature did not appear

to enhance translocation from roots to shoots. The

percentage of Mn translocated to the shoots decreased

with increasing soil temperature up to 22°C and then

increased as the temperature further decreased.
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SUMMARY AND CONCLUSIONS

Soil water potential and root temperature effects on

rate of growth, water potentials, and rate of nutrient

uptake of sudangrass seedlings were investigated. Experi-

ments were conducted in the controlled environment of a

walk-in growth chamber.

The effect of soil water potential and root temper-

ature on plant water potentials showed that leaf water

potential, osmotic potential, and turgor pressure

responded diurnally to the evaporative demand of the

atmosphere. At the root temperature of 32o C and soil

water potential of -.15 MPa, maximum leaf water potential

of -.4 MPa occurred at the end of the dark period and

minimum leaf water potential of -1.2 MPa occurred at the

end of the light period. Maximum and minimum osmotic

potentials were -1.0 and -1.45 MPa, respectively.

Turgor pressure was -.65 MPa at the end of the dark

period, then decreased rapidly when the light came on

to 0.3 MPa at 12:00 noon, stayed constant until the

end of the light period, then increased sharply to a

maximum of 0.85 MPa before dropping back to 0.6 MPa at

7:00 hours.

Lowering the soil water potential from -.03 to -.15

MPa at the root temperature of 32 o C decreased leaf water
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potential from -.85 to -1.10 MPa and osmotic potential

from -1.2 to -1.45 MPa respectively at the end of the

light period.

Increasing or decreasing the root temperature from

the temperature of 28°C resulted in decreases of leaf

water potentials and osmotic potentials. At the soil

water potential of -.25 MPa, minimum leaf water potential

of -1.45 MPa occurred with the root temperature of 16°C.

Minimum osmotic potential of -1.80 MPa occurred with the

root temperature of 16°C. The changes in leaf water

potential and osmotic potential with the change in root

temperature were of the same magnitude.

The growth rate of sudangrass seedlings was

affected by root temperature and soil water potential.

At the soil water potential of -.06 MPa, the relative

growth rate of shoots increased from .15 day-1 at the

root temperature of 15°C to .225 day-1 at the optimum

root temperature of 32°C then decreased to .20 day -1 at

the root temperature of 36°C. Lowering the soil water

potential from -.03 to -.25 MPa at the root temperature of

32°C decreased the relative growth rate from 0.243 to

0.140 day-1. The effect of root temperature on rate of

growth was more evident at root temperatures of 16 and

36°C, than at the range of temperatures between 22 to

32°C. The effect of soil water potential on the rate of
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growth was more evident at the soil water potential of

-.03 and -.25 MPa.

The effect of soil water potential on the density of

dry matter per unit leaf area was substantial. At the

root temperature of 32°C the densities were 4.35 mg/cm
2

and 6.25 mg/cm2 at the soil water potentials of -0.03 and

-.06 and -.15 and -.25 MPa, respectively.

Transpiration rate per unit leaf Area increased from

2.2 to 3.90 pg/cm2-sec as the temperature increased from

16°C to 36°C at the soil water potential of -0.03 MPa.

As soil water potential increased the transpiration rate

per unit leaf area increased at the root temperatures of

22, 28 and 36°C. However, at the root temperature of

16°C there was only slight change of transpiration rate

with the change in soil water potential.

Effects of soil water potential and root temperature

on total resistance of the plant to water movement showed

that as root temperatures deviated from the temperature of

28°C, the total resistance increased at all soil water

potentials tested. The highest total resistance was

observed at the root temperature of 16°C and the soil

water potential of -.25 MPa.

Effects of soil water potential and soil temperature

on the concentration of nutrients showed that soil tem-

perature had a significant effect on the ion concentra-

tions in the plant materials at the significance level of
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one percent. The concentrations of K, P, Mg, Mn and Cu

increased with increasing root temperature from 16
o to

36°C. The concentrations of Ca, S, Fe and Zn increased

with the increase in root temperature to 32°C, then

decreased as root temperature further increased. Soil

water potential had no significant effects on the

concentrations of any of the elements with the exception

of P and Mg. The concentration of P increased as soil

water potential increased, while the concentration of Mg

decreased as the soil water potential increased.

General conclusions that can be drawn from the

results of this study include the following:

1. Osmotic adjustment is not a specific constant

property plants possess, but rather a dynamic process that

reflects the rate of change of solute potential in

response to changes in environmental conditions that

produce changes in leaf water potential. Whether or not

a causative relationship between leaf water potential and

osmotic potential exists is not clear. It cannot be con-

cluded the osmotic potential responds to changes in leaf

water potential. It is more likely that both potentials

change in response to environmental conditions that

determine the evaporative demand and the ability of the

plant to respond to the evaporative demand.

2. The degree of osmotic adjustment depends on the

rate at which leaf water potential changes during a daily

evaporative cycle.
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3. Rates of shoot growth and root growth change

with root temperature and soil water potential. The

optimum temperature for shoot and root growth was 32°C.

Changes above or below the optimum temperature resulted

in decreases in rate of growth. Results suggest that

rate of growth is not determined by turgor pressure.

In these experiments growth rates varied widely at the

same turgor pressure.

4. Growth rate is controlled by translocation

processes that occur between sources and sinks in the

plant. This comment applies to the water transport

system, as well as the phloem transport system.

5. The mass per unit area of leaves, that is, the

dry matter per unit leaf area, depends on root tempera-

ture and leaf water potential. The dry matter density

was highest at the lowest leaf water potentials.

6. The rate of transpiration per unit leaf area

depends on root temperature and root water potential.

Transpiration rates increased with increasing root

temperature and decreased with decreasing root tempera-

ture. The effect of root temperature can be attributed

in part to viscosity changes of the water, but not all

the changes are due to viscosity changes. Root tempera-

ture also controls membrane permeability as does soil

water potential.
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7. The concentrations of several nutrients in the

plant material increased with increasing root temperature.

Soil water potential had no significant effects on the

concentrations of any of the elements, with the excep-

tion of P and Mg, where the concentration of P increased

with increasing soil water potential, and Mg decreased

with increasing soil water potential.

8. Concentrations of several nutrients in the

transpiration stream were calculated. Results showed

these concentrations to remain more or less constant,

with very large changes in total amount of water tran-

spired. A causative relationship between transpiration

rate and nutrient uptake rate could not be established

with these experiments.
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Appendix Table 1. Water potentials of solutions of polyethylene
glycol (PEG-8000) with concentrations in
g/liter H20, at different temperatures.

Soil
Water

Potential

Temperature 0C

16 22 28 32 36

MPa g/liter

-0.03 36.10 36.93 37.83 38.47 39.14

-0.06 56.09 57.55 59.14 60.29 61.50

-0.10 76.29 78.41 80.73 82.40 84.19

-0.15 96.59 99.38 102.44 104.66 107.03

-0.25 128.93 132.8 137.07 140.16 143.48
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Appendix Table 2. Water potentials at indicated root temperatures
and soil water potentials at the indicated times
of day on the third day of the experiments. Values

shown are averages of two replications.

Root

Tower-
attire

Water

Potential
Tine

7:00 8:00

*S 1Pp Ps

oc MPa MPa

16 -0.03 -0.28 -0.97 0.69 -0.35 -1.00 0.65

-0.06 -0.32 -0.98 0.66 -0.42 -0.98 0.56

-0.10 -0.28 -1.14 0.86 -0.54 -1.05 0.51

-0.15 -0.25 -1.10 0.85 -0.76 -1.27 0.51

-0.25 -0.42 -1.16 0.74 -0.65 -1.28 0.63

22 -0.03 -0.27 -0.94 0.67 -0.42 -0.84 0.42

-0.06 -0.36 -0.95 0.59 -0.50 -0.98 0.48

-0.10 -0.38 -1.14 0.76 -0.38 -0.98 0.60

-0.15 -0.38 -1.10 0.72 -0.50 -0.98 0.48

-0.25 -0.38 -1.12 0.74 -0.50 -1.20 0.70

28 -0.03 -0.24 -0.90 0.66 -0.46 -0.94 0.48

-0.06 -0.30 -0.88 0.58 -0.60 -1.08 0.46

-0.10 -0.36 -0.92 0.56 -0.44 -0.93 0.49

-0.15 -0.38 -0.93 0.55 -0.55 -1.16 0.61

-0.25 -0.40 -0.98 0.58 -0.58 -1.04 0.46

32 -0.03 -0.24 -0.92 0.68 -0.38 -0.98 0.60

-0.06 -0.30 -0.94 0.64 -0.55 -0.98 0.43

-0.10 -0.25 -0.94 0.69 -0.44 -1.03 0.59

-0.15 -0.28 -0.94 0.70 -0.58 -0.97 0.39

-0.25 -0.34 -1.10 0.76 -0.60 -1.06 0.46

36 -0.03 -0.20 -0.93 0.73 -0.46 -0.94 0.48

-0.06 -0.23 -1.07 0.84 -0.47 -1.06 0.59

-0.10 -0.27 -1.10 0.83 -0.36 -1.08 0.72

-0.15 -0.38 -1.14 0.76 -0.48 -1.10 0.62

-0.25 -0.32 -1.32 1.00 -0.62 -1.22 0.60
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Appendix Table 2, continued.

Root

Temper-

afore

Water

Potential

Time

9:00 12:00

1 11's
11)5 *

oc MPa MPa

16 -0.03 -0.54 -1.14 0.60 -0.74 -1.04 0.30

-0.06 -0.70 -1.17 0.47 -0.86 -1.20 0.34

-0.10 -0.75 -1.13 0.38 -0.82 -1.24 0.42

-0.15 -0.98 -1.24 0.26 -1.28 -1.50 0.22

-0.25 -0.95 -1.29 0.34 -1.38 -1.70 0.32

22 -0.03 -0.65 -1.00 0.35 -0.80 -1.02 0.22

-0.06 -0.62 -0.96 0.34 -0.82 -1.10 0.28

-0.10 -0.65 -1.15 0.50 -0.93 -1.20 0.27

-0.15 -0.76 -1.20 0.44 -1.00 -1.30 0.30

-0.25 -0.78 -1.08 0.30 -1.15 -1.45 0.30

28 -0.03 -0.46 -0.93 0.47 -0.68 -1.07 0.39

-0.06 -0.60 -0.92 0.32 -0.74 -1.18 0.44

-0.10 -0.75 -1.18 0.43 -0.92 -1.24 0.32

-0.15 -0.77 -1.12 0.35 -0.77 -1.20 0.43

-0.25 -0.85 -1.24 0.39 -0.94 -1.32 0.38

32 -0.03 -0.44 -0.98 0.54 -0.66 -1.08 0.42

-0.06 -0.53 -1.00 0.47 -0.90 -1.17 0.27

-0.10 -0.66 -0.98 0.32 -0.87 -1.14 0.27

-0.15 -0.76 -1.12 0.36 -1.12 -1.32 0.20

-0.25 -0.82 -1.15 0.33 -1.12 -1.48 0.36

36 -0.03 -0.50 -1.06 0.56 -0.90 -1.14 0.24

-0.06 -0.73 -1.22 0.49 -0.95 -1.22 0.27

-0.10 -0.80 -1.10 0.30 -0.84 -1.30 0.46

-0.15 -1.05 -1.35 0.30 -1.13 -1.37 0.24

-0.25 -1.02 -1.42 0.40 -1.46 -1.76 0.30
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Appendix Table 2, continued.

Root

Temper-

afore

Water

Potential

Time

15:00 21:00

1 IPs 4)1 41s

°C MPa MPa

16 -0.03 -0.79 -1.17 0.38 -0.83 -1.34 0.52

-0.06 -0.79 -1.24 0.45 -0.87 -1.35 0.48

-0.10 -0.85 -1.28 0.43 -0.93 -1.40 0.47

-0.15 -1.28 -1.60 0.32 -1.30 -1.72 0.42

-0.25 -1.38 -1.78 0.40 -1.45 -1.75 0.30

22 -0.03 -0.88 -1.08 0.20 -0.98 -1.30 0.32

-0.06 -0.90 -1.07 0.17 -1.00 -1.30 0.30

-0.10 -0.95 -1.15 0.20 -1.12 -1.35 0.23

-0.15 -1.00 -1.30 0.30 -1.20 -1.56 0.36

-0.25 -1.17 -1.45 0.28 -1.30 -1.65 0.35

28 -0.30 -0.68 -1.16 0.48 -0.80 -1.18 0.38

-0.06 -0.73 -1.20 0.47 -0.84 -1.20 0.36

-0.10 -0.80 -1.20 0.40 -0.94 -1.22 0.28

-0.15 -0.85 -1.18 0.33 -0.98 -1.28 0.30

-0.25 -0.90 -1.30 0.40 -1.06 -1.36 0.30

32 -0.03 -0.80 -1.11 0.31 -0.76 -1.26 0.50

-0.06 -0.88 -1.23 0.35 -0.94 -1.36 0.42

-0.10 -0.88 -1.12 0.24 -1.00 -1.32 0.32

-0.15 -1.12 -1.33 0.21 -1.14 -1.44 0.30

-0.25 -1.16 -1.50 0.34 -1.26 -1.60 0.34

36 -0.03 -0.92 -1.24 0.32 -1.08 -1.29 0.21

-0.06 -0.86 -1.16 0.30 -1.13 -1.35 0.22

-0.10 -1.10 -1.50 0.40 -1.24 -1.55 0.31

-0.15 -1.10 -1.31 0.21 -1.28 -1.62 0.34

-0.25 -1.50 -1.78 0.28 -1.64 -1.89 0.25
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Appendix Table 2, continued.

Root

Temper-

ature

Water

Potential

Time

24:00

4'1 41p

ct MPa MPa

16 -0.03 -0.50 -1.20 0.70

-0.06 -0.40 -1.12 0.72

-0.10 -0.40 -1.17 0.77

-0.15 -0.40 -1.28 0.88

-0.25 -0.45 -1.38 0.93

22 -0.03 -0.38 -1.08 0.70

-0.06 -0.48 -1.13 0.65

-0.10 -0.40 -1.12 0.72

-0.15 -0.44 -1.28 0.84

-0.25 -0.60 -1.42 0.82

28 -0.03 -0.50 -1.10 0.60

-0.06 -0.40 -1.18 0.78

-0.10 -0.40 -1.05 0.65

-0.15 -0.50 -1.15 0.65

-0.25 -0.40 -1.24 0.84

32 -0.03 -0.30 -1.06 0.76

-0.06 -0.30 -1.25 0.95

-0.10 -0.40 -1.18 0.78

-0.15 -0.34 -1.30 0.96

-0.25 -0.40 -1.46 1.06

36 -0.03 -0.52 -1.20 0.68

-0.06 -0.38 -1.31 0.93

-0.10 -0.58 -1.45 0.87

-0.15 -0.52 -1.50 0.98

-0.25 -0.54 -1.62 1.08
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Appendix Table 3. Water potentials at indicated root temperatures
and soil water potentials measured at the
indicated times of day at the fifth day of the
experiments. Values shown are averages of two
replications.

Root

Temper-

ature

Water

Potential

Time

7:00 8:00

111s
11)/3 4)1

oc MPa MPa

16 -0.03 -0.30 -0.91 0.61 -0.34 -0.96 0.62

-0.06 -0.32 -1.01 0.69 -0.55 -1.01 0.46

-0.10 -0.27 -1.03 0.76 -0.50 -1.08 0.58

-0.15 -0.42 -1.13 0.71 -0.70 -1.33 0.63

-0.25 -0.25 -1.27 1.02 -0.70 -1.17 0.47

22 -0.03 -0.20 -0.98 0.78 -0.38 -0.95 0.57

-0.06 -0.31 -1.08 0.77 -0.65 -1.04 0.39

-0.10 -0.29 -1.05 0.76 -0.48 -1.03 0.55

-0.15 -0.28 -1.03 0.75 -0.45 -1.17 0.72

-0.25 -0.34 -1.18 0.84 -0.50 -1.17 0.67

28 -0.03 -0.30 -0.96 0.66 -0.45 -1.02 0.57

-0.06 -0.28 -1.03 0.75 -0.50 -1.26 0.76

-0.10 -0.33 -0.98 0.65 -0.48 -1.02 0.54

-0.15 -0.34 -1.08 0.74 -0.50 -1.02 0.52

-0.25 -0.32 -1.17 0.85 -0.63 -1.30 0.67

32 -0.03 -0.29 -0.94 0.65 -0.58 -0.97 0.39

-0.06 -0.46 -1.37 0.91 -0.40 -0.98 0.58

-0.10 -0.23 -1.06 0.83 -0.43 -1.09 0.66

-0.15 -0.29 -1.04 0.75 -0.63 -1.12 0.49

-0.25 -0.32 -1.30 0.98 -0.69 -1.36 0.67
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Appendix Table 3, continued.

Root

Tiper-
afore

Water

Potential

Time

9:00 12:00

*1 *S 4)p 14 I's IPI,

oc MPa MPa

16 -0.03 -0.67 -1.02 0.35 -0.99 -1.08 0.10

-0.06 -0.81 -1.16 0.35 -0.86 -0.94 0.08

-0.10 -0.87 -0.98 0.11 -0.81 -1.14 0.33

-0.15 -0.90 -1.05 0.15 -0.84 -1.27 0.43

-0.25 -1.07 -1.32 0.25 -1.24 -1.55 0.31

22 -0.03 -0.50 -1.00 0.50 -0.81 -1.14 0.33

-0.06 -0.70 -1.03 0.33 -0.91 -1.20 0.29

-0.10 -0.76 -1.14 0.38 -0.97 -1.27 0.30

-0.15 -0.81 -1.12 0.31 -1.10 -1.37 0.27

-0.25 -0.92 -1.28 0.36 -1.29 -1.52 0.23

28 -0.03 -0.47 -0.99 0.52 -0.78 -1.23 0.45

-0.06 -0.54 -1.05 0.51 -0.97 -1.29 0.32

-0.10 -0.64 -1.06 0.42 -0.93 -1.23 0.30

-0.15 -0.75 -1.18 0.43 -0.94 -1.25 0.31

-0.25 -0.84 -1.20 0.36 -1.04 -1.38 0.34

32 -0.03 -0.60 -0.98 0.38 -0.92 -1.12 0.20

-0.06 -0.80 -1.10 0.30 -0.89 -1.24 0.35

-0.10 -1.02 -1.28 0.26 -1.26 -1.52 0.26

-0.15 -0.98 -1.22 0.24 -1.15 -1.56 0.41

-0.25 -1.10 -1.45 0.35 -1.08 -1.55 0.47
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Appendix Table 3, continued.

Root

Temper-

afore

Water

Potential

Time

15:00 21:00

01 OS 1'p
4)p

oc MPa MPa

16 -0.03 -0.73 -1.13 0.40 -0.93 -1.25 0.32

-0.06 -0.93 -1.21 0.28 -1.00 -1.42 0.42

-0.10 -0.90 -1.20 0.30 -1.04 -1.62 0.58

-0.15 -1.21 -1.51 0.30 -1.12 -1.40 0.28

-0.25 -1.27 -1.30 0.03 -1.26 -1.63 0.37

22 -0.03 -0.90 -1.15 0.25 -0.92 -1.26 0.34

-0.06 -0.92 -1.17 0.25 -1.16 -1.50 0.34

-0.10 -0.96 -1.19 0.23 -1.18 -1.47 0.29

-0.15 -1.17 -1.45 0.28 -1.41 -1.87 0.46

-0.25 -1.3 -1.60 0.30 -1.44 -1.70 0.26

28 -0.03 -0.87 -1.20 0.33 -1.07 -1.45 0.38

-0.06 -0.97 -1.57 0.60 -1.03 -1.43 0.40

-0.10 -1.05 -1.42 0.37 -1.05 -1.50 0.45

-0.15 -0.96 -1.26 0.30 -1.10 -1.44 0.34

-0.25 -1.03 -1.38 0.35 -1.09 -1.55 0.46

32 -0.03 -0.73 -1.17 0.44 -0.62 -1.30 0.68

-0.06 -0.79 -1.48 0.69 -1.14 -1.41 0.27

-0.10 -1.19 -1.69 0.50 -1.12 -1.61 0.49

-0.15 -1.15 -1.55 0.40 -1.34 -1.82 0.48

-0.25 -1.18 -1.72 0.54 -1.25 -1.81 0.56



167

Appendix Table 3, continued.

Root

Tepper-

attire

Water

Potential

The
21400

4)1 11)S 4)13

oc MPa MPa

16 -0.03 -0.58 -1.20 0.62

-0.06 -0.43 -1.24 0.81

-0.10 -0.34 -1.32 0.98

-0.15 -0.57 -1.57 1.00

-0.25 -0.35 -1.52 1.17

22 -0.03 -0.37 -1.08 0.71

-0.06 -0.48 -1.22 0.74

-0.10 -0.40 -1.10 0.70

-0.15 -0.45 -1.28 0.83

-0.25 -0.61 -1.43 0.82

28 -0.03 -0.30 -1.30 1.00

-0.06 -0.35 -1.43 1.08

-0.10 -0.23 -1.30 1.07

-0.15 -0.56 -1.43 0.87

-0.25 -0.39 -1.42 1.03

32 -0.03 -0.32 -1.18 0.86

-0.06 -0.47 -1.55 1.08

-0.10 -0.33 -1.37 1.04

-0.15 -0.73 -1.40 0.67

-0.25 -0.60 -1.63 1.02
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Appendix Table 4. Root dry weight in mg as a function of root
temperature and soil water potential. Day number

in parentheses is day since germination. Values

shown are averages of two replications.

Root

Temper-

ature

Water

Potential
Days since starting experiment

41

Oc MPa mg

16 -0.03 143 178 257 324 392 402

-0.06 120 187 238 340 408 306

-0.10 150 168 202 310 395 388

-0.15 112 173 216 366 404 377

-0.25 116 126 201 201 293 373

22 -0.03 96 170 229 327 331 332

-0.06 142 257 186 190 330 313

-0.10 92 150 192 202 246 341

-0.15 96 182 206 168 304 292

-0.25 102 176 198 200 176 272

28 -0.03 122 124 208 292 288 320

-0.06 119 138 226 200 226 211

-0.10 115 135 176 215 264 250

-0.15 110 146 214 240 252 262

-0.25 132 150 214 231 259 220

32 -0.03 148 182 263 289 401 480

-0.06 121 180 258 466 380 342

-0.10 132 166 235 349 403 341

-0.15 121 164 241 376 264 291

-0.25 120 204 255 234 254 306

36 -0.03 137 258 293 315 379 488

-0.06 137 179 252 306 351 393

-0.10 121 243 198 302 311 226

-0.15 112 197 196 300 284 264

-0.25 122 160 218 261 234 260
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Appendix Table 5. Leaf area in cm2 as a function of root temperature
and soil water potential. Day number in parentheses
is day since germination. Values shown are averages

of two replications.

Root

Temper-

ature

Water

Potential
Days since starting experiment

4,1

Oc MPa cm2

16 -0.03 100.2 116.3 143.6 147.3 165.8 165.4

-0.06 106.3 113.8 118.2 150.7 142.6 141.4

-0.10 101.6 89.1 124.8 101.1 120.6 114.1

-0.15 73.8 83.9 97.6 103.8 85.8 102.9

-0.25 72.92 70.5 77.1 90.9 85.5 82.5

22 -0.03 57.0 91.9 94.2 135.4 128.3 165.6

-0.06 83.8 79.1 68.4 98.6 134.6 126.8

-0.10 52.9 50.6 79.7 82.5 118.8 107.1

-0.15 49.7 57.1 61.6 56.8 91.6 106.7

-0.25 35.6 55.9 53.2 55.4 50.5 64.2

28 -0.03 55.7 57.3 76.7 104.7 115.0 148.9

-0.06 48.6 50.2 66.1 74.0 83.8 102.0

-0.10 44.6 45.9 56.7 56.4 78.8 99.4

-0.15 43.6 43.0 48.3 50.7 63.7 83.8

-0.25 41.4 38.0 42.9 44.0 48.3 52.4

32 -0.03 83.3 112.7 139.3 153.7 211.9 236.0

-0.06 85.8 87.0 129.2 143.0 152.6 187.6

-0.10 72.3 92.7 106.2 124.5 124.2 151.5

-0.15 67.7 80.4 101.2 105.8 108.2 131.2

-0.25 66.5 79.0 80.2 83.6 91.3 96.1

36 -0.03 70.2 105.2 126.9 165.3 188.5 241.2

-0.06 79.1 88.7 111.7 142.9 134.2 164.4

-0.10 75.4 84.8 101.8 115.8 121.3 129.3

-0.15 69.4 79.7 81.6 95.5 108.4 136.6

-0.25 63.4 79.9 75.9 74.6 81.9 93.3
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Appendix Table 6. Shoot dry weight in mg as a function of root
temperature and soil water potential. Day number

in parentheses is day since germination. Values

shown are averags of two replications.

Root

Temper

atare

°C

Water

Potential

MPa

Days since starting experiment

1(16)2U1L3DE4(19)5(20)
mg

6(21)

16 -0.03 500 492 614 652 899 900

-0.06 370 470 512 764 758 805

-0.10 371 356 611 504 694 725

-0.15 303 391 485 580 530 608

-0.25 306 287 386 456 455 567

22 -0.03 191 298 306 552 467 627

-0.06 271 259 215 365 497 552

-0.10 151 165 252 299 379 416

-0.15 138 148 233 227 292 335

-0.25 135 147 212 229 191 288

28 -0.03 195 214 297 394 462 627

-0.06 156 184 237 298 334 490

-0.10 152 196 212 260 320 400

-0.15 150 188 192 208 264 344

-0.25 145 157 183 195 209 262

32 -0.03 272 360 464 558 729 953

-0.06 281 288 442 522 653 789

-0.10 243 298 368 483 584 725

-0.15 217 283 379 464 479 608

-0.25 236 300 357 396 423 470

36 -0.03 329 371 501 642 761 996

-0.06 315 299 406 557 602 788

-0.10 329 271 386 442 542 623

-0.15 267 280 320 454 460 594

-0.25 280 297 388 422 421 491
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Appendix Table 7. Concentration of P (percent of dry weight) as a
function of time in the shoots at different soil
temperatures and soil water potentials. Day

number in parentheses is day since germination.

Soil Soil
Day

Temper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

ct MPa %

16 -0.03 .199 .310 .180 .160 .130 .100 .178

- 0.06 -- .170 .160 .130 .120 .100 .134

-0.10 .170 .180 .150 -- .130 .100 .146

-0.15 -- .130 .150 .130 -- .100 .127

- 0.25 -- .150 .140 -- -- .100 .130

22 -0.03 .247 .247 .217 .172 .195

- 0.06 .207 .179 .231 .163 .154

- 0.10 .240 .210 .172 .177 .166

-0.15 .230 .207 .178 .148 .170

-0.25 .230 .189 .162 .163 .191

28 -0.03 .188 .271 .201 .227 .269

- 0.06 .174 00 WO .201 .210 .167

-0.10 .150 .156 .176 .122 .158

- 0.15 .142 .147 .162 .137 .148

- 0.25 .125 .121 .155 .165 .141

32 -0.03 .303 .280 .304 .231 .284

-0.06 .221 .258 .247 .210 .195

- 0.10 .187 .203 .238 .220 .185

- 0.15 .197 .217 .201 .180 .180

- 0.25 .171 .171 .163 .200 .197

36 -0.03 .279 .337 .337 .385 .293

-0.06 .235 .284 .290 .233 .161

- 0.10 .222 .207 .263 .182 .165

- 0.15 .152 .202 .217 .169 .165

- 0.25 .143 .185 .176 .152 .145

.193 .212

.178 .185

.165 .188

.162 .182

.155 .181

.226 .230

.169 .184

.180 .157

.138 .145

.151 .143

.285 .281

.218 .225

.190 .204

.233 .201

.412 .219

.230 .316

.212 .236

.193 .205

.190 .182

.166 .161
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Appendix Table 7a. Concentration of P (percent of dry weight) as a
function of time in the roots at different soil

temperatures and soil water potentials. Day

number in parentheses is day since germination.

Soil Soil
Dav

Taper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

°C MPa

16 -0.03 .210 .220 .150 .130 .150 .172

- 0.06 .200 .180 .160 .130 .130 .134

- 0.10 .200 .160 .140 .120 .110 .146

- 0.15 .160 .160 .130 .100 .120 .134

- 0.25 .100 .120 .100 .100 .105

22 -0.03 .1394 .1090 .1099 .1114 .0967 .0929 .110

- 0.06 .1139 .0909 .0983 .0996 .0888 .0984 .098

- 0.10 .1169 .1006 .0916 .1005 .0736 .0896 .095

- 0.15 .1191 .1010 .0768 .0940 .0808 .0763 .091

-0.25 .0932 .0907 .0860 .0849 .0818 .0722 .085

28 -0.03 .1881 .1857 .1535 .1683 .1684 .1750 .173

- 0.06 .1645 .1820 .1557 .1376 .1574 .1744 .162

-0.10 .1708 .1447 .1185 .1327 .1382 .1485 .142

-0.15 .1646 .1198 .1352 .1242 .1168 .1374 .133

-0.25 .1432 .1411 .1165 .1221 .1343 .1398 .133

32 -0.03 .2111 .2032 .1840 .1700 .1991 .1768 .191

-0.06 .2137 .1646 .1709 .1300 .1693 .2028 .175

-0.10 .1755 .1550 .1603 .1500 .1423 .1871 .162

-0.15 .1921 .1674 .1403 .1300 .1701 .1733 .162

- 0.25 .1906 .1329 .1320 .1600 .1579 .2056 .163

36 -0.03 .1973 .1362 .1932 .1573 .1492 .166

-0.06 .1717 .1889 .1724 .1198 .1591 .1617 .162

- 0.10 .MAM. .1290 .1809 .1069 .1403 .1688 .145

-0.15 IMP OM .1491 .1534 .1027 .1395 .1467 .138

- 0.25 .1554 .1385 .1179 .1157 .1187 .1310 .130
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Appendix Table 8. Concentration of Cu (ppm) as a function of time
in the shoots at different soil temperatures and
soil water potentials. Day number in parentheses

is day since germination.

Soil

Temper-

afore

Soil

Water

Potential

Day

Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

oc lea ppm

16 -0.03 4.4 6.2 7.0 8.2 6.3 6.5 6.43

-0.06 -- 5.5 6.2 6.2 8.5 6.8 6.64

-0.10 5.5 5.7 8.7 -- 9.2 8.4 7.50

-0.15 -- 6.2 7.8 7.3 -- 8.0 7.33

-0.25 -- 7.8 8.1 -- 7.3 7.73

22 -0.03 12.9 11.4 11.7 17.6 45.1 24.2 20.5

-0.06 25.0 14.1 15.3 23.0 38.1 20.8 22.7

-0.10 14.0 12.0 25.3 16.1 18.6 20.9 17.8

-0.15 13.4 12.0 16.8 14.6 28.8 23.9 18.3

-0.25 8.2 16.90 26.0 18.3 25.5 27.7 20.4

28 -0.03 11.0 18.4 15.7 20.8 22.3 24.4 18.8

-0.06 8.6 19.8 18.2 12.6 15.4 14.9

-0.10 14.5 11.9 21.3 15.5 29.3 13.0 17.6

-0.15 9.5 15.0 18.9 17.7 17.9 14.3 15.6

-0.25 12.1 12.7 36.4 15.1 20.3 19.4 19.3

32 -0.03 32.1 22.1 20.8 17.1 27.1 39.5 26.4

-0.06 30.5 23.3 28.8 19.0 17.1 19.1 22.9

-0.10 25.6 22.3 23.0 19.0 21.7 16.1 21.3

-0.15 19.6 21.8 27.2 16.0 12.7. 32.3 21.6

-0.25 30.1 26.4 23.9 13.0 19.2 26.7 23.2

36 -0.03 21.5 48.7 49.9 25.6 31.9 34.2 35.3

-0.06 21.7 45.9 39.2 13.9 19.9 23.2 27.3

-0.10 19.4 27.3 27.3 11.4 10.6 23.3 19.9

-0.15 17.6 27.0 33.5 11.5 31.3 34.3 25.9

-0.25 13.3 27.2 28.2 12.8 16.9 27.2 20.9
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Appendix Table 8a. Concentration of Cu (ppm) as a function of time
in the roots at different soil temperatures and
soil water potentials. Day number in parentheses

is day since germination.

Sel Sail
Day

Temper- Water

attire Potential
1(16) 2(17) 3(18) 4(19) 5(20) 6(21) Average

oc MPa ppm

16 -0.03 IIM 87.4 96.7 64.5 77.1 96.7 84.48

-0.06 - - 107.3 77.0 80.2 86.2 72.2 84.58

-0.10 75.5 76.5 63.0 73.4 68.9 71.46

-0.15 60.0 60.8 52.7 39.1 67.0 55.92

-0.25 MOO. - - 40.1 54.3 40.3 56.3 47.75

22 -0.03 76.51 40.78 40.79 57.38 40.19 40.86 49.41

-0.06 108.50 28.68 38.28 48.77 34.84 68.80 54.64

-0.10 56.78 44.80 33.28 41.77 27.42 64.15 44.70

-0.15 48.66 31.14 32.93 39.23 48.18 26.08 37.70

-0.25 45.11 27.13 33.15 38.19 48.86 25.79 36.36

28 -0.03 117.2 111.7 66.69 111.4 100.5 117.7 104.20

-0.06 99.05 106.7 86.59 104.4 107.1 170.0 112.3

-0.10 98.34 74.81 68.77 82.68 84.80 88.31 82.95

-0.15 89.96 52.30 66.24 65.93 47.97 79.26 66.94

-0.25 77.20 65.45 87.35 78.86 72.25 84.57 77.61

32 -0.03 151.5 114.7 116.8 105.0 100.1 115.8 117.3

-0.06 101.8 75.4 102.0 50.0 138.5 145.6 102.2

-0.10 74.9 89.8 95.2 80.0 68.5 147.4 92.63

-0.15 81.0 104.2 64.5 70.0 91.5 118.7 88.32

-0.25 118.7 55.3 67.3 123.0 98.1 122.3 97.45

36 -0.03 80.50 50.93 66.70 71.85 110.8 76.15

-0.06 57.60 75.56 68.43 40.59 81.73 108.6 72.08

-0.10 33.72 66.99 30.41 71.50 147.6 70.04

-0.15 52.07 83.88 28.94 77.80 98.33 68.20

-0.25 69.67 44.64 50.42 33.83 60.85 85.25 57.44
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Appendix Table 9. Concentration of Ca (percent of dry weight) as a

function of time in the shoots at different soil
temperatures and soil water potentials. Day number

in parentheses is day since germination.

Sall

Temper-

afore

Soil

Water

Potential

Dav

1(16) 2(17) 3(18) 11(19) 5(20) 6(21)

oc MPa

16 -0.03 .462 .648 .471 .440 .383 .383 .464

-0.06 .490 .501 .421 .469 .468 .469

-0.10 .511 .540 .476 .464 .461 .490

-0.15 .564 .503 .517 .472 .513

-0.25 4M, MO .524 .527 .502 .516

22 -0.03 .412 .380 .374 .330 .356 .339 .366

-0.06 .398 .393 .350 .352 .340 .339 .362

-0.10 .430 .430 .387 .368 .373 .354 .390

-0.15 .390 .401 .375 .345 .369 .339 .370

-0.25 .380 .375 .395 .387 .455 .363 .393

28 -0.03 .588 .660 .641 .624 .605 .512 .605

-0.06 .648 I= MD .663 .585 .584 .523 .600

-0.10 .683 .715 .634 .649 .550 .590 .637

-0.15 .735 .675 .672 .604 .594 .511 .632

-0.25 .738 .629 .694 .508 .575 .567 .633

32 -0.03 .744 .700 .641 .470 .575 .523 .608

-0.06 .613 .787 .650 .590 .530 .504 .612

-0.10 .635 .630 .726 .630 .500 .518 .606

-0.15 .776 .663 .646 .610 .558 .705 .659

-0.25 .610 .697 .653 .630 .621 .613 .637

36 -0.03 .496 .564 .560 .478 .550 .457 .517

-0.06 .566 .636 .534 .557 .380 .465 .523

-0.10 .507 .691 .644 .52 .490 .485 .562

-0.15 .567 .592 .582 .530 .507 .541 .553

-0.25 .564 .616 .588 .515 .503 .543 .555
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Appendix Table 9a. Concentration of Ca (percent of dry weight) as a

a function of time in the roots at different soil

temperatures and soil water potentials. Day number

in parentheses is day since germination.

Sail Soil
Dav

Tamper- Water

attire Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

°C MPa

16 -0.03 .4854 .6044 .6281 .6592 .6513 .6058

- 0.06 IN. Ow .4975 .4724 .5748 .6066 .5253 .5352

-0.10 .4869 .4378 .5432 .5072 .4948 .4939

-0.15 .4509 .5086 .5175 .4938 .4716 .4885

-0.25 .3324 .5314 .4588 .4652 .4469

22 -0.03 .2762 .3088 .3689 .3407 .4122 .4430 .3583

-0.06 .2741 .3211 .3429 .3985 .3747 .3373 .3414

-0.10 .2554 .3297 .3365 .3578 .3149 .3565 .3251

- 0.15 .2708 .2887 .2917 .3015 .3132 .3245 .2984

-0.25 .1867 .2947 .2956 .2990 .2462 .2610 .2638

28 -0.03 .4706 .4891 .6169 .7045 .7011 .6660 .6080

- 0.06 .5126 .5567 .6012 .8545 .7380 .7286 .6652

-0.10 .5217 .5793 .6062 .7715 .7127 .7161 .6512

-0.15 .5154 .5761 .6554 .7459 .6854 .6560 .6390

- 0.25 .4315 .5617 .5743 .7452 .6995 .6513 .6106

32 -0.03 .4201 .4457 .4747 .5800 .6244 .6154 .5267

- 0.06 .4164 .4436 .5826 .6000 .6173 .6428 .5504

- 0.10 .4266 .4375 .4924 .5600 .5516 .5785 .5077

- 0.15 .4392 .4212 .5234 .5800 .5224 .4994 .4976

- 0.25 .4338 .3691 .4423 .4700 .4656 .4428 .4372

36 -0.03 .3750 .4462 .4391 .4875 .5482 .4592

- 0.06 .4946 .5080 .6115 .5075 .6802 .5908 .5654

- 0.10 .4820 .5279 .4808 .6630 .5444 .5396

- 0.15 .5892 .5884 .5546 .6257 .4124 .5540

- 0.25 .4790 .5201 .4613 .4163 .4810 .4203 .4630



177

Appendix Table 10. Concentration of S (percent of dry weight) as a
function of time in the shoots at different soil
temperatures and soil water potentials. Day number

in parentheses is day since germination.

Soil Soil
Dav

Temper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

oc MPa

16 -0.03 .304

- 0.06

- 0.10 .379

- 0.15

- 0.25

MOM

.258 .302 .301 .309 .310 .297

.310 .328 .301 .337 .314 .318

.325 .362 .336 .334 .347

.410 .387 .338 .354 .372

.313 .382 .377 .357

22 -0.03 .260 .329 .339 .330 .356 .384 .333

- 0.06 .390 .374 .324 .315 .359 .384 .357

- 0.10 .340 .340 .367 .349 .382 .379 .359

- 0.15 .290 .330 .345 .287 .359 .364 .329

- 0.25 .290 .294 .289 .304 .400 .320 .316

28 -0.03 .469 .423

- 0.06 .412

- 0.10 .449 .434

- 0.15 .462 .466

- 0.25 .444 .418

.426 .540 .494 .453 .467

.465 .539 .533 .485 .487

.454 .428 .501 .500 .461

.527 .456 .448 .485 .476

.448 .477 .457 .490 .456

32 -0.03 .392 .416 .441 .324 .448 .441 .410

- 0.06 .425 .410 .437 .540 .433 .419 .444

-0.10 .378 .384 .456 .540 .408 .436 .434

- 0.15 .394 .368 .372 .480 .405 .503 .420

- 0.25 .340 .373 .371 .530 .403 .442 .410

36 -0.03 .279 .330 .451 .427 .464 .405 .393

-0.06 .355 .400 .401 .455 .335 .408 .392

-0.10 .328 .491 .437 .403 .412 .408 .413

- 0.15 .304 .412 .391 .423 .418 .453 .400

-0.25 .342 .425 .421 .400 .411 .410 .401
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Appendix Table 10a. Concentration of S (percent of dry weight) as a

function of time in the roots at different soil

temperatures and soil water potentials. Day number

in parentheses is day since germination.

scdi Soil
Dav

Tenper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

°C MPa

16 -0.03 .7194 .9131 .6709 .7636 1.011 .8156

- 0.06 .7145 .6650 .8008 .8156 .7056 .7403

-0.10 .7411 .7569 .6104 .6351 .6739 .6834

- 0.15 .7712 .7325 .5822 .4072 .6688 .6324

- 0.25 .4700 .6222 .5055 .6594 .5642

22 -0.03 .4078 .3614 .4011 .4874 .5423 .6325 .4721

- 0.06 .4257 .3909 .3165 .5295 .4728 .4532 .4314

- 0.10 .3875 .3919 .4111 .4880 .3730 .4628 .4190

- 0.15 .3544 .3823 .2811 .4031 .3956 .4101 .3711

- 0.25 .3274 .3445 .3177 .3535 .3496 .2602 .3254

28 -0.03 .9069 .7546 .7878 1.131 1.064 1.038 .8120

- 0.06 .8951 .9157 .8181 1.251 1.062 1.094 1.006

- 0.10 .9009 .8685 .6602 1.001 1.083 1.097 .9351

- 0.15 .9267 .7157 .8132 .9987 .8360 .9474 .8729

- 0.25 .8474 .9170 .7106 1.028 1.025 .9468 .9124

32 -0.03 .7468 .7673 .7177 .8800 1.1430 .9538 .8681

-0.06 .7509 .6396 .9451 .8200 1.091 1.197 .9072

- 0.10 .6357 .6806 .7872 .9400 .8327 1.138 .8357

-0.15 .6539 .6526 .7530 .8300 .9255 .9599 .7958

-0.25 .7082 .4877 .6335 .8400 .8684 .8390 .7294

36 -0.03 .7745 .6317 .7063 .8242 .9592 .6243

-0.06 .6747 .7853 .9395 .7697 1.072 .9810 .8703

-0.10 -- .7155 .9462 .7136 .9914 1.180 .9093

-0.15 .8888 .8891 .7563 .9260 .8820 .8684

-0.25 .7094 .5126 .7339 .5777 .7849 .8016 .6866
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Appendix Table 11. Concentration of K (percent of dry weight) as a
function of time in the shoots at different soil
temperatures and soil water potentials. Day number

in parentheses is day since germination.

Soil Soil Dav
Temper- Water

afore Potential
1(16) 2(17) 3(18) 4(19) 5(20) 6(21) Average

oc MPa

16 -0.03 2.080 2.062 2.078 2.059 1.750 1.708 1.95

-0.06 2.171 2.021 1.960 2.035 1.915 2.02

-0.10 2.295 2.042 2.374 -- 2.189 2.167 2.19

-0.15 2.216 2.389 2.161 2.250 2.25

- 0.25 2.373 2.491 2.281 2.33

22 -0.03 2.213 2.091 2.078 1.994 2.343 2.005 2.12

- 0.06 2.515 1.905 2.099 1.959 2.185 2.055 2.12

-0.10 2.170 1.790 2.149 2.122 2.359 1.821 2.07

- 0.15 2.230 2.081 1.783 1.850 2.419 2.038 2.07

-0.25 2.000 2.183 2.061 2.146 2.990 2.022 2.23

28 -0.03 1.588 2.162 1.557 2.099 2.528 2.262 2.03

- 0.06 1.760 -- 1.855 1.966 1.79 1.993 1.87

- 0.10 1.506 1.477 1.743 1.653 1.754 1.900 1.67

-0.15 1.430 1.905 1.765 1.595 1.653 1.723 1.67

-0.25 1.662 1.910 1.670 1.552 1.977 1.708 1.74

32 -0.03 1.980 2.511 2.878 2.094 2.896 2.828 2.53

- 0.06 1.960 2.424 2.818 2.400 2.387 2.330 2.38

-0.10 1.836 2.365 2.562 2.600 2.416 2.368 2.35

-0.15 1.904 2.217 2.294 2.094 2.271 3.106 2.31

-0.25 1.694 2.695 2.519 2.600 2.573 3.173 2.50

36 -0.03 1.758 2.058 2.888 3.102 3.242 2.675 2.62

-0.06 1.964 2.419 2.721 2.862 1.971 2.435 2.39

-0.10 2.170 2.312 2.659 2.522 2.086 2.294 2.34

- 0.15 1.748 2.304 2.496 2.256 2.232 3.005 2.34

-0.25 1.930 2.258 2.226 2.023 2.187 2.552 2.19
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Appendix Table 11a. Concentration of K (percent of dry weight) as a
function of time in the roots at different soil
temperatures and soil water potentials. Day number

in parentheses is day since germination.

Soil

Temper-

afore

Soil

Water

Potential

Day

Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

oc MPa %

16 -0.03 -- 1.400 1.405 .829 .920 1.332 1.177

-0.06 -- 1.325 1.219 1.037 1.068 1.172 1.164

-0.10 -- 1.322 1.422 .927 1.070 1.065 1.161

-0.15 -- 1.283 1.280 .841 .674 1.167 1.049

-0.25 -- -- .845 .893 .783 .987 .877

22 -0.03 .8322 .5074 .5847 .7575 .5876 .6160 .6475

-0.06 .7670 .4331 .4751 .6947 .5464 .5607 .5794

-0.10 .6882 .6512 .5068 .6832 .3842 .6595 .5955

-0.15 .6297 .5591 .3628 .5755 .5820 .4385 .5246

-0.25 .5891 .5303 .4611 .5646 .5070 .3447 .4994

28 -0.03 1.094 1.048 .6586 .9665 .9094 .9856 .9436

-0.06 1.134 1.070 .8413 .7366 .6606 .7449 .8645

-0.10 1.166 .8819 .5109 .6592 .7677 .7806 .7944

-0.15 1.028 .7029 .7787 .6812 .5169 .8653 .7621

-0.25 .9921 .9237 .7788 .6717 .7282 .7589 .8089

32 -0.03 1.239 1.218 1.026 1.000 1.292 .960 1.122

-0.06 1.302 .875 1.208 .640 1.214 1.301 1.090

-0.10 1.025 1.076 1.086 1.000 .849 1.326 1.060

-0.15 1.048 1.077 .798 .810 1.130 1.247 1.018

-0.25 1.416 .762 .913 1.200 1.195 1.182 1.111

36 -0.03 .6563 .5896 .9380 1.001 1.117 .860

-0.06 .6253 .7693 .8783 .6727 .9890 1.086 .8367

-0.10 .5139 .9494 .5441 .9136 1.537 .8916

-0.15 .6477 .7524 .4972 .7907 1.221 .7818

-0.25 .7326 .6624 .6567 .5417 .7037 .9466 .7072
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Appendix Table 12. Concentration of Zn (ppm) as a function of time

in the shoots at different soil temperatures and

soil water potentials. Day number in parentheses

is day since germination.

Soil Soil Day
Tiper.. Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

°C MPa PPm

16 -0.03 53.6 49.,6 63.6 74.7 90.2 68.7 67

- 0.06 -- 61.6 58.9 72.3 65.7 60.7 64

- 0.10 73.7 54.6 81.7 -- 102.8 105.3 84

- 0.15 .,M, Ma 62.2 108.8 69.7 Mb IM 79.1 80

- 0.25 -- 43.4 105.1 -- _... 69.3 73

22 -0.03 41.7 67.0 76.5 114.6 100.7 80.5 80

- 0.06 83.0 71.3 55.4 85.9 112.2 83.9 82

-0.10 60.0 71.0 83.3 71.0 73.2 74.3 72

- 0.15 49.0 63.3 68.4 45.9 73.0 67.1 61

-0.25 65.0 57.2 67.3 62.3 95.2 69.5 69

28 -0.03 96.0 99.7 86.0 145.1 142.00 101.4 112

- 0.06 104.0 134.0 135.4 104.9 108.1 117

- 0.10 98.7 95.1 102.8 98.6 109.4 94.0 100

- 0.15 95.1 110.7 118.7 221.4 100.4 90.5 123

- 0.25 105.1 80.3 99.3 133.4 131.8 89.8 107

32 -0.93 140.5 179.0 204.0 134.2 153.0 185.3 166

-0.06 106.7 175.5 158.5 121.0 144.8 130.5 139

-0.10 93.0 129.5 172.1 152.0 148.9 144.4 140

- 0.15 85.0 139.9 140.3 123.0 136.1 188.7 136

- 0.25 104.8 140.0 135.4 132.0 145.90 181.9 140

36 -0.03 91.2 122.8 205.1 115.5 139.4 144.3 136

-0.06 109.3 138.7 170.2 138.1 91.0 115.7 127

- 0.10 94.5 156.4 154.7 135.7 91.8 114.6 125

- 0.15 74.2 137.5 136.1 90.5 95.1 161.6 116

-0.25 83.0 136.3 134.9 97.8 110.2 122.4 114
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Appendix Table 12a. Concentration of Zn (ppm) as a function of time

in the roots at different soil temperatures and

soil water potentials. Day number in parentheses

is day since germination.

Sails
Temper- Water

Itv

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

°C MPa PPm

16 -0.03 137.5 151.2 107.6 132.0 162.8 138.2

-0.06 182.0 126.3 161.8 140.1 130.9 148.3

-0.10 IMMI 126.7 181.0 129.8 158.1 140.5 147.2

-0.15 - _ 130.0 187.1 97.6 101.9 153.4 134.0

-0.25 - - 93.3 106.2 99.0 143.8 110.57

22 -0.03 80.09 74.04 80.38 110.4 59.77 66.87 78.6

-0.06 125.6 55.72 54.31 70.12 65.30 73.07 74.2

-0.10 72.80 66.75 56.56 67.18 42.94 68.77 62.5

-0.15 77.74 65.16 53.47 51.03 66.48 37.67 58.59

-0.25 83.54 70.03 65.87 68.33 71.22 50.11 68.2

28 -0.03 216.0 143.8 120.9 191.3 164.9 140.2 146.2

-0.06 169.4 205.4 186.7 178.8 123.9 131.9 113.4

-0.10 200.4 141.4 99.8 160.2 169.9 139.9 151.9

-0.15 157.0 137.8 180.5 103.9 90.7 161.5 138.5

-0.25 135.9 147.3 131.8 178.4 159.9 163.8 152.8

32 -0.93 242.4 270.4 280.7 235.6 183.9 190.5 233.9

-0.06 235.0 156.8 221.2 121.0 252.6 209.4 199.2

-0.10 183.5 207.5 207.1 199.0 152.5 229.4 169.5

-0.15 214.7 240.2 166.9 164.0 200.6 203.0 198.2

-0.25 250.8 143.0 153.5 235.0 205.2 231.3 203.1

36 -0.03 148.4 140.1 186.2 162.1 197.5 166.8

-0.06 143.4 188.2 178.2 128.5 171.4 167.1 195.4

-0.10 =1, 115.0 161.4 91.34 150.8 210.0 113.4

-0.15 167.6 154.3 89.30 137.5 181.2 146.0

-0.25 160.6 154.9 124.7 130.4 147.2 176.3 149.0
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Appendix Table 13. Concentration of Mn (ppm) as a function of time
in the shoots at different soil temperatures
and soil water potentials. Day number in

parentheses is day since germination.

Snit Soil

Temper- Water
Day

afore Potential
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

Average

°C MPa PPm

16 -0.03 241 275 275 298 281 243 269

-0.06 -- 250 278 252 271 321 274

- 0.10 253 240 318 -- 320 381 302

- 0.15 -- 248 303 260 -- 319 283

- 0.25 -- 215 351 -- - 294 287

22 -0.03 343 319 367 376 476 365 374

- 0.06 389 295 324 314 453 327 350

- 0.10 371 269 334 337 470 308 348

- 0.15 344 269 283 278 381 270 304

-0.25 371 274 285 275 531 249 331

28 -0.03 364 427 351 590 503 535 462

- 0.06 306 375 503 384 444 403

- 0.10 291 376 368 274 393 308 335

- 0.15 333 344 447 383 329 430 377

-0.25 280 269 313 379 396 366 334

32 -0.03 491 469 545 362 530 576 495

- 0.06 472 386 460 658 435 400 469

- 0.10 473 369 417 627 427 355 445

- 0.15 465 358 329 578 350 493 429

- 0.25 433 351 325 616 400 639 460

36 -0.03 513 614 747 506 615 591 598

- 0.06 506 586 664 485 431 514 531

- 0.10 524 593 637 516 521 525 553

- 0.15 339 528 511 456 436 573 474

-0.25 364 661 515 328 354 507 455
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Appendix Table 13a. Concentration of Mn (ppm) as a function of time

in the roots at different soil temperatures
and soil water potentials. Day number in

parentheses is day since germination.

Temper-

ature

Soil

Water

Potential

Dav

Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

Oc MPa ppm

16 -0.03 OM 1M. 301.6 407.7 371.0 365.4 430.5 375.2

-0.06 302.4 363.4 473.5 446.1 371.3 391.3

-0.10 302.2 369.6 385.1 443.4 407.8 381.6

-0.15 - - 268.3 327.2 370.4 337.2 343.1 329.2

-0.25 - - - - 238.8 381.6 291.0 365.2 319.1

22 -0.03 324.7 384.1 379.9 391.9 376.1 477.2 389.0

-0.06 412.4 362.9 383.7 384.2 323.5 415.3 380.3

-0.10 345.8 351.1 363.8 342.4 330.6 390.0 354.1

-0.15 278.7 322.5 288.1 281.4 391.6 288.9 308.5

-0.25 241.8 321.9 278.6 326.7 270.3 338.2 296.2

28 -0.03 429.6 368.9 433.6 532.1 489.5 620.0 478.9

-0.06 377.5 377.1 475.5 480.2 456.9 478.3 440.9

-0.10 323.0 327.2 480.9 529.5 503.0 416.7 430.0

-0.15 372.9 397.1 427.6 373.5 425.8 506.6 417.1

-0.25 302.7 366.1 340.3 450.9 491.6 480.2 405.3

32 -0.03 551.4 593.0 644.0 704.0 590.4 679.8 627.1

-0.06 545.5 462.9 538.9 542.0 618.7 571.1 546.5

-0.10 469.8 473.2 484.7 565.0 490.1 544.7 504.5

-0.15 514.3 506.3 540.9 564.0 528.4 499.9 526.6

-0.25 516.0 415.6 377.8 647.0 454.0 527.1 489.5

36 -0.03 1M. WM 763.4 647.9 758.8 590.1 704.7 692.9

-0.06 628.9 769.5 678.9 526.7 719.2 742.1 677.5

-0.10 540.1 633.0 495.0 663.0 630.5 592.3

-0.15 650.8 647.3 464.5 687.2 644.5 618.8

-0.25 582.9 606.4 560.2 484.2 584.3 593.5 568.7
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Appendix Table 14. Concentration of Fe (ppm) as a function of time
in the.shoots at different soil temperatures and

soil water potentials. Day number in parentheses

is day since germination.

Soil
Temper-
attire

Sal
Water

Potential

Day

Average
1(16) 2(17) 3(18) 11(19) 5(20) 6(21)

°C MPa ppm

16 -0.03 157 121 111 126 120 99 122

-0.06 101 107 124 129 115 115

-0.10 180 96 112 -- 116 118 124

-0.15 -- 99 111 123 -- 93 107

-0.25 -- 105 149 - -- 89 114

22 -0.03 102 136 138 128 132 120 126

-0.06 118 117 158 117 111 107 121

-0.10 148 151 139 138 127 106 135

-0.15 119 130 125 101 122 117 119

-0.25 129 145 111 98 167 126 129

28 -0.03 152 176 164 209 197 207 184

-0.06 191 ON Oa 185 183 159 189 181

-0.10 237 193 186 180 164 277 206

-0.15 194 187 215 339 182 184 216

-0.25 209 238 217 159 185 163 195

32 -0.03 180 195 181 181 198 193 188

-0.06 141 217 193 151 153 171 171

-0.10 154 197 196 184 170 217 186

-0.15 157 220 227 162 170 206 191

-0.25 153 180 215 143 215 193 183

36 -0.03 108 184 198 122 131 171 152

-0.06 132 204 207 158 124 127 159

-0.10 137 180 157 140 122 126 144

-0.15 132 179 176 138 132 150 151

-0.25 145 208 181 139 122 135 155



186

Appendix Table 14a. Concentration of Fe (ppm) as a function of time

in the roots at different soil temperatures and

soil water potentials. Day number in parentheses

is day since germination.

Soil Soil Iry
Tapper- Water

afore Potential Average
1(16) 2(17) 3(18) 11(19) 5(20) 6(21)

°C MPa ppm

16 -0.03 5612 6602 6881 6248 6222 6313

- 0.06 6729 6111 6949 6853 6508 6630

- 0.10 -- 6730 6184 7018 7258 6896 6817

- 0.15 6045 6780 6639 7211 6724 6680

-0.25 5172 6933 6704 7198 6501

22 -0.03 4045 3597 4307 4095 3709 4254 4001

- 0.06 4067 3261 3847 4595 3833 3426 3838

- 0.10 3995 4366 3701 4184 3583 4757 4098

- 0.15 3847 4182 3467 3811 4294 3301 3817

- 0.25 3092 4093 3640 4403 3828 3289 3724

28 -0.03 8136 8676 9219 9286 9721 8330 8894

- 0.06 7821 8593 10198 8616 8292 7523 8507

- 0.10 8634 86 80 9300 8987 8956 8524 8847

-0.15 8218 9101 9175 8736 8754 9177 8860

-0.25 8080 9013 8575 8974 8490 8861 8665

32 -0.03 6880 7175 6272 8490 7332 7121 7211

-0.06 6100 6818 7483 7171 7194 7322 7014

-0.10 5150 6828 6499 7593 6341 7250 6610

- 0.15 5051 6676 6807 7909 6779 7087 6717

-0.25 5533 6354 6318 8490 7120 6662 6746

36 -0.03 6687 5160 3652 6385 7224 5821

-0.06 7064 7623 6846 3936 6539 9847 6975

- 0.10 4788 5754 3750 5830 5461 5116

-0.15 6617 7384 4900 6311 5788 6200

- 0.25 6963 6982 5098 3956 6261 5901 5860
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Appendix Table 15. Concentration of Ba (ppm) as a function of time

in the shoots at different soil temperatures and

soil water potentials. Day number in parentheses

is day since germination.

Poi1 Soil.
Dav

Temper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

oc MPa ppm

16 -0.03 5.52 5.26 3.74 4.47 3.25 3.48 4.29

- 0.06 -- 6.49 4.81 3.87 4.21 4.56 4.79

-0.10 5.46 6.62 4.85 -- 4.16 3.99 5.01

- 0.15 WO MO 5.51 4.66 4.53 411. 4.41 4.79

-0.25 -- 6.28 4.72 -- -- 4.27 5.09

22 -0.03 7.01 5.12 4.83 4.44 4.50 3.87 4.96

-0.06 6.67 4.22 4.70 4.44 3.47 3.13 4.44

- 0.10 8.00 5.00 5.37 4.57 5.45 3.90 5.38

- 0.15 7.67 6.98 4.46 4.95 5.18 3.94 5.45

-0.25 6.70 5.75 6.64 6.13 7.07 4.23 6.09

28 -0.03 3.43 4.86 3.69 3.43

-0.06 4.46 3.86 3.16

- 0.10 4.83 4.64 3.44 4.14

-0.15 4.71 4.31 4.20 3.49

-0.25 5.19 5.30 4.16 3.23

32 -0.03 6.42 7.51 6.45 4.68

-0.06 4.43 7.60 6.30 5.00

- 0.10 4.81 5.39 8.03 5.00

- 0.15 5.74 6.79 6.35 4.00

- 0.25 4.49 6.41 7.67 4.00

3.14 3.72 3.71

3.85 2.97 3.66

3.22 3.30 3.93

3.62 2.70 3.84

3.75 2.98 4.10

4.68 5.81 5.93

5.06 3.92 5.39

4.72 4.04 5.33

5.52 5.71 5.68

5.17 6.14 5.65

36 -0.03 5.36 7.92 8.18 5.66 5.43 2.94 5.92

- 0.06 5.57 5.52 5.56 4.23 3.27 3.95 4.68

- 0.10 5.10 5.59 6.87 5.65 3.03 3.13 4.89

- 0.15 6.56 5.51 5.90 3.81 3.00 5.75 5.09

- 0.25 5.50 6.84 5.57 2.58 3.26 4.44 4.70
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Appendix Table 15a. Concentration of Ba (ppm) as a function of time

in the roots at different soil temperatures and

soil water potentials. Day number in parentheses

is day since germination.

Soil

Temper-

attire

Soil

Water

Potential

raw

AveraiP1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

Oc MPa ppm

16 -0.03 11= /NO 38.00 36.97 39.51 37.17 31.99 36.73

-0.06 45.08 40.73 42.08 40.17 38.29 41.27

-0.10 111 41.72 36.31 44.78 43.55 41.84 41.64

-0.15 - - 35.08 40.75 43.05 46.90 40.04 41.16

-0.25 1M NM -- 30.81 43.04 38.64 43.66 39.04

22 -0.03 23.91 24.71 27.16 25.48 18.18 19.03 23.08

-0.06 20.89 20.57 27.25 25.92 17.35 21.58 22.26

-0.10 21.95 25.74 22.43 25.35 21.35 25.23 23.67

-0.15 27.83 22.55 26.97 26.82 22.70 18.82 24.28

-0.25 20.83 26.94 25.76 27.06 25.31 22.63 24.75

28 -0.03 48.68 57.28 57.81 45.10 47.78 45.56 50.36

-0.06 50.75 51.44 60.01 39.95 44.56 43.98 48.45

-0.10 49.85 51.20 62.16 49.29 43.33 43.57 49.90

-0.15 48.33 58.39 54.21 47.29 48.56 49.91 51.11

-0.25 50.35 51.20 57.70 44.47 44.54 48.02 49.38

32 -0.03 52.32 47.55 30.81 48.00 30.99 39.39 41.51

-0.06 44.63 47.55 38.93 45.00 36.12 37.42 41.61

-0.10 48.52 43.13 33.13 44.00 34.14 37.65 40.09

-0.15 50.01 44.86 39.81 46.00 35.03 34.82 41.75

-0.25 48.21 43.73 45.01 49.00 35.1 35.84 42.81

36 -0.03 48.61 29.45 27.68 30.30 30.86 33.38

-0.06 38.52 36.15 30.52 23.49 25.40 35.43 31.58

-0.10 27.15 30.89 22.58 28.00 27.68 27.26

-0.15 29.45 28.57 25.43 29.12 29.71 28.45

-0.25 37.08 35.11 23.58 29.77 31.00 32.22 31.46
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Appendix Table 16. Concentration of mg (percent of dry weight) as a

function of time in the shoots at different soil

temperatures and soil water potentials. Day number

in parentheses is day since germination.

Soil Soil Dav
Temper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

°C MPa

16 -0.03 .322 .333 .303 .295 .231 .252 .289

- 0.06 .300 .322 .257 .327 .317 .304

- 0.10 .339 .350 .297 .291 .307 .317

- 0.15 .349 .307 .348 .376 .345

- 0.25 .385 .334 .347 .355

22 -0.03 .272 .275 .263 .228 .233 .207 .246

- 0.06 .262 .282 .273 .258 .246 .228 .258

-0.10 .300 .300 .274 .263 .269 .257 .277

- 0.15 .260 .283 .274 .264 .274 .249 .267

- 0.25 .290 .278 .285 .276 .335 .244 .285

28 -0.03 .512 .530 .6504 .458 .448 .400 .475

- 0.06 .555 .545 .442 .470 .386 .480

- 0.10 .645 .657 .520 .547 .445 .383 .533

- 0.15 .648 .582 .508 .509 .491 .400 .523

- 0.25 .666 .567 .617 .474 .487 .492 .550

32 -0.03 .588 .495 .423 .286 .366 .336 .416

- 0.06 .465 .547 .431 .420 .341 .346 .425

- 0.10 .505 .469 .505 .460 .347 .360 .441

-0.15 .538 .469 .436 .450 .411 .477 .463

-0.25 .459 .495 .485 .500 .433 .425 .466

36 -0.03 .418 .425 .409 .346 .402 .329 .388

- 0.06 .493 .500 .383 .416 .272 .355 .403

-0.10 .422 .527 .503 .410 .381 .367 .435

-0.15 .461 .500 .481 .463 .459 .430 .466

- 0.25 .478 .531 .473 .459 .445 .430 .469
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Appendix Table 16a. Concentration of Mg (percent of dry weight) as a
function of time in the roots at different soil

temperatures and soil water potentials. Day number

in parentheses is day since germination.

Sail Soil Day
Temper- Water

afore Potential Average
1(16) 2(17) 3(18) 4(19) 5(20) 6(21)

oc MPa %

16 -0.03 -- .4916 .4316 .3002 .2870 .3228 .3666

- 0.06 -- .4941 .3492 .3653 .3358 .3338 .3756

-0.10 -- .4523 .3588 .3276 .3197 .3264 .3569

-0.15 -- .4801 .3907 .3173 .2613 .3459 .3590

- 0.25 -- -- .2551 .3331 .3077 .3490 .3112

22 -0.03 .2528 .1764 .1707 .1779 .1415 .2373 .1927

- 0.06 .1893 .1672 .1596 .1816 .1371 .1305 .1608

- 0.10 .1738 .179 0 .1475 .1726 .1062 .1920 .1618

- 0.15 .1783 .2960 .1299 .1581 .1390 .1274 .1714

- 0.25 .1397 .1699 .1458 .1446 .1277 .1156 .1405

28 -0.03 .5824 .5464 .4132 .4030 .3930 .3988 .4561

-0.06 .6649 .4742 .3905 .3601 .3204 .3566 .4277

- 0.10 .6500 .5085 .3040 .3317 .3278 .3933 .4192

-0.15 .5602 .4458 .3807 .3614 .2725 .3826 .4005

-0.25 .5558 .5268 .3856 .3366 .3522 .3523 .4182

32 -0.03 .5540 .4892 .3227 .3700 .4032 .2519 .3985

- 0.06 .5419 .3827 .3864 .2700 .3631 .3729 .3861

- 0.10 .4774 .4264 .3496 .3600 .2541 .3737 .3735

- 0.15 .5232 .3506 .3118 .3100 .2965 .3290 .3535

- 0.25 .5523 .3223 .3469 .3800 .3441 .3016 .3745

36 -0.03 .3954 .2398 .2850 .3037 .3067 .3061

- 0.06 .3525 .3950 .3179 .2406 .3128 .3696 .3314

-0.10 .2278 .3459 .1726 .3243 .3667 .2874

- 0.15 .2236 .2969 .2157 .3239 .3082 .2736

-0.25 .4040 .3191 .2299 .2367 .2840 .2955 .2948
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Appendix Table 17. Mass of dry shoots present on the days of the

experiment at the indicated soil water potentials

and root temperatures. The mass values shown are

those present at the start of each day using y=ae".

Root

Temper-

ature

Soil

Water

Potential

Dav

0 1 2 3 4 5 6

oc MPa mg

16 -0.03 200 235.8 278.2 328.1 386.9 456.4 538.2

-0.06 200 233.5 272.6 318.4 371.8 434.1 506.9

-0.10 200 231.2 267.3 309.0 357.2 412.9 477.4

-0.15 200 228.4 260.9 298.1 340.5 388.9 444.2

-0.25 200 223.4 249.7 279.0 311.7 348.4 389.3

22 -0.03 200 244.2 298.4 364.4 445.1 543.6 664.0

-0.06 200 240.6 289.5 348.4 419.2 504.3 606.8

-0.10 200 237.1 280.9 333.0 394.7 467.9 554.6

-0.15 200 233.5 272.7 318.4 371.8 434.1 506.9

-0.25 200 226.4 256.2 290.1 328.4 371.8 420.8

28 -0.03 200 252.4 318.7 402.3 507.9 641.2 809.4

-0.06 200 247.7 306.8 380.0 470.7 583.0 722.2

-0.10 200 243.0 295.3 358.9 436.3 530.2 644.4

-0.15 200 237.7 282.6 336.1 399.5 475.0 564.7

-0.25 200 229.1 262.5 300.7 344.5 394.7 452.3

32 -0.03 200 255.2 325.8 415.8 530.7 677.0 864.6

-0.06 200 250.4 313.6 392.8 491.9 616.0 771.5

-0.10 200 245.0 300.1 367.7 450.4 551.8 676.0

-0.15 200 239.7 287.2 344.2 412.5 494.3 592.5

-0.25 200 230.7 266.2 307.1 354.4 408.8 471.7

36 -0.03 200 248.9 309.9 385.8 480.2 597.8 744.2

-0.06 200 244.2 298.3 364.4 445.1 543.6 664.0

-0.10 200 239.7 287.2 344.2 412.5 494.3 592.5

-0.15 200 233.9 273.7 320.3 374.7 438.4 513.0

-0.25 200 226.4 256.2 290.1 328.4 371.8 420.8
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Appendix Table 18. Mass of dry roots present on the days of the

experiment at the indicated soil water potentials

and root temperatures. The mass values shown are

those present at the start of each day using yr.ae,".

Root

Temper-

ature

coil
Day

Water

Potential
0 1 2 3 14 5 6

°C MPa mg

16 -0.03 120 145.8 177.2 215.4 261.7 318.1 386.6

-0.06 120 145.4 176.1 213.4 258.6 313.4 379.7

-0.10 120 144.6 174.4 210.3 253.5 305.6 368.5

-0.15 120 143.8 172.3 206.5 247.5 296.6 355.4

-0.25 120 143.6 171.9 205.9 246.5 295.1 353.3

22 -0.03 120 148.1 183.0 225.9 279.1 344.6 425.6

-0.06 120 146.7 179.3 219.3 268.1 327.8 400.8

-0.10 120 145.8 177.2 215.4 261.7 318.1 386.6

-0.15 120 144.5 174.0 209.6 252.5 304.1 366.3

-0.25 120 144.2 173.3 208.4 250.5 301.1 361.9

28 -0.03 120 150.6 188.9 237.1 297.5 373.3 468.4

-0.06 120 148.7 184.4 228.7 283.5 351.6 435.9

-0.10 120 147.3 180.8 221.9 272.4 334.4 410.5

-0.15 120 145.4 176.1 213.4 258.6 313.4 379.7

-0.25 120 144.5 174.0 209.6 252.5 304.1 366.3

32 -0.03 120 151.5 191.2 241.4 304.7 384.7 485.6

-0.06 120 149.9 187.4 234.2 292.8 365.9 457.3

-0.10 120 147.6 181.5 223.3 274.6 337.8 415.5

-0.15 120 145.8 177.2 215.4 261.7 318.1 386.6

-0.25 120 144.8 174.7 210.9 254.5 307.2 370.7

36 -0.03 120 149.9 187.4 234.2 292.8 365.9 457.3

-0.06 120 148.1 183.0 225.9 279.1 344.6 425.6

-0.10 120 145.8 177.2 215.4 261.7 318.1 386.6

-0.15 120 144.2 173.3 208.4 250.5 301.1 361.9

-0.25 120 143.9 172.6 207.1 248.5 298.1 357.6
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Appendix Table 19. Total leaf area present on the days of the experi-

ment at the indicated soil water potentials and root

temperatures. The leaf area values shown are those

present at the start of each day using shoot dry

weight - leaf area relationship.

Root

Temper-

ature

Soil

Water

Potential

ray

1 2 3 4 5 6

oc MPa
cm2

16 -0.03 49 56 68 78 92 110

-0.06 49 56 65 75 87 102

-0.10 48 55 63 71 80 92

-0.15 48 54 59 66 71 79

-0.25 48 53 57 62 66 73

22 -0.03 64 76 91 108 130 156

-0.06 63 73 87 104 121 143

-0.10 59 68 79 90 103 121

-0.15 58 64 71 78 90 98

-0.25 57 62 68 74 81 89

28 -0.03 77 93 111 136 166 205

-0.06 76 90 106 127 152 185

-0.10 72 82 95 107 124 143

-0.15 67 72 81 94 104 118

-0.25 65 71 76 83 91 100

32 -0.03 80 96 117 143 178 220

-0.06 78 93 111 134 163 199

-0.10 74 85 98 115 134 159

-0.15 67 85 85 96 110 126

-0.25 66 72 78 86 96 104

36 -0.03 71 84 103 125 150 185

-0.06 70 82 98 115 138 165

-0.10 66 75 85 98 113 131

-0.15 60 66 71 80 89 102

-0.25 58 63 68 73 80 87
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Appendix Table 20. Amount of water transpired per day as a function

of soil water potentials and root temperatures.

Root

Taper -

ature

Soil

Water

Potential

ty
1 2 3 4 5 6

oc MPa g H2O

16 -0.03 5.92 6.77 8.02 9.44 11.21 13.20

-0.06 5.78 6.60 7.78 8.85 10.26 12.03

-0.10 5.56 6.26 7.07 8.40 9.44 10.89

-0.15 5.56 6.26 6.84 7.65 8.23 9.16

-0.25 5.42 5.99 6.66 7.00 7.45 8.25

22 -0.03 9.98 11.85 14.19 16.87 20.31 24.37

-0.06 8.88 10.29 12.26 14.66 17.48 20.16

-0.10 7.84 9.04 10.50 11.97 13.96 16.09

-0.15 7.42 8.19 9.09 10.24 11.52 12.93

-0.25 7.18 7.80 8.56 9.32 10.20 11.21

28 -0.03 13.93 16.83 20.15 24.67 30.11 37.19

-0.06 12.00 14.22 18.43 22.08 26.42 32.16

-0.10 10.51 11.97 13.87 15.63 18.12 20.90

-0.15 9.44 10.43 11.70 13.25 14.67 16.65

-0.25 8.84 9.65 10.60 11.29 12.38 13.60

32 -0.03 15.12 17.95 21.73 27.02 33.64 41.58

-0.06 12.79 15.23 18.18 21.94 26.69 32.59

-0.10 11.56 13.28 15.31 17.96 25.46 24.84

-0.15 10.11 11.32 12.85 14.51 16.63 19.05

-0.25 9.43 10.29 11.15 12.56 14.03 14.87

36 -0.03 13.91 16.46 20.18 24.50 29.40 36.26

-0.06 12.32 14.43 17.24 20.24 22.63 29.10

-0.10 10.82 12.30 13.94 16.07 18.53 21.48

-0.15 9.84 10.82 11.64 13.12 14.59 16.45

-0.25 9.33 10.14 10.94 11.75 12.88 14.00
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Appendix Table 21. Total amounts of the indicated elements in the

Shoots present on the days of the experiment at

the indicated root temperatures. The values shown

are averages of five soil water potentials and

were present at the start of each day.

Element Root

Temperature

Day

1 2 3 4 5 6

oc mg

P 16 0.336 0.390 0.452 0.524 0.604 0.700

22 0.450 0.538 0.643 0.768 0.918 1.050

28 0.422 0.514 0.622 0.755 0.914 1.118

32 0.532 0.640 0.796 0.976 1.198 1.470

36 0.520 0.626 0.754 0.910 1.096 1.28

Mg 16 0.690 0.780 0.910 1.070 1.224 1.413

22 0.710 0.840 0.990 1.170 1.400 1.651

28 1.480 1.671 1.884 2.141 2.400 2.682

32 1.200 1.432 1.666 1.925 2.253 2.633

36 1.140 1.310 1.490 1.714 1.956 2.230

Ca 16 1.14 1.29 1.46 1.66 1.87 2.11

22 1.19 1.38 1.59 1.84 2.13 2.47

28 1.70 1.96 2.27 2.63 3.04 3.51

32 1.63 1.92 2.26 2.68 3.13 3.64

36 1.28 1.51 1.77 2.08 2.44 2.90

K 16 4.60 5.30 6.10 7.06 8.14 9.40

22 4.73 5.59 6.61 7.83 9.28 11.01

28 4.84 5.86 7.11 8.63 10.49 12.77

32 5.07 6.50 8.29 10.57 13.52 17.28

36 5.12 6.42 8.00 9.95 12.37 15.02

S 16 0.69 0.79 0.91 1.05 1.22 1.41

22 0.71 0.87 1.06 1.29 1.57 1.92

28 1.09 1.34 1.67 2.07 2.57 3.19

32 0.97 1.22 1.53 1.57 2.41 3.04

36 0.83 1.02 1.25 1.54 1.90 2.34



Appendix Table 21, continued.
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Element Root Day

Temperature
1 2 3 4 5 6

oc mg

Mn 16 0.060 0.068 0.078 0.090 0.105 0.121

22 0.071 0.088 0.106 0.129 0.157 0.193

28 0.089 0.109 0.135 0.165 0.204 0.252

32 0.101 0.126 0.157 0.195 0.241 0.300

36 0.118 0.141 0.169 0.203 0.243 0.291

Zn 16 0.014 0.016 0.018 0.021 0.024 0.028

22 0.018 0.021 0.025 0.029 0.034 0.041

28 0.024 0.029 0.036 0.043 0.052 0.063

32 0.034 0.041 0.051 0.062 0.076 0.094

36 0.030 0.035 0.042 0.051 0.061 0.073
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Appendix Table 22. Total amounts of the indicated elements in the

roots present on the days of the experiment at

the indicated root temperatures. The values

shown are averages of five soil water potentials

and were present at the start of each day.

KLEment Root

Temperature

Day

1 2 3 4 5 6

oc mg

P 16 0.136 0.162 0.196 0.240 0.286 0.348

22 0.142 0.174 0.214 0.258 0.314 0.388

28 0.212 0.260 0.320 0.394 0.484 0.601

32 0.258 0.319 0.393 0.486 0.599 0.740

36 0.208 0.250 0.314 0.385 0.471 0.576

Mg 16 0.570 0.660 0.760 0.850 0.970 1.090

22 0.580 0.670 0.770 0.880 1.020 1.160

28 0.810 0.900 1.999 1.091 1.173 1.236

32 0.750 0.857 0.967 1.080 1.199 1.269

36 0.512 0.607 0.720 0.852 1.009 1.190

Ca 16 0.645 0.778 0.942 1.128 1.360 1.630

22 0.650 0.79 0.96 1.18 1.43 1.74

28 0.80 0.99 1.22 1.50 1.84 2.26

32 0.66 0.82 1.01 1.24 1.54 1.90

36 0.65 0.80 0.98 1.17 1.46 1.79

K 16 1.00 1.21 1.46 1.76 2.13 2.58

22 1.09 1.32 1.60 1.94 2.36 2.87

28 1.32 1.61 1.98 2.43 2.98 3.70

32 1.62 2.00 2.47 3.05 3.76 4.65

36 1.06 1.32 1.61 1.97 2.40 2.94

S 16 0.81 0.97 1.18 1.41 1.71 2.06

22 0.81 0.99 1.20 1.46 1.78 2.17

28 1.32 1.62 1.99 2.45 3.01 3.70

32 1.08 1.34 1.66 2.05 2.53 3.13

36 1.08 1.32 1.61 1.97 2.40 2.94
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Appendix Table 22, continued.

Element Root

Temperature

Day

1 2 3 4 5 6

oc mg

Mn 16 0.042 0.050 0.060 0.073 0.088 0.106

22 0.048 0.058 0.071 0.086 0.105 0.128

28 0.058 0.073 0.093 0.118 0.148 0.187

32 0.079 0.098 0.121 0.149 0.185 0.228

36 0.093 0.114 0.139 0.170 0.208 0.254

Zn 16 0.020 0.024 0.029 0.035 0.042 0.051

22 0.020 0.024 0.030 0.036 0.044 0.054

28 0.023 0.028 0.035 0.043 0.053 0.065

32 0.031 0.038 0.047 0.058 0.071 0.088

36 0.023 0.028 0.035 0.043 0.052 0.063
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Appendix Table 23. Total amounts of the indicated elements in the

roots and shoots present on the days of the

experiment at the indicated root temperatures.

The values shown are averages of five soil water

potentials and were present at the start of

each day.

Element Root

Temperature

IEy

2 3 14 5 6

°C mg

P 16 0.472 0.552 0.648 0.770 0.890 1.048

22 0.592 0.712 0.856 1.026 1.232 1.438

28 0.634 0.784 0.962 1.149 1.458 1.719

32 0.790 0.959 1.189 1.462 1.797 2.211

36 0.724 0.876 1.068 1.295 1.567 1.856

Mg 16 1.260 1.440 1.670 1.920 2.194 2.503

22 1.290 1.510 1.760 2.050 2.420 2.811

28 2.290 2.571 2.883 3.232 3.573 3.918

32 1.950 2.289 2.633 3.005 3.452 3.902

36 1.652 1.917 2.210 2.566 2.965 3.420

Ca 16 1.79 2.07 2.40 2.78 3.23 3.74

22 1.84 2.17 2.55 3.02 3.56 4.21

28 2.50 2.95 3.49 4.13 4.88 5.87

32 2.29 2.74 3.27 3.92 4.67 5.54

36 1.93 2.31 2.75 3.27 3.90 4.69

K 16 5.60 6.51 7.56 8.66 10.27 11.98

22 5.82 6.91 8.21 9.77 11.74 13.88

28 6.16 7.47 9.09 11.06 13.47 16.47

32 6.67 8.50 10.76 13.62 17.28 21.93

36 6.18 7.74 9.61 11.92 14.77 17.96

S 16 1.50 1.76 2.09 2.46 2.93 3.47

22 1.52 1.86 2.26 2.75 3.35 4.09

28 2.41 2.96 3.66 4.52 5.58 6.89

32 2.05 2.56 3.19 3.62 4.94 6.17

36 1.91 2.34 2.86 3.51 4.30 5.25
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Element Root Dav

Temperature
1 2 3 4 5 6

oc mg

Mn 16 0.102 0.118 0.138 0.163 0.185 0.227

22 0.119 0.146 0.177 0.215 0.262 0.321

28 0.147 0.182 0.228 0.283 0.352 0.439

32 0.180 0.224 0.278 0.344 0.426 0.528

36 0.211 0.255 0.308 0.373 0.451 0.545

Zn 16 0.034 0.040 0.047 0.056 0.066 0.079

22 0.038 0.045 0.055 0.065 0.082 0.095

28 0.047 0.057 0.071 0.086 0.105 0.128

32 0.064 0.078 0.098 0.118 0.147 0.176

36 0.053 0.062 0.077 0.094 0.113 0.136


