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ABSTRACT |
i

: : |
The relationships have been examined between the

1

water potential in the rooting medium, and plant water

potential, plant water balénce,ileaf growth and assimil-

S Tt b

ation in plant of Zea mavs;and @olium.perenne growing in
a sandy soil and in solutions of Polyethylene glycol
1,000. |

Plant water potentials weré measured by the Weather—
ley osmometer and an examination of the reliability and
accuracy of the apparatus was m%de by comparing two
distinct methods of using it, viz, either by the measur-
ement of the rate of evaporation from a drop of water
or by determining the solution :which is in vapour equile-
ibrium with the leaf. j

Comparisons with the Schardakow and Slatyer vapour
equilibration methods of measuring plant water potential
were also made, The osmometer Qas shown to be the mest
accurate method but subject to érror, caused by leaf
resistance, when the measuremenf of evaporation from a
drop of water was the method emﬁloyed.

The moisture characteristic and capillary conduct-
ivity of the soil used in the experiments were determined,

Transpiration rate and plant water potentials fell
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with decreasing water potentiai in the rooting medium
and the influence of soil and plant resistances'in
controlling the plant water potential is discussed,
Transpiration in both speciés was reduced similarly
by decreasing leaf water potential and the rqle of the
stomata inrcontrol by transpiration is considered.
Leaf extension growth, leaf area and net assimilation
rates were depressed by decreasing plant water potent-
jal and all aspects of growth of Zea were more sensitive
to stress than Lolium., Leaf extension was shown to Ee
related to turgor and net assimilation rates to plant
osmotic botential. Net assimilation was shown to be
less affected by stress than transpiratibn and also
to continue when leaf extension had ceased.

Possible explanations of the differences in
behaviour of plants grown in soils and solutions are
considered and also the modification of plant respdnse

to stress by changes in the plant osmotic potential,
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INTRODUCTION

Water snters into tho economy of the plant both
as a reactant and a solvent in biochemical processes,
and as a controlling factor in the gross structural
organization of the plant body in the turgor of the
cells and tissues, (Stocker, 1960; Kramer, 1959). The
structure of proteins and therefore of enzyme and
membrang: systems is dependent upon the formation of
hydrogen bonds and other forces within the protein
molecule and between it and the water which constitutes
the environment (Klotz, 1958; Vennesland, 1960). The
study of the chemical and physical nature of water,
especially in relation to the complex of phases exist-—
ing within the cell, (Bernal, 1965) does not appear to
be, as yet,Aadvanced.sufficiently to offer any explanat-
ion of the many phenomena involved in cellular activitye.

I+t is generally concluded that water content 1is not,
in itself, an importent factor in cell reactions, but
that the chemical potential of water is of the utmost
importance. (Stocker, 1960; Walter, 1963). Taylor and
Slatyer (1961) state: "The partial specific Gibbs free.
crersy im’thz system is, by definition, the 'water pot-

entiai! or chemical potential of the chemical species



water in a system of many chemical species's However
‘waber potential‘, in Tay lor and Slatyer's notation,
pefers to the sum of the osmotic and turgor pbtentials
in the cell (see Chapter 1). Some confusion is likely
to arise if a clear d.suvinction is nct made between

the chemical potenitial of water and the water potential,
(Spanner, 196L), [t is not agreed in the literature
that the cells activities are necessarily directly re-
lated to the Gibbs free energy. Walter (1963, 1955)
and Walter and Wiebe (1963%) have argued from a model
that the "hydrature", which is the relative humidity

in percent of the biocolloids in the cell is the
fundamental gquantity to which growth is related.
Stocker (1950) considers. that hydrature is "a function
of the relative vapour pressure and so practically
identizal with the chemicai potential of water', The
determination of the hydrature (Walter, 1963) depends
however on the measurement of the osmotic value. The
osmotic value (or osmotic potential in Taylor and
Slatyers terminology) seems to be a more useful quantity
than hydrature in attempting to relate growth to cell-
ular water status because it is directly related to the
specific free energy and aiso it does not lead to con-

fusion with hydration of proteins for example.



The osmotic potentisl of the cell is»the potential
which is responsiblg_for dvawing water into the cell,
according to the classical theory which Bennet-Clark
(1959) has discussed. Differences in the osmotic
potentials of célls of organs of a plant and between
species have been shown, but the difficulties associated
with sap extraction and measuring the osmotic character-—
istics must introduce uncertainty into much of the
data. The matric component of the potential, éaused
by the presence of a solid‘phase within the cell, is
negligyble for mature, vacuolated cells, (Wiebe, 1966),
In the turgid cell the osmotic potential is balanced
by a hydrostatic potential, turgor, which arises as a
result of the relatively inextensible nature of the
cell walls and the bressures of neighbouring cells in
a tissue. At maximum waterp content, the turgor potential
of the cell is at a maximum and the water Dotential,i.e,
the Sum of the turgor and osmotic potentials, is zero,
With reduction in the cell water content the turgor
potential decreases and with it the water potential,
until at zero turgor the water and osmotic potentials
are equal, Water moves into the cell along gradients of
water potential and s cell below full water content will

tend to take wp water and restore its turgor.
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In considering the relation of growth to osmotic,
turger and water potenti:c Ls in the cell or tissue it
is necessary to make a distinction between different
aspects of the growth process and between the potentials
affecting them, Slatyer (1957) showed that expansion
and elongation of organs and dry weight increase ceased
at about merc turgor, although dry weight gain was more
sensitive to tnoreased waker siress ir privct compared to
cotton or tomato, Leaf extension is reduced by decreas-—
ing soil water potential, (Wadleigh and Gauch, 1948) and
leaf area may be reduced by lealf’ senescence when plants
are subjected to stress (Gates; 1955),

In studies on whole plants it cannot be assumed
that the potentials measured in one position are the
gsame as thoge in another part of the plant. Leaves of
one plant do wot wilt at the same time (Wilson, 1948)
nor do di:Terent parts of the same leaf haye the same
poténtial, (Campbell,Zollinger and Taylor, 1966). Fruits
do not respond in the sane way as leaves to stress,
(Anderson and Kerr, 1943) which suggest that water pot-
ential is not wniform throughout the plant. The sensitiv-

ity of certain aspects of growth to lower cell water,

turgor and osmotic potentials depends upon the time at
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which the plants are subjected to stress. Grain devel~
opment in cereals is seriously reduced by water stress
at the time_of the anthesis but less so by stress at
other times, although the cffects of stress at ome siage
of development may be refiected at a subsequent stage,
€.8e the reduction in grain yield due to s uppression of
tillering at an earlier stage of growth, (Aspinall,
Nicholls and May, 196L).

Carbon dioxide assimilation has been shown to
respond to lowered water potentials in the plant because
of effects on the cell metabolism and also because of
restricted carbon dioxide supply resulting from stom-
atal closure, Slavik (1965) working with thallephytes
where stomatal effects cannot complicate the situation,
showed that decreased cell water content and osmotic
potential of the cell sap reducgd the rate of photosyn-
thesis., Schneider and Childers (1941), Loustalot (19U45)
and Ashton (1956) clearly demonstrated that photosynthosls
was reduced by stress, Translocation of photosynthatén
was reduced with decreasing plant water potential (Wiebe
and Wihrheim, 1962) but it is interesting that even at
iwilting translocation was reduced only by two-thirds

and did not fall to zero. Wilson and McKell (1961)



demonstrated that phosphorus applied to the leaves

was not as readily absorted or translocated when the
plants were suffering from moisture stress. Nommal
absorption of nutrients from the soil, for example
prhosphate, is reduced as the soil water is depleted
and soil water movement is probably responsible for thc
greater part of the movement of phosphate to the root,
(Shapiro, Armiger and Fried, 1960).

Respiration in the cell is affected by increasing
stress, although the pattern of respiratory response
is less clear than that of photosynthesis (Brix, 1962),
Reduction in chlorophyll formation was demonstrated
by Virgin (1965) as a result of increasing stress
feducing the production of protochlorophyll, Probably
stress also leads to a destruction of existing chloro~

phyll and chloroplast structures as a result of protein
changes with stress, Obviously any reduction int he
activity of the photosynthetic mechanism, either the
photochemical or enzymic reactions associated with
carbon dioxide assimilation, will reduce the productivity
of the plant. Not only is the net assimilation rate
reduced, that is the balance between production and
consumption of assimilates, but the type of materials

produced and the proportions are affected, Starches



decrease and hexose sugars increase in response to

periods of stress in cotton plants,(Eaton and Ergle,
1948), Under stress conditiéns tobacco plants show

a decrease .1in. nicotine content,(van Bavel 1953),
whereas in guayule, rubbers and resime increased with
stress, (Wadleigh, Gauch and Magistad, 1946, quoted

by Kramer, 1959).v In addition lignins increased with
reduction in the plant water potential but Plamwt and
Ordin (1964 ) showed that incorporation of glucose into
the cell wall was reduced by stress,

The changes in metabolism whichbresult from a
reduction in the potentiael of water in the plant are
intimately related to the changes in the cellular
metabolism of proteins., Reduction in the total pro-
tein content and changes in the constituent amino
acids forming the amino acid pool were reported by
Petrie and Wood (1938 a and b)e Enzyme systems are
modified by stress. Todd and Yoo (196L4) showed that
saccharase, phosphatase and peroxidase activity was
reduced by water stress, but that the individuall enzymes
were not affected to the same extent., Saccharase was
more reduced than phosphatase aectivity, dehydrogeBase

did not decrease with irjiial reduction in the plant



water content, but rose above the control level and
then fell rapidly with further increases in stresse

It seems unlikely that enzyme activity is related to
hydrostatic (turgor) potential, per se, but osmotic
votential has a more direct effect on enzymes; as
Tyler (1954) showed, succinic oxidase activity decrea=—
sed with decreasing esmotic ﬁotential.

The changes in enzyme activity are paralleled by
modifications in the metabolic systems of the cell,

The phosphorylated.intermediary compounds, for example
uridine and guanosile triphasphates, increased with
water stress but adeniswetriphosphate decreased in
the study made on Zea seedlings by West (1962).

All the changes have heen regarded as due to alter-
ation of the balance between anabolic and catebolic
reactions in the cell towards a senescent condition,
(G&tes, 1957) but this doss not explain how water stress
acts in determining the balance of cellular functions.

Probably water stress acts directly on the existing
cellular structure, by, for example, changes in the
hydration shells of the molecules concerned and by alter-
ing the spatial distribution of the membranes and organ-

elles within the cell, (Schnepf, 1961). Reduction in the



cell water content and potential may initiate changes
in the cell by affecting he nucleic acids which control
protein synthesis. West (1962) showed clearly that
with decreasing osmotic potenticl of the growing medium
ribomuclelc acid accumuleted in Zea seedlings and the
base composition of the nucleic ncid was altered.
Kessler (1961) and Kessler and Frenk-Tishel (1962)
concluded, however, that hydrolysis of RNA increased with
stress in leaves as a result of enhanced RNhase activity
although synthesis of RWNA. with altered base composition
took place, The changes in plants suffering water
stress, particularly the increased rate of leaf sen-
escence and respiration suggest that nucleic acids are
involved in the response of growth to stress as they
are in normal leaf senescence (Krul and Leopold, 1965)°
The effects of water stress on the growth of
plants seems quite clearly defined; a reduction in the
expansion of the cells and organs and a change from
synthetic to degradative activity in the eell. The
question, however, remains to be answered as to what
are the exact relationships between the processes of
growth and the cell water characteristics, i.e. turgor

or the weater and osmotic potentials. The question is not
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easily answered, because for the majority of studies
the plant water character_stics have been defined only
in terms of water content of the plant or its water
potential, which allows for no analysis of growth in
relation to turgor etc, In earlier work the stress
applied to the plant was often only indicated by soil
water content or potential, which is an inadequate
indication of the level of stress in the cell, It was
suggested earlier that ledal extension may be more qlosely
related to cell turgor than to the water potential, which
is responsible for water uptake, similarly the osmotic
potential of the cell may influence the assimilation of
carbon dioxide as the date of Boyer (I1965), show., It
is only where a full analysis of the course of events
taking place in the plant is made that differences
betwecn species and aspects of growth may be understood.
Turning from the considerations of growth to water
movement through, and loss from, the plant (which will
be considered in more deteil in the introductions to
later chapters) it may be stated that reduction in plant
water pdtential results from water uptake lagging behind
transpiration, In the case of s oils both the water pot-

ential and conductivity of the soil water fall with
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decreasing water content., In addition the roots and
leaver of the plant offer rugistance ©o the flow of

water, (Kramer, 1959; Rawlins, 1963). Increase in any

of these resistances or decrease in the water potential of

the rooting medium leads 1o & reduction in the gradient

[©]

of potential between the 1 eaf and soil and to a slower

W]

rate of water suppnly to the leal, )
Trenspiration is governed by environmeni@l , atmmspher—
ic$ factors which may have no relation to the events tak-
ing place in the soil and horce transpiration may exceed
uptake, leading to reduction in pleint water potential
and turgqro The stomatal aperture is reduced by falling
plant turgor, (St8lfelt, 196L) which tends to restrict
transpiration. Therefore although it is of interest to
compare soil or rooting medium potentials to transpirat-
ion and growth and to the potentials in the plant, the
relationships will at best be indirect ones. It is prob-
ably of more value to study the response of transpiration
and growth to the plant cnara tepristics., However the

difficulties of meessuring the cellular water status

ije]

necessitates that as o first approximation the water
potential of the medium is used 2s an indicator of the

water stress imposed cn the plant.
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Much of the agricultural and ecological literature
on plant water relations !as concentrated on the prob-
lems associated with water loss from plants or commun-
ities and with attempts to relate growth or water loss
directly to characteristics of the soil, (Furr and Reeve,
1945). Veihmeyer and Hendrickson, (1950) argued that
water was equally available to the plant between the
maximum soil water content and the point at which the
plants suffered permanent wilting, but much evidence to
the contrary has accumulated and Cowan (1965) has, for
exemple, performed Ithcoreticzl celculations based on a
model of water movement through the soil-plant-atmosphere
continuum which suggests that the distribution of the
roots and rooting density, volume of soil exploited etc.,
affect the availability of water and that Veihmeyer's
ideas are but one aspect of a range of possible interr—
olations between the soil and plant. Much of the evidence
about plant growth under natural or seminatural condit-
ions is based on correlations between soil water potentiall.
and the fresh or dry weight of all or part of plants,
(Taylor, 1952; Hagon, Peterson, Upchurch'and Jones, 1957)
and attempts have been made to predict yields of crops
on the basis of the transpiration or potential transpir-

ation, (Arkley, 1963)., However it would seem more valuable
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to. employ the type of approach used by Slatyer (1957),
where many characteristice were compared at the same
time, including the soil and plant water potentials and
growth,

More detailed and controlled experiments may be
performed in osmotica, although smch experiments are
not directly comparable to those performed in soils.
Absorption of osmoticum from the medium is likely to
affect the relation of growth to applied stress because
of changes. in the cell charasteristics, (Bernstein, 3961),
Studies on plant response to solutions of decreasing
potential have been performed by Slatyer (1961), Wadleigh
and Ayres (19L5) used a2 combination of decreasing osmotic
and matric st®ess in studies on growtls

The aims of the present investigation may now be
stated in relation to the discussion which has been
given. Firstly it wcs intended to make a s¥udy of the
major factors affecting the water potential of the plant
in order to related the changes in potential to conditions
in the environment. An apparatus for measuring plant
water potential, the Weatherly Osmometer, was employed
and results obtained with it were critically examined.s

The soil water characteristics were examined in order to



- DG -

relate the soil water potentials and conductivity to
water upteke by the plant. Changes in the leaf water
potentials and transpiration rates were studfed in
soil and polyethylene glycol solutions.

Secondly the rclation of aspects of growth to
plant and soil water potentials were studied. Leaf
elongation was chosen és the simplest and most direct
indicator of plant response, Thirdly plants were grown
in solutions of'polyethylene glycols and in addition to
leaf elongation, dry weight incresse and net assimilat-
ion were studied in relation to medium and plant water
potentials., In each case two monocotyledons were used,
zZea mays (corn or maize), because it is widely employed
in physiological studies and had been used for similar

experimental work by Mongelard (1965) and Lolium perenne,

perennial rye grass. The cell characteristics of both
species were examined and attempts made to relate transe—
piration and growth to the furgor and osmotic potentials

of the leaveses



Chapter 1. An Examinstion of Methods to Detgrrine the Stsius .

of Water in Flents-

A. Principles

The state of water in the plant may be expressed in
terms of the thermodynamics of water. Moore (1959, page
141) states that "a complete thermodynamic description of a
solution, except for its amount, can be expressed in terms
of the temperature, the pressure and the chemical potentials
of the various components." In the water relations of the
soil, plant atmosphere system, it is the energetics of the
constltuent parts of the catena which 1s important and the
1deal is, therefore, to relate the processes in the system
to the chemical potential as well as the amounts of watels

Taylor and Slatyer (1961) have discussed the thermo-
dynamic basis of water potentialmeasurement and proposed a
terminology for soil and plant studies which relates the
energy state of water to the partial Gibbs free energy.
The development of the Gibbs free energy function is dealt
with by Moore,

The potential of water in a system is the difrlerence
between the chemical potential of water in that system and
water in a standard reference state which is teken as ﬁure

free water at standsrd temperature. end pressure. The water
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potential, pw, is defined by

uw = Rw ¥ 1n aw (1)
where Rw is the gas constant per gramme of water, Tis the
Kelvin temperature, and aw is the activity of water in the

system. For practical purposes

aw = P (2)
Do
where P is the relative—leowering—ofcthe vapour pressure

po
and affords a method of determining the activity. These

are equilibrium equations relating the terms governing the
water potential.

The water potential is reduced by eny forcesacting on
the system and the water potential will then be negative.
The reduction in water potential may be caused by the
presence of solutes, the total reduction due to the solute
component is called the osmotic potential,T¥. It may also
occur owing to the presence of the soil or plant matrix.
This component of the water potential is called the matric
potential, symbolized by“rl The actual extent of the
reduction willdepend on the physical and chemical properties
of the matrix and the amount of water present in it. The
exact relationship may be complicated by changes in the

matrix, for example hysteresis, swelling, etc.



For the system as a whole the total reduction of water
potential, which msy be symbolized by, is the sum .of the
water potentials of the components mentioned, that is

=T +T+P - (3)
where P is the pressure component. In this way the water
potential‘@, can be written to include any force acting on
the system,

In soils *J has been called the total soil moisture
stress; in unsstur~ted . soils P is zero andsT“ is the
ma jor component, whilst Tl may be of importance in saline
soils. In vacuolated plant cells, Y is frequently called
suction pressure, "Saugkraft' , diffﬁsion pressure deficit or
suction potential and is the sum of ¥ and P, the latter
being identified with the wall or turgor pressures.
Discussion of these points is given by Crafts, Currier and
Stocking (1949), Slatyer and Taylor (1960), Taylor and
Slatyer (19641), and Weatherley (1965). |

The fundamental unit of free energy is the erg g : ,
a unit of work. One erg g;..:—1 eguals 1 dyne cm"2
multiplied by the specific volume of water which is taken
as approximately equal to 1 for dilutévsolutions and 10
dynes en™? equals one bar or 0.987 atmospheres at S.TP.

It is possible to use energy terms but pressure units have
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common currency and have been adopted in the present work
with the atmosphere (abbreviated to "atm".) as the unit.
Because the water potentiasl of the reference state is taken
as zero the water potential of the system will either be

zero or negative.

B. Methods and Materials

Water potentials have been measured in plant tissue
using a variety of methods, many of which relate the plant
water potential to free water by comparison with solutions
of known osmotic potential. The methods employed include
immersion of the tissue in water and solutions, the solution
of equal potential with that of the tissue being found
either by measuring the change in tissue weight or
dimensions, or by measurement of solution density, refr:ctive
index etc. Ashby and Wolf (4947), Schardekow . (1956).
Immersion of the samples in osmotica may lesd to errors in
the measured water potential due to solute absorption by
the tissue or contamination of the osmoticum by exudation
of cell sap.

The errors due to immersion may be eliminsted if a
vapour phase separates the tissue from the solution, the
vapour phase acting as a "semipermeable membrane'. Tissues

may be equilibrated over solutions of known potential and
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the potential of the solution in which no tissue weight
change takes place is the water potential of the tissue.
(Slatyer 1958). Alternatively the vapour pressure in the
gas phase in eguilibrium with the experimental material may
be determined and cempared to that of solutions of known
potential. Measuring small changes in vapour pressure is
difficult because, for example, the reduction in relative
humidity in eqguilibrium with a -10.0 atm. sodium chloride
solution is 0. 7%,

Measurement of the vapour pressure may be made directly
(Barger 1904 ) or indirectly, for example, by measuring the
electromotive force from a thermocouple placed in a chamber
containing the sample. The thermocouple output is produced
by evaporation of a drop which is formed on the Junction
after cooling by the passage of an electric current through
the thermocouple (Sﬁanner 1951, Monteith and Owen 1958),
Alternatively the junction is a permanent "wet: bulb" and
the thermocouple output is determined by the rate of evap-
oration (Richerds and Ogat®.1958). The thermocouple output,
in both methods, is calibrated against solutions of known
potential.

Weatherley (1960) described a method which permitted
the rate of evaporation from a drop of standard solution to

be measured, when the drop was contained in a chamber with



the sample under study. The rate of evaporation from the
drep fo solutions of known potential placed in the chamber
formed a celibration curve which enabled the potential of
unknown material to be estimated by measurement of the drop
evaporation rate. The apparatus was cslled a "micro-
osmometer" and used for the study of biological fluids snd
solutions. Macklon and Weatherley (1965) have measured

the water potentisl of plent tissues and soils with the
epparatus. in a modified form, which they termed a "potent-
iometer”,

The osmometer, as it will be called, seemed to be a
useful instrument, fulfilling the requirements for a vapour
exchange method which was simple in construction and did not
require very elaborate temperature control. The performance
of the osmometer was, therefore, examined before its
edoption . in the work which will be described.

The osmometer method was compared with the Schardakow
and Slatyer vapour equilibrium methods, as the last two
methods have often been employed in the determination of
plant water potentials and their relative merits could be
clarified. By using the Ocﬁometer with solutions of known
potential forming the drop, a test of the accuracy of the

methods could be made.



In addition the relationship between water potential
and leaf water deficit was examined because, from the leaf
water deficit,which is a relatively simple quantity to
determine,the water potential could be estimated, (Slatyer

1961).

I. Meggurement of plant water votential

a) The Weatherley osmometer

The original design (Weatherley 1960) was
modified by Macklon and ‘Jeatherley (1965) and also by Mon-
gelard (1965) who constructed the chamber of glass and used
a different form of plunger; this modified form of the appa-
ratus will be described. Problems of contruction and mafe-
rials have been discussed by the authors guoted.

l. Apparatus, Figure 1. shows the form of the apparatus and

gives the dimensions. The capillary tube has a bore of
0,125 mm, diameter and is drawn into a jet with a terminal
constriction. It is sealcd by heating, into a B7 "Quickfit"
ground glass cone with the nozZk projecting O.5cm. below
the opening of the cone, The chamber is constructed from a
B7 socket sealed at the base. All glass parts are of boro-
silicate glass. The undrawn end of the capillary fits into
a length of rubber pressure tubing (4mm. wall thickness and
3mm, internal diamter) secaled with a glass stopper. The

rubber is mounted in a "perspex" holder with an external
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screw thread which fits a mounting bar above the bath and
positions the osmometers. The persnex holder is fitted with
a screw plunger, movement of which alters the pressure in
the rubber and capillary.

The constant température bath is a 2x2x1l foot aguarium
tanl with “expanded polystyrene’ insulation except at the
front of the bath and anillumination port in a side panel,
The bath is fitted with a toluene and mercury contact ther-
mostat which controls a 250 watt electric heater via a
iSunvic’ relay. The water is circulated by paddle wheel
stirrer and maintained at 2500 for all experiments. The
degree of control is better than O.OBOC and no temperature
fluctuations could be observed using a travelling microscope
and a mercury in glass thermonmeter graduated in 0.1°c.

Six osmometers are mounted at the front of the tank by
screwing the mounting rack to the side of‘the‘tank. The
osmometers are illuminated from the side by a 100 watt lamp.
The tank is kept darkened except during periods of measurement,

The capillaries are observed through a travelling
microscope fitted with a x15 ocular =nd 1 inch objective,
mounted on a glass topped platform with a guide rail to posi=-.
tion the carriage during its lateral movement.

2) Method, All glass parts are frequently cleaned

with chloroform, chromicacid cleaning mixture and distilled
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water and after drying coated with "Repelcoat’ silicone
water repellent. Special attention must be given to the
nozzle and outer surface of the capillary tube. to reduce
creeping of the liquid over the outside surface of the nozzle,
Drying the chambers and capillaries is achieved by blowing
air through the apparatus; oven or air drying should be
avoided and z2ll glass parts kept moist, as adsorption errors
are important with dry glass surfécesi Lambert and van
Schilfgaarde (1965).

The capillary is filled by dipping the nozzle into the
solution or distilled water and increasing the pressure in
the capillary by manipulation of the plunger. After expul-
sion of air bubbles'the plunger is reversed and the fluid
drawn into the capillary to the mark, giving a liquid thread
9cm, long. The nozzle is dried by touching it on a hard
filter paper,

Arrangements of samples in the chamber depends on the
nature of the material. For solutions, a filter paper lining
(Whatman 52) is placed around the chamber walls and a quantity
of solution placed in the chamber to saturate it. Excess is
shaken out., For leaf tissue, pieces of cut leaf are placed
around the wall with the abaxial surface facing the drop.
This arrangement has been guestioned by some authors,

(Macklon and Wea therley,1965; Boyer and Knipling, 1965).
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Although the calibration using solutions on paper has becn
applied to tissue, the res’istance of the cuticle, epidermic
and stomata could affect the resulting water potential esti-
mates by introducing an extra resistance to the diffusion of

4

water vapour from the drop to the leaf. Macklon and Wecather-
ley have used annuli, discs of tissue with a central hole
punched through the discs, into which the nozzle projects.
The cut surface acts as a free solution surface, without
resistance to vapour diffusion; however this may lead to
errors dvue to cell solute contamination. Bhlig (1962) and
Barrs (196u) working with thermocourle psychrometers,

lined the chamber walls with leaf pieces. Because of the
form of the osmometer chambers it was impossible to use discs
and pieces of tissue were employed., The method of arrange~
ment and the problem of leaf resistance are discussed in
section D.II,

It was considered necessary to use the Weatherley osmo-
meter to measure the water potentials of leaves of T,o_iun
perenne., L. Most studies of leaf water potentials have been
made on large leaves and the methods have not been applied
to linear or small ones. In order to use the osmometer with
Lollum, attempts were made to arrangszs lengths of leaves around
the chamber walls, the elasticity of the motcrial serving to

keep it against the wall or by using '"Vaseline™ to stick
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the pieces to the wall, but these methods were unsuccessful,
It was found, however, that if the tissue was cut into
short lengths, O.licm., and arranged in the chamber to form
a small central well into which the drop projected, repro-
ducible readings were obtaoined when the osmometers were
used in the way described. A sample of 30 Dleces of leaf
Os3cm. wide, has & surface area about the same as that of
the calibration paper. For use of the osmometers for soil
water potential determinations see chapter 2,

The chamber is placed in the bath, suspended from the
mount, and left for a period of 20 minutes to attain tempe~
rature equilibrium. The meniscus in the capillary is obser-
ved through the microscope with an eyepicce scale of 200
divisions = 2,5mm. and the meniscus setting checked by
increasing the pressure, expelling the liquid from the capil-
lary and drawing it back immedi.vely. The méniscus sihould
return to the original rerding, the nozzle construction for-
ming a reference point, but in fact setting errors were
usually t 1 eyepiece divigion and *thcse ern never‘élimihatéd;
flow of liguid over the nozzle may be the cause.

The evaporation rates are measured by extruding the
liguid from the nozzle until it forms a drop; about lcm, of
licguid is retained in the capillary. The drops are allowed

to remain in the chamber for a standard time, usually 10
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minutes, and then withdrawn into the capillary. The volume
of 1igiid lost or gained is measured by the change in posi-
tion of the meniscus in the calibrated eyepiece. The rate
of evaporation of the drop is then measﬁred in consecutive
10 minute intervals-.

3) Calibration., With distilled water constituting the drop,

the rate of evaporation from the drop to salt solutions of
known potential was measured. The solutions were placed on
filter paper lining the walls of the chamber. The curves
for rates of evaporation with time are given in figure 2
where the rate of evaporation is shown as the number of divi-
sions of the eyepiece scale lost in 10 minutes. RByepiece
divisions have been abbreviated to EPD.

The rates of evaporation were irregular for periods
of about 60 to 80 minutes after closing the chamber; pro-
bably the steady state was not attained earlier due to tem-
perature fluctuation in thc chambers, Calibration was
performed with distilled water as the drop and filter papers
saturated with molal =sodium chloride colutions, from 0,0
to 0.5 molal at O.,1 molal intervals, i.e. from 0,0 to 18,0L
atmospheres. For calibration at lower potentials a five
minute period of evaporation was more convenient, A cali-
bration curve of the steady state rates of evaporation from

a water drop at the osmotic potential of the sodium
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chloride solutions employed, is given in figure 3. The
osmometers were calibrated individually twice for each solu-
tion and the calibration curve based on these. A single‘
calibration curve wasconstructed for all the osmometers and

the error of using it at the highest potential was about +

0.2 atms. and + 0.5 atm, at the lowest potential, - 18 atm,
Only those osmometers with closely comparable rates were
used in the studies to be described.

The calibration curve is more or less linear over the
range of calibration, although the relationship between
water potential and vapour pressure is theoretically lo%%&meiq
It should be noted that the rate of evaporation over Watér
is not zero but about 2 EPD in ten minutes with a maximum
of 5 EPD. This may result from the setting errors mentioned
previously or from sinks for water vapour in the chambers,
possibly the walls or "Vaseline',

- b) The Modified Schardakcw Method,

Schardakow (1956) introduced a method of measuring plant
water potentials oy equilibriting samples of btissué in sucrose
solutions of kncwn potential and determining the change in
density of the test solution by comparison with the original,
Drops of test solution werc coloured with a dye and placed in
the original solution. If the drop sank in it)the test

solution density had incressed or it it rose then the density
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had decreased, Dispersion of the drop indicated no change
in the density of the test solution and the osmotic potential
of this was taken as the water potential of the tissue, The
method is discussed by Kramer and Brix (1965).
An alternative nethod of measuring the change in density of
the solution has been suggested by Professor B.G. Grieve in
a discussion at Imperial College and many of the details owe
their origin to him. His help is gratefully acknowledged.
The method is based on the “dilatometer' principle
of Linderstrdm-Lang (1937) for use in the study of enzyme
reactions and it is discussed by Glick (1949). The density
of materials, including sucrose, is determined in a gradient
of increasing density, composed of hydrocarbon liquids.
1) _Apparatus. - The gradient is produced in a glass column,b
Plate 1, by adding bromobenzene (specific gravity 1.49 to
1.50) to the lower buldb and half of the column. Kerosene
(s.g. 0.83 to 0,87) is then carefully added to £ill the
rest of the spparatus. Using a wire mesh disc on a long
handle, the interface bétween the liquids is stirred using
vertical, long strokes which decrease in amplitude as the
column is mixed., A uniform and stabilized gradient of
increasing density is achieved after 12 hours. The column
isenclosed within 3cm. of the top,in a water filled museum

jar to reduce temperature fluctuations, Growth of fungi,
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which may obscure the column, is eliminated by incorporating
2 mls of Boron trifluoride ("Biobor") in to the gradient
before mixing, and by removal of all sucrose drops.
Cleaning the column is done most easily by introducing a
fine glassrod into it; the drops of sucrose adhere and may
be lifted to the surface and absorbed on filter paper.

2). Calibration of the gradient. 1.0 microlitre drops of

sucrose solutions, of known osmotic potentials, are applied
te the gradient using "Shandon" disposable pipettes. The
drops are discharged below the gradient surface and aetached
by withdrawing the pipette. After 10 minutes the drop
becomes static and its position in the gradient is measured
with a cathetometer. A calibrstion curve relating density
to position in the gradient is constructed before esch set
of determinations, as removing the drops alters the gradient.

3). Method. Triplicete samples of lesf tissue were taken

and placed in a range of sucrose solutions likely to cover
the water potential of the tissue. & sample consisted of

10 pieces of leaf 2mm x 1 cm long and this was placed in

0.2 mls of solution in a 1/4 x 1 inch corked tube. Samples
of the test solution were taken and compared to the criginal
on the gradient, Interpolation between solutions showing
incressed or decressed density gave the point of equal

potential between the tissue and solution.
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L. Experimental Investigstions. Experiment I. The time to
achieve equilibrium was determined on Zea leaves at low and
high leaf water deficit, 2 and 14% respectively. The change
in density was measured st intervals during the period of
immersion. Exveriment II. The errors of measurement were
investigated by taking triplicated samples of leaves at
different leaf water deficits and determining the water
potentials at equilibrium.

The results of experiment I are shown in figure L. A4 rise
in the water potential took place at the 14% leaf water
deficit in the first 3 hours of equilibration and remained
constant after that time. No marked change was observed at
the 2% leaf water deficit. In distilled water, exudation
of solutes from the cut tissue was observed as an apparent
increase in the density of water.

The results of experiment II are summarized in table 4.

Table. 1. Estimated water potentials of Zes mays leaves at

different leaf water deficits. (negative atmospheres.)

Leaf water deficit % 1.2 2.7 3.2 L.5 5.4 12.2 18.0
mean water potential 1.4 0.83 1.9 1.8 3.6 L.7 6.0
3 replicates

SE of mean * 0.1 0.2 0.2 0.2 0.3 0.3 0.9
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The rise in the measured weter potentisl over the first
few hours shown in experiment I, has been discussed by Kramer
and Erix (loc. cit.) and Rehder (1961) who thought it was
due to the epidermal water potential being lower than the
water potential of the tissue. Another possible explanation
is that the tissue loses water more rapidly to solutions of
low potential than it does to solutions close to its own
potential. The resulting density change is observed in the
low potential solutions before the higher, and the wsier
potential, estimated by interpolation of the solution density
changes, rises with time of equilibraticn. “The exudation of
sap from the cut surfaces of the tissue into the solutions
may lead to errors in estimating the water potential and
corrections for this have been‘proposed by Gaff and Cerr
(1964) .

The error of determinations in experiment II is about
10% of the mean; no correction for sap exudation has been
applied.

The method sdopted to measure water potentials was to
equilibrate samples of tissue, as described, and measure the
density changes in sucrose solutions of increasing molality
after 3 hours equilibration. This method was also applied

to Iolium perenne leaf samples; 20 pieces of leaf 0.3 cm.

long constituted a sample and the equilibration period weas
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again determined as 3 hours.

c). The Slatyer Vapour Equilibrium Method. The water

potential of samples of leaf tissue is determined by equil-
ibrating samples of leaf tissue over sodium chloride
solutions of known potential in small chambers. The change
in weight of the samples is found and the osmotic potential
of the solution in which no change in weight occurs, is
taken as the water potential of the tissue. Slatyer(1958)
modified the method of Archichovski and it has been used to
relate leaf water potential to leaf water deficit by
Weatherley and Slatyer(1957).

1). Apparatus. The equilibrium chambers, figure 5, were
constructed from "Kilner" jars, 6§ cm. high x 9 cm. diameter
with a screw 1id and rubber seal. The.polyurethane foam
and sand were saturated with sodium chloride solutions. The
water bath was a 3 x 2 x 2 feet "polystyrene" insulated metal
tank with a central water £illed metal chamber in which the
temperature was kept at 25+ 0.5°C. The equilibrium chambers
were placed in the inner bath.

2). Method and Use. Leaf samples of about 50 - 100 mg. were

weighed on a tcrsion balance and placed on the stainless
steel gauze above the salt solution. Five replicated lesf

samples were used and equilibrated in the chambers for 24
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hours and the weight of the samples determined.

3). Experiments. In experiment III the water potentiasls of

leaves of Zea mays were determined at two lesf water deficits,
2 end 16%. The change in weight is plotted agsinst the
increasing osmotic potential, rig.G. In some cases the
Samples over water were found to have condensaticn on the
surface and these were rejected. The estimated leaf water
potentials weree1,1 atmospheres at 2% leaf water deficit
and~l .5 atmospheres at 16%.

Although the method has rainly been used to determine
tissue water potentials below about-10 atm. the results
suggest that it is pessible to use it at higher potentials.
Because of the similarity »f the Slatyer method to the

Osmometer a cemparison of the methods appeared to be useful.

IT. Leaf Water Deficit.

Leaf water content has received considerable attention,
for example, Stocker (1929, Weatherle§.(195o, 1951),
Eatsk§(1963)o It is usuval to express the water content on
the basis of the turgid water content either ss relative

turgidity (or relative water content), RT,

RI% = [FW_- Dw\ x 100 (1t)
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or as leaf water deficit

TWhY6 = (TW - FW) x 100 (5)

oo o rm——

TW - D)
TV is the weight of the tissue sample at maximum water
content after a period of %ime in contact with free water,
FW 1s the fresh weight of the sample, what is at sampling,
and DW is the dry welght of the sample. Lea® water content
will be expressed as leaf water deficit.
1)« Mgthod. L pieces of Zea mays leaf, 1 cm. x 1 cm. were
taken as a sample, with a saturated welght of about 50
milligrams. The fresh weight of une samples was found by
‘rapid weighing on a torsion balance and the samples were
then allowed to come to full water content, with the bases
of the tissuc pieces in abcut 3 mms. of distilled water in
corked - -tubes. The les” water deficit of Lolium leaves was
determined in the same way on six sampies eacli of L pieces
of leaf, 1.5 cm. long.
2) . Lxperiments. Experinzants had shown that the process
of water uptale by the tissue was divisiple intc two phases,
an initial period of rapid wster uptakce. and & subseguent
period of slow incrcase “n weight. This is discussed by
éatsk§ (1963) and Barrs - Wleatherley (1962) who suggest that
low temperatures reduced the second phese. This was found

to be so; when the tissue was kept at L°C, uptake was
b ; Uup
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completed within 6 hours of sampling. Saturation of the
mesophyll was considered negligible when o~nly the base of
the tissue was placed in water. The samples were dried
between absorbent paper, "Kimwipe", by lightly pressing
the hand over the paper, because drying under 2 constant
weight,'(Ashby and Wolf,1947) did not remove the water from
between the raised veins of the leaves., This error is
potentially more serious for Lolium than Zea.

The replicates agreed to within 2% at low deficits

and about L% at high leaf water d-ficits.

III. Measurement of Osmotic Potential in l.eaves.

Macklon and.Weatherley (1965) used the osmometer to
measure the osmotic potential of Ricinus leaf samples and
the apparatus has been used for this purpose in the present
studies,

Following the method of khlig (1962)'Samples of leaves,
freshly cub,or those on wi.ich the water potentials had been
determined, were frozen rapidly either in the osmometer
chambers or wrapped in aluminium foil. A jet of carbon
dioxide was found to be most suitable for this purpose.

The chambers or foil wrapped samples were placed in a sealed
dry chamber to exclude water vapour. The killed tissue could

be kept at -15°C for a period or immediately thawed in the



alr tight chambers. The tissue was arranged in the
chambers in the same way as for water potential measure-
ments,

The time to achieve a steady state rate of eveaporation
from the drop was about 80 to 100 :.inutes for both Lolium
and Zea tissues which had been frozen and thawed. No merked
decline in the evaporation rate was observed during the
equilibration process and in fact the samples behaved like
a saturated filter paper surface. The standard error of the
means of three replicate samples was about 3% of the mean

for Zea and 11% for Lolium.

IV. Measurement of Stomatal Aperture.

The response of stomata to changing plant water stress
was studied in two ways, by the infiltration method and the
impression method.

a). The infiltration method. This depeands on the penetration

of liquids into the stomatal pore, a process which is
governed by the surface properties of the guard cells, the
surface tension of the solution and its viscosity. (Heath,
1959) . By using a series of liquids or a mixture of liguids
in different proportions, coloured with a strong dye, the
degree of stomatal opening may be assessed visually. ‘he

series used was described by Willis and Jeffries (1965)



and consists of a series of solutions and ayes as shown in

tablesn

Table 2. Infiltration series for stomatal aperture estimation.

Number
in series 1 2

N

L 5 6 7

Volume Petro-

leumether 1 L 2 1 1 0 95%
ethanol
Volume abso-
lute alecohol O 1 1 1 i 1
Dye 100mg/100mls Maxoline Gentian
blue Violet

The stomatal aperture was determined by immersing a
sample of leaves in each solution, agitating for 45 seconds

and washing in water. The degree of penetration was asses—

!

sed visually on the basis of the colouring of the leaf meso
phyll. Complete colouration was called 100% and no pene-
tration O%. When the discrete points of colour below the
individual stemata merged into patches this was regarded as
50% penetration. The infiltration index was the number of
the solution in which 50% penetration occured,lindicating
very low penetration and hence small stomatal apertures and
7 a very large aperture.
b) The imppression method,

This was described by Sampson (1961) and Zelitch (1961).
Silicone rubber solution, mixzed with a catalytic hardener

(ICI silicone and hardener "DY) in proportions such that
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the silicone hardened in about 2 minutes, was painted on

the leaf surface. The rubber forms a negative of the leaf
surface which may be removed and painted with cellulose
acetate in acetone. The resulting transpsrent film, which

is a replica of the leaf surface, was observed by transmitted
light. The stomatal apertures could be measured with a
microscope fitted with cn oil immersion lens used without
immersion oil.

Two leaf impressions were taken, about 3 x 1 cm in
area from similer positions on the leaf, and constituted a
sample. The width of about fifty stomatal pores was meas-
ured from randomly selected microscopic fields on each
semple°

Experiment IV. The impression method was used to

calibrate the nfiltration method for Lolium and Zes leaves.
The stomatal apertures were determined on samples, from
leaves growing under 4diff -rent conditions of light and
transpirstion, by the impression method and the infiltration
index was found on parallel samples. The relationship
between the infiltration index and stomatal aperture is
shown in figure 70'

The apertures were never smuller than about 0.5 to

0.75 L and solutions 1 and 2 penetrated these aperntures.
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Solutions 3, L4 and 5 covered the range of apertures most
commonly encountered, about 1 to 2 . Solutions 6 and 7
penetrated very widely open pores which were rarely encount-
ered.

The impression method is valuable as it does not
destroy the sample material, the impressions are permanent
and provided that the negatives and positives are handled
with care, do not distort the structures replicated. Also
the actual pore size is measurcd, whereas the infiltration
method onlyindicates relative pors size., Infiltratioan
involves destructive sampling but integrates the apertures
of a large number of stomata.

The curve relating infiltration index to stometal
aperture should be regsrded with caution for Lolium as the
stomata in this species are situated on the sides of furrows
on the leaf surface and observaticn by the impression

method is difficult,

V. Materisls

The experiments were performed on Zea mays L. var.
Inra 200 or 321, hybrid dwarf corn, grown in "vermiculite"
with frequent applications of a modified Rothamsteel. culture
solution. (Hewitt 1952), with calcium at 5 ppm and .von

as ethylene diaminstetra-acetic 2cid chelate. All plants
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were kept, before experviments, in the dark and at high
humidity overnight.
‘'he other plant vsed in the investigations was Lolium

Srenine. Lo var, Aberystwyth S23 strain, (pasture type)5

grown in soll and walterred with Rethamsteg. solution. The
plants will froguzantly he 2ef rred to only by the genus but

the species end warichics are those stipulated here.

C. Investigations_ on the Measurement
of Plant Water Potentisl Using the
Weatherley Osmometer.

The apparatus, method of use and calibration have bcen
described in Section B Ia. In this section the process of
equilibration in the osmometer chamber is described and
discussed in‘'the light.of-Macklon and Weathenley!sﬂ(1965)
and, particularly, Mcngelard's ( 1965) conclusions on the
use of the. osmometer and interpretation of the measured
water potenvials. An examination of the sampling and
handling evsrors will be described and also tests of the
measured water potentials by the production of tissues of
known potential.

I. The course ofe vq,‘«r'«&l.:‘f-‘,'@_naj ion in_the chamber.
a). Experiment V. Samplés of Zeda leaf were cut from

adjacent parts of avléaf blade, placed'in’the osmomcter



chambers and allowed to equilibrate in the water bath for

20 minutes. Readings of evaporation rate were then made
during consecutive ten minute periods with the drop extruded
until a constant rate of loss from the drop was attained.

The experiment was repeated at different leaf water deficits.
The rates of loss, in EPD per 10 minutes, are shown in
figure 8 for the period of observation., The water potentials
corresponding to the rates of evaporation were determined
from the calibration curves and are also shown.,

The steady state of evaporation was achieved between
160 and 180 minutes in most cases and this time was found in
repeated determinations on a wide range of Zea leaf materials
of ~wanying age and leaf water deficite. Slight falls in the
rate of evaporation were detected after 12 hours equilibra-
tion, The initial rates of evaporation were always found
to be higher than the rates after 180 minutes,

Tre time taken to attein a steady state of evaporation
from the drop to samples of Iglium leaves in the chambers,
was observedon leal tissues at different water deficits. A
decline in the rate of evaporation was observed with the
steady state achieved after 4 hours, although a slight de-
crease in the evaporation rate was noted after2i hours equi-
libration,

b) Discussion. The rate of evaporation from the drop to the
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leaf falls markedly over the initial 3 hour period but the
rate of evaporation to filﬁer papers saturated with sodium
chloride solutions, although not achieving the sieady state
for 1% hours, shows only a small overall decline in this time.
Similar changes in the rate of evaporation during the time
that tissue was eguilibrated in the osmometer chambers, were

marys, He drew

4.
p=

observed by llongelard in his studles of Zga
attention to the falling rate of evaporation from the drops

in the initial 3 hour period with leaf samples in the chamber,
He suggested that extrapolation of the evaporation rate to

the time at which the tissue was cut, the zero time, would
yield ~an estimate of the water potential of the tissue, by
comparison -of—the—extrapoteted—rase with the calibration curve,
The water potential of the tissue estimated by the steady
state evaporation rate, i.e. after 180 minutes, was always
higher than the potential estimated by extrapolation of the
evaporation rate to zero time. In this work two estimates of
leaf wgter potential will be distinguished; that derived by
extrapolating the evaporation rate curve to zero time and

that from the steady state rate of evaporation. The two

water potentials will be called the "zero time" and "steady
state' estimates respectively andabbreviated to ”yfzero”

and "Yss",

Mongelard regarded_ufzero as the potential responsible



for drawing water through the plant because he found , with
Zea plants grown in soil, that the L%s values of the leaf
were higher than the water poténtial of the soil, an impos-
sible situationbif water was to move from the soil to the
plant, whereas Y zero values were lower. He thought that
the change in the eveporation rate of the drop with leaf
tissue in the chamber was a consequence of a redistribution
of water between the cell vacuole, c¢ytoplasm and wall. As
the cell surfgces would be expected to control conditions
in the chamber the 3 zero values would be the potential of
water in the cell wall or at its surrace, Movement of water
from high potential in the cell to low potential in the wall
Would take place during the period that the tissue was in
the chamber, until the potentials were uniform throughout
the tissue. This process, which was thought to take place
in about 180 minutes, would then lead to a rise in the tissue
water potential with a resulting fall in the evaporation rate,
The value of Wss Mongelard regarded as representing the po-
tential of the cytoplasm and vacuole after equilibration had
taken place.

Mongelard performed experiments on leaf pieces which
had stood with the basal portion in mannitol solutions and
on which the two estimates of water potential were determined

after increasing time of ecuilibration. It was thought that
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the water potentials of the leaves should come into eguili-
brium with those of the solutions. He found that with solu-
tions of low potential, -10 to -18 sitmospheres, the \y zero
values were in close agreement with the potential of the
solution but the ss values were higher and only approached
an equilibrium with the solutions after about 72 hours. The
basal portions of the leaf pieces aporoached the mannitol
solution potentials more rapidly than the middle or tip of
the leaf.

On the basis of the agreement between the WY zero esti-
mates and solution osmomotic potentials, and also because
of the lack of agreement between the steady state estimates
and the solution potential, Mongelard concluded that the

.vgero water potential was that associated with the movement
of water through the leaf. He also concluded that the qrss
estimates were probably not the true potentials responsible
for drawing water through tie plant. Against this, however,
was the fact that if leaves were stood in water or mannitol
solutions of high potential (=lL.8 atm.) the Qerro values
were much lower than the solution potentials and in water
they never rose to equal the Y'ss values and were never com-
pletely eliminated.,

Because of the importance of Mongelard's conclusions

in the study of soil and plant water relations an examination
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was made of his techniques and conclusions. The sampling
"and systematic errors were investigated for'both water poten-
tial estimates at different levels of water stress. Mongelard's
attempts to produce knovwn potentials in leaves by equilibra-
tion with osmotica were repeated and extended. The experi-
ments led to the view that zero was not a useful or meaning-
ful potential and some calculations of events taking place in

the chembers will support this,

II. Sampling Errors.

a). Agreement between replicates. Experiment VI. Replicate

samples were taken from msture Zea leaves and Y zero and'wés
determined. The experiments were performed at three leaf
water deficits.(LWD).

Table 3 .Estimates of water potential at three leaf water

deficits. (negative atm.) mean of 6 replicates.
LWD% Y zero Yss
306 ‘ 805 207
S5l ‘ 12.1 4.0
8.9 8.9 6.1
16.4 11.0 8.0

L

SE of W zero means = 0071
SE ofW*Yss means = * 0.18



- Bl -

The'&fzero values were much more variable than the?#'ss and
they were also always lower than the U ss values. The Uf ss

1 f
values fell regularly with increasing lesf water deficit but

the‘uézero estimates did not.

b) Differences between parts of the leaf.

Another major source of erropr in determination of water
potentials in leaf tissue 1s the choice of sampling site. .
Differences may be observed in wilting between zea leaves,
the older leaves wilt and roll before the younger and the
tips become flaccid and roll inwards before the leaf bases,.
The magnitude of the differences in water potential between
base and tip of the mature leaf was examined.

Experiment VII. Mature Zea leaves, 25 cm. long, were allowed

to wilt on the plant by cutting the base of the plant and
drying the whole plant in the air. Samples from the terminal
and basal 5 cm. were taken and szero andlw.ss determined.
The experiment was performed at three leaf water deficits.

The results are given in t=n12 L,
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Table 4. Estimates of water potential at different water

deficits and positions., (negative atm.)

Plant T II I1I

tip base tip base tip base
LIV»VD% 506 205 6.1 2.8 1’-—‘-05 11.0
I§ zero 12.7 9.7 10.0 12,1 1.3 11,2
l{ SS. 3.6 2.8 L.9 2.7 7.6 6.7
SE of'queroy means of 3 replicstes = * 1,3 atm.
SE of‘1§ ss means of 3 replicates = * 0.2 atm.

LSD between\é ss means = 0,9 atm.

(P = 0.05 t with 12 degrees of freedom)

Theﬁ{ zero values, when subject to an analysis of variance
showed increésingcant change with decreasi‘é;;}ant Waﬁer
potential or with the position within the lest. 3fer j ss
values fell with increasi.ug plant water deficit snd with
position in the leaf (P = 0.001), the leaf tip values of
Hfss being lower than the base of the leaf. The\§ 8s values
at the leaf tip and base show a grester discrepancy. ak

intermediate plant water deficits than at low or high deficit.

‘c). Differences between leaves of a plant,

Experiment VIII. The variability of‘ﬁSss andfgfzero was
examined by wilting whole plants in the manner described

above. Samples were taken from the middle of the youngest
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leaf (leaf 7), a mature leaf (leaf 5), and an old but not
penescent leaf (leaf 3). The experiment was performed on
three plants dried to different degrees. The results are
given in table 5.

Table 5. Water potentials of different ages of leaf at
three plant water deficits. (Negative atmospheres)

Plant I II 111
LD Yzero Y¥ss LuD Yzero Yss  LuD  Yzero Yss
Leaf 7 2.1 10,0 3.3 L.2 11.5 L4.O 22,0 15.6. 8.1
Leaf 5 2,7 12.6 2,2 5.5 12.0 3.4 20,0 13.6 G.3
Leaf 3 3.1 9.6 2.7 4.6 8.5 3.3 18,0 9.9 9.k

LSD between\§ Ss meaﬁs (based on 2 replicates) = 0.83 atm
(P = 0.05, t with 9 degrees of freedom.)

The‘w zero estimates of potential were not significently
different, ss shown by an analysis of variance, between lesves
or between the different plants. The V'ss values fell
significantly with incressing plant water deficit; no
significance may be attached to the differences between
. leaves although the1§ ss values of water potential tend to
be lower in leaf 7, the youngest. The water potential of
leaf’ 7 falls less than that of other leaves, with increasing
leaf water deficit.

The lower1§ ss values of leaf 7, when the leaf water
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deficit is low, may be due to extension growth of the young-
est leaf whilst in the osmometer chamber, Cell extension
would result in a fall in - -. turgor and therefore in water
potentisl with a consequent increase in absorption of water
vapour from the drop. The youngest leaf'qés values seem
to change le:ss with incressing deficit than the older leaves,
which agrees with the observations of the orogress of wilt ing
in the plant., Similarly the base of the leaf is less res-
ponsive to increasing plant water stress than the leaf tip.
In the observations described the Y zero values were
erratic and bore nc relationshivn to leaf water deficit
whereas the quS values fell with increasing leaf water defi-~
cit and were found to change between positions in the leaf
and between leaves.

III. Handling Errors.

Experiment IX was performed to examine the possible
errors arising from loss of water incurred whilst samples
were placed in the chambers, The rate of water loss from
tissue semples 3 x 1 cm was determined; one replicated sample
was weighed in the air witn the epidermis intact, another
was weighed with the tissue cut into 2 mm wide strips Jjoined
at one ms rgin, The divided samples lost 5% of the initial
fresh weight in 2,5 minutes, and 10% in 5 minutes. The

undivid ed lost 5% in L.O ﬁﬁnutcs and 10% in 15 minutes.
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A change of 2 to 3% in the leaf water deficit of Zea
leaves results in a change of about 1 atm. ift the water voten—
tial estimated by'hfss. Obviously the rate of water loss
under laboratory condbions is sufficiently high to introduce
errors of some magnitude in a few minutes,

The effect of handling time on the measurements of
water potential was examined in experiment X. Tissue samples
were dried in the laboratory for 35 seconds (the shortest
time possible), 1, 2, 3 and 5 minutes before they were placed
in the osmometer chambers. The curves of rates of evapora-
tion from the drops with time of equilibration are given in
figure 9,

The ¥ zero values did not change with the increasing
lengths of time that the tissue was dried. Drying for 2
minutes had no effect on the Qfss values but the water poten-
tials fell after drying for 3 and 5 minutes, Handling time
was therefore reduced to a minimum; about 1.5 minutes served
to cut and place the samples in six osmometers,

IV. The Influence of the State of Tissue pivision on water

Fotential.

One possible cause of the long period of equilibration
necessary to achieve a steady state of vapour diffusion from
the drop to the leaf, was thought to be the resistance offered

by the epidermis and stomata of the leaf. This will be dis-
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cussed at greater length in section D. Increasing the area
of the cut surface of the leaf would be expected to reduce
the resistance of the leaf and alter the water potentials
estimated by the osmometer, Therefore the effect of the size
of the cut surface of the sample on water votentials was
examined in experiment XTI,

Six 3 x 12 cm leaf samples were taken, three replicates
were left with the épidermis intact and three were cut into
2 mm wide strips which remained Joined at one of the longést
edgess, The cut surface was increasced by 7.5 compared to the
uncut samples. The experiments were repeated at five dif-

ferent water ceficits and the results are given in table 6.

Table 6 Estimates of water potential for entire and sub-

divided samples (negative atm.)

.

Water )

potential .y zero i/ss ;zero iss ljzero |’ss Yzero y'ss Yfzero {ss
Cut )4-59 2.)-1- 7.8 2.6 9-7 205 101;9 LlroB 908 601
Uncut 5.9 2.2 7.2 2.4 8.4 2.7 10.3 4.5 9.5 6.3
Leaf water

deficit 3,0 L.2 Lok 7.5 9.2

\d

SE ‘;zero means = * 0.8 atm. andéfss means = * 0.3 atm
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An analysis of varisnce showed thst increesing the cut
surface of the tissue seven fold had no effect on either the
u{zero orlgss estimates. The}yss values decreesed regularly
with increasing leaf water deficit but the]ﬂéero values

showed no regular changes with the lesf water deficit.

V. Eguilibration of Leaves with Yster and Osmotica.

An examination was made of Mongelard's suggestion that
the discrepancy between the luzero andeés values of water
potential was due to a difference of potential between the
cell wall and vacuole. By standing tissue in water or
solutions of mannitol and preventing trenspiration, it should
have been possible for the water potenticls of the wall and
cell te come into equilibrium with one another and with the
potential of the osmoticum and therefore to obtain the same
values ofIUZero and'y%s. Alternetively if either of the two
estimates of water potentisl was correct then it should
attain the potential of the osmoticum.

a). Equilibration in water. Experimental determinations

were made of the change in water potential of tissue segments
stood in distilled water. 1In experiment XII 7 cm. lengths

of mature Zea leaves were cut and placed with the cut end in
2 cm. of water in corked tubes. The initial water potentials

were determined and those of samples from the middle of the
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leaves after 12, 26, and L0 hours trcatment.

Table 7. Water potentials of leaf pilieces standing in water

,( negative atm 0.)

time(hrs) O 12 26 10
‘B{zero 10.3 . 75 6.7 77
\yss .8 Le6 3.6 3¢9

SE of \p zero means (3 replicates) = + 0,34 atm, and of Wylsa
means = + 0.25 atm. LSD (P = 0.05) quero = 2.5 atm,
\gss = 0.8 atm,

Both the]ﬁzero and qus estimates of water potential
changed significantly with time. ly’zero rose in the first
12 hours but never attained zero even after LO hours when the
leaves were starting to turn yellow. Similarly ufss values
rose between 12 and 26 hours (P = 0.05) but never attained
values above =3 atm., although in other experiments the maxi-
mum level of 1Vés was about -2 atm, This may be due to dif-
ferences in the tissue sampled or the pre-~treatment.

Saturation of the tissue by standing in water does not
eliminate the discrepancy between lgzero and QJss even after
long periods of treatment and it may be concluded that the
kazero estimates of potential are not due to disequilibrium
Within the tissue,

b) Eguilibration in mannitol solutions without transpiration.
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Experiment XIII. An alternative approach was to bring leaf
pieces to the potentials of solutions of mannitol.

Ls in experiment XII, leaf segments were placed with
the base in mannitol solutions. (The osmotic potentials
of these were determinced in the osmometer). Samples were
taken from the centre of the leaf pieces, above the mannitol
level in the tube, after 0, 12, LO and 60 hours and placed

in the osmometer chambers.

Table 8. Water potentials of leaf pieces treated with

...... .

. ol TIME (hours) 3
Mannito ‘ )
Osmotic 0 12 g LO 60
Potentisly zero yss fzero Wes | W zero Zs |\ zero\/ss
1y ¥ v ¥es 1Y VWes 1Y v

o.og 7.9 2.71 6.9 3.5 7.4 3,2 5.6 3,3

L6 ! " " 9.2 2,9 6.9 2.9 U0 4.5
9.6 i " L 9.0 5.6 | 13.8 5.1 13.0 9.5
15,5 | " "l 114 6.4 | 15,5 6.8 | 18.0 15.1

i
}
i

+ signifies 1 replicate only.

The results, given in table &, show that the tissue in
water behaved as in experiment XITI; the potentials were
always below zero. In the mannitol solutions the Igzero

estimates were not in agreement with the solution potentials



-7l -

except nerhaps at =15.5 atm. inw&hich region Mongelard also
found agreement, The 'q%s estimates were higher than those
expected from the solution potentials in the first LO hrs.

but by 60 hours had fallen to values which were in close
agreement with the osmotic potentials of the solution,

This agreement may be related to the genescence of the tissue,
which by 60 hours was distinctly chlorotic and showing satu-
ration of the mesophyll. The low values of YFQS in the

~15.5 atm., mannitol solution after 60 hours are much lower
than the potentials of the cell sap (about -8 atm.) and may

be due to uptake of mannitol by the tissue.

c) Equilibration in mannitol solutions under transpiring

conditions,.

The poor agreement between the applied osmotic potential
and the plant water potential.y}fss, may be attributed to
the very long period of equilibration required for water to
move f rom the leaf sample to the osmotic solution and expe-
riment XIV eliminated this diffusional movement of solution
and water by allowing mass flow through the tissue under
transpiring conditions.

Pieces of Zea leaves, 7 cm., long, were placed with
their bases in mannitol solutions of =l,6, and-15,5 atm,.
osmotic potential and allowed to transpire for 15 hours in

open tubes. One set of leaf pieces was kept in corked tubes,



The initial values of"qiero and ‘st and the values after

15 hours "equilibration" were determined on samples from

the middle of the leaf. At this time the upper, cut surface
of the leaf samples under transpiring conditions was covered
with white crystals, presumably of mannitol,

Table 9, Iffect of transpiration on eguilibration in solu-~

tions.
T': transpiring NT = non transpilring conditions (ne%ative
atm,

Sampling ?img (hours) 0 15
’Solqggggiggagiié“w:mwﬁviérg@iﬁ;s fkfzero;\“xgérq'\g,sgm Wss
mmwg?tenblaI L i g T if.wﬁTﬁim T | NT

. L. i 9.8 §2¢7 g 10.7 | 1241 5.3 } 3.5

5.3

1545 L i 19.8 | 10.1 ] 12.8

»
r

Py

LSD between 15 hours'WQGro meens (P=0,05; with 84f )
= L,8 atm,

LSD between 15 hours‘vés means (P=0,05; with 84f )
= 1,6 atn.

The zero values are lowest in the transpiring =15
atm. solution where they are closest to the solution osmotic
potential. In the -L.6 atm, solution the lyzero values are
much lower than the solution potentials. The “{ss values
fell with the potential of the applied solution and were
much lower and closer to the applied potential in the trans-

piring treatment than in the non transpiring conditions,
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d) ‘Equilibration in the vapour phase of osmotica. The

pretreatment of leaf pieces by standing the samples in solu-
tions may be complicated by the absorption of osmotic solute
due to its metabolism by the tissue or by diffusion into it.
Trip, Krotkov, Nelson (196L) and Grocnewegen and Mills (1960)
have examined the metabolism of mannitol by different plant
species, The difficulty oﬁ uptake of the osmoticum may be
overcome by placing tiésue in the wvapour phase of salt solu-
tions contained in small chambers. The method is discussed |
in more detailiin section BIb. |

The effects of equilibrating tissue in the vapour phase
above solutions were examined in sxperiment XV, - Samples of
Zea leaves were place] in the equilibration chambers over
sodium chloride solutions, maintained at 2500 in a water
bath apd sampled at 2Lk, LO and 60 hours.! Different chambers
were sampled on each occasion to reduce the effects of re-
~ establishment of constant conditions in the chambers after

opening (Carr and 3aff, 1961).



- 77 -~

Table 10, Water potentials of tissue equilibrated over salt

solutions (negative atm, )

Potential \gzero \gss

Time (hours) 0 2L 60 0 2l 60

Solution

potential 0.0 8.6 5.4 6.6 , 1.8 2.2 2.7
2¢3 i 7.8 5.6 " 2.1 2a2
15 K 7.9 1l.1 i 3.1 Lal
9.1 " 8,2 8,0 % 3,7 6.6

LSD between X{zero values (P=0,C5 with 16 degrees of freedom)
= 2,1 atm, and LSD between Y ss values = 2,5 atm, Only
applicable to data for 2L and 60 hours,

The results given in table 10 show that the \J zero
values bore no consistent relationship to the osmotic poten-
tials of the sodium chloride solutions and did not come into
equilibrium with them or the ]fss velues., The \Vss values
fell with increasing time of equilibration over the ~L.5 and
9.1 atm. solutions, they were in agreement at =2.,3 atm., but
remained low with the water treatment, After 60 hours the
-9.1 atm. solution potential was not reflected in the Yst
values of the tissue but was about 2 atm. too high. Equili-
bration could not be continued over a longer period as the
tissue was becoming senescent,

This experiment, as the others in the section, showed



tha t the \Qzero values did not correspond to the potentials

of the osmotica in which the tissue was equilibrated. The
high veariability and lack gf correlation with other leaf
characterictics strongly suggest that the Wgzero values do
not have any Dphysiologicel signirficance. Mongelard's stu-
dies were performed at low water potentials and it has been
shown in the present work that closer agreement is fouﬂd bet-—
ween the WVzero values and the potentials of the osmotic solu-
tions in this range than a2t high potentials.

The 1gss values, in contrast, are less variable; they
are closely correlated with the leaf water deficit and they
respond to applied osmotica. Although the very long periods
r Cg uired to produce tiséues of knompotential may suggest
that the ‘qfss values are not the true leaf water potentials,
the explanation suggested by experiments XIII and XIV is
that the slow response of the Méss values is due to a dif-
fusional movement of water and solutes between the leaf and
solutions. When the diffusional movement is rcplaced by mass
flow then the chahge is very much quicker,

The inability to produce tissues with water potentials
of zero which has been clearly shown, may be due to the
growth of leaf samples whilst the water potential is being

measured, or it may be due to the sap exuded by the cut
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tissue acting as an alternative sink for water vapour
although in the light of experiment XI this explanation

seems unlikely,

D. [Iests of the Weatherley Osmometer and Analysis of the

Evoents Taking Plece in the Chamber.
I. An alternative method of using the osmometer,

The data presented in section C suggest that the qjss
estimates of leaf water potential are those existing within
the leaf sample and tests of the ufss velues were recuired
to substantiate this., The difficuliy which was experienced
in producing leaf samples of known water potential by treat~
ment with osmotic solution, (section C.V) suggested that the
osmometer could not be easily or conclusively tested with
leaf samples and an alternative approach was made to the
problem, The method and experimental results will be briefly
described.

The rate of water vepour diffusion from a drop to a
filter paper or leaf in the osmometer chamber is proportional
to the gradient of water vapour concentration, and inversely
proportional to the resistance of the diffusion path. The
calibration curve, from which the water potential is esti-
mated, is constructed using satursted filter rater gurf<dss

and it may not be légitimate to apply this calibraticn curve to



leaf materials, as the lcaf epidermig and stomata introduce
a rcsistance to vapour flow. This 1s considered in section
D,IIh. Boyer and Knipling (1965) pointed out that if the
water potcntials of the drop and the leaf tissue were cgual
then no vepour diffusion would take placec. The water poten-—
tial of the leaf would then be cstimated from the osmotic
potential of the solution forming the drop and would be inde-
pendent of leaf resistance. They called the point of equal
potential the "isopilestic point™ and, by using a range of
sodium chloride solutions as the drop of a thermocouplel
determined the leaf water potentials of several types of
leaves and compared them to the water potentials estimated
from water vapour diffusion measuremcnts,

The principlc was applied to the Weatherley Osmomecter,
the leaf water potential was determined isopiestically (this
will be symbolized asZJisop ) and also by the rate of dif-
fusion of water vapour at the steady state,’lgss.

a) Measurement of leaf water potential,

Mcthod, Samplesof Zea mays were placed in the osmometer
chambers'in the way described and the capillaries of the
apparatus filled with water or salt solutions of known‘pétem»
tials, whose range was chosen to cover the expected tissue

water potential,



Three replicate .determinations were made with water as
the drop and one estimate of hfisop was made based on the
interpolation between changes in drop volume of three sodium
chloride solutions, This was found to be adequate for inter=—
polation provided that the tissue water notential lay within
the highest and lowest potentials of the malt solutions,

The rate of gain or loss from the drop was determined
over 10 minute intervals in the way previously described.

The water potentials of leaf samples were measured in
experiment XVI. TLeaves of Zgg werebrought to a range of
leaf water deficits by drying in the laboratory, Samples
were equilibrated in the chambers for 20 minutes and the

I‘!ss and. \%isop' " valuves were determined., The course of
the evaporation rates from the drops of different potentials
during the eQuilibration process is shown in figure 10 and

the data %rom lyiSop and 1VSS are given in Table 11,

Table 11l. ¥ ss and ufisop estimates at differ. it leaf

water defivits (negative atm .,) for Zea mays.

Leaf water W 5 T of Wss \JV

deficit % W iso S8 anst { ss= Yyfd Y 1isop
So ‘ © 1\ _ meansk ‘\,\) ss wlsop R

1.9 2.3 2.1 (0.3) ~042 - 1.09

2.4 - 1.5 1.3 (0.2) ~0.2 1.16

2.3 1.4 1.2 (0.1) -0,2 1.16
748 L3 Le7 (0,2) +0.Ls 0.91L
11,0 6.3 6.2 (0.4) ~0.1 1,02

15,9 8.8 8.9 (0.3) +0,1, 0.98
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The rate of water vapour diffusion or absorption by the
drops in the osmometer chambers did not become constant until
140 or 160 minutes from the start of equilibration. Loss
from the drop followed the same pattern as described in
section CIa and the rates of absorption by the drops of salt
solution, increased with time. The L&S ss and'z‘jisop estimates
of leaf water potential are in good agreement, with the %Sss
values overestimating thez%jiisop. values by about 10%, if

the large underestimate at 7.8% leaf water deficit is rejected
as inconsistent.

The error, (1ﬁyss~al§€sop) due to leaf resistance, was

also examined for Lolium perenne. The values ofwss were
determined in experiment XVII on leaves at different water
deficits and compared to the \fisop values determined on
parallell samples. The arrangement of the leaf samples in
the chamber and procedure have been described in section BIa.
‘_The results, given in table 12, showed that theléss
values are higher than the Zé isop values in all cases, the
magnitude of the error increasing initially with rising leaf
water deficit and falling at the highest deficits but this

is probably due to the inaccuracy of the measurements.
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Table 12. Lp‘ss and béuisop estimates at different leaf water

deficits (negative atm.,) for Lolium perenne.

Leaf water \gisop Kﬂés SE'Ufs§ \Ués-\ﬂisop - 5i§0?
deficit % means - _ X%ﬁ S8
L.0O 3.3 3.1 (0.3) ~0.2 1.06
4a9 5.1  U.6 (0.2) ~0.5 1.11
10.2 6.9 6.1 (0.3) =08 1.13
12,2 7.9 6.8 (0.6) -141 1.16
30.0 13,5 11.8 (1.3) ~1.7 1.1k
3241 13.3 12.0 (2.1) -1.3 1,11

b) Measurement of Leaf Osmotic Potentials

The osmotic potentials of samples of leaves, kiiled by
freezing and then thawed may also be in error, when the osmotic
potential is determined by the fate'of water vepour diffusion
(called wTss) and the osmotic potential is estimated by the
isopiestic method (called ‘ﬁ—isop), then the error associated
with the “ﬂ’ ss method may be estimated.

In experiment XIX the osmotic potentials of leaf samples
were determined on Zea mays leaves by the procedure given

—

in BITI. Three replicate determinations of !l ss were made
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with water as the drop and estimates of“r(isop based on
the interpolation between the rates of evaporation and
absorption of drops of salt solutions The data for leaves

at different leaf water deficits are given in table 13.

 Table 13. Qsmotic potentials of 7Zea leaves (negative

atmospheres)

‘ . fiisop

T,eaf water Tfisop Trss SE means isg—- TTisop “”g“
deficit % ' Tss & 1Y ss
5.0 7.3 T3 (0.2) . 0.0 1.00
11.9 10.3  10.1 (0.3) =042 1,02
14.5 11,4 10,9 (0.2) ~0.5 1,05

The osmotic potential falls as the leaf water deficit

risess

Experiment XX,

The leaf osmotic potentials of Tolium perenne were

also determined. Tfés and Wisop values.were obtained, in
the manner described, for leaves at three different water
deficits, on which the water potentials had been determined.
The data for leaf water potential may be obtained from the
body of table 12 where the leaf water deficits correspond
to those in table 14 in which the osmotic potentials are

displayed.
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Table 1L. Osmotic potentials of Lolium leaves (negative atm.)

Leaf water Wisop  Vss sm T ss Tss-Tisop T\iSOP
deficit % means = T%{'ss
L9 10,8 9.1 (1.0) “1.7 - 1.18
12.2 12.6  11.5 (0.L) ~1.1 1.10
32.4 19.1 16,0 (2.1) - =3.1 1.19

The error associsted with the use of the water vapour
diffusion is about 20%. In each species the leaf osmotic
potential falls with increasing leaf water deficit but
the osmotic potentials of the frozen and thawed leaves of
T0lium are lower than those of Zea at ecuivalent leaf water
deficits. 1In both cases the water vapour diffusion rates
over-estimate the osmotic potential although killing the
tissue by freezing would be expected to eliminate the
leaf resistance.

c) Discussion. Both the water potential and osmotic poten-

tial of Zea and Lolium leaves are overestimated by the water
vapour diffusion method when compared to the isopiestic
method. The error is more serious in Lolium than Zea Which
may be explained by the observation that Lolium leaves are
hypostomatous with the stomata set in the furrows of the leaf,
whereas Zea leaves are amphistomatous and flat,

In both species the isopiestic method should be used



to determine the leaf water potential although the error of
using the water vapour method is 10% inlégg and the
advantages of increased replicaticn outweigh the disadvantages.
For Lolium the error is greater but water potentials can be

determined to within about 12% J of the true value,.

IT. Iactors Affecting the Rates of Eveporation in the (Osmome-

ter Chambers,

The process of water evaporation from a drop to a leaf

sample in the osmometer, from the time of closing the chamber

until steady state rates of evaporation were found !, has been
described in section CIa . Mongelard's interpretation of
the falling evaporation rates was considered and tests were

’

made of the validity of the wﬁéero and (i,ss estimates of water

g

potential. It was concluded that the 3fzero velues were of
no significance physiologically but no alternative explana-
tion of the fall in evaporation rate was offered.

In this section the process of evaporation will be
considered and the prossible causes of the observed evapora-
tion will be examincd, The process of equilibration in the
chambers will be divided into two phases, phase I, the initial
period of declining evaporation rates and phase II, the

period of steady state rates of evaporation,
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a) Phase Irﬂthe declining rate of evaporastion . The decli-
ning evaporation rate reachés a steady state in about 180
minutes and it has been demonstrated that this process is not
altered by the state of the leaf or pretreatments applied to

the leafl sample. It is suggested that the air entrapped in
the osmometer chamber when the sample is placed in it, is
initially at a low water vepour content. During phase I

water vapour is absorbed from the drop and sample, which res-
ults in a rise of the water vapour concentration of the air.

As the rate of evaporation from the drop is proportional to

the gradient of water vapour concentration so the rate will
decline as the air becomes more humid., The sample, because

it is much bigger than the drop,vwill control the final

vapour concentration in the chamber and when this is attained,
the steady state evaporation is observed, i.e. phase II.

If phase I is due to equilibration between the drop, tissue
sample and air, then it should be possible to equilibrate a
leaf sample- in a chamber until phase II is established, open
the chamber to the air, close the chamber, and observe a
repeat of phase I during a second equilibration period. Ir,

on the other hand, phase I is a process of ecuilibration
within the tissue, opening the chamber during phase II should
not lead to a repeat of phase I but a continuation of phase II.

This was examined by experiment XXI. Zea mays leaf
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samples were placed in the osmometer chambers and the rates
of evaporation measured until the steady state, phase II, was
attained, The chambers were then removed from the bath,
dried, and opened. Two chambers were opened from 30 seconds,
2 for 60 seconds and the leaf samples were exchanged between
2 chambers, The chambers were closed and reequilibrated in
the bath for 20 minutes and the evaporation rates determined,

The results are shown in figure 11. The initial deter-
mination proceeded as previously described, with clearly de-
fined phases I and II, After the chambers had been opened,
the rates of loss on the second determination were again
divisible into phases I and II. The initial rates of evapo=-
ration in phase II were highest for the chambers in which the
tissue had been exchanged,'thc rates for 60 seconds opening
were not as high as these but were higher than the chambers
opened for 30 seconds., The time to attainment of phase II in
the first period of equilibration was about 160 minutes and
about 100 to 120 mins. in the second.

Experiment XXI confirms that phase I is due to the air
in the chamber acting as a sink for water vapour. A simple
calculation supports this,

If the volume of ailr in the chamber is known and also
the initial water vapour content, then it is possible.to

calculate the amount of water vepour required to bring the
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air to equilibrium with a sample at a given water potential.
This may be cqmpared.with the actual volume last from the
drop during phase I. The following data are given: volume
of chamberl.3 mls. (calculated from the dirensions in
figurest. ), the saturation vapour density of water at 25°C
is 23 x 1070 g cn™2 and that of the air at LOZ relative

6 g cm™ (assumed level of air humidity).

humidity is 9.2 x 10~

The total amount of water required to saturate the air in

the chamber is 17,9 x 10‘6 cm3 or 119 eyepiece division,
N From an experiment the total amount of water lost

from the drop in phase I was 240 EpD. The excess of 120

was possibly due to the relative humidity being below LO%

in the actual experiment or to uptake of water from the

drop by the tissue during phase I.

It cannot, howevér, be assumed that uptake by the tissue
is responsible for the excess loss from the drop. Initially
the alr would be at a much lower potential than the tissue,
which would lose water to the air, As the water potential
of the air rises, so the leaf Wouldblose less water and
finally take water vapour from the drop. The excess loss
might be due to a period of water vapour absorption by the
tissue when the air and tissue are in partial equilibrium.

What effect would loss of water to the chamber air have on

the water content of the tissue? If the air recuires about
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18 x 10"6 gms., as indicated in the previous calculation, and

all is supplied by the tissue, which has a volume of 60 mmj

the tissue would lose abeut 0.03% of its volume. This loss
would be without significance in the tissue water potential.
Similarly the absorption of water vapour from the drop would
not affect the tissue watefﬁcontent to any significant extent.
Changes in tissue water potentials were thought, by
Mongelard, to arise from redistribution of water within the
leaf’ sample and specifically that the water in the vessels
and cell walls could be drawn into the vacuole, thus raising
its potential. The magnitude of the effect likely to result
from withdrawal ef water from the vessels into the tissue, may
be calculated. It is assumed that all the water held in the
xylem vessels is withdrawn into tne leaf and that the volume
of this water is given by v =X Nr where v is the volume,
r is the mean radius of the vessels, N the total number of vessel
vessels in the leaf sample and 1, their length, which is
taken as the length of the tissue sample. For a typical Zea
leaf sample the values are: r = 0.012 mm, 1 & 1.2 cm, and
N 18 60, which gives v as 0.27 mm3. The tissue volume is
awout 60 mm® and the withdrawal ef water into the cell would
cause a rise in the volume of about 0.5k. IFf the cell volume
is 75% of the tetal volume, the withdrawal of all the Xylem

water might lead to a £all in the water deficit of the leef

4
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of about 0.6%. If the water content changes by 24 for each
atmosphere change in w?ter potential then a change of about
Ceb atm., might result from withdrawal of water from the

xylem vessels., However, this is quite insufficient to account
for any major changes in leéf water potential during phase I,

The fall in evasporation rate from the drop during the
first 180 minutes with 1eaf tissue in the chamber}is a result
of equilibration between the drop, air and leaf and not due
to changes in the distribution of leaf water. However, it is
possible that the initial process of equilibration may mask
changes in the water potential of leaf samples but of a much
smaller magnitude than Mongelard suggests.

The attainment of phase Il was more rapid with saturated
filter papers than with leaves in the chambers. TIhis msy be
due te saturation of the air being contrelled by the filter-
paper because of the very large surface area. TIhe leaf has
an epidermis and thecefore relatively little water vapour
will come from the leaf and the drop will tend to control the

saturation of the air. The air is therefore ssturated very

rapidly above filter papers but more slowly above lesf tissue.

®) Phase II. The steady state evaporation. In section D I,

the\P 88 values were compared to the jvgsop values for leaf
samples, and it was shown that a lcaf resistance to water

vapour diffusion cculd have been responsible for the over -
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estimation of leaf water potentials by‘l"l’;"sso The
magnitude of this resistance and that of the chamber may
be calculated.

Fellewing Mongelard (1965) and Rutter (personal
communication to Mongelard), the water vapour diffusion

process in a chamber may be descpihed by Fick's law.

F =D (c¢c =-c) (b)

I, -

where F is the rate of diffusion per cm® of surface, D is
the diffusivity ef water vapour in air (cm? sec” !), c is
the saturation vapour concentration of water at the drop
temperature and water potential ( O atm., Ffor water)f c, is
the saturation vapour concentration of water at the leaf or
paper surface temperature and water potentisl. When F is in
-2 -1

cm “Bec y L is the resistsnce to diffusion in

centimetres of still air. A resistance term, R, with units

em3

1

of sec cm ' may We substituted for L, where R = L .

) D
The value of q)isop is the true lesf waster potential
because it is free of lesf resistance errors which affect
the water vapour diffusion pracess. The resistance of the

leaf may be calculated from the sbserved values of F and the

true values of‘LP (and from these the values of c1 and 02.)
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For the case of diffusion to a leaf sample in the chamber
equation (6) may be written

F :D(c,l—cl) (7)

o

LCH + IJLF

e ]

where cq is the vepour pressure at the water potential of the

leaf, which is estimated by w isop and I, and L, are the

CH
chamber and leaf resistances respectively,

When the rates of evaporation to a saturated filter
paper and a leafl are the same, the effect of LLF is to over-
estimate the potential from water evaporation,

The ratio of the vapour pressure gradients 1is then pro-

portional to the ratio of the resistances;

cy = O - LLF + LCH - ‘n§1s0p (8)
¢4 " %o Lexn w 58

Within the range 99 to 100% relative. - humidity lw"and c
are linearly related and iherefore,_rearranging eguation
(8) yields

e = Iy ( Wisp - 1) (9)
and from this the leaf resi;%énce may be calculated.
The calculation is performed in two stages. Firstly the
chamber resistance is calculated using data for _F and the
water vapour concentration difference derived from the cali-
bration curve i,e. for a saturated filter paper. An alterna-
tive calculation of the chamber resistance, based on a

geometric relationship is given in order to provide a
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comparison, Secondly the resistance of the leaf is calcu-
lated using egquation (9).

Calculation of chamber resistance, the following data
are given: D = 0.256 cm® sec.-1, c, at 25% - 23 x 10‘6g om"3,
co (corresponding to a -=10.0 atm. sodium chloride solution)

6 3

is 23 x 10 ° x 99.3 gcem © and F to a -10,0 atm,. solution is
160

10
85 epd per 10 minutes to 3.7 cm2 of paper or 5.7 x lO"'9 g cm"2

sec 1. Substituting these values yields I, H of 7.18 cm‘

C
per unit area of paper or 1.94 cm for the total area. -

The altefnative calculation of chamber resistance is
based on an analogous diffusion process, that of heat difQ
fusion between two concentric spheres at different temperatures.
For the derivation see Crank (1956) and Starling and Woodall
(1957)s The equation is

a= Dtk ab (o5 - op) (10)
b-a.

where @ is the total diffusion over the surface of the
chamber, in time t; a radius of the drop and b that of a
sphere having the same volume as the chamber, The other
symbols have been given. The value of a is 0,069 cm and b
0.677 cm. The resistance of the diffusion path, equivalent
to L in equation (6) is the reciprocal of LJ{ab « I is cal-
culated at 1.04 cm for the chamber or 5,96 sgg em™" for
uRi* area of the chamber,

A possible reason for the lower estimates of chamber

resistance derived from equation (10) compared to (6) is the

assumption that the chamber is a sphere; the chamber is cylin-
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drical and complicated by the "dead space' in the cone, which

forms the top portion of the chamber.
"Calculation of leaf resistances.
The resistance of the leaf samples of Zea and Lolium

were calculated from the values of ‘QS isop given in tables

11 and 12 respectively. Taking the m%gn of the ratio of

Zea, 1.05, and the value of 7.1l8 cm for Lo L1p was calcu-

lated as. 0.359 cm or the resistance as 1.36 sec cmf1. The

-

data are inconsistent and if those values Where"Léisop is
higher than I*Sss are rejected (as thié result is theoreti-
cally impossible) the mean ratio is 1.109 and the value of
L p Dbecomes 0.783 cm and the resistance 3.06 see em™ .

From the data in table 12 the resistance for Lolium
were calculated from the mean ratio of 1.12, LLF was
0.789 cm and the resistance 3.37 sec cm. . This was derived
by assuming that the value of Leg obtained from a saturated
filter paper lining the chamber walls could be applied to
a system of different geometry such as that of Lolium samples
in the chambers. Because of this assumption the calculated
resistance should be taken with reserve but it is included
.for comparative purposes.

‘The resistances, expressed as a length of diffusion
path, have been cbnverted to diffusion resistances and are

presented in table 15,
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Table 15, Resistances of chamber and leaves
chamher zea Lolium

Resistance

lengths (cm) 7,18 0. 359 . 789

0,783t

Diffusion resis-—

tance - 28.0L ) 1,36 3,37
(Sec cm ') 3,06t

Y fromlflsop = 1,05
froml‘vj o = 1.109
The resistance of the chamber is much higher than that
of the leaves and the diffusion process is therefore controlled
by the chamber. In fact from equation (4) it is seen that
the drop size is the éontrolling factor, This explains how
a calibration curve obtained with wet filter papers can be
used for Zea leaves without serious error. The resistance
of Lolium 1leaves is higher than that of Zea.
At this point the use of leaf annuli, as advocated by
Macklon and Weatherley, (1965) may be considered., They sug-
gest that annuli present a large area of cut surface to the
drop and therefore a calibration curve fron saturated filter
paper can be applied to leaf material, The annuli should
therefore give values of leaf water potential, L‘LF: which
are free from any resistance error, but intact leaf pileces -

should, if a resistance error is important, overestimate the
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water potential, i.e., give higher values of‘qLF, Figure L,
~of the paper quoted above, shows the relationship for Ricinus
ieaves between relative tugildity and YFLF (which is expressed
as water potential deficit). The annull gave higher values
of water potential than intact leaf pileces, at a given leaf
water deficit . Leaf pieces with scored cpidermis gave inter-
mediate values of water potential., This result cannot be
explained on the assumption that a leaf resistance is impor-
tant in the method used by Macklon and Weatherley. Possibly
changes in turgor pressure produced by punching the annuli
may account for the difference between the curves.

In the present work, the absolute values of leaf resis-
tance were smallp-partieuvterty—se—for—Zeogendseemed—to—be-
3ew for leaves which would be expected to have closedstomats.
Comparison with published values indicated that a minimum
resistance of 1.1l sec cm‘l was found, for eotton leaves with
the stomata at maximum aperture, by Slatyer and Bierhdizen
(196l), Holmgren, Jarvis and Jarvis (1965) cited a minimal
stomatal resistance for Zea mays of O.4l sec cm—lo The
lowest resistance found by Boyer & Knipling by isopiestic
studies wasaboutk6 sec em™t for Geranium sp. It seemed that
the stomata of ggé in the osmometer chambers could not be
closed although this would be expected. To clarify this situa-

tion the response of Zea leaves, in the chambers, was observed
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and the resistance of the stomata calculated.

c) Stomatal zctivity and pesistance in the . smometer c hambers.

Samples of Zea leaves, at low leaf water deficit, were
placed in the osmometer chambers and the stomatal apertures
measured by the impression method at the beginning and end
of the equilibration process. The initial and final mean
apertures were 2.2 U and 1.9 i respectively.

The resistance for the stomatal array for sea wes
calculated using the method of Penman and Schofield (1951).
The data given were obtained frcm the material sampled at
the end of experiment XXI. ‘The stomatal numbers were 2,820
»n the adaxial and 5,150 on the abaxial leaf surfaces. The
mean pore length was 23.8u and the diameter of the stomatal
throat 1.9 . An epidermal and cuticular thickness of
2.5 x 107> cm. was found in sections of leaf.

The resistance of a single stoma was calculated to be
5,53 x 10° cm” | and the to al resistance per unit area of
leaf 0.49 cm. or 1.91 sec cm @ .-

The stomatal resistances calculated by geometrical means,
are lower than resistances calculated from the process of
water vapour diffusion. The suggestion is that the stomata
are not closed in the chamber and therefore offer a low

resistance to water vapour diffusion. The opening of the

stomata in the chamber is, perhaps, due to low carbon dioxidc
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levels in the chamber, as stnﬁata open in carbon dioxicd:e
frse air (Heath 1959). Possibly the tissue sample is
capable of assimilating the carbon dioxide in the chamber
during the periods of illumination which are necessary to
observe the capillaries. The ability of Zea mavs. to effect-
ively reduce the carbon dioxide concentrations of sir to
zero is discussed by Ketellapper (1963),
The leaf resistance did not seem to increase with

increasing leaf water deficit, as the ratio of \é;sop‘

to \M;s 3 : ‘l;, shown in section
DI1 tables1l and 12, did not greatly increase with increasing
leaf water deficit. However the effect of low water poten-
tials and reducéd leaf turgor would be to cause stomat:l clo-
sure and the resistance of the leaf should then rise. Unfo -
tunately no observations were made on the stomata of lcai

samples at high water deficits.

E. Ccmparison of the Osmomweter with the ScheardakoW and

Slatyer ¥Vapour ILguilibrium Methods.

A comparison of the methods was maae to evaluate the
use in experimental situations. The methods have been des-
cribed in Section BI. Determination of the water potentials
of Zea mays leaves was rade by the Schardakow and Osmometer

methods aftere 3 and 20 hours eqguilibration. The Slatyer
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method was uscd to determine the potential at 20 hours only.
Experiment XXITI,6 leaf Saﬁples from Zea plants were
saturated for 4 hours with their bases in water and subsamplec
were then taken for water potential determinations and leaf
water deficits. The water potcnticl and deficit were also
determined on lea® samples from tissua dried_ta about 75k

of the initial weight. The results nre given in +able 16

Tablc 16. Comparison of *hree methods of water potential

measurenent. (negative atmospheres)

Methcd Osmometer - Schardakow Slatyer
Time (hours) 3 20 3 20 20
Leaf 1.9 2.9 2.1 1.5 1.6 0.8
Water % ,

bei(/it 27014— 905 809 Ll-o6 500 52

Means of 5 replicates. LSC (P = 0,05) between method 3

deficit means at 3 hours. 1.83 atm.; at 2C hours, 1.75 atm.

All three methods show significantly lower watcr potentials
in the high leaf water deficit treatment than in the low
leaf water deficit treatmento‘ The Schardakow and Osmometer
methods gave estimates of water potential which did not fall
significantly with equilihration from 3 to 20 hours. At

high leaf water deficits, the water potentials estimated

& . b
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by the Schardakow and Slatyer methods, were much higher
than those estimated by tne Osmometer but the differences
were not significant at the low leaf water deficits. The
order of increase in the estimates of leaf water potential
are Osmometer method <L Schardakow <~  slatyer method.

The data are also presented here for a comparison
made between the "smometer ahd Schardakow methods on Z4ga
plants growing in soils at differenc soil moisture stresses.
The experiments are described in Chapter 2, experiments I
and II. The osmometer and Sbhardakow methods were used to
determine leaf water potentiéls on parallel samples from
plants growing over a wide range of soill water potencialr.

The relationship between the estimated potenctials for
the two methods, is shown in figure 12; each polut 1s th
mean of three replicates.

The Schardakow method géve higher estimates of wate
potential than the Osmometer, about 2 atm. higher at high
potentials but about 1 atm. at the low potentials. However,
the relationship between the Schardakow and Osmometer
estimates of water potential in experiment XXII is not in
good agreement with experiments I and II, the Schardakow
being very much higher in experin.nt XXII than in I and II
at the same water potential estimated by the Osmometer.

This discrepancy has not Leen explained. The water potenti~?-



estimated by the Osmometer for Zea are regarded, on the
evidence of section DI, as Dbeing not more than about 107° -
higher than the %rue leaf water potential. On this basis,
therefore, the Slatyer and Schardakow methods are seen to be
in error. The Schardakow method is potentially a useful
method for field studies bu’ rsquires closer sxamination.
The Slatyer method is vasuivable for measurements of high

leaf potential, hecauvsec of the difficulties of the technique.

Fo. Sumnaryv of Chantgﬂ_i

l. The principles and methods of measuring plant water

potentials are briefly discussed and described.

2. The process of equilibration in the Weatherley
Osmometer is described and the significance of the
falling rate of evaporation is discussed in the 1ighn

of previous theories,

3. The % zero values of leaf wéter potential (estimated
from the extrapolation of the falling evaporation ratc
curves tn the time of sampling) and théﬁj ss values
(estimated from the stecdy state rates of evaporation)
were tested by ccecrrolating then with tissues broughf

to known water poientials in osmotica and above salt

solutions,.
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The($&ero 7alves were shown to De of no sirnis
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but the Wss values agreed well with “he colution

potentials and thes discrepancy found aifter chori
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by about ! IO% for Z=a ard 129 for Lolivum
leaves,

¢
The error in the Y ss alueg was attributed tn o Te-

. resistance to wvater vapouv™ diffusion which was cal-

culaved and shown to be aboul the resistance expzctor
for leaves with Partially closed stomata .
The Schardakow and Slatyer wvapour equil’ibzitm estimo’ .

- n?

> be v error whoo

I

of Jeaf water potential are shown

)]

compared to the osmometer estimate
The leaf water pohcniials of the ycungest leaf and “hz

tlp ol the leaves werc Lhown 5o he lovsr th2n those

of the mature lcaroe or “he lecaf hase,



Chapter 2. The Measurement of Soil Water Content, Potentilu.

and Capillary Conductivity.

A, Introduction

Water movement from the soil to the plant root has been
described by Gardner, (1960) who writes,
E ~k (‘qfsoil - I#Proot) (1)
where E is the rate of soil water depletion, k the capillary
conductivity of unit area of path through wich the water
flows andQRfsoil and '\Vfoot are the potentials of water in
the bulk of the soil and at the root surface respectively,
For a given transpiration rate, T, the maintenance of E
equal to T will devwend on the conditions in the soil and
plant. In wet solls, where k is high and ufsoil is above
-1 atm,”eroot and the resistance of the plant controls th
rate of uptake (CGardner and Bhlig. 1962). As the soil
moisiure is depleted by ' ranspiration, so the water content
falls and with it ’Qfsoil and k., Water extraction contim=s
as long as the water potential of the plant,’”fplant (assumcd
egqual to““froot), is lower than that of the soil, However,
k falls very rapidly and tHow about -1 atm. the rate of
movement through the soil to the plant root becomes limiting.

E falls below T in this case and leads to a decrease in the
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plant water content and a fall ini{planto The uptake of

water is maintained by the fall inVy plant and\onot but change~
also take place in the plant ; dlosure of the stomata reducec
the rate of transpiration and tends to preserve the plant

water content and hence to maintain'%@lanta Changes in

1gplant are also reflected in modifications in the growth of
the plant; the rate of leaf extension is slowed, and assim-
ilation rates fall.

Beth transpirstion and grbwth are intimetely but not
necessarily directly related to the characteristics of the
rootirgmedium and to the distribution and density of the
plant's root system.

The relationship between the soil water content, its
potential and capillary conductivity were therefore examinec!.
for ihe soill used in the experiments. The appaeratus for the
determination of total and matric soil water potentials will
be described and also the results of determinations made on

the soil used in the experiments.

B. Materials

The soil used in the work was a sandy brown earth of
very poor struciture. from sgricultural land at Silwood Fark,
Imperial College Field Station. <The mechsnicel analysis was

given by Etherington (1962) as sand 764 of the ary weight,
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silt 14%, clay 10% and orgenic matter 2.6%. The pH was
about 4.8.

The soil was passed through a 3/8 inch sieve for all
growth experiments and through a 4 mm. sieve for the
determination of the moisture chéracteristic and conductivity.
The soil was packed into containers at about 14% water
cantent, as the soil was most easily handled in that state,
to a bulk density as close to 1.2 g cmv_B as possible for
all determinations and experiments.

The soil will be referred to as "Silwood Soil®.

C ° AQ Qaratus .

The apparatus for determining the total and matric
soll water potentials is briefly described and also the
apparatus for the production of known water potentials in

porous materials,

I. Determination of Wotal Boil Yater Potential: The

Weatherley Osmometer,

The apparatus was fully described in Chapter 1.
Macklon and Weatherley (1965) and also Mongelard (1965)
used the apparatus to measure the total soil water potential,
Mongelard used glass chambers constructed from B24 "Quickfit"
cones and sockets, but these were mechanically unsound.

However, the small .- chambers used for determinations on
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lezaves have been found suitable also for soil studies.

Soil samples were taken and placed in the chambers ari
a central well into which the drop hung was made in the
sample with a glass rod. The rate of evaporation was
determined in the wey dzscribed. Steady state eveporation
rates were observed aftsr a»oubt 2 hours equilibration in
the controlled temperature bath and the water potential
was cstirn*ed from the calibration curve.

Because of the large number of samplings which were
required in the experiments the method was not employed as
a routine but was used as a check on the matric potentials
rroduced by the methods described in Sectién IV and as a

rmeane of estimating the osmotic potential of the soil solution-

II1. Direct M=zasurement of Matric Potential: the Tensiometer

—=

The matric potentials were measured in cans of soil by
tensiometers which enabled direct and continuous readings to
be made with a permenent installation. The apparatus was
described by Richards (1942) and the equipment used in this
work by Etherington (1962). It consists of a porous ceramic
cup (Doulton PAL) connected to a mercury filled manometer;
the whole is filled with air free water and the cup is buried
in the soil. Equilibration is achieved between the water in

the soil and in the cup and the matric potential of the soil
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water is measurecd dircctly by the manometer° Corrections

ceni. vy depression were applied to the readings. The

apparatus will not work satisfactorily below - 0.8 atm.

bonausz air enters the cups at about this potential.

IIT Indirect Measurement of Matric Potential: Resistance Blocks

The motric poten’ials were estimated in soils over the
rangz O to -=10 e%m., w’th “hc resistance blocks described by
Bouyoucos (1954). The elcctrical resistance was measured
b- sween two parallel stainlcss steel electrodes embedded in a
cyliniricel ncrcus "plaster of paris" block. The resistance
w2 Getermined with a meter designed by Dr. W.Hinson of the
Forzstry Commission Rzsearch Station (Hinson and Kitchin- f?Sh)
> construction and calibration of the blo_k has bcen
deseribed by Etherington and the choice of material was
discusscd =7 Zourget, Elrick and Tanner (1958). Etheriﬂgfbh/S
procadurc was adopted, except that 1% by weight of polynethyl
¢ € IMTose -om was incorporated to improve the hardness of tho
hlocks.

Tha blocks vere calibrated from O. to -1 atm. in the
Kaolin nle*~ appnratus (section IVa) and from -1 to -10 atr.
in the pressure menbrans asparatus(section IVe). ‘The blocks
wers placed in a 12%%lc¢ kaolin (to increase contact) on the

2d

.

pla”~ or membrane and diffcrontial air pressures eppl
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across the membranes to produce known matric potentials.
The resistance was determined at eguilibrium and the

calibration curve is given in figure 13.

v flethods of applving known matric potentials to porous.

The apparatus to be described was used to produce known
levels of potential in soil samples or resistance blocks.
The principle is the samz in each case. The sample under
stuly is placed on a membrane of l{aglin, porous ceramic or
cellcphane, ard the pressure below the membrane reduced, as
in the Kaolin plate method, which enables the productior ef
natric potentials from 0 to -1 atm., or the pressure above
the membrane is increased by pumping gas into an air tight
chamber of which the membrane forms the base. Air pressureg
equivalent to -2 atm. matric potential can be applied in
pressure plate apparatus, and to ~20 atm. or lower in the
Richards pressure chamber.

Water movss through the membrane until the matric water
potential of the sample comes into equilidyium with the applicad
pressure differential, The volume of outflowing soil water may
be collieccted and the soil water contents of the samples
determined gravimetirically after their removal from the chamber.
a) XKeolin plate apparatus. Described by Botelha da Costa

and Alves(1942) and by Etherington, the apparatus consisis
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of a Buchner funnel with a layer of Kaolin deposited, in

the wet state; on a filter paper placed in the funnel; the
whole mounted in a Buchnee flask. Samples placed on the
plate are subjected to a pressure differential by evacuating
the flask. The outflow was observed until it ceased, when
the semple was assumed to have equilibrated. The apparatus
was used in the coanstrwetiion of the moisture characteristic
(section D) erd in calibration of the resistance blocks.

b) Pressure plate Avparatus. Richards(19441) described

the apparatus; that used in the present wcrk is a small,
air tigzht chamber, 3.8 cm. by 5.0 cm. diameter, with a
porous ceramic plate (Doultcn 13A) Fforming the base and with
a rgmovable 1id fitted with needle valve gas port, and a
prcecssure guage. The pressure in the chamber was increased
with a hand pump o by gas from a cylinder. The apparatus
was'uéed in the determination of capillary conductivity of
the soil, For this purpose the outflow was collected in =
device similar to that suggested by Tanner and Elrick (1959)
which also served to remove entrapped air from beneath the
porous plase.,

¢) The Richards pressure metbrane apparatus. The apparatus

L

was similar to that described in (b) except that the chamber
wae larger, 15 cm.x 6 cm. and the membrane was of "Cellophane"
film. (Visking tubing was later found tc¢ be more robust).

A small vessel of 1:2 epoxy propane was incorporated in the
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chamber to inhibit fungal attack on the membrane.

The liquid expelled from the chamber was collected in
a small vessel with a hole to vermit pressure equilibration
with the atmosphere. Water loss from this was negligible,
The volume of outflow was determined by weighing the
collecting vessel., Tanner and Elrick(1959) suggest that the
condensation of water vapour on the walls of the chamber is
{an important source of errnr and to avoid this a small heating
element,a12 volt light buld in a metal container, was placed
on the chamber to raise the temperature of theIWélls°

The apparatus was used to bring soil samples and
resistance blocks to known matric potentials below -1 atm.
and also to determine the capillary conductivity and the

moisture characteristic.

D. The Moisture Characteristic

The relationship betw:en the water potential and water
content of a soil was cslled the moisture characteristic by
Childs(1941) and it is discussed by Youngs(1965). The
determination of the moisture characteristic for the Silwood
soil will be described only for the deéorption process because
this is the part of the hysteresis curve relating soil water
potential and content which is of most importance to the

supply of water to the plant.
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a) Experimental. Soil samples were prepared by sieving and

were packed into metal rings 2.2 cm. internal diameter and

5 and saturated.

1.5 cm. high to a bulk density of 1.2 g. cm.
Replicate samples were placed on the Kaolin plate and Pressure
membrane apparatus and subjected to pressure differentials
equivalent to matric potentials of -0.03, -0.5 and -1.0 atm.

on the Kaolin plate, and -2.0, -4.0, -6.,0, -=8,0 and -10.0

and -15.0 atm. in the pressure membrane apparatus. four
samples were taken for water content determinations after
cutflow from the membrane had ceased, at each given potential,

The water content was determined by weighing the soil
upon removal from the apparatus and drying at 105°C to a
constant weight. The moisture content was expressed as a
percentage of the sample dry weight or as a percentage of
the volume of the soil.

Additional information for the moisture characteristic wac
obtained from the determination of capillary conductivity
described in section E. In this procedure the cutflow from
samples in the pressure plate and membrane apparatus was
measur=d with progressive increases in the applied pressure
differential. The final waier content and dry weight and
volume were determinzd and the water content at any stage
could then be calculated on a dry weight and volume basis

Trom the data.
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») Results. The data in figure 14 are shown for the water
centents on a volume and dry weight basis. The method of
determination is indicated and also the process from which
the points are derived.

The water content on a dry weight basis falls from
20% at -0.03 atm. to 12% at -1,0 atm. and to 5% at -15 atm.
Of the 15 cm3 of water per 100 g. of soil held above =15 atm.,
8 cm3 are held above -1.0 atm. and 5 cm3 between -1.0 and
~6.0 atm. Similarly over half the water content, expressed
on a volume basis, which is held sbove =15 atm. is released
between -0.03 and -1.0 atm.

At this point the results will be given of determinations
of the total water potential measured by the osmonzter
method on soilsbtrought to known matric potentials. The
results are given in table 17.

Good agreerent was found between the applied matric
rotential and the total waoter potential estimated by the
osmomecter,

Table 17 Total water potential of soils at various matric

| potentials,
Matric potential(neg. atm.) O 1.0 6.0 10.0Q

Mean total water potential O 1.2 5.4 9.6
and (neg. atm.) .

Standard errors of means of (0.1) (0.2) (0.3) (0.2)
3 determinations + ‘
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The total water potential is not markedly lower than the
apnlied matric potential, which suggests that the osmotic
potential of the soil is very small and may be safely ignored.

c) Discussion. There is good agreement between the different

methods of determining water content when the values on a

dry weight basis are considered but on a volume basis the
methods do not agree well, particularly the pressure plate
outflow data. These determinations were based only on a
-8ingle series of measurements of suceessive volumes of outflow
from one soil sample and should therefore be regarded with
caution. Also the measurement of the sample volume is not as
accurate as the determination of dry weight becsuse of sample
shrinkage. Over the -0.1 to -1.Catm. range the volume water
content obtained from the outflow data underestimates the
water content determined gravimetrically by about 3% .
Because the volume water content frcm.éuiflow data was based
only oin one Sample and the gravimetric determination on 4
replicates, the curve in figure 14 relating matric tension
and volume water content was drawn through the replicated
determinations. The curves are similar to those given for
other sandy soils by Gardner(1960). For all experimental
work where the volume water content was required, the water

content was determined on weight basis and the corresponding



volume water content was determined from figure 14. 1In
addition, some direct observations of the volume water
content were mads to serve as a check on the reliability

of this method.

B, The Capilléry Conductivity of Silwood Soil.

The reduction in capillary conductivity which occurs with
decreasing water content is one which has proved difficult
to determine at soil water potentials below about =0,.8 atme,
i.e. outside the tensiometer working limit. (Gardner and
Mayhugh, 1958; Nielsen and Biggar, 1961).

The theoretical basis for measuring capillary conduct-
ivity assumes that the volume of water flowing in unit time
(the flux density) across unit area at right angles to the
direction of flow, is proportional to the potential gradient
and te the capillary conductivity. In unsaturated soil
capillary conductivity is itself a function of the soil
water potential and of water content. The relationship is
discussed by Gardner (1956) who has solved the equations
relating the variables by assuming that if the changes in
water content are small enough then capillary conductivity
(and the Diffusivity) remain constant. This ensbles it to
be determined in the pressure membrane apparatus. Miller
and Elrich (1958) have described a procedure allowing the

resistance due to the membrane to be separated from that due
Fé
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to the scil. Criticism of the method has been made by
Jackson, Van Bavel and Reginato (1963).

In view of the difficulty of studying this aspect of
soil moisture relations only a single series of determinstions
of capillary conductivity was made over the drying curve
from -0.1 to -5 atm.

a) Experimental. The method given by Gardner was followed.
A sample of soil, at 1&% water content, was passed through

a 4 mm. sieve, and packed wet into a brass ring 15 cm. in
diameter and 4.0 cm. high. This was placed on the membrane
and the soil saturated. The pressure in the chamber was
raised first to 10 atm until water ceased to flow from the
soil. This was dcne to ensure thorough settling and wetting.
The soll was then allowed to saturate sleawly and re-equil-
ibrated at 1 atm. pressure and the outflow discarded.

The soil was then subjected to a pressure of 2 atm. and the
rate of outflow recorded. Similarly the outflow was measured
for increases in pressure to 3, and then 5 atm. The
membrane was found to leak at more than 5 atm. over the long
period of time required for complete outflow and the data
were discarded for pressures above 5 atm. Data for two
determinations from 1 to 2 atm. are given in the results.

Determinations of the conductivity at metric water

potentials higher than -1 atm. were made using the outflow
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data obtained from the pressure plate apparatus (section IVe,)
The chamber was packed With soil in the way described for the
pressure membrane apparatus, the soil was saturated and pre-
treated by applying a pressure oflatm. The soil was then
resaturated, equilibrated at -0.,1 atm. and the outflow
measured over the pressure increments - 0,1 to 0.2, 0.2 to
0.3, 0.3 to O.L4, O.L to 0.5, 0.5 to 0.7, 0.7 to 0.8, 0.8 to
1.0 atm,
b) Results. The results of measurements of the outflow for
successive pressure increments, for both pieces of apparatus
are plotted, in figure 15 as the total volume of outflow
remaining to pass the membrane or plate at that particular
time i.e, (QO - Q) where QO is the total outflow obtained
at the end of the outflow process at a given pressure incre-
ment and Q is the outflow at any time, t. Calculation of
the capillary conductivity, ke, was made from equation 16
given in Gardner (1956)

k=B Qo log

VAPOLQ

where k is in cm. day ~T, B the slope of the line when the

loglo of the outflow remaining to pass the plate is plotted
as a functien of time, /Y is the density of water, g the
acceleration due to gravity, V the volume of the sample,

. P the pressure increment (dynes cm”g) applied to the
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sample and &~ a geometric term equal to

P{=1 and L is the height of thehsamplé on the membrane.

N ®
2

where

Using values of B derived from figure 15 and the appropriate

values of<e& , for the pressure plate and membrane apparatus

the capillary conductivities were calculated.

The results are given in table 18.

Table 18,

Matric
potential
increment

katric
potential
increment

Matric
potential
increment

Capillary conductivities with decreasing matric
potentials,
(neg ats.)] 0.1 - 0.2? 0.2 = 0.3 0.3 = 0L 104 ~0.5
k cm 1.28x1072 8.5 x 10'” 2.51 x1o“” 1.99xm’l~L
day
(neg ats.) 005 - 007 Oo? - Oo8 008 - 1.0 100 - 200
k—§§§ 1. oux10H 1.26x107% [8.49x1072 [(2.73x107H
2.23x1o“”
(neg ats.)# 2.0 - 3.0{ 3.0 - 5.0
kK em T 2.26x10°2 3.56x10~°
day §

The relationships between the capillary conductivity

and water content and matric water potential are shown in

figure 16

a decrease in the soil water content, and with matric
potential from about 10

content by volme) to about -10

o The capillary conductivity falls markedly with

2

em. day
.

1

cm day"1

at -0.1 atm. (26% water

at 5 atm. (12% water
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content_)° The data for the two methods of determination
overlap and thé membréne apparatus gives higher values of
the conductivity at'7¥ ~f <1 to =2 atm. thtn the pressure
plate doés at -0,6 to =1,0 atm, The logarithms of <Zhe
calculated conductivities fall on a straight line when
considered in relation to The volume water content and
matric potential. 'Although in the latter case a somewhat
curved relétionshipris suggested, a straigh£ line was fitted,
by eye, to the data,-

Comparison of the calculated conductivities for the

Silwood soil with those published by Gardner for a pachappa
2

cm day ') but at lower matric potentials—3 to —5 atm., the

sandy loam so:l shows that the values agree at 0.1 atm (10

values determined for the Silwood soil are lower than for

the Pachappa, il.e. 3 X 10-6 cm, day -1 compared to 1 x 1070

cm, day -1,

The uncertainty intrrduced into the values by the resis-
tance of the membrane and the difficulties;of obtaining ade-
gquate contact between the membrane or plate and the sample,
are major limitations to the method, In view of the criti-
cisms put forward by Jackson et al, ’1963). both of the
theory and préctioél use of the method and aléo the comments

received from Professor Childs (personal communication) only

a single determination was attempted, The results are,
therefore, to be regarded as indicative only of the order of
magnitude of the capillary conductivities for the Silwood
soil. The results will be used in subsequent calculations

on the rates of movement to the plant root.
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F. Discussion.

The determination of soil water content on a weight
basis is relatively accurate for the sieved soils used in
the experiments. The water contents expressed on a volume
basis are more variable than those expressed on a dry weight
basis because of errors in sample volume determination.
Estimates of the volume percentage from the dry weight
percentage should be made with care as alteration of the
bulk density and pore space of the soil msy invalidate the
relationships shown in figure k.

The determination of matric potential from water content
data is also subject to inaccuracies due to sampling errors
in the construction of figure kL. The moisture characteristic
on a dry weight percentage is based on L replicates which
lie within a range of 1% soil moistuve and ta within 2%
valume percentage. The pctentials at which the samples were
equilibrated could be deiermined, from the applied pressure,
by manometer which could be read to within * 0.05 atm. below
1 atm. and from the cylinder g®dges which were accurate to
about *1 atm.

The tensiometers were read to less than 0.05 atm,

although rates of water movememt between the pot and soil
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may lead to slow rates of equilibrium attainment and therefor-
to additional errcrs. The resistance blocks can only be
relied upon to estimate fzwto about * 0.5 to 1 atm. because
of the variasbility between blocks. Alsc the rates of water
movement may affect the blocks, particularly in dry soils
where contact bctween the block and soil m.ybe poor,

In the determination of mairic potentials in experiments,
estimates were made from instruments and from figure 14 and

also by gravimetric sampling.



Chepter 3. Growth and Transpiration of Zea mays in

Soils and Osmotica

4. INTRODUCTION

Considerable attention has been directed to the
.relationship between growth, transpiration and soil
water potentiais for many types of soils and plants,.

The monographs by Crafts, Currier and Stocking (1949)
and Ruscel (1959)snd the reviewy by Kramer (1959),
deal with much of the earlier WOrko The emphasis prev-—
iously placed on soil constants such as field capacity
and permanent wilting point by, for =xample, YIichmeyer
and Hendrickson (1950) and on transpiration ratios which
relate growth to water consumption, has been replaced
by an approach which regards transpirétion as a process
governed by atmospheric conditions, gradients of water
potential and the resistances to water movement within
the soil and plant, (Slatyer and Gardner, 1965)., The
relation between soil water potential, transpiration and
growth, which has so frequently been studied (Stanhill,
1957) is not necessarily a direct one, and theoretically
| the water potential gradients and resistances to flow,
which are related to soil conductivity, root distribution

and root permeability, should be examined in order to
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characterise the transpiration process., Growth is,
logically, related most closely to the plant water
potential, As Vaadia, Raney and Hagan (1961) have

stated, the plant water potential is the most important
single measure of water in the soil, plant, atmosphere
continuum because 1t integrates the effects of variable
rooting and soil water distribution and conductivity,

and is a measure of the balance between the uptake

process and the rate of loss (Slatyer 1957). Because

the plant water potential itself is a function of the
transpiration process, which is highly dependent upon

the changing conditions of the atmosphere, it will not

be constant with time nrd ss Rewlins (1362} hes shown, it is
not constant throughout the plant because of the resistance
to water movement existingin the pathway of water flow,
although as a first approximation the leaf water potential
may be taken as that of the whole plant, Peters(1960)

has concluded that it is difficult to assign a value to

the integrated length of time of internal plant stress.

In the soil, measurement of water potential and its
integration over soil depth and time have been discussed
by Taylor (1952) and Jarvis and Jarvis (1963), but the
integration involves many assumptions about root distrib-

ution and water absorbing activitye.
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It is not possible to meintalin actively transpiring
plants under experimental sdnditions of a given soil
water potential because not only does the soil water
potentiol at the root surfece vary, depending on the
transpiration rate and soil water conductivity as shown

. for example by Gardner (1960), but depletion of the soil
water produces variable distribution in the soil and
progressive lowering of the soil water potential. Also

the rate of soil water depletion by plants transpiring
actively and with a limited rooting volume may be so high
that the soil water potential may change in a very short
time from "field capacity" to potentials at which the
plants wilt. Relating growth and transpiration to
soil water potential is complicated by the difficulties
of assigning a single value to the whole root zone. The
measured values may not be those which affect the plant
because of the transmission characteristics of the soil
and because the water potential may change rapidly.
Similarly the plant water potential may vary within the
plant because of its water transmission characteristics
and also vary with transpiration during a diurnal evapor-
ation cycle,
Measurements of plant growth based on changes in

dry weight and leaf area, or values of net assimilation
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rates etce. d&riﬁéd from such data, cannot be obtained
at a single level of wat~sr potential and are usually
pelated to an arbitrary soil or plant water potential
measurement made under a particular condition or at a
given time, see for example Ruticr and Sands (1958).
Often plant response is meazured over a period of time
during which the plants are subjected to a cycle of soil
drying and many daily transpiration cycles. The drying
cycle is allowed to proceed vatil a given minimum level
of soil water potential is reached when the whole soil
mass is returned to maximum water status. In long term
experiments, of the type necessary to obtain growth
data, the plants may be subjected to several cycles of
drying and although minimum potentials are known, the
integrated soil and plant water potentials are unsatis-
factorily characterized. Gates (1955, 1957), Gates and
Bormer (1959), Aspinal, Nicholls and May (1964} and
Aspinal (1965), have studied plant responses to cycles
of soil water stress, but the relationship between
stress and plant response camnot be obtained under
these constantly changing bonditions of the experiments.
An alternative method of subjecting plants to

water stress is that of growing plants in solutions of



- 130 ~

Eknmown osmotic potential, For example Wadleigh and A;res
(1945), Slatyer (1961) a:d Boyer (1965) have used salts
or sugars eilther as solutions or added to soils in order
to decrease the total soil water potential, However,
Slatycr showed that salts and metebollzzilé . sugars
entered the plant during the investigation. The use

of mannitol as an osmotic solute has been examined by
Groenewegen and lills (1960) and Trip, Krotkow and Nelson
(1964), and it appears that mannitol is only slowly
absorbed and metabolized. High molecular weight Polyethylene
glycols (Carbowaxes) have becn used as osmotica because
they are unlikely to be ecasily metabolized and are of
such large moleéular welght that entry into the plant
should be limited, Provided thet they are properly
purified they are also not toxic, (Lagerwerf, Ogata and
Bagle, 1961; Jackson, 1962; Ruf, Eckert and Gifford,
1963 ).

In the present work plants were grown in soils
and aspects of growth examined in relation to soil and
plant water potentials. The plant response was compared
with that of plants grown in polyethylene glycol solutiong
in order to provide constant and controlled stress in
the plant rooting medium which allowed growth to De

studied over periods of up to two weeks,



B. Growth of Zea mays in soil

Three experiments wr re performed on¢§§g plants
grown in cans of Silwood &all, The methods, experimental
details and results will be described together because of
similarity. Experiment I was designed to elucidate the
relationship between leaf extension, leaf water deficit
and soil and plant water potentials. Experiment II
repeated the experiment, but with different presampling
treatment and experiment III was performed to include

transpiration.

I. Method

Experiments I and II. UL plants of Zea mays var
Into. 321, were grown in 18 cm diameter x 30 cm high
bitumen painted metal cans with basal drainage holes.
Holes in the sides of the cans, fitted with rubber bungs,
provided access for soill sampling. The cans were filled
with moist Silwood soil equivalent to 7 kg. of dry soil.
For experiment IIT the cans were 18 cm diameter x 18 cm
high, filled With 3 kg, of soil. L plants were grown in
each can. Two resistance blocks were placed in each can
and also a tensiometer in the cans intended to remain
at high water potentials. The blocks and tensiometers

were read, when possible, twice daily, The plants were
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grown to the 6 leaf stage in experiments I and IT and

to the 9 leaf stage in III. Frequent applications were
given of a Rothamsted nutfient'solution. The plants
were grown initially in a controlled environment room
and later under glass. In Cxperiment III supplementary
lighting of about l,QOO'fQot candles was'given both during
initial érowth and throughout the actual experiment to
ensure greater constancy of conditions. The 1ighfé
operated from 9 to 17 hours daily., The leaf growth was
measured by ruler from a reference point on the cans,
usually twice daily, All the leaves were measured
although only the data for the youngest 2 leaves will be
presented, . |

Transpiration was measured in III, by weighing the
pots on a balance which was accurate to about 0.5 gZe
The pots were covered with thick "Polythene" sheeting
taped around the plant Suems.

The methods of measuring plant water potentials by
the Weatherlzy osmoweter (using the steady state evapor-.
ation rates), soil water potentials, stomatal aperture
-and leaf water deficit have been described in Chapters
I and IT, The symbpls‘+{and'?wéoil will be used for

leaf water and soil matric potential respectively.
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¥I. Experiments

Ixperiments I and II were conducted in April and
July 1965, and TIII in Junc 1966, In each case the
moisture regime of drying cycles was designed to study
the changes over the range from maximum plant turgor
to wilting with the empnhasis on the initial decline in
soil water potential, The treatments were; control
maintained at above -0.1 atm‘f\soil, and treatments which
were allowed to dry to minimumAT/soil values of =-0,5 atm
-0,1, =5.0 and =10,0 atm, Bach treatment was replicated
twice., However, the exact stress levels were hard to
maintain and considerable variation from the desired levels
occured, In experiments I and II the treatments were
started at the same time and rewatered as they achieved
approximately the levels of stress stipulated. The cans
in ITIT were allowed to dry from different starting times
in order to achieve a range ofTréoil values on the same
day. This enabled transpiration rotes to be compared
under the same meteoro‘lbg—"ﬁcgﬂconditionso The drying cycle
occupied three days, during which transpiration and growth
were measured, On the fourth day’gfplant was determined,
togefher With stomatal apertures, transpiration and

leaf elongation.
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\+f plant was determined on samples of mature leaves

taken in €xperiment I after the plants had been kept
under non-transpiring : conditions for 12 hours in a
darkened, closed polythene bag. In experiment II the
plants and cans selected for sampling were taken from the
normal growing site, usually at 10,00 hours, and placed
in a 2OOC. controlled light and 50% humidity room for

 '2 hours prior to sampling. The'gjplant data of experiment
IIT were obtaingd from samples of leaves taken directly
from the plants, without pre~treatment, at three times
during the day, 8,00 hours, 12,00 and 20,00 hours.,

The contrast between the experiments was, therefore,
that in I a period of 12 hours was given in which the
plant might be expected to achieve equilibriuwn with the
soil, if this were possible, In a@xperiment II‘+Fplant
was measufed at the end of a period of constant atmosph-
eric conditions which might be expected to eliminate
large fluctuations in transpiration rate and in\*fplant
resulting from variable evaporating conditions, Experim-
ent III allowed the comparison ofhjblant with‘7¢ soil at

“three times of the day under the same conditions on each

occasion,.



IT1, Results

~he ressuits of the 1 ree =xperimentis are considered
together,

a) Piant and soil water potentials.

The results of tne a3terminatvions ofl plgnt and ? SOlW
for experiment I and If are gilven in figure 17, The
fitted regressions are hichly significantly different

between the two exzperiments, In both experiments the

o~ . N R . . . .
?{; plant values at high {801L were very similar and with

et

decreasing ?“Soilyx¢/iplant fell in both cases, but in
experiment I the fall was very sliight compared with IT,

In experiment [, {~ soil was lower than \fplant when the
former was below about -3 atm. whereas in experiment IT
“T7s0il was lower than1+fplant below about -5 or ~6 atn.
“Exsoil. The data for experiment LTI are shown in figure
18. ‘'nhe measuremcente of“i!plﬁnt were made on the cans
indicated bj’ symbols . at each p__eif.iod. Because of the high
transpiration.rates“fgéoil was chanz(ng rapLd17 tbrovvn the
experiment, The alues of ZﬁﬁﬂhlL:fbll from 8,00 to_

12,00 hours in ail ihe ircaiments and rose from 12,00 to
20,00 hours when cthe sgoll water potential was above -10 atm,

Below this value of¥ff;oilg there was no recovery of %prlant

in the evening, Even at 12,00 hours, however,'%d‘plant
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was higher thangf&soil when the latter was below -6 atm,
The inversion of the gradient between the soil and
plant below about =5 atm¢7’soil was a most striking result
and for plants growing under normal atmospheric conditions,
one which is theoretically impossible for plants which
were transpiring. The significance of these results will

be discussed more fully in a later section.

b) Transpiration and soil énd plant water potentials

In figure 19 the rates of transpiration for differ—
ent periods during the course of the drying cycle in
experiment III are shown as a function ofﬂt’soil, the
values of which were taken as the mean of values at the
begimming and end of transpiration period. The ‘transpir-
ation is expressed relative to the rates of water loss
by the control plants maintained at‘?ésoil higher than
-01 atm, The relative rate declined with decreasing‘ffsoil.
Prom about =0.1 to«l atm only a slight decrease in trans-—
piration was observed, but from -1 atm transpiration dec-
lined linesfy with T°soil to about -8 atm., where the rate
of water loss tended to remain more or less constant as
1+f soil was reduced to ~1LL atm. -

.The rates of transpiration differedrwideiy between

the periods, because of the fluctuations in atmospheric
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conditions, but the relative rates were very similar
for the different periods and conditions, except that
the afternoon period on the fourth day showed very
reduced transpiration compared with other periods at
the same water potentialsThe rates of transpiration, in
experiment ITI, during the periods in which Z}j plant was
measured, have been related to the T+fplant values and
figure 20 shows the mean transpiration rate and thel*fplant
values determined during the same period,
In the morning, before the lights were operating,
low transpiration rates were measured, about 0,03 g/dm%/hr.
in the control plants, and reduced transpiration was
associated.withlﬁ%lant values lower than those of the
plants growing in adequate soil moisture, During the
day transpiration rates indreased, to about O.u6g/dm2/hr.
in the controls. The rate of transpiration decreased as
\ﬂ’plant, with a large reduction in transpiration noticeable
between =5,5 and -6,5 atm }*yplant} Transpiration in the
evening period was O.19g/dﬁ?/hr., and a more or less |
linear relationship between transpiration rate andfyjplant
was observed. ’ -
Transpiration continued despite the apparent inversion

of the potential gradient. Because of this inversion it is
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not possible to rclote the rate of water loss to the
to the gradiant of water po“ential between the soil and leaf.

c¢) Siomatsl activity

Figure 21 (a) shows the relation retween the stomatal
eperture and ﬁzfsoil, and (b) that between stomatal aper-
ture and14fplant in experiment III. The stomatal aperture
decreased progressively with reduction ing?”'soil and ?fj
plant, reaching the nimimal aperture of about 0.5 u at
) atmﬁ?féoil and with7+fplant at about -6 or -7 atm.

At low water potentials the stomatal aperture was independ-
ent of the time of day, i.e. light conditions, but at higher
water potentialsfthe maximum stomatal widths were observed
in the morning a;d mid«day periods, and the closure took
place 1n the evehing. Apart from the morning period, the
transpiration raﬁe, shown in figure 21 (c), was linearly

related to stomatal aperture.

d) The rate of leaf extension

The rates oﬁ‘extension pef can, of the youngest and
second youngest ieaves, in experiment I, have been plotted
in figure 22 relative to the ﬁate of extension of the plants
grown at less than 0.l atm'mﬁfdsoil. In order to emphasize
the importance of’thefstress hetween O.1 and -1 atm,“fT’soil
is given on a ioéarithmic scaie. Leaf extension was reduced

asﬂﬁf%soil decreased from about -Ool atm and was nearly
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zero at -10 atm. Growth was clearly affected by water

stress between -0.1 and -~ atm. PFrom figure 17 it can

be seen that measurcment of small changes in'#fplant, over
this range, are difficult, because of errors in the technique
and also because W plant is subject to variation due to
changes in transpiration ratés.

The relative rates of leaf extension of plants which
have been subjected to stress and were watered to "field'
capacityuare also shown in figure 22. Theﬂxf soii values
- to which the plants were returned, measured about 12 hours
after rewatering, WA those to which growth is related in
the figure.

The rate of growth of plants recovering from water
stress were usually higher than those of plants maintained
at high'Usoil, although the total accumulated leaf length
wes reduced by stress conditions The surge of growth after
a period of water stress was insufficient to overcome the
esfects of the stress on total leaf length,

- The relation betweenwzgsoil and extensior of the leaves
was also examined in experiment III and the results are
shown in figure 2%. Here the leaf extension has been shown
as rate per 24 hours; where the extension was measured over

periods less than that the rate was calculated for 24 hours.
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As in the previous experiment the rate of leaf ext-—
enslon was reduced by decr:asing:t)soil. Detween ~-0.l1 and
-1 atm the rate fell sharply for any given day. From -1 to
-6 atm the rate qf extension decreased with decreased'}J soil
and ceased by about --8 atn., |

The data for experiment II were very similar to those
of the experlments described, with zero growth at about -8
atm‘(1801l. The actual rates of growth were higher, at a
given level of k 's0il above the potential where growth
ceased, in experiment I than in II or III. The higher
rates of extension in oxperiment I may have been due to
differences ir nutritional status of tha» ﬂ1nnts or to higher
temperatures. The transpiration rates, which could have affected
the leaf water balance and therefore growth, were highest
in experiment III, about 1l.L cmj/cmz of pot surface/day;
and about Q.u to O0eb cmé/cm?/day in experiments I and II.
(The latter figures were ca_culated from the rate of soil
water depletion). The difference between the experiments
cannot, therefore, te due to an effect of transpiration rate
oﬂ growth,

The relationship between leaf extension growth and?ffplant
is considered only for experiment III. The date from exper-
iment II are closély comparable. The rates of leaf extension

were measured over the period during which the'yjplant values
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were determined. Expressed on a 24 hour basis, the mean
ratie orf growth of the youngest leaf per pot are shown

in figure 24 as a function of the mean leaf water potent-
ial over the period.

’ As .{éﬂplant was reduced from the normal values

of about ~3 atm %o ~5 atm, the leaf extension rate fell
from about 4 cm/24 hours to about 0.2 cm/24 hours. From
-5 to -9 atm i%fplant the érowth of the leaves was almost

ZETOoe

C» Crcwib of Zea mays in Polyethylene

Glycol Solutions

The apparent inversion of the water potential gradient
between the soil and leair of Zea plants, even though they
were transpiring and taking up water from the soil, which
was described 1n the previous section, was further invest-
igatel by growing plants in polyethylene glycol (PEG)
solutions. The osmotic potgntial of the soXution, \{rsol,
could be determined with accuracy unobtainable in the meas-
urement ofﬂT‘soil; the other advantages of using PEG solut-

ions have been discussed in the introduction to this chapter,

I Methods
The difficulty of determ.ininz the osmotic potential

of solutions of PEG's have been disoussed by Lagerwerff,
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Ogata and Bagle (1961) and Jackson (1962).

The solutions fased i1 the present work were made up
by dissolving Pharmaceutical grade PEG of molecular weight
00O (Shell Chemical Company, Ltd.) in a Rothamsted nutrient

X

solution (see Hewitt, 1952) and determining the § sol

using the osmometer., As it is not possible to calculate
the osmotic potential of. PEC solutions from the Van't Hoff
relationship the Ji sol was estimated experimentally.

The weight of PEG 4000 molecular weight per litre of
culture solution and the mean of two determinations ofﬂ/SpL

are given in table 19,

Table 19 Osmotic potential of PuG solutions
g./litre 0] 3L 80 113 130 215 300
culture sol

o ' +
I} sol (neg.atm) Oult 1.1 2,0 3.3 5.4 3,0 12,9

(+ determined as ~7.0 atm in experiment I and -8.0 atm in
experiment III for two differently prepared batches of
solution),

The Zea mays (var.lnra 321 ) plants were grown in
polyethylene beakers, of 600 ml, capacity, covered with
black paper for experiments I anda II. The selected seed-
lings were placed, 4 pef pot, with the roots through a

perforated
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bleck plastic cover and grown to the 6 leaf stage in
culture solution, The plants in experiment III were
grown in black bitumen painted trays, 25 x 25 cm X
10 cm deep, on fibre glass and 'polystyrene' rafts with
the trays covered with black polyethylene sheeting,
sealed around the stem bases. The pots in oxperiments
I and Ii were also covered when 1t was desired to
measure transpiration. The water loss, determined by
weighing, was replaced by distilled water and twice
weekly a culture solution was applied in equal amounts
to each container. This gave egual volumes of nutrient
solution to the plants, irrespective of PEG treatment,.
The PEG solutions were replaced at weekly intervals,
The methods of measurinélé plant, LWD and stomatal
aperture have been described, Leaf extension growth was
measured from a datum on the edge of the pots.

IT. Experiments

.Experiment I was conducted in December, 1965.t§?he
{
Zea plants were grown under supplementary lighting from

9,00 to 20,00 hours each day, at approximately 1,200 foot
candles, in a heated greenhouse., The extension growth

of the youngest leaf was measured for a period of 2 days

with the plants growing in culture solution only and
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@d"plant was determined on mature leaves (at 11,00 hours)
from plants kept in the Aark for 10 hours and then about
3 hours after the lights came on. The nutrient solutions
were replaced by PEG solutions of -=l.l, ~3.3, —=b.l4 and =7,0
atm, and a control treatment was provided., Each treat-
ment was replicated 3 times. The planits were kept under
conditions of wvery low transpiration; high humidity and
darknesso'ﬁj‘plant values were determined after 12 and
22 hours in the solutions, The piants were then exposed
to the lights andlﬁ%lant determined after 12 and 20 hours
exposure., The leaf growth was determined for 3 days
after the application of the PEG solutionse.

Experiment II was conducted in February, 1965,
Plants were gpown as in II andfﬁfplant, leaf growth and
transpiration rates were measured for 3 days on plants
growing in culture solutions and for 4 days after trans-—
piration to PEG solutilons. The solutions used were
those given for cxperiment I, except that the -7 atm
solution was replaced by a -13 atm solution in order to
study the response of the plants under conditions of
severe wilting. In €xperiment II the plants were grown
to the 5 leaf stage in culture solution, under the

previously described greenhouse conditions.



A study was made of the effects of transpiration
and lighting conditions anf#fplant and stomatal aperture.
In period A, before the sgpplication of PEG solutions,
the plants were kept in the dark.for 12 hours andlﬂ;plant,
transpiration and stomatal aperture determined at the
end of the period°~ The plants were then exposed to
the lights and the same values determined after 3 hours.
The plants were next subjected to the lights for 3
hours plus a high wind, produced by 2 fans, which
caused the leaves to flutter strongly., The transpiration
rates and other quantities were measured during the
period,.

The plants were placed in the PEG solutions on the
next day, period B, allowed to transpire in the light. for
5 or 8 hours andyf;ﬂnd;and.transpiration measured, In
period C the plants were transferred to the dark for 10
hours and at the end of the dark periodlﬂpplant, stomatal
aperture and transpiration measured, The plants were
then subjected to light for 3 hours and following this,
to light plus wind for a further 3 hours. This was after
a total of about 15 hours in the PEG solutions. It was
hope& by this procedure to determine the effects of

transpiration, solution osmotic potential and light- conditions
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onﬁQ} plant and their interrels&tion.

' Experiment III was ccnducted in June, 1966, The growth
in dry weight and leaf area of Zea plants in PEG solutions
was measured and estimates of various growth character—
istics calculated. The plants were grown to the 5 leaf
stage, 15 plants per tray. PEG solutions of -0,4 atm
(control), =l.l, =3.3, =~5.4 and -8,0 atm were applied on
1st June. Each treatment was replicated twice, divided
into two blocks. in the greenhouse, Harvest 1, (referred
to as hi) was taken at the time of application of the
PEG solutions, and harvests 2 and 3 (h2 and.h.3 respectiv=-
ely) were taken after one and two weeks growth in the

PEG solutions. Xach harvest consiated of 8 plants. The

k1 plants were selected at random from each tray, h2 and
h_3 consisted of four plants from each replicate tray,
selected at random,

The transpirational losses from the trays were re-
placed by giving equal volumes of culture solution to
each tray and meking up the excess, which arises from the
‘different rates of trasspiration with treatment, by add-
ition of distilled water, The PBG solutions were replaced
after 1 week,

The leaf area of each plant was determined by outlirdng-
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the leaf on paper, and estimating the area of the

paper by weighing the cutout shapes arl comparing

with the known weight to area relationship for the
paper.

The leaves and the roots were separated at their
Junction with the stem. The dry weights were measured
for each plant after drying at 808.

In order to compare the plant response to plant
water potential as well assolution potential, and to
relate the experiment to the others previously described,
samples were taken between harvest 2 and 3 during the mid-

day period foryfplant determination,

IIT Eesults

a) The relation between Wplant andfﬁiﬁol

Experiment I, The data forh}plant,determined in the dark
and light prior to PEG epplication,  for 12 and 22 hours
after the application of PEG solutions and after 12 and
20 hours in the light (i.e, after a total of 34 and 42
hours in BPEG), is shown in figure 25 (a)

There was no significant change between the zéplant

values after 12 and 20 hours either in the dark or light,

at the various levels of /f sol, With decreasing 77 sol.

1
h)

the values of yfplant were reduced, butyf plant was much
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higher in the plants grown in the dark than in those
grom ir the light at a givénf?f sol, Tbelow -=0.5 atm,
In the dark the gredient of water potential between
the solution and leaf was inverted, but in the light
'hj plant wes very similar to the solution potential.
In the =0.4 atm solutions the plant water potential, in

the light, and dark, was always about =2 to -3 atm,

Experiment II. The data are given in table 20 for
determinations of transpirationﬁlyrplant and stomatal
aperture for Zea plants grown in culture solution under
different light and transpiration conditions during period

Bie

Table 20 Transpiration;‘yfplant and stomatal

apertures under different conditions,

Length of Dark Light Light and Wind
Treatment

12 hours 3 3
Transgiration
mg/dm“/hr. 102 Loo 1318
LSD (P = 0.05, % with 21 dufe n = 8) L.5 mg.
Qg’Plant 2e3 362 | Lheb
ISD (P = 0.05 t with 3 dofe n =2) 0.67
Stomatal Lower 1.32 1.54 1433
aperture epidermis
bl Upper 1.23 1.57 l.32

epidermis
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The data are given in table 21 for period B in

experiment II for plante growing in culture and PEG

solutions 1in the light.,

Table 21 Transpiration,'%] plant and stomatal apertures

of plants in culture and PEG solutions in the

light -
- . +
7/ sol (neg.atm)  0,5% Lol 303 5L
Transpiration 912 618 575 263

mg/dmz/hr.

LSD (P = 0,05 t with 5 dof.) = 1lu3 mge
1-{—ﬁplant (neg.atm) 346 248 3e¢7 1063
LSD (P = 0.05 t with 6 d.fQ) = 2,21 atm,

Stomatal Lower 1.81 1.20 0698 0.51

t
aézr ure Upper 1,62 1,64 0e92 OuL8

+ after 8 hours in PEG

%  after 5 hours in PEG

The data for the relationship between.QJblant

13,0%

141

0a52
0.39

and transpiration rate of plants grown for 15 hours in

PEG solutions during period C, are summarized in table 22,
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Table 22. The effects of light and wind conditions on
transpiration,lyrplant and stomata for plants in

PEG solutions.

Dark Light Light and Wind
Y Sol.(neg.atm) 1,1 3.3 5.4 1.1 3.3 5.4 1.1 3.3 5.k

Transairation 95 53 L0 363  32% 170 708 550 316

mg/dm</hr.
LSD (P = 0.05 t with 9 d.f.) = 2.3 mg,
Y plant (neg.atm) 3.1 248 5.1 2.9 2.9 5.2 3,9 7.l 7.5
LSD (P = 0,05 t with 5 defe) = 0.,L8 atm,
Stomatal Upper 1.0 0.8 - 1.l 0e9 0.8 1.82 1,1 Oe 6
aperture
ke, Lower - - - - - - 1,60 1.2 0.8

To further illustrate the relationship of the variables;
the data forlJblant under different conditions have been
presented in figure 25 (b).

When plants were exposed to light after a period of
darkness, the transpiration rate increased, by about 3
times, but no significant change was observed in'yfplant
at any level ofj?fsolg Transfering . the plants to wind
conditions led to a fall in theW*fplant values below the
level of7f sol,

In the =0,5 and -1.1 atm solutions,}y'plant was always
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-

lower than;/ sol . In the dark thelpblant values, at
lower values of»fﬁﬁsol, were in approximate equilibrium
with the solution potentials, There was no evidence that
\d'plant exceededfﬁfsol even after periods. of 15 hours
in the dark. The difference between the behaviour of
plants in experiments I and ITI. under non-~transpiring
conditions was possibly due to the fact that the determin-
ations oflﬂblant in I were made on plants which were only
subjeotea to PEé solutions in the dark and under very
low transpiration conditions, Possibly the rate of water
movement from the plant to solution in cxperiment I was
very slow, giving the appearence of equilibrium attaimment,
although ,the change from 12 to 20 hours was in the direct-
ion of an increase in74fblant rather than a lowering.

In cxperiment II the/plant values attained approxim-
ate equilibrium Withfyjsol,u excépt in the =13 atm treat-

ment, during the dark wsriod but did not rise above it,

bs Transpiration and water potentials

The relationbetween the determined values of W plant
and transpiration have been plotted in figure 25 (a) and
the relation between transpiration and the difference in
potential between leaf and solution (7 sol —HJblant)

in figure 26,
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In the dark transpiration rates were small, and
decrecased with decreasing zp‘planto Increases in the ratev
of transpiration were accompanied by reduction iﬂ'ﬁﬁ.plant
and aS\%;@lant declined with trsatment so tlanspiration
was reduced. The transriration declined as the gradient
of water potential was reduced. The highest rates of
transpiration were associated with the largest gradient,
and reduction of the gradient by only one or two atmosph-
eres caused considerable reduction in transpiration rate,
A gradient of zero was still, however, assoclated with
trenspirational losscsa

The data, for Cxperiments II and III of the rates
of transpiration of plants gfowing in PEG are collected in
figure 27, The rates have been expressed relative to the
plants grown at -O.4 atm, In Cxperiment ITI the rates of
transpiration were determined on a leaf area basis, but
in cxperiment III the rates were for trays only. The
transpiration data for cxperiment III are based only on
the first 3 days after application of the PEG solutions,
before leaf area reductiorn would have affected the rates
of transpiration, -

The transpiration rate fell with decreasing?f4sol .
From-0,l to «=l,1 atm the transpiration rate was reduced

by about 10% and fell to about LO% at -5.4 atm. The
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relative rate of transpiration was reduced more rapidly
with changes in’ﬂ/sol from =0.4 to =544 atm thon from
~54lt to =13 atm. In the 1% atm treatment the plants
were severely wilted but transpirotion was still about

10% of the control rates.

. Ce The stomatal apecrturc

The stomatal apertures; determined by the silicéne
rubber method, were determined on plants growing in PEG
and culture solutions, under different light conditions.
The results, figure 27 b, have been shown as a function
of?f/sol . The stomatal aperture declined with decreased
i sol and reached a minimum of about 0.5l at about =6 atm.
Tn the =0.5 atm solution, as might be expected, stomatal
aperture was smallest in the dark and highest - in the
light with light plus wind treatments intermediates.

The response of the stomata t01+fp1ant is shown in
figure 28. The stomatal aperture was reduced as'yfblant
fell from the maximum value of about =3 atm. Variation
due to the stomatal light response cccured but‘stomatal
apertures were minimal at about -8 atmﬁﬂ'plant. .

d. Leaof extension growth

The dnta of the rates of extension of the youngest

leaves for plénts growing in PEG in ex.periments I and IIT
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are presented in figure 29 (a). The mean rate per

pot has been expressed rclative to the control plants‘
growth rate over the same period. Figure 29 (a) shows .
the dependence of extension on TTscle Both experiments
agree in essentials, Growth was unaffected by decreas-
ing 7 sol from -O.l4 atm to-l.1l atm, but declined
Whenhﬁfsol- was =344 otm. At =5.4 atm growth in exper-
iment II was almost feduced to zero, In experiment I
growth was still about 20% of the control at -5.L atm.
Growth was zero at -7 atm, The curves in the figure

are the means of periods of several days, but no change
in the response to'Zféol was observed over the experim-
ental period.

The growth of the youngest leaf was examined in rel-
ation to the measured values ofl*fplant. The leaf growth
during the periods in the two experiments when‘yfplant
determinations were made, has been plotted in figure
29(b )as a function of the meon water potential during
the period of growth, or where only one mneasurenent of
'lffplant wes available, as a fumction of this.

| In Cxperiment I growth during the dark and light
periods, after 22 and 52 hours in the PEG solutions, was

compared with growth in cxperiment II in the light 3 and
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32 hours after PEG application and in the dark after

21 hours growth in PREG so>lutions, Maximum growth was
assoclated With\+fp1ant values in the range from =2 to

-3 atm in the dark-and ~26H to =4 atm in the light.

Below =3 atm in the 1light, growth was reduced and became
zero at =5 and=6,5 atm in the dark and light respectively.
In the dark the form of the growth curve with decréasing
I‘J'plant was similar to that in the light but growth
appeared to be more sensitive in the dark than in the
light to decreasing water potential,

In the short term studies of growth no recovery of
leaf extension was noticed after the initial depression
following the application of PEG solutions, and even
after two weeks growth in solutions the plant leaf
growth was inhibited both im manber and size. This is
shown in Plate 2 by the plants from the final harvest

in experiment III.

e) Growth in leaf area and dry weight

The growth of plants under water stress may be des—
cribed, following ¥vans and Hughes (1961), by the size
and form of the plant at a particular instant in time,
or by the processes taking place over a time period.

Examples of the former are; the dry weight distribution
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between the leaves, root and stem,. and the ratio of
leaf area to weight; of +The latter the relative growth
rate or rate of dry matter accumulation per unit area
of leaf.

Of the measurements of size and form the following
will be considered in the section; the dry weight distrib-
ution between the leaf, stem and roots and the ratio of
leaf plus stem weight to that of the root (shoot root
ratio); the ratio of leaf area to total plant dry weight
(leaf area ratio) and the ratio of leaf area to leaf dry
weight (specific leaf area).

The following symbols will be used; t the time,

L the leaf area, W the total dry weight, subscript
LF, 8T, R refer to the leaf, stem and root weights
respectively and subscript 1, 2 or 3 refer to harvests

1, 2 and 3 respectively.

Then: Leaf area ratio (LAR) = L
Wr'
Specific leaf (sta) = D
area i WLF
. W W
Shoot root ratio (SRR) = _ST + LF

-
Wh

The processes of growth which will be considered
are. the overall rate of increase in dry matter, the rel-

ative growth rate; the relative rate of leaf area increase,
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and the rate of accumulation of dry matter per unit
area of leaf, the net ascimilation rate.
Evans and Hughes have discussed the derivation
of the growth rate estimators and these may be writteny
Relative growth rate;RW;

Ry = 1 v
w dt.

= logGV%: log, Wy

to = %

Relate rate of leaf area increaseigz}

R ! — 1 -~
L = loge L2 19ge Ll

T -

Net assimilation rate, E,

=Ll dw.

T dt.
= loge L2 - 1oge Fl W2 - Wl
o -0 % Lo = Ig

In deriving E the asswmption is made that W and L
aré linearly related between harvest., Evansand Hughes dis-
cuss this and also the derivation of an alternative equation
whieh assumes that W is related to L2. They concluded
that provided L2 was not greater than 2 the estimates
of E were near1§1the same from both assumptions. In the

present experiments L 2 was never greater than 2 and so
L
1
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the equation given was used to calculate E, In deriving

the values of Rw’ RL and © the unit of timc cmploycd was

one week and the values are expressed as g/gz/week,
cm2/cm2/week, and mg/omg/week respectively,

Whitehead and liyerscough (1962) have related R to
R, in the form = R, where .A.is the ratio of the rate

Ry,

of dry matter accumulation to rate of leaf area develop-
ment. Where #. = 1 the leaf area ratio is constant
®etween two harvests, where ci,is greater than 1 the ratio
has decreased and where less than unity the leaf area
ratio has increased. Using values of & derived from

the experiments the adaptation and response of the plants
to decreased water potentials could be examined,

The data were analysed by variance analysis of the
total leaf area and the leaf, stem, root and the total
plant dry weight. The dcte for h2 and h3 were obtained
by harvesting L4 plants from the 2 replicated trays of
each treatment, The replicates were divided into two
blockse However, for the analysis the experimental design
was treated as a random one which gave greater number
of degrees of freedom for the residual variance,

The R,» Rp» E, SLA and IAR estimates were derived

by taking the mean plant weight and leaf area per replicate



tray and calculating the desired quantity. This
yielded 2 replicates of <ach for each harvest and
treatment and the analyses were performed on these.

1. Dry weight

The log:LO mean dry weight of the whole plants at
each harvest and treatmeﬁts is shown in figure 30ial as
a function of the rooting medium osmotic potentials.
The form of the analysis of varilance is shown in table

23, analyses were performed on the logy, data.

Table 23 Analysis of Variance for Harvests 2 and 3

Source defe Dry weight Leaf Area Leaf Stem Root
Treatments L EZECIE DAERE etk qesl L
Blocks 1 ns ‘ ns ns ns ns
B x T L ns ns ns ns. ns
Harvest 1 X 4 DR GEXEX R ESEAE
T x H L B ns s #ias e g5
Residual 65
Total 79

 Gignificance levels P = 0405 (%), 0.0L (% %), 0,00 (i)

ns = not significant on P = 0.05

The mean dry weight per plant increased between
each harvest, for all treatments, although the rate of

increase was reduced by decreasing { sol, which was
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shown by the Harvest X Treatment interaotion. Severe
reduction in dry weight ¢ccumulation was found with
the increased water stress; the log1O dry weight
decreased linearly with 7% sol.

The leaf, stem and root dry weilghts, figure 31, were
depressed by decreasing ji/rgl?. although accumulation
of dry material took place between each harvest, except
for the leaves between 1 and 2, where a reduction in the
leaf dry weight was observed at - 8 atm [ #ol.. Root
growth was least affected by the decrease in ?f/aol.
2 Leaf area

The leaf area, shown in figure 30 b and analysed
in table 23, increased in each treatment except in the
- 8 atm PEG solution between hl and hg? when a fall was
observed. Between h, and h3 there was, however, an
increase at this potential. No interaction between the
treatments and harvest was found. The reduction in leaf
area at - 8 atm between h1 and h2 was due to an increased
rate of leaf senescence, without compensating growth of the
younger leaves, The ratio of the mean weilght of dead
leaves per plant to mean total plant weight for each
harvest and the form of the variance analysis has been

summarized,
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Table 25 Analysis of variance of growth process

estimations and ind’ces of form.

Source ohiy R, RL E SLA LAR
Period 1 e s o ns %
Treatment i i it ns %
PxT L ns ! ns ns ns

Residual 10

Total 19

Significance at P = 0,05 (%), 0,0l (%), 0,001(%#:)

ns =. not significant at P = 0.05

%]

Rw was greater between h2 and h3 than between hl andihz
Decreasing Y[ =ol . reduced R although at - 8 atm it was
still positivé.

2. Relative rate of leaf area increase.

Ry,

affected by treatment and in the period hl - h2 was negative

, which is shown in figure 30 d, was severely

in the - 8 atm treatment. Between h2 and h3 RL increased
in the lower osmotic potential solutions and this suggests
that the plant was.able to compensate, during the period
of growth, for the effects of wgter stress and partially

recover the ability to expand the leaf area,.
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L. DNet assimilation rate

The mean net assimi.ation rates for the two periods
at each treatment are shown in Tigure 32, I was reduced
by decreasing {{ s051 at each harvest but no significant

interaction of harvest with treatment was found,

5« _Leaf area ratio

The TAR is plotted in figure 33 for h11h2 and h3

The ratio declined from h, to h, for the control plants

3
due to a more rapid accumulation of dry matter than of
leaf area-production. With decreasing J¢ .sol the LAR

fell but no interaction with treatment was apparent.

At h2 the marked decrease in LAR with treatment was due

to reduction of the leaf area, but at h3 the LAR was less
affected by treatment. The slight effect, which treatment

had on the leaf area ratio at h,, was due to an increase

3
in the plant dry weight Yelative to the leaf area in the
higher potential solutions, whilst in the lower potential
solutions the iIncreases in leaf area and dry Weight were
such that the ratio remained. more or less constant. The
mechanism by which plants under severe stress may increase
- the leaf area, will be discussed in a later section.

6. _The specific leaf area

© SLA was unaffected by treatment or harvest, as the

results of the variance analysis, table 25, and figure 33
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show,

7. _The gl index

From the R_and Ry values for each period the ratio
has been calculated of growth in dry weight to growth in

leaf area for each treatment and is shown in table 26.

Table 26, The values of ¢. for each treatment ower two

+

periods
f;:z%atm) hl— "2 A hg-.hE
Oult T dell | 1.36
R & 0.96 1la146
3e3 1l 1.22
54 1.82 1.18
840 -0, 7k 0.76

The values of &= greater than 1, in all but the - 8,0 atm
treatment, suggest that the leaf area ratio has decreased
over the period of study and that the plants were able to
‘accumulate dry matter above that used in the expansion
of the leaf areas The negdtive value of “cin the - 8 atm
treatnent during the first period is indicative Bf a
decredse ip. the leaf area ratio between the harvests and

of senescence, The rise in «.~» at -~ 8 atm in the second

period suggests that the LLR WaSiincreasing but that all
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dry matter production was employed in the expansion of
the leaf area.

It would be of interest to know if ¢A.could exceed 1 in
the - 8 atm PEG solution, if a sufficiently long period
were given., This would signify recovery from the stress

conditione.

8. Conclusions

The effects of water stress on the growth of Zea
mays include a reduction in the existing leaf area at low
water potentials due to senescence of the older leavgs
and a reduction in the rate of growth of the leaf area.
It is apparent that the plant is capable of leaf area
expansion even at root medium potentials which are about
that of the leaf at zero turgor. However, the extension
growth of the leaves, in éhort term experiments, stops
at(“ 80l values in which, over longer periods, leaf
expansion may continue.

The net assimilation rate is also reduced by stress,
but does not become zero when I 86k is low enough to
severely restrict growth df the lealf arez, The reduction
in both leaf area and net assimilation rate is reflected
by the fall in the relative growth rate w%th stress,

The proportiomsof the plart alter with stress due to
leal senescence, the root shoot ratio declines and also

the leaf area ratio but the specific leaf area remains constan
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D. The Relationship between Leaf Water Deficit and the

Water and Osmotic Potentials of Zen mays Leaves

During the course of measurements of plant water
potential (Y plant), the osmotic potentizl ( (Tplant) and
leaf water deficit{LWD}were meosured, The importance of
IWD (or its complement, relative turgidity) as an indicator
of water stress has been shown by Weotherley and Slatyer
(1957), provided <tha LWD{Q!plant relationship is knowne
In the present work only theﬁqulant values have been
given because they are regarded as of greater meaning in
problems af growth and water uptake. The significance of
the measurements of (L plant and LWD, which may be regarded
as an approximate measure of the cell folume, is that
they can be used to calculate the turgor of the tissue,
This may be of importance in the understanding of leaf
growth and transpiration. In this section, therefore,
the relation betweenfyfplant, T plant, turgor potential,
P, and LWD will be examined and also the bearing which they
have on growth,

I. Methods and Materials

The way in which}#blant,'zgplant and LWD were
determined was described in Chepter 1. The determinations

of“yfblant and ?T plant were made on the same samples of
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leaf, and IWD was determined on parallel samples,

Three sets of measurements were made on plants subjected
to water stress over varying periods of time and under
different conditions,

A. Measurements were made on the plants grown in
soll in Bxperiment III, Section B, The soil was allowed
to dry over a period of L drnys, and the range oflyfplant
measured during the period was from about -2 to =11 atm,
e Be Zca plants were grbwn“in polyethylene glycol
solutions (experiment II, Section C) for a period of
about 2 days before the detérminations were made,

Ce Well watered plants were dctached from their
roots and allowed to wilt in the air over a period of

about L hours.

IT Results
&) Leaf water deficit .and water potential
The'relationship is shown in figure 34 nyplant falls
with inereasing IWD from about - 2 atm at 2% LWD to
- 11 atm at LO% LWD. The points fall within about *
1 atn of the mean at any leaf water deficit, despite the
diversity of materials and conditions, The plants grown
in PEG solution and soil showed a close agreement although

Macklon and Weatherley (1965) showed, for Ricinus, that
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the \WYplant:IWD relationship was different for soil and
solution grown plants,

The most obvious discrepancy is shown by the data
for soil experiment III when comparcd to the rest of
the data. In III the LWD chonged from about 2 to 10%
before WS plant fell, so that, at a given LWD in this range,
’gSplant was higher in plantsfrom ¢xperiment III than in
the other plants. It was only at a LWD of about 35 % that
’prlant and TWD values agreedfor all experiments. The
ciscrepancy between the data.for experiment III and the
other data may be explained by assuming that a large
volume of the tissue exists external to the cell, cytoplasm
or vacuale, and that the water content of this extra vacuolar
tissue changes without influencing the oéll or vacuole,
In the case of experimeﬁt ITI the plants were very large
compared to the other experiments, with thicker walls and
larger vessels. The cel. wall may act either as a source
of water for the cell during equilibration in the csmometer
chambers with consequent increase in the cell or vacuolar
wall potential, or the cell water content remains constant
and the wall water content fluctuates. Gaff and Carr (1961)
have shown that such a buffering action by the cell wall

is possible.



- 179 -

Obviously for plants of uniform size, thé%fblant:
LWD relationship is a close one and LWD could be used
as an indicator of the plant water potential, although
changes in thc tissue dpe'to maturation or uptoke of
materials into the celi,'may alter the relationship.

b) Leaf water deficit end osmotic potentinl,

The data are given in rigure 35, The date greed
for plants grown in soil and solution culture, but the
air afied plants diffcred in their LWD:\Efblant relationship.
At the minimum leaf water deficit of about 3% the plants
in soil experiment III, PEG experiment II and the air

dried plants showedfr(pagnt values of about -7 to -8
atme With increasing IWD thc air dried plants i plant

values did not fall as markedly as those of the plants
grown in soil and PEG solutions. The discrepancy was-
about 1.5 atm above a IWD of 10%. ¥iplant was linearly
related to the loglo LWD,

The reduction infﬂfplant with decreasing water content
may be due to concentration of the existing materials in
the cell or +to production of osmotically active materials
within the cell. If the decrease in T plant is due to
concentration of the cell contents, the product of osmotic
potential and cell volume should remain constant,but if

increase in osmotic materials takes place then f{plant
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x volume should rise. Weatherley (1965) equated volume
with the relative turgidity or relative water content,
i.€s 100 — LWD, For the present experiments T plant
has been calculsoted and the results arc shown in figure
36, For the air dried plants ﬂmaT(Iﬂﬂnt X volume
remains constant except at high leaf water deficits,
indicating that over short periods of water deficilency
the cell osmotic content remains more or less the same,
In the soll grown plants the product 1s constant with only
a very slight f£all, indicating that in the plants there
was no significant increasc of osmotically active sub-
stances in the cell by uptoake from the soil or from
hydrolysis of insoluble carbohydrates. Slatycr (1961)
indicated thet the osmotic potentinl of the sap of plants
grown in nutrient solutions decreased in proportion
to the potential of the nutrient solution., Janes (1966)
showed an increase in the "solublc solids' of bean and pepper
plants after periods of water stress where this was applied
in the form of polyethylcne glycols,

Baton and Ergle (1948) obscrved that, under stress,
cotton plants suffered a decrease of starch and increase
in hexose sugars. The evidence for changes in the materials
of the cell and, thercfore, potentially, for increase

in osmotically active materinls, has been reviewed by
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Stocker (1960).

The plants grown in PEG solutions exhibit a very
marked increase in XU x V; although the dota cre scatt=
Qreq a . large increase is indicated in thc cell osmotic
materinls. A possible sourcc of this increascd solute
is either uptake of ions or PEG from thc solution or the
production of osmotically ~ctive substances by the ccll,
However, production of zsnotically active materials? Cele
conversion of starches to sugars, by.iho ccll under
conditions of water stress must be exciuded as the
plants in soil or dried in the alir show no such increase
in materials, It is not clear if PEG is token up by
plants. Janes (1966) suggests that they are not, but
Lagerwerff and Eagle (1961) concluded that PEG's can
enter the plant, but not necessarily the cells.

The effect of water stfess on the plants is,
therefore, dehydration of thc cell and o rise in the
cell sap concentration, If diffusible matecrials are
readily available at the root then they may be absorbed
into the cell with o consequent lowering of?fplant.

¢) Loeaf woter deficit and turgor

In figure 36 the turgor potential, P, and QJplant and

¢ plant from which it is derived, arc given as functions
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of water doficit. The LWD Yfplant and (Uplent relation-
ships have been considered and only the turgor pressure
will be discussed.

P fell with increosing LWD in each experiment, from
a maximum of about 6 atm to 0.5 atm. Poé;ibly absorption
of the cell wall watcr could have led to owey estimation
oflgﬂplant and therefore P would have been positive. The
relationship between P and LWD was approximately linear
down to P of about 0.5 atm, P remaining at that level with
inereasing LWD. Minimum turgor was recached at about 32%
LWD in soil grown plantsl2u% in plants from culture solut-
jons and 14% in air dried plants. The diffcrences in the
P: LWD rclationships between the experiments are probably
due to the contribution of the cell wall in estimations
of IWD and the variation in the celllwall's elasticity.
This has been discussed previously.

The maximum estimated values of P were small compared
with those mentioned in the literature Gardner and Ehlig
(1965) showed for pepper and sunflower maximum P was
about 10 bars, and 11 or 12 for cotton and trefoil., Ruf,
Beckert and Qifford (1963%) gave asoximum values of P as 13
bars for Agropyron sp. and about 6.3 bars for Solanum.

Janes (1966) indicates that P would be about 8 atm for beans..
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How significent im maintenance of turgor to growth?
In Sections B and C the extemsion growth of the first leaf
of Zca plants, in soil experiment IIT, and PEG gxperiment
II, was determined in relation to the plant water potent-
iecl, Figure 36 shows the level of turgor at which extension
growth ceascd nnd this proved to be the same in both
experiments, about 3 or 3.5 atm.

It is generally assumed thﬁt extension growth stops
ot zero turgor, (Slatyer, 1957), but obviously in these
experiments this not so. Gardner and Ehlig (1965) have
concluded that marked changes toke plass ia the elastic
properties of the cell when turgor drops below a given
turgor, rather than at zero turgor. Interestingly the
turgor at which visible wilting occured in their material,
wos about 2 or 3 bars., The growth of a cell is not only
affected by turgor, but also by the capacity to synthesize
materials involved in the production of the cell woll etce
Bonner, Bandurski and Millerd (1953) and Ordin (1960)
‘have shown that auxin influcnces the uptake of woter and
presumably the extension properties of the cell walls In
short term experiments metabolism of cell wall materials
may not be of prime importance in growth and probably

growth is dependent upon turgore. Hoewovwex, the mainten%e
.
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of turgor by changes in the osmotic constituents of the
cell may be achieved at the expensc of the cell organiz-
ation and lead to effects on growth even though turgor
would seem to be adequate, Certainly the effect of
water deficit on subcellular organization has been
shown by Schnepf (1961) tc producc scvere damage to

cell structurec.
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Chapter L. The Growth and Twanspiration of Lolium

perenne in Soil and Polyethylene Glycol Solutions

A, INTRODUCTION

Growth and water uptake of Lolium were compared in
soil and polyethylene glycol solutions., The introductory
remarks to the chapter on the rcsponse of Zea mays to
reduced water potcntials in the'medium and plant apply
to the studies on Lolium, —Whereas large Zea plants were
grown in very limited volumes:of soil in order to reduce
the effects of soil water heterggeneity. in the experim-
enfs to be described this Was t}eated as an experimental
variable and transpiration!and érowth related to changing
soil water distribution, In addition estimates of the
density of rooting werec made because, as Gardner (1964)
has shown, soil water depletion proceeds more rapidly
where the rooting densitygis grcater.

$he experiments to be desdribed allow the changes in
soil water potential,“}f’in 30 or 60 cm deep soil columns

to be related to the plant water potential (Zy“plant)

transpiration and growth during the course of a drying

cycle,
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B., Growth of Lolium in soils,

Methods and Materials,

The most suitable containers for growing the plants
were sections of plastic drainpipe (Marley Co.,Ltd.)
7.7 cm diameter (3") and BQ cm léngu. These enabled soil
columns of uniform diameter to be used without the problems
of handling large volumes df soiles The tubes, as the
containers will. be called,gwere filled with sieved
Silwood soil equivalent to ‘1.6 kg of dry soil, i.e. 1.8 kg
at 1L% water content. Packing wés“]mmiormed.bw'hnndfﬁby
£illing and tamping which gave uniform bulk densities of
soil. For the larger, 60 ém columns, two tubes were
joined by adhesive tapea. Each tube was filled separately
and joined after disturbing the soil at the Junction to
ensure a uniform profile. »

Lolium perenne was a suitable species to grow in

the soil columns because'it germinated and grow easily
and,whilst remaining short; provided a large leaf area,
Some disadvantages were the difficulty of measuring
stomatal aperture and estimating leaf area and rooting
density.

The seeds were sown on the soil surface, covered

with sand and when the plants showed two leaves, thinned
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to 15 seedlings per pot. Some roots grew out of the
bottom of the columns and before the start of the
eXxperiments these were removed, Roots also accumulated
at the walls of the tubes., Although the pattern of water
uptake could have been modiried py this root distribution,
leading to 1ower£§< velues at the soil surface than in
the centre of the column, such an effect was not observed,

The distribution of the solil water content was
estimated by dividing the soil columns, which were cxtruded
from the tubes into 5 cm thick horizons. The bottom
horizon was usually about 3 cm thick, The fresh weight
and dry weight (dried ot 10500.)vwere determined and the
water content calculated. lNatric potentials were derived
from this data and the moisture éharacteristic. Ly pots
per treatment were sufficieut to estimate the water con-
tent to within about 1.5% of soil dry weight, provided
the rates of loss from the tubes were uniform, The values
of T could be sstimated to about * 2 atm in the drier
part of the moisture characteristic and ¥ 0,5 atm in the
wetter.

Before the experiments the soil was watered to
about saturation and allowed to drain for 12 hours to
"pot capacity" as it has becn called, about 14% at the

top and 18 to 20% water content by weight at the bottom
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of the column.

2 days after this period of drainage’loss from the
soil by percolation wes only 3% of the daily transpirat-
ion loss. Root lengths were estimated by scctioning the
soil horizons, washing the roots from the soil using a
fine sieve znd water jet. and taking subsamples of
measured lengths of roots and determining the dry weight
of these, In some cxperimgnts the roots were sorted into
two main classes, thosec of diameter greater than 0.02 cm
which were relatively unbronched, and the remaining
highly branched roots gencrally much smaller than 0,02
cm diemeter, The 6 subsamples, cach Qf 50 cm of large
root or 100 cm of small root, were dried at 80°C. and
the total lengths of the roots pcr horizon estimated from
the total dry weights and c¢he length weight ratios. The
root density per unit voluwie of soil was calculated from
the volume of each horizon, Considerable variation
between individual tubes wes found, both in the total
root per horizon and in the proportions of large and small
roots. Sampling for roots at each harvest was time con-
suming and the differences between harvests in such short
term experiments were negligablé, therefore the root

distribution was found only for the first and last harvests,
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Transpiration was measured by weighing thec tubes
on o balance accurate to about ¥ 0.1 grm. U4 replicates of
each treatment were used and the standard error of the
mean was between 5 and 10%. Loss of water from the soil
surface was rcduced by sealing the tops of thc tubes
with a layer of wax. After epplying the wax the soil
was watered by slow applications through holes which
could be plugged. The most obvious effect of this treat-
ment, observed in a preliminary expceriment, wos to slow
down root growth, probably‘because of unfavourable
aeration,

Leaf extension growth was tokenas a measure of the
plant response to treatment. The length of four of the
youngest leaves per tube was measured from the ligule
of the next oldest leaf., The leaves were about 1 or 2 cm
long at the start of the experiments and new leaves were
measured when they were about 8 or 10 cm long; this was
done to eliminate the effects of leaf maturation on growth.
The tubes used were the same on which transpiration was
determined.

Root emtension growth was measured in one experiment,
Plants were grown in clear acrylic plastic tubes of the

same dimensions as those previously described., Light
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was excluded by covering in black paper., The extension
of the roots was measured over a period by marking the
poaition of the roots on the surface of the tube. Only
the main roots werc measured as the lateral roots were
found to be of limited groﬁth, The root tips were fre-—
quently obgziured by the soil and considerable variation
was found between the roots within a tube.

When the tubes were harvested the top growth was
divided from the roots and divided into stem, leaf and
dead leaf material and the dry weight determined. The
leaf area was estimated by;taking L, subsamples of the
fresh leaves, each of 10 pieces of leaf, 5 cm long.

From the area to weight ratio the total living leaf area
was calculated.

Samples for the determination of1+rﬁlant, LWD and
stomatal infiltration, were taken from the mature leaves

at 10,00 or 14.00 hours.

IY. The BExperiments

Three experiments will be described.

Experiment I. July 1965. Plants were grown in the
tubes in a cool greenhouse until the longest roots pen-
etrated the base of the soil columns. 20 tubes were

maintained at "pot capacity’ and 20 allowed to dry by
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mormal transpiration. Soil weter distribution and root
content was sampled at ha_vests token during the cxpcrim-
ent, Transpiration wes meosured over the morning, after-
noon and evening periods and overnight throughout the
experiment. The conditions during the experimenf Were
cool and Lumidity was high., Thc plants were relatively
small; the lcaf arce index was ebout 1.5 ~nd thc rate of
water loss was about 0.2 cm5/cm2/day, which 1s low for
pot grown plents.

Experiment II. April 1966. 80 tubes of plants were
grown until a substantial cover was developed and the
roots had thoroughly permeated thc whole soil mass. One
set of 50 plants was allowed to dry the soil whilst
enother 30 were meintaincd at the imitinl .woter content
by replacing the daily trenspirctional lossces. Repeated
samplings for soll watcr content in thc controls wes
unnecessary and experiment samples werc taken at cvery
other harvest. oot growth was detcrmined from an
initial and final harvcst. The experiment continued for
thrce weeks. In this experiment recovery of the plant
leaf extension growth and transpirction after a period of
5 days wilting was determined following the resaturation
of thc entire soil column or after opplying holf of the

daily tronspiration loss either to the top or bottom of
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the soil, The transpirational losses of the fully re-
watered plants were taken as the controls. The bottom
watering should have enabled the effects of a supply of
water from the soil (c.g. by capillary rise from a water
table) to be compared to the effects of top watcring
(cege frou light rainfall) on the recovery of droughtecd
plants. If root resistance to the flow of water was
high then growth and transpiration would be reduced
in the bottom water plantse

During the experiment the conditions were hot and
dry and together With e ledf area index of about 10.

induced high rates of soillwater depletion.

Experiment III, July_1966, In order to study the
effects of a deeper rooting system on the water balance,
Lolium plants were grown in 60 cm long columns, 9 columns
were used for controls and 15 tubes were observed over a
drying cycle, 3 tubes werc taken for sampling at each
harvest and divided into 12 horizons, a to 1. Leaf
length armfhfblant were dctermined every other day
during the drying period énd transpiration daily. The
conditions were hét and dry. The leaf area index was

about 8.



ITI. Results

The data have been presented in chronological order
in the experiments, with the true scale rétained in order
that comparison may be made of the processes and events
taking place within a drying cycle. The results of the
experiments will be considered together and the figures
of each experiment assembled,

a) Soil water content and weter potential,

Experiment I, The data arejshown in figure 37 (a)
of the soil water content per horizon a to £ on a dry
weight basis, for the harvests of the dry treatment.

The root length per unit volume of soil in the different
horizons is also shown in the figure. In figure 37 (b)
the soil water potential, Y , derived from the water
content data, is shown as a function of time from the
start of the experiment for each horizon.

The water content decreased from the top to the
bottom of the soil column at each harvest and as the
columns dried the upper horizons were depleted of water
before the lower. This corresponds to the density ofw-.
rooting in that the upper horizons were more densely
occupied by roots than the'lower.

The soil Watef potential fell in the surface layers
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of the soil as water was rcemoved and was then reduced
throughout the column. - The surface was dricd from

~0,03 atm on day 1 to =3.5 itm on dey 9 whilst the

lower layers of the soil fell from -0,01 atm to =~0,1 atm

in this time. From the ninth to thirtcenth days the surface
horizon fell to -7 atm while® the lowest horizon reached

a potential of =0O.4 atm, Obviously with such heterogeneity
of water potential in the cblumn it is difficult to define

a single value ofj( to which growth and transpiration

may be related.

Taylor (1952) devised an approach to the integration
of soil water potential by weighting the measured potent-
ials by a depth factor. Gardner (1964) has emphasised
that the importance of the;water potential at a given
level in the soil depends upon the effective rooting
density of the plant, on the depth and also upon the

capillary conductivity of thc soil, An equation relating

i, the potential in the 1™ layer of the soil to capill-
ary conductivity, ki’ rootihg density, Li (cm/cms) and
to the depth Zi below the soil surface, was dewived.

The integrated soil water potential “X is given by

“‘? = (& kiL‘i (’Tfa-zi)

EgkiLi‘
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b kiLi is defined as the integrated capillary conduct-
ivity, E;
-

In figure 37 (b) the derivedafgand i estimates have
been given, calculated using the values of Li shown and
kifrom chapter 2. ‘:E}feli slightly with soil drying
from day 1 to 7 when a sharp decrease was observed.
the centre of the column but the agreement was not exact,
The values of K fell progressively throughout the course
of the drying cycle from ambout 10°2 to 1074 on?/day.

Experiment II. The measured moisture content data

have been transformed to water potentials which are shown
in figure 38 (a). At the ?nitial harvestﬁt/was about
=042 atm in the uppermost horizon and =0.1 atm in the
lowest., Drying was most ripid in the upper horizons and
proceeded down the column df soil with progressive water
loss, At the third harvest, day 7, horizon a was at
about =l.5 atm and f at =-0.,15 atm, Between days 7 and
10 the lower zones of the soill dried rapidly andﬂrffell,
in horizon £, to =2 atm wkcn a was reduced to -6 atm,
With further drying’tjin each horizon approached =14 atm
although even with severe drying the lowest horizons were at

a higher water potenticl than the upper.
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A

The values of g‘ declined with drying, and from the
first to the seventh day -ell from -0.2 atm to-0.3 atm and
then to «J atm by the tenth day. 2E7did.not correspond
to the values ofhﬁfﬁn any pgrticular horizon. The calcul-
ated K values fell from 10"20m/day on the first day to
1072 cm/dey on the seventh and finally to 10"7cm/day on
the twenty-first.

Experiment III. The greater length of the soil
columns led to considerable differences in the water
potential between the top and bottom of the soil columns.
In figure 4O (a) wf!for each harvest is shown, Only the
data for the first and each;alternate horizon are present-
ed, in order to clarify the figurc. The initial harvest,
made after the columns had been allowed to drain for 24
hours, éhowed that horizon a was at —O.j.atm whilst 1 was
about -0,01L atm. As the soil water was debleted by trans-
piration the upper hq;izons lost water before the lower and
“tf fcll progressively with time from the top to bottom

of the soil column. Thségfrvalue.éalculated, fell with soil
water depletion and reflectéd coﬁditions about 40 cm from
the soil surface. The différences between the top and
bottom of the soil column were preserved eveﬁ on day 13

when the top of the column was at about =18 atm and the



- N
w o O

SOIL WATER. MATRIC POTENTIAL (neg.atm)
5 =
0 G

.0

16 ay.
16’ £ 1a. . .
w -
®
w W8 E12]
O -
4 5 < ]
£ ho® Eio]
g[8
z ot 9 84 N
Horizon v a & / .
a o IOSE 6 *
c o K = x v x
© 9 + & G2 E 41 < * . x wet
i e g :(I J X ® v <
k o zZ |gla o X
10

)

12345678 910111213 4151617 1 2345678 9101121341516

DAYS FROM START OF EXPERIMENT

Fig. LO. Experiment IIT Loliumy. .(&) Soil water potentw
' ial for each second horizon and integrated
potential and:conductance; (b) the plant
water potential during the experiment,

- TOG =



RELATIVE TRANSPIRAT ION

2

RELATIVE LEAF EXTENSION
&

e A A A A R A A ST\ REY T

_ ; o) '
1 2 34 5678 910111213 1 234 5678 910111213
DAYS FROM START OF EXPERIMENT

RELATIVE RATE OF ROOT_EXTENSION

¢ t
124
. af AAVAAWAE WY
O b
c—
.8 d]
e
Z
. of
6 N g 1772 TS>O-O2 cm,
§h (N Roo < 0-02¢cm.
4 . ¥
i ¥
) ’. ° j '
2% \ k
o - g
1 2345678 9jo12134 O 200 40 90

DAYS FROM START OF EXPERIMENT ROOT DENSITY (em/cm3)

Pige LO cont. (c) relative transpiration; (d) relative
leaf extension and (e) relative root
extension rates during the experiment;
(f) root density per horizon.



lower horizons at about =5 atm, ﬁ fell from about
1 x 107" om/day on the first day to 107/ om/day on the
2l th,

The root distribution in the soil for experiment I
has been shown, That for cxperiment II, divided into
large and small diameter roots, is given in figure 38 (b)
and that for experiment III in figurc LO (f).

In experiment IITI the  root density was very high
in thec a horizon compared to the other experiments due
to accumulation of roots on the soil surfece below the wWaxe.
In IT the root density was high throughout the soil
column, with a concentratién in the bottom horizon which
was due to the effects of restricted root growth. In
IIT the root density decreésed with the depth of the
column, both for large and  small roots. The distribution
of roots in relation to the depletion of soil water
suggests that uptaoke depends not only on the density of
rooting but upon the length or rcsistance of the roots
to water transport and also upon the depth of the soil
horizon. The latter point will be referred to later.

b) Leaf water potential
In chapter 3 the values of%?rblant were found to

depend not only upon Z-but upon the transpiration rate.



In thc present experiments no attempt was made to study
the changes in'yf which could have arisen from variability
in transpiration or as a result of interaction between
transpiration andﬂfﬁ.
Experiment I. Iff plant wes sampled every other day,
usually during the afternoén and thc results are shown
in figure 37 (c). The watér potential of the control and
drying plants recmained at @bout -3 atm throughout the
course of the experiment gnd did not change with decreasing
“t’ as a comparison of figure 27 (b)and (c) will show.
Experiment IT. Samﬁles fbr the determination of
"\*rﬁlant were made at intervels during the course of
the experiment and on several days in both the morning and
afternoon. IPFplant (fig@re 38 (c¢c)) remained at about
-~3% atm in both drying and'contfol pots during the first
eight days of the experiment and decreased to about -4 atm
on the tenth and eleventh days. On the twelth day“\*rplant
fell to about =8 atm end on days 14 to 19 decreased further
whilst the control plants:remained more pr less constant.
Comparison of‘“fplant to”tfin figure 38 (a) shows that
1+rp1ant remained at the level of the controls whilst
part of the root system was in soil above =0.5 atm, that

- .
is Whenﬁj”‘was above =1 atm. When.\rffell below =1 atm
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the plants lost water and were wilted on day 13 when;ijg
was about =7 atm in the a horizon and -3 atm in the T
horizon, When lﬂ}ﬂanﬁ wos was about =17 atm water was
still removed from the soil end i continued to decline.
Bxperiment III, The changes in}*fplant during the
drying cycle are shown in figure 4O (b),'{{blant remained
at =4 atm in the experiment during the first L days and
feli on the fifth to -6 atm and to -8 atm on the 7th day.
Despite rather variable results on day 10, it may be
seen that from the seventh day24fplant declined to values
of =17 atm in the dry treatment, Comparison with the
‘soil water potential data for this experiment shows that
1¥£ﬁ1ant fell from the level of the controls when;?:;fell
below =1 atm and the top of the soil column was at =l atm,
although the bottom was at about -0.5 atm. Progressive
decrease inéif%as accompanied.by a decline inf\qulant.
The experiments agree in najor aspects. 7+fplant was
not affected, measurably, by reduction in ‘f’hntil the
entire root zone was below about =-0,5 atm. In experiment
I no change inf\fblant was observed during the entire course
of the experiment as the bottom of the root zone was above
this potential, When T*Tell below -0.8 atm YYplant was

reduced and, becuuse of the rapid changes in“jj“éssociated
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with small decreases in solil water content within this

region, fell rapidly to theslevél of wilting.
¢) Transpiration.

In each experiment transpiration from the plants
subjected to drying was compared to the control plants.

Experiment I. The mean relative transpiration rate
per pot for the wet ond dry treatments has been plotted
as a function of time in figure 37 (d). The reduction in
transpiration began in the dry treatment on the fifth
or sixth day. The reduction in transpiration was not
accompanied by changes in?*fplant or leaf water deficit.
The transpiration rate fell thn“?j;was below -0,2 atm,
despite the fact that the lower horizons of the soil
columns were still at a potential of about -0,1 atm,

Experiment II., The réte of transpiration of the
dry treatment plants has becn cxpressed relative to the
control plants in figurc 38 (d). Threc phases may be
distinguished, During the first 4 days the dry treatment
plants tended to transpirc morc than the control plants,
but the increase was not Significant et P = 0,05, From
the £fifth to ninth day they showed reduced transpiration,
gbout 10% decrease, which was significant after the
eighth day., From day 9 a morc rapid decline in trans-—

piration was observed until that of the dry treatment
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plants was only 20% of the control on the fiftcenth day.
After this stage a furthcr slow reduction in the water
loss was observed,
The initial increasc in transpiration was found
in other expceriments and was possibly a rcsponse to
improved acration as the air filled pore space of the
soil increcased. Thc subsequent 10% reduction in trans-
piration occurecd whenﬂfﬁﬁas bclow ~0.,% atm in the upper
half of the soll column but whilst the lower zones were
above this potenticle When;htﬁﬁn.the entire root zone
fell below -0.4 atm the transpifation was severely reduced
and the final phasc, after day 11, corrcsponds to the
value of‘Tf%hen the wholec rooting zone was between =5
and -18 atm., The initial rise and foll in transpiration
between the first and ninth day Wns not accompanied by
measurable changes in7+fplant. but in the period of marked
reduction in transpiration.'\pilant declined from -«3 atm
on days 10 and 11 until at the lowest “hfplant valucs of
about =18 atm. transpiration was only 10% of the controls,.
Lxperiment III, The relative transpiration, measur-
ed over 24 hours, is shown im figure 4O (c). For the
first 2 days the transviration was unaffected by soil

drying but declincd from 80% on the third day to 20% on
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the thirteenth., The initial fall in transpiretion took
placc asjiﬁsdesoended be. ow =0, atm although the bottom of
the soil column was at =~0.1 atm and the surface at -1 atm.
The transpiration rate declined more or lcss regularly
with decreasing;%;; without the phescs which were observed
in experiment II. In ﬁhollonger columns the rapid choange
in water content and thercfore |”, are less merked than

in smaller columns. AS an example in 30 cm columns ;if“
changed from =0,3 to =3.0 atm in thrce days whilst in

the larger columns the change took nine days end even
after this time the basal horizons were still above -2 atm.
The relative transpiration rates werc similar in both
experiments II and IIT atfequivalent values oféizﬁ IT
tended. to be slightly higher than III a2t a given water
potential. The relative transpiration declined by 20%

and 50%-when¢%%fell from more than ~0,1 atm to -1 atm

and =3 atm respectively. :Comparison with the PEG data

in section C shows that relative transpiration was
reduced to 50% only when fhe osmotic potenticl of the
solution was -9 atm. Thevpossible reasons for this
discrepancy will be discﬁssed later.

The relation of transpiretion to \éﬁlant is similar

to that found in the previous cxperiments, Transpirat-
ion fell by 10% before mecasurable changes infﬁfplant

took place., As Lp'plant declined from the level of
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the controls transpiration woas further reduced, ond
fell co 20% of the contro. rote at =18 atm,
a) Stomatal activity. o

The stomatal infiltration index wos estimated in
ecch experiment but only the deoto for cxperiment II are
presented in figure 39 (d) where the infiltration index
is plotted as o function oflﬁbl;nt. thn.Lﬁ‘plant oS
about =3 atm, its maximum ievel, the index fluctuated.
probably due to the stomatal light response, but with
decreasing»ﬁvilant the infiltreotion index was reduced
and the fluctuations ceased,due. 1t is believed, to
the overriding influence of*qulant an the stomatal
eperture, This correlates with the observation that the
main reduction in transpirgtion was associated with the
initial decrease in i plent.

The lack of response cf’yfélant to decreasing “t’“
over a considercble range hns been referred to. although
transpiration was reduced by guite small changes in the
soil, From thc stomatal résponse to decreasing %f ﬁlant
it is suggested that small.éhanges in : plant induced

ol Tramspimatioh
reduction of the stomatal apertareLwhich operates agoinst
any further reduction in rhfplant. However as i falls
below lo—ucm/day andﬁézbelbw about =0,L otm the rate of

water supply to the plant is restricted and stomatal



closure cannot compensate for the
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uptake and loss and thercfare'{+fblant fallse.

¢) Lea’® extension growth.

Dxperiment .
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observed,

Below that level on the reventlh day, to =3 atm on the



tenth day, growth fell to 2% and further decrease in
%?gfrom -3 to =7 atm redu.ed growth to zero.

Growth was reduced befbre-ﬂrplant fell below the
level of the controls on day 10, After this time growth
and.%dblant fell ropidly ond growth ceased When.fﬁﬁblant

was about =15 atm.

Experiment IIT. Reduction in the rate of leaf
extension was observed (figure LO (d)) and, in agreement
with the previously described results, it first occured
at about =0.L atmﬁfkénd fell to 60% of the control level
on day L when { was lower tnL -0.,8 atm. Growth was
reduced to 20% with T’ at -10 ﬂtn but with the lower
horizons at =5 atm. A reduction.irflfblant below that of
the controls reduced leaf éxtension but at =18 atm some
growth was observed. ’
£) Root extension,

In experiment III the growcn rates of the main roots
were measured in both control and dry treatment plants and
the relntive rate is shown & in figure LO (e¢)s, With dec-
reasing;i?%rom -0.2 atn tov~O.6 ntm, reduction in growth
was measured and ﬁs'ﬁf’fcll below =5 atm the root exten-

sion rate became zero, despite the fact that the lower

roots were in wetter soil. . Decreasing\#plant was associated
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with a reduction to 60% of the control growth rate on

the fifth day. At

o~}

_?plant of =1L atm growth ceased.
Both leaf and root extension growth were reduced
-

progressively by decrcasing viplant and stopped at about

[AS
[}

~16 atm, Leaf growth did not stop in experiment III at

-~
Fa)

these low values of i,jplant, possibly because the meas-
urements were made over i« 48 hour period, During the
night'gﬂﬁlant mey have becen somewhat raised by uptake of
water from the wetter soil in the lower root zones, enabl-

ing growth to take pleace,

g) Leaf area.

In experiments I and III no significant changes were
detected in the leaf areas of the dry treatment plants
although a reduction was apparent in II. Low replicat-
ion and the short growth pefiod reduced the efficiency
of th: experiments,

Experiment II, The leaf aréa at each harvest is
shown in figure 39 (c). The LSD refers only to the
comparison at harvests 1, 3, 6 and 7. The control plants
did not increase in leecf arca during the period, suggest-
ing that the plants had attained the ceiling leaf areat
The dry treatment plants leaf arcas remained constant

during the first eleven days but a considerable reduction
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took place after that time When£%>had fallen below about
-3 atm andwufblant was reduced from the control level.
The recduced lenfd creansc suggeet thot lcaves med:ying
but the dead leaf weights were not separated from those
of the bases in this experiment. In o similar experiment
in 30 cm long tubes it was shown that the reduction in
leaf oren was due to an increase in the rate of leaf
senescence., In table 27 the ratio of dead leaf to
living leaf and the dry weights of stem end leaves are
showne Harvest 1 was taken at the start of the exper-
iment, harvest 2 at the time when wilting was observed
in the morning after a drying cyele (which was completed
in 6 days) and harvest 3 seven dﬁys after harvest 2 at

which the plants were restored te full soil water supply.

Table 27 Dead ond living leaf weight and their ratio

Harvest 24 2 i3
living leaf 1.21 . l1.22 1.57
Control dead leaf 0,22 - 0.31 0.55
. dead '
Ratio 0,16 0.26 0435
living
living 095 1.28
Droughted .
. demd i Oeltly 0.59

Ratio Ol.L46 0.L46

Living leaf, SE of mecans (5 replicates)i Oell grme
Dead leaf. SE of " woow X 0,17 grm.



From the datc, in which no significance may be
attached to the harvest x treatment interactions for living
or dead leaf, it my be scecn that a decrecsc inw-_and

‘qulﬂﬁt ko wilting causes o considerable rise in the

dead lecves due to increased rotes of sencscence,

h) Dry weight

The data for mean totel dry weight per treatment
at various harvests during the drying cycle in experiment
II, are shown in figure 3¢ (d)., The differences were
not significant but a trcna is apparent towords o reduct-
ion in the dry weight with decreasingﬂtfanﬂfﬁﬁilant.

In common with the leaf arca the total dry weight and
leaf weight were reduced wnendiz;and1;f§1ant were reduced
below =3 atm -6 atm respectively.

No coleulations of relative growth rate, relative
rate of lenf ares increase, leal areo ratio or net assim-
ilation rate have been presented as all were negative in
the dry treatment due to loss of leaves below about =3 atm

"i “and -6 atm”ldblant.

IV. Recovery from stress

Although the main burden of the stidics has been
on the effects of decreasing water potentinls during a

progressive drought, the plant response to o restoration



of high water potentials in the leaf and soil is of
interest., In experiment I7 on the eighteenth dny, after
the plonts hed been wilted for 5 days, the droughted
plants were rewatered. The extension rotes of the
youngest leaves werc compared for the plants growing in
soil columns returned cntirely to saturation and for plants
given half the dnily tronspiration demand either at the
top or at the bottom of thc soil column, The rcesults

arc given in figure U1 where the growth rates are ex-
pressed relative to the rate of growth of the original
control plants inthe expcriment., The fully watered
plants showed very marked increase in the extension

rates, up to 4 times those of the controls. The meximum
increased growth rate was observed about 2 doys after

the plants were returned to high soil water potentials,
although recovery was observed in less than 1 dny., The
increased extension growth continued for about one week.
In the plants supplied with only limited amounts of water,
leaf extension growth wos restricted and fluctuations
were observed due to the imbalance between the rate of
water supply and loss, which led to fluctuating conditions
within the plant. No consistent differences between the

top or bottom watering werc obscrved,
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The transpiration rate per unlt area of leaf of
the rewatered plants rose within three days to the control

levels but not above ite.

Ce Growth and Tronspiroation cf Lolium perenne

in Polyethylene Glycol Solutions

L. Materials and HMethods

The Lolium perenne'plants were grown in plastic
boxes 13 x 13 x 8 cm deep pointed bléck. The plants were
germinated on rafts made of expanded polystyrene and nylon
net, which floated on the surface of the solution, 50
seedlings were selected for uniformity from an initially
higher population and supplied with 600 mls of Rothamsted
solution which was rcplaced every L days. Growth was
luxuriant. The plants were subjected‘to reduced water
potentials during the expefiment with the vsame solutions'
used in the Zea studies; detoils of preparction and the
measurement of the osmotic potential are given in chapter
3e
The solutions were replaced at weekly intervals and the
deily transpirction losses. were replaced by an egual
volume of nutrient solution in each treatment and the

differences, arising from different rates of transpiration,
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were made up with distilled weter. Leaf extension growth
was measured on 6 of the youngesmt leaves in each box,
from the ligule of the seccnd oldest leaf, Harvests

were token and the leef area and dry weight of the
principle parts were determined in the wey described in
section B, Transpiration wes measured by pot weighing.,
For this purpose the surface of the ccontoiner and raft
were covered with wax after roising the level of solution
in the container to within 1 cm of the top and pouring

the molten wax around the stem bases, Solutions were add-
ed via an inlet hole. This effectively prevented evapo-—
ration from the box surface. The mensurement of LYplant,
stomatal infiltration index and leaf water deficits

have been described.

+IIl. The Lxperiments

Two experiments were performed, one to study the
responsé of I&plant, transpiration and leaf extension
growth to decreasing water potential at the root surface,
and the other longer tcrm experiment, to determine the
résponse of growth in leaf area and dry weight to stresse.

Lxperiment I, 15 boxes of Lolium plants were

grown for 6 weeks in the greenhouse and at the start of

the experiment the solutions were changed to ~l.l, =3.3
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-5.4 and =13 atm PEG solutions and controls. Each
treatuent wos replicated hree times, Transpiration and
leaf extension were measured for L days after the applic-
ation of the solutions over periods of the day. The
Qﬁgplan% values were determined after 13 hours in the
solutions, during which period the plants had been four
hours in the light and nine hours in darkness. ”Q[plant
was again determined after 26 ond 56 hours in the solutions,
Ezperiment II, U4O boxes of plants were grown as
. described. for L weeks from sowing. At the start of the
sxperiment the boxes were selected for uniformity and
allocated at random to a particular harvest, treatment
and replicate. There were three harvests and the treat-
ments were -0,4, -1l.1 =3.3 =5.4 and -8.0 atm, each replic-
ated three times, The initial harvest consisted of three
boxes. The nutrient solution was replaced at the first
harvest and renewed after 1lweck, at harvest 2. Harvest 3
was taken after o further weeck. During the experiment
'Qsplant was determined in order that the relationship
shown in the first experiment could be substantizcted,
In addition the transpiration was determined during the
process of maintaining the solutions at the recuired

concentration,
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IIT. Results

Where possible the results of the two experiments
will be considered together,

a) The effects of solution osmotic potential and leaf
water potential,

In figure 42 (a) the results of determinations of
ﬂﬁfblant are shown as a function of the solution osmotic
potential,?{%sol, for the various periods of determination.
In the culture solution @J’plant wes about -4 atm and
did not differ between the time of determination or
experiment. At -l.1 atm hfblant remained unchanged but
with further decrease in T{{(sol - fell to about -6.5 atm
and =8 atm in the ~3.3 and -=5,4 atm solutions respectively,
In the -8 atm solutimﬂyfgﬂhnt wns lower than the solution
potential and in the -13 aém solﬁtion wos about or slightly
higher than the solution. 'The two experiments are essent-—
iglly in agreemncnt,.

b) Transpiration.

The effects of ;sol on the retc of transpiretion
per unit leaf area, reclotive tOjthe control plants is
shown in figure L2 (b) for both experiments. Transpirat-
ion declined linearly with decreasing ?iéol. A reduction
from -0.4 to=l,1l atm caused a fall in transpiration of

about 5%}&t -13 atm the reduction was zbout 70§ Some
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differences between dnys was observed and iﬁ experiment
IT the relative transpiracion rate was somewhat higher
at a given water potentiaol cfter 13 days growth in the
solutions although the effect was not significant.
Decreasing?;fplant in experiment I was associated
with reduction in the rate of transpiration, as the date
in figure 43 (a) show, for the period 56 hours after
the applicsation of PRG solutions.léﬁplant and transpir-
ation were measured over the scme period, Trenspirastion
fell with decreasiné}*j@lant from about 6 mg/dmg/hr and
~3.5 or -l etm to 1 mg/dn°/hr at<10.5 atm.

c) Stomatal aperture.

The infiltration index determinations are shown in
figure 43 (b) in relation to nglant where the two were
determined before and after the application of the PEG
solutions. The stomatal ~perture was reduced by decreas-—
ing leaf water potential, at about -4 atm the stomatal
aperture depended upon the stomatal light response amongst
other factors, but with deoreasingjﬁfplant the stomatal
aperture was reduced and at -6 éim the infiltration index
was more or less minimal, no further reduction taking

place with decreasingquplant,
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d) Teaf ecxtension growth.

The rates of leaf extcnsion in experiment I werec
reduced by increasing stress in the rooting medium,
as figure 42 (c) shows. No significant effects were
observed of the length of time that the plants were
subjected to stress. Maximun growth oco%%ed at or above
~1l,1 atm\qfsol. Below this, further reduction in the
potential of the solution wes associated with decreased
extension of the leaves. Growth cecased at =13 a2tm,.
The leaf extension in relation to tp}ﬂfwm is shown in
figure 43 (c) where both were determined over the same
period. HMaximum extension was observed at about =3,5 to

~li,0 and growth ceased at -10.5 atnm.

e) Leaf area ond dry velmti

The data for leaf area, dry weight, leaf area ratio
and specific leaf area were subjceccted to analysis of
variance after treansformation to logerithms and the form
of the analysis is shown in table 28, together with the
levels of significance of the components of the analysis.
The analyses were performed on the data for harvests 2
and 3 only, or, &s in the case of relative growth rate
etc., on the data for the periods between harvests 2 and

3« The relative growth rate, relative rate of leaf area
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increase and net assimilation rete were calculated for

each replicate and the statistics applied to these datec,

Taeble 28  Analysis of variance and significance levels

of growth,

Source decgrees of Dry weight Leaf RW RL E LAR SPLA

freedomn ocrea '
Harvest
( or pe riod ) 1 Fraute] e PRl et e ns ns.
Treatment LL O te i o b ns ns
Harvest x L{- ns ns ns ns ns ns ns
Treatment
Residual 20
Total 29

11

Significence at P 0.05, 0,01, 0.001 indicated
by #, =%, @ws, pespectively

ns = not significant at P = 0,05



Table 29

sol

(neg.atm)

P::

0.3
1.1
343
5ely
8.0

LSD
0a0%

Dr?'welght Leaf, area
g)

3691
LP-O.B
3430

2.91

2433

OuLli2

om?)

;ﬁ:

591
598
506
L27 -
333

13.8

Growth indiccs under conditions of -decreasing medium water potcntiali

Relative Relative th-aséimil- a Tl
growth ratec rwtc of atiopn rate Loaitige”'_Spociféi toal
g/g/woeL eaf area mg/dm“/week cm</g, CEE/E
= éncroaSp , £ _ :it.
o> /cm /wook' 5; ;z: =
S
1,03 0.89 5.7 152 335
0499 096 548 153 331
0,94 076 52 154 349
e 89 0.69 S5el ns 335
047l 0656 L& 15 330
|
04'16 019 0,99 - - B
o)
!

:1% means of harvests 2 and 3
§ means of pcriods harvest 1L to 2 and 2 to 3

= means of h
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The results of the analyses show that no signific-
ant Harvest x Treatment interactions were observed and
therefore the means of harvest 2 and 3 and those of the
two periods of growth have been given in table 29. It
should be noted that leaf area and total dry weight
increased between each harvest but that relative growth
rate, relative rate of leaf arec increase and net assimil-
ation rate were all greater between harvests 1 and 2 than
between harvests 2 and 3. All the growthvcharaoteristics
were reduced by decreasing solution weoter potential
except leaf area ratio and the specific leaf area.

The apparent similarity of the plant response to
treatment over the two weeks of growth in PEG solutions,
despite very different meteorological conditions, is
striking and will be discussed in another section.

The ¢, inde. was calculated (see chapter 3).

During the first period -# was greater than 1 in a1l the
treatments (table 30), suggesting that the plents were
able to accumulate material in excess of thet reqguired
for leaf area expansion in about the same proportions
with 211 treatments, In the second period however -
was only just 1 in all the treatments, indicating that
the dry matter production was only Jjust able to maintain

leaf area expansion,



Table 30 Velues of . for the two harvest periods

(I;;;O%m) I o = Py
0.l 1.29 0,97
Lel 0696 o 1.2l
363 1.20 1.27
5.l 1.47 0.93
8.0 1,59 0.96

The greater values ot -5.4 and -8,0 atm in the first
veriod suggest that leaf arec expansion was more seriously
affected by water stress thon assimilation but the dota
from the second period indicate that the plants hed
attained an equilibrium with respect to the balance

between leaflf arec and dry weight growth in all solutions,

D. Leaf Water Potential, Osmotic Potential

and Leof Water Deficit

I, Introduction

During the course of measurements of Lgblant in exper—
ipments with Lolium plants grown in soils and solutions,
the osmotic potentinl of the lga@l?flplant, was also
determined in many cases, os well as leaf water deficit.

As in the section decling ®ith the wnter relations of
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Zea mays (chapter 3 section D, ) LWD will be considered

in relation to the YWplant and?iyplant volues and also

to the turgor potential of the tissue, P.

IT. Results

o) Leaf woter potential snd leaf water defiéit.

he deata in figure Ll (a) were collected from PEG
aﬁd spil grown plants and show the relation between the
LWD andﬁ%ﬁilant. At the minimum IWD, about 2%, zp'@lant
wos =3 atm. With increasing LWD’ZPblant fell and =
50% LWD was about ~28 atm, at this level death of the
tissue was observed. The relation betweeanfblant and
ILWD was lineecr over the range from O to 35% LWD and
beyond although the scarcity of dato does not allow
rigorous conclusions to bé drawn., The relotionship
betweenllp'blant and LWD was nof the same for plants
grown in soil and solutvions but‘iuPinnt was lower, at

a given IWD, in the culture solution grown plents.

b) Osmotic potential ond leaf water deficit (figure Ll (b).
- 0 y 0 0 ‘h’/
At the minimum leaf water deficit of 2%,H plant
wes cbout =12 atm; as LWD rose so did}ﬁ/plant and at 30%
was about -20 ztm and at 50% -26 atm. The relationship

wes apparently linear ond no distimction could be drawn
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between the soil and solution grown plants with respect

to the osmotic potenticl ot o given LWD.

¢) Turgor potential,

The data for the soil experiment IT and PEG
experiment I have been examined more closely and the
turgor potential calculated, The turgor potential is
shown in figure L5 in relation to LWD. (The relative
turgidity is elso given i.e. 100 — LWD).

P was moximum ot the highest water content, about
9 atm ot 2% ILWD for the PEG grown plents and about 12
atm for those grown in soil. P.decreased more or less
linearly with falling water content and at 20% LWD
wes about 8 atm in the soil and 3 atm in the PEG grown

plants, P did not fall to Zero in any determination and
the lowest values of P were about 2 to L atm,

The leaf elongation of the soil grown plants
ceased at 6 atm P and at 3.5 atﬁ in those grown in PEG
solutions, These values correspond to leaf water defic-
its of 30% and 18% respectively. The point of zero
extension growth for both experiments is indicated in
figure L5, by the arrows. )

The effects of decreasing tissue volume on the

osmotic potential have becn exomined and the product of
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100 - TWD x | plant plotted in figure 45 (a) and (b).

In the soil grown plants the produvct was more or less
constant, showing that concentration of the cell contents
was the sole factor governing osmotic potential. In
PEG however, the incrcase in the product with decreasing
woter content suggests thet some other factor than the
concentration of the cell sap was responsible for the
decrease in Tf’plant. The effect was shown after 12
hours growth in the solutions of PEG showing that the
change in the cell contents was rapid., The reasons

for the decrease in cell osmotic potential hos been

considered in the case of Zea,
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Chapter B« Discussione.

The results presénted in the preceeding sections on

the water relations of Zea mays and Lolium perenne may

be examined in two stages, firstly the processes by which
water stress, (i.ee reduction in plant water potential)
develops in the plant in relation to atmospheric and soil
conditions, and secondly the influence of{?gplant and
turgor on growth processes. There is considerable inter-
play between different parts of the system and attempts
will be made to show how the most important cerects
interact,
I. Plant Water Balance

The water content and plant water potential depend
on the rate of loss, 1l.C. tﬁanspiration, which is govern=-
ed by the energy available for evaporation of water from
the leaf and on the’conditions‘regulating the uptake,
namely the resistances to the supply of water at the
site of evaporation and on the potential of the water
supply (Gardner,1965; Slatyer and Gardner,1965).
Following these authors, the rate of transpiration T
(vol/unit area/unit time), is described by

T = Gleaf - eair «1)

RS + Ra

IS} e .
where “leaf and “air are the vapour pressure at the
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evaporating surface and jg The ambient air, and Rs.aﬁd
Ra the resistances to vapour diffusion offered by the
stomata and the boundary layer of the leaf.
The rate at which water is supplied to the evapor-
ating surfaces, Q, is given by

Qg = “tTsoil ~ q§-plant (2)
R soil <+ R plant

Where/i/éoil and T%Splant are the water potentials in
the soil and the leaf respectively and R soil and R plant
are the resistances to water movément offered by the
soil and plant,.

In the work vhich has been described the energy
requirements for transpiration have been ignored and
transpiration, both actual and potential, has been meas-
ured, Potential transpiration has been estimated from
plants kept under adequate water supply in the soil,
However it is not possible to define the phase "adequate
water supply' and this may Be a ﬂindrance in comparison
of experiments performed on different occasions or under
different conditions. Control piants have been kept at
water potentials greater than -0.,1 atm in soil and
—-0.3 atm in solutions, but the effects of capillary
conductivity on water movement, even at much higher

soil water potentials, and the influence of aeration
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on the resistance of the root, should not be ignored.
Under these conditiors where the plant water content
is constan , @ equals T, stomatal resistance 1is at a
minimum (~iven optimal 1igh£ and carbon dioxide levels)
and.?45plant remains constant., When T increases or“?“éoil
falls because of depletion of the soil moisture content,
or R soil or R plant increase, @ lags behind T and the
plant water cantent;zéiplanﬁ and turgor potential fall,
The fall inj\g’plant fesults in increased uptake and may
also cause décreased transpiration as a result of ;tomatal
closure, @ and T ultimately achieve a new balance, unless
conditions are constantly changing, in which the water
content and water potentialiof the plant may be lower
(Van den Honert, 194 A; Rawlins, 1963). Stocker (1960)
presents much evidence Suppdrting_the view that most
of t he plants assimilatory fﬁnctiohs are at an optimum
at the highest water contents, that is under lowest stresse.
Althoughﬁyxﬂant do@s not nécessafily control growth
directly, the turgor aond oémotic,characﬁeristics of the
cell are closcly related to7*fpl£nt and it is in these
that the controlling factors in growth are to be sought.
In addition the effects of reduoéd.water movement on
nutrient uptake, (Hylmd, 1955) s@ould not be ignored,

nor the effects of stomatal response on carbon dioxide

absorption, Moss (1963).
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a) Pactors affecting the plant water potential

ke-arranging equation (2) the controlling influences

on Lg‘pl nt may be written

tg”ulant == Q. (R soil + R plant} ";Z;oil

and the effects of transpiration rate, soil and plant
resigtances and soil water povential oﬁiéplant will be
considered. In the case of plants transpiring in soil,

the form of thc moisture characteristic for the sandy

soil usecd in the experiments shows that smalll changes in

soil water content below 10% by weight, results in

large decreases in { soil. Tae soil water conductifety

also declines by several orders of magnitude from 1Om2
t@il@rg cr. /day between —-0.2 and ~5.0 atm respectively.
The soil however does not dry uni:'ormly but wherc root
distribution is not restricted, drying begins near the

surface and progressively deeper horlzons are depleted

during a drying cycle, as in the Lolium cxperiments in

deep soil columns, The res uitlnd goll water distribution

leads to & gradient of potentizl down the profile and
water at high potential is available to & decreasing
part of the total root surface. In the Zea cxperiments
ithe goil water depletion procecded very uniformly as
the root density was high throughout the pot eand the

plants were large in relation to the size of containers,

(3)
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Tut in the Lolium experiments considerable differences
in the distribution of so.l water potential arose, In
addition the fall in transpiration rates obscrved when
only the uppcr 10 cm of soil wercec deplcted of w .ter,
suggests that the rosistancé in the roots wes sufficient-
ly large (Wind, 1955) to induoe changecs in the uptake
rate and some stomatal closurc.,

The change with depiation of soil water in the
total resistance R soil 4+ R plant could be calculated
for the Lolium experiment through cquation (2), The
rate of transpiraﬁion per unit area of leaf was taken
as equal to §, as 1t would be except in the case of a
plant undergoing dessicatiom. The calculated resistances
arc therefore appropriate to the supply of water to
unit area of leaf,. This enabled differernld experiments
to be compared independently of the type of growing
conditions, pot surface eic., and leaf area index which
has littlc significance for z ants grown in containers,
However the use of leal arca aS‘é basés for dewsermining
Q is complicated by variable 1eaf distributions and
exposure, which may lead to variétions in the rates of
transpiratiom;ﬁrom,diffenenf leaves° In this calculation
it was not clear vhich value of Tfﬁsogizﬂunﬂﬂ;bc used

since 1t varies with depth.
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It was decided that the integrated soil water potential
(described in Chapter 3) should be employed. The data
for experiment II wcere uscd and the calculated values
of R soll + R plant are given in table 31 for the
duration of the cxperiment. The resistance of the
plaﬂt alone was calculated Zrom the data for plants
grown in polycthylene glycol.solutionso The plant
resistances for both Lolium 2and Zea are shown in table
32 and 33 respcctively. No calculations were made of
R soil + R plant for Zea as thc apparent inversion of
the potential gradient, which will bc considered later,
precluded this treatment.

The R plant values of Zea in -~0.3 atm solution were
about 25 atm day/cm on the basis of leaf area. Although
there was some variability between periods, no trend
with time was apparent. The R plant values of Lolium
were Lower, about 15 atdeay/cm, but because of the
variable conditions under wﬁich the experiments were
performed this may bc ragarded only as an indication of
a difference in the bechavior» of species, In both spec-
iess R plant remained morec dr less constant between -0,3
and -L.l atm in PBEG solutions, but fell somewhat with

further decrcasc in [ sol.



ble 3F Transpiration and water

for Lolium
ays from start

potential

data

dna calculated

soil and plant Ytotlal resistance

f expegiment 1 2 3 L 5 6 7 8 9 10 11 12z 13 1y 15 19 20
qgg/cm. leaf/day ) » , , , _

»107 110 074 -086 .052 .096 ,105 ,13L ,1hO ,112 114 ,124 .06 ,106 ,085 ,100.06

[ soil 0b2 0s2 02 042 0,2 0.2 0a2 042 0,2 0,2 002 0,2 0o2 042 0,2 0.2 22

oy, ’ '

?) Plant 3@5 300 300 3-2 506 205‘ 330 3%0 300 3!&2 305 3“!2 302 395 300 3’05'3*5

»,/:7f 303 2.8 248 2.9 3. 2,2 2.8 2,8 2.8 3.0 3.3 3.0 3.0 3.3 2.8 2.333

R (atn day) 30,9 25,5 38,0 342 65,0 22.8 26,6 21,0 20,0 2648 23.5 2L.L 50,0 3LL 3 0 33.0 B0

cm

® J116 .113 071 ou77 o0U8 ,089 098 130 .13l 069 061 ,08L .019 0% .09} .(OL.GO9

’?’ 0.2 062 0,21 0,2l1 0627 030 0.40 L1.0 242 3.3 LeO 5.0 6,0 7.0 8,0 120 UpD

E s 365 3.0 3.3 2.5 3.1 3.1 3.0 3.5 Lo5 5.8 8.0 145 15.0 15016515 J7.5

=1 3.2 2.8 3.1 2,3 2.8 2.8 2.6 2.5 2.3 7.5 U4eO 9.5 9.0 8.0 8.555 35

R 27(;6 2}4»@8 Lu—l—oo 2969 5801 5195 26.6 1905 1706 21 o7 65&8 115 L{-BLI- 266 360 550 370

- Ot =



Table 32 Transpiration and water potentials

calculated resistance of Lolium

Days. after application of PEG’
5 I
@ (cm“Leat/day )
0425l 06225 0,270 €,200 0,160

T sol 0.3 1.k 3.3 5.k 8.0
’})‘/ plan‘b 3.6 | 3.7 5;1 5'09 906
B-Y" 303 246 1.8 0.5 L.6
R plan‘t 1300 11.6 6¢7 2.5 10.0

(atm day/cm)

in plant and solutions and

.

023l 0,206 0,186 04164 O0.1L6
0.3 1.1 3.3 5ui. 8.0
LeO L3 5.5 6.9  8e5

37 3e2 242 1.5 Oub
15.9 15.4 11.8 9.2 2e2

5 10
0,260 04260 0,186 0.225 0,295 04290 0,240 0,200 0,187
Oe3 1.1 3e3 5-& 0¢3 lel 3.3 5-4 840
LL.5 5.;0 7.8 1146 305 5.1-!- 5.0 605 900
1.0 3.9 L5 2.2 3e2 4e3 L.7 Lel 1.0

1645 1560 2le2 1040 10,8 149

701 505 5-’4

_'[172..



Table 33 Transpiration and water potentials in plant and solutions and calculated

resistances of Zea plants

Days after application. of PEG

Zeg experiment IT oI
1 1 - 8
q 0,102 0,102 0,076 0,047 Ouuli5 04384 06335 0,274 0,182 0.124 0.1P1 0,107 0.091 0.136
sol 0.3 1.1 3.3 740 063 1ol 33 5ot 8.0 0.3 1.1 | 3e3  Belt 840
%;Qnﬁ 2,9 346 5.1 7.2 3.5 3¢5 U.0 5.6 8.b 3.0 3.7 5.5 6.7 10.0
¥ 2.6 2.5 1.8 0.2 3,2 24y 0.7 0.2 Oel 2,7 2.6 2.2 L.3 2.0
plang5.5 2116 23.6 L3 7.2 6.3 2.1 0.7 2.2 21,8 25.8 20.6 1L.3 1u.7§;
‘ | 11 - 13 -0
Uel' 7 0,083 0,097 0,081 0.123 0.116 0,101 0,0725 0.098 0,130
0.3 ILel 343 5eb 8.0 0.3 1ol 3453 5¢4 8,0
3.5 L.0 5.0 7.5 940 3.5 L.0 5.0 7.5 9.0
3,2 2.9 IL.7 2.1 L0 3.2 2.9 L.7 2,1 1.0

33,0 3545 172 26,0 842 07.6 28,6 23,5 21,7 TeT
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A change in the rYesistance of root syatems with
increasing tension in‘the xXylem has been shown by Me®s
and Weatherley (1957), Brouwer (1954) and Hylm8 (1958)
and also for intact plants by Macklon and Weatherley
(1965)e EKuiper (1963) suggests that increased "porosity"
of the cell membranes results frem a stress in the cell,
From the experiments it is not possible to gain any
idea of the sites of the major resistances in the plant,
Kramer (1938, 1959) showed that roots offered the major
resistance to flow, but Rawlins (1963) drew attention
to the importance of the resistance in the leafs The
xylem resistance is generally rcgarded as small and due
to viscous flow in the vessgls, whereas in roots and
leaves a more complex situation exists with flow part-
ially depcndent upon the changing properties of living
cells, (Jensen and Taylor,.l961; Jensen, Taylor and
Wiebe, 1961).

In Lolium growing in sbil the calculated tgtal
resistance R soil + R plant, though variable, showed
no trend from its mean of about 30 atnm day/en during the
first 10 days of the experiment, During this time the
integrated soll water potential felll from above =0.1 to

=3 atm although the lower roots were in soil at ¥ above
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=0,5 atme. When the entire root system was in soil below
-0e5 atm R soil + R plant rése rapidly. The total re-
sistance when the plants were wilted and the soil was at
about =15 atm, was about 500 atm day/cm. Because of the
difficulty of obtaining values of integrated conductance
and soil water potential itris hardly possible to relate
the change in R soil + R plant to a critical value of ¢
or k; 1if the integrated values are taken they are -3 or
=l atm and 1O~M‘cm/day but if the value of the lowest
horizon (£) is taken the changes in R soil + R plant
take place at about =0.5 add 10~ cm/day respectively.
Gardner and Ehlig (1962 suggcest that the critical values
are about —-0.6 atmﬁﬂz/ and}ﬁ x 1077 ci/day Xk for plants
growing in shallow soil,

If the resistance of the Lolium plants growing in
soil is assumed to be simiiar to those grown in solutions
then the resistance of the.soilAand plants would have
been about equal in wet soil i.e. about 15 atm day/cm.
However it is impossible to say if the soil grown plants
are comparable tc those grown in solutions. The uniform
wvalues of R soil + R plant over the first 1O days of the
drying cyclc suggest that;althoﬁgh capillary conductivity

was falling and R soil was presumably increasing, R plant
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must have fnllen (as in the EEG solutions) sufficiently
to offset the rise in R soil. Bolow -0.5 atm " soil
the major resistance in the system is in the soil,
changes in R plant is unable to compensate for the
increase in R soil and the total resistance increases
rapidly.

b) @Gradients of water potential in the soil

Because of the very low capillary conductivity
especially in semi dry.soils, the water removed from
the soil around the root is hot replaced readily and
this leads to a lower water potentigl at the root sur-
face than in the bulk of the soiles The magnitude of
the gradients of water potential expected to arise at'
the root surface has been expressed by Gardner {1960),

tr:#ough the equation

el Vet
[ rs = g (In 4Dt - 5 ) + (soilr
. T e
b vk a:2

where g is the rate of water uptake per unit length of

.

root (cmB/cm/day) inrs and { soil the soil water potential
at the root surface and in the bulk of the soil respect-
ively; k the capillary condnétivity and D the diffusibility
(Chapter 2, D derived from D = EQ} t the time (days);

o -
a the root radius (cm) and i{Eﬁier's constant 0.5777
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The formula was used to calculate Q;é for given values
ofﬂfﬁéoil.in Zea experiment III, The rooting characterist-
ics were measured by washing out the roots for the soil

at the end of the experiment, separating the roots to

two s ize classes, shown in table 34, and obtaining estimates
of the length from the total dry weight and weights of
measured lengths of root, Diameters were measured micro-

scopically on subsamples,

Table 3L Rooting characteristics of Zea plants

Root Class Diameter >0.1 <.0.1 Total
(cm) ' , '
Length (cm 1130 11y, 000 15,130
lean diameter (cm) 0.2 0. 0L ObL
Root density (em/cmosoil)  0.30 3.8 L.l
Table 35 Calculation of root surface water potential
2 .
Transpiration [ oil k(cm/dey ) D(em/day) L itk Tos
rate ’(negostm) ) it (C%7daY1En uﬂiJ}
252 D :
g/pot/day 300 2 x 10 5,50 22_%& X 0,0166 30L.7
187 1,000 5 x 1076 0.63 . 53:25 X 0,0123 li,985
66 7000 7 x 10”7 0,11 85.5 X  0.00436 8,580
| 10~
12 10000 L x 10~7 0,06 50 x 107/ 0.00277 12,540
L1 11,000+ 1 x 10-7 0,03 12.6 X 0,00272 18,210
' 10~7

* by extrapolation
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’\(j;swas calculated for the situation that upteke
of weater procecded through all the roots at an equal rate,
Time was token as 1 day, since the change inf?%éii; is
very insensitive to changes in t after 1 day. kX and D
were derived from Chapter 2vand where they had not been
determined, as at the lower potentials, they were estim-
ated by extrapolation. The results are given in table 35,
They show that the gradient of water potential between
the root surface and bulk of the soil is likely to be
small when the soil water is at high potential and that
the gradient increases as the soil becomes drier. Gardner
€1960) calculated p?f;s for a soil of similar texture and
assumed values of q, L&t =10 atm’?fgoil and equivalent
values of %;the values of’xigé from his calculations and
from the present work were about =13 atm., It should be
noted that the calculatedrﬁf;svalues at -1 atm are lower
than the lowest%%filant values determined. In this situat—

ion it would bc impossible for water to move into the root,

c) Potential gradients between the soil and the leaf

In the Lolium oxperiments‘VZblant, even in the
drying soils was always lowcr than thc lowest values of
{I{;oil in that part of the soil volume exploited by the

roots and Lolium and Zea both showed values of ?f;plant
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equal to or lower than the potenticl of PEG solutions,
except that ggg in o ~1l3 atm solution exhibited a higher
};Splant. In soil however, Zeo showed an inversion of
tﬁe gradient ot potentials below some =6 otm ’r’soil,
with I‘_}plan‘c higher than “¢"%oil, although the plants
were transpiring. The possible causes of the inversion
will now be considered. One explanation mey be that

the potentials were incorrectly measured; the errors of
measuringlg‘plant andfﬁt”%oil have been considered in
Chapters 1 and 2 respectively and they are not believed
to be in error by more than about * 0,5 atm ({*fplant)
or ¥ 1 atm /(“Eoil. However if transpiration took
place from a particular site in the leaf, e.g. the leaf
tip, the measured values of i*;plant could be in error
for this site, Alternatively soil water potential might
have been measured ot unrepresentative sites in the soil.
However in the Lolium experiments where considerable
heterogeneity of sl water conditions existed, iFSplant
was always lower than the iowest values ofﬂ}”/(found in
th e uppermost horizons). This suggests that soil water
heterogeneity is an unlikely explanation for the negative
gradients found with Zea. In addition in the Zea exper-

iments under consideration, experiment III in soil, the
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soil volume was small, the density of rooting high, and
measurements made ot top and bottom of the con showed
thatfg{Was nearly uniform throughout the soil,

One possible explnonation which should be considered
in relation to the contradiétory water potenticl meas-
urements, is that of the effects of temperature gradients,
Cowan (196%) has emphasised that if temperature gradients
exist in the system, weter potentials are inadequate to
explain the movement of water because hent and woter
transport may be coupled, although he comnents that the
efficiency of the process is poor. In the experiments
temperature conditions were not controlled and especially
under the lights, temperature gradients of some magnitude
may have arisen, However in this case the expected tend-
ency would be to reduce flow from the roots to the leaves
since the temperature gradient probably operates in the
reverse direction to normal. transpiration. It is posaible
that transpiration from the plant was occuring without
corresponding uptake from the soil., Transpiration was
about 15 g per pot during the period when transpiration
was measured, in the driest treatment. The water content
of the plants decreased by about 10%:i the fresh weight of
the plants was ebout 180 g of which 150 g wes water. A

10% £all in water content could therefore account for



the observgd transpiration,
It is, however, still hecessary to explein how

the plant water potential cowld be higher than thc ceil
water potential at the start of the daily transpiration
period since it might be expected that the plants should
attein equilibrium with the soil,s It could be that
during the preceeding night the plants were able to
absorb water from the air, particularly in Zea experim~
ent I where the plants were placed in e humid atmosphere.
Slatyer (1957) advanced this explonation to account fér
negative gradients in his cxperiments, An active uptake
from the soil could also be involved in the incresse of
‘képlant ahove ‘fasoil. In PEG solutions the gradient
of-potential was inverted only when the plants at high

?fr plant were placed directly in PEG solutions and
prevented from transpiring overnighf. When plants were
.placed in PEG solutions, allowed to trenspire and then
placed in the dark no incfease in l{f plant above“?”ﬁsoil‘
was observed, Barrs (1966) has, however, shown that
plants in. PEG solutions of =6 atm could take water from
the medium. He concluded that o metabolic link with |
uptake wos involved, Obviously.the explanations giveﬁ

to account for the reversed potential gradients between



- 251 =

the medium and thce plant arc without cxpcrimental fbund—
ation and & scriocus examinetion of this problcm should
bc underteken bearing in mind the points raiscd in the
discussion.

d) The interrelation between plant water potential and

transpiration

Ls Gerdner and Slaytcer (1965 and Rawlins (1963)
point out?pwblant over the :normal range will have no
measurable cffcect on the vepour pressurc gradient between
the leaf and the air, and if transpiration declincs with
'ﬁﬁf plant it might be through a change in thc stomatal
of some other resistancc, although Shimshi (1963) and
Rawlins (1963) have prescnted cvidence that non-stomatal
control of transpiretion may bc important., The determin—

ations on Zgca and Lolium suggest that asﬁyfgiant falls

the stometal apcerturc is reduced and so is the trans—
pliretion rate. Similar rcsults heve been described by
Ehlig and Gardner (196L). As @ plent fell from ebout
=3 té -l atm the transpiratioﬁ ratec fell in a similar
manner in both specics, until at -7 atm transpiration wes
reduced by 50% and with a decrcasc injzﬁ%lant to ~10 atm
transpiration was 10% of thc control rate, Closurc of
the stomata was nearly complcte by about =7 atm in both
spceics and the further reduction in transpiration prob-

v
ably occuq?d as a result



- 252 =

of the final small degree of closure, because as Bange
(1953) showed, under conaition of still air stomata may
not control transpiration until almost closed,

e) Conclusions on water movement and water balance

The description of water movement from the soil
through the plant to the air implied by equations 1 and
2 provides a framework which isimdequate for the inter-

pretation of the results obtained’ Jiwhen! it is
accepted that R plant is not & constant and that the
pmodel breaks down in the caée oflggg growing in solls at
low potentials where inversion of the potential gradient

has been found.

II, Growth in relation to water balance

a) Growth and leaf water potential

Growth is 1ikely to be most closely related to
cell functions, inoludingl@}plant, turgor and osmotic pot-
entials and only indirectly to transpiration or soil
water potentiale

The growth data for Lolium and Zea have been summ-
arized in torle 36, where variouséaspects have been
expressed, for reduced Water potentials, relative to

the values at maximum water potential,
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Table 36 Growth indicatiors of Zea and Lolium in relation to

solution and plant water potentials.

Tsol 0.3 L.l 3.3 5.4 #(7.0)8.0 13,0
(neg atm): Lolium ‘
7z 3¢5 L.O 5.0 7.0 8,0 10 - -
‘z Dlant
neg atm) '
L 340 LeO 5.0 7.0 9 13 12 14 16
, 4 745 845 9.5 11 11 11
T(blant
(neg atm) L 12,0 13 1l 1he5 15 16
P (atm) z LeO  LaO 3.5 3.0 3.0 1.0
L 10,0 g 9 7 6 3
7 100 90 75 50 30 10 - - -
Trgnspir- '
ation L 3100 90 75 60 L5 35 3025 20
A gloo 100 75 10 0 C  (PEG)
Leaf (100 50 2 0 0 0 (Soil)
extension 100 90 80 55 1O 0,0 0.0
100 83 65 ¢+ L7 20 ~  harvest 3
Leaf area
L 100 100,1 85 72 55 - harvest 3
100 81 58 Lo 20 - i3
Dry weight
L 100 101 8l 75 60 - "oz
100 108 76 72 L0 -
Relative
Growth rate
: L 100 96 91 87 72 -
Het assim- % 2100 98.5 86,0 775 52¢0 seio d week in
ilation rate 100 7540 80,0 55.0 25.5 FIpsEOH w w

L 100 102 9T 90 77
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Leaf extension growth was at a maximum atl*fplant
values of about -3 or =L atm,in both Zea and Lolium
extension was reduced to 5d% at -4 atm in Zea and
Lollium and ceased at -6 atm and -11 atm in Zea and
Lolium respectively for plants grown in PEG solutions.
Root extension growth in Lolium (sec Chapter L4 figure
4O (e) ) was related totfgplant in a similar manner to
leaf extension,

In soils reduction of.extension growth was observed
beforeﬂt(plgnt was found to change measureably. Zea,
for example, showed reduced leaf growth Whenﬁ“r°soil
fell from =0,1 to =043 atm. Lolium leaves were reduced
in extension before”jj;rjszf the top horizon fell below
-1 atm. Similar effects of small reductions in.}f’soil
have been shown by Jarvis énd Jarvis (1962) on the
leaf extension of several species and by Rutter and
Sands (1958) on leaf length and height of pine trees.
In PEG solutions extension of both Lolium and Zea was
reduced only When'(/soil féll below - 1 atm, Gingrich
and Russel (1957) showed that root growth of Zea was.
restricted by both osmotic and matric stress. The
latter affected growth below =0.,3 atm but the former
stress not until about =1 atm, below which the response

to. stress was parallel.



It seems that extension is very sensitive to stress
in soils, but the response Sf extension in solutions
is less sensitive, suggesting that absorption of mat-
erials into the cell could ﬁaintain high turgor although
z*jblant fell,

Other aspects of growtﬁ besides leaf andvmocm exten-
sion were reduced by fal}ing plant water potentials, tur-
gor or osmotic potential, although it is difficult to
relate growth processes to a critical value where
measurement were made over a perio@d of hours. Leaf area,
dry weight and net assimilation rate were reduced, and
it is particularly interesting that they were much more
restricted at a given leveIAOf?Qkplant {or related cell
potential) for Zea than for,Lolium;in.ﬂachsggg was
about twice as sensitive to stressa Leaf area was re-
duced by leaf senescence iangg with the sudden applic-
ation of stress by PEG solutions, whercas Lolium was
unaffected, However leaf senescence of Lolium plants;?
subjected to stress when gréwing in soils, increased
rapidly. Probally age and physiological status of the
plants greatly modifies the_response to stress (see
Gates; 1957)., In Zea the leaf aréa apparently recovered.

after a period of severe stress and the relative rate of
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leaf area increase rose Witﬂ the length of time the
stress treatment was appl;ed, suggesting that recovery
was taking place, In Loliuﬁ no changes in response were
observed over the period of stress, Dry weight changes
in the plant accompanied decreascd ?ﬁ}'plant, Zea
total dry weight was more severly reduced by a given
level of stress than Lolium, although even in the sever-
est stress treatment both species were able to maintain
positive values of the relaiive growth rate and this

was much less affected by low water potentials than leaf
area or leaf extension grow;n.

The reduction in relative growth rate was caused,
at least partially, by a decreased net assimilation rate
with falling potential. E was reduced more in Zea
than in Lolium, and in Zea there was also a trend to-
wards a more severe reduction in the first weeck of
stress than in the second, again indicating a capacity
of the plants to recover froh the stress conditions.
Large differences in B were observecd between the periods
of growth due it is thought to meteorological conditions.
Unfortunately the experiments were not performed at the
same time, although the first weeks growth in PEG sol-
utions of Lolium coincided w;th the second weeks growth

of Zea., During this time, the reduction in E caused by



- 257 -~

a =8 atm solution,was about 50% in Zea and 22% in
Lolium,

From consideration of the resistances offered by
the leaf to the exchange of water vapour and carbon dicx=
ide with the air,it is generally accepted (Moss, 1963)
that carbondioxide flux is governed by a rclatively
high mescphyll resistance in addition to that of the
stomata and air which affect transpiration (equation 1),
Therefore carbondioxide fluﬁ should be less reduced by
stomatal closure than transpiration. Although the value
of E is not a very acouratefindicator of carbon dioxlde
movement, incorporating as it dods the respiration of
the tissue, it is of interest to compare the cffects
of increasing stress on transpiration and assimilation.
From table 36,transpirationsis scen to be morc severely
reduced by decreasing@r lant than B, suggesting the total
rcsistance of the carbondioxide prathway increases less
than that of the transpiration rathway.,

It is important to note that leaf extension and
E are not affected to the same extent hy stress; the
leaf extension of Zes coases;when E is reduced by slight-
ly less than half, similarly in Lolium E is much less

affected than leaf extension;
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The other factors which might have affccted the
relative growth rate, the leaf area ratios, changed in
Zea with time., Initially it fell with increased stress,
but this was a temporary reéponsc for after 2 weeks the
leaf area ratio was similar in all treatments. The
leaf area ratio of Lolium wﬁs unaffected by strcss.e In
neither specics was the gpeéific leaf area altered by
reduced water potentials, but changes in the ratios of
the principle parts accompanied leaf sencscence in
Zea at the lower potcntials, although Lolium was not
affecteds |

Although the growth characteristics described refer
to solution grown plants, the relative growth rate, leaf
area ratio and net assimilation rates of Lolium plants
in soil also declined when éubjected to stress below =1
atm. This was a resﬁlt of an inéreased rate of leaf
sencscnee comparcd to the solution grown plants,

Much of the evidence iﬁ the literature supports
the observations., Gates (1955; 1957) showed that short |
periods of soil water stresé reduced the relative growth
rates and net assimilation rates., Schneider and Childers
(1941 ),4shton (1956) and Brix (1962) have all shown
decreascd rates of photosynthesis. and increased resp-

iration as a result of moisture strecsse.
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In the preceeding studiesl*Jplant'has been re-— |
garded as the most imporianp potential, as it undoubted-
ly is in the movement of wa%er through the plant., It is
made up, however, of osmoti§ and turgor potcntial compon~
ents which may have differeﬁt and distinct effects on
processes of growths For the two species examined the
relation between 1*} p&ant,:(( plant and P is very dif-
ferent and it is also affected by the cultural conditions
and age of the plants. In addition the cell character-
istics show @& variable relationship to leaf water deficit.
- It is therefore desirable,ﬁq cxamine the relations of
growth, stomatal behaviour etc. to these cellular

components’aflffplant.

b) Crowth, turgor and osmotic potentials
(Y plant was much highbr* in Zea than Lolium at

minimum leaf water deficit, some =7 compared to =11 atm,
Turgor was maximum at about 5 atm in'Zgg and 11 atm in
Tolium and when it fell to the minimum levels of 0.5 atm
in Zea and 3 atm in Lolium 7} ﬂf plant was about =10 and
=20 atm respcectively. It muét be recognized that estim-
ates of P arec subject to the errors of determining both
“géiand Tf and it may be due to these errors that P is

always positive.‘Tijlant is overestimated possibly due
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to loss of watcr or dilute cell sap during freezing and
thawing. For ggg,zﬁ plant was shown to be subject to
only small errors but in Lolium was -undcrestimated by
about 2 atm,

The errors could, therefore, account for the obser-
vation that P never became zero, and should be taken
into account when the relation betwecen P and growth
is considered.

In table 36 the approximate levels of the turgor
and osmotic potentials have been included. It will be
seen that leaf extension growth is maxdfivn when P is
also at 2 maximum 2nd ceaSes when P 1s about 3 atm in
hoth species, although'zéplant is very different in the
two cases, The fact that extension growth ceased when
P was greater than zero may be due to the error in
catimating P or possibly to changes in the elastic prop-
erties of the cell walls suﬁh as Gardner and Ehlig (1965)
have discusseds It may be that a minimum turgor is
required tp keep: the cell walls extended; once P falls
below this, further reduction in P has no effect on
growth becausc the wall hasg attained a minimum "size"
€ege =losest packing of the cellulose micellae (Frey
Wyssling, 1952), although W could still decrease if

plasmolysis occurred,
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The changes in stomatal aperture cannot be att-
ributed to either changc lniquldﬂt or P from thc data
presented. However from tdable 32 it will be noticed

that over a two week period in solutions,transpiration
rates at -8 atm werc about thc same as the control,
suggesting that stomatal opening had occuﬁgd, This

is probebly rclated to the observation that the osmotic
potential of the tissue in Zgg fell by more than could
be accounted for ty,change'in the water content, The
decrease in potential may be exp}ained as a result of
uptake, by the plant, of osmotically active substances
from the mecdium, Such a processiwould enable P to be
maintained Whilstgﬁf plant was lowered, The changes

in leaf area and transpiration of Zea with the length

of time that the plants Wefe subjectod to stress suggests
that turgor is the major factor controlling leaf area
growth and stomatal aperture, (Bernstein, 1961), If
this 1s so then it would bc of interest to compare

the response of extension growth:and assimilation to
different levels of P,'Lé ﬁlant and AET%lant whch could
be attained by supplying the plant with ions or low
molecular weight PEG solutions.,

The net assimilation rate was reduced by decreasing
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P and i\ plant (table 36) but Lolium was less affect-
ed than Zeaj; at about 5 wtm EEE was reduced by about
30% in Lolium and at 3 atm P by 50% in Zea.

The comparison of E and leaf cxtcnsion serve to
show that the relation of assimilation of carbon éicxida
to water potential is very different from that of leaf
(and cell) extension, The latter process is more sen-
sitive to stress than the former and depends on turgof
whereas assimilation secms fo depend on the change inj
osmotic potential of the tissuc. From table 36 it may
be seen that a reduction inﬂ?ﬁ'plant of about 60% in
Zea and 30% in Lolium is associated with a reduction in
E of about 50% and 30% respectively,

The experiments which were performed allowed no
comparisons to be made between species with respect
to the components of the net assimilation rate, that is
rhotosynthesis or respiration. It would be of the grecat-
est interest to rel=te theso’to the ecll characteristics
which have been discussecd,

From the complexity of cell organization and met-
abolic activities it is susﬁeoted that factors other than
osmotic potential would directly affect assimilation. It
is however essential tha® the effocts of turgor shovlZd be
separated from the osmotic potential changes in the ccll

suffering water stresse.
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