
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Somo Effects of Wind on thf: Growth of 

W.hi ta Clover ( 'I".'." foli U-1:£.. J~ecen:c;~ ) 

SecC.lir12:sa 

A thesis prec:ente:3. .i.n pa:rt :i.a1 fulfilment 

at 

John Stanley B.irchr.:.n 

1974 



'.Phe a.1.1t}101.l 1,vas t11e recc;~:Lc:nt of ~i [)tate ~3e:cv1.ccs C,:-r"Jair.i~Li. ~.~1 

1\1.va.:cd vln.c:n t!1e work ccYnp·cising this th~s.i~3 r10..s c:~rriecl ou.t:) 

The encou:ra;:;ement and forbe£trar.ce of my wife, ])eni.G,~~ 

er;r, r~cially -,,,hen the acti;.al experiments were in progl.'ess; J::; willingly 

c.lX1d g-L·itci'ully recordf~·a.. 

l 



ii 

'Tue effects of w.ind velocity on Tr.ifolium reJJ~~ L. cv Grasslands 

Huia white clover seedlings were examined in a wind tur ...... '1.elo Three 

experiments were conducted, each at a different wind veloci ty, in 

which the wind was appliGd to the :rnedlines at three distinct stages 

of gf..'owth ( c otyledons 7 ,mifoliate l eaf, and trifoliu te leaf ) for t}u.•ee 

periods of time ( 2 , ti, and 6 days ) • The ,rind veloei ties were 5.of 

7. 5, and 10. 0 m/sec. ln all three expC':d.rn.ents total pl::int 9 shoot and 

root dry- weights and root/ shoot r o.ti.os were determin ed after 28 days. 

Relative growth rates both during and after the application of wind 

were deter mined for the three stages of growth and t he tb.ree w.i.nd cluT 

at.ions. In one experi ment r l ea.f are::i,, l eaf area ratio , net assimj_l ation 

r2,to, relative watEr cor: i :.mt, trans r,iration r ate and stc1;1.:1,tal aperture 

de terminations were made. Response su.rfaces wcr:e derived where poss i ble 

to fac ilitate the identifi cahon of si.:;nificant trends which f ormed the 

basis of disctlssion rath.0r tha.x1 sic~1i f.i.c2.~t "t,alues. P .. 11 tfl...rGe Yrind ·vel - · 

oci tics had a marked effect on totR-1 pl3nt~ sl-10ot , and root dry weic;hts 

und root/shc ot. ratios . Helative gro·.\•th :rates ,:3.u rin 6 t:,e c.J)_plicat.ion of 

wind were generally hi~her at 5 . 0 r~/scc them at 10.0 rn/s0c . 'I'liey w~-::..·e 

ctif..-; o hie,~her at tbe unifoliate sta50 of cro;vt.11 th1.:.1. at ei tb.cr tf1e ccty· --

led on or t1·ifoliate sta0·es of gro,·,th during ,'I.incl appJ j_c2..U.o:~1. Aftc::r 0'.:he 

applicatj_o!1 of wi nd, the trends of :ccsporrne were reve:::~sec.l. Wind. c.u:cation 

generally had little effect. In the 011<.~ exper:Lrnent where ne t assimj lat.ion 

rates were measured, the pattern o.f response both durine and ,:.f t e:,r the 

application of wind was simil ar to that of the :relative 6Tonth r ates. 

The relati ve water content deterninations indicated the exis tence of 

water stress which was a.lleviateo. when the wind ceased . Wind eenerally 

had no effect on the rate of transpiration but closed the stomata of 

the most prominent l eaves. The relevance of the results to the field 

situation is discussed. 
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Chapter 1 . Review of the Literature. 

1 1 Introduction. 

In a study such as the one described in this thes i s, a review 

of the literature entails a commentary on a wide range of sub j ects. 

Accordinglys only the aspects that a.re directly applicable are dis -

cussedc 

1 2 Effects of Wind on Plants. 

Whitehead ( 1957) proposed a classification of plant res -

ponse to wind based on field studies with arti f i cial shelter and lab 

oratory wind t unnel studies. 'Exposure evasive ' plants ( e . go rosette 

plant s ) were unaffected by continuous high wind velocities whereas 

' exposure i.:olera.'1t ' ( e . g. l.ford.eurn vul,s_E:,~~ ) and'exposure sensitive ' 

( e . g. Senecio nebrode.nis ) plants exhibited slight and marked height 

reduc tions r espectively. 

Plant response to wind has iseneralJ.y been studied by measux 

ing the response due to either shelte::e ( natural 01: a:ctific ial ) o.c 

to artificial winds. Tanaka ( 1968 ) ·, however, attempted to detc~rmine 

the r esponse of plaDts to wind by determining the relationship between 

turbulence and the linear r esponse of a plant using spectral analysis. 

'l1l1e effects of shelter on plants and the microclimate sur -

roundi ng them have been described by Jensen ( 1954 ), 1farshal l ( 1967 ) , 

and Rosenberg ( 1967 ). 

Reduction of wind velocity on the leeward side of a windbreak 

i s a f unction of the windbreak dimensions, position and permeability 

( Marshall 1967 ) . Sturrock ( 1973 ) states that the primary effects 

of shelter are an improvement in the \,ater balance, reduced potential 

evapotranspiration, and better use of the available water. by plants. 

Shah ( 1962 ) concluded that the major effects of wind reduction were 

higher temperatures, reduced t ranspirat ion, better conservation of soil 

moisture, and less mechanical injury. In bean and maize plants, these 

effects resulted i n larger leaf areas, smaller root/shoot ratios, and 

increased crop yieldo Sturrock ( 1973) reported higher root weights 
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often associated with increases in leaf area, in sheltered soybean 

plants and suggested that a bigge:r root system could mean an improved 

ability to extract water from the soil. Mc1.rshall ( 1967) obs e:rved 

that a major problem encountered in interpreting -the results of shelter 

belt studies is that soil moisture is often confounded with wind velocity. 

In the few studies in which the effects of s oil moisture had been virt -

ually el.:i.wina-Led, contraclicto:cy results had been obtained. 

Brown & Rosenberg ( 1971, 1972) in a series of experiments, 

attempted to define microclimi:,te changes in response to shelter using 

enerf;y budge t techniques. They concluded that a windbreak traps water 

vapour in the air and excludes CO2 from the ai.r i1mnediately above a pro 

tected crop. The deple t ion of CO2 is, however, insufficiant to affect 

photosynthesis. They also reporte,l that shelter has a maximum effect 

on crop yields when they are gener:1lly low and a negilible effec t when 

tl1ey are generally higho In the light of this work· arid that mentioned 

earlier, it would appear that the major effect of shelter on crops is 

to reduce the degree of wc1ter stress that would otherwise be induced.o 

Artificial winds have been used to stud:r the effects of wind 

on transpirat ion ( Ll::> .. rtin & Clements 193';, Jeni,en 1954, Shah 1962 , 

\Thi tchea.d 1962 1 Whi tchc2.d & Luti 1962, I.facklon & Weatherley 1965f 

Kalma & Kuiper 1966, Tinklin & Weatherley 1968 ) ; heat transfer 

( Gates 1968, Drake .~t al 1970, Gates8; Papian 1971, Parl ange ct a\ 
1971, ) ; photosynthesis ( Denke 1931, Heinke & Hoffman 1935, .both 

cited by Warren Wilson & Wadsworth 1958, Wadsworth 1959, 1960 1 Huht 

et al 1967, ) ; r espiration ( Todd et al 1972) ; plant anatomy and _ 

morphology ( Whitehead 1957, 1962, 1963a, 1963b, 1963c, 1965a, 1965b, 

Whitehead & Luti 1962 ). 

Kalma & Kuiper ( 1966 ) cited Stalfel t ( 1932 ) who in short 

term experiments , observ-"'d a linear relationship between transpira:cion 

and wind speed up to 0.5 m/scc. Mart in & Clements ( 1935) in short 

term studies of 24 hours found that for wind velocities up to 0.9 m/sec, 

transpiration was increased and maintained at a level 20 to 30 % above 

control i.."l Reliax1thus annuus plants ., At higher wind speeds, they r eport 

ed an initial rapid rise in transpiration followed by a decrease which 

they attributed to stomatal closure~ Yamaoka ( cited by Kalma & Kuiper 

1966 ) found that an increase in wind speed from Oto 1.0 m/sec 
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decreas ed transpiration but at higher wind speeds , transpiration re -

mained constant. Whitehead ( 1962) and Whitehead & Luti ( 1962) ob 

served decreases in the transpir·ation rates of H. annu~~ and Zea mays 

pla.11.ts gr.own under conditions of continuous wind over a five week per 

iod. Kalma & Kuiper ( 1966 ) i n an experiment of three weeks duration 

found that the total water use of }'haseolus V1Q1::aris plants decreased 

with wind speeds up t o 1.6 m/sec. Hacklon & Weatherley ( 1965 ) and 

Tinklin & Vleatherley ( 1968 ) found that low wind speeds ( 1 - 2 m/sec) 

had no effect on the transpirat ion rate of Ricinus cor.ununis plants 

grovm. in water cultur·e. In t he short term, in sand or soil culture, it 

would appear that transpiration will increase in r esponse to wind speeds 

up t o 1.0 m/ sec but thereaft er will decrease, while in the long term, 

tranapiration is likely to decrease or at l east remain cons t anto 

'l.1he effect of wind on the heat transfe1· processes of plants 

is complex. Idso & Baker ( 1967 ) reported that wh.ile r eradiation was 

overwhelmingly the dom.immt mode of heat transfer in a soybean crop, 

tra.nspiration transfer of heat was much more important than convection 

transfer. Drake et al ( 1970 ) found that for Xar1thium strumarium 

leaves, wind affected the partioning of energy transfer between tra:.r:ts 

piration and convection~ When leaf tcmper2.ture was above the air t emp 

er-ature, an increase in wind velocity caused. an increase in convective 

heat loss and decreased transpiration , whereas when leaf temperature 

was below air temperature, an increase in wind velocity caus ed con 

ective energy addition to the leaf and also increased heat loss by 

transpiration. Gates ( 1968 ) and Gates & Papian ( 1971 ) have demoo 

strated quite conclusively the importc3:nce of transpiration in heat 

t ransfer processes. '.rhey used a wind tunnel to study the effects of 

leaf dimensions and wind velocity on boundary layer resistance to both 

transpiration and convection heat transfer. They derived constants of 

best fit s o the the complete energy budget of a leaf could be solvedG 

By varying two factors of the equation at a time they found that~ leaf 

dimensions largely determiEed e:;.:tcrn2..l diffusion resistance because the 

larger t he leaf, the thicker the boundary layer. Gates ( 1968 ) was 

able to demonstrate that pl.a.n.ts with small leaves would be better adapt­

ed to dry hot conditions than plants with large leaves which would be 

better adapted to hot humid conditions. He also demonstrated that wind 

velocities les s than Oo5 m/sec had a big influence on transpiration cJnd 
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leaf temperature by reducing the thiclmess of the boundary layer& At 

wind velocities greater than 0.9 m/sec, boundary layer thickness had 

no effect on the heat transfer processes because the resistance of the 

layer was negilible. 

Prior to 1958, eight groups of workers had cxar.iined the effects 

of artificial wind on the dry weir,ht of whole plants ( Wadsworth 1959 ). 

Of these, six reported that an increase in wind vel ocity re sulted in 

decreased growtho The remaining two groups had reported an i ncrease in 

CO 2 uptake and assimilation rate with increased wind velocity . Warren 

Wilson & Wadsworth ( 1958) considered that these apparently contrad -

ic tory resul ts could be reconci.led. The first group of vrorkers used 

wind speeds of between 2.2 and 27 m/ sec while the second group used 

wind speeds between 0.0005 and 0.9 m/sec. They considered that there 

was an optfoium wind speed for plant growth, i.e. the .first G':!'.'Oup of 

workers used wind speeds above t his optimum while the second used wj_.ncl 

speeds below it. Wadsworth ( l'.:359 ) using a crowth a.YJ.alysis approach 

and wind speeds between 1.2 and 12 e0 m/ se·c found by ext:capolation that 

the wind speed for 01,timum grovrth of Brassica. nanus grovrn in sand cul •­

ture was OG3 m/ sec. V!hen the plants were l ess than 1 cm tall, relative 

growth rate and net asr::imiJ.ation rate increased with wind speedr plants 

1 4 cm tall exhibited. a..'1 optimum wind speed for growth, and plants 

4 - 7 cm tall exhibited a decrease in rela tive growth rate and net 

assimilation rate as wind speed increasecl. Wadsworth ( 1960) extended 

his work to include Hordeum vulgare and P:i.surn sativwn but used a water 

culture techni q_ue i nstead of sand culture and wind speeds between 0.3 

and 4.0 m/sec. He found no significantly different relative growth r a tes 

or net as :·; imilation rates between wind speeds and concluded that the 

reductions reported in his previous experiment were due to partial dry 

ing out of the plants. 

Todd et al ( 1972 ) reported increases in the rate of res 

piration ( 20 to 40 % ) of several plant species in response to wind 

speeds of 7.2 m/sec under temperature controlled conditions with the 

rate of respiration returning to the initial rate within a short ti.me 

of the wind being stopped. They suggested that elevated respiration 

rates such as they had measured might interfere with net assimilation 

and could be responsible for lower plant yields in windy regions. 
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Whitehead ( 1965a ) reviewed his previous work ( \TI1itehead 

1957s 1962, 1963a, 1963b, 1963c, Whitehead & Luti 1962) and sug -

gested that exposure to wind resulted in phenotypic chane;es ( anatomical 

and morpholgical ) enabling a pla..r1t to withstand its environment better. 

He summaris ed these changes as; 

1. reduced leaf area, 

2. shorter internodess 

3. increased root/shoot ratio, 

4. increased a.mount of vascula.r tis ~:;ue, 

5. increased number of stomata per unit area but decreased size , 

6. reduced w~ter loss per unit area, and 

7. eeneral development of xeromorphic characters. 

In the series of experii:1ents listed above, Whiteh ead found 

that Z.mavs and H.annuus yields were reduced by continuous winds of 

14.8 m/ sec for 40 and 30 days respectively, He then grew H.annuus 

plants under different soil water potential rcgir.ies and found that at 

l ow soil water potentialsj the plants ha.cJ. simil:ir anatomical and morph 

oloGical cha:eacteristics to those exhibited by plants exposed to a 

continuous wi.nd for a period of time. Plants grown at low soil water 

potentials were better able to withstand lethal wh1ds ( 17 o9 m/sec ) 

than plants grown at high soil water potentials. Humphries er, Hoberts 

( 1965 ) challenged VTnitehead 1 s conclusion tha t wind and soil moisture 

induced similar anatomical changes and that these chanr.;es led to re -

duced water loss from the pLmt . 'lliey contended that Whitehead's data 

could be sat.isfactorily explained in terms of induced chances in root 

distribution and leaf area. 'rhey suggested that Whi tchead' s supposed 

technique of watering could have led to root concentration in the tops 

of the pots. Whitehead ( 1965b), howeve;r, refuted their hypothesis 

convincinzly, pointinG out that his technique of watering involved the 

inj ection of water at several points in the root zone and that as such, 

t his would not l ead to a redistribution of the roots. 

To simuln.te field conditions in a wind tunnel is a virtual 

impossibili t;-r but it is possible to model turbulent· boundary layer 

flow to a limited extent ( Woodin6 1968) and it is _probaly better to 

do this than to use laminar flow. Water vapour, co2, and energy exchange 

processes in the field are turbulent diffusion exchanges a.nd hence the 

necessity to model turbuent flow as vrcll as possible., High mean w.ind 



velocities for extend ed periods of time do not occur in the field. 

Finnell ( 1928 ) used a meai, wind velocity of 7 .o m/sc~c for sixty 

6 

24 hc'..ll' days and Whitehead & Luti ( 1962) used a 18.0 m/sec wind for 

forty 24 hour days. 

In regions where surface winds are a dominant part of the 

environment , calm periods frequently occur at ni&ht. During such periods, 

plants can replenish the water deficits that must occur m1cle:c such 

windy conditions. However , in all eight studies where the effects of 

artificial wind on pLmts has been examined, no coenisance of this 

effect has been indica ted. Hence it is probaly reasonable to sugges t 

that the effects of artificial wind on plants reported to date must be 

interpreted in terms of the techniques used ( i.e. sa.i."ld cul tu.re, w2-,ter 

culture etc. ) and considered as extreme effects. It would seem neces -

sary to attempt some simulation of the number of hours per day that wind 

actually blows before the effects of wind created in wind tunnels con 

be accurately established. 

1 3 Wind Tunnels . 

Bain et al ( 1971 ) described t v;o basic types of wind tw,_;_1r-,ls 

used in the investigation of engineering problems ; open circuit and 

clo r, ed circuit tunnels. In many instances, however, th e specifications 

and requirements of wind tunnels us ed for the investigation of as;ri -

cul tural problems are different to thos e required in engineering inves t 

igations. Wooding ( 1968 ) described some possible applications of low 

wind speeds tunnels in ag--riculture; 

1 • investigation of turbulent boundary l ayers, 

2. investigation of turbulent diffusion, 

3. investigation of wind erosion, 

4. inves tigation of shelter effects, 

5. investigation of evaporation and plant transpiration, and 

6 .. investigation of dynarrric , ,,q van .. effects on plants. 

Wind tunnels ha~e also been used to study the flight patterns of insects, 

fungal spore and pollen grain distribution by wind. 

Wooding ( 1968) classified wind tunnels as follows ; · 

1. the closed circuit blo>'rer tunnel driven by a single axial fan, 

2. the open circuit suction tmme1 with the fan (s) dm-mstrearn of the 



the working section, and 

3. the open circuit blower tunnel which often has a centrifugal fan 

upstream of a se ttling chamber. 
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Weatherley & Barrs ( 1959 ) de,;cribed a climatological tunnel 

of the same bas ic type as Wooding 1 s class 1. It has subsequentl y been 

used in the inves tigation of plant transpiration e.g. Macklon & Vfeath 

erley ( 1965 ) • Open circ uit tunnels ( 'i'looding t s class 2 _) have been 

used to investigate the effects of shelter ( J ensen 1954, Shah 1962 ) 

on growth and also plant physiological proces ses ( references cited 

in section 1 ~ 2 ) . Wadsworth ( 1959 ) used a tunnel of this type ex 

cept that it had a variable area which enabled him to study the t7owth 

of plants under identical conditions with the e-::ception of wind speed., 

Tunnels of Vlooding' s class 3 are re l a-Lively fev: in mm1bcr because of 

t he large cost involved in their construction~ 'runnels of this type 

have been used primarily in the stud.y of microclimate and hu-bulent 

diffusion processes c 

1 4 Effects of Water Stress on PJ~ 

Over the 1ast decade or so, numerous i·eviews of the ieffcc:ts 

of water stress on :plant g:cowth, physiolo5ical and metabolic proceBf,es 

have been published ( Kra'ller 1959, Stocker 1960, Vaadia ct al 196·1, 

May & Milthorpe 1962, Kra.in.er 1963, Henckel 1964, Gates 19G4F Fischer 

& Hagan 1965 , S1avik 1965, Shaw & Laing 1966, Peters & Runklcs 1967, 

Salter & Goocie 1967, Slatyer 1967, Vaadia & Waisel 1967, Crafts 1968, 

Gates 1968, Kramer 1969, Slatyer 1969, Laude 1972, Levitt 1972, and 

Hsiao 1973 ) . The effects of water stress on plant e;rowth and physio 

logical processes onl y will be discussed. 

Stocker ( 1960 ) considered the effects of son dryr1ess and 

air dryness on plants to be similar with both producing xeromorphic 

characters; 

1. smaller but thicker leaves, 

2. shorter internodes, 

3. increased root/ shoot ratios, 

4. increased amount of vascular tissue, and 

5. increased number of stomata per unit area. 

It is intere8ting to note that these features are similar to those re -

ported by '\'fni tehead as wind effects and lends credence to his hypothesis 

that wind effects are primarily moir;ture stress effects,. 
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Stocker ( 1960 ) cited Simonis ( 1947 ) who grew T:r.ifolium 

incarnatum in sand cultures which were watered to 80 % and 40 % of 

field capacity. He fo1.md that the total dry weight yield of the plant 

was reduced; the root/shoot ratio, the root/leaf ratio and the root/ 

stem ratios were increased and the stem/leaf ratio decreased when the 

clover was groYm at 40 % of field capacity. Salter & Goode ( 1967 ) 
in their review of the 1i t erature on crop res1Jons es to -:water comment 

that legumes such as '11rifolium repens , Trifolium pratense and MedicarG:9. 

sativa are most productive with respect to ver;etative grm7th, under 

continuously moist conditions , provided that prolonged periods when 

the soil is wetter than field capaci t;)' do not occur . Davidson ( 1969 ) 
and Engin ~c Sprent ( 1973 ) have reported that T.repens plants sub -

j ected to water stress in the vegetat ive phase of grmrth have increas ed 

root/shoot ratios. Salter & Good.e ( 1967 ) also found that for the above 

legumes , moisture conditions suitable for maxiPru..m growth up to flower -

ing provide the greatest potential f01: seed production, but thr1,t durir1e 

flovrerine a reduction in nater supply co1.1ld assist setting of the seed~ 

In the final s tages of development, clry conG.itions could pr.event loss 

of seeds due to in situ GP.rrninationo 

The sta_,,;e of ontogeny at which a plant j_s subj ected to water 

stress can influence both its vegetative and. reproductive yi e1d. 

Slatyer ( 1969) states that both initiation and differentiation of the 

vegetative and reproductive primordia are very sensitive to water s t ress. 

Gates ( 1968 ) found that initiation of foliar (vege tative ) prim -

ordia in lupin plants was VGJ::f s er!si tive to water stress and that ini t 

iation ceased even at sli0ht water :;;tress. However, if the stress was 

neither too long nor too protracted, initiation resumed on relief of 

the stress. Slatyer ( 1969) considered that the effects of water stress 

on primordia are in some ways analagous to bud dormancy. Nicholls & May 

( 1963) found that floral initiation in water stressed barley plants 

progressively slowedo If the water stress was mild, then upon relief 

of the stress , initiation occurred. a. t a slightly higher rate than in 

the control plants . If the stress was severe, total sp.ikclet number 

was permanently reduced., In grain sor0hum, however , a similar process 

is not evident for the imposition of a severe water stress during floral 

initiation merely suspends development which is r esumed on relief of 

the stress with no signifioafft differMwes f rom the control plants 

apparent ( Slatyer 1969 ) ~ 
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Water stress during anthesis can markedly reduce fertilisation 

and gTain set in most cereals ( Slatyer 1969 ). He cites corn as being 

a very sensitive plant at this time a.rid that germination of the pollen 

or the gTowth of the pollen tube may be ilnpaired. 

Hsiao ( 1973) states that in many species, cell expansion 

is one of the plan.t processes most sensitive to v.rat0r stress and pos 

sibly the most sens itive of all. He notes that reduction in cell size 

has been correlated with reductions in the water potential of the sur 

roundinr; media. For example, the steady state enlargement of maize 

leaves was slowed by reducing the leaf water potential to 2 bar and 

completely halted when the potential was reduced to - 7 bar ( Hsiao 

1973 ). The range of turgor over which cell expansion occurs can be 

very narrow al though the range can apparf:ntly be extended by osmotic 

compensa tion in some tisrmes ( Boyer pers. comm. ) , e.g. soybean hypo -

cotyls ( Meyer & J3oyer 1972) and pea roots ( Greacen & Oh 1972 ) . 
Gates ( 1968 ) states that physiologically young tissue exl:ibits gre2.ter 

tol erance of. water stress than older tissue upon which the effe0ts of 

water resemble hastened senescenceo Osm9tic compensation could possibly 

explain in part the high degree of tolerance to water stress exhi.bi t,"'?r: 

by young tis sue. \'/hile Hsiao ( 1973 ) concedes that the above reported 

studies indicated. roasona1Jly conclusively some osmo:cegulation t he 

contests that this is a general mechanism. He cites changes in cell 

wall extensibility and the threshold turgor as als·o allowing c ell ex 

pansion to continue under water stress. 

Kramer ( 1969) considered that cell division is affected by 

water stress but much less so than cell expansion. Hsiao ( 1973) 

obs erved that the effect of water stress on cell division may not be 

direct but could possibly be indirect through suppressed cell expansion 

and also growth hormone effects . 

Hsiao ( 1973) noted that stomatal closure ia the main cause 

of transpiration decline as water stress develops. He also observed 

that an increase in stomatal resistance through closure of the stomata 

need not necessarily cause a proportional decrease in transpiration 

because leaf temperature could rise concurrently with a consequent 

increase in the water vapour concentration inside the leaf. Heat trans 

f er processes and the role of transpiration were discussed in section 

1 : 2o Some th-resho] d vahrns 0f leaf wateT potential above which stom 
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atal opening is constant are - 7 to - 9 bar for tomato, - 10 to 

12 bar fo:c soybean, and - 12 to - 16 bar for grape ( Hsiao 1973 ) . 

A steady decline in stomatal aperture at leaf water potenUals below 

the th..t'eshold values is observed. Cuticular transpiration can be a 

significant contributor to total transpiration ( ·10 to 90 J~ ) accord 

ing to Crafts ( 1968 ) • Levitt ( 1972 ) considered that low cuticula.-r. 

transpiration could accourit for the superior drought resistance of 

some plants e.g. Pinu.:J_11a_l§:.I:_enis over Pinuspirqc1;. Unique r elationships 

between leaf wat 1::r po"Lt:ntials, leaf water contents and. transpiration 

rate have not been r eported. This is understandable when the complex 

of factors that control transpiration are considered. 

When the reproductive structures of a plant are fully formed, 

seed filling is entirely dependent upon photosynthetic activity a.l'ld 

translocation of the assimilates to the seed. SJatyer ( 1969 ) observes 

that water stress at this time can have a marJ,~ed effect on yi.eld,. Water 

stress is generally reported in the literature as causing a reduction 

in net photosynthesis ( e.go Vaadia et al 1961, Kramer 1963, Crafts 

1968 , Wardlaw 1967, 1969, 1971 ) . Hsiao ( 1973) maintains that there 

is almost unanimity of opinion that much of .the reduction in CO 2 as -

similation in light du.ring water stress is due to stomatal closure. 

Slatyer ( 1969 ) m:1intains that net photosynther .. .:i.s is progr.e ::.,sively 

reduced by water stress and that both the photosynthetic apparatus 

and gross photosynthesis are relatively insens.i.tive to water stress, 

at least until a severe stress exists. In cotton plants, net photosyn 

thes is reduction could be completely attributed to stomatal closure 

until a severe water stress existed ( 'l'roughton 1969 ) • Hsiao ( 1973 ) 

cons idered that non-stomatal effects on net photosynthesis brought 

about by mild or moderate water stress were establ ished in some plants. 

Boyer ( 1973) in soybean plants was unable to attribute directly to 

either the chloroplast membrane system or the cytoplasmic enzyme system 

the responses that occur when the system is dessicated. He consid~red 

that the responnes to water stress were more likely to be indirect re 

sults of other cellular responses to dessication. The accumulation of 

abcissic acid in Brussel sprout and tomato plants ( Wright 1972 ) 

during a wilting cycle suggests the involvement of growth hormones. 

Wright ( 1972 )has also reported a clos e correl8.tion between abcissic 

acid levels and stomatal closure in Brussels sprou..t and dwarf bean but 

direct effects on the photosynthe.tic apparatus etc. have yet to· be es -

tablished. The effects of stomatal closure on t ranspiration and photo -



synthesis have already been mentionede 

Reduced sink size has been cited as a possible reason for 

reduced net photosynthesis under water stress COf;ditions ( Slatyer . 

1969 ) • In v1hcat and Loliu.m temul cntum according to Wardlaw ( 1967 1 

1969 ) this is not so. He was unable to demonstrate a direc t sink 
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size effect on the rate of photosynthesis but the rate of assimilate 

translocation out of the leaf was reducede Removal of competing sources 

of assimilate for: the reduced sink size due to slowed growth offset 

this reduction . Wardlaw ( 1969 ) also found that water stress had little 

effect on phloem transport of assimilate. The photosynthetic activity 

of potato and sugar beet le,wes has been directly related to root and 

tuber size ( Whittin;;ham 1972 ) and Wardlaw himself conceded that 

lack of suitable sinks could retard photosynthesis. 

'The effect of vratcr stress on respiration_ is rather obscure 

because dark :::md photo:respiration have rarely been distinguished ( f-,l.atye:c 

1969 ) . ]);,~rk rcspirn.tion appears to be relatively unaffec ted by moder 

a,te water stress whereas photorcs:piration appears i:o increase under 

comparable stresses ( S13,tyer 1969 ) • However, the linear increase of 

photorespiration with t emperature ( 'l'roue;hton & Slatyer 1969 ) i is 

probaly of more importance than water stress .r.._~~ , in viev1 of the 

fact that during water stress, transpiration is inhibited to a g..cea.to:l'.' 

or less.er extent vrith a consequent rise in l e2-f temperatur e. 

1 5 Measurement of Water Stress. 

Recent reviews of techniciues of.measuring water stress include 

Kramer & Brix ( 1965 ) , Slatyer ( 1967 ) , Slatyer & Shmueli ( 1967 ), 
Barrs ( 1968 ) , Boyer ( 1968 ) , Kramer ( 1969 ) and Sulliva.'1 ( 1972 ) .. 

Plant water deficits are cenerally described by either one or 

both of the following param9ters, water content and water potentic:.l. 

Only the most common techniques will be discucsed. 

The, water content of a leaf can be expressed on dry weight, 

fresh weight, full turgor weight and area bases but full turgor weight; 

is the only satisfactory base because dry weic:~ht fluctuates diurnally, 

.fresh wei&ht minimis.es large changes in water content and is affected 

by d...ry weignt change3, and area decreases when water stress is high 



( Barrs 1968 ) • Water content at full turgor can be expressed as a 

fmiction of either the ai-nount of water taken up ( equation 1 : 1 ) 

or the initial water content ( equation 1 : 2 ) ( Barrs 1968 ) . 
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Relative water content is the rexprcssion most commonly used 

and the t echnique involves the floating of whole leaves or leaf.' discs 

on water until the tis s ue is fully turgid. The u,,e of leaf discs can 

introduce errors from infiltration along the cut edges ( Kranier 1969 ) 

which Barrs ( 1968 ) suggests can be minimised by maintaining sharp 

eclges on the leaf punch and usins; a d.i. sc diameter ~o greater than 0,,8::m. 

Hewlett & K1:amer ( 1963 ) found Y/nole leaves more satisfae:tory thm1 

dif,cs for some species although the usu""l arr;uement cited against t he 

use of whole leaves is the time necessary for equ..i. libra,tion. A further 

limitation of the techniq_ue is that leaves of different species, of 

different physiological age , or f r o:n d.i.fferent envirom;ent may have 

similar r el ative water contents but d.ifferent water potent.ials ( K:!.·m11c:r 

1969 ) Beta {Sllage determinations of water contf:n t have also been used 

in the labor«,tory o 

Wak.r. potential can be measured by liquid exchange, vapour 

equilibrium, thermocouple psychrometry, pressure chamber, u.nd freez:i.ng 

point depression techniques ( Sullivan 1972 ) . Corrective measures for 

errors that could arise in liquid exchange techniques ( Gaff & Carr 

1964) have been applied by Sullivan ( 1972 ) to sorghum plants under 

water stress. Sullivan considered. them to be aclvantageouse Some workers 

using the vapour equilibrium technique have found it necessary td cor 

rect for respiration loss in weig.1-it ( Sullivan 1972 ) • Thermocouple 

pyschrometry is currently considered to be the mos t accurate method 

of measuring plant water potential ( Cary & l!'isher 1971 , Sullivan 1972 ) 

but the technique is limited to laboratory operation. Some of the errors 

and operating problems associated with thermocouple pyschrometers are 

discussed by :Barrs ( 1968 ) • Results from pressure chamber detcrmin 

a tions do not alwa:ts ag.ree <;;losely with thermocouple pyschrometer 

values ( Cary & Fisher 1971t Sullivan 1972) and SulJ,,ivan comments 
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that while it appears a useful field technique it does not seem to be 

applicable to all plant species .. Cary & Fisher ( 1969 ) found that 

potential measurements made with a thermocouple pyschrometer and a 

f reezing point meter had a random average difference of 2.6 bar over 

the range - 5 to - 30 bar o They also repo:t'ted a correlation coeff icient 

between the two technicJues of 0.8 .for nine species of plants. Cary & 

Fisher ( 1971 ) reported discrepancies betneen pressure chamber and 

freezing point measurelllents and. suggested that pressure chambers tend 

to measuro the water potential in the xylem elements while the freezing 

point meter and the pyschrometer measure the po t ential of water in 

cell walls and intracellular spaces. 

Other techniques which can be used for the measurement of 

water sh·ess are osmotic potential, stomatal closure and leaf diffusive 

r esistance ( Sulliva.n 1972 ) , 

Barrs ( 1968 ) concluded that both water content and watt!r 

potential measurements were usefuJ. cri tei:fa. w'hile Kraxnor ( 1969 ) 

considered that water potential j_s the better parameter because it i.s 

apparently more clor;e l y related to the physiological and. biocher1ical 

proces,ws which control growtl1. Sullivan ( 1972 ) on the other h2.nd 

ol)se1•\red that ,Jome workei's considered rel2.ti ve water content more sig 

ni ficant to plant g-.co\'rth and development, and water potential ( i'/c1,ter 

acti vity ) rno:r.e important in enzyniatic reactions and directions of natc:c 

movement. 

1 6 Measurement of 'I'ransniration. 

Recent reviews on the measurement of single pl ant transpiration 

include those of Franco & :Magalhares ( 1965 ) , Slatyer ( 1967 ) , Slatyer 

& Shmueli ( 1967. ) and Kramer ( 1969 ). 

The four methods of mecisurin~ tra.nGp:L:l'.'ation which are commonly 

used m.·e ( Kramer 1969 ) • 
1. phytometer ( potted plant) method, 

2. water vapour loss ( gaseometric ) method, 

3. cut shoot ( rapid wcie-hing) method , and 

4. diffusion poro~etry. 

The phytometcr method is the most widely used. ( Franco & 
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Magalhares 1965) despite the limitations of confininB' the root system 

to a small space and that sealing the container can affect water ab -

sorption by the roots tJ:i..rough a soil aeration affect~ •remperatures of. 

sealed containers can rise to ::l point where pla.YJ.~ growth is inhibited 

( Franco & Magalhar es 1965 )c The cut shoot method has received con -

siderable cri tism and is not :r:·ecommended a.s a good t echnique ( S12.tyer 

1967 ) • Increases in stomatal aper ture and a concurr2n-l; ::nxcge in trans 

pirat.ion followin c; the removaJ. of a twig or leaf from a plant have been 

reported ( Slatyer 1967 ) o Changes in ener,:;y load and wind st:eucture 

c ould also result in changes in transpiration when using this technique . 

HoweverJ this tech...'1ic1ue can probaly give useful indications in the field. 

Water vapour l oss techniques are generally recarc1ed as very useful in , 

basic stucli.es ca...-ry,i ecl out i n the laboratory ( 1'1ranco & I,Tagalharcs 1965, 

Slatyer 1967, Krar.1cr 1969 ) a.YJ.d extrapolation t o the field is consider 

ed dan,c:i,·e:cous where accurate estimates are more likely to be obt2..Lned 

f rom micrc-lysimeter studies ( Slatyer 1967 ) or e~err.:;y balance stuclies 

lJncler spscial conditions ( va.n Bavol et al 1963 ) c l;iiTusion porometers 

such as the gaseous diffus ion porometer ( SJ.atyer & J arvis 1966 ) 9 th(~ 

differential tr2.11spiration porometcr ( J:.1eidner & Sparmer 1959 ) r and. 

the ser:sor element diffusion porome tor propo:;od. by \'lalligan ( 196,t ) 

v,ill measure trans pj_rat ione Tl, e caseous and cl:i.ffercn ·cial transpiration 

diffusion pOJ~ometeTs a .. re labor,d;o:r·y ins b:·wnents • 'l111e former c an only 

be used with arn.phistomatous l eaves ,1hereas the J.c1,tter ca.n also be used 

with hypor.:tomatous leaves . 'fue sensor element diffusion poromcter has 

been modified and clovelo1,ed into a port2.ble instrument suitable .for 

field use ( e . g. Ka..'l.er..'lasu et al 1969, Bea.:r:·d..sell 1973 )o Morrow & 

Slatyer ( 1971 ) sta te that the calibr~tion of all diffusion poro 

meters depends upon t he as s umption of isotherma.li ty. In the field, 

however, leaf - air temperature differences can be considerable and 

they sugecstcd that shading a leaf for 30 -to 60 seconds prior to 

attachment of the porometer cup and a l so during operat ion would over 

come this difficulty. Ehrler & van Bavel ( 1968 ) found good agTe e -

ment between :!.'ates cf transpir2.tion :neasured by a sensor ~lcl!le!'!t dif 

fusion porometcr and weighing for cotton and sunflower plants . 

1 : 7 Measurement of S tom:::. tal A:2erture. 

Four techniques for e:.:itimating stomn.tal aperture are ( Barrs 

1968) ; 

1~ Lloyd's epidermis tachnique: 
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2 . Sampson's surface impres::3ion technique, 

3. infiltration techniques, ~nd 

4. porometric techniques . 

Lloyd's tcchniq_ue is ccnerally considered slow and laborious 

giving good results with a limited nrn:-iber of species only ( Barrs 1968 ). 
Sampson's surface impression technique on the other hand has been 

used wj_ th success b:'/ many workers wi th highly signi.ficant l inear cor 

relations beh;eon poromete:;:- readincs and stomatal aperture ( silicone 

rubber inpression) recorded ( Barrs 19G8 )o A good correl ation with 

the i nfiltrat ion technique has also been established. ( Macklon & Wea 

therly 1~65 ) o Aper tu.res of less than 1 p are difficult t o determine e 

_ Some difficulty can also be experimenced obtaining impressions .from 

some pl2.nt species • However, repeated sampl in6 can be carried out on 

the sau1e leaf without causi ng injm·y ( Barrs 1968 ) o Brown c,; noscn 

berg ( 1970 ) described an adapta-Lion in \'/hich a rapid d.ryin~; acrylic 

resin is sprayed 0J1to the l eaf, r2movecl \-J.i.th cellotape after d:cying 

and t hen mount ed directly on a r.1icroscope slide. The nccessi ty of 

making a :pos itive imp:!:ession is removed b::; this technique. 

Infiltration techniques h2.ve bean used primarily in the field 

to indicate when rmter defici·~s are large: cnuugh to warrant ii-rie;ation 

( Bctrri3 1968 ) ~ Sb."lluoli ( 1964-, cited by Barrs 1968 ) cons idered t}:1at 

even for i:cri.g-ation purposes, infiltration techni.q_uss iycre limited be 

cause skilled operato:rs were necessary to obtain satisfactory results,. 

Viscous flow por ometcrs measure chanees in stomatal conduct 

ance a..."ld hence stomatal aperturec However, stomatal conductance or 

aperture measurements are not as meanin~ful as diffusion res i stance 

me11surements in most investit;ations concerned with stomatal c ontrol 

of transpiration, photosynthesis, and plant water status ( Meidner & 

Mansfield 1968 ) . Hence, direct measurements of stomatal aperture have 

limited a!)plicatj on except as [;E,meral indicators. Direct measurements 

of transpiration and internal diffusive resistance using diffusion 

porometers are probaly of more value. 




