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ABSTRACT 

Although a great deal of research has been carried  

o�t on the e ffe c t s  of water s tress on  plant processes , the  

influence of  environmental c ondi t i ons on plant response to  

wat e r  s t ress has rece ive d comparatively l ittle attention . 

In this  s tudy the rates o f  co2 exchange and transpiration 

and the leaf wat e r  s tatus o f  whole soybeen plants (Glyc i ne 

max ( L . ) Merr . c v .  Meri t )  were measured  under contrasting 

se ts  o f  environmental c ondi t i ons when 

( a ) the plants were maintained under cond i t ions o f  

adequate  s oil  water  supply . 

( b ) wat e r  s tress was impose d by wi thholding wat er and, 

( c ) when wat e r  stress was imposed  and then reli eved 

by rewatering .  

Light intens i ty and quality , atmospheric  co2 c oncantrati on , 

wind  speed  and daylength were all c ons tant ; the between­

treatme nt  variables  were air  temperature and vapour pressure 

defi c i t  ( VPD ). P lant s  were grown under one of four environ­

mental t reatments  in a growth cabinet  and the experiments 

carried out under very s imilar c ondit i ons in a plant chambe r  

w i th fac i l i t ies  for measuring co2 exchange and transpi rati on .  

Deta i ls o f  this e quipment are give n .  



Under  c ondi ti ons of adequa te soil  wa te r  suppl y ra te s  

o f  pho tosyn thesis  were l ower under low VPD than under h i gh 

VPD c ondi ti o ns a t  the same tempera ture . The e f fe c t  was 

p articularly marked at low temperature  (22.5°C). Be tween­

tre a tment di fferenc es in  pho tosyn the tic rate appeared to 

be mainly a ttributable to di fference s  i n  the magni tude o f  

the mesophy ll r e s i s tanc e to co2 trans fer . Transpira ti on 

ra te s  were large ly deter mined by the VPD , plants under high 

VPD tre atments having the higher rate s .  A t  l o w  VPD 

temperature had l i ttle e ffec t  on the rate of tran spira ti on , 

but a t  high VPD plants under low tempera ture had l cwer rate s  

of  transpirati on than plan ts under high temperature (27.5°C). 

Poss ible  mechanisms whereby low temperatures may reduce 

transpirati on u nder condi tions of high  VPD are discusse d .  

When wa te r  s tre ss was imposed  the ra tes of  pho tosynth e s i s  

and transpir ation declined  in  parall e l  under a l l  tre atmen t s  a t  

s o i l  moisture tens ions i n  excess  o f  0.2 a tm.  This sugges te d  

tha t  b o th plan t processes were sub j e c t  to a common c ontrol l i ng 

mechanism , probably s toma tal di ffusi on resistance .  A t  s o i l  

moi s ture tensi ons be low 0.2 a tm .  the rates  o f  pho t osynthe s i s  

and tr �nspirati on were independent o f  the s o i l  moi s ture 

s ta tus . Be twee n  0.2 and 0.4 a tm .  tensi on they appeare d  to be 

de te rmine d by plant, soil  and a tmosphe ri c  fac tors . The relati ve 

ra te s  of  photosynthesis  and transpira ti on were reduc e d  to a 



g r e a t e r  e x t en t  a t  any ten s i on be t w e en 0.2 an d Oo4 a t m.un der  

h i gh VPD than und er low VPD c ond i t i ons . Above 0.4 atm . s o i l  

m o i s t ur e  ten s i on t he rate s  o f  photvsyn the s i s  an1 t ran s p i ra t i on 

b e c ame indep en den t o f  the a t mosph e r i c  c on d i t i ons and i t  i6 

sug ge s t e d  tha t(transpirati on was l i m i t e d  c h i e fly by t h e  r a t e  

o f  m ovement o f  water in t o  t h e  r o o t  zone fr o� the surr oun d ing 

s oil .) (Phot osyn t h e si s  may have been l i m i ted by dir e c t  e f f e c t s  

o f  d e hy dra t i on on the b i ochemi cal compon ents of the pr o c e s s  

a t  t h e se s e v e r e  s tr e s s  l e ve l s .; I t  was thus possibl e  t o  

dis t inguish thr e e  s tage s i n  the devel opment o f  wat er s tr e s s , 

t h e  si gn i fi c an c e  and pos s i b l e  gen eral appl i c a t i on o f  wh i c h  

a r e  d i sc usse d .  

Und er h i gh t e mpera t ur e/ high VPD � on d i t ions the r a t e s  of 

ph o t osyn t h e s i s  an d tran spira t i on r e c over e d  s i mul tan e ou s ly and 

to a very s i m ilar e xt en t  when str e s s  was r e l i e ve d  by rewatering , 

t h e  d e gr e e  o f  r e c overy b e i�g invers e ly propor t i onal t o  the  s o iJ 

m o i s t ur e  tens i on a t  the t i me vf rewaterin g .  P ossible c au s es o f  

t h e  failure o f  the rat e s  o f  photosyn the s i s  and transpira t i on 

t o  r e c over  t o  t he i r  original pre s tr e sse d values are d i s c u s s e d .  

Thes e  r e su l t s  are d i s cuss e d  in r e l a t i on to the fin d ings 

of o ther workers, and sugges t i ons f or fur ther res ear c h  in t h i s  

fi eld made . 
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CHAPTER 1 

INTRODUCTION 

Introduction to the present study 

Since the 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 drou�ht on plant processes. Until 

comparatively recently, almost al1 such experiments we!"e 

carried out in the field or in glasshouses where environ­

mental factors such as lisht, temperature and atmospheric 

water vapour concentration v;ere uncontrolled or uncontroll­

able, and subject to rapid changes. The effects of 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 controlled climate 

facilities, ranging in size from the llphytotron11 to single 

leaf chambers, provided the opportunity �o determine the 

effects of environmental conditions on plant response to 

water stress� This opportunity has not been taken: 



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; 

Babalola1 Boers�a and Youngberg1 1968). The influence of 

environmental factors on plant response to water stress 

remains largely unknown. 

In the few cases where more than one set of environ­

mental conditions fian been employed ( Gavande and Taylor1 

1967; Pallas1 Micfiel and Harris, 1967), the plants ha"re 

been grown under one treatment prior to experiment under 

different environmental regimes. The conditions under which 

plants are grown may affect their photosynthetic c�pacity 

under other conditions ( Hesketh, 1968; Rook, 1969) 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 intenoity ( Ashton, 1956). Results from such 

experiments may reflect only the response of plants grown 

under the original treatment to stress under the experi­

mental conditions. If grown and water stressed under a 

single set of conditiorts the results might well be different. 

Fe": investigators have attempted continuous measurement 

of photosynthesis and transpiration throughout their experi­

mentso Transpiration is easily measured by weighing, 



3. 

provided that _evaporational losses are known and appropriate 

allowances made, but measurement of photosynthesis is more 

difficult. Host present day investigators use infra-red gas 

analysers to measure photosynthesis and arc fa�ed with the 

choice of meaGuring the response of a single plant over 

long periods, or the responses of several plants in sequence, 

each :;;Jlant being measured for a short period. In the t\'10 

investigations involving more than one set of environmental 

conditions cited above, photosynthesis was either �ot 

measured ( Gavande and Taylor, 1967) or measured for short 

periods on a series of plants ( Pallas, et al, �967). In the 

latter only one plant per treatment was measured, each 

measurement being of tv10 minutes duration. 

Such short-period measurement� may provide misleading 

results, for even under constant environmental conditions 

cyclic changes in transpiration and photosynthesis may occur 

( Ehrler, Nakayama and van Bavel, 1965; Cox, 1968; Kriedemann, 

1 96 8 ) ,  and Barrs and Klepper ( 1968) s:1owed that water stress 

could initiate cycling in some species. With a periodic 

sampling system it is conceivable that measurements could be 

made consistently at a particular ph2se of the cycle, thus 

leaJing to over or under estimation of the true average rate. 

Continuous measurement avoids this pitfall. 

In the present investigation the photosynthetic and 

transpiration rates of single plants were measured continuously 

and simultaneously over periods of sP.veral aays. As the plants 

were grown from an early stage under conditions as close as 
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possible to those under whi ch the measurements were ultimately 

made, there is no question of the plants not being fully 

a c climatised to the environmental conditions. £urther, 

disturbance to the plant's environment between :t'emoval rrom 

the growth cabinet and the commencement of the experimental 

period was minimal. 

It is believed that no previous study on plant responses 

to water stress has incorporated as many as four environmental 

treatments (t�e number used in this investigation), or 

involved the continuous and simultaneous measurement of co2 

ex change and transpiration over sever3.l days. 

The aims of this investigation were to determine the 

differen ces, if any, in the response of soybean to water 

stress imposed under contrasting en�.Lronmental conditions ,  

and to a c count for these dif fP.rences. Additionally, the CO� c.. 

ex change and transpiration =esponses 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 rewatering. 

Review of the literature 

Many reviews, of varying degrees of sr-ope, hav0 been 

written concerning the effects of water defi cits on plant 

pro cesses. The earlier work in this field is l�rgely covered 

in the books by Crafts, Currier and Stocking Ci949) and 



Kramer ( 1949) and more re cent work has been reviewed by 

among others, Stocker (1960), Vaadia, Raney and Hagan (1961), 

Gates (196l.J), Hen cl:el ( 1964), Jarvis (1967) and Slaty<::­

( 1967)o 

This is by no means an exhaustive list and does no� 

include tr..e mar!y symposium pro ceedings and arti cles in 

encyclopaedias published during the same period� It is thus 

felt that little poiut would be served by the compilation of 

an exhaustive review of the subject. Instead only the more 

interesting and signifi cant results will be dis cussed in an 

attempt to outline the approa ches that have been used in 

resear ch on plant water stress. 

Res�lts from previous work relevant to other aspe cts 

of this jnvestigation ( effe cts of temperature and vapour 

pressure deficit on rates of photosynthesis a.'1.d trant=pira.tion 

in the absence of water stress, effects of rewatering follow-

ing stress, and the relationships between plant a�atomy and 

physiological pro cesses ) , are reviewed in the introductions 

to t he appropriate chapters. 

At a symposium in St. Louis in 196 1, Kramer (1963) stated: 

11Nany of the results from resear ch on the relationships 

between plant growth, crop yields, and soiJ moisture 

have been inconclusive or even contradictory. This 

probably is be cause attention has been centred on one 



part of the s�il-plant system. Too much emphasis 

has been plac�d on soil water stress and too little 

6n plant water stress and on the reasons why wat�r 

stress reduces plant growth.n 

Arising from the results produced during the first 

half of this century, two schools of thought concerning the 

effects of water stress on plant processes emerged. One 

maintained that between soil field capacity and the permanent 

wi�ting point ( corresponding to c. 15 atm.soil moisture 

tension ) , water was readily available for uptake by the 

plant, and plant pracesses ( photosynthesis, transpiration) 

would not be reduced until the soil moisture tension 

exceeded 15 atm. ( Veihmeyer and Hendrickson, 1927, 19501 

1955) . 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 Wadleigh1 

1952) . Evidence in favour of the former view was provided, 

by Allmendinger1 Kenworthy and Overholser ( 1943) who found 

that glasshouse-grown apple trees showed no reduction in 

apparent photosynthesis until the soil moisture content 

was almost at the permanent wilting point. Similarly, 

Upchurch, Peterson and Hagan ( 1955) and Ashton (1956 ) found 

no reduction i� the photosynthetic rate of ladino clover 

and sugar cane respectively, until the permanent wilting 



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 u ntil 

death of the plauts. 

Contrary evidence indicating a gradual reduction in 

pho�osynthesis 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, some two to 

three days before the soil reached the permane�t wilting 

point, was found by Loustalot ( 1945) . (Surprisingly the 

last paper was cited by Upchurch !i � ( 1955) as providing 

corroborative evidence for their o�� work). Schneider and 

Childers reported that the stomata appeared to be closed 

before wilting was apparent. 

Kramer ( 1963) has criticised the resu lts of Upchurch 

� � ( 1955) and Ashton (1956) on the grounds that the 

chambers in which the tops of the plants in thece experiments 

were enclosed greatly reduced transpiration. The plants 

were thus not subjected to severe water stress until the 

s oil had dried to near the permanent wilting point, and 

would therefore not be expected to exhibit any reduction 

in photosynthesis before this stage. This criticism is 

fully justified, for plant water bal��ce depend& basically 
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upon the relative rates of water loss and w�ter absorption. 

If loss exceeds absorption the plant will become subject to 

a water deficit, but there are two ways in which this 

situation may arise. · If transpiration is �apid because of 

the atmospheric conditions (e.g. high vap�ur pressure 

deficit), the rate of absorption of water lliey be less than 

the water loss, even with a high soil moisture content or 

with plants grown in water culture. (The �d-day wilting 

of plants in the field is frequently att�ibutable to this 

effect). 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 !! � ( 1 955 ) and 

Ashton ( 1956 ) ,  prior to the permanent wilting point �eing 

reached. 

Water deficits may also occur if the quantity of water 

in the soil is such that, regardless of the rate of water 

loss, 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 point, 
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and was b elieved to be a soil characteristi� ( 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 

( Slatyer , 1957, 1967) ) o At this stage, as reported by 

Upc hurch � � {1955) and Ashton ( 19�6) , wilting occurs 

and plant proc esses are reduced.  

Kramer {in the discussion following Vethmeyer and 

Hendrickson, 1955) put forward as a further possible explana­

tion for the results showing no reduction in plant 

processes above the permanent wilting point, the nature o f  

the soil moisture characteristic curve for the soils used 

in these experiments. This curve relates the soil moisture 

content to the soil moisture tension , and in the case of 

the Yolo clay loam used in much o f  Veihmeyer and Hendrickson's 

work shows that soil moisture tension rises very rapidly for 

small reductions in soil moisture c onten·c when the latter 

falls below 20%. In such a soil , having much of its 

available water held at low tensions , there would b e  a very 

rapid transition from a non-stress to a water stress 

situation , and no r eduction in transpiration or photosynthesis 

would be apparent until just before the wilting point . In 

soils in which much of the water is held at tensic�'S greater 

than 1.0 atm . a gradual reduction in transpiration and photo­

synthesis migh.t be expe cted. 



Ari analysis of all experiment s 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 reduc ed by 

t he reduction in soil water content before rewatering t ook 

plac e .  The vie·..-7 that plant response i s  unaffected before 

the wilting point is reached is no longer generally ac c epted,  

i t  b eing realised that ther e  is no simple relationship 

b etween soil moisture t ension and plant processes , but 

rather that the relationship is affected by soil conduc tivity, 

environmental fact ors, root d:i.stribution and the stage of 

development of the plant ( Kozlowski, 1964) . The effe c t s  of 

water stress at different stages of growth of various crop 

species have been comprehensively reviewed by Salt er and 

Goode ( 1967) o 

Kramer's comments, quoted earlier , can be applied to all 

the investigations cit ed above , for in none of t hese were 

measurements of p lant water stress made . One difficulty 

that confronted workers in this field was the lack of 

acc eptable , and accept ed,  me thods for the expression of plant 

water stress. 

Witlrln the period during which soil water stress was the 

main item of interest in assessing plant response to water 

deficit s ,  certain work was done on plant water status . 
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Bril l i ant ( 1 92 4 )  found that phot osynthesis  ceased when  leaf 

water c ontent fell to  50% of its m&ximum value , and Das tur 

( 1 92 5 )  showed a l i near relat i onship be tween photosynthes i s  

a�d l e a f  wate r  content , the exact  nature of whi ch was 

spe ci e s  dependen t . 

Clem�nts  and Kubota ( 1 942 ) rela t e d  the moisture level 

of  the leaf sheaths to the moisture level of  the  remainder  

of  the tops o f  sugar cane plants .  The i r  ori ginal intention 

t o  use this ' mo i s ture i ndex ' as an i ndicator for irriga t i on 

scheduling was frustrate d ,  as i t  was found that by the t i me 

t he sheath moisture level dropped s i gnifi cantly, a drought 

reac t i on had already been triggered ( H . F .  Clements , pers . 

c orem . 1 968 ) . 

Weatherley ( 1 950 1 195 1 ) studied  the leaf water relati ons 

o f  field  grown c ot ton in Uganda , and found that above a c ertain 

c ri t ical soil  moisture c ontent , leaf  relative turgidity ( s e e  

C hapter 2 ,  s e c t i on I I  ( i i i)) was de termined b y  atmospher i c  

fac t ors only , whilst below the c r i t i cal level i t  was c ontrolled 

by b oth atmospheric c ondit ions and soil  moisture . Werner ( 1 954)  

s ubsequently use d Weatherley ' s  relative turgidity techni que with 

a potato crop , and found that whe n  atmcspheric  fac tors led  to  

reduced  transpira t i on there was a rapid  rise  i n  the relat i ve 

turgidi ty o f  the leave s . Slatyer ( 1 955 ) also used  the technique 

on a range of c rops in  Northern Terri tory , Aus tralia , in a study 

of plant intern�l c ontrol over transpiration . Effective internal 

c ontrol ove r  trans pira t i on was re fle c te d  in the maintenance 
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of high relative turgidity and a slow rate of decrease in 

relative t urgidity under arid condit ions . The relative 

turgidity technique has , with c ertain mouifications ( Barrs 

and Weatherley , 1 9 G2) become a. standa:r.d expression of 

plant wat er status , although the te�m relative turgidity 

i s  being replac ed by relative wat er content (RWC).  

A major problem i n  relating plant response t o  soil 

moisture t ension lie s  in the difficulty of !l1eascr·ing soil 

moisture tension in t he root zone . Because plants may 

remove water from the soil surrounding the roots more rapidly 

than water can move into this zone , the moisture content 

and moisture tension of the soil mass n:ot permeated by the 

roots may not be an accura te refle c tion of the moisture 

status in the root-permeated soil (u� rhizosphere ) . No 

method of measuring rhizosphere soil moisture has yet been 

develope d . In an attempt to circumvent this problem many 

workers ( e . g. Slatyer , 1961;  Br ouwer ,  1963; Jarvis and 

Jarvi s ,  1963a; Janes ,  1 968 ) have used osmotic solutions of 

known conc entration in place of s oil, the assump-t-ion b eing 

that plant response to osmotic stress is t he same as to an 

equivalent soil moisture t ension , and that plant roots 

func tion as an ideal osmometer , i . e .  there is no uptake of 

the solut e constituting the osmotic solution. Ther� are 

however , s everal ob j ections to these assumptions . Gingrich 

and Russell ( 1957 ) compared the effects of osmotic stress 

and soil moi sture t ension on the growth of corn I·oot s ,  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 inc1·ea.se in stress in osmotic solutions had no 

effect on root dry weight , wher eas in soil the root dry 

ueight decreased with increasing stress. Those growth 

characteristics that were influenced by stress responded 

linearly to osmotic stress throughout the 0.3 to 12 . 0  atm. 

range , but showed marked deviations from linearity under 

soi l  moistur e  stress.  Gingrich and Russell co1�cluded that 

the water transmission characteristics of the soil were 

responsible for these differenc es. 

Plant roots do not in fac t  function as ideal osmomet ers; 

this is not surprising as mineral r�utrients are absorbed 

by the roots. Consequently some of the substances used as 

osmotic agents have been shown to be absorbed from the 

solution, e . g. mannitol ( Slatyar , 1 961 ) .  Jarvis and Jarvis 

( 1 963a ) b riefly discuss the ob j ections to other osmotic 

agents , inc luding polyethylene glycol (PEG ) of various 

molecular weights. PEG 1500 may not only be absorbe d  by 

the plant, b ut may produce toxic effects ( Macklon and 

Weatherley,  1 965 ) . 

The most serious ob j ection t o  equating osmotic and soil 

wat er stress remains the effect of soil water conduct ivity 

on stress deve lopment . 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 

solution, water or soil. Their conclusions were that water 

deficits in plants originate not from increases in root 

resistance to water uptake, but from the scil water 

conductivity being too low to permit rayid rewetting of 

soil in the rhizosphere during periods of ra.pid transpiration. 

Such rewetting occurs when the rate of transpiration falls, 

subject to the availability of water in the soil outside 

the rhizosphere. 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 diff usion 

pressure deficit) measurements of both plant tissue and soil 

have become routine in many laboratories with the intro�uction 

of the thermocouple psychrometer, 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 p lant 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 



and RWC. 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 species5 and Slatyer (1960) 

found that environmental conditions had no effect on it 

in Acacia aneura. However, later evidance 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), leYel of :i.usertion 

of the leaf (Millar et a}, 1 968) 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 water 

potential from the more easily measured RWC, as was done 

by Ehlig and Gardner ( 1 96L�) . Nevertheless 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 Jarvic 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 correlated wj.th poor 

growth at low. levels of moisture stress. 

As soil moisture content and soil water potential 

decrease, the leaf water potential must also decrease to 



maintain the water potential gradient between leaf and soil 

necessary for water movement through the plant to take place .  

A decrease i n  leaf water potential i s  associated with a fall 

in leaf turgor; loss of turgor in the guard cells leads to 

stomatal closure (Heath , 1938) and to reduction in transpi­

ration and photosynthesis. The le�.f water potential at 

which this oc ct�s depends not or-ly on the rel�tionship between 

stomatal aperture and guard c ell turgidity , but also on the 

leaf turgidity - water potential re lationship . ( Jarvis , 1963) . 

Brix ( 1 962 ) showed that und er 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 and water vapour. WhilGt 

transpiration is normally regarded as being basically controlled 

by stomatal r esistance, except under conditions of still air 

(Bange , 1 953), co2 diffunion is also limited by a mesophyll 

resistanc e ( Gaastra , 1 959 ) associated with the liquid rhase 

diffusion of co2 from the mesophyll c ell wall surfac es to the 

chloroplasts. Bierhuizen and Slatyer ( 1964 ) considered that 

under non water stressed conditions the mesophyll resistance 

was t he most dominant factor in co2 transfer in cotton leaves ,  

but later reports from Slatyer1s laboratory ( Troughton, 1 969; 

Troughton and Slatyer ,  1969 ) show that the stomata are of 

primary significanc e  in controlling co2 exchange in water 

stressed cotton plants and suggest that me sophyll resistance 

is  not affected by wat er stress until the leaf RWC has fallen 

to 75%. The contribution of the.m esophyll resistance to 

reduction o f  photo synthetic rate ��d�r stress is therefore 
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uncertain. 

Non-stomatal control of traaspiration, proposed by 

Livingston and Brown (1912) and supported by Knight (1Q17)1 

now appears to be unlikely. Subsequent repeat of the 

experiments (Gregory et al, 1950) failed to confirm the 

crucial aspects of the original finding s. Slatyer (1966 ) 

made an analysis in physical terms of the mechanisms 

p1·oposed 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 effects. Proceeding from the 

obser·vation that photosydthesis 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 and action. However 

the theory is limited in its application to a comparatively 
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narrow range of conditions. Denmead and Shaw ( 1962) showed 

that t:i:anspir3.tion 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 

rhizosphere is �ufficient to maintain the rate of absorption 

by the roots. 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 cannot9 therefore, be regarded as a 

definitive statement of the nature of plant water str.ess, 

especially in the absence of information on the effects of 

water stress under various enviro�ental 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 environm�n·�al 

treatments, were determined. The three series were 

briefly: 

(i) in which the plants �ere supplied with 

adequate 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 rewatering. 

This chapter contains details of procedures common 

to all the above experi�entsa Techniques or procedur&s 

used in individual cases are described in the chapter 

dealing with the particular experimental series. 



I o  OUTLINE OF EXPERI}ffiNTAL DES IGN 

Soybean (Glycine max (�)MeT. cv.  Merit ) plants were grown 

from seed in 5''  plastic pots . One se ed was sown in each pot 

in a 1 : 1  pumice-peat mixture which had been sele cted as a 

suit able potting medium after preliminary �xperiments ( see 

Appe ndix 1 ) .  Germination and initial growth of the seedlings 

took place in a heated glasshouse. Water and Hoagland ' s  

nutrient solution were given o c casionally . 

Be fore the first true leaf was fully develo�ed the plants 

were transferred to a growth cabinet where they WEre grown 

u�der one of four sets of environmental conditi ons ( see 

section II ) . Whilst in the growth cabinet each plant received 

50mls of HouglandS nutrient solution twice daily . The plants 

were examined frequently and those showing excessive, reduced 

or abnormal growth were discarned . Plants having at least 

three fully expanded leaves were selected for the experiments. 

The experiments were carried out ln the plant chamber 

of the co2 exchange-transpiration measuring equipment ( see 

sec t ion IV) which was separate from the growth cabinet and 

possessed its own environmental control facilities . In the 

plant c hamber the plant was sub jec ted to conditions very 

similar to those experienced in the growth cabinet . Measure­

ment s  of co2 exchange, transpiration and wat er stress were 

made on single plant s whi c h  were harvested after the experiment 

( see sec tion V (vi ) ) . There were at least four replicates of 

each experiment o  
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II. CONDI TI ONS I N  THE GRO�TH CA B I NET AND PLA NT CHAMBER 

For eac h  t r e a t m e n t  c ond i t i ons in the growth cabine t and 

in the plant chamb e r  were as simi lar as possible (Table 2-I ) .  

Table 2-I. Condit ions in t�e growth cabine t and plant 

chamber foi' each of the four sets o f  

en�ironmental treatments .  

Treat- Cabine t  & Chamber Cabinet Chamber ·Cabine t & 
ment 

HT/LH* 

RT/HH 

LT/LH 

LT/HR 

* High 

Day 0 t emP . C * Night t emp. °C Day RH% Da;'{ RH% 

27 . 5  22 . 5  60 68 

27 . 5  22 . 5  Bo 85 

22 . 5  17 . 5  50 55 

22 . 5  1 7 . 5  80 80 

( day ) temperature . low ( day ) relative h�idity ,  . 

Night 

90 

90 

90 

90 

etc • 

Daylength �as 1 2  hours in both growth cabinet anu plant 

chamber for all treatment s .  The day time relative humidities 

in the plant chamber c orrespond to  equal values of yapour 

pressure deficit ( saturated vapour pr essure of the air minus 

the ac tual vapour pressure at the same temperature ) for the 

two LH and the two HH treatments . The ac tual vapour pressure 

deficit ( VPD ) for each treatment was : 

RT/LH 

LT/LH 

HT/HH 

LT/HH 

1 1 .7 mb 

1 2 . 2  mb 

5 .5 mb 

5 . 4  mb 

( 8 . 78 mm Hg) 

( 9 . 15 mm Rg) 

{ 4 . 1 3 mm Rg) 

{ 4 . 05 mm Hg) 

The VPD ' s  for the t wo LH treatments and for the two HR 

treatments were not identifal because very fine adjustments 

Chamber 

RH% 
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to the appropriate c ontrols could not be mad e .  Nevertheles s ,  

the discrepancies ar� small and the conditions obtained are 

re garded as satisfac t ory . Air temperature was always wit hin 

0 0. 1 C of the required t emperature . 

Illumination in the growth cabine t was the same for ::tll 

treatments and was provided by four 700 w mercury vapour lamps 

( Philips HPLR) , two 300 w �ungsten lamps ( Mazda reflector 

floods ) ,  one 1 50 w tungsten lamp ( Atlas E 27/27 refle c t or 

f lood ) and se ven 80 w blue fluorescent lamps ( Philips , type 

1 2622 1 ) .  The s e were s eparated from the growth space by a 

flowing wat er screen and gave a t otal irradiance of 2 2 4 . 5  w m -2 

( as measured with an Eppley pyrannomet er )  o f  which approximately 

173  w m -2 
was in the photosynthetic range ( 400-700 nm) at plant 

level . Illumination in the plant chamber was provided by a 700 

w mercury vapour lamp (Philips HPLR ) and two 'i OO w tungst�n 

4 -2 
lamps ( Philips Comptalux) . The total irradiance was 19 w m 

� 
within th e plant chamb er , o f  which approximat ely 154 w m-e.: was 

in the photosynthetic range . 

Thus a fac torial-type experiment was set up in which the 

e ffect of change in e ither temperatur e  or VPD on co2 exchange 

and transpiration , could be de termined at high or low VPD or 

high or low t emperature respectively". 
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III . PREPARATION OF PLfu�TS IMMEDIATELY PRIOR TO EXPERitlliNT 

At least 24 hour s  before the start of an experiment the 

cotyledons ( if still attached ) and the primary leaves were 

r eMoved from the t est plant wi th a razor blad e .  These leaves 

are much thicker than t he mature trifoliate leaves and the 

primary leaves are a much darker bTeen, suggesting a higher 

chlorophyll content . It was c onsidered that these leaves 

might have photosynthetic and transpiration rates different 

from the mature leaves ,  and that their r et ention might , there­

for e ,  affe ct the r esults obtained .  

At 0800 hours o n  the first day o f  each experiment the plant 

was given 50 mls of Hoagland ' s  nutrien t solution to ensure that 

an adequate soil moisture supply was pre sent initially . Excess 

· nutrient solution was allowed t o  drain from the pot during the 

next hour , during which time the top of  the pot was c overed with 

a sheet of  wax-backe d alumini� foil to prevent evaporation from 

the soil surface .  This sheet was cut to fit closely round the 

stem of the plant and to  overlap the pot e dges by at least 1� 

inches . The tops o f  t he pots had an outward-protruding 

horizontal lip and the sheet was folded down and under this lip 

and se cured with paper c lip s .  The e ffect o f  this covering was 

t o  reduce evaporation t o  a negligible amount ( see App endix 2 ) , 

thus allowing all weight loss from the pot t o  be attribute d  to 

transpiration. 
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Before the plant was transferred from the growth cabinet 

to the plant chamber the environmental conditions required in 

t he chamber were set up and c hecke d .  Plants were transf erred 

from the growth cabinet t o  the chamber at 0900 hours , the t ime 

at which the cabinet phot operiod started. Thus t he trans fer 

from t h e  ��owth cabinet to the chamber was similar in its effect 

on the plant t o  the normal dark-light changeover in the growth 

c abinet ,  and involved minimum exposure of the plant to non­

experimental environmental conditions• Subsequent light periods 

in the plant chamber commenc e d  at 08 1 5  hours . 

IV. EQUIPHENT USED FOR HEASURING C02 EXCHANGE AND TRANSPIRATION 

The equipment use d  in the measurement of C02 exchange and 

transpiration rat es provided ,  automatically , a continuous record 

of thes e  processes . In i t s  basic c oncept the machine is similar to 

that d escribe d  by Koller and Samish ( 1 964 ) 9 but in detail represents 

a significant improvement , for adjustment s to the C02 concentration 

are made automatically and do not require the intervention of the 

operator . Once the required conditions have been set up , the 

machine will operate with minimal att ention for several days . co2 

concentration, maintained within a pre-set rru1ge by the automati c  

addition or extraction o f  co2 , is monitored by a Grubb-Parsons 
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SB 2 infra-red gas analyser ( IRGA) . Transpiration 

is measured directly ,  as gm wat er lost from the plant , 

by a strain gauge transduc er coupled to  a modified beam 

balance located in the plant chamber . The plant p ot 

r e sts on the pan o f  the balance ( hereaft er referred 

t o  as the tranopiration bal&nce ) o  Thus , whilst plant 

co2 exchange is measured by a compensation sy st Gm,  

transpiration is  not . It i s  this f�ature , plus the 

aut omatic regulation of co2 c oncentration that rearks 

the maj or di fferenc e between this model and that o f  

Koller and Samish . 

Basically the machine consists o f  two main s e c tions,  

( i )  the  plant chamb er and t!'P.nspiration balance , 

associated air c onditioning unit and the lamps, 

and ( ii ) the control units  for t emperatur e ,  relative 

humidity and co2 concentration , the IRGA and 

a chart recorder , ( Esterline-Angus , model E1 124E, 

24 channels ) . 

The plant chamber , 1 2 1 1 diameter and 12 11 deep i s  

surrounded by a water j acket and covered with a glass lid . 

The lamps are situat ed 3 ft . above the chamber tcp and a 

flowing-wate r  screen, t o  remove excess heat , lie s immediat ely 

below i t . ( Details of the lamps use d ,  and their outputs ,  

are given i n  Section II o f  this chapter ) . Light from the 

lamps is concentrated into the chamber by a fun�el lined 
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with aluminium foilo Extensive t ests were performed t o  

determine the type o f  f�nnel required t o  given even 

illumination in the chamber . Circular cones were foun d  to 

c onc entrate tha light in r::Lng patt erns , regardles s  of how 

t h e  angles o f  the lamps were a d j uste-d.  A cone of rectangular 

s �ction however , gave even illumination across the c hamber 

t op and wa.s adopted for use in the experima nt s o  Lamp angle 

was not critical with this funnel , but a constant setting 

was maintained .  

Air i s  circ ulated continuously through the plant chamber 

and air conditioning system ( se e  Fig.  2- 1 ) ,  where t emperat ure 

and humidity are regulated . The air s tream is circulat ed by 

a centrifugal fan : the air speed  across the chamb er is c .  

o . 6  m/se c .  In the air conditioner th� air passes over a 

sGries of  co oling c oils which are maintained at the required 

�ew point t emperature for relative humidity (lli1 )  control .  

Aft er being cooled to the dew point teillperature the air is 

reheated to the required dry bulb temperature by a one kilo­

watt heat er directly in the path of the air strea� .  Relative 

h umidity is sensed for recording by a wet and dry bulb thermo­

c ouple syst em immediat ely downstream o f  the plant chamber. 

Thermocouple s ,  re ferenced to a melting ice banks  are located 

.at the inlet and outlet ports of the plant chamber for sensing 

air t emperature . 

The plant chamber is surrounded by a jacket through which 

water is c ontinuously circulated• Chilled water i s  automatically 
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Figure 2-1  

Gas  flow c ircuit diagram of the plant C02 exchange 

and transpira t i on measuring e quipment . 

Air c ondi t i oning uni t .  

co2 scrubbing tower ( HCarbosorb" ) .  

Entr� ports  for calibratio� gases .  

co2 -addit ion pulse take-off  point 
for calibrating pulses .  

Cold  water  condens e r .  

Air  drying tower ( calc ium chlorirle ) .  

"Flo-stat" pressure regulat or . 

Dust filter  

Pump . 
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P!'essure bl e e d .  

Pressure guage . 

Pressure test  entry port 
( Used  for leak de t e c t i on ) . 

Pressure and vacuum rel i e f .  

Rotame ter fl ow gauge . 

S olenoid  valve . 

Valve . ( Used  to  isolate 
vari ous parts  of sys tem  
duri ng leak de t e c t i on process ) .  

4 way , 2 -bank swi tc h .  Selects  
gas s tream from plant chamber or 
calibra t i on gases  for passage to  
IRGA . The two  points marked Z 
are c oinc iden t .  
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added if c ooling is required. 

The control unit s  for relative humidity and air and water 

j acket temperature are slaves to a c entral programme controller. 

The r equire d  conditions for light and dark pe!'iods are set up 

on the programme controller which th�n provides the necessary 

signals to the individual c ontrol units to maintain these 

c onditions . Change- over from light to dark and dark to  light 

c onditions is effected automatically at the required times , 

the c ontrol source being a time clock and relay systemo 

co2 concentration is maintained by an electronic control 

unit which receives its signal from the IRGA. A continuous 

b J.ee d  of  air is taken from the plant chamber air c<mdi tioning 

circui t ,  and after passing thr ough a cold wat er condenser and 

c alcium chloride drying towers to remove all water vapour, is 

passed through the IRGA o The IRGA thus monitors the co2 

conc entration in the system at an:� given t ime with a. time lag 

o f  about l+O secs . require d  for the passage o f  the air stream 

t hrough 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 co2 c onc entration r&nge within which i t  is desired to  

operate is set up on the control unit t and whilst the co2 

concentration in the syst em remains within these li�ts , no 

action is taken by th e control unit.  When the co2 conc entration 

falls below t he . lower point of the set range , co2 is added in 

the form of pulses . of co2 in nitrogen. ( Th e calib�ation o f  
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thes e  pulses is  described in Appendix 5 ) . Addition c ontinues 

until the C02 c oncentration is once again within the operating 

range . The number of  puls e s  added is print ed out by the 

cha1•t recorder . 

Extraction of co2, which o c curs automatically when t he 

concentrat ion riee a  above the upper limit of t he s et range , 

is e ffected  by passing a part o f  the gas stream from the plant 

chamber system through a t ower packed with "Carbosor-b tt or 

ttAscarite "  whic h  removes the co2 o Prior to  passing through 

the t ower the gas stream is drie d by passage through a cold 

wat er c ondenser and a calcium chlorid6 drying tower . These 

pre cautions are t aken mainly to  prolong the life o f  the 

11Car'l.Jo sorbtt• ( Self-JL:ndicating granu."'-t:•s were used and changed 

regularly and fraquently ) .  

Preliminary tests  wer e  mad e  on the e ffectiveness of 

carbosorb in removing co2 from air passed through it . Ambient 

air ( c .  300 ppm co2 ) was passe d  continuously t hrough a tower 

containing 20 gm of carbo sorb and then through the IRGA . It 

was t hen discharged into the atmosphere . After 9 hours the 

IRGA still gave a zero co2 c onc entration r eading. The carbosorb 

tower in t he co2 extraction c ircuit c ontained approximately 

200 gms o f  the material , and there is therefore no doubt that 

all co2 in the air stream passing through it was r emoved. 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 

t he extract ion system was driven by a pump at approximately 

_. 800 ml/miu . The exact rate o f  flow vari ed from one experi­

ment t o  the next , b ut was recorded in each case . The time 

for which the axtraction syst em had b een in operation 

during any given }Jeriod was recorded on the chart as cour.t s ,  

each o f  1 0  seconds duration.  

The t ranspir�tion balance in the plant chamber provided 

a c ontinuous record cf weight loss ( transpiration) from the 

plant . It was c onstr�c t e d  from an Ohaus triple-beam balance 

and a Kyowa strain-gauge t ransducer . The balance beams were 

shortened to allow the unit t o  fit into the confines of  the 

plant c hamb er ,  and the strain-gauge transducer was fixed to  

the  base o f  the balance with its probe at tached to the 

truncated b eam . The signal from the strain-gauge was a�plified 

and fed to  the chart r ecorder where it was printed out . 

Adj ustment of the amplifie d  signal was made so that the change 

in signal c aused by a weight c hange of 1 gm c orresponded to  

one division of  the chart paper . Total transpiration could 

thus b e  read directly from the chart . 

The c hart recorder , a 24 channel c ontinuous operation 

model ,  was used to record not only the information on co2 

·additio n ,  extraction and concent ration, but also leaf 

t empe ratur e , air t emperature , wet bulb depression , water 

jacket t emperature an.d light intensity. ( This last factor 

was measure d  by a small silicon c ell inside the plant chamber . 
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The chart print�out from it was in arbitrary unit s ,  its 

function being to  war·n of  reduced output from the lamps L 

The time requir ed for t he chart r e corder to print out 

all 24 channels was 173 seconds . As there were fewer than 

2 4 it ems of information to be record ed , a number of the 

it ems were rec orded on more than one channel , thus reducing 

the sampling int erval for these items . co2-addition pul se s ,  

C02 extraction c ount s ,  co2 c oncentration and the mini-lysime ter 

output signal were each allotted four channels . They were thus 

sampled and recorded four times per cycle . Air and leaf 

temperatures were sampled twice per cycl e . 

Accuracy o f  control o f  co2 conc entration, air temperature and 

rela t ive humiditX 

co2 c oncentration was c oL�rolled within the range 285-330 

ppm. , i . e .  addition of co2 occurred when the co2 conc entration 

fell b elow 285 ppm; the extrac tion syst em came into operation 

just above , and swit ched off j ust below ,  330 ppm. The hysteresis 

loop in t he extraction system was necessary to prevent very 

short bursts of co2 extraction. Unlike th e Hartmann-Braun 

IRGA • s ,  the Grubb-Parsons model has a distinct and continuous 

tremor in its o utput signale Without the hysteresis effect in 

the extraction system,  very short bursts of extraction could 

have b e en generated.  Att empts to narrow the worldng range of  

co2 concentration l e d  to  "hunting" and the ran ge uaed was the 

narrowest that c ould be obtcine d .  The normal atmospheric C02 
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c oncentration i s  b etween 300 and 3 1 5  ppm. ( Bolin and Keeling, 

1 963 ) 1 and it is t hough t that no significant effe cts on photo­

synthetic rates would be brought about by the small deviations 

from t his level in thes e  experiment s .  No co�rection s for 

changes in co2 concentration in di fferent parts of the syst em 

were nec �ssary as the whole sy stem was cesigned to operate 

c lose to  ambient atmospheric pres sur e .  The maximtm deviation 

ob serv�d during the experiments was 0 . 1 5  cm Hg. 

Air t emperatur e  was always within 0 . 1°C o f the required 

t emperatur e .  

Although relative humidity was c ontrolled by dew point 

depression , the chart r ead-out was in t erms o f  wet bulb 

depression . Control o f  relative humidity was rather better 

at low levels than at hig� . Under the HT/LH and LT/LH 

treatments the wet bulb depression was within 0. 1 °C o f  the 

r equired level ; under the HT/HH and LT/HH treatmento it �as 

within 0 . 25°C .  

V .  EXPERIMENTAL PROCEDURES 

( i )  General c ourse of exneriments .  

After removal from the growth cabinet the plant �as 

placed on the pan of t he transpiration balanc e in the plant 

chamber and thermoc ouple s ,  for the measurement of leaf tempera­

ture , a ttached to the leaves (see  section V ( ii ) ) .  The chamber 

lid was then replaced and secured 0 ru1d measurement of co2 

exchange , transpiration and leaf t emperature proc eened auto­

matically and c ontinuously . The light period in the plant 
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chamber was of  12  hour s  duration, froru 0815  ·to 201 5  hours . 

At chamber midday ( 1 415 hours ) and at the end o f  the light 

period the chamber was opened and the plant t emporarily 

removed to take samples for t he measurement of plant and 

soil wat er str e s s .  As t h e  time required for this process 

was not more than a �nut e ,  disturbance t o  the plant was 

minimal . After sampling the plant was r eplaced in t he chamber ,  

tre thermocouples reat tached , and t he chamber lid secured . The 

sampling at the end o f  the light period was actually carried 

out s li ghtly b efore 2015  hours as initial e xperiments showed 

that opening the chamber t ended to  raise the co2 concent.rat.:.on 

in t he system , t hus bringing into action the co2 extraction 

unit . I f  this occurred after the change to  dark conditions , 

the c ombination of respiring plant and addit ional co2 produc ed 

tco great a l oad for the co2 extraction system ,  and return t o  

the 285-330 ppm co2 range was delayed .  Returning the plant 

to the chamber be fore the change over t o  dark conditions enabled 

the p lant and the extraction system to c ombine in reducing the 

co2 level. 

These procedures were continued for from two to  five days . 

Experiment s run under HT/LH and LT/LH conditions were o f  short er 

duration than those under the other two treatments be�ause plants 

sub j e ct e d  to these conditions transpired more rapidly and s o  

became sub j ect to wat er stress sooner . 

(ii ) Measurement o f  leaf t emperature 

In earlier experiments fine-wire thermocouples were at tached 

to the underside of leaflets with cellotape , but later concentric 
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type thermocouple s t having the junction a t  the tip o f  a single 

wire , were used . The s e  were sufficient ly rigid to retain 

c ontact with the leaf undersurface without c ello tape attachment . 

The thermocouples we1·e referenced to a melting ice bt=�.th 

c ontained in � thermos flask , and leaf t emperature was print ed 

out dire�tly on the chart r e cord. 

( iii ) Measurement of  plant wat er stress 

Plant water stress was measured by the r elative wat er 

conte�t ( RWC ) method o f  Barrs and Weatherley ( 1 962 ) �  At each 

sampling five leaf discs ,  each of 1 . 3 cm diameter • were pu�ched 

at random from the leaves with a sharpened cork borer , placod 

in a tared ,  stoppe r ed weighing bottle and weighe d .  The discs 

were then floated on  distilled water .t.l'. a covered petri dish 

for 1 hour , removed ,  blotted dr:y with filt er paper , and reweighe d 

in thP, same b ottle . Dry we ight was determined after drying the 

discs overnight in an o ven at 95°C .  

Relative water c ontent is given by 

FW DW 

TW DW 
X 1 00 

Where F'W = weight o f  discs at sampling 

TW = weight o f  discs after floating o n  water 

DW = dry weight of discs .  

Relative water content is synonymous wit h  relative turgidit y ,  

but i s  preferred t o  the latter t erm b ecause the technique measur e s  

not turgidity, but water cont ent . Details o f  the p�eliminary 

evaluation of the t echnique are given in Appendix 3 a .  



It was originally intended to measure leaf water 

pot ential as well as RWC . At tempts to do this were 

unsuc cessful ( Appendix 3 b ) o 

( iv ) Me asurerr.ent o f  soil water stress 

Although the plants were grown in a m�xture of pumice 

and peat , and not in a soil ,  it is convenient to refer t o  

this mixture as ' soil ' • 

Soil mois ture cont ent was det erminP.d by removing a small 

sample of th e soil from below the surface ,  weighing it in a 

tared , stoppered weighing bottle and then oven-�rying the 

0 sample overnight at 95 c .  

Soil moisture content ( % )  is given by : 

Lo ss in wei ght on drying 
-------------------- - ----- X 100 

Weight of dry so il 

Soil moistur e  t ension was then obtained by refer ence 

t o  t he soil moisture charac teristic curve . ( Appendix 1 t  

Fig.  A1- 1 ) .  

( v) Measurement o f  re spiration rates 

To enable c alculations of respiration rat es to be made , 

the follo��ng fact ors , which were not print ed out on the 

chart recor d ,  were written on the chart at 2015  hours and 

081 5  hours the following morning; room t amperature , 

atmospheric pressure and the flow rate through the co2 

extraction system. The means of the morning and the previous 

�ight ' s  readings wer� used in the c alculations . (S e e  section VI ) .  
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( vi ) Harve sting of plants at the end of eXP�riment s 

Experiments were normally terminat ed at 20 15  hours ( the end 

o f  the chamber light p eriod ) , exc ept when breakdown of equipment 

or power-cuts dictated otherwiseo  

At  harvest the  usual measurements o f  RWC and soil moisture 

cont ent were made and the plant stem was then cut flush with 

the  soil surface .  The plant was separat e d  into two fractions , 

leaves ,  and st ems and petioles , and the dry weights of these 

0 
par t s  det ermined by drying overnight in an oven at 95 C and 

weighing following a 10  minute cooling period at room t emperature .  

co2 exchange and transpiration rates were calc�lated on a 

leaf area basis , which required the conversion o f  leaf dry �eight 

to leaf aret The r elationship of  the two characters was 

det ermined for plant s grown under each of the four treatments 

and was as follows : 

HT/LH Leaf 269 o 87 D 2 1 .0 
2 . area = X + cm . 

HT/HH lt " 300 o06 D + 45 . 8  
2 

= X cm 

LT/LH 1 1  t t  1 92 . 55 D 4 1 . 7  
2 

= X + cm 

LT/HH " lt 2 13.40 D 34o7 
2 : = X cm 

where D is leaf dry weight in �as . 

The determination of these relationships i s  detaile d  in 

Appendix 4b.  
* . f � . e .  area o the surface enclosed by the drawn outline 

of the leaves . 
VI . CALCULATION OF RESULTS 

Most of the information necessary to calculate '�h e  rates 

o f  co2 exchange and transpiration was print e d  out on the chart 
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r e c ord , and was r ead off accordingly. This was combined with 

other necessary data ( plant leaf dry weight , atmospheric 

pressure etc . )  to c omplet e  the cal0ulations . 

Photosynthesis was recorded as the number of pulse s  o f  a 

co2/N2 gas mixture inj ected into the system in unit tim e . Each 

pulse was recorded on the chart record o ( The calibration o f  

the co2/N2 addition syst em is describe d  in Appendix 5 ). 

Respiration was measured in t erms of the running time , 

during any given time interval, of  the C02 extraction syst em. 

Counts corresponding to  1 0  seconds running time were printed 

on t he chart record , and were c onverted to respiration rat e as 

d e scribed later in this sectiono Transpiration was recorded 

directly as gm water lost from the pot and plant system.  

The light and dark periods o f  each experiment were divided 

iuto 12 one hour p eriods ( 08 15-09 1 5 9  09 15-10 15 hours etc . ) 9 and 

the co2-addition pulse s ,  water loss and co2-extraction t ime 

c oun ts for each p eriod read off .  co2-addition pulses per hour 

were convert ed to  mg co2 added per hour by multiplying by the 

weight of C02 per pulse ( see Appendix 5 ) .  

Because the pot surface was not s eparat ed from the plant 

chamber , co2 evolved from the pot was available for uptake by 

the plant in photosynthe sis , and was additional to C02 evolved 

in respiration . A correction for t his quantity of co2 was made 

on the basi s  of measurements of co2 evolution from th e  pot 

surface when the leaves and stems o f  t he plants had been removed .  

A mean C02 ·evolution rate of 5 mg/hour wa.s found for such 

pots ( see Appendix 2 ) . Consequent�y this figure was add e d  to  the 
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weigh t  of  co2 added · each hour by the co2�addition system t o  give 

total photosynt hesis per hour . In r espiration rate calculations , 

5 mg was subtracted from each calculated hourly respiration rat e 

to  give t otal hourly respiration rat e .  

Hourly respiration rates were calculated from the number o f  

ext�a�ti�n count s per hour as follows . The num�er c f  extraction 

counts in each hour was read off the chart and recorded . Each 

count corresponded to 10 seconds of running time of the extraction 

syst em , hence divimng by 6 and multiplying by the flow rat e ( litres 

per minut e ) through the extraction syst em gives the volume ( litres ) 

o f  air passed in the hour . The weight of co2 
( mg) in t his volume 

o f  air is given by multiplyin g  by 

5 o 9 1 36 X P/'1' 

��ere P = atmospheric pressure in incheG of H g  

T t t ( OK) = room empera ure 

( This relationship is derived as follows : 

Molecular weight of  C02 � 4 4 .005 

At NTP 44.005 gm C02 o c cupies 22 .4 litres 

44.005 X 10 -6 gm/1 1 ppm C02 therefore weighs 
22 .4 

= 

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

1 ppm co2 = 1 . 965 x 1 0-6 x 9 . 1 2 :K f gm/1 
T 

and 330 ppm co2 

= 1 . 792 X 1 0-5 X E. gm/1 
T 

= 1 o 792 X 10-5 X 330 X f 
T 

= 59 1 .36 X 10-5 X E_ gm/1 
T 

= 5 . 9 1 36 x P mg/1 
T' 

gm/1 
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The final calculation is made for 330 ppm C02 because this 

was the mean c onc�ntration at which co2 extraction took pla c e .  

The co2 c ontrol syRtem was such that s etting extraction to o c cur 

at lower C02 conc entrations led to tthunting11 ( i . e .  alternate 

addition and extraction o f  C02 ) , which �ade the calculation of  

C02 exchange rates impossib le ) o 

Because mean values of  flow rat e ,  atmospheric pressure and 

room t emperat ure were applied to the whole 12 hour night period,  

a single correc tion factor derived from 

Flow rate x 5 , 9 1 36 x P 
6 1 T' 

was applied t o  each hour ly extra ction ccunt . This gave total 

co2 absorbed by the extraction syst em per hour . Subtraction of 

the 5 mg/hour pot respiration c orrectioL save t otal plant 

respiration per hour . 

Be�ause o f  the length of time that plants r emained in the 

plant chamber , it was nec essary to  correct for the changes in dry 

weight and leaf area that took plac e . The corrections were based 

on the t otal amounts of C02 assimilated or respired during the 

various light and dark periods of the experiment s .  Each light 

period was divided into two six-hour periods ( hourA ending 09 1 5  

t o  1 4 1 5  and 1 5 1 5  to 20 1 5 ) , and the total C02 assimilated during 

the s e  periods det ermine d .  Each gram o f  co2 is converted in the 

plant into 0 . 682 gm of  carbohydrate (as a working approximation) , 

so that multiplying the t o tal co2 assimilat ed in any given period 

by o . 682 gives the dry weight increase in the pla:at o,•er that 

period.  Howeve r ,  this increase will not be confined to the leaves , 



but will be distribut ed between all parts o f  the plant . To 

obtain an approximation of the distribution pat t ern , plants 

were grown under HT and LT conditions and the dry weights 

of  leave s ,  stems a�d root s determined .  Th �se  were then 

expressed as a p erc entage of the total dry weight o f  t he 

)Jlant o Because p lant chamber c ondit ions were very close 

to the growth cabinet conditions for any given plant , and 

plants were grown in the cabinets for at least two weeks 

prior to experiment , it was assume d t hat the plants wo uld 

be fully acclimatized to their environment and that t he dry 

weight distribution would closely reflec t  the distribution 

of new photosynthate within the plant . Moreover �he  

distribution o f  such photosynthate would b e  the same in 

both cabinet and plant chamber. The dry weight distribution 

tria ls showed that under HT treatments 50% of the total dry 

matter was present in the leaf ; under LT treatments 53%, 'rh e s e  

results were accordingly int erpreted as indicating that 50% o f  

photosynthate would r emain in the leaf under HT conditions ; 

53% under LT conditions . 

be found in Appendix 6 ) . 

( Details of these experiment s will 

Thus multiplying the total dry 

wei ght inc rease for e ach six-hour light period by 0 . 50 or 0 .5 3 ,  

a s  appropriat e ,  gave the leaf dry weight change during that 

period . 

Total leaf dry weight at the time o f  harvest T.as known , 

and by subtracting the leaf dry weight increase for the previous 

six hour s ,  the t otal leaf dry weight at 1 4 1 5  hour s  was 
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det ermined . Subtracting from this the dry wei ght increase 

for the 08 15- 1 4 15 period gave t he dry weight at 0815  h 01.1rs . 

Allowance was made in t he se calculations for the weight of 

tissue r em0ved in samiJ ling for RWC determinations,  the dry 

wei ght of t;he mat erial removed being determined in each case & 

For each six hour light period the mean leaf dry weight 

was determined as 

(leaf dry wei ght at t 1 + leaf dry weight at t2/2 ) 

where t 1 and t2 are 0 8 1 5  hours and 1 4 15 hours for the first 

half of the light period, 1 4 15 hours and 20 1 5  hours for the 

latter half . 

Overni.ght weight c hc..nge due to conversion of carbohydrate 

to co2 was allowed for in a similar manner. Each 1 gm of co2 

liberated from the plant represents 0 . 682 gm carbohydrate broken 

down . It was assumed that the distribution of respiratory 

ac tivity in the plant was also proportional to the distribution 

of photosynthat e ,  an assumption that is support ed by th� result s 

of Weigl, Warrington and Calvin ( 1 95 1 ) .  The possible errors 

resulting from this ass umption are small . Taking, for exanple 9 

a plant under HT/LH conditions that is not suffering from water 

2 stress , with a leaf area of 500 cm and a t o tal C02 loss 

during · the dark period of 0 . 1 8  gm ( these figures being typical 

for the HT/LH treatment ) , the overnight dry matt er weight change 

is ( 0 . 1 8  x o . 6 82 x 0 . 5 )  = 0 .06 15 gm. 
2 This c orresponds tc a leaf area correction of 39 . 3  cm 

( Appendix 4 B ) . In the unlikely case of all the  respiration 



t aking place in the leaves the leaf dry weight change during 

the dark period would be ( 0 . 1 8  x 0 . 682 ) = 0. 123 gm, which is 

e quivalent ·i;o a leaf <::l.rea of 57 .2 cm2 o The difference between 

t he two leaf a;�..·ea corrections , 1 7 o 9  cm2 , amounts t o  3 .6% o f  

the t otal leaf area . The error involved i n  the assumption 

t hat 50% of the t o tal respiration occurs in the leaves i s  

c ertainly smaller than this . 

Thus 50% o f  the respiration taking place in a plant under 

HT treatments was assume d to o ccur in the leaves , 53% under LT 

t reatment s .  Because respiration rates were much lower , in 

t erms of CO� exchange per unit area , than photosynthetic 
c:.. 

rates , and the total leaf dry weight change was corr esp ondingly 

small, th0 twelve hour night period was treated as a single 

tim� unit and not as two six-hour periods . Thus the dry weight 

( and hence leaf area ) used in calculating the respiration rate 

fol' any given night period was derived from the mean of  the 

leaf dry weights at 20 1 5  hours and 0815 hours on the following 

day . 

In thi9 way a dry weight change ' balance sheet ' for the 

duration o f  t he experiment was drawn up , working backwards in 

time from the time o f  harvest . Thus changes in dry weight 

due to  photosynthate accumulation were subtracted from,  and 

changes due to respiratory lo sse s  were added t o ,  the previous 

leaf dry weight . Mean l�af dry weight for each period was then 

converted to leaf area ( as d e s c r i b e d  previ ously ) , and the total 

hourly rates of pho tosynthesis or r espiration divided by the 



44 . 

2 appropriat e leaf ar ea to give mg co2 exchanged/dm leaf 

area/hour . 

The total hourly transpiration rates were similarly 

divided by t�e appropriat e leaf area to give transpiration 

. I 2 I rate as gm wat er lost dm leaf area hour . The aluminium 

foil covers on the pots proved highly e ffe�tive in 

preventing evaporative water los s ,  and no correction for 

evaporation was necesaary . All weight loss from the pot 

and plant was attribut ed to transpiration ( Appendix 2) . 

In all the r e sults presented the leaf area Rhown i s  

that o f  one surface o f  the le�f only . 



CHAPTER 3 

EFFECTS OF TE�WERATURE AND VAPOUR P RESSURE 

DEFIC IT ON THE C02 EXCHANGE AND 

TRANSPI RATION RATES OF SOYBEAN 

I NTRODUCTION 

E ffect  o f  temperature on �otosynthesis  ( intake of C02l 

In general an i nc rease in temperature results in  an increase 

in the rate  of photosynthesis , provided that other fac t ors are 

not limiting .  At  t e mperatures above about 45°C thermal inac ti­

vat i on o f  the biochemical processes of  photosynthesis  may oc cur 

and the rate of photosynthesis  then falls  rap i dly , and ult i mately 

reaches zero.  

Within the temperature range normally enc ountered by plants , 

t he response o f  photosynthesis to  i ncre�se i n  temperature 

appears to be spe c i e s  dependent . El-Sharkawy and Heske th ( 1 964 ) 

found that the phot osynthetic  rates of  S orghum vulgare , Helianthus 
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annuus ( s un flower ) and cotton i nc reased as the temperature 

0 0 increase d  from 20 t o  35 C .  The photosynthet i c  rates  o f  

0 aunflcwer and c o t t on leaves decre ased above 35 C ,  but the 

rate for S orghum cont inued t o  increase up to 45°C .  The 

phot osynth e t ic rat e  of  Thespesia  populnea s tarted  t o  decline 

a t  30°C .  However Hew , Krotkov and Canvin ( 1 969 ) found that 

the phot osyntheti c  rate of sunflower leaves decline d  rapidly 

above 1 5°C at light  intensi t i es o f  300 and 1 800 ft-� � Other 

speci e s  s tudied  by the se auth ors showed more or les& c onstant 

0 rates  o f  photosynthesis  be tween 20  and 25 C foll owed by a 

0 decline above 25 c .  Soybean was among these spe c i e s . The 

decline was attribut ed to increas ing evoluti on of co2 wi th 

i ncrease i n  temperature. 

Whi t e man and Koller ( 1 964 ) showe� that above 22°C the 

photosynthe t i c  rate of  Pinus halepensis  decline d .  They could 

find no evidence of thermal inac t ivation , and inde e d  it seems 

unlikely  that this  would c ommence  at  such a low temperature . 

Increasing t he C02 c onc entrati on at  di fferent temperatures 

showed that phot osynthesis was most affe c ted  by C02 

c oncentra t i on at high temperature (32°C ) .  I t  is  ther efore 

possible that hi gh t emperature depresses phot osynthesis  by 

increasing t he carboxylation resi stance . 

I t  would appear there fore , t hat photosynthes i s  increases  

wi th increasing temperature unti l some other fa ctor ( s )  become 



l imiti ng . The temperature at whi c h  the maximum rate  i s  

realised  when other factors are not limi ting appears t o  

b e  spe c i e s  dependent . 

E ffect  o f  vapour pressure de fic i t  ( V?D ) on phot osynthes i s  

There i s  no gene ral agreement on the e ffects o f  VPD on 

photosynthe si s .  Mi tchell ( 1 936 ) found that inc rease d VPD 

had no  e ff e c t  on the photosynthe t i c  rates  o f  Cinera�ia , 

t omato ,  Primula an d Pelargoni um , e xcept when wi l ting 

occurred  at  very high VPD ' s .  His  exper iments however ,  

i nvolve d measuring the photosynthe tic  response to changes 

i n  VPD over a short time period  ( 2-3 hours ) and any e f fe � ts 

caused  by l one term exposure would tr.�re fore not be  o�serve d .  

A dditi onally , absence  o f  precon d i t ioning o f  the plants c ould 

have a ffec t e d  their  response e Nevins and Loomis ( 1 970)  

reported  that  changes i n  VPD �e tween 4 . 0  and  13 .5  mm Hg at 

23°C had no  e ffec t  on the phot osynthe t i c  rate o f  Beta 

vulgaris  leaves . 

Kri e demann ( 1 96 8 )  found that the photosynthet i c  rate  of  

single  a ttached leaves of  orange and l emon increase d  up to 

approximately 20°C , and then levelled  off  or fell depending 

on the humi dity o f  the air . I n  dry air  both spec i e s  showed 

a marked optimum , followed by a s harp decline  in photosynthesis . 
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I n  humi d air  (> 80% RH ) there was no such wel l-defi ned  optim�m 

and the maximum ra tes  were s l i ghtly higher for orange , 

s lightly l ower for l emon . 

Bierhui zen an d Slatyer ( 1 96 4 )  found that  the photo­

synthesis  of individual cot t on leaves decreased approximately 

1 1% when  the VPD was increased from 10  to  40 mm Hg a t  

temperature s  between 3 0  and 40°C .  Baker ( 1 965 ) als o with  

c otton , found a linear reduc t i on in  photosynthesis when the 

VPD was increased from 7 . 5  to 30 mm Hg at 40°C under a range 

of l ight i ntensities .  

Bierhuizen  and S latyer ( 1 964 ) ascribed the reduc t i on i n  

photosynthes i s  with increasing VPD t o  high transpirat i on 

rates gi v�.ng a part ial drying o f  the mesophyll cell surfac e s , 

a nd predic te d  that the e ffec t  would be more pronounced  i f  

the whole plant , rather t han a s i ngle lea f ,  were exposed  t o  

the c ond i t i ons describe d .  Whi t e man and Koll er ( 1 964 ) , who 

found a decrease in  photosynthes i s  of whole plants of Pinus 

halepensis  whe n  the  VPD i ncreas ed from 5 to  20 mm Hg at  

2 6 . 5°C ,  pointe d  out  that the  partial drying o f  the  mesophyll 

c ell  sur fa c e s  might be expe c t e d  to give an i ncrease , rather 

t han a decreas e , in  photosynthe s i s , because C02 di ffuse s  more 

rapidly in the gase ous phase than in  the l i quid ph�se and 

mesophyll  drying would shorten  the l iquid  phase rathway . 

I nstead they suggest  that cytoplasmi c dehydration ,  and  the 



c onsequent reduc e d  enzyme a c t ivi ty may be  the cause o f  the 

decrease in photosynthesi s .  Their resul t s  confirm the 

predi c ti on o f  B i erhuizen and Slatyer ( 1 964 ) , that the 

response of  a whole plant to high VPD is greater than that 

of a s ingle l e a f .  

Results  for c o t ton c ontrary t o  those o f  Bierhuizen 

and S latyer ( 1 964 ) have been reported  by Pallas , Michel and 

Harris  ( 1 967 ) . Under light intensi t ies  similar t o  those 

use d by Baker ( 1 965 ) they found that photosynthesi s 

0 increased with  inc reasing VPD at  25 C ,  and  suggested  tha� 

the l owering of leaf  temperature at high VPD ( presumably 

due t o  increas e d  transpiration ) may have increased photo-

synthesis . I nc rease in phut osynthes i s  with  increase in  VPD 

has also  been reported for Pinus s i l ves tris by Hodges  ( 1 967 ) . 

His results came from field  e xperiments , and his data wero 

simplifi e d  to mean temperatures , VPD ' s  and phot osynthe tic  

rat es .  They may there fore not be  relevant t o  the present  

discussion , but i t  i s  o f  interest  t o  note  that undet the 

same field  cond it i ons  he found a de crease in photosynthes i s  

with  i ncreasing VPD in  Pseudotsuga menziesii  and Abie� procera . 

I t  i s  not there fore possible t o  draw any general 

c onclusi ons from the informati on available on the e ffec t s  o f  

VPD on phot osynthes i s . Whilst the phot osynthe tic  response 

to VPD may be  spe c i e s  dependent , the possibi l i ty of wat e r  

s tress  having deve l oped during the c ourse of  some o f  the 



50.  

experiments c i ted above cannot be ruled  out . The devel op-

ment  o f  water  stress i n  the leaves would lead to reduced  

rates  o f  pho tosynthesis  ( Slatyer , 1 96? ) . 

E ffec t  of  t e mperature and VPD on tra�spirat ion 

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

e quation , 

E 
r 

where  D is  the di ffusi on c oe ffi cient of  water  vapour i n  air , 

( e  -e ) is the vapour pres sure di fference be tween the £ a 

e vaporating sites  in the l ea f  and the ambient  air , and r 

i s  the total resis tanc e t o  water vapour diffusi on from the 

e vaporating s i t e s  in the leaf  to  the &ir  ( Milthorpe , 1 959 ) .  

Any inc rease in temperature wi l l  i ncrease the vapour 

Fress� dif ference  be twe en  the evaporat ing s i t e s  in the  1 e& f  

a nd the a i r  and so  increase the rate o f  transpiration , 

assuming that the leaf e vaporat ing sites  remain saturated . 

I f  the rise i n  temperature were accompanied by an increase in 

ea s o  that ( e 1 - ea ) were the same at  both temperatures then 

no c h�nge in transpira t i on ra te would be expe c t e d , provided 

that r remained  constan t . 

The e f f e c t  of  vapour pressure di fferenc e betwee� leaf 

and air on t ranspiration rate is  well d ocumented  ( e . g .  

Rufe l t , Jarvi s  and Jarvis •  1 963 : Skidmore and S t one , 1 964 ; 

Whi t e man  and Koller ,  1 964 ; Ehrler , van Bavel and Nakayama , 

1 966 ; Pallas e t  al , 1 96? ) , and is  not in question .  



Whit e man and Koll e r  showed that  the transpiration rate 

of P inus hal epensis increased linearly at 26 . 5°C as the 

vapour pressure gradient  i ncreased  from 5 to 1 2 .5 mm Hg . 

T�ereafter i t  remained more  or less  c onstant . 3kidrnore 

and S tone however , reported  that the transpiration rate  

of  c otton increased l inearly between  5 and  18  mm  Hg  VPD , 

whe n  measured at  mid-day . Within these limits  there was 

no indi cati on of any l evelling-off  in the rate . The 

t emperature in this case  was c ited  as varyi ng be tween 20° 

and 3 6°C .  Rufelt e t  al ( 1 963 ) c oncluded that when the 

s toma ta are open transpiration is proportional to  leaf 

t e mperatur� and depends to a large extent on the vapour 

pressure d i fference b e tween  the air  at the e vaporating 

sur fac e  in  the leaf  and the  ambient  air .  

I t  may b e  c oncluded t hera fore , that  wi thin  the tempe rature 

range normal ly encountered  by plants , that increase in  

t emperature generally r e su l ts in  an inc rease i n  photo­

synth e ti c  rat e , but that at  some spe c i es-dependent temperature 

the rate will start to d e c line . Transpirat i on also increases 

with i ncrease in  temperature , the e f fe c t  b ei ng mediated  via 

t he r esul t i ng inc rease in vapour pressure d i f ference between  

the e vaporat ing sites  in  t he leaf and the  amb ient air .  

I n c reased VPD has been variously reported a s  i ncreasing , 



d ecreasing , and having no e ffect  on , the phot osynthe t i c  

r a t e  of various spe c i e s , a n d  of  i nc reasing ( Pallas e t  al , 

1 967 ) , and d e creasing ( B ie rhuizen and S la tyer , 1 964 ; 

Baker , 1 965 ) the phctosynthet i c  rate  o f  cotton . The e f fe c t  

o f  VPD o n  photosynthes i s  i s  there fore uncertai n .  

This chapter  c on� erns a s tudy of  t he e ffects  of  VPD 

and t emperature on the rat e  o f  phot osynthesis  o f  one spe c i e s ? 

s oybean , under c ondi t i ons of  ade quat e  soil  mois ture supply 

and  normal a tmospheric  co2 c oncentra t i on . Plantc were  

grown , and  measurements made , under each  of the four 

selec t e d  aets  of environmental condit i ons ( see  Chapter 2 ,  

s e c t i on II ) .  Measurements  were made only under  the 

c ondi t i ons under which the plants had been grown . Simul t�ne ous 

measurements of t ranspirat i on rate were also  made to  a s s i s t  

i n  the interpr e tati on of  t h e  data  obtained from the water  

s tress  experiments ( Chapter  4 ) .  

METHODS 

Plants grown under the condi ti ons described in  Chapter  2 ,  

s e c t i on II , were  place d  i n  the  plant chamber o f  the C02 

e xchange-transpiration measuring e quipment and continuous 

and s i multane ous measurements of  co2 exchange and transpi­

rati on made over the  following two  to three days . A t  the  end  
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o f  each  l ight period  ( 2015  hrs ) a quan t i ty of  water equal 

in volume to that lost  by the plant s ince  the previ ous 

watering was added to the pot to  res t ore the soil moisture 

s tatus to its  origi nal  level . The volume of water required  

to make good the s e  transpiration losses was determine d 

from the transpirati on trace  on the chart  re c ord . 

Lea f  and s o i l  samples for the d e termination of  RWC 

and soil  mois ture  c ontent were taken period ically ( se e  

Chapter  2 ,  s ecti on V )  to  ensure that water  stress had not  

d�ve loped .  

Mean rates  o f  photosynthesis and transpiration were 

de termined for the plants grown under each treatment fro� 

the rat e s  obtaining during the hour -p .·evious to  each "i?.WC 

sampling . As the se  measurements  apply t o  plants not sub j e c t  

t o  water s tress they are re ferred to  hereafter as "mean 

maximum rates" . 

The mean hourly dark respiration rate was calculate d 

for every dark period to  whi ch each plant was sub j e c t e d  

and from these result s  the mean maximum dark respiration 

rate was calculated  for each treatment . The night-time 

transpiration rates were si milarly de termine d e  



RESULTS 

P h o to�yn thesis  and  tra nspiration 

The mean maximum rat e s  o f  phot osynthesis  and traaspiration 

o f  plants grown under the four treatments are show in  Fig . 3- 1 . 

The  h i ghest  pho tosynthe t i c  rates were found in  plants grown 

under the two high temperature treatments , and at both 

t emperatures the ra tes  were higher at  high VPD ( low relative 

humi d i t y )  t han at low VPD .  

Rates o f  transpiration  were related t o  the VPV ( Fig . 3-2 ) t 

the hi gher rates  being found in plants grown under the high 

VPD treatmeP-ts . Under the two HH ( low VPD ) treatments the 

rates  o f  transpiration w ere  very simi lar , but under the LH 

treatment�  the rate of t ranspirati on was s i gnifi cantly l ower 

at the l ower temperature ( F i g .  3-2 and Table  3-II ) .  

The d i f ference b e twe�n  treatments , and the leas t  

s igni ficant di fferenc e s , are  given for phot osynthesis  in  

Table  3-I and for trans pirat ion in  Table 3-I I .  

Table 3.-I Di ffe�ence s  i n  phot osynth e t i c  rate ( mg C02/dm2 

leaf area/hr ) between the four treatments .  

Least s i gni ficant difference s  ( 5% leve l )  i n  

bracke t s . 

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 1 1 . 2 ( 2 . 15 )  8 .2 ( 1 . 7 6 )  6 . 3  ( 1 . 82 )  



Figure 3 - 1  

Mean maximum rates o f  photosynthesis  

2 ( mg C02/dm /hr ) and transpiration 

2 � water/dm /hr ) und e r  the four treatments . 

S tandard errors : 

P.hot os;ynthE::s i s  Trans12iration 

HT/LH 0 . 73 o . o8 

HT/HH o . 49 o . o4 

LT/LH o . 64 0 . 07 

LT/HR 0 . 79 0 . 05 
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Figure 3-2 

Effect  of atmospheric \�D on the 

rate of transpira tion (gm �ater/dm2/hr ) . 
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All  between-treatment  di fferenc e s  i n  phot osynthe t i c  

rate are signi ficant a t  the 5% leve l . 

The LSD i s  d i fferent for each treatment c om�ari son 

because the number  of obs ervati ons i n  each  treatment was 

d i f ferent . 

Table 3-II  D i f ferences in  transpiration rate 

Treatment 

HT/LH 

HT/HH 

LT/LH 

LT/HH 

( gm/dm2 leaf area/h r )  between the four 

treatments . Least signi ficant di fference s  

( 5% level ) in  bra c ke ts . 

HT/LH 

1 . 02 ( 0 . 1 8 )  

0 .37 (0 . 1 8 )  

1 . 05 ( 0 . 19 ) 

HT/HH 

o . 65 ( 0 . 1 5 )  

o . o3 ( o . 1 6 )  

LT/LH 

o . 68 ( o . 1 6 )  

Except for the d i f ference between treatmen ts HT/HH and 

LT/HH , all the d i fference s  are s i gn i fi cant at the 5% le ve l . 

Four of  the se treatment di fferenc e s  were brought about 

by a di fference in one environmental fac tor only , e i ther 

temperature or VPD . Thes e  di f ferenc es  are brought out most 

c learly when expressed  as  the percentage reduc tion in phot o-

.synthesis  or transpiration brought about by the diff�rence  i n  

temperature or VP D  ( Table 3-III ) .  
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Table 3-III  Percentage reduc t i ons i n  photosynthes i s  

and transpiration brought about by a 

reduc t i on in temperature or VPD . 

Environmen tal change 

Reduce d  VPD at high temperature  

Redu c e d  VPD at low  temperature 

Reduce d  tempera ture a t  high VPD 

Reduc e d  tempera ture a t  low VPD 

Perc entage reduct i on i n  
Phot o synthesis  Transpiration  

1 5  

4 1  

24 

47 

44 

35 

1 6  

2 (a )  

(a ) Not  s igni ficant at  the 5% leve l .  

Transpiration was less  a ffe cted  by d i f ference i n  tempera t ure 

than photosynthesis  ( 2 - 1 6% reduction cumpare d  wi th 24-47% ) , but  

was s trongly affe c te d  by reduc ed  VPD . � t  high temperature pho t o-

synthesis  was only slightly affe c t ed by reduced VPD , but a t  l ow 

temperature i t  was reduce d  by 41% , a change comparable wi th that 

brought about by reduction in  temperature a t  low VPD . 

When  the mean maximum rates of  photosynthes i s  and transpi-

ration are  plott e d  against each other (Fi g .  3-3 ) the  points  for  

three  o f  t he treatments ( HT/LH , LT/LH and LT/HH ) fall close  to  

a s traight l ine , but  that for the HT/HH treatment is  well  removed 

from th i s  relationship .  Thus whilst  the rat i o  between the phot o-

synthe t i c  and transpiration rates is very similar for the three 

treatments yieldi ng r esul t s  that l i e  c l ose  to  the l i ne , tha t  for 

the HT/HH plants  is highe r .  



Figure 3-3 

Relationship be tween the mean maxim�m rates  

2 o f  photosynthes i s  ( mg C02/dm /hr ) and 

2 transpira t i on ( gm water/dm /hr ) . 
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Resistances  t o  wat e r  vapour and C02 trans fer 

Res i stances  t o  water vapour and  co2 d i f fusion out  of 

and into the leaf are normally cal culated  from results  

obtained from single -leaf  experiments where  the measur e d  

rates o f  transpira t i on and photosynthesis can be rela t e d  

to  a known area o f  l e a f  held under accurately known c onditi ons . 

With  who l e  plant experiments , such as  those describ e d  here , 

the rat e s  o f  transpi ration and photo synthesis  are averages 

for all the l e aves on each plant . Resistances  c�lculat e d  

from such data , whil s t  not quant i ta tively reliable , should 

b e  quali ta t i ve ly val i d  and i ndicate  the relative magni t ude  

o f  the  resi s tances operat ing under each  set  of  environmental 

c ondi ti ons . 

Mean res i s tanc es  t o  water vapour and C02 di ffusi o n  

were there fore calculated for each treatment as described  

b el ow : i n  all  cases rates of  phot osynthesis  and transpiration 

were related  t o  both leaf  sur face s  ( i . e .  leaf  area x 2 ) . 

The sum o f  the s tomatal and b oundary layer resis tance s  

t o  water vapour di ffus i on ( r  + r ) i s  given by a s 

H 
sec/cm 

c L E 

where M = density o f  moist air  ( gm/cm3 ) 

H = spec i fi c  heat of moist  a i r  ( cal/gm/°K )  

( e1 - ea ) =  vapour pressure di fference between the e vapora ting 

s i t es in  the leaf and the air  



C = the psychrome tric  c onstant ( mb/°K )  

L = latent heat o f  vapourisati on o f  water 

E = transpira t i on rate ( gm/cm2/sec )  

64. 

Thi s  is  a rearrangement of e quat i on VI o f  Kanemasu , 

Thurtell  and Tanner ( 1 96 9 ) . I t  was assumed that the vapour 

pressur e  at the e vaporating sites  in the leaf  ( e1 ) was e qual 

to the saturation vapour pressure at leaf  temp erature . As 

leaf  t e mperature was always very c l ose , or e qual , to air  

�emperature ( see s e c t i on ' Leaf t empera ture ' below ) , ( e1 - ea ) 

was set  e qual to the  VPD for each treatment .  Values of  

( r  + r ) for each treatment were thus obtained by a s 

subst ituti on of the appropriate values o f  E and are g iven 

in Table 3-I V .  

The analagous resi stances to co2 di ffusi on ( r ' + r ' ) a s 

are related t o  the res i s tances for water  vapour di ffusi on 

by the rat i o  of the c oe f fic ients for water  vapour ( D )  and 

C02 ( D ' ) di ffusi on in a i r  (Gaas tra , 1 959 ) , i . e .  

( r '  + r ' ) = ( r  + r ) (D/D ' ) sec/cm a s · a s 

Following Gale and Poljakoff-Maybe r  ( 1 96 8 )  D and D '  

were take n  as 0 . 258 and 0 . 1 65 cm
2

/sec respe c t i vely , s o  that 

(r ' + r ' ) = 1 . 56 (r + r ) s ec/cm a s a s 

. Values o f  ( r ' + r ' ) so  determined are given  i n  Table 3-I V .  a s 

The total resistance to the di ffusi on o f  co2 from the 



a tmosphere to  the chloroplast ( rt ) is give n  by 

(C - C . )  a � 
p sec/cm 

where  (C - C . ) is  the differenc e in co2 concentration b e twe en a � . 

the a tmosphere ( C ) and the chloroplast ( C . ) in unit s  of  a � 

mg co2/cm3 ai r ,  and P i s  the rate  of  photosynt hes i s  

( mg C02/cm2 lea f surface/sec ) , ( Holmgren , Jarvis and Jarvis ,  

Although s ome authors (e . g .  Gaastra , 1 959 ; Gale and 

Poljakoff-Mayber ,  1 96 8 )  have assumed C .  to  be  equal to zero , 1 

ne t co2 assimilation c eases in plants possessing the 

Calvin-type photosynthet i c  pathway ( o f  whic h  soybean is one ) 

a t  a t mospher i c  co2 c on c e ntrati ons c onsi derably above zero . 

S e tt i ng Ci e qual to the co2 compensat i on point i s  fel t  t o  

b e  a pre ferable procedure and has also been adopted by , 

among others , Holmgren e t  al . ( 1 965 ) and Whiteman and 

Koller  ( 1 967 ) . In a previ ous i nvestigation the co2 

c ompe nsat i on point o f  s oybean plants  under  HT/LH c ondi t i ons 

had b een found to be  1 00 ppm co2 , and in the absence o f  

furt her data this val ue was used i n  t h e  calculat ions for 

all  treatments . ea - ci was there fore s e t  c onstant a t  

0 . 00036 m g  C02/cm3 far a l l  treatments . 

The values of rt thus determined (Table 3-IW include , 

i n  additi on to  the boundary and s tomatal resistances  to  co2 

d i f fusion ( r '  + r • ) ,  a residual resis tance which inc ludes a s 

the r esistance to  d i f fusion in the intercel lular spaces  o f  
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the  l ea f ,  the resistanc e to  the movement o f  CO�  into  and 
c_ 

i n  the l i qu i d  phase , and the che mical resistance s  associated  

w i th the biochemical c omponent of  the  photosynthe t i c  proces s .  

This residual resistance c ons isting o f  a var i e ty o f  resis tances , 

the magni tude o f  the contribution o f  each to the t ctal being 

unknown , is  here designat e d  the mesophyll resi stance ( r 1 ) .  m 

Thus 

r 1 = ( r  1 + r 1 ) + r '  t a s m sec/cm 

and there fore 

r '  = r '  - ( r 1  + r 1 ) sec/cm m t a s 
f' 

The value of  ( r 1  + r ' ) for each treatment is  known , having been a s 

determined by c onversi on o f  the ( r  + r ) val ues for water a s 

vapour d i ffusi on t o  the analogous co2 resi stances . The 

cal culated  v�lues of  r '  are given f�. each treatment in Table 3-IV.  m 

Table 3-IV Mean resistances ( se c/cm ) t o  transfer of  water 

Water 

Treatment 
( r  + a 

HT/LH 2 . 9  

HT/HH 2 . 4  

LT/LH 3 . 6  

LT/HH 2 . 4  

vapour and C02 through the boundary layer and s tomata 

(r + r ) and � '  + r 1 ) ,  total res i stance to C02 a s a s 
trans fer from the air  to  the chlor oplasts ( rt ) 

and mesophyll resi s tance t o  C02 trans fer within 

the leaf  ( r ' ) for plants grown under the four m 
treatment s .  Mean maximum rat e s  o f  transpira t i on 

( E )  and photosynthesis  (P ) i n  uni t s  of gm 
2 water/dm /hr 

Va)our 
rs E 

2 .34 

1 .32 

1 . 97 

1 . 29  

r '  _t_ 

1 2 . 9  

15 . 0  

1 7 . 1  

27 . 7  

and mg 

(r l  a 

C02/dm2/hr respe c tively . 

co2 
+ r ' ) r l  s m p 

4 . 5  8 . 1} 20.3  

3 . 7  1 1 .3 1 7 . 3 

5 . 6  1 1 . 5 1 5 . 4  

3 .7 2 4 . 0  9 . 1  



The boundary layer resistanc es  ( r  and r ' ) were 
a a 

probably small as  the wi ndspeed  through the plant chambe r  

was 60cm/sec  and suffic ient to  cause c onstant slight leRf  

flu t t e r .  I t  is  the refore probable that  be tween-treatment 

di fferences  i n  the  values of (r + r ) and ( r '  + r ' ) are a s a s 

mainly attributable to  di fferences in  the stomatal component 

of  this combined  resi stance . 

For water  vapour diffusi on the value of ( r  + r ) i s  a s 

the same for b o th HH treatments , the plants under which  had 

sim ilar transpirati on rates , whereas (r + r ) is  higher for a s 

the LT/LH than for the HT/LH plants . Plants under  the LT/LH 

treatment had a l ower rate of transpirati on than those unde r  

the HT/LH treatment .  

I t  is  apparent that  for all treatments the mesophyll  

resi s tance ( r ' ) i s  the largest component of  the total m 

resi stance to  co2 trans fer ( rt ) '  and that i t  di ffers much 

more b e tween treatments than does the c ombined boundary 

laye r  and stoma tal resistance ( r '  + r ' ) .  A t  each temperature a s 
r '  i s  greater i n  plants grown under  the HH treatment . The m 

differenc e i n  t he value o f  r '  between  the two LT treatment s  m 

is  e spec ially marke d , as is  the dif fe�ence in  phot osynthe t i c  

rat e  b etween plants grown under the s e  trea�ments . 
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Dark respira tion  

The mean maxi mum dark respirat i on rates for plan t s  

under each treatment are given i n  Tabl e  3-V.  

Table 3-V M ean maximum dark respirati on rates (mg 
2 

C02/dm /hr ) and s tandard errors for 

plants grown unde r  the four treatments . 

Treatment  Respirat i on rate  S tandard e rror 

HT/LH 2 . 90 0 . 1 9  

HT/HH 2 . 47 0 . 1 9  

LT/LH 1 . 83 0 .35 

LT/HH 1 . 88 0 . 1 6  

A t  the 5% l e vel only the d i f ferenc es be tween HT/LH and 

LT/LH and HT/LH and LT/HH plant rates  are signi ficant , 

al though the di fferenc es between the rates for the two 

LT treatments  and the HT/HH treatment fall juGt  short o f  

s i gnifi cance at  this  level . Plan t s  a t  the higher temperature  

had  the higher respi ra t i on rates . 

Di fferences  between rates cannot be  attributed  direc tly 

to VPD di fferenc e s  as these  were virtually the same for all 

t reatments during the dark peri o d . 



Night-time transpiration 

The mean night-time transpirati on rates  are given i n  

Table  3-VI . 

Table 3-VI 

Treatment 

HT/LH 

HT/HH 

LT/LH 

LT/HH 

2 
Mean night-time transpiration rates ( gm/dm /hr ) 

and standard errors o f  plants grown under the 

four treatments . 

Night-time transpiration Standard error 

o . o8 0 . 02 

0 . 1 3  0 . 0 1  

0 . 2 1  0 . 03 

0 . 2 1  0 . 01 

Night- t ime transpira tion rate s  were higher under LT than 

under HT c ondi t ions . Differences  between rates  at  the same 

temperature are not s i gnificant at  the 5% leve l :  all other 

treatment di fferences are signifi cant at  thi s  level . 

Lea f temperature 

Throughout t hese experiments leaf  temperature during 

the light period was very close , or e qual , to  ambient  a i r  

temperature . The maxi mum di fference  be twe en leaf and air  

temperature was less  than ± 0.5°C .  During the  dark per i od 

leaf  t e mperature was e qual to a i r  temperature . 

Morphological e ffects  

Morphological di fferences between plants grown under the 

four treatments ( see  Chapter 6) did not appear to be  c orrelated 

wi th the  di fferences in  the mean maxintum rates of phot osynthes i s  

and transpirati on .  



DISCUSSION 

Dark respirati on 

The higher respiration rates  at  the higher temperature 

(Table  3-V)  are expected , as respirat i on is known to i ncrease 

wi th t emperature (Meyer and Anderson , 1 952 ) w  Day t i me VPD 

leve l s  appear t o  have had no e ffec t  on  the dark respira t i on 

rates , the  d i fferences  between which may be  attributed  to  

temperature . The  percentage di fference be tween the  means of 

the high and  low temperature rates  is  44 . 9% which  c orresponds 

to a Q1 0  of 1 . 8 .  This is  i n  agreement wi th the Q1 0  o f  most 

plant t i ssues in  the 1 0-30°C range (Meyer and And er s on , 1 952 

P •  408 ) . 

Night-time transpirati on 

The  di fferences  in night-t i me transpiration rat e s  be tween  

the HT and LT  treatments (Table 3-VI ) cannot be  at tributed to  

differenc es  in VPD as  this was very similar for all  tre atments 

( 2 . 0-2 . 5  mb ) .  Although it  is  possible  that the stomata were 

more compl e t e ly c l osed  under  HT c ondi t i ons , it is  suggested  

that the  di f ferences may be attri butable  to  the nature of the 

cuticle  d eve loped under the di ffe rent conditi ons . Skoss ( 1 955 ) 

and Hull ( 1 958 ) have shown wi th Nicotiana glauca and Prosopis 

juli flora respec t ively that the proportion o f  wax i n  t he cut icle  

increases  wi th  i ncreasing tempera ture . Removal of  t he wax 

fraction of  the cuticle  has been  shown to increase water  loss  

from the leaves ( Skoss , 1 955 ; Clark and  Levi t t , 1 95 6 ;  Hal l  
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and Jone s , 1 961 ) and i t  i s  there fore possible that  the 

increased  wax content of  cutic l e s  developed under high 

tempera tures reduc e s  cuticular transpiration . 

I f  the s tomat� were closed  durj ng the dark period , 

and the plants grown under the HT treatments  had a greater 

propor t i on of  wax in the c uticle  than plants grown under 

the LT treatments , i t  is poss i b l e  that the dif ferences  in  

nigh t - ti me transpiration rates were due to nifferences  in 

the wax c ontent o f  the cuticles . 

Jranspiration 

The rates o f  transpirati on of  plant s  under the two HH 

treatments were  very similar , where�s under LH c or.di t i ons 

there was a s i gni ficant e ffect  o f  temperature , the rat e  o f  

transpiration o f  the LT/LH plants being lower than that o f  

the HT/LH plants  ( Fi g .  3- 1 ) .  

The c onstruc t i on of  t he plant chamber  in which these  

expe riments  were carried out  is  such that the pot  is  exposed  

to  the same air  stream as the  l eaves and stem , and  c onsequently 

the s o i l  and root  mass will tend to attain the same temperature 

as the a i r  and the l eaves . 

Low soil  temperature may limit  uptake of water  by the 

roots  through i ts e f fect on the permeabi l i ty of the r oots t o  

water  ( pe rmeab i l i ty decreasing with decrease in  t emperature ) 

and on th e viscosity of  water , which increases with  decrease 

in  temperature ( Kramer , 1 969 ) .  



72 . 

Wi th a l ow flux o f  water through the soil-plant­

atmosphere system ( as under low VPD c ondi t i ons ) , the 

absorpti on o f  water by the roots may not be  limi ted  by 

e ffe c ts of  t e mperature , and the rat e  of  uptake may be 

suffic ient  t o  sat i s fy the transpirati on deman d ,  but when 

the VPD is high ( thus increasing the transpiration demand ) 

the rate o f  uptake may be limi t e d  at  low soil  temperat ures 

· as described above . At higher s oil  temperatures the  e ffec t  

i s  not  apparent . 

Int era c tive  e ffects  on transpirat ion be twe�n soil  

temperature and  VPD , quali tatively s i milar to  the  resu l t s  

given here , have been  reported for sunflower ( Tew , Taylor 

and Ashcroft , 1 9 63 ) , bean ( Unger and Danielson , 1 967 ) and 

mes quite ( Wendt , Haas and Runkl e s , 1 96 8 ) . Babalola , 

Boersma and Youngberg ( 1 968 ) have shown that the increase 

in  the vis c o s i ty of water  be twe en 2 6 . 7  and 2 1 . 1
°

C can 

markedly reduce the t ranspiration  rate of  Monterey pine  

seedl ings . 

I t  would thus appear that unde r  the HH treatments  where  

the  transpiration rat e  was low , wat er uptake was suffic i ently 

rapid  to  sat i s fy the demand . Temperat ure had no limi t i ng 

e f fe c t .  Under the LH c onditi ons at low temperature the  rate 

of  removal of  water from the soil  by the  ro ots was limited  

by the  e ffec ts of  temperature on  root  permeability and  the 

viscosity of water . The consequent fa ilure to satis fy the  
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transpiration demand probably resulted  in  a fall in  leaf  

water potential and an increase i n  stomatal resis tance 

( Cowan , 1 965 ) .  Thi s  possibi l i ty is borne  out by the 

resul t s  given in Table  3-IV wher e  it i s  s hown that plants 

under the LT/LH trea tme nt d i d  have a higher (r + r ) than a s 

plants  grown uncter t he HT/LH treatment . A s igni ficant 

fall in  leaf wat e r  potential ne ed not nece ssarily be  

r e flected  in  a decrease  in  RWC . The RWC-leaf water 

potential rela t i onship given for  barley ( Hordeum vulgare ) 

by Millar , Duysen and Wilkinson ( 1 96 8 )  shows that at  high 

RWC ' s  a fall in  leaf  water potent ial o f  1 5  bars was 

accompanied  by a d e c rease i li RWC of l i ttle  over 1 % .  I f  the 

RWC - l e& f water potential relati onship for soybean were 

s imilar to  this , i t  would ac count for the  observation that  

under c ondit i ons of  adequate  water  supply there were , with 

the t echn i ques use d ,  no observable di f ferences in the RWC ' s  

o f  the plants under  t he various treatments . 

Rufelt  e t  al ( 1 963 ) conclud e d  that wi th open s tomata 

transpiration depends to a large ext ent on t he vapour 

pressure d i f ference be twe en leaf  and a i r . The pre sent 

results  ( Fi g .  3-2 ) would seem to  c onfirm t h i s  view , the 

l ower rat e  of transpirat i on under LT/LH than under HT/LH 

c ondit i ons being apparently at tributabl e to  an increase d 

s t omatal resis tance i n  the plants under the  former treatment . 



Phot osynthe sis  

S oybean i s  grown extensively in the Unit ed S tates  in  

areas having high summer tempera tures and  comparatively 

low relative humi d i t i es . Extensive breeding programmes 

have bee� carried  out on this spec ies  and i t  would the re fore 

be  ex?ected  that i t  would show a high temperature opt i mum 

for pho t osynthesis , possibly as hi gh as 35°C ( Hofs tra and 

Heske t h , 1 969a ) .  I t  i s  there fore not surpri sing that i t  

0 should have higher rates  of phot osynthesis  at  27 . 5  C than 

at 22 .5°C (Fig . 3-1 ) .  The mean maximum rates  of photo-

synthesis  of  plants  under  the two HT treatme nts ( 20 .3  and 

2 
1 7 .3 mg co2/dm /hr ) are in good agreement w i th repor t e d  

rates  for cv . Meri t a n d  other Group 0 var i e t ies . Dreger , 

Brun and Cooper ( 1 96 9 )  reported an average photosynthetic  

t f 23 CO  /d  2/h f Mer; t at  27°C,  ' C t ·  ra e o mg 2 m r or c v .  4 ann ur � s , 

2 
Cgren and Hageman ( 1 969 ) gave rates  of  23 and 1 8  mg C02/dm /hr 

for the variet ies  Grant and Mandarin  respe c ti vely at 29°C .  

However , i n  ne ither o f  these r eports i s  any mention made of  

the  atmospheric VPD , or  whether or  not i t  was controlled . 

At  both high and low temperatures photosynthesis  was 

l ower under HH cond i ti ons (Fi g .  3- 1 ) ,  the depression b e i ng 

greater at l ow temperature ( Table 3-II I ) .  The sugges t i on of  

Pallas et  al  ( 1 967 ) that  reduced  leaf  t emperatures at  high 

VPD may contribute t o  increased photosynthe t i c  rates i s  

n o t  applicable to  t h e  present results as  leaf  temperature 

was virtually the same as air temperature in all cases . 
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I t  w ould appear (Table 3-IV)  that  the rate  o f  phot o-

synth e s i s  under each treatmen t was pr imari ly de termined by 

the mesophyll resistance to  C02 transfer ( r� ) .  For all 

treatments  ( r '  + r ' ) i s  the  minor comp onent of  the t otal a s 

res i s tance  to  co2 trans fer ( rt ) and varies  l i t tl e  be tween  

treatments  c ompared wi th the be tween-treatment variation 

in  r� . The rates of  phot o synthP.sis are inversely 

proportional to  the magn i tude of  r� . The conclusion that 

r� may be the dominant i n fluence on the rate of co2 uptake 

in s oybean plants ade qua t e ly s upplied  with water is in  

agreement wi th the findings of  Bierhuizen and Slatyer ( 1 964 ) 

for c ot t on .  

Troughton and Slatyer ( 1 969 ) found that the r '  of  m 

l eaves o f  cotton plan ts grown under a 30°/25°C day/ni ght 

tempera ture re gime was i ndependent of  temperature between 

2 1 . 5  and 3 8 . 5 °C .  It  would there fore appear possible that a 

substantial part , at least , o f  the r '  i s  determine d by the m 

environmental c ondi t i ons under  whi ch t he plants  are grown . 



C HAPTER 4 

THE EFFECT OF WATER STRESS ON T:-IE C02 EXCHA I'\GE A ND 

TRANSP I HA'::.'I ON RATES OF SOYBEAN PLANTS UNDER 

CONTRASTI NG ENVIRONMENTAL COND I T I ONS 

I NTRODUCTION 

In Chapt e r  1 i t  was p o i n t e d  out that l i t t l e  use has b e e n  

ma d e  o f  c ont roll e d  c l i ma t e  fac i l i t i e s  i n  t h e  i n v e s t igat i on 

o f  t h e  i n flu e n c e  o f  envir onme ntal fa c t ors on t h e  e f fe c ts o f  

wa t e r s t ress  o n  co2 e xchange and transp i ra t i on . In the few 

c a s e s  where t h i s  has b e e n  a t t e mpt e d  the  plan t s  were grown 

unde r  one s e t  o f  c ondi t i ons and then sub j e c t e d  t o  s tress 

u nd e r  o t her  environmental r e g i mes . In  such c i r c ums tanc e s  

t h e  po ss ib i l i ty tha t the  r e s p onse o f  the plant s  t o  s tr e s s  

was m o di f i e d  by the  c o n d i t i ons under whi c h  they  w e r e  originally  

gr own cannot b e  rul e d  out . 
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In  the experi�ents di scussed i n  this  chapter the  

respons e s  o f  co2 e xchange and  transpirati on of  soybean 

plants to water  stress  were measured under essent ially 
' 

the same cond i t i ons as  those under  which they were grown 

( see  Chapter  2 , s e c t i on I I ) .  The mean maximum rates  o f  

phot osynthes i s  and transpira t i on of  soybean plants under 

the se c ondit i ons when water was non-limi tiug were di s c us sed 

i �  the previous chapter o 

METHODS 

In general , expP.riments were  carri ed  out a& detailed  

in  Chapt e r  2 ( Materials _ a nd Methods ) .  Plants were 

transfer:ed from the growth cab inet  to  the plant c hamber 

of the co2 exchange -transpiration measuring equipment  s oon 

a fter  wat er i ng , and remained in the chambe r  until they 

were severely wil ted , no water b e � ng given while they were 

in t he chamber .  Under the nT/HH and LT/HH treatments  total 

water  use by the plants was l ow , and in order to obtain data 

on their  response to severe levels  of stress  water  was 

withheld from some 6f the s e  plants  while they were s t i l l  in 

the growth cabine t . As growth cabinet  and plant chamber  

c ondi t i ons  were very similar this  procedure was consis tent  

wi th the  other experiments . 

Samples  of  leaf  and soil were taken periodically for 

the determination of  plant and soil water  status ( se e  

Chapter 2 , s e c ti on V ) . This was normally done dai ly a t  

1 4 1 5  hours ( chamber  midday ) and again shortly before 201 5 
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hours ( the  end o f  the li ght period ) , but  i n  s ome case s 

additi onal samples  were  taken at other times  and in  others 

sampl ing was foregone in  the early stages of  the run . This 

omission of  sampl ing was to conserve plant material s o  that 

there  would be no lack  of leaf available for sampli ng when 

the plant was under s t ress . ( Each RWC sampl ing removed 

2 approxima tely 6 . 7  cm o f  leaf whi ch was small compared with 

2 t otal leaf  area whic h  averaged c .  500 cm • However , 

ear l i er e xperi ence had shown that when discs  were removed 

from closely adjacent  si tes , the intervening tissue often 

died . To  avoid this sampling s i t es were always separa t e d  

b y  at  least  1 . 0  c m .  The e ffe ct  o f  this precaution was t o  

reduce the area availab l e  for sampl ing ) .  

In  tne results  whi ch  follow , RWC and soil  mois ture 

tension are relate d to rates of photosynthesis and transpira t i on 

for the hour previous t o  sampli ng .  As one o f  the sampli�g 

times  ( 20 1 5  hours ) c orresponded to  the end of  the l ight period , 

there were  no data for phot osynthesis or transpirat i on following 

this  sampling.  RWC �t 1 4 1 5 hours showed the same relationship  

to  these  processes regardless of  whe ther the rates during the 

prec eding or following hours were considered .  

I t  i s  not possible  t o  relat e  dark respiration rates  to  RWC 

· as RWC samples were not taken during the dark peri od ( 201 5-08 1 5  

hours ) .  The RWC at  2 0 1 5  hours cannot b e  related t o  ensuing 

respira t i on rates be cause leaf water content i ncreased during 

the night ( Fig . 4-3 ) . 
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No data on stomatal aper ture c ould be  ob tai ned . 

I mpressi on techniques usi ng quick-se t t ing s i l icon rubber 

(Z e l i tch , 1 96 1 ) were found to be  unsui table  as the leaf 

frequently tore  when th e rubber was remove d , possibly 

because of the leaf hairs becoming �mbedde d i n  the rubber , 

and when tearing did  not occur ne crot i c  patches appeared  

at  the sampl ing site  wi thin 24 hours . The  reliab i l i ty of  

the  impression techni que has recently been  queri ed (Glinka 

and Meidner , 1 968 ; Leshem and Thai ne , 1 969 ) , and i t  

appears t hat  results s o  obtained may be of  questi onable  

value . N o  equipmen t  for  the measurement of  stomatal 

d i f fusion resi stanc e was available . 

RESULTS 

Development  of water s tress with  time 

Representative t i me c ourses of photosynthesi s  anu 

transpiration for each treatment are shown in Figs . 4- 1 and 

4-2 respec ti vely . Because considerable di fferences between 

treatments  were found i n  the ac tual rates of these  proce sses , 

the data have been  normalised t o  the rates obtaining duri ng 

the hour ending 1 41 5  hours on the first day of  the experiment 

for each treatment . The normali s e d  rates a r e  re ferred t o  

a s  ' proport i onal rate s ' ,  where 

proportional rate at t ime  t = 

Ac tual rate a t  t ime t 

Ac tual rate for hour ending 
1 4 1 5  hrs on  day 1 .  



Figure 4-1  

Repre s entative t i me c ourses  o f  photosynthe s i s  

under the f our treatme nts . 

Rates  o f  photosynthesis  are proport ional t o  

the rate  obtaining during the hour ended  

1 4 1 5  hrs . o n  the  fir s t  day o f  each  experiment . 

S olid  circles  

Open c ircl e s  

h i gh temperature 

low t-3mperature 

( N . B .  The d ark period  time scale is c ompressed ) . 



1/) 
w 

1 ·2 

1 ·0 

J: 0·6 
z 
� 0 ·4 
1/) 
0 

0 
J: 0·2 
0.. 

..... 
a.: 

0 1 ·0 
0 
a.: 
0.. 0·8 

0·6 

0·4 

0·2 

H I G H  V P O 

L O W V P O 

0 ��_.--���--��_.--�.__. __ ��_.._. __ ������ 0 9  1 2  1 5 1 8  20 09  1 2 1 5 1 8  20 09  1 2  1 5 1 8  20 09  1 2  1 5  1 8  20 
T i m e  o f  O o y  



Figure 4-2 

Representative time c ourses o f  transpira t i on 

unde r  the four treatme nt s .  

Rat e s  o f  t ranspirati on are proporti onal t o  

the  rate obtaining during the hour ended 

1 41 5  hrs . on the  first  day o f  each experiment . 

Solid  c ircles  

Open  circles  

high temperature 

l ow temperature 

( N . B .  The dark per i o d  t i me scale is c ompres s e d ) . 
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It  i s  apparent that the time  c ourse pat tern of  each  

exper iment i s  de termined for both  photosynthesis  and 

transpirat i on by the VPD and not by the air temperature . 

Thus the time  �ourses  o f  photosynthesis  and transpi rat i on 

are s i mi lar for the HT/LH and LT/LH treatments and also  

for  the HT/HH and  LT/HH treatments . The t ime courses  of  

the two processes  have been  shcwn in  separate figures  in  

the interes t s  of  clari ty , but c ompari s on shows that the y  

are very similar for any one treatment .  

Plants  under the two LH treatments developed water  

defi c i ts by the  end  o f  the first , or early on the s e cond , 

day and thei r  rates  o f  phot osynthes i s  and tra nspira t i on s tarted 

t o  decline . Under the two HH treatme nts plants did  not b e come 

s tressed unt i l  the four th day , but once this occurred the 

rate of  decline o f  ph ot osynthe t i c  and transpiration rate s , 

as j udged by the slope of the appropriate curves , was 

s imilar to that of the LH plants . For all treatments  the 

decline in  thes e  pro cesses commenced  at soil  moisture  tensi ons 

b e tween 0 . 20 and 0 . 25 a tm .  

The changes in  transpiration rat e , RWC and s o i l  mois ture 

tension during the c ourse of a t hr e e  day experiment under 

HT/LH c ondi t i ons are shown i n  F i g .  4-3 . I n  this experiment 

RWC samples  were taken at 08 1 5  h ours ( the beginning of the 

l ight peri od ) rather than at 1 4 1 5  hours . RWC showed an 

overnight r e covery to values c haracte ristic  of  unstresse d 



Figure 4-3 

Changes i n  RWC ( % ) , transpiration  rate 

( gm wat e r/dm2/hr ) and soil  moisture tens i on 

( a tm . ) during the course o f  a thr e e  day 

e xperiment under HT/LH c ondi ti ons . 

The t ime scale for tne dark peri o d  ( 201 5 - 08 1 5  

hrs )  i s  s lightly c ompresse d . Light and dark 

periods were both of  1 2  hours durati on . 

Day/nigh t  t e mperatures 

Day/night VPD 

27 . 5/22 . 5°C 

1 1 . 7/2 .0  mb ,. 
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plant s  ( 9 1 %  + ) , but fell rapidly on the sec ond and third 

days a fter  the start o f  the light per i od . 

Observat i on of  plants in the plant chamber nec essi ta t e d  

the removal of the l i eht funnel above the chamber ,  wi th 

c onsequent disturbance  to  the light regime . I t  is not 

there fore possible  t o  state  exac tly when plants s t arted  

to show signs o f  wil t ing , but on a few occasions slight 

wil t i ng was evident when RWC and soil samples were take n .  

The highest RWC ' s  measured o n  such plants were 86% under 

the HT/LH treatment and 80-82% under the o ther thre e  

treatment s .  

Rela ti onship betwe en the rates  o f  photosynthesis and transpira t i on 

The similar i ty of  the photosynthes i s  and transpira t i on t ime 

courses  for any one treatmen t (Figs . 4-1  and 4-2 ) has been  

c ommented on previou sly , s.nd suggest s  a close re lat ionship 

between the rat e s  o f · the se proce sses . I t  is shown in Fig .  4-4 

that t he relati onship be tween photosynthesis  and transpir a ti on  

is l i near for any g i ven treatment a t  s oil moisture tensions 

between  o · and 0 . 4  a t m .  The regressi ons of photosynthesi s on 

transpiration (Fig .  4-4 ) were calculated  from the rates of  

these  processes for  the hours ending 1 3 1 5  to  1 6 1 5  inclusive , 

of  every day and for  every plant use d  i n  the experiments .  

(Fi gures showing the individual points will be found i n  

Appendix ? ) . The da ta for a l l  time s outside the 1 3 1 5  and 

1 6 1 5  period conformeu to  the same relati onship , which  i s  



Figure 4-4 

Rela tionships between rat e s  of  photosynthe s i s  

( mg C02/dm2
/hr ) and transpiration ( gm wat e r/dm2/hr ) 

b e tween 0 and 0. 4 atm .  soil  mois ture t en s i on o f  

plants grown under the four treatments . 

Regression e quat ions and correlat i on c o e ffici ents  

( r )  were calculated  from t he rate s  for  h ours ending 

1 3 1 5  t o  1 6 15 inc lusive for every day and every 

plant used in  the experiments .  

HT/LH p = 7 . 41 T + 1 .33 ( r  = 0 . 9 4 )  

HT/HH p = 1 2 . 45 T + 1 . 30 ( r  = 0 . 95 )  

LT/LH p = 7 . 58 T + 0 . 37 ( r  = 0 . 96 ) 

LT/HH p = 7 . 09 T + o . 6o ( r  = 0 . 85 )  

where p and T are the rates of  phot osynthesis  and 

transpira t i on respec tively . 

( The indivi dual points from which  t he se relation-

ships were derived are given in Fig .  A7- 1 , Appendix 7 ) .  
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there fore val i d  f o r  all t i mes duri ng t h e  light per i o d .  

The phot o synthe sis-transpirat i on relati onship i s  

s i milar for plants under a l l  treatments except HT/HH . 

Under this treatment the plants had a higher rate o f  

photosynthes i s  per  uni t  ra te o f  transpi ration a t  all 

levels of s tress  between  0 and 0 . 4  atm . soil  moisture 

t ens ion . I t  w i l l  be recalled that  under cond i t i ons o f  

adequate  wat e r  supply ( Chapter 3 )  t h e  HT/HH plant s also  

had a higher rat e  o: photosynthes i s  per unit  rate of 

transpiration than plants under the o ther treatme nts , 

and i t  would therefore appear that the fact ors responsible  

for thi s d i f ference  operate d  under b o th stressed and  

non-stressed  c ond i t i ons . Nevertheless , a linear rela t i on-

ship between the rate s  of  photosynt hes i s  and transpira t i on 

a s  s tress increases  i s  a feature common to  plants und e r  

all four treatmen t s .  

Thus associated  rates o f  photosynt hesi s and transpirati on  

2 2 o f  approximat e ly 1 2  mg C02/dm /hr and 1 . 5 gm water/dm /hr 

respec tively are f ound und er all treatments except  HT/HH , 

but whereas such a combinati on represents the maximum rat e s  

achieved  under t he LT/HH treatme n t  i t  i s  associated wi th a 

c ertain degree o f  water stress under the other two HT/LH and 

LT/LH treatme nt s .  



Effe cts  o f  s o i l  moisture  tension on transpiration and 
phot osynthes i s  

91 . 

The e ffec t  of s oil  moisture tension on transpirat ion  

rate  � S  shown in Fig .  4-5 . At  soil  moisture tensi ons 

below 0 . 2  a t m .  the transpiration rate appears to be 

independent of s oil  moisture and mainly determined by 

t he VPD , plants under  the two LR treatments having h i gher 

rates o f  t ranspira t i on than those under the two  HH 

treatments . 

Be twe en  0 . 2  and 0 . 4  atm .  s o i l  moisture tensi on there 

i s  a rapid decl ine in  the transpira t i on rate s  of  plan t s  

under  a l l  treatments , b u t  for e a c h  treatment there is  a 

c onsiderable  variat i on in rate a t  any given tension . I t  

appears that other fac tors , i n  addi t i on t o  s oil  mois ture 

tens i on , were c ontroll ing the rate  of transpirati on ove r  

this range of  tensi ons ( 0.2  t o  0 . 4  atm. ) .  

At  about 0 . 4  atm . soil  moi sture tens ion there i s  an 

abrupt change in  the pat tern of respons e , the transpi rati on 

rates o f  plant s  under all four treatments becoming very 

s imilar (approximate ly 0 . 5  gm/dm2/hr ) .  At  soil  tensions 

above 0 . 4 a tm .  the rate of  transpirat i on decl ines gradually 

and appears to be unrelated to the atmospheric  cond i t i ons  

but  limi ted  by  the  s oil  moisture t ension . 

The r esponse o f  photosynthesis  to  soil moisture tension 

(Fig .  4-6 ) i s  generally  similar t o  that of  transpirati on , 



Figure 4-5 

E ff e c t  o f  soil  moisture tens i on on the rate o f  

transpirati on ( gm water/dm2/hr ) o f  plant s  under 

t he four treatment s .  
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Figure 4-6 

Effect  of soil moisture tension on the rate o f  

photosynthesis  ( mg C02/dm
2

/hr ) of  plants  under 

the four treatment s .  
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the mai n  di fference be ing a rather greater scatter  o f  

points  a t  any given tens i on . At  0 . 4  a t m .  s o i l  moisture 

tens i on t he rate of photo synthesis of plants under all 

2 
treatments was about 5 mg co2/dm /hr . At  tens i ons  above 

0 . 4 a t m .  the rate  of pho tosynthesis  declined slowly , and 

2 
rat e s  o f  be tween 1 and 3 mg co2/dm /hr were recorde d a t  

s o i l  moisture tensions b e tween  1 1  and 1 5  atm . I n  view 

of  'the c lose relationship be tween the rates o f  photo-

synt he s i s  and transpirat i on ( Fig . 4-4 )  the similari ty 

of  the r esponse of these processes to  increasiug soil  

moi s t ure tensi on is  not unexpected .  

The dat a of  Figs . 4 - 5  and  4-6 were converted  t o  

relative  rat e s  by divid i ng the actual rate o f  transpiration 

� ph ot osynthesis  by the  mean maximum rat e of transpir2 t i on 

or phot osynthes i s  for the appropriate treatment . The �ean 

maximum rate s  for each treatmen t were discussed in Chapter 

3 and are given  again in Table 4-I . 

Table 4-I Mean maximum rates of  photosynthes i s  and 

transpirati on of plants under t he four 

treatme n t s . Standard errors in brackets . 

Treatment 
Photosynt�esis 

( mg C02/dm /hr ) 
Transpirat�on 

(gm wa ter/dm /hr ) 

HT/LH 2 0 . 3  ( 0 .73 ) 2 .34  ( 0 . 08 ) 

HT/HH 1 7 . 3  ( 0 .49 )  1 .32  ( 0 . 04 )  

LT/LH 1 5 . 4  ( 0 . 6 4 )  1 . 97 ( 0 . 07 )  

LT/HH 9 . 1  ( 0 .79 )  1 . 2 9  ( 0 . 05 )  



97. 

2 
Thus a photosynthetic  rate o f  1 6 .5  mg C02/dm /hr 

under  HT/LH c ondit i ons corresponds t o  a relative 

photosynth e t i c  r•te of 0 . 81 ( 1 6 . 5/20 . 3 )  whereas under  

HT/HH c onditi ons it  would represent  a relative rate  of  

0 . 95 ( 1 6 . 5/1 7 e 3 ) . Expression o f  the data as  rela t i ve 

rates fac i li tates  dire c t  between-treatment compari s ons 

of  the e ffects  of a given degree of  stress . Such 

c ompari s ons based on ac tual rates  are complicated by 

the large di fferences  in rates  between treatments . 

Relative rates  of  transpirati on  and photosynthesis  

are shown plotted  against soil  mois ture tension in Figs . 

4-7 and 4-8 respe c t ively . A t  s o i l  moisture tensions 

below 0 . 2  atm . , the �elative ra tes  are independent of  

soil  mois ture tens i on , but  start to  dec l i ne at  tens i ons 

greater t han  0.2  atm . The relative rates  of  transpira t i on 

and phot osynthesis  at  any tens i on greater than 0 . 2  a tm .  

tend t o  b e  lower under  the two LH t reatme nts than under 

the two HH treatments , although there is comparative ly 

l i t tle di f ference b e tween the responses of  the plants 

under the  LT/LH and HT/HR treatme nt s .  



Fi gure 4-7 

E f fe c t  o f  soil mois ture t en s i o n  on t he relative 

transpira ti o n  ra t e s  of plan t s  under t h e  four 

t r e a t me nt s . 
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Figure 4-8 

Effe c t  of  soil moisture tension on the relative 

rates  o f  photosynthes i s  of  plants under the four 

treatments . 
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RWC and soil  mois ture tension 

The relationship betwe en RWC and aoil mois ture tension 

(Fig . 4-9 ) is  of  a similar nature  t o  the relative rate-

soil  moi sture tension relationships , i . e .  the high e s t  values 

at any given  tens i on above 0 . 2  a t m .  are assoc iated wi th  

plants under the HH treatments and  the lowest wi th  those 

under the LH treatment s .  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 i s  

independent o f  tension and similar for plants under all  

four tr�atments . Between 0 . 25 and  0 . 4 atm . tensi on RWC 

tends t o  fall rapidly , except for �� ants under the LT/HH 

treatment , and the reafter  t he rat e  of decline is less  

rapid .  At  0.4  atm .  tension the re  are considerable d i fferenc�s 

between  the RWC ' s  of  plants under the var i ous treatme nts , a 

point that i s  cons idered in the following 8ecti on . 

Relati onships be twe e n  RWC and transpirat i on and RWC 
and photosynthesis 

The c urves f or the RWC-transp irati on and RWC-photosynthesis  

rela t i o nships (Fi gs . 4- 1 0  and  4-1 1 )  were fit ted by  eye , and are 

presented  without the individual points in  the interests  of  

clarity  and  to fac i l i tate c omparisons . (Figures show ing the 

individual point s w ill be found in  Appendix 7 ) .  



Figure 4-9 

Effe c t  of s oil moisture t e ns ion on t he RWC 

o f  plant s  under the four treatme nt s .  



<l<l <l 0 

• 

0 

• 0 .. <l E 
-
.. 

z 
0 

0 (/) 
z 
w 
.... 

<l Q w 
er: 
:::) 

0 .. 1-
(/) 

• • 
0 .. :E 

0 .. l(l ..J 0 
• 0 

(/) 
<l .. • .... 0 <Jo 00� • 

0 • • • <J � � • <J<t, .. • 
0 

.. O<J 
• 

c:x:....e � 0  .L 0 0 0 0 0 0 0 0 0. CO " <> V'l 

% ::> M � 



1 05 . 

The relat ions h i ps betwe en RWC and transpiration rate 

for the four treatments are shown in  Fig . 4-� 0 .  The 

vertical bars across the curves at  the RWC c orrespondi�g 

to a transpiration  rate of  0 . 5  gm water/dm2/hr mark t he 

points a t  whi ch soil  mois ture t ensi on appears to limit  

the transpi ra tion rate , i . e .  0 .4  atm.  ( see  Fig .  4-5 ) . 

Transpirati on rate tends t o  b e  unaffected  by changes 

in  RWC above 90% except under the HT/LH treatment where a 

reduc t i on in  RWC i s  assoc iated  wi th  a reduct i on in 

transpirat i on rate .  Below 90% RWC the rates of reduc t i on 

o f  transpirat ion wi th decreasing RWC are similar for the 

two HT treatments and for t he two LT treatme nts , unti l  

the point at  whic h  soil moisture t P.�sion appears t o  b e c ome 

the limi ting influence is reache d .  Under the HH treatments 

there i s  a t e ndency for the curves to flat ten out parallel 

t o  the abs c issa a t  RWC ' s  below thi s point . The rate of  

reduction  of  transpiration wi th decreas ing RWC i s  greater  

under LT than unde r  HT  c ondit ions . 

The relationships between RWC and photosynthe t i c  rate  

for the  f our treatments are  shown in Fig .  4- 1 1  : the  

vertical  bars  across the curves mark the  RWC at  0 . 4  a t m .  

s o i l  moisture tens i on ( i . e .  t h e  point at  whi ch soil  moisture 

tension appears to become the l imiting influenc e on the 

rate  o f  phot osynthesi s . S e e  Fig .  4-6 ) .  Except under t he 



Figure 4- 1 0  

Relationships be tween RWC and rate of 

2 transpirat i on ( gm water/dm /hr ) o f  plant s  

under the  four treatment s .  

Vertical bars indicate th� RWC a t  0 . 4  atm . 

soil  moisture t e nsion.  

( The individual points from which these  

r elati onships were  derived are  given in  

Fig . A?-2 , Appendix ? ) . 
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Figure 4- 1 1  

Relati onships betwe e n  RWC and rate of  

2 
photosynthesis  ( mg/C02/dm /hr )  o f  plants 

under the four treatments . 

Ver ti cal bars indicate  the RWC a t  0 . 4  atm . 

soil  mois ture tension . 

(The i nd ivi dual points  from whi c h  these 

relationships were derived are given i n  

Fig .  A?-3 , AppenJix ? ) . 
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HT/HH treatment there is lit tle  a pparent tendency f o r  the 

curves to flatten out below this RWC . 

The RWC at 0 . 4  atm . soil  mois ture tensi on is di fferent 

for each treatme n t , be ing highest  for the LT/HH treatment 

a nd l owes t  for the HT/LH treatment , but for a given treatme n t  

i s  similar for b oth photosynthesis  and transpirati on ( Table 

4-II ) .  To fac i l itate  between-treatment comparisons the rates 

o f  transpiration and photo synthes is at vari ous RWC ' s  we re 

tnken from Figs . 4- 1 0  and 4-1 1 respe c ti vely , and converted  

to rela t i ve rat e s  as descr i bed  in  an  earlier  section of  this 

c hapter  (Effects  o f  soil moisture tensi on on transpiration 

and photosynthesis ) .  Table  4-I I  show� the relative rates  of  

photosynthesis and transpiration at 0 . 4  atm . soil  moisture 

t ension , and also  the corresponding RWC ' s  of  plants under 

each treatmen t .  

Table 4-II RWC and relative rates  o f  transpiration  and 

photosynthesis o f  plants under each treat� 

Treatment 

HT/LH 

HT/HH 

LT/LH 

LT/HH 

men t at 0 . 4  atm . soil moisture tension .  The 

ac tual rates  of  transpiration and phot osynthe sis 

at this tension were taken as 0.5 gm/dm2/hr and 
2 5 mg co2/dm /hr respe ct ively.  

RWC 
from from Relative rate of 

Fig. 4- 1 0  Fig. 4-1 1 Mean TransEirati on Photoslnthesis 

67 . 5  70 ., 0  68 . 8  0 . 24 0 .23 

7 8 . 0  77 . 0  77 .5  0 . 35 0 . 32 

7 7 . 0  78 . 7  77 . 9  0 . 2 8  0 .28  

83 . 8  84 . 0  83 . 9  0 . 38 0 . 55 
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Thus at 0 . 4 a t m .  soil  moisture tens i on the 

physi ological state  o f  plants under  the two HH treatments 

was c loser  to ' optimum ' than under the two LH treatments . 

For each treat �a1ent the  RWC at  o . 4  atm . tension 

obtai ne d  from Fig . 4 - 1 0  agree s  well with  that obtained  

from Fig .  4- 1 1  despi t e  possible uncertainti e s  i n  plott ing 

the curves of thes e  figures , and the fac t  tha t  the rat e s  

of  photosynthes i s  a nd transpirat i on a t  0 . 4  atm . tension 

may not  have been exac tly 5mg C02/dm2/hr and 0.5 gm/dm2/hr 

respe c tively . 

The relative  rates  of  phot osynthesis  and transpirati on 

for vari ous values of RWC are shown plotted  against each 

other in  Fig . 4 - 1 2 .  For three of the treatments all the 

points  fall close  t o  the line  of  1 : 1  c orrespondenc e ,  but 

the point s  for the LT/HH treatment deviate from this  

relat i onship . This  may be  due to unc e r tainties  in  the  

plot t ing of the  RWC-transpiration and RWC-photosynthesis  

curves ,  for  the da ta from whi ch these  curves were cons truc t e d  

(Figs . A?-2 and A?-3 ) are rather sparse a t  low levels of  RWC 

for this treatment .  The deviation from the 1 : 1  c orrespondenc e 

shown by the s e  plants may there fore , be  more apparent than 

real . 



Figure 4- 1 2  

Relationship b etween  relative rates  o f  

photosynthesis  and transpira t i on o f  plants 

under  the four treatment s . 

The RWC for each  datum point i s  shown . 

The l ine represents 1 : 1  c orresponde nce . 



0·8 

1/) 

/ . .. "' 

:z 0 ·6 
� ..... 
z 
>-

/-. .. 1/) 
0 "' 12·5 
..... 
0 0 
� 0·4 
� a • o 

/" • H T- L H "' 10 
0 H T- H H 

w 
.. 7 7 - 5  • L T - L H  > ;/" ..... "' 7 5  l T - H H  0·2 "' 

� 
_. 5 
w 70  a.: 17 · 5  0 

e u 

0----��--�----�-----L----�----�----._----�--�----_. 
0 0 -2 0-4 0-6 0 · 8  1 - 0  

R E L A T I V E  T R A N S P I R A T I O N 



1 1 4 . 

Lea f temperat ur� 

With two excepti ons leaf temperatures were always 

within 0 . 5°C of ambient  air temperature . The exceptivns , 

one each under HT/LH and LT/LH cond i t i ons , oc curred wi th 

plants under severe water  s tress and i nvolved a rise  in  

1 f t t t 2 .  5°C b . t t ea empera ure o a ove a1r empera ure . This 

rise  in  leaf temperature did  not bring about  any deviation 

from the normal photosynt hesis-transpira t i on relati onship  

( Fig . 4-4 ) , nor from  the  RWC-transpira tion  or RWC-photo-

synthesis  relat i o nships (Fi gs . 4-10  and 4- 1 1 )  and the 

resul ts  were the re fore  not treated separately .  

DarR respi rati on  

Rat e s  of  dark respira t i on declined  w i th increasing 

watP.r  stress in  plants under all four treatments ( Table 4-I II ) ,  

but i t  is not possible  t o  c orrelate these rates w i th RWC 

because measurements of RWC were not made during the dark 

per i od . The rat e s  gi ven in Table 4-I II  are the means o f  

the h ourly rat e s  for each night o f  the experiment . 

Respira t i o� rate s  tended t o  fluc tuate  during the dark period 

and were usually higher during the fi rst and last few hours 

of  the  night t han dur ing the intervening period . 
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Table 4-I I I  Respira t i on rates  2 
( mg co2/dm /hr ) o f  

plants  sub j ec t e d  t o  increas ing water 

stress  under the four treatmen ts . 

Treatment P lant No Night 1 Night 2 Night 2 
HT/LH 1 2 . 4  1 . 5 o . 6  

2 3 . 1  1 . 6 0 . 7  

3 3 .5 2 . 0  1 . 0 

4 3 - 5 2 . 7 1 . 2 

5 3 - 3 2 . 0 

HT/HH 1 2 . 4  2 .2 1 .3 

2 2 .  Lo, 2 . 1  1 . 9 

3 2 . 0  2 . 7  1 . 9 

4 3 .3 2 . 1  2 . 1  

5 2 . 3  1 . 9 

LT/LH 1 1 . 5 1 . 6 1 .3 

2 0 .5  0 .5  

3 2 . 1  1 . 8 

4 2 . 4  2 . 6  

5 2 .3 2 . 4  

LT/HH 1 1 . 9 1 . 5 

2 2 . 7  2 .3 2 . 0 

3 2 .2 2 .5 2 .2 

4 1 . 9 1 . 4 1 .3 

5 2 . 1  1 . 8 1 . 0 
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Respirati on rates tended t o  b e  higher under the HT 

than under the  LT treatm6nts . Rates  for the third nigh t  

o f  plants unde r  the LT/HH t reatme nt were hi gher than those 

o f  plants under  the HT/LH treatment be cause the lat :er  were 

sub j e c t  to  more severe water stress o.t  this s tage ( compare 

with  Figs . 4 - 1  and 4-2 ) .  

Night-time t ranspira t i on rat es 

The night-time t ranspiration  rat es  were similar t o  

those measured under non water-s tressed c ondi t i ons ( se e  

Chapter 3 ) . There was n o  evidence o f  reduc t i on i n  rate  

wi th increasing water  stress  under  any of  the  four treatments . 

DISCUSSION 

Dark respi rati on 

Dark respiration  rates generally declined wi th i nc rease 

in water s tress  (Table 4-III ) and there was no evi denc e o f  

s i gni ficant i ncrease s  i n  respira t i on rate a t  slight  t o  moderate  

s tress level s , as  has  been reporte d  for  l oblolly pine  ( Bri x ,  

1 962 ) , and wheat ( Kaul , 1 966 ) . S latyer ( 1 967 ) cons iders  that 

the rise  in  respira t i on rat e  at  s l i ght water  defi c i t s  may be 

due t o  a rapi d  imposi t i on of s tress , and tha t when  s tress is  

imposed gradually a progressive dec line will  be observed  wi th 

no rise  in  rat e . This has been  shown t o  be  the case wi th 

exc ised l eaves of  P i nus nigra (Parker , 1 952 ) .  The rate  of  



1 1 7 .  

impo s i ti on o f  s tress  i n  the present e xperiments however ,  

was rapi d  so that S l atyer ' s  supposi t i on may not be generally 

true . Under the c ombined e ffec ts of wat e r  stress and zero 

ligh t  intensity the s tomata may be expe c t e d  to oe closed ,  

and thus consti tut e a barrier to the outward diffusi on of  

co2 , but  the  mean maximum rates  of  respiration seldom 

exc e e d e d  3 . 5  mg C02/dm
2

/hr ( Table  4-III ) and this quanti ty 

of  C02 may have b e e n  dissipated partly through the cuticle  

( Fre eland , 1 948 ; Dugger , 1 952 ) .  Resp ira t i on rates t ended 

to  b e  higher early i n  the dark peri od  an d towards the end  

of the dark period  than the y  were duri ng the  mi ddle o f  the 

night . This may be  correlated wi th a diurnal rhythm of  

stomatal opening , t he s t omata taking some t ime to  close  

after  the  ons e t o f  darkness , and  commenc i ng to  ope n  rather 

be fore the end of the dark period . S t omatal opening i n  

darkness has been  observed in  Rumex pat i enta and Upland 

c o t ton ( Meidner and Mans field , 1 965 ) . It  is  also  possible  

that  s ome of  the  reduc t i on in respira t i on rate may be  due 

to enzyme inac t ivat i on following partial desiccati on of t he 

l e a f  tissue , espe c i ally under more s eve r e  levels of  water  

stress . 
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Night -time  transpiration 

The night- time transpirati on rates  were una ff e c t e d  by 

increasing water stress . Cl ark and Levi tt  ( 1 956 ) showed 

that the transpirat ion rat e s  of zoybean plants that had been 

wiJ . t e d  and the n  rewatered were  l ower than those of plants 

that had been main tained under an ade quate  water supply . 

They a t tributed this to  an inc rease in the wax content  of 

the cuticle  deve l oped by t he wilted  plants . They did not 

s ta te the length o f  t ime for which the plants were sub j e c te d  

t o  drought c ond i t i ons , but i t  may have been  longer than the 

few days o f  s tress  imposed in the pre sent  experime nts . Thi s 

short period may have been  insuffi c i ent for the devel opment  

o f  addi t ional cuticular wax , and henc e the night -time 

t ranspira t i on rates  were una f fected  by increasing water 

s tre s s . 

Deve l opme nt o f  water stress  

The  similarity of  the t ime c ourses  o f  transpirat i on for 

plan t s  under t he two LH and under the two HH treatments (Fi g .  

4-2 ) may be  explained o n  the basis o f  t otal wat er use b y  the 

plants under the various treatments . P lants under LH c ondi ti ons 

at b o th high and low temperature  transpired at a c onsi derably 

greater rate per unit area than those under HH condi t i ons 

(Tabl e  4-I ) ,  and the rat e  of transpirat i on was largely de termined 

by the VP D  (Fig . 3-2 ) .  The amount o f  water available  to each 
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plant was the same regardless  of  treatment , and plants unde r  

L H  c ond i t i ons l o s t  more o f  t he ava i lable wat e r  during the 

early part of the exper i ment than did those under HH 

c ondi t i ons , thus becoming subj e c t  to water stress  earl i e r .  

Under water  stress c ondi t i ons rates  o f  t ranspiration 

a nd phot osynthe s i s  are r e duc e d ; resul ts from work on a 

wide  variety o f  plant s pe c i e s  have led  to general agreement 

on thi s  ( e e g .  Schnei der and Chi lders , 1 941 ; Slatyer , 1 957 ; 

Bri x ,  1 962 ; Millar , Duysen  a nd Wilkinson , 1 968 ) . The decline 

i n  pho tosynthesis  closely  paralleled  the decline i n  trans­

p i ra t i on under all treatment s  ( c ompare Figs . 4-1  and 4-2 ) and 

the two processes  were l inea�ly related over the range o f  

wat e r  s tr�ss levels to  whi ch the plants were sub j e c ted  (Fi � .  

4-4 ) , until soil  mois ture t ensi < •n became the limit ing i nfluenc e .  

S imilar results for l oblolly pine and t omato  were reported by 

Brix  ( 1 962 ) who at tribut e d  the parallel  dec l i ne in the rat e s  

o f  photosynthesis  and trans pirati on to  a n  i ncrease in  di ffusi on 

resi stance , but whe ther o f  st omatal or mesophyll di ffusion 

resis tance . ( or o f  both ) he  was unable  to  determine . 

The parallel  b e tween  the  rates  of  trans pirati on an d 

photosynthesis  as water s tress  increas e s  certainly suggests  

that the  two pro c e sses  are  subj e c t  t o  a common controlli ng 

mec han i sm , which  by the nature o f  the se  proce sses  may well be  
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s t omatal . The mechanism  o f  s tomatal openin� , extensive ly 

a nd fre quently reviewed ( e . g .  Hea th , 1 959 ; Ketellapper , 

1 963 ; Zeli tc h , 1 965 ; Pallas , 1 966 ) , i s  not ye t fully 

unders tood , but turgor changes are c e rtainly i nvolve d ,  

although the mechani sm c ontrolling the changes i s  in  doub t 

( Me i dner and Mans field , 1 968 ) . As  discussed in  the 

i ntroduc t i on ( Chapter 1 )  water de fic i ts occur when  

tra nspirati on exce e ds absorpt ion ,  and  turgor i s  then 

progressively l os t .  This is  reflected  in  a fall  i n  RWC . 

In  response to  the loss o f  turgor the stomata s tart  t o  

c l ose  and the transpira t i on rate i s  reduced .  Simultane ously 

the supply o f  C02 for photo synthesi s  is als o  reduced , and 

the rat e  of pho t osynthes i s  falls .  Reduc t i on in the  rate of  

photosynt�esi s  may lead t o  i ncreased  C02 conc entra t i cn i n  

the i nt e rcellular space s  a n d  this may a l s o  c ontribute to  

s tomatal c losure ( Heath and Me idner , 1 96 1 ) .  

I t  there fore seems reas onable  t o  sugges t  that  the s tomata 

s t art  to c lose  in  response to a slight loss of turgor in  the 

l ea f  brought about by wat e r  l oss exce eding water  uptake , and 

that further cl osure may be in part c onsequent  upon the 

resul ting increase in co2 c oncentra ti on in the  intercellular 

spaces . The initial c lo sing affec ts transpi ra t i on and 

p�otosynthesis  proportionately  as is shown by Fig . 4-4 . This 

c onclus i on is  supported by the work o f  Brix ( 1 962 ) and Barrs 

( 1 968 ) . The lat ter , in di scussing results for sun flower that 
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c l osely quanti ta t i vely resemble the photosynthesis-

transpirat ion relat i onship for HT/HH plants in Fig . 4- � ,  

s ta t e d : " I t  is  d i f fi c ult  to  �scape the conclusion tha t 

b o th gas exchange rat e s  were direc tly and pri ncipally 

l imited  by s t omatal aperture" .  

Gaa stra ( 1 963 ) suggested  that  because co2 exchange 

is regulated  by a mes ophyll resistance ( r ' ) in add i t i on m 

t o  the b oundary layer  and stomatal res i s tance s  common to  

b oth co2 and water vapour exchange , photo synthesis should 

n o t  be a ffe cted  by s tomatal c l osure unti l  the s tornatal 

resis tan c e  exceeds Thus as water stress  devel ops , the 

rate of transpirati on should decline be fore the rate  o f  

photosynthesis . I n  the present study there  i s  no evi denc e 

o f  thi s e ffec t  (Figs . 4- 1  and 4-2 ) and the relati onship 

be twe e n  the rates of pho t o cynthesi s and transpira t i on 

( F i g .  4-4 )  is  l i near for  all treatments until a E tress  

c orresponding to  a soil  mois ture t ension of  0 . 4  atm . is  

reache d . 

Under c ondi t i ons o f  adequate water  supply the rates o f  

photosynthes i s  of  plants under  a l l  treatments were apparently 

mainly de termined by r� , but the c onclus i on that the s t omata 

are o f  maj or importanc e  and that r '  has comparatively l i t t l e  m 

e ffec t  under condi t i ons of water stress i s  i n  agreement wi t h  

t h e  c onclusi ons o f  Troughton ( 1 96 9 )  a n d  Troughton and S latyer 

( 1 969 ) . 

. . 
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I d s o  ( i 968 ) has suggested  t ha t  Br.i x ' s ( 1 962 ) observati ons 

o f  parall e l  r e duc t i on of photosynthesis and transp ira t i on were 

due to h i s  plants having a l ow root  nensi ty and to  the moisture 

c hara c t erist i c s  o f  the soil  (a sandy loam ) that he use d . The 

s o i l  mois ture charact eristic  curve for Brix ' s  soil i s  s imilar 

t o  that for the pumic e -peat mixture used in the present  

e xperiments ( see  Appendix  1 ,  Fig .  A 1 - 1 ) ,  i . e .  much wat e r  

h e l d  a t  low  t ensions and a sharp infl e c ti on point beyond which 

tension rises  rapidly for  small de creases  in  water  c ontent . 

Idso ' s  sugge s t i ons might  thus be r e garded  as also b e i ng pertinent 

to the present  resul t s .  Cowan ( 1 965 ) calculated that plants 

w i th low root  dens i ti es would show a r e duc t i on in t rans pirat i on 

a t  lower s oi l  moi sture tensions than plants wi th high root  

dens i t i e s � and Idso  c onsiders that  in  plants with l ow root  

dens i t i e s  photosynthesis  woul d behave much l ike transpirat ion . 

Although no measureme nts o f  root  density were made i n  the present  

s tudy a l l  plants had  well  developed  roo t  sys tems occupyi ng a 

large part o f  the soil  mass . The pots themselves were  small 

having a volume of approximat ely 850 ml . Idso further  c onsi ders 

that phot osynthes i s  and transpirat i on would be  reduce d  in  phase 

once the  s oi l  had drie d  to  a level c orresponding to  the 

i nfle c t i on point o f  th e soil  moisture c haracteri s t i c  curve . 

I n  thi s  s tudy the point at whi ch s oil  moisture tens i on became 
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the l i m i t i ng influenc e on transpi ration and photosynthe s i s , 

0 . 4  a tm . , c orresponded to  the  inf l ec ti on point ( Fi g .  A 1 - 1 ) ,  

and photosynthesis  and transpirat ion were reduc e d  in  phase 

well be fore this  degree of s o i l  dryness was rea c he d , v i z .  

a t  about 0 . 2  a t m .  s o i l  moi s ture tens i on .  Thus Idso 1 s  

c omments are  not applicable  t o  the present resul t s . 

As  s o i l  mois ture tens i on increases above 0 . 2  a tm .  the 

t rans pira t i on rate  of plants  under  all  treatments starts t o  

decl i ne ( Fi g .  4-5 ) . At tens i ons greater  than 0 . 4  atm . the 

transpira t i on rate is  very similar for plants  under all  

treatment s , and it  is  at 0 . 4  atm . tension that the inflec tion 

i n  the s o i l  moisture chara c teristic  c urve ( Fig . A 1 - 1 ) oc curs . 

As  s o i l  moisture c ontent falls  below the  equivalent of  0 . 4  a t m .  

tens i on , tens i on increases  very rapi � ly w i t h  small  reduc ti ons 

in moisture content and re moval of water from the s oi l  by the 

plant b e comes increasingly di fficul t .  The maximum rate o f  

absorpti on would appear t o  be  the e quivalent of a transpira t i on 

rat e  o f  approximately 0 . 5  gm/dm2/hr , and transpirati on rate 

thus b e c omes  determined by s oil  mois ture characteristics  

rather than by  atmospheric  cond itions . Similar results for a 

var i e ty o f  tree spec ies  grown i n  a range o f  soil  types have 

been reported by Vzduzna e v  ( 1 968 ) . He found that in all  

cases a point was  reached i n  the drying of  the soil  at  which  

transpira t i on became independent o f  the environmenta l  cond i t i ons 
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and was relat e d  only t o  s o i l  moi s ture t ens i on .  A trans­

p irati on-s o i l  m o i s ture t ensi on r e la t i onship for Pinus 

sylvestris , s i m ilar in  form to the  relationship  in  Fig .  4-5 

has been repor t e d  by Jarvis and Jarvis ( 1 963 c ) .  

Pho tosynthesis  i s  s i mi larly affected  by increasing  s o i l  

moisture t ensi on (Fi g .  4-6 ) . As photosynthe s i s  and 

t ranspirati on are l i nearly related  a t  RWC ' s  be tween maximum 

and that a t  whi c h  s o i l  mois ture t e ns i on becomes the maj or 

i n fluence on  the transpiration rate , this i s  not ur.exp e c t e d . 

Thus , for each  treatment photosynthes i s  and transpira t iofi 

b e c ome l imi t e d  by soil mois ture teris i on at very similar 

RWC ' s  ( Table  4-I I ) .  The s imi larity between the relative 

rates of  � ranspi rat i on and photosynthesis in  their  r e sponse 

to soi l  moi sture tens i on is also e xpected  i n  the l i gh t  of 

the  relationship between  the ac tual rates of these proc e s s e s . 

The i n fluence o f  envi ronmental c ondi t i ons en th e response 

of rela t i ve transpira t i on rate t o  s o i l  moisture t ensi cn is shown 

in Fig .  4-7 , and confirms the fi ndings of Denmead and Shaw ( 1 962 ) .  

Using c ontainer-grown c orn plant s  i n  the fi e l d  they found that 

the relat i ve transpira t i on rat e  was reduced  to a greater  extent  

a t  any given soil  mois ture tens i on as  the atmospheric  e vaporative 

demand i nc reas e d .  Their  data show this  e f fe c t  more cle arly than 

the present  results because the  d i f ferences in atmospheric  

e vapora t i ve demand between the  days on  whi ch their  results  were 

obtained were much greater than the  be tween-treatment d i f ferences  
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i n  this inve s tigati on .  S imilar results for orchard grass 

and tomat o  have also  been repor t e d  ( Gavande and Tay l or , 1 967 ) .  

Transpira tion depends on the maintenance of a wat er 

potential gradient  between  so�l  and leaf : as soil  mois ture  

t ension ( which  can b e  e quated with  soil  wat er  potential ) 

falls , l e a f  water potential  must also  fall  t o  maintai n the 

water potential  gradient . High rates of transpirat ion may 

lead  to a drying of the soil  in the  ro ot permeated zone , and 

the c onduc t i vi ty of the soil  may be  too l ow to  permi t  o f  

i mme diate rewe tting ( Macklon and Weatherley , 1 965 ) . When 

the s o i l  is well supplied  with water  mos t of the i mpedance 

t o  water  move men t through the s o i l-plant sys tem occurs in  the 

plant , but as the s oi l  dri es the impedance in  the s o i l  assumes 

greater i ��ortance and may quite  suddenly become much greater 

thqn the plant impedance . This can oc cur at low s o i l  

moisture tens i ons . Gardner and Ehlig ( 1 962 ) report i t  as  

occurring at  0 . 6  bars  ( 0 . 59 atm . ) s oil mois ture t ensi on  for 

pepper plants growi ng in  a sandy l oam soil . 

Macklon and Weatherley ( 1 965 ) stat e d : "Atmospheri c c ondi ti ons 

favouring h�gh rat e s  of t ranspira t i on do not by themselves i nduce 

high values o f  DPD i n  the plant . It is  only when rapi d  water  

flux is  c oupled  w i th the low water  c onduc tivity o f  the  s oi l  

that  high values o f  DPD arise" . ( High DPD is  equivalent t o  l ow 

leaf wat e r  potemti al ) .  In  the present case the change in  the 
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r e lative importance  o f  s oil  and plant impedance t o  water  

movement appears t o  have occurred at  about 0 .2  atm . soil  

mois ture t e ns i on . The  higher the  transpirati on rat e , the 

greater the e ffec t  on the  relat ive transpirati on rat e  at 

t hi s  point . The re lative  transpiration rate  o f  plants  

under the  LT/HH treatmen t was t he l east a ffec t e d  because 

the se plants had the l owest transpirati on rate and there-

fore the l owest  rate  of  removal of  water  from the s oi l .  

The s o i l  c o nductivity was high enough t o  maintain a supply 

of water  to the roots of the s e  plants , but not t o  those 

transpi r i ng more rapi dly . As the  transpirati on ra tes  of  

LT/HH and HT/HH plants were  very s imilar i t  would be  

expec t e d  that the latter  would show a response similar to  

the former ,  rather than to  the  LT/LH plants wbich had a 

higher transp irati on rate . I t  may be that the di f fere n c e  

i n  transpira t i on rate (and thus of  the rate of  wat e r  

absorp t i on ) b e twee n  t h e  HT/HH and LT/HH plants was suffi c ient  

to  exce e d  t he water  s upplyi ng capab i l i t i es o f  the soi l  at  these 

tensi ons ( 0 .2 to  o . 4 atm . ) .  

RWC and s o i l  mois ture tens i on 

Under all  treatments the RWC was similar at t ensi ons below 

0 . 2  atm.  and appeared t o  be  independent of  s oil mois ture tens ion . 

A t  tensi ons above 0 . 2  atm.  plants  under the LH treatme n t s  had 

l ower RWC ' s  than plants unde r  the HH treatments� and RWC fel l  
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more rapidly wi th  i ncreasing soil  moisture t ensi on under  the 

LH treatmen ts (Fi g .  4-9 ) . S i m i lar results for orchardgrass 

and t omat o  have been reporte d  by Gavande and Taylor ( 1 967 ) . 

H�weve r , be tween O . �  and 0 . 4  atm . soil moisture tension  the re 

is a c ons iderable  d i fferenc e i n  the RWC ' s  of  plants under the 

v&ri ous treatmen ts , whi ch sugges ts that RWC is  not d e termined 

by s o i l  moisture  t ensi on a l one . Rather it would s e em that  

both  s o i l  and environmental fact ors are involve d .  Weatherley 

( 1 95 1 ) als o found , wi th fi e ld-grown c o t t on plants , that above 

a c er tain  cri t i cal  soil moisture tension RWC was determined 

by s o i l  a nd environmental fact ors , whereas at tensi ons below 

the c r i ti c al point  R WC was independen t o f  soil moi sture 

tens i on .  Other field  experiments have also shown atmospheric  

n�d s o i l  moisture c ondi t i ons to be  of  prime importanc e in  

determining RWC ( Namken , 1 964 ) . 

Denmead and Shaw ( 1 962 ) � e ferred t o  the point at  which 

ac tual transpi rat i on fell below the potential rat e  ( i . e .  the 

rate  when the soil was a t  field capa c i t y )  as the ' ' turgor l oss  

point" , but  made no measurements of  plant water s ta tus . The 

turgor l oss point  occurred at lower s o i l  moisture tensi ons for 

plants with a high ini tial transpiration rate . 

A l though RWC does not  measure leaf  turgor , i t  i s  c l ear 

from Fig . 4-9 that RWC tends  t o  be reduced t o  a greater extent 

at  any soil mois ture tens i on ahove 0 . 2  atm . under LH than 

under HH condi ti�ns . Plants under the HT/LH treatment were 
� r  

observed t o  show signs o f  wilting at hig� RWC ' s  th3n plant s  under 
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the other treatments . These  resul ts would there fore seem  t o  

c on firm the observat i ons o f  Denmead  and Shaw . 

A t  O o 4  atm . soil  mois ture t ension the mean RWC o f  plants 

under the HT/LH treatme n t  was 68 . 8% ,  that of plants under  the 

LT/HH treatme n t  83 . 9% ( Table 4-II ) .  It is of interest  to 

speculate on  the possible  RWC-le a f  water potential relation-

ships  of the plants under these treatme nts . As far as is  

known there are  only t w o  r e ports in the  l i t e rature concerning 

the e f fe c ts o f  temperature  and VPD on the RWC-leaf  water  

potent ial relationshi p .  These  are for  orchardgrass and 

toma t o  (Gavande and Tay l or , 1 96 7 )  and for barley ( Mi llar 

e t  al , 1 968 ) . Both groups of authors compared the RWC-lea f  

water  pot ential  relati onship  of  plants under  high temperature/ 

l ow humi di ty and low tempe rature/h i gh humi dity condi t i ons , 

al though t h e  ac tual condi ti ons used were di fferent i n  each 

s tudy (Table 4-IV ) .  

Table  4-IV Comparison  o f  atmospheric c ondi t i ons in  the 

experiments  of Gavande an d Taylor ( 1 967 ) 

and Millar e t  a l  ( 1 968 ) .  

Authors 

High temperature/ 
l ow humi d i ty 

°C VPD ( mb )  

Gavande and 30.0  
Taylor 

M il lar e t  al 27 . 0  22 . 7  

Low tempera ture/ 
high humid i ty 

� VPD ( � )  

2 1 . 0  

1 7 . 0  
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For all thre e spe c i e s  involved in thes e  inves tiga t i ons 

the resul ts were  qual i tatively the same : under low tempera ture/ 

high humidity  c ond i t i ons the plants had a lower HWC for any 

given leaf water  potential . 

C ons i de r  now  the si tuation f or soybean plants a t  0 . 4  

atm . soil �ois t ure t ension . I f ,  a t  this  point plants uncer 

all four treatments had the same leaf water  potential , then 

tl:e LT/HH plants had a higher RWC than the HT/LH plants ,  i . e .  

the opposi t e  o f  the findings for orchardgrass , toma t o  and 

barl e y .  Howeve r , s oybean would fi t the same pattern as these 

thr e e  spe c i e s  if the leaf water potential under HT/LH c ondi ti ons 

fell more rapidly than under LT/HH c ondi t i ons as s o i l  moisture 

tension i nc r eas e d , so that  at  0 . 4  atm . t ension the s o i l  water 

potential-leaf  water  potential gradient was greater  !or the 

HT/LH plants . Gavande and Taylor ( 1 967 ) showed that at a given 

s oi l  mois ture t ensi on , the leaf water  potential of orcharigrass 

and t omat o  plants under their l ow temperature/high humidi ty 

treatment was higher than under  the high tempera ture/lo w  

humidi ty treatment . The RWC o f  soybean plants f e l l  more 

rapidly under the HT/LH than under the LT/HH condi t i ons (Fig . 

4-9 ) and i t  t here f ore se ems like ly that at  o . 4  atm . t e ns i on 

the leaf water  potential of  HT/LH plants was lower than  that 

·Of LT/HH plant s , an d that the RWC-leaf water potential  

relationships of  s oybean plants under  the s e  two treatments  

were quali tatively similar t o  those o f  orchardgrass , t omato 

and barley plants under the corresponding c ondi t i ons . I t  should 



a l so be  noted  that at  0 . 4  atm . tensi on the phys i ological 

state  of the plants was closer t o  ' optimum ' under the  LT/HH 

treatmen t than under the HT/LH treatment ( Table 4-II ) .  

RWC , phot osynthes is  and tran spira t i on 

Be twee n- treatment c ompari sons o f  the RWC-photosynthes i s  

and RWC-transpirat ion relat i onships a r e  complicat ed  b y  t h e  

fac t that under e ach treatment t h e  plants at any given RwC 

b el ow about 90% were sub j e c t  to di fferent soil mois ture 

t ensi ons ( F i g . 4-9 ) , and probably had d i fferent leaf water  

p o t entials ( previ ous s e c t i on o f  this  c hapter ) .  However 

c ertain  aspec ts o f  the se relationships require c omment . 

The slopes of  the RWC-transpirati on curves (Fig . 4- 1 0 )  

are  similar for the  two HT treatmen ts between about 90% RWC 

and  t h e  0 . 4  a t m .  s oil mois ture tension point , and si milarly 

the curves for the  two LT treatmen ts are parallel . This may 

be due t o  the e ffect  of temperature on the rate o f  wat e r  

movement in t h e  s o i l  and i n  th e plant . Low temperatures reduc e 

wat e r  uptake unde r  certain cond i ti ons ( see  Chapter 3 )  by 

reduc ing root permeab i l i ty and increasing water visc o s i t y .  

S o i l  moisture d i ffusivi ty is  a l s o  t emperature dependent 

resulting from  the  temperature dependence  of  visc os i ty 

( Jackson , 1 9 63 ) ;  thus soil  water moves more rapidly at high 

than at l ow t e mperatures .  

Although the rate o f  water  uptake by plants under t he two  

HH treatme nts was not affected  by tempera ture at  l ow s o i l  
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moisture tensions ( Chapter  3 ) , i t  is  suggected that as soil  

mois ture tensi on increases the rat e  o f  water movement t o  

the roots may be  partly limi ted b y  temperature . Thus wat e r  

moves to  the roots  more rapi dly under HT than under LT 

c onditi ons , and the  rate o f  decline o f  tra�spiration with  

fall  in RWC becomes  t empera ture , rather than �D , dependent . 

Earli er  in  this chapter  the e ffect  of  stomatal c l osure 

on  rates of  phot osynthesis  and transpirati on was discusse d , 

and  i t  was n o t e d  t hat as  water stress  i ncreased the  rat es 

o f  photosynthesis  and transpirati on d e c l ined in p3ralle l . 

The  relati onshi p b e twe en the se proc esses  was similar for 

tr.r e e  of  the treatments , but was rather different for plants 

under the HT/RH treatm8 n t  which had higher rates of phot o­

synthesis per uni t  ra te of  transpira ti on than plants under 

the other treatments . I n  F i g .  4- 1 2  the relative rates o f  

photosynthesis  and transpirati on are shown plotted  a gainst 

each other . For t hr e e  of the treatme nts  the points all l i e  

along t h e  l i n e  o f  1 : 1  c orrespondenc e but the points for t he 

LT/HH treatment deviate  from th is rela t i onship . This devia t i on 

was t entatively ascribed i n  the ' Re sul t s ' sec t i on of this 

chapter  t o  possible  uncertainties  in  the plotting of  the 

RWC- t ranspiration  and RWC-photosynthesis  curves , for it  is 

d i f f icult to  find  any phy � i ological bas i s  for t his result .  

( Ha d  the deviati on be en i n  the opposi t e  directi on , i . e .  higher 

relat ive transpir�t i on than relative phot osynth e t i c  rates  a t  



1 32 .  

any given RWC , an i n flue n c e  o f  the mesophyll resi s tance ( r ' ) m 

might  have b e e n  suspe c te d ,  for the r '  o f  the LT/HH plants  m 

was apparently very much higher than that of  plants under  the 

o ther treatme nts  (Table 3-IV ) , and might have cont ribut e d  t o  

l ower rates  o f  phot osynthesis  whe n t h e  plants were sub j e c t  

t o  wat er stress . This however was not the case ) .  A s  water  

s tress  increase s  the  relat i ve rates  o f  transpira t i on and  

photosynthesis  of  the plants under t he treatments that c on form 

to t he 1 : 1  r elat i onshi p ,  and possibly also  of the LT/HH plant s ,  

d e cline  in  phase  and proportionately . The 1 : 1  c orrespondence  

is  followed  regardless o f  the  atmospheric  environment ,  but  

the  exten� to whic h  the relative  rat e s  are reduc e d  by any given 

level  of  s tress  is  d ependent on the environmental c ond i t i ons . 

Figure 4- 1 2  thus emphasises  t he c l os e  relationship b� twe en the 

rate s  of photosynthe s i s  and transpirat ion  whic h  is apparently 

mediated  through the influence  of  transpiration on  l eaf  t�rgor 

and the  consequen t  e ffec t s  on st omatal aperture ( and there by on 

s t omatal resis tanc e ) .  Thus the RWC-photosynthesis  relationships 

( F i g .  4- 1 1 ) ,  alth ough involving a di f ferent  set of reac tions , 

are apparently the  result o f  the i nterac t ions between trans-

pira ti on , leaf  turgor (wh i c h  is refl e c t e d  i n  t he value of l e a f  

RWC ) and s t omatal resis tanc e , and cons e que ntly are e xtremely 

� i f f i c ul t  to  inte rpre t  in isolat ion .  

I t  may be  noted  that there is  a t e ndency for the 

RWC-transpirati on  curves (Fi g .  4 - 1 0 )  t o  flatten out paralle l  
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to  the  absc i ssa , suggesting that transpirat ion may continue 

d own ' t o  very low levels  o f  RWC , a tendency that i s  not s o  

apparent in  the RWC-ph otosynthesis  curves ( Fig .  4- 1 1 ) .  I t  

i s  a l s o  apparent from Fig . A7- 1 ( which  shows the individual 

points  from which  the regressions in Fig . 4-4 were calculat e d ) , 

t hat there  i s  a tendency for the rates o f  transpira t i on and 

photosyn thesis  b e l ow those obtaining a t  0 . 4  atm.  soil  mois ture 

t ensi on not to be  related  in the same way as those  above 

0 . 4 atm . tension .  Above 0 . 4  atm .  tens i on photosynthesis  tends  

t o  dec rease rather more  rapi dly than transpiration . Had  the 

experiments been  extended  i n  durat i on i t  i s  probable  that 

transp i ra t i on woul d hava been  measurable  after  pho tosynthesis  

had  fal l e n  t o  zero , ind e e d  this  did  occur i n  one i nstance 

during the stress phase o f  a rewatering expe ri ment ( se e  Chapter  

5 ) .  Slatyer  ( 1 967 ) states  that  transpirat i on continues a t  a 

l ow rat e  unt i l  death o c c urs . I t  is  probable  that for a period  

b e f ore death occurs the  pla�t acts  mainly as  an  inert  wick  

be tween the  soil  and  the a tmosphere . At  these  high soil  

moisture tensions and l ow levels  of  leaf  hydration it  is  

pos sible  that disrupti on of  the  b i ochemical  processes  of  

photosynthe sis  occurs . Photosynthesis  and  transpira t i on may 

thus be d e t e rmined b y  s eparate  mechanisms a ft er soil moisture 

chara c t e r i s t i c s  become  the dominant limi t ing i n fluence  on  the 

rat e  of  t ranspirati on , but between  0 and 0 . 4  atm . s o i l  moisture 

t ension  i t  would appear �ost l ikely that b o th processes  were 

subj e c t  to the c ontrolli n g  influence of stomatal res i st anc e .  



CHAPTER 5 

RESPONSE OF S OY BEAN PLANTS TO REWATERING FOLLOWING 

WATER STRESS UNDER TWO C ONTRASTIN G  S ETS OF 

ENVIRONMENTAL C OND ITIONS 

INTRODUCT ION 

R e s u l t s  given i n  t he lit era t ur e  for t h e p a t t er n G  o f  r e c overy 

o f  co2 e x c h ange and t r anspirat ion o f  p lan t s  r ewater e d  following a 

p e r i o d  of water s t r e s s  d i f f e r  on two main p o i n t s .  Firs t ly ,  t h e  

r a t e o f  r e c overy t o  t h e  or i gina l ,  uns t r e s s e d  rat e s i o  variously 

r e p or t e d  as t w o  t o  s e v e n  days for apple ( S c h n e i d er and Childe rR , 

1 94 1 ) ,  and l e s s  than 2 4  h o ur s  for ladino c lo v e r  ( Up chur � h ,  

P e t e r s o n  and Hagan , 1 955 ) . Rec o very o f  p h o t o s y n t h e t i c  and 

r e spir a t i o n  rat e s  to 80% o f  t h e  original r a t e s  within one h our 

h a s  b e e n r e p o r t e d  for ry e s e e d lings ( Mura t a , Iyama and H onma , 

1 966 ) , and Thomp s on , S t c l z y  and Taylor ( 1 965 ) , r e por t e d  a 2i f o ld 

i n c r e a s e  in t h e  ra t e  o f  p h o t o synt h e s i s  o f  r ough lemon wi t hi n  10  

minu t e s  o f  rewat erin g ; prior t o  r e wa t ering t h e  phot o s yn t h e t i c  

r a t e w a s  1 6% o f  t h e  original rat e .  

The s e c ond point o f  d i fferenc e c oncerns t h e  ord e r  in which 

p h o t o syn t h e s i s  and t ran spirat ion re spond t o  t he relie f of wat e r  
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s t r e s s . Tran spir a t i on was o b s e r v e d  t o  r e c ov e r  b e f ore , o r  

s imult aneous ly wi t h ,  p h o t osyn t h e s i s  in apple ( Schneider and 

Child e r s , 1 94 1 ) ,  pe c an ( Lous t a lo t , 1 945 ) and loblolly pine 

( Bri x ,  1 962 ) c Ph o t o s y n t h e s i s  has b e e n  r e por t z d  t o  r e c over 

b e f or e  t ranspira t i o n  i n  t oma t o  ( Bri x ,  1 9 62 ) 1 r ough lemon 

( Thomp s o n  et a l ,  1 965 ) and c ot t on ( Palla s , �ti c hel a nd Harri s ,  

1 96? ) .  Rec overy t o  t h e  original r a t e s  d o e s  n o t  app e ar t o  b e  

d e p e n d ent o n  t h e  r e - e s t a b lishment o f  full l e a f  turgo r . 

S c hn e i d e r  and Child e r s  ( 1 941 ) f ound that a l t h o ugh f ul l  t ur gor 

was r e gained t hr e e  t o  f i v e  hours aft e r  rewat e ring, the rat e s  

o f  co2 exchange a n d  t ra n s pira t ion d i d  n o t  fully r e c over for t w o  

t o  s e ve n  day s . The t oma t o  p l ant s in Brix ' s  e xp e rim e n t s  neve r 

r e gained their original ra t e s  of phot osynth e s i s  and t ranspi�a t i o n ,  

a l t h o ugh full leaf t ur gor was r e gaine d .  

Brix ( 1 962 ) a l s o  s h owed t ha t  t h e  phot o synt h e t i c  rat e of 

loblo l ly pine s e edlings r e c ov e r e d  very much more rap i d ly when 

t h e  r o o t s  w e r e  exc i s e d  than when the s e e d lings r e mai ne d intac t .  

H e  sugge s t e d  that during p eriods o f  wa t er s t r e s s  change s  

a f f e c t i ng t h e  wat er ab s orbing and/or c onduc t in g  capac i t y  o f  t h e  

r o o t s  t ak e  plac e .  In part , a t  leas t , t h e s e  c hanges may involve 

the d ea t h  o f  r o o t s  and ro o t  hair s and inc r e a s e d  sub e r i sat i on of 

the r o o t s  ( Slatyer , 1 967 ) .  Kra m e r  ( 1 950 ) f o und t hat wat er uptake 

t hrough t h e  r o o t s of t omat o and s unflower p lan t s  that had b e e n  

a llowe d t o  wilt wa s r e duc e d  by 50% i f  t h e  p lant s were wilt e d  

o verni ght , an d 80�90% in p lant s wilted over four d�y s . Toma t o  

plan t s  s h o w e d  a hi gh d e gr e e  of r e c overy f r o m  t h e  la t t e r treatme n t , 
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but s unflower did not . He  attributed the  reduced water  

uptake mainly to  sub erisation and c essation of  e longation 

of the root s ,  and sugge st ed that reduced  protoplasmi c 

permeability might be  a further contributing factor .  

Recent studies suggest that water  stress may affect  

stomatal  functioning , and that the e ffe c t s  may persist afte�  

the re lease of  the  p lant from stress . Fischer ( 1 967 ) showed 

that stomatal func t ioning 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 t o  three  days following rewatering . Re 

also showed that t he source of  the impairment in bean plants 

resided in the me sophy l l  and epidermal c e lls . Allaway and 

Mansfi e l -1 ( 1 970 ) found that after leaves of Rumex sangui!:teus 

had been  allowed t o  wilt  the stomata did not open as wid e ly 

as usual and 2% o f  the guard cells were killed �  They suggested  

that  after wilting an inhibitor of stomatal  op�ning accumulate s ,  

o r  that the leve l o f  some promoter o f  stomatal opening falls . 

Little  attention appears t o  have b e e n  given to  the effe c t s  

of  environmental fact or s  o n  t he rat e  and d e gr ee of  recovery o f  

C02 exchange and t r anspiration rat es from wat er stress after  

rewatering. Caldw e l l  ( 1 9 1 3 )  found that herbaceous plants 

allowed to wilt slowly in a humid atmosphere required twi c e  ae 

long to  recover their original transpirat ion rates  as plants  

rapidly wilted unde r  c onditions conducive to  high t ranspirati o n .  



1 3 7 .  

Und e r  t h e  humid c o n d i t i o n s  t h e  r o o t  hairs were usually ki lle d ,  

b u t  t h i s  did n o t  o c c ur w i t h  t h e  rapi d ly wilted p lan t s .  Pal la s  

e t  a l  ( 1 96 7 )  f ound t h a t  c o t t o n  p lant s which were rewa t e red 

a f t e r  pr olonged w a t er stress r e gain � d  t h eir origina l ra t e s  

o f  p h o t osyn t h e s i s  an d transpira t i or. und e r  a light i n t ensity 

aquivalent t o  full s unligh t . Under one ha l f  and o n e  quar t e r  

f u l l  sunlight e q uivalents t h e y  failed t o  r e gai n their origina l  

r a t e s ; ph o t osyn t h e s i s  und er one quar t e r  sunlight r e a c hed 65% 

o f  i t s  orig inal v a l ue a f t e r  rewa t er i n g .  S t oma t al a c t ivity 

also faile d  t o  a t t ai n  the pre -rewat ering level a t  any o f  t h e  

light intensiti e s . 

The re sul t s  whi c h  f oll ow were obtained from e xperiment s 

i n  whi c h  s oyb ean p l an t s  were r ewa t er e d  a f t e r  being s ub j e c t e d  

t o  vari ous levels o f  wa t er s t r e s s  �nd e r  o n e  o f  t w o  c o n t rasting 

s e t s  o f  environm e n t a l  c ondi t i on s . Th e ob j e c t  of t h e  experi­

re e h t s  wa s to follow t h e  imme dia t e  p o s t - r ewat ering r e s ponse 

of p� o t o synt h e s i s  a n d  t ranspira t i on . No a t t empt was made t o  

d e t e r mi n e  t h e  ' l e t ha l - limit ' o f  wat er s t r e s s  b ey ond which 

r e c overy c o uld not t ake plac e ,  and t he e xp e r imen t s  c on s t i t u t e  

only a preliminary i nv e s t i ga t i o n  o f  t h e  a f t e r  e f f e c t s  o f  wa t e r 

s t r e s s  on soybean plant s .  

METHODS 

The rewat ering exp erim e n t s  were c arri e d  out on p la n t s  

grown und e r  t w o  c on t ra s t ing s e t s  o f  envir o nmentul c o n d i t i ons , 
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t h e  HT/LH and LT/HH t r e a t m e n t s .  Und er e a c h  t r eatment five 

pla nt s were sub j e c t e d  to wat er s t r e s s  b y  wit hholding w at e r ,  

e i t h e r  i n  t h e  pla n t  c h amb er o f  t h e  co2 e x c h a n ge - tran spirat i o n  

m e a s uring � q uipment , or in t he growth c a b i ne t . ( Wi l ting in 

t h e  growt h c a b in e t  was ne c e s sary for s om e  LT/HH plant s b e c ause 

o f  the le ngth o f  t ime r e quir e d  for the s e  p la n t s to b e c ome 

sub j e c t  to wa t e r  s t re s s .  S u c h  plants w e r e  t r a n s f e rr e d  t o  

t h e  plant ch amb er a n d  t he j r phot osynth e t i c  and transpira t i o n  

ra t e s  me asured b e f o r e  s t r e s s  was relieved b y  r ewa t ering) . 

Plan t s  w e r e  r ewat e r e d  a f t e r b eing sub j e c t e d  t o  var�ous d e gr e e s  

o f  s t r e s s , t h e  wat e r  a d d e d  b e ing suffi c ie n t  t o  return t h e  plant 

and p o t  t o  the original w e i gh t  b e fore s t r e s s  wao impo sed . 

Aft e r  r ewat ering � t h e  plant wa s r e t urn e d  t o  t h e  plant chamb e r  

and f ur t h e r  measur e m en t s  o f  phot o synth e t i c  and tra n spiration 

r a t e s  ma d e . Rewa t e ri n g  w a s  c a rri e d  out b e f o r e  the plants 

b e c�me t oo s e v e rely w i l t e J ,  a n d  pa ssed t h e  ' l e t hal limi t ' b ey on d  

whi c h  r e c o very w a s  i mp o s s ible . Conseq uent ly t h e  t i m e  o f  day a t  

w h i c h  rewat ering was c a r r i e d  o u t  wa s n o t  c on s i s t ent , a n d  plant s 

were r ewat e r e d  at e i t h e r the end o f ,  or a t  some t ime duri n g ,  t h e  

l i gh t  period . Measur em e n t s  o f  l e a f  t emper a t ur e , RWC a n d  s o i l  

m o i s t ur e  c o n t ent w e r e  ma d e  a s  usua l ,  although t h e  t ime s at whi c h  

plant and s o i l  wat e r  s t r e s s  s ample s were t aken were d i c t a t e d  b y  

t he s t a t e  o f  t h e  plant . 

RESULTS 

As in all t h e  p r e vi ou s  experiment s ,  l e a f  t empe r a t ur e  rema i n e d  

within 0 . 5 ° C o f  amb i e nt a i r  t emperature . 
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The  time courses  of  typical rewat ering experiment s ,  

Figures  5 - 1  ( HT/LH ) and 5-2 ( LT/HH ) ,  show the e f fects  of  

rewatering at the e nd of the light period , and d uring the 

light period , for each treatment . The RWC at vari ous 

time s  is also sh own . When rewat ering t ook place at the 

end o f  the light period , the  subsequent t ime  courses  of 

phot osynthesis and transpiration were similar to those for 

unstressed  plant s ( Figs . 4 - 1  and 4-2 , day 1 ) ,  and the two 

pro c e sses  were more or less  in phase . 

When  rewatering was carried out during the light  

period , there was  no immediat e increase in  either photo­

synthesis or transpiration,  which either rema�ned the same 

as b efore rewat ering ( Fig. 5-2 b ) ,  or continued to fall 

( Fi g .  5-1 b ) .  Wi thin two hours of  rewatering however , 

both proc esses showed a rapid increase in rat e ,  photo­

synthesis  t ending t o  increase  more  rapid ly than transpiration 

and to reech its maximum post-rewatering rat e ra ther earlier .  

Thus whilst the rat e  of  r e covery o f  transpiration was less  

than that  of  photosynthesis , the two processes commenced  

recovery more or  less  simultane ously . 

The results o f  the rewatering experiment s are surnmarised 

in Tab l e  5 - I ,  which shows the  maximum rate s  of photosynthesis 

and transpiration b efore and after rewa t ering , the post 

rewatering maximum rat e s  as a perc entage of  the maximum rat es  



Figure 5- 1 

Time c ourses  o f  rewatering experiments under 

HT/LH c ond i ti ons . 

Rewatering ( indicated  by the arrow ) took place 

at  the end of  the l i gh t  period ( A ) , or during 

the light per i od ( B ) . RWC at  vari ous  t i me s  

duri ng the experiments is  i ndicate d .  

S ol i d  circlez  

Open  circles  

photosynthesis  (mg C02/dm2/hr ) 

transpirati on ( gm water/dm2/hr ) 

( Data are for HT/LH repl i cates  lt , ( A ) and 2 ,  ( B ) ) .  
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Figure 5�2 

Time c ours e s  of rewatering exper i ments under  

LT/HH c ondi tions . 

Rewatering ( indi cated  by the arrow ) took pla c e  

at t h e  e n d  of  t h e  l i ght  period ( A ) ,  o r  ouring t he 

light period ( B ) . 

RWC a t  var i ous t im�s during the experiments i s  

� nd i cated .  

S ol i d  circles  

Open c ircles  

phot osynt�esis  ( mg co2/dm2/hr ) 

transpirati on ( gm water/dm
2/hr ) 

(Da t a  are for LT/HH replicates  1 1  (A ) and 5 ,  ( B ) ) .  
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Table 5 - I .  

Treatment 
and 

S ummary o f  rewa t ering experime n t s carried out und e r  two s e t s  

o f  environme n t a l  c o ndi t i o n s . Figures in bracke t s  followinz 

maximum p os t -r ewa t e ring r a t e s  of p h o t o synthe s i s  and transpira t i o n  

are t h e s e  rat e s  e xpr e s s e d  a s  a perc entage o f  t h e  maximum pre­

r ewa t e ring ra t e .  

maximum pre - revm t ering RWC ( % )  Maximum p o s t - r ewa t ering 
rat e a t  a ft er r a t e  

Repli c a t e  Ph o t o syn t h e s i s * Transpir a t ion+ r e w a t e ring Pho t o synth e s i s * Tra n spira t i o n+ 

HT/LH 

1 2 3 . 7  2 . 76 76 . 7  89 . 4  1 4 . 9  ( 62 . 9 ) 1 . 63 ( 59 . 1 )  

2 2 3 . 2  2 . 80 82 . 2  92 . 0  1 8 . 9  ( 8 1 . 4 )  2 . 35 ( 83 . 9 )  

3 22 . 7  2 . 88 76 . 8  87 . 5  1 6 . 1  ( 7 0 . 9 )  1 . 89 ( 65 . 6 )  

4 1 4 . 5  1 . 95 6 8 . 7  87 . 9  1 1 . 8 ( 8 1 . 4 )  1 . 59 ( 8 1 . 5 )  

5 22 . 7  2 . 5 4  83 . 8  9 1 . 0  1 7 . 5  ( 77 . 1 )  2 . 00 ( 78 . 7 )  

LT/HH 

1 S t r e s s e d  in c abinet 78 . 9  93 . 6  7 . 8  0 . 98 

2 7 . 7  1 . 20 9 ·1 . 1  93 . 1  7 . 6  ( 98 . 7 )  '1 . 22 ( 1 0 1 $ 6 )  

3 S t r e s s e d  in c abinet 79 . 3  9 1 . 8  7 . 5  1 . 1 1  

4 7 . 0  1 . 1 7 8 6 . 1 93 .. 1 7 . 1  ( 1 0 1 . 4 )  1 . 00 ( 8 5 . 4 )  

5 S t r e s se d  in c abinet 6 9 . 4  92 . 0  5 . 2 o . 8 1  

2 * mg C02/dm /hr 
2 + gm H20/dm /hr 

� 
+:-+:-

• 



b e f o r e  r ewat e r i n g , and l e a f  RW C a t  t h e  t ime o f ,  and a f t er , 

r ewat ering. 

Maximma rat e s  prior to rewat ering a r e  not giv e n  for 

r e p li c a t e s  1 ,  3 a n d  5 o f  t h e  LT/HH t r 0 a t me nt b e c ause t h e s P.  

p la n t s  w e r e  s t r e s s e d i n  t h e  cabinet t o  i n d uc e low RWC ' s .  

Tab l e  5-II  s h ow s  t h e  s o i l  m oi s t ur e  t e nsion at t h e  t im e  

o f  r e wat ering in e a c h  experimen t , a n d  i n  c o n j un c t i o n  wi t h  

Tab l e  5-I empha s i s e s  t h e  e f f e c t  of e nvir o nment o n  p lant - s o i l  

wat e r  r e l a t ions . Tab l e  5-I  s h ows t ha t  t h e r e  is no r e la t i on-

ship b e tween t h e  RWC a t  the t ime of rewa t e r ing and t h e  

s ub s e q uent d e gr e e  o f  r e c o very , a s  giv e n  b y  t h e  po s t - r ewat Qring 

rat e s  as a perc e n t a g e  o f  t h e  pr e - s t r e s s  maximum rat e s . Repli c a t e s  

2 a n d  4 ( HT/LH) s h o w e d  t h e  s ame d e gre e o f  r e c o very a l t h ough t h e  

RWC ' s  a t  �h e time o f  r e wat e ring were d i f f e r e nt ( 8� 2% an d 6 8 . 7% 

r e s p e c t i vely ) ; Tab l e  5-II shows t hat t h e  s o i l  mois t ur e  t e nsions 

for t h e s e  two p la n t s were t h e  same a t  the t ime of rewa tering. 

Table 5-II . 

ReEli c a t e  

1 

2 

3 

4 

5 

S o i l  m o i s t ur e  t ension a t  the time o f  

rewat e r ing for the p la n t s  und er t h e  

t w o  t r e a t me n t s . 

S o il moi s t ur e  t e nsion ( at m . ) a t  r ewat ering 

Tr e a t m -::n t  HT/LH Treatment LT/HH 

0. 50 15 + 

0. 23 0. 20 

0. 29 15 + 

0.23 0 . 29 

0.16 15 . +  
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Figure 5-3 prbvides evid ence that for plants grown under  

the  HT/LH treatment the degree  of  recovery of phot osynthesis 

and t ranspiration was related to  the soil moisture tension at 

the t ime o f  rewat ering;  the higher the soi l  moistu�e tension, 

the lower the degree  of  r e c ovary � It  is no t possible , from the 

data available , to  det ermine t�e exact nRture of thi s  relation­

ship , nor to plot this relationship for t he L'I/HH t reatment . 

After rewatering,  soil moisture t ension did not exce€d  0 . 05 atm . 

in any instance .  

The data in Table  5-I suggest that full leaf RWC ( i . e . RWC 

above 9 1%)  was not regained in  some cases  ( H T/LH , �eplicate s  1 ,  

3 and h )  but it is  possible that these  plant s regaine d  higher 

RWC ' s  than those shown , prior to sampling . The rat e of imposition 

of wat er stress under  the HT/LH treatm.��\ t was very rapid ( se e  · 

Chap� er  4 ) , and these  p lants  may have again become water  stressed 

after regaining full t urgidity . Nevertheless , the max�mum rat e s  

of  pho tosynthesis and t ranspiration prior t o  wat er stress were 

not regained in th e plants that did have high RWC ' s  at the time 

of sampling ( replicat e s  2 and 5 ) . With a l l  HT/LH plants ,  the 

degree of  recovery of  photosynthesis and transpiration was 

e ssentially the same . The greatest  difference betwee n  the 

r ecovery of photosynthesis and transpiration was 5 . 3% ( HT/LH 

replicate  3 ) , and there was no e vidence of  one of  these  processes  

c onsist e nt ly recovering to a greater degre e  t han the other . 



Figure 5-3 

Dependence o f  the recovery of photosynthetic  

and  transpiration rates following rewatering 

on the soil moisture tension (SMT )  at the t i�e 

o f  rewate ring under HT/LH c ondit ions . 

Recovery ( Re c overy % ) i s  expressed ae the 

maximum post-rewatering rate o f  photosynthesis 

or transpiration as a parcentage o f  t he maximum 

rate prior  t o  the imposi tion o f  stress . 

S olid  c i rc l e s  

Open c ir c l e s  

photosynthesis 

transpirati on 
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The r e s ul t s f r om t h e  LT/HH t r e a t m e n t  are more d i f f i c u l t  ,... 
t o  i n t erpr e t  b e c aus e more t h an half t he p lants us e d  und e :-w e n t  

t h e  i n i t i a l  p e r i o d  o f  s t r e s s  i n  t h e  g r o w t h  cabine t ,  a n d  

c ons e q ue n t ly t h e r e  are n o  uns t r e s s e d  maximum ra t e s  avai lable 

on which to b a s e  the d e gr e e  of r e c overy . The maximum 

pr e - r ewat eri n g  r a t e s  of ph o t o synt h e s i s  and t ransp i r a t i o n  for 

r e p l i c a t e s  2 a n d  4 w e r e  rather lower than t h e  treat m e nt average 

( C ha p t e r  3 ) , and the p o s t -r ewat ering maximum ra t e s  o f  p h o t o -

synt h e s i s  of r e p li c a t e s  1 a n d  3 were s imi lar t o  t h o s e  f o r  

r e p l i c a t e s  2 a n d  4 �  I t  i s  t he r e f ore p o s sible t hat t h e s e  two 

plan t s  ( 1  and 3 )  s howed full r e c overy o f  p h o t osynt h e s i s  a f t e r 

r e wa t e r i n g r  a l t h o ugh t h e 1r tran apirat i o n  rat e s  were lower t han 

norma l . Repli c a t e 2 ,  whi c h  was rewa t e r e d  a t  9 1 . 1 % RWC , was not 

vi sua l ly und er wa t e r s t r e s s  a t  t ha t  t ime . Th e sub s e q u e nt r a t e s  

w e r e  l i t t l e d i f f er e n t  from t h o s e  ob t a i ni ng be fore r e w a t e r i n g .  

R e pli c a t e  5 o f  t h e  LT/IIH s e r ie s ,  whi c h  suffered t h e  great e s t  

d e gr e e  o f  wat e r  s t r e s s  b e f or e  rewa t ering ( RWC 6 9 . h% : s oi l  

mpi s t ur e  t en s i o n  i n  e xc e s s  o f  1 5  a t m . ) c l early did n o t  r e c o v e r  

i t s  o r i ginal ra t e s  o f  pho t o synt h e s i s  an d transpira t i on w i t h i n  

t h e  p e r i o d  o f  t he e x p e riment . 

R e p l i c a t e  4 ,  LT/HR , i s  o f  i nt e r e s t  i n  providing a marke d 

c o nt r a s t  w i t h  t h e  r e c o very pat t e rn o f  t h e  HT/LH plant s .  Alt h o ugh 

t hi s  plant fully r e gained b o t h  leaf RWC and the ori ginal p h o t o-

syn t h e t i c  rat e , t ranspira t i o n r e c overy lagged w e l l  b e h in d , and 

showed a maximum of 85 . 4% of the ori ginal rate a t  t he e n d  of t h e  

e xperim e n t , c ompar e d  w i t h  1 0 1 . 4% for pho t o synthe sis . 



DISCUSSION 

The close  r esemblance  of  the time course o f  rec overy 

o f  plants rewatered at the eud of the light peri od to the 

normal time c ours� of non-stressed  plants (Figs . 4- 1 and 

4-2 , day 1 )  i s  a t tributable to  overnight recovery of leaf  

turgidity .  Night -t ime evaporative demand was low  (low V?D ) 

and the stomata almost certainly c losed , so that the 

resulting slight loss o f  wa ter was exce eded by water 

absorption . At t he s tart of the following ligh t  peri od the 

l ea f  water de fi c i t  had been made good , and the plant was 

no l onge� sub j e c t  to  water stress . The influence of  the t i me 

o f  rewatering on the pat tern of rec overy is  uncertain ,  but 

may be no.;- existent . Replicates  2 and 4 of  the HT/LH 

treatment were  rewatered a t  1 3 1 5  and 2015  hrs . respective ly ; 

the soil  mois ture tens i on at  rewatering was the same in both  

cases , as  was the  degree  of  recovery of  phot os�nthesis and 

transpiration . 

Under both treatments  the per i o d  o f  water stress 

appeared to produc e after-e ffects  which  persisted at  least 

for t he dura t i on of the experiment , as  evidenced by the 

failure to  regain the original rat e s  of photosynthesis  and/or 

transpiration . This  e f fec t was more marked under the HT/LH 

treatment .  There are many possible reasons for this , e . g .  

root  suberisa t i on , death of  roots and/or root hairs , impaired  
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stomatal functi oning and enzyme i nac t i va t i on ,  but the data 

do not  permit  the e ffect to  be defini t e ly ascribed  to any 

part icular cause . I t  may be pointed out that root suberisat i on 

uoes not nec essarily  prevent , although i t  may reduce , water  

absorption .  It  has  been shown , most  recently by Pi ckersgi l l  

( 1 967 ) , that water  absorpt i on can oc cur thr ough t h e  suberised  

porti ons o f  roots  o f  vari ous species . 

That photosynthe sis  did  not fully recover to i t s  original  

level  c ould be due  to  damage to the  photosynthetic �echanism  

( possibly partial enzyme i nac tivation ) resulting from the 

period  of water  s tress , but the similari ty of the degree o f  

recove ry of  phot osynthesis and transpi ra t i on also sugges t s  

that s tomatal fun c t i oning may have  b e e n  i mpaired . Impair e d  

stomatal func ti oning as  a c ons equence u f  water stress has b e e n  

repor t e d  in  a vari e ty of  species  ( Fischer , 1 967 ; Pallas et  al , 

1 967 ; Allaway and Mans fiel d ,  1 970 ) . 

I t  i s  possible  that the maxi mum rates  o f  photosynthes i s  

and transpi ration foll owing rewatering given here do not 

repre sent  the maxima that the plants c ould have attained .  At 

the most , experiments were terminated  at the end of  the  next 

full l ight period  following rewatering , whic h  was possibly 

too short a period  for normal plant func ti oning to be  resumed  

(Fische r , 1 967 ) , but  the  c oncern o f  the s e  experiments  was with  

the immediate pos t -rewa tering response , and  not with  the longer 

t erm e ffects . 
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The conti nued fall in  the rat e s  o f  phot osynthesis and 

transpiration a fter  rewateri ng during the light period be fore 

rec overy occurred ,  may at least  in  par t , have been due t o  

chilling of  the root system by the added water . The roots 

and soil were a t  approximately plant chamber air temperature 

( Chapter 3 )  and the added wat er was c older  than air temperature . 

Low soil  tempera ture reduces  photosynthesi s  ar.d transpirat i on ,  

( Babal ola , Boersma and Youngberg , 1 968 ) , and has been use d to  

induce wa ter e tress  i n  the leaves of  plants ( Trought on , 1 969 ) . 

The de lay in  re c overy of the rates o f  transpiration and photo­

synthesis  i n  Brix ' s  ( 1 962 ) experiments wi th loblolly pine and 

t omato  may also  have been par tly due to such temperature 

e ffec ts . Water given in  future rewatering experiments  should ,  

therefore , Le a t  the same t e mperature as the roots and coil  

to  whi ch i t  is  to  be  adde d .  

The r e c overy o f  maximum rates o f  phot osynthesis but not o f  

t rans pirat i on under t h e  LT/HH treatment ( Table 5-I ) ,  contrasts  

with  the  results from t he HT/LH treatment where the two 

processes  rec overed  t o  tb e same extent . Caldwell ( 1 9 1 3 ) found 

t hat  the t ran�pirat i on rates of plants  s tressed  under high humidi ties  

re quired twice  as l ong t o  recover as  those o f  plants s tressed under 

low humi d i t i e s , and t ha t  unuer the former treatment the ro ot hairs  

were  usually killed .  I n  di scussing this  pape r , Kramer ( 1 950)  

sugges t s  that under the treatment  c onducive  to a slow impositi on 

o f  water  s tress ( h i gh humid i ty ) , the plants  were sub j e c t e d  t o  a 
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more severe level  o f  stress than when rapidly wil t e d .  

Tab l e  5 - I I  shows that thi s was the case  i n  the present 

experiments , the plants under the LT/HH treatment being 

sub j ec ted to higher soil moisture tens i ons than these 

under tAe HT/LH treatment , although in both cases the 

plant RWC ' s  were s i milar (Table 5-I ) .  I f ,  Rs in 

Caldwell ' s  experiments , the root hairs  were killed 

unde r  the LT/HH treatments , the reduce d  recovery of 

transp i rati on i n  replicate 4 (LT/HH ) would be unde�stand­

able . It would however , be necessary to pos tulcte that 

the reduced  water  uptake was neverthel e s s  adequate  for 

the restoration of  t he original photosynthe tic rate . As 

only 1 -2% of the water  absorbed by t t e  roots is used in 

me taboli c  processes  ( Meyer and Anderson , 1 952 ) , the 

remai nder being lost  by transpiration , this  postulate 

appears reasonable . The resumpt i on of the original 

phot osynthetic  rat e s  ( except in the case of replicate 5 

( LT/HH ) )  suggests  that the enzymes associated  with the 

photosynthe tic  mechanism were not affe c t e d  by the period 

of  wat e r  stress . 

Under the HT/LH treatment plants showed a rapid  and 

s imul taneous rec overy of both photosynthesis  and 

transpiration .  Thi s  i s  similar t o  the findi ng of Bri x  ( 1 962 ) 

for loblolly pine . The degree of  recovery o f  these 
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processes  was i nversely related  to  the soil  moisture tension 

at  the t i me of  rewatering (Fig 5-3 ) . Because leaf wat�r  

potential falls wi th increasing soil  mois ture tension , it  is 

suggested  that this rela tionshi p  was due to  damage to so�e 

aspect  o f  guard cell mechanism result ing from the development 

of low wat e r  potentials ; the lower t he level of  water 

potential , the greater  the resultant damage . Fischer ( 1 967 ) 

showed that the impairment of  s t omatal func t i oning foll owing 

wat e r  stress  in  tobacco  was proport ional to the durati on 

and severi ty o f  the water  de fi c i t . Allaway and Mgns fie l d  

( 1 970 )  sugges t e d  that the fai lure of  stomata t o  open as 

wi dely as usual  after wilting c ould  be due to  the fall in 

conc e ntra t i on of some promoter of s tomatal opening . I t  is 

suggested  that the degree  of impa i rment of  s tomatal func t i on­

ing i s  rela t e d  t o  the water potential developed  during the 

poriod of  water  stress , and that low water potentials may 

i nhibit  a promoter of stomatal opening . The observa t i ons 

and suggesti ons o f  Fischer ( 1 967 ) and Allaway and Mans field  

( 1 970 )  are in  a c cordance with  thi s  possibil i ty .  

The simultaneous rec overy o f  photosynthesis and 

t ranspiration is in accordance wi th the findings of Schnei de r  



and Childers ( 1 94 1 ) ,  Loustalot ( 1 945 ) , and Brix ( 1 962 ) 

for loblolly pine o The s e quential r e c overy of the two 

pro c e sses  report e d  by some authors ( Thompson e t  al , 

1 965 ; Pallas e t  al , 1 967 ) was not found in the case 

of s oybean , although under the LT/HH c ondi tions 

transpiration lagge d behind phot osynthesis  in i t s  

degree , but n o t  i n  i t s  commencement , o f  recovery . 

1 55. 



CHAPTER 6 

S OME ASPECTS OF LEAF S TRUCTURE WHICH 

MAY AFFECT RATES OF GASEOUS EXCHANGE 

INTRODUCTION 

Certain struc tural features of  the leaf play a large 

par t  in the de termina t i on of  the  resistanc es  to gaseous 

exchange be tween the leaf and the surrounding air . The 

boundary layer resis tanc e , that resistance produce d  by 

the layer o f  non-turbulent a i r  i mmediately adjacent to  

the l e a f  s ur face , i s  deter�ined by  the s i ze and shape of 

the leaf as well as  by windspee d  and leaf orientat i on 

{Milth orpe and Penman , 1 967 ; Slatyer , 1 967 ) . The depth , 

and c onse quently th� resistanc e , of  the boundary layer 

might be expected  to be increased by the presence o f  leaf  

hairs { S l�tyer , 1 967 ) �  but although they have been  s hown 

to  s i gn i fi c �ntly de crease wind speed near the surfa c e  of 

s oybean leaves , they may , i f  water-filled , c oTitribu t e  t o  

the non-stomatal c omponent o f  t ranspiration ( WoolJ ey , 1 964 ) . 
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The  presence  o f  leaf  hairs may not , there fore , nec essarily 

c ontribute to a reduc t i on in  transpirati on : the s tructure 

o f  the hairs woul d also appear to  be important . 

S t omatal resistance t o  C02 and water vapour d i f fusi on 

i s  partly de termine d by the dimensi ons and frequenc i es 0 f  

the stomatal pores , and can be  determine d from measurements  

o f  these parame ters ( Le e  and  Gate s , 1 964 : Jarvi s ,  Rose  and 

Begg , 1 967 ) , but certa i n  aspe c t s  of stomatal dimensi ons , 

notably pore depth and width are very difficult to  measure . 

The s truc ture o f  the pore as seen  in vert i cal s e c t ion  i s  

fre quently c omplex and seldom approximates that of  a s i mple 

cylinder ( Le e  and Gates , 1 964 ) , so that no  s ingle  measurement 

adequate ly c harac terises  depth or width .  The width i s  also  

sub j e c t  to  rapi d  changes , and this dimens i on , as measured on  

excised  material  probably bears li t t l e  relation to  the  width 

prior to e x c is i on .  The val i d i ty of  measurements made  usi ng 

surfac e  impressi on techniques ( e . g .  Zelitch , 1 96 1 ) has 

rec ently b e e n  calleq into  question  by Glinka and Meidner 

( 1 96 8 )  an� Leshem and Thaine ( 1969 ) . 

Because o f  the d i ffi culties  of  making meaningful  measure­

ments  of  stomatal dimensions cons i derable e f fort has been  put 

into  the development o f  instruments for in s i tu measurements 

. of di ffusion  resi s tanc e  ( e . g .  van Bave l , Nakayama and Ehrler , 
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1 965 ;  Slatyer and Jarvis ,  1 966 ; Kanemasu , Thurtell  and 

Tanner ,  1 969 ) . A knowle dge of the  stomatal dimens i ons i s  

not  a prerequisi te for the i n � erpr e tation of  the resul ts  

obtaine d from  such instruments . Unfort unately no such  

e quipment was available for use  i n  the present s tudy . 

The experime�ts  reported  in  this thesis  were not  

designe d ,  nor  was the  resul ting data adapted ,  for the 

quantitative de termination of resis tances  to gaseous di ffusion.  

However , i t  was  considered  worthwhile  to cal culate such resie­

tanc es from anatomi cal data to de��ne whe ther these  eave any 

i ndi cation of  the causes  of  d i f ferences  i n  rates of  photo­

synthe sis  and transpiration between treatments . 

Acc orCingly st omatal pore and leaf hair  lengths and 

frequenc i e s  were  de termined for  the upper and lower  leaf  

surfaces . In  order  to  provi de a more  comple t e  description 

o f  the morphology o f  the plants grown unde r  the di f ferent 

treatments , leaflet  thickness and epi dermal cell  fre quenc i e s  

were  also d e t e rmine d .  

METHODS 

S e l e c tion and prepara t i on of  material 

S oybean plants were  grown under the four environmental 

treatments in a growth cabinet  as described  in Ch�pter  2 ,  

s e c t i on I I .  



A l l  measurements of leaf  struc ture were made on 

leafl e t s  o f  the third fully mature l ea f ;  the lateral 

l ea fle t s  were use d  for leaf hai r  measurements , and the 

c entral leaflet  for all other i nvestigati ons . S trips 

approximately 2 c m  x 1 cm  were  c u t  from the basal hal f  

o f  the c entre leafl e t  wi th a razor blade . The mai n  

leaf  vei n  was avoide d .  The s t rips were killed by 

immersi on  in boiling 3a�er and then trans ferred succ e s ­

sively t o  boiling 70% e thyl al c ohol a n d  hot  88% lac t i c  

aci d ,  each f or two minutes t o  c l ear them ( Clarke , 1 960 ) . 

They were  then  s t ored  in  c ol d  88% lac t i c  ac i d .  Material 

from s e ve n  plants per treatment was prepared in this  way . 

Measuren�nts o f  leaf  hair  l ength and dis tributi on were 

made on fresh material . 

Leaf  hair distribu t i on 

Lat e ral leafle ts were removed from plants  with  a 

razor blade and the number  o f  l eaf  hairs in  each o f  1 0  

fields o f  view  (area 1 2 . 57 mm
2

) o n  the upper and l ower 

leaf  sur fqc e s  c oun t e d  under a Z e i ss dissecting mi crosc ope . 

Five leafl e t s  from each treatment were examined.  Results  

for  upper and lower surfaces  were  expressed  as  number  o f  

l e a f  hairs  p e r  cm
2

• 
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Lea f  hair length 

Leaf hairs were remove d with microforceps from the 

leaflets used for lea f  hair distribution determinationa . 

Care was t aken t o  remove the whole  ha i r ,  and not to  break 

it  off  short . The lengths of ten hairs from each sur fa c e  

of  five leaflets  per treatment were  mea sured on a pie c e  

o f  millimetre  graph paper to  the nearest 0 . 1 mm under  t h e  

microscope . 

Stomatal and epidermal cell  frequency 

The preserved strips were temporari ly m ounted in 88% 

lactic  acid and the number of stomat a  in each of ten fields 

of view ( area  0 . 20L  mm2
) count ed on  each  surface .  The c o unt s 

2 were  conver � e d  t o  numbers of stomata per  cm for the upper  

and  lower leaf  sur fac e s .  Epidermal c e ll frequency was 

similarly determined . 

St o�� tal  length 

The lengths o f  ten st omata ( pore only ) on each surface  

of  each of  the  seven  st rips per  treatment were  measured  

using an eyepie c e  micromet er previously calibrated against 

a standard mic rome t er slide . Pore length was expressed  in 

microns .  yu) . 

Leaflet  thickness  

Lea flet thickness was  det ermined from sec tions of the  

pre served ma t erial that had  been dehydrat ed ,  wax-embedd e d ,  

and c ut o n  a hand micro t ome  into 10JU thick transverse 

sect ions . 



RESULTS 

Plnnt s grown und er the two low t e mperature trea tments 

t ended t o  ha ve rather smaller lea flets  than those grown 

und er the high t emperature  treatments . An index of this 

difference was obtained from the data used for the 

det ermin at ion of leaf  area - leaf dry weight relationships .  

Dividing leaf  area  b y  the number of lea flets  on the plant 

gave mean lea flet  are a .  The means for 1 4  p lants from 

each treatment a r e  gi�en in  Table  6-I . The average area 

of  the 5 largest lea flets  measured in e a c h  treatment is 

also given in this tab le . 

Table 6-I  

Treatment 

HT/LH 

HT/HH 

LT/LH 

LT/HH 

2 Mean leaflet  areas ( cm ) and standard error s ,  

and mean area ( cm2
) o f  the  5 largest  leafle t s  

from p lant s grown under  each  treRtme nt . 

Mean leaflet area Mean area of  5 l argest 
leaflets  

1 5 . 7  + 0 . 72 49. 1 -
1 7 . 3  + 0 . 75 50 . 6  -
1 4 . 8  + o . 6 3 39 . 4  
1 2 . 7  + 0 . 58 33 . 6  

Leaf hair distrib ution 

The mean frequencies  o f  leaf hairs on the upper and lower 

surfaces  of  leaflets  from plants  grown under the four treat-

ments are shown in Table  6 - I I .  I n  a l l  cases  leaf hairs were  

at  least  one  and one half t imes more frequent on the  lower 
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surfaces than o n  the upper . There were n o  consistent  

e f fe c ts o f  temperature or  VPD on  leaf  hair  number , the 

plants  wi th the most lea f  hairs being those grown under 

the HT/LH and LT/HH treatment s . Plants grown under LT/LH 

cond i t i ons had the least  number of  leaf  hairs on both  leaf  

surfaces , but  wi th the other  treatments  the order of  

hirsuteness was not  c onsis tent  be tween upper  and lower 

surfaces . 

Table  6-II Mean frequencies  (number  per cm2 ) and 

s tandard errors of  leaf hairs on upper 

and l ower surfaces of  leaflets from 

plants grown under the four treatment& o 

Treatment Upper Sur face Lower S ur face 

HT/LH 150 + 3 .2 229 + 3 .3 

HT/HH 109 + 1 .  8 241  + 2 . 5  

LT/LH 89 + 2 . 2 203 + 3 . 0  

LT/HH 1 42 + 3 . 9  251 + 4 . 0  

Least significant  
di fference ( LS D )  1 %  1 6 . 9  1 3 . 8  

The d i f ference i n  leaf hai r  frequenc i e s  for the upper 

surfac e s  of HT/LH and LT/HH plants was not s i gnifican t  at  the 

1% leve l ; all other trea�ment d i f ference s  were signi ficant 

at this  leve l .  The l ower  surface  leaf hai r  frequenc ies  were 

s i gni ficantly di fferent , at  the 1%  leve l , b e tween LT/LH 

plants and all other t l·eatments ,  barely s igni ficant between  



HT/LH and LT/JIH plants , and not s i gnif icant fo:r all  o ther 

treatmen t di fference s .  

Lea f  hai r  length 

The mean lengths o f  leaf  hairs on the  upper and l ower  

sur facee  o f  leaflets  from  plants grown under the four 

treatments are shown i n  Table 6-III . In all trea tments 

the upper surface leaf  hairs were l onger than those on the 

l ower surface ,  but there were no c onsi stent  di fference s  in 

l ength a t tributable t o  t e mperature or VPD . The great 

maj or i ty of the hairs  were wat er-fi l l e d .  

Table  6 - I I I  Mean l engths ( mm )  and standard errors of  

leaf hairs on upper and  l ower surfaces  

o f  l e a flets  from p:ants grown under the 

four treatments .  

Trea tment U12:r:er Surface  Lower Surface  

HT/LH 1 . 45 + o . o4 1 .37 + o . c3 

HT/HH 1 . 29 + 0 . 02 1 . 27 + 0 . 02 

LT/LH 1 . 25 + o . o4 1 .22 + o . o4 

LT/HH 1 .38  + o . o4 1 . 25 + 0 . 03 

LSD 1 %  0 . 1 4  0 . 09 

Di fferences  in  the upper surfac e  leaf hair  lengths 

are s i gni fi cant at  the 1 %  l e vel  between HT/LH and LT/LH 

plants , and barely signifi cant between HT/LH and HT/HH 
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plants . All other treatment di fferenc es  are not significant  

at  this  leve l . For the lower sur fac e  there are s igni fi cant 

( 1% level ) d i f ferences  be tween HT/LH and all other treat -

ments only . Overall , the di fferences  between the mean lengths 

are small . 

S tomatal freque�cz 

Table 6-IV shows the mean numbers  o f  stomata per c m  2 

on the upper and l ower Gur faces  o f  l ea flets from plants  grown 

under the four treatments . Plants grown under the t�o high 

temperature treatme nts had proporti ona t e ly more s tomata on 

the upper surface  ( 28% of  total ) than plants grown under  the 

l ow temperature c ondi ti ons ( 24-25% of  t o tal ) .  Plants grown 

under tte LH treatments had rather fewer stomata per cm2 on 

ei ther surface  than the HH plants , the d i f ferenc es  being 

6 i gnifi cant at  the 1%  leve l . 

Table  6-IV Mean fre quencies  ( number  per cm2 ) and s tandard 

errors of  s tomata on upper and lower surfa c e s  

o f  leaflets  from plants  grown under the  four 

treatments . 

Treatment  Upper Surface  Lower Surface  

HT/LH 9700 + 1 1 4  24800 + 1 90 

HT/HH 1 0200 + 1 55 26200 + 2 1 5  

LT/LH 8000 + 1 55 25200 + 207 

LT/HH 1 0440 + 133 3 1 600 + 280 

LSD 1% 833 1250 



The greater fre quency of  s t omata on the l ower  surfaces  

of the  l e&fl e t s  i s  in accordance wi th  the  stomatal d istribu t i on 

pattern o f  mos t dic otyledonous plants  ( Zucker � 1 963 ) .  

Stomata l length 

There were n o  great d i f ferences  b e twe en the lengths o f  

stomatal pores o f  plant s grown under  t he four treatmen ts  

( Table  6-V ) . 

Table 6-V Mean lengths (;u ) and standard errors o f  

s tomata on  the upper and l ower surfaces o f  

l ea flets  from plants grown under the four 

treatments . 

Treatment UEEer Surface Lower Surface  

HT/LH 1 2 . 66 + 0 . 1 6  13 . 22 + 0. 1 4  

HT/HH 13 . 2 7  + 0 . 1 4  1 4 . 23 + 0 . 1 5  

LT/LH 1 2 . 54 + 0 . 1 5  12 . 86 + 0 . 1 7  

LT/HH 1 2 . 63 + - 0 . 1 0  1 3 . 04 + 0. 13  

LS D  1%  0 .50 0.50 

The s tomatal por e s  of  HT/HH plants  were signifi cantly 

l onger on b o th leaf  sur faces  than those of plants from the 

o ther treatmen ts , but the di fferences involved were small . 

There are no sign i fi cant  di f ferences  ( 1% level ) be tween the 

pore lengths o f  plants  from the other treatme nts . In all 

cases the pores were �lightly l onger on t he l ower leaf surface  

than on the  uppe r .  
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Epidermal cell  frequency 

2 The mean number of  epid ermal cells per cm on  the upper 

and l ower sur faces  o f  leafle ts  from plants grown under the 

four treatments are given in Table 6-VI . 

Table 6-VI 

Treat inent 

HT/LH 

HT/HH 

LT/LH 

LT/HH 

2 Mean fre quenc i e s  ( number per c m  ) , and 

standard errors , of epidermal c e l l s  on 

uppe r  and l ower sur faces  of  leaflets  from 

plant s  grown under t he four treatme nts . 

Upper  Surface 

69500 + 2070 

65700 + 1 985 

66750 + 23 1 3  

69830 + 2 1 95 

Lower Surface 

36460 + 2 1 1 5  

39900 + 1 820 

36800 + 3 1 1 5 

34750 + 3453 

None o f  the treatment d i f ferences  were signi fi�ant at  

the 1 %  leve l .  

D i f fe�ences  in epidermal c e l l  size  be tween the  treatments  

were sma l l  for  e i ther leaf  surfac e .  The l ower fre quency of  

epidermal c ells per  cm2 on t he l ower surface  is due  to  the 

greater  fre quency of s t omata on this  surface .  The subsidiary 

c ells  o f  the s tomata were not c ounted  as epi dermal c e l l s .  

Lea fle t  thic kness 

The mean leaflet  thicknesses  for plants grown und e r  the 

four treatments are given in  Tab l e  6-VI I .  
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Table  6-VII Mean l ea fl e t  thickness  ( N ) and standard I 

e rrors of  plants crown under the four 

treatment s .  

Treatment Mean leafl e t  thi ckness Standard error 

HT/LH 1 75 . 8  2 o 9  

HT/RH 1 61 . 8  2 . 5 

LT/LH 1 93 .2 2 . 1  

LT/RH 1 83 . 7  2 . 7  

LSD 1%  1 6 .3 

Leafle ts from plants grown under the low tempera ture 

c ondi tions were thicker thau those from plants grown under 

hi gh te mperature , and at each temperature the leaflets were 

thic ker under LH c ondit i ons . The difference in leafl e t  

thickness betwee n  the RT/LH and LT/HR plants is  not 

signifi cant at the 1%  leve l . 

Summary o f  leaf morphologi cal features 

A summary o f  t he morphological features o f  leaves from 

plants grown under the four treatments is give n  in 

· Ta.ble  6-VI I I . 
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Table  6-VI II  Morphological features of  leave s o f  plants 

gro�n und er  the four treatments . Rank 

order (highest  to l owest ) in  bracke ts . 

Morphological Leaf • 

feature su�face 

Leaf h�ir  fre quency u 
( no/c m  ) 1 

Lea f  hai r  length u 
( mm )  l 

Stomatal2fre quency u 
( no/cm ) l 

S t omatal l e ngth u 

<;u ) l 

Epidermal c e ll 
fre que�cy u 
( n o/cm ) l 

Mean �eafl e t  area 
( cm ) 

Leaflet  thi c kness 
(;U ) 

• u = uppe r  surfa c e . 

Treatment 

HT/LH 

1 50 ( 1 )  
229  ( 3 )  

1 .  45 ( 1 )  
1 . 37 ( 1 )  

9700 ( 3 )  
24800 ( 4 )  

1 2 . 66 ( 2 )  
1 3 . 22 ( 2 )  

69500 ( 2 )  
36460 ( 3 )  

HT/HH 

1 09 ( 3 )  
2 4 1  (2 ) 

1 . 29 ( 3 )  
1 . 27 ( 2 ) 

1 0200 ( 2 ) 
26200 ( 2 )  

1 3 . 27 ( 1 )  
1 4 . 23 ( 1 )  

65700 ( 4 )  
39900 ( 1 )  

15 . 7  ( 2 ) 1 7 . 3  ( 1 )  

1 75 . 8  ( 3 )  1 6 1 . 8  ( 4 )  

l = l ower surface .  

LT/LH 

89 ( 4 )  
203 ( 4 )  

1 . 25 ( 4 )  
1 . 22 ( 4 )  

8000 ( 4 )  
25200 (3 ) 

1 2 . 54 ( 4 )  
1 2 . 86 ( 4 )  

66750 ( 3 )  
36800 ( 2 )  

1 4 . 8  ( 3 )  

1 93 . 2  ( 1 )  

LT/HH 

1 42 ( 2 )  
25 1  ( 1 )  

1 . 38 (2 ) 
1 . 25 ( 3 )  

1 0440 ( 1 )  
3 1 600 ( 1 )  

1 2 . 63 ( 3 )  
1 3 . 04 ( 3 )  

69830 ( 1 )  
3 4750 ( 4 )  

1 2 . 7  ( 4 )  

1 83 . 7  ( 2 )  

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

l owe s t ) frequencies  of stomata and leaf hairs and also the shor t e s t  

s tomatal  pores  and l e a f  hairs . Otherwise  there  were n o  c onsistent 

e ffec ts of  t emperature or VPD on the rank order of the morphological 

feat ures exami ne d .  



S tomatal d i f fusion resis tance 

S t o�atal di ffusion resi stance to water  vapour d i f fusion 

per uni t leaf  area ( one  s urfac e ) ,  r ,  is given by 

r = 
d ( 1 ) 

n sec/cm ( 1 )  wlD 

where  d ,  w and 1 are the mean depth , width , and length 

respe c t i ve ly of the s t omatal pore , D is the di ffusion 

c oe f fi c i ent of water vapour in air and n is  the number of 

s tomata per uni t area of  leaf ( Jarvis et  al , 1 967 ) . The upper 

and  l ower surfaces o f  the leaf c onsti tute parallel pathways 

for d i ffus ion , the to tal otomatal resistance  (both surfaces ) , 

R ,  being obtained from 

1 
R 

= 
1 
r u 

+ sec/cm ( 2 )  

where  ru and  r1 are t he s tomatal di ffusion resistanc e s  per 

uni t leaf area of  the upper and lower surfaces  respectively , 

calculated from e quati on ( 1 ) .  

As  no measurements o f  s tomatal pore width or depth were 

made , pore depth was assume d e qual to pore length , and pore 

wid th s  were taken from the data of Hofstra and He sketh ( 1 969 b )  

for s oybean . The assumed widths were 4;u and 8;u for the upper 

and l ower surface s  respe c t i vely for plants grown under the two 

HT treatments , and 3jU and ?jU for plants grown under the LT 

treatme nts . 

T otal stomatal � i f fusion resistanc e ,  R ,  waa calculated  

f or water vapour and co2 di ffus i on for plants gruwn under each 
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treatme nt , the appropriate values for 1 and n ( Table 6-VI I I )  

b eing substi tute d into  e quat i on ( 1 ) ,  and the  result ing values 

of ru and r1 int o  e quat i on ( 2 ) .  The values o f  the di ffusi on 

c oe ffic ients  o f  wa ter vapour and co2 in  air were taken as  

0 . 258 and  0 . 1 65 cm2/se c  respec tively after Gale and  Poljakoff-

Maybe r  ( 1 968 ) .,  

Tabl e  6-IX 

Treatment  

HT/LH 

HT/HH 

LT/LH 

LT/HH 

DISCUSSION 

The values of R obtained are given in  Table  6-IX . 

2 Total s tomatal di ffusion resistance s  per cm 

leaf surface  ( R )  f or plant s  grow� under the 

four treatment s . 

Res i stance sect_ cm 

Wa ter vapour C02 

0 . 1 7  0 . 27 

0 . 1 6  0 . 25 

0 . 1 9  0 . 30 

0 . 1 5  0 . 23 

Boundary layer resi stance  

The leaf  b oundary layer  resistance may b e  reduce d  by leaf 

flutt e r  ( Heath , 1 969 ) and b e c omes negl igible at  windspeeds in 

e x ce ss of 89 . 4  cm/sec (Gate s , 1 968 ) . The windspee d  across the 

plant chamber  used in  the pre sent experiments was 60 cm/s e c  and 

was sufficient  to  cause a c onstant flut tering of the leaves . 

I t  i s  there fore probable  that the boundary layer resistance was 

small .  
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I t  would appear unlikely that the  leaf hairs had any 

s i gnifi cant e f fe c t  on the magni tude of the boundary laye r  

resistanc e , f o r  c ompared wit h  the s tomata their f�e quency 

was l ow .  The rat i o  of the numbers of s tomata to numb ers 

of  lea f hai rs per cm2 ranged from 65 : 1  ( HT/LH ) to  9 4 : 1 

( HT/HH ) fer t he upper surface , and from 1 08 : �  (HT/LH ) t o  

1 26 : 1  (LT/HH ) for the l ower surfa c e  o f  the leaves � 

Add i ti onally , as noted  by Woolley ( 1 964 ) , the maj ority o f  

t h e  hairs were  water  filled and might t here fore be expec te d  t o  

c ontribute t o  the non-stomatal c omponen t  o f  t ranspira t i on . 

I t  would there fore appear unl ikely that  the leaf hairs 

had any reduc ing e ffec t  on the rat e  of  transpirati on .  

S t oma tal d i f fusi on res i s tance 

Minimum values - of s t omatal res is tance to water vapour 

di ffusi on per unit  surface  ( both s i de s ) of  the leaf ( � )  were 

c ollected  froffi t he li terature by Cowan end Milthorpe ( 1 968 ) . 

For mesophy t i c  plants R ranged from 0 . 7  sec/cm for sunflower 

to 2 . 0  sec/cm for bean . Holmgren , Jarvis and Jarvis ( 1 965 ) 

also  found suuflower t o  have an excepti onally low stomatal  

di ffusion resi stanc e .  

The values o f  R calculated for s oybean plants grown under 

the various treatments ( Table 6-IX ) are all rather simi lar , 
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and are s o  muc h  i ower than the value  given above for sunfl ower 

that it is d i fficult  to regard them us realistic . It is felt  

that  no  useful purpose would be  served  i n  at tempting t o  relate 

them to  the measured  rate s  of transp i ra t i on a n d  photosynthes i s  

o f  plants grown under the various treatment s .  

Although there i s  n o  indicati on that the morphologi cal  

features  examined  were associated  wi th  t he di fferences i n  

rates o f  phot osynthesis  and transpiration  o f  the plants under 

th� vari ous treatments , it is unlikely tha t  the se p�ocesses  

were to tally i ndependent o f  l eaf  morphology . That no correlation 

between the morphological features and the rates o f  phot osynthesis  

and transpiration  can  be shown i s  pro��b ly due to  the nature o f  

the data i nvolve d :  physi ological  data from whole plants and 

morphological data  from a spe c i f i c  le a f .  

Nevertheless  the morphological dat& are o f  value a s  a partial 

de fi n i t i on of the s tructure of the plant s  produc ed under the 

vari ous env ironmental treatments , and i t  is  primarily from this  

s tandpoint tLat they  should b e  regarde d .  



CHAPTER 7 

CONCLUS I ONS 

C ond i t i ons o f  a d equ a t e  s o i l  wat e r  supplz 

From the me asura d responses o f  a d e qua t e ly wat e r e d  

s oybean plants t o  t h e  vari ous environmental treat�ents 

( Chapt e r  3 ) , thre e poi�ts of par t i c ul ar i nt e rest eme rge � 

The f i r s t  and m o s t  s t r i ki ng o f  the s e , i s  the 

r e d uc t i on in the r a t e  of pho t osynthe s i s  und e r  c ond i � i ons 

of l ow VPD c ompa r e d  w i th the rat e s  a t  h i gh VPD at the 

same t e mperatur e s .  Th i s  is a t t r ibut e d , o n  the basis of 

a ppr op r i a t e  calcula t i ons , t o  the plants grown und e r  the 

l ow VPD ( HH )  t r e a t m e n t s  hav i ng a high e r  m e s ophyll  

r e s i s tanc e to co2 trans fer than those  unde r  the h i gh 

VPD ( LH )  treatme n t s . I t  would appear t ha t  the magn i tude  

of  the  me sophy l l  r e s i s tance  i s , a t  least  in  part , a pr oduc t 

o f  the e nv i r onme n t a l  c ond i t i ons und e r  whi c h  the plan ts are 

grown , but t he m e c hani sms by whi c h  e nv i ro nment a f f e c t s  the 

mesophyl l  r e s i s ta n c e  are not known . 
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Previous re�orts , i n  which c otton has been the sub j e c t  

o f  inve s t i gation ( B ierhuizen  and Sla tyer , 1 964 ; Baker , 

1 965 ; Pallas , M i chel  and Harris ,  1 967 ) , d isagree as to  

whe ther high VPD i n � rcases or decreases the  rata of  pho t o­

synthesis , but none o f  the above aut�ors shoRed any large 

change in the rat e  of photosynthesis  for a VPD di fference 

of 6 . 2 to 6 . 8  mb ( the between-treatment di fferenc es in  the 

present i nvest igati on ) . The pres ent report is bel i eved  to  

b e  the  f irst  to  show e ffe c t s  o f  VPD on  t he rate of  phot o­

synthesis  comparable i n  magni tude wi t h  those nort:Jally 

assoc iated  w i th fai rly subs tantial change s in temperature . 

S e c ondly , whil s t  temperature had n o  s i gnificant e f fect  

on  t he rat es of  trans pira t i on of  plan t s  under the two HH 

treatment s , there  was a s ignifi cant di f ference  be twe en  the 

trQnspirat ion rat e s  o f  plants under the HT/LH and LT/LH 

t reatments , the latter  having the l ower rate s .  This i s  

a t tributed t o  the e f fe c ts of  temperature a n d  the vi s c o s i ty 

o f  wat e r  on the rat e  o f  wat er uptake by the roots . Low 

t e mperature reduc e s  the permeabili ty of the root t o  water  

and i ncreases wat e r  viscosity ( Kramer , 1 969 ) , and it  i s  

sugges t e d  that unde r  LT/LH condit i ons wa ter  uptake was 

l imi te d  by these e f fec ts .  This  probably resulted in a l ower­

ing of leaf  water  poten tial and a certain degree o f  c. t omatal 
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c losure ( C owan , 1 965 ) , as these plants were unabl e  to  

meet  the transpiration d z mand . Under HH  condi tions the 

e ffec t  of t e mperature was not apparent as t he flux o f  

water through the soil-plant-atmospher e  sys tem  wa s lower 

than under LH condi t i ons , and wat er uptake was probably 

s�ffic ient t o  satisfy the transpiration demand . I t  would 

there fore appear �hut be fore the limit ing e f fects  of t e mper-

a ture are mani fested  the flux of water  mus t  e xc e e d  a 

c ertain  val ue . The values o f  boundary layer plus stomatal 

resis tances t o  wat er vapour diffusion (r + r ) were a s 

calculated  for plants unde r each treatment , and ahowe d 

tha t  plants under the LT/LH treatment  d i d  have a higher 

(r + r ) than the HT/LH plants . Because the boundary a s 

layer resi stance ( r  ) was probably s�ull and s imilar i n  a 

magni tude for plants under all four treatments , i t  is  t hought 

th�t  be tween-treatment d i f ferenc es  in  ( r  + r ) are mainly a s 

a t tributable to  d i f feren�e s  i n  r • Apart from this e f fe c t  s 

of  t emperature a t  high VPD ,  the rates  of  transpiration o f  

plants under the vari ous treatments appeared t o  b e  mainly 

de termined by VPD .  This  is basically in agreement wi th  t he 

conclusi ons o f  Rufe l t , Jarvis  and Jarvis ( 1 963 ) .  

The thi rd point  o f  interest  arising from the respons e s  

o f  ade quately watered  plants  t o  the ir  atmospheric  environment 

c oncerns the relati onship  between the mean maxi�um rates o f  
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phot osynthesis and trans piration.  When plotted against 

eac h  other (Fi g .  3-3 ) the  points for t hr e e  of  the treat­

men t s  fall close to  a s trai ght line , but the poi nt for the 

HT/HH treatment  l i e s  well  away from the l i ne in th e dire c t i on 

of  a highe r phct osynthesis : transpira ti on rati o .  The plant s  

unde r  the other three treatments had s imilar phot osynthes i s : 

transpiration rat i os .  

Wat e r  stress  c ondi t i ons 

When water s tress was imposed ( Chapter  4 )  the de cline 

in transpi ration paralleled  the decline i n  photosynthesis  

unde r  all the  environmental c ond it ions use d , thereby 

suggest ing that t he two processes  were sub j e c t  to a c ommon 

controlling me c hanism . From c ons i derat ions  of the nature o f  

the processes o f  phot osynthesis  and tran spira tion i t  i s  

suggested  that thi s  c ommon me chanism was s tomatal aperture 

and i ts c orollary , s toma tal d i f fusion resis tanc e .  Plotting 

the rates of  phot osynthes is and transpira t i on at various 

levels  of water s tress  against  each other ( Fi g .  4-4 ) , showed 

tha t the HT/HH plant s  mai ntained a higher  rate of  phot osynthe s i s  

per uni t rate o f  t ranspirat ion whi l s t  under  wa ter stress . Thus 

the fact ors responsible  for the higher pho t osynthesis : transpiration 

rati o  in  these plants under  c ondit ions o f  ade quate water supply 

conti nued to  be e ffec t ive und er c onditi ons of water  stress . 
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Under all  treatments the ra tes  o f  photosynthesis  and 

transpirati on starte d to decl i ne rapidly at a soil  moi sture 

tens i on of 0 . 2  atm .  It is suggested  that  thi s  decline was 

brought about by the ons e t  o f  stomatal c losure : as the 

rate � declined RWC was observe d to  fall also . Shaw and 

Laing  ( 1 9 65 ) reported  that the s t omata of field-grown soybeans 

s ta r t e d  to c lose in  response to wat er stress  at  a leaf  RWC o f  

89% ,  and there  i s  mount i ng evi dence that under wa ter c tress 

condi ti ons the stomata are o f  prime importance in regula ting 

the rat e s  o f  gase ous exchange ( e . g .  Brix , 1 962 ; Barrs , 1 968 ; 

Troughton , 1 969 ) . When  the relative rates of  transpira t i on 

and phot osynthesis between 0 . 2  and 0 . 4  atm . soil  moi sture 

tens i on are cons idered ( Figs . 4-7 and 4-8 ) it is apparent 

that thes�  were reduced less �nder the HH treatments  than 

unoe r  the LH treatments a t  any given t ens ion in thi s  ranbe . 

Denmead and S haw ( 1 962 ) report ed  qual i tatively s i mi l ar 

resu l t s  fo� c orn plants under fie ld condi t ions . Thi s  effect  

is  probably due t o  the rate  of water moveme nt into  the  root 

zone be ing suffi c i ently rapi d  to  sat i s fy the demand made by 

plants transpi r i ng at  a low rat e  but not of  plants transpiring 

more rapidly . Macklon  and Weatherley ( 19 6 5 )  al so found that 

plant water  de fic i ts may ori gi nate i n  the failure o f  the root  

. zone  t o  b e c ome suffi cien tly rapi dly re -we t ted by  water moving 

in from t he surrounding s oil  mass . 

Thus between 0 . 2  and 0 . 4  atm . soil  moi sture t ensi on the 

rat e s  of  transpira t i on and photosynthesis  appear t o  have been 
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d e termined by environmental and plant fac tors and also by 

s oi l  moisture charac teri s t i c s .  

A t  about 0 . 4  atm . s o i l  moisture t ensi on the ac tual 

rates  of phot osynthesis  and tran spi ration of plants unde r  

all  four trectments w e r e  reduced  to  a very similar level 

and thus be ca�e independent of  t he atmospheric  environmen t .  

I t  i s  sugges t e d  that this  was the result o f  the rate o f  

wat er uptake b e i ng l i m i te d  by the rate o f  wat er movement 

i n t o  the root  zone from the surrounding soil , and thus the 

maxi mum rate o f  t ranspirati on was l imited . Thi s upper l imit  

to  the rate  o f  trans pi rati on corresponded to  a rat e  o f  

2 
0 . 5  gm water/dm /hr.  Increase in soil  mois ture tensj on 

above 0 . 4  a tm .  resul t e d  i n  a further decline in the rat e s  

o f  �hot usynthesis  and transpira t i on and in  the level of  

l e a f  RWC , but  the ra te  o f  decline was much less t han be twe e n  

0 . 2  and o . 4  a t m .  s o i l  moi s ture tension . 

I t  may be  thought  t ha t  the simi larity o f  the transpira t i on 

rat e s  o f  plants under all  four treatments at  soil  mois ture 

tensi ons ab ove o . 4  atm . c ould be due to cut i cular transpiration 

a l one , the s tomata being  c losed , rather than to a l imit ing 

e ffec t  o f  soil  moisture c onduc t iv i ty on the rate o f  wat er  

u ptake . Thi s  is  not  cons i dered t o  be  a l ikely explana t i on , 

for the mean night-time transpira t i on rates  ( Chapt e r  3 )  were 

c onsi de rably higher for plants under the two LT treatme nts 
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( 0 . 2 1  2 gm/dm /hr f or both LH and HH treatmen t s ) than for 

plants ender the HT/LH < o . o8 2 gm/dm /hr ) and HT/HH 

2 ( 0 . 1 3  gm/dm /hr ) treatments , the VPD in  all cases being 

very s imilar ( 2 . 0  t o  2 . 5 mb ) .  Assuming  that the stomata 

were c ompl e t e ly c losed dur ing t he dark period the se results  

i mply that  t he c u ti cular resi stanc e to  wa ter vapour di ffus i o n  

waB higher i n  the H T  plants than i n  t h e  LT plants .  I f  the 

s t omata were c ompl e t ely c losed  during the light period  as a 

result  of wat e r  s tress , higher ra t e s  o f  cuticular transpirati on 

would be  expe c te d  froc the LH than from the HH plants a t  each  

t emperature , and this  was not  the  case . I t  would there fore 

appear that t ranspira t i on rate  was limi ted by t he rate of 

water  uptake from the soil . 

I t  iJ t hus  possible  t o  divide the response o f  �oybean 

plants to  i n creasi ng water  s tress under the cond iti ons use d  

i n  th is inves t i gation i n t o  three stages whic h  may b e  

c haracterised  as  follows : 

S t age I :  High soil  moisture c ontent and soil  moi s ture 

t ension below 0 . 2  atm . Rates  of transpi rati on 

and photosynthesis are independent of  s oi l  

moisture tension and determined b y  plant and 

a t mosp,heric  fac t ors . Leaf RWC generally 

remains above 90% . 



1 80.  

S tage I I : Soil  moist ure  tensi on between Oo2  and 0 . 4  atm . 

Water  uptake from the soil  i s  reduced  �nd wat er 

l oss exceeds  water  absorpt i on .  Water de f i c i t s  

thus deve l op (RWC falls ) and the stomat2 s tar t 

t o  cl ose , t hus reduc ing , in  parallel , t he rates  

o f  trans piration and pho t osynthesi s .  Atmospheric ,  

plant and s o i l  moi stur e  charact eris t i c s  all  

influe n c e  the  rat e s  o f  photosynthesis  and 

transpi rat i on , and the level of RWC . 

S tage I l l : S o i l  moisture  tens i on above 0 . 4  atm . The rate of 

water  uptake is  limited  chie fly by the rate a t  

which wat er  moves into  t he root zone . Thi s  

imposes a n  upper l im i t  o n  the rate  a t  whi ch 

plant s may t ranspire , and transpirati on and 

photosynthe t i c  rates  become i n dependent of  the  

atmosphe r i c  c ondi t i ons . 

During ' S tage I I ' o f  s tress development the s t omata would  

appear to "be  o f  consi derable importance in  regulating the  rat e s  

o f  photosynthesi s  and t ranspi ra t i on .  I t  i s  sugges te d  that 

s tomatal aperture is  at leas t part ially regulated  by leaf  

turgor and RWC and  that  turgor and  RWC are  d i re c tly i nfluenc e d  

b y  the balance  be twe en t ranspirati on rate and the rate o f  supply 

of wat e r  to the lea f .  S tomatal c l osure , brought about by loss  

of  turgor ( Meidner anJ  Mansfield , 1 96 8 ) , affe c ts the rat e s  o f  



phot osynthe sis  and transpirati on proporti ona tely as 

evidenc e d  by the l inear relati onship b etween the se 

processes  a t  soil mois ture t e nsions be tween 0 and O e 4  atm . 

(Fig . 4-4 ) and by t he 1 : 1  correspondence  between the 

rela t i ve ra tes at vari ous levels of RWC ( Fi g .  4- 1 2 ) .  

A t  soil  �ois ture tensi ons ab ove 0 . 4  a t m .  the rates  

of  photo synthes i s  a nd transp irat ion may wel l  be  determine d 

by separate mec hanisms . Phot osynthe s i s  t ended t o  decline 

m ore rapidly than transp ira t i on ( Fi g .  A?- 1 ) ,  and there is  

s ome evidence t o  suggest  that transpirati on might c ontinue 

a fter the rate of phot osynthesis  had fal len  to zero ( c ompare 

Figs . 4 - 1 0  and 4- 1 1 ) .  I t  is  possible tha t a t  low levels o f  

l ea f  hydration ( l ow RWC ) t here is  a dire c t  e ffec t of  

dehydrat i0n on  the  b i ochemical c omponents o f  the photosynthe t i c  

mechanism . 

Relie f of water  s t r e s s  

When s tress was relieved by rewa tering photosynthesis  

and  transpirati on rec overed simul taneously and , under HT/LH 

c ondi t i on5, to  a very similar extent ( Chapter  5 ) . The de gre e 

o f  rec overy was i nversely pr opor tional t o  t he soil  moi sture 

t ensi on a t  the t i me o f  rewatering , and as leaf  water  

. potential falls i n  respons e t o  increase i n  s oil moisture 

t ensi on i t  is sugge s t e d  that this rela t i onship c ould be due 

t o  an e ffec t  o f  leaf  water potent ial on s ome aspec t  o f  guard  

c ell mechanism . Thus the  l ower the  leaf  water  potential the  
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greater  the result ing i mpairment of s tomatal functioning 

a nd the lower the degre e of recovery of  the rates  of  photo ­

synthesis  and trans pirati 0n . I t  must be  emphasised  tha t  

t h i s  i s  hypothesis , for there was n o  direct  evi dence o f  a n  

e ffe c t  of  l e a f  water potent ial o n  guard cell  func ti oning . 

The hypothes i s  does however , complement the suggesti ons and 

obs e rvations of Fischer ( 1 967 ) and Allaway and Mans fie l d  ( 1 970 ) . 

The ' three s tages of stress ' as a ge neral phenomenon 

A lthough the s o i l  mois ture tensions at  whic h  one ' stage ' 

o f  t he proc ess  o f  water  stress development suc ceeds t he former 

are spe c i fi c  to  the c ombinati ons of soil  type , plant spec i es 

and environmental cond i ti ons used in  this  study , there  are 

grounoo for thinking that t he three  stages i denti fi ed  above 

may be of  general  appli c a t i on .  

' S tage I '  i s  the s i tuat i on i n  which  soil  moi sture c ontent 

is h i gh , s o i l  mois ture t e ns i on l ow ,  and the rates  of  transpira­

t i on and photosynthesis not limi t e d  by soi l  wa ter availab i l i ty . 

Unde r t hese c ondi ti ons t he rates of  transpi rati on and photo­

synthe s is are determined pr imarily by plant and environmental  

fac t ors . 

' S tage II ' c ommence s  when the rate  of  transp i ration exc eeds 

the rate  of  water  uptake due to the fai lure o f  the soil  around 

the roots  to become rewe t t e d  suffi ci ently rap idly to allow the 

original  rat e  of  absorpt i on to be maintaine d .  Plant water 

de fi c i ts develop , the  s tomata start to close  and the rat e s  of 

photosynthesis  and transpi ra ti on are reduced . This stage of  



the process  i s  frequently repor t e d  ( e . g .  Weatherley , 1 95 1 ; 

Brix , 1 962 ; Cowan , 1 965 ) e 

As the s o i l  moi sture c ontent  decreases still  further 

soil moisture c onduc t ivi ty also decreases ( Gardne r ,  1 965 ) , 

and i t  i s  suggested  that ultimately a point is reached  at  

whi c h  the conduc t i vity of  the soil  is s o  l ow that transp i ­

rat i on i s  limi t e d  almos t ent irely b y  t h e  rate o f  supply o f  

water  t o  the r o o t s  ( ' S tage I I I ' ) . A t  t h i s  point transpi­

rat i on ceases to be related  to  the a tmospheric condi t i ons 

( c f .  Vznuzdaev , 1 968 ) .  Even if the s t omata  are c omplet ely 

clos ed at  this s tage it is conceivabl e  tha t  under c ertain 

condi t i ons ( e . g .  h igh VPD ) lion-s t omatal transpirati on c ould 

be s i mi larly l i m i t e d  by the rate of  supply c f  wat er  to  the 

roots . 

Cri t i que of  I ds o ' s  wa ter stress  theory 

Idso  ( 1 96 8 ) , i n  a theore ti cal analysi s of the e ffec t s  

of  water  s tress  o n  plants , proposed that  " two essentially 

independently indu c e d  and independently ac ting wat er s tresses  

operate upon the plant processes oi  photosynthesis  and 

transpi rati on• , and based  this on the supposi ti on that whereas 

transp iration i s  determine d by the di f ference i n  water  

pot ential  b e tween  the  water  in  the l eaves and  t he atmosphere , 

photosynthesis i s  dependent on the wat er  potential i n  the 

vicinity o f  the chloroplasts and i s  t here fore al�os t t otally 



dependent  on the s o i l  mois ture s ta tus . His analysi s  

howe ver , d oe s  n o t  c onsider the e ffec t  of  stomatal 

resi stanc e on gase ous exchange and i mpl i c i tly assumes  

1 84 . 

that no c hanges  take pla c e  i n  s t omatal aperture as �he 

soil  moi s ture tens i o n  inc reases .  Wi t h  increase i n  s oi l  

moisture tensi on  leaf  water potent ial falls , thus main­

taining the wa ter potential gradi ent between soil and laaf  

which  i s  e ssential to  the c ontinued  movement of wat er  

thr ough the s o i l -plant sys tem . As  water potential decreases 

leaf turgor falls , and  turgor changes are fundamentally 

i nvolved i n  the regula t i on of  s tomatal aperture ( Me idner 

and Mansfield , 1 968 ) . As turgor fal l s  tte s t omata t e nd 

t o  c l ose , and  i t  is  not there fore poss ibl e to  conclude wi th  

any  just ; fi cati on  ( as d i d  Ids o )  that transpirati on is  90% 

i ndependent o f  the s o i l  mois ture s tatus . Because st oma ta l 

resistance i s  a maj or determining fac t or i n  t he rates o f  

photosynth e s i s  a nd transpirati on ( e . g .  Holmgren , Jarvis  and 

Jarvis ,  1 965 ; Whi teman and Koller , 1 967 ; Troughton ,  1 969 ) , 

and i s  affe c t e d  by leaf  turgor , the evidence would appear 

to point �o a s i ngle s tress rather than to two essent i ally 

d i f ferent s tresses , at  l east unt i l  the point is  reache d a t  

which  trans pi�a t i on b ec omes independent o f  t he a tmospher i c  

e nvironment . A s  suggested  above , photosynthesis may a t  thi s  

point b e  direc tly  affe c t e d  by the l e ve l  o f  leaf  hydra t i on , 

and thereafter  two independent stresses  may i nde e d  be 

operating . Under cond i t i ons of l ow eva porat ive demand the 



rate  o f  transpiration may be unaffected  until  qui t e  high 

values of  soil  �ois ture tension are reached ( Denmead and 

Shaw , 1 962 ) , but it is arguable i f ,  under the se c ircumstances , 

the  plant can be regarded  as being sub j e c t  to water stress  

unt i l  t he rate  of transp i ration starts  to  decline , and 

I d s o ' s  th esis  is  c oncerned  with  water stress  si tuati ons . 

Further c onsiderations 

I t  will  be apparent to the reader that c ertain aspects  

o f  t he resul ts obtained in  this  investiga t i on require 

further s tudy if a full unders tanding of the in terrelat ion­

chips b e tween plant , envi ronment and water s tretis ( both  soil  

and atmospheri c )  is  to  be  achieve d .  So  far as  the environ­

mental c ondi tions used in  t his investigati on are c onc erne d ,  

i t  i s  o f  interest t o  note  that the �T/LH treatment  

approximated  average mi dsum�er c onditi ons o f  temperature and 

VPD in I l linois  ( U . S .  Department of Commerce  Weathe r Bureau , 

1 959 ) , one o f  the world ' s  maj or c entres o f  soybean produc t i on , 

and that the LT/LH treatme n t  similarly approximated  c ondi ti ons 

i n  the north-east of  the North I s l and of  New Zealand ( N . Z .  

Mete orological Servic e ,  1 966 ) , a n  area c onsi dered for 

s oybean production . 

The possible  c omb i na t i ons o f  envi ronmental fac t ors  ( e . g . 

· a i r  and s oil  temperature , VPD , l ight i ntenci ty and � oil
. 

type ) 

under whic h  plants may b e c ome sub j e c t  to  water  s tress are 

almost  infini t e , and the range of condit ions employed in  this  

s tudy covers only a very small proport i on o f  these  combina t i ons . 
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Wi thin this  l imi t e d. envi ronmental framework a number o f  plant 

respbns e s  were c o n fi ne d  to one treatment only , for example 

the high e r  phot osynthesi s : transpi rati on rat i o  of  the HT/HH 

plants and the  e ff e c t  o f  temperature on the transpira t i on r�te 

of the LT/LH plants when soil  wate r  was plenti ful . Ths 

' thresho l d ' c ond i t ions for the man i festa t i on of  these  e ffec ts 

are at  present unknown . There i s  conse quently l i t tl e  

j us ti f i c a t i on for a t tempting t o  predi c t , o n  the basis  o f  the 

resul t s  obtained , the responses of soybean plants to  other 

c ombina t i ons cl environmental fac t ors . In  conclus i on there fore , 

the foll owing of  many possible sugge s t i ons for fur ther w ork in  

this  f i e l d  are  o ffere d .  

D i f ferences i n  the rates of  phot osynthesis  o f  soybean 

plants under  the vari ous treatments appsared to  be  largely 

a t tribu table  to  d i fferences i n  the mesophyll resi stanc e ( r ' ) .  m 

Wha t are the me chanisms by whi c h  t he environment  affec t s  r ' ?  m 

How c ons tant is  the  value o f  r '  i n  the face of  chang i ng m 

e nvironmental c ond i t i ons? ( Trough ton and Slatyer ( 1 969 ) found 

that t he r '  of l eaves of c ot ton plants was i ndependent o f  m 

temperature over a 20°C range ; B ierhui zen and S latyer ( 1 96 4 )  

that r '  decreased w i t h  increasing ligh t  intensity ) .  How i s  r '  m m 

a f fe c t e d  by water  stress , in  particular , is  the re a sudden 

i nc rease in  i ts value at the point at  whi c h  water  uptake 

b e c omes l im i ted  by soil  moisture c onduc tivity? ( Troughton ( 1 96 9 )  

f ound t ha t  the r '  was una ffec t ed by decrease in  RWC in  c ot t on m 

l eaves unt i l  RWC fell  to 75%. Thereafter further decrease in  RWC 
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To what extent are RWC-leaf  water potential relati onships 

modi fied  by e nvi ronmental cond i t i ons , how sensi tive i s  tte 

relationshi p  t o  smal l  d i f ferenc es  of temperature and VPD , and 

do di fferenc e s  in  the relationship  a ffe c t  the sensit ivi ty o f  

t h e  stoma ta t o  water stress?  ( Resul ts o f  Jarvi s and Jarvis 

( 1 963b ) i ndicate  that the answer t o  the last questi on may be 

in the a f firmative ) .  

The resul t s  obtain�d in this  i nvest iga t i on sugge3t that 

under some c ircumstance�  damage to  t he root system may result 

from peri ods  of water  .stress and that subsequently the abi l i ty 

o f  t he roots  to  take up water from the soil  i s  reduc e d .  Informati on 

on the state  ( both phys i ologi cal  and ana t omical ) of r oots  and ro ot 

hairs  be fore and after  stress would be of  interes t .  Fur ther 

informati on i s  also  ne e de d  on the pos t-rewatering responses of 

s tomata , and the effects  o f  water  defic i ts on guard c e ll 

me tabol i s m .  

Aga i n  s ome of  t h e  results sugges t  that there may b e  ' threshold '  

values o f  some fac t ors  which must b e  exce eded be fore certain  e f fe c t s  

are  apparent . ( Re ference  was made t o  these earlier i n  this  c hapter ) .  

What are these  threshold values ( i f  any ) and wha t  aspec t s  of plant 

func tioning do the y  a ffec t? 

In  order t o  resolve these problems more fully , fac i l i t ies  for 

the  measurement of l ea f  wa ter  potent ial and s t omatal d i f fusion 

res i s tanc e s  are required . The former can be  measure d wi t h  t he 
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thermoc ouple psychrome ter and stomatal resis tances  with 

di f fusion porome ters ( e . g .  Kanemasu , Thurtell and Tanner , 

1 969 ) . Measurement o f  C02 exchange and transpiration rates , 

i n  assoc iati on wi th measuremen t s  o f  leaf  water  poten tial , 

RWC and s tomatal resi s:ances , ara probab ly best  made i n  

single-leaf assimila t i on chambers . Rates eau then b e  related 

t o  a prec i sely known area o f  leaf  sur face and the  problem o f  

averaging rates  over the whole plant i s  avoide d .  Add i t ionally 

such  chambers permi t e valuat i on o f  the  co2 c ompensati on point 

whi ch mus t b e  known i f  ac curate d e termina ti ons o f  the 

res i s tancc s  to co2 trans fer are to be achie ve d .  

Regarding the cond i t i ons under which such experiments 

s h ould be carried  out , the  fol l owing recommendations are made . 

Firstly , i t  would b e  pre ferable  t o  use  a soil  or pot ting mix ture 

w i th a less  i nfle c t e d  soil  mois t ure  c haracteristic  curve than 

was used i n  this  s tudy . This would r esult in a rather more 

g radual impos i t i on of plant water  s t ress whi ch  woul d allow 

c l oser  de fini t i on of  the processes  involve d in  stre ss deve lop­

ment . I n  the experiments reporte d  here , stress developed very 

rapidly after  the soil moisture tens i on r eached 0.2 atm . Secondly , 

i t  i s  desirable that as wide a range of e nvironmental cond i ti ons 

as possible  be employed .  In this  conne c t i on it would s e em 

profitable t o  s tart wi th a range of VPD ' s  a t  temperat ures 

s imilar to those used i n  this inve s t igati on , for VPD appears to 

have a c onsiderable influence on t he me scphyll resi s tanc e  to C02 

transfer a s  well as on the rate  o f  t ranspira t i on .  



I t  is  not suggested  that  t he suc c e ss ful c ompletion o f  

the work outl ined above w i l l  c ompl e t e  our knowle dge of the 

proce sses  involve d in the e ffec ts and development of wat e r  

s tress  i n  plants : i t  will  merely bring t hat sta te a l i t tle  

c lose r .  I n  the proce s s  i t  will  be surpri s i ng i f ,  a s  i n  this  

i nvestigati on , the  number of  new  que s t i ons rai oed  does  not  

e qual , or excee d ,  the number  of  questi ons answered .  
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APPENDIX 1 

PRELIMINARY TESTS WITH VARIOUS POTTING MIXTURES 

A number  of prel iminary trials were carri ed  out to determine 

a su5. t able pot ting medium for the experimentD  on wa ter s tre ss and 

i ts e ffec t  on C02 exchange and transpirati o� .  In the  course of 

these trials  ( in whi ch perennial ryegrass , whi t e  clover and 

t omato plants were use d )  i t  was found that a hard surface  crus t 

forme d when the po tting medium was soil or any c ombi r.at i on of 

s oi l  and pumice  or soil and peat . The crust formed three  or four 

d�ys after  transplanting the se edlings into the pots , and 

sub s e quen tly the plants made very poor growth , t omato  being 

part i cularly severely a f fe c ted . Such e f;ec t s  did not o c c �r when 

a 1 : 1  ( by volume ) pum i c e -peat mixture was used  and all spec ies 

grew vigorously in  thi s  me dium . 

The continued ava i lability of the s oi l  ( Manawatu s i l t  loam ) 

c ould  not be guarantee d ,  and i t s  ini t ial nut rient  s tatus was an 

unknown , and possibly variable , quan t i ty .  Hence  it was decided  

that  the 1 : 1  pumic e -peat  mixture , of  very low init ial nutrient 

s ta tus , and in which plants  had shown good growth wi t h  added 

nutrient soluti on , would b e  sat is fac t ory . 

The soil  moisture charac teris t i c  curve for this  mixture ( F i g .  

A 1 - 1 ) was determine d b y  Mr . M . W .  Gradwell ( S o i l  Bureau , D . S . I . R . , 

Lowe r Hut t )  to whom I make grat e ful acknowledgement � Each point  

on the c urve is  the  mean of three or four determina t i ons . The 

samples used in  these de terminations were of the same dens i ty as 

the mixture in the pots  used in the experime nt s . 



F i gure A 1 -1 

S o i l  mois ture charac teri s t i c  c urve f or 

the 1 : 1 pumi c e -p e a t  mixture . 
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APPENDIX 2 

EVOLU·riON OF C02 AND EVAPORATION OF WATER 

FROM POT.S 

1 93 . 

The plant c hamber o f  the co2 exchange-transpira t i on 

measuring  e quipment ( Chapter  2 ,  s e c ti on I V )  c ould be  separa t e d  

i n t o  root  and shoot compartments wi t h  a metal pla t e , a hol e 

i n  wh i ch acc ommodated  the plant s t e m .  The space between the 

plat e  and the s tem could be sealed with si l i c one rubbe r t o  

e f fe c t  a gas- t i ght seal b e tween  the two c ompartments . Measure ­

ment o f  transpirati on w i t h  the transpiration balance re quires  

t ha t  t he pot  be  free  to  m ove vertically . Compl e t e  separa t i on 

o f  the p o �  and the stem  and  l eaves of  the plant was the re fore 

i mpossible i n  the present  e xperiments , and it was necessary 

to determine the quan t i ty of C02 evolved ,  and the amount of 

water  that evaporate d , from the pot in uni t  t i me under vari ous 

a tmospheric  and soil  wat e r  stress c ond i t i ons . 

Wat e r  was wi thheld from soybean plants i n  t he growth 

c abinet  fo� peri ods ranging  from one t o  ten days . The plant 

s t e ms were then cut j us t  above the level of the s o i l  sur fac e and 

the s tumps covered  wi th vasel ine to  prevent co2 evoluti on there­

from . The soil surface was t hen  covered wi t h  a sheet  o f  wax­

backe d alumi nium foil t o  re tard evaporati on (see  Chapter 2 ,  

s e c t i on III  for details ) .  
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Measurements of  co2 e volution and evaporat i on were 

made using the co2 exchange -transpiration measuring e quip­

ment . Each pot  remained  in  the plan t chamb er for at  least  

t hree  hours and the �can h ourly rates  were  calculated  i n  the 

same way as  plant co2 exchange and transpirati on rat e s  ( see  

Chapter 2 , s e c t ion VI ) .  

( i ) co2 evolu t i on 

The results  (Table A2-I ) showed that t e mperature and soil  

moisture s tr�ss had no  c onsistent e ffec t on the  rate o f  co2 

evolution from the pots . 

Table A2-I 

Days without  
water  ( so i l  
moisture s tress ) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

Rat e s  o f  co2 evoluti on ( mg C02/hr ) from pots 

a t  vari ous t emperatures and degrees  of  soil 

moisture stress . 

Air  temperature oc 

.12 .lZ.!..2 20 22 .2_ 2 7 .5 

5 . 0  5 .2 * 8 . 3  

5 . 8  2 . 5 

3 . 9 

5 . 5  2 . 9 4 . 9  5 . 7  

5 . 7  3 . 8  4 .5  6 . 8  

1 . 4 3 . 4  3 . 5 

3 .9 

7 . 1  2 . 7  

4 .3 1 0 . 2  

4 . 5  

* Additi onal measur ements under the s e  c ondi t i ons gave 

rates  o f  6 . 0 ,  9 . 1  and 1 0 . 0  mg C02/hr . 
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Because o f  the lack o f  c onsistency  of  these results the 

original aim o f  obtaining c orrect ion values for co2 evolut i on 

at vari ous temperatures and soil  water  s t ress  levels �as 

abandoned ,  and the mean of  t�a above results ( 5 . 25 ± 0 . 44 

mg C02/hr ) take� as  t he c orrecti on factor  for all condi tions . 

Fer the  purposes o f  t he co2 exchange rate  calculati ons thi s  

was simpli fied  t o  5 . 0  mg C02/hr . 

S i mi lar d e t e rminati ons of C02 evo lu t i on from pots contain­

ing s oybean roots in  a pumi c e -peat mix ture were made by  Miss  J .  

Rowley ( pers . c omm . ) .  S he found rate s  ranging fro� 2 . 3 t o  6 .3 

mg C02/hr at a i r  temperatures be tween 2 6  and 2 8 °C ,  and similar  

wide  variations in  ra te at  other  temperatures . 

The error introduc e d  into  the final results by the use o f  

a s i ngle 'all-c ondi t i ons ' c orre c t i on fac t or was small as the  

c orre c t i on fa� tor was  added t o  the  total  photosynthe t i c  rat e 

( or subtrac ted  from the to tal respirati on rat e )  be fore the rate  

pe r uni t  area o f  leaf  was calculated . 

( i i ) Evaporat i on of  wa ter from pots  

The  wax-bac ke d  a luminium foil  pot c overs provided  a very 

e ffec t ive �arri e r  t o  evaporation from the soil  surface for no 

weight loss was r e c orded in  any o f  the tests . No corre c t i on 

for evaporation was t here fore necessary a nd all weight  l os s  fr om 

the pot  and plant was attributed to transpiration.  



APPENDIX 3 

MEASUREMENT OF PLANT WATER STRESS 

a ) � Rela t i ve wat e r  c ontent 

Plant water  stress  was e s t imated  by the relative water 

content  ( RWC ) t e chni que o f  Barrs and Weatherley ( 1 962 ) . 

Discs  or segments o f  leaf  t i ssue floa t e d  on distilled  water 

take up water , the pat tern o f  uptake w i th time be ing clearly 

divided into  two phases . The initial , rapi d phase  of uptake 

( phas e  I )  sati s f i e s  the  water defic i t  in the  t i ssue : the 

s e c ond phase ( phase I I ) ,  whi ch is slower and  prolonged ,  was 

shown by Barrs and Wea therley to be associated  with  growth 

� I  the tissue s egments . Phase II  does not c ommenc e unt il  

phase  I is  compl e t e , and for ac curate d e t ermination of RWC 

the t i ssue shoul d be remove d from the water  at the c onclusion 

of  phase I .  I f  this  i s  not done , and phase II  allowed to  

c ommenc e , the  add i t ional uptake of wat er results  in  an  under­

estima t i on of RWC . 

The dura t i on o f  phase I d i f fers among species  ( e . g .  

Pinus taeda 1 2  hours , Harms and McGregor , 1 962 ; wheat 4 hour s , 

Yang and de Jong , 1 9 68 ) , and may also vary wi th the magni tude 

o f  the water d e fi c i t  o f  the t issue (El-Sharkawy and Heske t h , 

1 964 ) . I t  is  there fore nece ssary to  d e termine the duration  

of  phase I uptake for any species  wi th whi c h  i t  iz  i ntende d 

to  use the techni que , and also t o  ascertain the cons tancy o f  
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this  durat i on a t  various l evels o f  water s tres s .  

Rela t ive wat er conte n t  may also be  under-est imat e d  i f  

there i s  bulk entry o f  wa ter  through the cut  e dges o f  thP. 

d i s c s  or segments , an e f fe c t  known as in ject ion .  Ba fore the 

techni que was j udged sui table  for uss wi th soybean leaf  

t issue i t  was there fore nec e s sary to  determine the durat i on 

o f  phase  I uptake at  vari ous l evels of water  s tress , and t o  

ascerta i n  that the resul ts were not invali dated  b y  the 

oc curen c e  of i n j e c t i o n .  

( i )  Durat i on of  phase I uptake 

A sharpened  c ork borer was used to punch discs  ( each 1 . 3 

e rn . d iame tar ) from the l eaves  o f  s oybean plants tha t had be en  

sub j e c t e d  to  e i ther a short pe r iod of water  stress , or had been 

allowed to  wil t .  Care was taken to  avoi d the inclus i on of 

large l e a f  ve ins  i n  the di3cs . In each case the discs  were 

bulke d and  separated  into 1 0  samples ,  each of  6 d iscs . The se 

were plac e d  in  tared , s t oppered wei ghing bottles  and the 

fresh weights det ermine d . The discs  were then floated  on 

di s t i ll e d  wate r  in a covered  pe tri dish  ( one sample per dish ) 

and at  intervals were removed ,  blotted  dry with filter  paper , 

weigh e d  i n  the original b o t tl e s  and replaced  i n  t he dish .  The 

wei gh t  o f  the samples  at each  weighing was expressed  as a 

perc entage o f  the original fresh weight , and the means of these 

percentage we i ghts  plo t t e d  against  t ime ( Fig . A3- 1 ) .  



Figure A3- 1  

Change i n  fre s h  we i gh t  wi t h  t i me o f  fl oating 

di s c s  o f  s oyb ean l e a fl e t s . 

Fr e s h  wei ght expr e s s e d  a s  a p e r c e ntage o f  

the o r i g i nal f r e s h  we ight . 
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I t  i s  apparent from  this  fi gure that phase  I ( the 

init ial peri od  of  rap id water uptake ) was compl eted  wi t hi n  

one hour for both se ts o f  ��mples , and in  a l l  rou t ine  

determina t i ons o f  RWC one hour was there fore adopted as the  

t i me for which  t he d iscs  were fl oated .  

( i i )  De termina t i on o f  the presence  or absence of inje c t ion  

I f  i n j e c ti on does  take plac e through the  cut  e dges o f  

the disc s , small d i s c s  having a high c ircumferenc e : area  rat i o  

w i ll take up proport i onately more water ( and thus show a 

greater r e la t i ve we i ght  i ncrease ) than larger discs . Parallel  

samples of  discs  of  two s i zes ( 1 . 1  and 1 . 4 cm . diame t e r ) were  

punche d from  the  leaves o f  slightly we ter-stressed soybean 

plants , plac e d  in tare d ,  s toppered  weighing bottl e s  and 

wei ghe d .  The discs were flcated  on distilled  water  in covered 

pe tri  d i shes  for 1 �  hours , blot ted  dry and reweighed .  The  1i  

hour fl oa t ing period  was  sele c t e d  as  being in  exc ess  o f  the  

phase I perio d , but  not  so  much s o  that  e ffects  that would 

not  occur during phase I would bec ome apparent . The percent­

age change i n  weight of each sample after the fl oa ting  period  

was det ermine d and  is gi ven i n  Table  A3-I . 
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Table  A3-I Perc entag� change in  f�esh  we ight  o f  discs  

o f  soybea� l eaf of  two  sizes , after  1�  

hours floatin5 on water . 

SamEle Discs 1 .  1 cm diam o Discs 1 . 4 cm diam .  

1 5 . 68 5 . 91  

2 7 . 1 2 6 . 33 

3 6 . 57 5 . 06 

4 5 . 97 4 . 99 

5 6 . 07 5 . 28 

6 3 . 73 3 . 64 

7 4 . 50 3 . 23 

8 3 . 62 3 . 34 

9 2 . 58 3 .  �2  

1 0  2 . 87 2 .  48 

Mean 4 . 87 l} .34  

A t-test  analysi s  s howed tha t there was no s i gnificant 

di ffere nce be tween the t wo samples  ( t  = 2 . 567 : t0 • 02 = 2 . 82 ) .  

The RWC te chni que i s  thus  sui table for use wi th soybean . 

Both the dura t i on of  phase I uptake and the inj e c t i on 

t e s ts were repeate d ,  the resul ts be ing c ons i s tent wi th those 

g i ven ab ove .  



b ) .  Water pot ential  

The  most  flexible tool  for the  measurement o f  wat er  

potent ial i s  the thermoc ouple psychrome ter ,  which i s  suit­

able  for  use  wi th plant or s oil  mat e rial and requires only 

s mall quantities  o f  the sample . The t e chn� que , originally 

deve l oped by Spanner  ( 1 95 1 ) �  has unde rgone c onsiderable 

devel opment at th e hands of other workers , and the under­

lying theory has been  di s cussed by Rawl ins ( 1 966 ) and Peck  

( 1 9 6 8 , 1 969 ) . A search o f  the li terature s ugges ted that a 

ver s i on of  the i ns trument described by Wais ter ( 1 963 ) was 

the s implest  and probably also  th e c heapes t  to cons truc t ,  

and a s i milar pie c e  o f  equipmAnt wi th minor modifications 

was bui l t . 

2 02 .  

Essentially the apparatus c onsi s ts o f  a tempera ture­

c ontrolled water bath in which  are immersed  a number of omall  

air-tight sample chambers . �he top  o f  each  chamber is  fi t te d  

w i th a bung thr ough which passes a fine-wire  thermoc ouple . 

A fter  bath and sample  chambers have reached  thermal e quil ib­

rium a current i s  passed through the thermocouple , the j unc t i on 

of  which i s  thus c o oled  due t o  the P e l t i er e ffec t ,  and a minu t e  

quantity of  wat e r  c ondenses o n  th e j unc t i on . The thermoc ouple 

is  the n  swi tched i nto  a galvanometer c i rcu i t , and the e . m . f . 

resul ting from the c o ol ing o f  the j unc t i on by the e vaporat i on 

of  the water  drop measure d .  The galvanome t er de fl e c t i on i s  

related t o  the relative humidity ( which  i s  translatable t o  
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wa t e r  potent ia l ) o f  the chamber  a t mosph ere . 

Modi f i c a t i ons t o  Wa i s t er ' s  d e s i gn i n c l u d e d  t he use o f  

two wat e r  baths , o n e  inside  t h e  o the r an d interconne c t e d  b y  

small hol e s  i n  t he i nner ba th , to fac i l i t a t e  t G mperature 

c ontrol . The out e r  bath , heavily lagge d w i th insula t i ng 

ma t e ri al and surrounded by a nooden b ox , was cont rolled t o  

0 ± 0 . 5  C by a c omme r c ial thermostat-r e gula ted heater-st irrer 

(Tempuni t ) . 0 The i nner bath , c ont�ol l e d  t o  ± 0 . 001  C ,  was 

hea t e d  by a 6 0-wa t t  carb on fi lame n t  lamp bulb par t ially 

immersed in the  wa t e r . S t irring was e f f e c t e d  both by an 

e l e c tr i c  st irrer and by the c ont inuous bubb ling of  a i r  

thr ough a per fora t e d  pipe o n  the fl oor o f  the ba t h .  

Temperature w a s  s e ns e d  b y  a mercuTy c ontac t  thermome ter 

wh i c h  a l so  ac t i va t e d  the c urrent to t h e  c arb on fi lament 

lamp . Temperature c ontrol was fac i l i ta t e d  by running the 

ou t e r  bath at a s l i ghtly l ower tempe ratur e  than the inner 

b a th , and by ma i ntaining room te mperat ure 3-4°C b e l ow bath 

temperat ure b y  means of  an air-condit i oning uni t . Te mpe ra tur e  

var i a t i on from p o i n t  t o  point within the inner bath ( in whi c h  

the sampl e chamb e r s  were i mmers e d )  d i d  not exc e e d  0 . 00 1 °C .  

The de t a i l e d  proc e dure s  given  by Box ( 1 9 63 ) were foll owe d 

i n  the calibrat i o n  o f  the thermoc ouple psychrome t e r s . S tr i p s  

o f  fi l te r  pape r  s oaked i n  sod ium c h l o r i d e  solut i ons  o f  known 

c o nc e ntrat ion wer e  us e d  to l i ne the wal l s  of the sample 

chambers , thus providi ng a known r e l a t ive humidi ty  wi t h i n  
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the c ha mb e r . However , regard l e s s  of  the s t rength o r  durati on 

of the c ur r e nt  pass e d  t hr ough the thermoc ouples , n o  s t ea dy 

ou tpu t c ould be  obt a ine d  from any of th e 1 4  thermoc oupl e s  

e ven a f t e r  2 4  hours i mmers i o� i n  t h e  bat h .  ( This exc e e ds 

the a c c e ptable time for a t t a i nment o f  e qu i l ibrium : Wai s t e r  

( 1 963 ) f o u n d  that aft e r  ab out 1 6  h ours change s o c c urre d in  

the sam p l e  t i ssue wh i c h  l e d  t o  a rapid rise  i n  the gal vano­

meter o utput ) . A dd i t i onally i t  was found tha t the  s i gnal 

from any given thermoc oupl e was erra t i c  and not r e l a t e d  to 

the r e l a t i v e  humi di ty of t he c hamb er a tmosphere . 

F o l l owi ng Wai s ter ( 1 963 ) the sample chambers we re o f  

gl�ss , but  Lamb e r t  and van S c h i l fgaarde ( 1 965 ) sugge s t e d  

that wat er c ould b e  ad sorb e d  onto th e wal l s  of  glass or 

acryl i c  sample chambers t hus giv ing rise to c ons iderable 

error s , and r e c omme nde d the use of  metal chambers c A number 

oZ s tai n le ss  st e e l  c hanbers , th e i r  int e r i ors elec troly t i �ally 

polishe d to give the smoo the s t  possible sur face , were made 

and te s t e d .  The results were as erra t i c  an d inc onsis t e �t a s  

those ob t a i n e d  wi t h  th e or igi na l  glass c hambers . Lac k of  

ski l l e d  te c hni cal a s s i s tance pre vented any further 

i nves t i ga t i on of  the proble m .  
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MEASUREMENT OF LEAF AREA AND DETERMINA'l'I ON OF 

THE LEAF AREA-LEAF DRY WEIGHT RELATIONSHIPS 

OF PLANTS GROWN UNDER THS FOUR TREATJ'.lEN'rS 

a ) . M easureme nt of l e a f  area 

205 .  

B e c ause planime t e r  measurements o f  l e a f  area are very 

t i me c onsuming , a s imple ac c�ra t e  me thod for determini ng 

lea f area that woul d be  a c c e ptab l e  as  a routine pro c e dure 

was sought . 

M i t c h e l l  ( 1 953 ) found that for perennial rye grass 

l eave s the pr odu c t  o f  le ngth and me dian wi dth gave a f i gure 

that wa s suffic i e ntly c l os e  to true l e a f  area to be sa t is fac t ory 

for c ompara tive pur poBc s .  A s im i lar approa ch to the prob lem 

wa s  ad o p t e d  for s oybean . 

T en  s oybean plants tha t had b e en grown under LT c ondi t i ons 

i n  a growth cab i n e t  were s e l e c t e d  t o  give a wide range of  l e a f  

areas . T h e  le afle t s  were removed fro� each  plan t i n  turn , 

and t h e  l e ngth ( L ) an d max i mum width ( W )  o f  each l e a fl e t 

measure d  t o  the near e s t  0 . 1  cm . � LW for each  plant was calcu­

lat e d .  The out l i ne o f  each l ea f l e t  was the n drawn on pap e r ,  

cut out and we i ghe d .  Th� w e i ght  per uni t area of  the  pap e r  



F i gure A4- 1  

Rel a t i onsh i p  b e t w e e n  t.rue l e a f  are a  and t he 

sum o f  l e a fl e t  length and maxi mum width for 

t h e  whole plant ( :S L\\' ) . 

( S ta t i s t i cal da t a  in t e x t ) . 
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b e i ng known , the  true le a f a r e a  was thus de t er mine d .  Very 

small or folded leaves were exc luded from the analysis . 

A p l o t  of ZLW a ga i ns t  true l ea f  area ( Fi g .  A 4 - 1 ) showe d 

tha t the point s fell ve ry c l os e  t o  a s t raight line . Linear 

r e gress i on analys i s  gave t h e  e qua t i on 

True leaf area = 0 . ?34 � LW + 2 . 4 8 c m2 ( 1 )  

The cal c ul a t e d  regre s s i on line  is  shown i n  Fig . A 4 - 1 . The 

c or relat i on be twe en Z LW and true leaf  area i s  very high 

(r = 0 . 9 92 )  and is h ighly si gni fi cant at the  1 %  level 

( p0 . 01 = 0 . 735 ) . 

Leaf  area was subse quen t ly de termined by th is  meth od . 

The relati onshi p  b e twe e n Z LW and true l e a f  area was found to  

hol d good for  leave s o f  plan t s  grown und e r  &l l four trea tmen t s . 

b ) .  Lea f  area - l e a f  dry weight relati onships 

From plants grown und e r  each of  the four treatments 

i nd i vi duals  were s e l e c t e d  t o  give a range of  leaf areas . The  

t otal leaf area of  each plant was determined as described ab ove 

and the c otrespond i ng leaf dry w e i ght was ob taine d by ove n 

dry ing the le aves ove rnight  at  95°C and we ighing a f t er a 1 0  

m i nute c ooling pe r i od . 

L e a f  area was plot t e d  against lea f dry we igh t  for each 

treatme n t  ( F i g . A 4-2 ) and the  l i near r e gres s i on e qua t i ons and 

c orrela t i on c oe ffi c i e n t s  cal cula t e d  ( Tab l e  A 4-I ) .  



Fi gure A4-2 

Relati onships b e tween l e a f  a r e a  and l e a f  

dry we i gh t  o f  plant s  grown under t h e  four 

treatme nt s . 

( S ta t i s t i cal da ta i n  Tabl e  A4-I ) .  
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Tab le A4-I Regre s s i on e qua t i ons and c orrela t i on 

c oe f fi c i e n t s  ( r )  for the  l e a f  area - l e a f  

dry we ight rela t i onships o f  plants grown 

under t he four treatmen t s . 

2 Po . o1 Treatment Leaf area ( c m ) gi ve�� r 

HT/LH 2�9 . 87 X dry w t . + 2 1 . 0  0 . 97 0 . 590 

HT/HH 300 . 06 X dry Vlt . + 45 .8 0 . 95 0 . 590 

LT/LH 1 92 . 55 X dry wt . + 4 1 . 7  0 . 97 o . 623 

LT/HH 2 1 3 . 40 :x: dry wt . - 3 4 . 7  0 . 94 o . 6o6 

The se rela t i on s h i p s  we r�  us e d  to c onve rt leaf Jry we igh t  

t o  l eaf  are� for t he plants used i n  the vari ous expe rime nt s e  



( 
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APPENDIX 5 

CALIBRATION OF Tfi� C02-ADDITION SYSTEH 

The co2 c onc entra t i on in the plant co2-exchange me aeur­

i ng e quipm e n t  was ma i n t a i n e d  wi thin the pre d e t ermi ned range 

by the add i t i on or ex trac t i on of co2 , depending on whe ther 

the plant was phot osyn the s i s ing or respiring . Addi t i on of  

co2 was i n  the form of pul s e s  of  a C02/N2 gas mixture 

c on t a i ning 1 0  or 20% of co2 • The fac tors d e t ermining the 

we ight of co2 in each pulse we r e  the  percen tage c ontent o f  

C02 i n  th e ea s mixture and the pressure a t  which the addi t i on 

was made . For any g i v e n  ga s mixture the former was fi xe d 9 

b u t  the ad d i t ion  pre ssur e  was controlled by gas pressure 

r e gulators and a constant b l e e d  devi c e . The regulat ors 

p e rm i t te d  the pre ssure t o  be ac cura t ely d e t ermj n e d , and 

m a i nt a i ne d for as long as  r e quir e d .  The c ons tant ble e d ,  from 

wh i c h  gas e s caped i n t o  the atmosphere , fac i l i ta t e d  the s e t t ing 

u p  of the � e qu i r e d  pressur e . The add i t i on sys t e m  incorpora t e d  

a 3-way glass s t opcock t o  which a take -off  l i ne was a t t ache d .  

P u l s e s  o f  t h e  addi ti o n  gas were thus d i v e r t e d  for cal ibra t i on 

.ra ther th�n pass ing i n t o  the plant chambe r sy st e m .  

The r e quired add i ti on pre ssur e was s e t  up and a glass 

tube , fi t t e d  wi th 1 1Qui k f i t1 1  s t opc o c ks at each end and fi l l e d  
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w i th carbosorb , was a t tached t o  t he take - o f f  line . The co2 

c on tr ol sys t e m  was the n ad j us t e d  t o  pr ovi de a con t i nuous 

s e r i e s  of addit i on pul s e s , a nd 50-60 such pulses were pass e d  

t hrough the carb os orb tube . The s t opc o c ks were t h en c l osed 

and the tube weighe d .  The t ube  was then rea t tached to  the 

take - o f f  l i ne , t he s t op c o c ks opene d ,  and 1 00 puls e s  pas s e d  

through . � h e  s t o� c o c ks were t h e n  c losed an� the car b os orb 

tub e  r e we i ghe d .  Thi s proc e s s  was repea t e d  until a t o tal of 

500 or 600 puls e s  had b e e n  absorb e d  by the carbosorb i n  

bat che s o f  1 00 pulse s . The t ube  was then recharg e d  wi th  

f resh c arbosorb and the pro c e s s  repeat e d .  The addi t i on 

pressure was hel d  c ons tant thr oughou t .  ( The firs t b a t c h  of  

50-60 puls e s , whi c h  we r e  not  i nc l ud e d  i n  th e puls e  c a l i bra t i on 

analys i s , were f ound t o  be  nec e ssary to  purge the take - o f f  

l i ne an d t h e  carb os orb tube o f  a mbient  a i r ) .  The co2 c on t e nt 

o f  e a c h  pulse was then fo und by p l o t t i n g  the gain i n  w e i gh t  

o f  t he carb os orb tube aga i n s t  the numb�r o f  puls e s  a d d e d .  

A ddi t i onally , the cons tancy of  t he co2 c ontent per pul se  was 

c h e c k e d  by calcul a t i ng the ga i n  in w e i ght  for each addi t i on 

o f  1 00 puls e s .  I f  t his  was c ons tant , the co2 c o n t e n t  p e r  

pul se  was also  c ons tant . 

The co2 a ddi t i on sys t e m  was recal ibra t e d  regularly . The 

·'- .gas c y l i nde r  c ont a i ni ng the C02/N2 mixture was r e p la c e d  whe n  

the pressure f e l l  t o  900 p . s . i .  ( origi na l  pressure 2 000 p . s . i . ) ,  

as c hanges in  co2 c onc entra t i on may o c c ur a t  low c y l i nder 

pres sures  ( Br own and Rosenbe rg , 1 96 8 ) . 
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APPEND:l.X 6 

D I S TRI BUTION OF DRY MA TTER I N  THE PLANT 

S oybean plants were grown under HT condi t i ons i n  a 

grow t h  cab ine t  and a number o f  i ndi v i duals of  var i ous s i z e s  

sel e c t e d  f o r  har ve st . 

Each plant was d i v i d e d  i n t o  three parts , a ) r o o t  sys te m ,  

b )  l e a ve s , and c ) s t e m  and pe t i ol e s , and the dry we i gh t  of  

each  par t de t e rmine d .  

The dry we i ghts , and the percentage o f  the t o tal dry 

we i gh t c ontribu t e d  by each part are g i ven in Table  AG-I . �he 

mean p er c e ntage of the t ot al  dry w e i ght resid ing i n  the l e a v e s  

o f  s o y b e a n  plan ts g�own under H T  c ondi t i ons i s  50 . 08% whi c h , 

for the purpos e s  of  calcul a t i ng change s i n  leaf dry weight 

wi th  t i m e , was s i mpli f i e d  t o  50% .  

A s im i la r  e xperiment under LT c ondi t i ons showe d that 

53% of the t o ta l  plant dry w e i ght  r e s i de d  in the l eaves 

(M i s s  J. Rowl e y , pers . c omm ) . 
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Table A 6-I Dis tribu t i on o f  dry mat te r  i n  s oy b e a n  

plants grown under HT c on diti ons . 

Perc en tage o f  total dry 
Plat1t Dr� we i�ht  (�ms ) we ight 

S t e m  & S tem  & 
No. R o o t  P e t i ol e s  Leave s Total Root P e t i oles  Leaves 

1 1 . 5 7 1  1 . 1 25 2 . 540 5 . 236 30 . 00 2 1 . 48 4 8 . 5 1  

2 1 . 064 o . 844 1 . 727 3 . 635 2 9 . 27 23 . 2 1  47 . 5 1  

3 1 . 1 72 1 . 040 2 . 1 1 0 4 . 322 27 . 1 2  2 4 . 06 4 8 . 82 

4 1 . 2 8 9  1 . 307 2 . 542 5 . 1 3 8  25 . 09 25 . 4 4 49 . 47 

5 1 . 3 9 1  o . 86o 1 . 8 1 4  4 . 065 3 4 . 22 2 1 . 1 6  4 4 . 62 

6 1 . 973 1 . 42 6  2 . 493 5 . 892 33 . 48 2 4 . 20 42 . 3 1  

7 1 . 06 6  o . 635 1 . 7 7 0  3 . 471 30 . 7 1  1 8 . 2 9 50. 99 

8 o . 85 9  0 . 584 1 . 475 2 . 9 1 8  2 9 . 44 20 . 01 5 0 . 55 

9 0 . 95 9  o . 62 4  1 . 83 7  3 . 42 0  28 . 04 1 8 . 2 4  53 . 7 1  

1 0  0 . 7 45 0 . 433 1 . 1 6 9  2 . 347 3 1 . 74 1 8 . 45 49 . 8 1 

1 1  0 . 6 8 9  0 . 456 1 . 2 8 7  2 . 432 28 . 33 1 8 . 75 52 . 92 

1 2  0 . 6 6 6  0 . 522 1 . 473 2 . 66 1  25 . 03 19 . 62 55 ., 3.5 

1 3  1 . 04 6  0 . 927 2 . 1 97 4 . 1 70 2 5 . 08 22 . 23 52 . 6 8 

1 4  1 . 2 4 4  o . 8 1 2  2 . 1 1 4  4 . 1 70 2 9 . 83 1 9 . 47 50. 69 

1 5  1 . 5 9 4  0 . 9 4 1  2 . 28 4  4 . 8 1 9  33 . 08 1 9 . 53 47 . 3 9  

1 6  0 . 7 9 0  0 . 566  1 . 507 2 . 863 27 . 59 1 9 . 7'1 52 . 64 

1 7  o . 86 o  0 . 52 9  1 . 3 54  2 . 743 3 1 .35  1 9 . 2 8  49 . 3 6  

1 8  1 . 08 1 0 . 646 1 . 603 3 . 33 0  32 . 46 1 9 . 40 48 . 1 4  

1 9  o . 68 1  o . 489 1 . 2 6 9  2 . 43 9  27 . 92 20 . 05 52 . 03 

2 0  0 . 73 0  0 . 554  1 . 43 5  2 . 7 1 9  2 6 . 85 20 . 37 52 . 77 

2 1  0 . 74 7  0 . 496 1 . 3 1 6  2 . 559  29 . 1 9 1 9 . 3 8  51 . 43 

M eans 29 . 3 2  20 . 59 50 . 08 
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APPENDIX 7 

DETAIL  PLCTS OF FIGURES 4-4 i 4- 1 0  A ND 4- 1 1  

The f i gures i n  t h i s  appe ndix show t h e  indi v i dual 

�oint s from whi c h  the c urves in Figs . 4-4 , 4- 1 0  and 4- 1 1  

were c onst ruc t e d .  



Fi gure A7-1 

D e t a i l  p l o t s  o f  the  r e l a t i onships g i v e n  i n  

Fig . 4-4 .  

R e l a t i onships b e tween t h e  rates  of  photosynthe s i s  

( m g  co2/dm2/hr ) a nd transpiration ( gm wa ter/dm
2

/hr ) 

for plants under the four treatmen ts . 
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Figure A?-2 

D e t a i l  p l o t s  o f  the rela t i onships gi ven iu 

Fi g .  4 - 1 0 .,  

Re lati onshi ps b e tween RWC and transp i ra t i on 

2 
rate ( gm wat e r/dm /hr ) for plants unde r  the 

four trea t men t s .  
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Figure A?-3 

De tail plots  of the  relationships given 

in Fig.  4- 1 1 .  

Relati onships b e tween RWC Rnd rate  o f  

2 photosynthesis  ( mg C02/ct.m /hr )  for plants 

under the four tre a tme nts . 



w 

:I: 
.... 
z 
> 
IJ) 
0 
.... 

2 0  

1 6  

1 00 

0 2 0  

1 2  

8 

4 

• 
• 

• 

9 0  8 0  

• •• 
• 

• 

• 

H Tjl  H 

• 

• •• "" 
-�� 

70 60 

H T/H H  

� 
·"-----

· -

2 0  

1 6  

1 2 

8 

4 

• 

• • 
• • 

• 

• 

• 

• 
.... 

0 �_. __ .__. __ ._�--��--�--
1 0 0  

0 

1 6  

1 2  

8 

4 

9 0  8 0  

• 

• 
• 

• • 

-. . ,. 
' ., . . . "· . 

· ·
'\ 

• 

7 0  

L TjH H  

·� . ' 

6 0  

o �_.--��--�--�_.--���-- o L-�--��--��--��--� 
1 00 9 0  8 0  7 0  6 0  1 0 0  

R W C 

9 0  

�0 
8 0  7 0  



REFE REN CES 

A LLAWAY , W . G .  a n d  �ANS F I E LD , T . A .  ( 1 970 ) . E x p e r i me n t s  a nd 
o b s e r va t i o n s  o n  t h e  a f t e r  e f f e c t o f  w i l t i ng o n  
s t o m a t a  o f  R u m e x  s a ngu i n e u s . C a n . J .  B o t . 48 

5 1 3-52 1 . 

223 . 

A LLtm N D I NG E R , D . F . , KENWORTHY , A . L . a n d  OVE RHOLS E R , E . L .  ( 1 9 43 ) . 
The C 0

2 
i n t a k e  o f  a p p l e  l e a v e s  a s  a f f e c t e d  by 

r e d u c i n g t h e a v a i l ab l e  s o i l  wa t e r  t o  d i f f e r e n t  l e v e l s .  
P r o c . P. me r .  S o c . H a r t . S c i . 42 :  1 33 - 1 40 .  

A S HTON � F . M . ( 1 95 6 ) . E f f e c t s o f  a s e r i e s  o f  a l t erna t i ng l ow a n d  
h i gh s o i l  wa t e r  c o n t e n t s  o n  t h e  rat e o f  appa r e n t  
p h o t o s y n t h e s i s  i n  s u gar c an e . P l a n t  Phys i o l . 3 1  : 
2 6 6-27 4 . 

--

BABA LOLA , 0 . , BOERS MA , L .  � n d Y OUNG BE RG , C . T .  ( 1 968 ) . 
P h o t o syn t h e s i s  a n d  t r a ns p i ra t i o n  o f  M o n t e r e y  p i n e 
s e e d l i n g s  a s  a func t i o n o f  s o i l  wa t e r  su c t i o n a n d  
s o i l  t e m p e r a t � r e . P l a n t  P h ys i o l . � : 51 5-52 1 . 

B A KE R , D . N .  ( 1 96 5 ) . E f f e c t s o f  c e r ta i n  e n v i r o n m e n t a l  fa c t o r s  
o n  n e t  a s s i m i l a t i on i n  c o t t on . C r o p  S c i . 2 : 53-56 . 

BA NGE , G . G . J .  ( 1 953 ) . On t h e  qua n t i t a t i v e  e xp l a na t i on o f  
s t oma tal t ra n s p i ra t i on .  A c t a B o t . N e e rl . 2 : 255-297 . 

BARRS , H . D . ( 1 968 ) . E f fe c t  o f  c y c l i c  vari a t i on s  i n  gas e x c hange 
u n d e r  c on s t a n t  e n v i r onme n t a l  c o nd i t i on s  on the ra t i o  
o f  t ra n s p i r a t i on t o  n e t  ph o t osy n t h e s i s .  Phy s j o l � P l a n t . 
£.2 : 9 1 8- 92 9 .  

BARRS , H . D .  a n d  KLEPP E R , B .  ( 1 968 ) . Cy c l i c  va r i a t i on s  i n  p l a n t  
p r o pe r t i e s  u n d e r  c o n s t a n t  e nv i r o n m e n t a l  c o n d i t i o ns . 
P h ys i o l . P l a n t . � : 7 1 1 -73 0 .  

B A R R S , H . D .  a n d  WEATHERLE Y , P . E .  ( 1 962 ) . A r e - e xam i na t i on o f  t h e  
r e l a t i v e  t u r g i d i ty t e c hn i q u e  f o r  e s t i ma t i ng wa t e r  
d e f i c i t s  i n  l e a v e s . A u s t . J .  b i o l . S c i  • .22 : 4 1 3 - 42 8 . 

van BAVEL , C . H . M . , NA KA YM�A , F . S .  a n d  E H RLE R ,  W . L .  ( 1 965 ) c 
M e a s ur i n g t ra n s p i r a t i on re s i s ta n c e  o f  l e a ve s . 
P l a n t  P h y s i o l . iQ : 535-540 .  

B I E R HU I ZE N , J . F .  a n d  SLATYER , R . O .  ( 1 964 ) . P h o t osynt h e s i s  o f  c o t t on 
l e a v e s u n d e r  a r&nge o f  e nv i r o n m e n t a l - c ond i t i o ns in  
r e la t i on t o  i n t e r nal a n d  e x t e rn a l  d i f fu s i v e  r e s i s t a n c e s . 
A us t . J .  b i o l . S c i . 11 : 3 48-35 9 . 



BOLIN, 

224 . 

B .  a n d KEELING , C . D .  ( 1 9 63 ) . La rge - s e a l �  atmosph e r i c  
m i xi ng as d e du c e d  from t h e  seas onal an d m e r i d i onal 
varia t i ons o f  c a rbon d i ox i d e . J .  G e ophys . R e s . 68 
: 3899-392 0 . ( N o t  s e e n  in or i g i nal . C i t e d  by 

-

McCre e , K . J .  a nd Trough t on , J . H .  P lant Physi ol . 
� : 559-56 6 , 1 9 66 ) . 

BOX , J . E .  Jr . ( 1 963 ) . D e s i gn and c a l i bra t i on o f  a t h e rmoc oupl e 
psych rome t e r  whi c h  u s e s  t h e  Pel t i e r  e f fe c t .  I n  
" Humi d i ty and  Mo i s tur e "  Vol . I .  ( A .  Wexle r , e d . ) 
R e i nh old Publ . C orp . New Y or k . pp . 1 1 0- 1 2 1 . 

BOX ! J . E .  Jr . ( 1 965 ) .  Measure ment  o f  wa t e r  s tress i n  c o t t on 
plant l e a f  d i s c s  w i t h  a thermoc ouple psy chrome t e r . 
Agron . J .  57 : 3 6 7-3 70 . 

BRI LLIANT , B .  ( 1 92 4 ) . Le  t e neur en  eau dans l e s  feu i l l e s  e t  
l ' e n e r g i e  a s s i m i la t r i c e . C . R .  Acad . S c i . ( Par i s ) . 
1 78 : 2 1 22 -2 1 25 .  

BRIX , H .  ( 1 9 62 ) . The e f fe c t  o f  wa t e r  s t r e s s  on th e ra t e s  o f  
photosynth e s i s  a n d  respira t i on i n  t omato plants  and 
l ob l olly p i n e  s e e dl i ngs . Phys i ol . Plant . 12 : 1 0-2 0 .  

BROUWER , R .  ( 1 963 ) .  Th e i n fl u e n c e  o f  th e s u c t i on t e nsi on o f  t h e  
nut r i e n t  s ol u t i o ns on grow th , transpi rat i on a n d  d i f fu s i on 
pressure de fi c i t  o f  bean l eave s  ( Phas e olus vulga r i s ) . 
A c ta Bot . N e e rl . 1 2  : 2 48-2 6 1 . 

BROWN , K . W .  and ROSENBE RG , N . J .  ( 1 96 8 ) . Errors in sam� l i ng and 
i n frare d analy s i s  of c o2 in a i r  a n d  the i r  in fluence i n  
de termina t i on o f  ne t phot osynth e t i c  rate . Agron . J .  
6 0  : 3 09-3 1 1 .  

BURNS , G . P .  ( 1 9 26 ) .  S tu d i e s  i n  tol eranc e o f  N e w  England for e s t 
t r e e s . V .  R e la t i on o f  the moi s t ur e  c on t e n t  o f  the 
s o i l  to  t h e  s e ns i t i ve n e s s  of the  c h l oropl�st to l i gh t . 
Ve rmont Agr . Exp . S ta .  Bul l . 257 . ( Not s e en i n  
o r i g i nal . C i t e d  by Ve i hmeyer a n d  Hendri c kson , 1 955 ) . 

CALDWELL , J . s .  ( 1 9 1 3 ) . The r e la t i on o f  e nv i r on ment a l  c ond i t i on s  
t o  t h e  phe n om e n on  o f  pe rmanent w i l t i n g  i n  plant s .  
Phys i ol . Re s .  1 : 1 -5 6 . ( N o t  s e e n  i n  or i gi na l . C i t e d 
by  Krame r , 1 950 ) . 

C LARK , J . A .  and LEVITT , J .  ( 1 956 ) .  The bas i s  o f  drought r e s i s t an c e  
i n  the s oybean plan t . Phy s i ol . P l ant . 2 : 598-606 . 



225 . 

CLARKE , J .  ( 1 96 0 ) . Pre para t i on o f  l e a f  e p i d e rm i s for t opo­
graph i c  s t udy . S t a i n  T e c hnol . 22 : 35-39 . 

CLEMENTS , H . F .  and KUBOTA , T .  ( 1 9 42 ) . I n t e rnal m o i s t ure 
r e l a t i ons of s ugar cane - the  se l e c t i on of a m o i s t ure 
i ndex . Hawa i i an P l an t e r s ' Re c ord  46 : 1 7-36 .. 

C OWA N , I . R .  ( 1 965 ) . Tra n s p o r t  o f  wa t e r  i n  the  soil - plan t­
a tm osphere  sys t e m .  J . appl . E c ol . £ : 22 1 -2 3 9 . 

COWAN , I . R .  and MI LTHORPE , F . L .  ( 1 96 8 ) . Phys i ol ogi cal r e sponses 
in relat i o n  to  the  envi ronmen t wi t h i n  t h e  plan t c o ver . 
I n  "Fun c t i on i ng o f  Te r r e s t r i a l  Ecosys tems at  the 
P r i mary Produc t i on Level" . Proc . C openhagen S ymp . 
( F .  E c khar d t , e d . ) . UNES CO (Paris ) pp . 1 07- 1 3 0 .  

C OX , E . F .  ( 1 96 8 ) . Cyc l i c  c hanges i n  t rans p i ra t i on of  s un fl ower 
leaves i n  a 8 t eady envi r onment . J .  exp . Bot . 12 : 
1 6 7- 1 75 .  

C OX , L . M . and BOERS �A , L .  ( 1 967 ) . Transpira t i on as a func t i on 
o f  s o i l  t e mp e r a t u r e  and s o i l  wa ter  s tr e s s . P lant 
Phys i ol . 42 : 550-556 . 

C RAFTS , A . S . , CURRIER , H . B .  and STOCKI NG , C . R .  ( 1 9 49 ) . " W a t e r  i n · 
t h e  Phy s i ol ogy o f  Plant s " . Chron i ca Botan i c a  C o . ,  
VJc,_ l tham , Mas s . 

CURTI S ,  P . E . , OGREN , W . L .  a n d  HAGEf'I.AN , R . H .  ( 1 9 69 ) . Var i e t e. l  
e f fe c t s  i n  s oyb ean ph o t osyn t h e s i s  and  pho t or e s p i ra t i on . 
Crop . S c i . 2 : 323-32 7 . 

DASTUR , R . H .  ( 1 92 5 ) . The  relat i on b e t we en  wat e r  c ont e nt and 
p h o t osynthe s i s .  Ann . B o t . 3 9  : 769-7 86 . 

DENMEAD , O . T .  and S HAW , R . H .  ( 1 962 ) . Availab i l i ty o f  s o i l  
wat e r  t o  pla n t s  a s  a f fe c t e d  b y  s o i l  m o i s ture c on t e nt 
a n d  m e t e o r o l o g i c a l  c ond i t i ons . Agron . J .  � : 385-39 0 .  

DREGER , R . H . , BRUN , W . A .  a n d  COOPER , R . L .  ( 1 96 9 ) .  E f f e c t s  o f  
g e n o type o n  t h e  photosynt h e t i c  ra t e  o f  s oybean ( Glyc i n e  
� ( L . ) Me rr . ) . Crop S c i . 2 :  42 9 - 43 1 . 

DUGGE R , W . M .  ( 1 952 ) . The permeab i l i ty o f  non-stoma t e  l e a f  
e p i de rm is  t o  c ar b on d i ox i d e . Plant Physi ol . 2 7  : 489- 499 . 

E HLIG , C . F .  and GARDNER ,  W . R . ( 1 9 6 4 ) .  Rela t i onshiP b e t w e e n  

t ranspira t i on anJ t h e  i n t e rnal wa t e r  r e l a t i ons o f  
plants . A gr on . J .  2£ : 1 2 7- 1 30 .  



226 . 

EHRLER , W . L . , NAKAYAMA , F . S .  and van BA VEL , C . H . M . ( 1 965 ) .  
Cy c l i c  c hang e s  i n  wa ter  balance  and trans p i rat i on 
o f  c o t t on l e a v e s  i n  a s t e a dy e nv i r onment . Physi o l . 

P l a n t . � : 766-775 . 

E HR�ER , W . L . , van BAVEL , C . H . M . and NAKAYAMA , F . S .  ( 1 966 ) . 
Trans p i rat i on , water absorp t i on and i n t ernal w a t e r  
balanc e of  c o tton p l a n t s  a s  a f fe c t e d  b y  l i gh t  a n d  
c hang e s  i n  s a tura t i on d e f i c i t . P l a n t  Phys i ol . 41  
7 1 -74 . 

EL-SHARKAWY , M . A .  and HES KETH , J . D .  ( 1 964 ) .  E f fe c t s  o f  

t e mp e ra ture a n d  wa t e r  d e fi c i t  o n  l ea f  phot osyn t h e t i c  
rat e s  o f  d i f f e re nt spe c i es . Crop S c i . � : 51 4-51 8 .  

F I S C HE R , R . A .  ( 1 967 ) . The a f t er-e f f e c t  o f  wa t e r  s tr e s s  on 
s t omatal fun c t i on i n  toba c c o  and b ean . Plant P hys i ol . 
Suppl . 42 : S - 1 8 .  

F REELA ND , R . O .  ( 1 948 ) . Phot osyn t h e s i s  i n  relat i on t o  s t oma tal  
fr e qu e n c y  and d i st r i but i on .  P lant Phys i ol . 23 
595-600 . 

G AASTRA , P .  ( 1 959 ) . Phot osynth e s i s  o f  c rop plants as i n fluenc e d  
b y  l i gh t , c arbon d i oxide , te mpera t ure a n d  s t oma t a l  
d i f fus i on r e s i s t anc e .  M e de d .  Landbouwhoge s c h . 
Wagen i nge n 22 : 1 -68 . 

G AASTrtA , P .  ( 1 963 ) .  C l i ma t i c  c ontrol  o f  ph ot osynthe s i s  a n d  
r e s p i r a t i on . I n  "Environmental Control o f  P la n t  
G r owth" . ( L . T .  Evans , e d . ) . A c a d e m i c  P r e s s , New 
York a nd Lond �n . pp . 1 1 3- 1 40 .  

G ALE , J .  a n d  P OLJAKOFF-MAYBER , A .  ( 1 968 ) . R e sistanc e s  t o  t h e  
d i f fus i on o f  gas a n d  vapor i n  leave s . Physi o l . P lant . 
� : 1 1 70- 1 1 76 . 

G ARDNER , W . R .  ( 1 965 ) . Dynam i c  aspe c t s of  s o il-wa t e r  avai l ab i l i t y  
t o  plant s . Ann . Rev . Plant  Phys i ol .  1 6  : 323-342 . 

G ARDNER , W . R .  a n d  EHLI G , C . F .  ( 1 962 ) .  
move me n t  i n  soi l and pla � t a 

Imp e dance t o  wat e r  
S c i e nc e  138 : 522-523 . 

GATES , C . T .  ( 1 964 ) .  The e ff e c t  o f  wat e r  s t re s s  on plant growth . 
J .  Aus t . I ns t .  Agr . S c i . 30 : 3-22 . 

GATES , D . M .  ( 1 968 ) . T ransp i r a t i on and l e a f  t e mperatur e . A nn . 
R e v .  Plant P hy s i ol . 12 : 2 1 1 -238 .  



227 . 

G A VANDE , S . A .  and TAYLOR , S . A .  ( 1 967 ) . Influence o f  s o i l  wa t e r  
p o t e n t i a l  and a tm osphe r i c e vapora t i v e  d e mand o n  
t ranspira t i on and t h e  e n e rgy s tatus o f  plan t s . Agron . J .  

22 : 4-7 . 

G I NG RI C H , J . R .  a n d  RUSSELL , M . B .  ( 1 957 ) . A c ompari c on o f  e f fe c t s  
o f  s o i l  ffi o i s ture t e ns i on and o s mo t i c  s t r 0 s s  o n  root 
gr owth . S o i l  S c i . 84 : 1 85- 1 94 .  

GLINKA , Z .  and ME I D NE R , H .  ( 1 96 8 ) . The measurement o f  s t omatal 
r e spons e s  to s ti m u l i  in leaves  anc leaf d i s c s . J. exp . 
B o t . 22 : 1 52- 1 66 . 

G REG ORY , F . G . , MILTHORPE , F . L . , PEARSE , H . L .  an d SPENCER , H . J .  
( 1 950) . Expe r i m e n t a l  s t ud i e s  o f  the  fac t o r s  c ontroll ing  
transp i r a t i on . I I . The  r e la t i on b e tween tra n sp i ra t i on 
r a t e  an d  l e a f  wat e r  c on t en t . J .  cxp . Bo t .  1 : 1 5-28 . 

HALL � D . M .  and JONES , R . L .  ( 1 9 6 1 ) .  Physi ological s i gn � f i c anc e 
o f  sur f a c e  wax on l e ave s . Nature 1 9 1  : 95-96 . 

HARMS , W . R .  and M cG RE GOR , W . H . D .  ( 1 962 ) .  A me thod for meas uring 
t h e  wa t e r  balance o f  pine  need l e s . Ecol o gy 43 : 53 1 -532 . 

H EATH , O . V . S . ( 1 938 ) . An experi mental inve s t i ga t i on o f  the 
m e c hani sm of  s t oma t a l  moveme n t , w i t h some pr e l i mi nary 
observa t i ons upon t h e  respons e of the guard c e lls  t o  
" shock" . N e w  Phy t o l . 3 7 : 3 85-395 . 

HEATH , o . v . s . ( 1 959 ) . The wa t e r  relat i ons o f  s t oma t a l  c e ll s  and  
the me chan i s ms o f  s t o ma tal mov e ment . I n  "Plant.  
Phys i o l ogy" . Vol . 2 .  ( F . C .  S t e ward , e d . ) . A c a d :; m i c  
Pre ss , New Y o r k  and London . pp . 1 93-250 . 

HEATH , O . V . S .  ( 1 969 ) .  " Th e  Phy s i ologi cal Aspe c t s  o f  Phot osynth e s i s " . 
H e inemann , London . 

HEATH , o . v . s .  a n d  ME IDNER , H .  ( 1 96 1 ) .  The i n flue n c e  o f  wa t e r  
s train on the  m i n i mum i n t e r - c el l ular spa c e  c arbon 
d i oxi d e  c on ce n tra t i on , r ' and s tomatal movement  i n  
wheat l e a ve s .  J .  exp . Bot . 1£ : 226-242 . 

HEINI CKE , A . J .  a n d  CHI LDERS , N . F .  ( 1 936 ) . The influer. c e  o f  wat e r  
d e fi c i en cy  i n  pho t osyn the s i s  a nd trans p i ra t i on o f  apple 
l eave s . Proc . A me r . S oc .  Har t .  S c i . 2L : 1 55- 1 59 .  

HENCKEL , P . A . ( 1 964 ) . Phys i o l ogy o f  plants  under d rough t . 
Ann . Rev .  P l an t  P hy s i ol . 12 : 3 63-386 . 



HES KETH , J . D .  ( 1 968 ) . E ff e c t s  o f  l i ght  and te mpe rature 
during plant growth on subs e que n t  leaf C0

2 
a s s i m i l at i on rat e s  und e r  s t andard c on d i t ions . 
Aus t . J ., b i o l . S c i . � : 235-2 4 1 .  

2 2 8 .  

HEW , C . S . ,  KROTKOV , G .  a n d  CANVI N , D . T .  ( 1 96 9 ) . E f fe c t s  o f  
t e m pe rature on pho tosyn t h e s i s  and co2 evol u t i on i n  
l i g ht  and dar kne ss by gre e n  leav e s . Plant Phys i ol . 
4 4  : 6 7 1 - 67? . 

HODGES , J . D .  ( 1 96? ) . Pat terns o f  ph o tosynt h e s i s  und e r  
n a t ural e n v i ronmental c ond i t i ons . E c ol ogy 48  

23 4 -2 42 .  

H OFFMAN , G . J .  an d  SPLINTER , W . E .  ( 1 96 8 ) . Wa ter  po t e n t i al 
measureme n t s  o f  an i n ta c t  plant - s o i l  syst e m . 
Agron . J .  60 : 408- 4 1 3 .  

H OFS TRA , G .  an d HES KETH , J . D .  ( 1 9 69a ) . The e f fe c t s  o f  t e mper­
ature on the gas e x c hange of  l eaves in  the l i g h t  and 
dark . P lanta ( Berl . ) §2 : 228-237 . 

HOFSTRA , G .  a n d  HES KETH , J . D .  ( 1 96 9b ) . The e f fe c t  o f  
t e mp e ra ture on s t o�a tal aper ture i n  d i f f e r e n t  s pe c i e s . 
Can . J .  B o t . 47 : 1 3 07- 1 3 1 0 . 

HOLMG REN , P . ,  JARVIS , P . G ,  an d JARVIS , M . S . ( 1 965 ) . Re s i stanc e s  
� 0  carb on d i ox i de and water vapour t ran s f e r  i n  leaves  
of  d i f fe re n t  p l an t  s p e c i e s . Phys i ol . Plan t . � : 
557-573 . 

HULL , H . M .  ( 1 95 8 ) . The e f fe c t  o f  day and night  t e mperature  
on growth , foliar wax c on t e n t , and  cut i c l e  de vel op­
m e n t  of v e l v e t  mes qu i t e . W e e d s  £ :  1 33- 1 4 2 .  

IDSO , S . B .  ( 1 96 8 ) . A tmosphe r i c  a n d  s o i l - i nduc e d  wat e r  s tr e s s e s  
i n  plan t s  a n d  the i r  e f fe c t s on t ranspir a t i on and 
p hotosy n t he s i s . J .  The ore t . Bi ol . � : 1 - 1 2 .  

JACKS ON , R . D ·. ( 1 963 ) � Temperature and s o i l -wa ter d i f fu s i v i ty 
r e la t i ons . S o i l  S c i . S oc . Ame r . Proc . 2 7  : 3 63-3 6 6 . 

JANES , B . E .  ( 1 96 8 ) . E f fe c t s  o f  e x t e n d e d  periods o f  osmot i c  
s tre s s  o n  wa ter r e l a t i onsh i ps o f  pepper . Phys i o l . 
P l ant . 2 1  : 334-3 45 .  

JARVI S , P . G .  ( 1 963 ) . Compara t i v e  s t ud i e s  i n  plant wat er 
r e la t i ons . A c ta Un i v . Upsal i ens i s  N o .  2 7 . 



JARVIS , P . G . ( 1 967 1 . C o mpara t i ve plant wa t e r  rela t i ons . 
Ann . A r i d  Z on e £ : 74- 9 1 e 

JARVIS s P . G .  and  JARVIS , M . S . ( 1 963a ) . E f f e c t s  o f  s e v e ra l  
osmot i c  s u b s t r a t e s  o n  t h e  growth o f  Luni nus  albus 
s e e dl ings . Phys i o l . P lant . 1£ : 485-500 . 

2 2 9 .  

JAR"JI S , P . G .  and JA RVIS , M . S .  ( 1 9 63b ) . The wa ter r e l a t i ons 
o f  tree  s e e dl i ngs . I V .  S o me a s p e c t s  o f  the  t i s sue  
wa t e r  r e l a t i ons an d drought r e s i s t a nc e . Phys i o l . 
Plant . 2£ : 5 0 1 - 5 1 6 . 

JA RVIS , P . G . and JAHVIS , M . S . ( 1 963 c ) . The  wa ter r e l a t i ons 
of tree s e e d l i ngs . I I . Trans p i ra t i on in r e l a t i on 
t o  s o i l  wa t e r  pot e n tial . Phys i ol . P lant � 1 6  : 
23 6-253 . 

--

JARVI S , P . G . , ROSE , C . W .  and BEGG , J . E .  ( 1 9 67 ) . An expe r i m e n t a l  
and theor e t i cal  c ompari s on o f  vi s c ous and di ffus i ve 
re s i s tan c e s  t o  gas flow through amphi s tomatous l e a ve s . 
Ag r . Me t e or o l . � : 1 03- 1 1 7 .  

KA NEMASU ,  E . T . , THURTELL , G . W .  and TANNER , C . B . ( 1 96 9 ) . The 
d e s i gn , c a l ib ra t i on and f i e l c  u s e  of a s t omatal 
d i f fu s i o n  parame t e r . Plant Phy s i ol . 44 : 8 8 1 - 885 .  

KAUL , R .  ( 1 96 6 ) . E f fe c t  o f  water  s t r e 3 c  o n  r e spira t i on o f  
wheat . Ca n .  J .  B o t . 4 4  623- 632 . 

KETELLAPPER ,  H . J .  ( 1 963 ) . S t omatal phy s i o logy . Ann . Rev . P l a n t  
Phys i ol . 2i : 249-2 70 . 

KNIGHT , R . C .  ( 1 9 1 7 ) . The i n t errela t i ons o f  s t omatal ape r ture , 
l e a f  wat e r  c ontent  and tran s p i ra t i on ra t e . Ann . B o t . 
3 1  : 22 1 -2 40 .  

KNIPLING , E . B . ( 1 967 ) . E f fe c t  o f  l e a f  a g i ng on wa t 8 r  d e f i c i t ­
wa te r  p o t e n t i a l  r e l a t i onshi ps  o f  d ogwood l eave s grow i ng 
i n  two e nv i r onment s .  Phys i ol .  P lant . 2 0  : 65-72 . 

KOLLE R , D .  and SAMI SH , Y .  ( 1 96 4 ) . A nul l - p o i n t  c ompensa t i ng 
syste m  for s i multane ous and c on t i nuous measur e m e n t  
o f  ne t p ho t o synthes i s  a n d  trans p i ra t i on by c on t r ol l e d 
gas - s tre am analy s i s . Bot . G a z . � : 8 1 - 8 8 . 

KOZLOWS KI , T . T .  ( 1 96 4 ) . " W a t e r  l>tle tabol i sm i n  Plan t s " . Har p e r  
a n d  Row , Ne w  York . 



230.  

KRAMER , P . J . ( 1 9 49 ) . "Plant and  S o i l  Wa t e r  Relati onsh i ps " . 
M cGraw-Hi l l ,  N e w  Y or k . 

KRAMER , P . J .  ( 1 950 ) . E f fe c t s  o f  wi l t ing on the sub s e quent  
i n take of  wa t e r by  plant s .  Ame r . J .  Bot . 37 
2 80-2 84 . 

KRA "fER , P . J .  ( 1 963 ) . Wa t e r  s t r e s s  and plant grow th . Agron . J .  
22. : 3 1 -35 . 

KRAMER � P . J .  ( 1 969 ) . " P l ant and  S o i l  Wa t e r  Re l at i onsh i p s : a 
t-lodern Synthe s i s " . McGraw-H i l l , New York e 

KRIEDEMA NN , P . E .  ( 1 96 8 ) . Some pho tosynthe t i c  c harac t e r i s t i c s  
o f  c i trus l e a ve s .  Aus t . J .  b i ol . S c i . �l : 895-905 . 

KUIPER ,  P . J . C .  ( 1 96 4 ) . Wa te r  uptake o f  h i gher  plants  a s  
a f fe c t e d  by r o o t  t e mperature . Me de d .  Landbouwhoge s c h .  
Wage ningen 6 4  : 1 - 1 1 .  

LAMBERT , J . R .  and van S CHILFGAARDE , J .  ( 1 9 65 ) . A me th od  o f  
d e t e rm i n i ng t h e  wa t e r  potent ial o f  i ntac t plan t s . 
S o i l  S c i . 1 00 : 1 - 9 .  

LEE , R .  and GATES , D . M .  ( 1 964 ) . D i ffu s i on r e s i stan c e  i n  l eave s 
as relat e d  t o  the i r  s t oma t al anat omy and m i c r o s tru c t ur e . 
A me r . J .  B o t . Ll : 9 63 -975 . 

LES HEM ,  Y .  an d  THA I NE , R .  ( 1 96 9 ) . A n o t e  on the measurement o f  
s t o matal ap e r t ure . New Phy t o l . 6 8  : 1 047- 1 049 .  

LIVINGS TON , B . E .  and BROWN , W . H .  ( 1 9 1 2 ) . Rela t ion o f  t h e  da i l y  
march  o f  t ra ns pirat i on t o  var i a t i ons in t h e  wat e r  
c on te n t  o f  f o l iage l e a ve s .  Bot . G a z . 22 309-330 . 

LOUSTALOT , A . J .  ( 1 945 ) . I n f l u e n c e  o f  s o i l  m o i sture c ondi t i ons 
on appa r e n t  photosy n t he s i s  and  t ranspira t i on of pecan 
l eaves . J .  Ag ri c . Re s . 22 :  5 1 9-532 . 

MA C KLON , A . E . S .  and WEATHERLEY ,  P . E .  ( 1 965 ) . Control l e d  
environment s tud i e s  o f  t h e  na ture a n d  or i gins  o f  wa t e r  
d e f i c i t s  i n  plant s . N e w  Phyt ol . 6 4  : 4 1 4-427 . 

ME IDNER , H .  an d  MANSFIELD , T . A .  ( 1 965 ) . S t omatal r e sp o n s e s  t o  
i l lumi nat i on .  B i o l . Rev . 40 : 4 83- 509 . 



2 3 1 .  

f-1E IDNER , H .  and HANSFIELD , T . A .  ( 1 96 8 ) . "Phy s i o l ogy o f  S t omata " . 
McGraw-Hi l l , Lond on . 

MERRI LL , S . D .  ( 1 9 68 ) . De t a i l s  o f  c onstruc t i on o f  a mul t i -purp o s e  
thermocouple  psy c hrome ter . U . S .  Sal i n i ty Lab . Re s .  Rep . 
N o . 1 1 5 .  9 PP • 

MEYER , B . S .  and ANDERS ON , D . B .  ( 1 952 ) . "?l:mt  Phys i ol ogy" . 
S e c o n d  e di t i on . D .  van Nos trand C o . I nc . P r i n c e t on . 

MILLA R ,  A . A . , DUYSEN , M . E . and W I L K I NS ON , G . E .  ( 1 968 ) . I n t e rna l 
wa t e r  bal a n c e  o f  barley under s o i l  �ois ture s t r ess . 
P lant Phys i o l . 43 : 968- 972 . 

MI LTH CRPE , F . L .  ( 1 95 9 ) . Transp i ra t i on frcm c rop  plants .  Fi eld  
Crop  Ab s t r . 1 2  : 1 - 9 .  

MILTHORPE , F . L . and PENMAN , H . L .  ( 1 96 7 ) . The d i ffus ive  
c onduc t i v i ty o f  the  s t omata o f  whe a t  leave s . J.  exp . 
B o t . � : 422- 45 7 . 

MITCHELL , J . W .  ( 1 93 6 ) . E f fe c t  o f  at mosph e r i c  humidi ty on ra te 
of carbon f i xa t i on by plant s . B o t . Gaz . 98 : 87- 1 04 . 

MITC HELL , K . J .  ( 1 953 ) . I n flue n c e  o f  l i ght  a n d  tempera ture 
on the  growth o f  ryegrass ( L�l ium s pp . ) I .  P a t tern 
of  ve ge ta t i ve de ve l opme n t . Physi ol . Plan t . £ : 2 1 - 46 . 

1-lUHATA , � . , IYAHA , J .  and HONMA , T .  ( 1 96 6 ) . S t udi e s  on the 
pho�nth e s i s of forage c rops . V .  The i n fluen � e  o f  
s o i l  m o i s ture c onte nt  en  t h e  phot osynthe s i s  an d 
r e s p i ra t i o n  o f  s e e dl ings i n  vari ous forage cr ops . 
P r oc . Crop S c i . S o c . Japan 34 : 3 85-390 . 

NAMKEN , L . N .  ( 1 964 ) . The  i n fluenc e o f  c r op environment on the 
i n t e rnal wa t e r  bal anc e of c o t ton . S oi l  S c i . S oc . Ame r .  
Proc . 2 8 : 1 2 - 1 5 .  

NEVI NS , D . J .  and LOOMIS , R . S .  ( 1 970 ) . A me t h o d  for de t ermining 
ne t pho t osynt h e s i s  and t ranspira t i on o f  plant l e av e s . 
Crop S c i . 2Q : 3- 6 . 

N . Z .  METEOROLOGICAL SERVI CE . ( 1 96 6 ) . Summa r i e s  o f  c l i ma t ol og i c a l  
obs e rva t i ons a t  New Zealand s t a t i ons to 1 960 .  N . Z .  M e t .  
s .  Pub . 1 2 2 . 

PALLAS , J . E . Jr .  ( 1 96 6 ) . Me c h ani sms o f  guard c e l l  a c t i on .  Qua r t . 
Rev . B i ol . 4 1 : 365-383 .  



232 . 

PALLAS , J . E . Jr . , MICHEL , B . E .  and HARRIS , D . G .  ( 1 967 ) . 
Phot osynthesis , transpirati cn , leaf  t empera t �r e  and 
st omatal ac tivi ty of c o t t on pla�ts  under varying 
wat er potenti als . Plant Phys i ol . 42 : 76-88 . 

PARKER , J .  ( 1 952 ) . Desiccation  i n  coni fer leaves : ana t omical 
changes and determi na t i on of  the le thaJ l e vel . Bot . 
Gaz . 1 1 4  : 1 89 - 1 98 . 

PECK , A . J . ( 1 968 ) . Theory o f  the S panner psychromet e r , 1 .  The 
thermocouple . Agr . Me t e orol . L : 433-44 7 .  

PECK , A . J . ( 1 969 ) . The ory o f  the Spe.nner psycl,rcm e t e r , 2 .  
Sample e ffects  and e quil ibra t i o n .  Agr . M e t e orol . 6 
1 1 1 - 1 2 4 .  

P ICKERSGILL , B .  ( 1 967 ) . The use o f  tri t iated  water  t o  
investigate  the spread o f  plants on pit heaps . 
J .  appl . Ecol . � : 56P . 

RAWLINS , S . L .  ( 1 966 ) . Theory for thermoc ouple psychrometers 
use d  t o  measure water  potent ial i n  soil and plant 
sampl e s . Agr . Me t e orol . L : 293-3 1 0 .  

RICHARDS , L . A .  and WADLEIGH , C . H .  ( 1 952 ) . Soil  wat e r  and 
plant growth . In  " S o i l  Physi cal  Cond i t i ons and 
Plant Growth" . ( B . T .  Shaw , ed . )  A cademi c Fress , 
New  Yor k .  PP • 73-25 1 .  

ROOK , D . A .  ( 1 969 ) . The influence  of growing tempe ratur e on 
phot osynthesis  and respirati on of Pinus radiata 
s e edlings . N . Z .  Jl . B o t . Z : 43-55 . 

RUFELT , H . , JARVIS , P . G .  and JARVIS , M . S . ( 1 963 ) . S ome effec ts  
o f  t emperature on transpirat ion . Physiol . Plant • .:!..§ : 
1 77- 1 85 .  

SALTER , P . J .  and GOODE , J . E .  ( 1 967 ) . "Crop Responses  t o  Water  
at  Di fferent S tages o f  Growth" . Research  Review N o . 2 , 
Commonwealth Bureau o f  Horticul tural and Planta t i on 
Crops . Comm . Agr . Bur . , Farnham Royal . 

SCHNEIDER , G . W .  and CHILDERS , N . F .  ( 1 94 1 ) .  Influence  o C  soil  
moi sture on  phot osynthesi s , respiration and 
transpira t i on of apple leaves . Plant Phys i ol . 1 6  
565-583 . 



SHAW , R . H .  and LA I NG , D . R .  ( 1 965 ) . Mo i s ture s t ress and 
plant r e s pons e . I n  "Plant Envi r onm e n t  and 

233 . 

E f f i c i e n t Wa t e r  Us e " . ( VJ . H .  P i e r r e  e t  al , e ds . ) .  
Ame r . S o c . Agron . and S o i l  S c i . S o c . Amer . ,  Ma di s on . 

PP • 73-94 . 

S K ID MORE , E . L .  and S TONE , J . F .  ( 1 964 ) .  P hy s i o l ogical r o l e  i n  
r egula t i n g  t ranopira t i on r a t e  o f  the  c o t t on plant . 
Agron . J .  2£ : 405- 4 1 0 .  

S KOSS , J . D .  ( 1 955 ) . S t ruc ture an d c ompos i t i on o f  plant 
cut i c l e  i n  r e l a t i on t o  e nvi ronme n tal fa c t ors and 
p e rmeab i l i ty . B o t . Gaz . 121 : 55-72 . 

S LATYBR , R . O . ( 1 955 ) . S tudi e s  o f  the wat e r  r e l ati ons o f  c rop 
plan ts grown under natural rai n fa l l  in northern 
Aus tral i a . Aus t .  J .  agr i c . Res . £ : 365-377 . 

S LATYER , R . O .  ( 1 957 ) . T h e  i n fluence  o f  progressive i n c r e a s e s  
i n  t otal s o i l  m o i s ture s tress , on transpirat i on ,  
grow th , and i n t e rnal wa t e r  r e l a t i onsh ips o f  plant s . 
AuE t . J .  b i ol . S c i . 1 0  : 320-336 . 

S LATYER , R . O .  ( 1 960 ) . A s pe c ts o f  the t i s s ue water r e l a t i on­
ships of an i mportant a r i d  zone s p e c ies ( Acacia 
£·E � F .  Mue l l . ) i n  c ompa r i s o n  with two mes ophy t e s . 
Bull . R e s . C oun . Israel  8D : 1 59- 1 68 .  

S LATYER , R . O .  ( 1 96 1 ) .  E f fe c t s  o f  s e v e ra l  o s m o t i c  sub s t ra t e s  
on the wa t e r  r e l� t i onships o f  t o ma t o . Aus t .  J .  b i o l . 
S c i . � : 5 1 9-540.  

S LA TYER , R . O .  ( 1 966 ) . S ome phys i cal a s p e c ts o f  i n t ernal c on t r ol 
o f  l ea f  t rans p i rat i on .  Agr . Me t e or o l . 2 : 2 8 1 -292 . 

S LATYER , R . O . ( 1 967 ) .  " P lan t-Wat e r  Rel a t i onships" . Academic  
P r e s s , London . 

SLATYER , R . O . and JARVIS , P . G . ( 1 966 ) . Ga s e ous-di f fu s i o n  
por ome t e r  f or  c ont i nuous measurement of d i f fusive 
r es i s tanc e o f  l eave s .  S c i e n c e  121 : 574-576 � 

S LATYER , R . O .  and TA YLOR , S . A .  ( 1 960 ) . Termi nol ogy i n  plant­
and s o i l - wa t e r  r e l a t i ons . Na ture 1 87 : 922-92 4 .  

SPANNER , D . C .  ( 1 95 1 ) �  T h e  P e l t i e r  e ffe c t  a n d  i t s  u s e  i n  the 
measur e me n t  o f  suc t i on pressur e . J .  exp e B o t . 2 
1 45- 1 68 .  



234 . 

STA�HILL , G .  ( 1 957 ) . The e ffec t  of  di fferences  i n  s oil 
mois ture status on plant growth : a review and 
analyc is  of  soil moisture regime  experiments . 
S c i l  Sc i .  8 4  : 205-2 1 4 .  

S�OCKER , 0 .  ( 1 960) . Phys i ol ogi cal and morphological changPs 
in  plants due to wat er d e fi c iency . UNES CO Ari d 
Zone Research 1L : 63- 1 04 .  

TEW , R . K . , TAYLOR ! S . A .  and AS HCROFT , G . L .  ( 1 963 ) .  Influenc e 
of  scil  temperature on transpirat i on �nder var i ous 
environmental c ond i t i ons . Agron . J .  2L : 558-560. 

THOHPSON , C . R . , STOLZY , L . H .  and TAYLOR , O . C .  ( 1 965 ) .  E ffect  
of  soil  suc tion , re lative humi dity  and  tempera t ure 
on apparent photosynthes i s  and transpira t i on o f  
rough lemon ( C i trus iambhiri ) .  Proc . Amer . S oc . 
Har t . S c i . 87 : 168- 1 75 . 

TROilGHTON , J . H .  ( 1 969 ) . Plant  water  status and ca rbon d i oxide  
exchange of  c o t ton leave s .  Aus t .  J .  biol . S c i . 22  
289-302 .  

TROUGHTON , J . H .  and SLATYER , R . O .  ( 1 969 ) . Plant water status , 
leaf  temperature , and the calculat e d  mesophyl l  
resistance to  carbon dioxide  � f  cot t on leaves v Aus t . 
J .  b i ol . Sc i .  22 : 8 1 5-82 7 .  

UNGER , P . W .  and DANIELSON , R . E .  ( 1 967 ) . Wat e r  
gr owth of  beans ( Pha:=;e ollls vulgaris 
by nu trient solu t i on te mperatures .  
1 43- 1 46 .  

rela t i ons and 
L . ) as influer.c e d  
Agron . J .  2.2, : 

UPCHURCH , R . P . , PETERSON , M . L .  and HAGAN , R . M .  ( 1 955 ) .  E f fe c t  
o f  soi l-moi sture c ontent o n  the rate  of  photosynthe sis  
and respira t i on in  ladino c l over ( Tri folium repe ns L . ) .  
P lant Phys i ol . 30 : 297-303 . 

U • .S .  DEPARTMENT OF COMMERCE WEATHER BUREAU . ( 1 959 ) . Climates  o f  
t h e  S tates . I ll i nois . Cl imatography of  t he Uni t e d  
S tates  N o .  60- 1 1 . 

VAADIA , Y . , RANEY , F . C .  and HAGAN , R . M . ( 1 96 1 ) .  Plant water 
de fi c i t s  and physi ologi cal processes . Ann .  Rev . 
P lant Phys i ol . � : 265-292 . 



235 . 

VEI RMEYER , F . J .  and HENDRICKS ON ,  A . H .  ( 1 927 ) . S oil mois ture 
cond i t i ons i n  relat i on to  plant growth . Plant P hysiol • 
.s : 7 1 - 82 .  

VEIHHEYER , li' . J .  and HENDRICKSON , A . H .  ( 1 950 ) . Soil  moisture in 
relation to  plant growth .  Ann . Re v .  Plant Phys i ol . 
2 : 285-304 . 

VEI HM�YER , F . J .  and HENDRI C KS ON , A . H .  ( 1 955 ) . Does transpira t i on 
decrease as s oil moisture decreases?  Trans . Amer . 
Ge ophys . Uni on 36 : 425-428 . 

VZNUZDAEV , N . A .  ( 1 968 ) .  Consump t i on of wa t e r  by plan ts  depen ding 
on the nega t ive pressure of the s oil  wat er . Trans . 9th 
I n t . Congr . Soil  S c i . I : 1 09- 1 1 6 .  Publ . by Int . Soc . 
o f  Soil  Sci . and Angus and Rober tson , Sydney . 

WAISTER , P . D .  ( 1 963 ) .  Equipment for measuring water  s tress in 
l e aves . Univ . Nottingham , Dept . Hort . Mis e . Pubn . 1 5 .  

WEATHERLEY , P . E .  ( 1 950 ) . S tudies  i n  the water rela t i ons o f  the 
c o tton plant . I .  The field  measurement of water 
d e fic i ts in leaves .  New Phy tol . 49 : 8 1 - 87 .  

WEATHERLEY , P .E .  ( 1 95 1 ) .  S tudies  in the wat er  relat i ons o f  the 
c otton plant . I I . Diurnal and seasonal fl uc tuati ons 
and e nvironmental fac t ors . N e w  Phytol . 50 : 36-5 1 . 

WEATHERLEY , P . E .  and SLATYER , R . O .  ( 1 957 ) .  Relati onship between 
rela t ive turgi di ty and di ffusi on pressure defj. c i t  in 
l eave s . Nature 1 79 : 1 085- 1 086 . 

WEIGL , J . W . , WA RRI NGTON , P . M .  and CALVIN ,  M .  ( 1 95 1 ) .  The relat i on 
of  photosynthe s i s  t o  r e spira t i on .  J .  Ame r . Che m . Soc . 
73 : 5058-5063 . 

WENDT , C . W . , HAAS , R . H . and RUNKLES , J . R .  ( 1 968 ) . Influence of  
sel e c ted  envi ronmental variables on  the  transpirati on 
rate o f  mesqui te  ( P r osopis  gland ulosa var .  glandulosa 
( torr ) Cockr . ) .  Agron . J.  60 : 382-384 .  

WERNER , H . O . ( 1 95 4 ) . Influenc e o f  a tmospheric  and s oil  moisture 
condi t i ons on diurnal variati ons in rela t i ve turgi di ty 
of  potato leaves . N ebraska Agr . Expt . S ta . Res . Bull . 
1 76 : 1 -39 .  

WH!TEMAN , P . C .  and KOLLER , D .  ( 1 964 ) . Environmental control o f  
photosynthesis  a n d  transpiration in  P inus hal epensi s .  
Israel  J .  Bot . 11 1 66- 1 76 .  



236 . 

WH I TEMAN , P . C .  an d KOLLE R , D .  ( 1 967 ) . S p e c i e s  charac t er­
i s t i c s  i n  wh ole pl ant  r es i s t anc es t o  wat e r  vapour 
and co2 d i ffusi on . J .  appl e E c ol . 4 : 363-377 . 

WOOLLE Y , J . T . ( 1 964 ) .  Wat e r  r e l a t i ons o f  s oybean l e a f  ha i r s . 
Agron . J o  56 : 569-57 1 $ 

YA NG , S . J . and DE J ONG , E .  ( 1 968 ) . M e as u r e m e n t  o f  int ernal 
wa t e r  R t re ss  i n  whe at  p l a n t e . Can . J .  Plant S c i .  
48 : 89-95 . 

ZELITCH , I .  ( 1 9 6 1 ) .  
i r. l e a ve s . 
1 423- 1 433 . 

Bi o c h e m i cal c on t r o l  o f  s t omatal ope n i ng 
Proc � Nat . A c a d . S c i .  U . S . A .  47 

ZELITCH , I .  ( 1 965 ) .  Envir onmental and b i oc h e mi cal c o� t r o l  o f  
s t o ma ta l  movement i n  l eave s .  Biol . R e v .  40 
463-482 . 

ZUCKER , M .  ( 1 963 ) .  Exp e r i me ntal morphol ogy o f  s t o ma t a .  I n  
" S t o ma ta and  Wat e r  Re l a t i ons in  Plants ; ' • ( I .  Z e l i t c h , 
e d . ) p p .  1 - 1 5 .  C o�n . Agr . E xp t . S ta .  Bul l . No . 6 6 4 �  


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195
	10196
	10197
	10198
	10199
	10200
	10201
	10202
	10203
	10204
	10205
	10206
	10207
	10208
	10209
	10210
	10211
	10212
	10213
	10214
	10215
	10216
	10217
	10218
	10219
	10220
	10221
	10222
	10223
	10224
	10225
	10226
	10227
	10228
	10229
	10230
	10231
	10232
	10233
	10234
	10235
	10236
	10237
	10238
	10239
	10240
	10241
	10242
	10243
	10244
	10245



