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ASPECTS OF WATER DEFICIT AND VEGETATIVE GROWTH IN SELECTED PASTURE AND 

FORAGE GRASSES 

ABSTRACT 

In this study , the sensitivity of l eaf ex tension to plant wa ter 

s tatus , the ability of the plant to recover af ter different periods of 

water def ic i t  and the plant ' s  reaction to atmospher ic pr e-cond itioning 

were examined using different pas ture and forage grasses . 

The sensitivity of  leaf ex tension to plant water s tatus was s tudied 

in 3 separate exper iments using sudax (SX-6, a forage sorghum hybrid , 

Sorghum bico lor (L) Moench x S .  sudanes e  (piper) S taff) , prairie grass 

(Bromus ca tharticus Vahl . cv . Grasslands Matua) and 2 cul tivars of 

perennial ryegrass (LoJium perenne L .  c .v .  Grasslands Nui and Grasslands 

Ruanui) . The sudax experiment was conduc ted in the f ield , whereas the 

prairie grass and ryegrass experiments were conducted in the Climate Lab

oratory , D . S . I . R .  The day/night temperatures used in the prairie grass 

experiment was 22.5°/ 1 2 . 5°C .  For the ryegrass ,  2 contras ting temperature 

regimes were used ; these were high ( H) , 27 . 5°/ 1 2 . 5°C ,  and low (L) 1 7 . 5°/ 

1 2 . 5°C day /night tempera tures . 

I t  was found that leaf ex tension was very sensi tive to small changes 

in leaf water po tential during the initial s tages of  desiccation , but the 

response became less sensiuive wi th increasing levels of desiccation . 

However , the relationship be tween l eaf water po tential and leaf extension 

rate was no t unique . I t  varied according to the environmental condi tions . 

The true relationship between leaf water po tential and leaf extension rate 

can only be  es tablished when the leaf water po tential at  the site of 

measurement can b e  related unequivocally to the leaf water po tential at  the 

site of elongation . 

The rates of  recovery in leaf extension , leaf emergence; tiller 



2 .  

number , green leaf number , leaf area and dry weight per p:lan t we.re 

followed af ter different water deficit treatments in one experiment 

with prairie grass and in another experiment wi th 2 cultivars of peLennial 

ryegras s  under 2 contras ting temperature regimes . The environmental 

condi tions for these experiments were the same as those used in the 

leaf extension experiments . 

In prairie grass , upon relief of water defici t ,  the previously 

desi ccated plants showed an "accelerated" rate of leaf extension up to 

20% high er than those of the well-watered control plants of the same 

physiological age .  The "accelerated" rate las ted for over 2 8  days af ter 

rewatering during which time 4 to 5 new leaves emerged, However no such 

��accelerated" rates were observed in the ryegrasses . 

The " accelera ted" response follmving rewa tering in prai rie grass would be 

0onsis:tent. ·wi th a differenti al s ensi tivi ty of cell division and cell 

elonga t.ion to water defici t .  The desiccation trea tment \vas more s evere 

in the ryegrass experi�ent where bo th cell division and cell elongation could 

be suppressed , and this could account for the absence o f  a s imilar response 

in the ryegrasses . 

Under well-watered conditions , the mean leaf emergence rate Jas 4 . 1  

days per leaf for the prairie grass . The corresponding mean leaf 

emergence rates for Nui and Ruanui were 5 . 7  and 6 . 3  days /leaf und er the 

H and 6 . 6 and 6 . 6  days /leaf under the L temperature regimes respectively .  

Within the grass species , post-desiccation leaf emergence rates 

between the p reviously desiccated and the well-watered plants  were 

similar . 

During desiccation , tiller number was the leas t sensitive parameter 

to water deficit , followed by dry weight and leaf number,. . Leaf 

area was the parameter most sensitive to desiccation . Amongs t  

the d ry weight components , lamina component was the mos t  s ensi tive followed 
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by the root component wi th the shea th component the least sensitive to 

desicca tion . 

The pat tern o f  recovery from desiccation was examined to see if 

posi tive or negative carryover effec ts occurred . To enabl e  valid comparison 

of desiccated and control p lants, physiological age was adj usted by 

removing a number of "drough t" days from the chronological age . I t  was 

found that when the desiccation was mild e . g . , in the prairie grass 

experiment ,  reductions in plant dry weights were propor tional . to the number 

of "drought" days . On the other hand , under a more severe level of  

desiccation, e . g . , as  in  the ryegrass experiments , using the same method 

of adj ustment , i t  was found that  the dry weights of the previously desiccated 

plants were subs tantially lower than those of the well-wa tered control 

plants of the same physiological age . The reduction in dry weight was more 

pronounced under the H than under the L temperature regime . 

o£ 
Af ter rewatering , in bo th prairie grass and ryegras s ,  the relative rates ,.. 

increase of leaf area ><Tere higher -in the previously desiccated plants than 

the well-watered control plants . In  contras t to this , the relative rates 

o f  increase in dry weight , tiller number and leaf number in the previously 

desiccated p lants were ei ther s imilar to , or slightly less than thos e  of 

the well-watered control plants . 

Although the pattern of recovery in the leaf extension ra tes was 

different between the two experiments , this had no apparent posi tive or 

negative  carryover effec ts on the relative rates of recovery in the growth 

parameters measured ( e . g . ,  tiller number , green leaf number , leaf area and 

dry weight per plant) . 

The reaction of prairie grass to desiccation following ei ther a "dry" 



or a "wet"  atmospheric pre-condi tioning was compared wi th those plants 

that were grown continuously under either the "dry" or the "wet" vapour 

pressure environments . 

P lants wi th a previously "dry" his tory were able to grow longer 
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into the desicca tion period than those with the "wet" his tory as well as 

those under the continuous "wet" o r  "dry" condi tions . This apparent 

"adap tation" was due to a more efficient rate of water use per uni t leaf 

area by the "hardened" plants . But the mechanism that enabled these plants 

to use water more efficiently was no t known . 

Nui had been repor ted to ou tyield Ruanui under the summer and autumn 

condi tions in New Zealand . Because of the impor tance of  perennial 

ryegrass to New Zealand , a comparison of these 2 cultivars was also made 

in thi s  s tudy . Between the two cultivars of ryegrass ,  Nui had a higher 

leaf extension rate (+20%) under the H temperature regime , i t  also had 

a heav ier mean tiller dry weigh t  (+28%) , a larger mean area per leaf 

(+24% ) , but a lower tiller number (-24%) and a lower green leaf number 

( - 1 8%)  per plant than Ruanui . All the other paramters measured , including 

total leaf area and total dry weight per plant , top to roo t ratio , 

specific leaf area , leaf area r atio , s tomatal resis tance and transpiration 

rates were s imilar between the two ryegrass cultivars . Some of the 

possible  reasons for the lack o f  difference on a per pla�t basis are 

discussed . 

The possibility of using leaf extension rate to predict plant dry 

weight. changes in water defici t s tudies is also discuss ed . 



CHAPTER 1 

INTRODUCTION AND OBJECTIVES 

1 . 1  INTRODUCTION 

A greater part of  New Zealand has an average annual rainfall of  

between 635 and 1500 mm, a range generally regarded as  favourab le for 
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p lant growth in a temperate environment (Robertson , 19 72) . The only areas 

with under 6 35 mm are found in the South Is land to the eas t of the 

ranges , where the climate tends to b e  more Mediterranean , or even contin

ental ( e . g . , Central Otago) . The rather high rainfall of ten leads 

people to believe that moisture is not really a maj or limi ting fac tor 

for pas ture production in New Zealand . 

However , average annual rainfall does not necessarily give a clear 

indication of  the availability of water for p lant growth . First.' , a 

s igni ficant proportion of  rainfall may be los t by runoff ,  surface evap-

oration and deep drainage . s·econdly for maximum p lant growth , the 

s upply of water to the roots mus t be continuous and approximately equal 

to the rate of loss from the plan t .  The continuity o f  supply t o  .�he p lant 

depends obvious ly on much more than the quantity of supply to the soi l .  

I t  depends on the frequency of supply and on the buffering capaci ty of 

the soi l .  This in �urn depends on the soi l ' s  water holding capacity , 

dep th and the degree to whi ch the roots . explore i t .  The achievement 

of balance between the upt ake and loss of water by the plant depends 

on a number of factors including atmospheric  condi tions (potential 

evapotranspiration) , p lant factors ( leaf area index, canopy archit

ecture , s tomatal control , root charac teristics) and soil factors 

(hydraulic conductivi ty) . 
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The results of field trials have demonstrated j ust  how much these 

factors can inf luence pasture produc tion i� practice . For example , even 
. l 

in regions such as the Manawatu where the average annual rainfall  is 

1002 mm , seasonal shor tage of water between October and April can reduce 

potential pas ture prod�c tion by as much as 40% (Brougham, 1966) . 

Under the drier environment of Can terbury , Rickard and Fit zgerald ( 19 70)  

repor ted that lack of  soil moisture was the maj or cause o f  low pasture 

production during the warmer months (November - April) . In  a season with 

an average of 39 days of Agricult ural Drought ( for definition of term see 

section 2 . 1 . 1 ) irrigated pasture produced 88% more dry matter than non-

irrigated pasture and this increased to 1 76% during a season with an Agricult-

ural Drought of 60 days . 

I t  is  some times said that irrigation can provide the means of over-

coming the summer drought prob l em .  The irrigation of pasture is cer tainly 

increasing in importance in New Zealand . The area of irrigated grass land , 

including lucerne , increased from 54, 6 32 hectares in 1958 to 1 29, 1 20 

hectares in 19 76, the maj ority of which was in Canterb ury ( 46%) and Otago 

(42%) (N . Z .  Dept . of S tat .  195 8 .and N . Z . Official Yearbook 19 78) . However , 

for the bulk of  .the agricultural land in the country , including 70% of  which 

i s  classi fied as hill country (Watkin , 1 9 72 ) ,  livestock produc tion must 

continue to rely on a system o f  dryland farming . This points to  a contin-

uing need to adopt plant types  and management systems for the dryland envir-

onment.  It should also be r ecognised that many plant features that are 

desirable under dryland conditions will also be desirable under irrigation . 

Two further features of  the New Zealand environment can also inf luence 

our views on the impor tance of drought on pasture production . First · , our 

climatic environment is less  extreme than many other countries and i t  i s  

les s  likely that any one c limatic factor is completely dominant at  any one 

time . This is in contras t, for examp le, to the s emi-arid regions of 
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Aus tralia where water deficit  is clearly the limiting fac tor , or to 

North America and Europe were low temperature s ignificantly l imits 

produc tion . As a consequence , in New Zealand , we have to recognis e  that 

pas ture which is relatively unadap ted genetically or pheno typically may 

suffer more severe reduc tions in production than the clima tic cond i tions 

might indicate . In addi tion , we need to unders tand the interac tive 

effects of , climatic  parameters , such as temperature and rainfall , and 

no t merely the effects of these parameters in i solation . 

A second important feature of our pas ture:environment is the frequent 

defoliation of our pas tures . Frequent removal of  herbage during grazing 

can restrict the development of a vigorous roo ting sys tem .  This type of  

grazing prac tice encourages the occurrence of more s evere water def icits 

in our pas tures (Mi tchel l ,  1966) . 

1 . 2  OBJECTIVES 

I t  is clear from the above that pas ture produc tion in New Zealand 

.can be reduced subs tantially by wa ter deficit . This  provided the general 

background to the s election of the par ticular s tudy on plant water 

relations described in this thesis . 

Physiological studies repor ted during the late 1960 ' s  and early 

1970 ' s  provided a 1110re specific impetus . Phys iological evidence showed 

that leaf growth can b e  subs tantially r educed by relatively mild water 

defici ts . I n  pas tures where leaf grow th consititu tes the bulk of  the 

economic yield , reduc tions in leaf growth by water defici t can have 

ser ious economi c  consequences to the f armer . Fur thermore , water defici t 

frequently occurs at  the time of the year when po tential production is  

at i ts maximum . In  light of the above comments , it·:."W�s .. considered 



impor tant and wor thwhile to examine the physiology and agronomy of 

water defici t more closely . 

The specific objectives of this s tudy were to inves tigate : -

( a) The sensi tivity of leaf extens ion to plant wa ter defici t .  
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Can there b e  sub-clinical level of wa ter s tress which will substant

ially restrict pas ture produc tion to an extent that  we are unaware 

of? 

(b)  The effects of duration of wa ter defici t on subsequent recovery 

growth . How long can pas ture grasses withs tand desiccation before 

its growth is adversely affected? And are there posi tive or negative 

carryover effects after rewatering? 

( c) The reac tion of  plants to water defici t following atmospheric pre

condi tioning . Does the physiological response of  the pheno type  to 

des iccation depend on previous growing conditions ? 

In New Zealand , Nui ryegrass has been repor ted to outyield Ruanui 

(Rumbal l , 1969 ;  Baats e t  al . �  1 976 ; Sheath e t  al . �  1976) . Because of  

the importance of  perennial ryegrass to New Zealand ' s  agricultur e ,  a 

comparison of thes e 2 cultivars was also made in this pres ent s tudy . 

This thesis presents the results ob tained from a.series of  s ix 

experiments . The f irs t was in the f ield and the remainder under controlled 

condi tions in the Climate Laboratory , Department of  Scientific and 

Indus trial Research (DSIR) , Palmers ton North , New Zealand . 

The s tudy s tarted in 1 9 74 and since then significant progress has 

been made in this f ield by o ther workers . Consequently only a brief 

review of  li terature is presented in Chapter I I , covering relevant 
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information available a t  the time when this s tudy was commenced . 

Where appropriate, further reviews are presented in the introduc tory 

s ec tion of each chap ter to bring the discuss ion up-to-date . An 

"overview.., summaris ing resul ts from the experiments conduc ted under this 

s tudy and relating them to the current sta te o f  knowledge in thes e 

f ields is presented in the final chap ter . 

Some of the results presented in this thesis have already been 

published by the author . These will be indicated in the appropriate 

s ections . 
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CHAPTER II  

REVIEW OF LITERATURE 

2 . 1 INTRODUCTION 

The relationship between plant growth and water deficit has been 

reviewed by many authors .  Comprehens ive reviews since that presented 

by Vaadia et a l. ( 196 1)  include Salter and Goode (196 7 ) , Slatyer 

( 196 7 ,  1969) , Gates ( 1 968) , Kozlowski ( 1968a ,  1968b ,  1 9 72 ) , Dainty 

( 1969) , Kramer ( 1 963 , 1969) , Weatherley ( 19 70) , Hsiao ( 19 73 ) , and 

Hsiao and Acevedo ( 19 74) . 

Apart from a br1ef review of ( 1 ) the development of plant water 

deficit , and ( 2) the responses by p lants to water defici t ,  the bulk 

of this review will therefore be  centred on the points d irectly 

relevant to the obj ectives of this thesis . These are : 

(a) effects of desiccation on leaf growth , 

(b) effects of desi�cation on vegetative yield , and 

(c) reactions of p lants to pre-desiccation treatments . 

However , because temperature has been found to have some interactive 

effects with water deficit , a brief review on the effects of temperature 

and temperature x water deficit on plant growth will  be presented in 

the final section of this Chap ter . 

2 . 1 . 1  Terminology 

The following definitions have been adopted for some of the 

commonly used terms : 
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1 .  ACCELERATED RATE - during recovery from a period of  wa ter defici t ,  

plant growth rate� for example leaf extension rate , can b e  

fas ter i n  the previous ly desiccated plant than those o f  the 

well-wa tered control of the same phys iological age . The term 

"accelerated rate" is used to describe such a fas ter rate . 

2 .  AGRICULTURAL DROUGHT � i t  is a condi tion that exis ts when the soil 

mo is ture in the roo t zone is at  or  below permanent wi l ting 

percentage , and which persis ts until rain falls in excess o f  

the daily evapo transpira tion (Rickard , 1960) . 

3 .  COMPENSATORY GROWTH - refers  to the s i tua tion where the growth 

accumula ted by a previously desiccated plant since rewatering 

exceeds tha t of a well-watered plan t ,  growing in the same 

environment ,  and over the same physiological s tage of growth . 

4 .  DESICCATION - unless o therwis e  s tated ( e . g .  soil desiccation) i t  

refers to �he lowering o f  plant water s tatus . 

5 .  DROUGHT - refers to a meteo rological condition during which there 

is no measurable rainfall . The duration is arbi trary , some

times 15  days (May and Mil thorpe , 1962) . I t  i s  sometimes 

used loos ely to mean "plant water defici t" . 

6 .  DROUGHT ADAPTATION - Refers to the adjus tment by plants which can 

occur as a resul t o f  a period of exposure to desicca tion , 

such that  they b ecome less s ens itive to a subsequent desiccation . 

The term used in this thes is refers to a change in the pheno type . 

I t  is  no t to b e  confused �ith the ability o f  a plant population 

to grow well in a range o f  given environments as in "well 

adapted cultivar " . Two forms of  "drought adap tation" are 

commonly used (Levi t t ,  1 9 7 2 ) : -

Avoidance - refers  to the abili ty of the plant to prevent 

the lowering of internal p lant wa ter conte�t by some physical 

or morphological means , such as deeper roo ts or reduced 
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·transpira tion . 

Tolerance - refers to the plant ' s  ability to survive seri9us 

desiccation with a low in ternal plant wa ter content and able 

to recover and grow rapidly upon the relief of  water defici t .  

7 .  WATER DEFICIT - refers to the lowering of plant wa ter po tential 

from tha t  equal to the free energy of pure water at the same 

temperature . 

8 .  WATER POTENTIAL - is defined as the difference between the free 

energy of water in the sys tem and tha t of pure water at  the 

same temperature . The "wa ter po tential" in a plant tissue is 

the sum o f  its osmo tic po tential , matric po tential , turgor 

po tential and gravi tational po tential . Al though normally only 

that of the osmo tic and turgor po tentials are considered ( Slatyer , 

1967) . 

9 .  WATER STRESS - strictly speaking , this can apply to bo th a deficit 

or an excess of water , however , more commonly this  term implies 

the "def icit s tress" (Levi t t ,  1 9 72) . In this thes is i t  ref ers 

to a l evel of water defici t in which an impairment in some 

plant function has occurred . 

I 
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2 . 2  DEVELOPMENT OF PLANT WATER DEFICIT 

As water is evaporated from the mesophyll cells during transpiration 

a gradient of water potent ial wil l·be developed through the plant from 

the evaporating leaf surface to the absorbing root surfac e .  Water 

moves along this gradient from the soil ,  through the plant to the 

atmosphere ( i . e . , the concept of Soil- Plant-Atmosphere-Continuum ( SPAC) 

which was r.eviewed by Philip ( 1966) ) .  Two factors of  practical 

importance arise from the nature of this system .  Firs t , as a 

consequence of water movement through the SPAC , all transp iring and /or 

growing plants will experience some degree of water defici t . S econdly , 

plant water status depends on the atmospheric factors as well as the 

more commonly recognised soil  factors . Plant factors , such as stomatal  

control , of course can have important mediating effects . 

The amount of water los t to the atmosphere by plants  through 

transpiration is large compared to the amount of water contained in 

the plant tissue at any one t ime . Rapidly growing and transpiring 

plants can use their own weight in water every 2-3 hours ,  hence the 

wat er status o f  the p lant is highly sensi t ive to any imbalance b etween 

the rate of uptake of water and its loss . As the soil dries , the 

declining soil water potential sets the upper limit for the plant 

water potential . Although plant water potential can approach the 

soil water potential at night when there is no transpiration , the rate 

of recovery in plant water potential b ec omes slower as the soil 

becomes progressively drier . As the leaf water content decreases , 

cell turgor will  also decrease and when cell turgor reaches zero , 

wilting will occur (S latyer , 1969) . · 
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Subs tantial plant wa ter def icit can develop ,_even when roots are well  

supplied with water . This situation is mos t likely to occur under dry 

condi tions . For exampl e ,  in a sward of pas ture grasses and legumes grown 

in a lysimeter , Shepherd and Dilley ( 1 9 70) observed that  wil ting of 

l eaves occurred when potential evapotranspiration ,  calcula ted from 

meteorological data , exceed ed 0 . 5  mm per hr for s everal hours ,  even when 

the plots were "well-watered" . 

As water defici t  will develop in all transpiring plants , the impor tant 

ques tion is at what level of deficit will plant proces ses be adversely 

affec ted and what  are the short and long term effects of this . 

2 . 3 PLANT RESPONSES TO WATER DEFICIT 

The plant can be cons idered to be in a s tate of "stress" when the 

level of water def ic i t  is suff iciently large or prolonged , to caus e the 

impairment of plant f unctions . However , increas ing plant water d eficit  

does not have a uniform eff ec t  on different phys iological and develop

mental processes . S ome processes are more sensi tive to water 

deficit  than others .  Hsaio ( 1973) in his comprehensive review on thi s  

subj ect  has summaris ed the relative sens i tivi ty of different plant 

processes . to water s tress . The ac tual levels of desiccation when the 

processes are f ir s t  affected will  depend an· the species , s tage of growth 

and the speed of s tress development . By and large , i t  is accep ted that  

leaf  growth , which includes cell expansion and cell division , i s  the 

first  process to b e  affected as water deficits d evelop (Boyer , 1 968 ; 

Hsiao, 1973) . As plant water s tatus decreases fur ther , a number of 

other proces ses will be  af fected , for example , ribonucleic acid and 
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prot ein synthesis (Shah and Loomi$,  1 965)  and enzyme levels (Bardzik 

et a Z . � 1 9 7 1 )  will be reduced and abscisic acid level wi ll be 

increased (Wright and Hiron , 1969) . 

Fur ther increase in water deficit wi ll result in stomatal closure 

which leads to reduced transpiration and C02 assimilation (Brix , 19 62 ; 

Boyer , 1 9 7 1 )  and reduced translocation (Wardlaw ,  1967) . More severe 

stress will cause free proline to accumulate ( S ingh et a Z .  1 9 7 2) and 

eventually accelerated senescence of p lant tissues (Hsiao , 19 7 3) . 

The ef fects of long term water s tress on plant physiological and 

developmental processes are more complex , since interactive responses 

between different processes can play a part . For example , in the 

cambiurn layer of ash (Fra�inus exce lsior) cell division can only 

c ommence after these cells have expanded to a diameter of 6 � (Doley and 

Leyton , 1968) . Thus , water d efiGit  that is only suf ficient to inhibit  

cell  expansion (-0 .10 MPa,  in Doley and Leyton ' s  experiment) can 

indirect ly affect cell divis ion .  S imilarly , reduced cell growth can 

cause a decrease in tne demand for assimilates . The reduced metabolic 

activity associated with the production and translocation of assimilates 

can therefore be  an indirect effect consequent upon a reduced internal 

d emand , rather than a direct result of water s tress on these processes 

(Wardlaw , 1969 ; Hsiao , 1 9 7 3) . 

In addition to the e f fects o f  water deficit on physiological 

processes per se� reactions by the p lant as a whole to desiccation 

will depend on both species and s tage of development ( S alter and Goode , 

1967) . Interspecific d i fferences  are i llustrated by the comparison 

of sorghum with maize , i . e . , sorghums are more d rought tolerant than 

maize . 
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Even amongst  different strains of the same species di fferent 

r esponses to water deficit can occur . For example , Cook ( 1943) . in a 

s tudy of 8 different selections of Bromus inermis found that there 

were drought tolerance differences between dif ferent selections . 

Those drought tolerant strains had higher numb er of 'large ' and 

' small ' roots and these roots penetrated deeper into the soil than 

the drought sensi tive strains . 

The differential sensi tivi ty of plants to desiccation at different 

s tages has been discussed by S alter and Geode ( 1967) . For cereals , 

during the vegetative stages�the sensitive stages are : during ti llering 

and during early shooting ; whereas for the reproduct ive stages the 

sensitive stages are : latter part of shooting , during heading and 

during flowering . 

In  cereal s ,  while the period when the reproductive organs are 

developing is normally regarded as the mos t  sensitive period to water 

deficit ,  the final grain yield at the end of the season may also depend 

on the less moisture sensitive vegetative stage . For instance ,  even 

i f  water is not limi t ing during the reproductive s tages , grain yield 

can be  reduced as a result of lower t iller numbers due to water stress 

during the tilleririg phase .  

On the other hand , in lucerne , the vegetative yield has b een 

reported to be more sensitive to water stress than reproductive yield 

(Taylor et a l . � 1 959) . Taylor et al . reported that seed yield in 

lucerne was highes t  when the soil mois ture was between -0 . 2  to -0 . 8  MPa , 

whereas forage yield was maximum when the soi l  was at  field capacity . 

S imilarly , growth rates of vegetative organs tended to be more 

sensitive to mois ture deficit than growth rates  of the reproductive 
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organs ( S tanhill , 19 57 ) . S tanhill , in a survey �f 80 papers on the 

effects of different soil mois ture condi tions on plant growth concluded 

that the response by the vegetative parameters to water deficit  was 

greater than the reproduc tive parameters ,  thus reflecting the move 

sens itive nature of  the vegetative parameters to desicca tion . 

From the agronomic point of view the important measure of respons e 

is the economic yield . In the case of  pas ture grasses the leaf component 

cons titutes the bulk of this yield . Reduc tions in leaf growth may 

therefore result in economic losses to the farmer . Al though i t  is 

known that leaf grow th is s ens i tive to mild levels of wa ter defici t ,  

the extent to which reduct ion i n  this process impedes the responses 

of other growth para�eters such as the ra te of tillering and dry 

matter yield , is largely unknown . 

2 . 4  THE EFFECT OF WATER DEFICIT ON LEAF GROWTH IN PASTURE GRASSES 

In order to review the effec ts of water deficit on the process 

of  leaf growth in grass es ,  it is  desirable to review briefly , the pro cess 

of leaf extension in grass es . 

2 . 4 .1 Leaf extension in grasses 

Descriptive accounts of  leaf growth in Graminae have b een presen ted 

by Sharman (1942) , S oper and Mi t chell (1956) , Gregory (1956) , Barnard 

(1964 ) , Evans et a l .  (1964 ) , Jewiss (1966) , S ilsbury (1970) and 

Langer (1972) . In this section of the review , only aspects related 

to leaf extens ion will be discussed . 
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Leaf extension involves both cell division and cell expansion .  

A t  its i�cep tion the whole leaf primord��· is meris tematic , but cell 

division soon becomes localised to a b asal zone of cells . As a res'ult 

of transverse division ,  files of  cells will b e  produced towards the 

distal end of the primordi•m and cause it to elongate . In ryegrass , 

when the primordi��is about 1 ern long , the intercalary meris tem will be 

differentiated (Barnard , 1964) . This  band of cells separates into 

an upper region which develops into the lamina· and a lower region 

which develops into the sheath . In grasses , cell division in the lamina � 

is comp leted by the time the ligule (an outgrowth of the epidermis 

on the adaxial side of the intercalary meris tem) is di fferentiated 

(Langer ,  19 72) . Leaf extension at  this stage comes from the expans ion 

of the cells in the lamina� and cell divi sion and cell expansion in 

the sheath . This will cont inue unti l the ligule is fully exposed 

which then marks the end of leaf extension process . 

In grasses , the zone of leaf extension is limi ted to  the lower 

region of the leaf . For example Wardlaw (1969) found that in leaf 8 

of  the ryegrass plant the zone of extension was within the b asal 4 cm 

of the leaf . Thus , the region of leaf extension in grasses is within 

the zone enclosed by the leaf sheath of the preceding l�af , with 

cell division confined more to the b asal region (Langer , 19 72) . 

2 . 4 . 2 The effects of wa ter dafici ts on leaf.• extension 

Cell expansion , an essential component of leaf expansion , has 

been recognised as b eing one of the most  sensitive p lant processes to 

desiccation both in the f ield and in the laborato ry (Slatyer , 1969 ; 

Hsiao , 19 73) . Boy er and his colleagues (Boyer , 1968 , 1970a ; Meyer and 

Boyer , 1972) reported that under controlled environments leaf enlarge-
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ment was severely reduced as leaf water potential reached ab out -0 . 4 ,  -1 . 1  

and -1 . 3  MPa f o r  sunflower , '  mai ze and soybean respectively .  The 

maj or changes in . leaf enlargement occurred within a very narrow range of 

0 . 2  to 0 . 3  MPa leaf water potential . S imi larly , Hsiao e t  a l .  (19 70)  

and Acevedo et al . (19 71) demonstrated that extension growth of young 

mai ze leaves s topped completely at -0 . 65 MPa and this occurred before 

visible wilting was evident . 

Such results sugges ted that res triction in leaf growth may occur 

q ui te frequently in the field as leaf water potential of -0 . 4  to -0 . 6  

MP a  represents a relatively "wet" leaf . Lower leaf water potentials 

(more negative) are normally reached under the evaporative demand 

experienced in the field . For example from maize , wheat ,  barley , beans , 

peas , potatoes , suga.r beet  and lucerne grown in the field , Cary and 

Wright (19 71) found that maximum ( leas t negative) leaf water potential 

measured in the morning with freezing point meter s eldom rose above 

-0 . 50 MP a an_d for most  crops it was nearer to ...:1 .  00 MP a .  S imilar field 

results have been reported by others (Klepper , 1968 ; Kanemasu and 

Tanner , 1969 ; Jackson , 19 74) . 

On the basis of these physiological f indings i t  seems worthwhile 

to establish whether the usual degree of desiccation experienced in 

the field will depress yield , particularly in the case of pastures 

where the leaf component constitutes mos t  of the economic yield . 
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2 . 5  THE EFFECTS OF WATER DEFICIT ON VEGETATIVE YIELD IN PASTURE GRASSES 

A number of growth components are involved in pas ture herb age 

production . Among these are the rates of leaf and tiller production 

and the size to which each will attain . 
� 

Desiccation can influence vegetative yield through the reduction 

in leaf area by res tricting the rate of leaf expansion and by acceler-

ated senescence of older leaves . Under condi tions where Leaf Area 

Index (LAI) is low enough to limi t dry matter accumulation , res trict-

ions in leaf area can reduce yield (Hsiao and Acevedo , 1974) . 

Desiccation can also influence vegetative yield by reducing the 

number and s i ze of leaves and ti llers per p lant . Luxmoore and Hil!ingt9n 

· (. 1 9 7 1 ) repor ted tha t in perennial ryegrass th e varia tion in total til ler 

number was the major morphological parame ter associated with 

variations in total p lant dry weight  and leaf area . 

The rate and amount of tillering are generally reduced under 
u 

desiccation (Langer , 196 3) . For example , in sideoat grama (Boute Zo�a 

curtipenduZa) both the number of tillers and the mean dry weight  per 

tiller were f ound to be correlated direct ly with the amount of water 

supplied ( O lmsted , 1 94 1) . S imilarly , in Marquis wheat the number 

of  tiller s  was significantly higher when the soil mois ture was at 50% · 

than at 25% s aturation (Gardner , 1942) . 

These e xperiments were done with repeated waterings of different 

amounts and/ or frequencies . P lants  can respond differently to 

different numbers of drying and rewatering cycles . For example , Asp inall 
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et al .  (1964) reported that in barley the number of elongating tiller 

buds f ollowing rewatering depended on the number of  rewatering cycles 

and also on the s tage of development when stress was applied . Under 

a single , short water stress more tiller buds were induced to elongate 

following rewatering than control plants . ,However y under more than one 

cycle of stress , control plants tended to have more tillers than s tressed 

plants . 

Fresh weight is more sensitive to water deficit than is dry 

weight (Denmead and Shaw , 1960 ; May and Mil thorpe , 1962) . In the f ield , 

under a mild water deficit condi tion , percentage dry matter of  sudax , 

a forage sorghum , was up to 5% higher than the ' irrigated ' plants 

and this  had partially compensated for the decrease in fresh weight 

in the "s tressed11 pl,ants . (Chu and Tillman , 1976) . 

Although water stress reduces the growth of the whole p lant 

the differential effects of water s tress on different plant parts , 

s uch as shoot  and root growth , can result  in a lower shoot to root 

ratio during desiccation (El Nadi et a l . � 1969 ; Hoffman e t  al . � 197 1 ) . 

The differential effects of water deficit on different plant parts 

will also influence the quality of the herbage . For example , Gates , 

(19 55 a ,  1955b)  found that in tomato plants the effect of water stress 

was greater in the laminae component than the stem . As protein and mineral 

content is  normally higher in the leaf component than stem or roots , 

r educed leaf growth will indirectly reduce the quality of the herb age·. 

Water deficit  will also has ten the maturation of forage crops and lead 

to reduced quality , because quality of forage crops usually decreases 

w ith increasing maturi ty (Richards and Wadleigh , 1952) . 
I 
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A frequently obs erved effect during the recovery phase following 

desiccation is the apparently more rapid rate of p lant growth and 

development compared wi th the well-watered p lants . Such higher growth 

rates have been reported for tomato (Gates , 1955a ,  1955b) sugar b ee t  

( Owen and Watson , 1 956) and tobacco (Hopkinson , 1968) . Gates ( 19 55b) 

attributed the higher pos t-desiccation growth rate as " a  tendency 

towards a more j uvenile form" . Owen and Watson (19 56) found that 

although the absolute dry weight and LAI of a sugar beet crop was 

lower without irrigation , Net Assimilation Rate , Relative Leaf Growth 

Rate and Relat ive Dry Weight increases were temporarily higher in the 

unirrigated p lots as the result of a small  amount of rain falling af ter 

a prolonged drough t .  Hopkinson (1968) observed that the stimulated 

growth rate in tobacco was slow to develop but prolonged in duration . 

In Hopkinson ' s  experiment , the higher rates in the stressed plan ts 

caused an accelerated recovery leading to a greater final total leaf 

area and dry we±ght in the s tressed plants than the well-watered control . 

Similarly , higher rates of leaf extension upon relief  of  water 

s tress have been reported for young mai ze leaves (Acev
.
edo et a Z .  19 71) , 

but the accelerated growth las ted only a fraction of an hour . On the 

other hand , Lawlor (19 72)  reported a fourfold increase in the rate of 

leaf extension in young ryegrass leaves 3 day s  after rewatering . 

This significan t  ef fect persisted , although declining , for  a p eriod 

of 8 days . 

There are numerous reports of pasture dry matter yield responses 

to irrigation . For example , under N ew Zealand condi tions , Rickard 

and his colleagues (Rickard , 1968 ; Rickard and Fitzgerald , 197 0 ; 

Rickard , 1 9 7 2 )  reported varying degre·es of pas ture responses under diff

erent frequencies of irrigation in Canterbury . The responses depended 

on climatic condi tions which influenced the severity and duration 
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o f  water s tress , soil type , species and timing of  stress . However ,  many 

of these reports do not describe plant water status and the short 

term plant responses during the drought and recovery phases . In plant 

water relation studies it  is important to relate final yield performance 

to b asic physiological principles so that inf ormation obtained can be 

interpreted and extrapolated to other conditions . 

2 . 6  REACTION OF PLANTS TO WATER DEFICIT FOLLOWING "DROUGHT 

HARDENING': PRE-TREATMENTS . 

I t  is generally believed that  exposure to a period of  

moderate desiccation c an allow some plants , to  "harden" or  b ecome 

l ess sensitive to a subsequent and perhaps more extreme water 

defici t .  Such "hardening " or ·�adap tation" to drought can be  

induced in the seed , during the pre-sowing s tage (May et  al . �  

1962 ; Henckel , 1964 ; Woodruff , 1969) , as well as on the whol e  p lant 

( Todd and Webs ter-, 1965 ; Levit t ,  19 7 2 ;  McPherson and Boyer , 1974) . 

For example , Woodruff (1969)  reported up to 20% higher grain yield 

in pre-sowing drought-hardened wheat seed . The higher yield 

was due to a slower rate of relative water content decline during 

periods of water def i c i t  by the pre-treated plants . There was also 

an interaction b etween the rate of  relative water content decline and 

the growth s tage when water deficit occurred . Although the mechanism 

whereby the seed adapted to drought was no t fully under s tood , May 

et al . �  (1962) in their review of  the Russian work on this  subj ect  

concluded that " there is considerable evidence to show that the 

drought resis tance o f  plants can be induced by sub j ecting s eeds to a 

cycle of wetting and drying prior to sowing" . 



S imilarly on the whole plant l evel , higher pho tosynthetic rates 

at a lower water content were ob served in a number of  wheat and oat  

varieties af ter the plants were sub j ected to  a single drought period 

( about 1 week) (Todd and Webs ter , 1 9 65) . However , the reason for the 

hj gher pho tosynthe tic rates by the hardened plants was no t given . 
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Under controlled environments , McPherson and Boyer ( 19 74 )  demons tra ted 

sub s tantial advantage in final mai ze grain yield by plants that  had 

been "pre- trea ted" in dry atmosphere ( air vapour pressure deficit (VPD) 

of 2 . 6  kPa) . When these "pre- trea ted" plants were subj ec ted to soil 

des iccation during the grain f il ling s tage , their grain produc tion 

was greater because their rate of water use was 33% lower than 

the plants which had been "pre-treated" with more humid atmo sphere 

(VPD 0 . 5  kPa) . 

Drought adap tation in p lants can take two forms . I t  can be  either 

an avoidance or a tolerance to low internal water content . 

Drought avoidance has also b een describ ed as "drought endurance wi th 

high internal water �content" by May and Mil thorpe (19 6 2) . A 

comprehensive review on the poss ible mechanisms o f  drought  avoidance and 

tolerance had b een presented by Levi t t  (19 7 2) . Briefly , adap tative 

reac tions by plants can be  grouped according to  the nature of  

the respons e ,  i . e . , whether i t  i s  morphological or  phy s iological . 

S ome examples of the morphological adaptations include : 

i .  Reduction in ·leaf area during desiccation through reduced leaf  

growth and accelerated l eaf  senescence .  The reduction in the 

evaporative surface will help to conserve water . 
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ii . Parahelionas ty , or the posi tive orientation of leaves parallel 

to the incident radiation , will help to reduce the energy load 

upon the leaf surface ( e . g . , in beans , (Dubetz , 1 969) ) .  

iii . The development of  wax bloom on sorghum leaves will help to 

reduce transpira tion ( Chatter ton e t  al . �  1 975 ) . 

iv . The development of  a high roo t to shoot ra tio which will allow 

the plants to grow fur ther into the drought period ( e . g . , in 

beans ( El Nadi et  al . �  1 969)  and co tton (Hof fman et al . � 1 9 7 1 )� 

Some examples of physiological reac tions include : 

i .  Stomatal closure 

Jordan and Ri tchie ( 19 7 1) found that s tomatal resis tance of the 

adaxial surface in field grown co tton were low even at  leaf water 

po tential o f  - 2 . 7  MPa , whereas s tomata of greenhouse grown co t ton 

plants were c losed at -1 . 6  MPa leaf water po tential . They attributed 

this difference to the adap tation of the field grown co t ton to 

prolonged drought condi tions . Such adap ta tion by s tomata was also 

found later by McCree ( 19 74)  us ing "pre-s tressed" ( plants subj ec ted to 

5 cycles of  mild soil des iccation) sorghum plants in the growth room . 

McCree found that a t  a given l eaf water po tential the s tomatal conduc tance 

of "pre-s tressed" sorghum leaves was consis tently higher than those  

o f  the previously "uns tressed "  control . 



ii . Osmo tic adjustment 

As a cons equence o f  water loss during desiccation the 

concentration of solute in the cells must increas e .  However , 
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water deficit  can also induce a net increase in solute concentra tion, 

i . e . , osmoregulation or osmo tic adjustment (Levi t t ,  1 9 7 2) . 

There is  some evidence of osmo tic adjustment as a reac tion to 

increasing water defici t .  Under desiccation , etiolated but intac t 

soybean hypoco tyls showed some degree of o sm.o tic adjustment resulting 

in cons tant turgor .. The adjus tment involved the movement of solute 

from the co tyledons to the hypoco tyl (Meyer and Boyer , 1 9 7 2) . Few 

s tudies have been made for  pas ture species . Only some indirect 

evidence reported by Gavande and Taylor ( 1 96 7 )  had suggested tha.t a 

change in the osmo�ic pot ential under a low evaporative demand 

condition (21 
°

C ,  60% Relative Hurpidi ty) was of some advantage in 

maintaining turgor potential in cocksfoo t (Dacty lis glomerata) , 

when the plants were subj ec ted to different levels of soil mo is ture 

defici t .  

2 . 7  INTERACTIVE EFFECTS OF TEMPERATURE AND WATER DEFICIT ON 

PLANT GROWTH 

As the emphasis in this s ection of  the review will be placed 

on the interactive eff ects of temperature and water defici t ,  i t  will 

also be  necessary to r eview briefly the direct effects of temperature 

on leaf growth . 
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2 . 7 . 1  The effects of  temperature on l eaf growth 

The effects of  temperature on leaf growth and development 

had been very intensively s tud ied and reviewed , (amongs t  o thers : 

Mi tchell , 1953a , 1 9 53b ,  1 9 54 , 1 9 56 ; Gregory ,  1 956 ; Mil thorpe ,  

1956 , 1959 ; Blackman , 1 9 56 ; Evans e t  al . �  1964 ; Leopold , 1964 ; 

Silsbury , 19 70) . More recently stud ies on the effects of temperature 

on maize by Kleinendorst and Brouwer ( 1 9 70 , 1 9 72) and Wa tts ( 1 9 7 2 ,  

19 74) , on ryegrass by P eacock ( 1975a , 1 9 75b) and on tall fescue 

by Robson ( 1972 , 1973 , 1 9 74)  have contribu ted greatly to  our under-

s tanding of the respons es by grass leaves to temperature . 

Although Fes tucoid grass es will grow well between 10°C and 27°C ,  

for mos t  the optimum is between 1 5°C and 25°C .  The op timum for top 

growth is higher than for root growth ( Evans e t  al . � 1964) . For 

grass leaf growth , the s i te of temPerature perception has been shown 
. 

to be  around the s tem apex rather than there being a general effect  
__. ,  

of  soil o r  air temperature (Peacock , 1 96Sb) . 

That there are differences in plant responses between cons tant 

temperature and d ifferen t  day/night temperatures has been demons trated 

by Robson ( 19 7 2 , 197 3 ,  1 9 74) . In general , day temperature has a 

greater influence on plant growth than night temperature . Rob son 

( 1973)  found that in tall fescue,  under a daily mean temperature 

0 of 20 C ,  all growth parameters reached their maximum value when the 

day temperature was 4° �o 10°C higher than the night temperature . 



Depending on the location of  temperature influence , l eaf 

respons es can b e  affec ted by different processes . For example ,  
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Kleinendors t and Brouwer ( 19 7 2) examining the effect of  local cooling 

on growth and wa ter content of  mai ze leaves concluded that responses 

by leaf elonga tion growth in mai ze leaves depend ed on the site of 

cooling . Cooling in the roo t medium caused a reduction in leaf 

elonga tion by a lower water content which re tarded cell extens ion . 

The plant adj us ted for the lower water content by increas ing i ts osmo tic 

po tential which allowed the water po tential to recover followed 

by the recovery in cell extens ion . Cooling a t  the meris temic region 

caus ed a more permanent reduction in leaf eJ gation and there was 
� 

no recovery . Cooling above the meris temic 1 ion on the o ther hand , 

temporarily retarded leaf growth by a reducti on in translocation . 

Leaf growth then recovered when the concentration of  carbohydra te 

above the s tem apex increased . 

2 . 7 . 2 .  The interac tive ef fec ts o f  tempera ture and wa ter 

defici t on plant growth 

A numb er of workers have reported the interac tive effec ts o f  

temperature and water deficit  on p lant growth ( e . g . , Abdelhafeez and 

Verkerk , 1969 ; Gates e t  a l . �  1971;  Sharma , 19 76) . I t  s eems in 

g eneral  that the detrimental effects of water deficit  are greater under 



the "high" than under the " low" temperature conditions . 

For example , Abde lhafeez and Verkerk ( 1969)  compared the rate 

of tomato seedling emergence under 3 temperature regimes ( 24° , 19° 

and 9°C) and 3 moi sture regimes (we t ,  between 0 and 10% of field 

capacity ; medium ,  between 0 and 20% of field capacity ; �. water 
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to field capacity after plants had shown severe wilt ing) . They showed 

that the ·best  emergence rate was for a treatment comb inat ion of the 

highest temperature and the wettest moisture regime . A s imilar 

trend was also ob served for plant growth under 2 different temperature 

regimes ( 35°/ 18° and 20°/ 15°C ,  day/night temperature) ,  with the same 

3 levels of moisture regimes (Ab delhafee z and Verkerk , 1969) . Maximum 

growth and f ruit set in tomato was inf luenced more by moi sture regimes 

than by temperature'. Under the lower temperature regime , differences 

in growth ' and fruit set  due to moi sture deficit was less pronounced 

than that under the higher temperature regime . 

Similarly , Gates et al . � ( 19 7 1 )  using low temperature ( chilling 

stress)  and moisture s tress to examine their effects on maturation and 

chemical composi tion of townsville stylo (Stylosanthes humilis) 

reported that the maj or effect was due to the moisture s tress . Temp-

erature participated as a small temperature-mois ture stress  interaction , 

in that under the cold temperature conditions growth was reduced and 

proline concentration was higher under the moist b ut not under the 

dry cond ition .  

Temperature and moisture interaction was also repor ted in the 

rate of  gERminat ion of different s emi-arid plant species . Sharma 

( 19 76 )  s tudi ed the interact ion of different incub ation temperatures 

with matric potent ials ( induced b y  using polyethylene g lycol 20 , 000) 
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and osmotic potentials �nduced by using sod�um chloride) on the rate 

of germination of Danthonia caespitosa� Atriplex mummularia 

and Atrip lex vesicaria. Mois.ture deficit .  'reduced percentage germination 

in all 3 species under all the temperature regimes . The best germin-

ation rate for all species was at the lower water potentials in the 

. . . t f th . ( 20° - 25°C) . Vl Cllll y o e opt1mum temperature There were signif-

icant temperature x water potent ial interactions for all species in that 

inhibition pf germination was less at the lower temperature regime . 
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CHAPTER Ill  

SENSITIVITY OF LEAF EXTENSION TO PLANT WATER DEFICIT 

3 . 1  INTRODUCTION 

As discussed in the earlier section (Sec tion 2 . 4 . 2) the sens i tivity 

of  leaf extension to small changes in leaf water po tential has b een 

demons tra ted (e . g .  Boyer , 19 68 ; Hs iao e t  al . � 1 970 ; Acevedo et  a l . � 

197 1 )  and leaf extension can be severely res tricted under the normal 

range and magni tude of leaf water po tential found in the f iel d 

(e . g .  Cary and Wright , 19 7 1 ; Jackson , 1974) . Plants can also exper-

ience water s tress even under well wa tered si tuations ( Shepherd and 

Dilley , 1 9 7 0) sugges ting tha t sub-clinical levels of wa ter def icit 

can occur in the f ield long before wil ting is evident . This 

physiological f inding implies that plants can experience levels of  

water deficit  suff icient to  reduce leaf growth which may lead to 

reduc tions in green herbage yield . Maize plants have been observed 

to ceas e growth entirely during highly evaporative daytime condi tions , 

growing only under .the lower evapora tive demand conditions of  the 

nigh t time environment Hhich tends to suppor t the significance o f  this  

phys iological finding (Loomis ,  1 9 34 ; Boyer 1968) . 

These reports in the l iterature led to the sugges tion that using 

overhead mist irrigation to reduce the a tmospheric evaporative demand 

and consequently lower plant water deficit  could increase crop yield 

(Kramer , 1 963 ; Hanan , 1 9 7 2 ;  Jackson , 1 9 7 2) . S imilarly , high 

frequency irrigation had b een sugges ted as a means of  increasing crop 

yield  (Salter and Goode , 1 96 7 ; Rawling and Raats , 1 9 7 5) . 

Kramer ( 1 963)  in his r eview quo ted an example where light 

sprinkling during mid-day increased growth more than the same amount 
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of water applied to the soil (S tacker et al . , 1954) . Under hor ticul tural 

condi tions , frequent overhead sprinkling d id increase tomato yields 

(Carolus et  al . ,  1 965) . Similarly , during a dry summer , the dry ma t ter 

yield of a ryegras s  and whi te clover pas ture increased wi th increasing 

frequency of  irrigation ( irrigate at  1 2  mm soil mois ture deficit with 

1 2  mm of  wa ter) , but the to tal quanti ty of water applied was also increased 

(S tiles and Williams , 1965) . 

The mos t  convincing evidence that frequent irrigation would increase 

dry matter yield came from the r epor t by Snaydon ( 1 972) . In lucerne,  

Snaydon found that a to tal water supply equal to 0 . 2  E (class A pan 

pan evaporation) frequent small applications of water ( 5  mm per application) 

produced 50% more dry matter than less frequent but larger applications 

( 20 and 80 mm per application) during the summer at Canberra , Aus tralia . 

However , application of wa ter in amounts greater than 0 . 5 E produced pan 

no s ignificant differences between frequencies in terms of dry mat ter yield . 

I f  plants do frequently experience levels of water deficit sufficient 

to reduce leaf  growth and consequently green herbage yield , it is impor tant , 

in the s tudy of plant water r elations , to identify the extent of  this 

res tric tion and the frequency of i ts occurrence .  

· In the following 3 sec tions o f  this Chapter, the relationships 

between leaf water potential and l eaf extension rate for 3 forage 

species (viz ,  sudax , prair ie  grass and ryegrass) collec ted from different 

experiments , ar e presented . Some of these data ( s ect ions 3 . 2  and 3 . 3) 

have already b een published (Chu and Kerr , 1 9 71 ,  and Chu and McPherson, 

1 9 7 7  respectively) . The third s ection 3 . 4 will be  publfshed as par t 

o f  ano ther paper . 



The implications of the findings from these experiments relative 

to  the obj ectives as stated at the beginning of this thesis will be 

dis cussed under the "Overview and Conclusion" section in Chap ter VI . 

3 3 .  
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3 . 2  EXPF.RIMENT 1 - LEAF WATER POTENTIAL AND LEAF EXTENSION IN A SUDAX CROP 
. ' 

3 . 2 . 1 .  Ab stract 

Leaf water potentials were measured on leaves at three canopy 

heights in dryland and irrigated sudax p lots . Basal tiller leaf 

water poten tials ranged from -0 . 20MPa to -0 . 50 MPa while those of 

upper leaves on the main s tem fell to - 1 . 30 MPa during the daytime . 

Mid-canopy leaf water potential ranged from -0 . 40MPa to -0 . 70MP a .  

Removal of the main canopy immediately caused the basal tiller potent-

ials to approach thos e of the upper canopy leaves . Under irrigation ,  

night time leaf extension rates were 1 . 5  ± 0 . 2  mm h- 1 compared with 

daytime rates of 3 . 1 ± 0 . 1 mm h- 1 . 

3 . 2 . 2 .  Introduction 

In this experiment a forage sorghum hybrid (Sorghum bicolor (L) 

Moench X S .  sudanese (piper) S taf f . ) , Sudax , was used . Where grown 

as a summer greenfeed crop , sudax is  normally cut or grazed � number 

of times during the season . Subsequent production depends largely on 

the regrowth of the basal tillers . Field observations on sudax showed 

that wil t ing and senescence of leaves under stres s  firs t occurred in the 

lower leaves and b asal tillers . 

Diurnal changes in leaf water potential , leaf resistance and 

canopy i rradiance measured at different heights within a canopy have 

been reported in undefoliated crops of maize , sorghum and tob acco 

(Turner and Begg , 1973) . Until  1 9 7 3  there was no information on the 

simultaneous measurements of leaf water potential and leaf extension 

rate from field experiments . The reported res triction on leaf growth 
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by low leaf water potential was mainly from experiments conducted 

under controlled conditions . Hence it  was impor tant that the relat ion

ship between leaf  water potential and leaf extension rates be checked 

in the field . 

This report des cribes the variation of leaf water potential at 

various heights within a sudax crop grown under two different soil 

mois ture regimes , and basal tiller leaf water potential before and 

after removal o f  the main canopy . In addition, diurnal measurements of 

leaf water potential and leaf extension of the youngest  leaf during 

regrowth are presented , 

3 . 2 . 3  Materials and Me thods 

Sud ax S X-6 (Sorghum bicoZor X S. sudanese) was p lanted on 16 

November 1 9 7 3  in a 0 . 06 ha field on a recent alluvial soil  (Manawatu 

fine sandy loam) at Massey University , Palmerston Nor th . Two experimental 

plots , each 2 . 5  m X 4 m and 1 m apar t ,  were sited in the centre of the 

field . The p lots were hand planted in 15  cm rows with 6 cm spacing 

within rows . The res t of the field was drilled at the rate of 2 7  kg ha- 1 

in 15 cm drills and was used as a guard area . 

The p lots were covered with b lack polythene sheets which were 

buried a t  the edges in a 75 cm deep surrounding trench . The trench 

prevented any surface movement of  water . Different s oil  mois ture 

regimes were es tab lished on each p lo t .  The "irrigated" plot was 

trickle-irrigated weekly to return soil water content to i' field capacity" . 

The "dryland" plot was not irrigated and was covered with clear poly

thene shelters during rain . 
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Leaf water potentials �ere measured on at  leas t 2 leaves at each 

sampling time using a pres sure chamber (Boyer , 1969) . All samples 

were taken from the distal end of expos ed laminae . 

The diurnal course of leaf water potential was de termined in both 

soi l  mois ture regimes on 26 January 1 9 7 4 . Leaves were randomly selected 

from the following posi tions : 

1 .  Upper canopy ( 1 . 6 - 1 . 8  m) : the youngest mature leaf ( i . e . , youngest  

leaf with exposed ligule) on the main stem was selec ted . This 

was either leaf 8 or 9 .  

2 .  Mid canopy ( 0 . 8  - 1 . 0  m) : the third youngest mature leaf on the 

main stem .  

3 .  Lower canopy ( 0 . 2 - 0 . 4  m) : the youngest mature leaf on a basal 

tiller . There were 2-3 basal tillers on each plant . 

The average s oil mois ture content of the top 37 . 5  cm was 29%  

and 18% (w/w dry soil basis)  for the irrigated and dryland plots 

respectively , on 26 January 1 9 7 4 .  

The change in  leaf water potential of  leaves on the basal tillers 

induced by s udden increases in evaporative demand was determined by 

cutt ing the p lant s  on both treatments and a 3 m border at  ground level 

to expose the b as al tillers . This was done between 1 430 and 1 445 

hours on 28  January 19 7 4 . A control area of  2 m2 on the irrigated 

plot was not cut . ., The leaf water potential of the b asal til lers and of 

the upper canopy of the control area were measured before and af ter 

main canopy removal . 

The leaf length of the youngest  leaf of  the basal tillers were 

measured with a ruler placed on a f ixed reference point on the ground 



37 . 

beginning at 1800 hours on 1 3  February 1 9 7 4 .  Measurements were made at 

3-hourly intervals during · daylight on five and three leaves for the 

irrigated and dryland treatments respectively . Leaf water potentials 

were also measured on the younges t leaves of adj acent plants . 

Net radiation data were collec ted over an adj acent paspalum sward . 

These indicate the diurnal change in the maj or energy input to the crop 

c anopy . Air temperature was measured at 1 . 2  m with a s creened thermome ter 

adj acent to the experimental plots . 

3 . 2 . 4  Results and Dis cussion 

3 . 2 . 4 . 1 Diurnal changes in leaf water potential within the canopy 

Within a crop the energy input varies among leaves and is  

normally least on the lower leaves where net  radiation flux densi ties 

are smalles t .  (Begg e t  a Z . � 1964) . This was reflected in the leaf 

water potential of the upper canopy leaves which had lower values than 

either the midd le or lower canopy leaves (Figure 3 . 1 ) . The diurnal 

�hange in the upper canopy leaves were similar to those reported for 

other field crops , e . g . , cotton (Jordan and Ritchie , 1 9 7 1 ) , mai ze , 

sorghum and tobacco (Turner and Begg , 1973) and cocks foot and ryegrass 

(Jackson , 1974) . 

Although the diurnal range of leaf water potential in the b asal 

tiller leaves was much less than higher in the canopy , b asal tillers 

may experience water s tress b efore the main tiller . Leaf water potential  

of the b asal tillers of  the dryland p lots was lower (more negative) 

than the irrigated p lot and this  dif ference was apparent  earlier in 

the day than at the other canopy heights . This could exp lain f ield 

observations in a nearby plot that wilting and senescence under mois ture 
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�igure 3 . 1 . L eaf wq.t·er po tentials (1J!I ) measured a t  three heights i n  the 
canopy of field-grown sudax and net radiation taken over an 
adjacent plo t of paspalum · (26 Jan 1974) . 



stress ini tially occur on the basal tillers . 

For the leaves on the main stem , between treatment differences 

in leaf water potential did not occur until  mid-af ternoon , when the 

higher ne t radiation would indi cate a correspondingly higher evaporat

ive demand . 

Variability among the leaf wa ter po tential measurements made on 

,6- : s imilar leaves was high . In the dryland plots differences up to 

0 . 40 MPa were recorded in the upper canopy , but variations were less 

in the irrigated p lots . This was probab ly associated with p lant to 

plant variability which Cary and Wright ( 19 7 1 ) reported to  be as high 

as 0 . 20 to 0 . 30 MPa for field grown wheat and bar ley . Short term 

changes in radiation flux density would also contribute to  variab-

3 8 .  

ility between successive measurements especial ly in mid canopy positions . 

3 . 2 . 4 . 2  Changes in leaf water potential of basal t illers after 

removal of canopy 

Leaf water potentials for the b asal tiller leaves and the upper 

canopy taken on 28 January before canopy removal were similar to those 

two day s  earlier . For example , between 1030 and 1 100 hours leaf water 

potential values of - 1 . 08 ± 0 . 25 MP a ,  -0 . 35 ± O . lQ MPa and -0 . 52 ± 

0 . 05 MPa were recorded for upper c anopy (irrigated) , irrigated and dry 

land b asal t iller leaves respectively . Immediately 

af ter cutting , basal tiller leaf water potentials in both treatments fell 

quickly (within 5 minutes) to  -0 . 96 ± 0 . 26 and -0 . 94 ± 0 . 04 MPa 

for the irrigated and dry land treatments respectively . Leaf water 

potentials in a crop can decrease in response to the increasing evaporative 
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demand and drying soil (Kanemasu and Tanner , 1969) . The sudden exposure 

of the basal tillers to much higher net rad iation fluxes with a consequent 

increased evaporative demand could explain the rapid drop in leaf water 

potentials . By 1 700 hours basal tiller leaf water potentials were 

s imilar to the upper canopy leaf water potential on the uncut control 

( irrigated) area ( -0 . 78 ± 0 . 07 ,  -0 . 7 7 ± 0 . 1 6 and -0 . 78 ± 0 . 26 MPa for 

the upper canopy , irrigated and dryland basal tiller leaves respectively) . 

3 . 2 . 4 . 3  Leaf extension rate and leaf water potential 

The plant heights were 0 . 69 ± 0 . 05 m and 0 . 65 ± 0 . 02 m on 

the irrigated and dryland plot respec tively . Dif ferences in l eaf 

extension rate and leaf water potential were not statist ically s ignif

icant . This  c ould be due to ( a) the large variation between samples 

as reported earlier or (b ) the possible hori zontal movement of  water 

along the coarse layer/ f ine sandy loam interface thus effectively 

"irrigating" the dr�land plots below the 75 cm dividing trench (Cloth ie r ,  

pers . comm) , hence delay ing the onset o f  the dryland treatment .  Conseq

uently results f rom the irrigated plot only are presented in Figure 3 . 2  

to illustrate the relationship between l eaf water potential and leaf 

extension rate .  Two main points emerge from the data : -

(i )  The minimum leaf water potential of - 1 . 1 7  ± 0 . 05 MPa was 

reached at 1 500 hours and the c orresponding leaf extension rate was 

4 . 0  ± 0 . 4  mm h- 1 . 

(ii)  The mean "night" ( 1 800 .- 0600 hours) and "day" (0600 -

1 800 hours )  leaf extension rates were 1 . 6 ± 0 . 2  mm h- 1 and 3 . 1 ± 0 . 1 mm 

h- 1respect ively . 
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3 . 2  Diurnal course of air temperaturet  leaf water potential Cw1 )  and 

leaf extension rate in a s tand of field grown sudax ( 1 3-14  Feb 1974 ) . 



In  growth room exper iments on maize ,  Boyer ( 19 70a) and Acevedo 

et al . ,  ( 197 1 )  found th�t leaf extension rate ceased when leaf water . 

potential was between -0 . 40 and -0 . 65 MPa . Hsaio and Acevedo ( 1 974)  

40 . 

have sugges ted that leaf ex tens ion may occur mainly at night when evaporative 

demand will be  lower · .. and the internal plant water s tatus is  more favourable 

for growth . In  the present exper iment daytime leaf ex tens ion rates were 

approxima tely double the nightime rates . Maximum rates coincided with 

m�imum air temperature and occurred when leaf water po tential was 

less  than -0 . 65 MPa . One possible explana tion for this apparent discrep

ancy between the resul ts ob tained from the present experiment and those 

r epor ted in the li terature is that the water po tential of  the shaded 

meris temic region where ex tens ion occurs is much higher than leaf water 

po tential measured on the dis tal end of  the exposed lamina , and that 

i t  is the meris temic water potential rather than leaf wa ter po tential 

that affects extension growth . Al though in the present experiment it is 

no t possible to separate ac tual leaf extension from possible internode 

elonga tion , the magni tude of the overall growth would not have been 

predic ted from the s tudies repor ted above (i . e .  Boyer , 1 9 70a ; Acevedo 

et a l . , 1 9 7 1 ;  Hsiao and Acevedo , 1 9 74) . 

The f indings . ·o f  the present experiment will b e  d iscussed further , 

in relationship to reports by other workers published abou t the same 

t ime in the "overview" section ( s ection 6 . 1 ) . 



3 .  3 EXPERIMENT 2 - SENSITIVITY TO V.tATeR DEFI CIT OF LEAF EXTENSION IN 

PRAIRIE GRASS .  

3 . 3 . 1 Ab s tract 

The short-1  rm response of leaf extension rates and leaf �ater 

potential to  c on L rolled di urnal changes in the environment of a pas t1 1 re 

species , prairie grass (Bromus catharticus) , was followed over a soil 

drying cycle . 

Cons is tent  relationsh i_ps between rates of leaf extension and leaf 

water status were found only when measurements had been made under a 

common environment or when the effects of the environmental differences 

were all owed for by comparing the re sponse of desiccated plants tc that 

of well-watered control plants under the same condi tions . 

4 1 .  

In the early s tages of desiccation leaf e;. tension rates were 

extremely s ensi tive to reduction in leaf water potential . Water 

potentials o f  only 0 . 20 to 0 . 30 MPa below that of well-watered control 

plants were sufficien t  to depress leaf extension rates by 50% . However , 

as desiccation became more severe , leaf extension rates became much 

less responsive to further reduc t ions in leaf water potential . · 

I t  is  inferred from the results that it  will be possib le to resolve 

some of the apparent discrepancies which exist among various reports 

on the s ensitivity of leaf extension rates to desiccation when allowance 

can be made for the actions of other important influences , such as 

temperature in this experiment , and when leaf water potential at the 

site of measurement can be related unequivocally to water potential 

at the region of e longation . 



3 . 3 . 2  Introduction 

Leaf enlargement is thought to b e  more sensitive to desiccation 

than most other physiological processes and can be  severely inhib i ted 

42 . 

at relatively high leaf water potentials ( s ee under Review of Literature) . 

For example , leaf water potential at which leaf enlargement was reduced 

to 50% of well-watered rates was -0 . 20 MPa in one study of mai ze (Boyer , 

19 70a) and -0 . 40MPa in other (Acevedo e t  al . , 1 9 7 1 ) . Other similar 

results inc lude : -0 . 30 MPa for sunflower (Boyer , 1968) ; -0 . 20 MP a  

for soybean (Boyer , 19 70a) ; and -0 . 40 MP a  for potatoes (Gandar , 

1975) . Such evidence suggests  that leaf extension will b e  

inhibited a t  a relatively high plant water  status . 

However ,  there has been some cqn troversy regarding the dependence 

of leaf extension on high plant water s tatus . Wat ts ( 1 9 74 ) concluded 

from field measurements of mai ze that leaf water potentials greater 

than -0 . 80 to -0 .90 MPa had little effect  on leaf extension rate . 

In controlled environment studies o f  s orghum , McCree and Davis ( 1974) 

found that leaf expansion continued day and night despite a diurnal 

change of about 0 . 80 MPa in leaf water potential . S imilarly in the 

field experiment with sudax reported in section 3 . 1 ,  it was found that 

peak diurnal rates of leaf extension coincided with a leaf  water potential 

of - 1 . 1 7  MPa.  

The data  reported in  this section describe the short-term response 

of leaf extension and leaf water potential to controlled diurnal changes 

in the environment of prairie grass over an entire soil drying cycle . 

3 . 3 . 3  Materials and Methods 

Prairie grass (Bromus catharticus Vahl .  c .v.  Grasslands Matua 



a perennial pas ture species) was grown from seed in 2 . 3  li tres of soil 

mixture (Opiki peaty loam 70 par ts : sand 30 parts by volume) with 

an air temperature of 22 . 5 / 12 . 5  ± 0 . 5° C day/night and a 2 . 0/0 . 2  kPa 

air vapour pressure deficit (VPD) day/night  (equivalent to relative 

humidity 26/86 ± 5% day/night) . The diurnal change in temperature 

and VPD occurred gradually over 4 hours immed i ately inside the day 

period . Details of diurnal changes are shown in Figure 3 . 3 .  The 

12 hour photoperiod started at 0900 hour N . Z .  S tandard time with a 

photosynthetically active radiation f lux of 1 7 0  W m� 2 ( 0 . 4 - 0 . 7  �m 

waveband from Sylvania "Metal-arc" and Philips tungsten iodide lamps) 

throughout the day period . The carbon dioxide concen tration was 

uncontrolled . 

Plants were fed with modified Hoagland ' s  solution at 200 ml per 

pot  30 minutes before th e dark period . The p lants were thinned from 

9 to 2 per pot by week 5 ,  selecting for evenness of height  and leaf 

number . 
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Water was wi thheld from the soil when the sixth leaf (younges t 

leaf) was 10-20 mm clear of  the preceding leaf sheath ( designated day 

0) . The p lants were rewatered on day 10 by s tanding the pots in a tray 

of  water for 2 hours to  fully saturate the soi l .  

Changes in leaf length ( the sum of  lamina and sheath extension) 

were measured over 4 periods for each day during the drying cycle ( see  

figure 3 . 3  for  detai ls ) . The mean extension rate of the younges t  vis ib le 

leaf and the second younges t visible leaf of  the main tiller was used . 

The rates for the two leaves were within 1 . 5% of  each other . As s oon 

as the next leaf ( leaf 7 )  appeared , leaf 6 became the second younges t 

leaf and measurements on leaf 5 ceased . The p lants  remained vegetative 
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( checked by apical dissections) throughout the duration of the experiment . 

The leaf extension measurement s were made with a ruler placed against the 

b ase of the plant using the soil surface as a reference· point . Ten . 

replicates were used for the leaf extension measurements . 

Leaf water potentials were measured with a pressure chamber (Boyer , 

1969) and were taken , where pos s ib le , during the middle of  each leaf 

increment measurement period ( for de tails of timing of leaf water potentials 

and extension measurements relative to diurnal changes in temperature 

and VPD see Figure 3 . 3) . On a numb er of occasions leaf water potent ials 

were also taken at 2200 hours . Each leaf water potential measurement 

was made on the entire exposed por tion of the lamina of the s econd 

younges t leaf of the main t iller . Up to 5 samp les were taken for each 

sampling period . 

3 . 3 . 4  Results and Dis cussion 

3 . 3 . 4 . 1  Diurnal trends in l eaf water potential and leaf extension 

during the drying cycle 

( i) Leaf water potential 

Diurn�l changes in leaf water potentials of  b oth well

watered and desi ccated p lants showed s imilar patterns until  an advanced 

s tate of desiccation (Figure 3 . 4) .  Recovery of leaf water potential during 

the las t 4 hours of the photoperiod was presumab ly a response to reducing 

VPD . Significant differences b etween leaf water potentials in wel l-watered 

and desiccated p lants only b ecame apparent 4 days af ter water was withheld 

from the latter . Thereaf ter the differences increased unt i l  the end of 

the experiment .  

On day 6 the leaves o f  a number of p lants were visib ly wilted by the 

middle of the day . The leaf water potentials of these plants were all lower 

than - 1 . 40 MPa.  By day 10  the l eaf water potentials of  the droughted p lant s  

had reached -2 . 10 MPa late i n  the day , and the leaves were a l l  s everely 
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wil ted . The droughted p lants were rewatered at the end of day 10 , 1� hours 

prior to darkness . The pre-dawn leaf water potent ials of the droughted 

plants on day 1 1  showed overnight re covery b ut was still 0 . 50 MPa be low 

control plants . 

(ii )  Leaf extension rates 

The rate of dayt ime leaf extension differed significant ly between 

treatments for the first t ime also  on day 4 when a reduc tion in extension 

rate of  2 3% to 4 1% occurred (Figure 3 . 4) . Treatment dif ferences in night-

time leaf extension rate did not occur unt il  a day later on day 5 .  

As desiccation proceeded , the afternoon extension rates became more 

s imilar to the morning.  By day 10 there was little change in 

the 24  hour period . I t  i s  notab le that from day 5 through to 

ra te throughout . I  
day 8 the 

morning rate of extension fell below the nigh t- t ime rate . The reason for 

this is  not clear . One would expect an increase in temperature early in 

the day to enhance rather than reduce growth . Although VPD is  increasing 

and might decreas e growth by causing desiccation ,  leaf water potential 

measurements were in fact higher than the last period of the day when 

elongation was occurring  at a faster rate . 

The general diurnal pattern of leaf water potential and leaf 

extension rates is similar to the field experiment of Watts ( 19 74 )  using 

maize and that of the s udax experiment (Experiment 1) reported in Figure 3 . 1 .  

3 . 3 . 4 . 2  Relationship between leaf water potent ial and leaf 

extension rate 

In analysing the s ensitivity of leaf extension to leaf water 

potential it  is use ful to distinguish between relative changes in 

water status , and abs olute changes in water s tatus . 
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( i) Relative changes in leaf water status 

When the performance· of desiccated plants is considered 

relative to well-watered plants measured at the same time the depression 

in the rate o f  leaf extension can be seen to follow a similar pattern to 
-

the depression in leaf water potential , regardless of ab solute leaf 

water potential (Figure 3 . 4) . For example , on day 6 differences in 

b oth leaf water potenti al and leaf extension rate during the day are 

relatively stable despi te a 1 . 00 MPa diurnal change in absolute leaf 

wa ter potential . This  can be seen more clearly in Figure 3 . 5  when the 

trend in dai ly leaf extension is shown relative to daily maximum and 

minimum leaf water potentials over all days of the soi l drying cycle . 

Simi lar pat terns are evident in the fie ld measurements of Gandar 

( 19 75) ' for potatoes and that of the sudax data presented in 

section 3 .  1 .  

( ii) Absolute leaf water status 

The relationship between rate of leaf extension and leaf 

water potential measured at various times of day over the soil drying 

cycle are shown in Figure 3 . 6 .  The pattern is consistent only within 

each time of d ay showing an effect of the diurnal changes in temperature 

and/or VPD ( and perhaps light) . The difference in response curves 

B and D (Figure 3 . 6) could be due to different leaf water potential/ 

time and temperature /time relations over these respective periods which 

the measurements made in the middle of each period would not reveal . 

In addition , because these environmental variables were changing s imul t-

aneously in this experiment i t  is not possible to determine what  their 

individual influence was . I t  does s eem likely however that both 

temperature and VPD were involved . 
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The temperature dependence of leaf extension rate has been demon

strated for mai ze (Kleinendorst and Brouwer ,' 1 9 70 ; Watts , 1 972 , 

1 9 74) and ryegrass (Peacock , 19 75a ,  1 9 75b ) . Temperature effects on 

the rate of leaf extension can be  large . Watts ( 19 72) for example , 

measured a Q l o  of 2 in mai ze over a 0-30°C range in the temperature of 

the zone of cell expans ion . In the present exper imen t the diurnal 

variation on leaf extension rate of well-wa tered control plants was 

consistent wi th such a temp erature effect and yield a Q10 of 1 . 6  

using soi l  temperature at 2-4 mm , co rresponding to the approximate 

region where most of th e leaf extension was occurring . 

Air VPD could affect results by changing transpiration rates which 

would , in turn , affect gradients in leaf water po tential between the 

s ite of measurement near the tip of the exposed lamina and the actual 

site of elongation near the base of the leaf . That significant 

gradient can exis t along leaves is  known . Yang and de Jong ( 19 7 1 ) 

measured gradient in leaf water potential of up to 1 . 90 MPa between 

the tip and the b ase of a wheat leaf . 

From the above i t  can b e  seen that consistent relationships b etween 

leaf extension rates and leaf water potential do exis t but only when 

measurements were made under a common environment (Figure 3 . 6 ) , or 

when the effects of environmental dif ferences are allowed for by 

comparing the respons e of desiccated plants with those of well-watered 

control plants under the same condi tions . I t  is interesting to note 

that normalisation of  the results shown in Figure 3 . 6  produces a 

single relationship b e tween rates of leaf extension and leaf water 

po tentials (Figure 3 . 7 ) . In the absence of more complete information 

this relationship could assist in relating rates of  leaf extension 

and leaf water potentials across dif ferent environments . Rates of 
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leaf extension were expressed as a percentage of the mean of well-watered 

control plants measured at the same time . This has the effect of allowing 

for any variab les such as temperature which may influence absolute 

growth rates . Leaf water potentials for the desiccated plants at 

each time of day were expressed as a dif ference from the leaf water 

potentials of control p lan ts measured at th e same time . In effect 

a cons tant equal to the absolute leaf water potential of the control 

mean for each group was removed from each measurement . 

The normalisa tion procedure would have to b e  tes ted with 

other species and under more diversed conditions in the field b efore 

the relationship between leaf water potential and leaf extension can be 

quantitative ly defined . 

( iii) Sensitivity of leaf extension rates and degree of desi ccation 

Whether comparisons are made on an absolute basis  (Figure 3 . 6 ) 

or a relative b asis  (Figure 3 . 5) i t  is clear that in the early stages 

of desi ccation leaf extension rates are extremely s ensitive to desiccation .  

For example , on day 4 ,maximum and minimum leaf water potential of the 

desiccated treatment were within approximately 0 . 10  MPa of the control 

plants  but a 20% difference in leaf extension rate was measured 

(Figure 3 . 5) . By day 6 differences in maximum and minimum leaf water 

potentials ahd increased to only 0 . 20 MPa and 0 . 30 MPa respectively 

yet the difference in rates of  leaf extension was by then 5 2% .  

On the o ther hand , a s  desiccation became more s evere , rates of 

leaf extension became much les s  responsive to further reductions in 

leaf water potential . Although the p lants were continuously wilted 

by day 10 an average extension rate of 5 mm per day was recorded and 

thi s  was still 1 8% of control rates . 



Published data in general show a similar pattern of high , then 

declining sensi tivity of leaf extension rates to progressive reduc tion 

in leaf water potential ( e . g . , for glasshouse grown Lolium perenne� 

Lawlor , 19 72 ; and controlled environment grown maize , Watts , 1 9 7 4) . 

The impli cations of  this  for crop management are that re latively small 

differences in leaf water potential at early s t�ges of desiccation 

are likely to have large effects on leaf growth , whereas in an already 

desi ccated crop leaf growth will be relative ly insensitive to further 

change in water potential .  

The results show that the relationship b etween leaf elongation 

rate and measured lea f  water po tential is not unique but can vary 

dramatically within one group of plants over short periods depending 

on environmen tal co�ditions . I t  is inferred from the results that i t  

will be  possib le to  resolve s ome of the apparent dis crepanci es whi ch 

exist  among various reports on the sensitivity of leaf extension to  

desiccation when allowance can be made for the action of other 

influences , such as  temperature, and when leaf water potential at  the 

s ite  of measurement can be related unequivocally to water potential 

at the site of e longation .  

49 . 
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3 . 4 EXPERIMENT 3 - SENSITIVITY TO WA'J.'ER DEFICIT OF LEAF EXTENSION IN 

TWO RYEGRASS CULTIVARS UNDER DIFFERENT TEMPERATURE REGIMES . 

3 . 4 . 1 Ab stract 

The relationship between leaf water potentials and leaf extension 

rates for Nui and Ruanui ryegrass under a high (H) ( 2 7 . 5°/ 1 2 . 5°C ,  

day/night) and a low (L) ( 1 7 . 5°/ 1 2 . 5°C) temperature regime were 

compared . 

Th e diurnal  time course of l eaf water potential and leaf extension 

rate responses were simi lar to that repor ted for prairie grass under 

a 22 . 5°/ 1 2 . 5°C ,  day/night temperature ( s e ction 3 . 3) . The strong 

influence of temperature on leaf extension rate was again evident .  

Under the H temperature regime wel l  watered Nui had a 20% higher 

leaf extension rate than Ruanui , however over a period of 7 days , 

this difference was not apparent under the L temperature regime . 

There was no difference in the relationship between leaf water 

potential and leaf extensi·on rate for the two ryegrass cultivars under 

different temperatures .  The normalisation procedure sugges ted in 

section 3 . 3  was ,m0re suitable for the data collected under the H 

temperature regime . Under the L temperature condi tions the data d id 

no t follow a s ingle ·relationship ·up0n normalisa tion •. 

3 . 4 . 2  Introduction 

The relationship between leaf water potential and leaf extension 

rate in prairie grass was discussed in s ection 3 . 3 .  The results 
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showed an init ially high , then declining s ensi tivity o f  leaf extension 

ra te to progressive reduc tion in leaf wate� po tential . However this 

relationship was no t unique bu t varied accord ing to the environmental 

cond i tions . In sec tion 3 . 3 . 4 . 2 , a method to normalise the data was 

sugges ted . The normal i zat ion was intended to allow for less ambiguous 

comparison between th e relationship between leaf water po tential and 

leaf ex tens ion rate taken from different environments . As sugges ted 

in section 3 . 3 . 4 . 2  o ther species and environmen tal cond itions should 

also be  tes ted b efore such a procedure can be adop ted . 

Because of  the impor tance of perennial ryegrass to New Zealand ' s  

agricul ture , two cul tivars of ryegrass (Grasslands Nui and Grasslands 

Ruanui) were selec ted as the experimental plants . One of the cul tivars 

(Nui)  has been repor ted to outyield a number of other ryegrass  

cul tivars , includ ing Ruanui > under the summer and autumn conditions 

in New Zealand (Rumbell , 1 969 ; Baars e t  a l  .. , 197 6 ;  

1 976 ) . 

Sheath e t  al . ,  

The data reported in the present s ec t ion were par t  of ano ther 

exper iment designed to inves tigate the physiological and plan t  growth 

parameters which might reflec t  drought tolerance/avoidance differ ences 

between the 2 ryegrass cul tivars . The comparison was also made 

under two temperature regimes because it was thought that the reported 

sup er iori ty o f  Nui over that of Ruanui could b e  related to a temperature 

r espons e .  

In the pres ent s ec tion only the l eaf  water po tential and l eaf 

I •I 

extension . rate data of  these two cul tivars are presented . The physiological 

parame ter s  (yiz  stomatal resistance ,  transpira tion rate and r elative 

leaf water content) have been summarised and presented in Append ix 3 .  



The plant growth parameters such as tiller number , leaf number , leaf 

area and dry weights are presented in section 4 . 3 . 4 .  

3 . 4 . 3  Materials and Methods 

Two cul tivars of ryegrass (Lolium perenne L .  c .v .  Grasslands Nui 

and Ruanui) were sown in 2 . 3  l i tre of soil mixture (Manawatu sil t 

loam 50% and river sand 50% by volume) in controlled clima te rooms . 

0 0 0 There were two air temperature treatments : 27 . 5  / 1 2 . 5  C ± 0 . 5  C 

52 . 

(day/nigh t) designa ted as high (H) temperature and 1 7 . 5°/ 1 2 . 5° ± 0 . 5°C ,  

designa ted as low (L) temperature tr eatments . The air vapour pressure 

deficit  (VPD) was 0 .  7 / 0 . 2  kPa (day /night) for both treatments , equivalent 

humidity of 80 . 8/86 . 2  ± 5% and 64 . 9/86 . 2  ± 5% for the H and L tempera ture 

regimes respectively . The diurnal changes in tempera ture and VPD 

occurred gradually over 4 hours immed iately inside the day perio d .  The 

1 2  hour pho toperiod star ted at 0900 hour N . Z .  standard time (NZS T ,  

the times in hours referred t o  in this s ection are all NZST) , wi th a 

pho tosynthetically ac tive radiation· fiux of 1 70 W/m2 ( 0 , 4  � 0 . 7  ).Jll\ wave 

band from Sylvania "metal arc" and Philip tungs ten iodide lamps) 

throughout the pho toperiod . Carbondioxide concentration was uncontrolled . 

Plants were fed wi th modified Hoagland ' s  solu tion a t  200 ml per po t 

per d ay 30 minu tes b efore the dark period . The plants were thinned from 

1 5  to 6 per po t by week 4 and 3 by week 5 .  Selec tion was based on 

evenness of height  and l eaf  number . 

Soil  desiccation trea tment star ted when the sixth leaf (youngest 

leaf)  was about 20-30 mm clear of the preceding l eaf sheath and the 

time designated as day 0 .  Desiccation treatment consis ted o f  wi thholding 
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wa ter from the soil until the mean daily leaf extens ion rate of the 

younges t leaf had ceased for 24 hours . Control treatment cons is ted of  

plants watered daily -wi th 200 ml  of  nutrient solu tion per day . For 

each treatment (i . e .  2 cul tivars and 2 soil mois ture treatments) 4 

plants were tagged and used for  leaf ex tension rate measurements . 

Changes in leaf leng th ( s um of  lamina and shea th extension) were 

recorded 4 times per day at 0900 , 1 300 ,  1 700 and 2100 hours . The leaf 

extension ra tes were made wi th a ruler placed _agains t the bas e of  the 

plant using the soil surfa,ce as a r eference point and measured to the 

tip o f  each leaf ._ Measurements of - each leaf s tar ted when it firs t 

appeared and continued until the ltgule appeared . 

Leaf wa ter po tentials were measured with a pressure chamber (Boyer 

1 969) . Samples for leaf water po tentials were taken from the entire 

lamina of the younges t mature leaf . Up to 6 sampl es were taken for each 

treatment per sampling time . Leaf water po tential measurements were 

taken at  0830 , 1 100 ; 1500 , 1 900 and 2200 hours . Details  of  the timing 

of leaf extension rate and leaf water potential measurements rela tive 

to the diurnal changes in temperature and VPD was similar to the experi

ment on prairie grass (Figure 3 . 3) however the values of air temperature 

and VPD were differen t .  

3 . 4 . 4 . 1  Diurnal pattern o f  leaf extension rate and l eaf water 

potential 

The diurnal time course  of l eaf extension rate for the 2 tempera ture 

regimes are presented in F igure 3 . 8a and b .  Although there was no 

consis tent pattern , especially at the lower temperature (L) 
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(Figure 3 . 8b) , generally speaking during Time C (maximum temperature) 

l eaf ex tension rate in the well-watered control plants for both cul tivars 

tended to be highes t and for Time A (minimum tempera ture) leaf ex tens ion 

rate was the lowes t .  Th e uneven nature o f  the diurnal leaf extension 

rate in th e control plants could be due to the technique used in record ing 

leaf ex tension . Normally , in ry egrass when a leaf emerges , leaf 

ex tension wil l  reach i ts highes t rate and will  be followed by a fairly 

steady ra te, over a period of abou t 3 to 4 days, before a rapid decl ine 

when the l igu le emerges (Wardlaw ,  1 969) . In this experiment l eaf 

extension rate was measured on leaf 6 on  day 0 and by day 7 i t  would 

have become necessary to transfer the measurement to leaf 7 .  The 

changing over from leaf 6 to leaf 7 could account for thi s  ' 'nois e' ' , 

Al though by and large , control rates were higher than the s tress 

rates from day 3 onwards in L treatment and from day 4 onwards in H 

treatment ,  s tatis tically significant differences between the water 

deficit  treatments were no t consis tent .  This was due mainly to  the small 

number of  r eplicates used and also to the fact that there were greater 

between replicate variations varying, for example, _from 10 to 3� mm per 

day even for control rates in . Ruanui . That ryegrass leaf extension 

growth is far less uniform than Grasslands Matua prairie grass has also 

been no ticed by Rumball (Pers . Comm . ) . 

The diurnal time course of  leaf water po tential is presented in 

Figure 3 . 9 a and b .  The overall pattern of l eaf wa ter po tential response 

was s imilar to that of  prairie grass reported in sect ion 3 . 3  (Figure 

3 . 4) . Minimum values for l eaf water potentials in the well-watered 

control plants were normally r eached when both temperature and VPD were 

highes t ( i . e . ,  Time C) and the maximum leaf water potential of about 

-0 . 20 }Wa occurred only during the dark period ( i . e . , Time A) . 
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Figure 3 . 9  Diurnal time course of  leaf water potential for  Ruanui and Nui 
ryegrass during several days of a drying cycle . 

(b) under -low . temperature regime ( 17 .  5° I 1 2 . 5° C )  
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By and large , signif icant differences between well-watered control 

and s tress treatments b ecame consistent after day 5 in both tempera ture 

regimes . 

Although differences between control and s tress reached 0 . 20 -

0 . 30 MPa on day 4 in the low temperature regime ( Figure 3 . 9b) , mos t 

o f  these were not s i gni f icant b ecause of large between sample variations . 

Under severe desiccation conditions , as was the case from day 6 

onwards , s tomata were c losed (Appendix 3 . 1 ) and transpiration rates 

were much reduced (Appendix 3 . 2) .  The reduced transpiration rate 

could cause an increase in leaf temperature . Although the closing 

of s tomata can be  consi dered as a means of reducing water los t through 

higher stomatal res i s tance the increase in leaf temperature may offset  

the increased s tomatal resis tance (r.owan and Troughton 1 9 7 1) . ' - ' 

The extent to which p lants can prevent fur ther water losses under high 

temperature conditions is not clear . When Figure 3 . 9  ( a) was cqmpared 

with Figure 3 . 9  (b) an apparent effect due to temperature was eviden t  

after day 6 .  

3 . 4 . 4 . 2  Mean daily leaf extension rate 

Figure 3 . 10 a and b present the mean (24 hour) leaf extension 

rates for the two cultivars under the two t emperature regimes over the 

first 7 days . I t  was clear that the higher (approximately 20% , P < 0 . 05)  

leaf extension rate of Nui was only evident under the higher temperat-

ure treatment . Fur thermore , this advantage in leaf extension rate 

was maintained under desiccation (Figure 3 . l la) . Whereas under the 

lower temperature regime (Figure 3 . l lb )  the leaf extension rate of  

Ruanui was similar to  that of the higher temperature at about 20 mm 

per day , and that· of Nui was simi lar to Ruanui . · These values were 
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Figure 3 , 10 Mean daily leaf extension rates for Ruanui and Nui ryegrasses 
during a drying cycle . 
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. Figure 3 . 11 Mean daily leaf extension rate of Nui expressed relative to · 
Ruanui . ( l . O) during a drying cycle . 

(a) under high temperature ( 27 . 5°/ 1 2 . 5°C) 

0 0 (b) . under low temperature ( 1 7  , 5  / 1 2 . 5  C) 
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the average of 7 days . As will be discussed later , when averaged over 

26 days (section 4 . 3 . 4 . 2) Nui had a 27%  greater leaf extension rate under 

the H and 1 3% greater under the L temperature regimes than Ruanui . 

3 . 4 . 4 . 3 The relationship between leaf water potential and leaf 

extension rate 

The relationship between leaf water potential and leaf ext ension 

rate for the 4 time periods was scattered and the pattern was very 

similar to that of the unadj usted prairie grass data ( Figure 3 . 6 ) . 

The normalisation procedure as suggested was used to adj us t the data 

set from this experiment , and the normalised values were presented 

in Figure 3 . 1 2  a and b .  Normalis ation had only improved the data 

from the high temperature regime ( Figure 3 . 1 2a) . In the case o f  ryegrass 

the relationship between leaf water potential and leaf extension rate 

was more linear than the relationship repor ted for prairie grass . In 

the low temperature regime the relationship was far from consis ten t .  

This was mainly due t o  the responses of  the diurnal leaf extension rate 

under the lower temp erature condi tions (Figure 3 . 8b ) . The small 
r 

maximum-minimum temperature difference (5°C) for the L treatment could 

be the reason for the inconsis tent pattern of leaf extension rate response . 

It  seems , at leas t from the results of  this experiment , the normalis-

ation procedure suggested earlier is more suitab le when leaf extension 

rate in desiccated plants is proportional to the well-watered control 

rate .  I t  also emphasises the importance of  temperature in influencing 

leaf extension rates . 

There were marked differences between prairie grass and ryegrass :· in the 

leaf water potential a t  which 50% depression o f  leaf ex tens ioD rates occurred . 

Leaf extension rate in p�airie grass , fell to 50% of con trol rates when leaf 

water potential fell to approximately -0 . 25 MPa lower than the control 
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TABLE 3 . 1 Comparison of  regressions between lea f  water potential 

(LWP) and leaf extension rates (LER) for two ryegrass 

cultivars under di fferent tempera ture regimes . 

y = a + b log X ,  where y LER (mm/day) e 

Temperature regime Cultivars 

Nui 

Ruanui 

Nui 

Ruanui 

x = LWP ( bars) 

y 

y 

y 

y 

Regres sion Equation 

4 .  9 3  

3 . 75 

3 . 08 

2 . 85 

1 .  54 logeX 

1 . 14 log X e 

1 . 0 1  log X e 

0 . 9 1  log X e 

(Units of LWP in bars , 10 bars = 1 MP a) 

0 . 80 

0 . 6 7 

0 . 6 7 

0 . 7 3 

F test b etween cultivars (F  test according to Snedecor and Cochran , 

196 8 :  see Appendix 4 . 1 for details) ( d . f . : 1 24) . 

for s lope H temp F = 1 . 5 7  NS  

L t emp F 0 . 15 NS 

for elevation ( constant)  

H t emp F 7 . 90* 

L temp F = 0 . 02 NS 

(* p <0 . 05)  

5 7 . 
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values (Figure 3 . 7 ) , whereas the 50% leaf extension rate in ryegrass occurred 

when leaf water po tential o f . the desiccated plants was approxima tely -0 . 7 0 }Wa 

lower than the control values (Figure 3 . 1 2a) . This indicated that the 

leaf extensi on rate - leaf water potential relationship was not unique 

but varied with 'time' · ( Figure 3 . 6 ) as well as wi th species . On the 

evidence presented here , one is  tempted to speculate that ryegrass leaf 

extension rate is less sensi t ive to increasing water deficits than 

prairie grass .  The extent t o  which leaf water potentia! can be  dif ferent 

between these 2 species at the s tem base or nearer to the actual zone 

of  leaf ext ension is not known . 

To compare the two ryegras s cultivars , only the leaf 

water potential and leaf ext ension rate values collected during Time 

C are presented in Figure 3 . 1 3  a and b .  Regression equations (Y = a + b 

log X) were fitted through the data sets and these are shown in Tab le 3 . 1 .  e 

Although no significant difference was detected between the s lopes 

of  the regression lines for the two cult ivars under b oth temperature 

regimes , a significant ( P < 0 . 05) difference was detec ted for the 

constant ( a) between Nui and Ruanui ryegrass cultivars under the higher 

temperature regime . This again reflected a temperature response by 

Nui under the H treatment . 
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CliAPTER IV 

THE EFFECTS OF WATER DEFICIT ON SUBSEQUENT RECOVERY GROWTH 

.IN PASTURE GRASSES 

4 .  1 INTRODUCTION 

59 . 

The rapid formati on o f  new leaf tissue is desirable in pas ture 

grasses both to maximise the amount of light energy trapped by the 

canopy for dry matter produc tion (Brougham , 1956 ; Watson , 1956)  and 

because the leaf tissue itself cons titutes the economic yield . The 

rate of growth of leaf and t iller during the per iod of drought  and also 

the speed of their re covery will influence the productivity and perenn

iali ty o f  pas tures . 

Li ttle appears to be  known about the recovery of leaf growth 

following rewatering on the sub sequent plant performance , even though 

physiological evidence indicates that relative ly small reduc tions in · 

leaf water status can have sub s tantial effects on leaf growth (Boyer , 

1968 , 1 9 70a ; Hsiao , 19 7 3 ;  Experiment 2 and Experiment 3 of this study) . 

The rate and amount of  tillering is generally reduced under water s t ress 

(Langer , 1963) but again little is known about the rates of tiller 

recovery after the water status returns to  normal .  

A knowledge of  the responses of  leaf and tiller recovery growth 

following different dura tions of water deficit may help towards a 

b etter understanding in grassland productivity under dryland s ituations . 

Furthermore , this  information may also be  useful in any irrigation-

pas ture growth model , where at present , recovery growth af ter a period of 

water defici t is often assumed to return immed iat ely to well-watered rates . 
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( Wright and Baars , 1 9 75) . 

In the following two secti ons o f  this Chapter , the effects of  

water de ficit  on the rates of  recovery in leaf emergence , leaf extens ion , 

tiller number , leaf number , leaf area and plant dry weights ,  in two 

pas ture grasses , are presented . Section 4 . 2  (Experiment 4) has been 

submitted as a paper ( Chu et aZ . � 1 9 79) . 
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4 . 2 EXPERIMENT 4 - RECOVERY GROWTH FOLLOWING WATER DEFICITS OF DIFFERENT 

DURATION IN PRAIRIE GRASS 

4 . 2 . 1 Abs tract 

The recovery of rates of leaf emergence , leaf extension , tiller 

number , leaf number , leaf area and shoot dry weight per plant following 

wa ter defici ts lasting for between 10 and 28 days was measured in 

prairie grass (Bromus cathar ticus) in a controlled environmen t .  

The rate of leaf extension re covered to the rate of control plants  

within 4-6 days of rewa tering . Rates in rewat ered plants  then exceeded 

control p lants for up to 28 days . During thi s time 4 or 5 new leaves 

emerged . The maximum rate of leaf extens ion for individual leaves 

during recovery was �p to 20% high er than rates typical for leaves of  

the same insertion on wel l  watered control plants . 

Similarly elevated rates oc curred during the recovery phase for 

several other components  of yield . After rewatering , following the 28 

day water deficit , the rate of increase in tiller number , leaf number , 

and leaf area per plant was greater than control rates by up to 38% , 

48% and 5 1% respectively . Rates for these components  of yield then 

normalised 20 days af ter rewatering . 

There was no comparable response upon relief from desiccation 

in the case of rate o f  shoo t dry matter accumulation . F inal shoot dry 

weight was approximately proportional to the number of "non-drought" 

days which was defined as those days on which the leaves showed no s ign 

of wilting . This also corresponded to day time leaf water potentials 

higher ( less negative) than - 1 . 40 MPa.  
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4 . 2 . 2  Introduc tion 

There are sugges tions that during the per iod when leaf area is impor tant 

in determining growth rates e . g . , in newly sown or recently defoliated 

pas ture ,  the reduc tion in the rate of leaf area expansion due to wa ter 

deficit can adversely affec t green herbage dry ma t ter yield (Hs iao , 1 97 3) . 

Since leaf extens ion in grasses can be affec ted by rela tively low levels 

of  wa ter defici t ,  the ques tion is whether there is  a cri tical duration o f  

suspension in leaf ex tens ion growth during which the ability of  the plant 

to recover is affec ted , i . e .  whether there is a positive or nega tive 

carryover ef fect due to the suspens ion of l eaf extens ion growth . 

Growth rates hig�er than well-wa tered control rates have been repor ted 

in desiccated plants upon r ewatering , for example  in tomato by Ga tes ( 1 9 55a , 

1966b) , in sugar beet by Owen and Watson ( 1 956) and in tobacco by Hop kinson 

( 1 968) . However the extent  to which the effect of dura tion of wa ter d ef icit  

have on the ability of pas ture grasses to recover , and whether there is 

true compensatory growth , is  largely unknown . 

This sec tion reports the effects of different dura tions of water 

deficit on the recovery rates o f  l eaf emergence ,  leaf extension , tiller 

number ,  leaf number , leaf area and dry weigh t  per plant in prairie grass . 

4 . 2 . 3  Materials and Methods  

Prairie grass (Bromus catharticus Vahl , c .v .  Grasslands Ma tua - a 

perennial pas ture grass) was grown from seed under controlled environmental 

conditions . The air temperature was 22 . 5°/ 1 2 . 5° ± 0 . 5°C day/nigh t ,  with 

a 2 . 0/0 . 2 RPa air vapour pressure deficit  (VPD) day/night ( equivalent to 
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relative humidity 26/86 ± 5% day/nigh t) . The diurnal change in temperature 

and VPD was programmed to occ·ur at a cons tant rate of change over 4 hours 

immedia tely inside the day period . The pho to syn thetically ac tive radiation 

flux density was 1 7 0  W/m 2(0 . 4 - 0 . 7  )Jm waveband from Sylvanis "metal-arc" 

and Philip tungs ten iodide lamps) throughout a 12 hour pho toperiod . The 

carbon dioxide concentration was uncontrolled . 

The seeds were sown into 2 . 3  litre po ts wi th a mix ture of  Opiki peaty 

loam ( 7 0% by volume) and sand ( 30%) . The plants were thinned from 9 to 2 

p er po t by week 5 ,  selecting for evenness of  height  and leaf numb er . During 

the experiment plants were watered wi th modified Hoaglands solution at 200 ml 

per po t per day , 30 minu tes before the b eginning of dark period . 

Trea tment s tar ted when the six th l eaf (younges t leaf) was 1 0-20mm 

clear of the preceding leaf sheath ,  this  was designa ted as day 0 .  

Trea tments will be referred to in the following manner : 

Control 

S tress 1 

S tres s  2 

( C) plants watered daily , 200 ml per po t .  

( S 1 )  water deficit  was imposed by wi thhold ing wa ter from the 

soil until day 1 0 ,  when mean daily l eaf extension rate 

reached approxima tely 20% of the control rates . Rewa tering 

was done by s tanding the pots in a tray of wa ter for 2 

hours to saturate the soil fully . Thereafter ,  wa tering 

was continued as for control plants . 

( S 2) water withheld a s  in S 1 , but the leaf extension rate 

was maintained a t  less  than 20% of control for 9 days 

by giving 10  ml of water per day inj ected through a 

funnel which had the spout buried 3 cm into the soil . 

The procedure of  rewatering on day 1 9  was s imilar to 

that  of S 1 . 
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Stress 3 ( S 3) water wi thheld and low leaf extension rate maintained 

as in S2 for 1 8  days . Rewatering on day 28 was 

similar to S 1 .  

A low level of desiccation was maintained and was j ust suf ficient 

to reduce leaf area expansion to a very low rate relative to the control 

without caus ing excessive leaf senescence .  

Ten replicate plants were used for the leaf emergence and leaf 

extension measurements . The same p lants were used for, these measurements 

throughout the duration of the experiment . 

A leaf was counted as "emerged" when it  could f irst  b e  seen proj ecting 

beyond the preceding leaf sheath . Each leaf on the main ti ller was 

· tagged with a coloured wire loop and the number of leaves on the main 

t iller was coun ted dai ly .  

Changes in leaf length ( lamina and sheath) were recorded daily , 

this was measured with a ruler placed against the base of the p lant 

us ing the soil  surface as a reference point . 

Both the youngest  and the second youngest leaves were measured . 

As s oon as  the next leaf (e . g . l eaf 7) appeared , leaf 6 b ecame the 

second y ounges t leaf and measurement on leaf 5 ceased 2 4  hours later . 

The mean extension rate of  the youngest  and second youngest  leaves 

were within + 1 . 5% o f  each o ther . 

Five repl icates were used for the destruc tive harvests  whi ch were 

made on days 0 ,  10 , , 19 ,  2 8 ,  38 and 47 , where days 10 , 19 and 28  

represented the end of  desiccat ion for  S 1 ,  S 2  and S3  respect ively . 
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Within each replicate the treatments were arranged at rand om on the 

trollies , but with at least · 10 cm between pots af ter day 28 to 

minimise shad ing . There were 2 p lants per replicate,  hence treatment 

means were the means o f  10 plant s .  

At harves t ,  plan ts were cut below the crm.Jn without breaking 

the tillers . The t i l ler and leaf numb er per p lant were coun ted . The 

laminae were s eparated from the sheath and the immature leave s cut 

at  the ligule of the youngest mature leaf . The sheath category 

therefore included al l unexpo sed immature leaf tissue . Laminae 

area were measured wi th an elec tronic leaf area meter . Dry weights 

were recorded for the laminae , sheaths and dead components . Dead 

laminae and dead sheaths were bulked as dead matter . Dry weights 

of each component we,re taken af ter drying at 35
°

C for 24 hours , 

in a vacuum assis ted oven . Relevant statis tical me thods and procedures 

are presented in Appendix 4 . 1 .  

4 . 2 . 4  Results  and Discussion 

4 . 2 . 4 . 1 Rate o f  leaf emergence 

The rate of leaf emergence on the main tiller is shown in 

Figure 4 . 1 .  Most of 'the control plants reached leaf 16 by the end 

of the experiment . Leaf emergence rate in the desicca tecl plants star ted 

to slow down af ter day 5 ,  by then mos t of the desiccated · plants had 

reached leaf 7 .  From then on no  f urther leaf appeared in the s tress 

treatments until rewatering . 

The leaf emergence rate for the c ontrol plants between leaves 

8 and 12 was relatively cons tant , averaging 4 . 1 ± 0 . 5  ( standard error 

of the mean) days per leaf . The rate for leaves o f  the same 
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insertion in plants whi ch had been d esiccated were slightly fas ter 

during their recovery phase . The mean leaf emergence rates were 

3 . 9 ± 0 . 4 ,  3 . 7  ± 0 . 2  and 3 . 8  ± 0 . 4  d ays per leaf for S 1 ,  S 2  and S 3  

treatments  respectively (Figure 4 . 1) .  

Th e slightly faster , although statistically non-s ignificant , 

rate of leaf emergenc e in the stressed plants was due mainly t o  a 

shorter interval between leaves 8 and 9 ,  the firs t leaves to emerge 

following re\vat ering . The rates were about 3 days per leaf as 

compared wi th 4 days per leaf in the control treatment . For many 

pasture grasses the rate of leaf emergence appears to b e  constant 

with time when grown under controlled environments ( Silsbury , 19 70) . 

4 . 2 . 4 . 2  Rate of leaf extens ion 

The rate of leaf extension began to fall three days after water 

was wi thheld and continued to fall rapidly until day 10 when rates 

were approximately 15% of those in control plants (Fig . 4 . 2 ) . 

Leaf extension rates had fallen to 7%  of control rates by day 2 8  in 

the longest desiccation treatment ( S 3 ) . 

Some wilting o f  leaves was observed by day 6 .  Most  of the leaf 

extension in the desiccated plants occurred during the d ark period 

(between 2-5 mm per day) . This degree of inhibi tion of  l eaf growth 

was j us t  sufficient to prevent accelerated senescence of the old 
\ 

leaves . By d ay 1 9  some leaf tips in the S2  and S 3  p lants  were dead . 

These p lants were wilted during the mid-day period but did regain 

some turgidity at  night . 

Within 2-3 hours of rewatering a response of leaf ext ension rate 

was measurab le . Even earlier responses  were detected by Acevedo et a Z .  
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TABLE 4 . 1 Mean leaf extension rates for each leaf insertion 

level on the main stern measured from its appearance 

until the appearance of  the next leaf (mm/day) . 

Treatments Control S tress 1 Stress 2 S tress 3 

Leaf 7 

8 

9 

10 

1 1  

1 2  

2 7 . 6  ± 0 . 6t  16 . 0  ± . 2 . 4t* 

26 . 2  0 . 4  27 . 1  1 . 2  

26 . 5  0 . 7  3 1 . 7  1 . 4  

2 8 . 0  1 . 3  35 . 9  1 . 9  

30 . 9  1 . 3  38 . 2  1 . 5  

3 2 . 1 1 . 8  3 1 . 6  1 . 8  

t s tandard error of the mean 

14 . 0  ± 2 . 6t* . 9 . 1  

20 . 1 4 . 4  1 5 .  1 

32 . 6  1 . 8  2 7 . 7  

35 . 4  1 . 3  35 . 7  

38 . 2  2 . 2  36 . 7  

39 . 1 2 . 1  3 7 . 1  

* leaf ext ension rate on f irst  day of rewatering 

± 4 . 1 t* 

3 . 6  

3 . 3  

0 . 7  

0 .· 7 

3 . 1  

6 7 .  
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( 19 7 1 ) . Using a linear variable different ial transformer they 

detected an increase in leaf extension rate within less than a minute 

of rewatering mildly desiccated young mai ze leaves .  

Because desiccation de lays leaf ontogeny (Fig . 4 . 1 ) it  i s  us< ful 

to make comparisons between control plants and those recoveri ng 

f rom des iccat ion on physiologically comparab le leaves and not j us t  

leaves which happen t o  b e  undergoing elongation at the same t ime 

(Fig . 4 . 2) .  Table 4 . 1 presents mean rates of leaf extension for each 

individual leaf insertion level on the main stem . 

On the first day of rewatering leaf extension in the S 1  plants 

(leaf 7 )  increased to 58% of control rates and took 4 days to reach 

levels similar to the rate of extension of leaves of th e same 

insertion on control plan ts (i . e .  leaf 8 ,  Table 4 . 1 ) . Recovery of 

leaf extension on the first day of rewatering was 5 1 %  and 33% 

of controls for S2 ( leaf 7) and S3 plants ( leaf 7) respectively . 

It  took 5 days for S 2  and 6 days for S 3  plants to reach control 

rates and in both cases this occurred as leaf 9 emerged ( Table 4 . 1) .  

Leaf water potential measured during the predawn period on the 

first day of rewatering showed overnight recovery but was still  

0 . 50 MPa below those of  control p lants ( Section 3 . 3 . 4 . 1 ) . As no 

further leaf water potential measurements were taken it was not  

known whe ther the lower rates observed in leaf 7 ( for S l ,  S 2  and S 3) 

and leaf 8 ( for  S 2  and S3)  (Table  4 . 1) were due to leaf water potential 

or s ome o ther reasons . One poss ible explanation was that of  advancing 

physiological age in these leaves . During desiccation leaf extension , 

up to 15%  of control rates , did occur (Figure 4 . 2) ,  hence these 

leaves would b e  physiologically older than when s tress was first 
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effective (day 6) . Upon rewater ing they could be in the region of 

lower growth rate . Extension rate of grass leaves fall .off  rapidly 

after an ini tial high and relative ly constant rate of 3-4 days 

(Wardlaw ,  1969 ) . Under mild but  pro l onged desiccat ion cell walls 

could become hardened even in the poorly expanded cells , thus leading 

to an overall reduced leaf extension rate upon rewatering . 

For four weeks or so  after firs t regaining control rates , leaf 

extens ion rates in the S 1 ,  S 2 ,  and S3 treatments were higher than 

control rates (Fig . 4 . 2) .  Higher rates of leaf extension upon relief 

of water deficit have been reported for young maize leaves (Acevedo 

et a Z . �  19 7 1 ) , but the faster extension growth in that case las ted 

only a frac tion of an hour . In Lo Zium perenne� Lawlor ( 1 972)  

reported that leaf extens ion rates in des iccated plants was 1 . 8  

times fas ter than control 14  h af ter rewatering . The rate increased 

to 4 times fas ter by day 3 and only returned to leve ls similar to 

control plants 8 days after rewatering . In the present experiment 

the faster leaf extens ion rate occurred only af ter 4-6 days and 

las ted over an extended period during which 4 or 5 new leaves emerged . 

The higher extension rates of leaves 9 ,  10 and 1 1  for S 1 ;  

leaves 9 ,  10 , 1 1  and 1 2  for S2  and leaves 10 , 1 1  and 12  for S 3  

(Tab le 4 . 1 ) are more difficult  t o  explain . In prairie grass , during 

the vegetative stage , normally only 3 leaf primordia were found to 

be present at the stem apex , with 3 immature leaves in various s tages 

of expansion (Karim , 1 9 6 1 ) . · A similar number of leaves were recorded 

by Hill ( 19 7 1 ) before the onset of "double-ridging" s tage in prairie 

grass . In this experiment the plants were maintained in the veget

ative s tate (checked by api cal dissection during the experimental 

period) . This meant the youngest  leaf primordia would be  6 plas to

chrons from the fully expanded leaf i . e . , the youngest mature leaf . 
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Us ing S 1  plants as an example , an attemp t will be  made to explain 

these observed higher rates . . When stress was effective (day 6)  

the younges t mature leaf for  S 1  plants  was leaf 4 .  The youngest  

leaf primordia would therefore be leaf 1 0 . Although the rate 

of leaf primordia initiation and the rate of leaf appearance could be 

different , under uniform condi tions these two paramet ers can be 

rela tively c onstant (Silsbury , 19 70) . Assuming that the rates of 

appearance of these two parameters are similar at 4 days per primord ium 

or  leaf , lea f  1 1  would have been initiated by day 10  (day of rewatering) . 

I f  this  assump tion was correc t ,  by day 10 , in S 1  plants the 3 leaf 

primordia would be that  of leaves 9 ,  10 and 1 1 .  The dif ferential 

effect of water deficit on cell division and cell elongation (Clough 

and Milthorpe , 19 75) could then have allowed cell d ivision in the 

primordia whi le expansion remained s uppressed . In this event , 

rapid cell expansion in these primordia could occur following rewatering , 

g iving rise to th e observed high rates . However , as no leaf primordia 

c ount was conducted in this experiment , this explanation can only be 

speculative . 

A fall in leaf extension rates occurred in the control and S 1  

treatments between days 29 and 32 because insufficient water had 

been added to allow for the increased transpiration that accompanied 

the rapid increase in leaf area over. that period . Nutrient application 

was increased to 200 ml twice daily but it  took 3-4 days b efore the 

response returned to normal . The data for these d ays have b een 

omi tted for Fig . 4 . 2 .  

Leaf extension rates were measured only on l eaves which were 

in their most rapid phase of elongation . A more complete picture 

of the significance of the period of water deficit  and the recovery 

phase can be obtained from changes in the whole p lant growth components . 
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4 . 2 . 4 . 3  Rate of incren se in growth components 

The rate of increase in tiller number ,  leaf numb er ,  leaf area 

and shoot dry weight per plant were all depressed within the firs t 

few days of water being withheld (Fig . 4 . 3) .  During the period of  

water defici t  the numb er of ti llers per plan t continued to increase 

s lowly . There was also a small increase in the leaf number per p lan t 

and leaf area per plant during the first 19 days . By day 2 8  a 

subsequent decline due to senescence had partially offset  this increas e .  

The amount of dead material on day 28  was not great however ,  representing 

only 3% , 2% , 3% and 5% of  control , S 1 ,  S2 and S3  plan t  dry weights 

respective ly . 

On an nnadj us u�d h asis , the overall effect of the desiccation 

treatment was least for ti ller numbers and the greatest for shoot 

dry weights . By the end of the experiment S 3  plants had 64% , 48% , 

32% and 2 7%  of control values for tiller numb er ,  leaf number , leaf 

area and shoot dry weight per plant respectively . 

A s imple and reliable relationship between the duration of  water 

deficit and the degree of dry matter yield depress ion that result s , 

would be a useful tool for pasture management .  The essential 

ques tion is whe ther there are s ignif ic ant positive or nega tive carryover 

effects o� whether the loss of yield i s  proportional to the duration 

of water defic i t .  This was tested using a plant based criterion 

to determine the effe ctive duration of  water deficit  and then adj ust

ing for the number of these "drought  d ays" to allow comparison among 

treatments  of  the recovery pattern . A "drought day" was defined as 

any day for which all the leaves were wilted during the d ay period . 

During this period , leaf water potentials measured with a pressure 

chamber 2 to 3 _hours into the photoperiod averaged -1 . 4 1 ± 0 . 25 MPa . 
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·
Patterns . of recovery o f  growth components i n  prairie grass 
after water defi cits of different duration . 

(a) tiller number . per p lant 

(b) leaf number per plant 

(c) leaf area p er plant 

(d) shoot dry weight per plant . 
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\Hl ti ng was firs t evident at about - l .  40 :MPa on day 6 and at this 

stage the mean daily leaf extensi on rate was less  than 40% of control 

rates ( sec tion 3 . 3 . 4 . 1 ) .  

By removing the "drought days" from the chronological time 

scale ,  the pattern of  recovery growth rel ative to the control over 

the "non-drought days" wil l  indi cate any carryover effects . Figure 

4 . 4  shows the changes in growth components with respec t to the number 

of "non-drought days" which numbered 47 , 4 3 ,  34 and 24 for C ,  S 1 ,  S 2  

and S 3  treatments respectively . At a first approximation , at  leas t 

for the shoo t dry weight per p lant data ,  the S 1 ,  S 2  and S 3  treatments 

followed the curve drawn through the values for the control plants . 

Thi s indicated that the suppres sion of shoot dry weight per p lant 

was proportional to the duration of the period of water defici t .  

However the rate o f  increase in tiller number , leaf number and leaf 

area per plan t  showed less suppression due to desiccation reflec ting 

the accelerated growth that occurred during the recovery period . 

In order to follow the recovery phase of the growth componen t  

more closely , regression equations of the form Log Y = a + b X  were e 

fitted through the data set . The value of each replicate for the 

first 4 harvests (excep t for S3 where only 3 harvests were used) 

in Figure 4 . 4  was used as an obs ervation in the regression calculation . 

The results  are summarised in Tab le 4 . 2 .  Comparisons of regression 

s lopes  were based on the F test by S nedecor and Cochran ( 1968) . 

The rates of shoot dry weight increase following desiccation 

became lower as the duration of desiccation increased . The differ-

ences were small ( 16%  faster than controls to 1 1% s lower) and non-

s ignificant among all  treatments . Larger differences between control 
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TABLE 4 . 2  Linear regression analysis ( log Y = a + bx) for growth e 

components during the recovery phase in prairie gras s , 

where Y = growth component and X = time in days . 

(up to  29 days for C ,  S 1  and S 2 ;  20 days for S3)  

Growth component Treatment Regression Cons tant R2 F test 
Coefficient between 

regressi on 
coe ffi cients  

Tillers number c 0 . 0547  1 .  10  0 . 82 a* 

per plant S 1  0 . 06 76 0 . 79 0 .  9 1  ab 

S2  0 . 0626 1 . 0 3  0 .  9 3  ab 

S3  0 . 0754  0 . 9 8  0 . 9 3  b 

Leaf number c 0 . 09 39 2 . 7 3 0 . 82 a 

per plant S 1  0 . 06 7 3  2 .  35 0 . 9 5 ab 

S 2  0 . 06 7 0  2 . 4 7 0 . 9 7 ab 

S 3  0 . 0 7 9 7  2 . 36 0 . 9 4 b 

Leaf area c 0 . 0 79 5  4 . 86 0 . 90 a 

per plant S 1  0 . 1 0 1 5  4 .  30 0 . 9 7  b 

( cm2 ) S 2  0 . 1065  4 . 28 0 . 96 b 

S 3  0 . 1 19 0  4 . 10 0 . 9 8· b 

Shoot dry c 0 . 07 77 4 . 2 3 0 . 85 a 

weight per p lant S 1  0 . 090 1 3 . 80 0 . 83 a 
-

S 2  · o . o89 2 3 ,_9 3 0 . 9 5 a 

mg S 3  0 . 0694  4 . 38 0 . 84 a 

* Values with common letters are s tatistically non-significant at 5% 

level of probab i lity .  
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plants  and desi ccated plants  were found for the other growth components . 

During the recovery f rom desiccat ion the rate of tiller formation was 

between 14-38% fas ter than controls . The rate of leaf number increase 

was 24-48% faster than controls . Only the longes t  desi ccation treat-

ment gave dif ferences th at were s tatistically significant (P < 0 . 05 ) . 

The rate of leaf area increase was between 2 8-5 1%  faster than controls 

and the dif ferences were signi ficant (P < 0 . 05) for all three treatments , 

reflecting the higher leaf extension rates measured during the recovery 

phase (Fig .  4 . 2  and Tab le 4 . 1 ) .  

I t  is of  interest to note  tha t the longer duration s tress treatment s  

had a higher rate of  leaf area expansion b ut a s lower rate of  dry weight 

increase . Dif ferential responses of leaf area and dry weight 9ave been 

reported by o thers . For example , Meads ( 19 75) ob served that 

in a sward o f  f i eld grown perennial ryegrass during recovery from severe 

defoliation , leaf area recovered immediately whereas dry weigh t  decreased 

ini tially over the firs t  3 to  5 days before increasing . The utili�zation 

of reserves during regrowth could cause the reduction in dry weights 

(Milthorpe and Davidson , 1966 ) . 

The choice of  the criterion used for determining the number of  

drought days was arb itrary . The implication that growth stopped 

instantly on the first drought day and returned to  control rates on the 

f irst non-drough t  day was an oversimplification .  Nonetheless , a 

s imple relationship such as the one used above would be  useful i f  it  

were found t o  apply in  a wide enough range of  conditions . 

A similar suspension o f  physiological activity during periods of  

water deficit with resumption soon af ter rewatering at  rates whi ch were 

normal for the s tage of ont ogeny for the tissue was found for apparent 
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photosynthetic  rates in Panicum maXbmum by Ludlow and Ng ( 19 7 4) . 

Other workers have reported enhanced growth rates upon recovery 

from a period of water deficit , for example in tomato (Gates , 1 955a , 

19 55b) sugar bee t (Owen and Watson , 1956)  and tobacco (Hopkinson , 1 9 68) . 

However , i t  i s  not clear whether this  i ndication of enhanced gro\v th 

is real in physi ological terms or simply due to the int erac tive e f fect  

wi th stage of plant deve lopment . The importance of such interaction 

in interpreting results  has been clearly indi cated by Lud low and Ng 

( 19 74) and Ng e t  a l .  ( 19 75) in  their work with Panicum maximum where 

water deficits  delayed ontogeny in terms of apparent photosynthesi s ,  

stem elongation and flowering . 

In the present �xperiment , recovery growth at higher than control 

rates did occur over several d ays in the rate of leaf extensi on (Figure 

4 . 2  and Tab l e  4 . 1 ) and in the rate of tiller number ,  leaf number  and 

leaf area increases (Tab le 4 . 2) .  The overall effects of these accelera ted 

responses on p lant dry weight were however minimal (Figure 4 . 4d) . The 

loss in yie ld , as represented by shoot dry weight per p lant was approx

imately proportional to the durat ion of the period of  water defici t .  
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4 . 3 EXPERIMENT 5 - RECOVERY GROWTH FOLLOWING DIFFERENT LEVELS OF WATER 

DEFI CIT IN TWO CULTIVARS OF RYEGRASS UNDER TWO DIFFERENT 

TEMPERATURE REGIMES . 

4 . 3 � 1 Ab stract 

Th e rat es of  leaf emergence , leaf extension , t i ller number , leaf 

number ,  leaf area and plant dry weight increases \vere measured following 

different levels of water d eficit last ing up to 12 days in two cult ivars 

of ryegras s (Nui and Ruanui) under two controlled temperature regimes . 

The levels of water deficit were �. represen ting well-watered control ; 

�. rep re�ting s tress duration last ing until  2 4  hours after the 

cessation of leaf extension growth in the youngest leaf and �, 

representing a fur ther stress period of 6 d ays from S 1 .  S tress was applied 

by wi thholdi�g wa ter from th e soi l . The t empera tures were 27( 5°( 1 2 . 5°c 

( day/nigh t) designated as H temperature treatment and 1 7 . 5° / 1 2 . 5°C 

designated as L temperature treatment . 

S ignificant  differences were detected for leaf emergence rates 

be tween temperature treatments and between different leaves depending 

on the order of insertion on the main s t em .  However , there was no 

difference in leaf emergence rates between cultivars . 

Under well-watered condi tions , over a period of 26 days , Nui had 

approximately 27% faster rate of leaf extension than Ruanui under the 

H temperature , but was only 1 3% fast er under the L temperature treatment . 

'\.-Ti thin 2 days of rewatering , leaf extension rate ·in S l  under -both ., · temper-

,a.ture•c treatments ' returned - to ra tes similar to those of the ) - . ,  

control . In S 2 , under the H t emperature regime , no new leaves emerged 

Pntil 3 days after rewatering , b ut once emerged the extension rate was 

s imilar to  that of S l .  During a period of up to  12 days after rewatering 
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there was no evidence of leaf ex tens ion rates being slower than control 

rates in any treatment . 

Leaf area per plant ,  mean l eaf s i ze ,  number of  dead leaves and dead 

mat ter per plant were all signif icantly greater under the H tempera ture 

than under the 1 temperature regime . The major diff erences between 

cul t ivars were in Ruanui having about 24% more tillers and 1 8% more green 

leaves than Nui ,  bu t with Nui having heavier mean ti ller dry weigh t  ( 28%) , 

a larger mean leaf si ze ( 24%) and less dead leaves ( 34%)  than Ruanui . 

As expec ted , desiccation reduced all the parameters measured , with 

the magnitude o f  reduc tion dependent on the degree of  desi ccation . Final 

tiller number , leaf number , leaf area and dry weight per plant ,  1 2  days 

af ter rewa tering for S1  were,  9 2% ,  9 1% ,  90% and 77%  tha t  of contrql 

plants respectively . For S 2  the corresponding values were 79% , 73% , 

4 2% and 59% that of control plants . 

The rates of  recovery , over 1 2  days af ter rewatering , for tiller 

number , green leaf numb er ,  leaf area and dry weigh t  p er plant were 

compared by fitted regressions . The rates of recovery of l eaf area in 

th e previously des iccated plan ts were higher than thos e  of the well

wa tered control , whereas the rates of recovery for tiller number , leaf 

number and dry weight were similar to those of  the control . S enescence 

of tis sues during desiccation rather than a lower rate of recovery was 

the major cause of a lower " final" dry weight in the previously des iccated 

plant . 

4 . 3 . 2  Introduction 

In the prairie grass experiment reported in the previous s ection 
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(Experiment 4) , recovery growth exceeded control ra tes over several days 

in the rate of leaf  ex tens ion , ra tes of re . �overy in tiller number , l eaf 

numb er and leaf area p er plant . However , the overall effect of thi s  

o n  plant dry weight was minimal . Losses in dry weight were roughly 

propor tional to the duration of  water defici t .  

In the field , under prolonged drought ,  the plants will mos t  l ikely 

exper ience both the effec t of the dura tion as well as that of the "intens i ty" 

or degree of water def ici t .  The combined effects of dura tion and " intens i ty" 

may have a more detrimental ef fec t  on plant performances than tha t  due to 

the effect of duration alone . 

Fur thermore , in the field , wa ter defici t is frequently associa ted 

with high tempera ture condi tions . Plant  responses to wa ter defici t may 

be quite different under different tempera ture regimes . In th e experiment 

repor ted in this s ection plant response to wa ter def ici t are compar ed under 

two contras ting temperature regimes . 

Because of the impor tance of  perennial ryegrass as the major pas ture 

component in New Zealand , a comparison of Grasslands Nui and Grasslands 

Ruanui was inc�uded in this experiment . From the resul ts of  many trials 

conducted in New Zealand , it has been d emons trated tha t Grasslands Nui can 

outyield Grasslands Ruanui , especially during the dry summer-autumn 

conditions ( Rumball , 1969 ; Baars et a l . � 1976 ; Sheath et a l . �  1 976 ; 

Arms trong , 1 97 7 ; Vartha , 1 978) . These tri als were conducted under 

grazing (Rumb al l , 1 969 ; Baars et  a l . �  1 9 7 6 ; Arms trong 1 9 7 7 )  or mowing 

�heath et al . �  1 9 7 6), and the dry ma t ter yields were scored (Rumb all , 1969) 

or calculated from dry matter samples ( Sheath et  al . �  1976) . However , the 

reason for Nui ' s  superiority is s till no t known . In addi tion , the extent 

to which high temperature may have influenced the response of Nui during 

the warmer months is also not knmm . A knowledge of their rela tive 
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performance under different water deficit  and tempera ture cond i tions may 

throw some l igh t on the reasons why Nui can perform bet ter than the o ther 

ryegrass cul tivars . 

The following sec tion presents data collec ted from controlled environ

ment experiments designed to inves t i gate the responses of two cul t ivars 

of ryegrass during and af ter different periods of wa ter def ic i t  under 

t\vO temp erature r eg imes . 

4 . 3 . 3  Materials and Me thods 

Plant materials and growing conditions for this experiment were the 

· same as tha t  repor ted in Sec tion 3 . 4 . 3 .  

Grasslands Nui and Grasslands Ruanui ryegras ses were sown in 2 . 3  

litres o f  soil mixture ( 50% Manawatu s il t  loam and 50% r iver sand by 

volume) in two controlled climate r ooms . 

The two air temperature -treatments were 27 . 5°/ 1 2 . 5° ± 0 . 5°C (day/ 

nigh t) designated as high (H) temperature and 1 7 . 5° /1 2 . 5° ± 0 . 5°C 

designa ted as low (L) temperature r egimes . The other environmental 

.conditions were the same for both rooms : 

Air vapour pressure deficit (VPD) 0 . 7 /0 . 2  kPa (day . night) 

equivalent to relative humidi ty of 80 . 9/ 8 6 . 2  ± 5% and 64 . 9 / 8 6 . 2 ± 5% 

- for the H and L temperature regimes r espectively . 

Pho top eriod 1 2  hours with a pho tosynthetically active radiation 

f lux of 1 7 0  W/m2 ( 0 . 4  - 0 . 7  l.lm wave band) 

Carbondioxide concentration was uncontrolled . 
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Diurnal changes in temperature and VPD occurred gradually over 

4 hours immediately inside the day period . 

The plants were thinned from 15 to 6 per p ot by week 4 ( from 

s owing) and to 3 by week 5 ,  selecting on the basis of evenness of height 

and leaf number .  Soil desiccation treatments started when the sixth 

leaf was about 20-30 mm clear of the preceding leaf sheath and the time 

was , designated as day 0 .  Desiccation treatmen t consisted of wi thholding 

water from the soil and treatments will be re ferred to as follows : 

Control (C) plants watered daily with modi fied Hoagland ' s  solution , 

200 ml per pot 30 minutes before the dark period . 

S tress 1 (S 1 )  desiccation was imposed by withholding water from 

the soil until the mean daily leaf ext ension rate of the 

youngest leaf has ceased for 2 4  hours . 

Rewatering was done by standing the pots in a tray of  

water (nutrient solution) for 2 hours , p lus repeated water-

ing from the top to ensure full saturat ion . 

S tress 2 (S2 )  water wi thheld as in S 1  and rewatered 6 days af ter 

the end of S 1 .  Procedure o f  rewatering was the same as 

in S 1 .  

For each treatmen t , 4  plants were tagged and used for leaf appear-
' 

ance and leaf extension rate measurements . To aid identificat ion each 

leaf on the main tiller was marked with a number enclosed in a s trip 

of c·ell.6 tape . A leaf was counted as ' emerged ' when first visible from 

the preceding leaf sheath , and ' matured ' when the ligule was fully 

exposed . 



The interval between appearance of successive leaves was 

used as a measure of th e rate of leaf emergence . For example , the 

interval ( in days ) between the appearance of leaf 6 and leaf 7 was 

treated as the leaf emergence rate for leaf 7 .  

Changes in leaf length (sum o f  lamina and sheath extension) 

were rec orded daily . Leaf extension measurements were made with a 

ruler placed again st the base of the plant u s ing the soil surface as 

8 1 . 

a reference point . The height of the youngest mature ligule was also 

recorded during each reading and the length of each leaf was recorded 

from the time when it first appeared until matured . 

Destructive harvests were taken at 3 day interval s from day 0 .  

Days 9 and 1 5  represented the end of S l  and S 2  treatments respectively . 

Thereaf ter 4 more harves ts were taken during the recovery phase for 

each treatment . 

During harvest , roots were washed with a high pressure hose . 

Some fine roots  were lost during washing but the bulk of  the roots were 

retained . However it was not pos sible to distinguish vi sually _between dead 

and alive roots . The leaf number and tiller number per plant were 

counted . Each of  these component s  was divided into two categories as 

follows : 

Tiller : 

Leaf : 

mature ----tiller with at least 1 mature .' leaf showing 

immature----tille r  with only the immature leaf showing 

mature ---- where the ligule is fully exposed 

immature- ._ __ where the ligule is  not exposed . 
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Th e lami nar w e r � s ep aratcd from th e sheath a t  the j unc t i on o f  th e 

younge s t  matured l i gu le . The "sheath" therefore included the unexposed 

imma ture l eave s  and the sheath of the ma t ured l eaves . The l eaf  1 aminae 

compon ent represen ted the ph ot osyn t h e l i cal ly ac t ive t i ssu e . Dry 

wei gh t s  were recorded for each c ompon en t a f t e r  d ry i ng at 35°C f o r  24 

hours i n  a vac uum a s ::; i s t e d oven . Th e d c ::J d  i''i'l t t c r c o np Oi H'n t j n c l u  e d  

b o th dead J amin o e  a n d  sl11:ca th . Leaf area f u r  the J'1'1t u re and i .  ·l:J t u re 

leaves we re t ak en w i th an e l e c tron ic leaf  a r e a  me t er . 

Re levan t s ta t i s t i c a l  me thods and procedure s are pre s en t e d  in 

Appendix 4 . 1 .  

I n  th i s  s ec tion , th e H and L Ten,;· er a tu r c  r eg i m e  are a l so compar ed 

o n  th e d eg r e e-hour weigh ted mean ba s i s . Th e H t �np er a ture 2 7 . 5° / 1 2 . 50C 

fu equ ivalent  to 1 7 . 5°C � [C 1 2hr x 1 2 . 5°C)  + ( 8  hr x 20 . 0° )  + (4 hr x 2 7 . 5°)]  

/ 24 hr = 1 7 . 5°C a n d  the L t emp era ture 1 7 . 5 / 1 2 . 5°C i s  equ iva lent  t o  1 4 . 3°c 

[C l 2h x 1 2 . 5°)  + (8 hr x 1 5 . 0° )  + ( 4hr x 1 7 . 5°)] / 24 hr = 1 4 . 3°C 
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4 . 3 . 4  R e s u l t s  and Discus s i on 

4 . 3 . 4 . 1 Rate of leaf  eme�_gen c� 

( a )  The we ll-wa t er e d  con t ro l p l ants  

N o  s i g n i f i c a n t  d i f f e re nce in m e a n  l eaf emer gen ce ra t e  

'"as de t e c t e d  b e t,.;reen th e 2 ryegrass c u l t ivar s (Tab le  4 . 3 ) .  A l lhough 

und er the H temp erat ure re g i me , R 1 1.:1n u i  had a s l  j gh t- ly f :1 s t cr r a t e  

( 5 . 7  day s / l ea f )  than Nui ( 6 . 3  d ays / l e a f) . 

Un d e r  th e H tempe rat ure c on d i t i ons , l ea f emergence rate was 

appr oxi mat e ly 10% f a s t e r than those o f  the L t emperature c ond i t i ons 

( i . e . , 6 . 0  days / l e a f  and 6 . 6  days / lea f respec t ive ly ) . The d i f f e ren ce 

w a s  s i gn i f i c an t  (P < 0 . 0 1 ) . I n  p r a i r ie gras s und er a day /ni gh t  temp-

e ra t ure t r e a tmen t 0 0 of 22 . 5  / 1 2 . 5  C the mean J ea f emergen ce  rat e was 

4 . 1 day s / l ea f ( s e c t i on 4 . 2 . 4 . 1 ) . 

(b ) Th e desicca t ed p J an t s  

Dur i n g t h e  p er i od of d e s i cca t ion no new leaf emerged in 

the s tress  t rea tmen t s  and for S 2  the exis t ing l eaves were a l l  sene s ce d  

on the day o f  rewat ering . H en ce comp a r i s on on th e e f f e c t s  of  

d e s i cc a t i on on l eaf emergen ce rates  b e tween th e d i f ferent des i c ca t i on 

t re a tment s  during the re covery phase could on ly b e  d one on leaf 9 ,  

the f irst leaf to appear in S 2  fo l l owing rewatering .  

Wi thholding water so that leaf growth stopped for 7 to  8 days 

( i . e . , S2) had no more adverse effects on the rate of emergence of  
. 

leaf 9 following rewatering than only stopping for 1 day ( i . e . , S 1 ) 

(Tab le 4 . 4) . The response of leaf emergence to temperature after a 

period of desi ccation was similar to that of the control .  The 

emergence rate was 1 3% fas ter in the H temperature than the L temper-

ature regime ( 6 . 1  days / leaf and 6 . 9  days /leaf respectively) . Although 
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TABLE 4 . 3  

8 4 . 

}!c an i n t e r v a l  ( d ay s )  betv.>een appearcmce of successive leaves 

i n  w e l l-w a t ered con l r ol pl ants of  Ruan ui and Nui Ryegr ass 

under 2 ' cmper a ture regimes . (De tai ls  of analy sis of  

var i a n c e  a r e  presented in Append ix 4 . 2 a ) . 

( d a.ys per l ea f )  

Tc;;;pl!l <1 t ure 

CuJ t i v a rs 

Le a f  No . 7 

He an s 
for t emp 

8 

9 

J O  

x c n l l ivar 

Ruau ui 

5 . 8  

5 . 5  

5 . 5  

6 . 0  

1 7 . 5 / 1 2 . 5°C (L) t-:ean s for 

N ui Ruanui Nui 
leaf  No . 

(P < 0 . 0 1 )  ----- ------
6 . 3  6 . 0  6 . 3  6 . 1  a 

6 . 0  6 . 0  5 . 8  5 . 8  a 

6 . 5  7 . 5  6 . 8  6 . 6  b 

__ 
6 :_3 

_ _ - _ }_ . _Q_ _______ ]_�? _ __ _ _ _ __ 6_._]_ b 

_(� _ _ <0�1) _____ _?_._7 __ _ ___ __£__._3 ____ ��- ____ _§__._6 __ ______ __ _ 

TAB L E  4 .  4 Mean i n t erval (days )  between appearance of leaves 8 and 9 

( i . e . , leaf 9 )  in Ruanui and N ui ry egrass during the rec overy 

phase for control , S tress 1 and S tres s  2 p lants  under 2 

temperature regimes (Detai ls of analysis of variance i s  

-----�pLresented in Appendix 4 :�b) _ ____________________ _ 

(Days pe r leaf) 

Temperature Means for 

Cultivar Ruanui Nui Ruanui Nui water s tress 

(N . S . )  

Wat er C 5 . 5  6 . 5  7 . 5  6 . 8  6 . 6  

S t ress S l  6 . 5  6 . 5  7 . 3  6 . 3  6 . 6  

S2  5 . 8  6 . 0  6 . 8  7 . 0  6 . 4  

Means for 

temp x c.!};ti  var 

(P < . 05 ) 5 . 9  6 . 3  7 . 2  6 . 7  
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ave raged <.l C H) S S  the th'O temp era ture regimes the c u l t ivars were s imi lar 

in thei r leaf emergence rate (Nui = 6 . 5  day s / leaf an d Ruanui = 6 . 6  d ays / 

leaf) , th ere was a s i gn i f i cant t emperature x cu l t ivar in t e r a c t i on 

(P < 0 . 05 ) . Ruanui had a fas ter emergence rate un der the H tempe ra ture 

re gime b u t  a s l ower eme rgence rate under the L temperature regime than 

Nui ( T<lb l e  4 . 1+ ) . 

4 . 3 . 4 . 2  Rate of leaf extens ion 

( a) Th e well-wa t er e d  cont r o l  p l ants 

Under \v C  l l-wat ered condi t i ons , the e f fe c ts of  b o th 

temperatur e  an d cul ti var on the r a t e  of  l ea f  exten s i on were h i gh ly 

s igni f i can t (P <  0 . 0 1)  ( Tab l e  4 . 5 ) . 

per i od o f  2 6  d ays . 

The rates were measured ove r  a 

Wh en ave raged across the t emp era ture trea tmen t s  Nui had a 20% 

fas ter leaf  extensi on rate th an Ruanui . However , under the H 

temperature cond i t i ons , Nui leaf extens i on r a te was 27% f aste r than 

Ruanui , "''hereas i t was only 1 3% f a s ter un der the L temperature regime 

( Tab le 4 . 5 ) .  Th is intera c ti on w as sign i f i cant ( P <  0 . 0 1 ) , 

(b )  Jhe desi ccated plants 

During the period of des i ccation the leaf exten s i on rates 

of th e desiccated p lants fell qui ckly and ceased totally on day 8 

and day 9 for the H and L temperature treatments respectively 

(Figure 4 . 5 ) . 

Temperature had little effect  on the rate of recovery from the 

shortes t period of desiccat ion ( S l ) . I t  took 2 days for. the leaf 

extension rates in the desiccated plants to reach control ra tes 

(Figure 4 . 5a & b ) . The pattern was similar for both cultivars . On 
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Figure 4 . 5  Time course of leaf ex tension rate in Ruanui (R) and 
Nui (N) for well watered control (C) , stress 1 (S l )  and 
S tress 2 ·( S 2) plants : ( a) under H temperature reg ime , and 
(b)  under L temperature regim� . 
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TABLE 4 . 5  · Comp arisons  of the r a t es o f  lea f extens i on (mm/day) b e t�een 

we l l-,v a t erPd Ruanui and N u i  ryegrass und e r  2 t emp e r a t u r e  

regimes (Det a i l s  of analysis  o f  v a r i an ce is  p r es en t ed in 

Append i x  4 . 4) 

____ T c.' ��P:;: r ;J._t_�l2:�----. __ ____ _ 
Hcans f o r  

Ruanui 1 9 . 9  1 6 . 5  1 8 . 2  

Nui . ___ 2 5 . 3  1 8 . 6  ____________ 2_] 
__ . 9 ____ __ 

Hc ans for 22 . 6  1 7 . 5  

t emp e r ature 
----------- -----------------

( P < 0 . 0 1) 

( Temp e r a ture x cu l t ivar j n tera c t i on P < 0 . 0 1 )  
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the f i r s t  day of  rewatering all  trea tments  reached to between 50% 

and 65% of  control  rates . The ra tes on the f irs t day of recovery 

w e r e  s imj l a r to those of the S 1  t reatment in the prairie grass exper-

j men t ( se ction 4 . 2 . 4 . 2 ) ,  but  in the c a s e  of  the ryegrass it took 

2 days for  the des i ccated plants t o  recover to con t rol  rates compared 

wi th 4 d a y s j n  prairj e grass  (Figure 4 . 2 ) .  In Law1or ' s expe r · nent 

l¥ith r y egr. J s s  (La\¥ ] o r , 1 9 7 2 ) , J ea f  e x t Pn s i on rate of  the 

p reviously desiccat ed p J ants  was 1 . 8 times f a s t e r  than the cont rol 

r a t e  ' 4  hours a f ter rewatering . 

In contrast  with the L temperature regime , the H temperature 

regime had a s igni f icant  effect  on the rate of recovery of leaf 

extens j on rate under the longer peri od of desiccat i on ( S 2 ) . Under the 

H condi t i on a ll  the leaves were dead by the end of S 2 , and new leaves 

appeared 3 day s a fter r ewa , cring ( Fi gure 4 . 5a) . Under the L 

temperature condi t ion a l though the l eave s were severely wilted and the tips 

were dead , they recovered quickly and were measurab le wi thin 2 4  hours 

af ter re1¥a tering (Figure 4 .  Sb) . Once the new leaves emerged , 1 he 

rates o f  leaf extension recovery relative to their respec t ive controls 

were again similar  for both temperature and cult ivar comparisons . The 

recovery rates in S 2  took 2 days t o  reach cont rol rates , and these were 

similar to those recorded under th e milder desiccat ion treatment ( S 1 ) . 

The influence of  temperature on leaf extension rat·e is wel l  documented 

(Evans e t  a l . � 1964 ; Silsbury , 19 70 ; Langer , 1972 ; Robs on ,  19 72 ; 

Peacock , 1 9 75 a ,  19 75b ) . In general ,  leaf extension rate is  faster 

under the higher temperature regime . For instance , in tall fescue 

0 
(Festuca arundinacea) leaf extensi on rate at 25 C was 4 times as fas t 

as that under 10°C ,  but for �nly half the time (Rob s on ,  1972) . 

However ,  there were species differences , for example , in the prairie 

grass e xperiment (Exp t .  4) leaf extension rates were higher than 



8 8 ,  

th o s e  of the ry egrasses unde r  the H temperature treatment o f  the present 

expe r ime n t  (E xp t .  5 ) , even though the temp erature o f  the prairie grass 

exper imen t '"as l ower . 

Upon r eHa t ering , leaf  exten sion rates o f  previ ou s ly desi cca ted 

p l;:m ts  ::, ome t imes were much h i gh e r  than the rates of the we l l-wa t e red 

c on trol p l an t s .  Thi s  " acce l e rated" rate had b een repor t e d  i n  r y egra s s  

b y  Lawlor ( 1 9 7 2 ) , in  Panicum maximum b y  Lud low an d Ng ( 1 9 7 7 ) and i n  

prairie grass (Exp t .  4 o f  this  s t udy) . HoHeve r ,  i n  t he presen t  

e xperiment o n  ryegrass (Exp t .  5 ) , n o  evidence of an " acce lerated" 

r a t e  was detec ted ( Figure 4 . 5 ) .  

The l ack o f  such an " acce l erated" rat e in this exper imen t even 

a t  th e S 1  leve l  of d e s i c c a t i on could be due to the more s evere d e s i c c

a t i on imposed i n  Fxp t .  5 .  In S 1  o f  the presen t  experimen t leaf exten s i on 

growth s t opped co .. :}) le t e ly ,  whereas in S 1  of  Exp t .  4 leaf extension ra te 

was main t ained a t  b e tween 7 an d 1 5% of con t r o l  rates (Figure 4 . 2) .  

Ludlow an d N g  ( 19 7 7 )  sugge s t ed that the higher lea f  exten sion r a t e  

i n  Panicum max�mum a f t e r  rewa tering was due t o  the d i f feren t i a l  levels 

of  sensi tivity by cell  d ivi sion and cell elongat ion to water d e f i ci t . 

This could result in an accumul a t i on of newly divided b u t  y e t  poorly 

expanded cel l s  at the zone of leaf expansion .  A s imi lar explan a tion 

was put f orward in th e prairie grass experiment ( Exp t . 5) . The lack 

o f  an "a cce lerated" rate in thi s experiment would b e  consistent with 

the exp lanat i on that b o th cell d ivision and cell e longation had b een 

s uspended .  

4 . 3 . 4 . 3  Growth dat a from the destructive harve s t s  

For convenience o f  dis cus s ion , p lant growth d ata collec t ed from 
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t h e  d e s t r u c t ive h a rve s t s  w i l l  b e  p re s en t e d  u n d e r  t h e  f o J lowing h ead ! n gs : 

1 .  R e s p o n s e s  d uring th e d e s i c c a t i on ph a s e . 

2 .  R e s p on s e s  d u r in g  t h e  re c o v e r y  ph as e . 

The pa t t e r n  o f  e s p o u s e  exh j b i t ed b y  th e If 8r0\v l h  l' ' ll< • ·n P t � r s  th a t  

\ve r e  m e a s ur e d , vi z . , t i l l e r  n umb e r , gre en J � a f  numb er , l ea f  a r e a  a 11 d  

d ry w e i gh t  p er p l an t ,  w e r e  qu i t e  d i f fe r e n t  du r i n g  d e s i •  c a t i on ( F i gure 

4 . 6 ) . By d ay 9 ( i . e . , end o f  S l ) t i l l e r n umb e r , green l e a f  numb e r  a.1d 

dry we i gh t  p e r  p l an t  w e r e  a l l  s i gn i f i c an t ly h i gh e r  than t h o s e  on d ay 3 

(P  < 0 .  O S ) . On ly l e af a r e a  \va s s i gn i f i cant ly l ower on d ay 9 t ha n  d ay 3 

(P < 0 . 0 5 ) . Thi s d emon s t r a t e d  fur t h e r  the very s en s j t iv e  n a t u r e  of leaf  

a r e a  r e s p on s e s , r e l a t ive t o  o t h e r  parame t e r s , t o  d e s i c c a t i on . By J ay 

1 5  ( i . e . , end of S 2 )  green J e a f  numb e r  and l ea f  are a p e r  p l a n t  w e r e  

r e d u ced t o  a g r ea t er e x t en t  t han w e r e  t i l l er n umb er a n d  d ry we i gh t s . 

T i l l er n umb e r  and dry w e i g h t  p er p la n t  were l owe r on d ay 1 5  th an on 

d ay 9 b u t  were s t i l l  h i gh e r  than t h o s e  on ay 3 .  

Upon closer examin ation o f  the data th e fol lowing points emerged : 

1 .  Ma t ure and immature ti ller numb ers responded to  des i c cat i on 

in a s imilar manner . No d e ath o f  till ers were noted , all  the t i llers 

had some green ti ssues wi thin the inner lay ers of the leaf sheath even 

on day 15 . 

2 .  Ma ture leaves were more " sensit ive" to desi cca tion than immature 

l e aves . During Sl ( i . e . , b e tween day 3 and d ay 9 ) , t he increase in 

mature leaf number was less than immature leaf numb e r . In the case 

of the ma ture leaf number thi s would be due to b oth the senes cence 

of exi s t ing mature leaves and the lack of development o f  immature 
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Figure 4 . 6  Changes in plant growth parameters during the desiccation 
period . 

( a) tiller numbers per plant  (mature and immature tillers} 

(b) leaf number per plant (matur e ,  immature and dead leaves) 

(c) leaf area per p lant (mature and immature leaves) 

(d) dry weight components (roo t ,  sheath , laminae and dead ma tter) . 
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TABLE 4 . 6  Grow th parame ters c omp ar i s on s  b e tv.,een Nui and Ruanui 

at the end of the desiccation phase 

Nui 

T j  lJ e r  n 1lm� 'r per p l a n t  ] 2 1 5  -;';; * 

G r e e n  J ,� a f  J1 \ JI11h er p e r  p J : l i 1t  2 1  24  N S  

D e a d  l e a f  n umb e r  p e r  p J  a n t  (i . O  7 . 3  * *  

Leaf a rea per p lan t ( m2) 34 32 }l S 

Dry wei ght p er plant (mg) 6 24 6 20 N S  

Hean dry we i ght p e r  t il J er (mg) 5 1 . 7  4 1 . 0  * *  
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l e a v e s  i n t o  the ma t ur e  leaf ca tegory . At t h i s  s tage of  d es i c ca ti on 

all  the s e n c s ce d  ] e aves were from the mature leaf category . Dur ing S 2  ( i . e . , 

b e t,.,; c e n  day 9 and 1 5 ) , the r e ]  a t ive redu c t ion was .:=tgain grea ter in 

mature l eave s . Th e re l a t ive s en s i t ivi ty of t i s sues of  di f feren t  ma tu ri ty 

s t a t us t o  \v v. t e r  d e f i c i t  h ad a L;o  b ee n  n o t ed by Gat0s (1 9 6 8) . Gates 

c un c l  ud c d  th a t  y o l l ll t,<"' r  U s s u e s  h r� d  fe e1 t ur e s  c ommon to CI11b ryon i c  t i s s u e s  

;md \v e L" e ijl(H·e r e s i s tant to d e s j c c a t i on than older t i s s ues . 

3 .  Leaf are a  was the grow th param e ter mo s t  s ensi tive to 

d e s i c ca ti on . Both ma t ure a n d  iEunature le af areas were r ed uce d d ur ing 

S 1 and S 2 ,  and th e .-�duc l ion was gr eater  un d e r  the H than und e r  the L 

tempcratnre re giRe ( p p c n d i x  4 . 3a) . 

4 .  A l l  d r y  �v ei gh t  comp onen t s  showed an i n c r e a s e  during S 1 .  During 

S2 , l amin a dry wei ght  \.:.lS reduced to a grea ter ext ent than was root 

dry wei gh t , with sheath dry weight shmving an increase (Figure 4 . 6 ) . 

The inc re as e in she a t h  w ei gh t during S 2  \vas due t o  the accumulat ion of  

unexpos ed leaves w i thin t he sheath . Reduc t i on in dry wei gh't under the 

H t emp er a ture r egime s t ar ted during S 2 , wh ereas under the L . tempera ture 

regime , p l an t  dry wei ght actually incr ea s ed d ur ing S2 (Appendi x 4 . 3a) . 

5 .  Nui had a heavier mean tiller dry weight than Ruanui , but 

Ruanui had a larger tiller number and dead leaf  number per p lant than 

Nui ( Tab le 4 .  6 ) . On a per plant basis , total dry weight , ·total leaf 

area and total green leaf numbers were s imilar between the cultivars . 

4 . 3 . 4 . 3 . 2  Responses during the recovery phase 

The growth p arameters measured during the recovery phase were compared 

on the basis of similar physiological age .  The procedure of  
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physiological 3dj ustmen t was simi lar to that used in th e prairie grass 

experiment (Expt . 4) . Th e number of "drought" days was taken as 3 and 

9 days for S 1  and S 2  treatments respectively .  A "drought" day was 

de fined as "any day for whi ch all the leaves were wi lted during the 

day period" (section 4 . 2 . 4 . 3) .  

Responses of  the 4 growth parameters during the recovery phase 

will b e  dis cussed under the main treatment effects . Where maj or 

interactions occur , they will also be discussed . 

Detai ls of  the analysis of  variance are presented in Appendix 4 . 6 .  

The means of the various components of the growth parameters are presented 

in Appendix 4 . 7 .  

The chronological age o f  the S 1  and S 2  p lants had been adj usted 

f or physio logical age . Harvest  number 1 ,  2 ,  3,  4 and 5 represents 

physiological age of 6 ,  9 ,  1 2 ,  15  and 1 8  days  from the commencement of  

desiccation treatment or  0 ,  3 ,  6 ,  9 and 12  days from rewatering . 

A .  Water deficit compari son 

The responses of the 4 growth parame ters following different 

desiccation treatments are p resented in Tabl e  4 . 7 .  The following are 

the maj or points of interes t : -

1 .  After 1 2  days of  recovery growth , the values of  S l  p lants ,  

expressed as percentages o f  the control for tiller number , green l eaf  

number , leaf area and dry weight per p lant were 9 2% , 9 1% ,  90%  and 7 7% 

respectively . The corresponding values for S2 were 79% , 7 3% , 42% 

and 59% (Tab le 4 . 7 ) . After the relatively severe S 2  treatment , tiller 

number and leaf number recovered much more quickly than leaf area and 
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TABLE 4 . 7  Influence of previous water deficit  treatments on plant 

growth parameters during the period of recovery 

(C = control ; S 1  = S tress 1 ;  S2 = S tress  2)  

Plant Previous 
growth water 
parameters deficit 

treatments 

Tiller No per c 

plant S 1  

S 2  

Leaf N o  per c 

plant S 1  

S 2  

Leaf area per c 

plant S 1  

(c !112 )  S 2  

Dry weight per c 

plant S 1  

(mg) S 2  

Harvest  No . 

1 2 3 

15 a 20 a 28  a 

1 3  b 1 7  b 23  b 

13  b 1 7  b 20 b 

* ** ** 

33 a 45 a 6 1  a 

26 b 36 b 48 b 

8 c 27 c 36 c 

** * *  * *  

62  a 96 a 128  a 

3 1  b 53 b 82  b 

6 c 2 7  c 53  c 

** ** * *  

4 

35 a 

27  b 

24 b 

** 

74 a 

6 1  b 

47 c 

** 

1 7 1  a 

109 b 

69 c 

** 

Final value 
as % of 
control 

5 

38 a 100 

35 a 9 2  

30 b 79 

* *  

89 a 100 

81 a 9 1  

65  b 73  

* 

2 18 a 100 

196 b 9 0  

9 1  c 42  

* *  

705 a 1 145 a 1 359 a 169 1 a 2 152 a 100 

6 5 1  b 7 1 2  b . 89 3 b 1252 b 1655 b 7 7  

509 c 489 c 663  c 9 18 c 1279  c 59 

* *  * *  ** ** ** 
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dry weigh t .  By contras t ,  after a relat ively short period o f  desiccation 

(S l ) , leaf area recovered almos t as quickly as tiller numb er and leaf 

number , but dry weights  did not . This  relatively quicker leaf area 

response after S l  treatment was due to a greater leaf area response under 

the H temperature regime ( Appendix 4 . 8  a) . 

2 .  The detrimen tal effects of desiccation on plant dry weigh t  were 

less under the L temp erature than under the H temperature regime ( Appendix 

4 . 8 b) .  A similar interactive effect of water deficit and temperature 

on plant growth was reported by Abdelhafeez and Verkerk ( 1969) . They 

found that under the low temperature regime ( 20°/ 15°C) the difference in 

growth and fruit set  of tomatoes due to water deficit (up to severe wilting) 

was less pronounced than that under the higher temperature regime 

( 35°/ 19°C) . 

3 .  Plant dry weights after .1 2  days of . recovery grO\vth w:ere much 

lower for both S l  and S2 p lants than those of the control p lants  o f  

s imilar physiological age (Table 4 . 7 ) . This differed from the prairie 

grass experiment ( Exp t .  4)  where the dry weights recorded after a 

period o f  recovery growth were c omparable to  p lants of the same phys iol

ogical age . The lower dry weights in S l  and S 2  plants o f  the present  

experiment was due  to  senescence and the p ossibility of  the use of  

reserves for  respiration during desiccation . Furthermore , recovery 

in p lant dry weight in S l  was s low , and in S2 there was an actual decrease 

in dry weight immediately following rewatering (harvest  2 ,  Tabl e  4 . 7 ) .  

The reduction in plant dry weight in S 2  was due to the reduction in root and 

lamina components and not the sheath c omponent (Appendix 4 . 7a IX, X ,  XI) . 

S uch reduction in plant dry weight soon af ter rewatering could b e  due to  

the utilization of reserves f or respiration and regrowth (Mil thorpe 

and Davidson , 1966) . 
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TABLE 4 . 8  The influence of temperature on p lant growth parame ters 

· during the period of recovery . 

(H - high temperature ; L = low temperature) . 

Plant Temperature Harves t  No Mean over 
growth treatments 
parameters 1 2 3 4 5 5 harvests 

Tiller No per H 1 4  1 8  2 5  30 34  24 

plant L 1 4  1 7  2 3  28 36 24 

NS NS NS NS NS 

Leaf No per H 19 35 so 62 7 5  4 8  

plant L 26 36 48 60 82 so 

* NS NS NS * 

Leaf area per H 33 65 1 09 1 36 20 5 1 10 

plant L 33 5 2  6 7  96 1 3 2  7 6  

NS ** * *  * *  * *  

Dry weight per H 6 18 7 2 4  9 5 0  1 2 79 1583  1 0 3 1 

plant L 626 824 9 9 4  1295 1 80 8  1 1 1 3  

(mg)  NS * NS NS * 



B .  Temperature comparison 

Temperature had no influence on the numb er of tillers per plan t  nor 

the numb er of green l eaf numbers per plant in this experiment ( Tabl e  4 . 8) .  

96 . 

In undefoliated p erennial and short ro tation ryegrass plants , Mi tchell ( 1 954)  

also repor ted no difference in tiller number per plant between mean temper-

These temperatures represented the mean temper-

atures measured ins id e· and outside of the glasshouse respec tively . 

In con trast  to the tiller and green l eaf number data , tempera ture 

had a maj or incluence on the leaf area per plant (Table 4 . 8) . Plants in 

the H temperature r egime had approxima tely 4 5% larger leaf area than those 

in the L tempera ture regime when meaned acros s  all harves ts ( Tab l e  4 . 8 ) . 

Mos t  of this dif ference in leaf area could b e  attributed to a difference 

in mean leaf s i ze which was 38% greater in the H than the L tempera ture 

reg ime (Appendix 4 . 7b VII I ) . Bo th mature and immature l eaf componen ts 

contributed towards this difference (Appendix 4 . 7b VI , VII) . 

On weigh ted mean basis , the daily degree-hour mean tempera ture for the 

H tempera ture was equivalent to 1 7 . 5°C and tha t of the L tempera ture was 

equival ent to 1 4 . 3°C .  This rather narrow range of temperature b e tween the 

2 temperature trea tments could be  the main r eason for the lack of  difference 

between the dry weigh ts ( Table 4 . 8) . The only signif icant differen�e was 

in the dead mat ter component which was higher under the H temperature 

regime , due to a higher number of dead leaves (Appendix 4 . 7b V ,  XII ) . 

In general , F es tucoid grasses have a range of op timum tempera ture 

0 0 for growth a t  b e tween 1 0  and 2 7  C ( Evans e t  al . , 1964) . I n  perennial 
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ryegrass , th e op timum dry weight increment per tiller per day was j us t  

0 . . 0 below 1 5  C but the percentage increase was fa1rly small between 10 C 

and 25°C (Mi tchell , 1956) . 

C .  Cultivar comparison 

The maj or difference between Nui and Ruanui were in mean tiller dry 

weight, tiller number , green leaf number ,  mean leaf size and dead leaf 

number per plant (Table 4 . 9  and Appendix 4 . 7c) .  When averaged acros s the 

5 harves ts Ruanui had 24% , 18% and 34% more tiller number , green leaf 

number and dead leaf number than Nui respec tively . But Nui had a 28% 

heavier mean tiller dry weight and a 24% larger mean leaf s ize than 

Ruanui . The larger mean leaf size in Nui could be the result  of a fas ter 

leaf extens ion rate , (Tab le 4 . 5) and a longer interval betwen emergence of  

2 successive leaves (Tab le 4 . 4) than Ruanui . 

However on a per plant basis there was no significant difference 

between Nui and Ruanui in total leaf area and total dry weigh t  

(Tab le 4 . 9 ) ; nor was there any significant difference in specific  

leaf area , leaf area ratio and top : root ratio between the cul t ivars 

(Appendix 4 . 7c VII ; VIII ; XIII) . 

Nui migh t  have a higher dry matter af ter a period of severe 

desiccat ion ( S 2) as shown in Figure 4 . 7 ,  but again on a per p lant basis 

the differences failed to reach s tatist ical significance . 

Although results reported in the present  experiment indi ca ted that 

N�i and Ruanui were similar in dry weigh t  on a per p�ant basi s , there 

was unequivocal evidence that Nui was much heavier , by about 28% , than 
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TABLE 4 . 9  The difference between ryegrass cultivars during the period 

of  re covery (R  = Ruanui , N = Nui) 

Plant growth Cultivars Harvest  Mean over 
pa,rameters 5 

1 2 3 4 5 harvests 

T illers per R 15 1 9  26 3 2  3 9  26 

p lant N 12  16  2 1  26  3 1  2 1  

** ** ** ** * *  

Leaf No per R 24 38  53  67  85 53  

plant N 21 3 4  45 55 7 1  45  

NS * *  ** ** * *  

Dead leaf No  R 7 . 3  6 . 6  8 . 7 7 . 7  9 . 0  7 . 9  

per plant N 6 . 0  5 , 8  5 . 6  6 . 0 6 . 0 5 . 9  

** NS  ** * * *  

Leaf area per R 32  56  87  1 1 6  1 6 7  9 2  

N 3 4  6 1  89 1 16  1 69  94  

NS NS NS NS NS 

Mean leaf size. R 1 , 1 5  1 . 37 1 . 57 1 . 65  1 . 9 1  1 . 53 

N 1 . 40 1 . 70 1 . 9 4  2 . 05 2 . 36 1 . 89 

** ** ** ** * *  

Dry weight per R 620 726  968 1263 1687 1053  

plant (1!lg} N 624  838  976  1 3 1 1  1704  109 1 

•NS * NS NS NS 

Mean t iller R 4 1 . 0  37 . 8  36 . 4  39 . 1  44 . 0  39 . 7  

dry weight (1!lg) N 51 . 5  49 . 8  46 , 2  51 . 0  5 5 . 2  50 . 8  

** ** ** ** ** 
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Ruanui on a per tiller basis , both during desiccation and during 

recovery . 

Many repor ts cited in the Jntroductory section of thi s  present 

experiment ( section 4 . 3 . 2) had commented on the observat ion that Nui 

can pers ist better than Ruanui especially during the dny 

summer and autumn months and this resulted in Nui having a higher dry 

matter produc tion in the subsequent s easons . However apar t from 

Sheath et  a l . � ( 19 76) , none of the other reports had provided information 

on tiller densi ty . In Sheath et  al.'s dryland experiment the t il ler 

density (per m2 ) of Ruanui and Nui , 3 y ears after the commencement of 

their trial , were 8600 and 1 8400 for the frequent ly defoliated and 8400 

and 19 400 for the infrequently defoliated treatments respectively .  

I t  was apparent that under the dryland condition the superiority o f  Nui 

over that of  Ruanui was the result of  this higher tiller density in the 

Nui sward . The higher mean tiller dry weight recorded in the present 

experiment (Tab le 4 . 9 ) together with a higher tiller densi ty as reported 

by the field trials cited ab ove could there fore be the maj or reason why 

Nui outyielded Ruanui . 

The conc lusions from the present experiment together with the 

conclusions from experiment 3 wil l  be discussed in more detail in the 

"overview" section (section 6 . 3) .  

4 . 3 . 4 . 4  The rate of increase on growth parameters 

As dis cussed in the earlier secti on (section 4 . 3 . 4 . 3 . 2A) ,  even after 

adj usting for physiological age , there were still considerab le differences 

in the growth parameters b etween the control plants and the desiccated 

p lants  by harvest  5 .  For example , in the case of dry weight per p lant , 

this could b e  due to senescence during the period of desiccation and 

MASHY UNIVHSITY 
liBRARY 
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TABLE 4 . 10 Regress ion coefficients (b ) and coefficient of determination 

(R2) for the rate of increase in the four maj or growth 

components . (Log Y e = a + bx) . 

Tiller no/ Leaf no/ Leaf area/ Dry weight/  

plant plant plant ( cm2) plant (mg) 

TemE·  Cult . Wtr . b R2 b . . 
R2 b R2 . b R2 

H Ruanui C 0 . 089 1 0 . 85 0 . 0883 0 . 86 0 . 1 208  0 .  86 0 . 0948 0 . 90 

S 1  0 . 0834 0 . 88 0 . 1 000 0 . 90 0 . 1870  0 . 88 0 . 07 78  0 .  76  

S2  0 . 05 2 1  0 . 66 0 . 1 103  0 . 85 0 . 1 633 0 . 6 7 0 . 0 863  0 . 6 7 

H Nui c 0 . 0850 0 . 85 0 . 089 2  0 . 85 0 . 1 10 1  0 . 88 0 . 0847 0 . 66 

S 1  0 . 0759  0 . 81 0 . 0856  0 . 86 0 . 1552  0 . 9 2 0 . 0673  0 . 66 

S 2  0 . 066 7 0 . 87 0 . 0854 0.  7 7  0 .  1 39 7  0 .  7 7  0 . 09 40 0 . 7 7 

L Ruanui c 0 . 0 7 4 1  0 . 83 0 . 07 38 0 . 89 0 . 0837 0 .  7 1  0 . 0752  0 . 74 

S 1  0 . 0895 0 . 88 0 . 09 7 7  0 . 95 0 . 1 16 8  0 . 88 0 . 0 859 0 . 83 

S 2  0 . 08 13  0 . 85 0 . 0986 0 . 89 0 . 1 2 1 8  0 . 85 0 . 0953  0 . 88 

L Nui c 0 . 0782  0 . 90 0 . 08 1 9  0 . 9 7 0 . 0 86 1  0 . 9 2 0 . 09 43 0 . 86 

S 1  0 . 0742 0 . 88 0 . 0864 0 . 9 3 0 .  1 2 29 0 . 88 0 . 09 45 0 . 83 

S 2  0 . 0783  0 . 83 0 . 0967  0 . 89 0 . 1 2 1 3  0 . 81 0 . 0620 0 . 74 
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TABLE 4 . 1 1 Comparisons of regress�on coefficients from Tqb le 4 . 1 0 .  

using F test according t o  Snedecor and Cochran ( 19 6 8) . 

Comparison for Tiller No/plant Leaf No/p lant Leaf area/plant Dry wt/plant 

F Ratio p F ratio p F ratio p F ratio p 

(a) Water stress 

(C : S 1 : S2)  

Between H - R 5 . 59 * 1 .  25  NS 4 . 26 * 0 . 6 1  NS 

H - N 1 . 09 NS 0 . 06 NS 3 . 90 NS 1 . 1 2 NS 

L - R 0 . 84 NS 2 . 41 NS 2 . 88 NS  1 . 1 8 NS 

L - � 0 . 1 1  NS 0 . 64 NS 4 . 26 * 4 . 3 1  * 

2 : 54 d . f .  

(b) Cultivar (R :N) 

Between H c 0 . 10 NS 0 . 0 1 NS 0 . 5 7 NS 0 . 37 NS 
' 

H S 1  0 . 45 NS 1 . 59 NS 2 . 6 7  N S  0 . 46 NS 

H S 2  1 . 1 3 NS 2 . 06 NS 0 . 42 NS 0 . 1 8 NS 

L c 0 . 1 1  NS 0 . 64 NS 0 . 03 NS 1 . 9 8 NS 

L S 1  2 . 40 NS 1 . 02 NS 0 . 16 NS 0 . 4 1 NS 
L S 2  0 . 06 NS 0 , 01 NS 0 . 01 NS 7 . 70 * *  

1 : 36 d .  f .  

( c) Temperature (H : L) 

Between R C  1 . 36 NS 1 . 46 NS 4 . 76 * 2 . 35 NS 

R S 1  0 . 34 NS 0 . 05 NS 13 . 48  ** 0 . 35 NS 

R S 2  5 . 82 * 0 . 41 NS 1 . 5 7  NS 0 . 3 1 NS 

N C 0 . 39 NS 0 . 53 NS 4 . 72 * 0 . 3 1 NS 

N S 1  0 . 03 NS 0 . 0 1 NS 4 . 33 * 3 . 16 NS 

N S 2  0 . 86 NS 0 . 39 NS 0 . 50  NS  4 . 70 * 

1 : 36 d .  f .  



102 . 

the use o f  res erves during the early phase of regrowth . However , th e 

lower values in the previously desiccated plant af ter 1 2  days of recovery 

growth could also be due to a lower rate of recovery relative to the 

control . 

The relative growth rates of  th e 4 maj or growth parameters were 

compared using the regress ion coefficients of the regre ssion equation 

( log Y = a + bX) . The regress ion coefficients and coefficient e 

of determinations are presented in Tab le 4 . 10 .  The F test between pairs 

of regress i on coefficients and their signi ficance levels (P) are presented 

in Tab le 4 . 1 1 .  

When the regression coefficients were compared across dif ferent 

treatments (Table 4,. 1 1 ) the f ollowing points emerged : 

1 .  The recovery rates for leaf number and tiller number were by  and 

large s imi lar across all the treatments . The two s ignificant tests 

(P  < 0 . 05) for the t iller numb er comparisons were due to the low values 

in Ruanui S 2  pla�ts under the H temperature regime with a regression 

coe fficient  of 0 . 05 2 1  (Tab le 4 . 10) . 

2 .  The recovery rates for p lant dry weight were s imilar in mos t  

cases excep t i n  3 occasions due t o  the low rates of recovery in Nui 

S 2  in the L temperature regime wi th a regression coeffici ent of 0 . 0 6 20 

(Tab le 4 . 10) . 

3 .  The mos t  obvious difference in the rates o f  recovery growth among 

the 4 growth paramet ers was in the rate of increase in leaf area. 

There was no  overall difference b e tween the cultivars , but s ignif icant 

dif ferences were found in the temperature and water deficit comparisons . 



103 . 

A closer examination of the leaf area regress ion coefficients revealed that : 

a .  recovery rates i n  the previously des iccated p lants were higher 

than the well-watered control rates , and 

b .  the rate o f  increase was higher in the H than in the L t emperature 

treatments .  

The pattern of response in the 4 .growth paramet ers was similar to 

the response r ecorded for prairie grass experiment (Tab le 4 . 2) par ti cularly 

for leaf area and dry weight parameters . The evidence from this 

experiment fur ther confirms the suggestion in section 4 . 2 . 4 . 3  that upon 

rewatering l eaf area and dry we ight will respond dif ferently . 

That leaf area �xpansion was more severely depressed during des iccation 

but �·TaS strongly st imulated during recovery than was dry weight had also 

been noted by Hopkinson in tobacco (Hopkinson , 1968) . In Hopkinson ' s 

s tudy , the experiment was conducted over the ent ire growing season of the 

tobacco plan t ,  and the ac celerated leaf area expans ion was one of the 

reasons given for the greater final dry weight and leaf area in the 

previously desi ccated plants . 

In this experiment ,  at harvest 1 ,  the leaf area of  the S l  plants 

was 50% that o f  the control plants ( Tab le 4 . 7 ) . It  reached 90% by harves t  

5 ( 1 2 days ) , consequently rates that were higher than those of  control 

p lants must have occurred during the r ecovery phase . I f  the experiment 

had continued longer the leaf area o f  the S l  plants might have reached 

values s imilar t o ,  or even greater than those of the control plants .  

However ,  the same could not b e  s aid f or plant dry weights . The 

relative dry weights between S l  and control p lants changed from 9 2% during 



104 . 

harvest 1 to 77% by harvest 5 ,  and those of S2 and control plants 

changed from 72% to 59% over the same period . 

' 
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CHAPTER V 

THE REACTION OF PLANTS TO WATER DEFICIT FOLLOWING ATMOSPHERIC PRE-CONDITIONING 

5 . 1  EXPERIMENT 6 - THE REACTION OF PRAIRIE GRASS TO WATER DEFICIT FOLLOWING 

ATMOSPHERIC PRE-CONDITIONING · 

5 . 1 . 1  Abs tract 

In a con trolled environment s tudy , the reaction of prairi e  grass 

(Bromus cartharticus) to desiccation following evapora tive demand pre

trea tments was compared over a period of 3 weeks . One group of plants 

were grown under a high (H) vapour pressure defici t (VPD) pre- trea tment 

( 2 . 0/0 . 2  kPa VPD) for 5 weeks b efore half o f  the plants were transferred 

to a low (L)  VPD environment (0 . 5/ 0 . 2  kPa VPD) . The plants under the 

continuous high VPD were des igna ted as HH and those tha t were transferred 

to the low VPD at week 5 as HL plants . A s econd group of plants were 

grown ini tially at low VPD before half were transferred to high VPD 

conditions . These were designated as LL or LH accord ingly . After 

transfer , water was wi thheld from some of the plants until the extension 

growth of the younges t leaf ceas ed for 3 hours ( S 1) or 24 hours ( S 2) . The 

growth responses of these plants were compared wi th those o f  the well

watered control . 

Under well-watered conditions the leaf area of the individual l eaves 

followed closely that  of the environment under which they were unfo lding 

rather than previous environment s . Leaf area and plant dry weigh t of the 

desiccated plants was lower than thos e  of the control . However , there 

was no difference which could be a ttributed to the pre- treatments . 
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Leaf water potentials when wilting was first evident were between 

- 1 . 30 and - 1 . 40 MPa for all treatments ,  In all the treatments the p lants 

reached the S 1  level of  des iccati on in ab out the same number of days . 

By contrast ,  the HL plants took 4 days longer to reach the S2 level of  

desiccation than the other treatments . This could be  due to its more effic-

ient rate of  water use as a result of adaptation .  Under we ll-watered 

condit ion the transpiration rates per unit leaf area of the LL , RH and 

LH p lants relative to the HL plants ( 100%) were 159% , 250% and 

309% respectively . No s t atistically significant dif ferences were det-

ected in the pattern of  wax deposi t ion , stomatal dens ity , epidermal cell 

numbers and the s lope of the moi s ture release curve between plants 

of  d i f ferent pre-treatments .  

5 . 1 . 2  Introduction 

Drough t  hardening refers to the exposure of p lan ts to a moderate 

l·evel o f  water deficit which result s  in the development of an apparent 

"adj us tment" in the plant . This " adj ustment" · enab les the p lant to grow 

and function better than it normally would when desiccated again . In 

most cases . so far reported drought adap tion in higher plants is by 

avoidance rather than ac tual tolerance · of low water po tential . 

' 

There are a number of reports .of the abili ty of  higher plants to adap t 

to drough t  conditions by hardening (Levitt , 1 9 7 2) . I t  varies from the 

development of drought hardening by pre-treating wheat seeds (Woodruff ,  

1969)  t o  a more e f f icient water usage by pre-conditioned maize plants 

(McPherson and Boyer , 1 9 74) . S imil arly , in pas ture gras s es , the reduction 

in leaf area through the reduction in leaf growth and accelerated leaf 

death can also be regarded as an adaptative mechanism (Turner and Beg g ,  

19 78) . These adaptative mechani sms allow the p lants to  last longer under 
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a condition o f  limi ted soil moisture supply b y  means o f  drought avoidance . 

In  contrast , examp les of  adaptation through the deve lopment of  drought 

t olerance ,  such as osmotic adj ustment in higher plants (e . g .  in s orghum 

leaves ( Jones and Turner , 19 7 8) ) are few ( for discus sion see Section 2 . 6 ) . 

However , not all p l ants will harden . For example millet and one 

variety of wheat showed no sign of adaptation af ter a pre-drought ing period 

of 2 to 6 weeks , whereas another varie ty of wheat and two varieties of 

b arley adapted by be coming more drought tolerant (Levitt , 1 9 7 2 ) . 

Whether this is related t o  a function of degree or duration of  s t ress or 

b oth ,  is not known . 

Severe desiccati on can be induced via a high evaporative demand , such 

as that under a hot , dry FBhn wind on the east coast s  of  both is lands 

in New Zealand.  Low humidities under controlled condi tions had b een used 

to induce adaptation (McPherson and Boyer , 19 74) . They grew two groups  of 

maize , one under a low humidity (VPD of 2 . 6 /0 . 5  kPa , day/night)  and 

the other under a high humidity (VPD of 0 . 5 /0 . 2  kPa) during the vegetative 

stage . At tassel emergence , the low humidity room was changed to high 

humidity conditions . Both groups were we ll watered until  fer tilisation 

was completed . Water s tress was imposed by withholding water from the 

s oil . The desiccated p lants were given small quant i t i es of water which 

maintained the leaf water potentials at approximately - 2 . 00 
.
MPa during the 

grain filling stag e .  Final dry matter yield was 27% higher i n  the l ow  

humidi ty pre-treatment plants . The authors claimed that the adaptative 

n1�chanism was mainly related to the plant ' s  ab ility to conserve water . 

1'he l ow humidity pre- treated plan ts used . 33% less wa ter . per uni t leaf 

area than the high bumidi ty· p�e-tr·ea"ted plants •. 
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In this chap ter the adap t a t i on of  p�air ie gra ss to different 

vapour pres sur-e pre trea tments is repor ted ._ 

5 . 1 . 3 Materials and methods 

Prairie grass (Bromus catharticus Vahl . c . v .  Grass lands Matua) 

were grown from seed in controlled climate rooms . The plant s were 

grown in 2 . 2 5 litre pots in a mixture of Opiki peaty loam ( 70% by 

volume) and river sand (30%) . The plants were thinned from 15 to 

3 per pot by week 5 .  Selec tion was based upon evenness of leaf 

development and size . 

Two climate rooms , one with high (H) and one with low (L) evap

orative demands were used . All other environmen tal condit ions were 

similar . The conditions were : 

Temperature (day/night) 22 . 5
°/ 1 2 . 5° ± 0 . 5

°
C 

Carbon dioxide concentra tion uncontrolled 

Light  (Photosynthetically active i rradiance) 

1 70 frw/!J!] (0 . 4  - 0 .  7 J..l m wave b and from 

Sylvania metal arc and Philips tungsten iodide lamps )  

Duration 1 2  hours photoperiod . 

Relative humidity (day/nigh t )  

High evaporative demand (H) 2 6 / 86 ± 5% , equivalent 

to 2 . 0/0 . 2  kPa air vapour pressure deficit (VPD) 

Low evaporative demand (L) 81 /86 ± 5% , equivalent 

to 0 . 5/0 . 2  kPa VPD . 

Diurnal changes in temp erature and VPD occurred gradually over 

4 hours immediately inside the photoperiod . Plants were fed with 
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modi fied Hoagland ' s  solution at 200 ml per pot 30 minutes before the 

dark period . 

At 5 weeks from sowing (beginning of  leaf 6 ,  designated day 0)  

half of the plants (72  pots) in the H room were exchanged with half 

of the p lants ( 7 2  pots) in the L room . Plants that were grown 

continuously under the high evaporative demand were termed HR and plants 

grown continuously under the low evaporative demand were termed LL . 

Those that were exchanged were termed eith er HL ( from H to L rooms i . e . , 

a dry pre-treatment) or LH ( from L to  H rooms i . e . , a wet pre- treatment) . 

For each group of plants (viz . the LL , HL , HR and LH) the following 

soil desiccation treatments were imposed . 

Control (C) --, well watered , each pot r eceiving 200 ml nutrien t 

per day . 

S tress 1 ( S l ) -- water withheld from day 0 until the extension 

growth of the youngest leaf between 2 consecutive measurements 3 

hours apar t had ceased . Thereaf ter watered as in control . 

S tress 2 ( S 2 )  -- water withheld from d ay 0 until the extension 

growth of  the youngest leaf had ceased over a period of 24  hours . 

Thereafter watered as in control . 

Changes in the length of  the youngest l eaf (sum of  lamina and 

shea th extension) were measured at 3 hourly intervals during the day 

period . The measurements were taken with a ruler placed against the 

base of  the plant u s ing the soil surface as a reference point . There 

were eight repli cates in each treatment . The same plants were used for 

each successive leaf length measurement .  
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Measurements o f  leaf  water potentials (LWP) and re lative leaf 

water cont ent (RLWC) commenced when 50% o,f the l eaves used in leaf 

extension measurement s  had reached the def ined s tress levels . For S 1  

this occurred 5 to 6 hours into the day period and for S 2  th is was at 

the beginning of the day period . Measurements of LWP and RLWC 

were taken over the next 24 hours . 

Leaf water potentials were measured with a pressure chamber 

(Boyer , 1969) and RLWCs were measured according to the method described 

by Barrs and Weatherley ( 1 962) after floating the leaf segments in 

distilled water for 2 hours under laboratory light  and temperature 

conditions . 

Samples for LWP and RLWC were taken from the s econd younges t  leaf 

of  the plant . The upper half of the laminae (distal) was used for 

LWP measurements and the lower (b asal) half used for RLWC determinations . 

Leaf water potentials and RLWCs wer e measured within the period from 

the last 30 minutes of the night  period until the end of the day 

period ( i . e . , 12� hours) . During each sampling t ime at least 2 sets  

o f  samples were taken at random from each of the treatments . The 

values presented are the means of these samples . 

Except for days 2 ,  3 and 4 of the transpirat ion experiment ,  all 

leaf area measurem�nts. :were taken with the electronic leaf area meter . 

For days 2 ,  3 and 4 of the transpiration experiment the laminae area 

(LA) for each plant was determined by using the pre-determined regression 

equation (Appendix 5 . 1 ) .  

LA =  -26 + 0 . 802 ( 1 � w) (R2 = 0 . 9 1 )  

where LA = lamina. . area o f  leaf 

l ;::; 'l ength_ of leqf 

w = width at � 1 .  
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For each plant , all the exposed leaves were measured . 

Water use for the control plants were measured by weighing the pots  

24  hours af ter watering to  a pre-determined weight . Eight "soil only" 

pots were used as "blank-controls" . Transpiration rates per unit leaf 

area over 24 hours . were calculated from the water use per pot ( less  

the "b lank-control") and the sum of the laminae area of all  the leaves 

of that pot . Plant dry weight s (excluding roots) were de termined 

after drying at 35
°

C for 24 hours in a vacuum assisted oven . One group 

of the plants ( 4  replicates) were harvested at the end of  the desiccation 

treatment (between week 6 and 7 depending on the treatment) , designated 

as the firs t harves t .  The other group of plants ( 4  replicates) were 

harvested 1 week after the plants were rewatered (between week 7 and 8) , 

designated as the f inal harvest . 

All secondary ti llers were removed as soon as they appeared . 

Measurements were taken only on the main plant . The effect of 

removing the secondary tillers on the performance of  the main plant 

was inves tigated in a separate experiment (Appendix 5 . 2) . As concluded 

in Appendix 5 . 2 ,  r emoving the secondary til lers had no apparent 

influence on the p erformance of  the leaves of  the main plant . 

5 . 1 . 4  Results and Discussion 

The effects o f  different  vapour pres sure deficit (VPD) on 

dry weight and leaf area of the well watered control plants 

were evident throughout the d uration of  the experiment (Tab le 5 . l a) . 

By the final harves t  (week 7-8) , LL plants were twice as heavy as the 

HH p lants . 
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TABLE 5 . 1  Effects of different eyapor�tive demands on plant dry we�ght 

(DW) and lamina · area (LA) of well-watered control plants 

(a)  DW and LA per plant 

Treatments 

First DW (m g) 

harvest LA ( cm2 ) 

(wk 6-7) 

Final DW (mg) 

harvest LA ( cm2 ) 

(wk 7-8) 

LL 

58 . 7  

1 1 . 2  

1 16 . 1  

20 . 6  

HL HH LH 

54 . 1  36 . 7  5 3 . 3  ** 

1 1 . 1  6 . 6 1 1 . 9 * 

104 . 2  59 . 5  92 . 2  ** 

1 9 . 3  1 1 . 8  15 . 1  * 

(b) Mature lamina area of individual leaves at final harves t 

Treatments LL HL HH 

Leaf No . 2 1 . 1 1 . 2  1 . 2  

3 1 . 8  1 . 5 1 . 8  

4 2 . 7  1 . 9  1 . 9  

5 3 . 4  2 . 4  2 . 4  

6 4 . 3  3 . 3  3 . 1  

7 4 . 5  4 . 1 2 . 9  

NS non-significant at 5% level of prob ab i l i ty 

** = p < 0 . 0 1 

* = p < 0 . 05 

LH 

1 . 1  NS 

1 . 7  NS 

2 . 4  ** 

3 . 0 ** 

3 . 4  ** 

3 . 6  * 

LSD 5% CV% 

10 . 9  14  

3 . 1 19  

1 8 . 8  12  

5 . 1 19 

LSD 5 %  CV% 

1 7  

1 9  

0 . 4  1 3  

0 . 5  1 3  

0 . 6  1 1  

0 . 9  15  
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The influence o f  the VPD treatments s tarted from leaf 4 ( Tab le 5 . lb) , 

with the pre-transfer low evapo�ative demand plants (LL and LH) having 

a significantly larger (P < 0 . 05) leaf area than those of the pre-transfer 

high evaporative demand plants (HR and HL) . The plants were transferred 

at week 5 ,  when leaf 4 had j ust matured (i . e . , when its ligule had emerged 

from the preceding leaf sheath) , leaf 5 was ab out 2/3  emerged and leaf 

6 j us t  emerging . By the time leaf 7 matured , its leaf area had been 

inf luenced mainly by the new environment in the trans ferred treatments 

(i . e . , HL and LH) . 

That  leaf growth will adj ust quickly t o  the new environment and 

will reflect characteris tics typical of the new environment has been 

demons trated in tall fes cue by Robson ( 1974) . Although the plant s  

were grown from seed i n  the controlled condi t ions , it was not known 

why leaves 2 and 3 did not also show characteristics of the respective 

rooms (Tab le 5 . 1b ) . 

Within . each of the soil desiccation treatments ( i . e . , S 1  and S 2 )  

n o  difference i n  plant dry weights and leaf areas were detec ted among 

evaporative demand treatments (Tab le 5 . 2a) . Similarly , different 

evaporative demands did not cause any significant difference between 

leaf areas of leaves 5 and 6 (Table 5 . 2b ) . I n  the s tress treatments 

leaf 7 was not matured when the plants were h arvested . 

In the present experiment although leaf tips were wilting , 

leaf extension rates s till continued but a t  a much lower rate . This 

could be due to the fact that  the region of leaf extension at the 

b ase  of the leaf might have a higher leaf water potential than the 

exposed distal end where leaf wat er potential measurement s  were taken 

(Experiment 2) . 
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TABLE 5 . 2  Effects of different evaporative demands on plant dry 

weight (DW) and lamina area (LA) of desiccated plants . 

(a) DW and LA per plant at first h arvest 

Treatments 

Stres s 1 DW (mg) 

LA (cm2 ) 

Days to reach 

Stress 2 DW (mg) 

LA ( cm2 ) 

Days to reach 

LL 

35 . 6  

6 . 0  

5 

31 . 2  

5 . 7  

6 

HL 

3 1 . 1  

5 . 1  

5 

32 . 7  

6 . 9  

1 0  

llli 

23 . 5  

5 . 2  

4 

23 . 8  

4 . 8  

5 

LH LSD 5% 

29 . 6  NS 

5 . 4  NS 

5 

27 . 1  NS 

5 . 9  NS 

6 

(b) Mature lamina area of individual leaves at final harvest 

Treatments 

Stress 1 Leaf No . 4 

5 

6 

Stress 2 Leaf No . 4 

5 

6 

LL 

2 . 6  

2 . 6  

2 . 1 

2 . 2  

2 . 7  

2 . 5  

HL 

1 . 7  

2 . 2  

2 . 1 

1 . 7  

2 . 0  

2 . 0  

llli 

1 . 7 

1 . 8  

1 . 6  

1 . 7  

2 . 0  

1 . 6 

LH 

2 . 3  * 

2 . 5  NS 

2 . 2  NS 

2 . 4  * 

2 . 3  NS 

1 . 6  NS 

LSD 5% 

0 . 5  

0 . 3  

CV% 

18  

2 1  

1 8  

22 

CV% 

20 

22 

15 

10  

23  

34  
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The leaf water potential where wilting was just visib le ( leaf 

tips j ust s tarted to lose turgidity) �ere similar for all treatment s  

at ab out - 1 . 30 to - 1 . 40 MPa.  These values were similar t o  the upper 

limi ts of the "critical leaf water potentials" - leaf water p otential 

when turgor potential was zero - reported for maize and sorghum by 

Neumann et a l . � ( 19 74) . 

The minimum leaf water potentials at  which leaf extension stopped 

for 24 hours ( i . e . , S2) were between - 1 . 50 and -3. 10 MPa depending on 

treatments and time of the day when the s amples were taken . Using only 

measurements collected during the dark period ( 30 minutes before the day 

period) the leaf water potentials were - 1 . 50 ,  - 1 . 50 ,  - 1 . 50 and -2 . 00 

MPa for LL , HL , RH and LH treatments respectively . 

The longer interval required for the HL plants to reach S 2  

desiccation level ( 10 days) relative t o  the other pre- treatment p lants 

(ranging from 5 to 6 days) , and its higher although s tatistically non

significant dry weight and leaf area per p lant at S2 (Tab le 5 . 2a) sugges ted 

that  the HL p lants could have developed some degree of drought adap tation .  

Drought adap tation can take 2 forms . It can be a tolerance to , 

and/or an avoidance of , low internal p lant water content . The relation

ship between leaf water potential and relative leaf - water conten� t ermed 

the mois ture release curve (Jarvis and Jarvis , 1965) , could b e  used 

as a means of measuring drough t  tolerance in p lants . Jarvis and Jarvi s  

( 1965) claimed that the s lope of the moist ure release curve could b e  

used t o  indicate relative drought tolerance because under wat er deficit 

conditions , p lants that lost a smaller volume of water for a given unit 

reduction in leaf water potential would have an advantage over tho s e  

with a s teeper gradient . Thi s  was s uppor ted by Sanchez-Diaz and Kramer 



TABLE 5 . 3  

Treatments 

LL 

HL 

HH 

LH 
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Linear regression equations (Y = a + bX) fitted through 

the data sets in Figure 5 . 1 .  (where Y = Relative leaf 

water content (RLWC) , and X =  leaf water potential (LWP) 

in b ars) . 

Regress ion equati ons R2 

RLWC = 99  - 1 . 04 LWP 0 . 85 

RLWC = 1 0 1  - 0 . 94 LWP 0 . 84 

RLWC = 100 - 1 .  0 1  LWP 0 . 7 8 

RLWC = 103 - 1 . 1 8 LWP 0 . 85 

F tes t ( according to Snedecor and Cochran , 1968) for regression coefficients 

between treatments, was non-significant . 

TABLE 5 . 4  Effects of different evaporative demands on the transpiration 

Treatments 

LL 

HL 

HH 

LH 

rates of well watered control plants (�g HzO cm-2s- 1 ) .  

Days from trans fer 

2 3 4 

0 . 9  1 . 0 1 . 1  

0 . 7  0 . 6  0 . 6  

1 . 4  1 . 6  1 . 9  

1 . 6  1 . 9  2 . 4  

Mean 
over 

5 4 days 

1 . 3 1 . 08 

0 . 8  0 . 68 

1 . 9  1 .  70  

2 . 5  2 . 10 

% 
relative 

to HL 

159 

100 

?SO 

3nq 

Significance ** ** ** * *  

LSD 5% 0 . 4  0 . 5  9 . 4  0 . 4  
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( 19 7 1) who found tha t  maize los t more water than sorghum a t  the s ame leaf 

water potential , this the authors claimed ,_ reflected the drought 

toleran t  characteristics of sorghum . More recently , Jones and Turner 

( 1 9 7 8) have shown that changes in the relationship of the mois ture release 

curve will  depend on the plant ' s  previous s tress history . Us ing 2 

cultivars of sorghum , they reported that during a quick drying cycle , 

previously stressed p lants were abl e  to maintain higher tissue water 

content than control plants at the same leaf water potential . 

The relationship b etween leaf water potential and relative leaf water 

content for the 4 treatments are presented in Figure 5 . 1 .  Linear 

regressions of the form (Y=a + bX) were fitted through the data sets in 

order to compare their respective slopes . As shown in Tab le 5 . 3 , no 

statis tically significant difference was detected . 

In the present experiment , although the HL plants (Figure 5 . 1b ) , had 

the lowest slope of 0 . 94 (Tab le 5 . 3) the d� ta were no t su ffi�ien tly 

cons is tent to detec t  whether or no t d ifferences in drought tolerance 

occurred . 

The relationship between leaf water potential and rela tive water content 

can be different depending on species (Ehlig and Gardner , 1964) , p lant 

age and environmental conditions (Knipling , 1967 ; Millar e t  a Z . � 1 9 6 8 ) . 

Furthermore , some workers (e . g . , Whiteman and Wilson , 196 3 ;  Knipl ing , 

1967) found that the s cattered nature of the data made the errors too large 

for useful comparisons . 

Drought adap tation can also occur through a mechanism o f  avoidance . 

For example,  McPherson and Boyer ( 1974) found that grain yield in maize 

plants subj ected to a s oil desiccation cycle during the grain filling 



...J <l j::: 
z LLI 1-0 a.. 
0::: LLI 1-
� 
..... <l LLI ...J 

LLI > 

� 
LLI 
0::: 

Figure · S . l  

1 1 7 / i  

· a. L L  LEAF WATE R  POTENTIAL ( M Po l b. HL 
- ·0 

1 ·0 1 ·0 
0 

�8 �g� 
0 0 

0·9 0 0·9 0 
crPO 

&'
'b"foo 

if 08 6 O B  6 
lb o  06 6 

0·7 0·7 0 CONTROL 

O B  0·6 0 STRESS \ 

0 5 0·5 6 S T R E SS 2 

c. HH d .  LH 
1 ·0

° 1·0 2·0 3 0  4 .()  
1·0

° 1·0 2·0 3·0 4·0 
0 00 

� cg cos Cbo 
0 � 0  0 0 

0·9 0·9 0 
0 0 0 

O·B 
6PR 

O·B o �B 066 6 
� 0 6 

0·7 0·7 6 6 
6 

0·6 0-6 

0·5 0·5 

·Relationships between leaf water potential and relative 
leaf water content of the 4 different environments • 

. (a) LL, (b)  HL ,  ( c) HH and (d) LH . 
I 



1 18 .  

period was 2 7 %  higher in the p lants that had a high evaporative demand 

(dry) his tory than those plant s  with a low evaporative demand (wet)  hist ory . 

The pre-conditioning was done during the vegetative phase . The authors 

claimed that  the higher grain yield was due to the more ef ficient rate 

of water use by the plants with the dry pre-treatment history .  

In the present experiment , supportive evidence for drought 

avoidance was demons trated from a separate experiment conducted a t  the 

same time and in the same rooms . Transpiration rates (�g H20/cm2 /sec) 

of the well-watered p lants were compared across the 4 treatments during 

the first 5 days after transfer (Tab le 5 . 4) • . The mean transpira tion 

rates per uni t leaf area (averaged over 4 days)  for the LL , RH and 

LH plapts rela tive to the HL plants ( 1 00%) were 1 59 % , 250% , arid 

309% respec tively . 

Although the transpiration rate response recorded in this present 

experiment was similar to that repor.ted by McPherson and Boyer ( 1 974) , · 

the extent to which the transpiration rates could be different during 

the soil drying cy cle is not known . 

At the end of week 8 ,  leaf samples were taken from the mid section 

of leaf 6 ,  and these were examined under a scanning e lectron micros cope . 

Counts made on 20 fields ( 2  p lant replicates ,  10  fields each) failed to 

detec t  any significant difference in s tomatal density and epidermal cell 

numbers between the treatments (Tab le 5 . 5) . Nor was there any 

consistent difference in the pat tern or thickness o f  wax deposition on the 

leaf surfaces between the treatments .  
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Treatments 

LL 

HL 

RH 

LH 

S ignificance 

c . v .  

1 19 . 

Effects of different evaporative demands on s tomatal densi ty 

and epidermal cell mnnbers of well-watered plants .  Using 

s canning electron microscopy . 200 x magnification . 

Stomatal density No/field 

1 6 . 7  

26 . 0  

1 8 . 5  

1 6 . 5  

NS 

28% 

Epidermal cell No/diameter 

30 . 5  

3 1 . 7  

28 . 7  

28 . 7  

NS 

1 1% 

Values are means of 20 counts (2  replicates of 10 fields each) 



The value of water potential can be  inf luenced by adj ustments in 

osmotic potential and many reports have emph asised the importance of 

osmotic adj ustment (e . g .  Meyer and Boyer , 19 7 2 ; Neumann et al . ,  

1 20 . 

1974 ; Turner , 1974 ; Jones and Turner , 1978) . Since osmotic poten tial  

was not  measured in this present  experiment ,  its  inf luence in  the HL 

leaf water potentials was not known . 

In summary , the p resent experiment has demonstrated that 

adaptation ,  in the form of avoidance , can develop in prairie grass a f ter 

a period of "dry" atmospheric pre-conditioning . The lower rate of  

transpiration per  uni t  area has allowed these  "hardened" plant s  t o  

grow longer int o the desiccation period . However , the actual mechani sm 

(s)  of the avoidance action by these p lants i s  not known . 
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CHAPTER VI 

OVERVIEW AND CONCLUSION 

In this chap ter results and conclus ions from experiments repor ted 

in the earlier chap ters will be discus sed in rela tion to the obj ectives 

as s ta ted in Chap ter I ,  and to th e current s tage of knowledge in this 

field . Possible future exper imentation to resolve some of the queries 

arising from this research will a lso be pres ented . 

6 . 1  THE SENSITIVITY OF LEAF EXTENSION TO PLANT WATER DEFICIT 

Between 1968  and 197 1 a number of papers illustrated tha t leaf 

extens ion growth is very sens itive to changes in plant wa ter s tatus . Leaf 

extension/ enlargement declined rapidly at  leaf water potential below -0 . 2  

MPa and for the species stud ied , l eaf extension s topped a t  po tentials 

between -0 . 7  and -0 . 9  MPa (Boyer , 1968 , 1 9 7 9 a ;  Hs iao e t  al. , 1 9 7 0 ;  Acevedo 

et al. , 1 9 7 1 ) . These reports together with the observation made by Loomis 

( 1 934) tha t  in Iowa , maize growth occurred mainly at night when evaporative 

demand was lower rather than during the day , implied tha t plants might 

experience levels of water defici t which could res trict green herbage 

produc tion . This led to the suggestion that using ligh t sprinkling or 

mis t irrigation during periods of high evaporative demand , could increase 

growth ( Kramer , 1963 ; Salter and Goode , 1 96 7 ;  Hanan , 1 9 7 2 ;  Jackson , 1 9 7 2 ;  

Rawling and Raats , 1975) . Thus , the idea of increasing growth by reducing 

evaporative demand appeared to have som e application in the f ield . 

A number o f  papers reporting on the magnitude o f  the diurnal leaf 

water potentials of some crop and pas tur e  species indicated that  the 

day- time leaf water potential would be near to if not ac tually 
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inhib iting leaf extension growth (Cary and Wright , 1 9 7 1 ;  Jordan and 

Ritchie , 19 7 1 ;  Dougherty , 1972 ; Jackson ,  1974) . However in none of 

these studies were leaf water potential and leaf extension rate measured 

s imultaneously . In order to confirm that leaf extension growth would 

actually s top at the low leaf water potentials indicated by Boyer 

( 1 968 , 19 70a) , Hsiao et al . � ( 1970) and Acevedo et al . � . ( 19 7 1 ) , a field 

experiment was conducted in 1973/74 with the aim of def ining the relationship 

between leaf water potential and leaf extension rate . As concluded 

in section 3 . 2 . 4 . 3 , the results from the sudax experiment (Experiment 

1) would not have been predic ted from the evidence availab le in the 

literature at that time . 

At about the same time ( 1974/ 1975)  a numb er of p apers were publishd 

reporting results which were similar to those of the sudax experiment 

(McCree and Davis , 197 4 ;  Watts , 1974) . McCree and Davis ( 1974) 

reported that under laboratory conditions sorghum leaf expansion 

continued day and night at the same rate despite a d iurnal change 

in leaf water potential of -0 . 1  to -0 . 9  MPa.  In the f ield , sorghum 

leaf growth did not cease until ab out - 1 . 7  MPa (McCree and Davis , 1974) . · 

Similarly , Watts ( 1974) using field grown maize reported that leaf 

water potential of -0 . 8  to -0 . 9  MPa had no apparent ef fect on leaf 

growth , whereas leaf extension in maize grown in a controlled climate 

room was almos t  nil at that same level of leaf water . potential . 

"! !  The apparent discrepancy b etween these reports and those of 

Boyer , Hsiao et dl. and Acevedo et al. mentioned earlier might be due 

to the different env·ironmenta.l· condit:ions when �easur�ments . of  leaf water 

potential lvere · mad e �  

Results from the pra�r:ie grass exper:i�ent QExperiment 2 1  clearly 

indicated that there was a family of c urves for the r�aeionship 
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between leaf water potential and leaf extension rate (Figure 3 . 6) 

depending on the environmental condi tions at the time of measurement . 

For grasses , at leas t ,  where th e normal site of leaf water potential 

measurement differed from the s i te of elongation , the measured leaf 

water pot ential could be influenced by 2 fac tors . 

{i)  osmotic adj us tment , and/or 

( ii)  leaf water potential gradient along the leaf . 

Stres s  induced change in solute concentration or osmotic adj ustment 

had been repor ted by a number of workers ( e . g . , Gavande and Taylor , 196 7 ; 

Meyer and Boyer , 19 72 ; Brown e t  a Z . , 19 76 ; Jones and Turner , 1 9 7 8) . 

Hence in water s tress s tudies it is impor tant that osmotic potential 

should also be  measured.  The decrease in leaf water potential may be  

matched by  a similar reduction in osmotic potential leading to .an 

apparent ly lower leaf water potential with no change in turgor potentia l .  

The possibi lity of a leaf water potential gradient b e tween the tip 

and the b ase of graminae leaf had been discussed in section 3 . 3 . 4 . 2 .  

More recently , Wiebe and Presser ( 19 7 7 )  examined ma ture mai ze leaves 

at tassellin� and detec ted _ a grpdient of 0 . 2  to 0 . 4  }�a from the tip 

to the b ase  of the leaf under either dry or wet conditions . From 

the soil to the base of the leaf there was another gradient of approx-

imately 0 . 4  MPa. 

In addition t o  those factors discussed above , other fac tors such: 

as the s ize o f  pots and - the levels o f  irradience frequently 

used in growth rooms could also contribute towards this discrepancy 
(Begg and Turner 1 9 7 6 ) . 

' 
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In the absence o f  adequate informa tion such as temperature and 

turgor po ten tial , the normalisation procedure sugges ted in sec tion 

3 . 3 . 4 . 2  could as sist  in relating rates of l eaf extension and leaf water 

potential across different environments . 

Although results from experiment 2 fit ted the normalisation 

procedure nicely , only results from the high temperature treatment o f  

experiment 3 followed a s imilar pattern . The data from the low 

temperature treatment of Experiment 3 did no t follow a single relationship 

upon normalisation . 

From the evid ence ob tained so far it  can be concluded that : -

1 .  In the early s tages of desiccation , leaf extension rates are 

extremely sensi tive to desiccation but are l ess sensi tive when desiccation 

becomes more severe . • 

2 .  The relationship between l eaf extension rate and measured l eaf water 

potential in grass es is no t unique ,  but will vary dramatically within 

one group of plants over short periods depend ing on environmental 

condi tions . 

3 .  Although some discrepancies can be resolved by allowing for the 

action of o ther influences , such as temperatur e ,  unless the water 

po tential and i ts components (osmotic potential and turgor po ten tial) 

at the site of measurement can be rela ted unequivocally to the water 

potential and i ts components at the zone of elongation , no f irm conclusions 

can be drawn . 
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6 . 2  THE EFFECTS OF WATER DEFICIT ON SUBSEQUENT PLANT RECOVERY GROWTH 

In this sec tion the following 2 aspec ts will be discussed : -

1 .  The rela tive sensi tivi ty of dif ferent growth parameters to 

desiccation . 

2 .  The effec ts o f  water defici t on subs equent recovery from different 

growth parameters .  

6 . 2 . 1  The relative sensi tivity of different growth parameters 

to wa ter deficit 

The pattern o f  response in the prairie grass and the ryegrass 

experiments was s imilar , hence only resul ts f rom the ryegrass 

experiment (Experiment 5) wil l · be used to illustrate the rela tive 

sensitivity of the dif ferent growth parameter s to water defici t .  The 

growth parameters measured , viz . , tiller numb er ,  leaf number , leaf  

area and dry weigh t  p er plant , will  be grouped into the following 3 

categories for discussion . 

(a) that associated with "survival" of the p lant , as represented . by 

tiller numbers , 

(b) that associated with the pho tosynthetic areas , as represented 

by leaf numbers and l eaf area , and 

(c) that  associated wi th green herbage produc tion , as represented 

by the different dry weight components . 
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( a) Tiller numb ers 

Tiller number was the leas t sensi tive to desiccation . Even a t  the 

rela tively severe water def ici t level of S 2 ,  no death of tillers 

was recorded . At the end of 15 days of desiccation (i . e . , end of S 2) 

the number of viable tillers  was the same as that of S I ,  and was 

only 13% less than tha t  o f  the contrel plants of similar physiological 

age (Table 4 . 7) . In this experiment , reduc tions in tiller numbers 

were from the suspens ion of tiller production ra ther than accelera ted 

death of existing tillers . Within each exis ting tiller , the imma ture 

leaves were s till green . This indica ted that tillers , once formed , 

could survive a fairly severe level of desiccation by remaining "dormant" . 

Following the dry summer conditions in the field , plants wi th a 

greater number of viable tillers will be  better able  to respond to 

the autumn rain . Sheath e t  al. , ( 1 9 7 6) observed tha t  in North Otago 

the persis tancy of Nui was related to the number of viab le tillers or 

tiller buds at the end of the summer drought 

(b) Leaf numbers and leaf area 

Leaf number and leaf area parameters responded similarly to 

desicca tion . They were both . reduced soon af ter the s tart o f  the desiccation 

perio d , par ticularly the l eaf aree. (Figure 4 . 5) ,_ reflec ting i ts very 

sensi tive response to water defici t .  However , bo th parameters recovered 

quickly upon rewatering (Table  4 . 7  and Table 4 . 10) . 
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That tissues o f  different maturi ty s ta tus could have different ab ili ty 

to tolerate drough t was fur ther demons trated (Table  6 . 1 ) . The 

values used to calculate the mature t� immature ratios were taken from 

Harves t 1 ,  Table 4 . 7 .  For leaf numbers , this ratio was approxima tely 

1 : 1  and for leaf area this ratio was approxima tely 2 : 1 ,  for bo th the 

control and S tre8 s 1 trea tments . On the o ther hand , in S 2  plants , 

the ratios were much lower , thus reflec ting a grea ter " tolerance" 

to desiccation by the imma ture leaf components . 

Reductions in leaf area during desiccation can be regarded 

as a means of drought adap tation by the plant (Begg and Turner , 1 9 7 6 ; 

Turner and Begg , 19 78) . The reduced leaf area will help the plant to 

conserve soil water . The rapid expansion of leaf area upon relief of 

water defici t can also be regarded as an advantage . The sooner the p lant 

draws on curren t photosynthate for regrowth the lesser the dependence 

it will have on reserves . 
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TABLE 6 . 1  Ratio of mature to immature leaf components at the end of 

the desiccation periods (values were from Harves t  1 '  

Tab le 4 .  7) . 

Control S tress 1 S tress 2 

Leaf number Mature (M) 1 7 . 3  13 . 3  2 . 5  

per p lant Immature (I)  1 6 . 1 12 . 9  6 . 1  

Ratio M/I 1 . 07 1 . 03 0 . 4 1 

Leaf area Mature (M) 40 . 3  20 . 9  2 . 4  

per p lant Iinmature (I)  1 9 . 6  1 0 . 5  3 . 5  

Ratio M/I 2 . 06 1 . 99 0 . 69 

(c) P lant dry weights 

Sensitivity of green herbage dry weight per plant to desiccation 

was intermediate between those of tiller number ·and leaf parameters . 

Dry weight reduc tions at the end of S 1  and S2 treatments were 8% 

and 28% of control p lants respectively (Tab le 4 . 7 ) .  The reductiqn in 

dry weights during desiccation was mainly due to senescence and 

possib ly also to respiratory losses . 

Although water deficit reduced th e dry weigh t  of the whole plant , 
li!it; 

different plant parts had different degrees of sensitivity to desiccation • 
• 

For example , roots were reduced during desiccation but the reduction 

was less than the . reduction in the laminae component . On the other 

hand , sheath dry weight actually increased during desiccation , even 

under S 2  treatment (Harvest 1 ,  Appendix 4 . 7a) . 
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In this section , the following parameters will be used to illustrate 

the different patterns of recovery growth recorded in the experiments :  

(a) the rate of dry weight increas e ,  

(b) the rate o f  leaf area expansion , 

(c) the rate of leaf extension . 

(a) The rate of dry weight increase 

Within 3 days of rewatering , in both Experiment 4 (Figure 4 . 3) 

and Experiment 5 (Table 4 . 7 ) , there was a reduction in dry weight 

in the previously desiccated plants .  This initial reduc tion in dry 

weight could be due to the mobilisation of reserves for regrowth 

(Milthorpe and Davidson , · l966) . A similar pattern of reduction in 

plant dry weight was recorded for s everely defoliated ryegrass swards 

during the f irst 3 days of regrowth by Meads ( 1975) . 

Considering that  rates of net photosynthesis are usually depressed 

following desiccation , the dependence of reserves for regrowth may be 

greater in p lant s  recovering from desiccation than from defoliation . 

Although V?rtha ( 1 9 79)  has indicated the possibility of carbohydrate 

reserves being important during the recovery from water deficit in 

ryegrass , the extent to which carbohydrate reserves are related to 

desiccation responses , such as drought resistance and the speed of 

recovery , are largely unknown . 

establish this relationship . 

Further work should be  done to 
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In order to compare the dire c t  response to water defic�t between 

different treatments during the recovery phase , it was .necessary to 

adj ust for the delay in ontogeny in the previously desiccated plants . 

The importance of such physiological adj ustment had been indicated 

and discussed by Ludlow and Ng ( 19 7 4) . 

In this study (Experiment 4 and Experiment 5) physiological 

adj us tment was made by using the cr:i,teria of "drought" days , which 

was defined as "any day for which all the leaves were wilted during 

the day period" ( section 4 . 2 . 4 . 3) . The "drought day�' adj ustment 

method is a simple model using wilting as the criterion . The implicat

ion tha t  growth stops when wilting is evident and will re turn to 

control rate on the firs t "non-drought day" is an over'"-simplification . 

However , if this simple relationship can be used in a wide enough 

range o f  conditions , it will be us eful,  at leas t as a f irst  approxim

ation to see whether a "positive" or  "negative" carryover e ffects 

mve occurred . 

As conclud�d in Exper iment 4 ,  a f ter allowing for "drought"  days 

the dry weights of the previously desiccated plants followed closely 

to those of the control plants  (Figure 4 . 4) . Thi s  indicated that  in 

Experiment 4 there was no "positive" nor "negative" carryover effects . 

The mod�l fitted the data of Experiment 4 because the dead matter 

component was relatively small (5% of total herbage yield for S 3) . 

In contrast ,  using the same adj ustment method for Experiment 5 ,  the 

dry weight s  of previously desiccated p lants were much lower than those 

of the control plants of s imilar physiological age (Table 4 . 7 ) . 

In this case , the model had detected a "negative" carryover e f fect due 

to severe desiccation . The reduction in dry weights of the previously 
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desiccated plants was due to senescence . In Experiment 5 ,  dead mat ter 

reached 31% that of total herbage at the end of the S2 desiccation 

trea tment . 

The "drought day"  adjus tment method is us eful as a first approximation 

but it does no t compare the relative rates o f  recovery . One of the 

ways to compare relative rates of recovery i s  to compare the relative 

growth rates of plants from different trea tments . In the present 

experiment,  relative growth rates were calculated by . using the regression 

equation, log Y = a + bX , where b ,  the regres sion coefficient , represents e 

the relative growth rate (Hughes and Freeman , 1967 ; Radford , 1967) . 

Although this technique will not reveal short term responses , such as 

that o f  the initial reduction repor ted in Experiment 5 it has the advantage 

that it is independent of the position on the " time" axis (X-coordinate) . 

As concluded in Experiment 4 and Experiment 5 ,  there was no 

statis tically s ignificant difference between the different treatments 

for the relative r ates of dry weight increases . Dry weigh t resul ts 

from the present s tudy were in agreement with the conclusion of Ng et al. � 

( 1975) , in that af ter allowance was made for physiological age , there was 

no real evidence of higher relative growth rates in the previously desicc-

ated plants than those of the well-watered control . 

(b) The rate of leaf area expansion 

In contras t to the relative rates of dry weight increase ,  the 

relative rates of leaf area expansion in the previously desiccated 

plants , for bo th Experiment 4 and Experiment 5 ,  were higher than those  

of the control plants o f  similar physiological age (Table  4 . 2 



and Table 4 . 1 0) . In experiment 4 the relative rates of leaf area 

expans ion were between 28% and 5 1% faster , and in Experiment 5 the rates 

were between 27% and 55% fas ter than their respec tive control rates . 

Higher rates of leaf area expans ion af ter a period of water deficit 

had also b een repor ted by Hopkinson ( 1968) in tobacco . Hopkinson 
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found that  the "accelera ted" rates were slow to develop but were prolonged 

in duratio n .  By the end of the growing season, the plants that  had 

been subj ec ted to the most  severe des iccation acquired the greates t 

f inal total leaf area and dry weight . 

In the present s tudy , the duration of the recovery periods for bo th 

Experiment 4 and Experiment 5 was not long enough to see whether the 

accelerateg leaf area . expansion rate would eventually lead to a higher 

"final" dry weight in the previous ly desiccated plants . Such response,  

if  occured , would represent a true "compensatory" growth . 

( c) The rate o f  leaf extension 

An accelerated rate of leaf extension was recorded on relief o f  

desiccation in the· prairie grass experiment (Experiment 4) b u t  no t in 

the ryegrass experiment (Experiment 5) (Figure 4 . 2  and Figure 4 . 5) . 

Upon relief of mild water deficit , higher rates of leaf extension/ 

enlargement in the desiccated plants than the well-watered control 

were repor ted in sunflower (Boyer , 19],Qa) , maize (Hsiao et a l  . ., 1 9 7 0 ;  
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Acevedo et al . 3  197 1) , ryegrass (Lawlor ,  1 9 72) and Panicum maximum 

(Ludlow and Ng , 19 7n . The duration of this  "higher" rate varied 

considerably . For example , in the cases repor ted by Boyer , Hsiao 

and Acevedo et a l . 3 the higher rates were only transitory , las ting 

for a fraction of an hour . In Ludlow and Ng ' s experiment the high er 

rates lasted 33 hours and in Lawlor ' s  experiment the higher rates 

las ted 8 days . By comparison , the higher rates reported in Experiment 

4 las ted over 28 days during which 4 to 5 new leaves had emerged . 

Whether the accelerated rates will occur and for how long , will 

probab ly depend on the duration and severity of water deficit . 

For example , in maize , when the deficit was b rief , full recovery was 

possible , but if the deficit was severe or prolonged , full recovery 

would not occur (Acevedo et al . 3  197 1) . 

The relative sensitivity of cell division and cell enlargement 

to water deficit was suggested as the r_eason for the accelerated 

leaf extension rate recorded in the prairie gras s experiment . A 

similar explanation was also offered by Ludlow and Ng ( 1977)  for their 

result� . The lack of accelerated response in the ryegrass experiment 

was probably · due to the more severe level of water deficit imposed 

rather than a species difference . That accelera ted leaf extens ion 

rate could occur in previously desicca ted perennial ryep.rass 
/ 

plants \vas shmm by Lmvlor ( 197 2) . 

From the evidence presented in this section it may b e  concluded 

that : 

1 .  Tiller numbers were the l east sensitive to desiccation and this 

was followed by dry weights .  Leaf area was more sensitive to desiccat-

ion than was leaf numb er .  



2 .  The p lant dry weight component most  sensitive to desiccation 

was laminae dry weight , followed by roots and then ; sheath dry 

weights . In the case of sheath component it actually increased in 

dry weight during desiccation , possib ly due to the accumulation of 

immature leaves within the sheath . 
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3 .  The pattern o f  recovery from desiccation was different for the 

relative rates of increase in leaf area and dry weight . The relative 

rates of leaf area increase in the previously desiccated p lants were 

higher than the well-watered control rates . By contrast ,  the relative 

rates of dry weight in the previously desiccated plants  were similar 

or slightly less than those of the well-watered control p lants . 

4 .  Accelerated leaf · extension rates were recorded in the prairie grass 

experiment and these rates were maintained for over 28 days . However , 

no accelerated rates were recorded in the ryegrass experiment . This 

difference
-
was probably due to the different water deficit levels 

imposed between the prairie and the ryegrass experiments rather than 

a species difference . 

5 .  The different patterns of suspension and recovery in leaf 

extension rates between prairie grass and ryegrass had no . apparen-t- posi tive 

or negative c�rry�over effects on the relative rates · of lea�/ area and · 

dry weight recovery in the two pas ture species . 

In the present study although no compensatory growth in p lant dry 

weight was recorded , a faster rate of leaf area recovery was evident . 

Further experimentation with a much longer time period for recovery 

growth should be conducted to see whether the faster rate of leaf area 

expansion upon relief of water deficit will lead to a higher �1final'' 

dry weight per plant than that of the well-watered control over a longer 

time s cale . 



135 . . 

6 . 3  COMPARATIVE RESPONSES OF NUl AND RUANUI TO DESICCATION AND DURING 

SUBSEQUENT RECOVERY 

There is no question that Nui can produce more dry matter and 

persist longer under the dry summer and autumn conditions than Ruanui 

in New Zealand (Rumba11 , � l969 ; B.aars e t  a l:. > 197 6 ;  Shea th e t  a Z . > 

1976 ; Armstrong , 19 77 ; Var tha , 1 9 78) . 

When compared wi th Ruanui ,  the higher dry matter yield i_n Nui ranged 

from about +12% , over a period o f  1 8  months in Waikato (Baars et al . >  

1976) to approximately +54% over a period of 12 months under an 

infrequent ly def �liated dryland regime in North Otago (Sheath et al. > 19 76) . 

The mo.s t  significant comment from these reports wa·s that Nui could 

persist better than Ruanui and that the higher dry matter yield in 

Nui during the subsequent seasons was the result of a higher tiller 

population per unit area in the Nui sward (Sheath et al . >  1976) . 

However , none of the reports cited above provided quantitative data 

on a per plant or per tiller basi s .  I t  was not known whether the 

surViving Ruanui p lants  were similar in dry weight and tiller numbers 

to those of the surviving Nui plants . 

As reported in Experiment 5 of the present study , on a per tiller 

basis Nui tillers were about 28% heavier than those of the Ruanui 

tillers (Table 4 . 9) . However ,  because of a 24% greater number of 

tiller per plant in Ruanui , the total dry weight per plant -did no t differ 
'--

s ignificantly · bet_ween- the two cultivars . · 

In the present s tudy a range of other parameters , were measured . 

The resul ts · -cari b e  summarised · as follows ; 
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1 .  Nui had a higher leaf extension rate than Ruanui , especially 

under the high temperature regime (Tab le 4 . 5) . The higher rate was 
\ 

maintained under desiccation (Figure 3 . 1 1) . 

2 .  Nui had a larger mean leaf size ( 24%) and a heavier mean 

tiller dry weight ( 28%) , but a lower tiller number per plant ( 24%) , 

hence a lower green leaf number per p lant ( 18%) than Ruanui (Table 

4 . 9) . 

3 .  For all the other parameters measured there were no s tat-

istically significant differences between the two cultivars . These 

parameters were : dry weight and leaf area per plant (Table 4 . 6  and 

Table 4 . 9) , top to root ratio , specific l eaf area , leaf area ratio 

(Appendix 4 . 7c) , leaf water potentials (Figure 3 . 9) , stomatal resis tance 

(Appendix 3 .  1 ) , transpiration rates (Appendix 3 .  2) and the relat-

ionship between leaf water potential and relative leaf water content 

(Appendix 3 .  3 ) . 

The lack of  difference in dry weight and leaf area per p lant could 

be due to the following reasons : 

1 .  Under growth room conditions , using small pots spaced evenly 

on the trolley , Ruanui may have a larger tiller population ( i . e . , 
I 

s ingle plants with ligh t  available on all s ides) than i t  would have 

in a closed sward situation in the field . A similar lack of difference 

in pot experiment s  between Nui and Oregon ryegrass in one experiment 

and between Nui and Ariki in another experiment , was also observed 

by Vartha (pers . comm . ) . 

2 .  In the f ield trials cited above , defoliation had always 

been one of the treatments , whereas no defoliation was imposed in the 
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present study . That there were significant defoliation x water defici t 

interaction had been shown by 'Vartha ( 19 7 9) in Nui ryegrass .  Af ter 

rewatering , leaf dry weights increased in the "cut" but not in the 

"uncut" treatments over the first 2 1  days . 

3 .  The rooting pattern of the two cultivars could be different 

in the field or wi th a larger pot . Differences in the dep th of rooting 

and the numb er of different categories of roots were some of the 

reasons given for differences in drought tolerance between strains  

of Bromus inermis (Cook , 1943) . 

Evidence f rom the present study together with those reported by 

others (as ci ted earlier) have emphasised the importance of the persis t

ency of Nui relative · to the other ryegrasses . An experiment has b een 

conduc ted in the Climate Laboratory , DSIR, by the author to investigate 

the ability of Nui and Ruanui to persi s t  under a prolonged desicca tion 

situation . Observations during the trial indicat.ed that large 

variations in the ability of individual p lants to survive prolonged 

desiccation occurred .w ithin both cu1 t·ivars·. However , the data has ·7'et 

to b .e analysed . 

A further point of interest emerged from the report by Sheath et a l . , 

( 1976) , in that the dry matter production and tiller density of Nui 

was higher than Ruanui under the irrigation treatment as well as under 

the dryland treatment . This suggested that the response of Nui during 

the warmer months o f  summer and autumn , was more than j us t  to water 

deficit but possib ly to high temperature as well . That there was 

difference in temperature response between the two cultivars was also 

evident from the leaf extension growth result s  presented in Experiment 

3 and Experiment 5 of the present study . I f  the superior performance 
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recorded in Nui i s  related t o  a high temperature response , i t  may be 

possib le to  select for a higher producing summer pas ture grass based 

on high temperature response rather than water deficit response • 

. • 

This is an area which ; s hould be inves tigated further � 
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6 . 4  THE RELATIONSHIP BETWEEN LEAF EXTENSION RATE AND PLANT GROWTH RATE 

In grasses , variation in leaf length is the maj or determinant of 

leaf area (Ryle , 1964) . This made leaf extension rate potentially 

useful as an index of leaf area expansion . Under conditions where 

dry matter yield is limited by leaf area , for example young or recently 

defoliated pasture , the rate of leaf area expansion , as represented 

by leaf area index have b een shown to influence sward productivity 

(Brougham , 1956) . This indirect relationship betWeen leaf extension • 

rate and dry matter production could also make leaf extension rate 

a possib le index of crop growth rate . However , the degree to which 

extension rate is related to dry matter production is not fully 

understood . 

Scott ( 1 961 )  using 3 tussock species compared 4 different methods 

of estimating growth under controlled conditions . He concluded 

that the method using the leaf extension ra�e of the youngest leaf 

in the t iller reflected the same proportional changes in the amount of 

growth as that ob tained by the total yield method . The leaf extension 

rate was considered by Scot t as a potentially useful method for estimat-

ing total y ield in the field . 

Roy and Peacock ( 19 72) used leaf extension rate to predict changes 

in the leaf area index of spring pastures , and ·Peacock ( 1 975a) 

considered that leaf extension rate would be  useful for predicting 

the t emperature effects on changes in plant dry weights . Similarly , 

Thomas ( 19 75 )  found in a simulated sward of . perennial ryegrass , 

that leaf extension rate had the greatest influence on sward growth 

rate in the field . The response observed by Thomas was mainly related 

to temperature . The highly s ensitive response of leaf extension 

rate to temperature had been well es tablished (Kleinendorst and Brouwer , 
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TABLE 6 . 2 Summary \of linear regression information between ( i) 

the rate of dry weight increases (Rw) as . the dependent 

variab le with leaf extension rate (LER) as the independ

ent variab le and (ii) the rate of leaf area increases 

(�) as the dependent variab le with LER as the independent 

variab le . 

Y a +  bX 

(i)  Relationship between � and LER (� Y ;  LER = X) 

Treatment* Regression coeff . 

Control 2 . 7 1 

Stress 1 2 . 07 

S tress 2 2 . 45 

S tress 3 1 . 47 

(ii)  Relationship between � and LER 

Treatment* 

Control 

S tress 1 

S tress 2 

S tress 3 

Regression c oeff . 

9 . 13 

3 . 38 

6 . 34 

2 . 35 

constant 

-39 . 02 

-35 . 3 1  

-45 . 81 

-22 . 4 1 

(� 

constant 

-178 . 7  

-37 . 8  

- 124 . 0  

- 12 . 7  

* treatment from that of Experiment 4 .  

R2 

0 . 17  

0 . 54 

0 . 55 

0 . 69 

Y ;  LER 

0 . 4 1 

0 . 30 

0 . 70 

0 . 75 

F test 

N . S .  

** · 

** 

** 

X) 

F test 

* 

* 

** 

** 
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197 0 ;  Robson, 1 9 7 2, 1 9 7 3 ,  1974 ; Watts , 1 97 2 , 1974 ;  Peacock 1975a , 

1975b) . However , the extent to which leaf extension rate is sui tabl e  

a s  a growth rate indicator under mois ture d eficit condition is 

largely unknown . ·  

Data collected during the present s tudy provided the oppor tuni ty 

to assess the relationship between leaf ex tension rate and the rates 

of increase in leaf area and dry weight during the period o f  recovery 

from water s tress . Data from the prairie grass experiment (Experiment 

4)  collected after rewatering until the end of the experiment had 

been analysed and used for this comparison . 

Details of the regression information between the rates of dry 

weight increases (�) ,  leaf area increases (�) and leaf extension 

rate (LER) are pres ented in Table 6 . 2 .  The regressions were based 

· on the rate of increase  rather than their absolute values . For � 
and � the standard method of calculating rates was used ( i . e . , x2 -

x1 / t2-t 1 ; where x2 and x1 were the absolu t e  values of the parameter 

at times t2 and t1 respectively . ) . The values of each replicate was 
. 

used as a data point for the regression calculation.  For leaf 

extension rate the geometrical mean calcula ted over the same time interval 

as that of the growth rate was used . 

As can be seen f rom Table 6 . 2 ,  in the 'tvell-watered control p lants 

the usefulness of LER as an index for predicting either � or � 
under a "constant" environmental condition is  very poor . The 

low coefficient of determination (R2) of 0 . 1 7 and 0 . 4 1  for � and � 

respectively was due to the fact that LER was more or less cons tant 

under the temperature regime used in this  exp eriment (Figure 4 . 2) 



whereas � and � were increasing with time (Figure 4 . 3) .  However , 

in the s tress treatments LER increased rapidly upon rewatering and 

so did � and � hence the higher R2 values during the recovery phase .  
! . 

The rate of  leaf extension measurement because o f  the technique 

was limited to the region of relatively cons tant growth , in the newly 

emerged leaf (Wardlaw ,  1969 ; Wilson , 1975) . Whereas , leaf area 

expans ion of the whole plant should depend on the rate from all the 

leaves . Furthermore , the rate of leaf area expansion will also 

depend on the rate of  emergence of new leaves , the rate of  senescence 

of  expanded leaves and the duration of leaf extension growth of  

different leaves . 

From the evidence collec ted in this s tudy , it looks unlikely 

that leaf extension rate will be a suitable index for plant dry 

weight changes under severe mois ture defici t .  Fur thermore , the 

greater depression of leaf growth relative to p lant dry weights 

during desiccation and the oppos ite response during recovery makes 

it even less sui table . However , because of  its sensi tivi ty to 

mild desiccation, it may be a useful index for evaluating mild 

moisture deficits . 

14 2 
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6 . 5  REACTION OF PLANTS TO WATER DEFICIT FOLLOWING " DROUGHT HARDENING" 

PRE-TREATMENT 

One of the obj ectives outlined in Chap ter I was to inves tigate 

the evidence of drought adap tation by pas ture plants by using low air 

vapour pressure pre-conditioning . �  As concluded in Experiment 6 ,  

plants wi th a low vapour pressure his tory (HL) were able to pers is t longer 

in the des iccation period than the other pre- trea tments . This apparent 

"adaptation" was probably due to the more eff icient rate of water use 

per unit leaf area by these plants . But as transpiration rates were 

no t recorded for the desiccated p lants , this conclusion could only 

be tentative . Furthermore , the mechanism ( s )  tha t  enable the HL p lants 

to be more efficient in their water use is no t known . 

A number of recent publications have indicated the importance of 

osmo tic  adj ustment as the mechanism of drought adap tation (Boy�r and 

McPherson , 1975 ; Begg and Turner , 1976 ; Brown et al . , 1 9 7 6 ;  Simmels

gaard , 197 6 ; Jones and Turner , 19 7 8 ; Turner and Begg , 1 9 7 8) . 

In Jones and Turner ' s  experiment ( 1978) wi th 2 cul tivars of sorghum , 

they reported evidence of drough t adaptation a f ter subj ecting the plants 

to s low soil desiccatio n .  Adap tation was the resul t of osmo tic 

adjus tment of up to - 1 . 6  MPa , as well as a 50% reduc tion in tissue 

elasticity . However , Jones and Turner prevented fur ther adaptation 

during the drying phase by severing the s tem a t  soil level . The 

adap tat ion response in their experiment was recorded over a relatively 

short interval of 8 hours . This points to the ques tion of 

persis tency o f  the drought adap tation respons e . 
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In McPherson and Boyer ' s  experiment with maize (McPherson and 

Boyer , 1 9 74) , the effects of the low vapour pressure pre-treatment 

imposed from sowing to tassel emergence , persisted long enough to 

influence grain yield during the period of desiccation at the grain 

filling s tage . Adaptation , the authors c laimed , was du� to the plant ' s  

ab ility to regulate water loss rather than changes in photosynthesis 

under desiccation . On the other hand , Rawson et a Z . , ( 19 7 7 )  using 

2 varieties of barley and 3 varieties of wheat found that upon 

rewatering , the previously desiccated plants became "prodigal" 

in their water use . The authors concluded that there was little evidence 

to indicate that drought adaptation would improve the overall water 

use efficiency in grain production . Any adaptation that migh t have 

developed during the initial drying cyc le over the vegetative phase ,  

did not persist long enough to influence grain yield during sub sequent 

drying a t  the grain filling s tage . 

In mos t  repor ted adaptation s tudies , the adaptative responses 

are rela t ed to the reproduc tive yields (Woodruff , 1969 ; Henckel ,  

1964 ; Levi t t ,  1 9 7 2 ; McPherson and Boyer , 1974 ; Rawson e t  a � . , 1977) . 

The author is  not aware of any work on adaptative responses by pasture 

plants .  From the p asture production point of view , where the veget-

ative yield is important , unless drought adap tation can persist long 

enough t o  result in a higher dry matter produc tion or a more efficient 

water usag e ,  it will  be of lit t le agronomic value . Furthermore , it  

will b e  more desirab le _ to be  ab le t o  induce adaptation by using soil 

desiccation , as thi s  can be  easily implemented by the farmer . 

Further field experiments with rainout shelters shouid b e  
I 

conduc ted to determine the extent t o  which vege tative yields can be  

inf luenced through drought adap tation . 
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APPENDIX 3 . 1  

Time course of stomatal resis tance in 2 cultivars of ryegrass under 

2 temperature regimes 

S tomatal resistance (R ) is expressed as stomatal conductance s . 

( 1 /Rs) in cm/sec , and the dai ly time course o f  the stomatal conduct-

ance for the 2 ryegrass cultivars (Ruanui and Nui) under the 2 

temperature regimes are presented in Figure Al . 

By and large under well-watered conditions , control p lants of 

both cultivars had similar values , with those in the H temperature 

regime having a s lightly higher stomatal conductance value than 

those under the L temperature regime (0 . 65 cm/sec and 0 . 60 cm/sec 

for the H and L temperature regimes respectively) . 

In contras t ,  under desiccation Ruanui tended to have a s lightly 

higher but statistically non-s ignificant difference than Nui . The 

trend was consistent for both temperatures . 

During desic cation , the decrease in stomatal conductance was det-

· ·ected by ' day 3 ,  and by day 6 it had reached the leve l  ( 0 . 1  cm/sec) 

where the stomata could be  considered as c losed (Hansen ,  1974) . 

S tomatal resistance data was collected by Mr P .  Rollinson , P . P . D .  

using a diffusion por ometer . 
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Figure Al S tomatal conductance for Nui and Ruanui during desiccation . 

(a) Under high temperature regime { 27 . 5°/ 1 2 . 5°C)  

• (b)  Under low temperature regime ( 17 i5� / 1 2 . 5°C) 
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APPENDIX 3 .  2 

Time course of  transpiration rates in 2 cultivars of ryegrass under 

2 temperature regimes 

The diurnal time course of transpiration rates for days 2 ,  5 and 

8 are presented in Figure A . 2 . The times A,B , C  and D were the same 

as that illustrated in Figure 3 . 3 ,  under section 3 . 3 . 3 . Days 2 , 5  and · 

8 represented the 24 hour period immediately preceeding the des tructive 

harvests on days 3 ,  6 and 9 respectively . 

Although transpiration rates in the well-watered plants were 

s ignificantly higher than those of the desiccated plants (P < 0 . 0 1 ) , 

there was no detectable difference at the 5% level of probab il i ty 

between the 2 cult iyars under both temperature regimes . Under well

watered condi tions , the day-time transpiration rates were between 

2 and 5 �g H20 / cm2 /sec depending on the temperature and vapour 

pressure defici t  a t  the time of measurement . By and large , maximum 

transpiration o ccurred during time C (except for day 5 in H temperature 

regime , where t ime D was the maximum) .. 

Transpiration rates of the desiccated plants during time C on 

day 8 were approximately 30% and 33% of control rates for the H and 

L temperature regimes respectively . There was no s tatistically 

significant difference between the cultivars . 

N . B .  The pots o f  the transpiration experiment were covered with a 

layer of black poly thene at the soil level p lus a layer of gravel 

1-2 cm thick to p revent evaporation from the soil surface . Eigh t  pots 

covered in this way., but without plants J wer e  used as "blank control" . 

Leaf areas of the sample plants were measured destructively by an 
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Figure A2 Transpiration rate for Nui and Ruanui during desiccation . 



electronic leaf area me ter a t  the end of the 2 4  hour measurement 

period . 

r 
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APPENDIX 3 .  3 

Relationship b etween leaf water potential and relative leaf water 

content for Ruanui and Nui · ryegrass under 2 temperature regimes 

The r elationship between the leaf water potential and relat ive 

leaf water content curve can be used to detect drought tolerance in 

plants (Jarvis and Jarvis , 1 965 Sanchez-Diaz and Krarner , 1 9 7 1 ;  

Jones and Turner , 1978) . The relationship of the leaf water potential-

relative leaf water cont ent curve (Figure A3 a & b )  is s imilar to 

others reported in the literature (Slayter , 1967 ; Neumann et al . ,  

1974 ; Experiment 6 of the present study) . By and lArge ,  for b o th 

Nui and Ruanui , relative leaf water content values lower than 0 . 80 

corresponded to leaf water potential values between - 1 . 20 and - 1 . 40 

MPa , which coincided with . the onset of visib le wilting in both 

temperature regimes . This is in agreement with pub lished data , for 

example , in barley first visible wilting occurred b e tween 0 . 75 and 

0 . 80 relative content (Millar et al. , 1968)  and for a range of species 

(viz . ,  pepper , b irdsfoot trefoil and sunflower) this occurred between 

0 . 80 and 0 . 85 relative water conten t  (Ehlig and Gardner , 1964) . 

Regres s ion equations of  the form (Y = a + bX) fitted through 

the data sets  (Table A . 1)  showed no statistically s ignificant differ-

ence b etween the two cultivars in b oth t emperature regimes .  

TABLE A. 1 Regression equations. for the relationship b e tween the leaf 

water potential (LWP) and relative leaf water content (RLWC) 

Temperature 

for Nui and Ruanui and 2 temperature regimes .  

Cult ivars Regression equations 

Ruanui RLWC = 12 1 . 9  3 . 4 1  LWP 0 . 87 

Nui RLWC = 122 . 2  - 3 . 2 1 LWP 0 . 89 

Ruanui RLWC = 1 20 . 1  - 3 . 34 LWP 0 . 52 

Nui RLWC = 1 15 . 6  3 �  2 1  LWP 0 . 65 
F test for regressiQn c9e�ficients were all non-s ignificant (LWP in b ars 
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Figure ·A3 Relationship between leaf water po tential and relative leaf 
'water content for Nui and Ruanui under two temperature regimes . 

(a) Under high temperature regime ( 27 . 5°/ 1 2 . 5° ) 

{b) ' Under low temperature regime ( 1 7  .. s0 / 1 2 . 5° C) 
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APPENDIX 4 . 1  

Statistical methods and procedures 

4 . 1 . 1 Preliminary organisation of data 

The Massey University computer B6700 was used to process all the 

data inputs for this study . Raw data ( e . g .  leaf area/plant and leaf 

number per plant) were punched on to cards and individual programmes 

written as required to calculate the "secondary" data t� . g . , mean 
' 

area per leaf) for fur ther · analysis . 

4 . 1 . 2  Analysis of variance 

The standard forms of analysis of variance (Snedecor and Cochran , 

1968) were used to detect significant differences between means . 

In this thesis only ,the Fixed-effect model , (Model I) was used . 

Where samples were not true replicates , e . g . , leaf water potential 

measurements , the "one-way" c lassification of analysis  of variance 

according to Snedecor and Cochran ( 1 9 6 8 ,  pp . 2 7 7 )  was used . Where 

more than one replicate was involved the complete fac torial designed 

(e . g . , 2-way , 3-way and 4-way) analysis of variance , again according 

to Snedecor and Cochran ( 1968 , pp 299)  was used . The necessary 

computer programmes were writ t en to analyse the data . During the later 

part of the study some of the data were analysed by using a package 

statistical programme ''TEDDY-:8EAR" written by J . B .  Wilson , Botany 

Department , University of Otago (Technical Report T . S ,  edition 2 . 4 ,  

July , 1 978) • 

Where transformation is  required it is indicated in the approp-

riate table with letters within paranthesis e . g . , with (LN) represent-

ing log transformation and with (SQRT) representing s quare root e 

transformation . Untransformed data is used by defau lt . 
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4 . 1 . 3  Regression analysis 

Computer programmes were written to calculate the regression 

equations according to Snedecor and Cochran ( 1968 , pp 1 35) . Comparison 

of regression coefficients ,  using F test , was also according to 

Snedecor and Cochran .( 1 9 6 8 , pp  432-436 . )  

4 . 1 . 4  S tatistical symb ol s  

Throughout this thesis , unless otherwise stated , the. folloWing 

symb ols were used : 

NS = non-sign�f icant at 5 %  level of prob ability 

* = p <0 . 05 

** = P < O . Ql 

LSD = least significant difference at  5% level of 'prob ab ility . 

- x ± y ,  where " ± y" represents the s tandard error of  mean "�" . 

JVhere the term "statis tic?! significance" is used , unless  o ther

wise specified , refers to the 5% level of prob ability . 
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APPEJ\1DIX 4 .  2 a 

An a lys i s  o f  Va r i an c e  for J ��L_em_c_J_:"_g_t:_n c e_ _I_§._t e j n  w e l l-wa t ered con t r o l  . 

S ou r ce ·----- _ _____ d_�f �- _ _ ___ _ S�!iJS __ of_ ::::_g_l.!_':l__J �� _ 

R ep l j c <J t c s  3 2 . 82 

L e a f  num e r  (L) 3 8 . 1 9 

Cul t ivars ( C )  1 1 . 00 

Temp e r a ture (T) 1 6 . 2 5 

Int e r a c t i on s  

L X  T 3 4 . 00 

L X C 3 0 . 2 5 

C X T 1 1 .  5 7  

L X T X C 3 2 .  J 8 

Er r o r s  4 5  1 4 . 6 8 

CV = 1 3% --------- .��---------------

APPENDIX 4 )b 

F ra t i o  

2 . 8 8 * 

2 .  I 3 

1 . 0 0 3 . 0 7 N S  

6 . 2 5 J 9 . J 6 * * 

1 .  3 3  4 . 0 9 * 

0 . 0 8 0 . 2 6 N S  

1. 5 7  4 . 8 1 * 

0 . 7 3  2 . 2 3N S  

0 . 33 

-- -- ·--· - -------

Ana ly s i s  o f  v a r iance f o r  l e a f  emergence ra t e  b e tween con t ro l , S t r e s s  1 a n d  

S t ress 2 pl an ts for leaf 9 

Source d .  f .  Sums of squares Mean squares F r a tio 

Rep l i ca t e s  3 1 . 40 0 . 47 0 . 80N S 

Temperature (T) 1 7 . 52  7 . 52  12 . 82** 

Cultivar (C) 1 0 . 02 0 . 02 0 . 03NS 

Water regimes (H) 2 0 . 54 0 . 27 0 . 46NS 

Interactions 

T X C  1 2 • .32 2 . 52 4 . 30* 

R X W  2 1 .  79 0 . 90 1 . 5 3NS 

C X W 2 1 . 29 0 . 65 l . l lNS 

T X C  X W 2 1 . 55 o .  7 7  1 .  3 1NS 

Error 33 1 9 . 35 0 . 59 
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d P s j c ca t i on 

P ] a n t  Ch a r a c t er s 

Lea f area p e r  

D r y  1veigh t 

p e r  p lan t (mg) 

APP END I X  4 . 4  

3 

H L 

42  39  

3 8 3  4 6 5  

Days f r om withhoJ d i n g wa t e r  

H 

2 8  

7 2 8 

9 1 5  

L H 

35 0 . 1 

5 7 4  4 1 3  

---- �- -----

L 

1 1  

605 
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----------

S i gni f i c a n c e  

* * 

An a ly s i s  o f  v a r i a n c e  for th e r a t e  of l ea f  ex t en s ion b e tween we ll-wa t e r e d  

Ruan u i  an d Nu i ryegras s u n d e r  d i f f e r e n t  t emperature r eg imes 

------------ �----·------ ---------

S ource d . f  Sums o f  squar e s  Mean square F r a t i o  

Rep l i c a t e s  2 5  2 5 3 . 9 3  1 0 . 1 6  1 . 4 4  N S  

Temp era ture 1 6 6 9 . 1 4 6 6 9 . 1 4 9 4 . 6 4 ** 

Cul t ivar 1 357 . 42 357 . 42 50 . 5 5 * *  

T X C 1 75 . 48 75 . 48 1 0 . 6 8 * *  

Error 7 5  5 30 . 47 7 . 07 
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APP END IX 4 . 5  

Summ�....Y___2_L_� _ _r a t ios and F t e s t s OE_l_)lant parameters dur ing the d e s i c c a t i on 

(W = water d ef i c i t  effe c ts , T 

S ou r � e  d f  Tot al 
U l l er 
:t\o . 

w 2 9 . 8 -k* 

T 1 O . O lN S  

c 1 25 . 5NS 

\�T 2 1 . 1  N S  

W C  2 0 . 6 9 NS 

TC 1 2 . 7 7 N S  

\�T C  2 1 .  1 1 N S  

R e p  3 2 . 1 0:\S 

CV% 6 

(SQ ."lT) 

S our ce d f  Dead 
l e a f  
a r e a  

w 2 295 ** 

T 1 76 . 2**  

c 1 2 4 . 6** 

WT 2 55 . 1**  

WC 2 1 8 . 8** 

TC 1 0 . 46NS 

WTC 2 0 . 3 1NS 

Rep 3 0 . 60NS 

CV% 29 

Ha ture 
ti 1 J er 
No . 

6 . 09 ** 

1 .  3 N S  

1 1 . 4 N S  

0 .  77  N S  

0 . 9 6 N S  

0 . 36 N S  

0 . 27  NS 

0 . 8 6 N S  

1 9  

To t a l  
l e a f  
area 

1 380 ** 

664 ** 

3 . 20 NS 

588  **  

0 . 60 NS  

0 .  70 NS 

0 . 60 NS 

0 . 50 NS 

9 

t emp era ture e f f ec t s , C = cul t ivar e f f e c t s )  

I mm A. t tl r e 
t i l l e r  
No . 

4 . 62  **  

1 . 6 5  N S  

9 . 5 4 ** 

1 .  3 0  N S  

3 . 6 2 * 

1 .  65  N S  

1 .  3 0  N S  

2 . 65 N S  

2 9  

Mature 
l ea f  
a rea 

1 8 1  ** 

1 .  4 7 N S  

8 . 92** 

1 6 . 1** 

0 . 72NS 

1 . 22NS 

0 . 02NS 

0 . 29NS 

23 

To t a l  Ha t ure Imm a t ure 
grec:n 
leaf No . 

green green 
l e A f  No . l ea f  No . 

3662 ** 1 7 2  ** 49 . 5  ** 

2889 ** 19  ** 6 1 . 2  ** 

1 .  20 N S  0 . 2  N S  1 . 4 N S  

2657  * *  5 . 76**  4 2 . 5  ** 

9 . 7  ** 6 . 2 6** 0 .  74 N S  

1 4 . 3  ** 1 0 . 4 * *  0 . 7 6 N S  

0 . 6 0 N S  0 . 4 1 N s · 0 . 9 7 N S  

1 . 60 N S  1 . 3 4 N S  2 . 55 N S  

5 1 9  

(LN) 

Imma tur e Mean 
l e a f  l e a f  
area size 

30 . 7  ** 156 ** 

3 . 1 8 NS 8 .  9 3** 

0 . 2 7NS 10 . 9** 

6 . 9 1** 16 . 6** 

0 .  96NS · 3. 56* 

3 .  OONS 1 .  60NS  

1 .  3 1NS 0 .  2 4NS 

0 . 9 2NS 0 . 70NS 

38 2 1  

20 

Spe•  i f i c  
l eaf 
area 

225  **  

0 .  1 3N S  

0 . 84N S 

49 . 4** 

2 . 65NS 

3 . 8 1*  

0 . 4 1NS 

0 . 32NS  

1 8  
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Source df Leaf Total Root Sheath Lam;lnae TP.p ; Root 

area dry dry dry dry . ratio 
ratio weight weight weight weight 

w 2 2 12 ** 1 8 . 1  ** 15 . 3  ** 75 . 1  ** 9 1 . 4 ** 3 . 24 * 

T 1 1 . 56NS 1 . 60 NS 2 . 44 NS 1 1 . 9  ** 62 . 5  ** 19 . 3  ** 

c 1 0 . 33NS 1 . 1 2 NS 0 . 75 NS 0 . 17 NS 2 . 85 NS 1 . 54 NS 

WT 2 2 1 . 0** 10 . 7  ** 10 . 1  ** 1 1 . 6  ** 20 . 3  ** 1 . 08 NS 

WC 2 0 . 88NS 0 . 89 NS 1 . 95 NS 1 . 03 NS 2 . 37 NS 4 . 32 * 

TC 1 0 . 02NS 3 . 9 1  NS 1 .  78 NS 2 . 25 NS 3 . 83 NS 0 . 22 NS 

WTC 2 · 0 . 0 7NS 1 . 01  NS 0 . 49 NS 0 . 24 NS 1 . 04 NS 0 . 20 NS 

Rep 3 1 . 23NS 0 . 20 NS 0 . 08 NS 0 . 86 NS 1 . 06 NS 0 . 50 NS 

CV% 23  20 28 4 5 26  

(LN) (LN) 

APPENDIX 4 .  6 

Summary of F ratios and F tests for plant parameters during the recovery 

phase 

(A) Tiller data 

( i) Total tiller number/plant 

Harvest No  

Source d . f  1 2 3 4 5 

w 2 8 . 6 6  ** 7 . 04 ** 19 . 09 ** 26 . 32 ** 9 . 89 ** 

T 1 0 . 14 NS 1 . 45 NS 3 . 35 NS 1 . 44 NS 1 . 35 NS 

c 1 . 4 3 . 5 1  ** . 12 . 54 ** 23 ; 69 ** 22 . 47 ** 2 7 . 1 3  ** 

WT 2 2 . 1 4 NS 0 . 49 NS 0 . 82 NS 2 . 50 NS 3 . 76 * 

WC 2 1 . 6 2  NS 0 . 01 NS 3 . 22 NS 4 . 64 * 0 . 02 NS 

TC 1 1 . 8 1  NS 0 . 10 NS 4 . 37 * 0 . 05 NS 0 . 1 1  NS 

WTC 2 0 . 39 NS 0 . 0 1  NS 0 . 57 NS 1 . 50 NS 1 . 85 NS 

Rep 3 5 . 9 3  ** 0 . 54 NS 0 . 60 NS 0 . 66 NS 1 . 07 NS 

CV% 6 15  1 5  15 15 

(SQRT) 
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(ii) Mature tiller no/plant 
Harvest No . 

Source d.  f .  1 2 3 4 5 

w 2 2 . 38 NS 4 . 62 * 8 . 1 3 ** 16 . 22 ** 5 . 29 ** 

T 1 1 . 48 NS 0 . 52 NS 7 . 5 9  ** 1 . 5 1  NS 0 . 004NS 

c 1 7 . 73 ** 1 3 . 24 ** 14 . 55 ** 29 . 66 ** 14 . 58 ** 

WT 2 0 . 9 3 NS 2 . 29 NS 4 . 28 * 0 . 58 NS 1 . 14 NS 

WC 2 0 . 39 NS 0 . 58 NS 0 . 76 NS 5 . 47  ** 0 . 69 NS 

TC 1 0 . 27 NS 1 . 58 NS 1 . 35 NS 1 .  32 NS 3 . 64 NS 

WTC 2 0 . 36 NS 0 .  7 1  NS 0 . 25 NS 0 . 73 NS 1 .  48 NS 

Rep 3 .0 .  9 5  NS 0 . 82 NS 0 . 40 NS 1 . 1 1 NS 0 . 90 NS 

CV% 1 7  1 7  1 6  1 7  1 7  

(iii) Immature tiller no/plant 

Harvest No . 

Source d . f .  1 2 3 4 5 

w 2 2 . 23 NS 4 . 75 * 24 . 89 ** 1 7 . 48 ** 5 . 70 ** 

T 1 1 . 65 NS 1 .  23  NS · 0 .  38 NS 0 . 08 NS 3 . 99 NS 

c 1 20 . 83 ** 3 . 76 NS 1 8 . 78 ** 0 . 5 1 NS 1 2 . 65 ** 

WT 2 1 .  9 1  NS 4 . 6 3  * 1 . 32 NS 1 3 . 9 3  ** 3 . 45 * 

WC 2 0 . 53 NS 4 . 05 NS 6 . 48 ** 2 . 84 NS 0 . 94 NS 

TC 1 1 . 10 NS 2 . 76 NS 7 . 52 ** 2 . 96 NS 4 . 39 * 
' 

WC 2 0 . 86 NS 2 . 25 . NS 2 . 35 NS 3 . 10 NS 0 . 46 NS 

Rep 3 3 . 30 * 0 . 53 NS 0 . 7 3 NS 0 . 1 1  NS 0 . 6 7  NS 

CV% 28 19  22 25 30 
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(B) Leaf number data 

(i) Total leaf no/plant 

Harvest No . 

Source d . f .  1 2 3 4 5 

w 2 1 6 3 . 93 ** 53 . 84 ** 35 . 33 ** 34 . 00 ** 25 . 26 ** 

T 1 40 . 31 ** 1 . 28 NS 0 .  7 4  NS 0 . 30 NS 6 . 53  * 

c 1 4 . 05 * 9 . 45 ** 1 1 . 29 ** 19 . 56 ** 25 . 03 ** 

WT 2 1 7 . 39 ** 3 . 70 * 6 . 93 ** 6 . 88 ** 2 .  24 NS · 

WC 2 6 . 6 1  ** 0 . 005 NS 3 . 81 * 2 . 64 NS 0 . 53 NS 

TC 1 2 . 1 3 NS 3 . 05 NS 1 . 30 NS 0 . 1 3  NS 1 . 48 NS 

WTC 2 0 . 10 NS 0 . 64 NS 1 . 0 1  NS 0 . 67 NS 1 . 79 NS 

Rep 3 0 .  72  NS 0 .  77 NS 0 . 48 NS 2 . 08 NS 1 . 43 NS 

CV% 1 8  1 4  1 7  1 5  1 2  

(ii) Mature leaf no/plant 

Source d . f .  1 2 3 4 5 

w 2 150 . 24 . ** 105 . 45 ** 46 . 7 1  ** 46 . 07 ** 30 . 27 ** 

T 1 .  8 . 45 **  5 . 7 4  * 1 . 77 NS 0 . 8 1 NS 0 . 52 NS 

c 1 0 . 96 NS 7 . 37 * 2 . 24 NS 17 . 34 ** 2 1 . 23 ** 

WT 2 3. 52  * 5 . 95 ** 10 . 69 ** 13 . 07 ** 1 . 08 NS 

WC 2 5 . 60 ** 0 . 13 NS 1 .  85 NS 2 . 43 NS 0 . 9 1  NS 

TC 1 4 . 1 1 * 0 . 81 NS 0 . 15 NS 0 . 30 NS 2 . 15 NS 

WTC 2 0 . 56 NS 1 . 57 NS 0 . 5 1 NS 0 . 14 NS 0 . 19 NS 
I 

Rep · 3 0 . 90 NS 0 . 23 NS 0 . 87 NS 2 . 44 NS 0 . 80 NS 

CV% 2 2  1 5  2 1  15  1 3  
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( iii) Innnature leaf no/plant 
Harvest No 

S ource d . f .  1 2 " 3 . . . . . .  4 5 

w 2 �7 . 49 ** 1 3 . 65 ** 1 6 . 7 7  ** 1 4 . 6 3  ** 10 . 79 ** 

T 1 66 . 27 ** 0 . 03 NS 0 . 01  NS 0 . 06 NS 14 . 89 ** 

c 1 5 . 68 * 8 . 67 ** 31 . 85 ** 1 4 . 72  ** 1 7 . 06 ** 

WT 2 28 . 36 ** 2 . 0 1  NS 2 . 48 NS 1 . 60 NS 3 . 47 * 

WC 2 4 . 56 * 0 . 19 NS 6 . 24 ** 1 .  99  NS 0 . 1 9  NS 

TC 1 0 . 21  NS 4 . 56 * 3 . 84 NS 1 . 19 NS 0 . 49 NS 

WTC 2 0 . 3 1 NS 0 . 30 NS 2 . 02 NS 1 . "35 NS 3 . 84 , * 

Rep 3 0 . 80 NS 1 . 85 NS 0 . 09 NS 1 .  28  NS 1 . 1 2 NS 

CV% 1 9  1 4  1 4  1 7  1 5  

(iv) Dead leaf no/plant 

Source d . d .  1 2 3 4 5 

w 2 424 . 39 ** 324 . 36 ** 278 . 6  ** 73 . 4  ** 102 . 8** 

T 1 84 . 66 ** 150 . 30 ** 106 . 40 ** 29 . 55 ** 15 . 79 ** 

c 1 6 . 4 1  * 0 . 44 NS 37 . 16 ** 3 . 55 NS 10 . 42 ** 

WT 2 37 . 7 1 ** 1 9 . 7 8 ** 1 2 . 05 ** 7 . 79 * 3 . 54 * 

WC 2 3 . 34 * 0 .  22  NS 5 . 09 * 0 . 5 1  NS 6 . 08 ** 

TC 1 4 . 33 * 10 . 2 1 ** 0 . 02 NS 0 . 75 NS 0 . 32 NS 

WTC 2 4 . 22 * 2 . 21 NS 1 . 06 NS 0 . 09 NS 0 . 46 NS 

Rep 3 O . iO NS 0 . 96 NS 2 . 09 NS 0 . 99 NS 0 . 56 NS 

CV% 1 7  1 6  1 4  2 3  1 7  

(SQRT) ( SQRT) ( SQRT) (SQRT) (SQRT) 
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(C)  Leaf area data 

( i) Total leaf area/plant  

Harvest No . 

Source d . f .  1 2 . . 3 4 5 

w 2 286 . 1  ** 104 . 9  ** 62 . 8  ** 1 12 . 7  ** 1 39 . 3  ** 

T 1 0 . 04 NS 9 . 80 ** 57 . 6  ** 1 5 . 8  ** 1 2 1 . 5  ** 

c 1 1 . 56 NS 1 . 88 NS 0 . 15 NS 2 . 1 8 NS I 0 . 1 2 NS 

WT 2 26 . 1 2 ** 1 0 . 56 ** 1 8 . 92** 46 . 48 ** 36 . 99 ** 

WC 2 0 . 43 NS 1 . 5 5  ** 1 . 18 NS 5 � 28 ** 1 . 26 NS 

TC 1 0 . 53 NS 7 . 6 9  ** 0 . 15 NS 0 . 06 NS 0 . 9 7  NS 

WTC 2 0 . 10 NS 1 .  41  NS 0 . 22 NS 3 . 96 NS 5 . 89 ** 
\ 

Rep 3 . 0 . 66 NS 2 .  7 8  NS 0 . 15 NS 0 . 45 NS 2 . 56 NS 

CV% 20 2 3  22 4 1 4  

(LN) 

( ii)  Mature leaf area/plant 

Source df 1 2 3 4 5 

w 2 159 . 24 ** 75 . 55 ** 59 . 03 ** 92 . 18 ** 1 22 . 35 ** 

T 1 0 . 08 NS 1 2 . 33 ** 34 . 39 ** 28 . 98 **  6 8 . 3 1 ** 

c 1 5 . 66 * 2 . 22 NS 0 . 1 4 NS 0 . 1 1  NS 0 . 03 NS 

WT 2 1 2 . 10  **  5 . 5 1  ** 20 . 47 ** 55 . 92 ** 2 4 . S6  ** 
. 

WC 2 0 . 46 NS 1 . 30 NS 1 . 30 NS 0 . 75 NS 1 .  70 NS 

TC 1 0 . 09 NS 5 . 7 3  * 0 . 38 NS - 0 . 34 NS 0 . 7 2 NS 

WTC 2 0 . 24 NS 0 . 68 NS 0 . 28 NS 1 . 47 NS 3 . 32 * 

Rep 3 0 . 25 NS 2 . 56 NS 0 . 23 NS 0 . 92 NS 0 . 99 NS 

CV% 2 8  2 4  2 5  2 0  1 5  
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(iii) Innnature leaf area/plant 

Harvest No . 

Source df  1 2 3 4 5 

w 2 106 . 83 ** 86 . 39 ** 1 7 . 6 3 ** 46 . 99 ** 20 . 5 1  ** 

T 1 0 . 49 NS 1 . 1 1 NS 44 . 82 ** 38 . 24 ** 40 . 73 ** 

c 1 0 . 07  NS 0 . 26 NS 0 . 03 NS 0 . 19 NS 0 . 64 NS 

WT 2 1 2 . 80 ** 1 3 . 9 1  ** 2 . 66 NS 1 7 . 74 ** 10 . 83 ** 

WC 2 0 . 05 NS 0 . 96 NS 0 . 31 NS 3 . 02 NS 0 . 39 NS 

TC 1 0 . 4 1 NS 6 . 26 * 0 . 08 NS 1 • . 0 1  NS 0 . 20 NS 

WTC 2 0 . 002 NS 3 . 06 NS 0 . 92 NS 4 . 70 * 2 . 12 NS 

Rep 3 . 1 . 55 NS 1 . 37 NS 1 . 10 NS 0 . 94 NS 0 . 34 NS 

CV% 27 32 28 20 3 1  

(iv) Mean leaf size 

Source df 1 ' 2 3 4 5 

w 2 1 6 1 . 3  ** 80 . 6  ** 15 . 0  ** · 35 . 43 ** 60 . 6  ** 

T 1 0 . 005 NS 1 6 . 26 ** 65 . 46 ** 27 . 22 ** 1 49 . 8  ** 

c 1 1 2 . 42 ** 1 8 . 81 ** 20 . 1 3 ** 23 . 59 ** 27 . 86 ** 

WT 2 37 .46 ** 1 4 . 15  ** 3 . 52 * 28 . 13 ** 24 . 69 ** 

WC 2 4 . 50 * 2 . 68 NS 2 . 97 NS 0 . 24 NS 1 . 17 NS 

TC 1 0 . 86 NS 8 . 00 ** 1 .  22 NS 0 . 01 NS 2 . 93 NS 

WTC 2 0 . 07 NS 1 .  30 NS 0 � 34 NS 1 . 20 NS 2 . 12 NS 

Rep 3 0 . 33 NS 3 . 1 1  * 1 . 03 NS 3 . 78 * 0 . 22 NS 

CV% 22 1 7  16  16  14 
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(v) Specific leaf area 
Harvest No 

Source df 1 2 3 4 5 

w 2 242 . 6  ** 0 . 75 NS 10 . 10 ** 0 .  73 NS 38 . 3  **  

T 1 0 . 0 1 NS 109 . 5  ** 1 7 4 . 2  ** 84 . 3  ** 264 . 5  ** 

c 1 1 .  34  NS 0 . 02 NS 0 . 04 NS 0 . 1 2 NS 3 . 94 NS 

WT 2 6 8 . 3  ** 5 . 1 1  * 14 . 32 ** 0 . 50 NS 14 . 03 ** 

WC 2 3 . 78 * 0 . 09 NS 0 . 40 NS 1 . 09 NS 0 . 40 NS 
' 

TC 1 2 . 20 NS 0 . 05 NS 0 . 4.8 NS 0 . 23 NS 3 . 22 NS 

WTC 2 0 . 16 NS 0 . 20 NS 0 . 09 NS 0 . 55 NS 4 . 06 * 

Rep 3 0 . 18 NS 1 . 18 NS 1 .  27 NS 0 . 15 NS 1 . 38 NS 

CV% 16 15 13 1 2 " 8 

(vi) Leaf area Tatio 

Sourcw df 1 2 3 4 5 

w 2 256 . 3  ** 2 3 . 9 ** 3 . 43 * 12 . 03 ** 5 7 . 02 ** 

T 1 1 . 66 NS 24 . 98** 76 . 56 ** 26 . 30 ** 146 . 0 1 ** 

c 1 5 . 92 * 0 : 42 NS 0 . 30 NS 0 . 1 3  NS 2 . 37 NS 

WT 2 33 . 85 ** 13 . 44 ** 2 . 20 NS 9 .  7 1  ** 26 . 57 ** 

WC 2 2 . 1 7 NS 0 . 38 NS 0 . 5 1  NS 2 . 6 1  NS 0 . 65 NS 

TC 1 0 . 72 NS 4 . 86 * 0 . 03 NS 1 . 24 NS 4 . 03 NS 

WTC 2 0 . 53 NS 0 . 43 NS 0 . 005NS 1 . 39 NS 4 . 73 * 

Rep 3 0 . 46 NS 0 . 37 NS 0 . 59 NS 1 . 43 NS 0 . 94 NS 

CV% 19  1 8  1 8  16 1 3  
r 
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(D) Plant dry weight data 

(i) Total plant dry weight/plant 

Harves t No . 

Source df 1 . 2 3 4 5 

w 2 12 . 77 11:* 9 6 . 38 ** 72 . 65 ** 65 . 1 1 ** 31 . 03 ** 

T 1 0 . 05 NS 2 4 . 56 ** 3 . 54 NS 0 . 10 NS 5 . 98  * 

c 1 0 . 01 NS 6 . 94 NS 0 . 25 NS 0 . 68 NS 0 . 02 NS 

WT 2 9 . 37 ** 9 . 37 ** 6 . 00 ** 23 . 84 ** 0 . 55 NS 

WC 2 2 . 10 NS 3 . 79 * L 95 NS 2 . 62 NS 0 . 0 1 NS 

TC L . 4 . 73 * 1 . 32 NS 0 . 0 1 NS 1 .  7 0  NS 4 . 1 1  * 

WTC 2 0 . 73 NS 0 . 26 NS 0 . 47 NS 1 . 1 8 NS 3 . 62 * 

Rep 3 1 .  34 NS 1 .  39 NS 0 . 32 NS • 10 . 24 NS 1 .  73 NS 

CV% 1 8  3 3 15  19  

(LN) (LN) 

( ii) Root dry weight/plant 

Source df 1 2 3 4 5 

w 2 4 . 64 * 46 . 09 ** 28 . 62 ** 10 . 47 ** 3 . 75 * 

T 1 6 . 50 ** 1 .  9 7  NS 1 .  78 NS 1 .  719 NS 4 . 68 * 

c 1 0 . 08 NS 8 . 76 ** 0 . 17 NS 0 . 03 NS 0 . 02 NS 

WT 2 7 . 08 ** 2 . 87 NS 0 . 19 NS 4 . 37 * 0 . 07 NS 

WC 2 2 . 2 1 NS 4 . 88 * 1 .  7 8  NS 0 . 83 NS 0 . 07 NS 

TC 1 3 . 22 NS 0 . 1 1  NS 0 . 44 NS 2 . 90 NS 2 . 69 NS 

WTC 2 0 . 19 NS 0 . 66 NS 0 . 59 NS 0 . 59 NS 2 . 02 NS 

Rep 3 o . 3 1  Ns · 0 . 47 NS · .0 . 35 NS 0 . 85 NS 1 . 57 NS 

CV% 27  2 5  2 2  27 34 
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(iii) Sheath dry weight/plant 

Harvest No . 

Source df 1 2 3 4 5 

w 2 23 . 1 8  ** 40 . 50 ** 38 . 32 ** 52 . 78 ** 5 1 . 08 ** 

T 1 1 2 . 95 ** 1 1 . 80 ** 5 . 95 * 36 . 45 ** 14 . 03 ** 

c 1 0 . 22 NS 4 . 23 * 1 . 04 NS 7 . 6 8  ** 0 . 64 NS 

WT 2 1 9 . 1 1 ** 2 . 1 5 NS 3 . 23 NS 1 6 . 44 ** 1 . 45 NS 

WC 2 0 . 25 NS 0 . 66 NS 0 . 13 NS 1 . 08 NS 1 . 59 NS 

TC 1 3 . 09 ·Ns 2 . 92 NS 0 . 33 NS 0 . 001NS 1 .  87 NS 

WTC 2 1 . 05 NS 0 . 83 NS 0 . 36 NS 0 . 23 NS 4 . 69 * 

Rep 3 4 . 97 ** 2 . 95 NS 1 .  71 NS 0 . 44 NS 1 . 1 9 NS 

CV% 1 5  4 4 3 16  
(LN) (LN) (LN) 

(iv) Laminae dry weight/plant 

Source df 1 2 3 4 5 

w 2 1 1 2 . 28 ** 70 . 00 ** 83 . 39 ** 83 . 66 ** 82 . 34 ** 

T 1 20 . 67 ** 10 . 29 ** 0 . 47 NS 0 . 08 NS 0 . 1 7 NS 

c 1 0 . 70 NS 0 . 64 NS 0 . 39 NS 0 . 7 1  NS 0 . 09 NS 

WT 2 1 .  7 6  NS 6 . 37 ** 18 . 86 ** 34 . 38 ** 6 . 17 ** 

WC 2 2 . 9 7  NS 0 . 9 1 NS 0 . 47 NS 1 . 22 NS 1 .  39 NS 

TC 1 3 .  7 7  NS 6 . 33 * 0 . 01 NS 0 . 08 NS 3 . 66 NS 

WTC 2 1 . 42 NS 0 . 47 NS 0 . 26 NS 1 . 05 NS 2 . 89 NS 

Rep 3 1 . 9 1  NS 2 . 1 8 NS 0 . 86 NS 0 . 16 NS 1 . 87 NS 

CV% 1 9  2 4  2 0  1 7  15  
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( iv) Dead matter dry weigh.t/plant 

Harves t  No 

Source df 1 2 . . . 3 . . . . 4 5 

w 2 1 80 . 47 ** 183 . 75 ** 3 1 9 . 8  ** 6 3 . 30 ** 9 4 . 7 1  ** 

T 1 79 . 58 ** 1 60 . 45 ** 89 . 42 ** 29 . 7 3  ** 3 1 . 04 ** 

c 1 1 2 . 58 ** 0 . 93 NS 4 .  23  * 0 . 62 NS 2 . 89 NS 

WT 2 29 . 71 ** 64 . 02 ** 25 . 79 ** 4 . 9 3 * 9 . 89 ** 

WC 2 6 . 80 ** 0 . 39 NS 3 . 1 1  NS 1 . 08 NS 1 . 54 NS 

TC 1 0 . 37 NS 2 . 95 NS 0 . 00 2  NS 0 . 49 NS 0 . 47 NS 

WTC 2 1 . 18 NS 2 . 07 NS 1 . 57 NS 0 . 95 NS 0 . 90 NS 

Rep . 3 1 . 98 NS 1 . 1 1 NS 0 . 29 NS 1 . 08 NS 2 . 1 4 NS 

CV% 32 35 1 8  32 3 7  

(SQRT) (SQRT) 

(v) Top : root · ratio 

Source df 1 2 3 4 5 

w 2 2 . 65 NS 0 . 01 NS 4 . 5 7  * 4 . 28 * 7 . 60 ** 

T 1 35 . 7 1  ** 3 . 94 NS 0 . 15 NS 8 • . 4 1  **  0 . 64 NS  

c 1 0 . 1 7 NS 3 .  74  NS 0 . 81 NS 0 . 25 NS 0 . 1 1  NS 

WT 2 0 .  7 2  NS 4 . 44 * 7 . 06 ** 1 . 07 NS 1 . 89 NS 

WC 2 3 . 16 NS 2 . �9 NS 0 . 85 NS 0 . 07 NS 0 . 27 NS 

TC 1 0 . 0 1  NS 8 . 45 ** 1 . 03 NS 2 . 42 NS 1 . 58 NS 

WTC 2 0 . 50 NS 0 . 60 NS 0 . 35 NS . 0 . 16 NS 0 . 33 NS 

Rep 3 0 . 79 NS 0 . 82 NS 0 . 6 1 NS o.  7 1  NS 0 . 6 3 NS 

GV% 2 3 . 26  26 31 3 1  
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APPENDIX 4 .• 7a 

Influence of previous water deficit treatments ori plarit growth parameter s 

during the period of recovery 

Plant  growth parameters Previous Harvest No 
water deficit 
treatments 1 2 3 4 5 

(i)  Mature c 10 . 1  1 3 . 9a 18 . 7a 25 . 1a  27 . 7a 

tiller No� per plant S 1  9 . 3  1 1 . 9b 1 5 . 7b 19 . 3b 24 . 6ab 

S 2  8 . 9  1 1 .  8b 15  . 1b 18 . 4b 22 . 7b 

NS * ** ** * 

(ii) Immature ti·ller c ... 4 .. 9 5 . 9a 9 . 4a 1 0 .  3a 10 . 8a 
. •. 

per plant S 1  4 . 2  5 . 1b 7 . 1b 7 .  8b 1 0 .  7 a  I' ,, 
,. 

S 2  4 . 0  4 . 9b 5 . 2c 6 . 1b 7 . 7b 

NS * ** ** ** 

(iii) Mature leaf No . c 1 7 . 3a 24 . 3a · 33 . 6a 39 . 7 a  50-.-4a 

per plant Sl 1 3 . 3b 19 . 3b 23 . 8b 30 . 9b 43 . 7b 

S 2  2 . 5c 10 . 6c 1 5 . 9c 22 . 9c 34 . 5c 

** ** ** ** * *  

(iv) Immature leaf No . c 16 . 1a 20 .' 4a 2 7 . 9a 34 . 3a 38 . 6a 

p lant S l  1 2 . 9b 16 . 7b 24 . 6a 30 . 7 a  37 . 3a 

S 2  6 . 1 c 16  . 1b 20 . 6b 24 . 6b 30 . 4b 

** ** ** ** ** 

(v) Dead leaf No . per c 0 . 2a 0 . 3a l . Oa 1 . 9a 2 . 7a 

p lant Sl  2 . 9b 4 . 9b 7 . Ob 5 . 4b 5 . 0b 

S 2  1 6 . 9c 1 3 . 3c.. 1 5 . 5c 1 3 . 2c l4 . 8c 

* *  ** * *  * *  * *  

(vi) Area of mature c 40 . 38 6 8 . 8a 9 2 . 8a 1 23 . 4a ,1 6 4 . 9a 

leaves per plant S 1  20 . 9b 4l . Ob 5 3 . 3b 69 . 6b 1 3 3 . 7b 

( cm2 ) S 2  2 . 4c · 2 1 . 9c 34 . 0c 46 . 5c 6 1 . 8c 

** ** ** ** ** 
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(vii) Area of · c  I 9 . 6a 27 . 0a 3S . Ia 4 7 . 6a S3 . 4a 

immature leaves per S I  IO . Sb I2  . Ib . 29 . 2b 39 . Sb 62 . 0a 

plant ( cm2 ) S2 3 . Sc S . 3c I8 . 6c 22 . Ic 28 . 9b 

** ** ** ** * *  

(viii) Mean leaf size c I . 93a 2 . I4a 2 . 03a 2 . 03a 2 . 47a 

1.7-� . S I  1 . 2 Ib I . 47b I . 76b I .  B ib 2 . 47a 

( cm2 ) S2  0 . 34c 0 . 99c  I . 48c I . 44c I .  47b 

** ** ** ** ** 

(viiib)  Specific leaf area c 243a 242 248a 247 262a 

( cm2 /g) S I  I 6 8b 230 26 Ia  246 300b 

S 2  S i c  227 302b 23S 229c 
\ 

** NS ** NS ** 

(viiic) Leaf area c 89a 82a 92a 9Sa IOia  

ratio S I  SOb 7Sa  9 Ia 87a 1 1 7 a  

( cm2 /g) S2 lOc S ib 7 9b 72b 69b 

** ** * * ** 

(ix) Root DW c 332a S I 8a SS7a 62Sa 7S9 

per p lant S I  330a 326b 376b SOSb S94 

(mg) S2 - 2S2b 22Sc 3 I 7b . 40Ib S62 

* ** * *  * *  NS 

(x) Sheath c I23a 236a 308a 402a S 7 I a  

D .W .  per S I  I34a I46b 203b 3 10b 42Ib 

plant S2 I 74b I28c I S3c 2 I7 c  3I6c  

(mg) ** ** ** ** ** 

(xi) Laminae c 260a 39 Ia  496a 66Sa 824a 

D .W .  per S I  I 87b 240b . 3 I Sb 4SOb 640b 

plant (mg) S2 84c I36 c  I93c  30Ic  402c 

** ** ** ** * *  
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(xii) Dead matter c la  la  l a  12a 1 7 a  

per plant S l  30b 27b 40b 32b 35b 

(mg) S2  8lc 9 2 c  106c 1 1 7c  1 16 c  

** * *  ** ** * 

(xiii) Top : root c 1 . 30a 1 .  24 1 . 48a 1 . 80a 2 . 04a 

ratio S l  1 . 09b 1 .  22 . 1 . 4 la 1 . 6 la 1 . 90a 

S2 1 . 06b 1 .  23 1 . 14b 1 . 3lb 1 . 34b 

* NS * * * 
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APPENDIX 4 . 7b 

The influence of temperature on plant growth parameters during the period 

of recovery 

Plant growth · Temperature Harvest No . . Means across 

parameters 1 2 3 4 5 5 harvests 

(i)  Mature H 9 1 3  1 8  22 24 1 7 . 4  

tillers per L 10  1 2  1 5  20 25 16 . 4  

plant NS NS ** NS NS 

(ii) Immature H 5 6 7 8 9 7 . 0  

tiller p er L 4 5 7 8 1 1  7 . 0  

plant NS NS NS NS NS 

(i'ii) Mature leaf H 10  1 7  25 32 42 25 . 2  

No • .  per p lant L 12  19  23 3 1  44 25 . 8  

** * NS NS NS 

(iv) Immature leaf H 9 1 8  24 30 33 22 . 6  

No . per p lant L 14 18 24 30 38 24 . 8  

** NS NS NS ** 

(v) Dead leaf No per H 9 . 7  9 . 3  9 . 9  9 . 3  9 .  1 9 . 5  

plant L 3 . 6  3 . 0  4 . 4  4 . 4  5 . 9  4 . 3  

** ** ** ** ** 

(vi) Mature leaf H 2 1  4 9  7 3  9 3  1 4 3  7 6  

area per p lant L 22 38 47 6� . 97  59  

( cm2 ) NS * *  * *  * *  * *  

(vii) Immature leaf H 1 1  16  35  43 6 2  33  

area per p lant L 12  14  20 30 34 22  

( cm2) NS NS ** ** * *  

(viii) Mean leaf size H 1 . 38 1 . 6 8  2 . 09 2 . 07 2 . 66 1 . 9 8  

�� L 1 . 16 1 . 39 1 . 4 3  1 . 63 1 . 6 1  1 . 44 

** * *  * *  * *  * *  
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(viiib )  Specific leaf H 153 287  338  284 3 1 8  2 7 6  

area ( cm2 I g) L 154 1 7 8  202 202 210 1 89 

** ** ** ** 

(viiic) Leaf area H 48 79 107 95 1 18 89 
' 

ratio ( cm2 /g) L 51  60  6 7  74 7 3  65 

** ** ** ** ** 

( iv) Root d .w .  per H 331 338 399 537 570 435 

p lant (mg) L 272 374 435 483 706 454 

* NS NS NS NS 

(x) Sheath d .w .  per H 1 32 159 2 10 273 397 2 34 

p lant (mg) L 155 182 233 345 474 2 7 7  

** NS NS ** ** 

(xi) Laminae d .w .  H 1 55 227  34 1 469 6 16 36 1 

per plant (mg) ' L 199 284 328 475 628 382 

** ** NS NS NS 

(xii)Dead matter p er H 52 6 7  7 1  7 7  7 3  6 8  

p lant (mg) L 22 1 5  . 2 7  30 39 2 7  

) ** * *  ** ** ** 

(xiii) Top : Root H 0 . 90 1 . 14 1 .  32 1 . 37 1 . 82 1 . 31 

ratio L 1 . 33 1 . 32 1 .  36 1 . 77 1 .  70 1 . 50 

** NS NS ** NS 
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APPENDIX 4 . 7 c . 

The difference between ryegrass cultivars during the period of recovery 

after removal of water deficit (Ruanui = R ;  Nui = N) 

P lant growth 

parameters Cultivar 

(i)  Mature tiller 

No . per 

Elant 

(ii) Immature 

tiller N o .  

Elant 

(iii) Mature leaf 

(iv) 

(v) 

(vi) 

No per p lant 

Immature 

leaf no  

Eer Elant 

Mature leaf 

area per 

Elant ( cm2 ) 

Immature leaf 

area per 

plant ( cm2) 

(vii) Specific 

leaf area 

( cm2 /g) 

(viii) Leaf area 

ratio ( cm2 / g) 

R 

N 

R 

N 

R 

N 

R 

N 

R 

N 

R 

N 

R 

N 

R 

N 

1 

10 

9 

** 

5 

4 

** 

1 1  

1 1  

NS 

12 

1 1  

* 

19 

23 

* 

1 1  

1 1  

NS 

150 

158 

NS 

46 

53  

NS 

Harvest  No 

2 3 4 5 Means over 5 harvests 

14 1 8  24 27  19  

1 1  1 5  18  23 15  

* *  * *  ** * *  

6 8 9 1 1  8 

5 6 8 8 6 

NS ** NS * *  

19 26 34 46 \ 27 . 2  

1 7  2 3  28 39 23 . 6  

** NS ** * *  

19 27  33 39 2 6 . 0  

1 7  2 1  27 32 2 1 . 6  

** ** ** ** 

42 59 79 1 2 1  64 . 0  

46 6 1  81  120  66 . 2  

NS NS NS NS 

14 27  37 46 27 . 0  

15 28 36 50 2 8 . 0  

NS NS NS NS 

234 269 244 257 2 3 1  

232 2 7 1  241 270 2 35 

NS NS NS NS 

7 1  86 84 9 3  7 6  

6 8  88 85 99 79 

NS NS NS NS 
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(ix) , Root dry R 305 3 1 9  422 5 1 4  633  4 39 

. weight per N 29 8 394 4 1 1  . 507 6 42 450 

plant (mg) . NS . ** . .  NS . . NS NS 

( x) Sheath dry R 142 1 59 2 1 7  288 427  247  

weight per N 145 1 82 f2 5  331 444 265 

plant (mg) Ns · . . NS . NS . * NS 

(xi) Laminae Dry R 1 73 249 328 46 2 6 2 6  36 8 

Wt . per p lant N 1 8 1  263 341 482 6 1 8  3 7 7  

(m g) NS NS NS NS NS .. , 
·-· · 

(xii) Dead matter R 44 39 52  
··.;:� ;�- :: ·- ._ . 

55 6 1  '-�'1-§fl . ' ..... ,..._ 

dry weight N 3 1  4 3  4 5  52 5 1  44  

plant ** NS NS NS NS 

(xiii) Top : root R 1 . 10 1 . 32 1 .  30 1 . 54 1 .  7 3  1 . 40 

ratio N 1 . 1 3 1 . 1 4 1 . 39 1 . 6 1  1 .  78  1 . 4 1  
. 

NS NS NS NS NS 
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APPENDIX 4 .  Sa 

Temperature x water deficit interaction means . Leaf area per plant ( cm2) 

Harvest No c S 1  S 2  

H L H L H L 

1 72  52  28  35 0 1 1  * *  

2 1 1 1  81  62  43 20 33 ** 

3 1 7 1  84 99  66 56 50 ** 

4 234 108 1 17 10 1 57  80 * *  

5 276 1 6 1  252 1 40 87  95 * *  

APPENDIX 4.  8b 

Temperature x wa ter deficit interaction means . Dry weigh t  per plant (mg) 

Harvest No 

1 

2 

3 

4 

5 

H 

7 12 

1 18 1  

1425 

1954 

2054 

c S 1  

L H 

699 728  

1 109 6 25 

1293  86 3 

1428  1 12 4  

2252 159 3 

L 

574 

799 

924 

1 380 

1 7 1 7  

S 2  

H 

4 1 3  

36 7 

56 1 

758  

1 102 

L 

605 

6 1 1  

765 

1078 

1 456 

* *  

* *  

* *  

* *  

* *  
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APPENDIX 5 . 1 

Estimation of leaf area from leaf length and leaf width measurements 

The regression equation b etween leaf area (LA) measured by e lectroni c  

leaf area meter , and the product of leaf length C +) by leaf width (w) 

at � 1 of the lamina·� has been used to estimate the leaf areas in 

Experiment 6 .  

It was thought that the predictive equation might vary for the 

different treatments , henc e  samples were collected separately from the 

4 treatments (viz . ,  LL , LH .  HL and HH - for definition of treatments  

see section 5 . 1 . 3) .  All the leaves of  the tes t  plants  were used and 

there were between 20 and 30 p lants for each group of samples depending 

on treatments .  

Tab le A. 1 summaries t he regression information for each treatment . 

The regression equations were calculated using a package program -- "BASIS" 

(Burroughs Advance S tatisti cal Inquiry System ,  19 7 3) on the B6700 computer 

at Massey University . The regression coefficients were tested using T 

test  according to  Snedecor and Cochran ( 1968) pp 432 . There was no 

significant difference between the regress ion coefficients , the data 

was therefore pooled and a single regression equation calculated (Tab le 

A� 2) . 

TABLE A. 2 Regression information for the leaf area and leaf length x leaf 

width relationships 

Treatments Regression equations R2 Number of samp les 

LL y = " ::_31 . 55 + 0 . 8 1 2 1  X 0 . 9 3  2 'n 

HH y = - 39 , 60 + 0 .  7728  X 0 . 9 3  2 6 3  

lli y - 32 . 2 1 + 0 . 8039 X 0 . 89 1 5 1  

HL y 45 . 03 + 0 . 8 142 X 0 . 90 1 4 7  

All Treatll)ents y ;=; -25 , 99 + 0 , 8029 X 0 . 9 1  838  
combined 

Y = leaf area X leaf l en 2th Y l P� f  �i � th 
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APPENDIX 5 .  2 

The effect o f  removing s econdary tillers on the performance of the main 

tiller in prairie grass 

A . 5 . 2 . 1 Introduction 

In experiments involving measurements of the length and number 

of individual leaves on the main tiller , it  is desirab le to remove the 

secondary tillers as they appear , so as to make identification of the 

individual main stem leaves easier . For exampl e ,  Ward law ( 1969)  removed 

all the secondary tillers and the first 3 leaves on the main culm ,  before 

applying treatments in his experiment with ryegrass . 

However , it  is not known whether the removal of the secondary 

tillers will influence the growth of the leaves on the main tiller . The 

following .experiment was conducted in the growth rooms at the same time 

as that of Experiment 6 ,  to check this . 

A . 5 ; 2 . 2  Materials and Methods , 

Prairie gras s (Bromus catharticus Vah l .  cv Grasslands Matua) were 

gro,,m from seed in the Controlled Climate Rooms , DSIR . The soil medium ,  

growing conditions and treatments were identical t o  that reported f or 

Experiment 6 (section 5 . 1 . 3) .  

Briefly , the treatments were : 

LL plants &rown continuously under the low (L) evaporative demand ( ED) 

conditions . 

LH p lants grown under the L ED conditions until leaf 6 (week 5)  and were 

transferred to the high (H) ED conditions until the end of the 

experiment at week 8 .  

HH plants grown continuously under the H ED condi tions 
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HL plants grown under the lL ED cond;tti,ons · unt;tl week 5 and transferred 

to the L ED rooms until week 8 .  

There were 8 replicates for · each t-reatment . 

The p lants were thinned f-rom 1 5  to 2 by week 5 .  Within each 

pot , i . e . , a replicate , one of the two p lants was lef t intact ,  whi le 

the other had all its exposed secondary tillers removed as they appeared . 

Removal o f  secondary tillers star ted when leaf 6 was j ust  emerging 

( i . e . , the same starting time as that of Experiment 6) at the 

beginning of week 5 from sowing . The tiller removal operation was done 

daily by cut ting as close as possible to the base of the secondary 

tillers . Cutting irt this manner only removed the exposed laminae 

without damaging the growing points of the secondary tillers . 

A. 5 . 2 . 3 Results and Discussion 

Removal of the secondary tillers did not affect the perf�rmance 

of the leaves of the main tiller in terms o f  leaf area , leaf numb ers 

and dry weight per main tiller (Table A . 3) . By the end of the 

experiment at week 8 the intact p lants had 9 . 9  ± 2 . 2 ,  i0 . 5  ± 1 . 6 ,  1 1 . 9  ± 1 . 9  

and 10 . 0  ± 2 . 7  tillers for the HL , LL , LH and HH treatments respectively . 

�ie would expect  by removing the laminae of the secondary 

tillers there must be a greater drain on the photosynthate from the 

l eaves of the main tiller . However this has not been reflected in 

any adverse effect on the p erformance of the leaves of the main tiller . 
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TABLE A. 3 Comparison between plants wi.th their second,qry tiller$ removed 

and those with their secondary tillers intact .  

Mean across 4 rooms 

Treatment s  Leaf area Leaf number Dry weight 

per main per main per main 

tiller ( cm2 ) tiller (m g) 

Tillers removed 15 . 2  9 . 3  838 

Tillers intact 14 . 0  9 . 4 894 

NS NS NS 

CV% 16 5 15 

There was no room x tiller treatment interaction . 
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APPENDIX 6 . 1  

Origins o f  the planting materials used in the present s tudy 

Sudax - SX - 6 ,  a forage sorghum hybrid , Sorghum bicolor (L) 

Moench x S. sudanese (piper) Staff . seed purchased from Dalgety 

Ltd . ,  Palmers ton North , 89% germina tion . 

Prairie grass - Bromus catharticus Vahl . c .v .  Grasslands Matua 

prairie grass . Seed from Dr W. Rumball , Grasslands Division, 

DSIR , Palmers ton North . 

Nui ryegrass - Lolium perenne L .  c . v .  Grasslands Nui perennial 

ryegrass . Seeds from Mr I . M .  Ritchie , MAF ,  originally from 

DSIR No A 3524 , 98% germination . 

Ruanui ryegrass - Lo lium perenne L .  c . v .  Grasslands Ruanui perennial 

ryegrass seed from Mr I . M .  Ritchie , MAF .  Basic seed Reg No . OT 1 7 25B 

( 7 . 10 . 75) , 98% germination . 
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