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Temperature and water potential effects on the growth,

transpiration, total nonstructural carbohydrate (TNC) content, and

nutrient uptake of sudangrass (Sorghum vulgare var. piper) were

investigated in laboratory experiments. The effect of nitrogen supply

on the growth and nutrient uptake at constant soil water potential was

also investigated in this study.

Two week old seedlings were used for all experiments. Soil

temperatures of 10.0, 15.6, 21.1, 26.7, 32.2 and 37.8 C were

tested. Plants were grown at soil water potentials of -0.35 and

-2.50 bars for 10 days using the polyethylene glycol semi-permeable

membrane technique for controlling soil water potential. Air tem-

perature remained constant at 26.7 C during these experiments. Air

temperatures of 18.3, 22.8, 26.7 and 32.2 C were tested in a second



series of experiments, with the soil water potential and soil

temperature constant at -0.35 bars and 26.7 C. Further experiment.;

were conducted with nitrogen levels in the nutrient solutions of 0, 10,

25 and 100 ppm. The soil temperature and soil water potential were

kept constant in these experiments. Finally, the effect of soil tem-

perature and soil water potential on plant water potential at soil water

potentials of -0.35, -0.70, -1.50 and -2.50 bars was measured.

Growth rate increased with soil temperature up to an optimum

temperature, then decreased at higher temperatures for both shoots

and roots at both soil water potentials tested. The highest growth

rate was at 30 C for the shoots and 26 C for the roots. The rate was

higher at -0.35 bars than at -2.50 bars for both shoots and roots. By

varying the air temperature, the rate of growth was found to be

highest at the air temperature of 26.7 C. The nitrogen level of

100 ppm in the nutrient solution produced the highest growth rate.

The dry matter weight increased exponentially with time in all experi-

ments. It was concluded that the soil temperature of 30 C, air tem-

perature of 26.7 C and a soil water potential of -0.35 bars was

optimal for sudangrass growth.

Transpiration rates increased exponentially as a function of

time for all treatments. Transpiration rates (cm 3 /day) increased as

the soil temperature increased at both soil water potentials. The

rate at -2.50 bars was lower than at -0.35 bars. The transpiration



rate also increased with increasing air temperature independent of

RH differences.

An equilibrium content of N, P, K, Ca, Mg, S, Mn and Zn in

the plant material at each combination of treatment variables was

determined based on the assumption that equilibrium was attained as

time progressed. The maximum concentration of N occurred at a

temperature of about 30 C in both shoots and roots, while the concen-

tration was lower at -0.35 bars than at -2.50 bars. The concentra-

tion of P increased with soil temperature, in the shoot, but reached a

maximum at 30 C in the roots. The concentration at -0.35 bars was

lower than at -2.50 bars. The concentrations of K, Ca and S were

not significantly different at the two water potentials. The concentra-

tion of K was highest at about 30 C in both shoots and roots. The

concentration of Ca was highest at about 22 C in both shoots and roots.

The suflfur concentration of the shoots increased as soil temperature

increased, but a maximum concentration in the roots occurred at

30 C. The concentration of Mn was highest at 26.7 C in the shoots

and at 21.1 C in the roots. Concentrations of Mn at -0.35 bars were

lower than at -2.50 bars. The Zn concentration increased as soil

temperature increased for both shoots and roots. The concentration

at -0.35 bars was lower than at -2.50 bars.

In the experiments with air temperature as the variable the

concentration of N in the shoots was highest at 26.7 C, but decreased



in the roots as air temperature increased. The concentration of P

decreased with increasing air temperature in both shoots and roots.

The concentration of K increased with increasing air temperature in

the shoots but decreased in the roots. The concentration of Ca was

highest at 26.7 C in the shoots, and increased with increasing air

temperature in the roots. The concentration of Mg in the shoots was

highest at 26.7 C, while the concentration in the roots slightly

decreased with increasing air temperature. The concentration of S

decreased with increasing air temperature in both shoots and roots.

The Mn concentration was highest at 26.7 C in both shoots and roots.

The concentration of Zn increased as air temperature increased. The

increase in the roots was greater than in the shoots.

The concentration of N, P. Ca and Mg in both shoots and roots

increased as the nitrogen level of the nutrient solution increased. The

concentration of K in the shoots increased with increasing N level,

but in the roots, a maximum concentration occurred at 25 ppm. The

concentration of S in the shoots increased as the nitrogen level

increased but decreased in the roots. Mn concentrations increased in

the shoots but decreased in the roots with increasing nitrogen supply.

The Zn concentration increased in the shoots, but decreased in the

roots as the N level increased.

The total nonstructural carbohydrate (TNC) content decreased

as the soil temperature increased. The decrease was 10 percent at a



soil water potential of -0.35 bars and 2 percent at a soil water

potential of -2.50 bars as the soil temperature increased from 10.0

to 32.2 C. The TNC also decreased as the air temperature increased.

The decrease was 8.3 percent as the air temperature increased from

18.3 to 32.2 C. This decrease was attributed to increased respira-

tion and increased translocation from shoots to roots.

The leaf water potential (q)c) and osmotic potential
Tr

)

decreased with time at all soil temperature and soil water potential

combinations. The decrease was greater at low temperatures than at

high temperatures for all soil water potentials. As the soil water

potential decreased from -0.35 to -2.50 bars, the leaf water potential

(Lli) and osmotic potential (4, ) decreased at all soil temperatures.
c Tr

The decrease is osmotic potential (4) ) was greater than the
Tr

decrease in leaf water potential (q,
c

). The turgor pressure decreased

with decreasing soil temperature, and slightly increased with

decreasing soil water potential. The growth rate was correlated with

turgor pressure. The relationship between turgor pressure and

growth rate varied with soil temperature and soil water potential.

It was concluded that this relationship may have been the primary

growth controlling mechanism.

The rate of nutrient uptake increased with increasing water

uptake at both water potentials of -0.35 and -2.50 bars. The ion

concentration in the transpiration stream was lower at -0.35 bars



than at -2.50 bars. The concentration increased slightly with

increasing soil temperature at both soil water potentials tested, but

relatively more at -2.50 bars.
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TEMPERATURE AND WATER POTENTIAL EFFECTS
ON PHYSIOLOGICAL FUNCTIONS OF SUDANGRASS

(SORGHUM VULGARE VAR. PIPER)

INTRODUCTION

The effect of temperature upon plant growth is of considerable

agronomic interest. Although innumerable experiments have indi-

cated the extent to which plant growth is dependent on temperature,

much remains to be discovered about the mechanisms involved in

these responses.

Temperature effects associated with physiological factors, such

as solubility of ions, root respiratory activity, transpiration, enzyme

activity, and translocation are all important factors in relation to

plant growth. It is not clear whether a low soil temperature slows

growth by restricting water uptake, root permeability, or by reducing

the translocation of nutrients and carbohydrates in the xylem and

phloem translocation systems. Low temperatures can affect plant

growth in many ways and it is difficult to isolate its specific effects.

Trans location is an important factor in the supply of food for

plant growth. Reports of studies of temperature effects on transloca-

tion are often contradictory and difficult to analyze due to the lack of

a well defined quantity to measure translocation. The rate of loss of

carbohydrage from a source or its arrival at a sink will be affected by

temperature both through the effect on transport and the effect on
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respiration. At higher temperatures, the apparent arrival of

carbohydrate may be smaller than expected due to the increase in

respiratory loss to an extent.

Temperature effects on the production of growth substances in

the roots and the export of these substances to the shoots are also

important in relation to plant growth. The information in this field is

still limited, but some experiments have indicated the importance of

such a temperature effect.

The relation of water potential to plant growth is of equal

agronomic importance as temperature effects. Photosynthesis,

translocation of sugars, and plant growth have each been implicated

as the first process to be affected by water stress. The mechanisms

by which water stress reduces plant growth are still not clear.

Recent studies have reaffirmed the importance of turgor pressure and

favorable water status in the growth of plant cells. But the close

dependence of growth on turgor pressure has not as yet been well

established. The turgor pressure may directly control the rate of

cell division and cell enlargement. The mechanisms by which this is

accomplished need to be further established. The relationship is not

clear since the direct measurement of turgor pressure in higher

plants is not yet possible.

Low water potentials may also restrict water movement and ion

uptake, but the effects of water potential on the chemical composition
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of plants are still not well established. Low cell water potentials

may reduce the translocation of carbohydrates and accumulations of

ions, increase the resistance to water movement through the plant,

and cause stomatal closure.

The purpose of this study was to measure soil temperature, air

temperature, and water potential effects on physiological functions

such as transpiration, leaf water potential, turgor pressure, nutrient

uptake, and growth of sudangrass. The experiments did not have a

foundation in specific hypotheses. Rather, it was deemed desirable

at this time to carry out a series of experiments to specifically

describe and identify the temperature and water potential effects on

the growth of a tropical plant. The ultimate goal of experiments of

this kind is to establish those factors or plant functions which most

critically limit yield potential. It is hoped that thus, photoefficiency

of plants ultimately may be increased.



REVIEW OF LITERATURE

Temperature Effects

Introduction

4

Temperature affects plant growth in many ways. The

mechanisms by which temperature exerts its influence on plant growth

are not well established. For example, the conversion rate of

inorganic to organic nitrogen in the roots is a temperature dependent

process. Low temperature may retard the formation of hormones

and its exportation to the shoots. Low temperature can have adverse

affects on plant growth by means of its effect on water relations as

well. This literature review was conducted to better understand the

possible mechanisms. Effects of temperature in relation to plant

growth, hormones, translocation, water uptake, and ion absorption

will be considered.

Root Temperature and Plant Growth

Soil temperature is an important environmental factor in plant

growth. It influences root growth and activity, nutrient solubility and

uptake, translocation processes, oxygen supply, and water uptake.

Low soil temperature has long been known to depress the growth

of plants. This is especially true for plants whick are indigenous to
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warm climates, such as corn. In corn, growth depression and

purpling of the leaves often occur in the early cold spring. It has also

been suggested that growth depressions at low root zone temperatures

are the result of a restricted uptake and translocation of plant nutri-

ents. Purpling of corn at low soil temperature is usually attributed

to P deficiency. Knoll et al. (1964) found that reduced P uptake at

low root zone temperature was caused primarily by a depression in

root growth, induced by the low root zone temperature. Kleinendorst

and Bouwer (1970) conducting experiments with maize, suggested that

at low root temperature, water stress was induced in the shoot tissue

including the whole growing region of the leaves which limited leaf

growth.

Soil temperature for optimum plant growth varies with plants

and species. Nielsen and Cunningham (1964) found that maximum rate

of growth of ryegrass tops occurred at 19.5 C, except when no N was

added. Least growth was at 11 C when the N level was below 200 ppm,

and at 28 C when with N above that level. They concluded that the

optimum root temperature for ryegrass was about 19.5 C. The

increases in yields at higher root temperatures caused increased

water absorption, nutrient uptake, translocation of nutrients from

roots to shoots, production of growth regulating compounds in the

roots, translocation of carbohydrates and other compounds produced

in the tops to roots, and transformation of nutrients and carbohydrates
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in the root.

Power et al. (1970) grew barley to maturity in a growth room at

soil temperatures of 9, 15.5, and 22 C with either 9 or 44 ppm

fertilizer phosphorus. They found that most rapid growth occurred

at 22 C for the first few weeks after transplanting and at 15.5 C

thereafter. The greatest root growth prior to any given day generally

occurred at the 15.5 C soil temperature. They concluded that the

higher the soil temperature, the greater the growth activity during the

early stages of growth and the less the activity during later stages.

High temperature appeared to hasten the aging process within the plant.

Nielsen and Humphries (1966) concluded that the knowledge of

how root temperature affects plant growth is woefully incomplete,

partly because few critical experiments have been conducted and

partly because of a general ignorance about root functions. They point

out that the optimum root temperature for species indigenous to warm

climates seems above that for temperature species, but the optimum

is not fixed and depends on the shoot temperature. Only in a few

experiments have root and air temperature been controlled and varied

independently.

Watts (1971) measured leaf extension of Zea mays regulated by

temperature. He reported that when the temperature of the meriste-

matic region was held at 25 C in the absence of transpiration (100%

relative humidity), lowering the root temperature from 25 to 0 C
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caused a decrease of only 10 percent in relative leaf extension. If

transpiration were permitted (50 percent relative humidity), the rate

of leaf expansion was very low at 5 C, but much faster at 35 C than at

25 C. A plateau type curve was found. He indicated that the sharp

decrease in expansion rate from 5 to 9 C was due to the more negative

leaf water potentials of the leaf tissue. When the temperature of the

apical meristem and the zone of expanding cells was allowed to follow

passively that of the root system, the rate of elongation decreased by

an order of magnitude between 35 and 0 C. He suggested that the

response of leaf extension to changes in root temperature was too

rapid to have been a result of changes in the pattern of nutrient

uptake, or growth hormone distribution, but was consistent with the

restriction of water uptake at low temperatures.

In a later report, Watts (1972) concluded that the restriction of

leaf extension was due to three factors, namely, a water stress in the

leaf tissue when root temperature was below 5 C, a temperature

gradient between the roots and the meristematic region despite the

temperature-control collars, and a direct effect of temperature on

root metabolism.

Root Temperature and Hormones

Roots product hormones that are important for maintaining the

shoot growth and metabolism (Carr and Reid, 1968). The
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translocation of growth substances to the shoots is affected by several

environmental factors known to affect root metabolism.

Information about temperature effects on growth substance

production and export from root to shoot is limited. Atkin et al.

(1973) measured concentrations of growth substances in xylem exudate

from the stem stumps of detopped maize (Zea mays L. ) plants. They

found that as the root temperature was raised from 8 to 38 C, the

cytokinin and gibberellin activity increased and then decreased

appreciably at 33 C. The export of cytokinin and gibberellin also

increased as the root temperature increased and was greatest at

28 C. The export declined rapidly at 33 C. Low temperature reduced

gibberellin production and its export, resulting in decreased stem

elongation and flowering of Scrophularia marilandica (Groves and

Lang, 1970).

Skene and Kerridge (1967) examined the effect of root tempera-

ture on cytonkinin activity in the root exudate of Vitis vinifera L.

They found the total cytokinin activity expressed on a root dry weight

basis to be higher at 30 C than at 20 C. When results were expressed

on the basis of activity per liter of exudate, the results of two

separate experiments were conflicting. The effect of root tempera-

ture on differences in the quantitative levels of cytokinin activity was

doubtful in their experiments.



9

Root Temperature and Trans location

The mechanism of the temperature effect on translocation is not

well established. Canny (1973) pointed out that for a whole plant

temperature changes may have so many inter-related effects on its

metabolism as to make the disentangling of the specific temperature

effect on one part of its physiology a hopeless task. To measure a

local temperature effect on one part of the translocating system is

both difficult and impractical. However, low temperature retardation

of the translocation of sugars has been reported by several investiga-

tors.

Thrower (1965) reported that translocation of 14C-labeled

assimilate within soybean plants (Glycine max L.) ceased when the

plant was held at 2-3 C. Chilling a short length of petiole to 1 C pre-

vented translocation of labelled assimilate past the chilled section of

petiole. When the petiole was again warmed, translocation through it

was resumed. He indicated that this prompt reversibility would be

expected if either or both of two possible processes, namely a

viscosity change or depressed respiratory activity, were operative in

retarding translocation at low temperatures.

On the other hand, non-reversibility of cold blocking of trans-

location was described by Weather ley and Watson (1969). They found

that translocation of 14C-labeled compounds in Salix viminalis occurs
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above a temperature close to -4 C, while below -4 C in most cases it

does not. Stoppages were irreversible when the temperature of the

cooled stem was raised again to normal at a temperature of about

20 C. The low temperature blocking appeared to involve disruption

of the phloem.

The translocation rate of photosynthetically assimilated 4
C

increased over an air temperature range 20 to 33 C for sugarcane

(Hartt, 1965) and over a temperature range 7 to 26 C for corn (Hofstra

and Nelson, 1969). High temperatures may also retard translocation.

The upper temperature limit at which a translocation system functions

has long been known as that danger-threshold above which protein

structure breaks down, namely 40-50 C (Canny, 1973). Webb (1967)

studied the temperature control of translocation localized to the stem,

petiole and hypocotyl regions of Cucurbita melopepo. He found that

the basipetal and acropetal movement of translocated 14C-labeled

compounds in the phloem tissue was almost completely inhibited at

0 C. At 10 C, a partial inhibition occurred while an extremely vari-

able degree of inhibition occurred at 15 C. Over the 15 to 35 C range

temperature ceased to be a limiting factor in the movement of
14C -labeled compounds. At 45 C partial inhibition was observed

while at 55 C there was an almost complete cessation.
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Root Temperature and Water Uptake

Soil temperature has a significant effect on the ability of plants

to absorb water and translocate it to the shoots. Low soil tempera-

ture reduces the water potential somewhat (Tay low and Stewart, 1960;

Jensen and Taylor, 1961), but this effect is not of significant magni-

tude to explain the reductions in rate of water uptake which occur.

Low soil temperature reduces root membrane permeability. This

reduction may well be the major mechanism by which soil tempera-

ture exerts its influence on plant growth.

Kramer (1940, 1942) observed that water absorption decreases

at low soil temperature, but this correlation is more evident among

species that normally grow in warm soils than among those that nor-

mally grow in cool soils. Transpiration rates during early stages of

growth have been observed to be lower in plants growing in soil at 6

to 8 C than in comparable plants growing in soil at 15 to 20 C. No

appreciable differences were noted later in the growth cycle.

Salisbury and Ross (1969) point out that increasing leaf tempera-

ture promotes evaporation. Light causes stomates to open and

increases leaf temperature. When the leaf is warmed by sunlight,

wind will lower its temperature, causing a decrease in transpiration.

Tew et al. (1963) reported that soil temperature can influence

stem and leaf temperature by translocating heat in the evaporation
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stream. The soil temperature was higher than the room temperature

in his experiments. Warm water absorbed by the roots and translo-

cated through the plant could cause the temperature of the stem and

leaves to rise. Hy lmo (1953) found that for many plant species, the

water uptake is strongly reduced by lowering the temperature of the

roots. At 0-2 C the water transport averaged only 53 percent and at

7-11 C only 77 percent of that for plants with a root temperature of

20 C. The drop in water transport was more or less proportional to

the drop in root temperature.

Low soil temperatures reduce water absorption as a result of

(i) decreased root growth, (ii) increased viscosity of water; the

viscosity of water is about twice as great near 0 C as at 25 C,

(iii) increased resistance to movement of water into roots, caused by

decreased permeability of cell membranes and, (iv) decreased

metabolic activity of the root cells (Kramer, 1969).

Kuiper (1964a) re-examined the effects of low temperature on

water absorption by plants. For a short time at low temperatures,

water intake was controlled by the viscosity of water as in nonliving

membranes, but after an exposure of 30 minutes an added effect

appeared which he attributed to changes in the permeability of the

protoplasm. The effect of low soil temperature on transpiration as

observed by Tew et al. (1963), was also explained on the basis of

decreased permeability of the roots. Kuiper (1964b) further concluded
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that the temperature effect on water uptake consisted of a low-

temperature range with high Q10 values, indicating a chemical

effect and a high temperature range with low Q10 values indicating a

physical effect. The change was rather abrupt at a "critical tempera-

ture" which varied according to the temperature at which the plant

was grown. He postulated that above this "critical temperature" only

the effects of changes in viscosity of water limited water uptake. He

believed that this indicated the existence of "permanent" water-filled

pores available for water transport in the root cell membranes.

Below this critical temperature, the root cell membranes were

assumed to be less permanent and characterized by a high potential

energy barrier for water transfer.

Jensen and Taylor (1961) pointed out that the rate of water

movement through the plant with respect to time was linear over the

temperature range of 10 to 40 C. This relationship could be described

by a zero order rate equation suggesting that the flow of water through

the plant was independent of the amount of water that had passed

through the tissue. They also suggested that the interaction of the

water with the colloids in the root tissues resulted in a molecular

mechanism for water flow having an energy barrier greater than that

for simple viscous flow or diffusion, but not as great as needed for

breaking hydrogen bonds or for vaporization.
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Bohning and Lusanandana (1952) studied the change in rate of

water absorption as influenced by gradual and abrupt changes in root

temperature over the range of 5 to 25 C. They measured the daily

decrease in volume of the culture solution in which sunflower,

tomato, and red kidney bean plants were growing. A gradual decrease

in temperature resulted in a gradual reduction in the absorption rate.

Abrupt changes in temperature resulted in correspondingly abrupt

decreases in absorption rate to a value slightly below that of plants

which had been gradually cooled to that same temperature. They

indicated that the water absorption rate of sunflower and tomato plants

decreased more at temperatures below 10 C than at higher tempera-

tures. They also found that none of the plants showed wilting symp-

toms over the range of 25 to 5 C, when the root temperature was

decreased gradually. Tomato and sunflower plants wilted severely on

the day when the temperature was dropped abruptly from 25 to 5 C,

but gradually recovered on subsequent days with little or no permanent

injury. Bean plants wilted severely and were greatly damaged from

desiccation of the foliage, and showed very slow recovery of the

foliage.

Root Temperature and Ion Uptake

Ion Uptake. The absorption of ions by intact plants involves

their movement from soil to root surfaces, accumulation in root cells,
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radial movement from root surfaces into xylem, and translocation to

shoots. The ability of cells to accumulate ions to a concentration

higher than that in their environment is an outstanding characteristic

of living organisms. One theory of accumulation proposes (a) that

anion accumulation is by active transport linked directly to metabolism

and (b) that cations move passively along potential gradients estab-

lished by the movement of anions. A more widely accepted theroy

assumes that ions form temporary combinations with special organic

molecules called carriers and that the resulting complex can move

through cell membranes which are impermeable to the ions by them-

selves. This theory says that the ions separate from the carriers

upon passing the membrane and then move into the vacuoles, while the

carrier molecules again become available to move more ions.

Metabolic energy is required both for synthesizing the carrier mole-

cules and maintaining the integrity of membrane structures. Organic

acid metabolism is also involved in the maintenance of the ionic

balance.

Experiments by Broyer (1950) and others indicate that shoots

tend to absorb ions directly from the root xylem rather than from the

vacuoles of the root cells. Thus, the vacuoles probably function as

diversionary sinks for salts rather than as a major pathway for

movement, at least in low-salt plants (Broyer, 1950; Epstein, 1960).
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Apparently ions also move through the free space of the cell

walls by diffusion and by mass flow in the transpiration stream, at

least until they reach an ion barrier. This idea was proposed long

ago by Scott and Priestley (1928). In this case, the controlling

absorbing surfaces would be the outer surface of the ion barrier

rather than the root epidermis. In contrast to this view, Lundegardh

(1955) seemed to regard the epidermis as an important ion barrier in

roots. Leggett and Gilbert (1967) reported that 90 percent of the

calcium in soybean roots occurs in the epidermis, while potassium

was uniformly distributed throughout the roots.

Hy lmo (1953) suggested that the salt in the xylem sap is first

accumulated by protoplasts which die and release the accumulated

salt during the formation of xylem elements, a view advanced earlier

by Priestley (1922).

Two processes involving ions occur simultaneously in roots,

(1) the accumulation of ions in root cells and (2) the radical movement

of ions inward across the living cells to the xylem. By comparison

to the first, not much is known about the second process. In 1951

Biddulph wrote that the radial movement of minerals through roots

into xylem is one of the least understood processes in the realm of

mineral absorption and translocation. A decade later Russell and

Barber (1960) expressed the same opinion, and a second decade later

one could justifiably repeat it.
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It is generally assumed that once ions or other solutes have

reached the xylem, they are carried upward in the sap stream. A

number of investigators have supplied radioactive tracers to roots

and found translocation to the shoots at rates up to 60 cm/hr, the

higher rates occurring in rapidly transpiring trees (Kramer and

Kozlowski, 1960). Tracers supplied to the roots of herbaceous plants

also often reach the shoot in less than an hour. All these observations

support the view that ions move upward chiefly by mass flow in the

xylem. Some have questioned mass-flow transport for ions such as

calcium, however. Bell and Biddulph (1963) concluded from their

data that calcium moved by exchange rather than mass flow. On the

other hand, O'Leary (1965) observed the translocation of radioactive

calcium paired with phosphorus or rubidium and concluded that they

moved by mass flow.

Evaluating the upward movement of ions is complicated by the

fact that not all the transport of salt occurs as inorganic ions. In

many species, most or all of the nitrogen is probably transported in

organic compounds such as amides, amino acids, and ureides.

Limited evidence also suggests transport of at least small amounts of

sulfur (Pate, 1965) and phosphorus as organic compounds in the xylem.

Additional complications include recycling of ions--back down through

the phloem and again up the xylem--plus the tendency of certain ions

to be precipitated in the xylem. Hewitt and Gardiner (1956) reported
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that considerable amounts of zinc are absorbed on the walls of the

xylem vessels in grape.

Attempts to mathematically describe the movement of ions to

the plant root by diffusion and by mass flow continue to be made.

Some examples are cited below. Frere's (1969) analysis of a plant

root system taking up ions at a constant rate showed that the apparent

diffusion coefficient of each ion can change with time, distance from

root, composition of the solution, and the rates of uptake of all the

ions. The flux of an ion in solution (eq/cm2sec), under the influence

of concentration and potential gradients can be described by

Q RT ac aE
at F ax ax

where Q is the ion flux (eq/cm2sec),
R is the universal gas

(1)

constant (8.31 joules/deg mole), F is the Faraday (96,500 coul/eq),

T is the Kelvin temperature (°C), Z is the valence, C is the

concentration (eq/cm3),
11 is the ion mobility (cm/sec), at infinite

dilution under an electrical gradient of 1 v/cm, t is the time (sec),

E is the electrical potential (volts), and x is the linear distance

(cm).

Barber (1962) proposed a linear model that satisfactorily

described movement of ions to plant roots as follows:
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where J is the total quantity of ions reaching the root per unit time
2per unit area of root surface (moles/cm sec), D1 is the diffusion

coefficient of the ions in the soil solution (cm 2 /sec), D2 is the dif-

fusion coefficient for the movement of ions on the particle surface

(cm2 /sec) , CI is the concentration of the ions in soil solution that

are not associated with the particle surface (moles/cm3),
C2 is the

concentration of the ions moving on the solid surfaces (moles/cm 3),

C3 is the concentration of the ions in the solution that is flowing

through the soil with a velocity v toward the root surface, x is

the linear distance (cm), v is the velocity of ions flowing through the

soil toward the root surface (cm/sec), and a is the replenishment

factor.

Movement of ions through the soil to the root surface involves

mass flow, and diffusion. The process having greatest effect on

availability of a particular nutrient depends on the concentration of

the nutrients in the water reaching the root, the amount of water

uptake, which affects the flow rate of water to the roots, and the rate

of absorption of the nutrients by the plant root. When the rate of

mass-flow to the root surface is greater than the rate of absorption,

the nutrient accumulates at the soil-root interface and mass flow



20

clearly is the dominant factor. Diffusion is the dominant factor

controlling availability when mass flow brings only a small fraction of

the nutrients required by the plant root (Porter et al. , 1960).

Eaton and Bernadin (1964) measured the effect of mass flow of

soil solutions to root surfaces on salt accumulations in plants. They

compared differences in salt uptake by barley, cotton, and tomatoes

grown in parallel in soil and aerated water cultures. Results showed

that, with transpiration, the mass flow of the soil solution to root

surfaces accentuated the accumulation of some ions in plants.

Danielson and Russell (1957) examined the relationship between

soil water content and uptake of rubidium by corn roots. They

believed that an increased uptake of rubidium at higher moisture

levels was due to the existence of thicker moisture films through

which the ions could diffuse. Wiersum (1958) also indicated that

greater soil water content increased ion uptake at low ion concentra-

tions because it increased the rate of diffusion. Apparently, many

investigators assume that the ions at the root surface are replenished

from the soil as rapidly as they are absorbed by the plant. The

nutrient environment of the root is thus assumed to be the same as

the average nutrient content of the soil.

In contrast to the preceding, Jenny and Overstreet (1939)

proposed that ions may move directly from the exchange site on a soil

particle to the exchange site on the plant without associating with an
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anion in the soil solution as an intermediary step. They also proposed

that ions would diffuse within the electric double layer on the soil

particle surface. Barber (1962) stated that the mass flow of water to

the root surface may cause an increase in concentration relative to the

soil and diffusion will occur away from the root. Oliver and Barber

(1966), and Olsen and Kemper (1968) illustrated this phenomenon.

Ion uptake by the plant would create a concentration gradient so that

ions might then diffuse along the soil particle toward the root.

Interaction Between Calcium, Magnesium, and Potassium

Uptake. Ion uptake by plants involves interactions between the major

nutrient cations, K +
, Ca

2+, and Mg
2+ as well as Na+ and H

+. Leggett

and Gilbert (1969) studying the uptake of magnesium by soybean roots

from MgC1
2

solutions over a concentration range of 0.1 to 10 mM,

found that an increase in Mg 2+ concentration depressed Ca +2
and K+

content in roots. Conversely, magnesium uptake was only slightly

reduced in the presence of either calcium or potassium alone.

Simultaneous addition of K+ and Ca
2+ to the Mg 2+ solution drastically

reduced magnesium uptake. Inhibiting effects of K+ + Ca
2+ on mag-

nesium uptake depressed Mg 2+ concentrations in the root tissue more

than in shoot tissue. Further observations were that changes in the

external calcium concentration over the range of 10-4 to 10-2 M

caused only slight change in calcium content of roots but greatly

enhanced that of shoots as the calcium concentration was increased
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or the K concentration was decreased. These effects on calcium

content were explained as arising from transport to the shoot without

involvement of the vacuoles of root cells.

Often, calcium and magnesium are considered as similar ions

with respect to their absorption by higher plants. Moore et al. (1961)

found that a large fraction of the magnesium absorption by excised

barley roots was blocked effectively by small amounts of calcium.

The blocking action was quite pronounced, even at calcium concentra-

tions where there was a net loss of calcium from the root to the

nutrient solution. They further concluded that calcium markedly

decreased the permeability of cells but implied that uniform depres-

sion of all ions moving into the cells did not occur. Although it

markedly decreased the uptake of magnesium, and almost completely

blocked the uptake of lithium and hydrogen, calcium either stimulated

or had little effect on the absorption of potassium, rubidium and

cesium from acid solutions.

Elzam and Hodges (1967) found that calcium (or magnesium)

sulfate or chloride inhibits energy dependent potassium transport in

excised corn roots. This Ca 2+ (or Mg 2+ inhibitionnhibition of K+ transport

was most pronounced during the initial phases of transport. They

indicated that kinetic analysis showed both corn and barley to have

efficient K+ transporting systems but barley roots were approxi-

mately five times more active than corn roots.
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The role of calcium in regulating the absorption of ions is well

recognized. Its effect on the uptake of the monovalent, alkali ions

ranges from highly stimulatory to strongly inhibitory, depending on

the ion and H+ concentration. Maas et al. (1969) studied the interac-

tion effects between manganese, calcium and magnesium during

steady-state absorption experiments with excised roots of 5-day-old

barley seedlings. They found that calcium enhanced the rate of man-

ganese absorption, whereas magnesium was higher depressive. Of

additional interest was that potassium absorption was greatly

enhanced in the presence of calcium, magnesium, and manganese.

Their data also showed that in the presence of calcium and potassium,

the absorption rate of magnesium was reduced. These observations

are consistent with those of Leggett and Gilbert (1969). This

observation is especially important as it emphasizes the fact that both

stimulatory and inhibitory effects may be exerted by the same cations

at the same time, while no mutually competitive effects are involved.

Rains and Floyd (1970) investigated the influence of calcium on

the aging processes of bean stem slices and on the absorption of

potassium and sodium by fresh and aged slices. The effect of calcium

on potassium absorption differed in aged and fresh tissue. Increasing

concentrations of calcium accelerated potassium absorption by aged

tissue but depressed it in fresh tissue. The effect of calcium on

sodium uptake in aged stem tissue was qualitatively similar to that
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found in fresh tissue. The reduction of sodium absorption was attri-

buted to the presence of calcium in addition to an already substantially

reduced capacity for sodium uptake as the result of aging. In the

per sence of calcium, sodium absorption by aged tissue was almost

zero. The positive response of potassium absorption to calcium, as

well as the requirement of calcium for maximal development of

potassium absorption, indicated that potassium uptake by aged tissue

is mediated by a mechanism different from the one responsible for

sodium uptake, and it was proposed that a new mechanism for potas-

sium transport develops with aging.

Although many studies have shown that calcium usually enhances

the absorption of potassium, the effect of calcium on potassium

absorption may be stimulatory, inhibitory, or neutral, depending on

the concentration of calcium and potassium. Hiatt (1970) investigated

the effect of calcium concentration on potassium accumulation of

excised barley roots during a 24 hr period from KC1 solutions varying

in concentration from 0. 005 to 0.2 mM. He found that in the absence

of calcium, potassium accumulation was highest at the lowest KC1

concentration used. The peak of the potassium accumulation curve

shifted to a higher potassium concentration when the calcium concen-

tration was increased.

Increasing the concentration of potassium generally depresses

the calcium content of plants. Johansen et al, (1968) used barley
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plants growing in nutrient solutions of low calcium concentrations

(250 and 2500 p.M). They found that increasing concentrations of

potassium (20, 200, 2000 p.M) in the nutrient solution depressed

calcium content and concentration. They reasoned that the strong

depression of calcium absorption at low concentration of potassium

must involve a process different from that of operative at high con-

centrations of potassium. They suggested that at the low concentra-

tions of potassium and calcium, as are likely to be found at the root

surface in many soil solutions, the effect of potassium inhibiting

calcium absorption may become important in the calcium nutrition of

the plants.

Maas (1969) using 5-day-old excised maize roots to investigate

calcium uptake, with the tissue inhibited by dinitrophenol and at low

temperature, showed that the uptake of Ca2+ is influenced by the

counter ion, the pH, and the concentration of the ambient solution.

He pointed out that K+ and H+ greatly interfered with Ca 2+ absorption.

Ca
2+ uptake was essentially blocked at a pH = 3. The Ca2+

to H+

ratio regulated the uptake as well as the loss of other cations by plant

tissue. The increase in potassium concentration greatly reduced the

uptake of calcium at pH 6. He suggested that the reduction in calcium

absorption closely associated with the increasing uptake of potas-

sium was due to a competitive effect.
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Temperature Effect on Ion Uptake. Increased plant growth

accompanying increasing root temperature has been ascribed to

increase ion absorption resulting from increased rates of diffusion,

higher reaction velocities, greater solubility, and higher rates of

synthesis, and translocation (Mederski and Jones, 1963). They

found that plant samples taken from heated vs. unheated corn rows

30 days after planting contained about 25 percent more nitrogen and

potassium, 100 percent more phosphorus, and about 25 to 30 percent

less calcium and magnesium. Attributing the observed dry weight and

yield increase entirely to the greater uptake of nitrogen, phosphorus

and potassium is probably an oversimplification of the causal effect of

soil temperature.

The effect of high soil temperatures was inspected by Sullivan

and Sprague (1949) who found new top growth of ryegrass to be most

rapid at 60 to 70 F, and least rapid at 80 to 90 F. They concluded

that high temperature adversely affects ryegrass growth by rapidly

dissipating reserve carbohydrates, by slowing down the production of

new leaf growth, and by generally inhibiting recovery after clipping.

At the highest temperatures, the soluble nitrogen, expressed as a

percentage of total nitrogen, was found to increase in the tops and

stubble of the ryegrass. Associated with the nitrogen increase was a

decrease in carbohydrate content. The calcium content of the roots

and stubble was slightly higher at the highest temperature studied.
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Low rather than high soil temperature also depresses the growth

of plants. Growth depressions from low root-zone temperatures

reportedly result from restricted uptake, translocation, or assimila-

tion of plant nutrients. Knoll et al. (1964) found that low root-zone

temperature severely restricted growth of young corn plants. High

phosphorus levels in the nutrient solution never fully counteracted this

harmful effect. They concluded that reduced phosphorus uptake at

low root temperatures was caused primarily by a depression in root

growth.

Nielsen and Cunninham (1964) found that soil temperature

affected the concentration of chloride, calcium and magnesium in the

plants. It had little effect on the uptake of nitrogen, phosphorus,

sulfur, sodium, and potassium except when it affected yield. Chang

et al. (1968) found that an increase in temperature resulted in an

increase in calcium accumulation in the stems of tobacco plants

grown at 20, 23, 26, 29 and 30 C in controlled environment growth

chambers. It was suggested that calcium was immobilized in the

stems at high temperatures, hence, failed to reach the meristem and

terminal leaves, the critical portion of the plant with respect to

calcium deficiency. The tobacco varieties used developed very

severe calcium deficiency symptoms when grown at either 29 or 30 C.

Dijkshoorn and 't Hart (1957) working with ryegrass (Lolium

multiflorum L. ) found that increasing root temperatures increased
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potassium uptake markedly but increased calcium and magnesium

uptake only slightly. Neilsen and Cunningham (1964) indicated that

the reasons for these increases in cation uptake may be linked with

the interaction between soil temperature and nitrogen uptake, and

between soil temperature and rates of chemical reactions in the soil.

Balasko and Smith (1971) grew switchgrass (Panicum virgatum

L.) and timothy (Phleum pratense L.) in growth chambers. They

found that temperature had a greater effect on the mineral concentra-

tion in the herbage of timothy than switchgrass. In the herbage of

timothy, the concentrations of nitrogen, phosphorus, potassium and

most other ions increased as the temperature increased to 32.2 C.

While in the herbage of switchgrass, the concentrations of nitrogen,

phosphorus, potassium and calcium generally decreased as tempera-

ture increased, but the concentrations of barium and manganese

increased. The concentration of boron was highest at 27 C. Tem-

perature appeared to have little effect on the concentrations of most

other ions in switchgrass herbage.

Rosenthal et al. (1973) studied the effect of root temperature on

the nutrient levels of Chrysanthemum morifolium shoots. The shoots

were maintained at ambient temperatures of 18-23 C, while roots

were maintained at the five different temperature regimes of 18-23,

16, 10, 4.5, and 4 C for two weeks. Shoot nitrogen levels decreased

as the root temperature decreased from 18-23 to 16 C but were
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unaffected by a further decrease from 16 to 4 C. Phosphorus levels

significantly decreased at root temperatures of 10 C and lower.

Potassium levels decreased with decreasing temperature, but

calcium increased. No change in the magnesium content was

observed as the root temperature changed. Levels of the minor

elements, iron, zinc, manganese, and copper decreased as tempera-

ture decreased from 18-23 to 4 C.

Water Potential Effects

Introduction

Plant growth is adversely affected by reduced soil water

potential. Low soil water potentials generally result in reduced leaf

water potential, ion uptake, water movement, translocation, and

hormone activity. It is necessary to review the water potential effect

on these functions to obtain a better understanding of the effects on

plant growth.

Cell Water Potential and Plant Growth

Water stress plays an important role in all plant functions. It

affects vegetative development and reproduction of plants, in addition

to its influence on the physiological processes of photosynthesis,

respiration, and transpiration.
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Stevenson and Boersma (1964) found that dry weights of

adventitious roots that developed in soil cores were not affected by

soil water suction between 0.3 and 1.1 bars in a fine sandy loam soil,

but weights decreased as soil suction increased from 0.3 to 1.6 bars

in a clay loam soil. Taylor and Ratliff (1969) obtained similar results

in their studies on root elongation rates of cotton and peanuts as a

function of soil strength and soil water content. They concluded that

cotton and peanut seedling root elongation rates responded to changes

in soil strength but did not respond to changes in soil water suction

from 0.17 and 7.0 bars for cotton, and from 0.19 to 12.5 bars for

peanuts. But the top weights and length of both cotton and peanuts

increased as soil matric suction decreased.

It is well known that cell turgor, hence favorable water status

of plants, is required for cell enlargement and division. Slatyer

(1969) listed initiation and differentiation of vegetative and reproduc-

tive primordia in apical meristems, cell division, and enlargement

of cells thus differentiated, as very sensitive to moisture stress.

Acevedo et al. (1971) measured elongation of intact young

leaves of maize plants (Zea mays L.) and found that it was dynami-

cally dependent on soil water supply. With adequate water, elongation

was remarkeably constant but slowed down when the soil water

potential decreased from -0.1 to -0.2 bars and stopped when the

water potential decreased to -2.50 bars. The corresponding leaf
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water potentials ranged from -2.8 to -7 bars. They indicated that the

decrease in growth of plants subjected to water stress is most likely

the direct result of a lack of turgor pressure needed for cell expansion.

Hsiao et al. (1970), measuring maize leaf elongation, found that

growth was markedly reduced by a slight reduction in leaf water

potential. Reducing leaf water potential from -3 bars to -4 bars,

reduced the elongation about 10 percent. Elongation stopped com-

pletely when leaf water potential was reduced to -6.5 bars even though

wilting was still not obvious. In a similar measurement, Barlow and

Boersma (1972) found that the leaf elongation rate of corn (Zea mays

L.) increased rapidly when plant roots were released from water

stress.

Cell Water Potential and Hormones

Water deficits apparently enhance leaf senescence. In mature

leaves of water-deficit plants the protein content is lower and protein

degradation greater than in well-watered control plants. Water stress

induces a reduction in hormone production, activity and exportation.

The export of cytokinin from root to shoot in a water-stressed sun-

flower plant was less than in a control plant (Itai and Vaadia, 1965).

Ben-Zioni et al. (1967) measured the capacity of tobacco
14(Nicotiana rustica) leaf discs to incorporate L-leucine C into pro-

teins. They found that plants subjected to water deficit had reduced



32

rates of L-leucine incorporation into protein. The reduction was

about 50 percent. A kinetin pretreatment prior to incubation with

labelled leucine partially restored incorporation in stressed discs.

They suggested that the difference in response to kinetin of stressed

and control discs was due to a lower endogenous level of cytokinins in

the stressed discs. In a study with sunflower (Helianthus annuus),

bean (Phaseolus vulgaris) and tobacco (Nicotina rustica) plants, Itai

et al. (1968) found that the exposure of the roots to increased osmotic

values in the nutrient medium resulted in decreased translocation of

cytokinins from the roots. They suggested that stress-induced decline

in leaf protein synthesis resulted from a deficiency of cytokinins in

the leaves.

The cytokinin activity in roots decreased when they were

subjected to stress. Similar results were obtained by Itai and Vaadia

(1971) for leaves. When water stress was applied to the Nicotiana

rustica shoots by air drying, the cytokinin activity in both the xylem

exudate and leaves was reduced. This reduction resembled the

changes in cytokinin activity caused by water stress applied to the

roots. They indicated that such inactivation may be a result of either

inhibitor accumulation during stress or actual transformation of the

cytokinin molecule.

When plant roots are flooded cytokinin activity may also

decrease. The supply of cytokinin to the shoots of sunflower plants



33

(Helianthus annuus L.) decreased when the root system was flooded

(Burrows and Carr, 1969). Reid et al. (1969) reported that waterlog-

ging the roots system of tomato plants (Lycospersicum esculentum

M.) inhibited stem growth and severely reduced the export of

gibberellin from the root to shoot.

Cell Water Potential and Translocation

The effect of water stress on translocation of photosynthate has

been investigated by several workers. The effect of water stress

upon translocation is not clear. Some studies indicated a beneficial

effect whereas others suggested a deleterious effect.

Roberts (1964) studied the effect of water stress on transloca-

tion from the leaves of 3-year-old potted seedlings of yellow poplar.

Water stress decreased the total percentage of 14C translocated, the

rate of translocation and the distance translocated downward as leaf

water stress increased from a water deficit of 5 to 20 percent. The

high water stress resulted in a larger percentage of the radiocarbon

translocated upward in the stem than in plants subjected to low water

stress.

Wiebe and Wihrheim (1962) reported that total translocation of

14C from a treated sunflower leaf decreased with increasing diffusion

pressure deficit from 1 to 8 atm, but remained constant at higher

DPD's. The increase in water stress decreased downward and
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upward translocation.

Hartt (1967) investigating moisture supply effects on transloca-

tion of
14C in sugarcane, found that low moisture supply decreased

the velocity and percentage rate of translocation of 14C photosynthate.

The depression of translocation was more severe than the curtailment

of photosynthesis in the same leaf. It was concluded that the

deleterious effect of low moisture supply upon translocation was a

primary effect.

Ward law (1969) found that the transfer of assimilates from the

photosynthetic tissue into the conducting tissue was delayed in

stressed leaves. The velocity of assimilate translocation through the

conducting tissue was only slightly affected at low relative turgidity if

the demand for the labelled leaf was raised by removal of the adjacent

leaves. He suggested that the effect of water stress on translocation

was an indirect effect resulting from the slower growth.

Cell Water Potential and Transpiration

Honert (1948) introduced the concept of water movement through

the soil-plant-atmosphere system as a catenary process. He pro-

posed an equation analogous to Ohm's law for water transport through

the plant. Slatyer (1960) included water transport through the soil

phase and expressed the steady state water current through the whole

soil-plant-atmosphere system by the equation
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qjs ter '64x )/
4,

V =
Rs Rr Rx Ri

g

(3)

where V is the water current (g/sec), Rs is the resistance to

water transport in soil (cm2/g sec), Rr is the resistance to water
2transport in root (cm /g sec), Rx is the resistance to water

transport in xylem (cm2/g sec), R/ is the resistance to water

transport in leaf cells (cm2/g sec), R is the resistance to water
g

transport in gaseious phases (cm2/g sec), and Ei is the drop in

water potential across each resistance (bars or dyne cm 2).

Ray (1960) pointed out that Van den Honert's assumption that

diffusion is directly proportional to a potential difference is in error.

Vapor diffusion in air is described by Fick's law, which can be written

for one-dimensional diffusion as

80
= -D*ax (4)

where v is the diffusion flux (g/sec), D* is the diffusion coeffi-

cient (cm4/sec),
0 is the water vapor concentration (g/cm3), and

x is the distance of diffusion (cm).

The change from the more commonly used D (cm
2/sec)

result from the use of current (g/sec) on the left of Equation (4) rather

than the usual flux in g/sec cm 2. With the diffusive equation for

water vapor, Equation (3) should be written as



v= -Kg ax (5)

where K = f /R and . is the length of path. This would be

valid for water transport only if f and 0 are linearly related.

But according to the following equation derived from Raoult's law

RT 0
InM 0

0

(6)
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where R is the gas constant (/ atm/K°mole), T is the absolute

temperature (° K), and 00 is the water vapor concentration at

= 0.

Hence Equation (3) is invalid for water transport in the vapor

phase Slatyer (1960) realized this failure of Equation 3 and stated

that the potential difference in the gaseious phase is in reality the

vapor pressure gradient from the evaporating surface within the leaf

to the external air. Hence the magnitude of the resistance in this

phase can not be used. And made a substitution later for vapor pres-

sure difference to water potential difference in the last part of

Equation (3).

Salisbury and Ross (1969) point out transpiration (V) is pro-

portional to the driving force which is the gradient in partial pres-

sure of water vapor (or water vapor concentration) in the boundary

layer, and inversely proportional to the resistance of the leaf and



boundary layer. The equation is as follows.

-Pa )K
V + ra (7)

37

where V is transpiration, Pf is the partial pressure of water

vapor in the internal air spaces of the leaf, Pa is the partial pres-

sure of water vapor in the bulk air outside, r a is the resistance of

boundary layer, rf is the resistance of leaf, and K is a constant,

depending on desired unit of V.

The transpiration rate is controlled directly or indirectly by the

plant's environment. The water vapor pressure of the ambient air is

usually less than the water vapor pressure of the leaf. This means

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

The transpired water is replaced by water from the xylem. The

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

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

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

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

to satisfy the transpirational demand. The greater the available soil

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

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

tional demand (Gardner, 1960).

Shaw and Laing (1965) pointed out that an increase in the rate of
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transpiration causes a decrease in turgor pressure of the upper

leaves. The degree of stress which will develop depends on the lag

between transpiration and absorption. Under stress conditions

transpiration will be reduced.

Cell Water Potential and Ion Uptake

The limiting effect of soil moisture deficiencies on plant

development is usually attributed to transpirational, photosynthetic,

respiratory, and assimilatory changes associated with excessive

water stress within the plant.

Meder ski and Wilson (1960) used a split-root technique in which

the top portion of the roots of corn plants developed in sand culture

and the remaining portion of the root system developed in soil

adjusted to seven different moisture contents all in the range of wilting

point to field capacity. The soil moisture levels were 12.1, 13.2,

14.9, 16. 1, 17.8, 19.7 and 20.8 percent. They found that dry

weight of plant tops and roots increased linearly with increasing soil

moisture, i. e. , decreasing moisture stress. Both percent and total

content of potassium, phosphorus, and magnesium in the plants

increased with increasing levels of soil moisture. The relative

humidity appeared to interact with the effect of soil moisture on ion

absorption. Their postulated reasons as to why ion absorption varied

with soil moisture were: (i) the continuity of the moisture films was
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broken at low soil moisture content thus impeding ion transfer from

soil to root; (ii) the solvent properties of soil water decreased as the

thickness of the moisture films decreased; and (iii) the density of the

cationic swarm surrounding soil particles decreased as moisture

content decreased. They also believed that a considerable portion of

the ions accumulated by the plant were absorbed from the solution

phase although contact exchange between root and soil surface may

exist. If so, the quantity of soil moisture present would have influ-

enced ion accumulation through a change in the quantity, quality, and

mobility of the soil solution.

Brouwer (1954), Petterson (1966), Greenway and Klepper (1968)

indicated that water flow can accelerate ion movement to shoots even

when ion transfer depends on active transport. Reasons suggested for

this observation are that the mass flow of solution might increase ion

delivery to sites of active uptake or alternatively that ion transport

might be increased by water flow after uptake either during ion move-

ment through the cells or by rapid ion removal from the sites of

release near the xylem, thus accelerating transport across the root

(Brouwer, 1954; Jackson and Weather ley, 1962a).

Rahman et al. (1971) studied metabolic products and accumu-

lated ions at the different developmental stages of a number of plant

species grown under different conditions of moisture stress. For

levels of water supply corresponding to 125, 200, 275 and 350 mm,
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they found that decreased water supply favored an increase in total

available carbohydrate and total nitrogen. With deficiency in soil

moisture, the concentration of K, Na, Ca, Mg, and Cl in me/100 g

dry wt increased, but that of P and Fe decreased. The concentration

of ions (me/100 g dry wt) accumulated in the plant tissue became

greater as the soil water content decreased.

Danielson and Russell (1957) evaluated the uptake of rubidium-

86 by corn seedlings from soil and from osmotic solutions. They

found that the uptake rate decreased rapidly with initial increases in

soil water suction but leveled out at high suctions to give a nearly

logarithmic curve. They concluded that the rate of ion diffusion from

the soil to the root decreased as the film thickness decreased.

Reduced water intake by roots at high soil water suction would also

presumably reduce the movement of water and nutrients to the

absorbing surfaces and thus reduce the amount of ions in the proximity

of the root.

Hy lmo (1953) found a positive correlation to exist between water

transport to the root and the uptake of both calcium and chloride ions.

He perceived that the rate of the ion uptake was dependent on the

amount of water transpired but independent of the method used to vary

the transpiration and hence the water transport. He presumed that

water was drawn passively through cell walls and cytoplasm, but ions

could not passively penetrate the vacuoles. The ions were detained at
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the root surface, or were stopped at the peidermal vacuoles. They

would be returned to the medium when not absorbed by the plant.

Shapiro et al. (1960) pointed out that a moisture gradient

develops in the soil near the root surface as water is absorbed by

roots. Consequently, there is a movement of soil moisture from the

bulk soil to the layer near the root surface. The mass flow of soil

water under a potential gradient masks any diffusion concentration

gradients that may exist. Thus, transpiration may affect ion uptake

in the plant by inducing moisture gradients in the soil. If the soil

near the root surface becomes so dry that the transfer of soil mois-

ture through this soil layer to the root takes place in the vapor phase,

the soil water transfer coefficient is still ten fold greater than the

diffusion coefficient of phosphate ions in free solution. Philip (1958)

pictures this layer of dry soil acting as a vapor gap which Bonner

(1959) describes as a semipermeable membrane, permeable to the

passage of water but impermeable to the passage of ions.

Fawcett and Quirk (1960) investigated the effect of soil-water-

stress on the uptake of phosphorus by wheat plants (Triticum

aestivum). They suggested that as the soil water stress increases,

the large soil pores drain and, therefore, the cross sectional area for

diffusion of ions in the liquid phase is decreased. Hence the rate of

absorption per unit area of root surface would decrease. They found

that increasing water stress did not affect the rate of phosphorus
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uptake by young wheat plants, provided the plants were not damaged

by wilting. They also concluded that the available soil phosphorus was

mainly held in fine pores that remained full of water even when the

plants were wilting.

Greenway et al. (1969) measured phosphorus uptake by intact

tomato plants (Lycopersicon esculentum M.) from solutions labelled

with 32P. The plants were exposed to low water potentials by the

addition of mannitol to culture solutions. They found that the amount

of labelled phosphorus in the roots remained constant but the amount

transported to the shoots was reduced by water potential decreases to

-5.4 bars. The amount of labelled phosphorus in both the roots and

the shoots were reduced as the potential decreased to -10.4 atm.

They suggested that low water potentials reduced phosphorus uptake

probably by a concurrent suppression of water flow, decrease in root

permeability, and additional factors such as structural damage caused

by plasmolysis.

Jenne et al. (1958) conducted an irrigation study on corn plants

involving two irrigation treatments, one in which plots were irrigated

to reach a soil moisture tension of 400 cm of water, and a second

with no irrigation water applied during the period from June 9 to

September 27. They found that the magnesium percentage was greater

for plants grown under moisture stress than for plants adequately

supplied with water, the difference first becoming apparent at the
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July 21 sampling. Most of the difference was accounted for by

increased accumulation of magnesium in the stalks. Potassium per-

centages in the leaves, stalks, and the whole corn plant were

increased materially by moisture stress. Although potassium

accumulation in the plant essentially ceased by the time all the avail-

able soil moisture was depleted from the upper 30 inches of the soil,

by this time the plants already contained a large proportion of the

total amount accumulated under favorable moisture conditions.

Calcium percentages in the leaves, stalks, husks, and the whole plant

were also increased materially by moisture stress. This effect was

apparent at the August 4 sampling. After that time there was essen-

tially no change in calcium percentage of the ghole plant where soil

moisture was limiting, whereas there was a marked decline where

moisture was adequate.

Jackson and Weather ley (1962b) using plants growing in nutrient

solutions imposed a pressure gradient between the medium and xylem

elements of ricinus and tomatoes. Applying a pressure difference of

2 atm, resulting in a doubling of the sodium flux from medium to

xylem. The Na flux under a pressure gradient appeared therefore to

be metabolically facilitated. The "metabolism facilitated process"

appeared to predominate in the flux of calcium to the xylem of ricinus,

but not in the flux through tomato roots.

Wiersum (1966) stated that there are two modes of water supply
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to fruits. The calcium content of fruits and storage tissue was

related to the mode of water supply. He explained the phenomenon by

accepting the existence of a mass flow transport in the phloem that

restricted transpiration of the tomato fruits, which eliminated

accessor entrance of water via the xylem, resulting in a lower cal-

cium content. Reducing the water supply through the phloem by

restricting growth rate, resulted in a higher calcium content. This

was explained by accepting the xylem as an accessory water supply

mode.

Nitrogen Supply

Introduction

That an increase in the rate of nitrogen supply causes an

increase in plant growth is well established. From a nutritional point

of view, it is necessary to evaluate the nitrogen supply in relation to

plant growth via nutrient uptake. The effect of increasing the nitrogen

supply on the uptake of other nutrients is still not clear. This

review is to provide better understanding of the relationship.

Nitrogen Supply and Ion Uptake

Application of nitrogen fertilizer has an influence upon cation

contents of plants. Russell et al. (1954) concluded that the greater
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effect of nitrogen fertilizer was from rate of application rather than

from form of material or time of application. There was some

increase in total cation content of bromegrass forage due to nitrogen

fertilizer. Increasing rates of nitrogen fertilizer influences mag-

nesium and phosphorus percentages similarly, with some increases

at the first sampling and either no effect or slight decreases at the

last sampling. Potassium percentage was increased to nearly the

same degree as the nitrogen percentage, while calcium percentage

was decreased slightly during the last stages of growth.

Arnon (1939) found that ammonium fertilized plants had a higher

phosphorus and a lower calcium, magnesium, and potassium content

than nitrate fertilized plants. He explained that the rapid absorption

of ammonium ions would tend to depress the absorption of other

cations and to increase the absorption of anions. Conversely, the

rapid absorption of nitrate ions by nitrate fertilized plants would tend

to depress the absorption of other anions such as phosphate, and to

increase the absorption of cations, calcium, magnesium, and

potassium.

In contrast to Russell et al. (1954), Cunningham (1962) recently

showed that cation-anion relationships in plants grown in soil depend

on form of nitrogen and concentration of nitrogen. Nielsen and

Cunningham (1964) found that yields of tops of Italian Ryegrass grown

at 19.5 C with NO3-N were maximal at 100 ppm and with NH4-N at
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200 ppm. He also found that form of nitrogen greatly influenced the

composition of the grass. Increasing NO3 -N decreased the concen-

trations of phosphorus, chloride, and sulfur, and increasing NH4-H

decreased the concentrations of calcium. Percent N was larger with

NO3 -N than with NH4-N.

Shukla (1972) found that the increase in nitrogen levels from 0 to

180 kg/ha caused a significant increase in the content of nitrogen and

potassium in the leaves of corn plant (Zea mays L. ) at all three

experimental sites, while the content of phosphorus decreased sig-

nificantly at two of the sites tested. Hanway and Weber (1971)

reported that without nitrogen fertilizer, all plant parts of non-

nodulating soybeans (Glycine max L.) consistently contained much

lower nitrogen than did those on nodulated plants. The application of

672 kg/ha nitrogen fertilizer usually resulted in slightly higher

nitrogen in the different plant parts of either nodulated or non-

nodulated soybeans than was found in the nodulated soybeans without

nitrogen fertilizer. The application of nitrogen fertilizer generally

decreased the phosphorus levels in the plants. In the most nitrogen

deficient plants, phosphorus was high in all plant parts.

Contrary to the above, Cole et al. (1963) concluded that the

presence of nitrate or ammonium ions in the test solution during the

uptake period had negligible effects on phosphorus uptake rates,

although phosphorus uptake rate was highly correlated with total
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nitrogen levels in the roots. They also concluded that increased

phosphorus absorption rates at the higher plant nitrogen levels sug-

gested a connection between nitrogen metabolism and phosphorus

uptake processes.
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MATERIALS AND METHODS

Control of Experimental Conditions

Soil Water Potential and Soil Temperature

The technique used in these experiments for the control of soil

water potential and soil temperature was the same as used recently

by several students in this laboratory (Baba lola et al. , 1968; Sedgley

and Boersma, 1969; Kuo, 1970; Amujo, 1970; Fazilat, 1971;

Sepaskhah, 1971). It was first suggested by Zur (1961), and devel-

oped by Cox (1966) who incorporated several modifications to over-

come some limiting problems. Control of soil water potential is

obtained by inserting thin slabs of soil, encased in semi-permeable

membranes, into solutions of different osmotic potential. Osmotic

solutions were prepared by mixing Carbowax-6000 (polyethylene

glycol) with distilled water. Two concentrations corresponding to

osmotic potentials of -0.35 bars (48.0 g /liter ) and -2.5 bars

(150.0 g/liter) were used. The indicated concentrations were based

on Zur's (1961) work and later verified by psychrometric measure-

ment.

The chambers containing the carbowax solutions were sur-

rounded by a water-jacket, connected to a constant temperature water

bath (Figure 1). Water, pumped from the bath through the jacket and
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recirculated to the water bath, gave positive temperature control for

the osmotic solutions and soil slabs immersed therein (Figure 1).

Measurements were made at soil temperatures of 10.0, 15.6, 21.1,

26.7, 32.2, and 37.8 C.

Air Temperature

Separate experiments for the investigation of air temperature

effects on plant growth were conducted by adjusting the growth room

temperature. Measurements were made at a constant soil tempera-

ture of 26.7 C, a soil water potential of -0.35 bars, and air tempera-

tures of 18.3, 22.8, 26.7, and 32.2 C.

Nutrient Supply

Nutrients were made available to the plant roots growing in the

soil slabs by mixing them with the carbowax solution. Composition of

the nutrient solution used is shown in Table 1. The total quantity of

several elements present in each chamber was calculated (Table 1)

for later reference in the discussion of ion uptake rates.

Nitrogen Level

Experiments to study the effect of nitrogen supply on sudangrass

growth were conducted at a soil temperature of 26.7 C, and air tem-

perature of 26.7 C, and a soil water potential of -0.35 bars. The
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nitrogen levels in the nutrient solution were 0, 10, 25, and 100 ppm.

Table 1. Composition of the nutrient solution used for
growing the plants and total quantity of several
elements present in each chamber.

Compound Concentration
Total Quantity Present
Element Amount

Ma cro nut r ients

mg mg
liter chamber

K 2504 275 K 1, 013. 2

MgSO4 7H20 493 Mg 288. 6

KH
2
PO4 122 P 192. 1

K
2
HPO4 3H20 31 Ca 1, 562.5

CaS04 2E120 1, 033 S 2,700.4

CaCl2 56 Na 0.01

NH
4

NO3 500 N 600.0

Micronutrients

ZnS04 7H 20 67 Zn 91. 0

MnSO4 4H 20 876 Mn 1,296.3

CuSO4 5H 20 78 Cu 114. 5

H
3
B03 0.25 B 0.1

Na
2

Mo04
2H20 0. 01 Mo 0. 03

Fe EDTA 17 Fe 6. o

CoC1
2

4H 20 005 Co 0. 1
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Other Environmental Parameters

All experiments were carried out in a walk-in growth room with

temperature and humidity controls. The air temperature was main-

tained at 26.7 C, the relative humidity at 45 to 50 percent, the light

intensity, from fluorescent tubes and incandescent bulbs, at 1800 ft-c.

at the tops of plants, and air movement over the plants, by means of

an electric fan, at about 5 na/sec.

Experimental Procedure

Pregerminated sudangrass seedlings (Sorghum vulgare var.

Piper) were grown in soil filled cells for two weeks in growth cham-

bers, at a day temperature of 26.7 C and a night temperature of

22.2 C. The containers were surface irrigated with water or nutrient

solution on alternate days for the first seven days. During the rest of

the growing period the cells were partially immersed in the nutrient

solution for one hour each day.

The soil cells (0. 8 x 30 x 10 cm) in which the plants were grown

consisted of a lucite frame with removable sides. The arrangement

was described in detail by Kuo (1970). After two weeks, 66 cells with

uniformly growing plants were selected. By random selection, six of

the 66 cells were taken for the zero day determination of plant dry

weight and mineral composition. The side covers of the remaining
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60 cells were removed and the assembly was inserted in the semi-

permeable cellulose membrane bags. The membrane bags were

sealed at the lower end by folding them over several times and

clamping the fold with a plastic clip. They were held in place at the

upper end by braces. Water and nutrients passed freely through the

membrane to the plant roots in the soil when the cells were inserted

into the osmotic solutions contained in the chambers. The described

arrangement allowed adequate gas exchange between the atmosphere

and the soil. It represents a slice of field soil leaving the vertical

geometry intact.

Each osmotic chamber held three cells (Figure 1). Twenty

chambers were used for each experiment. Ten chambers each had

osmotic solutions with water potentials of -0.35 and -2.50 bars

respectively. The cells from two chambers at each soil water poten-

tial were removed for plant harvest (total of six) at two day intervals

during the 10 day growing period.

Measurements

Dry Matter Production

Plants from two chambers containing a total of six soil cells

were harvested on day 0, 2, 4, 6, 8, and 10 for each experiment. The

soil was carefully washed from the roots. Shoots and roots were
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dried separately at 52 C for 48 hours and dry weights were obtained.

The shoot weight was also obtained immediately after harvesting, so

that water contents could be calculated.

Plant Material Extraction

Roots and shoots were ground in a blending mill to a uniform

meal-like fineness, redried in an oven at 52 C for 24 hours, and

stored in a desiccator. Approximately one gram of the ground sam-

ple was weighed and prepared for chemical analysis by wet washing

with perchloric acid (Jackson, 1958). One scoop of glass beads and

two ml of concentrated nitric acid was added to each flask. The flasks

were heated slowly until brown fumes (NO2) came off, and foaming

ceased, then removed from the hot plate and left to cool. When cool,

6 ml of 70 percent perchloric acid was added after which the flasks

were heated in a perchloric acid-proof hood until the reaction mixture

became colorless. Flasks were removed from the hot plate and

cooled for about 30 seconds. Approximately 10 ml of water was

added and the solution was swirled to dissolve any existing solids.

Solutions were immediately filtered through an 11 cm Whatman No. 5

filter paper in 100 ml volumetric flasks.
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Determination of Ion Concentrations

Calcium, magnesium, potassium, manganese, and zinc were

determined by atomic absorption of the perchloric acid digest using a

Perkin Elmer Model 303 spectrophotometer. One ml of the extract

from shoot or root material was pipetted into 50 ml volumetric flasks.

Five ml of 1000 ppm SrCl2 was then added and the whole diluted to

50 ml.

Nitrogen was determined by the micro-Kjeldahl method modi-

fied to include nitrates (Johnson and Ulrich, 1959).

Phosphorus was determined by the Molybdate-Vanadate

colorimetric method, the color intensity being measured on a Bausch

and Lomb Spectronic 20 spectrophotometer (Jackson, 1958).

Sulfur was determined by using the digest from perchloric acid.

The sulfate content of an aliquot of the digest was measured turbidi-

metrically as barium sulphate by barium chloride. The turbidity was

read 20 minutes after adding barium chloride with a colorimeter

(Spectronic 20) using the 500 1.1.M. wavelength.

Determination of Total Nonstructural Carbohydrates

Nonstructural carbohydrates were extracted from 50 mg of

finely ground oven dry plant material using a modified Weinmann

method (Smith, 1969). The carbohydrate content of the extract was
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determined by the anthrone method of Yemm and Willis (1954) using

glucose as a standard.

Cell Water Potential, 4Jc

The objective of this measurement was to determine the water

potential of the sudangrass leaves as a function of soil temperature

and soil water potential. The measurements were made in a separate

series of experiments because they require destructive sampling.

Pregerminated sudangrass seedlings were grown in 32 soil

filled cells in a growth chamber at a day temperature of 26.7 C and a

night temperature of 22.2 C. After two weeks, 26 cells with uni-

formly growing plants were selected. Two of these were used for the

zero day determination of leaf water potential and osmotic potential.

The remaining 24 cells were sealed in the membrane and inserted

into the osmotic solutions contained in the chambers with each osmotic

chamber holding three cells. Eight chambers were used for each

experiment with two each at soil water potentials of -0.35, -0.70,

-1.50, and -2.50 bars. Leaf samples from 4 plants (two from each

cell) at each of the four soil water potentials were taken for the

determination of leaf water potential and plant cell sap osmotic poten-

tial on days 2, 4, and 6. Leaf water potential was measured with a

pressure chamber technique (Schollander et al. , 1965; Waring and

Cleary, 1967). Leaves were cut with a razor blade, passed through a
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rubber stopper, and inserted into the body of the pressure chamber.

Cell Sap Osmotic Potential,

The osmotic potential of the leaf cell content was obtained with a

psychrometric measurement (Barrs, 1968). Sampling was done at

10:00 a.m. Leaves were cut and stored in 3 inch long, 1/4-inch I.D.

Tygon tubing sections. The sections were sealed with rubber stoppers

at both ends after inserting the plant material. The samples were

put in dry ice (-40 C) and stored until the time of measurement. At

that time the samples contained in the Tygon tubing were squeezed

between the jaws of a vice. The sap was absorbed by filter paper

discs which were used for the determination of osmotic potential.

Soil Water Content

The water content of the soil contained in the cells with plants

growing in them was determined on days 0, 2, 4, and 6 and related to

soil water potential by means of the soil water characteristic curve.

These measurements were made to ascertain if indeed the experimen-

tal arrangement provided a constant soil water potential at the roots.

Soil water content was measured at depths of 6, 15, and 24 cm from

the top of each cell on the days plants were harvested. The water

contents obtained at the three depths were averaged to obtain the soil

water content in each cell.
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The determination of water content in the soil sample included

the water in the roots, which is not part of the available soil water.

It can be shown that this did not cause a significant error. Assume

that the dry weight of roots present in one cell was 100 mg. The dry

weight of the roots varied from 100 to 500 mg per cell during the first

few days. The total surface area of one cell is 300 cm 2 so that the

dry weight density of roots was 0.33 mg/cmz. The height of the soil

sample obtained was 2 cm. It had a width of 10 cm and was 0.8 cm

deep so that the volume was 16 cm3. The dry weight of the roots

distributed in the soil sample would be 6.6 mg. The dry weight of

roots is about 10 percent of the wet weight, hence the water content

in the roots would be 66 mg for 100 mg of roots, or 660 mg for

1000 mg of roots. The 660 mg of water in the 16 cm 3 sample volume

represent 0.041 cm 3 /cm3. The maximum error in water content

would thus be about 4 percent on a volume basis.
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Water Potentials

Leaf Water Potential, Llic
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The leaf water potential of the sudangrass seedlings was

measured by the pressure chamber technique (Schollander et al. ,

1955; Waring and Cleary, 1967) at the beginning of the experimental

period and at the end of the second, fourth, and sixth day. Results

are shown in Figure 2. The leaf water potential decreased with time

at all soil temperatures and soil water potentials. The lower soil

water potential treatments resulted in lower leaf water potentials.

Leaf water potential decreased more rapidly at the low soil tempera-

ture regimes than at the high soil temperature regimes. While con-

sidering these results it should be remembered that the plants were

growing under continuous light.

At a soil temperature of 10.0 C, the leaf water potential con-

tinued to decrease with time. The decrease of soil water potential

from -0.35 to -2.50 bars caused a decrease in the leaf water poten-

tial of about 3.0 bars. This difference remained constant with time.

The rate of decrease in leaf water potential was less at 15.6 C than

at 10.0 C. At 15.6 C the leaf water potential appeared to approach an

equilibrium value. The leaf water potential decreased about 2.8 bars
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Figure 2. Leaf water potentials as a function of time for plants exposed to continuous light at soil
temperatures of 10. 0, 15. 6, 21. 1, 26. 7, and 32.2 C, and four soil water potentials as
follows: o for -0.35 bars, for -0.70 bars, A for -1.50 bars, and s for -2.50 bars.
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by lowering the soil water potential from -0.35 to -2.50 bars. The

decrease in leaf water potential was smallest at soil temperatures of

21. 1, 26.7, and 32.2 C.

The differences in leaf water potential between plants at soil

water potentials of -0.35 and -2.50 bars were 1.9, 1. 6, and 1.9 bars

respectively, after the second day of the experimental period and

remained constant at the value. The difference in soil water potential

was reflected in nearly equal difference in leaf water potential.

In general, low soil temperature regimes resulted in lower leaf

water potentials. The difference in leaf water potentials at tempera-

tures of 21.1 C to 32.2 C was small.

The decrease in the leaf water potential with time must be

attributed to the limited ability of the plants exposed to continuous

light to obtain enough water to satisfy the evaporative demand. There

was no opportunity for recovery during a night period with low

evaporation. It is not surprising that the lowest potentials should

occur at the lowest soil temperature. Here water supply to the leaves

is limited by physical restrictions imposed on water movement to the

leaves. The decrease in water potentials is clearly not an experimen-

tal artifact due to a limiting water transmitting ability of the mem-

brane. Had this been so, the difference between the four water

potential treatments used would not have been as consistent as

indicated by the results.
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Another possible reason for the decrease in the leaf water

potentials may have been a decrease in the water permeability of the

root cells. Root permeability may decrease with age due to the

change in membrane structure. Roots grown at low temperatures

may have a lower permeability. The actual changes in membrane

structure as a function of temperature are still not well understood

(Slatyer, 1967). Water stresses are induced in the shoot tissue as a

result of the reduced water permeability of the root tissue at low

temperature, as was observed by Kleinendorst and Brouwer (1970).

Soil Water Potential in the Rootzone

The soil water content as a function of soil temperature and

soil water potential was measured. The soil water potential values

corresponding to a given water content were derived from the soil

water characteristic curve obtained from pressure membrane and

pressure plate measurements. Results are shown in Table 2.

The soil water potentials obtained from the water content

measurements and the soil water characteristic curves did not cor-

respond well to the water potential values of the osmotic solutions.

The measured soil water potentials were generally higher than the

water potentials of the osmotic solutions at the low soil temperatures

and lower than the potentials imposed by the osmotic solutions at the

higher temperatures. It was shown in Figure 2 that leaf water
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Table 2. Soil water potentials in the soil slabs during the experi-
ments. Results were derived from the soil water
characteristic curves obtained with pressure membrane
and pressure plate measurements.

Soil Soil Water Potential
Temp. Time -0.35 -0.70 -1.50 -2.50

C day bars
10.0 0 -0.05

2 -0.22 -0.20 -0.08 -0.44
4 -0.40 -0.38 -0.52 -0.70
6 -0.25 -0.45 -0.54 -0.80

15.6 0 -0.06
2 -1.15 -1.15 -1.54 -2.60
4 -1.54 -2.70 -3.00 -3.60
6 -0.86 -2.00 -3.00 -3.10

21.1 0 -0.03
2 -0.31 -0.32 -0.50 -0.58
4 -0.42 -0.45 -0.62 -1.00
6 -0.30 -0.59 -0.86 -1.10

26.7 0 -0.03
2 -1.20 -0.76 -0.50 -1.20
4 -1,15 -1.90 -1.50 -3.10
6 -0.38 -1.00 -1.90 -1.00

32.2 0 -0.05
2 -0.88 -0.61 -1.75 -4.00
4 -1.20 -1.75 -2.85 -4.00
6 -0 06 -0.21
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potentials were well correlated with the water potentials of the

osmotic solutions, but were much lower. This result in combination

with the data of Table 2 showing that the soil water potential did not

decrease with time suggest that the plants satisfied their water needs

by absorbing water with roots growing directly against the membrane.

The absorbed water thus did not pass through the soil. Most of the

roots were growing against the membrane, in time forcing the mem-

brane away from the soil surface without in fact disturbing the water

uptake pattern. The soil thus did not play a role in the water trans-

mission. The technique used in these experiments, nevertheless,

offers the great advantage of separating the roots at least in part

from the carbowax solution, thus avoiding its toxic effects, while

maintaining a constant potential value.

Osmotic Potential, 4
Tr

Osmotic potentials of the cell sap of the leaves used in the leaf

water potential measurements were obtained. Results are shown in

Table 3, and Figure 3. The osmotic potential decreased as a function

of time at all soil water potentials and at all soil temperature treat-

ments. The decrease paralleled the decrease in leaf water potential.

It was greatest at the soil temperature of 10 C, and smallest at the

soil temperature of 32.2 C. The greatest decrease occurred during

the first few days of each experimental period.
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The osmotic potential of plant cell sap depends upon the amount

of solutes present. Among these are ions, sugars, and osmotically

active carbohydrate breakdown products. The observed decreases in

the observed osmotic potentials must have been caused by an increase

in the mole fraction of solutes.

Table 3. Osmotic potentials as a function of time at the indicated soil
temperatures and soil water potentials. The plants were
two weeks old on day zero.

Soil
Temp. Time

Soil Water Potential
-0.35 -0.70 -1.50 -2.50

C

10.0

day

9.30

bars

0

2 -11.58 -12.25 -13.51 -14.11
4 -13.42 -13.70 -15.60 -18.51
6 -15.96 -16.45 -18.66 -19.17

15.6 0 9.60
2 -11.41 -12.33 -13.78 -14.24
4 -13.98 -15.02 -16.51 -17.66
6 -13.58 -15.53 -16.84 -18.42

21.1 0 - 7.43
2 -10.00 -11.00 -11.71 -14.61
4 -13.29 -13.43 -14.36 -16.07
6 -15.08 -15.79 -15.96 -16.31

26.7 0 - 8.71
2 9.38 -10.00 -11.41 -13.00
4 -11.63 -12.00 -12.53 -13.69
6 -14.21 -15.22 -16.01 -17.11

32.2 0 8. 00
2 - 9.00 -10.26 -10.71 -11.29
4 9.19 -10.51 -10.81 -11.62
6 -11.43 -11.78 -13.74
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Figure 3. Osmotic potentials as a function of time for plants exposed to continuous light at soil
temperatures of 10.0, 15.6, 21.1, 26.7, and 32.2 C, and four soil water potentials
as follows: o for -0.35 bars, for -0.70 bars, t for -1.50 bars, and

for -2.50 bars.
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The concentration of solutes in the leaf cells depends on the

rate of photosynthesis and the rate of photosynthate removal. The

rate of removal is reduced by mechanisms which reduce rate of trans-

location. The rate of translocation is reduced by low root tempera-

tures or by low soil water potentials. The mechanism of phloem

transport and the manner in which it is in part controlled by tempera-

ture and water potential was described in detail by Nobel (1972).

Turgor Pressure, i

Turgor pressure is an important growth regulating parameter.

The turgor pressure, LIJ , was obtained using the relationship

(-Pc) (-IPTr) qjp (8)

The data used to obtain the llJp at each combination of experimental

variables were derived from the curves shown in Figures 2 and 3.

Results are shown in Table 4. The turgor pressure was low on day 2

at all soil temperatures, but increased with time after that. The

increase with time was small at soil temperatures of 10.0, 15.6, and

32.2 C. The turgor pressure increased from about 1.5 bars on day 2

to over 5.0 bars on day 6 at soil temperatures of 21.1 and 26.6 C.

The turgor pressures increased slightly with decreasing soil

water potential from -0.35 to -2.50 bars. This increase ranged from
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0.5 bars at 21.1 C to 1.7 bars at 10.0 C. The increase was greatest

at the lowest soil temperatures. These results appear to be contra-

dictory.

Table 4. Turgor pressure of sudangrass seedlings as a function
of time at five soil temperatures and four soil water
potentials. The seedlings were two weeks old on day
zero.

Soil Soil Water Potential
Temp. Time

C day

10.0 0

2

4
6

15.6 0
2

4
6

21.1 0
2

4
6

26.6 0
2

4
6

32.2 0
2

4
6

-0.35 -0.70 -1.50 -2.50

bars

0.8 (0.1) (0.1) (0.1)
0.4 (0.2) (0.2) 0.2
0.5 (0.1) 1.1 2.2

-
0.3 0.5 0 5 0.4
0.8 1.4 1.8 1. 9
1 . 0 1.5 1.7 2.4

1.9 2.0 1.6 1.3
3.3 3.9 3.7 4.5
5.0 5.3 5.2 5.5

1.3 1.1 1.3 0.9
2.5 2.9 3.4 3.9
4.0 4.4 5.1 5.5

0.5 0.5 (0.1) 0.3
0.3 0.8 0.4 0.8
1.1 1.6 1.3 1.9
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Table 5 shows that osmotic potential, ip , and cell water
Tr

potential, ipc , decreased with decreasing soil water potentials. In

general the osmotic potential decreased more than the cell water

potential. This results in an increase in turgor pressure with

decreasing soil water potential since it is obtained as the difference

between and Ltic.
Tr

Table 5. Leaf water potential (Jc) and osmotic potential (Lp.Tr ) of the
sudangrass seedlings on day 6 at the indicated soil tem-
peratures and soil water potentials and a constant air
temperature of 26.7 C. The plants were two weeks old on
day zero.

Soil
Temp.

-0.35 -0.70 -1.50 -2.50
kPir 47 Lij c 47 c LP

Cc

C bar s

10.0 -15.9 -15.4 -16.6 -16.5 -18.9 -17.8 -21.0 -18.8
15.6 -14.3 -13.3 -15.6 -14.1 -16.9 -15.2 -18.5 -16..1
21.1 -15.1 -10.1 -15.7 -10.4 -16.3 -11.1 -17.4 -11.9
26.7 -13.6 9.6 -14.6 -10.2 -15.6 -10.5 -16.7 -11.2
32.2 -10.8 - 9.7 -11.7 -10.1 -12.2 -10.9 -13.6 -11.7

The statement that these results appear contradictory was in

part based on the association normally made between plant desicca-

tion (wilting) and leaf water potential. The concept that turgor pres-

sure can increase while leaf water potential decreases does not fit

with the concept of wilting. The interaction between leaf water poten-

tial and osmotic potential however involves several processes and to

expect a change in the first to produce an equal or greater change in
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the second has no theoretical basis. The change in leaf water poten-

tial is caused by changes in water supply by the roots and changes in

demand by the leaves. The changes in osmotic potential are deter-

mined by changes in cell sap concentration in response to the leaf

water potential changes.

When the leaf water potential decreases the osmotic potential

decreases as a result of two mechanisms. Initially water flows from

the cells to the xylem vessels thus decreasing the cell volume,

thereby increasing its concentration and decreasing the osmotic poten-

tial. Secondly the rate of translocation is decreased which also

increases the concentration and thus decreases the osmotic potential.

A number of research reports have described the effect of water

deficit on translocation (Wiebe and Wihrheim, 1962; Roberts, 1964;

Hartt, 1967; Ward law, 1967, 1969). The phloem transport

mechanisms were first described by Munch (1930). The plant thus

can respond to decreased leaf water potential by maintaining high cell

water concentrations and thus a high turgor pressure, essential for

continued growth. This analysis implies that the relationship between

turgor pressure and rate of growth is probably not the same at dif-

ferent soil water potentials. This relationship will be further

examined later in the manuscript.

This analysis also suggests that the increase in turgor pressure

with decreasing leaf water potential would be smallest for plants with



71

a low rate of translocation and greatest for plants with high rates of

translocation. This is in agreement with experimental results,

which showed the increase in turgor pressure with decreased soil

water potential to be smallest of a root temperature of 10.0 C and

largest at a root temperature of 26.6 C.

It is also possible that erroneous results were obtained because

of dissolved material in the xylem water. Solutes in the xylem

vessels (ions or polyethylene glycols) would play a role in the

osmotic potential determinations. Their presence would result in a

more negative value of the osmotic potential. Or conversely, the

elimination of the dissolved material would cause an increase in the

osmotic potential. A second role of dissolved material in the xylem

vessels is its possible effect on the cell water potential measurement.

Since carbowax is a non-electrolyte, its presence reduces surface

tension which would result in a higher or less negative leaf water

potential. Thus removal of this organic solute from the xylem sap

would decrease the leaf water potential.

Each possible role of dissolved matter indicated would produce

a smaller turgor pressure. The presence of dissolved matter in the

xylem sap was highest at the lowest water potentials, as a result of

the higher carbowax concentrations and the reduced translocations.

It is thus possible that the observed anomalies may have been the

result of the presence of solutes in the xylem sap.
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Leaf Water Content

The water content of the leaves of sudangrass as a function of

time was measured and expressed on a dry weight basis. Results for

the soil temperature, air temperature, and nitrogen concentration

treatments are listed in Tables 6, 7, and 8.

Table 6. Water content of leaves of sudangrass seedlings as a func-
tion of time at indicated soil temperatures and soil water
potentials. The air temperature was 26.7 C.

Soil Water
Potential

Soil
Temp.

Day
0 2 4 6 8 10

bars
-0.35 15.6 939 468 396 340 317 304

21.1 866 455 389 361 317 318
26,7 946 548 526 499 418 425
32.2 940 619 550 487 472 488

-2.50 15.6
21.1 866 431 365 338 283 304
26.7 946 468 410 393 385 424
32.2 940 512 433 401 402 366

Table 7. Water content of leaves of sudangrass seedlings
as a function of time at different air temperature
and a constant soil temperature of 26.7 C and a
soil water potential of -0.35 bars.

Air
Temp.

Day
0 2 4 6 8 10

18.3 944 497 536 493 469 445
22.8 909 561 536 478 456 413
26.7 946 548 526 499 418 425
32,2 906 555 510 495 422 436
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Table 8. Water content of leaves of sudangrass seedlings
as a function of time at different nitrogen levels
in the nutrient solutions, at a constant soil tem-
perature of 26.7 C, an air temperature of 26.7 C
and a soil water potential of -0.35 bars.

Nitrogen Day
Level 0 2 4 6 8 10

ppm

0 864 524 409 349 322 302
10 820 554 483 393 373 328
25 832 536 412 368 351 324

100 946 548 526 499 418 425

The water content of the leaves decreased most rapidly at the

low soil temperatures. The decrease over the 10 day period was

67. 6, 63.3, 55.1 and 48. 1 percent for temperatures of 15.6, 21. 1,

26.7 and 32.2 C respectively at a soil water potential of -0.35 bars.

Barrs (1968) concluded that water content may be a useful criterion

of water deficit. As time progressed the plants became increasingly

more desiccated due to the limitation on water uptake. At soil tem-

peratures higher than 21.1 C the water content approached an equi-

librium value during the last four days. The results of the water con-

tent measurements were in agreement with the results of the leaf

water potential determinations (Figure 2). The leaf water potentials

decreased more steeply as time progressed at the lower temperature

and an equilibrium value of leaf water potential was reached after, 6

days at the higher temperatures.
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The water content of the leaves on corresponding days only

slightly decreased with increasing air temperatures. The decreases

in water content over the 10 day period were 52.8, 54.5, 55.1 and

51.9 percent at air temperatures of 18.3, 22.8, 26.7 and 32.2 C

respectively. These changes were probably the result of the larger

vapor pressure deficits at the higher air temperatures.

The water contents of the leaves decreased over the 10 day

experimental period 65.0, 60.0, 61.0 and 55.1 percent at 0, 10, 25

and 100 ppm N respectively. The increase in N concentration

diminished the decrease in water content. As the N concentration

increased from 0 to 100 ppm, the water content of the leaves

increased. The increase in the supply of N stimulated root growth

and hence water uptake. This may indicate that the increase in

nitrogen supply could reduce water deficits in plants.

Dry Weight Increase

Data Reduction

Results of the dry weight measurements for shoots and roots

obtained at the different combinations of experimental variables are

shown in Table 9, and Appendix Figures A-1 through A-6. Sudan-

grass is a tropical, herbaceous, plant. High temperatures enhance

the rate of growth in shoots as well as roots. The growth rate of
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Table 9. Dry weights of shoots and roots in mg per cell as a function

of soil temperature and soil water potential. The plants

were two weeks old on day zero.

Soil Soil Water Shoots Roots

Temp. Potential Time Rep. I Rep. II Rep. I Rep. II

C bars day
rgx

cell

10.0 -0.35 0 265.7 195.7 151.1 70.0

2 396.1 372.7 173.8 93.2

3

4 511.1 496.0 212.7 188.1

5 - -

6 615.4 476.4 234.8 185.2

8 654.4 682.7 348.1 286.1

10 840.4 915.2 574.8 423.8

-2.50 0 265.7 195.7 151.1 70.0
2 366.2 314.8 189.6 119.7

3 -

4 363.9 297.6 164.4 111.4

5 -

6 459.4 389.6 218.8 141.3

8 585.6 440.4 312.6 157.3

10 726.7 613.3 441.6 214.6

15.6 -0.35 0 213.8 177.6 123.6 62.5

2 465.1 426.2 204.1 93.2

3

4 653.9 534.8 247.5 170.3

5 - -

6 737.6 751.3 333.3 300.2

8 843.1 1109.8 551.4 965,3

10 892.1 1436.0 807.0 1642.0

-2.50 0 213.8 177.6 123.6 62.5

2 416.9 338.5 199.0 90.0

3 -

4 498.0 427.6 218.1 133.0

5

6 508.1 549.2 265.0 162.9

8 514.9 735.2 333.2 474.9
10 842.2 851.9 696.4 634.3
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Table 9. Continued.

Soil

Temp.
Soil Water

Potential Time
Shoots Roots

Rep. I Rep. II Rep. I Rep. II

C bars day
cell

21.1 -0.35 0 256.6 331.5 131.5 96.9
2 523.7 495.8 187.8 159.3
3

4 607.2 707.6 319.9 258.2

5

6 888.0 1043.5 541.5 520.1

8 1073.0 1391.6 755.2 761.4
10 1676.1 1488.0 1366.6 897.6

-2.50 0 256.6 331.5 131.5 96.9
2 488.9 451.9 179.4 198.6

3

4 687.2 680.2 415.0 235.9

5

6 770.5 734.2 480.3 281.6
8 988.5 1064.1 767.7 497.6
10 1263.4 1212.4 974.3 680.6

26.7 -0.35 0 245.8 185.9 167.5 92.9
2 501.9 393.8 235.9 136.8

3

4 688.0 637.6 448.4 352.7
5 -

6 1004.0 1011.2 855.7 475.5

8 1503.6 934.2

10 2108.1 1048.1

-2.50 0 245.8 185.9 167.5 92.9
2 465.2 335.6 215.6 132.4

3

4 521.8 471.0 331.1 210.7
5 -

6 878.2 803.9 600.1 407.6
8 1076.0 602.1

10 1651.9 808.3



77

Table 9. Continued.

Soil

Temp
Soil Water
Potential Time

Shoots Roots
Rep.I Rep. II Rep.I Rep. II

C bars day Ina
cell

32.2 -0.35 0 174.1 209.6 156.5 108.2

2 371.3 492.5 229.9 202.8
3 400.9 279.2 .....

4 423.9 771.9 270.7 350.2
5 745.6 442.8

6 833.3 1109.7 560.7 407.2

8 1843.1 814.1

10 2288.3 773.1

-2.50 0 174.1 209.6 156.5 108.2

2 302.0 388.4 290.4 140.1

3 330.5 241.2 -

4 553.0 503.4 480.5 204.2
5 624.9 413.5

6 894.2 843.9 528.5 358.3

8 1331.9 696.9
10 - 1530.4 - 637.7

37.8 -0.35 0 330.6 259.6
2 678.4 422.3
3 695.6 546.1

4 921.2 - 946.5
5 1105.7 924.5

6

8

10 - - _

-2.50 0 330.6 259.6
2 604.3 - 477.2
3 728.4 596.0

4 803.4 602.9
5 975.5 800.2
6 1311.9 1101.1

8 - -

10 - _
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living systems increases exponentially when each new growth incre-

ment of living material can effectively contribute to subsequent

growth. This means that the new growth at a given time is propor-

tional to the amount of material present at that time. The rate of dry

matter production, aD (mg/day cell), as a function of time, t,

may be stated as

or

so that

dD
dt

dD = adt

D ,t
In D[Ti atio + c .

0

At time t = 0, D = p , and at time t = t, D = Dt so that

D = Peat,

(9)

(10)

(12)

where Dt (mg/cell) is the dry matter present at time t (days),

a is the growth factor or relative growth rate (mg/mg day), and

P is the dry matter present at time t = 0 (mg/cell).

Values of a and 3

The least square method was used to fit Equation (12) to the

experimental results shown in Table 9. Values of a and p thus
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obtained are listed in Table 10. Correlation coefficients are shown

in Table 11.

Two experiments were conducted at each set of treatment

combinations. The a and p values of the two experiments were

averaged for the purpose of further analysis of the data. The cor-

relation coefficients, r, ranged from 0.90 to 0.99 for the shoots

and from 0.92 to 0.99 for the roots. Thus 81.2 to 99.2 percent of the

dry matter increase of the shoots and 85.4 to 99.6 percent of the dry

matter increase of the roots is accounted for by the increase in time.

Growth Rate as a Function of Soil Temperature and
Soil Water Potential

The relative growth rates, a , for shoots and roots were

plotted as a function of root temperature (Figure 4). They increased

as the soil temperature increased, reached a maximum value, and

then decreased. The maximum value occurred at about 30 C in the

shoots and 26.0 C in the roots. The optimum temperature range was

narrower for root growth than for shoot growth. This appears to be

logical since the air temperature to which the shoots were exposed

remained constant, while the root temperature was changed.

Decreasing the soil water potential reduced the growth rates of

shoots and roots. The reduction in the rate of growth was greater for

the roots than for the shoots. This again may be so, because the
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Table 10. Growth coefficients a and p (growth equation y = Peax)
for both shoots and roots as a function of soil temperature
and soil water potential. The plants were two weeks old
on day zero. The air temperature was 26.7 C.

Soil
Soil Water Shoots Roots

Temp Potential Replication a a 13

C bars mg ma mg mg_
mg day cell mg day cell

10.0 -0.35 I (1971) 0.106 300.99 0.130 135.28
II (1972) 0.135 238.47 0.176 71.83
Ave. 0.121 269.73 0.153 103.56

-2.50 I (1971) 0.095 270.75 0.100 136.59
II (1972) 0.100 214.32 0.114 75.63
Ave. 0.098 242.54 0.107 106.11

15.6 -0.35 I (1971) 0.129 300.93 0.180 126.19
II (1972) 0.131 257.07 0.196 85.81
Ave. 0.130 279.00 0.188 106.00

-2.50 I (1971) 0.107 270.75 0.130 144.45
II (1972)
Ave.

21.1 -0.35 I (1971) 0.170 304.02 0.230 124.35
II (1972) 0.157 362.35 0.236 102.97
Ave. 0.164 333.19 0.233 113.66

-2.50 I (1971) 0.146 319.09 0.210 138.94
II (1972) 0.130 352.56 0.181 111,16
Ave. 0.138 335.83 0.195 125.05

26.7 -0.35 I (1971) 0.227 273.70 0.280 153.94
II (1972) 0.237 220.09 0.260 97.68
Ave. 0.232 246.90 0.370 125.81

-2.50 I (1971) 0.197 265.34 0.210 152.77
II (1972) 0.214 202.74 0.229 90.18
Ave. 0.206 234.04 0.219 121.48

32.2 -0.35 I (1971) 0.253 187.42 0.210 150.66
II (1972) 0,233 265.48 0.202 128.81
Ave. 0.243 226.45 0.206 139.74
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Table 10. Continued.

Soil
Soil Water Shoots Roots
Temp. Potential Replication a 3 a

bars mg mg mg_
mg day cell mg day cell

32.2 -2.50 I (1971) 0.271 169.88 0.200 167.05
II (1972) 0.202 233.73 0.204 101 67
Ave. 0.237 201.81 0.202 134.36

37.8 -0.35 I (1971) 0.234 360.01 0.280 256.30
II (1972) _ - -

Ave. -

-2.50 I (1971) 0.214 356.27 0.220 275.54
II (1972) - - _

Ave. -

Table 11. Correlation coefficients, r, for the fit of the growth
equation y = Peax to the data shown in Table 9.

Temperature Shoots Roots
Soil Replication -0.35 -2.50 -0.35 -2.50

C

10.0 I (1971) 0.97 0.98 0.96 0.93
II (1972) 0.96 0.96 0.98 0.94

15.6 I (1971) 0.90 0.90 0.99 0.95
II (1972) 0.98 0.97 0.99 0.98

21.1 I (1971) 0.98 0.97 0.99 0.98
II (1972) 0.98 0.99 0.99 0.98

26.7 I (1971) 0.98 0.97 0.99 0.98
II (1972) 0.99 0.99 0.98 0.99

32.2 I (1971) 0.97 0.99 0.99 0.92
II (1972) 0.98 0.99 0.97 0.97

37.8 I (1971) 0.98 0.99 0.98 0.99
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Figure 4. The relative growth rate a (mg/mg day) for shoots and roots as a function of soil
temperature at soil water potentials of -0.35 and -2.50 bars.
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roots were more directly exposed to this stress factor.

Results of a statistical analysis of the soil temperature and soil

water potential effects on the rate of dry weight production of sudan-

grass are shown in Table 12.

Table 12. Analysis of variance of the effects of soil temperature and
soil water potential and the relative growth rate a.

Plant Source Sum of Mean
Part Variation D.E. Squares Square F Remarks

Shoot Reps. 1 0.0001 0.0001 0.33 N.S.
Soil temp. 5 0.0666 0.0133 44.33 **

Moisture 1 0.0026 0.0026 8.67
Soil temp x moist 5 0.0003 0.0003 1.00 N.S.
Residuals 11 0.0033 0.0003
Total 23 0.0729

Root Reps. 1 0.0001 0.0001 0.50 N.S.
Soil temp. 5 0.0452 0.0090 45.00
Moisture 1 0.0109 0.0109 54.00
Soil temp x mo ist 5 0.0021 0.0004 2.00 N.S.
Residuals 11 0.0020 0.0002
Total 23 0.0604

Soil temperature had a highly significant effect on the rate of

growth of both shoots and roots. The interaction between soil tem-

perature and soil water potential did not have a significant effect on

the growth rate of either shoots or roots in these experiments.

A reason for the lack of a significant interaction effect may well

be the similarity between the temperature and soil water potential

effects. Both effects express themselves as reduced leaf water

potentials. Their combined effects are thus simply additive.
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High temperatures restrict root growth. There are several

mechanisms by which this could occur. The high temperatures cause

high rates of respiration (Luxmoore and Stolzy, 1972). High respira-

tion rates cause an increase in carbon dioxide concentration in the

soil, loss of plant materials, and rapid consumption of oxygen. As a

result the root activity and growth may be depressed. Jensen (1960)

measured respiration rates of intact roots of tomato and maize plants

at different temperatures and found that it approximately doubled

between 25 C and 30 C. Such a large increase in demand for carbo-

hydrates over this temperature range could greatly affect the growth

rate of the root system. Low soil temperatures also limit the rate of

root growth. Again several mechanisms could be responsible. Low

soil temperatures reduce ion uptake, water absorption, and metabolic

activity. They also reduce measurably the conversion of inorganic to

organic nitrogen and other synthetic activities in roots.

The maximum growth rate of the shoots occurred at a soil

temperature between 26.7 C and 32.2 C. This result agrees with

literature reports. The temperature effect on the growth of grasses

varies with species. Grasses evolved from tropical or temperate

sources are referred to as "warm season" and "cool season" species

respectively. Balasko and Smith (1971) measured the rate of vegeta-

tive growth of Switchgrass (Panicum virgatum L.) at anthesis and

found it to be greatest at a temperature regime of 32/26 C for the
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day/night temperatures and for timothy for the temperature regimes

of 15/10 C and 21/15 C. Sul lvan and Sprague (1949) grew perennial

ryegrass at four temperature treatments, namely 10 to 15.6, 15.6 to

21.1, 21.1 to 26.7, and 26.7 to 32.2 C, with the daytime temperature

5.5 C above the nighttime temperature. They found that the rate of

shoot growth was highest at the 15.6 to 21.1 C treatment and lowest

at the 26.7 to 32.2 C treatment.

Decreasing the soil water supply does not have a uniform effect

upon different aspects of plant growth and development. Some plant

processes are relatively insensitive to decreasing soil water poten-

tial while others are distinctly affected. Hagan et al. (1957) found

that total green weight production and shoot elongation in Ladino

clover were reduced significantly by decreasing the soil water supply.

No effect of soil water content on the rates of root elongation were

found in cotton and peanuts (Taylor and Ratliff, 1969).

A reduction in leaf growth caused by a decrease in soil water

potential was reported by several workers (Kleinendorst and Brouwer,

19701 Acevedo et al. , 1971; Barlow and Boersma, 1972; Barlow,

1974). Thomas and Wiegand (1970) found that cotton lint yield

decreased significantly as the total soil water potential decreased.

Mean yields were 689, 465, 397, and 300 kg/ha at soil water poten-

tials of -3.6, -4.6, -5.0 and -7.2 bars, respectively. The yield

decreased from 689 kg/ha to 300 kg/ha or about 56 percent as the
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total soil potential decreased from -3.6 bars to -7.2 bars.

The reduction in growth which occurred as a result of

decreasing soil water potential in these experiments agreed with

earlier reports. Table 10 shows that the relative growth rate, a ,

at -0.35 bars was higher than at -2,50 bars at all soil temperatures.

The difference was significant at the 5 percent level in the shoots and

at the 1 percent level in the roots.

Growth Rate as a Function of Air Temperature

Plants were grown at air temperatures of 18.3, 22.8, 26.7,

and 32.2 C while the root temperature was maintained constant at

26.7 C. The soil water potential was -0.35 bars in all experiments.

Results of the dry weight measurements are shown in Table 13, and

Appendix Figure A-7. Values of a and r3 were obtained by using

the least square method (Table 14). The solid lines shown in Figure

A-7 were obtained with the growth equation using values of a and

shown in Table 14. The growth factor a is shown in Figure 5

as a function of air temperature for shoots and roots.

The growth rate was highest at the air temperature of 26.7 C

for both shoots and roots. The relative growth rate a was 0.237 in

the shoots and 0.260 in the roots at this temperature. Both shoot

and root growth had a narrow optimum temperature range. The rate

of root growth decreased more rapidly than the rate of shoot growth
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Table 13. Dry weight of shoots and roots in mg per cell as
a function of time for four air temperatures at a
constant soil temperature of 26.7 C and a soil
water potential of -0.35 bars. The plants were
two weeks old on day zero.

Air
Temp.

Soil Water
Potential Time

Plant Part
Shoots Roots

C bars day cell

18,3 -0.35 0 114.6 55.7
2 247.8 98.6
4 334.6 166.7
6 475.3 217.1
8 793.3 416.5

10 950.5 536.0

22.8 -0.35 0 153.4 81.1
2 284.4 100.3
4 485.0 231.3
6 735.5 374.2
8 1057.5 531.2

10 1301.4 626.1

26.7 -0.35 0 185.9 92.9
2 393.8 136.8
4 637.6 352.7
6 1011.2 475.4
8 1503.6 934.2

10 2106.1 1048.1

32.2 -0.35 0 162.3 82.2
2 282.0 129.9
4 444.6 221.2
6 674.6 301.3
8 1066.4 469.4

10 1297.5 510.2
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Figure 5. The relative growth rate a (mg/mg day) for shoots and
roots as a function of air temperature at a soil tempera-
ture of 26.7 C and a soil water potential of -0.35 bars.
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at the high air temperature. This was probably due to the high rates

of respiration occurring in the shoots at high temperatures. These

high respiration rates would restrict the supply of carbohydrates to

the roots, thus limiting the growth rate.

Table 14. Growth coefficients a and 13 and correlation coefficients,
r, at four air temperatures and a soil water potential of
-0.35 bars. The soil temperature was 26.7 C.

Air Soil Water Shoots Roots
Temp. Potential a R r a r

C bars mg/mg mg mg/mg mg_

day cell day cell

18.3 -0.35 0.206 138.41 0.98 0.227 60.37 0.99
22. 2 -0.35 0.215 179.87 0.99 0.224 80.84 0.98
26.7 -0.35 0.237 222.08 0.99 0.260 97.67 0.98
32.2 -0.35 0.211 179.24 0.99 0.190 91.14 0.99

Holt (1962) working with oats and rye, found a strong correla-

tion between average daily air temperature and growth measured as

added dry matter. Little growth occurred below 4.4 C, but growth

increased up to average daily temperatures of about 15.6 C.

In controlled climate studies, Mitchell (1956) grew Lolium

perenne and L. perenne x L. multiflorum at 7.2, 12. 8, 18.3, 23.9,

and 35 C. The optimum temperature for the growth of individual

tillers was about 15. 6 C. Rate of growth changed comparatively

little between 12.8 and 29.4 C, but declined rapidly below 12.8 and

above 29.4 C.
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The environmental temperature for optimum growth rate of

tropical grasses varies with species. An air temperature at 26.7 C

produced maximum rates of shoot growth for sudangrass seedlings in

these experiments. Because the root depends on the shoot for carbo-

hydrate, and the shoot depends on the root for water and minerals,

the growth of both is closely integrated. As the air temperature

increased from 18.3 C to 26.7 C, the growth rate of the roots

increased. This may be attributed to increased supply of carbo-

hydrates required for root growth. At the highest temperature used

in the experiment, the restriction of supply of carbohydrates may have

limited root growth.

As the air temperature increased from 18.3 C to 26.7 C with the

soil temperature constant at 26.7 C, the growth factor a increased

from 0.206 to 0.237 in shoots, and from 0.227 to 0.260 in roots.

As the soil temperature increased from 18.3 C to 26.7 C with air

temperature constant at 26,7 C, the growth factor a increased

from 0.145 to 0.230 in the shoots and from 0.200 to 0.270 in the

roots. The increase in air temperature at constant soil temperature

produced a smaller growth rate increase than the increase in soil

temperature at constant air temperature. This agrees with observa-

tions of Kristoffersen (1963) and Shtrausberg (1958). Growth of plants

is inhibited more by cold roots than by cold shoots.
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Ludlow and Wilson (1971) measured the net photosynthesis rate

(PN) os six tropical grasses at different leaf temperatures. They

found that the net photosynthesis rate was optimum at mean leaf

temperature of 38 C for six grasses. They indicated that the opti-

mum temperatures for PN of tropical grasses are similar to the

optimum temperatures for growth. It has been mentioned that the

relationship between PN and leaf temperature is influenced by

illuminance, vapor pressure of the air, temperature, and light

intensity history. In a separate experiment, they measured the PN

as a function of leaf temperature at different light intensities. They

found that the optimum temperature declined with illuminance. At

100 ft-c. , PN decreased almost linearly as temperature increased

from about 15 to 45 C. This may also be true for growth. In Ludlow

and Wilson's experiment, the optimum temperatures of PN for

grasses were determined at light intensity of 9500 ft-c. , while in our

experiment the light intensity was maintained at 1800 ft-c. The dif-

ference in light intensity could have caused the difference in the

determined optimum temperatures.

Growth Rate as a Function of Nitrogen Supply

The effect of nitrogen concentration in the nutrient solution on

the growth rate and nutrient uptake rate of sudangrass was studied.

Measurements were made at N concentrations of 0, 10, 25, and
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100 ppm in the nutrient solutions. The soil temperature was 26.7 C,

the air temperature 26.7 C, and the soil water potential -0.35 bars,

in these experiments. Results of dry weight determination of shoots

and roots as a function of time at different nitrogen levels are shown

in Table 15. Dry weight increase as a function of time was obtained

with the growth rate equation. Results are shown in Table 16 and

Appendix Figure A-8.

Table 15. Dry weight of shoots and roots in mg per cell as a function
of time at four nitrogen levels in the nutrient solution, a
constant soil temperature of 26.7 C and air temperature
of 26.7 C, and a soil water potential of -0.35 bars. The
plants were two weeks old on day zero.

Nitrogen
Level

Plant
Part

Day Number
0 2 4 6 8 10

mg
ppm cell

0 shoots 168.0 315.4 452.8 606.7 757.4 761.9
10 130.8 236.0 349.5 440.8 595.5 724.7
25 135.7 225.9 350.4 463.5 558.5 682.1

100 185.9 393.8 637.6 1011.2 1503.6 2106.1

0 roots 82.9 131.3 209.1 310.2 409,7 426.7
10 76.4 115.9 199.0 276.1 406.7 509.0
25 69.9 79, 7 162.9 277.7 354.8 421.0

100 92.9 136.8 352.7 475.5 934.2 1048.1

The growth factors, a , were much higher at 100 ppm N than

at the lower concentrations. The value of a did not increase much

by increasing the concentration from 0 to 25 ppm. The increase in

growth rate caused by the higher N concentration may be due to its
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effect on photosynthesis, rate of respiration and transpiration.

Nitrogen is a constituent of many important compounds in plants

including amino acids, enzymes and chlorophyll. It is involved in all

processes associated with protoplasm, enzymic reactions, and photo-

synthesis. A cell-free amino acid-incorporating system in protein

synthesis in higher plants has been discussed (Mans, 1967). At low

levels of N, the supply is not sufficient to sustain all the biochemical

processes in plants. A retardation of growth will result from N

deficiency.

Table 16. Growth coefficients a , (3 and correlation coefficients, r,
at four nitrogen concentrations, a constant soil tempera-
ture of 26.7 C, a constant air temperature of 26.7 C, and
a soil water potential of -0.35 bars.

Nitrogen
Concentration

Shoots
a 13 r

Roots
a r

mg/mg mg mg/mg mg
PPm day cell day cell

0 0.150 213.37 0.95 0.171 94.62 0.98
10 0.165 156.00 0.98 0.194 81.82 0.99
25 0.158 159.49 0.98 0.200 67.39 0.98

100 0.237 179.24 0.99 0.260 97.67 0.98

The importance of N is indicated by the need for N as NO3 in

the formation of nitrate reductase activity in barley (Hordeum vulgare

L.) aleurone layers (Ferrari and Varner, 1969). And N(NH4
+

i) is

required in the culture for the growth of cells of soybean (Gamborg

and Shyluk, 1970).
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Dotzenko (1961) reported a marked increase in forage yields

obtained from nitrogen fertilization. Yields for smooth bromegrass

(Bromus inermis) ranged from a low of 3.05 tons per acre without N

fertilizer added to a maximum of 6.17 tons per acre with 640-pounds

of N per acre added.

Blasko and Smith (1971) grew switchgrass (Panicum virgatum

L.) and timothy (Phleum pratense L.) to anthesis at day/night tem-

perature regimes of 32/26, 27/21, 21/15, and 15/10 C and soil

nitrogen levels of 60 and 260 kg/ha. They found that at 32/26 C,

where switchgrass made its greatest growth, a 50 percent increase in

herbage weight was obtained by increasing the N fertilization rate

from 60 to 260 kg/ha. The added nitrogen increased the herbage

weights at the 27/21 and 21/15 C regimes by 43 and 15 percent,

respectively. Timothy herbage weights increased 84, 56, 8, and 15

percent by nitrogen fertilization in the cool to warm regimes,

respectively.

Smith and Jewiss (1966) investigated the effect of nitrogen supply

and temperature on the growth of timothy (Phleum pratense L.). The

plants were grown in a controlled environment chamber with day/night

temperature regimes of 18.5/10 C and 29.5/21 C, with total supply

of 336 kg of N per acre and no nitrogen for each temperature treat-

ment. They found that the growth rate was highest at the lower tem-

peratures with N added, at all stages of growth. Temperature had
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little effect on growth when N was not applied.

These experiments were conducted to evaluate the effect of

nitrogen supply on sudangrass growth as a function of its concentra-

tion in the nutrient solution. The main purpose of the experiments

was to determine whether or not the 100 ppm concentration was

optimal. Results showed a large increase by increasing the concen-

tration from 0 ppm to 100 ppm (Table 16).

The optimal nitrogen concentration could be calculated by using

the equivalent form of Spillman's equation (Tisdale and Nelson, 1966)

log(A-y) = log A - 0.30(x) (13)

where y is the yield produced by a given quantity of the growth

factor x. A is the maximum yield possible. One unit of growth

factor is the amount of growth factor to produce a yield that is 50

percent of the maximum possible. The unit growth factor for these

experiments determined from the plot of growth vs nitrogen (Figure 6)

concentration is 27 ppm of N in the solution. Since 10 growth units

are required to reach maximum yield, the optimal nitrogen concen-

tration for the sudangrass growth appears to be 270 ppm. This

optimal concentration appears very high. Additional data points

should be obtained between 25 and 100 ppm N in the nutrient solution.
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Growth Rate as a Function of Turgor Pressure

The growth rate of the sudangrass seedlings was related to the

turgor pressure by calculating the growth rate of the shoots on the

days the turgor pressure was measured. The necessary data were

only available for soil water potentials of -0.35 and -2.50 bars.

Appropriate growth rates are shown in Table 17. Figure 7 shows the

growth rate as a function of turgor pressure at different soil tem-

peratures. The growth rate of shoots in mg per day increased as the

turgor pressure increased for all soil temperatures.

The equation used by Green (1968) to describe the growth of

Nitella may be applicable to higher plants if the gross extensibility of

the cell wall varies as a function of turgor pressure

Growth rate = {Eg(4ip)}{1-Pp-Llipth} (14)

where and Liipth are the turgor and threshold turgor pressure

respectively and E is the gross extensibility of the cell wall.
g

The turgor pressure may be directly involved in controlling the

rate of cell division and cell enlargement. Cleland (1967) investigated

the Auxin-induced cell elongation in Avena coleoptiles in relation to

turgor pressure and found that wall losening can occur at any turgor

pressure greater than zero but the rapid cell extension can only occur

when turgor pressure exceeds a critical value of about 3.5 atm.
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Table 17. Growth rates and corresponding turgor pressures of
sudangrass seedlings at different soil temperatures.
The plants were two weeks old on day zero.

Soil
Temp. Time

Growth Rate Turgor Pressure
-0.35 -2.50 -0.35 -2.50

C day mg bars - -day cell

10.0 0

1 25 24 1.4
2 38 30 0.8 0.1
3 42 32 0.5
4 55 35 0.5 0.2
5 63 38 0.4 1.1
6 65 39 0.5 2.2

15.6 0
1 30 29 0.9
2 40 33 0.3 0.4
3 57 39 0.5 1.3
4 69 47 0.8 1 . 9

5 70 50 0.9 2.2
6 75 53 1.0 2.4

21.1 0

1 52 46 1.8 0.6
2 77 54 1.9 1.3
3 81 65 2.5 3.2
4 90 73 3.3 4.5
5 105 87 4.2 5.1
6 110 94 5.0 5.5

26.7 0
1 75 65 1.4 0.6
2 84 71 1.3 0.9
3 110 85 1.7 2.7
4 120 100 2.5 3.9
5 150 120 3.3 4.8
6 202 150 4.0 5.5

32.2 0

1 70 55 1.4
2 87 70 0.5 0.3
3 112 92 0.4 0.4
4 142 105 0.5 0.8
5 160 140 0.8 1.4
6 213 168 1.1 1.9
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Kirkham et al. (1972) in an experiment with isolated radish cells

(Raphanus sativus L. , var. Red Prince) found that cell division as

measured by DNA increase was greatly stimulated by increasing

turgor pressure from 5 to 6 bars, and cell enlargement was stimu-

lated as turgor pressure increased above 3 bars.

Barlow (1974) in an experiment with corn plants found that the

leaf elongation rate increased as a function of turgor pressure. The

effect of turgor pressure on cell enlargement has been attributed to

increased protein and cell wall synthesis at higher turgor pressures

(Hsiao, 1970; Ordin, 1960).

The relation between growth rate and turgor pressure was

temperature dependent (Figure 7). The growth rate at a given turgor

pressure increased with soil temperature. In order to investigate

this relationship further the growth rate as a function of temperature

was plotted for turgor pressures of 1, 2, 3, 4, and 5 bars (Figure 8).

The growth rate increased exponentially with soil temperature at a

given turgor pressure. The nature of the relationship between growth

rate, turgor pressure, soil water potential, and soil temperature is

not well understood. Additional experimental work to clarify this

relationship is clearly indicated.
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Summary

As sudangrass is a tropical grass, the increase in temperature

stimulates its growth rate. The optimal soil temperature for growth

is about 30 C for the shoots and 26 C for the roots. Soil temperature

may affect growth rate by its effect on nutrient uptake, water absorp-

tion, root growth, and metabolic activity. The optimum air tempera-

ture for sudangrass growth is also about 26.7 C. The growth rate

decreases at higher or lower air temperatures.

High air temperatures may cause high rates of respiration in

the shoots and as a result restrict the supply of carbohydrates to the

roots. Water supply also affects the sudangrass growth rate. The

highest rate of growth occurred at the soil water potential of -0.35

bars, The growth rate decreased significantly by decreasing the soil

water potential to -2.50 bars.

Based on these findings, it can be concluded that soil and air

temperatures of 26.7 C and a soil water potential of -0.35 bars

provide the best growing conditions for sudangrass.

Total Nonstructural Carbohydrate (TNC)

The total nonstructural carbohydrate levels of the leaves used

for the leaf water potential measurements were obtained in percent of

dry matter. Results are shown in Tables 18 and 19. The TNC



Table 18. Carbohydrate content in percent of shoot dry weight as a function of time at indicated
soil temperatures and soil water potentials. The plants were two weeks old on day zero.

Temperature Soil Water Time (days)
Soil Air Potential 0 2 4 6 8 10 Mean

C bars
10.0 26.7

15.6 26.7

21.1 26.7

26.7 26.7

32.2 26.7

0.35 7.3 28.8 21.7 23.3 29.6 11.0
- 2.50 7.3 22.0 17.9 18.6 22.5 20.0
0.35 3.8 25.2 23.6 24.4 25.1 17.4

- 2.50 3.8 17.6 20.2 15.9 18.9 16.9
-0.35 5.9 22.8 23.9 21.5 22.5 21.4
-2.50 5.9 19.2 23.4 21.4 20.9 19.8
- 0.35 4.4 22.5 17.5 15.9 17.5 15.5
2.50 4.4 23.8 20.7 18.9 14.9 14.4

- 0.35 7.4 16.0 13.8 15.3 15.6 13.8
2.50 7.4 22.4 19.3 16.5 14.3 17.7

24.9 ± 3.6
20.0 ± 2.1
23.1±2.9
17.9± 1.5
22.4 ± 0.9
20.9 ± 1.4
17.7 ± 2.5
18.5±3.5
14.9 ± 0.9
18.0 ± 2.7

Table 19 Carbohydrate content in percent of root dry weight as a function of time at the indicated
air temperatures, soil water potential of -0.35 bars, and a soil temperature of 26.7 C.
The plants were two weeks old on day zero.

Temperature Soil Water Time (days
Soil Air Potential 0 2 4 6 8 10 Mean

C

26.7 18.3
26.7 22.8
26.7 26.7
26.7 32.2

bars
-0.35 2.2 26.5 23.6 18.2 18.6 16.9
- 0.3 5 4.2 23.3 18.9 15.0 18.2 17.7
0.35 4.4 22.5 17.1 15.9 17.5 15.5

- 0.35 2.6 15.7 13.4 14.5 11.5 7.3

20.8 ± 3.7
18.6 ± 2.7
17.7 ± 2.5
12.5 ± 2.9



104

content increased from about five percent on day zero to above 20

percent on day two in all experiments and then decreased with time.

The original objective of these measurements was to relate TNC con-

tent to osmotic potential. No correlation between the two parameters

was apparent. The results must be considered inconclusive. The

TNC in sudangrass involve sugars and starch. The relative propor-

tion of each could not be determined in the procedure used in TNC

analysis. Changes in TNC content could not be related to the increase

in osmotic potential observed in this study.

Temperature Effect on TNC Content

Mean TNC contents were calculated by averaging the results

obtained on days 2, 4, 6, 8, and 10 at each soil temperature and soil

water potential combination (Tables 18 and 19; Figure 9). The TNC

percentages decreased as the soil temperature increased. The

decrease was 10 percent at a soil water potential of -0.35 bars and

2 percent at a soil water potential of -2.50 bars for a soil temperature

increase from 10.0 to 32.2 C. The results agree with those of pre-

vious workers. Smith (1968) found that in timothy plants at anthesis,

the percentage of TNC in each plant part was always highest at the

lowest temperatures. Hilliard and West (1970) concluded that

Digitaria decumbens (Pangolagrass), had a high starch content in the

chloroplasts of plants illuminated and kept at a temperature of 30 C.
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The starch disappeared after a period in the dark at 30 C, but it

remained if the temperature during the dark period was 10 C. He

suggested that this was due to the inhibition of starch translocation at

low night temperatures. Balasko and Smith (1971) showed that at both

levels N of 100 kg/ha and 200 kg/ha, TNC percentages in the parts of

switchgrass (Panicum virgatum L.) grown at 15/10 and 21/15 C were

slightly higher than those grown at the warmer regimes of 27/21 C

and 32/26 C. Similarly TNC percentages in the herbage and stubble

of timothy (Phloum pratense L.) decreased for both N levels as the

temperature increased.

The mean TNC content calculated from measurements on days

2, 4, 6, 8, and 10, decreased as the air temperature increased (Fig-

ure 10). The decrease was from 20.8 percent to 12.5 percent as the

air temperature increased from 18.3 to 32.2 C (Table 19). The

decrease in TNC content with increasing air temperature may be due

to increased respiration rates and increased translocation of TNC

from shoots to roots. Trans location increases as a function of air

temperature. Hartt (1965) investigated the effect of air temperature

upon translocation of C14 in sugarcane. He found that the velocities

of translocation were 1.40, 1.56, and 2.00 cm per minute at 20, 24,

and 33 C. Sekiska (1963) studied the effects of soil and air tempera-

ture on respiration and translocation in sweet potato plants. He

found that the respiratory loss of carbohydrate in leaves increased
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with the temperature increase from 10 to 40 C.

Soil Water Potential Effect on TNC Content

Figure 9 shows that the TNC content of shoots decreased as the

soil temperature increased at both soil water potentials. Effects of

soil water potential on carbohydrates content has been considered by

only a few investigators. Woodhams and Kozlowski (1954) found that

when plants were irrigated, a very rapid and marked increase of

starch was noted but no corresponding increase in reducing and non-

reducing sugars occurred. After several droughts, there was a very

marked decrease of sugars and starch in roots, stems, and leaves.

Total carbohydrate content was less at the end of 8 weeks than at any

other stage of growth indicating that recurrent water deficit greatly

reduced photosynthesis. On the contrary, Rahman et al. (1971)

found that a deficiency in soil water content or a decrease in plant

water potential caused an increase in the total available carbohydrates

(soluble sugars and acid hydrolysable polysaccharides including only

starch and pentosans).

Both of these studies considered only the soil water potential.

In our studies, the combined soil temperature and soil water potential

effects were investigated. Our experiments were of a short duration.

The mean TNC content decreased as soil temperature increased.

The decrease was less at the soil water potential of -2.50 bars than at
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-0.35 bars. This may have been caused by a translocation decrease

as soil water potential decreased (Wiebe and Wihrheim, 1962; Roberts,

1964; Hart, 1967; Ward low, 1967, 1969). This result indicates that

the increase in soil temperature favored translocation more at high

soil water potential than at the low soil water potential.

Relationship Between Shoot and Root Growth

The relationship between shoot and root growth was analyzed

using the equations for dry weight production, such that

Shoot dry weight
e

Rs
(as-ar )t

= Peat
Root dry weight r

where the subscripts s and r refer to shoots and roots. The

values of (a -a ) and p /i as a function of soil temperature
s r s r

and soil water potentials of -0.35 and -2.50 bars are shown in Table

ZO. The shoots to root ratio (Table 21) decreased with time at soil

temperatures of 10.0, 15.6, 21.1 and 26.7 C, but increased with

time at the soil temperatures of 32,2 and 37.8 C. This occurred at

both soil water potentials tested. The decrease over the 10 day grow-

ing period was 31.6, 44.0, 47.8 and 33.0 percent at the temperatures

of 10.0, 15.6, 21.1, and 26.7 C respectively, and the increase was

27.7 and 55.3 percent at the temperatures of 32.2 and 37.8 C at the

soil water potential of -0.35 bars. The largest decrease in shoot to
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root ratio occurred between 21.1 and 26.7 C. The factor (as-ar) for

the shoot-root ratio (Figure 11) decreased with increasing soil tem-

perature, to a minimum at a soil temperature between 21.1 and

26.7 C and then increased with increasing soil temperature. The

minimum value indicates the temperature at which the shoot-root

ratio decreased most rapidly with time. This is the temperature at

which the roots grow fastest in relation to the shoots.

Table 20. Differences between a factors and ratios of p. factors
for shoot and root growth as a function of soil temperature
at constant soil water potentials of -0.35 and -2.50 bars
and a constant air temperature of 26.7 C.

Soil
Water Soil

Potential Temp.

Shoots Roots
as Ps ar Pr -ar) Ps or

ririgtriag mg mg/mg rryi mg/mg
bars day cell day cell day

-0.35 10.0 0.115 269.7 0.153 103.6 -0.038 2.60
15.6 0.130 279.0 0.188 106.0 -0.058 2.63
21.1 0.165 333.2 0.230 113.7 -0.065 2.93
26,7 0.230 246.9 0.270 125.8 -0.040 1.96
32.2 0.245 226.5 0.206 139.7 0.039 1.62
37.8 0.234 360.0 0.190 256.3 0.044 1.41

-2.50 10.0 0.095 242.5 0.107 106.1 -0.012 2.29
15.6 0.110 270.8 0.130 144.5 0.020 1.87
21.1 0.140 335.8 0.180 125.1 -0.040 2.68
26.7 0,205 234.0 0.219 121.5 -0.014 1.93
32.2 0.231 201.8 0.202 134.4 0.029 1.50
37.8 0.214 356.3 0.190 275.5 0.024 1.29
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Table 21. Ratios of shoot to root growth as a function of time at
different soil temperatures and constant soil water poten-
tials of -0.35 and -2.50 bars and a constant air tempera-
ture of 26.7 C.

Soil Water Soil Day
Potential Temp. 0 2 4 6 8 10

bars
- 0.35 10.0 2.60 2.41 2.24 2.07 1.92 1.78

15.6 2.63 2.34 2.09 1.86 1.66 1.47
21.1 2.93 2.57 2.26 1.98 1.74 1.53
26.7 1.96 1.81 1.67 1.54 1.43 1.32
32.2 1.62 1.75 1.90 2.05 2.22 2.39
37.8 1.41 1.53 1.68 1.83 2.00 2.18

- 2.50 10.0 2.29 2.23 2.18 2.13 2.08 2.03
15.6 1.87 1.80 1.73 1.66 1.60 1.53
21.1 2.68 2.48 2.29 2.11 1.95 1.80
26.7 1.93 1.87 1.82 1.77 1.72 1.67
32.2 1.50 1.59 1.69 1.79 1.89 2.01
37.8 1.29 1.36 1.42 1.49 1.57 1.64

At lower temperatures the growth rate of shoots as well as

roots decreased but the growth rate of shoots decreased more rapidly

so that the shoot to root ratio decreased. Several reasons can be

cited for the observed change. The translocation of nutrients from

roots to shoots may be restricted (Strausberg, 1958; Nielsen et al. ,

1961; Knoll et al. , 1964) and the production of certain growth sub-

stances in the roots and subsequent translocation to the shoots may be

restricted (Nielsen and Humphries, 1966; Groves and Long, 1970;

Atkin et al. , 1973). The translocation of carbohydrates to the roots

may have been restricted (Hartt, 1965; Hofstra and Nelson, 1969)
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Figure 11. Ratios of the relative growth rates of shoots and roots as
a function of soil temperature at soil water potentials of
-0.35 and -2.50 bars and an air temperature of 26.7 C.
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resulting in reduced root activity in support of shoot growth. This

possibility will be discussed in following pages. The increase in the

shoot to root ratio with time at high temperatures has two possible

explanations. At higher temperatures the translocation of nutrients

from roots to shoots is increased favoring shoot growth and resulting

in a relative greater increase in shoot growth. It is also possible

that root growth was limited by increased respiration rates at higher

temperatures (Power et al. , 1963; Follett and Reichman, 1972).

Transpiration

Transpiration was measured as a function of soil temperature

and soil water potential. In this study the top of the plants were

subjected to constant environmental conditions, while the temperature

and water potentials of the soil in which the plants were growing were

varied.

Transpiration as a Function of Soil Temperature
and Soil Water Potential

Results of the transpiration measurements are shown in Table

22 in cm3 of water lost per day per chamber as a function of soil

temperature and soil water potential.

Table 22 markedly demonstrates the effect of soil water

potential and soil temperature on transpiration. An increase of the
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soil temperature from 10.0 to 32.2 C, caused the transpiration rate

to increase from 35.5 cm3 /day chamber to 88.8 cm3 /day chamber on

day 1 and from 59.3 to 217.3 cm3 /day chamber on day 5 at a soil

water potential of -0.35 bars. Similar increases occurred at a soil

water potential of -2.50 bars.

Table 22. Transpiration rate in cm3 per day per chamber as a
function of time at different soil temperatures and soil
water potentials.

Soil Water
Potential

Temperature (C)
Day 10.0 15.6 21.1 26.7 32.2

bars cm3

day chamber

- 0.35 1 35.5 41.5 57.0 70.3 88.8
2 39.0 65.0 66.0 113.3 124.0
3 45.0 75.8 84.5 145.3 155.8
4 49.5 92.8 92.8 170.3 170.8
5 59.3 85.0 118.0 173.8 217.3

- 2.50 1 38.5 39.0 51.3 60.5 68.3
2 37.5 48.0 60.3 74.8 89.8
3 38.3 55.8 67.8 103.8 110.8
4 40.8 60.5 79.0 121.0 116.5
5 54.5 62.5 88.0 124.8 128.8

The transpiration rate increased exponentially during the course

of the experiments according to

T = Peax (15)

where T is the transpiration rate (cm3 /day chamber), x is the

3
day of measurement (day), a is the relative rate (cm /g day), and
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p is the transpiration rate on day zero (cm3 /day chamber). The

exponential increase in the rate of transpiration is mostly a result of

the exponential increase in leaf area. The exponential Equation (15)

was therefore used to describe the results by fitting it to the data,

using the least square method (Table 23). The correlation coefficient,

r, ranged from 0.79 to 0.99, with most of the experiments having a

value between 0.93 and 0.99.

Table 23. Values of the coefficients a, and p , and the correla-
tion coefficients, r, describing the transpiration rate
increase as a function of time at the indicated soil
temperatures and soil water potentials of -0.35 and -2.50
bars.

Temp.

Soil Water Potential
-0.35 bars -2.50 bars

a R r a r

C

3
cm

3
cm

3cm
3cm

g day day chamber g day day chamber

10.0 0.13 30.75 0.99 0.08 32.83 0.79
15.6 0.18 40.58 0.89 0.12 36.83 0.96
21.1 0.18 47.13 0.99 0.14 45.33 0.99
26.7 0.22 65.73 0.93 0.19 52.33 0.96
32,2 0.21 76.88 0.98 0.15 63.40 0.96

The value of the coefficient a increased with soil tempera-

ture, reached a maximum at the soil temperature of 26.7 C, and

decreased at higher temperatures. This occurred at soil water

potentials of -0.35 and -2.50 bars. Values of 13 give the transpira-

tion rates at the time the experiments were started (Figure 12). This
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rate increased as a function of soil temperature. This increase may

be due to the decrease in the viscosity of water with increasing tem-

perature and to other factors relating to the increase in soil tempera-

ture such as increased permeability of cell membranes. In order to

investigate the viscosity effect, 13 values were adjusted to the

viscosity at 10 C (Table 24 and Figure 12). The adjusted values still

show an increase in transpiration rate with increasing temperature,

indicating that viscosity changes alone could not have caused the

observed increase. The remaining increase may be due to the tem-

perature effect on the resistance to water movement offered by dif-

ferent plant parts such as cell walls, xylem vessels, or stomates.

Table 24. Values of the coefficient, p , shown in Table
23 after viscosity adjustments.

Soil Temperature
Soil Water Potential (bars)
-0.35 -2.50

cm3
C day chamber

10.0 30.75 32.83
15.6 34.81 31.59
21.1 35.18 33.83
26.7 43.11 34.32
32.2 44.80 36.94

According to the transpiration equation

11's-4'c
T E resistance

(16)
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the transpiration rate (T) depends on the gradient between soil water

potential (LI) ) and leaf water potential (tpc) and the sum of the

resistances to water movement through the soil-root-xylem-leaf

system. As soil temperature increased, leaf water potential

increased (Figure 2) making the numerator in Equation (16) smaller.

The increase in transpiration rate could thus only have occurred as

the result of a decrease in the denominator, or a decrease in the

resistance to water movement. The mechanism by which the tem-

perature may have decreased the resistance of water movement was

described by Slatyer (1967). His discussion was based on a decrease

of the activation energy at higher temperatures.

The response to changes in soil temperature were not the same

at the two soil water potentials included in the experiments. Most of

the change in transpiration rate could be accounted for by the

viscosity adjustment at -2.50 bars, but not at -0.35 bars. This may

be so because the pores transmitting water remain more stable as

temperature increases at -2.50 bars than at -0.35 bars due to a

water potential effect on the pore wall structure.

Results of a statistical analysis of the soil temperature and soil

water potential effect on a and 3 are shown in Table 25. Analy-

sis of variance showed that soil temperature has a highly significant

effect on the a and p values at the 1 percent level. Soil tem-

perature thus has a significant effect on the transpiration rate of
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sudangrass (1) and on the changes in transpiration rate with time (a).

Table 25. Analysis of variance of the effect of soil temperature and
soil water potential on the values of a and f3, in the
equation T = Re

Equation Sour ce of Sum of Mean
Parts Variation D.F. Squares Square F Remarks

a Temp. 4 0.0111 0.0028 28.00
Moisture 1 0.0058 0.0058 58.00
Error 4 0.0003 0.0001
Total 9 0.0172

R Temp. 4 1914.3686 478.5922 19.27 0.0.

Moisture 1 92.1123 92.1123 3.71 N. S.
Error 4 99.3374 24.8344
Total 9 2105.8182

The transpiration rate at a soil water potential of -0.35 bars

was higher than at -2.50 bars. Table 25 shows that the soil water

potential effect on the a coefficient was highly significant, but it

failed to show a significant effect on P. Soil water potential signifi-

cantly affected the change in transpiration rate with time as a result

of the effect of soil water potential on leaf area. The leaf area

increased most rapidly at the higher temperatures and therefore the

transpiration rate increased most rapidly at the higher temperatures.

Soil water potential did not have a significant effect on the transpira-

tion rate at the time the experiments were initiated. This result can

in part be explained by the small leaf water potential differences at

the low soil temperatures. Here, the transpiration rate is mostly
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controlled by the soil temperature and its effect on leaf water poten-

tial.

Cox (1966) showed that the transpiration rate of clover plants

increased as soil temperature increased from 10 to 32,2 C at four

levels of soil water suction. Bialoglowski (1936) showed that the

transpiration from leafy lemon cuttings under constant environmental

conditions remained stable over the soil temperature range of 25 to

35 C, but a marked reduction occurred as the soil temperature

decreased below 25 or increased above 35 C.

Tew et al. (1963) obtained transpiration rates for sunflower

plants of 25, 33, and 36 g /hr at soil temperatures of 10, 25, and

40 C. They concluded that soil temperature had a significant influ-

ence on transpiration. Variation in air temperature and relative

humidity in the growth chambers had only little influence on the

transpiration rate at low soil temperatures.

Transpiration as a Function of Plant Growth

Plant growth is related to the amount of water used during the

growing period. As Kramer (1959) pointed out, "failure to replace

water lost by transpiration results in loss of turgidity, cessation of

growth, and eventual death from dehydration." Arkley (1963)

showed that a linear relationship exists between the amount of dry

matter produced and the amount of water transpired by a particular
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plant species under given conditions of climate and soil fertility.

The relationship between growth and transpiration rate was

analyzed using the exponential equations for growth rate and increase

in transpiration rates. These equations were

a x
1

T (3 le ,

for the transpiration rate and

a2x
G =

for the growth rate. From these equations the ratio T/G was

obtained,

a -a )x
G

T
=

P2

1 (cm3 /mg day).

(17)

(18)

(19)

In order to express the ratio in terms of transpiration rate per

unit leaf area (cm3/cm 2day), a conversion factor relating leaf area to

dry weight was used. The leaf area as a function of dry weight was

measured in separate experiments. This relationship is shown in

Figure 13. The slope of the line shown in Figure 13 is the factor

needed to convert dry matter weight of leaf area.

Using values of al, (31, a2, and P2 derived from Tables 23

and 10 (a1-a2) and
((i1

-a2) were obtained (Table 26). The values

shown were derived from smooth curves drawn through the data
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Figure 13. The leaf area of sudangrass in cm2 as a function of leaf
dry weight in mg.
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Table 26. Values of al, a2, 11, and P2 for transpiration and shoot
growth at the indicated soil temperatures and soil water
potentials of -0.35 and -2.50 bars.

Soil
Water Soil

Potential Temp.
Transpiration Growth

al P1 a2 P2 (a
1 -a 2) R1

/R2

cm3 cmc cm3 mg 1-rgi -1
cm3

bars c dayg day day cham mg day cell mg day

-0.35 10.0 0.130 28.7 0.115 269.7 0.015 0.035
15.6 0.165 40.5 0.130 279.0 0.035 0.048
21.1 0.197 52.4 0,165 333.2 .0.032 0.052
26.7 0.220 64.2 0.230 246.9

,-0.010 0.087
32.2 0.210 76.2 0.245 226.5 -0.035 0.112

-2.50 10.0 0,078 30.6 0.095 242.5 -0.017 0.042
15.6 0.118 38.4 0.110 270.8 0.008 0.047
21.1 0.152 46.2 0.140 335,8 0.012 0.046
26.7 0.173 54.0 0.205 234.0 -0.032 0.077
32.2 0.161 61.8 0.231 201.8 -0.070 0.102

Table 27. Transpiration rate per unit leaf area (cm3/cm 2day) as a
function of time at indicated soil temperatures and soil
water potentials.

Soil
Water Soil Day

Potential Temp, 0 2 4 6 8 10

cm3IT1bars
cm2 day

-0.35 10.0 0.065 0.067 0.070 0.072 0.074 0.076
15,6 0.090 0.096 0.103 0.110 0.119 0.127
21.1 0.097 0.103 0.110 0,117 0.125 0.133
26.7 0.160 0.157 0.154 0.151 0.148 0.145
32.2 0.207 0.193 0.180 0.168 0.157 0.146

-2.50 10.0 0.078 0.075 0.073 0.070 0.068 0.065
15.6 0.088 0.089 0.091 0.092 0.093 0.095
21.1 0.085 0.087 0.090 0.091 0.094 0.096
26.7 0.143 0.134 0,125 0.118 0.110 0.104
32.2 0.189 0.164 0.143 0.124 0.108 0.094
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shown in the tables. The ratios of T/G in cm 3 /cm2day at various

soil temperatures and soil water potentials were then calculated

(Table 27).

The transpiration rate per unit leaf area increased with time at

soil temperatures of 10.0, 15,6, and 21.1 C and a soil water potential

of -0.35 bars. The rate decreased slightly with time at a soil tem-

perature of 26.7 and more rapidly at 32,2 C. The increase was 16

percent at 10.0 C, 42 percent at 15.6 C and 38 percent at 21.1 C

over a 10 day period. The reason for this increase may have been

that the roots grew faster than the leaves, allowing water uptake at a

faster rate. Accepting this explanation assumes that the rate of

transpiration was at least in part controlled by the root surface avail-

able for water absorption. To test this hypothesis the ratio T/G

(cm3 /mg day) was also obtained for root dry matter. Results are

shown in Tables 28 and 29.

Results show that the ratio TIC (crn
3 /mg day), the rate of

water loss per unit root growth decreased with time at all soil tem-

peratures tested except 32. 2 C at -0.35 bars. The decrease was

20.6 percent at 10.0 C, 20.4 percent at 15.6 C and 28.2 percent at

21. 1 C.

This decrease was due to the more rapid growth of roots at

these temperatures. The increase in root growth with time favors

increased water absorption. Since the leaves grew relatively slower
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Table 28. Values of al, az, pp and Pz for transpiration and root
growth at the indicated soil temperatures and soil water
potentials of -0.35 bars and -2.50 bars.

Soil
Water Soil Transpiration Growth

Potential Temp. al P a2 R3 (al -a2) P1 /132

bars
3 3 3

cm cm mg mg_ day-1 cm
g day day cham mg day cell mg day

-0.35 10.0 0.130 28.7 0.153 103.6 -0.023 0.092
15.6 0.165 40.5 0.188 106.0 -0.023 0.127
21.1 0.197 52.4 0.230 113.7 -0.033 0.154
26,7 0.220 64.2 0.270 125,8 -0.050 0.170
32.2 0.210 76.2 0.206 139.7 0.004 0.182.

-2.50 10.0 0.078 30.6 0.107 106.1 -0.029 0.096
15.6 0.118 38.4 0.130 144.5 -0.012 0.089
21.1 0.152 46.2 0.180 125.1 -0.028 0.123
26.7 0.173 54.0 0.219 121.5 -0.046 0.148
32.2 0.161 61.8 0.20 134.4 -0.041 0.153

Table 29. Transpiration rate per unit root weight (cm3 /mg day) as a
function of time at indicated soil temperatures and soil
water potentials.

Soil
Water Soil Day

Potential Temp. 0 2 4 6 8 10

bars cm3
mg day

-0.35 10.0 0.092 0.088 0.084 0.080 0.077 0.073
15.6 0.127 0,122 0.116 0.111 0.106 0.101
21.1 0.154 0.144 0.135 0.126 0.118 0.110
26.7 0.170 0.154 0.139 0.126 0.114 0.103
32.2 0.182 0.183 0.185 0.186 0.188 0.189

-2.50 10.0 0.096 0.091 0.085 0,081 0.076 0.072
15.6 0.089 0.087 0.085 0.083 0.081 0.079
21,1 0.123 0.116 0.110 0.104 0.098 0.093
26.7 0.148 0.135 0.123 0.112 0.102 0.093
32.2 0.153 0.141 0.130 0.120 0.110 0.102
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than the roots, the transpiration rate (cm
3/cm 2day) increased with

time. This hypothesis seems valid at the lower temperatures but

does not explain the changes at higher temperatures of 26.7 C. At

this temperature, the root grew faster than the leaves, but the

increased absorption of water did not cause an increase in transpira-

tion rate. The transpiration rate decreased slightly with time. At

the soil temperature of 32.2 C, the ratio T/G (cm3/mg day)

increased with time, and the root growth was relatively slower than

that of the leaves. The absorption of water did not meet the trans-

piration demand, thus the transpiration rate decreased with time.

This was in agreement with the hypothesis tested. The root growth

can not satisfactorily account for the transpiration rate change as a

function of time at least at the soil temperature of 26.7 C, so that

other factors must be involved.

The increase in transpiration rate per unit leaf area

(cm3/cm 2day) with time at lower temperatures and decrease at

higher temperatures could be due to several possible factors. For

example, the leaf water potential decreased for all experiments, thus

increasing the driving force. It is also possible that the root surface

increase in relation to the leaf surface increase was greater at the

low temperature.

Transpiration rates are determined by the potential differences

between leaves and roots, the permeabilities of the conducting
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vessels and membranes, and the surface areas of the absorbing and

transmitting systems. Changes in the existing potential differences

at different times were obtained from Figure 2 and are shown with

the corresponding transpiration rates in Table 30. The transpiration

rate increased with increasing potential differences at soil tempera-

tures of 10.0, 15.6, 21.1, 26.7, and 32.2 C and soil water potentials

of -0.35 and -2.50 bars. The slope of the relationship between

transpiration rate and potential difference (cm
3 /day chamber bar)

can be used for the determination of cell wall permeability

(cm 3 /cm 2 day bar) if the total absorbing root surface area of the

plants in the chamber (cm 2/chamber) is known or determined.

Results of the transpiration rate increased as potential differ-

ences increased are shown in Figure 14. Plots of transpiration rates

versus potential differences showed that the slopes of the relationship

became constant with time. The slope values (Table 31), increased

with increasing soil temperature at both soil water potentials. At

each soil temperature, the slope was higher at -0.35 bars than at

-2.50 bars.

Kuiper (1964b) pointed out that for plants grown at a low root

temperature, the water permeability of the root cell plasma mem-

branes reaches saturation at a lower temperature than for plants

grown at high root temperature. This is the critical temperature

below which a high potential energy barrier exists for water uptake,
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Table 30. Potential differences (ipc -4,$) and transpiration rate
(cm3 /day chamber) as a function of time at different soil
temperatures and water potentials and a constant soil
temperature of 26.7 C. The plants were two weeks old on
day zero.

Soil
Temp.

Day
No.

-0.35 -2.50

tljc-4js `ijc gjc-4's
T

C -bars- - -
cm3 -bars- cm3

daircham day ham

10.0 1 - 8.9 - 8.55 35.0 -13.0 -12.65 35.6
2 -10.7 -10,35 39.9 -14.7 -14.35 38.5
3 -12.0 -11.65 45.4 -15.9 -15.55 41.7
4 -13.2 -12.85 51.7 -17.0 -16.65 45.2
5 -14.4 -14.05 58.9 -17.9 -17.55 49.0
6 -15.4 -15,05 67.1 -18.8 -18.45 53.1
7 -16.4 -16.05 76.4 -19.7 -19.35 57.5

15.6 1 9.6 - 9.25 48.6 -13.6 -13.25 41.5
2 -11.2 -10,85 58.2 -14.7 -14.35 46.8
3 -12.0 -11.65 69.6 -15.3 -14.95 52.8
4 -12.6 -12.25 83.4 -15.7 -15.35 59.5
5 -13.0 -12.65 99.8 -16.0 -15,65 67.1
6 -13,3 -12.95 119.5 -16.1 -15.75 75.7
7 -13.4 -13.05 143.1 -16.2 -15.85 85.3

21,1 1 - 7.0 - 6.65 56.4 9.2 - 8,85 52.1
2 - 8.3 - 7.95 67.6 -10.7 -10.35 60.0
3 - 9.1 - 8.75 80.9 -11.4 -11.05 69.0
4 - 9.7 - 9.35 96.8 -11.7 -11.35 79.4

5 -10.0 - 9.65 115.9 -11.9 -11.55 91.3
6 -10.1 - 9.75 138.8 -11.9 -11.55 105.0
7 -10.2 - 9.85 166.2 -12.0 -11,65 120.8

26.7 1 - 6.8 6.45 81.9 8.6 - 8.25 63.3
2 - 8,1 - 7.75 102.1 9.9 - 9.55 76.5
3 - 8.8 - 8.45 127.2 -10.5 -10.15 92.5
4 9.2 - 8.85 158.5 -10.9 -10.55 111.9
5 - 9.5 - 9.15 197.5 -11.1 -10.75 135.3
6 9.6 - 9.25 246.1 -11.2 -11,85 163.6
7 - 9.6 - 9.25 306.6 -11.2 -11.85 197.9



128

Table 30. Continued.

Soil Day
Temp. No. lc

-0.35
T

-2.50

14jC-LijS
T

C

32.2 1

2

3

4
5

6

7

- -

-7.1
-8.5
-9.0
-9.4
-9.6
-9.7
-9.8

bars

-6.75
-8.15
-8.65
-9.05
-9.25
-9.35
-9.45

3
cm - - -bars-

- 9.4 9.05
-10.6 -10,25
-11.2 -10.85
-11.5 -11.15
-11.6 -11.25
-11.7 -11.35
-11,7 -11.35

3cm
day cham

94.9
117.0
144.4
178.1
219.7
271.0
334.4

day cham

73,7
85.6
99.4

115.5
134.2
155.9
181.2

Table 31. Slope of the relationship between transpiration
rates and potential differences (obtained from
Figure 14).

Soil
Temperature

Soil Water Potential
-0.35 -2.50

C

3cm
day chamber

10.0 11 5

15,6 62 44
21.1 192 104
26.7 420 140

32.2 510 220



90

80-

70-

60-

50-

4 0-

30-

20

IT 350

250

200

100

50

10.0 C

-2.50 BARS

180

-160

- 140

-120

- 100

80

60

40

15.6C

10 11 12 7 8 9 10

POTENTIAL DIFFIRENCE C 414c-4,1s) BARS

12

21.1C

0.35 BARS

7 8 110 12

Figure 14. The transpiration rate as a function of the potential difference between leaves and
roots at soil temperatures of 10.0, 15.6, 21.1, 26.7, and 32.2 C and soil water
potentials of -0.35 and -2.50 bars. cv
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and above which the energy barrier is smaller. The effect of

temperature on water uptake above this critical temperature is due to

a change in the viscosity of water. He found that intact bean plants

grown at a root temperature of 17 C had a higher water uptake rate

than plants grown at 24 C root temperature.

At high temperature water loss in these experiments became

much less efficient. There are two possible reasons, to be sure

(i) the high temperature caused an increase in carbon dioxide concen-

tration which may decrease root permeability. Evidence of carbon

dioxide reduction of water uptake for sunflower hypocotyl segments

was shown by Glinka and Reinhold (1964) and (ii) at high tempera-

ture the root growth relative to leaf growth may be slower, therefore

more uptake per unit root weight is required.

The change in transpiration rate per unit leaf area

(cm
3/cm 2day) followed the same trend at -2.50 bars as at -0.35 bars,

except at 10 C. At temperatures of 15.6 C and 21.1 C, transpiration

rate per unit leaf area increased with time, the increase was only 9%

at 15, 6 C and 13% at 21.1 C. At temperatures of 26.7 C and 32.2 C,

the transpiration rate decreased more rapidly than at -0.35 bars.

The decrease was 27% at 26.7 C and 50% at 32.2 C over a 10 day

period.
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Transpiration as a Function of Air Temperature

The transpiration rate of sudangrass was measured at air

temperatures of 18.3, 22.8, 26.7 and 32.2 C, a constant soil tem-

perature of 26.7 C, and a constant soil water potential of -0.35 bars.

Results are shown in Table 32.

Table 32. Transpiration rate in cm 3 /day chamber as a function of
time at different air temperature and constant soil water
potential and soil temperature.

Soil Water Air Time (day)
Potential Temperature 1 2 3 4 5

bars

18.3
22. 8
26.7
32, 2

10.3
24. 1
58.6
65.1

3
cm

76.5
109.3
141.9
125.2

81.0
119.0
144.8
132.4

day chamber
48.0 62.3
69.9 89.6
94.4 121. 1
94.9 111.7

-0.35
-0.35
-0.35
-0.35

Transpiration increased as the air temperature was raised.

The relative humidity of the air in the growth chamber at air tem-

peratures of 18.3, 22.8, 26.7 and 32.2 C was 50%, 46%, 40%, and

36% respectively. The increase in the air temperature reduced the

relative humidity, thus increasing the vapor pressure deficit between

leaf and air.

The transpiration measurements were adjusted by relating them

to a common vapor pressure deficit. The transpiration rate is

described by the equation



where

[H 20],e [I-120]a
T

E resistance

132

(20)

[H
2
0] = saturation vapor density in the leaf spaces at the leaf

temperature

[1-1
2
0]a

= ambient vapor density of the air.

A relative humidity of 50 percent in the ambient air at air

temperature of 18.3 C was chosen as the basis for adjustment.

Adjusted results are shown in Table 32.

The increase in the transpiration (cm
3 /day chamber) as a

function of time was described by Equation (15). The coefficients a,

and R , and the correlation coefficients, r, are shown in Table 33.

Table 33. Coefficients a, and f3 and the correlation coef-
ficients, r, of adjusted transpiration rates as
a function of time at different air temperature
and constant soil water potential and soil tem-
perature.

Soil Water Air
Potential Temp. a

3 3

bar s
cm cm
g day day chamber

-0.35 18.3 0.46 11.43 0. 85
-O. 35 22.8 0.36 24.22 0.89
-0.35 26.7 0.22 54.86 0. 93
-0. 35 32.2 0.17 61.80 0. 94
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The transpiration rate increased as a function of time at all air

temperatures. The correlation coefficient r ranged from 0. 85 to

0.94. The relative rate a decreases as the air temperature was

raised while the coefficient p increased as air temperature

increased from 18.3 to 32.2 C.

The rate of change in transpiration was highest at the lowest air

temperature. The transpiration rate on day zero, 13, increased

with increasing air temperature. The change in transpiration rate

per unit leaf area was calculated according to the procedure

described above (Tables 34 and 35).

Table 34. Values of al' a2, 131 and p
2

pertaining to shoots at the
indicated air temperatures and a soil water potential of
-0.35 bars.

Soil
Water Soil

Potential Temp.
Transpiration

a1 Pi
Growth

az P2 (al -c12) PliP2

cm3 cm
3 mg mg_ -1 cm3

bars C dayg day day cham mg day cell mg day

-0.35 18.3 0.459 11.4 0.206 138.4 0.250 0.027
-0.35 22.8 0,334 24.2 0.215 179.8 0.119 0.045
-0.35 26.7 0,234 40.0 0.237 222,1 -0.003 0.060
-0.35 32.2 0.170 70.5 0.211 179.2 -0.041 0.131

The transpiration rate per unit leaf area (cm3/cm 2day)

increased with time at air temperatures of 18.3 C and 22,8 C,

remained constant at the air temperature of 26.7 C and decreased at

the air temperature of 32,2 C. The changes at the air temperatures
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of 18.3 and 22.8 C were large. The increase was most rapid and

greatest at the air temperature of 18.3 C. This increase may be due

to the relative slower growth of leaves than roots. The transpiration

rate per unit leaf area (cm3/cm 2day) increased more rapidly with

time than the rate of water loss per unit root weight (Table 37) when

the air temperature was low.

Table 35. Transpiration rate per unit leaf area (cm3/cm 2day) as a
function of time at the indicated air temperature.

Soil
Water Soil Day

Potential Temp. 0 2 4 6 8 10

3

bars cm

cm2day

-0.35 18.3 0.051 0.084 0.139 0.231 0.383 0.636
-0.35 22.8 0.083 0.106 0.134 0.170 0.216 0.274
-0.35 26.7 0.111 0.110 0.110 0.109 0.108 0.108
-0.35 32.2 0.243 0.224 0.206 0.190 0.175 0.161

At the air temperature of 26.7 C, the change in transpiration

rate per unit leaf area was small, only 2.9 percent, over a 10 day

period. This is the air temperature at which the plants were growing

prior to the start of the experiments. At 32.2 C, the decrease was

33. 6 percent over the 10 day period. This decrease may have been

the result of the relatively slower growth of roots than leaves. It

may also have been related to the adverse effects of the high tempera-

ture in the leaves.



135

Table 36. Values of al, a2, andand P2 at the indicated air tem-
perature and the soil water potential of -0.35 bars.

Soil
Water Soil

Potential Temp.
Transpiration Growth

al
P
1

a.2 132 (al -a2) R1/R2

3 3 3
cm cm mg In& 1- cm

bars C dayg day day cham mg day cell mg day

-0.35 18.3 0.459 10.3 0.216 60.4 0.243 0.057
-0.35 22.8 0.334 19.5 0.238 80.8 0.096 0.080
-0.35 26.7 0.234 33.0 0.260 08.7 -0.026 0.113
-0.35 32.2 0.170 27.0 0.190 91.0 -0.020 0.099

Table 37. Transpiration rate per unit root weight (cm3/mg day) as a
function of time at indicated air temperatures.

Soil
Water

Potential
Air

Temp.
Day

0 2 4 6 8 10

3
cmbars

cm2day

-0.35 18,3 O. 057 0.093 0.151 O. 245 0.398 O. 647

-0.35 22,8 0.080 0.097 0.118 O. 143 0.173 0.210
-0.35 26.7 0.113 O. 107 0.102 0.096 O. 092 0.087
-0.35 32.2 O. 099 O. 095 0.091 O. 088 O. 084 0.081

Ion Supply in the Nutrient Solution

Measured concentrations of the elements N, P, K, Ca, Mg, S,

Mn, and Zn in the shoots and roots of the sudangrass plants are shown

in Appendix Table A-1. This information in combination with the data

on dry matter present (Table 9) was used to calculate the total



136

quantities of the several elements taken up during the 10 day experi-

mental period (Table 38). The amount of nutrient elements present

on day zero and day 10 was calculated. The difference was the amount

of nutrients taken up. The experimental arrangement described in the

section on materials and methods was used to provide a constant

level of nutrient supply. After calculating the quantities withdrawn

from the chambers it became clear that this objective was not

achieved in the experiments with the sudangrass. To provide a

clearer understanding of the effect of plant nutrient use rate on nutri-

ent supply remaining available a table was constructed showing the

nutrients used during the 10 day experimental period as a percentage

of the amount originally present (Table 39). The supply of N, K, and

P was substantially depleted. Most of the loss of nutrients occurred

during the last few days (Table 40). Changes in nutrient supply condi-

tions evaluated with respect to the experimental objective of maintain-

ing a constant nutrient supply level only became a problem for

nitrogen at -0.35 bars during the last few days of the experimental

period.



Table 38. Amount of nutrients taken from each chamber during a 10 day experimental period at
indicated soil temperatures and soil water potentials and a constant air temperature
at 26.7 C. The plants were two weeks old on day zero.

Soil Water Soil Element
Potential Temperature N P K Ca Mg S Mn Zn

bars mg
chamber

-0.35 10.0 51.29 4.93 40.15 11.40 7.35 7.89 0.20 0.14
15.6 142.88 12.23 107.47 40.14 29.52 19.65 0.44 0.88
21.1 227.05 8.26 76.42 45.58 16.38 14.74 0.73 0.45
26.7 260.37 25.24 214.43 42.20 26.63 35.41 1.00 0.90
32.2 267.61 33.61 280.55 44.13 23.44 37.75 0.77 1.04

-2.50 10.0 28.75 3.29 24.36 6.57 3.52 4.33 0.11 0.05
15.6 75.62 5.41 46.38 28.12 13.08 9.22 0.67 0.32
21.1 102.30 8.49 70.67 32.79 11.99 10.68 0.52 0.31
26.7 217.88 27.26 173.45 33.57 22.66 29.31 0.92 0.80
32.2 150.26 16.16 160.42 24.47 15.57 22.91 0.60 0.79



Table 39. Nutrient elements used during the 10 day experimental period in percent of total
available on day zero.

Soil Water Soil Element
Potential Temperature N P K Ca Mg S Mn Zn

bars
-0.35 10.0 8.55 2.57 3.96 0.73 2.55 0.29 0.02 0.15

15.6 23.81 6.37 10.60 2.57 10.23 0.73 0.03 0.97
21.1 37.84 4.30 7.54 2.92 5.68 0.55 0.06 0.49
26.7 43.40 13.14 21.16 2.70 9.23 1.31 0.08 0.99
32.2 44.60 17.50 27.69 2.82 8.12 1.40 0.06 1.14

-2.50 10.0 4.79 1.73 2.40 0.42 1.22 0.16 0.01 0.05
15.6 12.60 2.82 4.58 1.80 4.53 0.34 0.05 0.35
21.1 17.05 4.42 6.97 2.10 4.15 0.40 0.04 0.34
26.7 36.31 14.19 17.12 2.15 7.85 1.09 0.07 0.88
32.2 25.04 8.41 15.83 1.57 5.40 0.85 0.05 0.87
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Table 40. Amount of N, K, and P used as a function of time during
the 10 day experimental period in percent of total available
on day zero.

Soil
Water Soil Day

Element Potential Temp. 0 2 4 6 8 10

bars

N -0.35 10.0 0 0.57 2,21 2.07 5.08 8.55
15.6 0 1.74 3.65 6.72 13.91 23.81
21.1 0 1.01 3.63 11.40 17.61 37.84
26.7 0 5.65 12.79 21.96 32.84 43.40
32.2 0 8.80 16.62 21.46 27.39 44.60

-2.50 10.0 0 0.67 0.65 1.89 2.66 4.79
15,6 0 1.16 2.63 4,93 9.42 12.60
21.1 0 1.49 3.75 6.04 12.18 17.05
26.7 0 1.94 5,53 16.18 22.16 36.31
32.2 0 2.03 6.58 14,61 21,37 25.04

K -0.35 10.0 0 0.19 1.96 1.90 3.05 3.96
15.6 0 1.15 0.97 2.26 3.80 10.60
21,1 0 0.42 1.31 4,10 5.85 7.54
26.7 0 1.30 5.28 10.52 13.91 21.16
32.2 0 3.39 7.79 10.21 23.07 27.69

-2.50 10.0 0 0.63 0.63 0.83 1.72 2.40
15.6 0 0.54 0.95 2.09 3.75 4.58
21.1 0 0.45 1.61 2.59 3.95 6.97
26.7 0 0.70 2.24 6.44 10.22 17.12
32.2 0 1.02 2.81 6. 25 14.32 15.83

P -0.35 10.0 0 0.13 0.65 0.34 0.94 2.57
15.6 0 0.56 0.63 1.37 3.30 6.37
21.1 0 0.43 0.73 3.11 3,31 4.30
26.7 0 0.45 3.58 6.78 8,01 13.14
32.2 0 1.79 5.37 6.79 13.35 17.50

-2.50 10.0 0 0.16 0.15 0.24 0.37 1.73
15.6 0 0.42 0.63 1.73 2.48 2.82
21.1 0 0.47 0.73 1.60 2.54 4.42
26.7 0 0.18 1.52 6.11 7.98 14.19
32.2 0 0.64 1.96 4.21 5.44 8.41
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Ion Content of the Plant Material

Ion Concentrations as a Function of Soil Temperature

The concentrations varied with time. A time course of change

in the concentration of the nutrients in the plant material was calcu-

lated based on the assumption that a final equilibrium concentration

was approached as time progressed. This behavior is described by

the equation

-0.07t3/2
Y a + be (21)

where Y is the concentration of the ion and t is the time in

days. The equation was fitted to the data to obtain the equilibrium

value represented by the parameter a. The time dependent part

becomes negligible at large values of t. The calculated equilibrium

concentrations are shown in Table 41.

Values of the equilibrium concentrations and correlation

coefficients are shown in Appendix Table A-4. The correlation coef-

ficients varied widely. To obtain increased reliability of these

results, equilibrium concentrations were also estimated visually.

The estimated and calculated values are tabulated and compared in

Appendix Table A-5.

From this comparison, the percent deviation of the estimated

equilibrium concentrations from the calculated equilibrium
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Table 41. Equilibrium concentrations of several elements in the dry
matter of shoots and roots of sudangrass seedlings at five
soil temperatures and soil water potentials of -0.35 and
-2.50 bars. The air temperature was 26.7 C.

Soil Shoots Roots
Element Temperature 0.35 2.50 0.35 2.50

N

p

K

Ca

Mg

10.0
15.6
21.1
26.7
32.2
37.8

1.53
1.56
2.20
3,67
3.46
3.07

2.01
2.14
2.58
3.79
3.54
3.02

1.83
1.37
1.97
2.12
2.09
1.31

2.08
1.81
2.21
2.37
2.11
1.15

10.0 0,12 0.23 0.18 0.18
15,6 0.11 0.17 0.16 0.16
21.1 0.17 0.25 0.18 0.21
26.7 0.34 0.48 0.21 0.23
32.2 0.48 0.45 0.25 0.22
37.8 0.53 0.66 0.14 0.24

10.0 1.26 1.69 1.15 1.04
15.6 1.13 1.79 0.97 0.94
21.1 1.75 2.08 1.48 1.44
26.7 2.85 2.96 1.75 1.63
32.2 3.56 3.34 1.81 1.72
37.8 2.42 2.75 0.65 1.33

10.0 0.29 0.33 0.23 0.27
15.6 0.18 0.27 0.34 0.32
21.1 0.57 0.52 0.42 0,43
26.7 0.30 0.21 0.22 0.24
32.2 0.26 0.26 0.31 0.27
37.8

10.0 0.28 0.33 0.28 0.26
15.6 0.27 0.35 0.28 0.30
21.1 0.31 0.34 0.23 0.23
26.7 0.36 0.41 0.20 0.19
32.2 0.29 0.33 0.16 0.16
37.8 0.23 0.28 0.14 0.14
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Table 41. Continued.

Soil Shoots Roots

Element Temperature 0.35 2.50 0,35 2.50

S 10.0 0.27 0,32 0.36 0,29

15.6 0.13 0.26 0.27 0.29

21.1 0.32 0.34 0.32 0.29

26.7 0.42 0.45 0.37 0,41

32.2 0.52 0.48 0.38 0.39

37.8 0.67 0.59

ppm

0.22 0.41

Mn 10.0 63 74 62 74

15.6 65 80 81 97

21.1 94 106 135 131

26.7 109 133 104 102

32.2 98 114 69 86

Zn 10,0 41 60 63 69

15.6 45 82 102 118

21.1 56 74 84 105

26.7 92 102 126 121

32.2 149 156 228 218
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concentrations in both shoots and roots at six soil temperatures and

two soil water potentials were calculated (Table 42). Results show

that the deviation in general was small. About 81 percent of the total

observations estimated had deviations from the calculated value of

less than 10 percent, about 11 percent of the observations had devia-

tions of less than 20 percent.

The statistical significance of the soil temperature and soil

water potential effect on nitrogen, phosphorus, potassium, calcium,

magnesium, sulfur, manganese, and zinc concentration was inspected

with an analysis of variance (Table 43). Results show that soil tem-

perature had a significant effect on the nitrogen, magnesium,

manganese, and zinc concentrations at the 1 percent level for both

shoots and roots. The soil temperature effect on the phosphorus,

potassium, and sulfur concentrations was significant at the 1 percent

level in the shoots but no significant effect in the roots was obtained.

The soil temperature effect on Ca concentrations was significant at

the 5 percent level in the shoots and the 1 percent level in the roots.

Soil water potential had a significant effect on nitrogen,

phosphorus, and zinc concentrations of the shoots at the 5 percent

level and on the magnesium and manganese concentrations at the 1

percent level. It had no significant effect on the potassium, calcium,

and sulfur concentrations of the shoots. There was no significant

difference in the concentrations of any of the ions in the roots of plants



Table 42. Percent deviation of the estimated equilibrium concentration of several elements from
the calculated concentration in both shoots and roots of sudangrass seedlings at different
soil water potentials and soil temperatures.

Plant Soil Water Soil Element
Part Potential Temp. N P K Ca Mg S Mn Zn

bars C

Shoots -0.35 10.0 11.1 25.0 11.1 10.3 3.6 3.7 11.1 17.1
15.6 28.2 18.2 23.9 11.1 3.7 30.8 0 19.6
21.1 9.1 11.8 14.3 8.8 3.2 0 2.1 7. 1
26.7 6.3 2.9 0.7 6.7 0 0 0.9 8.7
32.2 4.0 8.3 1.1 15.4 0 5.8 0 4.0
37.8 14.0 1.9 11.6 30.4 10.4

-2.50 10.0 0.5 4.3 3.6 3.0 3.0 3.1 5.4 8.3
15.6 16.8 17.6 6.1 7.4 0 3.8 8.8 9.8
21.1 8.5 0 10.6 1.9 2.9 0 0.9 7.5
26.7 0.3 2.1 2.0 28.6 2.4 2.2 2.3 7.8
32.2 4.5 4.4 2.0 15.4 3.0 2.1 3.5 9.0
37.8 12.6 7.6 9.1 3.6 2.1

Roots -0.35 10.0 1.6 0 0.9 4.3 7.1 0 29.0 23.8
15.6 2.2 6.3 3.1 2.9 3.6 3.7 11.1 2.9
21.1 0 0 1.4 0 4.3 3_1 1.5 19.0
26.7 0.9 4.7 1.7 9.1 0 0 15.4 36.4
32.2 0 0 2.8 3.2 25.0 0 1.4 4.7
37.8 2.3 7.1 9.1 21.4 9.1

-2.50 10.0 3.8 0 5.8 0 7.7 3.4 8.1 8.7
15.6 5.0 6.3 3.2 6.3 6.7 6.9 13.4 1.7
21.1 0.5 4.8 2.8 0 4.3 3.4 5.3 1.0
26.7 7.2 0 1.8 4.2 5.3 2.4 12.7 3.3
32.2 5.3 4.5 1.2 3.7 5.3 2.6 4.7 0.9
37.8 4.3 8.3 2.3 12.5 2.4



Table 43. Analysis of variance of the effect of soil temperature and soil water potential on the
calculated equilibrium ion concentrations in shoots and roots. The analysis was based
on data shown in Table 30.

Element
Plant
Part

Source of
Variation

Degree of
Freedom

Sum of
Square

Mean
Square Remarks

N Shoot Moisture 1 0.2111 0.2111 6.76
Temp. 5 7.0049 1.4010 44.88
Error 5 0.1561 0.0312

Root Moisture 1 0.0902 0.0902 4.06 N. S.
Temp. 5 1.4743 0.2949 13.28
Error 5 0.1109 0.0222

P Shoot Moisture 1 0.0200 0.0200 10.53 *

Temp. 5 0.3387 0.0677 35.63 **
Error 5 0.0097 0.0019

Root Moisture 1 0.0012 0.0012 1.20 N. S.
Temp. 5 0.0074 0.0015 1.50 N.S.
Error 5 0.0049 0.0010

K Shoot Moisture 1 0.2242 0.2242 4.98 N.S.
Temp. 5 6.6084 1.3217 29.37 * *

Error 5 0.2252 0.0450
Root Moisture 1 0.1387 0.1387 1.38 N.S.

Temp. 5 1.2492 0.2498 2.49 N.S.
Error 5 0.5010 0.1002

Ca Shoot Moisture 1 0.00001 0.00001 0.004 N.S.
Temp. 4 0.13514 0.03379 13.30
Error 4 0.01014 0.00254

Root Moisture 1 0.00001 0.00001 0.02 N.S.
Temp. 4 0.04780 0.01195 23.43
Error 4 0.00205 0.00051



Table 43. Continued.

Plant Source of Degree of Sum of Mean
Element Part Variation Freedom Square Square F Remarks

Mg Shoot Moisture 1 0.0075 0.00750 53.57
Temp. 5 0.0175 0.00350 25.00 *

Error 5 0.0007 0.00014
Root Moisture 1 0.00001 0.00001 0,11

Temp. 5 0.03584 0.00717 79.67
Error 5 0.00044 0.00009

S Shoot Moisture 1 0.0010 0.0010 0.37 N. S..
Temp. 5 0.2441 0.0488 18.07
Error 5 0.0134 0.0027

Root Moisture 1 0.0022 0.0022 0.55 N. S.
Temp. 5 0.0199 0.0040 1.00 N. S.
Error 5 0.0198 0.0040

Mn Shoot Moisture 1 608.44 608,44 46.30
Temp. 4 4041.40 1010.35 76.89
Error 4 52,56 13,14

Root Moisture 1 152.10 152..10 3.01 N. S.
Temp. 4 5150.40 1287.60 25.47
Error 4 202.40 50.60

Zn Shoot Moisture 1 828.10 828.10 12.12
Temp. 4 13500.60 3375.15 49.38
Error 4 273.40 68.35

Root Moisture 1 67.60 67.60 0.42 N. S.
Temp. 4 30723.40 7680.85 48.20
Error 4 637.40 159.35



147

grown at soil water potentials of -0.35 and -2.50 bars.

The concentrations of ions for which no significant differences

were found between soil water potentials of -0.35 and -2.50 bars,

were averaged for subsequent analyses (Figure 15).

Nitrogen. The calculated equilibrium concentration of nitrogen

in shoots and roots increased with soil temperature to maximum

value at a soil temperature of about 30 C. The concentration

decreased as the soil temperature further increased. The increase

was greatest in the shoots. The concentration in the roots was very

low at the highest soil temperature. The concentration at -0.35 bars

was lower than at -2.50 bars, particularly at the low soil tempera-

tures.

Phosphorus. Calculated equilibrium phosphorus concentrations

in shoots increased dramatically as the soil temperature increased.

Concentrations in the roots increased slightly as the soil temperature

increased to about 30.0 C, then decreased. The effect of soil tem-

perature on the phosphorus concentration of the roots was small.

The concentrations at -0.35 bars were lower than at -2.50 bars at all

soil temperatures.

Potassium. The calculated equilibrium concentration of potas-

sium in both shoots and roots increased as the temperature of the

roots was raised, A maximum concentration occurred at a soil tem-

perature of about 30 C. The concentration decreased at higher soil
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Equilibrium concentrations of N, K, P, S, Ca, and Mg
elements in the roots and shoots of sudangrass seedlings
as a function of soil temperature, at an air temperature
of 26.7 C. Results obtained at -0.35 and -2.50 bars are
shown separately when statistically significant.
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temperatures. The concentration of the roots changed less than that

of the shoots with soil temperature.

Calcium. Soil temperature affected the calculated equilibrium

calcium concentrations in both shoots and roots. The concentration

increased with increasing soil temperature, reaching a maximum at

about 21 C and then decreased. The highest concentration occurred

at the same soil temperature in both the shoots and roots.

Magnesium. The effect of soil temperature on the calculated

equilibrium magnesium content was different for shoots and roots.

The maximum concentrations occurred at different temperatures.

The 26.7 C soil temperature produced the highest concentration in the

shoots. In the roots, the concentration decreased at temperatures

above about 15.0 C. The trend in the shoots was similar to that for

calcium. The concentrations at -0.35 bars were lower than at -2.50

bars at all soil temperatures considered.

Sulfur. The calculated equilibrium sulfur concentrations of the

shoots were affected greatly by soil temperature. The concentrations

of the roots were affected to a much lesser degree. Concentration of

the shoots increased as soil temperature increased. The concentra-

tions of the roots increased slightly to a maximum value at about

30 C and then declined.

Manganese. There was a marked influence of soil temperature

on the calculated equilibrium concentrations of manganese in shoots
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and roots. The concentration increased as soil temperature increased

and then decreased with a maximum occurring at 26.7 C in the shoots

and at 21.1 C in the roots. The concentrations in the shoots grown

at -0.35 bars were much lower than in those grown at -2.50 bars.

Zinc. The soil temperature effect on the calculated equilibrium

zinc concentrations was large. The increase in concentration as a

function of soil temperature was exponential. The trend was the same

for roots and shoots at both soil water potentials. The concentrations

in the shoots grown at -0.35 bars were much lower than in those

grown at -2.50 bars.

Ion Concentrations as a Function of Air Temperature

The concentrations of several ions in the plant material grown

at air temperatures of 18.3, 22.8, 26.7, and 32.2 C were measured

during a ten day growing period. These measurements were made to

evaluate the effect of air temperature on ion uptake in relation to the

effects of soil temperature. Equilibrium concentrations were

obtained by the use of Equation (21) according to the procedures out-

lined above. Values of a, b, and the correlation coefficient r are

shown in Appendis Table A-6. The results are summarized in Table

44 and shown graphically in Figure 16.
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Figure 16. Equilibrium concentrations of several elements in the
roots and shoots of $udangrass as a function of air tem-
perature at a soil temperature of 26.7 C and a soil water
potential of -0. 35 bars.
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Equilibrium concentrations of several elements in the dry
matter of shoots and roots of sudangrass seedlings at four
air temperatures at soil temperature of 26.7 C, and a soil
water potential of -0.35 bars.

Plant Air Element
Part Temp. N P K Ca Mg S Mn Zn

PPm -

Shoots 18.3 3.60 0.36 3.08 0.49 0.29 0.41 74 83

22.8 3.37 0.34 3.20 0.49 0.32 0.42 78 95

26.7 3.77 0.34 2.80 0.54 0.36 0.38 109 92

32.2 3.10 0.32 3.60 0.51 0.34 0.32 78 93

Roots 18.3 2.71 0.27 2.90 0.37 0.24 0.42 73 108

22.8 2.11 0.23 2.55 0.31 0.19 0.40 59 111

26.7 2.02 0.21 1.83 0.38 0.19 0.36 104 126

32.2 1.91 0.20 1.78 0.42 0.21 0.40 85 143

Nitrogen. Air temperature had little effect on the calculated

equilibrium nitrogen concentrations in the shoots. Indications are

that a maximum nitrogen content occurred at the air temperature of

about 26.7 C. The concentration of nitrogen in the roots, however,

decreased dramatically as the air temperature increased.

Phosphorus. The calculated equilibrium phosphorus concentra-

tion in both shoots and roots decreased with increasing air tempera-

ture. The change in concentration was small in the shoots, but large

in the roots.

Potassium. The effect of air temperature on the calculated

equilibrium potassium concentration of shoots and roots was different.

The concentration of the shoots increased with air temperature, while
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the concentration decreased in the roots. The decrease in the roots

was very large.

Calcium. The calculated equilibrium concentration of calcium

in the shoots was affected slightly by the air temperature. The con-

centration was highest at the air temperature of 26.7 C and decreased

at lower and higher temperatures. The calcium content in the roots

appeared to increase slightly with increasing air temperature.

Magnesium. The calculated equilibrium magnesium concentra-

tions of the shoots changed in a manner similar to calcium. The

highest content of the shoots was observed at the air temperature of

26.7 C. In the roots, the concentration of magnesium decreased

slightly as the air temperature increased.

Sulfur. The calculated equilibrium concentration of sulfur in

the shoots decreased substantially and in the roots slightly as the air

temperature increased.

Manganese. The calculated equilibrium manganese concentra-

tions of shoots and roots were highest at an air temperature of about

28 C. The concentrations decreased rapidly at higher and lower air

temperatures.

Zinc. The calculated equilibrium concentrations of zinc in the

roots increased rapidly with increasing air temperature. The con-

centrations in the shoots increased only slightly as the air tempera-

ture was raised.
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Ion Concentrations as a Function of Nitrogen Supply

Ion concentrations were measured in the material of plants

grown at a soil temperature of 26.7 C, an air temperature of 26.7 C,

and a soil water potential of -0,35 bars, supplied with concentrations

of 0, 10, 25, and 100 ppm of N in the nutrient solutions. Equilibrium

concentrations were calculated using Equation (21), according to the

procedure outlined above, Results are shown in Appendix Table A-7

and summarized in Table 45.

Table 45. Equilibrium concentration of several elements in the dry
matter of shoots and roots of sudangrass seedlings at four
nitrogen levels, at a soil temperature of 26.7 C, an air
temperature of 26.7 C, and a soil water potential of
-0.35 bars.

Plant Nutrient
Part Solution Element

N N P K Ca Mg S Mn Zn

ppm ppm

Shoots 0 0.32 0.23 2.32 0.35 0.17 0.09 73 34
10 0.57 0.28 2.75 0.42 0.22 0.14 98 40
25 0.76 0.24 2.54 0.44 0.26 0.16 95 63

100 3.77 0.34 2.80 0.54 0.36 0.38 109 92

Roots 0 0.76 0.15 1.96 0.26 0.16 0.38 83 250
10 0.67 0.18 2.19 0.26 0.18 0.46 106 231
25 0.96 0.18 2.61 0.34 0.21 0.47 106 231

100 2.02 0.21 1.83 0.38 0.19 0.36 104 126

Nitrogen. The calculated equilibrium concentrations of nitrogen

in shoots as well as roots were affected by the nitrogen content of the
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nutrient solutions, increasing with increasing nitrogen levels in the

nutrient solutions. The increase in concentration was about 10 fold

in the shoots and 3 fold in the roots as the nitrogen level was raised

from 10 ppm to 100 ppm.

Phosphorus. Nitrogen levels in the nutrient solutions increased

the calculated equilibrium concentrations of phosphorus in both shoots

and roots. The increase was greatest in the shoots.

Potassium. The calculated equilibrium potassium concentra-

tions in shoots increased as the nitrogen levels increased. The

potassium concentration of the roots increased as the nitrogen level

increased from 0 ppm to 25 ppm but decreased at higher N-

concentrations. The concentration of potassium was lowest at the

100 ppm nitrogen level.

Calcium. The calculated equilibrium concentration of calcium

increased as the nitrogen levels increased in shoots and roots.

Magnesium. The calculated equilibrium magnesium concen-

trations of shoots and roots increased with increasing nitrogen levels.

The increase in the roots was small.

Sulfur. The calculated equilibrium concentrations of sulfur in

the shoots greatly increased with increasing nitrogen level. But the

nitrogen level had only little effect on the sulfur concentrations of the

roots. It increased slightly at low levels and then decreased at

higher levels.
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Manganese. The calculated equilibrium concentrations of

manganese increased substantially in the shoots but did not change

much in the roots following an initial increase from 0 to 10 ppm.

Zinc. The calculated equilibrium zinc concentration in the

shoots increased and the concentration of the roots decreased. In the

roots, the concentration decreased greatly as the nitrogen level

increased. The concentration at 100 ppm nitrogen was about half of

that at 0 ppm.

Rate of Ion Uptake

Ion Uptake as a Function of Soil Temperature

An equilibrium rate of uptake (mg/day cell) of several elements

was obtained. The calculated equilibrium concentrations of the plant

tissue were multiplied by the growth rate, obtained from the plot of

dry weight production as a function of time. An equilibrium growth

rate was determined based on the dry weight increase during the last

four days of the 10 day experimental period. Results are shown in

Table 46.

The rate of nitrogen and potassium uptake by the shoots

increased as the soil temperature increased to about 32.2 C and then

decreased. The uptake rate by the roots increased with temperature

up to about 26.7 C and then decreased. This occurred at both soil
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Table 46. Calculated equilibrium content and rate of uptake of several elements by shoots and roots
of sudangrass seedlings at six soil temperatures and two soil water potentials at a constant
air temperature of 26.7 C.

Soil Shoots Roots
Water Soil Growth Nutrient Uptake Growth Nutrient Uptake

Element Potential Temperature Rate Content Rate Rate Content Rate

mg__ mg mg__ mg__
bars C % %

day cell day cell day cell day cell

N -0.35 10.0 93 1.42 1.32 60 1.66 1.00
15.6 163 1.63 2.66 128 1.82 2.34
21.1 27S 2.20 6.05 230 2.09 4.81
26.7 365 3.67 13.40 280 2,25 6.30
32.2 393 3.46 13.60 200 2.10 4.20
37.8 367 3.07 11.27 250 1.23 3.08

-2.50 10.0 76 1.97 1.50 37 1.66 0.61
15.6 103 2.17 2.24 75 1.83 1.37
21.1 238 2.58 6.14 190 2.09 3.97
26.7 333 3.79 12.62 220 2.25 4.95
32.2 390 3.54 13.81 196 2.10 4.12
27.8 344 3.02 10.39 224 1.23 2.76

P -0.35 10.0 93 0.10 0.09 60 0.16 0.10
15.6 163 0.12 0.20 128 0.17 0.22
21.1 275 0.17 0.47 230 0.19 0,44
26.7 365 0.34 1.24 280 0.22 0.62
32.2 393 0.48 1.89 200 0.24 0.48
37.8 267 0.53 1.95 250 0.19 0.48

-2.50 10.0 76 0.17 0.13 37 0.16 0.06
15.6 103 0.20 0.21 75 0.17 0.13
21.1 238 0.25 0,60 190 0.19 0.36
26.7 333 0.40 1,33 220 0.22 0.48
32.2 390 0.55 2.15 196 0.24 0.47
37.8 344 0.64 2.20 224 0.19 0.43

K -0.3S 10.0 93 1.37 1.27 60 0.90 0.54
15.6 163 1.53 2.49 128 1.07 1.37
21.1 275 1.92 5.28 230 1.46 3.36
26.7 365 2.91 10.62 280 1.69 4.73
32.2 393 3.45 13.56 200 1.77 3.54
37.8 267 2.59 9.51 250 0.99 2.48

-2.50 10.0 76 1.37 1.04 37 0.90 0.33
15.6 103 1.53 1.58 75 1.07 0.80
21.1 238 1.92 4.57 190 1.46 2.77
26.7 333 2.91 9.69 220 1.69 3.72
32.2 390 3.4S 13,46 196 1.77 3.47
37,8 344 2.59 8.91 224 0.99 2.22
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Table 46. Continued.

Soil Shoots Roots
Water Soil Growth Nutrient Uptake Growth Nutrient Uptake

Element Potential Temperature Rate Content Rate Rate Content Rate

mg
bars

day cell day cell day cell day cell

Ca -0.35 10.0 93 0.22 0.20 60 0.25 0.15
15.6 163 0.33 0.54 128 0.33 0.42
21.1 275 0.55 1.51 230 0.43 0.99
26.7 365 0.37 1.35 280 0.32 0.90
32.2 393 0.21 0.83 200 0.22 0.44
37.8 367 0.13 0.48 250 0.16 0.40

-2.50 10.0 76 0.22 0.17 37 0.25 0.93
15.6 103 0.33 0.34 75 0.33 0.25
21.1 238 0.55 1.31 190 0.43 0.82
26.7 333 0.37 1.23 220 0.32 0.70
32.2 390 0.21 0.82 196 0.22 0.43
37.8 344 0.13 0.45 224 0.16 0.36

Mg -0.35 10.0 93 0.26 0.24 60 0.27 0.16
15.6 163 0.28 0.46 128 0.29 0.37
21.1 275 0.31 0.85 230 0.23 0.53
26.7 365 0.36 1.31 280 0.19 0.53
32.2 393 0.25 1.14 200 0.16 0.32
37.8 267 0.23 0,84 250 0.14 0.35

-2.50 10.0 76 0.33 0.25 37 0.27 0.10
15.6 103 0.34 0.35 75 0.29 0.22
21.1 238 0.36 0.86 190 0.23 0.44
26.7 333 0.41 1.37 220 0.19 0.42
32.2 390 0.33 1.29 196 0.16 0.31
37.8 344 0.28 0.96 224 0.14 0.31

S -0.35 10.0 93 0.23 0.21 60 0.28 0.17
15.6 163 0.26 0.42 128 0.29 0.37
21.1 275 0.33 0.91 230 0.31 0.71
26.7 365 0.42 1.53 280 0.39 1.09
32.2 393 0.52 2.04 200 0.39 0.78
37.8 367 0.63 2.31 250 0.32 0.80

-2.50 10.0 76 0.23 0.17 37 0.28 0.10
15.6 103 0.26 0.27 75 0.29 0.22
21.1 238 0.33 0.79 190 0.31 0.59
26.7 333 0.42 1.40 220 0.39 0.86
32.2 390 0.52 2.03 196 0.39 0.76
37.8 344 0.63 2.17 224 0.32 0.72
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Table 46. Continued.

Soil Shoots Roots
Wate' Soil Growth Nutrient Uptake Growth Nutrient Uptake

Element Potential Temperature Rate Content Rate Rate Content Rate

bars C ppm

Mn -0.35 10.0 93 60 0.01 60 68 0.01
15.6 163 72 0.01 128 89 0.01
21.1 275 94 0.03 230 133 0.03
26.7 365 109 0.04 280 117 0.03
32.2 393 98 0.04 200 87 0.02
37.8 367 81 0.03 250 65 0.02

Zn

- 2.50 10.0 76 70 0.01 37 68 0.01
15.6 103 85 0.01 75 89 0.01
21.1 238 106 0.03 190 133 0.03
26.7 333 133 0.04 220 117 0.03
32.2 390 114 0.04 196 87 0.02
37.8 344 93 0.03 224 67 0.02

- 0.35 10.0 93 41 0.01 60 87 0.01
15.6 163 45 0.01 128 89 0.01
21.1 275 56 0.02 230 95 0.02
26.7 365 92 0.03 280 125 0.04
32.2 393 149 0,06 200 223 0.04
37.8 363 228 0.08 250 390 0.10

- 2.50 10.0 76 67 0.01 37 87 0.01
15.6 103 71 0.01 75 89 0.01
21.1 238 81 0.02 190 95 0.02
26.7 333 102 0.03 220 125 0.03
32.2 390 156 0.06 196 223 0.04
37.8 344 234 0.08 224 390 0.09
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water potentials. Phosphorus and sulfur uptake rates of the shoots

increased with soil temperature. The roots had a maximum rate of

uptake at a soil temperature of 26.7 C. The calcium uptake rate by

the shoots was highest at 26.7 C. The maximum Ca uptake rate by the

roots occurred at 21.1 C. Magnesium and manganese were taken up

at a maximum rate at a soil temperature of 26.7 C by both shoots and

roots at soil water potentials of -0,35 and -2.50 bars. The uptake

rate of zinc by shoots and roots increased as the soil temperature

increased up to 37.8 C at both soil water potentials.

The sums of the uptake rates of cations (K + Ca +Mg + Mn + Zn)

and of anions (N + P + S) were calculated as a function of soil tem-

perature and soil water potential (Table 47). These rates were

determined on the element weight basis.

The highest uptake rate of cations and anions by the shoots

occurred at a soil temperature of 32.2 C and by the roots at 26.7 C

at both soil water potentials. The higher optimum temperature in the

shoots may be due to effect of soil temperature has on translocation

from the roots. The increase in soil temperature enhances ion

uptake. This is because the temperature increase results in increased

metabolic activity, and increased rate of root growth. It is suggested

that more carrier and binding sites are produced so that more ions

can be absorbed. When the temperature rises too high the energy

available for active transport may be reduced due to high respiration
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rates. The rate of ion uptake as a function of rate of root growth at

different soil temperatures was calculated to test this hypothesis

(Table 48). The uptake rate per unit root growth increased as the soil

temperature increased up to 32.2 C and then decreased at both soil

water potentials. Rate of ion uptake per unit root dry weight present

also shows a maximum value at 32.2 C for soil water potentials of

-0.35 and -2.50 bars (Table 49).

Table 47. Sum of uptake rate of cations (K + Ca + Mg + Mn + Zn) and
anions (N + P + S) of sudangrass seedlings as a function of
soil temperature and soil water potential at a constant air
temperature of 26.7 C.

Sum of Shoots Roots
Nutrients Temperature -0.35 -2.50 -0.35 -2.50

mg
day cell

Ca + Mg + K + MN + Zn 10.0 1.73 1.47 0.86 0.53
15.6 3, 51 2, 28 2. 19 1, 28
21.1 7.69 6.78 4.93 4.07
26.7 13.36 12.37 6. 23 4. 89
32. 2 15. 62 15. 67 4. 36 4. 27
37.8 10,94 10.43 3.34 2. 99

N + P + S 10.0 1.62 1.80 1.26 0.78
15,6 3.28 2.71 2.93 1.72
21.1 7.43 7.52 5.96 4.92
26.7 16.17 15,35 8.01 6.29
32.2 17.53 17.98 5.46 5,35
37.8 15. 52 14. 76 4.35 3.90



Table 48. Rate of ion uptake as a function of the rate of root growth (10-2g/g) at six soil tem-
peratures and two soil water potentials. The air temperature was 26.7 C.

Soil Water Soil Uptake Rate Per Unit Root Growth
Potential Temperature N P K Ca Mg S Mn Zn Sum

bars 10-2g
g

- 0.35 10.0 3.86 0.32 3.02 0.59 0.67 0.64 0.02 0.02 9. 14
15.6 3.91 0.32 3.02 0.75 0.65 0.62 0.02 0.01 9.30
21.1 4.72 0.39 3.76 1.09 0.60 0.70 0.02 0.02 11.30
26.7 7.03 0.66 5.48 0.80 0.66 0.94 0.03 0.02 15.62
32.2 8.90 0.68 8.55 0.63 0.73 1.41 0.03 0.05 20.98
37.8 5.74 0.97 4.79 0.35 0.48 1.24 0.02 0.07 13.66

- 2.50 10.0 5.71 0.51 3.71 0.70 0.95 0.75 0.02 0.02 12.37
15.6 4.81 0.44 3.17 0.78 0.76 0.65 0.02 0.02 10.65
21.1 5.32 0.50 3.87 1.12 0.68 0.72 0.02 0.02 12.25
26.7 7.99 0.83 6.09 0.88 0.81 1.03 0.03 0.03 17.69
32.2 9.14 1.33 8.63 0.64 0.82 1.42 0.03 0.05 22.06
37.8 5.87 1.17 4.97 0.36 0.57 1.15 0.02 0.07 14.18



Table 49. Rate of ion uptake per unit root dry weight present (10 -3mg /day mg) at six soil tem-
peratures and two soil water potentials. The air temperature was 26.7 C.

Soil Water Soil Uptake Rate Per Unit Root Weight
Potential Temperature N P K Ca Mg S Mn Zn Sum

bars mg

day mg x 10-3

-0.35 10.0 5.51 0.45 4.32 0.84 0.96 0.91 0.02 0.02 13.03
15.6 8.69 0.72 6.72 1.67 1.44 1.38 0.04 0.03 20.69
21.1 11.67 0.97 9.29 2.69 1.49 1.74 0.06 0.04 27.95
26.7 13.92 1.31 10.85 1.59 1.30 1.86 0.05 0.05 30.93
32.2 19.78 2.63 19.00 1.41 L 62 3.14 0.06 0.11 47.75
37.8 8.96 1.51 7.49 0.55 0.75 1.95 0.03 0.11 21.35

-2.50 10.0 7.68 0.69 5.00 0.94 1.28 1.01 0.03 0.03 16.66
15.6 7.59 0.70 5.01 1.24 1.20 1.02 0.03 0.03 16.82
21.1 14.04 1.33 10.20 2.95 1.80 1.91 0.05 0.05 32.33
26.7 19.97 2.06 15.24 2.20 2.03 2.56 0.08 0.07 44.21
32.2 21.34 3.11 20.15 1.49 1.91 3.32 0.12 0.12 51.56
37.8 11.74 2.35 9.93 0.72 1.14 2.58 0.04 0.15 28.65
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Ion Uptake as a Function of Air Temperature

The rate of uptake (mg/day cell) of several elements was

obtained at different air temperatures with a constant soil temperature

of 26.7 C and a constant soil water potential of -0.35 bars. These

calculations were made in the manner described above for the rate of

ion uptake as a function of soil temperature. Results are shown in

Table 50. The highest rate of uptake for all ions considered occurred

at an air temperature of 26.7 C. The highest rate of plant growth also

occurred at that temperature. The effect of air temperature on rate

of ion uptake by the shoots was small. Changes in the rate of uptake

by the roots were quite large. However, the rate of uptake in both

shoots and roots increased with increasing air temperature and then

decreased with a maximum occurring at 26.7 C.

The sum of the uptake rates of the cations (K +Ca +Mg +Mn+Zn)

and anions (N + P + S) were calculated (Table 51). These results

indicate that the highest rate of ion uptake occurred at 26.7 C.

Ion Uptake as a Function of Nitrogen Supply

The rate of ion uptake (mg/day cell) of several elements was

obtained at different concentrations of nitrogen in the nutrient solu-

tions. The experiments were carried out at a constant soil tempera-

ture of 26.7 C and a constant air temperature of 26.7 C. The soil
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Table 50. Nutrient content and rate of uptake by shoots and roots of
sudangrass seedlings as a function of air temperature at
a soil temperature of 26.7 C and a soil water potential of
-0.35 bar s.

Shoots Roots
Air Growth Nutrient Uptake Growth Nutrient Uptake

Element Temp. Rate Content Rate Rate Content Rate

C °7 %
mg mg mg mg

0day cell day cell day cell day cell

N 18.3 255 3.40 8.67 138 2.67 3.68
22.8 320 3.53 11.30 147 2.15 3.16
26,7 356 3,77 13.42 336 2.01 6.75
32.2 293 3.10 9.08 134 1.88 2.52

P 18.3 255 0.36 0.92 138 0.27 0.37
22.8 320 0.34 1.09 147 0.23 0.34
26.7 356 0.33 1.17 336 0.21 0.71
32.2 293 0.33 0.97 134 0.20 0.27

K 18.3 255 3.09 7.88 138 2.90 4.00
22.8 320 3.10 9.92 147 2.42 3.56
26.7 356 3.14 11.18 336 2.07 7.00
32.2 293 3.35 9.82 134 1.78 2.39

Ca 18,3 '255 0.48 1.22 138 0.34 0.47
22.8 320 0.51 1.63 147 0.35 0.51
26.7 356 0.54 1.92 336 0.38 1.28
32.2 293 0.51 1.49 134 0.42 0.56

Mg 18,3 255 0.29 0.74 138 0.22 0.30
22.8 320 0.32 1.02 147 0.21 0.31
26.7 356 0.35 1.28 336 0.20 0.67
32.2 293 0.34 1.00 134 0.20 0.27

S 18.3 255 0.43 1.10 138 0.42 0.58
22.8 320 0.41 1.31 147 0.40 0.59
26.7 356 0.38 1.35 336 0.38 1.28
32.2 293 0.32 0.94 134 0.37 0.50
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Table 50. Continued.

Shoots Roots
Air Growth Nutrient Uptake Growth Nutrient Uptake

Element Temp. Rate Content Rate Rate Content Rate

Mn

Zn

mg mg m mg
C day cell PPm day cell day cellcell day cell

18.3 255 74 0.02 138 63 0.01
22.8 320 78 0.03 147 72 0.01
26.7 356 109 0.04 336 105 0.04
32.2 293 78 0.02 134 85 0.01

18.3 255 87 0.02 138 105 0.01
22.8 320 91 0.03 147 113 0.02
26.7 356 93 0.03 336 126 0.04
32.2 293 95 0.03 134 143 0.02

Table 51. Sum of uptake rate of cations (K + Ca + Mg + Mn + Zn) and
anions (N + P + S) of sudangrass seedlings as a function of
air temperature at constant soil temperature of 26.7 C
and soil water potential of -0.35 bars. The plants were
two weeks old on day zero.

Sum of Soil Water Air Plant Part
Nutrients Potential Temp. Shoots Roots

bars
(Ca + Mg + K -0.35

+ Mn + Zn)

N + P + S -0.35

- -day cell
18.3 9.88 4.80
22.8 12.63 4.41
26.7 14.45 8.98
32.2 12.36 3.25

18.3
22.8
26.7
32.2

10.68
13.70
15.95
10.99

5.00
4.09
8.74
3.28



Table 52. Nutrient content and uptake rate in both shoots and roots of sudangrass seedlings as
a function of nitrogen level in nutrient solution at a soil temperature of 26.7 C and
soil water potential of -0.35 bars. The plants were two weeks old on day zero.

Nitrogen in Shoots Roots
Nutrient Growth Nutrient Uptake Growth Nutrient Uptake

Element Solution Rate Content Rate Rate Content Rate

mg mg mg mg
ppm % %day cell day cell day cell day cell

N 0 120 0.37 0.44 86 0.75 0.65
10 137 0.55 0.75 120 0.76 0.91
25 126 0.94 1.18 130 0.86 1.12

100 356 3.77 13.42 336 2.02 6.79

P 0 120 0.25 0.30 86 0.15 0.13
10 137 0.25 0.34 120 0.17 0.20
25 126 0.26 0.33 130 0.18 0.23

100 356 0.34 1.21 336 0.21 0.71

K 0 120 2.32 2.76 86 1.96 1.69
10 137 2.54 3.48 120 2.19 2.63
25 126 2.67 3.36 130 2.61 3.39

100 356 2.80 9.97 336 1.83 6.15

Ca 0 120 0.35 0.42 86 0.22 0.19
10 137 0.40 0.55 120 0.29 0.35
25 126 0.45 0.57 130 0.34 0.44

100 356 0.54 1.92 336 0.38 1.28



Table 52. Continued.

Nitrogen in Shoots Roots
Nutrient Growth Nutrient Uptake Growth Nutrient Uptake

Element Solution Rate Content Rate Rate Content Rate

Mg

S

Mn

Zn

PP
mg

% °7 0

mg mg mg
m day cell day cell day cell day cell

0 120 0. 17 0. 20 86 0. 16 0.14
10 137 0. 22 0.30 120 0. 18 0.22
25 126 0. 26 O. 33 13 0 0. 21 0. 27

100 356 0.36 1.28 336 0. 19 0. 64

0 120 0.09 0.11 86 0.38 0.33
10 137 O. 12 O. 16 120 0.45 0.54
25 126 O. 18 0.23 130 0.47 0.61

100 356 0.38 1.35 336 0.36 1.21

ppm ppm

0 120 73 0.01 86 83 0.01
10 137 90 0.01 120 106 0.01
25 126 99 0.01 130 106 0.01

100 356 109 0.39 336 104 0.03

0 120 27 0.01 86 250 0.02
10 137 43 0.01 120 240 0.03
25 126 63 0.01 130 223 0.03

100 356 92 0.03 336 126 0.04
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water potential was maintained at -0.35 bars. The calculations were

made in the manner described above for the rate of ion uptake as a

function of soil temperature. Results are shown in Table 52. The

uptake rate of all elements increased with increasing nitrogen concen-

trations in the nutrient solution.

The sum of the uptake rates of the cations

(K + Ca + Mg + Mn + Zn) and aniona (N + P + S) were calculated

(Table 53). These results indicate that the rate of N uptake is much

greater at the high nitrogen levels than at the low nitrogen levels,

Table 53, Sum of uptake rate of cations (K + Ca + Mg + Mn + Zn) and
anions (N + P + S) of sudangrass seedlings as a function of
nitrogen levels in nutrient solution at constant soil tem-
perature of 26.7 C and soil water potential of -0.35 bars.
The plants were two weeks old on day zero.

Sum of
Nutrients

Soil Water
Potential

Nutrient
Solution N

Plant Part
Shoots Roots

bar s ppm
mg

- -- day cell

(Ca + Mg + K + Mn -0.35 0 3.42 2.04
+ Zn) 10 4.35 3.23

25 4.28 4.15
100 13.59 8.14

N + P + S -0.35 0 0.85 1.10
10 1.26 1.66
25 1.74 1.96

100 15.98 8.70
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Relationship Between Ion Uptake and Transpiration

The relationship between rate of ion uptake and rate of

transpiration was inspected by calculating the concentration of ions in

the transpiration stream (Table 54). The rate of ion uptake was

obtained from Table 46. The transpiration rate was derived from the

plot of transpiration as a function of time at different soil tempera-

tures. The rate was based on the last two days of the experimental

period. The concentration of N, Ca, and Mn increased with a tem-

perature increase from 10 to 25 C, and decreased at higher tempera-

tures. The temperature at which the maximum concentration

occurred was not the same for each element. The concentrations of

P. K, S, and Zn, increased with increasing temperature. The

percentage increase was not the same for each of the elements. The

largest increase occurred for P. The concentration of Mg (ppm)

decreased with increasing temperature. This decrease may be due to

the increased K uptake. The interaction effect of K with Mg may have

caused the depression in Mg uptake. The same trend occurred at

water potentials of -0.35 and -2.50 bars for all elements.

The concentration of the sum of all elements measured entering

the plant was also calculated (Table 54). The uptake rate of the sum

of all elements was obtained from Table 47. Results show that the

uptake per unit volume of water (ppm) was much higher at -2.50 bars



Table 54. Concentration of ions in the transpiration stream (ppm) as a function of soil tempera-
ture at soil water potentials of -0.35 and -2.50 bars and an air temperature of 26.7 C.

Soil Water
Potential

Soil
Temp.

Transp.
Rate

Concentration
N P K Ca Mg S Mn Zn Sum

bars
3cm

ppC chamber

-0.35 10.0 7.6 915 75 717 141 159 150 3.9 3.6 2165
15.5 16.6 903 75 699 174 150 144 4.2 3.3 2153
21.1 30.6 1065 90 846 246 135 159 5.4 3.6 2550
26.6 47.4 1248 117 972 141 117 165 4.5 4.5 2769
32.2 50.8 1050 141 1008 75 87 168 3.3 6.0 2538

-2.50 10.0 4.1 1545 13 8 1005 189 258 204 5. 9 6.0 3351
15.5 8.6 1257 117 831 204 198 168 5.4 4.8 2785
21.1 16.2 1872 177 1359 393 240 255 9.3 6.9 4312
26.6 24.2 2178 225 1662 240 222 279 8.7 7.5 4822
32.2 28.3 1899 276 1794 132 171 297 6.6 11.1 4587
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than at -0.35 bars. The effect of soil temperature on the concentra-

tion in the transpiration stream was greatest at -2.50 bars.

The change in the concentrations of the elements measured in

the transpiration stream was small over the temperature range

studied, ranging from 2165 to 2769 ppm or less than 30 percent. The

transpiration rate ranged from 7.6 to 47.4 cm3 /day chamber over the

same temperature range. The rate of ion uptake was thus nearly

proportional to the rate of transpiration or the rate of water move-

ment along the stem of the plant (Hy lmo, 1953; Brouwer, 1954;

Greenway and Klepper, 1968).

Results show that transpiration directly affects ion uptake.

This is in agreement with the views of Hy lmo and other workers.

But some others (Hoagland, 1944; Petterson, 1966) agree that

transpiration has no direct effect on ion uptake and that any increase

in ion uptake accompanying increased transpiration is an indirect

effect in which the removal of ions from the root xylem causes more

rapid active transport into the xylem. Hence it still remains uncer-

tain whether transpiration causes the ion uptake increase directly by

increasing mass flow of ions into roots in the transpiration stream,

or indirectly by stimulating active transport into the stele, or both.

The mechanism needs more justification in further research work.
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Distribution of the Ions Between Shoots and Roots

The percentages of total uptake translocated to the shoots is

shown in Table 55 as a function of soil temperature at soil water

potentials of -0.35 and -2.50 bars. The percentage of the daily

uptake of N, P, K, and S moving to the shoots increased with increas-

ing soil temperature at both water potentials. The progressive

increase in translocation to the shoots could be due to the effect of

temperature on translocation. The percentage of Ca translocated to

the shoots varied slightly with temperature with no specific trend

being apparent, The increase in temperature did not appear to

enhance translocation from the roots.

The percentage of Mn translocated to the shoots decreased with

increasing soil temperature up to 21.1 C and then increased as the

temperature further increased. The percentage of Zn going to the

shoots increased to a temperature of about 30 C and then decreased at

higher temperatures. The percentage of Mg translocated to the

shoots increased as soil temperature increased at both water poten-

tials, reached a maximum at about 30 C and then decreased.

The percentage of total uptake translocated to the shoots was

always higher at -2.50 bars than at -0.35 bars with the differences

being most pronounced at the lowest temperatures tested.



Table 55. Percent of total uptake translocated to shoots as a function of soil temperature at
soil water potentials of -0. 35 and -2. 50 bars and a constant air temperature of
26.7 C.

Soil Water Soil Percent Translocated to Shoots
Potential Temperature N P K Ca Mg S Mn Zn

bars
-0.35 10.0 57.0 49.2 70.2 57.7 59.9 56.0 57.7 42.2

15.6 53.1 47.3 64.6 56.0 55.1 53.3 50.6 39.0
21.1 55.7 51.7 61.1 60.5 61.7 56.0 45.8 41.3
26.7 68.0 66.8 69.2 60.1 71.2 58.4 54.8 49.0
32.2 76.4 79.7 79.3 65. 2 78. 1 72.4 68.9 56. 8
37.8 78.6 80.4 79.3 54.4 70.7 74.3 63.9 45.9

-2.50 10.0 70.9 68.6 75.8 64.4 71.5 63.8 67.9 61.4
15.6 62.0 61.8 66.3 57.9 61.7 55.2 56.8 52.1
21.1 60.7 62.2 62.2 61.6 66.2 57.1 49.9 51.6
26.7 71.8 73.3 72.3 63.6 76.6 62.0 63.3 55.3
32.2 77.0 82.0 79.5 65.5 80.4 72.6 72.2 58.2
37.8 79.0 83.8 80.1 55.5 75.4 75.1 68.1 47.9
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Possible Mechanisms

The nature of the temperature effect on the rate of ion uptake

was further explored by plotting the log rate of uptake as a function of

the reciprocal of the absolute temperature (Figure 17). The plot was

used for the determination of activation energy according to the

Arrhenius equation. Data of ion uptake rate were obtained from

Table 47.

If the slopes of the lines shown in Figure 17 are viewed as

reflecting the activation energy of the processes involved, three

processes can be recognized. The process with highest activation

energy (steepest slope) occurred over the temperature range of 10 to

25 C. A process with a lower activation energy operated over the

temperature range of 25 to 30 C. The rate of ion uptake decreased

above 30 C, possibly as a result of the effect of high temperature on

rate of root growth.

Similar plots were obtained for several elements and slopes

were determined (Table 56). The activation energies obtained from

these plots are listed in Table 57. Results show that the activation

energy of the ion uptake process was much lower at high temperatures

for each element. As soil water potential decreased from -0.35 to

-2.50 bars, the activation energy increased in both temperature

ranges for all elements.
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Figure 17. Log rate of uptake of the sum of several elements as a function of the reciprocal of
the absolute temperature at a constant air temperature of 26.7 C and soil water
potentials of -0.35 and -2.50 bars.
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Table 56. Slope of the line in the log rate plot of ion uptake as a function of the reciprocal of the
absolute temperature at two soil potentials and two temperature ranges.

Soil Water Temperature Slope
Potential Range N P K Ca Mg S Mn Zn

bars C 102 deg

-0.35 10-25 -52 -55 -52 -67 -40 -47 -56 -47
25-30 9 -11 -20 9 -32

-2.50 10-25 -53 -60 -56 -70 -46 -58 -62 -50
25-30 -18 -17 -34 -11 -36

Table 57. Activation energy of the ion uptake process for several elements at two soil water
potentials and two temperature ranges and a constant air temperature of 26.7 C.

Soil Water Temperature Activation Energy
Potential Range N P K Ca Mg X Mn Zn

bars C Kcal /mole

-0.35 10-25 23.8 25.1 23.8 30.6 18.3 21.5 25.6 21.5
25-30 4.1 5.0 9.1 4.1 14.6

-2.50 10-25 24.2 27.4 25.6 32.0 21.0 26.5 28.3 22.9
25-30 8.2 7.8 15.5 5.0 16.5
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CONCLUSIONS

Soil Temperature Effects

The growth of sudangrass was related to soil or root tempera-

ture with an optimum rate at about 30 C and decreasing rates at

higher and lower temperatures.

Temperatures Below the Optimum

Several mechanisms by which low root temperatures affect the

growth rate of plants can be visualized. An attempt will be made to

identify primary responses to low root temperatures and relate these

to secondary responses. This will be done by first discussing several

possible mechanisms and subsequently making an attempt to select

one of these as the primary response mechanism.

Root Temperature and Hormone Production. The formation of

hormones such as cytokinins, gibberellins, auxins, and inhibitors in

plant roots has been indicated by several workers (Carr and Reid,

1968; Luckwill and Whyte, 1968; Bowen and Hoad, 1968). It may be

affected by root temperature. The effect of root temperature on

hormone production was not measured in this study, but literature

reports indicate that the total export of hormones to the shoots is

greater at higher temperatures (Groves and Lang, 1970; Atkin et al. ,

1973). It is possible that the balance of growth promotors and
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inhibitors is changed by temperature. Information about temperature

effects on hormone production and translo cation is limited and further

research is necessary to clarify the mechanism.

Temperature and Enzyme Production. The effect of tempera-

ture on enzyme production and activity was also not investigated in

this study. It is well known that a rise in temperature increases the

kinetic energy and rate of enzyme reactions (Salisbury and Ross,

1969). Low temperature may retard the formation of necessary

enzymes or decrease their activity (Langridge and Mc William, 1967)

and reaction rates of biochemical processes which determine plant

growth.

Temperature and Nutrient Uptake. The concentration of

nitrogen and phosphorus was low at low root temperature. Although

the concentration of these elements and the growth rate increased

correspondingly with increasing temperature, the reduction in the

growth rate of sudangrass at low temperature was not caused pri-

marily by the limited uptake of nutrients. Watts (1971) pointed out

that the response of growth of Zea mays to changes in root tempera-

ture was too rapid to have been a result of changes in the pattern of

nutrient uptake, but was consistent with the restriction of water

uptake at low temperatures. The depression of growth at low tem-

perature was not the direct effect of limited nitrogen or phosphorus

uptake but was likely the direct result of low root temperature on
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other root functions. The phosphorus content of the plants was low at

low root temperatures. Phosphorus is a constituent of many com-

pounds in plants. It is a constituent of nucleoproteins which are

involved in the unique portion of protoplasm concerned with cell

division and the transfer of hereditary characteristics by the chromo-

somes. It is a constituent of phosopholipids and one of these, lecithin,

is believed to be present in cell membranes and to be of universal

occurrence in all living cells. Phosphorus is also an important con-

stituent of the high energy compounds ADP and ATP. It has long been

known to be involved in photosynthesis in connection with phosphoryla-

tion of various intermediates in CO2 assimilation. The relationship

between the low phosphorus content and the growth rate is not clear

from these experiments.

Temperature and Water Uptake. Low temperatures limited

water uptake and caused a decrease in leaf water potential. The

decreased water uptake might have been caused in part by a decrease

in water permeability of the root cells (Kleinendorst and Brouwer,

1970). Low temperatures caused decreased turgor pressures. The

reduction in turgor pressure was correlated with decreased growth

rates at all temperatures tested. At a fixed turgor pressure, the

response of growth to temperature decreased with decreasing tem-

perature. It was concluded that the relationship between turgor pres-

sure and growth have been the primary growth controlling mechanism.
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The manner in which this relationship is influenced by soil water

potential and soil temperature is not clear. The importance of turgor

pressure in regulating cell division and cell enlargement have been

indicated (Cleland, 1967; Kirkham et al. , 1972).

Temperature and Translocation. Low temperature decreased

the osmotic potential of the leaf cells. This decrease, corresponding

to an increase in carbohydrate content of the cells, was attributed to

the reduced transfer of photosynthate from the photosynthetic tissue

into the conducting tissue and the reduced translocation in the phloem

system (Hartt, 1965; Webb, 1967; Hofstra and Nelson, 1969; Canny,

1973). Reduced translocation would be an important growth regulating

factor.

Temperatures Above the Optimum

The growth rate decreased rapidly with increasing temperatures

above the optimum temperature. This decrease may have been

caused by reduced enzyme activity at higher temperature through the

denature of enzymes which would destroy its most vital processes

(Salisbury and Ross, 1969) or a rapid loss of assimilation products at

higher temperatures which would cause a large increase in the

demand for carbohydrate in the leaves, reducing root growth (Jensen,

1960).
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Air Temperature Effects

The growth rate of sudangrass was found to be related to air

temperature with an optimum rate at about 26.7 C and decreasing

rates at higher and lower temperatures.

Low Air Temperature

Low air temperature, similar to low soil temperature, reduced

plant growth. At low air temperature, the rate of photosynthesis may

be limited due to the increase in viscosity and decrease in the perme-

ability of membranes impeding the diffusion of CO2 and the transloca-

tion of photosynthetic products (Rabinowitch, 1956). It may also

reduce the activity of enzymes involved in photosynthesis (Langridge,

1963) and reduce the chlorophyll concentration (Alberda, 1969).

The rate of respiration is restricted at low air temperature,

because of the low activity of respiratory enzymes (Langridge and

Mc William, 1967). Low temperature may decrease the carbon

skeletons to provide larger numbers of other essential plant products

such as amino acids for protein, nucleotides for nucleic acid, and

carbon precursors for porphyrin pigment due to the slow rate of

respiratory processes. The supply of carbohydrates from leaves to

roots decreases at low air temperature due to increased viscosity of

protoplasm and effects on the respiratory reactions responsible for
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energizing the translocation process (Esau et al. , 1957).

High Air Temperature

At high air temperature, if plants are kept under such conditions

for long periods the respiration rate decreases due to the possible

inactivation of enzymes (Langridge and McWilliam, 1967; Salisbury

and Ross, 1969). Thus the general level of metabolic activity is

decreased. The susceptibility of various enzymes to inactivation due

to temperature lesions is different for different enzymes. Although

specific enzymes have not been examined in relation to naturally

occurring temperature lesions, temperature inactivation of the

E. coli mutant was sufficiently severe to cause growth stoppage at

30 C (Maas and Davis, 1952) and in the N. crassa mutant at 35 C

(Giles, 1959), The oxidase of NADH2 in the protozoan Tetrahymena

is so sensitive to high temperature that it is completely inhibited by

ten minutes heating at 40 C. The particularly high heat sensitivity of

this NADH2 oxidase may indicate that lability of this system limits

growth at temperatures above 28 C. These examples show that

enzyme inactivation leading to growth inhibition may occur at quite

low temperatures (Langridge, 1963). At high air temperature,

transpiration increases and water loss exceeds its uptake so that the

leaf water potential decreases which reduces plant growth.

From the results of the experiment reported herein, it was
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concluded that a soil temperature of 30 C, an air temperature of

26.7 C, and a soil water potential of -0.35 bars provided optimal con-

dition for sudangrass growth.

Nitrogen Concentration Effects

The growth rate of sudangrass was greatly enhanced by

increasing the nitrogen concentration of the nutrient solution from 25

to 100 ppm. This increased growth may have been the result of

increased rate of photosynthesis, increased rate of respiration, or

higher water use efficiency. The effect of nitrogen in promoting

photosynthetic activity is basically exerted through the metabolism of

the chloroplast proteins and chlorophyll (Murata, 1969). The effect

of nitrogen supply on respiration is probably due to the formation of

nitrate reductase stimulating of nitrate reduction process which

quickly converts the reduced pyridine nucleotides back to the oxidized

forms, and then again participate in respiration, causing a greater

release of CO2. Generally, increasing the level of nitrogen fertiliza-

tion, increases the rate of respiration (Tanaka et al. , 1964, 1966).

Water use efficiency is defined as the ratio of dry matter produced

to the amount of water transpired. An increase in nitrogen supply

usually causes an increase in water use efficiency (Viets, 1966).

The increase in growth due to nitrogen may also have been

caused by increased rates of enzymic reactions, chlorophyll
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formation, or protein synthesis. Nitrogen is a constituent of all

enzymes and proteins and a component of the chlorophyll molecule.

The presence of nitrogen is therefore required to conduct these

processes. At low nitrogen levels, the supply was not sufficient to

meet the requirements of the plant to carry on these processes at an

optimum rate and thus retarded growth.

The increase in the nitrogen supply was paralleled by an

increase in several nutrient elements in both shoots and roots. It was

indicated that this increase in nutrient uptake may have been caused in

part by increased root growth, and greater energy availability for ion

uptake from increased respiratory reactions.

Water Uptake

The rate of water uptake increased with increasing soil or air

temperature. At low root temperature water uptake may have been

restricted by an increase in resistance to water movement due to

higher viscosity (Kramer, 1969) and decrease in water permeability

of root cells (Kuiper, 1964b; Slatyer, 1967; House and Jarvis, 1968;

Kleinendorst and Brouwer, 1970). The viscosity of water is about

twice as great near 0 C as at 25 C. Water uptake may also be

restricted by reduced water permeability of root cells. The

resistance for water to move across membranes is increased at low

temperature. It is difficult for the water molecules to move between
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the membrane structure (Slatyer, 1967).

Reduced water uptake at low air temperature may have resulted

from decreased vapor pressure gradients, increased resistance to

water transport, and a decrease in the permeability of membranes.

The relative humidity at low air temperature was high, causing a

decreased vapor pressure deficit which thus reduced transpiration.

The resistance to water transport increased at low air temperature

as a result of the increasing in viscosity of water. At low tempera-

ture, the permeability of water in the membranes decreases (Slatyer,

1967).

The rate of water uptake decreased as the soil water potential

decreased from -0.35 to -2.50 bars at all temperatures. The

decreased water uptake may have been caused by the increase in

resistance of water movement and decrease in water permeability of

the root cells. Water stress may reduce permeability if dehydration

is severe enough to interfere with metabolism (Slatyer, 1967). This

will certainly be so if protoplasmic viscosity is increased (Aykin,

1946). The effect of water potential on membrane structure is not

clear.

Nutrient Uptake

The uptake rate of N, P. K, Ca, Mg, S, Mn and Zn was affected

by soil temperature and soil water potential. The uptake rate
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increased with increasing soil temperature up to an optimum and then

decreased at higher temperatures. The low rate of uptake at low

temperatures may have been the result of low rates of root growth,

low metabolic activity provided energy for ion uptake, and the

decrease of the translocation process. The movement of ions into

root cells may be proportional to the number of exchange sites on

growing roots (Kramer, 1969). The rate of formation of these

exchange sites would determine to a great extent the rate of nutrient

uptake. Low rate of root growth thus could reduce nutrient uptake.

Most metabolic reactions have a fairly strong dependence on tem-

perature. At low temperature, the metabolic energy provided for

ion uptake by active transport was low and thus reduced uptake rate.

A marked stimulation of ion uptake by temperature increase also

occurs for passive diffusion across a membrane. The increase in

temperature increases the number of molecules with the requisite

kinetic energy to surmount the energy barrier involved in the process

(Nobel, 1970). Low temperature reduced translocation of nutrients

from roots to shoots, also reduced the translocation of assimilates

from leaves to roots which reduced root growth and its activity and

thus decreased nutrient uptake.

At high temperatures, the uptake rate was reduced due to high

respiration and restricted oxygen supply (Luxmoore and Stolzy, 1972)

which reduced root activity and growth.
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The uptake rate was reduced by a decrease in soil water

potential from -0.35 to -2.50 bars. This decrease was attributed to

the water stress effect, reducing root growth and restricting trans-

location.

Relationship Between Water Uptake and Nutrient Uptake

The rate of nutrient uptake increased with increasing rate of

water uptake at both soil water potentials of -0.35 and -2.50 bars.

The rate of nutrient uptake was nearly proportional to the increase

in transpiration because the nutrient concentration of the transpira-

tion stream remained constant. The ion concentration in the

transpiration stream entering the plant tissue at soil water potential

of -2.50 bars was generally higher than at -0.35 bars. The ion con-

centration increased slightly as soil temperature increased from 10.0

to 32.2 Cat -0.35 bars but increased relatively more at -2.50 bars.

It was concluded that the ion concentration in the transpiration stream

increased with increasing temperature. The magnitude of this

increase may depend on its effect on the rate of nutrient uptake and

water uptake increase, the decrease in water potential reduced water

uptake and caused water deficit in the tissue resulted in a higher ion

concentration.
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Figure A-1. Dry weight of shoots and roots in mg per cell of sudangrass seedlings as a function
of time at two soil water potentials of -0.35 and -2.50 bars and a soil temperature
of 10.0 C and a constant air temperature of 26.7 C. The plants were two weeks
old on day zero.
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Figure A-2. Dry weight of shoots and roots in mg per cell of sudangrass seedlings as a function
of time at two soil water potentials of -0.35 and -2.50 bars and a soil temperature
of 15. 6 C. and a constant air temperature of 26.7 C. The plants were two weeks
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Figure A-3. Dry weight of shoots and roots in mg per cell of sudan-
grass seedlings as a function of time at two soil water
potentials of -0.35 and -2.50 bars and a soil tempera-
ture of 21.1 C and a constant air temperature of 26.7 C.
The plants were two weeks old on day zero.
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Figure A-4. Dry weight of shoots and roots in mg per cell of sudan-
grass seedlings as a function of time at two soil water
potentials of -0.35 and -2.50 bars and a soil tempera-
ture of 26.7 C and a constant air temperature of 26.7 C.
The plants were two weeks old on day zero.
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Figure A-5. Dry weight of shoots and roots in mg per cell of sudan-
grass seedlings as a function of time at two soil water
potentials of -0.35 and -2.50 bars and a soil tempera-
ture of 32.2 C and a constant air temperature of 26.7 C.
The plants were two weeks old on day zero.
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Figure A-6. Dry weight of shoots and roots in mg per cell of sudan-
grass seedlings as a function of time at two soil water
potentials of -0.35 and -2.50 bars and a soil tempera-
ture of 37.8 C and a constant air temperature of 26.7 C.
The plants were two weeks old on day zero.
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Figure A-7. Dry weight of shoots Figure A-8. Dry weight of shoots
and roots in mg per cell of and roots in mg per cell of
sudangrass seedlings as a sudangrass seedlings as a
function of time at four air function of time at four nitro-
temperatures and a constant gen levels in nutrient solution
soil temperature of 26.7 C and a constant soil tempera-
and soil water potential of ture of 26.7 C and soil water
-0.35 bar s. The plants were potential of -0.35 bars. The
two weeks old on day zero. plants were two weeks old on

day zero.
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Table A-1. Measured concentration of ions as a function of time in both shoots and roots at different
soil temperatures and soil water potentials and a constant air temperature of 26.7 C.

Element
Plant
Part

Soil Water
Potential

Soil
Temp.

Day
0 2 3 4 5 6 8 10

bars

N Shoots -0.35 10.0 4.33 2.97 2.55 2.19 2.15 1.98
15.6 4.32 2.51 2.06 2.11 2.00 2.23
21.1 4.07 2.55 2.66 2.59 2.75 2.35
26.7 4.19 3.35 -- 3.97 3.95 3.70 3.61
32.2 4.08 4.25 -- 4.09 -- 3.67 3.60 3.60
37.8 4.16 4. 19 3.54 3.54 3. 77 -- --

-2.50 10.0 4. 33 3. 15 3. 16 2. 84 2.52 2. 14
15.6 4.32 2. 85 2.64 2.63 2.54 2.57
21.1 4.07 2.68 2.62 2.88 2.91 2.85
26.7 4. 19 3. 02 3.47 3.91 3.74 3.88
32.2 4. 08 3. 27 -- 3. 69 -- 3. 76 3. 85 3. 16

37.8 4. 16 3. 72 3. 78 4. 18 3. 89 2.90 --

Roots -0.35 10.0 1.87 1. 75 2.03 2.01 1. 85 1.68
15.6 2. 16 1.98 1.92 1.93 1.49 1.29
21.1 1.61 1.81 2. 19 2. 10 1.94 1.66
26.7 1.66 2. 12 2. 32 1.99 2. 10 1.94
32.2 1.60 2. 08 -- 2. 00 1. 74 2. 10 2.21
37.8 1.62 1.70 1.22 1.01 1.01 --

-2.50 10.0 1.87 1.90 2. 14 2. 17 2.02 1.94
15.6 2. 16 2. 01 2. 17 2. 11 1.95 1. 64

21. 1 1.61 2. 10 2. 07 2.31 2. 10 1.96
26.7 1.66 2.02 2. 18 2. 13 2.27 2.24
32.2 1.60 1.35 1.71 -- 2. 00 2. 14 1. 88

37.8 1. 62 1.61 1.40 1.61 1.46 1.20 --
P Shoots -0. 35 10. 0 0. 35 0.20 0. 19 0. 15 O. 18 0. 16

15.6 0. 34 0. 16 0. 15 0. 14 O. 14 0. 17
21.1 0.32 0.20 0. 19 0.23 O. 19 0.20
26.7 0.38 0.26 0.36 O. 41 O. 28 0.35
32. 2 0. 30 0. 33 0. 43 -- 0.44 0.41 0.44
37. 8 0.30 0. 35 0.32 0. 38 0, 45

-2.50 10.0 0.35 0. 22 0. 23 0. 19 0. 17 0.22
15.6 0.34 0.21 0.20 0.22 0.20 0.20
21.1 0.32 0.21 0.19 0.26 0.24 0.29
26.7 0.38 0.23 0.31 -- 0.43 0.44 0.49
32.2 0.30 0.25 0.37 -- 0.46 0.41 0.33
37.8 0.30 0.30 0.40 0.48 0.53 0.48
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Table A-1. Continued.

Plant Soil Water Soil Day

Element Part Potential Temp. 0 2 3 4 5 6 8 10

bars

P Roots -0.35 10.0 0.18 0.22 0.21 0.18 0.19 0.18
15.6 0.17 0.26 0.21 0.19 0.17 0.14
21.1 0.17 0.25 0.22 0.22 0.18 0.15
26.7 0.20 0.25 0.25 0.24 0.20 0.19
32.2 0. 18 0.22 0. 23 0.21 0.23 0.26
37. 8 0. 13 0. 19 0. 16 0. 15 0. 13 -- -- --

-2.50 10.0 0.18 0.21 0.20 0.18 0.17 0.19
15.6 0.17 0.24 0. 19 0.19 0.16 0.15
21.1 O. 17 0, 22 0. 18 O. 22 0.20 0.20
26.7 0.20 0.22 0.22 -- 0.22 0.22 0.24
32.2 O. 18 0. 18 0, 21 0.22 -- 0.21 0. 19
37.8 0. 13 0. 15 0, 19 0.21 0. 19 0. 18 -- --

K Shoots -0.35 10.0 4.42 2.67 2.69 2.01 2.01 1.61
15.6 4. 14 2. 34 1.59 1.51 1. 71 1.96
21.1 3.97 2.45 2.30 2.14 2.24 2.17
26.7 3.94 2.74 -- 3.22 3.47 2.69 3.05
32.2 3.77 3.30 -- 3.24 -- 2. 87 3.94 3, 89
37.8 4.51 4.18 3.99 2.84 3.84 -- --

-2.50 10.0 4.42 3.14 2.90 2.51 2.14 2.11
15.6 4.14 2.75 2.54 2.45 2.22 2.16
21. 1 3.97 2.66 2. 38 2.50 2.29 2.59
26. 7 3.94 2. 72 -- 2. 73 3. 06 3. 22 3. 16
32.2 3.77 2.87 -- 3.07 -- 3.27 3.51 3.44
37.8 4.51 3. 18 3.42 3.42 3.47 3.35

Roots -0.35 10.0 1.46 1.45 1. 44 1. 22 1.22 1. 18

15, 6 1.33 1.52 1. 17 1.06 1.03 1.09
21. 1 1. 19 1.43 1.51 1.63 1.51 1.21
26. 7 1.33 1.54 1.99 1. 81 1.63 1. 52

32.2 1. 37 1.53 -- 1.56 1.28 1.96 1.96
37. 8 0. 76 1.25 0. 76 0. 59 0, 50 -- - --

-2. 50 10. 0 1.46 1.40 1. 37 1. 08 1. 13 1. 13

15.6 1.33 1.44 1.21 1. 15 0.97 1.01
21.1 1. 19 1.20 1.25 1.48 1.27 1.45
26.7 1.33 1.40 1. 60 1. 38 1.42 1. 77

32. 2 1.37 0.98 1.32 1.44 1. 76 1. 80

37.8 0.76 0.87 1.10 1.33 1.04 1.00 -- --



213

Table A-1. Continued.

Plant Soil Water Soil Day

Element Part Potential Temp. 0 2 3 4 5 6 8 10

bars C Vo

Ca Shoots -0. 35 10. 0 0. 46 0. 36 0. 32 0.33 0.33 0.31
15. 6 0. 46 0. 31 0. 22 0.21 0.22 0. 27
21.1 1.44 1.00 0.46 0.50 0.53 0.55
26.7 0.44 0.30 0.35 0.35
32.2 0.42 0.35 0.35 0.32
37. 8

-2.50 10.0 0.46 0.38 0.39 0.39 0.34 0.34
15. 6 0.46 0, 34 0. 32 0.32 0.31 0. 30
21.1 1.44 0. 54 0.51 0, 50 0.52 O. 52

26.7 0.44 0.31 0.30 0.30 -- --
32. 2 0.42 0.31 0.32 0. 32
37. 8

Roots -0. 35 10.0 0.42 0. 36 0. 34 0.27 0.25 0.27
15.6 0.27 0.28 0. 32 0. 25 0. 33 0. 36
21.1 0.45 0. 37 0. 39 0.44 0.41 0.42
26.7 0.30 0.25 0.24 0. 26 -- --
32.2 O. 31 0.28 0.33 0.30
37. 8

-2.50 10.0 0.42 0.36 0.34 0, 33 0, 31 0.27
15.6 0. 27 0, 29 0. 25 0.32 --
21. 1 0.45 0.43 0, 38 0.41 0.49 0.42
26. 7 0.30 O. 25 0.25 0.27 - --
32.2 O. 31 O. 32 0, 30 0.28
37.8 -- -- -- --

Mg Shoots -0. 35 10. 0 0. 49 0.36 0.35 0.34 0.33 0.31
15.6 0.46 0.32 0, 29 0. 29 0.29 0, 33
21. 1 0.45 0. 32 0. 36 0.32 0.35 0.33
26.7 0.45 0.35 0.38 0.36 0.39 0.38
32.2 0.43 0.38 -- 0.32 -- 0.30 0.34 0.33
37.8 0.48 0.40 0.33 0.36 0.36

-2.50 10.0 0.49 0.38 0. 40 0. 39 0.37 0.34
15.6 0.46 0.38 0,37 0,35 0.38 0.37
21.1 0.45 0.36 0.37 0, 37 0.37 0.35
26.7 0.45 0.37 -- 0.37 0, 38 O. 43 0.43
32.2 0.43 0.39 -- 0.36 -- 0.34 0.37 0.35
37.8 0.48 0.42 0,37 0.40 0.39 0,33
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Table A-1. Continued.

Plant Soil Water Soil Day

Element Part Potential Temp. 0 2 3 4 5 6 8 1

bars

Mg Roots -0. 35 10. 0 0. 51 0. 43 0. 39 0. 31 0.34 0. 32

15.6 0.44 0.45 0.35 0.29 0.33 0.32
21.1 0.38 0.45 0.33 0, 33 0.25 0.25
26.7 0.43 0.38 0.30 0.30 0.25 0.21
32.2 0.48 0.42 -- 0.31 -- 0.27 0.23 0.22
37.8 0.47 0.42 0.34 0.34 0.29 -- -- --

-2. 50 10.0 0.51 0.40 -- 0. 39 -- 0. 32 0.31 0. 30

15.6 0.44 0.43 0.33 0.32 O. 33 0.35
21. 1 0.38 0.41 O. 31 0.29 0.27 0.24
26. 7 0.43 0. 36 0. 32 0, 26 0. 23 0. 22

32.2 0.48 0. 36 -- 0, 31 - 0. 25 0.23 O. 20

37. 8 0.47 0.38 0.37 0.34 0.29 0.24

Shoots -0.35 10. 0 0. 48 0.42 0, 39 0. 32 0. 36 0. 26

15.6 0.50 0. 33 0. 22 0. 20 0. 19 0.23
21. 1 0.48 0. 32 -- 0.36 0. 36 0. 32

26. 7 0. 53 0. 32 0.46 0.47 0.37 0.45
32. 2 0. 38 0. 42 -- 0. 49 -- 0. 50 0.49 0. 47

37.8 0.33 0.42 0.42 0.42 O. 56 -- --

-2.50 10. 0 0.48 0. 50 - 0.47 0.37 0.35 0.34
15.6 0.50 0. 29 -- 0. 34 0. 32 0.30 0.29
21.1 0.48 0.37 0.36 0.35 0, 38 O. 36

26.7 0.53 0, 28 0. 36 0.49 0.44 0.47
32.2 0.38 0.33 -- 0.38 0.51 0.47 0.41
37.8 0.33 0.35 0.39 0.39 0.51 0.49 -- --

Roots -0.35 10.0 0.54 0.49 0.51 0.40 0.40 0.37
15.6 0.53 0.53 0.37 0.36 0.36 0.28
21.1 0.44 0.44 0.39 0. 39 0.36 0. 30

26.7 0.44 0.44 0.43 0. 39 0. 39 0. 37

32.2 0.40 0. 44 0, 40 0.36 0. 39 0. 39

37. 8 0.35 0.42 0.37 0, 43 0.20

-2. 50 10, 0 0.54 0. 48 - 0.46 O. 37 O. 32 O. 34

15.6 0.53 0.47 0.35 0.38 0.36 0.31
21.1 0.44 0.39 0.34 0.31 0.30 0.34
26.7 0.44 0.39 0.45 0.41 0.37 0.44
32.2 0.40 0.37 -- 0.37 -- 0.37 0.40 0.40
37.8 0.35 0.35 0.39 0.41 0.47 0.31
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Table A-1. Continued.

Plant Soil Water Soil Day

Element Part Potential Temp. 0 2 3 4 5 6 8 10

bars C ppm

Mn Shoots -0.35 10.0 136 73 71 79 82 73

15.6 133 75 66 - 69 69 93

21.1 140 93 92 99 98 110

26.7 157 119 118 113 119 121

32.2 126 105 - 104 92 109 106

37. 8 - -

-2.50 10.0 136 85 92 - 84 80 91

15.6 133 91 92 - 96 88 89

21.1 140 110 111 105 113 117

26.7 157 127 124 - 118 131 156

32.2 126 104 116 - 101 118 121

37. 8 - -

Roots -0.35 10. 0 212 140 129 - 87 88 95

15.6 165 139 102 - 123 - -
21. 1 163 150 116 - 139 130 158

26.7 190 144 109 121 131 119

32.2 169 114 107 109 91 74

37.8 - - -

-2. 50 10.0 212 134 139 95 95 106

15.6 165 170 - 126 128 - -

21. 1 163 145 119 - 130 150 136

26.7 190 118 130 - 118 118 117

32.2 169 102 119 103 106 94

37.8 - - - - - -

Zn Shoots -0.35 10.0 155 99 80 71 65 58

15.6 169 104 - 88 - 80 62 69

21.1 145 82 70 - 66 74 79

26.7 214 159 - 141 - 132 117 107

32.2 264 195 - 246 207 176 133

37.8 - - - -

-2.50 10.0 155 102 - 95 - 102 78 65

15.6 169 137 - 134 108 96 94

21. 1 145 92 - 95 - 97 87 83

26.7 214 176 - 148 123 115 135

32.2 264 215 246 183 200 144

37. 8 -
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Table A-1. Continued.

Plant Soil Water Soil Day

Element Part Potential Temp. 0 2 3 4 5 6 8 10

bars ppm

Zn Roots -0.35 10.0 172 138 128 - 87 80 84

15.6 230 205 - 170 - 127 109 145

21.1 180 258 146 - 118 105 109

26.7 400 380 - 222 172 163 145

32.2 462 368 - 427 429 260 190

37.8 - - -

-2.50 10.0 172 127 95 - 124 81 81

15.6 230 288 246 - 207 128 111

21.1 180 222 - 164 147 131 102

26.7 400 411 254 - 178 129 148

32.2 462 489 462 - 286 285 230

37.8 - - -
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Table A-2. Measured concentration of ions as a function of time at different
air temperatures and a constant soil temperature of 26. 7 C and a
soil water potential of -0. 35 bars.

Element
Plant
Part

Air
Temp.

Day
0 2 4 6 8 10

C °A

N Shoots 18.3 4.42 3.42 3.67 3. 71 3. 85 3. 66

22.8 4.14 3.44 4.09 3.95 3.61 3.04
26.7 4.32 3.40 4.10 4.36 3.70 3.61
32.2 4.31 3.45 3.57 3.4S 3.45 3.13

Roots 18. 3 2. 32 2.58 2. 57 2.42 2. 79

22. 8 2. 11 2.44 2.47 2. 31 2.27 18.3

26.7 2.23 2.55 2.31 2. 10 1.94
32.2 2.24 2.37 2.27 1.90 1.92

P Shoots 18.3 0.33 0.28 0. 36 0. 35 0.36 0. 33

22. 8 0.31 0.30 0.37 0.36 0. 33 0. 30

26.7 0.41 0.23 0.37 0.41 0.28 0.35
32.2 0.31 0.24 0.30 0.35 0.30 0.30

Roots 18.3 0.17 0.25 0.28 0. 30 0.23 0.23
22. 8 0.20 0.26 0.30 0. 27 O. 22 0. 19

26.7 0.20 0.24 0.25 0.24 0.20 0. 19

32.2 0.20 0.24 0.25 0. 24 0. 19 0. 19

K Shoots 18.3 3.62 2.28 2. 72 2. 87 3.20 3. 30

22. 8 3.96 2. 81 3. 15 3.20 3.44 3.31
26.7 3.98 2. 80 3. 15 3.34 2.69 3.05
32.2 3.71 3.06 3.38 3.32 3.69 3.69

Roots 18.3 1. 10 1.42 2.09 2.61 2.38 2. 57

22. 8 1.32 1.65 2. 20 2.40 2. 23 2.23
26. 7 1.39 1.49 1. 82 2. 20 1.63 1. 52

32.2 1.28 1.39 1.85 -- 1.60 1.69

Ca Shoots 18.3 0.68 0.48 0.50 0.49 0.54 0.53
22.8 0.64 0.50 0.52 0.50 0.51 0.53
26. 7 0.67 0.50 0. 58 0. 58 0. 55 0. 56

32.2 0.67 0.52 0.53 0.52 0.52 0.49

Roots 18.3 0.50 0.48 0.47 0.46 0.39 0.35
22.8 0.48 0.48 0.40 0.36 0, 35 0.33

26.7 0.50 0.40 0.39 0.40 0.43 0.38
32. 2 0.48 0. 54 0.49 0.42 0. 43 0. 40
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Table A-2. Continued.

Plant Air Day

Element Part Temp. 0 2 4 6 8 10

C %

Mg Shoots 18. 3 0.55 0. 36 0. 36 0. 33 0. 35 0. 34
22. 8 0.49 0. 39 0. 37 0. 35 0.36 0. 36

26.7 0.50 0.40 0.40 0.38 0, 39 0.38
32.2 0.52 0.42 0.41 0.38 0.38 0.37

Roots 18.3 0.43 0.45 0.39 0. 35 0. 26 0. 26

22.8 0.50 0.49 0.36 0.30 0.26 0.23
26.7 0.43 0.37 0.30 0.26 0.25 0.21
32.2 0.47 0.43 0. 34 0. 32 0.26 0. 23

S Shoots 18. 3 0.35 0. 27 0. 34 0. 35 0.41 0.40
22.8 0.32 0.30 0.35 0.39 0.40 0.40
26.7 0.60 0.31 0.41 0.42 0.37 0.45
32.2 0. 32 0. 27 0.31 0. 31 0.40 0.33

Roots 18.3 0.34 0.37 0.40 0.44 0.37 0.41
22.8 0.35 0.34 0.60 0.41 0.37 0.39
26.7 0.47 0.42 0.39 0.41 0.39 0.37
32.2 0.37 0.35 0.39 0.58 0.39 0.40

PPrn

Mn Shoots 18.3 97 66 69 69 81 82

22.8 103 78 77 75 79 91

26.7 157 119 118 113 119 121

32.2 91 73 74 71 79 87

Roots 18.3 161 117 124 103 79 88

22.8 170 148 102 84 79 86

26.7 190 144 109 121 131 119

32.2 161 126 110 92 96 109

Zn Shoots 18.3 178 101 110 104 107 92

22.8 160 124 125 118 109 99

26.7 214 159 141 132 117 107

32.2 202 133 135 112 116 112

Roots 18.3 292 221 204 172 139 130

22.8 315 275 229 184 152 132

26.7 400 380 222 172 163 145

32.2 409 336 273 220 190 190
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Table A-3. Measured concentration of ions as a function of time at different
nitrogen levels in nutrient solution, at a constant soil temperature
of 26. 7 C and an air temperature of 26. 7 C and a soil water
potential of -0.35 bars.

Plant Nitrogen Day

Element Part Level 0 2 4 6 8 10

ppm

N Shoots 0 4.22 2.62 1.78 1. 37 1. 14 0.95
10 4.00 3. 16 2.22 1.51 1.35 1.07
25 3.87 2. 78 2.20 1.67 1. 38 1.22

100 4.32 3.40 4.10 4.36 3.70 3.61

Roots 0 2.24 1.97 1.44 1.40 1.07 0. 88

10 -- 1, 91 1.58 1.24 0.94 0. 85

25 2. 16 -- 1.82 1, 52 1.22 0.98
100 -- 2.23 2.55 2.31 2.10 1.94

P Shoots 0 0.28 0.22 0.22 0.21 0.24 0.25
10 0.26 0.25 0.24 0.22 0.29 0.30
25 0.23 0.23 0.20 0.22 0.24 0.26

100 0.41 0.23 0.37 0.41 0.28 0.35

Roots 0 0.22 0.25 0.20 0. 17 0. 17 0. 16

10 0, 20 0.23 0.21 0.20 O. 19 0. 18

25 0.19 0.25 0.22 0.20 0.18 0.18
100 0.20 0. 24 0.25 0. 24 0.20 0.19

K Shoots 0 3.44 2.60 2. 83 2.49 2.55 2. 50
10 3.49 3.02 3.17 2.85 2.95 2.82
25 3. 12 2.45 2.46 2.58 2.59 2.75

100 3.98 2.80 3.15 3.34 2.69 3.05

Roots 0 1.62 1.69 1.96 1.91 1.93 1. 80
10 1.23 1.68 2.00 2. 02 2.02 1.92
25 1.44 1.64 2.05 2.37 2.34 2. 37

100 1.39 1.49 1. 82 2. 20 1.63 1. 52

Ca Shoots 0 0.67 0.51 0.48 0.43 0.40 0.41
10 0.65 0.53 0.51 0.46 0.49 0.44
25 0, 58 0.47 0.42 0, 42 0.47 O. 50

100 0.67 0.50 0.58 0. 58 0. 55 0.56

Roots 0 0.53 0.53 0.41 0.39 0.29 0.30
10 0.52 0.46 0.37 0.31 0.31 0.32
25 0.46 0.50 0.41 0.39 0.37 0.35

100 0.50 0.40 0.39 0.40 0.43 0.38
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Table A-3. Continued.

Plant Nitrogen Day

Element Part Level 0 2 4 6 8 10

ppLn

Mg Shoots 0 0. 51 0. 38 0.31 0.27 0.23 0. 22

10 0.50 0.41 0.37 0.31 0.27 0.25
25 0.45 0.37 0.33 0.31 0.29 0.30

100 0.50 0.40 0.40 0. 38 0.39 0. 38

Roots 0 0.60 0.46 0.31 0.27 0.26 0.25
10 0.54 0.43 0.32 0.27 0.25 0.26
25 0.49 0.44 0.34 0.30 0.27 0.26

100 0.43 0.37 0. 30 0. 26 0.25 0. 21

S Shoots 0 0.31 0.23 0. 18 0.16 0.13 0. 13

10 0.30 0.27 0.26 0.20 0. 18 0. 15

25 0.32 0.27 0.23 0.20 0.20 0.18
100 0.60 0.31 0.41 0.42 0.37 0.45

Roots 0 0.46 0.40 0.39 0. 37 0.40 0.40
10 0.36 0.36 0.41 0.42 0.44 0.45
25 0.39 0.39 0.38 0.44 0.45 0.47

100 0.47 0.42 0.39 0.41 0.39 0.37

ppm

Mn Shoots 0 112 82 82 79 82 84

10 126 104 107 100 103 105

25 136 99 93 99 102 107

100 157 119 118 113 119 121

Roots 0 252 184 134 112 124 118

10 238 175 134 123 128 146

25 227 176 137 140 136 124

100 190 144 109 121 131 119

Zn Shoots 0 220 155 113 90 77 56

10 144 103 105 72 62 49

25 166 122 113 93 79 80

100 214 159 141 132 117 107

Roots 0 532 415 330 316 330 291

10 308 242 282 249 245 235

25 400 324 318 276 245 269

100 400 380 222 172 163 145
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Table A-4. Values of the parameters a, b and correlation coefficient r obtained by fitting

the equation Y = a + be
-0. o7t3/2 to ions concentration of shoots and roots at

different soil water potentials and soil temperatures.

Soil Water Soil Shoots Roots

Element Potential Temp. a b r a

bars

N -0. 35 10. 0 1. 53 2. 28 0.92 1. 83 0. 05 0. 14

15.6 1. 56 1.93 0.76 1.37 0. 84 0. 89

21.1 2.20 1.23 0.70 1.97 -0.16 0.24
26. 7 3. 67 0.24 0.28 2. 12 -0. 19 -0. 29

32.2 3.46 0. 76 0. 85 2. 09 -0.47 -0. 50
37. 8 3.07 1. 09 -0. 72 1.32 1. 40 0.90

-2.50 10. 0 2. 01 1.98 0.93 2. 08 -0. 15 -0.43
15.6 2. 14 1.54 0.78 1. 81 0.38 0.67
21. 1 2.58 0.82 0.54 2.21 -0.35 -O. 53

26. 7 3.79 -0. 16 -0, 14 2.37 -0. 56 -0. 88

32.2 3.54 0. 32 0.29 2. 11 -0. 62 -0. 78

37.8 3.02 1.26 0.59 1. 15 0.51 0.72

-0.35 10.0 O. 12 O. 17 0.80 O. 18 0.02 0.36
15.6 0.11 0.15 0.68 0.16 0.06 0.54
21.1 0, 17 O. 09 0.64 0. 18 O. 04 0.38
26.7 0.34 -0. 01 -0.01 0.21 O. 03 0.34
32.2 0.48 -0. 4 -0.68 O. 25 -0. 06 -0.78
37. 8 0. 53 -0.24 -0. 87 0. 14 0. 02 0. 18

-2. 50 10. 0 0.23 0.34 0.01 0. 18 0.02 0.36
15.6 0.17 0.11 0.71 0.16 0.05 0.55
21.1 0.25 0.01 0.04 0.21 -0, 02 -0.36
26.7 0.48 -0.20 -0.72 0. 23 -0.03 -0.80
32, 2 0.45 -0. 15 -0.49 0. 22 -0. 04 -0.53
37.8 0.66 -0. 38 -0.91 0.24 -0. 09 -0. 75

-0.35 10. 0 1.26 2. 57 0.90 1. 15 0. 35 0.93
15.6 1. 13 2. 12 0. 75 0.97 0. 45 0. 83

21. 1 1.75 1.55 0.77 1.48 0. 13 -0.26
26. 7 2. 85 0.65 0.49 1.75 -0.22 -0.33
32.2 3.56 -0.34 -0.24 1.81 -0. 58 -0.57
37. 8 2.42 2. 05 0.69 0.77 0.80 -0.58

-2.50 10.0 1.69 2.31 0.94 1.04 0.43 0.92
15.6 1. 79 1. 80 0. 86 0.94 O. 47 0.92
21. 1 2.08 1.28 0. 72 1.44 -0. 27 -0. 75

26.7 2.96 0.35 0.27 1.63 -0.28 -0.59
32.2 3.44 -0. 20 -0. 17 1. 72 -0.68 -0.68
37. 8 2.75 1.24 0.62 1.33 -0.48 -0.58
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Table A-4. Continued.

Soil Water Soil Shoots Roots

Element Potential Temp. a b r a r

bars

Ca -0. 35 10.0 0. 29 O. 13 0.82 0.23 O. 18 0.96
15.6 0. 18 0.21 0.76 0. 34 -0. 07 -0.62
21.1 0.57 -0.19 -1.00 0.42 -0.004 -0.05
26. 7 0. 30 0.09 0.44 0. 22 0, 06 0.68
32.2 0.26 O. 14 0.90 0.31 -0, 01 -O. 17

37.8 -- --

-2.50 10.0 0.33 0.11 0. 86 0.27 0.14 0.95
15.6 0.27 0. 14 0. 82 0.32 -0. 05 -0. 46

21. 1 0. 52 -0. 03 -0. 61 0. 43 -0.91 -0. 07

26.7 0.21 0. 19 0. 78 0.24 0. 04 0.45
32.2 0. 26 0.13 0.68 0.27 0.05 0.86
37.8

Mg -0.35 10.0 0.28 0.15 0.84 0.28 0.21 0.94
15.6 0.27 0. 12 0.66 0.28 0. 17 0.88
21.1 0.31 0.09 0.61 0.23 0, 19 0.87
26.7 0.36 0.04 0.41 0.20 0.23 0.98
32.2 0.29 0.11 0.78 0.16 0.31 0.98
37.8 0.23 0.22 0, 81 0. 14 0.33 0.97

-2.50 10.0
15.6
21. 1
26.7
32.2
37. 8

0.33
0.35
0.34
0.41
0.33
0.28

0. 12
0.08
0.07
0.01
0.08
0. 19

0.81
0. 70
0.70
0.08
0.79
0.88

0.26
0, 30
0.23
0. 19
O. 16

0. 14

0.22
O. 13

0. 18
0.23
0. 28
0.33

0.95
0. 83
0.94
0.30
O. 97

O. 98

S -0.35 10.0 0.27 0.20 0.93 0.36 0. 19 0.93
15.6 0.13 0.29 0.85 0.27 0.27 0.94
21.1 0.32 0.10 0.61 0.32 0.14 0.92
26. 7 0.42 0.03 0. 16 0.37 0.08 0.95
32.2 0. 52 -0. 11 -0. 82 0.38 0. 04 0.56
37. 8 0.66 -0.34 0. 88 0.22 0. 19 0.44

-2.50 10.0
15.6
21. 1
26.7
32.2
37. 8

0. 32
0.26
0.34
0.45
0.48
0.59

0. 19
0. 16
0.09

-0.05
-0. 12
-0.28

0.93
0.69
0.67

-0. 19
-0. 65
-0.92

0. 29
0.29
0.29
0.41
0.39
0.41

0.24
0.22
0. 13
0.02

- 0. 01
- 0. 05

0.97
0.92
0.88
0.20

-0.23
-0.22
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Table A-4. Continued.

Woil Water Soil Shoots Roots

Element Potential Temp. a b r a b r

bars C PPm PPm

Mn -0.35 10.0 63.29 43.85 0.62 61.78 124.20 0.91
15.6 64.83 37.89 0.52 81.13 74.40 0.79
21.1 94.01 22. 17 0.43 135. 32 14.40 0. 28

26.7 109.07 30.24 0.66 104.30 61.46 0.74
32.2 98.24 17.16 0.55 69.03 81.58 0.89
37.8 -- -- -- -- -- --

-2.50 10.0 74.27 39.97 0.68 74.25 109.57 0.87
15.6 80.32 34.96 0.71 97.03 73.10 0.88
21.1 106.25 19. 10 0. 54 130. 89 18. 83 0.43
26.7 133.00 4.91 0.10 101.75 58.96 0.72
32.2 113.62 1.40 0.05 86.00 57.80 0.74
37.8 -- -- -- -- -- -

Zn -0.35 10.0 40.54 93.00 0.91 62.53 102.48 0.97
15.6 44.55 99.50 0.90 101.93 122.29 0.92
21. 1 56.05 58.69 0.70 84. 04 134.48 0. 80

26.7 92.35 103.17 0.94 87.68 312.19 0.96
32.2 149. 15 106.50 0. 79 236.37 234.41 0. 76

37.8 -- -- -- -- -- --

-2.50 10.0 60.05 77. 30 0. 88 69.46 85. 98 0. 86

15.6 81. 89 80. 55 0.97 117, 85 164. 23 0. 84

21.1 73.76 49.68 0.82 105.27 102.67 0.87
26.7 102.12 97.41 0.92 120.64 344.27 0.97
32.2 155. 86 103.47 0. 84 218. 09 295. 71 0.91
37.8 -- -- --



Table A-5. Comparison of the estimated and calculated equilibrium concentration of several ions in the dry matter of shoots and roots of
sudangrass seedlings at six soil temperatures and soil water potentials of -0. 35 and -2. 50 bars. The air temperature was 26. 7 C.

Plant Soil Water Soil Element
Part Potential Temp. N P K Ca Mg S Mn Zn

bars
calc. est. calc. est. calc. est. calc. est. calc. est. calc. est. calc.

ppm
est calc. est.

Shoots -0. 35 10. 0 1. 70 1.53 0. 15 0. 12 1.40 1. 26 0. 32 0. 29 0. 29 0. 28 0. 28 0. 27 70 63 48 41

15. 6 2. 00 1. 56 0. 13 0. 11 1.40 I. 13 O. 20 0. 18 0.28 0.27 0. 17 0. 13 65 65 55 46

21. 1 2.40 2.20 0. 19 0. 17 2. 00 1. 75 0. 52 0.57 0. 32 0. 31 0. 32 0. 32 92 94 60 56

26.7 3.90 3.67 0.33 0.34 2.87 2.85 0.32 0.30 0.36 0.36 0.42 0.42 110 109 100 92

32. 2 3.60 3.46 0.44 0.48 3.60 3.56 0. 30 0. 26 0. 29 0. 29 0. 49 0. 52 98 98 155 149

37. 8 3.50 3.07 0. 52 0. 53 2.70 2.42 0.30 0.23 0. 60 0. 67

-2.50 10. 0 2.00 2.01 0.22 0.23 1. 7S 1.69 0. 34 0. 33 0. 32 0. 33 0.33 0. 32 78 74 65 60

15.6 2. 50 2. 14 0, 20 0. 17 1.90 1.79 0. 29 0. 27 0.35 0. 35 0. 27 0. 26 87 80 90 82

21.1 2. 80 2.58 0. 25 0.25 2.30 2.08 0.51 0. 52 0. 35 0.34 0. 34 0. 34 105 106 80 74

26.7 3. 80 3.79 0. 47 0. 48 2.90 2.96 0.27 0.21 0.40 0.41 0.46 0.45 130 133 110 102

32.2 3.70 3.54 0.43 0.45 3.37 3.44 0. 30 0. 26 0.34 0.33 0.47 0.48 110 114 170 156

37.8 3.40 3.02 0.61 0.66 3. 00 2.75 0.29 0.28 0.49 0.48

Roots -0.35 10.0 1. 80 1.83 0. 18 0. 18 1.14 1. 15 0. 24 0.23 0.30 0.28 0. 36 0.36 80 62 78 63

15.6 1.40 1.37 0.17 0.16 1.00 0.97 0.33 0.34 0.29 0.28 0.28 0.27 90 81 105 102

21.1 1.97 1.97 0.18 0.18 1.50 1.48 0.42 0.42 0.24 0.23 0.33 0.32 133 135 100 84

26.7 2.10 2.12 0.22 0.21 1.72 1.75 0.24 0.22 0.20 0.20 0.38 0.38 120 104 120 88

32.2 2.09 2.09 0.25 0.25 1.76 1.81 0.30 0.31 0.20 0.16 0.38 0.38 70 69 225 236

37. 8 1.35 1,32 0. 15 0. 14 O. 70 0.77 ---- 0. 17 0. 14 0. 20 0. 22

-2. 50 10. 0 2.00 2.08 0. 18 0. 18 1. 10 1.04 0. 27 0. 27 0.28 0. 26 0. 30 0. 29 80 74 75 69

15.6 1.90 1.81 0. 17 0. 16 0.97 0.94 O. 30 O. 32 0.32 0.30 0.31 0.29 110 97 120 118

21.1 2.20 2.21 0.20 0.21 1.40 1. 44 0.43 0.43 0.22 0.23 0.30 0.29 138 131 106 105

26.7 2.20 2.37 0. 23 0.23 1.60 1.63 0. 25 O. 24 0.20 O. 19 0.42 0.41 115 102 12S 121

32.2 2.00 2. 11 0.21 0, 22 1. 70 1. 72 0. 26 0, 27 0. 18 0. 16 0. 38 0. 39 90 86 220 218

37. 8 1.20 1.15 0.22 0.24 1.30 1.33 ---- ---- 0.18 0.14 0.40 0,41 EN)

N.)
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Table A-6. Values of the parameters a, b, and correlation coefficient r obtained by fitting

the equation Y = a + be
-o. o7t3/2 to ions concentration of shoots and roots grown

at different air temperatures, a soil temperature of 26. 7 C and a soil water
potential of -0.35 bars.

Element
Air Shoots

Temp. a r a
Roots

b r

N

P

K

Ca

Mg

S

Mn

Zn

C

18.3 3.60 0.35 0.39 2.71 -0.41 -0.66
22.8 3.37 0.69 0.55 2.11 0.25 0.38
26. 7 3, 77 0.28 0.24 2. 02 0.49 O. 61

32.2 3. 10 0.90 0.80 1.91 0.57 0. 75

18.3 0. 36 -0. 04 -0.49 0. 27 -0. 05 -0. 39

22.8 0.34 -0.01 -0.17 0. 23 0.02 0. 16

26.7 0.34 0.01 0.04 0.21 0.02 0.29

32.2 0.32 -0.03 -0.35 0.20 0.03 0.33

18.3 3.08 -0.16 -0.12 2.90 -1.71 -0.95
22.8 3.20 0.21 0.20 2.55 -1.06 -0.88
26.7 2.80 0.73 0.55 1.83 -0.31 -0.37
32.2 3.60 -0.24 -0.32 1. 78 -0.40 -0.67

18.3 0.49 0.10 0.46 0.37 0.1S 0.90
22.8 0.49 0.09 0.58 0.31 0.18 0,98
26.7 0.54 0.06 0.37 0.38 0.08 0.61

32.2 0.51 0.08 0.62 0.42 0.12 0.69

18. 3 0. 29 0. 18 0.74 0.24 0. 22 0, 94

22. 8 0. 32 0. 12 0. 82 0. 19 0. 33 0. 99

26.7 0.36 0. 10 0.79 0. 19 0.23 0.99

32.2 0, 34 0, 14 0, 89 0.21 0.26 0.99

18.3 0.41 -0. 10 -0.73 0.42 -0. 06 -0.64
22. 8 0.42 -0. 12 -0.94 0.40 -0.05 -0. 74

26.7 0. 38 0.09 0.33 0. 36 0. 09 0. 87

32. 2 0. 36 -0.07 -0. 57 0. 40 -0. 04 -0. 80

PPm PPm

18.3 74.10 6.32 0.19 72.84 76.74 0.92

22.8 77.95 11.53 0.37 58.79 103.29 0.95

26.7 109.07 30.24 0.66 104.30 61.46 0.74
32.2 77.74 2.80 0. 12 84.71 60.54 0.84

18.3 82.61 64. 12 0.72 107.99 166.58 O. 98

22.8 95.03 53. 83 0.91 110, 56 203.67 1.00

26.7 92.35 103, 17 0.94 87.68 312. 19 0.96

32.2 93.04 82.23 0.84 143.25 247.72 0.99
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Table A-7. Values of the parameters a, b, and correlation coefficient r obtained by
-0. 070/2

fitting the equation Y = a + be to ions concentration of shoots and
roots at different nitrogen levels in nutrient solution, a soil temperature of
26. 7 C, and a soil water potential of -0. 35 bars.

Nutrient Shoots

Element Solution N a r a
Roots

b r

N

P

K

Ca

Mg

S

Mn

Zn

PPm

O 0.32 3.32 0.95 0.76 1.46 0, 99

10 0. 57 3.24 0, 99 0.67 1, 54 0.99
25 0. 76 2. 79 0.98 0.96 1.29 0.97

100 3,77 0.28 0.24 2.02 0.49 0.62

O 0. 23 0.02 0.28 0. 15 0.09 0. 89

10 0.28 -0, 04 -0, 44 0. 18 0. 03 0, 69

25 0.24 -0.02 -0.44 0. 18 0.04 0.54
100 0.34 -0. 01 O. 17 0.21 0.02 0.29

O 2. 32 0. 81 0. 77 1.96 -0.27 -0. 69

10 2.75 0.59 0. 84 2. 19 -0. 73 -0. 82

25 2. 54 0.24 O. 33 2.61 -1. 12 -0.97
100 2. 80 0, 73 0.55 1.83 -0.31 -0.37

O 0. 35 0.26 0.92 O. 26 0.29 0.97
10 0.42 0.19 0.89 0.26 0.24 0,95
25 0.44 0.08 0.44 0.34 0.15 0.92

100 0.54 0.06 0.37 0.38 O. 08 0.61

O O. 17 0.30 0.97 0. 16 0.38 0.94
10 0.22 0.27 0.99 0, 18 0.32 0.95
25 0.26 0, 16 0.93 0.21 0.27 0.99

100 0.36 0. 10 0.79 0. 19 0.23 0.99

O 0.09 0.19 0.96 0.38 0.05 0.63
10 0. 14 0. 16 O. 98 0.46 O. 11 -0.98
25 O. 16 0, 15 0.97 0.47 -0. 10 -0. 88

100 0.38 0. 09 0.33 0.36 0. 09 0. 87

PPm PPm

O 72.48 26.50 0.73 82. 79 139.53 0.90
10 98.01 18.59 0.70 105. 80 100.99 0.81
25 94.73 22.08 0. 50 106. 05 99. 18 0.90

100 109.07 30.24 0.66 104.30 61.46 0.74

O 33.50 166.56 0.97 250. 72 231.76 0.90
10 40.26 95, 82 0, 96 230. 76 57.63 0.71
25 63.00 89, 82 0.96 230.58 146.49 0.93

100 92.35 103. 17 0.94 87.68 312. 19 0.96


