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ABSTRACT

Although a great deal of research has been carried
out on the effects ol water stress on plant processes, the
influence of environmental conditions on plant response to
water stress has received comparatively little attention,

In this study the rates of CO, exchange and transmpniration

2
and the leaf water status of whole soybean plants (Glycine

max (L.) Merr. cv. Merit) were measured under contrasting

sets of environmental conditions when

(a) the plants were maintained under conditions of

adequate soil water supply.

(b) water stress was imposed by withholding water and,

(¢) when water stress was imposed and then relieved

by rewatering.

Light intensity and quality, atmospheric CO2 concentration,
wind speed and daylength were all constant; the between-
treatment variables were air temperature and vapour pressure
deficit (VPD). Plants were grown under one of four environ-
mental treatments in a growth cabinet and the experiments
carried out under very similar conditions in a plant chamber
with facilities for measuring CO2 exchange and transpiration.,

Details of this equipment are given,



Under conditions of adequate soil water supply rates
of photosynthesis were lower under low VPD than under high
VPD conditions at the same temperature. The effect was
particularly marked at low temperature (22.5°C). Between-
treatment differences in photosynthetic rate appeared to
be mainly attributable to differences in tle magnitude of
the mesophyll resistance to 002 transfer. Transpiration
rates were largely determined by the VPD, plants unaer high
VPD treatments having the higher rates. At low VPD
temperature had little effect on the rate of transviration,
but at high VPD plants under low temperature had lcwer rates
of transpiration than plants under high temperature (27.5°C).
Possible mechanisms whereby low temperatures may reduce
transpiration under conditions of hign VPD are discussed.

When water stress was imposed the rates of photosynthesis
and transpiration declined in parallel under all treatments at
soil mcisture tensions in excess of 0.2 atme This suggested
that both plant processes were subject to a common controlling
mechanism, probably stomatal diffusion resistance. At soil
moisture tensions below 0.2 atm. the rates of photosynthesis
and trunspiration were independent of the soil moisture
status. Between 0.2 and O.4 atm. tensiorn they appeared to be
determined by plant, soil and atmospheric factors. The relative

rates of photosynthesis and transpiration were reduced to a



greater extent at any tension between 0.2 and O.4 atm.under
high VPD than under low VPD conditions. Above O.4 atm. soil
moisture tension the rates of photosynthesis and transpiration
tecame independent of the atmospheric conditions and it is
suggested that(%ranspiration was limited chiefly by the rate
of movement of water into the root zoane from the surrounding
soil,) (Photosynthesis may have been limited by direct effects
of dehydration on the biochemical components of the process
at these severe stress levels.,, It was tkus possible to
distinguish three stages in the development of water stress,
the significance and possible general application of which
are discussed.

Under high temperature/high VPD zonditions the rates of
photosynthesis and transpiration recovered simultaneously and
to a very similar extent when stress was relieved by rewatering,
the degree of recovery beirg inversely proportional to the soi]
moisture tension at the time of rewatering. Possible causes cf
the failure of the rates of photosynthesis and transpiration
to recover to their original prestressed values are discussed.

These results are discussed in relation to the findings
of other workers, and suggestions for further research in this

field made.
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CHAPTER 1

INTRODUCTION

Introduction to the present study

Since tne publication in 1727 of Stephen Hales'!

classic Vegetable Staticks, literally hundreds of papers

have been published on the subject of plant water relations
and the effects of drought on plant processes. Until
comparatively recently, almost ali such experiments were
carried out in the field or in glasshouses where environ-
mental factors such as light, temperature and atmozpheric
water vapour concentration were uncontrolled or uncontroll-
able, and subject to rapid changes. The effects ol these
factors on the response of plants to drought (water stress)
were thus unknown, the only parameters to which the plant's
response could be related being the water status of the
soil and, in a few cases, the plant,

The post-Second World War advent of controiled climate
facilities, ranging in size from the ‘'‘phytotron' to single
leaf chambers, provided the opportunity to determine the
effects of environmental conditions on plant response to

water stress. This orportunity has not been taken:
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examination of the published literature reveals very few
studies in which water stress has been imposed under more
than one set of environmental conditions, although the
influence of soil temperature has been more frequently
examined (e.g. Kuiper, 1964; Cox and Boersma, 1967;
Babalola, Boersra and Youngberg, 1963). The iafluence of
environmental factors on plant response tc water stress
remains largely unknowns

In the few cases where more than one set of environ-
mental conditions Las been employed (Gavande and Taylor,
1967; Pallas, Michel and Harris, 1967), the plants have
veen grown under one treatment prior to experiment under
different environmental regimes. The conditions under which
plants are grown may affect their photosynthetic caracity
under other conditions (Hesketh, 1968; Rook, 196S) and there
is reason to believe that the response to water stress may
be affected by change in a single environmental factor, such
as light intensity (4shton, 1956). Results from such
experiments may reflect only the response of plants grown
under the original treatment to stress under the experi-
mental conditionse If grown and water stressed under a
single set of conditio.us the results might well be different,

Few investigators have attempted continuous measurement
of photosynthesis and transpiration throughout their experi-

mentse. Transpiration is easily measured by weighing,
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provided that evaporational losses are known and appropriate
allowances made, but measurement of photosynthesis is more
difficult., fost present day investigators use infra-red gas
analysers to mcasure phctosynthesis and are faced with the
choice of measuring the response of a single plant over
long periods, or the responses of several plants in sequence,
each nlant being measured for a short periecd. In the two
investigations involving more than one set of environmental
conditions cited above, photosynthesis was either not
measured (Gavande and Taylor, 1967) or measured for short
periods on a series of plants (Pallas, et al, i967). In the
latter only one plant per treatment was measured, each
measurement being of two minutes duratione.

Such short-period measurements may provide misleading
results, for even under constant environmental conditions
cyclic changes in transpiration and photosynthesis may occur

Ehrler, Nakayana and van Bavel, 1965; Cox, 1968; Kriedemann,
1968), and Barrs and Klepper (1968) showed that water stress
could initiate cycling in some species., ith a periodic
sampling system it is conceivable that measurements could be
made consistently at a particular phase of the cycle, thus
leading to over or under estimation of the true avcrage rates
Continuous measurement avoids this pitfall,

In the present investigation the photosynthetic and
transpiration rates of single plants were measured continuously
and simultaneoﬁsly over periods of several aays. As the plants

were grown from an early stage under conditions as close as



possible to those under which the measurements were ultimately
made, there is no question of the plants not veing fully
acclimatised to the environmental conditions. further,
disturbance to the plant's environment between removal rrom
the growth cabinet and the commenceument of the experimental
period was minimal,

It is believed that no previous study on plant resvonses
to water stress has incorporated as many as four environmental
treatments (the number used in this investigation), or
involved the continuous and simultaneous mecasurenent of CO2
exchange and transpiraticn over several days.

The aims of this investigation were to daetermine the
differences, if any, in the response of soybean to watexr
stress imposed under contrasting environmental conditions,
and to account for these differences, AaAdditionally, the CO2
exchange and transpiration responses of soybean to these
conditions were determined when the plants were not subject
to water stress, and experiments were also carried out to
determine the immediate responses of photosynthesis and

transpiration to the relief of stress by rewateringe.

Review of the literature

Many reviews, of varying degrees of scope, have been
written concerning the effects of water deficits on plant
processese. The earlier work in this field is largely covered

in the books by Crafts, Currier and Stocking (1i949) and



De

Kramer (1949) and more recent work has been reviewed by
among others, Stocker (1960), Vaadia, Raney and Hagan (1961),
Gates (196l), Henclel (1964), Jarvis (1967) and Slatyex
(1967) .

This is by rno means an exhaustive list and does noc¢
include the manry symposium proceedings and articles in
encyclopaedias published during the same period. It is thus
felt that little point would be served by the compilation of
an exhaustive review of the subject. Instead only the more
interesting and significant results will be discussed in an
attempt to outline the approaches that have been used in
research on plant water stress,

Resualts from previous work relevant to other aspects
of this investigation (effects of temperature and vapour
pressure deficit on rates of photosynthesis and transpirztion
in the absence of water stress, effects of rewatering fcllow-
ing stress, and the relationships between plant anatomy and
physiological processes), are reviewed in the introductions

to the appropriate chapters.

At a symposium in St. Louis in 1961, Kramer (1963) stated:

"Marny of the results from research on the relationships
between plant growth, crop yields, and soil moisture
have been inconclusive or even contradictory. This

probably is because attention has been centred on one
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part of the soil-plant systeme Teoo much emphasis
has been placed on soil water stress and tee little
on plant water stress and on the reasons why watoer

stress reduces plant growthe"

Arising from the results produced during the firsi
half of this century; two schools of thought concerning the
effects of water stress on plant processes emergede. One
maintained that between soil field capacity and the permanent
wilting point (corresponding to c. 15 atm.soil moisture
tension), water was readily available for uptake by the
plant, and plant processes (photosynthesis, transpiration)
would not be reduced until the soil moisture tension |
exceeded 15 atme (Veihmeyer and Hendrickson, 1927, 1950,
1955)e The opposing group led by Richards and Wadleigh,
held that as the soil dried water became less available,
water deficits would ensue, and photosynthesis and
transpiration would be reduced. (Richards and Wadleigh,
1952)s Evidence in favour of the former view was provided -
by Allmendinger, Kenworthy and Overholser (1943) who found
that glasshouse-grown apple trees showed no reduction in
apparent ﬁhotosynthesis until the soil moisture content
was almost at the permanent wilting point. Similarly,
Upchurch, Peterson and Hagan (1955) and Ashton (1956) found
" no reduction ir the photosynthetic rate of ladino clover

and sugar cane respectively, until the permanent wilting
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point was reached. Veihmeyer and Hendrickson (1955) also
cited the results of Burns (1926) showing that photosynthesis
was not reduced by decreasing soil moisture content until
death of the plaatse

Contrary evidence indicating a gradual reduction in
photosynthesis and transpiration with increasing soil
moisture stress was reported by Heinicke and Childers (1936).
and Schneider and Childers (1941), apple trees being used in
both investigations; and a marked reduction in the photo=
synthesis and transpiration of pecan leaves, scme two to
three days before the soil reached the permanent wilting
point, was found by Loustalot (1945). (Surprisingly the
last paper was cited by Upchurch et al (1955) as providing
corroborative evidence for their own work)e. Schneider and
Childers reported that the stumata appeared to be closed
before wilting was apparent,

Kramer (1963) has criticised the results of Upchurch
et al (1955) and Ashton (1956) on the grounds that the
chambers in which the tops of the plants in theee experiments
were enclosed greatly reduced transpiration. The plants
were thus not subjected to severe water stress until the
so0oil had dried to near the permanent wilting point, and
would therefore not be expected to exhibit any reduction
in photosynthesis before this stagee This criticiem is

fully justified, for plant water balance dependes basically
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upon the relative rates of water loss and water absorption,
If loss exceeds absorption the plant will become subject to
a water deficit; but there are two ways in which this
situation may aris=2. If transpiration is rapid because of
the atmospheric conditions (e.g. high vapsur pressure
deficit), the rate of absorption of water may be less than
the water loss, even with a high soil moisture content or
with plants grown in water culture. (The mid-day wilting
of plants in the field is frequently attributable to this
effect)s Alternatively, with a dry soil and a low rate of
transpiration the rate of absorption may be sufficient to
naintain a positive water balance in the plant, wilting
will not occur, and photosynthesis and transpiration will
proceed at normal rates, It is this situation that was
produced in the experiments of Upchurch et al (1955) and
Ashton (14956), prior to the permanent wilting point being
reached.,

Water deficits may also occur if the quantity of water
in the soil is such that, regardless of the rate of water
lossy the rate of absorption of water is lower. At this
stage the plant will only recover from the water deficit
if water is added to the soil. (In the older literature

"this point is referred to as the permanent wilting ypoint,
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and was believed to be a soil characteristinr (Veihmeyer

and Hendrickson, 1950). It is currently believed that it
corresponds to the point of zero turgor pressure in the
leaves and is basically determined by leaf osmotic potential
(siatyer, 1957, 1967))o At this stage, as reported by
Upchurch et al (1955) and Ashton (1926), wilting occurs

and plant processes are reducede.

Kramer (in the discussion following Veihmeyer and
Hendrickson, 1955) put forward as a further possible explana=-
tion for the results showing no reduction in piant
processes above the permanent wilting point, the nature of
the s0il moisture characteristic curve for the soils used
in these experiments, This curve relates the soil moisture
content to the so0il moisture tensien, and in the case of
the Yolo clay loam used in much of Veihmeyer and Hendrickson's
work shows that soil moisture tcnsion rises very rapidly for
small reductions in soil moisture content when the latter
falls below 20%. In such a soil, having much of its
available water held at low tensions, there wouid be a very
rapid transition from a non-stress to a water stress
situation, and no reduction in transpiration or photosynthesis
would be apparent until just before the wilting pointe. 1In
soils in which much of the water is held at tensici's greater
than 1.0 atm. a gradual reduction in transpiration and photo-

synthesis might be expectede
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An analysis of all experiments in which the soil had
been allowed to dry to some measured point and then
rewatered, was made by Stanhill (1957). He found that in
over 80% of these experiments, growth had been reduced by
the reduction in soil water content before rewatering took
places The view that plant response is unaffected before
the wilting point is reached is no longer generally accepted,
it being realised that there is no simple relationship
between soil moi.sture tension and plant processes, but
rafher that the relationship is affected by soil conductivity,
environnental factors, root distribution and the stage of
development of the plant (Kozlowski, 1964). The effects of
water siress at different stages of growth of various crop
spacies have been comprehensively reviewed by Salter and
Goode (1967),

Kramer's comments, quoted earlier, can be applied to all
the investigations cited above, for in none of these were
measurements of plant water stress made. One difficulty
that confronted workers in this field was the lack of
acceptable, and accepted, methods for the expression of plant
water stresse

Within the period during which soil water stress was the
main item of interest in assessing plant response to water

deficits, certain work was done on plant water status,
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Brilliant (1924) found that photosynthesis cecased when leaf
water content fell to 50% of its maximum value, and Dastur
(1925) showed a linear relationship between photosynthesis
and leaf water content, the exact nature of which was
species dependent,

Clements and Kubota (1942) related the moisture level
of the leaf sheaths to the moisture level of the remainder
of the tops of sugar cane plants. Their original intention
to use this 'moisture index' as an indicator for irrigation
scheduling was frustrated, as it was found that by the time
the sheath moisture level dropped significantly, a drougit
reaction had already been triggered (H.F. Clements, pers.
comm. 1968),

Weatherley (1950, 1951) studied the leaf water relations
of field grown cotton in Uganda, and found that above a certain
critical soil moisture content, leaf relative turgidity (see
Chapter 2, section II (iii)) was determined by atmospheric
factors only, whilst below the critical level it was controlled
by both atmospheric conditions and soil moisture. Werner (1954)
subsequently used Weatherley's relative turgidity technique with
a potato crop, and found that when atmespheric factors led to
reduced transpiration there was a rapid rise in the relative
furgidity of the leaves. Slatyer (1955) also used the technique
on a range of crops in Northern Territory, Australia, in a study
of plant internal control over transpiration., Effective internal

control over transpiration was reflected in the maintenance
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of high relative turgidity and a slow rate of decrease in
relative turgidity under arid conditionse The relative
turgidity technique has, with certain modifications (Barrs
and Weatherley, 19G2) become a standard expression of
plant water status, although the term relative turgidity
is being replaced by relative water content (RWC),

A major problem in relating plant response tv soil
moisture tension lies in the difficulty of measuring soil
moisture tension in the root zone. Because plants may
remove water from the soil surrounding the roots amore rapidly
than water can move into this zone, tke moisture content
and moisture tension of the scil mass not permeated by the
roots may not be an accurate reflection of the moisture
status in the root-permeated soil (v rhizosphere). o
method of measuring rhizosphere soil moisture has yet been
developeds In an attempt to circumvent this problem many
workers (e.g. Slatyer, 1961; Brouwer, 1963; Jarvis and
Jarvis, 1963a; Janes, 1968) have used osmotic solutions of
known concentration in place of soil, the assumption being
that plant response to osmotic stress is the same as to an
equivalent soil moisture tension, and that plant roots
function as an ideal osmometer, i.e. there is ro uptake of
- the solute constituting the osmotic solutione There are
however, several objections to these assumptiors. Gingrich
and Russell (1957) compared the effects of oemotic stress

and soil moisture tension on the growth of corn roots, and
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found that the effects were not the same. Root growth was
greater in osmotic media than in soil at equivalent stress
levels, and inciease in stress in osmotic solutions had no
effect on root dry weight, whereas in socil the root dry
weight decreased with increasing stresse Those growth
characteristics that were influenced by stress responded
linearly to osmotic stress throughout the 0,3 to 12.0 atme
range, but showed marked deviations from linearity under
s0il moisture stresseo Gingrich and Russell concludeé that
the water transmission characteristics of the =o0il were
responsible for these differences,

Plant roots do not in fact function as jideal osmometers;
this is not surprising as mineral r.utrients are absorbed
by the rootse Ccnsequently some of the substances used as
osmotic agents have been shown to be absorbed from the
solution, e.ge. mannitol (Slatyer, 19561). Jarvis and Jarvis
(1963a) briefly discuss the objections to other osmotic
agents, including polyethylene glycol (PEG) of various
molecular weightsoe PEG 1500 may not only be absorbed by
the plant, but may produce toxic effects (Macklon and
Weatherley, 1965).

The most serious objection to equating osmotie¢ and soil
water stress remains the effect of soil watexr conductivity

on stress development. Macklon and Weatherley (1965) found
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that the leaf water potential of transpiring castor bean
plants depended on the nature of the root medium; osmotic
soluticon, water or soil. Their conclusions were that water
deficits in plants originate not from increases in root
resistance to water uptake, but from thke scil water
conductivity being too low to permit ravid rewetting of
soil in the rhizosphere during periods of rapid transpiration.
Such rewetting occurs when the rate of transpiration falls,
subject to the availability of water in the soil outside
the rhizosphereos Thus osmotic solutions cannot be regarded
as an adequate substitute for a drying soil.

The improved techniques of the last few years have
enabled new approaches to the problems of water stress to be
made, Water potential (previously known as diffusion
pressure deficit) measurements of both plant tissue and soil
have become routine in many laboratories with the introcuction
of the thermocouple psychbrometer, originally developed by
Spanner (1951) and subsequently refined by a number of other
workers (e.g. Box, 1965; Merrill, 1968)., Understanding of
the effects of soil water stress on plant processes and the
movement of water through the plant appears to have been
facilitated by the growing use of the water potential
terminology introduced by Slatyer and Taylor (1960).

Weatherley and Slatyer (1957) showed that there was a

species dependent relationship between leaf water potential
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and RWCe The relationship is analogous to the soil
moisture characteristic curve which relates soil moisture
tension (or water potential) to soil moisture content,

It was originally thought that the relationship might

be constant for any given species, and Slatyer (1950)
found that environmental conditions had no effect on it

in Acacia aneura. However, later evidence has shown that

the relationship is not necessarily constant within a
species, but may be affected by leaf age (Knipling, 1967;
Millar, Duysen and Wilkinson, 1968), level of iunsertion
of the leaf (Millar et al, 1968) and environment (Knipling,
1967; Hoffman and Splinter, 1968; Millar et al, 1968).
The leaf water potential - RWC relationship must therefore
be used with care when attempting to determine watex
potential from the more easily measured RWC, as was done
by Ehlig and Gardner (1964t). DNevertheless the relation~-
ship can be of considerable value, especially in comparing
the response of various species to water stress. From
their studies on a range of tree species Jarvie and Jarvis
(1963b) suggested that a leaf moisture characteristic
which involved a large fall in water potential for a small
decrease in RWC conferred greater drought resistance than
a leaf moisture characteristic of opposite effect. However,
such drought resistance tended to be correlatad with poor
growth at low levels of moisture stress.

As s0il moisture content and soil water potential

decrease, the leaf water potential must also decrease to
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maintain the water potential gradient between leaf and soil
necessary for water movement through the plant to take place,
A decrease in leaf water potentizl is associated with a fall
in leaf turgor; 1loss of turgor in the guard cells leads to
stomatal closure (Heath, 1938) and to reduction ir transpi=-
ration and photosynthesise The leaf water potential at
which this occurs depends not orly on the relationship between
stomatal aperture and guard cell turgidity, but also on the
leaf turgidity - water potential relationship. {Jarvis, 1963).
Brix (1962) showed that under the influence of water
stress the photosynthetic and transpiration rates of loblolly
pine and tomato decreased in phase, indicating a change in
the diffusion resistance to CO2 ana water vapoure. Whilist
transpiration is normally regarded as being basically controlled
by stomatal resistance, except under conditions of still air
(Bange, 1953), CO2 diffusion is also limited by a mesophyll
resistance (Gaastra, 1959) associated with the liquid rhase
diffusion of CO2 from the mesophyll cell wall surfaces to the
chloroplastse. Bierhuizen and Slatyer (1964) considered that
under non water stressed conditions the meso»nhyll resistance
was the most dominant factor in CO2 transfer in cotton leaves,
but later reports from Slatyer's laboratory (Troughton, 1969;
Troughton and Slatyer, 1969) show that the stomata are of
primary significance in controlling CO2 exchange in water
stressed cotton plants and suggest that mesophyll resistance
is not affected by water stress until the leaf RWC has fallen
to 75%. The contribution of the mesophyll resistance to

reduction of photosynthetic rate under stress is therefore
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uncertain.

Non=-stomatal control of traaspiration, proposed by
Livingston and Brown (1912) and supported by Knight (1917),
now appears to be unlikely. Subseguent repeat of the
experiments (Gregory et al, 1650) failed to confirm the
crucial aspects of the original findingse Slaiyer (1966)
made an analysis in physical terms of the mechanisms
proposed for non-stomatal control of transpiration and
found them untenable, except under conditions of extreme
leaf dessication when the stomata would be almost certainly
completely closed.

A recent re-examination of some of the plant water
stress literature has led Idso (1968) to propound a new
theory of water stress effectss Proceeding from the
observation that photosyathesis is a chemical process and
transpiration a physical movement, he suggests that
photosynthesis is largely determined by the water potential
in the vicinity of the chloroplasts, and is thus largely
independent of the atmospheric water content, whereas
transpiration is controlled by the water potential difference
between the evaporating sites in the leaf and the atmosphere,
and is thus largely independent of soil moisture. He thus
regards water stress as a double entity, the two components
being essentially independent in origin aund action. However

the theory is limited irn its application to a comparatively
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narrow range of conditions. Denmezad and Shaw (1962) showed
that tranepiration rate falls belcw the potential rate at
lower and lower soil moisture stress levels as the atmos-
pheric moisture stress increases, Idso's theory can be
applied only to conditions of low atmospheric stress, when
as discussed earlier, the movement of soil water into the
rhizospnare is sufficient to maintain the rate cf absorption
by the rootse Again, the theory does not apply to plants
with low root density which show a reduction in transpiration
that is closely related to the soil water potential (Cowan,
1965)« This theory cannot, therefore, be regarded as a
definitive statement of the nature of plant water stress,
especially in the absence of information on the effecis of

water stress under various environmental conditions.



CHAPTER 2

MATERIALS AND METHODS

Three series of experiments were carried out in
which the CO2 exchange and transpiration responses of
soybean plants, grown under one of four envircrmental
treatments, were determinedes The three series were
briefly:

(i) in which the plants were supplied with
adeguate soil moisture throughout the
experiment,

(ii) in which water stress was allowed to
develop by withholding water,

and (iii) in which water stress was allowed to
develop to various levels, and was then
relieved by rewateringe.

This chapter contains details of procedures common
to all the above experiments. Techniques or procedur#s
used in individual cases are described in the chapter

dealing with the particular experimental seriese



20,

Io. OUTLINE OF EXPERIMENTAL DESIGN

Soybear (Glycine max (Lo)Merr.cv. Merit) plants were grown

from seed in 5" plastic pots, One seed was sown in each pot
in a 1:1 pvmice-peat mixture which had been selected as a
suitable potting medium after preliminary experiments (see
Appendix 1). Germination and initial growth of the seedlings
took place in a heated glasshouse. Water and Hoagland's
nutrient solution were given occasionally.

Before the first true leaf was fully develoved the plants
were transferred to a growth cabinet where they were grown
under one of four sets of environmental conditicns (see
section II). Whilst in the growth cabinet each plant received
50mls of Hoagland's nutrient solution twice daily. The plants
were examined frequently and those showing excessive, reduced
or abnormal growth were discaraed. Plants having at least
three fully expanded leaves were selected for the experimentse

The experiments were carried out in the plant chamber
of the CO2 exchange~transpiration measuring equipment (see
section IV) which was separate from the growth cabinet and
possessed its own environmental control facilitiese. In the
plant chamber the plant was subjected to conditions very
similar to those experienced in the growth cabinet. Measure-
nents of 002 exchange, transpiration and water stress were
made on single plants which were harvested after the experiment
(see section V (vi)). There were at least four replicates of

each experimento,
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II. CONDITICNS IN THE GROWTH CABINET AND PLANT CHAMBER

For each treatment conditions in the growth cabinet and

in the plant chamber were as similar as possible (Table 2-I).

Table 2-I1. Conditions in the growth cabinet and plart
chamber foxr- each of the four sets of

environmental treatments,

Treat- Cabinet & Chamber Cabinet Chamber -Cabinet & Chamhbher
ment oy temp.%C Night temp.,°C Day RH% Day RE% Night RE%
HT/LH* 2745 2245 60 68 90

HT/HH 2745 2245 80 85 90

LT/LH 22ie5 W5 50 55 90

LT/HH 22.5 1745 80 80 90

* High (day) temperature : low (day) relative humidity, etce

Daylength #as 12 hours in both growth cabinet and plan%
chamber for all treatments. The day time relative humidities
in the plant chamber correspond to equal values of vapour
pressure deficit (saturated vapour pressure of the air minus
the actual vapour pressure at the same temperature) for the
two LH and the two HH treatments. The actual vapcur pressure

deficit (VPD) for each treatment was:

HT/LH 11,7 mb (8,78 mm Hg)
LT/LH | 12,2 mb (9¢15 mm Hg)
HT/HH 5¢5 mb (413 mm Hg)
LT/HH 5S¢4 mb (4,05 mm Hg)

Tne VPD's foxr the two LH treatments and for the two HH

treatments werc not identi€al because very fine adjustments
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to the appropriate ccntrols could not be made,s Nevertheless,
the discrepancies are small and the conditions obtained are
regarded as satisfactory. Air temperature was always within
0.1°C of the required temperaturee.

Illumination in the growth cabinet was the same for all
treatments and was provided by four 700 w mercury vapour lamps
(Philips HPLR), two 300 w tungsten lamps (Mazda reflector
floods), one 150 w tungsten lamp {(Atlas E 27/27 reflector
flood) andseven 80 w blue fluorescent lamps (Philips, type
126221). These were separated from the growth space by a
flowing water screen and gave a total irradiance of 224.51um'2
(as measured with an Eppley pyrannometer) of which approximately
173 wm > was in the photusyntheiic range (400-700 nm) at plant
levels, Illumination in the plant chamber was provided by a 700
W mercury vapour lamp (Philips HPLR) and two 100 w tungsten

lamps (Philips Comptalux)e. The total irradiance was 194u/u72

within the plant chamber, of which approximately 15“\~nr2 was
in the photosynthetic range.

Thus a factorial-type experiment was set up in which the
effect of change in either temperature or VPD on CO2 exchange

and transpiration, could be determined at high or low VPD or

high or low temperature respectivelye
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III. PREPARATION OF PLANTS IMMEDIATELY PRIOR 170 EXPERIMENT

At least 2% hours before the start of an experiment the
cotyledons (if still attached) and the primary leaves were
removed from the tesi plant with a razor blacde. These leaves
are much thicker than the mature trifoliate leaves and the
primary leaves are a much darker green, suggesting a higher
chlorophyll content. It was considered that these leavés
might have photosynthetic and transpiration rates different
from the mature leaves, and that their retention might, there-
fore, affect the results obtained,

At 0800 hours on the first day of each experiment the plant
was given 50 mls of Hoagland'!s nutrient solution to ensure that
an adequate soil moisture supply was present initially. Excess
nutrient solution was alluwed to drain from the pot during the
next hour, during which time the top of the pot was covered with
a cheet of wax-backed aluminium foil to prevent evaporztion from
the soil surfaces This sheet was cut to fit closely round the
stem of the plant and to overlap the pot edges by at least 1%
inchese The tops of the pots had an outward-~protruding
horizontal 1lip and the sheet was folded down and under this 1lip
and secured with paper clipse The effect of this covering was
to reduce evaporation to a negligible amount (see Appendix 2),
tﬁus allowing all weight loss from the pot to be attributed to

transpiration,
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Before the plant was transferred from the growth cabinet
to the plant chamber the environmental conditions required in
the chamber were set up and checkede Plants were transferred
from the growth cabinet to the chamber at 0900 hours, the time
at which the cabinet photoperiod started. Thus the transfer
from the growth cabinet to the chamber was similar in its effect
on the plant to the normal dark-light changeover in the growth
cabinet, and involved minimum exposure of the plant to non-
experimental environmental conditionse Subsegquent light periods

in the plant chamber commenced at 0815 hourse

IV, EQUIPMENT USED FOR MEASURING CO, EXCHANGE AND TRANSPIRATION

The equipment used in the measurement of CO2 exchange and
iranspiration rates provided, automatically, a continuous record

£

of these processese In its basic concept the machine is similar to
that described by Koller and Samish (1964), but in detail represents
a significant improvement, for adjustments to the CO2 concentration
are made automatically and do not require the intervention of the
operatore Once the required conditions have been set up, the
machine will operate with minimal attention for several dayse CO2

concentration, maintained within a pre-set range by the automatic

addition or extraction of 002, is monitored by a Grubb-Parsons
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SB 2 infra-red gas anzlyser (IRGA). Transpiration
is measured directly, as gm water lost from the plant,
by a strain gauge transducer coupled to a modified beam
balance located in the plant chamber. The plant pot
rests on the pan of the balance (hereafter referred
to as tle transpiration balance). Thus, whilst plant
CO2 exchange is measured by a compensation system,
transpiration is not. It is this feature, plus thae
automatic regulation of CO2 concentration that marks
the major difference between this model and that of
Koller and Samish.
Basically the machine consists of two main sectioas,
(i) the plant chamber and trenspiration balance,
associated air conditioning unit and the lamps,
and (ii) the control units for temperature, relative

humidity and CO2 concentration, the IRGA and

a chart recorder, (Esterline-Angus, model E1124E,

24 channels),

The plant chamber, 12" diameter and 12" deep is

surrounded by a water jacket and covered with a glass lid,

The lamps are situated 3 ft. above the chawber tcp and a

flowing-water screen, to remove excess heat, lies immediately

below it. (Details of the lamps used, and their outputs,
are given in Section II of this chapter)e Light from the

lamps is concentrated into the chamber by a furnel lined
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with aluminium foil., Extensive tests were performed to
determine the type of funnel required to given even
iliumination in the chamber. Circular cones were found to
concentrate the light in ring patterns, regardless of how

the angles of the lamps were adjusteds A cone of rectangular
section however, gave even illuminaticn across the chamber
top and was adopted for use in the experiments, ILamp angle
was not critical with this funnel, but a constaat setting
was maintained.

Air is circulated continuously through the plant chamber
and air conditioning system (see Fig. 2-1), where temperature
and humidity are regulated. The air stream is circulated by
a centrifugal fan: the air speed across the chamber is c,

0.6 m/sec, In tne air conditioner ih> air passes over a
series of cooling coils which are maintained at the required
dew point temperature for relative humidity (RH) control.
After being cooled to the dew point teaperature the air is
reheated to the required dry bulb temperature by a one kilo-
watt heater directly in the path of the air stream. Relative
humidity is sensed for recording by a wet and dry bulb thermo-
couple system immediately downstream of the plant chamber,
Thermocouples, referenced to a melting ice bank; are located
at the inlet and outlet ports of the plant chamber for sensing
air temperature,

The plant chamber is surrcunded by a jacket through which

water is continuously circulatede Chilled water is automatically
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added if cooling is requirede

The control units for relative humidity and air and water
jacket temperature are slaves to a central programme controller,
The required conditions for light and dark periods are set up
on the programme controller which then provides the necessary
signals to the individual control units to maintain these
conditionse. Change-over from light to dark and dark to light
conditions is effected automatically at the required times,
the control source being a time clock and relay systeme

CO2 concentration is maintained by an electranic control
unit which receives its signal from the IRGAs A continuous
bleed of air is taken from the plant chamber air ccnditioning
circuit, and after passing through a cold water condenser and
calcium chloride drying towers to remove all water Qapour, is
passed through the IRGA., The IRGA thus monitors the CO2
coitcentration in the system at any given time with & time lag
of about 40 secs. required for the passage of the air stream
through the drying towers to the IRGA, The sample stream is
then returned to the plant chamber circuit. CO2 concentration
is printed out on the chart record,

The 002 concentration range within which it is desired to
operate is set up on the control unit, and whilist the CO2
concentration in the system remains within these limits, no
action is taken by the control unite When the 002 concentration
falls below the lower point of the set range, CO2 is added in

the form of pulses of CO2 in nitrogene (The calibration of
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these pulses is described in Appendix 5), Addition continues
until the CO2 concentration is once again within the operating
rangee The number of pulses added is printed cut by the
chart recoxrders,

Extraction of 002, which occurs automatically when the
concentration rices above the upper limit of the set range,
is effected by passing a part of the gas stream from the plant
chamber system through a tower packed with "Carbvosorb'™ or
“"Ascarite" which removes the Cozc Prior to passing through
the tower the gas stream is dried by passage through a cold
water condenser and a calcium chloride drying tower. These
precautions are taken mainly to prolong the life of the
“Carbosorb", (Self-indicating granules were used and changed
regularly and frequently).

Preliminary tests were made on the effectiveness of

carbosorb in removing CO, from air passed through ite Ambient

2
air (ce 300 ppm COZ) was passed continuously through a tower
containing 20 gm of carbosorb and then through the IRGA, It
was then discharged into the atmosphere.s After 9 hours the
IRGA still gave a zerc CO2 concentration readinges The carbosorb
tower in the 002 extraction circuit contained approximately

200 gms of the material, and there is therefore no doubt that
all CO2 in the air stream passing through it was removede A

rotameter flow gauge was installed in the extraction system

to provide flow rate information for the calculation of
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respiration rate (see section VI), The air stream through
the extraction system was driven by a pump at approximately
800 ml/min. The exact rate of flow varied from one experi-
ment to the next, but was recorded in each case, The time
for whick the extraction system had been in operation
during any given reriod was recorded on the chart as counts,
each of 10 seconds duration,

The transpiration balance in the plant chamber provided
a continuous record cf weight loss (transpiration) from the
plant, It was constructed from an Ohaus triple-beam balance
and a Kycwa strain-gauge transducer. The balance beams were
shortened to allow the unit to fit into the confines of the
plant chamber, and the strain-gauge transducer was fixed to
the base of the balance with its probe attached to tue
truncated beam. The signal from the strain-gauge was amplified
and fed to the chart recorder where it was printed out.
Adjustment of the amplified signal was made so that the change
in signal caused by a weight change of 1 gm corresponded to
one division of the chart papers Total transpiration could
thus be read directly from the chart,

The chart recorder, a 24 channel continuous operation
model, was used to record not only the information on 002
‘addition, extraction and concentration, but also leaf
temperaturey air temperature, wet bulb depression, water
jacket temperature and light intensitye (This last factor

was measured by a small silicon cell inside the plant chamber,
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The chart print-out from it was in arbitrary units, its
function being to warn of reduced output from the lamps)

The time required for the chart recorder to print out
all 24 channels was 173 seconds. As there were fewer than
2Lk jtems of information to be recorded, a number of the
items were recorded on more than one channel, thus reducing
the sampling interval for these items. COa—addition pulses,
CO2 extraction counts, CO2 concentration and the mini-lysimeter
output signal were each allotted four channels. They were thus
sampled and recorded four times per cyclee Air and leaf

temperatures were sampled twice per cycle.

Accuracy of control of CO, concentration, air temperature and

reletive humidity

CO2 concentration was controlled within the range 285=330
PPrley igee addition of CO2 occuried when the CO2 concentration
fell below 285 ppm; the extraction system came into operation
Jjust above, and switched off just below, 33C ppme The hysteresis
loop in the extraction system was necessary to prevent very
short bursts of CO2 extraction, Unlike the Hartmann-Braun
IRGA's, the Grubb-Parsons model has a distinct and continuous
tremor in its output signale Without the hysteresis effect in
.the extraction system, very short bursts of extraction could
have been generated. Attempts to narrow the worlcing range of

002 concentration led to "hunting" and the range used was the

narrowest that could be obtzined, The normal atmcspheric CO2
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concentration is.between 300 and 315 ppme (Bolin and Keeling,
1963), and it is thought that no significant effects on photo=-
synthetic rates would be brought about by the small deviations
from this level in these experiments. No coirections for
changes ia 002 concentration in different parts of the system
were necessary as the whole system was designed to operate
close to ambient atmospheric pressures The maximum deviation
observed during the experiments was 0,15 cm Hg,

Air temperature was always within 0e1C of the reguired
temperature,

Although relative humidity was controlled by dew point
deyression, the chart read-out was in terms of wet bulb
depression, Contrcl of relative humidity was rather better
at low levels than at high. Under the HT/IH and LT/IH
treatments the wet bulv depression was within 041°C of the
required level; under the HT/HH and LT/HH treatments it was

within 0.25°C.

V. EXPERIMENTAL PROCEDURES

(i) General course of experiments.

After removal from the growth cabinet the plant was
placed on the pan of the transpiration balance in the plant
chamber and thermocouples, for the measurement of leaf tempera-
ture, attached to the leaves (see section V (ii)). The chamber
1lid was then replaced and securedy; and measurement of co,
exchange, transpiration and leaf temperature proceeded auto-

matically and continuously, The light period in the plant
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chamber was of 12 hours duration, from 0815 to 2015 hourse

At chamber midday (1445 hours) and at the end of the light
period the chamber was opened and the plant temporarily
removed to take samples for the measurement of plant and

soil water stresse As the time required foxr this process

was not more than a minute, disturbance to the plant was
minimale After sampling the plant was replaced in the chamber,
tlke thermocouples reattached, and the chamber 1lid securede. The
sampling at the end of the light period was actuvally carried
out slightly before 2015 hours as initial experimznts showed
that opening the chamber tended to raise the 002 concentration
in the system, thus bringing into action the 002 extraction
unite. If this occurred after the chauge to dark conditions,
the combination of respiring plant and additional CO2 produced
tco great a load for the CO2 extraction system, and return to
the 285-330 ppm CO2 range was delayede Returning the plant
to the chamber before the change over to dark conditions enabled
the plant and the extraction system to combine in reducing the
002 level.

These procedures were cointinued for from two to five dayse.
Experiments run under HT/LH and LT/LH conditions were of shorter
duration than those under the other two treatments because plants
subjected to these conditions transpired more rapidly and so

became subject to water stress sooner,

(ii) Measurement of leaf temperature

In earlier experiments fine-wire thermocouples were attached

to the underside of leaflets with cellotape, but later concentric
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typé thermocouplés, having the junction at the tip of a single
wire, were used. These were sufficiently rigid to retain
contact with the leaf undersurface without cellotape attachment.
The thermoccuples were referenced to a melting ice bath
contained in a thermos flask, and leaf temperature was printed

out directly cn the chart record,

(iii) Measurement of plant water stress

Plant water stress was measured by the relative water
content (RWC) method of Barrs and Weatherley (1962). At each
sanpling five leaf discs, each of 1.3 cm diameter,; were punched
at random from the leaves with a sharpened cork borer, placcd
in a tared, stoppered weighing bottle and weighed. The discs
were then floated on distilled water t:: a covered petri dish
for 1 hour, removed, blotted dry with filter paper, and reweighed
in the same bottle. Dry weight was determined after drying the
discs overnight in an oven at 95°C.

Relative water content is given by

FW - DW
- X 100
™W -~ DW
Where F¥ = weight of disce at sampling
TW = weight of discs after floating on water
DW = dry weight of discs,

Relative water content is synonymous with relative turgidity,
but is preferred to the latter term because the technique measures
not turgidity, but water contentes Details of the preliminary

evaluation of the technique are givén in Appendix 7 ae
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It was originally intended to measure leaf water
potential as well as RWCe Attempts toc do this were
unsuccessful (Appendix 3 b),

(iv) Measurerent of soil water stress

Although the plants were grown in a mdéxture of pumice
and peat, and not in a soil, it is convenieunt to refer to
this mixture as 'soil'.

Soil moisture content was determined by removing a small
sample of the soil from below the surface, weighing it in a
tared. stoppered weighing bottle and then oven-drying the
sample overnight at 95°C.

Soil moisture content (%) is given by:

Loss in weight on drying

- X 100
Wcight of dry soil

Soil moisture itension was then obtained by reference
to the soil moisture characteristic curve. (Appendix 1,
Fig. A1-1).

(v) Measurement of respiration rates

To enable calculations of respiraticn rates to be made,
the following factors, which were not printed out on the
chart record, were written on the chart at 2015 hours and
0815 hours the following morning; room temperature,
atmospheric pressure and the flow rate through the CO2

extraction systemes The means of the morning and the previous

night's readings were used in the calculations. {See section VI),
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(vi) Harvesting of plants at the end of experiments

Experiments were normally terminated at 2015 hours (the end
of the chamber light period), except when breakdown of equipment
or power-cuts dictated otherwise,

At harvest the usual measurements of RWC and soil moisture
content were made and the plant stem was then cut flush with
the soil surface. The plant was separated into two fractions,
leaves, and stems and petioles, and the dry weilghts of these
parts determined by drying overnight in an oven at 9500 and
weighing following a 10 minute cooling period at room temperature,

CO2 exchange and transpiration rates were calculated ca a
leaf area basis, which required the conversion of leaf dry weight
to leaf aregf The relationship of the two characters wes
determined for plants grown under each of the four treatments

and was as follows:

HT/LH : Leaf area = 269,87 x D + 21.0 cm2
HI/HH : ® " = 300,06 x D + 45,8 cm®
LT/LH : " = 192,55 x D + U41.7 cm®
LT/HH : " " = 213,40 x D = 34,7 cn®

where D is leaf dry weight in gnms.
The determination of these relationships is detailed in

Appendix by,

¥ i,e. area of the surface enclosed by the drawn outline

of the leaves.

VI, CAT.CULATION OF RESULTS

Most of the information necessary to calculate the rates

of CO2 exchange and transpiration was printed out on the chart
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record, and was read off accordinglye., This was combined with
other necessary data (plant leaf dry weight, atmospheric
pressure etc.,) to complete the calculations,

Photosynthesis was recorded as the number of pulses of a
COZ/N2 gas mixture injected into the system in unit time. Each
pulse was recorded on the chart record, (The calibration of
thre 002/N2 addition system is described in Appendix 5),

Respiration was measured in terms of the runaing time,
during any given time interval, of the CO2 extraction systeme
Counts corresponding to 10 seconds running time were printed
on the chart record; and were converted to respiration rate as
described later in this sectione Transpiration was recorded
directly as gm water lost from the pot and plant system.

The light and dark periods of each exreriment were divided
iuto 12 one hour periods (0815-0915, 0915-1015 hours etc.), and
the COZ-addition pulses, water loss and COa-extraction time
counts for each period read oif, COa-addition pulses per hour
were converted to mg CO2 added per hour by multiplying by the
weight of CO, per pulse (see Appendix 5)e

Because the pot surface was not sepsrated from the plant
chamber, CO2 evolved from the pot was available for uptake by

the plant in photosynthesis; and was additional to CO, evolved

2
in respiratione. A correction for this quantity of 002 was made
bn the basis of measurements of 002 evolution from the pot

surface when the leaves and stems of the plants had been removed,

A mean C02‘evolution rate of 5 mg/hour was found for such

pots (see Appendix 2). Consequently this figure was added to the
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weight of CO2 added each hour by the COZuaddition system to give
total photosynthesis per hour. In respiration rate calculations,
€ mg was subtracted from each calculated hourly respiration rate
to give total hourly respiration ratee.

Hourly respiration rates were calculated from the number of
extraction counts per hour as follows. The number cf extraction
counts in each hour was read off the chart and recorded. ZEach
count corresponded to 10 seconds of running time of the extraction
system, hence dividing by 6 and multiplying by the flow rate (litres
per minute) through the extraction system gives the volume (litres)
of air passed in the hour. The weight of CO, (mg) in this volume
of air is given by multiplying by

59136 x F/T
lhere P = atmospheric pressure in inches of Hg
T = room temperature ( °K)
(This relationship is derived as follows:

Molecular weight of CO., = 4%,005

2
At NTP 44,005 gm CO, occupies 22,4 litres

1 ppm 002 therefore weighs 44,005 x 1C -6 gm/1
224

= 1,965 x 10"6 gm/1

At given P and T (for P in inches Hg)

1 ppm CO, = 14965 x 10"6 x 9¢12 x % gn/1
= 14792 x 1072 x'% gnm/1
and 330 ppm CO, = 1,792 x 1072 x 330 x E gn/1
= 591.36 x 1072 x % gn/1

T
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The final calcﬁlation is made for 330 ppm CO2 because this
was the mean concentration at which CO2 extraction took place,
The CO2 control system was such that setting extraction to occur
at lower CO2 concentrations led to "hunting" (i.e. alternate
addition and extraction of COZ)’ which made the calculation of
CO, exchange rates inpossible)o

Because mean values of flow rate, atmospheric pressure and
room temperature were applied to the whole 12 hour night period,
a single correction factor derived from

Flow rate x 5.9136 x
6 1

=
T

was applied to each hourly extraction ccunt. This gave total
CO2 absorbed by the cxtraction system per hour., Subtraction of
the 5 mg/hour pot respiration correctior iave total plant
respiration per hour.

Beeause of the length of time that plants remained in the
plant chamber, it was necessary to correct for the changes in dry
weight and leaf area that took place. The corrections were based
on the total amounts of CO2 assimilated or respired during the
various light and dark periods of the experiments., Each light
period was divided into two six-=hour periods (hours ending 0915
to 1415 and 1515 to 2015), and the total CO2 assimilated during
these periods determined. Each gram of CO2 is converted in the
plant into 0.682 gm of carbohydrate (as a working approximation),
sc that multiplying the total CO2 assimilated in any given period
by 0,682 gives the dry weight increase in the plaat over that

periode However, this increase will not be confined to the leaves,
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but will be distributed between all parts of the plant. To
obtain an approximaticn of the distribution pattern, plants
were grown under HT and LT conditions and the dry weights
of leaves, stems and roots determined. Thesz were then
expressed as a percentage of the total dry weight of the
vlant. Because plant chamber conditions were very close
to the giowth cabinet conditions for any given plant, and
plants were grown in the cabinets for at least two weeks
prior to experiment, it was assumed thnat the plants would
be fully acclimatized fo their environment and that the dry
weight distribution would closely reflect the distribution
of ncw photosymnthate within the plante. Moreover the
distribution of such photosynthate would be the same in
both cabinet and plant chambers The dry weight distribution
trials showed that under HT treztments 50% of the total dry
matter was present in the leaf; under LT treatments 53%. These
results were accordingly interpreted as indicating that 50% of
photosynthate would remain in the leaf under HT conditions;
53% under LT conditions. (Details of these experiments will
be found in Appendix 6). Thus multiplying the total dry
weight increase for each six~hour light period by 0450 or 0,53,
as appropriate, gave the leaf dry weight change during that
period.

Total leaf dry weight at the time of harvest was known,
and by subtracting the leaf dry weight increase for the previous

six hours, the total leaf dry weight at 1415 hours was
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determined. Subtracting from this the dry wei ght increase
for the 0815-1415 period gave the dry weight at 0815 hourse.
Allowance was made in these calculations for the weight of
tissue removed in samnpling for RWC determinations, the dry
weight of the material removed being determined in each cacees

For each six hour light period the mean leaf dry weight
was determined as

(leaf dry weight at t1 + leaf dry weight at t2/2)
where t1 and t2 are 0815 hours and 1415 hours for the first
half of the light period, 1415 hours and 2015 hours for the
latter half,

Overnight weight change due to conversion of carbohydrate
to CO2 was allowed for in a similar manner. Each 1 gm of 002
liberated from the plant represents 0.682 gm carbohydrate broken
down. It was assumed that the distribution of respiratory
activity in the plant was also proportional to the distribution
of photosynthate, an assumption that is supported by the results
of Weigl, Warrington and Calvin (1951), The possible errors
resulting from this assumption are small, Taking, for example,
a plant undef HT/LH conditions that is not suffering from water
stress, with a leaf area of 500 cm2 and a total CO2 loss
during the dark period of 0.18 gm (these figures being typical
for the HT/IH treatment), the overnight dry matter weight change
is (0.18 x 0.682 x 0.5) = 0.,0615 gms

This correesponds tc'a leaf area correction of 39.3 cm2

(Appendix 4 B), In the unlikely case of all the respiration
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taking place in the leaves the leaf dry weight change during
the dark period would be (0418 x 0.682) = 0,123 gm, which is
equivalent to a leaf area of 57.2 cmeo The difference between
the two leaf area correastions, 17.9 cma, amounts to 3.6% of
the total leaf area. The error involved in the assumption
that 50% of the total respiration occurs in the leaves is
certainly smaller than this,.

Thus 50% of the respiration taking place in a plant under
HT treatments was assumed to occur in the leaves, £3% under LT
treatments., Because respiration rates were much lower, in
terms of CO2 exchange per unit area, than plLotosynthetic
rates, and the total leaf dry weight change was correspondingly
small, thc twelve hour night period was treated as a single
time unit and not as two six-hour periods. Thuas the dry weight
(2nd hence leaf area) used in calculating the respiration rate
for any given night period was derived from the mean of the
leaf dry weights at 2015 hours and 0815 hours on the following
daye

In this way a dfy weight change ‘'balance sheet'! for the
duration of the experiment was drawn up, working backwards in
time from the time of harvest. Thus changes in dry weight
due to photosynthate accumulation were subtracted from, and
changes due to respiratory losses were added to, the previous
leai dry weighte Mean leaf dry weight for each period was then
converted to leaf area (as described previously), and the total

hourly rates of photosynthesis or respiration divided by the
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appropriate leaf area to give mg CO2 exchanged/dm2 leaf
area/hour.

The total hourly transpiration rates were similarly
divided by the appropriate leaf area to give transpiration
rate as gm water 10St/dm2 leaf area/hour. The aluminium
foil covers on the pots proved highly effective in
preventing evaporative water loss, and no correction for
evaporation was necessary. All weight loss from the pot
and plant was attributed to transpiration (Appendix 2)e

In a3l the results presented the leaf area shown is

that of one surface of the leaf only.



CHAPTER 3

EFFECTS OF TEMPERATURE AND VAPOUR PRESSURE

DEFICIT ON THE 002 EXCHANGE AND

TRANSPIRATION RATES OF SOYBEAN

INTRODUCTION

Effect of temperature on photosynthesis (intake of COZl

In general an increase in temperature results in an increase
in the rate of photcsynthesis, provided that other factors are
not limiting. At temperatures above about 45°C thermal inacti-
vation of the biochemical processes of photosynthesis may occur
and the rate of photosynthesis then falls rapidly, and ultimately
reaches zero,

Within the temperature range normally encountered by plants,
the response of photosynthesis to increase in temperature
appears to be species dependent. El-Sharkawy and Hesketh (1964)

found that the photosynthetic rates of Sorghum vulgare,Helianthus
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annuus (sunflower) and cotton increased as the temperature
increased from 20° to 3500. The photosynthetic rates of
sunflewer and cotton leaves decreased above 35°C, but the
rate for Sorghum continued to increase up to MSOC. The

e e

photosynthetic rete of Thespesia populnea started to decline

at 30°C. However Hew, Krotkov and Canvin (1962¢) found that
the photosynthetic rate of sunflower leaves declined rapidly
above 15°C at light intensities of 300 and 1800 ft-c. Other
species studied by these authors showed more or less constant
rates of photosynthesis between 20 and 25°C followed by a
decline above 2500. Soybean was among these species. The
decline was attributed to increasing evolution of CO2 with
increase in temperature.

Whiteman and Koller (1964) showed that above 22°C the

photosynthetic rate of Pinus halepensis declined. They could

find no evidence of thermal inactivation, and indeed it seems
unlikely that this would commence at such a low temperature,

Increasing the CO, concentration at different temperatures

2
showed that photosynthesis was most affected by CO2
concentration at high temperature (32°C). It is therefore
possitble that high temperature depresses photosynthesis by
increasing the carboxylation resistance.

It would appear therefore, that photosynthesis increases

with increasing temperature until some other factor{s) become
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limitinge The temperature at which the maximum rate is
realised when other factors are not limiting appears to

be species dependent,

Effect of vapour pressure deficit (VPD) on photosynthesis

There is no general agreement on the effects of VPD on
photosynthesis. Mitchell (1936) found that increased VPD
had no effect on the photosynthetic rates of Ciperaria,

tomato, Primula and Pelargonium, except when wilting

occurred at very high VPD's., His experiments however,
involved measuring the photosynthetic response to changes

in VPD over a short time period (2-3 hours) and any effects
caused by long term exposure would thorefore not be observed,
Additionally, absence of preconditioning of the plants could
have affected their response. Nevins and Loomis (197C)
reported that changes in VPD between 4.0 and 13.5 mm Hg at
23°C had no effect on the photosynthetic rate of Beta
vulgaris leaves.

Kriedemann(1968) found that the photosynthetic rate of
single attached leaves of orange and lemon increased up to
approximately ZOOC, and then levelled off or fell depending
on the humidity of the air. In dry air both species showed

a marked optimum, followed by a sharp decline in photosynthesis.
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In humid air (>80% RH) there was no such well-defined optimum
and the maximum rates were slightly higher for orange,
slightly lower for lemon.

Bierhuizen and Slatyer (1964) found that the photo=-
synthesis of individual cotton leaves decreased approximately
11% when the VPD was increased from 10 to 40 mm Hg at
temperatures between 30 and 40°C., Baker (1965) also with
cotton, found a linear reduction in photosynthesis when the
VPD was increased from 7.5 to 30 mm Hg at 40°C under a range
of light intensities.,

Bierhuizen and Slatyer (1964) ascribed the reduction in
photosynthesis with increasing VPD to high transpiration
rates giving a partial drying of the mesophyll cell surfaces,
and predicted that the effect would be more pronounced if

he whole plant, rather than a single leaf, were expoqed to
the conditions described. Whiteman and Koller (1964), who
feund a decrease in photosynthesis of whole plants of Pinus
halepensis when the VPD increased from 5 to 20 mm Hg at
26.500, pointed out that the partial drying of the mesophyll
cell surfaces might be expected to give an increase, rather
than a decrease, in photosynthesis, because 002 diffuses more
rapidly in the gaseous phase than in the liquid phase and
mesophyll drying would shorten the liquid phase pathway.

Instead they suggest that cytoplasmic dehydration, and the
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consequent reduced enzyme activity may be the cause of the
decrease in photosynthesis. Their results confirm the
prediction of Bierhuizen and Slatyer (1964), that the
response of a whole plant to high VPD is greater than that
of a single leaf,

Results for cotton contrary to those of Bierhuizen
and Slatyer (1964) have been reported by Pallas, Michel and
Harris (1967). Under light intensities similar to those
used by Baker (1965) tiiey found that photosynthesis
increased with increasing VPD at 25°C, and suggested thav
the lowering of leaf temperature at high VPD (presumably
due to increased transpiration) may have increased photo-
synthesis. Increase in photosynthesis with increase in VPD

has also been reported for Pinus silvestris by Hodges (1967).

His results came from field experiments, and his data werec
simplified to mean temperatures, VPD's and photosynthetic
rates, They may therefore not be relevant to the present
discussion, but it is of interest to note that under the
same field conditions he found a decrease in photosynthesis

with increasing VPD in Pseudotsuga menziesii and Abies procera.

It is not therefore possible to draw any general
conclusiorns from the information available on the effects of
VPD on photosynthesis. Whilst the photosynthetic response
to VPD may be species dependent, the possibility of water

stress having developed during the course of some of the
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experiments cited above cannot be ruled out. The develop-
ment of water stress in the leaves would lead tc reduced

rates of photosynthesis (Slatyer, 1967).

Effect of temperature and VPD on transpiraticn

The rate of transpiration, E, may be described by the
equation,

D (el—ea)

r
where D is the diffusion coefficient of water vapour in air,
(el—ea) is the vapour pressure difference between the
evaporating sites in the leaf and the ambient air, and r

is the total resistance to water vapour diffusion from the
evaporating sites in the leaf to the zir (Milthorpe, 1959).

Any increase in temperature will increase the vapour
Fressuwe difference between the evaporating sites in the leaf
and the air and so increase the rate of transpiration,
assuming that the leaf evaporating sites remain saturated.

If the rise in temperature were accompanied by an increase in
e, so that (el - ea) were the same at both temperatures then
no change in transpiration rate would be expected, provided
that r remained constant.,

The effect of vapour pressure difference between leaf
and air on transpiration rate is well documented (e.ge
Rufelt, Jarvis and Jarvis,; 1963: Skidmore and Stone, 1964;
Whiteman and Koller, 1964; Ehrler, van Bavel and Nakayama,

1966; Pallas et al, 1967), and is not in questicn.
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Whiteman and Koller showed that the transpiration rate

of Pinus halepensis increased linearly at 26.5°C as the

vapour pressure gradient increased from 5 to 12.5 mm Hg.
Thereafter it remained more or less constant. JSkidmore
and Stone however, reported that the transpiration rate
of cotton increased linearly between 5 and 18 mm Hg VPD,
when measured at mid-day. Within these limits there was
no indication of any levelling-off in the raté; The
temperature in this case was cited as varying between 20°
and 3600. Rufelt et al (1963) concluded that when the
stomata are open transpiration is proportional to leaf
temperaturz and depends to a large extent on the vapour

pressure difference between the air at the evaporating

surface in the leaf and the ambient air.

It may be concluded therefore, that within the temperature
range normally encountered by plants, that increase in
temperature generally results in an increase in photo-
synthetic rate, but that at some species-dependent temperature
the rate will start to decline. Transpiration also increases
with increase in temperature, the effect being mediated via
the resulting increase in vapour pressure difference between
fhe evaporating sites in the leaf and the ambient air.

Increased VPD has been variously reported as increasing,
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decreasing, and having no effect on, the photosynthetic
rate of various species, and of increasing (Pallas et al,
1967), and decreasing (Bierhuizen and Slatyer, 1964;

Baker, 1965) the phctosynthetic rate of cotton. The effect

of VPD on photosynthesis is therefore uncertain.

This chapter concerns a study of the effects of VPD
and temperature on the rate of photosynthesis of one species,
soybean, under conditions of adequate soil moisture supply

and normal atmospheric CO, concentration. Plantec were

2
grown, and measurements made, under each of the four

selected sets of environmental conditions (see Chapter 2,
section II)., Measurements were made only under the

conditions under which the plants had been grown. Simultznecous
measurements of transpiration rate were also made to assist

ir the interpretation of the data obtained from the water

stress experiments (Chapter 4),

METHODS

Planté grown under the conditions described in Chapter 2,
section II, were placed in the plant chamber of the CO2
exchange-transpiration measuring equipment and continuous

and simultaneous measurements of CO2 exchange and transpi-

ration made over the following two to three days. At the end



53

of each light period (2015 hrs) a quantity of water equal
in volume to that lost by the plant since the previous
watering was added to the pot to restore the so0il moisture
status to its original level. The volume of water required
to make good these transpiration losses was determined

from the transpiration trace on the chart record.

Leaf and soil samples for the determination of RWC
and soil moisture content were taken periodically (see
Chapter 2, section V) to ensure that water stress had not
developed,

Mean rates of photosynthesis and transpiraticn were
determiﬁed for the plants grown under each treatment froa
the rates obtaining during the hour yp-evious to each RrWC
sampling. As these measurements apply to plants not subject
to water stress they are referred to hereafter as '"mean
maximum rates'".

The mean hourly dark respiration rate was calculated
for every dark period to which each plant was subjected
and from these results the mean maximum dark respiration
rate was calculated for each treatment. The night-time

transpiration rates were similarly determinede.
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RESULTS

Photosynthesis and transpiration

The mean maximum rates of photosynthesis and traaspiration
of plants grown under the four treatments are show in Fig. 3-1.
The highest photosynthetic rates were found in plants grown
under the two high temperature treatments, and at both
temperatures the rates were higher at high VPD (low relative
humidity) than at low VFD,

Rates of transpiration were related to the VPL (Fig. 3-2),
the higher rates being found in plants grown under the high
VPD treatments. Under the two HH (low VPD) treatments the
rates of transpiration were very similar, but under the LH
treatments the rate of transpiration was significantly lower
at the lower temperature (Fig. 3-2 and Table 3-II),

The difference between treatments, and the least
significant differences, are given for photosynthesis in

Table 3-I arnd for transpiration in Table 3-11I,

Table 3-1 Differences in photosynthetic rate (mg COz/dm2
leaf area/hr) between the four treatments,
Least significant differences (5% level) in

brackets,

Treatment HT/LH HT/HH LT/LH
HT/LH - - -
HT/HH 3.0 (1.98) - -
LT/LH 4,9 (2.04) 1.9 (1.62) -

LT/HH 11.2 (2.15) 8r2 (e76) 6oF (Aks2)



Figure 3-1
Mean maximum rates of photosynthesis
(mg COz/dmZ/hr) and transpiration

%m“mten/dmz/hr) under the four treatments,

Standard errors:

Photosynthesis Transpiration

HT/LH 0.73 0,08
HT/HH 0.49 0,04
LT/LH 0.64 0,07

LT/HH 0479 0.05
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Figure 3-2
Effect of atmospheric VPD on the

rate of transpiration (gm water/dmz/hr).
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All between-treatment differences in photosynthetic
rate are significant at the 5% level.
The LSD is different for each treatment comvnarison

because the number of observations in each treatment was

different,

Table 3-II Differences in transpiration rate
(gm/dm2 leaf area/hr) between the four
treatments. Least significant differences

(5% level) in brackets.

Treatment HT/LH HT/HH LT/LH
HT/LH - - -
HT/HH 1.02 (0.,18) - -
LT/LH 0.37 (0.18)  0.65 (9.15) -
LT/HH 1.05 (0.19) 0403 (0.16) 0.68 (0.16)

Except for the difference between treatments HT/HH and
LT/HH, all the differences are significant at the 5% level.

Four of these treatment differences were brought about
by a difference in one environmental factor only, either
temperature or VPD. These differences are brought out most
clearly when expressed as the percentage reduction in photo-
synthesis or transpiration brought about by the difference in

temperature or VPD (Table 3-I1I).
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Table 3-I1II Percentage reductions in photosynthesis
and transpiration brcught abcut by a
reduction in temperature or VPDe.

Percentage reduction in

Enyiponmental FRAUES Photosynthesis Transpiration

Reduced VPD at high temperature 15 Ly
Reduced VPD at low temperature 41 35
Reduced temperature at high VPD 24 16
Reduced temperature at low VPD Lo 2(a)

(a) Not significant at the 5% level.

Transpiration was less affected by difference in temperature
than photosynthesis (2-16% reduction compared with 24-47%), but
was strongly affected by reduced VPD. At high temperature photo-
synthesis was only slightly affected by reduced VPD, but at low
temperature it was reduced by 41%, a change comparable with that
brought about by reduction in temperature at low VPD,

When the mean maximum rates of photosynthesis and transpi-
ration are plotted against each other (Fig. 3-3) the points for
three of the treatments (HT/LH, LT/LH and LT/HH) fall close to
a straight line, but that for the HT/HH treatment is well removed
from this relationship. Thus whilst the ratio between the photo-
synthetic and transpiration rates is very similar for the three
treatments yielding results that lie close to the line, that for

the HT/HH plants is higher,



Figure 3-3
Relationship between the mean maximum rates
of photosynthesis (mg C02/dm2/hr) and

transpiration (gm water/dmz/hr).
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Resistances _to water vapour and CO, transfer

Resistances to water vapour and CO2 diffusion out of
and into the leaf are normally calculated from results
obtained from single-leaf experiments where the measured
rates of transpiration and photosynthesis can be related
to a known area of leaf held under accurately known conditions,
With whole plant experiments, such as those described here,
the rates of transpiration and photosynthesis are averages
for all the leaves on each plant. Resistances calculated
from such data, whilst not quantitatively reliable, should
be qualitatively valid and indicate the relative magnitude
of the resistances operating under each set of environmental
conditions,

Mean resistances to water vapour and 002 diffusion
were therefore calculated for each treatment as described
below: 1in all cases rates of photosynthesis and transpiration
were related to both leaf surfaces (i.e. leaf area x 2),.

The sum of the stomatal and boundary layer resistances

to water vapour diffusion (ra + rs) is given by

M H (e, - ce_)

= a sec/cm
C L E
where M = density of moist air (gm/cmB)
H = specific heat of moist air (cal/gm/°K)
(e1 - ea)= vapour pressure difference between the evaporating

sites in the leaf and the air
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C = the psychrometric constant (mb/OK)

L latent heat of vapourisation of water

E transpiration rate (gm/cmz/sec)

This is a rearrangement of equation Vi cf Kanemasu,
Thurtell and Tanner (1969). It was assumed that the vapour
pressure at the evaporating sites in the leaf (el) was equal
to the saturation vapour pressure at leaf temperature. As
leaf temperature was always very close, or equal, tc air
temperature (see section 'Leaf temperature' below), (el = ea)
was set equal to the VPD for each treatment, Values of
(ra + rs) for each treatment were thus obtained by
substitution of the appropriate values of E and are given
in Table 3-IV,

The analagous resistances to CO2 diffusion (ré + ré)
are related to the resistances for water vapour diffusion
by the ratio of the coefficients for water vapour (D) and
co, (D') diffusion in air (Gaastra, 1959), i.e.

(r; + ré) = (ra + rs)(D/D') sec/cm

Following Gale and Poljakoff-Mayber (1968) D and D'

were taken as 0.258 and 0.165 cm2/sec respectively, so that
(r; + ré) = 1.56 (ra + rs) sec/cm
.Values of (r; + ré) so determined are given in Table 3-1IV,

The total resistance to the diffusion of CO2 from the
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atmosphere to the chloroplast (ré) is given by

523—%—221 sec/cm
where (Ca - Ci) is the difference in CO, concentration between
the atmasphere (Ca) and the chloroplast (Ci) in units of
mg C02/cm3 air, and P is the rate of photosynthesis
(mg COZ/cm2 leaf surface/sec), (Holmgren, Jarvis and Jarvis,
1965) .

Although some authors (e.g. Gaastra, 1959; Gale and
Poljakoff-Mayber, 1968) have assumed C;, to be equal to zero,
net CO2 assimilation ceases in plants possessing the
Calvin-type photosynthetic pathway (of which soybean is one)
at atmospheric CO2 concentrations considerably above zero.
Setting Ci equal to the CO2 compensation point is felt to
be a preferable procedure and has also been adopted by,
among others, Holmgren et al. (1965) and Whiteman and
Koller (1967). In a previous investigatiom the CO2
compensation point of soybean plants under HT/LH conditions
had been found to be 100 ppm C02, and in the absence of
further data this value was used in the calculations for
all treatments., Ca - Ci was therefore set constant at
0.,00036 mg COZ/cm3 for all treatments.

The valuesof r% thus determined (Téble 3-IV)include,
in addition to the boundary and stomatal resistances to CO2

diffusion (ré + ré), a residual resistance which includes

the resistance to diffusion in the intercellular spaces of



66,

the leaf, the resistance to the movement of CO2 into and

in the liquid phase, and the chemical resistances associated
with the biochemical component of the photosynthetic process,
This residual resistance consisting of a variety of resistances,
the magnitude of the contribution of each to the tctal being

unknown, is here designated the mesophyll resistance (ré).

Thus
' — ] (] (]
ri = (ra + rs) 4 8 sec/cm
and therefore
% = el - ' '
Bl = iry (ra + rs) sec/cm

The value of (r; + ré) for each treatment is known, having been
determined by conversion cof the (ra + rs) values for water

vapour diffusion to the analogous CO, resistances. The

2

calculated values of ré are given fr. each treatment in Table 3-1IV,

Table 3-1IV Mean resistances (sec/cm) to transfer of water
vapour and COp through the boundary layer and stomata
(ra + rs) and(r; + ré), total resistance to CO,
transfer from the air to the chloroplasts (r%)
and mesophyll resistance to CO2 transfer within
the leaf (ré) for plants grown under the four
treatments. Mean maximum rates of transpiration
(E) and photosynthesis (P) in units of gm
water/dmz/hr and mg COZ/dmZ/hr respectively.

CoO

Water Vapour 2
Treatment (ra 4 rs) ) r{ (r; + ré) ié
HT/LH 2.9 2.3k 12.9 ko5 8.t 2043
LT/LH 2.6 1.97 17.1 5.6 11,5 15.4

LT/HH 2.4 189 277 Bl 24,0 9.1
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The boundary layer resistances (ra and r;) were
probably small as the windspeed through the plant chamber
was 60cm/sec and sufficient to cause constant slight leaf
flutter, It is therefore probable that between-trecatment
differences in the values of (ra + rs) and (r; + ré) are
mainly attributable to differences in the stomatal component
of this combined resistance.

For water vapour diffusion the value of (ra + rs) is
the same for both HH trecatments, the plants under which had
similar transpiration rates, whereas (ra + rs) is higher for
the LT/LH than for the HT/LH plants. Plants under the LT/LH
treatment had a lower rate of transpiration than those under
the HT/LH treatment,

It is apparent that for all treatments the mesophyll
resistance (ré) is the largest component of the total
resistance to CO2 transfer (r%), and that it differs much
more between treatments than does the combined boundary
layer and stomatal resistance (r; + ré). At each temperature
r; is greater in plants grown under the HH treatment. The
difference in the value of ré between the two LT treatments
is especially marked, as is the difference in photosynthetic

rate between plants grown under these treatments.
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Dark respiration

The mean maximum dark respiration rates for planrts

under each treatment are given in Table 3-V,

Table 3-V Mean maximum dark respiration rates(mg
COZ/dmZ/hr) and standard errors for

plants grown under the four treatments,

Treatment Respiration rate Standard error
HT/LH 2.90 0.19
HT/HH 2.47 0.19
LT/LH 1.83 0.35
LT/HH 1.88 0.16

At the 5% level only the differences between HT/LH and
LT/LH and HT/LH and LT/HH plant rates are significant,
although the differences between the rates for the two
LT treatments and the HT/HH treatment fall just short of
significance at this level. Plants at the higher temperature
had the higher respiration rates.

Differences between rates cannot be attributed directly
to VPD differences as these were virtually the same for ali

treatments during the dark period.
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Night-time transpiration

The mean night-time transpiration rates are given in

Table 3-VI.

Table 3-VI Mean night-time transpiration rates (gm/dmz/hr)
and standard errors of plants grown under the

four treatments.

Treatment Night-time transpiration Standard error
HT/LH 0.08 0,02
HT/HH 0.13 0,01
LT/LH 0.21 0,03
LT/HH 0.21 0.01

Night-time transpiration rates were higher under LT than
under HT conditions. Differences between rates at the same
temperature are not significant at the 5% level: all other
treatment differences are significant at this level,

Leaf temperature

Throughout these experiments leaf temperature during
the light period was very close, or equal, to ambient air
temperature., The maximum difference between leaf and air
temperature was less than + O.5°C. During the dark period
'leaf temperature was equal to air temperature.

Morphological effects

Morphological differences between plants grown under the
four treatments (see Chapter 6) did not appear to be correlated
with the differences in the mean maximum rates of photosynthesis

and transpiration.,
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DISCUSSION

Dark respiration

The higher respiration rates at the higher temperature
(Table 3-V) are expected, as respiration is known to increase
with temperature (Meyer and Anderson, 1952). Daytime VPD
levels appear to have had no effect on the dark respiration
rates, the differences between which may be attributed to
temperature. The percentage difference between the means of
the high and low temperature rates is 44,9% which corresponds
to a Q. of 1.8, This is in agreement with the Qo of most
plant tissues in the 10-3000 range (Meyer and Anderson, 1952
p. L408).

Night-time transpiration

The differences in night-time transpiration rates between
the 4T and LT treatments (Table 3-VI) cannot be attributed to
differences in VPD as this was very similar for all treatments
(2.0-2.5 mb)., Although it is possible that the stomata were
more completely closed under HT conditions, it is suggested
that the differences may be attributable to the nature of the
cuticle developed under the different conditions. Skoss (1955)

and Hull (1958) have shown with Nicotiana glauca and Prosopis

juliflora respectively that the proportion of wax in the cuticle
" increases with increasing temperature. Removal of the wax
fraction of the cuticle has been shown to increase water loss

from the leaves (Skoss, 1955; Clark and Levitt, 1956; Hall
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and Jones, 19615 and it is therefore possible that the
increased wax content of cuticles developed under high
temperaturesreduces cuticular transpiration.

If the stomata were closed during the dark period,
and the plants grown under the HT treatments had a greater
rroportion of wax in the cuticle than plants grown under
the LT treatments, it is possible that the differences in
night-time transpiration rates were due to differences in
the wax content of the cuticles.

Transpiration

The rates of transpiration of plants under the two HH
treatments were very similar, whereas under LH corditions
there was a significant effect of temperature, the rate of
transpiration of the LT/LH plants being lower than that of
the HT/LH plants (Fige. 3-1).

The construction of the plant chamber in which these
experiments were carried out is such that the pot is exposed
to the same air stream as the leaves and stem, and consequently
the soil and root mass will tend to attain the same temperature
as the air and the leaves.

Low soil temperature may limit uptake of water by the
roots through its effect on the permeability of the roots to
" water (permeability decreasing with decrease in temperature)
and on the viscosity of water, which increases with decrease

in temperature (Kramer, 1969).
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With a low flux of water through the soil-plant-
atmosphere system (as under low VPD conditions), the
absorption of water by the roots may not be limited by
effects of temperature, and the rate of uptake may be
sufficient to satisfy the.transpiration demand, but when
the VPD is high (thus increasing the transpiration demand)
the rate of uptake may be limited at low soil temperatures
"as described above. At higher soil temperatures the effect
is not apparent.

Interactive effects on transpiration between soil
temperature and VPD, qualitatively similar to the results
given here, have been reported for sunflower (Tew, Taylor
and Ashcroft, 1963), bean (Unger and Danielson, 1967) and
mesquite (Wendt, Haas and Runkles, 1968). Babalola,

Boersma and Youngberg (1968) have shown that the increase
in the viscosity of water between 26.7 and 21.1°C can
markedly reduce the transpiration rate of Monterey pine
seedlings.

It would thus appear that under the HH treatments where
the transbiration rate was low, water uptake was sufficiently
rapid to satisfy the demand. Temperature had no limiting
effects Under the LH conditions at low temperature the rate
of removal of water from the soil by the roots was limited
by the effects of temperature on root permeability and the

viscosity of water. The consequent failure to satisfy the
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transpiration demand probably resulted in a fall in leaf
water potential and an increase in stomatal resistance
(Cowan, 1965). This possibility is borne out by the
results given in Table 3-IV where it is shown that plants
under the LT/LK treatmgnt did have a higher (ra + rs) than
plants grown under the HT/LH treatment. A significant
fall in leaf water potential need not necessarily be
reflected in a decrease in RWC. The RWC-leaf water

potential relationship given for barley (Hordeum vulgare)

by Millar, Duysen and Wilkinson (1968) shows that at high
RWC's a fall in leaf water potential of 15 bars was
accompanied by a decrease in RWC of little over 1%. If the
RWC - lezf water potential relationship for soyvean were
similar to this, it would account for the observation that
under conditions of adequate water supply there were, with
the techniques used, no observable differences in the RWC's
of the plants under the various treatments,

Rufelt et al (1963) concluded that with open stomata
transpiration depends to a large extent on the vapour
pressure difference between leaf and air. The present
results (Fig. 3-2) would seem to confirm this view, the
.lower rate of transpiration under LT/LH than under HT/LH
conditions being apparently attributable to an increased

stomatal resistance in the plants under the former treatment.
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Photosynthesis

Soybean is grown extensively in the United States in
areas having high summer temperatures and comparatively
low relative humidities. Extensive breeding programmes
have been carried out on this species and it would therefore
be expected that it would show a high temperature optimum
for photosynthesis, possibly as high as 35°C (Hofstra and
Hesketh, 19€9a). It is therefore not surprising that it
should have higher rates of photosynthesis at 27.5°C than
at 22.5°C (Fige 3-1)« The mean maximum rates of photo-
synthesis of plants under the two HT treatments (20.3 and
1.5 mg COZ/dmZ/hr) are in good agreement with reported
rates for cve. Merit and other Group O varieties. Dreger,
Brun and Cooper (1969) reported an average photosynthetic
rate of 23 mg COZ/dmZ/hr for cv. Merit at 27°C, ard Curtis,
Cgren and Hageman (1969) gave rates of 23 and 18 mg COZ/dmZ/hr
for the varieties Grant and Mandarin respectively at 29°C.
However, in neither of these reports is any mention made of
the atmospheric VPD, or whether or not it was controlled,

At b;th high and low temperatures photosynthesis was
lower under HH conditions (Fig. 3-1), the depression being
greater at low temperature (Table 3-III). The suggestion of
' Pallas et al (1967) that reduced leaf temperatures at high
VPD may contribute to increased photosynthetic rates is

not applicable to the present results as leaf temperature

was virtually the same as air temperature in all cases.
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It would appear (Table 3-IV) that the rate of photo-
synthesis under each treatment was primarily determined by

the mesophyll resistance to CO, transfer (r%). For all

2
treatments (r; + ré) is the minor component of the total
resistance to CO, transfer (r%) and varies little between
treatments compared with the between-treatment variation
in ré. The rates of photosynthesis are inversely
proportional to the magnitude of ré. The conclusion that

ré may be the dominant influence on the rate of CO, uptake

2
in soybean plants adequately supplied with water is in
agreement with the findings of Bierhuizen and Slatyer (1964)
for cotton.

Troughton and Slatyer (1969) found that the r! of
leaves of cotton plants grown under a 300/2500 day/night
temperature regime was independent of temperature between
215 and 38.500. It would therefore appear possible that a

substantial part, at least, of the ré is determined by the

environmental conditions under which the plants are grown.



CHAPTER &4

THE EFFECT OF WATER STRESS ON TiE CO2 ZXCHANGE AND

TRANSPIRATION RATES OF SOYBEAN PLANTS UNDER

CONTRASTING ENVIRONMENTAL CONDITIOKS

INTRODUCTION

In Chapter 1 it was pointed out that little use has been

made of controlled climate facilities in the investigation

of the influence of environmental factors on the effects of
water stress on CO2 exchaange and transpiration. In the few
cases where this has been attempted the plants were grown
under one set of conditions and then subjected to stress
under other environmental regimes. In such circumstances

the possibility that the response of the plants to stress

was modified by the conditions under which they were originally

grown cannot be ruled oute.
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In the experiments discussed in this chapter the
responses of CO2 exchange and transpiration of soybean
plants to water stress were measured under essentially
the same conditions ;s those under which they were grown
(see Chapter 2, section II). The mean maximum rates of
photosynthesis and transpiration of soybean plants under
these conditions when water was non-limiting were discussed
in the previous chapter.

METHODS

In general, experiments were carried out as detailed
in Chapter 2 (Materials and Methods). Plants were
transfer-ed from the growth cabinet to the plant chamber
of the CO2 exchange-transpiration measuring equipment soon
after watering, and remained in the chamber until they
were severely wilted, no water being given while they were
in the chamber. Under the HT/HH and LT/HH treatments total
water use by the plants was low, and in order to obtain data
on their response to severe levels of stress water was
withheld from some of these plants while they were still in
the growth cabinet. As growth cabinet and plant chamber
conditions were very similar this procedure was consistent
with the other experiments.

Samples of leaf and soil were taken pericdically for
the determination of plant and soil water status (see
Chapter 2, secticn V). This was normally done daily at

1415 hours (chamber midday) and again shortly before 2015
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hours (the end of the light period), but in some cases
additional samples were taken at other times and in others
sampling was foregone in the early stages of the run. This
omission of sampling was to conserve plant material so that
there would be no lack of leaf available for sampling when
the plant was under stress. (Each RWC sampling removed
approximately 6.7 cm2 of leaf which was small compared with
total leaf area which averaged c. 500 cm2. However,
earlier experience had shown that when discs were removed
from closely adjacent sites, the intervening tissue often
died. To avoid this sampling sites were always separated
by at least 1.0 cme¢ The effect of this precaution was to
reduce the area available for sampling).

In tne results which follow, RWC and soil moisture
tension are related to rates of photosynthesis and transpiration
for the hour previous to sampling. As one of the sampiing
times (2015 hours) corresponded to the end of the light period,
there were no data for photosynthesis or transpiration following
this sampling. RWC at 1415 hours showed the same relationship
to these processes regardless of whether the rates during the
preceding or following hours were considered.

It is not possible to relate dark respiration rates to RWC
-as RWC samples were not taken during the dark period (2015-0815
hours)s The RWC at 2015 hours cannot be related to ensuing
respiration rates because leaf water content increased during

the night (Fige. 4-3),
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No data on stomatal aperture could be obtained.
Impression techniques using quick-setting silicon rubber
(Zelitch, 1961) were found to be unsuitable as the leaf
frequently tore when the rubber was removed, possibly
because of the leaf hairs becoming =mbedded in the rubber,
and when tearing did not occur necrotic patches appeared
at the sampling site within 24 hours. The reliability of
the impression technique has recently been queried (Glinka
and Meidner, 1968; Leshem and Thaine, 1969), and it
appears that results so obtained may be of questionable
value. No equipment for the measurement of stomatal

diffusion resistance was available.,

RESULTS

Development of water stress with time

Representative time courses of photosynthesis and
transpiration for each treatment are shown in Figs. 4-1 and
L-2 respectively. Because considerable differences between
treatments were found in the actual rates of these processes,
the data have been normalised to the rates obtaining during
the hour ending 1415 hours on the first day of the experiment
for each treatment. The normalised rates are referred to

" as 'proportional rates', where

Actual rate at time t

proportional rate at time t =
Actual rate for hour ending
1415 hrs on day 1.



Figure 4-1
Representative time courses of photosynthesis
under the four treatments,
Rates of photosynthesis are proportioral to
the rate obtaining during the hour ended
1415 hrs. on the first day of each experiment.
Solid circles - high temperature

Open circles - low temperature

(N.B. 'The dark period time scale is compressed).
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Figure 4-2
Representative time courses of transpiration
under the four treatments,
Rates of transpiration are proportional to
the rate obtaining during the hour ended
1415 hrs. on the first day of each experiment.,
So0lid circles - high temperature

Open circles - low temperature

(N.B. The dark period time scale is compressed).
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It is apparent that the time course pattern of each
experiment is determined for both photosynthesis and
transpiration by the VPD and not by the air temperature.,

Thus the time courses of photosynthesis and transpiration -
are similar for the HT/LH and LT/LH treatments and also
for the HY/HH and LT/HH treatments. The time courses of
the two processes have been shcwn in separate figures in
the interests of clarity, but comparison shows that they
are very similar for any one treatment,

Plants under the two LH treatments developed water
deficits by the end of the first, or early on the second,
day and their rates of photosynthesis and transpiration starte@
to decline. Under the two HH treatments plants did not become
stressed until the fourth day, but once this occurred the
rate of decline of photosynthetic and transpiration rates,
as judged by the slope\of the appropriate curves, was
similar to that of the LH plants. For all treatments the
decline in these processes commenced at soil moisture tensions
between 0,20 and 0.25 atm.

The éhanges in transpiration rate, RWC and soil moisture
tension during the course of a three day experiment under
HT/LH conditions are shown in Fig. 4-3, In this experiment
" RWC samples were taken at 0815 hours (the beginning of the
light period) rather than at 1415 hours. RWC showed an

overnight recovery to values characteristic of unstressed



Figure 4-3
Changes in RWC (®), transpiration rate
(gm water/dma/hr) and soil moisture tension
(atm.) during the course of a three day
experiment under HT/LH conditions.
The time scale for tae dark period (2015 - 0815
hes) is slightly compressed. Light and dark
periods were both of 12 hours duration.
Day/night temperatures : 27.5/22.5°C

Day/night VPD 5 11.7/2.0 mb=
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plants (91% +), but fell rapidly on the second and third
days after the start of the light period.

Observation of plants in the plant chamber necessitated
the removal of the light funnel above the chamber, with
consequent disturbance to the light regime. It is not
therefore possible to state exactly when plants started
to show signs of wilting, but on a few occasions slight
wilting was evident when RWC and soil samples were taken,
The highest RWC's measured on such plants were 86% under
the HT/LH treatment and 80-82% under the other three
treatments,

Relationship between the rates of photosynthesis and transpiration

The similarity of the photosynthesis and transpiration time
courses for any one treatment (Figs. 4-1 and 4-2) has teen
commented on previously, and suggests a close relationship
between the rates of these processes. It is shown in Fig. 4-4
that the relationship between photosynthesis and transpiration
is linear for any given treatment at soil moisture tensions
between O and O.4 atm. ﬁThe regressions of photosynthesis on
transpiration (Fig. 4-4) were calculated from the rates of
these processes for the hours ending 1315 to 1615 inclusive,
of every day and for every plant used in the experiments.
(Figures showing the individual points will be found in

Appendix 7). The data for all times outside the 1315 and

1615 period conformed to the same relationship, which is



Figure L4-4
Relationships between rates of photosynthesis
(mg COZ/dmZ/hr) and transpiration (gm water/dmz/hr)
between O and O.4 atm. soil moisture tension of
plants grown under the four treatments.
Regression equations and correlation coefficients
(r) were calculated from the rates for hours ending
1315 to 1615 inclusive for every day and every

plant used in the experiments.

HT/LH : P = 7.41 T + 1,33 (r = 0.,94)
HT/HH : P = 12,45 T + 1.30 (r = 0.95)
LT/LE & P* = 7.58 T 0.57 (& =10:96)
LT/HH : P = 7.09 T + 0.60 (r = 0.85)

where P and T arghthe rates of photosynthesis and
transpiration respectively.
(The individual points from which these relation-

ships were derived are given in Fig. A7-1, Appendix 7).
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therefore valid for all times during the light period.

The photosynthesis-transpiration relationship is
similar for plantes under all treatments except HT/HH.

Under this treatment the plants had a higher rate of
photosyinthesis per unit rate of transpiration at all
levels of stress between O and O.4 atm. soil moisture
tension. It will be recalled that under conditions of
adequate water suppiy (Chapter 3) the HT/HH plants also
had a higher rate of photosynthesis per unit rate of
transpiration than plants under the other treatments,

and it would therefore appear that the factors responsible
for this difference orerated under both stressed and
non-stressed conditions. Nevertheless, a linear relation-
ship between the rates of photosynthesis and transpiration
as stress increases is a feature common to plants under
all four treatments,

Thus associated rates of photosynthesis and transpiration
of approximately 12 mg COZ/dmZ/hr and 1.5 gm water/dmz/hr
respectively are found under all treatments except HT/HH,
but whereés such a combination represents the maximum rates
achieved under the LT/HH treatment it is associated with a
certain degree of water stress under the other two HT/LH and

LT/LH treatments,
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Effects of soil moisture tension on transpiration and
photosynthesis

The effect of soil moisture tension on transpiration
rate .S shown in Fig. 4-5. At soil moisture tensions
below 0.2 atm., the transpiration rate appears to be
independent of soil moisture and mainly determined by
the VPD, plants under the two LH treatments having higher
rates of transpiration than those under the two HH
treatments,

Between 0.2 and O.4 atm. soil moisture tencion there
is a rapid decline in the transpiration rates of plants
under all treatments, but for each treatment there is a
considerable variation in rate at any given tension. It
appears that other factors, in addition to so0il moisture
tension, were controlling the rate of transpiration over
this range of tensions (0.2 to O.4 atm.).

At about O.4 atm. soil moisture tension there is an
abrupt change in the pattern of response, the transpiration
rates of plants under all four treatments becoming very
similar (aﬁproximately 0.5 gm/dmz/hr). At soil tensions
above O.4 atm., the rate of transpiration declines gradually
and appears to be unrelated to the atmospheric conditions
but limited by the soil moisture tension.

The response of photosynthesis to soil moisture tension

(Fig. 4-6) is generally similar to that of transpiration,



Figure 4-5
Effect of soil moisture tension on the rate of
transpiration (gm water/dmz/hr) of plants under

the four treatments,
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Figure L4-6
Effect of soil moisture tension on the rate of
photosynthesis (mg COZ/dmz/hr) of plants under

the four treatments,
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the main difference being a rather greater scatter of
points at any given tension. At O.4 atm. soil moisture
tension the rate of photosynthesis of plants under all
treatments was about 5 mg COZ/dmZ/hr. At tensions above
O.4 atm. the rate of photosynthesis declined slowly, and
rates of between 1 and 3 mg COZ/dmZ/hr were recorded at
soil moisture tensions between 11 and 15 atm. In view
of ‘the close relationship between the rates of photo-
synthesis and transpiration (Fig. 4-4) the similarity

of the response of these processes to increasing soil
moisture tension is not unexpected,

The data of Figs. 4-5 and 4-6 were converted to
relative rates by dividing the actual rate of transpiration
or photosynthesis by the mean maximum rate of transpiration
or photosynthesis for the appropriate treatment. The mean
maximum rates for each treatment were discussed in Chapter

3 and are given again in Table 4-I,

Table 4-I Mean maximum rates of photosynthesis and
transpiration of plants under the four

treatments., Standard errors in brackets,

Phiotosynthesis Transpiration

Treatment (mg COZ/dm /hr) (gm water/dm”/hr)
HT/LH 20.3 (0.73) 2.34 (0,08)
HT/HH 17.3 (0.49) 1.32 (0.04)
LT/LH 15.4 (0.64) 1.97 (0.07)

LT/HH 9.1 (0.79) 1.29 (0.05)
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Thus a photosynthetic rate of 16.5 mg COz/dmZ/hr
under HT/LH conditions corresponds to a relative
photosynthetic rate of 0.81 (16.5/20.3) whereas under
HT/HH conditions it would represent a relative rate of
0495 (16.5/17.3). Expression of the data as relative
rates facilitates direct between-treatment comparisons
of the effects of a given degree of stress. Such
comparisons based on actual rates are complicated by
the large differences in rates between treatments.

Relative rates of transpiration and photosynthesis
are shown plotted against soil moisture tension in Figs.
L-7 and 4-8 respectively. At soil moisture tensions
below 0.2 atm., the relative rates are independent of
s0il moisture tension, but start to decline at tensions
greater than 0.2 atm,. The relative rates of transpiration
and photosynthesis at any tension greater than 0.2 atm,
tend to be lower under the two LH treatments than under
the two HH treatments, although there is comparatively
little difference between the responses of the plants

under the LT/LH and HT/HHK treatments.



Figure L-7
Effect of soil moisture tension on the relative
transpiration rates of plants under the four

treatments,
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Figure 4-8
Effect of s0il moisture tension on the relative
rates of photosynthesis of plants under the four

treatments,
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RWC and soil moisture tension

The relationship between RWC and soil moisture tension
(Fig. 4-9) is of a similar nature to the relative rate-
soil moisture tension relationships, i.e. the highest values
at any given tension above 0.2 atm. are associated with
plants vnder the HH treatments and the lowest with thaose
under the LH treatments. However the RWC- soil moisture
tension relationships for the HT/HH and LT/LH treatments
are similar.

Below about 0.2 atm. soil moisture tension RWC is
independent of tension and similar fer plants under all
four treatments. Between 0.25 and O.4 atm. tension RWC
tends to fall rapidly, except for niants under the LT/HH
treatment, and thereafter the rate of decline is less
rapide At O.4 atm. tension there are considerable differences
between the RWC's of plants under the various treatments, a
point that is considered in the follewing section,

Relationships between RWC and transpiration and RWC
and photosynthesis

The curves for the RWC-transpiration and RWC-photosynthesis
relationships (Figs. 4-10 and 4-11) were fitted by eye, and are
presented without the individual points in the interests of
clarity and to facilitate comparisons. (Figures showing the

individual points will be found in Appendix 7).



Figure 4-9
Effect of soil moisture tension on the RWC

of plants under the four treatments,



e NOISNIL 3dNLSIOW 110S
Sl ol (0]} S0 10
rvyrT v v 17 7 @ 4 L 1 | LR |} v | |
o
. -
. o
8 . ]
[ )
[ ) s -
v v °
o v .
v <
v <O YO
v M w
o o
v
v v 1
eQ o .
v v v =
o She e f
(o]
HH/11 @ Ve v m
H1/11 w 7
HH/1H O
HY/IH @ #

oS

09

04

08

06

00l

°/o [ I U



105,

The relationships between RWC and transpiration rate
for the four treatments are shown in Fig. 4-10. The
vertical bars across the curves at the RWC correspondi=ng
to a transpiration rate of 0.5 gm water/dma/hr mark the
points at which soil moisture tension appears to limit
the transpiration rate, i.e. O.4 atm. (see Fig. 4-5).

Transpiration rate tends to be unaffected by changes
in RWC above 90% except under the HT/LH treatment where a
reduction in RWC is associated with a reduction in
transpiration ratee Below 90% RWC the rates of reduction
of transpiration with decreasing RWC are similar for the
two HT treatments and for the two LT treatments, until
the point at which soil moisture teasion appears to become
the limiting influence is reached. Under the HH treatments
there is a tendency for the curves to flatten out parallel
to the abscissa at BWC's below this point. The rate of
reduction of transpiration with decreasing RWC is greater
under LT than under HT conditions.

The relationships between RWC and photosynthetic rate
for the four treatments are shown in Fig. 4-11 : the
vertical bars across the curves mark the RWC at O.4 atm,
s0il moisture tension (i.e. the point at which soil moisture
tension appears to become the limiting influence on the

rate of photosynthesis. See Fig. 4-6). Except under the



Figure 4=10
Relationships between RWC and rate of
transpiration (gm water/dma/hr) of plants
under the four treatments,
Vertical bars indicate the RWC at O.4 atm.

soil moisture tension.

(The individual points from which these
relationships were derived are given in

Fig. A7-2, Appendix 7).
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Figure L4-11
Relationships between RWC and rate of
photosynthesis (mg/COz/dmZ/hr) of plants
under the four treatments.
Vertical bars indicate the RWC at O.4t atm.

soil moisture tension,

(The individual points from which these
relationships were derived are given in

Fig. A7-3, Appendix 7).
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HT/HH treatment there is little apparent tendency for the
curves to flatten out below this RWC,.

The RWC at O.4 atm. soil moisture tension is different
for each treatment, being highest for the LT/HH treatment
and lowest for the HT/LH treatment, but for a given treatment
is similar for both photosynthesis and transpiration (Table
L-II)., To facilitate between-treatment comparisons the rates
of transpiration and photosynthesis at various RWC's were
taken from Figs. 4-10 and 4-11 respectively, and converted
Lo relative rates as described in an earlier section of this
chapter (Effects of soil moisture tension on transpiration
and photosynthesis). Table 4-II shows the relative rates of
photosynthesis and transpiration at O.4 atm. soil moisture
tension, and also the corresponding RWC's of plants under

each treatment,

Table 4-II RWC and relative rates of transpiration and
photosynthesis of plants under each treat«
ment at O.4 atm. soil moisture tension. The
actual rates of transpiration and photosynthesis
at this tension were taken as 0.5 gm/dmz/hr and
5 mg C02/dm2/hr respectively,

RWC
from from Relative rate of
Treatment Fig.4-10 Fig, 4-11 Mean Transpiration Photosynthesis

HT/LH 67.5 70,0 68.8 0.2L4 0.23
HT/HH 78.0 770 775 0.35 0.32
LT/LH 77.0 78.7  77.9 0.28 0.28

LT/HH 83.8 84,0 83.9 0.38 0.55
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Thus at 0.4 atm. soil moisture tension the
physiological state of plants under the two HH trecatments
was closer to 'optimum' than under the two LH treatments.

For each treatument the RWC at O.4 atm. tension
obtained from Fig. 4-10 agrees well with that obtained
from Fige 4-11 despite possible uncertainties in plotting
the curves of these figures, and the fact that the rates
of photosynthesis and transpiration at C.4 atm. tension
may not have been exactly 5Smg COZ/dmZ/hr and 0.5 gm/dmz/hr
respectively.

The relative rates of photosynthesis and transpiration
for various values of RWC are shown plotted against each
other in Fig. 4-12. For three of the treatments all the
points fall close to the line of 1:1 correspondence, but
the points for the LT/HH treatment deviate from this
relationship. This may be duve to uncertainties in the
plotting of the RWC-transpiration and RWC-photosynthesis
curves, for the data from which these curves were constructed
(Figse. A7-2 and A7-3) are rather sparse at low levels of RWC
for this treatment. The deviation from the 1:1 correspondence
shown by these plants may therefore, be more apparent than

real,



Figure L4-12
Relationship between relative rates of
photosynthesis and transpiration of plants

under the four treatments,.

The RWC for each datum point is shown,

The line represents 1:1 correspondence,
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Leaf temperature

With two exceptions leaf temperatures were always
within O.SOC of ambient air temperature. The exceptions,
one each under HT/LH and LT/LH conditions, occurred with
plants under severe water stress and involved a rise in
leaf temperature to 2.5°C above air temperature. This
rise in leaf temperature did not bring about any deviation
from the normal photosynthesis-transpiration relationship
(Fig. 4-4), nor from the RWC-transpiration or RWC-photo-
synthesis relationships (Figs. 4-10 and 4-11) ancd the
results were thereiore not treated separately.

Dar¥k respiration

Ratez of dark respiration declined with increasing
water stress in plants under all four treatments (Table 4-III),
but it is not possible to correlate these rates with RWC
because measurements of RWC were not made during the dark
period. The rates given in Table 4-III are the means of
the hourly rates for each night of the experiment,
Respiration rates tenaed to fluctuate during the dark period
and were usually higher during the first and last few hours

of the night than during the intervening period.
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Table 4-III Respiration rates (mg COZ/dmZ/hr) of
plants subjected to increasing water

stress under the four treatments,

Treatment  Plant No Night 1 Night 2  Night 3
HT/LH 1 2.4 1.5 0.6
2 3.1 1.6 0.7
3 3¢5 2.0 1.0
b 3.5 2.7 1.2
5 3.3 2.0 -
HT/HH 1 2.4 2.2 "5
2 2.k Rie 1.9
3 2.0 2.7 1.9
4 3.3 B %
5 o8] 1.9 -
LT/LH 1 ™ 1.6 1.3
2 0.5 0.5 -
3 2.1 1.8 -
v 2.4 2.6 -
5 2] 2.4 -
LT/HH 1 1.9 s -
2 2.7 2.3 2.0
3 L) 3L 2.2
Y 1.9 1ok 5

5 241 1.8 1.0
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Respiration rates tended to be higher under the HT
than under the LT treatments. Rates for the third night
of plants under the LT/HH treatment were higher than those
of plants under the HT/LH treatment because the latier were
subject to more severe water stress at this stage (compare
with Figs. 4-1 and 4-2),

Night-time transpiration rates

The night-time transpiration rates were similar to
those measured under non water-stressed conditions (see
Chapter 3). There was no evidence of reduction in rate

with increasing water stress under any of the four treatments,

DISCUSSION

Dark respiration

Dark respiration rates generally declined with increase
in water stress (Table 4-III) and there was no evidence of
significant increases in respiration rate at slight to moderate
stress levels, as has been reported for loblolly pine (Brix,
1962), and wheat (Xaul, 1966). Slatyer (1967) considers that
the rise in respiration rate at slight water deficits may be
due to a rapid imposition of stress, and that when stress is
imposed gradually a progressive decline will be observed with
ho rise in rate. This has been shown to be the case with

excised leaves of Pinus nigra (Parker, 1952). The rate of
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imposition of stress in the present experiments however,

was rapid so that Slatyer's supposition may not be generally
true. Under the combined effects of water stress and zero
light intensity the stomata may be expected to ve closed,
and thus constitute a barrier to the outward diffusion of

cC but the mean maximum rates of respiration seldom

2'
exceeded 3.5 mg C02/dm2/hr (Table 4-III) and this quantity

of CO, may have been dissipated partly through the cuticle

2
(Freeland, 1948; Dugger, 1952). Respiration rates tended
to be higher early in the dark period and towards the end
of the dark period than they were during the middle of the
night. This may be correlated with a diurnal rhythm of
stomatal opening, the stomata taking some time to close
after the onset of darkness, and commencing to open rather

before the end of the dark period. Stomatal opening in

darkness has been observed in Rumex patienta and Upland

cotton (Meidner and Mansfield, 1965). It is also possible
that some of the reduction in respiration rate may be due
to enzyme inactivation following partial desiccation of the
leaf tissue, especially under more severe levels of water

stress.
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Night-time transpiration

The night-time transpiration rates were unaffected by
increasing water siress. Clark and Levitt (1956) showed
that the transpiration rates of soybean plants that had been
wilted and then rewatered were lower than those of plants
that had been maintained under an adequate water supply.
They attributed this to an increase in the wax content of
the cuticle developed by the wilted plants. They did not
state the length of time for which the plants were subjected
to drought conditions, but it may have been longer than the
few days of stress imposed in the present experiments. This
short period may have been insufficient for the development
of additional cuticular wax, and hence the night-time
transpiration rates were unaffected by increasing water
stress,

Development of water stress

The similarity of the time courses of transpiration for
plants under the two LH and under the two HH treatments (Fig.
L-2) may be explained on the basis of total water use by the
plants under the various treatments. Plants uncder LH conditions
at both high and low temperature transpired at a considerably
greater rate per unit area than those under HH conditions
(Table 4-I), and the rate of transpiration was largely determined

by the VPD (Fige. 3-2). The amourt of water available to each
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plant was the same regardless of treatment, and plants under
LH conditions lost inore of the available water during the
early part of the experiment than did those under HH
conditions, thus becoming subject to water stress earlier.

Under water stress conditions rates of transpiration
and photosynthesis are reduced; results from work on a
wide variety of plant species have led to general agreement
on this (e.ge. Schneider and Childers, 1941; Slatyer, 1957;
Brix, 1962; Millar, Duysen and Wilkinson, 1968). The decline
in photosynthesis closely paralleled the decline in trans-
piration under all treatments (compare Figs. 4-1 and 4-2) and
the two processes were linearly related over the range of
water streuss levels to which the plants were subjected (Fig.
L-4), until soil moisture tensicn became the limiting influence.
Similar results for loblelly pine and tomato were reported by
Brix (1962) who attributed the parallel decline in the rates
of photosynthesis and transpiration to an increase in diffusion
resistance, but whether of stomatal or mesophyll diffusion
resistance .(or of bofh) he was unable to determine.

The parallel between the rates of transpiration and
photosynthesis as water stress increases certainly suggests
.that the two processes are subject to a common controlling

mechanism, which by the nature of these processes may well be
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stomatal. The mechanism of stomatal opening, extensively
and frequently reviewed (e.g. Heath, 1959; Ketellapper,
1963; Zelitch, 1965; Pallas, 1966), is not yet fully
understood, but turgor changes are certainly involved,
although the mechanism controlling the changes is in doubt
(Meidner and Mansfield, 1968). As discussed in the
introduction (Chapter 1) water deficits occur when
transpiration exceeds absorption, and turgor is then
progressively lost. This is reflected in a fall in RWC,
In response to the loss of turgor the stomata start to
close and the transpiration rate is reduced. Simultaneously

the supply of CO, for photosynthesis is also reduced, and

2
the rate of photosynthesis falls. Reduction in the rate of
photosyntavsis may lead to increased CO2 concentraticn in

the intercellular spaces and this may also contribute to
stomatal closure (Heath and Meidner, 1961).

It therefore seems reasonable to suggest that the stomata
start to close in response to a slight loss of turgor in the
leaf brought about by water loss exceeding water uptake, and
that further closure may be in part consequent upon the
resulting increase in CO2 concentration in the intercellular
spaces. The initial closing affects transpiration and
photosynthesis proportionately as is shown by Fig. 4-4, This

conclusion is supported by the work of Brix (1962) and Barrs

(1968). The latter, in discussing results for sunflower that
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closely quantitatively resemble the photosynthesis-
transpiraticn relationship for HT/HH plants in Fig. 4-'%,
stated: "It is difficult to escape the conclusicn that
both gas exchange rates were directly and principally
limited by stomatal aperture',

Gaastra (1963) suggested that because CO, exchange
is regulated by a mesophyll resistance (ré) in addition
to the boundary layer and stomatal resistances common to
both CO2 and water vapour exchange, photosynthesis should
not be affected by stomatal closure until the stomatal
resistance exceeds ré. Thus as water stress develops, the
rate of transpiration should decline before the rate of
photosynthesis., In the present study there is no evidence
of this effect (Figse. 4-1 and 4-2) and the relationship
between the rates of photocynthesis and transpiraticon
(Fige. 4-4) is linear for all treatments until a stress
corresponding to a soil moisture tension of O.4 atm. is
reached.

Under ponditions'of adequate water supply the rates of
photosynthesis of plants under all treatments were apparently
mainly determined by ré, but the conclusion that the stomata
are of major importance and that ré has comparatively little
éffect under conditions of water stress is in agreement with

the conclusions of Troughton (1969) and Troughton and Slatyer

(1969).
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Effects of soil moisture tension on transpiration and
photosynthesis

Idso (1968) has suggested that Brix's (1962) observations
of parallel reducticn of photosynthesis and transpiration were
due to his plants having a low root density and to the moisture
characteristics of the soil (a sandy loam) that he used. The
soil moisture characteristic curve for Brix's soil is similar
to that for the pumice-peat mixture used in the present
experiments (see Appendix 1, Fig. A1-1), i.e. much water
held at low tensions and a sharp inflection point beyond which
tension rises rapidly for small decreases in water content.
Idso's suggestions might thus be regarded as also being pertinent
to the present results., Cowan (1965) calculated that plants
with low root dersities would show a reduction in transpiration
at lower soil moisture tensicns than plants with high root
denrnsities; and Idso considers that in plants with low root
densities photosynthesis would behave much like transpiration.
Although no measurements of root density were made in the present
study all plants had well developed root systems occupying a
Jarge part of the soil mass. The pots themselves were small
having a volume of approximately 850 ml, Idso further considers
that photosynthesis and transpiration would be reduced in phase
once the soil had dried to a level corresponding to the
inflection point of the soil moisture characteristic curve,

In this study the point at which soil moisture tension became
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the limiting influence on transpiration and photosynthesis,
O.4 atm., corresponded to the inflection point (Fig. A1-1),
and photosynthesis and transpiration were reduced in phase
well before this degree of soil dryness was reached, viz,
at about 0.2 atm. soil moisture tension. Thus Idso's
comments are not applicable to the present results,

As so0il moisture tension increases above 0,2 atm. the
transpiration rate of plants under all treatments starts to
decline (Fige. 4-5). At tensions greater than O.4 atm. the
transpiration rate is very similar for plants under all
treatments, and it is at O.4 atm. tension that the inflection
in the soil moisture characteristic curve (Fig. A1-1) occurs.
As scil moisture content falls below the equivalent of 0.4 atm,
tension, tension increases very rapiciy with small reductions
in moisture content and removal of water from the soil by the
plant becomes increasingly difficult. The maximum rate of
absorption would appear to be the equivalent of a transpiration
rate of approximately 0.5 gm/dmz/hr, and transpiration rate
thus becomes determined by soil moisture characteristics
rather than by atmospheric conditions, Similar results for a
variety of tree species grown in a range of soil types have
been reported by Vzduznaev (1968), He found that in all
¢ases a point was reached in the drying of the soil at which

transpiration became independent of the environmental conditions
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and was related only to soil moisture tension. A trans-
piration-soil moisture tension relationship for Pinvus
sylvestris, similar in form to the relationship in Fig. 4-5
has been reported by Jarvis and Jarvis (1963 c).

Photosynthesis is similarly affected by increasing soil
moisture tension (Fig. 4-6). As photosynthesis and
transpiration are linearly related at RWC's between maximum
and that at which soil moisture tension becomes the major
influence on the transpiration rate, this is not urnexpected.
Thus, for each treatment photosynthesis and transpiration
become limited by soil moisture tension at very similar
RWC's (Table 4-II), The similarity between the relative
rates of *ranspiration and photosynthesis in their response
to soil moisture tension is also expected in the light of
the relationship between the actual rates of these processes,

The influence of environmental conditions cn the response
of relative transpiration rate to soil moisture tensicn is shown
in Fig. 4-7, and confirms the findings of Denmead and Shaw (1962).
Using container-grown corn plants in the field they found that
the relati#e transpiration rate was reduced to a greater extent
at any given soil moisture tension as the atmospheric evaporative
Qemand increased. Their data show this effect more clearly than
the present results because the differences in atmospheric
evaporative demand between the days on which their results were

obtained were much greater than the between-treatment differences
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in this investigation. Similar results for orchard grass
and tomato have also been reported (Gavande and Taylor, 1967).

Transpiration depends on the maintenance of a water
potential gradient tetween soil and leaf: as soil moisture
tension (which can be equated with soil water potential)
falls, leaf water potential must also fall to maintain the
water potential gradient. High rates of transpiration may
lead to a drying of the soil in the root permeated zone, and
the conductivity of the soil may be too low to permit of
immediate rewetting (Macklon and Weatherley, 1965), When
the soil is well supplied with water most of the impedance
to water movement tkrough the soil-plant system occurs in the
plant, but as the soil dries the impedance in the soil assumes
greater importance and may quite suddenly become much greater
thgn the plant impedance. This can occur at low soil
moisture tensions. Gardner and Ehlig (1962) report it as
occurring at 0.6 bars (0.59 atm.) soil moisture tension for
pepper plants growing in a sandy loam soil.

Macklon and Weatherley (1965) stated: '"Atmospheric conditions
favouring high rates of transpiration do not by themselves induce
high values of DPD in the plant. It is only when rapid water
flux is coupled with the low water conductivity of the soil
that high values of DPD arise"., (High DPD is equivalent to low

leaf water potemtial). In the present case the change in the
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relative importance of soil and plant impedance to water
movement appears to have occurred at about 0.2 atme. soil
moisture tension. The higher the transpiration rate, thc
greater the effect on the relative transpiration rate at

this point. The relative transpiration rate of plants

under the LT/HH treatment was the least affected because
these plants had the lowest transpiration rate and there-
fore the lowest rate of removal of water from the soil.

The soil conductivity was high enough to maintain a supply

of water to the roots of these plants, but not to those
transpiring more rapidly. As the transpiration rates of
LT/HH and HT/HH plants were very similar it would be

expected that the latter would show & response similar to

the former, rather than to the LT/LH plants which had a
higher transpiration rate. It may be that the difference

in transpiration rate (and thus of the rate of water
absorption) between the HT/HH and LT/HH plants was sufficient
to exceed the water supplying capabilities of the soil at these
tensions (0.2 to O.4 atm.).

RWC and soil moisture tension

Under all treatments the RWC was similar at tensions below
O.2 atm, and appeared to be independent of soil moisture tension.
At tensions above 0.2 atm. plants under the LH treatments had

lower RVC's than plants under the HH treatments, and RWC fell
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more rapidly with increasing soil moisture tension under the
LH treatments (Fige. 4-G). Similar results for orchardgrass
and tomato have been reported by Gavande and Taylor (1967).
However, between O.z and O.4 atm. soil moisiure tension there
is a considerable difference in the RWC's of plants under the
various treatments, which suggests that RWC is not determined
by soil moisture tension alone. Rather it would seem that
both soil and environmental factors are involved. Weatherley
(1951) also found, with field-grown cotton plants, that above
a certain critical soil moisture tension RWC was determined
by soil and environmental factors, whereas at tensions below
the critical point RWC was independent of soil moisture
tension, Other field experiments have also shown atmospheric
and soil moisture conditions to be of prime importance in
determining RWC (Namken, 1964),

Denmead and Shaw (1962) referred to the point at which
actual transpiration fell below the potential rate (i.e. the
rate when the soil was at field capacity) as the "turgor loss
point", but made no measurements of plant water status. The
turgor loss point occurred at lower soil moisture tensions for
plants with a high initial transpiraticn rate.

Although RWC does not measure leaf turgor, it is clear
from Fig. 4-9 that RWC tends to be reduced to a greater extent

at any soil moisture tension abhove 0.2 atm. under LH than

under HH conditions. Plants under the HT/LH treatment were
er

observed to show signs of wilting at hig@(RWC's than plants under
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the other treatments. These results would therefore seem to
confirm the observations of Denmead and Shaw,

At O.4 atm. soil moisture tension the mean RWC of plants
under the HT/LH treatment was 68.8%, that of plants under the
LT/HH treatment 83.9% (Table 4-II)., It is of interest to
speculate on the possible RWC-leaf water potential relation-
ships of the plants under these treatments. As far as is
known there are only two reports in the literature concerning
the effects of temperature and VPD on the RWC-leaf water
potential relationship. These are for orchardgrass and
tomato (Gavande and Taylor, 1967) and for barley (Millar
et al, 1968)., Both groups of authors compared the RWC-leaf
water potential relationship of plants under high temperature/
low humidity and low temperature/high humidity conditions,
although the actual conditions used were different in each

study (Table 4-IV),.

Table 4-IV Comparison of atmospheric conditions in the
experiments of Gavande and Taylor (1967)
and Millar et al (1968).

High temperature/ Low temperature/
low humidity high humidity
Authors °c VPD (mb) ] VPD (mb)
Gavande and 30.0 29.6 21.0 2.9
Taylor

Millar et al 27.0 2247 1760 T
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For all three species involved in these investigations
the results were qualitatively the same: under low temperature/
high humidity conditions the plants had a lower RWC for any
given leaf water potential,

Consider now the situation for soybean plants at 0.4
atm, soil moisture tension. If, at this point plants uncer
all four treatments had the same leaf water potential, then
tke LT/HH plants had a nigher RWC than the HT/LH plants, ie.e.
the opposite of the findings for orchardgrass, tomato and
barley. However, soybean would fit the same pattern as these
three species if the leaf water potential under HT/LH coaditions
fel) more rapidly than under LT/HH conditions as soil moisture
tension increased, so that at O.4 atm. tension the soil water
potential-leaf water potential gradient was greater for the
HT/LH plants. Gavande and Taylor (1967) showed that at a given
soil moisture tension, the leaf water potential of orchardgrass
and tomato plants under their low temperature/high humidity
treatment was higher than under the high temperature/low
humidity treatment, The RWC of soybean plants fell more
rapidly under the HT/LH than under the LT/HH conditions (Fig.
4L-9) and it therefore seems likely that at O.4 atm. tension
the leaf water potential of HT/LH plants was lower than that
of LT/HH plants, and that the RWC-leaf water potential
relationships of soybean plants under these two treatments
were qualitatively similar to those of orchardgrass, tomato

and barley plants under the corresponding conditions. It should
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also be noted that at O.4 atm. tension the physiological
state of the plants was closer to 'optimum' under the LT/HH
treatment than under the HT/LH treatment (Table 4-II),

RWC, photosynthesis and transpiration

Between-treatment comparisons of the RWC-photosyntiiesis
and RWC-transpiration relationships are complicated by the
fact that under each treatment the plants at any given RWC
below about 90% were subject to different soil moisture
tensions (Fig. 4-9), and probably had different leaf water
potentials (previous section of this chapter). However
certain aspects of these relationships require comment.

The slopes of the RWC-transpiration curves (Fig. 4-10)
are similar for the two HT treatments between about 90% RWC
and the O.4 atm. soil moisture tension point, and similarly
the curves for the two LT treatments are parallel. This may
be due to the effect of temperature on the rate of water
movenment in the soil and in the plant. Low temperatures reduce
water uptake under certain conditions (see Chapter 3) by
reducing root permeability and increasing water viscosity.
Soil moisture diffusivity is also temperature dependent
resulting from the temperature dependence of viscosity
(Jackson, 1963); thus soil water moves more rapidly at high
than at low temperatures,

Although the rate of water uptake by plants under the two

HH treatments was not affected by temperature at low =o0il
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mecisture tensions (Chapter 3), it is suggested that as soil
moisture tension increcases the rate of water movement to
the roots may be partly limited by temperature. Thus water
moves to the roots more rapidly under HT than under LT
conditions, and the rate of decline of transpiration with
fall in RWC becomes temperature, rather than VPD, dependent.
Earlier in this chapter the effect of stomatal closure
on rgtes of photosynthesis and transpiration was discussed,
and it was noted that as water stress increased the rates
of photosynthesis and transpiration declined in parailel.,
The relationship between these processes was similar for
three of the treatments, but was rather different for plants
under the HT/HH treatment which had higher rates of photo-
synthesis per unit rate of transpiration than plants under
the other treatments. In Fig. 4-12 the relative rates of
photosynthesis and transpiration are shown plotted against
each other. For three of the treatments the points all 1lie
along the line of 1:1 correspondence but the points for the
LT/HH treatment deviate from this relationship. This deviation
was tentatively ascribed in the 'Results' section of this
chapter to possible uncertainties in the plotting of the
RVWC-transpiration and RWC-photosynthesis curves, for it is
difficult to find any physiological basis for this result,
(Had the deviation been in the opposite direction, i.e. higher

relative transpiration than relative photosynthetic rates at
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any given RWC, an influence of the mesophyll resistance (ré)
might have been suspected, for the ré of the LT/HH plants
was apparently very much higher than that of plants under the
other treatments (Table 3-IV), and might have contributed to
lower rates of photosynthesis when the plants were subject
to water stress. This however was not the case). As water
stress increases the relative rates of transpiration and
photosynthesis of the plants under the treatments that conform
to the 1:1 relationship, and possibly also of the LT/HH plants,
decline in phase and proportionately. The 1:1 correspondence
is followed regardless of the atmospheric environment, but
the extent to which the relative rates are reduced by any given
level of stress is dependent on the environmental conditions.
Figure 4-12 thus emphasises the close relationship between the
rates of photosynthesis and transpiration which is apparently
mediated through the influence of transpiration on leaf turgor
and the consequent effects on stomatal aperture (and thereby on
stomatal resistance). Thus the RWC-photosynthesis relationships
(Fig. 4-11), although involving a different set of reactions,
are appareﬁtly the result of the interactions between trans-
piration, leaf turgor (which is reflected in the value of leaf
RWC) and stomatal resistance, and consequently are extremely
difficult to interpret in isolation.

It may be noted that there is a tendency for the

RWC-transpiration curves (Fig. 4-10) to flatten out parallel
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to the abscissa, suggesting that transpiration may continue
down ° to very low levels of RWC, a tendency that is not so
apparent in the RWC-photosynthesis curves (Fig. 4-11). It

is also apparent from Fig. A7-1 (which shows the individual
points from which thc regressions in Fig. 4-4 were calculated),
that there is a tendency for the rates of transpiration and
photosynthesis below those obtaining at O.4 atm. soil moisture
tension not to be related in the same way as those above

O.4 atm. tension. Abcve O.4 atm. tension photosynthesis tends
to decrease rather more rapidly than transpiration. Had the
experiments been extended in duration it is probatle that
transpiration would havc been measurable after photosynthesis
had fallen to zero, indeed this did occur in one instance
during the stress phase of a rewatering experiment (see Chapter
5). Slatyer (1967) states that transpiration continues at a
low rate until death occurs. It is probable that for a perioad
before death occurs the plant acts mainly as an irert wick
between the soil and the atmosphere. At these high soil
moisture tensions and low levels of leaf hydration it is
possible that disruption of the biochemical processes of
photosynthes&s occurs., Photosynthesis and transpiration may
thus be determined by separate mechanisms after soil moisture
characteristics become the dominant limiting influence on the
rate of transpiration, but between O and O.4 atm. soil moisture
tension it would appear most likely that both processes were

subject to the controlling influence of stomatal resistance.



CHAPTER 5

RESPCNSE OF SOYBEAN PLANTS TO REWATERING FOLLOWING
WATER STRESS UNDER TWO CONTRASTING SETS OF

ENVIRONMENTAL CONDITIONS

INTRODUCTION

Results given in the literature for the patterns of recovery
of CO2 exchange and transpiration cf plants rewatered following a
period of water stress differ on two main points. Firstly, the
rate of recovery to the original, unstressed rates is variously
reported as two to seven days for apple (Schneider and Childers,
1941), and less than 24 hours for ladino clover (Upchurch,
Peterson and Hagan, 1955). Recovery of photosynthetic and
respiration rates to 80% of the original rates within one hour
has been reported for ryec seedlings (Murata, Iyama and Honma,
1966), and Thompson, Stclzy and Taylor (1965), reported & 21 fold
increase in the rate of photosynthesis of rough lemon within 10
minutes of rewatering; prior to rewatering the photosynthetic
rate was 16% of the original rate.

The second point of difference concerns the order in which

photosynthesis and transpiration respond to the relief of water
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stress, Transpiration was observed to recover before, or
simultaneously with, photosynthesis in apple (Schneider and
Childers, 1941), pecan (Loustalot, 1945) and loblolly pine
(Brix, 1962). Photosynthesis has been reported to recover
before transpiration in tomato (Brix, 1562), rough lemon
(Thompson et al, 1965) and cotton (Pallas, Mickel and Harris,
1967). Recovery to the original rates does not appear to be
dependent on the re-establishment of full leaf turgor.
Schneider and Childers (1941) found that although full turgor
was regained three to five hours after rewatering, the rates

of CO2 exchange and transpiration did not fully recover for two
to seven days., The tomato plants in Brix's experiments never
regained their original rates of photosynthesis and transpiration,
although full leaf turgor was regained.

Brix (1962) also showed that the photosynthetic rate of
loblolly pine seedlings recovered very much more rapidly when
the roots were excised than when the seedlings remained intact.
He suggested that during periods of water stress changes
affecting the water absorbing and/or conducting capacity of the
roots take place. In part, at least, these changes may involve
the death of roots and root hairs and increased suberisation of
the roots (Slatyer, 1967)., Kramer (1950) found that water uptake
through the roots of tomato and sunflower plants that had been
allowed to wilt was reduced by 50% if the plants were wilted
overnight, and 80-90% in plants wilted over four desys. Tomato

plants showed a high degree of recovery from the latter treatment,
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but sunflower did not. He attributed the reduced water
uptake mainly to suberisation and cessation of elongation
of the roots, and suggested that reduced protoplasmic
permeability might be a further contributing factor.

Recent studies suggest that water stress may affect
stomatal functioning, and that the effects may persist after
the release of the plant from stress. Fischer (1967) showed
that stomatal functioning in tobacco was impaired by leaf
water deficits of 20% or more, and was proportional to the
duration and severity of the water deficit. The impairment
persisted for two to three days following rewatering. He
also showed that the source of the impairment in bean plants
resided in the mesophyll and epidermal cells, Allaway and

Mansfieli (1970) found that after leaves of Rumex sanguirneus

had been allowed to wilt the stomata did not open as widely
as usual and 2% of the guard cells were killed. They suggested
that after wilting an inhibitor of stomatal opening accumulates,
or that the level of some promoter of stomatal opening falls,
Little attention appears to have been given to the effects
of environmental factors on the rate and degree of recovery of
002 exchange and transpiration rates from water stress after
rewatering, Caldwell (1913) found that herbaceous plants
.allowed to wilt slowly in a humid atmosphere required twice as
long to recover their original transpiration rates as plants

rapidly wilted under conditions conducive to high transpiration.
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Under the humid conditions the root hairs were usually killed,
but this did not ecccur with the rapidly wilted plants., Pallas
et al (1967) found that cotton plants which were rewatered
after prolonged water stress regainsd their original rates

of photosynthesis and transpiraticr under a light intensity
equivalent to full sunlight. Under one nhalf and one quarter
full sunlight equivalents they failed to regain their original
rates; photosynthesis under one quarter sunlight reached 65%
of its original value after rewatering. Stomatal activity
also failed to attain the pre-rewatering level at any of the
light intensities,

The results which follow were obtained from experiments
in which soybean plants were rewatered after being subjected
to various levels of water stress under one of two contrasting
sets of environmental conditions. The object of the experi-
rents was to follow the immediate post-rewatering resporse
of photosynthesis and transpiration. No attempt was made to
determine the 'lethal-limit' of water stress beycnd which
recovery could not take place, and the experiments constitute
only a preliminary investigation of the after effects of water

stress on soybean plants,

METHODS
The rewatering experiments were carried out on plants

grown under two contrasting sets of environmental conditions,
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the HT/LH and LT/HH treatments., Under each treatment five
plants were subjected to water stress by withholding water,
either in the plant chamber of the 002 exchange - transvpiration
measuring equipment, or in the growth cabinet. (Wilting in

the growth catinet was necessary for some LT/HH plants because
of the length of time required for these plants to become
subject to water stress., Such plants were transferred to

the plant chamber and their photosynthetic and transpiration
rates measured before stress was relieved by rewatering).

Plants were rewatered after being subjected to various degrees
of stress, the water added being sufficient to return the plant
and pot to the original weight before stress was imposed.

After rewatering, the plant was returned to the plant chamber
and further measurements of photosynthetic and transpiration
rates made., Rewatering was carried out before the plants

became too severely wilted, and passed the 'lethal 1limit' beyond
which recovery was impossible., Consequently the time of day at
which rewatering was carried out was not consistent, and plants
were rewatered at either the end of, or at some time during, the
light period; Measurements of leaf temperature, RWC and soil
moisture content were made as usual, although the times at which
plant and soil water stress samples were taken were dictated by

the state of the plant,

RESULTS
As in all the previous experiments, leaf temperature remained

within O.5°C of ambient air temperature.
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The time courses of typical rewatering experiments,
Figures 5-1 (HT/LH) and 5-2 (LT/HH), show the effects of
rewatering at the end of the light period, and during the
light period, for each treatment. The RWC at various
times is also shown. When rewatering took place at the
end of the light period, the subsequent time courses of
photosynthesis and transpiration were similar to those for
unstressed plants (Figs. 4-1 and 4-2, day 1), and the two
processes were more or less in phase.

When rewatering was carried out during the light
period, there was no immediate increase in either photo=-
synthesis or transpiration, which either remained the same
as before rewatering (Fige5-2 b), or continued to fall
(Fige 5-1 b). Within two hours of rewatering however,
both processes showed a rapid increase in rate, photo-
synthesis tending to increase more rapidly than transpiration
and to reach its maximum post-rewatering rate rather earlier,
Thus wnilst the rate of recovery of transpiration waes less
than that of photosynthesis, the two processes commenced
recovery mére or less simultaneously.

The results of the rewatering experiments are summarised
in Table 5-~I, which shows the maximum rates of photosynthesis
‘and transpiration before and after rewatering, the post

rewatering maximum rates as a percentage of the maximum rates



Figure 5-1
Time courses of rewatering experiments under

HT/LH conditions.

Rewatering (indicated by the arrow) took place
at the end of the light period (A), or during
the light period (B). RWC at various times

during the experiments is indicated.

Solid circles : photosynthesis (mg COz/dma/br)

Open circles : transpiration (gm water/dmz/hr)

(Data are for HT/LH replicates 4, (A) and 2, (B)).
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Figure 5-2
Time courses of rewatering experiments under

LT/HH conditions,

Rewatering (indicated by the arrow) took place

at the end of the light period (A), or during the
light period (B).

RWC at various times during the experiments is

sndicated,

Solid circles : photosynthesis (mg COz/dmZ/hr)

Open circles : transpiration (gm water/dmz/hr)

(Data are for LT/HH replicates 1, (A) and 5, (B)).
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Table 5-I. Summary of rewatering experiments carried out under two sets

of environmental conditions

« Figures in brackets following

maximum post-rewatering rates of photosynthesis and transpiration

are these rates expressed as a percentage of the maximum pre-

rewatering rate.

Treatment maximum pre=rewatering
and rate
Replicate Photosynthesis* Trancspiration+
HT/LH
1 23.7 2.76
2 23,2 2,80
3 22.7 2.88
L 14,5 1.95
5 22,7 2.5k
LT/HH
1 Stressed in cabinet
2 77 1.20
5 Stressed in cabinet
L 7.0 1617
5 Stressed in cabinet

* mg COa/dma/hr
+ gm Hao/dmz/hr

RWC(%) Maximum post-rewatering
at after rate
rewatering Photosynthesis* Transpiration+

7647 89.4 14,9 (62.9) 1.63 (59.1)
82,2 92.0 18.9 (81.4) 2.35 (83.9)
76.8 8745 16,1 (70.9) 1.89 (65.6)
68.7 87.9 11.8 (81.%4) 1.59 (81.5)
83.8 91.0 1745 (77.1) 2.00 (78.7)
78.9 93.6 748 0.98

91.1 93.1 7.6 (98.7) 1622 (101,6)
793 91.8 75 111

8641 931 7.1 (101, 4) 1.00 (85.4)
69.k 92.0 She 0.81

“hil
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before rewatering, and leaf RWC at the time of, and after,
rewatering.

Maximum rates prior to rewatering are not given for
replicates 1, % and 5 of the LT/HH trecatment tecause these
plants were stressed in the cabinet to induce low RWC's,

Table 5-I1 shows the soil moisture tension z2t the time
of rewatering in each experiment, and in conjunction with
Table 5-I emphasises the effect of environment on plant-soil
water relations. Table 5-1 shows that there is no relation-
ship between the RWC at the time of rewatering and the
subsequent degree of recovery, as given by the post-rewatering
rates as a percentage of the pre-stress maximum rates. Replicate§
2 and 4 (HT/LH) showed the same degree of recovery although the
RWC's at the time of rewatering were different (82,2% and 68.7%
respectively); Table 5-II shows that the soil moisture tensions

for these two plants were the same at the time of rewatering.

Table 5-1I. Soil moisture tension at the time of
rewatering for the plants under the

two treatments,

Soil moisture tension (atm.) at rewatering

Replicate
Treatment HT/LH Treatment LT/HH
1 0.50 15 +
2 0,23 0.20
3 0.29 | 15 +
b 0.23 0.29

5 0.16 15 .+
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Figure 5-3 provides evidence that for plants grown under
the HT/LH treatment the degree of recovery of photosynthesis
and transpiration was related to the soil moisture tension at
the time of rewatering; the higher the 5031 moisture tension,
the lower the degree of recovery. It is not possible, from the
data available, to determine the exact nature of this relation-
ship, nor to plot this relationship for the LT/HH treatment.
After rewatering, soil moisture tension did not excecd 0,05 atm,
in any instance.,

The data in Table 5-I suggest that full leaf RWC (i.e. RWC
above 91%) was not regained in some cases (HT/LH, replicates 1,
3 and &) but it is possible that these piants regained higher
RWC's than those shown, prior to sampling. The rate of imposition
of water stress under the HT/LH treatm:nt was very rapid (see '
Chapter 4), and these plants may have again become water stressed
after regaining full turgidity. Nevertheless, the maximum rates
of photosynthesis and transpiration prior to water stress were
not regained in the plants that did have high RWC's at the time
of sampling (replicates 2 and 5). With all HT/LH plants, the
degree of recovery of photosynthesis and transpiration was
essentially the same. The greatest difference between the
recovery of photosynthesis and transpiration was 5.3% (HT/LH
replicate 3), and there was no evidence of one of these processes

consistently recovering to a greater degree than the other.,



Figure 5-3
Dependence of the recovery of photosynthetic
and transpiration rates following rewatering
on the soil moisture tension (SMT) at the time

of rewatering under HT/LE conditions.

Recovery (Recovery %) is expressed ac the
maximum post-rewatering rate of photosynthesis
or transpiration as a percentage of the maximum

rate prior to the imposition of stressz.

So0lid circles : photosynthesis

Open circles : transpiration
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The resg}ts from the LT/HH treatment are more difficult
to interpret because more than half the plants used underwent
the initial period of stress in the growth cabinet, and
consequently there are no unstressed maximum rates available
on which to base the degree of recovery. The maximum
pre-rewatering rates of photosynthesis and transpiration for
replicates 2 and 4 were rather lower than the treatment average
(Chapter 3), and the post-rewatering maximum rates of photo-
synthesis of replicates 1 and 3 were similar to those for
replicates 2 and 4. It is therefore possible that these two
rlants (1 and 3) showed full recovery of photosynthesis after
rewatering, although theair transpiration rates were lower than
normal., Replicate 2, which was rewatered at 91.1% RWC, was not
visually under water stress at that time. The subsequent rates
were little different from those obtaining before rewatering,

Replicate 5 of the LT/IH series, which suffered the greatest
degree of water stress before rewatering (RWC 69.4% : soil
mpisture tension in excess of 15 atm.) clearly did not recover
its original rates of photosynthesis and transpiration within
the period of the experiment,

Replicate &4, LT/HH, is of interest in providing a marked
contrast with the recovery pattern of the HT/LH plants, Although
this plant fully regained both leaf RWC and the original photo-
synthetic rate, transpiration recovery lagged well behind, and
showed a maximum of 85.4% of the original rate at the end of the

experiment, compared with 101,.4% for photosynthesis,
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DISCUSSION

The close resemblance of the time course of recovery
of plants rewatered at the eud of the light period to the
normal time course of non-stressed plants (Figs. 4-1 and
L-2, day 1) is attributable to overnight recovery of leaf
turgidity. Night-time evaporative demand was low (low VPD)
and the stomata almost certainly closed, so that the
resulting slight loss of water was exceeded by water
absorption. At the start of the following light period the
leaf water deficit had been made good, and the plant was
no longer subject to water stress. The influence of the time
of rewatering on the pattern of recovery is uncertain, but
may be nc.-existent. Replicates 2 and 4 of the HT/LH
treatment were rewatered at 1315 and 2015 hrs. respectively;
the soil moisture tension at rewatering was the same in both
cases, as was the degree of recovery of photosynthesis and
transpiration.,

Under both treatments the period of water stress
appeared to produce after-effects which persisted at least
for the duration of the experiment, as evidenced by the
failure to regain the original rates of photosynthesis and/or
.transpiration. This effect was more marked under the HT/LH
treatment. There are many possible reasons for this, e.ge.

root suberisation, death of roots and/or root hairs, impaired
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stomatal functioning and enzyme inactivation, but the data

do not permit the effect to be definitely ascribed to any
particular cause. It may be pointed out that root suberisation
does not necessarily prevent, although it may reduce,water
absorption., It has been shown, most recently by Pickersgill
(1967), that water absorption can occur through the suberised
portions of roots of various species.

That photosynthesis did not fully recover to its original
level could be due to damage to the phctosynthetic mechanism
(possibly partial enzyme inactivation) resulting from the
period of water stress, but the similarity of the degree of
recovery of photosynthesis and transpiration also suggests
that stomatal functioning may have been impaired. Impaired
stomatal functioning as a consequence «f water stress has been
reported in a variety of species (Fischer, 1967; Pallas et.al,
1967; Allaway and Mansfield, 1970).

It is possible that the maximum rates of photosynthesis
and transpiration following rewatering given here do not
represent the maxima that the plants could have attained. At
the most, experiments were terminated at the end of the next
full 1light period following rewatering, which was possibly
too short a period for normal plant functioning to be resumed
(Fischer, 1967), but the concern of these experiments was with
the immediate post-rewatering response, and not with the longer

term effects,
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The continued fall in the rates of photosynthesis and
transpiration after rewatering during the light period before
recovery occurred, may at least in part, have been due to
chilling of the root system by the added water. The roots
and scil were at approximately plant chamber air temperature
(Chapter 3) and the added water was colder than air temperature.
Low soil temperature reduces photosynthesis and transpiration,
(Babalola, Boersma and Youngberg, 1968), and has been used to
induce water etress in the leaves of plants (Troughton, 1969).

The delay in recovery of the rates of transpiration and phcto-
synthesis in Brix's (1962) experiments with loblolly pine and
tomato may also have been partly due to such temperature
effects., Water given in future rewatering experiments should,
therefore, bte at the same temperature as the roots and coil

to which it is to be added.

The recovery of maximum rates of photosynthesis but not of
transpiration under the LT/HH treatment (Table 5-I), contrasts
with the results from the HT/LH treatment where the two
processces recovered to the same extent. Caldwell (1913) found
that the transpiration rates of plants stressed under high humidities
required twice as long to recover as those of plants stressed uader
low humidities, and that under the former treatment the root hairs
were usually killed. In discussing this paper, Kramer (1950)
suggests that under the treatment conducive to a slow imposition

of water stress (high humidity), the plants were subjected to a
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more severe level of stress than when rapidly wilted.
Table 5-I1 shows that this was the case in the present
experiments, the plants under the LT/HH treatment being
subjected to higher soil moisture tensions than thcse
under the HT/LH treatment, although in both cases the
plant RWC's were similar (Table 5-I). If, as in
Caldwell's experiments, the root hairs were killed
under the LT/HH treatments, the reduced recovery of
transpiration in replicate 4 (LT/HH) would be understand-
able. It would however, be necessary to postulate that
the reduced water uptake was nevertheless adequate for
the restoration of the original photosynthetic rate. As
only 1-2% of the water absorbed by thLz roots is used in
metabolic processes (Meyer and Anderson, 1952), the
remainder being lost by transpiration, this postulate
appears reasonable. The resumption of the original
photosynthetic rates (except in the case of replicate 5
(LT/HH) ) suggests that the ernzymes associated with the
photosynthetic mechanism were not affected by the period
of water stress,

Under the HT/LH treatment plants showed a rapid and
simultaneous recovery of both photosynthesis and
transpiration. This is similar to the finding of Brix (1962)

for loblolly pine. The degree of recovery of these
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processes was inversely related to the soil moisture tension
at the time of rewatering (Fig 5-3). Because leaf water
potential falls with increasing soil moisture tensiou, it is
suggested that this relationship was due to damage to scme
aspect of guard cell mechanism resulting from the development
of low water potentials; the lower the level of water
potential, the greater the resultant damage. Fischer (1967)
showed that the impairment of stomatal functioning following
water stress in tobacco was proportional to the duration

and severity of the water deficit. Allaway and lManstield
(1970) suggested that the failure of stomata to open as
widely as usual after wilting could be due to the fall in
concentration of some promoter of stomatal opening. It is
suggested that the degree of impairment of stomatal funetion-
ing is related to the water potential developed during the
period of water stress, and that low water potentials may
inhibit a promoter of stomatal opening. The observations

and suggestions of Fischer (1967) and Allaway and Mansfield

(1970) are in accordance with this possibility.

The simultaneous recovery of photosynthesis and

transpiration is in accordance with the findings of Schneider
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and Childers (19%1), Loustalot (1945), and Brix (1962)
for loblolly pine. The sequential recovery of the two
processes reported by some authors (Thompson et al,
1965; Pallas et_al, 1967) was not found in the case
of soybean, although under the LT/HH conditions
transpiration lagged behind photosynthesis in its

degree, but not in its commencement, of recovery.



CHAPTER 6

SOME ASPECTS OF LEAF STRUCTURE WHICH

MAY AFFECT RATES OF GASEOUS EXCHANGE

INTRODUCTION

Certain structural features of the leaf play a large
part in the determination of the resistances to gaseous
exchange between the leaf and the surrounding air. The
boundary layer resistance, that resistance produced by
the layer of non-turbulent air immediately adjacent to
the leaf surface, is determined by the size and shape of
the leaf as well as by windspeed and leaf orientation
(Milthorpe and Penman, 1967; Slatyer, 1967). The depth,
and consequently the resistance, of the boundary layer
might be ;xpected to be increased by the presence of leaf
hairs (Slatyer, 1967) but although they have been shown
to significantly decrease wind speed near the surface of
soybean leaves, they may, if water-filled, contribute to

the non-stomatal component of transpiration (Woolley, 1964).
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The presence of leaf hairs may not, therefore, necessarily
contribute to a reduction in transpiration: the structure
of the hairs would also appear to be important,

Stomatal resistance to 002 and water vapour diffusion
is partly determined by the dimensions and frequencies of
the stomatal pores, and can be determined from measurements
of these parameters (Lee and Gates, 1964: Jarvis, Rose and
Begg, 1967), but certain aspects of stomatal dimensions,
notably pore depth ard width are very difficult to measure.
The structure of the pore as seen in vertical section is
frequently complex and seldom approximates that of a simple
cylinder (Lee and Gates, 1964), so that no single measuremert
adequately characterises depth or width. The width is also
subject to rapid changes, and this dimension, as measured on
excised material probably bears little relation to the width
prior to excision. The validity of measuremenrnts made using
surface impression techniques (e.g. Zelitch, 1961) has
recently been called into question by Glinka and Meidner
(1968) and Leshem and Thaine (1969).

Because of the difficulties of making meaningful measure-
ments of stomatal dimensions considerable effort has been put
into the development of instruments for in situ measurements

-of diffusion resistance (e.g. van Bavel, Nakayama and Ehrler,
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1965; Slatyer and Jarvis, 1966; Kanemasu, Thurtell and
Tanner, 1969). A knowledge of the stomatal dimensions is
not a prerequisite for the initerpretation of the resultis
obtained from such instruments. Unfortunately no such
equipment was available for use in the present study.

The experiments reported in this thesis were not
designed, nor was the resulting data adapted, for the
quantitative determination of resistances to gaseous diffusion,
However, it was considered worthwhile to calculate such resis-
tances from anatomical data to determine whether these gave any
indication of the causes of differences in rates of photo-
synthesis and transpiration between treatments.

Accordingly stomatal pore and leaf hair lengths and
frequencies were determined for the upper and lower leaf
surfaces. In order to prcvide a more complete description
of the morphology of the plants grown under the different
treatments, leaflet thickness and epidermal cell frequencies

were also determined.

METHODS

Selection and preparation of material

Soybean plants were grown under the four environmental
treatments in a growth cabinet as described in Chepter 2,

secticn 11,
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All measurements of leaf structure were made on
leaflets of the third fully mature leaf; the lateral
leaflets were used for leaf hair measurements, and the
central leaflet for all other investigations. Strips
approximately 2 cm x 1 cm were cut from the basal half
of the centre leaflet with a razor blade. The main
leaf vein was avoided. The strips were killed by
immersion in boiling water and then transferred succes-
sively to boiling 70% ethyl alcohol and hot 88% lactic
acid, each for two minutes to clear them (Clarke, 1960).
They were then stored in cold 88% lactic acid. Material
from seven plants per treatment was prepared in this way.
Measurericnts of leaf hair length and distribution were
made on fresh material.

Leaf hair distribution

Lateral leaflets were removed from plants with a
razor blade and the number of leaf hairs in each of 10
fields of view (area 12.57 mm2) on the upper and lower
leaf surfaces counted under a Zeiss dissecting microscope.
Five leaflets from each treatment were examined. Results
for upper and lower surfaces were expressed as number of

leaf hairs per cm2.
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Leaf hair length

Leaf hairs were removed with microforceps frori the
leaflets used for leaf hair distribution determinations,
Care was teken to remove the whole hair, and not to break
it off short. The lengths of ten hairs from each surface
of five leaflets per treatment were measured on a piece
of millimetre graph paper to the nearest C.1 mm under the
microscopee.

Stomatal and epidermal cell frequency

The preserved strips were temporerily mounted in 88%
lactic acid and the number of stomata in each of ten fields
of view (area 0.,20L mm2) counted on each surface. The counts
were conver*ed to numbers of stomata per cm2 for the upper
and lower leaf surfaces. Epidermal cell frequency was
similarly determined.

Stomatal length

The lengths of ten stomata (pore only) on each surface
of each of the seven strips per treatment were measured
using an eyepiece micrometer previously calibrated against
a standard micrometer slide. Pore length was expressed in
microns. (m).

Leaflet thickness

Leaflet thickness was determined from sections of the
preserved material that had been dehydrated, wax-embedded,
and cut or a hand microtome into 10/1thick transverse

sections.
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RESULTS

Plants grown under the two low temperature treatments
tended to have rather smaller leaflets than those grown
under the high temperature treatments. An index of this
difference was cbtzined from the data used for the
determination of leaf area - leaf dry weight relationships.
Dividing leaf area by the number of leaflets on the plant
gave mean leaflet area. The means for 1! plants from
each treatment are given in Table 6-I. The average area
of the 5 largest leaflets measured in each treatment is
2lso given in this table.

Table 6-1I Mean leaflet areas (cm2) and standard errors,
and mean area (cm2) of the 5 largest leaflets

from plants grown under each treatment.

Treatment Mean leaflet area Mean area of 5 Jargest
leaflets
HT/LH 15.7 + 0.72 49.1
HT/HH 17.3 + 0.75 50.6
LT/LH 14,8 + 0.63 29,4
LT/HH ~12.7 + 0.58 330

Leaf hair distribution

The mean frequencies of leaf hairs on the upper and lower
surfaces of leaflets from plants grown under the four treat-
ments are shown in Table 6-II., In all cases leaf hairs were

at least one and one half times more frequent on the lower
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surfaces than on the uprer. There were no consistent

effects of temperature or VPD on leaf hair number, the
plants with the most leaf hairs being those grown under
the HT/LH and LT/HH treatments. Plants grown under LT,/LH
conditions had the least number of leaf hairs on both leaf
surfaces, but with the other treatments the order of
hirsuteness was not consistent between upper and lower

surfaces,.

Table 6-II Mean frequencies (number per cm2) and
standard errors of leaf hairs on upper
and lower surfaces of leaflets from

plants grown under the four treatments,

Treatment Upper Surface Lower Surface
HT,LH 150 + 3.2 229) i 105
HT/HH 109 + 1.8 2kt + 2.5
LT/LH 89 + 2.2 26D 58 10RO
LT/HH L2 + 3,9 251 + 4.0

Least significant

difference (LSD) 1% 1649 13.8

The difference in leaf hair frequencies for the upper
surfaces of HT/LH and LT/HH plants was not significant at the
1% level; all other treaiment differences were significant
at this level. The lower surface leaf hair frequencies were
significantly different, at the 1% level, between LT/LH

plants and all other treatments, barely significant between
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HT/LH and LT/HHAplants, and not significant for all other
treatment differences.

Leaf hair length

The mean lengths of leaf hairs on the upper and lower
surfacee of leaflets from plants grown under the four
treatments are shown in Table 6-IJI. In all treatments
the upper surface leaf hairs were longer than those on the
lower surface, but there were no consistent differences in
length attributable to temperature or VPD, The great

majority of the hairs were water-filled.

Table 6-II1 Mean lengths (mm) and standard errors of
leaf hairs on upper and lower surfaces
of leaflets from rliants grown under the

four treatments.

Treatment Upper Surface Lower Surface
HT/LH 1.45 + 0.0 1.37 + 0.C3
HT/HH 1.29 + 0.02 1.27 + 0,02
LT/LH 1.25 + 0.0k 1.22 + 0,04
LT/HH 1,38 + 0.0k 1.25 + 0,03
LSD 1% 0.1k 0.09

Differences in the upper surface 1leaf hair lengths
are significant at the 1% level between HT/LH and LT/LH

plants, and barely significant between HT/LH and HT/HH
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plants. All other treatment differences are not significant
at this level. For the lower surface there are significant
(1% level) differences between HT/LH and all other ireat-
ments only. Overall, the differences between the mean lengths
are small,

Stomatal frequeacy

Table 6-IV shows the mean numbers of stomata per cm2
on the upper and lower surfaces of leaflets from plants grown
under the four treatments. Plants grown under the two high
temperature treatments had proportionately more stomata on
the upper surface (28% of total) than plants grown under the
low temperature conditions (24-25% of total). Plants grown
under tle LH treatments had rather fewer stomata per cm2 on
either surface than the HH plants, the differences beinug

significant at the 1% level.

Table 6-IV Mean frequencies (number per cn®) and standard
errors of stomata on upper and lower surfaces

of leaflets from plants grown under the four

treatments,

Treatment Upper Surface Lower Surface
HT/LH 9700 + 114 24800 + 190
HT/HH 10200 + 155 26200 + 215
LT/LH 8000 + 155 25200 + 207
LT/HH 10440 + 133 31600 + 280

LSD 1% 833 1250
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The greater frequency of stomata on the lower surfaces
of the leaflets is in accordance with the stomatal distribution
pattern of most dicotyledonous plants (Zucker, 1963).

Stomatal length

There were no great differences between the lengths of

stomatal pores of plants grown under the four treatments

(Table 6-V).

Table 6-V Mean lengths (/u) and standard errors of
stomata on the upper and lower surfaces of

leaflets from plants grown under the four

treatments,

Trcatment Upper Surface Lower Surface
HT/LH 12,66 + 0.18 13422 + 0014
HT/HH 13.27 + O0.14 14,23 + 0,15
LT/LH 12.54 + 0,15 12.86 + 0,17
LT/HH 12.63 + 0.10 13.04 + 0,13
LSD 1% 0,50 0.50

The stomatal pores of HT/HH plants were significantly
longer on both leaf surfaces than those of plants from the
other treatments, but the differences involved were small,
~There are no significant differences (1% level) between the
pore lengths of plants from the other treatments. In all
cases the pores were slightly longer on the lower leaf surface

than on the upper.
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Epidermal cell freguency

The mean number of epidermal cells per cm2 on the upper
and lower surfaces of leaflets from plants grown under the

four treatments are given in Table 6-VI,

Table 6-VI Mean frequencies (number per cmz), and
standard errors, of epidermal cells on
upper and lower surfaces of leaflets from

plants grown under the four treatments.

Treatwment Upper Surface Lower Surface
HT/LH 69500 + 2070 36460 + 2115
HT/HH 65700 + 1985 39900 + 1820
LT/LH 656750 + 2313 36800 + 3115
LT/HH 69830 + 2195 34750 + 3453

None of the treatment differences were significant at
the 1% level.

Differences in epidermal cell size between the treatments
were small for either leaf surface. The lower frequency of
epidermal cells per cm2 on the lower surface is due to the
greater frequency of stomata on this surface. The subsidiary
cells of the stomata were not counted as epidermal cells,

Leaflet thickness

The mean leaflet thicknesses for plants growa under the

four treatments are given in Table 6-VII,



Table 6-VII lean leaflet thickness (/u) and standard

errors of plants grown under the four

treatments.,
Treatment Mean leaflet thickness Standard error
HT/LH 175.8 2.9
HT/HH 161.8 2.5
LT/LH 193.2 21
LT/HH 183.7 2.7
LSD 1% [

Leaflets from plants grown under the low temperature
conditions were thicker than those from plants grown under
high temperature, and at each tecmperature the leaflets were
thicker under LH conditionse. The difterence in leaflet
thickness between the HT/LH and LT/HH plants is not
significant at the 1% level.

Summary of leaf morphological features

A summary of the morphclogical features of leaves from
plants grown under the four treatments is given in

‘Table 6-VIII,
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Morphological features of leaves of plants

grown under the four treatments,

Rank

order (highest to lowest) in brackets,

Treatment
Morphological Leaf *
feature surface HT/LH HT/HH LT/LH LT/HH

Leaf hair frequency u 150 (1) 109 (3) 89 (4) 142 (2)
(no/cm) 1 229 (3) 241 (2) 203 (&) 251 (1)
Leaf hair length u 1.45(1) 1.29(3) 1.25(4) 1.38(2)

(mm) 1 1.37(1) 1.27(2) 1.22(4) 1.25(3)
Stomatal_ frequency u 9700 (3) 10200 (2) 8000 (4) 10440 (1)

(no/cm®) 1 2lk8oo (4) 26200 (2) 25200 (3) 31600 (1)
Stomatal length u 12.66(2)  13.27(1) 12,54 (4) 12.63(3)

() yl 13.22(2) 14,23(1) 12.86(L4) 13.04(3)
Epidermal cell .

frequegcy u 69500 (2) 65700 (4) 66750 (3)  €9830 (1)

(no/cm®) il 36460 (3) 39900 (1) 36800 (2) 34750 (4)
Mean leaflet area - 15.7 (2) 17.3 (1) 4.8 (3) 12.7 (4)

(em®)
Leaflet thickness - 175.8 (3) 161.8 (4) 193.2 (1) 183.7 (2)

(m)

#u=

upper surface.,

1l = lower surface,

Plants grown under the LT/LH treatment had the lowest (or second

lowest) frequencies of stomata and leaf hairs and also the shortest

stomatal pores and leaf hairs.

Otherwise there were no consistent

effects of temperature or VPD on the rank order of the morphological

features examined.
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Stomatal diffusion resistance

Stomratal diffusion resistance to water vapour diffusion

per unit leaf area (one surface), r, is given by

d
wlD

( ) sec/cm (1)

S|

where d, w and 1 are the mean depth, width, and length
respectively of the stomatal pore, D is the diffusion
coefficient of water vapour in air and n is the number of
stomata per unit area of leaf (Jarvis et al, 1967). The upper
and lower surfaces of the leaf constitute parallel pathways
for diffusion, the total stomatal resistance (both surfaces),

R, being obtained from

v el B - sec/cm (2)
R r r
u 1

where r, and ry are the stomatal diffusion resistances per
vnit leaf area of the upper and lower surfaces respectively,
calculated from equation (1),

As no measurements of stomatal pore width or depth were
made, pore depth was assumed equal to pore length, and pore
widths were taken from the data of Hofstra and Hesketh (1969 b)
for soybean. The assumed widths were h/u and 8/u for the upper
and lower surfaces respectively for plants grown under the two
HT treatments, and 3m and 7A for plants grown under the LT
treatments.

Total stomatal diffusion resistance, R, was calculated

for water vapour and 002 diffusion for plants grown under each
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treatment, the appropriate values for 1 and n (Table 6-VIII)
being substituted into equation (1), and the resulting values
of r and r, into equation (2)e The values of the diffusion
coefficients of water vapour and CO2 in air were taken as
0.258 and 0,165 cmz/sec respectively after Gale and Poljakoff-

Mayber (1968)c. The values of R obtained are given in Table 6-IX.

Table 6-IX Total stomatal diffusion resistances per cm2
leaf surface (R) for plants grown under the

four treatments,

Resistance sec/cm

Treatment Water vapour CO2

HT/LH 0,17 0.27

HT/HH 0.16 0.25

LT/LH 0.19 0,30

LT/HH 0.15 0.23
DISCUSSION

Boundary layer resistance

The leaf boundary layer resistance may be reduced by leaf
flutter (Heath, 1969) and becomes negligible at windspeeds in
excess of 89.4 cm/sec (Gates, 1968)., The windspeed across the
plant chamber used in the present experiments was 60 cm/sec and
was sufficient to cause a constant fluttering of the leavese.

It is therefore probable that the boundary layer resistance was

small,
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It would appear unlikely that the leaf hairs had any
significant effect on the magnitude of the boundary layer
resistance, for compared with the stomata their f:icquency
was low, The ratio of the numbers of stomata to numbers
of lesaf hairs per cm2 ranged from 65:1 (HT/LH) to 94:1
(HT/HH) for the upper surface, and from 108:%1 (HT/LH) to
126:1 (LT/HH) for the lower surface of the leaves.
Additionally, as noted by Woolley (1964), the majority of
the hairs were water filled and might therefcre be exypected to
contribute to the non-stomatal component of tramspiration.,

It would therefore appear unlikely that the leaf hairs
had any reducing cffect on the rate of transpiration,

Stommatal diffusion resistance

Minimum values:of stomatal resistance to water vapour
diffusion per unit surface (both sides) of the leaf (R) were
collected frow the literature by Cowan a2nd Milthorpe (1968).
For mesophytic plants R ranged from 0.7 sec/cm for sunflower
to 2.0 sec/cm for bean. Holmgren, Jarvis and Jarvis (1965)
also found suinflower to have an exceptionally low stomatal
diffusion resistance.

The values of R calculated for soybeanlplants grown under

the various treatments (Table 6-IX) are all rather similar,
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and are so much lower than the value given above for sunflower
that it is difficult to regard them as realistic., It is felt

that no useful purpcse would be served in attempting to relate
them to the measured rates of transpiration and photosynthesis

of plants grown under the various treatments.

Although there is no indicaticn that the morphological
features examined were associated with the differences in
rates of photosynthesis and transpiration of the planis under
the various treatments, it is unlikely that these processes
were totally independent of leaf morphology. That no cerreliation
between the morphological features and the rates of photosynthesis
and transpiration can be shown is prowably due to the nature of
the data involved: physiological data from whole plants and
morphnlogical data from a specific leaf.

Nevertheless the morphological data are of value as a partial
definition of the structure of the plants produced under the
various environmental treatments, and it is primarily from this

standpoint that they should be regarded.



CHAPTER 7

CONCLUSTIONS

Conditions of adequate soil water supply

From the measured responses of adeguately watered
soybean plants to the various environmental treatments
(Chapter 3), three poiants of particular interest emerge.

The first and most striking of these, is the
reduction in the rate of photosynthesis under conditions
of lew VPD compared with the rates at high VPD at the
same temperatures, This is attributed, on the basis of
appropriate calculations, to the plants grown under the
low VPD (HH) treatments having a higher mesophyll
registance to 002 transfer than those under the high
VPD (LH) treatments. It would appear that the magnitude
of the mesophyll resistance is, at least in part, a product
of the environmental conditions under which the plants are
grown, but the mechanisms by which environment affects the

mesophyll resistance are not known.
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Previous reports, in which cottcn has been the subject
of investigation (Bierhuizen and Slatyer, 1964; Baker,
1965; Pailas, Michel and Harris, 1967), disagree as to
whether high VPD increcases or decreases the rate of photo-
synthesis, but none of the above authors showed any large
change in the rate of photosynthesis for a VPD dirfference
of 6.2 to 6.8 mb (the between-treatment differences in the
present investigation). The present report is believed to
be the first to show effects of VPD on the rate of pnoto-
synthesis comparable in magnitude with those normally
associated with fairly substantial changes in teunperature.

Secondly, whilst temperature had no significant effect
on the rates of transpiration of plants under the two HH
treatments, there was a significant difference between the
transpiration rates of plants under the HT/LH and LT/LH
treatments, the latter having the lower rates. This is
attributed to the effects of temperature and the viscosity
of water on the rate of water uptake by the roots. Low
temperature reduces the permeability of the root to water
and increases water viscosity (Kramer, 1969), and it is
suggested that under LT/LH ccnditions water uptake was
limited by these effects. This probably resulted in a lower-

ing of leaf water potential and a certain degree of stomatal
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closure (Cowan, 1965), as these plants were unable to
meet the transviration demand. Under HH conditions the
cffect of temperature was not apparent as the flux of
water through the soil-plant-atmosphere system was lower
than under LH conditions, and water uptake waz probably
svfficient to satisfy the transpiration demand. It would
therefore appear that before the limiting effects of temper-
ature are manifested the flux of water must exceed a
certain value. The values of boundary layer plus stomatal
resistances to water vapour diffusion (ra + rs) were
calculated for plants under each treatment, and showed
that plants under the LT/LH treatment did have a higher
(ra + rs) than the HT/LH plants. Because the boundary
layer resistance (ra) was probably smzll and similar in
magnitude for plants under all four treatments, it is thought
that between-treatment differences in (ra + rs) are mainly
attributable to differences in re Apart from this effect
of temperature at high VPD, the rates of transpiration of
plants under the various treatments appeared to be mainly
determined by VPD. This is basically in agreement with the
conclusions of Rufelt, Jarvis and Jarvis (1963},

The third point of interest arising from the responses
of adequately watered plants to their atmospheric environment

concerns the relationship between the mean maximum rates of



photosynthesis and transpiration. V¥hen plotted against

each other (Fig. 3-3) the points for three of the treat-
ments fall close to a straight line, but the point for the
HT/HH treatment lies well away from the line in the direction
of a Higher phctosynthesis:transpiration ratio. The plants
under the other three treatments had similar photosynthesis:

transpiration ratios,.

Water stress conditioas

When water stress was imposed (Chapter 4) the decline
in transpiration paralleled the decline in photosynthesis
under all the environmertal conditions used, thereby
suggesting that the two processes were subject to a common
countrolling mechanism. From considerations cf the nature of
the processes of photosynthesis and transpiration it is
suggested that this common mechanism was stomatal aperture
and its corollary, stomatal diffusion resistance. Plotting
the rates of photosynthesis and transpiration at various
levels cf water stress against each other (Fig. 4-4), showed
that the HT/HH plants maintained a higher rate of photosynthesis
per unit rate of transpiration whilst under water stress. Thus
the factors responsible for the higher photosynthesis:transpiration
ratio in these plants under conditions of adequate water supply

continued to be effective under conditions of water stress,
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Under all treatments the rates of photosynthesis and
transpiration started to decline rapidly at a soil moisture
tension of 0.2 atmes It is suggested that this decline was
brought about by the onset of stomatal closure: as the
rates declined RW(C was observed to fall also. Shaw and
Laing (1965) reported that the stomata of field-grown soybeans
started to close in response to water stress at a leaf RWC of
89%, and there is mounting evidence that under water stress
conditions the stomata are of prime importance in regulating
the rates of gaseous ecxchange (e.g. Brix, 1962; RBarrs, 1968;
Troughton, 1969). When the relative rates of transpiration
and photosynthesis between 0.2 and O.4 atm. soil moisture
tension are considered (Figs. 4-7 and 4-8) it is apparent
that these were reduced less under the HH treatments than
unaer the LH treatments at any given tension in this range.
Denmead and Shaw (1962) reported qualitatively similar
results for corn plants under field conditions. This effect
is probably due to the rate of water movement into the root
zone being sufficiently rapid to satisfy the demand made by
plants transpiring at a low rate but not of plants transpiring
more rapidly. Macklon and Weatherley (1965) also found that
plant water deficits may originate in the failure of the root
.zone to become sufficiently rapidly re-wetted by water moving
in from the surrounding soil mass.,

Thus between 0.2 and O.4 atm. soil moisture tension the

rates of transpiration and photosynthesis appear to have been
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determined by environmental and plant factors and also by
soil moisture characteristics.,.

At about O.4 atm. soil moisture tension the actual
rates of photosynthesis and transpiration of plants under
all four trectmerits were reduced to a very similar level
and thus became independent of the atmospheric environment.
It is suggested that this was the result of the rate of
water uptake being limited by the rate of water movement
into the root zone from the surrounding soil, and thus the
maximum rate of transviration was limited. This upper limit
to the rate of transpiration corresponded to a rate of
0.5 gm water/dmz/hr. Increase in soil moisture tension
above O.4 atm. resulted in a further decline in the rates
of photusynthesis and transpiration and in the level of
leaf RWC, but the rate of decline was much less than between
0.2 and O.4 atm. soil moisture tension.

It mey be thought that the similarity of the transpiration
rates of plants under all four treatments at soil moisture
tensions above O.4 atm. could be due to cuticular transpiration
alone, the stomata being closed, rather than to a limiting
effect of soil moisture conductivity on the rate of water
uptakes This is not considered to be a likely explanation,

. for the mean night-time transpiration rates (Chapter 3) were

considerably higher for plants under the two LT treatments
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(0,21 gm/dmz/hr for both LH and HH treatments) than for
plants under the HT/LH (0.C8 gm/dmz/hr) and HT/HH

(0.13 gm/dmz/hr) treatments, the VPD in all cases teing

very similar (2.0 to 2.5 mb). Assuming that the stomata

were completely closed during the dark period these results
imply that the cvuticular resistance to water vapour diffusion
wagd higher in the HT plants than in the LT plants., If the
stomata were completely closed during the light period as a
result of water stress, higher rates of cuticular transpiration
would be expected from the LH than from the HH plants at each
temperature, and this was not the case. It would therefore
appear that transpiration rate was limited by the rate of
water uptake from the soil.

It is thus possible to divide the response of soybean
plants to increasing water stress under the conditions used
in this investigation into three stages which may be
characterised as follows:

Stage I: High soil moisture content and soil moisture
tension below 0.2 atm. Rates of transpiration
and photosynthesis are independent of soil
moisture tension and determined by plant and
atmoepheric factors. Leaf RWC generally

remains ahove 90%.,
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Stage II: Soil moisture tension between 0.2 and O.4 atm,
Water uptake from the soil is reduced and water
loss exceeds water absorption. Water deficits
thus develop (RWC falls) and the stomatz start
to close, thus reducing, in parallel, the rates
of transpiration and photosynthesis. Atmospheric,
plant and soil moisture characteristics all
influence the rates of photosynthesis and

transpiration, and the level of RWC.

Stage I1I1: Soil moisture tension above O.4 atm. The rate of
water uptake is limited chiefly by the rate at
which water moves into the root zone. This
imposes an upper limit on the rate at which
plants may transpire, and transpiration and
photosynthetic rates become independent of the

atmospheric conditions.

During 'Stage II' of stress development the stomata would
appear to be of considerable importance in regulating the rates
of photosynthesis and transpiration. It is suggested that
stomatal aperture is at least partially regulated by leaf
. turgor and RWC and that turgor and RWC are directly influenced
by the balance between transpiration rate and the rate of supply
of water to the leaf. Stomatal closure, brought about by loss

of turgor (Meidner and Mansfield, 1968), affects the rates of
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photosynthesis and transpiration proportionately as
evidenced by the linear relationship between these
processes at soil moisture tensions between O and Q0.4 atm.
(Fige 4-4) and by the 1:1 correspondence between the
relative rates al various levels of RWC (Fig. 4-12).

At soil moisture tensions above O.4 atm. the rates
of photosynthesis and transpiration may well be determined
by separate mechanisms. Photosynthesis tended to decline
more rapidly than transpiration (Fig. A7-1), and there is
some evidence to suggest that transpiration might continue
after the rate of photosynthesis had fallen to zero (compare
Figs. 4-1C and 4-11). It is possible that at low levels of
leaf hydration (low RWC) there is a direct effect of
dehydratisn on the biochemical components of the photosynthetic

mechanism,

Relief of water stress

When stress was relieved by rewatering photosynthesis
and transpiration recovered simultaneously and, under HT/LH
conditions, to a very similar extent (Chapter 5). The degree
of recovery was inversely proportional to the soil moisture
tension at the time of rewatering, and as leaf water
.potential falls in response to increase in soil moisture
tension it is suggested that this relationship could be due
to an effect of leaf water potential on some aspect of guard

cell mechanism. Thus the lower the leaf water potential the
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greater the resulting impairment of stomatal functioning
and the lower the degree of recovery of the rates of photo-
synthesis and transpiratien. It must be emphasised that
this is hypothesis, for there was no direct evidence of an
effect of leaf water potential on guard cell functioning.
The hypothesis does however, complement the suggesticns and

observations of Fischer (1967) and Allaway and Mansfield (1970).

The'three stages of stress' as a general phenomenon

Although the soil moisture tensions at which one 'stage'
of the process of water stress development succeeds the former
~are specific to the combinations of soil type, plant species
and environmental conditions used in this study, there are
grounds for thinking that the three stages identified above
may be of general application.

'Stage I' is the situvation in which soil moisture content
is high, soil moisture tension low, and the rates of transpira-
tion and photosynthesis not limited by soil water availability.
Under these conditions the rates of transpiration and photo-
synthesis are determined primarily by plant and environmental
factors.,

'Stage II' commences when the rate of transpiration exceeds
the rate of water uptake due to the failure of the soil around

.the roots to become rewetted sufficiently rapidly to allow the
original rate of absorption to be maintained. Plant water
deficits develop, the stomata start to close and the rates of

photosynthesis and transpiration are reduced. This stage of
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the process is frequently reportcd (e.g. Weatherley, 1951;
Brix, 1962; Cowan, 1965).

As the soil moisture content decreases still further
so0il moisture conductivity also decreases (Gardner, 1965),
and it is suggested that ultimately a point is reached at
which the conductivity of the soil is so lcw that transpi-
ration is limited almost entirely by the rate of supply of
water to the roots ('Stage III')., At this point transpi-
ration ceases to be related to the atmospheric conditions
(cf. Vznuzdaev, 1968). Even if the stomata are completely
closed at this stage it is conceivable that under certain
conditions (e.g. high VPD) non-stomatal transpiration could
be similarly limited by the rate of supply cf water to the

roots,

Critique of Idso's water stress theory

Idso (1968), in a theoretical analysis of the effects
of water stress on plants, proposed that '"two essentially
independently induced and independently acting water stresses
operate upon the plant processes of photosynthesis and
transpiration®, and based this on the supposition that whereas
transpiration is determined by the difference in water
" potential between the water in the leaves and the atmosphere,
photosynthesis is dependent on the water potential in the

vicinity of the chloroplasts and is therefore almost totally
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dependent on the soil moisture status. His analysis
however, does not consider the effect of stomatal
resistance on gaseous exchange and implicitly assumes

that no changes take place in stomatal aperture as the
soil moisture tension increases, With increase in soil
moisture tension leaf water potential falls, thus main-
taining the water potential gradient between soil and lezaf
which is essential to the continued movement of water
through the soil-plant system. As water potential decreases
leaf turgor falls, and turgor changes are fundamentally
involved in the regulation of stomatal aperture (Meidner

" and Mansfield, 1968). As turgor falls the stomata tend

to close, and it is not therefore possible to conclude with
any justification (as did Idso) that transvpiration is 9C%
independent of the soil moisture status. Eecause stomatal
resistance is a major determining factor in the rates of
photosynthesis and transpiration (e.g. Holmgren, Jarvis and
Jarvis, 1965; Whiteman and Koller, 1967; Troughton, 1969),
and is affected by leaf turgor, the evidence would appear
to point to a single stress rather than to two essentially
different stresses, at least until the point is reached at
which transpiration becomes independent of the atmospheric
environment. As suggested above, photosynthesis may at this
point be directly affected by the level of leaf hydration,
and thereafter two independent stresses may indeed te

operating. Under conditions of low evaporative demand the
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rate of transpiration may be unaffected until quite high
values of soil moisture tension are reached (Denmead and
Shaw, 1962), but it is arguable if, under these circumstances,
the plant can be regarded as being subject to water stress
until the rate of transpiration starts to decline, and

Idso's thesis is concerned with water stress situations.

Further ccnsiderations

It will be apparent to the reader that certain aspects
of the results obtained in this investigation require
further study if a full understanding of the interrelation-
ships between plant, environment and water stress (both soil
and atmospheric) is to be achieved. So far as the environ-
mental conditions used in this investigation are concerned,
it is of interest to note that the .T/LH treatment
approximated average midsummer conditions of temperature and
VPD in I)linois (U.S. Department of Commerce %Yeather Bureau,
1959), one of the world!'s major centres of soybean production,
and that the LT/LH treatment similarly approximated conditions
in the north-east of the North Island of New Zealand (N.Z.
Meteorological Service, 1966), an area considered for
soybean production,

The possible combinations of environmental faciors (e.g.
-air and soil temperature, VPD, light intensity and coil type)
under which plants may become subject to water stress are
almost infinite, and the range of conditions empioyed in this

study covers only a very small proportion of these combinations.



186,

Within this limited environmental framework a number of plant
responses were confined to one treatment only, for example

the higher photosynthesis:transpiration ratio of the KT/HH
rlants and the effect of temperature on the transpiration rate
of the LT/LH plants when soil water was plentiful. The
*threshold' conditions for the manifestation of these effects
are at present unknown. There is ccnsequently little
justification for attempting to predict, on the basis of the
results obtained, the responses of soybean plants to other
combinations of environmental factors. In conclusion therefore,
the following of many possible suggsstions for further work in
this field are offered.

Differences in the rates of photosynthesis of soybean
plants under the various treatments appeared to be largely
attributable to differences in the mesophyll resistance (ré).
What are the mechanisms by which the environment affects ré?
How constant is the value of ré in the face of changing
environmental conditions? (Troughton and Slatyer (1969) found
that the ré of leaves of cotton plants was independent of
temperature over a 20°C range; Bierhuizen and Slatyer (1964)
that ré decrcased with increasing light intensity). How is r&
affected bty water stress, in particular, is there a sudden
inc;ease in its value at the point at which water uptake
becomes limited by soil moisture conductivity? (Troughton (1969)
found that the ré was unaffected by decrease in RWC in cotton

leaves until RWC fell to 75%. Thereafter further decrease in RWC
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was accompanied by an increase in ré).

To what extent are RWC-leaf water potential relationships
modified by environmental conditions, how sensitive is tie
relationship to small differences of temperature and VPD, and
do differences in the relationship affect the sensitivity of
the stomata to water stress? (Results of Jarvis and Jarvis
(1963b) indicate that the answer to the last question may be
in the affirmative).

The results obtained in this investigation suggest that
under some circumstances damage to the root system may result
from periods of water stress and that subsequently the ability
of the roots to take up water from the soil is reduced. Information
on the state (both physiological and anatomical) of roots and root
hairs before and after stress would be of interest. Further
information is also needed on the post-rewatering responses of
stomata, and the effects of water deficits on guard cell
metabolism,

Again some of the results suggest that there may be 'threshold’
values of some factors which must be exceeded before certain effects
are apparent. (Reference was made to these earlier in this chapter).
What are these threshold values (if any) and what aspects of plant
functioning do they affect?

| In order to resolve these problems more fully, facilities for
the measurement of leaf water potential and stomatal diffusion

resistances are required. The former can be measured with the
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thermocouple psychrometer and stomatal resistances with
diffusion porometers (e.g. Kanemasu, Thurtell and Tanner,
1969). Measurement of 002 exchange and transpiration rates,
in association with measurements of leaf water potential,

RWC and stomatal resistances, are probably best made in
single-leaf assimilation chambers. Rates can then be related
to a precisely known area of leaf surface and the problem of
averaging rates over the whole plant is avoided. Additionally
such chambers permit evaluation of the 002 compensation point
which must be known if accurate determinations of the
resistances to 002 transfer are to be achieved.

Regarding the conditions under which such experiments
should be carried out, the following recommendations are made.,
Firstly, it would be preferable to use a soil or potting mixture
with a less inflected soil moisture characteristic curve than
wae used in this study. This would result in a rather more
gradual imposition of plant water stress which would allow
closer definition of the processes involved in stress develop-
ment. In the experiments reported here, stress developed very
rapidly after the soil moisture tension reached 0.2 atm. Secondly,
it is desirable that as wide a range of environmental conditions
as possible be employed. In this connection it would seem
profitable to start with a range of VPD's at temperatures
similar to those used in this investigation, for VPD appears to
have a considerable influence on the mescphyll resistance to 002

transfer as well as on the rate of transpiration.
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It is not suggested that the successful completion of
the work outlined above will complete our knowledge of the
processes involved in the effects and development of water
stress in plants: it will merely bring that state a little
closer. In the process it will be surprising if, as in this
investigation, the number of new questions raised does not

equal, or exceea, the number of questions answered,
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APPENDIX 1

PRELIMINARY TESTS WITH VARIOUS PCTTING MIXTURES

A number of preliminary triale were carried out to determine
a suitable potting medium for the experiments on water stress and
its effect on 002 exchange and transpiration. In the course of
these trials (in which perennial ryegrass, white clover and
tomato plants were used) it was found that a hard surface crust
formed when the potting medium was soil or any combiration of
soil and pumice or soil and peat. The crust formed three or four
days after transplanting the seedlings into the pots, and
subsequently the plants made very poor growth, tomato being
particularly severely affected. Such eflects did not occur when
a 1:1 (by volume) pumice-peat mixture was used and all species
grew vigorously in this medium,

The continued availability of the soil (Manawatu silt loam)
could not be guaranteed, and its initial nutrient status was an
unknown, and possibly variable, quantity. Hence it was decided
that the 1:1 pumice-peat mixture, of very low initial nutrient
status, and in which plants had shown good growth with added
nutrient solution, would be satisfactory.

The soil moisture characteristic curve for this mixture (Fig.
A1-1) was determined by Mr. M.W. Gradwell (Soil Bureau, D.S.I.R.,
Lower Hutt) to whom I make grateful acknowledgement. Each point
on the curve is the mean of three or four determinations. The
samples used in these determinations Qere of the same density as

the mixture in the pots used in the experiments,



Figure A1-1
So0il moisture characteristic curve for

the 1:1 pumice-peat mixture,
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APPENDIX 2

EVOLUTION OF CO2 AND EVAPORATION OF WATER

FROM POTGS

The plant chamber of the CO2 exchange-transpiration
measuring equipment (Chapter 2, section IV) could be separated
into root and shoot compartments with a metal plate, a hole
in which accommodated the plant stem. The space between the
plate and the stem could be sealed with silicone rubber to
effect a gas-tight seal between the two compartments. Measure-
ment of transpiration with *the transpiration balance requires
that the pot be free to move vertically. Complete separation
of the pot and the stem and leaves of the plant was therefore
impossible in the present experiments, and it was necessary
to determine the quantity of 002 evolved, and the amount of
water that evaporated, from the pot in unit time under various
almospheric and soil water stress conditions.

Water was withheld from soybean plants in the growth
cabinet for periods ranging from one to ten days. The plant
stems were then cut just above the level of the soil surface and
the stumps covered with vaseline to prevent CO2 evolution there-
from. The so0il surface was then covered with a sheet of wax-
backed aluminium foil to retard evaporation (see Chapter 2,

section III for details).



made

ment.,

194,

Measurements of CO2 evolution and evaporation were
using the CO2 exchange-transpiration measuring equip-

Each pot remained in the plant chamber for at least

three hours and the rean hourly rates were calcuvlated in the

same

way as plant CO, exchange and transpiration rates (see

2

Chapter 2, section VI).

moist

(i) CO, eveivtion
The results (Table A2-I) showed that temperature and soil

ure stress had no consistent effect on the rate of 002

evolution from the pots.

Table A2-I Rates of CO2 evolution (mg COz/hr) from pots
at various temperatures and degrees of soil

moisture stress,

Days With9ut Air temperature N

water (soil

moisture stress) 15 175 20 22.5 2745
0 5.0 - 97" - 8.3
1 5.8 - By - -
2 - - 3.9 - -
3 S5 2.9 b.9 5.7 -
4 5.7 3.8 b5 . 6.8
5 - 1.4 - 3.4 3.5
6 - - 3.9 - -
7 7 - - 2.7 -
8 - - = - =
2 L3 - - - 10,2
10 4,5 " - = =

* Additicnal measurements under these conditions gave

rates of 6.0, 9.1 and 10.0 mg COZ/hr.
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Because of the lack of consistency of these results the
original aim of obtaining correction values for 002 evolution
at various iemperatures and soil water stress levels vwas
abandoned, and the mean of the above results (5.25 + Q.i4k
mg COZ/hr) taken as the correction factor for all conditions.
Fcr the purposes of the CO2 exchange rate calculations this
was simplified to 5.0 mg C02/hr.

Similar determinations of 002 evolution from pots contain-
ing soybean roots in a pumice-peat mixture were made by Miss J.
Rowley (pers. comm.). She found rates ranging from 2.3 to 6.3
mg COZ/hr at air temperatures between 26 and 28°C, and similar
wide variations in rate at other temperatures.

The error introduczd into the final results by the use of
a single ‘'all-conditions' correction factor was small as the
correction factor was added to the total photosynthetic rate
(or subtracted from the total respiration rate) before the rate

per unit area of leaf was calculated.

(ii) Evaporation of water from pots

The wax-backed aluminium foil pot covers provided a very
effective barrier to'evaporation from the soil surface for no
weight loss was recorded in any of the tests. No correction
for evaporation was thercfore necessary and all weight loss from

the pot and plant was attributed to transpiration.
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APPENDIX 3

MEASUREMENT OF PLANT WATER STRESS

a)e Relative water content

Plant water stress was estimated by the relative water
content (RWC) technique of Barrs and Weatherley {1962).
Discs or segments of leaf tissue floated on distilled water
take uplwater, the pattern of uptake with time being clearly
divided into two phases. The initial, rapid phase of uptake
(phase I) satisfies the water deficit in the tissue: the
second phase (phase II), which is slower and prolonged, was
shown by Barrs and VWeatherley to be associated with growth
of the tissue segments. Phase II does not commence until
phase i is complete, and for accurate determination of RVC
the tissue should be removed from the water at the corclusicn
of phase I, If this is not done, and phase II allowed to
commence, the additional uptake of water results in an under-
estimation of RVC,

The duration of phase I differs among species (e.g.

Pinus taeda 12 hours, Harms and McGregor, 1962; wheat U4 hours,

Yang and de Jong, 1968), and may also vary with the magnitude
'of the water deficit of the tissue (El-Sharkawy and Hesketh,
1964), 1t is therefore necessary to determine the duration
of phase I uptake for any species with which it is intended

to use the technique, and also to ascertein the constancy of
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this duration at various levels of water stress.

Relative water content may also be under-estimated if
there is bulk entry of water through the cut edges of the
discs or segments, an effect known as injection. Before the
technique was judged suitable for usc with soybean leaf
tissue it was therefore necessary to determine the duration
of phase I uptake at various levels of water stress, and to
ascertain that the results were not invalidated by the
occurence of injection,

(1) Duration of phase I uptake

A sharpened cork borer was used to punch discs (each 1.3
cm. diameter) from the leaves of soytean plants that had been
subjected to either a short period of water stress, or had been
ai1lowed to wilt., Care was taken to avoid the inclusion of
large leaf veins in the discs. In each case the discs were
bulked and separated into 10 samples, each of 6 discs. These
were placed in tared, stoppered weighing bottles and the
fresh weights determined. The discs were then floated on
distilled water in a covered petri dish (one sample per dish)
and at intervals were removed, blotted dry with filter paper,
weighed in the original bottles and replaced in the dish. The
weight of the samples at each weighing was expressed as a
fercentage of the original fresh weight, and the means of these

percentage weights plotted against time (Fig. A3-1).



Figure A3-1
Change in fresh weight with time of floating
discs of soybean leaflets.
Fresh weight expressed as a percentage of

the original fresh weighte.
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It is apparent from this figure that phase I (the
initial period of rapid water uptake) was completed within
one hour for both sets of samples, and in all routine
determinations of RWC one hour was therefore adopted as the

time for which the discs werc floated,

(ii) Determination of the presence or absence of injection

If injection does take place through the cut edges of
the discs, small discs having a high circumference:area ratio
will take up proportionately more water (and thus show a
greater relative weight increase) than larger discs. Parallel
samples of discs of two sizes (1.1 and 1.4 cm. diameter) were
punched from the leaves of slightly water-stressed soybean
plants, placed in tared, stoppered weighing bottles and
weighed, The discs were flcated on distilled water in covered
petri dishes for 12 hours, blotted dry and reweighed. The 1%
hour floating period was selected as being in excess of the
phase I period, but not so much so that effects that would
not occur during phase I would become apparent. The percent-
age change in weight of each sample after the floating period

was determined and is given in Table A3-I,
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Table A3-I Percentagc change in fresh weight of discs
of soybean leaf of two sizes, after 13

hours floating on water.

Sample Discs 1.1 cm ciam, Discs 1.4 cm diam.
1 5.68 5.91
2 e 12 6.33
3 6.57 5.06
b 5.97 k.99
5 6.07 5\l
é 273 3.64
7 k.50 3.23
8 3.62 3.3
9 2.58 3. 12
10 2m07 2.48
Mean 4,87 L34

A t-test analysis showed that there was no significant

difference between the two samples (t = 2.567 : = 2.82).

+
“0.02

The RWC technique is thus suitable for use with soybeane.

Both the duration of phase I uptake and the injection
tesfs were repeated, the results being consistent with those

given above,
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b). Water potential

The most flexible tool for the measurement of water
potential is the thermocouple psychrometer, which is suit-
able for use with plant or socil material and requires only
small quantities of the sample. The technique, originally
developed by Spanner (1951). has undergone considerable
development at the hands of other workers, and the under-
lying theory has been discussed by Rawlins (1966) and Peck
(1968, 1969). A search of the literature suggested that a
version of the instrument described by Waister (1963) was
the simplest and probably also the cheapest to construct,
and a similar piece of equipment with minor modifications
was built.

Essentially the apparatus consists of a temperature-
controlled water bath in which are immersed a number of small
air-tight sample chambers. ''he top of each chamber is fitted
with a bung through which passes a fine-wire thermocouple.
After bath and sample chambers have reached thermal equilib-
rium a current is passed through the thermocouple, the junction
of which is thus cooled due to the Peltier effect, and a minute
quantity of water condenses on the junction. The thermocouple
is then switched into a galvanometer circuit, and the e.m.f.
resulting from the cooling of the junction by the evaporation
of the water drop measured. The galvanometer deflection is

related to the relative humidity (which is translatable to
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water potential) of the chamber atmosphere.

Modifications to Waister's design incliuded the use of
two water baths, one inside the other and interconnected by
small holes in the inner bath, to facilitate tcmperature
control. The outer bath, heavily lagged with insulating
material and surrounded by a #ooden box, was controlled to
+ O.5°C by a commercial thermostat-regulated heater-stirrer
(Tempunit)e. The inner bath, cont:iolled to + 0.001°C, was
heated by a 60-watt carbon filament lamp bulb partially
immersed in the water. Stirring was effected both by an
electric stirrer and by the continuous bubbling of air
through a perforated pipe on the floor of the bath.
Temperature was sensed by a mercury contact thermometer
which also activated the current to the carbon filament
lamp. Temperature control was facilitated by running the
outer bath at a slightly lower temperature than the inner
bath, and by maintaining room temperature 3-400 below bath
temperature by means of an air-conditioning unit., Temperature
variation from point to point within the inner bath (in which
the sample chambers were immersed) did not exceed 0.001°C.

The detailed procedures given by Box (1963) were followed
in the calibration of the thermocouple psychrometers., Strips
of filter paper soaked in sodium chloride solutions of known
concentration were used to line the walls of the sample

chambers, thus providing a known relative humidity within
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the chamber. However, regardless of the strength or duration
of the current passed throngh the thermocouples, no steady
output could be obtained from any of the 14 thermocouples
even after 24 hours immersion in the bath. (This exceecds
the acceptable time for attainment of eguilibrium: Waister
(1963) found that after about 16 hours changes occurred in
the sample tissue which ied to a rapid rise in the galvano-
meter output)., Additionally it was found that the signal
from any given thermccouple was erratic and not related to
the relative humidity of the chamber atmosphere.

Following Waister (1963) the sample chambers were of
glass, but Lambert and van Schilfgaarde (1965) suggested
that water could be adsorbed onto the walls of glass or
acrylic sample chambers thus giving rise to considerable
errors, and recommended the use of metal chamberse A number
ol stainless steel chambers, their interiors electrclytically
polished to give the smoothest possible surface, were made
and tested. The results were as erratic and inconsistent as
those obtained with the original glass chambers, Lack of
skilled technical assistance prevented any further

investigation of the problem,
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APPENDIX 4

MEASUREMENT OF LEAF AREA AND DETERMINATION OF
THE LEAF AREA-LEAF DRY WEIGHT RELATIONSHIPS

OF PLANTS GROWN UNDER THE FCUR TREATMENTS

a)es Measurement of leaf area

Because planimeter measurements of leaf area are very
time consuming, a simple accurate method for determining
leaf area that would be acceptable as a routine procedure
was sought.,

Mitchell (1953) found that for perennial ryegrass
leaves the product of length and median width gave a figure
that was sufficiently close to true leaf area to be satisfactory
for comparative purposcs. A similar approach to the problem
was adopted for soybean.

Ten soybean plants that had been grown under LT conditions
in a growth cabinet were selected to give a wide range of leaf
areas, The leaflets were removed from each plant in turn,
and the length (L) and maximum width (W) of each leaflet
measured to the nearest 0.1 cm.=LW for each plant was calcu-
iated. The outline of each leaflet was then drawn on paper,

cut out and weighed. The weight per unit area of the paper



Figure Al-1

Relationship between true leaf area and the
sum of leaflet length and maximum width for

the whole plant (=LW

L] .

(Statistical data in text)e.
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being known, the true leaf arca was thus determined. Very
small or folded leaves were excluded from the analysis,

A plot of LW against true leaf area (Fig. A4-1) showed
that the points fell very clcse to a siraight line. Linear
regression analysis gave the equation

True leaf area = 0.734 LW + 2,48 cm® (1)
The calculated regression line is shown in Fig, A4-1., The
correlation between ZZLW and true leaf area is very high
(r = 0.992) and is highly significant at the 1% level
(po.01 =w @755 e
Leaf area was subsequently determined by this method.

The relationship between =L and true leaf area was found to

hold good for leaves of plants grown under &ll four treatments,

b)e Leaf area - leaf dry weight relationships

From plants grown under each of the four treatments
individuals were selected to give a range of leaf areas. The
total leaf area of each plant was determined as described above
and the cofresponding leaf dry weight was obtained by oven
drying the leaves overnight at 95°C and weighing after a 10
minute cooling period.

Leaf area was plotted against leaf dry weight for each
‘treatment (Fig. A4-2) and the linear regression equations and

correlation coefficients calculated (Table AL-I),



Figure AL-2
Relationships between leaf area and leaf

dry weight of plants grown under the four

treatments.

(Statistical data in Table AL4-I),
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Table AL-I Regression equations and correlaticen
coefficients (r) for the leafl area-leaf
dry weight relationships of plants grown

under the four treatments.

Treatment Leaf area (cm2) given by: r Po,01
HT/LH 269.87 x dry wt, + 21.0 0.97 04590
HT/HH 300,06 x dry wte. + 45.8 0.95 0.590
LT/LH 192.55 x dry wt. + 41.7 0.97 0.623
LT/HH 213,40 x dry wt. - 34,7 0.94 0.606

These relationships werc used to convert leaf dry weight

to leaf area for the plants used in the various experiments.
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APPENDIX 5

CALIBRATION OF THEL COZ-ADDITION SYSTEM

The CO, concentration in the plant CO_ -exchange measur-

2 2

ing equipment was maintained within the predetermined range

by the additiom or extraction of CO depending on whether

21
the plant was photosynthesising or respiring. Addition of
002 was in the form cf pulses of a 002/N2 gas mixture
containing 10 or 20% of C02. The factors determining the
wveight of CO2 in each pulse were the percentage content of

CO, in the gas mixture and the pressure at which the addition

2
was made. For any given gas mixture the former was fixed,

but the addition pressure was controlled by gas pressure
regulators and a constant bleed device. The regulators
permitted the pressure to be accurately determined, and
maintained for as long as required. The constant bleed, from
which gas escaped intc the atmosphere, facilitated the setting
up of the required pressure. The addition system incorporated
a 3-way glass stopcock to which a take-off line was attached,
Pulses of the addition gas were thus diverted for calibration
..rather than passing into the plant chamber system.

The required addition pressure was set up and a glass

tube, fitted with "Quikfit" stopcocks at each end and filled
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with carbosorb, was attached to the take-off line. The CO2
control system was then adjusted to vrovide a continuous
series of addition pulses, and 50-60 such pulses were passed
thrcugh the carbosorb tube. The stopcocks were then closed
and the tube weighed. The tube was then reattached to the
take-off line, the stop cocks cpened, and 100 pulses passed
through. The stopcocks were then closed and the carbosorb
tube reweighed. This process was repeated until a total of
500 or 600 pulses had been absorbed by the carbosorb in
batches of 100 pulses. The tube was then recharged with
fresh carbosorb and the process repeated. The addition
pressure was held constant throughout., (The first batch of
50-60 pulses, which were not included in the pulse calibration
analysis, were found to be necessary to purge the take-off
line and the carbosorb tube of ambient air). The 002 content
of each pulse was then found by plotting the gain in weight
of the carbosorb tube against the number of pulses added.
Additionally, the constancy of the CO2 content per pulse was
checked by calculating the gain in weight for each addition
of 100 pulses., If this was constant, the CO2 content per
rulse was also coustant.

The CO2 addition system was recalibrated regularly. The
gas cylinder containing the C02/N2 mixture was replaced when
the pressure fell to 900 pe.s.i. (original pressure 2000 peSe.i.),

as changes in CO, concentration may occur at low cylinder

2

pressures (Brown and Rosenberg, 1968).
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APPENDIX 6

DISTRIBUTION OF DRY MATTER IN THE PLANT

Soybean plants were grown under HT conditions in a
growth cabinet and a number of individuals of various sizes
selected for harvest,

Each plant was divided into three parts, a) root system,
b) leaves, and c) stem and petioles, and the dry weight of
each part determined,

The dry weights, and the percentage of the tectal dry
weight contributed by each part are given in Table AG-I. The
mean percentage of the total dry weight residing in the leaves
of soybean plants grown under HT conditions is 50.08% which,
for the purposes of calculating changes in leaf dry weight
with time, was simplified to 50%.

A similar experiment under LT conditions showed that
53% of the total plant dry weight resided in the leaves

(Miss J. Rowley, pers. comm).



Distribution of dry matter in soybean

plants grown under HT conditions,.

Table A6-I
Plant Dry weight (gms)
Stem &

No.- Root Petioles Leaves Total
1 1,571 1.125 2.540 5,236
2 1,064 0,84k 1,727 3.635
3 1,172 1,040 2.110 4,322
4 1.289  1.307 2.542 5,138
5 1.391 0,860 1.814 4,065
6 1.973  1.426 2.493 5.892
7 1,066  0.635 1,770 3.471
8 0.859 0.584 1,475 2.918
9 0.959 G.62h4 1.837 3.420

10 0.745  0.433 1,169 2,347

11 0.689 0.456 1,287 2.432

g2 0.666 0,522 1.473 2,661

13 1,046  0.927 2.197 k4.170

14 1.244 0,812 2.114% 4,170

15 1.594 0.9 2.284 4,819

16 0.790 0,566 1.507 2.863

(7 0.860 0.529 1,354 2,743

18 1,081  0.646 1,603 3,330

19 0.681 0.489 1,269 2.439

20 0.730 0,554 1.435 2.719

21 0.747 0,496 1,316 2.559

Means
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Percentage of total dry

weight
Stem &
Root Petioles Leaves
30,00 21,48 48,51
29.27 23,21 47,51
v SO ) 2k, 06 48,82
25.09 25,44 kg L7
k.22 21.16 bh,62
33.48 24,20 L2,31
30,71 18,29 50499
29,4 20,01 50,55
28,04 18,24 Bk A
31,74 18,45 49,81
28.33 18.75 52.92
25.03 19,62 5535
25.08 22,23 52.68
29.83 1947 50,69
33,08 19.53 k7,39
27459 19.77 52.64
31535 19,28 49,36
32,46 19,40 L8.14
27.92 20,05 52.03
26.85 20,37 52477
29.19 19.38 51,43
29.32 20,59 50,08
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APPENDIX 7

DETAIL PLCTS OF FIGURES k4-L4, 4-10 AND L4-11

The figures in this appendix show the individual
points from which the curves in Figs. L4-4, L4-10 and L4-11

were constructed,



Figure A7-1

Detail plots of the relationships given in

Fig. L4-4,

Relationships between the rates of photosynthesis
(mg COz/dmz/hr) and transpiration (gm water/dm2/hr)

for plants under the four {ireatments,
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Tigure A7-2
Detail plots of the relationships given iu

Fig. 4-10.

Relationships between RWC arnd transpiration
rate {(gm water/dmz/hr) for plants under the

four treatments,
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Figure A7-3
Detail plots of the relationships given

Relationships betwecen RVWC and rate of
photosynthesis (mg COZ/dmZ/hr) for plants

under the four treatments,
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