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'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. 
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Cl:.a;Jter 2 

1 Int:coduction,, 

The ex:am :i.nation of so:ne of the effects of wind velocity 

1Jy the ob s,c>:r'vat5.0i1 that hic:_711 vel ocity ,fry winds ar·e a frecpJCm t 

of t hcc;e f,.i,c.es i.s frequen lJ y a t tempt0d by oversowin.::;- with clovers 

hi0h veloc i t~r wind.:,:; , such as those t i,2-'l. occur couJ.cl i nf:1.uenee t he 

' . s -,~rt:!S S and 1-~os ::; :ibly 

The tlr.-·ce . ' c.:-:.perJJn r;;r.r.· 1.:.s descr~bed w~re perfor~ed i~ a t~m = 

Expe::·.·i.: rpc:,nt 2 , ru..ri d1..;rin~ thP months of Earch / i~priJ. , 1973 ; 
') 

.J ' 

Dur in3· experiments 1 and 3, the m3.::~imum tc!'",_perature settin,3' 

on the glas::;honse control p,mel wai.; 24 C. How0ver, the full cooline 

potenUa,l of t11e tempera ture control system was not utilised be 

cau"Jc this would h av e meant using a ir of r e l a tive humidity 90 ~-~ or 

greater and maxi mum day t emperatures wer e in the vicinity of 30 C 

on hot sunny day s as meacu.red by a thermohyclro£1Taph . High day -

time r elat i ve hwnillitics were considered undesirable. Ho mimi.mum 

night temperatures set tine-s •:rere used in these t wo experiments. 

For e:xpcriment 2, the conbx>l settine;s were 28 C for the day and 

18 C for the ni3'ht. 

2 2 Hind 'ru.r..nel Consteuctio11. 

A simple open circuit ni.nd tunnel Wets con.:-truc t ed vri th 
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dimensions as given i n fieure 2 1 ~ The t lJ.Jmel was cons tructed. in 

three sections and. moLu"1ted. upon a d8xirn1 steel frame . 

Section 1 1-.. ' contc:iin<3d a 37. 5 cm dirune t r:~r cJ .. xial f an ( 8 

adjustable pitch 1)lad.es ) ,1,t tached to a o. 5 H.P . War5ne~c electric 

motor f:r:· 0:1! which -the centrif ucal weicht r::c,cl1ani su hacl been r emoved.. 

A ma tchi::d var.i c.1.c was 1,laced in se:ri c s with the motor 2"'1d the wirnl 

Ye loci ties rec1uirc(~ were ol>t-::t-incd by caJJ. bra ti on wi t h 2,11 a.r1cl"1orne t er 4 

'ihe v ariac was placc;,d inui de the hmnel to keep it cool. A time 

clock was placed i n the circu:i.t also . The tunnel and. r::tlla.us t ;~d2..p 

tor were m2.de of e;aJ.vanised i ron sheetini:; \'fith the j oint beb,een 

them sea l ed by attach.int; clear pclythene sheet i ng with 2.5 cm in 

sula U.on t ape to e~,.ch. 

Section ' D I s the workin::; sec 'Lion 9 \'1as co:rlstructed from 

0.62 5 cm }X:l'Spex s'.,eet :i.ng , de:xio;1 :,teelr 2.::Hl clear r1olylhene . The 

p ersp0x sides y:ere bol t.sd to the dcxion d,0-:?l fi-ac.ie a'.., s ingJ.e 

piece s ,1.nd a s t:cip of fo;;1rn ( 0. 9 cm wide ) plac,:d on 'l.he top edce 

of e2,ch . 'rhe top of th e work:Ln,:, sr}ction ,,z:; div:LC;.0cl :ii1to t}n.·ee to 

r:u.dc the \,01-;cin5 sc,cti,jn rea r::one .. :)ly 2..Jrti.::;i1t . ifo-t.al tn~ys were 

placecl i n:d.rle lh e 1wrki n0· sec t ion 2.nd tl'ic entire S("c-t-.ion sup. ·ortecl 

by an ex.t. ,irnal ck,zion ste12l L .'ctIL8 . 

Section I C 1 , the i n t ake adc.:rtor anti settJ.in.::- chamber , 

were constructed. Vii th galvanised i ron sheet:i.ne ::u1d O. 9 em thick 

plywood respectivel y. Only the workin:; ssction j oint was sealed.. 

By the means def;cr:i.bec:, a simple a::1c1 inex:,ens i ve , but never 

t heJ. ess apparently effect i ve wind tunc1el was constrncted in which 

wind speeds up to 11 • 5 m/ sec c ould be 2:enPra ted . 

Ca li1.1rc' tfon of ~l:i.nd 'l1wmel and !lfatu:ce of 1£.ind ?lny, . 

Calibration of the variac was c1.chicved b;r the uce of a 

Lambx·echt vane 8J1e1•10;,icter . T_11? aner:1omete:c was pl8.ced in the centre 

of the wo:i.'kinc sec Lio n which ,,o.s fillecl with pots, and the meai;, 
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Plate 2 1 Wind tunnel, fan, variac and time clock. 



Plate 2 2 

Plate 2: 3 

Wind tunnel, exhaust adaptor and fan sections. 

Wind tunnel, working section, settling chanmber 

and intake adaptor. 
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wind r1.m over a peri od of one mi nute in the secured ti..m.nel ob -

taincd. Variac scttin.Js for the th:ree wi!1d sr, r:!eds , 5. 0 m/ s cc ( r.:x 

p0:dment 1 ) 9 7. ~, m/,,ec ( T::Yperirnent 2 )j and 10.0 m/ scc ( =~xpcr­

i rnent 3 ) were obt.:.:..inecl in this way . 
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Spot chccb.: on the wj nd veloci 4,y dt1r.i.n.3' U.::-: th:i.·ee exrer.i::ien'cs 

l)la..::r::cl abou i., 5 <.;11, ,;,.uuve the po L f,L.rci'c,,.cc;::; for· t hese chcelrn . 

The t unnel was de3i .:,ned t o e i ve tu2·1rnl ent flow over the en 

t:t:re: wor.ki n,5:; sect:i.on . \Tnile t J-i:Ls was not eheek ed cxl1a.w:, t _i veJ.y , l;}1e 

t ;_l:r-r,u1ont n 2.-Curc o.f the ai:i::· flow in the \'!O:!:'ki nc section was cL:;,_1cn 

strate<l by l etting :,mall s t. ref~IYl()rf3 extend fr om the i nt,,.ke ad8.:_ ,tor-

-l;o the exhaus t 2v.la.::_')tor . Violent rr;ovement of th.e strc[w1e1::.3 v12,s 0.1·,v;:1.ys 

demons tro.ted. 

2 : ,~ _..,__ 

. 
If. 1 I11-t.:r.' c-,d·:·c 1..ion c ----

pL,s tic po ts c on l.,'.inin,j 2. r,oi, tin5 r,is tn1:e of 1 

p1.1.ri1ice s . .nd f i ne si eved pc_:,at . The po t s v:ere lJL ,.ccd in 1·1e tal tr&.~'"8 

which vre:ce fi lled w:i. t h water to prov .i.de a sub-irrigat i on s~0 s·:,e:n, 

The wa tor i n the trays was topped up evi2-::y 2 t. o 3 c1.ay8 wi t h t!1c:. ex 

c e1)tion of those i n t he wind. tunnel which were t o:J::,ed. up daiJ.y. fl 

cor.1pl e te nutrient sol uti on w2.s applied at the rate of 50 ml pe:c 

pot before the seed was sovm and a t 4 •- 6 day i nt,.:):r.val s until the 

encl of the experi,,1ent . 'I1his was c ons i dered adeq_u~1.te for nutrients 

t o he non-1:i.mitinf; to 3-rowth. 

All the l)ots WP.re mainta:i.ned in a sub-ir-ri0a ted stat e on 

t r.olJ.i:~ys in the a.me gl ttsshouse as the tunnel with the excoptioil uf 

the period. in the tunnel. 

Wind rias a.ri ~;lied for lli1 8 hour - 2,y from 8 a.m to 4 pm. All 

trca-Li::ents were movccl :ift0r 4 pm , d 1e tr..er into, or ont of, the twmc1. 



4.J.. 2 

A cu:,nwrc:ial line of. G-rasslcw1d.s I IIuia 1 \':id.te clover of 

99.8 ')0 purity and 94.0 + J.O ~~ 0er:,1j_na tion v,as trned . One hund.:ced 

s c e(1s per pot wcr:e so'Nn on a grid ,]ys tern . '1110 seeds were })laced on 

the r ,ott:i.n::; r!d.::-:: -l.nr e su:cf::.cc 2,nd £1.n e pumice v:as sprj_nkled on ·until 

all the seoJ~ wore coverea . 

The &b,.we t echnique \'W,s usccl on all the pot:-:; t'h c1,t we:rt.: to 

wa.:., to fac ili t.e.te ;::,;errn inat ion counts. 

Pots from ·ahich 1.;ont :i.nuous h 2.rvest d.2.i:.a , relative ·,;ater 

content and ,:::tc.-,il:=:,;tal ape.cture c.eteruina tions ;:mre to b e rr,2.. de~ \'Je:t.'E: 

J. . .ln.e fi.lFLice c-1.s de:~c~ci.1Jo.J c:..~o /t; c 

and roots ( ex;,e::rir.,ents 1 ,~; 3 ) , o:r· into cot:'ledons , unif.olic1te 

l eaves , tri.foli ,te l eav,Js , c:rown and pe tiol e , and roots in 8):_per 

i P1snt 2. The 1>l0.n t c. orn.:::ionE!Yd:s were o.Ti ccl on aluminium foil at 80 

90 C for a min.imwn of 12 hour:-:; . T'ne dry 1·,e i ch ts we_n e measured on 

a 7.'.etler balance of accur~y 0.00005 ES• 

20 

Leaf a:cea. d.eter:,ii.na tions v1ere made on the cotyledons , uni 

fol.Li,te l eavec; and trifolia te l eaves durine experiment 2. A leaf 

area meter ( 'I'ype Ai;:,,.: 5, I'a.yashi Denko Co, Ltd. ) was used fc:r: these 

2 1,,.1 _ _ 4..._ ___ R_._P_lative 'iiat.er Content . 



chu·in.::; expe:dment 2. Deter ni na tions were ma,r.le on corn~·.,c..nent l ,) ~'.ves 

arnl cotyl vo.ons durir,c wi nd. app1 iccdi.cn ;::1,nd two da~,s after wind ap 

plicatio!l had cc:ased . 

21 

'].:'ne COl~:)orwnt leave~ v1e1·0. excised and the f r e f..,h weic,-ht of 

the s2.mp}o taken. Sa.nil-'le size v er-ied accord.i.ng to the ::,tage of gro',:'ch 

used. for the s ta::;~ o.<: e::r·o\i th A ~ 1d B o.c t c;:crn:i.nations but on l y th:r.· .ee 

pJ.an ts pe:.:- souple fo:c the stnz~·c of' c;:eo,·1th C de t0:!'.'lnination. The 

l eave s were flo~ted on dis ti lled ~ater in covered petrie dishes 

fo r six hcm:·r; at l aboratory t0F1per 2.hu·eP blot ted <fry e.i1d reweighed 

to obtain l1·:e tw.·:'.::;io. weizht. The J. ,.:,aves wero then d:::i t;d on alwnini1un 

foil for a minimum of ·12 h ou.rs at 80 - 90 C after whic::. t he dr y r:eight 

\'i~S ta}:.811:. 

n. 'd , C. was c2.lculatr-1d acG o:r.-0.i.nc- to for;nula. 1 1 ( Ba.T~·s 

1°68 1 / ; . 
n, ·.-: . C' 

( I'rosh \'Iei,gl1.t DI\Y v.1 e i.~·ht ) 
101J (, == X ( '.fo·r-c:id WC:'.c;]·~t TJ:r'y '{I ,:: j_ 2·1:-1 t \ 1 I 

A s .i1n1,J e c~xpe.'::L1~11-L i no i cat ecl ti1at the l•l::i: iod of rc,p:Lcl v•atex­

uptake ( p11 -- ,)8 I a.s ,18,;c:;:-ibeC::. by 1~:,.:i.'.r·s 1968 ) wa~1 2 :10,E~ :°Oj.' t h · 

. . 

to use a standard tine of 6 bou.rB for the -Lb:cee types of l -22. f U ssue 

at al l s t a .:-.,;e,; of c:rowth. 

2 4 5 Transpi:::·z. iion o 

Trru1s11iTation measurements were made during exporirr.ent 2 

using the +echniq_uc described be}owo 

Plas tic 8pecimen tubes and caps were the basic unit of the 

1neth00 .• P, jv(> small hol es were madP. by a hot nai]. in the bottom of 

the tube a.'1.d a sine-le hig hole in the cen i.;re of the cap. The tube 

-Kas pa:i.nted with bla.ck bi tuu1inous paint and filled with da11p potti ng 

n:ixt.ui' e. A ;Jrr.c: .. 11 piece ·of dialy..,is membrane w2.s plac c:1d over the hole 

i nside th e c op and the cap secure 'l on the lubr1 p ITut rient solution 

was inj ected ( 2 ml / appJ.iccttion / tube ) through one of the five 

holes{f ,J" 2=1). 

1 ) 
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Perforated Perforated 

base cap 

tube © 0 0 

cap 

Figure 2: 2 Transpirat ion Contai ner. 
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Clover seeds were germin2- ted on filter p[' per ,ud;i.l the r::,,d. -

:i.cle was app:coY.:irnately 5 mm lc,r15 u, -d then traJ1'3plantcd into the tubes . 

A 1.eedl e was used to make a ho1 e in the pottin::s mixtu:cc and the sescl 

i n;:-,er.ted :caJicle first~ Four se,,d1i;1g'S per tube were pl,uted in U1:Ls 

way lGavin2· the fifth ho:Le for th 0 al):>1- io,~.-tion of ·nut:i:·ie11t :3c1utir,n. 

A clamp cloth wr:.::-; pJ.ac,.=, cl OV,!'~ the t:::ansplc1nt.cd s2t:dlinz::; for 2 - 3 

u.8,JS &.rnl then :reF:c,vr:,d. ~;u:::··,1iv2.l W&,::, esti1,nte5 to be ab,Jut 75 ;~o 

A wo.ter v2.pou1~ ti[.;',1t sec~J. was obL.:iw~d by usi:1/:; a :-wt nocdle to fJc w 

th':! vas,~l.i.ne [n·ound the plant s te,:1s. 

a-Ltributcd to trans1:ii.:i.:?,-Lion2.l l oss o: wacer • 

.L;__2 ______ s_· _t_a_t.i __ s_,_: __ i. _c_2._J_. _:_ie_t_:_,1_c,_,_s,,. 

LL.5. ____ 1 ____ D_e_s_i_D:-1.• 

A ( 3 x 3 ) + 1 factorial clesign was used in a:U three 

experiments, with four re1)licates in experinents 1 and 3, and six 

repl.ica.tes in experiment 2. The replicates o: each treatment were 

1)locked on a treatment basis and not on a randomised block l,asis. 

The main effec;t treatments are listed in t a'ble 2 : 1 o A no wind 

control treatrnent was included in all three experiments. 



Table,, ~'. 1 

Ao fieecJ.lings 6 <lays old ,,ncl the cotyledo;,s fully expc:mdecl . 

B. 

c. 
SeedHngs 

S eet~.l 111,~-s 

1J 

20 

cla.y:-3 

c1 •-:- ,,.,.. ..... 
•• <,:.;,.; 0 

D. T1•ro 8 hour days. 

F. Six 8 hour d&JSo 

2 2 

old a0.d 

old a11cl 

U1e lmi.folL:te l e.J.f fulJ.~r expanded. 

·Lho fir :, t t:i.:i fol iate leaf full;y ex 

All data \'.' ?, s a.nalysed by l east rJc_;y;a . .res &,nal yr;is of var 

1- r. r,v _ ., V ~ J . • Cocffic ient8 which 

• G 

ni fi cGnt at P -· 0.10 o:~ less wc·ee in0luc .-:,d :i.n the fi.ttecl r:q_u2.tion. 

i ance and the fi ·t;l e<l values plot t ed. on i s o.::wtric 3ra:,h p2-pc:or . 

2 5 : 3 

A minimum of four sam11lcs per treatnent per harvest wore 

t aken at the follo-rting time i nh:rvals, 6, 8, 10, 12, 15, 17, 19, 22, 

26, and 28 <lays. The final harve3 t values Y1ere used for the 28 day 

values . 

Th2 control h::.rvest a.a.ta was neaned and. the means logari-Lh 

1:1ically trc1,,:=:;f o:rr.1ed and least squares r-cg-.cession a..'1alyses perform -

ed us ln,:; the model ( 2 : 2 ) where W = total pl:J.nt wei0ht, A == total 

leaf a:c0a, t = time, and C = corn-. tant. of t}) () eq_u.ation . 

102: ~1 log I c. t A. . e 
Ct ( 2 "" , .. + = • e e 

2 ) 

Expressicn ( 2 2 ) transforr1ed to basr: 10 logarithms yields ex -

pres~J0n ( 2 3) w1~re C = 2.3026 log B. 

24 



log W log A + log B o t • ( 2 3 ) 

Frcqnent sma.11 h arvN~ts have :Oec:n used j_n [.('i:'01.·1th analys i.~, 

expGrir:1e:nts ( F'reem.m ,?,; Hughes 1967 ) and -Ch8 use.fulw=is:J of -the 

t echn:Lq_u,:_, commenterl on by Tiadfm~a. ( 1967 ) c::md Nicholls 0; Cc1.lder 

( 1973 ) ~ Such an a!:.-}lroach all.o·.vs poi.nt :enJ.ationships beh·eEm the 

g-rov:tb a.n2.lysis ccr1;p.-Jnents, 1:elc~t i ve c-rowt.b rate ( H. C: .R. ) , nei; 

a s si1ni.latlon rate ( Ir G.Ai: R" ) ' ;.:tnd. l •.:.,af arcu .. r~t io ( L.~.R. ) to 

be dct e1_'t;·,1tr ... Pd ( 2 l'h; 2 r; 2 . 6.) . ~ j . 

n,c;.11. 1 a:;; 
= " ( 2 4 ) 

Yr dt 

1 .,~_•r 
H.A .n. 0. ,. 

-- • ( 2 5 ) 
A dt 

t· 
L. ~LR. --'-

-~·· ( 2 G ) 
, ·r 

" 
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Cl.:iss ic.2.l .. :./-~o,,·, th 2 ... n<-~.ly~:. if~ tecl1n iCJ.1-.-ic1:s ( ;-:va.r1s J. 972 9 ltc.1..dfoY·~L 

( 19G7 ) l;1 \/ld.ch n ,:::,·.n rr. ·:;.R.s "!),2:;w'c-'L'n t Y1u })oints 5.!1 ti!-1c a::o c1.t·t-:-,::-.' 

rni n ed were mrnrl in a.11 tr,._re t1 ,?x:perirr,_cn t::.~ on the wi.i1d t:!'(."L'., ted pl:-~!1t s o 

Tho fi ttecl re[_;Tess5.or. equations for Hw ccmtrol l)hmts WrJ:..'o n:'oe::l to 

cc1lculoh: the lo0a1'i thrn of l)la.nt 1,1:•icht at t}w bcc;i1mi.n-:.: of each 

stage of L:,Towth period and mea1 n.r; . R.s .. for t h e period. of wind duration 

at each sta0e of grov,th determined us i nc; e q_mttion 2 : 7. 

R .. G.R. 

t 
2 

l oi ( 2 7 ) 

R. G.R. s fo1· the period. following the cessation of wi nd 'liere obtb.ined 

by pairin[,' randomly the lo3"ari tlJ.iTJ.s of the treatment fincLl ha1'Vest 

with the lo0arithrns at the cessation of wind application. 

The n.G.R.s for tho two 1)e1·iod.s ( i.e. period of wind dur -

ation and period af ler wind ces,Jation ) were ,3,nalysed by least 

squares analysis of v:ariance and 1,1ol;ynornial reic:!Jonse Gurves fi ttecl 

where siznificant in the rrianner rler.ic::ribnd P.arlinr. 
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The n .. ~.R . s of the three exreriments we:re combj_ned t o give 

a 3 x 3 x 3 by four r eplic3tes analysis of variance table ~ 'l:he 

H.G .T1. s of the conb:·ol plc1.n Ls in ,~x1•cr-:i.:nents 1 and ~! wer:e formrl to 

be \vi.tliin the }jy1its of t:10ir stand::,.l'd er·rors but const;:1.nt L.ct.ors 

( 1 .137 for t}1e to-ta.l pla11t c:md shoot 11.G.H. s a:id. 1. 130 for the 

Ifoan ;_;-. .. ; ,n . s a.nC::. 1.L .• n. s for the periods dw.·in5 and after-

2 : 8 and 2 : 9 :i::E:spec ti veJy. Radford ( 1967) stutes that these 

t wo equati c,ns are only val.id when g"..Cowth is exponential and the 

exponents of A and W are the same ( i. e. A / W is constant. over 

·t i' 1,··~ ) ,le 6 

- -- w ,;r J.oG _ A,.. 1 013 b 
H. A. n. ·- 2 •> 1 

t C/ C: e ·· ·1 
X ( 2 

A2 
f , t + ... 1 2 ·1 

-- A1 li.2 L.A .• It~ ·-
+ 

\'l , ,r 

·1 \) 2 ( r) 
.:.... 

2 

L!:.._5-_ ___.4 ____ R:-1J.t.ive ··:~;. !·,:,·,, Ccni.c:mt. 

{' J. 0 ... t.:10 

VR,:d.2.ble nunio crs of rep~_i ca tcs . Variance ,tttributable to the :c-e -

plicii. tes was inc luded in the error t(?rm • 

.?_L5-__ 5 _____ T_r_v_n_2_,;_n_· r_a_t_i_o_n_. 

8 

q ,, 

) 

\ 
) 

'.I'he raw data was trP.nGforoed to c1, water loss ( mg ) / mg of 

shoot tissue / mj.nute ·:initia lly and then mul tivlied by 480 to eive 

a sta.nd3.rd 8 horn~ c'i.G.y for com})a:rative p;.1.:qJ08CfJ. This data Yvas mean 

ed and the sto.ndard errors of the means determined. •. No other s l; a. t -

isU.c.:21 analyses were performed. 

Stoma tal A'oert~ 

'I'he ape:r urc of the stom:~ta was dete.,...1ined on the basis of vJ heae, 



they v;ere or,en or closed when Yiewecl rn1der a uic:t:·oscope. Twenty 

fi elds of vLm per 11l ant coi:"1poncnt 1 -:;af were u,;ed to 2.s.: e::;::; t he 

a 11e:r.-t1..,.:ee s t ,3. t.us . 'rhe fr c~ quency of s tornu.ta be.ir.g 011en or clo ,.H':d 

wa;; -'.;J ·i e::-i c1et '= -':·m j_n ed . 

27 
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Chapter 3_,!.. Results. 

] : 1 Introduction ~ 

The res1.tlts of the th:c'ee experiments compri s i!1G' t his thc:r; i s 

will b e presented i n three sections . The firs ·c will describe the 

final h a.:t~v es t da ta the second , the gro'.'lth analysis data; and the 

third , t h e R.'i7.C.f trans pira tion, a..nd stomatal aperture data f rom 

experiment 2. 

3 2 Final HarveGt Data. 

Analys es of variance tables and the fittin0 data, where ap 

plicable , for the r esults given in this section are detuiled in ap 

pendix I. 

J 2 1 _ Experir:ient 1 ( 5.0 m/ sec wind ) • 

The main effects for to tal plant weight , shoot wei .3'ht, root 

weieht, and root/shoot ratio are given in table 3: 1. 

';7i th the exception of a wind dur:::tt ion effect on root we i sht~ 

there we re no sicni fica.n t ma in effects . But , all the t:reatm.ent main 

effects had lower tota l pl2..nt we i ghts, shoot we i .;hts and root we j_~hts 

than the respective c ontrols . Wind duration also had a si _s,nificant 

on the root/shoot ratio • All the treatment main eff8c ts had sitr - _ 

nifica,.~tly higher ratios than control. 

3 2: 2 Experiment 2 ( 7• 5 m/ s cc wind )o 

The ma in eff ects for all the plant l)ar.ameters measured in 

t hi s experiment ar e detailed i n t ~bles 3 :2 ( l eaf numbers), 3 ·: 3 

( lec..f area ) , 3 4 ( plant c om:r,on2nt ·:,e i ..;ht ) , 3 : 5 ( fin.:.l h:.'!.r. -

vest da t a ), and 3 6 ( pla..."lt WP- ight rati os ). 

T'ne number of eotyledons :per pl &...rJt were s i 311ific2.ntly re 

duced a-t t he 13 and C s t a .:_;es ot G- or,th a.nC. also by wi nd dura tions 

E a.no. r . The presen,se of the '...l...,ifoUate l e3.f was si_:_:;1i.ficant y re 

duced at stage of e.rowth C with wi nd du.rat.ton having no s i cni ficant 



Table 3: 1 F'ina l Harve s t ( LXI!£!~iment 1 Jo 

St ap.;e 

A 

E 

C 

Control 

Tota l Pl ant 

','le i p:ht ( mg ) 

10.50 
10.98 
10.68 

n.s. 

13.42 
L. S.D. 5 % 1.55 

Durat ion 

D 10.66 

E 11.57 
F 9,93 

n.s. 

Control 13.42 

L. S.D. 5 % 1.55 

* P = 0.05 

* * P "" 0.01 

n . s . n ot sig1ifi cant 

Shoot Wei gh t Root Weieht Root/Shoot 

( me ) (mg ) Ra tio 

5.90 4.60 0.780 
6.43 4.55 0.712 
6.06 4.57 0.754 

n . s. n.s •. n.s. 

8.40 5.02 00604 
o.88 0.71 0.067 

6. 13 . 4.53 0.741 
6.44 5.08 0.792 
5.82 4.11 o. 713 

n. s . * * 
8. '10 5.02 0.604 
o.88 0.71 0.067 
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Tabl e 3: 2 Leed HumbP.rs p er Plant ( Experi m<m t 2 ) • 

Sta<•·e l • ... Cotyledons UnifoU 2.te Lea f 'I'r i.fo 1 j_a tA Leaves 

A 

B 

C 

Contr ol 

L.S.D. 5% 

Dura tion 

D 

E 

F 

Control 

L.S.D . 5)0 

* Pc 0.05 

* * P = 0.01 

1.5 
1.0 

1.0 

* * 
1.5 
0.2 

1.4 
1 • 1 
1.0 

* * 
1.5 
0.2 

n.o. not sienificant 

0.91 2.6 

0.97 2.6 

o.86 2.6 

* * n.s. 

0.95 2.6 

0.05 

0,95 2.6 

0.93 2.5 
0.89 2.6 

n. s . n.s. 

0.95 2.6 
0 .05 6 

30 
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Table 3:3 2 
Leaf Ar.ea ( en; ) Per Plant ( Experimr:n t 2.J.. 

Star,e _C_otz.ledons UnifoUa te Leaf Trifoliate Leaves ·rota l Le2-f 

A. 0.10 

B' 0.08 

C 0.07 

* 
Control 0.10 

L. S.D. 5 % 0.02 

Duration 

D 0.10 

E 0,09 

F 0.07 

* 
Control 0.10 

L.S.D. 5 % 0.02 

I n terctc tion 

* * 

* P _= 0.05 

* * P .. 0e01 

n.s. not significant 

0.27 2.03 2.40 

0.29 1.92 2.29 

0.23 2.03 2.3~ 

* * n.s. n.so 

0.34 2.35 2.79 

0.03 0.23 0.24 

0.27 2.08 2. 45 
0.26 · 1.88 2.23 

0.25 2.03 2.35 

n.s. n. s. n. s. 

0.34 2.35 2.79 

0.03 0.23 0.24 

* n.s. n.s. 
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effect. Trifoliate leaf nun1bers were not affected by the application 

of wind. 

Cotyleclon l eaf area was sien.ificantly reduced at stages of 

e-ro\vth B and C and by wind duration F. A Ri[',nificant ne;'.3'ative in -

t eraction was measured. Unifoliate leaf area was sie,nifical1tly re -

duced at sta3·e of groi.rch C with wind duration having no s i :311ificant 

effect. A oie,11.ificant net;ative interaction was mec:.sured and all the 

treatment main effect rn1ifoliate leaf areas were si2,nificanUy smaller 

than control. There were no si8nificant main effect differences for 

either trifoliate or total leaf area, althoue;h the control leaf areas 

for both para.meters, were si~nifica"1tly r,-reater. 

Cotyledon weic;ht was sie,nifico.ntly reduced at stac es of 

growth B and C and by wind duration F. Unifolia te leaf weizht was 

sir;nificantly reduced at stage of v.·owth C and all the trGatrnent 

unifoJ.iate leaf weights vrere si211ificantly less than control6 T:d 

foliate and total leaf wei.:3:hts at sta5e of growth B were signifi.cantly 

greater than staee of growth A leaf weights and all the treatment 

main effects were siQ1ificantly smaller than control. There were no 

sienificant ma.in effect differences for stem wei.:::;ht a.11.d all the treat 

ment 111ain effect stem weights were si:::nificantly less tha.11. co1: trol. 

There were no si.311ificant main effect differences for total 

plant weight or root weight but all t:reat!nent main effects .for both 

parc,rneters were sienificantly less than control. Shoot weight at stage 

of growth B· wa,; significantly greater than at stage of rrrowth A ·vi th 

all treatment main effects sir:nificantiy less t han control. The 

root/shoot ratio at sta:::;e of growth B was sicnificantly less than at 

stage of growth A and the ratios at wind dura tic,ns }J and F were sig 

nificantly l ess than the wind du.ration D ratio. All the root/shoot 

ratios, with t}1e exc eption of the ratio at stage of growth B, were 

si.3-nificantly creater than control. 

Doth control and sta0e of c;rowth :ff root/leaf ratios were sig 

nificuntly smalle~ than sta;_;-e of [...rrowth A and C r atios with the \'find 

duration D ratio si.:;niffoa.ntly grec!ter than the wind dm.·ation E, F, 

and control ratios. Stage of growth Band C root/stem ratios were 

sie;nifica.ntly smaller than the stage of eTowth A ratio and all the 
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Table 3:4 Plant Comprnent 'i'ieicht ( Experinwnt 2 ) . 
Sta,~e Cotyledons Uni foliate Trifoli.ate Total Leaf Stem 

( r~r; ) Leaf ( !ll !": ) Leav es ( rng ) ( mr, ) ( m ,~ ) 
• l \ '• 

A 0. 28 0.52 3.57 4.33 2.75 
n 0.20 0.58 4.17 4.95 3.08 

C 0.18 0.50 3.84 4.52 3.12 

-)(- * * * -)(- * n. s . 

Contr ol 0.25 o.63 5. 22 6.08 4.33 
L. S.D. 5 ~0 0.04 0.05 0.41 o. 4J 0.33 

Duration 

D 0.25 0.54 3.70 4.49 2.92 

E Oc22 0.54 3.89 4.64 2.94 
F 0.1 8 0.50 4.00 4.67 3.08 

* n.s. n.s. n.s. n~ s . 

Control 0.25 0.63 5.22 . 6.08 4.33 
L.S.D. 5 % 0.04 0.05 0.41 0. 43 0.33 

* p "' 0. 05 

* * p = 0.01 
n.s. not significant 



A 

B 

C 

Total Plant 

Weight ( mg ) 

11.04 
11.97 
11 o 61 

n.s. 

Control. 15. 21 

L. S .D. 5 % 1. 13 

Duration 

D 11.55 
E 11 .41 
F 11.67 

n.s. 

Control 15e 21 

L.S.D. 5% 1. 13 

* p C 0.05 

* * p Cl 0.01 

n.s. not sienificant 
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Fina1 Ha1.-v r:os t ( :~xperimen t 2 ) o 

Shoot Weieht Root Weight Root/Shoot 

(mg) ( mg ) Ratio 

7.08 3.97 0.563 
8.03 3.95 0.495 
7.6~ 3.98 0.523 

* n.s. * 
10.41 4.81 0.466 
0.74 0.47 0.044 

7.41 4. 14 0.562 

7.58 3o8J 0. 504 

7.74 3.93 0.51 4 

n.s. n.s. * 
10.41 4.81 0.466 
0.74 0.47 0.044 
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Table 3:6 Pla.nt Wei?;ht Ratios ( E~erim.ent 2 ) .. 
Sta,3e Root/Leaf Root/Stem Stem/Leaf 

_,Ratio Ratio Ratio 

A 0. 918 1.462 o.635 
B' 0.802 1.295 0.622 

C 0.881 1.288 o.688 

* * * * * 
Control 0.800 1.120 0.713 
L.S.D. 5 % 0.072 0.133 0.037 

Duration 

D 0. 927 1.432 0.651 
E 0.825 1.306 o.636 

1'"' 0. 850 1.307 0.658 

* n.s. n.s. 

Control 0.800 1.120 0.713 
L.S,D. 5% 0.072 0.133 0.037 

* P = 0.05 

* * P = 0.01 

n.s. not significa.nt 
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treatment m8-in effects were si_zrd.ficantly z.ccater than the control 

ratio. Stage o.f growth A and :B stei:ri/leaf r atios were sicnificantly 

s:11allE~r than the stac;e of erov1th C ancl control ratios. 

3,_: 2 3 £B~eri.ment 3 ( 1 o.o m/s ec wind ) • 

The main effects for total plA.nt v;e i ;-ht, shoot weicht , root 

weie;ht and. root/shoot ratio are civen in table 3: 7. 

Total plant wei,'.';ht was sie;nificantly smaller at staees of 

e;:r:owth J3 and C than at stage of e;rowth A with wind duration havine; 

no sienificant effect. A si311ificant ne3"ative interaction was measured . 

There were no si::,;nifica..'1t main effect differences for shoot ,,,eight 

but a sic;nifi.cant neGati·.,e int. ,1r action was Measured . All the treat 

ment main effec t shoot we it:;hts weTe si~ificantly l ess than control. 

Root weic;ht at sta3·e of gTowth B was sie;nificantly less than at 

sta~es of growth A and C and. also c on trol. Root weight at ,·,ind. c.lur 

aUon D was sj_ e;nificantly .s-.ceatcr t han at wind du.rations ~ end F 

and a lso coritrol. A si.r:;nificant ne;;·c:;,t ive interaction rms measured. 

The root/shoot ratios at s ta0es of growth A. and C were si0rnificai."ltly 

higher than the rat io at sta:sc of 0ror,th B a..'1d a,lso controlaAll the 

vrind duration main effects were sicnificantly e;rcater than control. 

J 2 4 Ilef;ponse Sui·f2.ces . 

Significant r esi,onse surface,; for shoot we i 6ht and. root 

weight re sponse to wind were derived in experi!!lents 2 and 3, and 

1 and 3 respectively ( fie. 3 : 1 ) • 

Shoot weieht in experiment 2 cxhi1)i ted a distinct sta0e of 

growth effect with a maximum at sta0 e of erowth B. The pattern of 

shoot weiBht response in experiment 3 was com:;_:)lex with a stage of­

growth by wind duration i nter action. Shoot weight at wind duration 

E i ncreased linearly from staee of growth A to C. Root wei ght in ex 

porirnent 1 exhibited a sli~ht wind duration effect and in experiment 

3, the pattern of r e s popse was similar to tha t of the shoot weight. 

Significant r esponse surfaces for total pl ant w,ei,ght and 

root/shoot ratios were der ived in experiments 1, and 1, 2, 3 



Table 3:I Final Har-vest ( Bx:pe:ciment J J.o 

Stas:£ Total Plant 

l~i,ght 

A 10.22 
B 8.11 

C 9,90 

* 
Control 1 o. 21 
1.s.n. 5% 1.09 

Durat:i.on 

D 9.57 
E 9.19 
F 9.47 

n.s. 

Control 10.21 
L. S. D. 5% 1.09 

I nteraction 

* 

* P.,. 0.05 
* * p C 0.01 

( mer 
(' 

n.s. not significant 

Shoot We:i.ght Root 7!eicht 

) (mg) ( me;: ) 

5.77 4.46 
5.02 3.10 
5.66 4.24 

n.s. * * 
6.48 3.73 
0.70 0.47 

5.37 .4.21 

5.56 3.64 
5.52 3.94 

n.s. * 
6,48 3.73 
0.70 0.47 

it * 
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Root/3hoot 

Rat io 

0,771 
0.618 

0.760 

* 
0.576 
0.066 

0.775 
o,6G4 
0.709 

n. s. 

0.576 
o.oG6 

n.s. 
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Figure 3 1 

Res;eons e Surfaces. 1. shoot weight ( experiment 2 ) 

ii. shoot weight ( experiment 3 ) 

iii. root weight ( experiment ) 

iv. root ,vei[jlt ( experiment 3 ) 
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(iii) 

··r :: I 
C, 

0·9r 
0-7 

o-s I 
C, 

( experiment 3 
experiment 1 ) 

experiment 2 ) 

experiment 3 ) 
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Figure 3 3 

Response Surfaces, 

J. 
C, 

' ' 

:r1 
C, 

i. cotyledon number 

ii. unifoliate leaf number 

iii. cotyledon leaf area 

iv. unifoli ate len.f area 
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respectivel~r and are depicted in figure 3 2. 

The pattern of total plant y;e.ic;ht res ponse in experiment 

3 was simila r to the pa ttern of 1:esponse of both the shoot and the 

root. The patterns of response of the root/shoo t ratios in all thi·ee 

ex_pc:r.iments were essentially simj_lar wi th higher rati os at sta.'.','eS 

of e;rowth A and C th2.n a t stage cf 3-rowth B. 

Si 311ificant response surfaces for c ot?ledon numbers , uni 

foliate l eaf n1~nbers , cotyledon lea f area and unifoliate l eaf area 

were derived in experiP.Jen t 2 ( fi 3u.re 3 : 3 ) • 

Essentiall y s inilar patter ns of response are exhibited wi th 

distinct st.J..:::;-e of C,TOi'ith effects at wi nd dura tion· F. 

Si gnifica.11t r es:)ons e surfaces f or cotyledon weights uni 

foli ate lea f ''1 e i 5ht , t r ifoli2.t:: l eaf wci.:_:ht c.nd. total leaf Vieic-ht 

\'!ere a.eri vcd i n experiment 2 ( fi 2,u.re 3 : 4 ) o 

While cotyledon we i,:_;ht exhibj_ t s an .essentially li1w2 .. :r res -

ponse to s -!;,L.:: ·e of crowt h , 1.mi.fo l b .t e , t.cifulia Le and -L otal leaf we i _:::>1ts 

exhibit a quadratic res ;)OrnJe with maxirnum values occtuTin__; at s t .-;~_::;e 

of 2,-rowth B. 

Si5nifican t r es i)onsP. surfac P.s .for root/ leaf , root/ stem ancl 

s tem/leaf r a tios were derived i n experi ;-ncn t 2 ( fi £:,·1.n·e 3 : 5 ) • 

Both the root/ l eaf ratio and the stem/ l eaf r a tio exhibi ted 

sirnilar pa tterns of r esponse t o that of t he root/ shoot ratio f or 

ex periment 2. The root/ stem r at io, however, was complex. 
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Figure 3 4 

Response Surfaces, i. cotyledon wei Jht 

ii. unifoliate leaf weight 

iii. trifolfate le:if wei Jht 

iv. total leaf weight 
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(ii) 
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Figure 3 5 

Response Surfaces, 1. root/leaf r atio 

ii. root/stem ratio 

iii. stem/leaf ratio 
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Table <.: 8 R. G '"It .. ~3 { me! ~~ I.. day- ) Durinr,; and 1.\fter ',/ind . 

~J_)(>" i "•f°'l·• t ·1 \ 
•• ... .., _!.. ., • .,, -1 ) , 

Durin~; \7ind Application Afte r Wind Applica tion 

Stac:£ Tot:c.1 S.b.,_oot Tioo t 'l1otal Shoot Root 

A 0 .172 0.208 0.1 93 0.130 o. 113 0.14 5 

B 0 .186 0.18 5 0.288 0.116 0. 118 0.11 ? 

C 0.067 o.0G3 0.08 ·1 0.150 0.154 0.1 21 

* * * * * * n. s . n.s. n. s . 

Con trol 0.1 47 0.134 0.170 0 . 147 0.13'1- 0.170 

L. S. D. 5 r l ;,o 0.069 0.046 0.076 0.034 0. 050 0.050 

Duration 

D 0.139 0.191 0.212 0.1 .32 0.121 0.139 

E 0 ot 136 0.13 3 0 .169 o . 11~6 0.138 0. 137 

F o. 151 0. 131 0.180 0.117 0.1 27 0.102 

n.s. * n. s. n.s. n. s. n.s. 

Control 0.1 ,17 0,134 0.170 0.1 47 0.13,1 o. 170 

L. S.D. 5 % 0. 069 0.046 0.076 0 . 034 0.050 0.050 

I nterac tion 

n •. s. * * * * 11980 n,s. n.s. 

*. P = 0.05 

* '* P = 0.01 

n . s. not si['.Ylificant 
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3 3. Grm1th Anal~rs.is. 

Details of the proeress cux·ve aJ1a.l yses a .. 11d the n.::;.n., analys es 

of vnria.n.ce and fittine data a re giv,:;,n in appenclices II a.n cl III reB -

pective lyo 

-3 __ 3 __ 1 ___ ~_L_:-sn-2r irnent 1 ( 5.. • ..9 rn{,iic wi nd ) • 

The R.G.R. s of the total l)l ant , shoot and root at any point 

in time b etweim da;ys 6 and 23 of the experiment for tl1e control 

plants were 0,1 47 , 0.134, Emd. 0.170 rn(!;/ rne/day r espectively. 

The R. '.;,R. main effects for t}11~ total plant, shoot and root 

both during ano. a.::-ter the a:)plication of v-'ind ar0 given in table 3 : 8. 

Dur in~ the period of wind a1):)l:l.c ,·.tion , th0 tohr.l plant • shoot 

and root R.G.fl.. s wer:e sie,nificantly sr:1aller at sta::.::e of yow"..;h C than 

at stages of c;ro.rth A and B. The R.G .R. s at stac-e of erowth C w;:;re 

also s i c;nifica11t.J.y sr.mDer t :1an the r.esp0ctive: control R. G.TI.s. 

T'ne total pl Mt ll, ;;.R. s at sta_3'es of f._;-row th A a.ncl. B v, cre not sig -

n ificantly differ0n t to control, but the shoot. R, '; .R.G cd the sa.'ile 

stages of [;rowUi were . The R.G.R. of t ne roots o.t sta.~·e of 0:cow~.h }3 

was s it;n ificantly .~-reater t 11An cont rol. At stac;-e of ~-ro1Nth A., t }1e 

shoot R.G . R. was ::;i.snificantly great er than the s t f.1- :~.e of grov1th C 

and control R. G. P..s . 'rhe n. G.R.s of the tot.al plc1:.1t , shoot, ancl root 

were not sic;nificantly affected by wind dura tion. 

After the period of wind appica,tion, there were no si{; 

nificant ma in eff ect differences for any of three parame ters r:1ea 

sured.. There were no sie;-n ific ant di fferences from control either, 

with the exception of the root R.G.R. a t stace of c;rovrth B and wind 

dura tion F. 

3 3 : 2 Experiment 2 ( 7.5 m/scc wind )o 

The R.G. R.s of the total pl ant 1 shoot and -r.oot at any point 

in time between days 6 and 28 of the cxperir.:ient f or the c ontrol pl ants 

were 0.145, 0.133, and 0.160 mg/ m::,/ day rcBpectively. The relative 

leaf area .~rowth rate ( R.L.A.G.P.. ) for total lec=tf a rea over foe 

same period of time ·for the control plants was 0. 144 cm
2
/cm

2
/ (1e.::{• 
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Table ~:9 R.G.R.S i m~ L m1 L d:1;,;- 2 Dur in;; :u1d After l'li nd. 

( E:<;pe:rir:18n t 2 ) _\ 

Durin~ Wind Application After Wind Application 

Stap-~ Total Shoot Root Total Shoot Roo t 

A 0 . 152 0.-1 42 0.158 0.138 0.123 o. 161 

B 0.172 0.172 0.219 0. 128 o. 124 0.135 

C 0.110 0. 129 o. 137 0.161 o. 138 0 . 210 

* -l(- * * ·>!- * .n.s. * * 
Cont:!:.'ol 0.145 0.1 33 0.1 60 0.1 45 0.133 0.160 

L.S.D. 5~ 0.031 0.029 0. 01~ 1 0.024 0.025 0.028 

Duration 

D o. 141 0 . 140 0.1 88 0. 140 0.130 o. 159 

E 0.157 o. 163 0.174 0.132 0.119 o. 1 5,j. 

F 0 .138 0.1 40 0.1 52 0.155 0.136 0.192 

n.s. n. s. n. s. n. s . n.s. ·ll-

Control o. 145 0.133 0.160 0.1 ~ 5 0.133 o. 160 

1. ::5. D. 5% 0.031 0.029 0.041 0.024 0.025 0.028 

Interaction 

n.s. n. s. n.s. n.s. n.s. * 

* P = 0.05 

* * P = 0.01 

n.so not significant 



Table 3: 10 L.A.~ 

Staae 

A 

B 

C 

Control 

L. S. D. 5 4 , -' 

Duration 

D 

E 

F 

Control 

L.S .D. 5% 

Interaction 

* P = 0.05 

* * P .. 0.01 

Dt1rin[! ','{in d. 

0 .200 

0.198 

0.208 

* * 
0.210 

0,006 

0.204 

0.200 

0.202 

n.s. 

0,21 0 

0.006 

* * 

n.s. not significant 
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2 !. " JU' ) Durj_n.a; ,mcl ,\fter Wind. CP.l l ~ -, 

After Wind 

0.208 

0.194-

0.200 

* * 
0.210 

0.006 

0.207 

0.198 

0.197 

* * 
0.210 

0.006 . 

* * 



Table "3:11 
2 

N.A.1b,_ s ( mp; / cm / c1a-:J Durinf,' ,i,nd After Windo 

Sta~e - nuring '"lind 

A 

E 

C 

Control 

L.S.D. 5 ~ 

Duration 

D 

F 

ControJ. 

L.S.D. 5 % 

Interaction 

* P = 0.05 
* * P .,,, 0.01 

0.773 

0.894 
0.525 

,)(, * 

0.690 

0.1 47 

0. 692 

0.787 
0.713 

l.1 0S~ 

0.690 

0.1 47 

n.s. 

n.s. not sie;nificant 

After Wi nd 

o.667 
o.667 
0.802 

* 
0.690 
0.122 

0.674 
0. 671 
o. 79·1 

n 111 s~ 

0.690 
0.1 22 

n.s. 
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T'ne R.G.R. main effects for the total plant, shoot and root 

b oth during and aftEir the applic ,I,tion of wind arc ,:_,;iven in table 3 : 9. 

Durine the ar,plic~ttion of wind , the n.G.R. of th& total plant 

was sicni.i:'icantly smal ler at sta::e o.f 6Y·owth C tr{an at st8c;es of 

crr.-ow th A, B; ,,nu the control R. G.11. s . Wi nd. d.Li.raHon hacl no si0nific2s:it 

no siG'nifica.nt wind durat ion shoot n. '.":-,R. F.!a:i.n 8ffects but r;ind. dux· 

ation B w.:i.s s icnificant:t.;;., :l'r(Jat0r than control. The R.G. H. of the 

,:;2:0·!1 th C wi t h one of the total pl ~1.1i t R.G.ll. ,,:i:.n11 effect~" d.:;nif.ic~~-!~ Ll:\'" 

dif'.'erent to control. '.71.m, du.ration 1n'i no r:d.~-:rd.J" ic2,.nt t? .f.f. ::> c-. t . ?be 

Il. G- .E. of the s!10ot was not si .:::,n i::i.cantly ~t f._f'ec t-.ed by e:i. l;h0:::~ the :; t a.;::;· .::: 

differ(:ont to the co!, tr-ol n. :5.R. 

R.G.::t. ( 0.1 4 5 ) 2-.n d R.L,A.G.R, ( O.1~4 ) w,?.re ,~r; :; nmcd to 

b e equal in v1hich case the L.A.R. for the conti·ol plants for d.ays 

6 to 28 of the experimental period was constant at 0. 210 cn/ / day. 

,, N .A.R. was : likewise constant throught the defined experimental per .,. 
. . . 2 

iod at 0.690 me/cm. 

L.A.R. main effects are given in fab1e 3: 10. Although sig 

nificant main effect differences from control v1ere me2.sured, the 

larc;es t deviation from control was 0.013 or approxima tely 6 %. 

N .A.R. main effects both during and aft er wind appJ. ication 

are g iven in t.a•Jle 3 : 11. During the applica tion of wind , the 1'T .A.R. 

at f.ltac-e of growth B was sienificantly greater than at stat3"e of C 

and also the control N . A. R. o N . A.R. at stag·e of e-roVlth C was sig -

\ 
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Tabl e 3:12 n.r:..R.s { mg_ (_ mt3 L da;y 2 Duri nf; a..11.d Mter '\'Hnd o 
, 

Experiment 1 ) ~ ..) 

Dm·i ng 'Hind Application After Vli nd Ap:;;ilica tion 

S t a,c~e Tota l Shoot Roo t 1rota l Shoot Root 

A 0.071 0.089 0.057 0.132 0.116 0.163 

n· 0.142 o. 146 0.134 0.102 0.092 o. 121 

C 0.012 0.049 0.115 0.180 0.182 0.178 

* * * * * ,)I-* * 
Control o. 123 o. 112 O. 1 ,16 0.123 0.112. 0.1 46 

L. S.D. 5% 0.051 0.053 0.059 0.028 0.031 0.029 

Dura U on 

D 0.108 0.11 4 0. 111 0.117 o. 104 0.1 40 

E 0.083 0.036 0.082 0.143 0.1 34 0.160 

F 0.094 0.084 o. 113 0.154 0.152 0.161 

n.s. n.s. n.s. * *" n.s. 

Con t r ol 0. 123 0.112 0.146 0.123 0.112 0.146 

L.S.D. 5% 0.051 0.053 0.059 0.028 0.031 0.029 

Interaction 

n.s. n.s. n.s. n.s. * * 

* P = 0.05 

* * P = 0 . 01 

n.s. not signi fi cant 



n ificantly sHw,llcr than c ontrol. ','/ind duration ha d no si~11ifica..'1t 

effec t. 
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Af t e:i.· the per.iod of w1nd ap~,l i.c a tion, H.A .R. ma in eff ects . 

v;(:;re not s i ~~nj_ f i cantly different to control. '11he N. A.R. at s t ac;e of 

crov;th C was si:;i1ific',nt.ly :7eat::i r than N . A.H. s a t s t a5cs of erowth 

A a1;d B. \'lin<l d1.;..rat i on had no sicni.ric _:.nt effect . 

3 3 3 _Kx:per:i.rne11t 3 ( 10 .0 n/:,r::c wind h 

The n. r; . R.s of the total pl ant, shoot and root at any point 

in time s beh✓een 6 and 28 days of t he experi m,~nt for t he control 

pl ants were 0.1 23, 0.11 2, and 0.146 1ng/ mp;/ clay respec tivel y . 

The n.:-;..R . main effects for the total pl :rnt, shoot a..'1d root 

both during ;;i.:1d a fter t he applic ,1,tion of wind are given i n table 

3 : 1-i., 

Both' t he tot :.,l [>L .• '1t a.11d shoot R. G.R. s rJ.1u:ini:; t he applica',. im1 

of wind were s i ;:;nificantJ..y sr1aller E, t s t a.::;e:3 o.'.' ~·rowth A a.nd C than 

at f,t2,5e of .'.;:ro·::th B and lhe contro:. IL '; .R. ·,End durntic~n had no 

H. ~ . R . of t.~w roots a t stac;e of t,--rov, th .l was s l :3"nifican tly smaller 

t han a t st::,.ges of ~rowt,1 B, C, and the control R.}.R. s . The R. ~.R. 

of the root at s t a:__:e of e;·row th B was si.:..,rr1.if i ca!'l tly l ess ~:.han t he 

control R.G. R. '1'/ind dtir,"st i on h 2.d no significant eff ec t. 

'I"ne R.G.R.s of the total pl an t and root aft er the applica tion 

of wi nd were s i cnificantly s-reat er at s t a~es of 6r owth A and C than 

at s t a0e of ~7owth B". Only the R. G- . R. s a t staze of v:-owth C were sit:;­

n ificantly different to control. Wi nd duration had no sicnificant 

effect on the R.G- .R. of the root but t he R.G.R. of the tota l plru1t 

at wind duration D was si2,n ificantly smaller tha.11 at wi nd du.ration 

F. 'Ib.e R.3-.R. of the shoot was siGnifica.ntly :.,-reat er at star;e of 

crrowth C than at st2.;:;es of growth A, B, and the control R. G. R. s . 

The R.G . R. s of the shoot at wind <lurn.tions D and F were also sig 

nif i c a.ntly different to controlo 



R.G . R. s ( m0/ me;/day ) During and After Wind 

At t hr~£__\7i.n-:~. Spee_ch; . 

~ ""C .ing Wi nd After \!ind 

Wind 

5.0 

7.5 
10.0 

Control 

Total 

0.142 

0.1 4 7 

0.113 

* 
0.146 

1. 3 . D. 5 % 0.031 

Stage 

A 

:g 

C 

0 .136 

0.176 

0.088 

* ·X· 

Control 0.1 46 

L. 3.D. 5 % 0.031 

Duration 

D 

E 

F 

0.137 

0.130 

0.1 34 

n.s. 

Control 0.1 46 

L.S.D. 5 ~ 0.031 

I n t P.re.c tion 

Shoot 

0.1 52 

o. 150 

0.104 

* ·1!-

0, 133 

0.025 

0.152 

0.173 
0. 031 

* * 

0.133 

0.02 5 

0.153 
0.131 

0.122 

* 
0.1 33 

0.025 

Root 

0.187 

0.168 

0.115 

* * 
o. 165 

0 .035 

o. 137 

0. 219 

0. 115 

0.165 

0.035 

0.173 

0. 1 '14 

0.153 

n. s. 

0.16-5 

0.035 

Total 

0.131 

0.142 

0.164 

0.146 

0.017 

a .140 

o. 121 

0~ 175 

* .·:-!-

O. 1116 

0. 017 

0. 136 

0.149 
0 . 152 

n.s. 

0.146 

0.017 

Shoot 

0. 129 

0.129 

0.155 

0.133 

0.021 

o. 125 

0.1 17 

o. 170 

* ·* 

0. 1 3.3 

0.124 

0.139 
0.1 50 

n.s. 

0.133 

0.021 

Hoot 

0.126 

o. ·167 

0.174 

* 
0.1 65 
0.022 

0.163 

o. 128 

0.175 

* -)(-

0.165 

0.022 

0.153 

0.157 

0. 157 

n .s . 

0.165 
0.022 

t ** ** ~- * t WxS \7xS WxS WxS Wx S Wxs· 

·ii·* ** * * SxD SxD 'ilxD Wxl) 

* P == 0.05 , * -x- 1' ::: 0 . 01 , t .P = 0.10, n.s . not s ic;nii'icant. 
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Tab e 3- L.14. Combined. R. G.R. W5.nd Speed by Staee of Growth 

I nteraction :D~. 

Dur.ing ~7ind ~ 
Total Plant 

Stao·e A :s- C A B C 

-~ 
5o0 I. ,If.Je e 0.171 Oo i 86 0Qo89 0; 129 o. 116 0.150 

7,5 m / sec 0.150 0.176 0.110 0.136 0.128 0.162 

10.0 m / s ec 0.083 0.168 0.102 0.156 0.121 Oc214 

Shoot 

Wind 

5.0 m I s ec 0.208 0.185 0.063 0.113 0.118 0.154 

7.5 m / s ec 0.149 0.175 Oo 127 0.123 0.124 o. 141 

10.0 rn / s ec 0.098 Oc 160 0.054 0.138 0.11 O 0.216 

Root 

Wind 

5o0 m / s ec 0.193 0.288 0.081 Oo.144 0.112 0.121 

7. 5 1,i / sec 0.153 0.217 0.135 o. 162 0.135 0.204 

10.0 m / sec 0.064 0.152 0.130 0.184 0.137 0.201 



_Lu ___ ___.4..__ __ C_c_,.n_1'_0_.i.n_e_d_R_e_J_.8_.t_.i_Y_e_, _G_, r_·o_. 1_s _th_l_1_a_t_e_s_. 

The R.G-.R. main effects for wind speed, stage of grovrth 1 

8.nd wind durc1, ti.on both du:c .ins- and after the ap ~• lica tion of wind 

a:!'.'e c-iven i n t ~:.ble 3 : 13. 

Dur.inc the period of wind ap:,lication, the 10.0 m/ s•2c wind 

speed si31"1ifica.r1 tly reduced. the total plant, shoot, and root R. 8- . R. s 

compared. to the other two wind speeds and. control. Tne total plant, 

sboot, and root Il.G.R.s at sta5e of 2,1:owth C were sicnificantly 

smaller than at st.1te of growth B and also control in the case of 
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the shoot and root R. G.R.s . Only the shoot n . G. R.s were s i .311ificantly 

affected by v,ind clur2,.tion . Significant nee;ative interactions were 

me2.;,ured in the shoot and root R. G.R. analyses . 

The R.';.R.s of the total plant and shoot after·the period 

of wind application were si.:::nificantly ~--reater -at st2.ge of erowth C 

than. at sta[;es of growth A c1i1 d B. The R. -:;.R. of the root at st~\::;es 

of growth B and C were si 2,niffoa::itly 0.ceater th2.r1 at sta.3e o.f 0 .!'o·,:th 

A. The total pl m:t and root R.G .n.s at stages of g.r:o\'/ th A and C were 

sienifican tly 0reater than at staGe of [P..'OWth B. The shoot R.G.R. at 

staie of g-rowtb C was Si [7lif i C 2-,.n t ly 0rreater tha.11 ;;,t stc..:;es of JTOWth 

l ... and. B. 7ind du:::-ation h2d no significant effect on the R. G. n. 8 of 

the total plant, shoot or root. 

3 3 5 ReP-pon s e Sur.facP.s . 

S i e;nificant response surfaces were derived for t otal rilant 

R. G.R.s in all three experiments during the application of wind but 

after the application of wind in exper.:.ments _ 2 and 3 only. ( figure · _ 

3 : 6 ) • 

The total plant R.G.R. pa tterns of response dm:ine wind 

apr1lication were essentially quadratic v,i th respect to sta:;e of 

growth with maxi mums at stage of growth B. The total plant R.G.R. 

patterns of respons e after wind application ( experiments 2 & 3 
only ) were again quaclratic with respect to nta2e of gro,1th but 

with minimums a t stace of growt.h B. 

Signi:~icant response surfaces were derived for shoot E.. ~"'a-. R. s 
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Figure 3 6 

ResEonse Surfaces. 

i. total plant R.G.R. during wind ( experiment ) 

ii. total plant R,G.R, during wind ( experiment 2 ) 

iii. total plant R,G.R. during wind ( experiment 3 ) 

iv. total plant R.G.R, after wind ( experiment 2 ) 

v. total plant R,G.R. after wind ( experiment 3 ) 
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mg/mgld•y mg/mg/day 

0·2 0·2 

(111) 
(i) 0·1 0-1 
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mg/mgld•y mg/mg/d<ly 
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0·2 

(ii) 

0·1 ( i v) 
0-1 

0-0 I 0-0 

C, 
C, 

Figure 3 7 

ResEons e Surfaces. 

i . shoot R.G.R. during wind experiment 

ii. shoot R.G.R. durin[; wind experiment 2 

iii. shoot R.G.R. during wind experi.ment 3 
iv. shoot R. G.R. after wind ( experiment 3 ) 



( i ) 

(io) 

"'• 

(v) 

Figure 3 8 

ResEonse Surfaces 1 

1. root R.G.R. during wind 

11. root R.G.R. during wind 

111. root R,G,R. during wind 

iv. root R,G.R. after wind 

v. root R.G.R, after wind 

( 

( 

"'9 /mg /day 

0·4 

0·2 

0-0 

C, 
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( 
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0-0 
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experiment 
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exper iment 

experiment 
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2 ) 
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(11 i) 

(iv) 
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C, 
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(i) 

(ii) 

Figure 3: 2 

Respo,!!_Ge Surfaces• 

i. N.A.R. durine wind 

ii. N.A.R. after wind 

2 
mg/cm /day 

]I 
Q,J 

C, 

2 
mg/cm /day 

~9 t 
O-? f I 
0,5 

C, 
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in all three experiments during the a1,plication of wind. but after 

the application of w.ind in e:q1eriment 3 only ( fiture 3 : 7 ) • 
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'me shoot R.G.R. patterns of response j_n ex1~er.L!Ji=?J.1ts 1 and 3 

du.rin_; the ap1)lication of wind were irre;;uhtr co·,npared. to th,~ J.Xlttcrn 

o bt?.ined. in cx;1er iF,en t 2 but oJ.l -U.n.·e0 v1e.r0 cr).:i (h·a tic rrj_ +.h res psct 

3 ) i'/3.S also c1uad.J.·::itic with respect to st,·-::~e of /~.L'ow-Lh lJlJ.t in the 

opposite direction. 

Sir:;ni '..' icant response sm~f;;:ces were de:cived for :r-o'.)t R.G.R.s 

in &.11 three experiments durinz thP- ap_plic2.tio11. of v,inrl 2.nd eSter 

0
0 \ 

) . 
Esse.r1tially quadratic patLerns of r esponse with res:pect 

Si~nif'icant r-'.!s1-10!1se surfacP.s .for ?1 ._-i...?... lJot':'1 cln:~·in_::; and. 

aft~r the R~)lication o~ wind were tla rivod in cxperinent 2 ( ficw·e 

3 : 9 ) 0 

,1 R~la.tive ·-ratAr Content 

R. 7.C. main e_~fect values at the three sta,::;es of :JI.' o·.vth 

a~d at the three du.rations are e iven in t2bl ec 3: 15, 3 : 16, 

and 3 : 17 o 

At all stae;es of growthi the most r ecently formed tissue 

had si311ific antly lower R.W. C. values than the older tissues, The 

R. W.C.s during wind. application were, in general, sicnificantly 

lower than both the control and after wind treatments. At all 

sta2,·es of c;rowth, the Il.'."l.C . values after wind treat!;lent were highe:r: 

( si1.,nificantly so on three occa:;sions ) than· the control values. 

Si.::;-nificant ne~·J..tive interactions between t;;rJ.)e of plant tissue 

and wind tre2Ltment occurred in three analyses. 
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Table 3: 15 .. Relative Water Content ~ ~ 2 ° 

Ji t Coty le don S t2£e of Gro,.vth ( A J.o 

Wind Duration D E }<' F + 2 

Tniatment 

Cotyledons 88073 90012 91.59 95. 51 
Un.if olia te Lea.f 79o,1.2 84.80 90,78 

* -l<· * * * * 
L. S. D. 5 % 1.98 1.74 1.65 

During Wind 84.04 80.4-1 86.37 
After '{lind 87~93 89.42 92.61 
Control 88. 73 85.97 88.87 9'3.67 

nos. -K * * n.s. 

L.S.D. 5 ;-b 2.4?- 2.43 1.65 

I nteraction * * n.s. n.se 

To..;;le 3: 16 Rel a t i ve '.'later. Cont ent ~ 
,.-I ) /' 

At U::1ifolia te S ta;~·e of Gl' O'N th ( ]3 ) . 

Wind Duration D f j F F + 2 

Treatment 

Cotyledons 90.04 95.97 94.14 96.05 
Unifoliate Leaf 86.6·1 89.97 90. 19 93.95 
Trifoliate Leaf ( ~)· 80.82 81.09 83.10 89.79 

* * -)I- * * * * * 
L. S.D. 5% 3.52 1. 81 1 • 11 1.45 

During Wind 82.74 86.02 87.85 
After Wind 91.01 90.95 94 . 17 
Control. 88.91 90.01 88 .63 92.37 

* * ~- * ·* •~ "k * 

L.S.D. 5 % 2.87 1.81 1. 11 1.19 

Interaction n.s. * * n.s" 
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Ta.ble 3: 17 Relativ0 Water Content ( ~ ) 
/. -

At Trii'o}J.a. te Sta,1e of _G·rowth ( C .l.• 

Wind Dur?!.Uon D E F }? + 2 

Treatment 

Unifoliate Leaf 94.56 95.39 93.96 95.67 
Trifoliate Leaf( 1) 90.77 92.28 92. 51 94 . 07 
Tri foliate Leaf(2 ) 84.78 88.23 85.30 90.63 

-)!, * * * * * * 
L.S.D. 5 ~t 2. 16 1 • 11 1 .41 1.19 

During Wincl 89.48 83.67 86.15 
After ',''vind 94.09 93.80 93 .69 
Control 90.54 93.15 .91 083 93.23 

n.s . -K· * * * n.s. 

L.S.D. f 5 ~,:; 1. 77 1 • 1 1 1 • 4 1 0.97 

Interaction n.s. n.s. n.s o n.s. 



3 5 Transpiration Hates ( Ex2er. i ment 2 ). 

ifoan tra.rmpira U.on rates and s t andard errors of the mean 

at the three sta.::,;es of growth at the three \-rind durations 2.re given 

in t able 3 : 18. In general~ there were no bie differences be 

t ween t he wind. tr~Jatrnents and. control. 'Fne exception to this 0en 

er sJ.lisa tion was wind b :-ea tmen t I E + 2 1 at s t a1.:;e of 2rowth .A• 

6 

The frequency of occurrence of open stomata at the t hree 

st2-t;·es of growth are given in t able 3 : 19. On all occassions 9 

the frequency of occurrence of open stomJ.ta. were hie'her on the con -

trol plant lec1ves than on the wind trC?ated pl ant .leaves . On the two 

occa s s ions that stoma tal o:_1ening wer e n e2-sured after the wind treat 

ment had ceased, the frec;_uency of occu1:-rence of open stoma t a was 

similar to tha t of the cor1trol pl:.mt.s. 

62 



63 

Transpirat;:!.or:. ( mp; 7frl.t t·r· / mp; ,shoot. 1 Tissue• / d.,3:-i) • 

rlind Trea tm e1}1 

t D fl 92.16 ± 11 . 32 51. 24 .± 2.55 44. 76 ± 6.39 
Control 83.85 ± 7 .48 42.43 ± 4.07 53.64 ±. 4.78 

' E 
,. 48.72 .± 5e87 29.28 ±. 0.34 34.20 ± 3.95 

,. D + 2 t 22.32 ±. 0.93 39.10±3-70 
Control 45.60 .± 3.37 19.56 ± 1.89 32.28 ± 5.73 

,. F t · 44.48 .±, 1.29 39.72 ± 1.61 39 .30 .±, ,1.37 
,. E + 2 t 94.40 .±, 13.33 32.40 .±, 3.29 
Control 33.68 .±, 2.14 33.12 .±, 3.57 45.12 ± 2.16 

" F + 2 ' 44. 76 .±: lj .• 63 
Control 53 . 16 .± 1.81 

(1/ day of 8 hours.) 



TablU!.11 E,reqnency of Occur.r.·ence o.f 0-pen Stomata • 

Wind '11rcatm12nt 

Type of Leaf 

Cotyledons 

Unifo1i ate Leaf 

Wind. T!.-eatment 

'1'.y;pe of Leaf ·-
Cotyledons 

Unifoliate Leaf 

T-rifoliate L e2.ves 

.§.:L3;.<;:e of Grov;th ( A ) o 

Control ' D' 

0.94 0.44 

Sta+;-e of Growth ( B 

Cont-rol I]) t Control 

0.94 0.42 0.93 
0.59 0. 15 0.61 

0. 77 0.05 0.77 

Sta6e of Gro·,., th ( C 

Control 

) . 

0.61 
0.92 

'D+2' tEt 

0.89 o. 91 
o. 67 0.20 
1.00 0.30 

) . 

'E' 

0. 59 
0.46 

Control 'F' 

Oe93 0.56 
o.86 0.04 

0.95 o.oo 

\Vind '11rea tmen t Control 'Dt Control . '])+2 ,. E 

T,YJ?e of LeRf 

Um.foliate Leaf 0.76 0.54 0.9~ 1.00 0.50 
Trifoliate Leaves 1.00 0.09 Oo96 1.00 0.33 
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Chapter ,4_. Discussion. 

1 Introductio~c 

It vd 11 be apparent from the review of pertinent literature in 

chapter 1 that wind effects, \7ith the e::ception of mechanical drunaget 

are primarily vmte:r. stress effects on plnnt grm·,th and metaboli2m. In 

an .attempt to raU.onalise thts discussion, the ancillary R.\'!.C. s trar..s 

ph·ation, D.nd stor.1c.tCJ.l n.pcrturc data wi.11 be discus s~d. prior to the main 

body of experimental results. 

All the data with the exception of the transpiration arid stomatal 

aperture data were statistically analysed. W:i.t.h the exception of these 

t wo sets of data a..11d the R.W.C. data, response su?'.'faces are us ed as the 

basis of discussion rather than tabular materi al. Response surfaees have 

been used because they provide a means of smoothing erratic data points 

and also because they identify significant t r ends rather than significant 

values. Traditionally, response surface metl10dology has been used in 

industrial i 'nvest.igations ( Dav:i.es et al 1956 9 Lynch 1966 ) as a mc;ms 

of identifying points of optimum res1,om;e in mul tifactor situations. In 

most biological and in particular, agronomic investi.r,ations, sie;nificant 

trends are rarely identified and usecl es the basis of discunsion,Signif •­

icant trends are likely to be of considerable value in most biological 

situations and yet response surface methcclology is rarely used. Possible 

reasons for this include the greater variance present in most bioloGical 

as compared to industrial situations and the apparent. non-requi:cement 

of biological optimum response point i dentification. 

The findings of the three experDnents must be interpreted in the 

light of the stresses that were applied. Daily wind cycles of 8 hours 

for 2, 4, or 6 days at three distinct stages of growth were applied 

which is in contrast to the continuous winds used by Whitehead and other 

workers. In addition to the wind stress, a varying and uncontrolled stress 

in the form of radiation load on the plantn was exerted. 'l'he effects mea 

sured in these ex.-periments are essentially a compound of the radiation 

load on the plant, the prevailing air temperature and humidity and wind 

velocitye T'ne water re.tcntion characteristics of the potting·-medium .deter 

mined the mount of water taken up by .the roots and these were not measuredo 

But, the sub-irrigation practice used i nsured as near an optimum supply 

as the potting medium allowed at all times. 
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'l'he detailed sectioning out of the plants, n.w.c., transpiration 

and stomatal apertui·e data collected in experiment 2 was an attempt 

to define more closely how the plant reacted to what, for the purposes 

of th.is thesis, is termed. 1 wind stress t but which .is effectively, the 

cornpo1.111d stres s explained earlier. It is considered that the s tress 

effects measured a.t 7.5 m/s ec reflect to a greater or lesoer extent, the 

stresses at wind speeds of 10.0 and 5.0 m/sec respectively • 

.L:__2 _____ 1.'fatc-r TTcJat.i.on,; ( Expc-~ :r_i rnent 2 h 

Critism could possibly be levelled at the method of analysis usec!. 

f m~ Hie R.W.C. data given in t ables 3:15, 3:16, and 3:170 It was con 

s idored. that the ma.in effect a.11.alysi::; would provide an indication of the 

water status of the whole plant c1nder the various wind treat ments, i.e ., 

during wind , after wind , and controle A.rry differential effect of wi.nd 

stress on comrionent leaves would be indicated by a significant inter -

action tcrrn. S:J.ch inter2..ctions ,vcrc mcas ·ured on· t hree occc.s ions ~ Tl1is 

techniriue did. not :provide an absolute measurement of the water status 

of tlrn v.'hole plant bec2.use to achieve tiiis each co:n_µonent u~~cd in the 

analysis would Jv:we to comprise an equal clry wei _ri;ht ( or leaf area ) 

cannot be readjly extrapolated. 

At the most, a water stress of 5 to 8 percentage points ~as in 

duced by the application of Y1indo Hsj_&.o ( 1973 ) l oosel:,/ quantified 

water stress for the purposes of his review as follows ; 

1. mild stress • •• water potential lowered by several bar or n.w.c. by 

8 to 10 percentage points , 

2. moderate stress ••• water potential lowered by more than a f ew bar 

but less than 12 to 15 bar or n.w.c. lowered by 

10 to 20 percentage points, 

3. severe stress ••• water pott!ntial lowered by more than 15 bar or 

R.W.C. lowered by more than 20 percentage points. 

If Hsiao 1 s ( 1973) class ification is adhered to, then the stress 

applied by the wind speed of 7.5 m/sec in experiment 2 would be mild. 

However, Hsiao ( 1973 ) does not distinguish between physiolo6'ically 

young and old tissue. Millar et al ( 1968) derived leaf moisture 

characteristic curves ( R. W.c.· versus le3.f water potential ) for barley 
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l eaves . They found that for physiologically young leaves that R.W.C. 

values of between 90 and 100 % accounted for a leaf water potential 

range of approximately Oto - 20 bar. Leaf moist~e characteristic 

curves vary considerably between species and vri th stages of growth 

( Hsiao 1973 ) but it is possible j_n view of the findings of 1.1illar 

et al ( 1968 ) that a small n.w. c. r'"mce such as that found j_n this 

experiment coulu accoun.t fo:r a large range of v:a.tcr potential in 

physiologically y01me leaves. Ehlig &; G2,rd.ne:!-' ( 1965 ) fmmC. lha t for 

Lotus co:cnieu}:J.•.m, L. , the osmotic potr:mtial of mature uni1!1aded leaves 

dec.reascd linearly with decreases in the R.Vi .C. of the leaf. In this 

ex1,c~,:,.•lrnent the H.~ W .c. values bvo Jays after the cessation of wind ti.·cc-1-t 

ment were higher them control ( tables 3: 15, 3:1 6, 3:"17) and on the 

basis of the line;:ir rel;:i.tionship betwc,cn osmotic potential and n.w.c ., 
it is probaly :.cc2.sonable tosuggest that o:c:motic JJotentialn r:ere also 

hie,her. Boyer ( pcrs . c om.P.1 . ) has sui:?:ested thn.t in yocrig tir.:::i:ies t os 

motic compensation allovrs cel l expo.nsi.on to continue when leaf wa.ter 

pote11tials fall \Vi th dc•telorin~~ vlater st.resr-~. IJov.~c:ver, ha,,ster~cd. st:1~ss -

cence ( Gates 1968 ) would p:cobal:Y' :produce a sim.Ua:r effect. 

On the occasions that there \'.'ere si0nificant intero.ctior;s ~ the 

:y-om1gent tissue \V[>..G dcssic a.Lcd. tbe moot 2..11d the old.e:Jt 9 the 1c.~Lvat . It 

is considered. thctt this was a function of leaf posi tionp the :,-Olmgo~,t 

tissue being tho most exposed to the ~indo At the trifoliatc stage of 

growth the plant appeared to have a greater ability to :rcdistrioute 

water as evidenced by the l ack of negative intcra.c;tions i.e. the ymmgest 

tissue was not as severely dessicated as a t the cotyledon and unifoliatc 

stages of growtho Indirect evidence for this mechanism which is perhaps 

the hastened senescence of Gates ( 1968 ) can be drawn from table 3:2. 
There were fewer cotyledons and unifoliate leaves at the trifol i ate 

stage of growth. However , th i s effect could possibly also be explained 

by the fact that at the trifoliate staB'e of gro0 1th there was a greater 

bulk . of tiss ue present in the tunnel which probaly me:ant that proportion 

ally, there was a smaller area exposed to the wind. 

The t echnique used for measuring transpiration did not appear to 

l imit plant growth even at the tri.foliate stage of growth but it is 

possible in view of the root system that had developed by this time that 

the plants in these pots were root bound. The warm va.selinc used to seal 

t·he plants in the containers had no visible injurious effect on the Dla.~t 

stem or apparently the xylem tissue as evidenced by the continued trans -
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piration. The general absence of big differ1.-nccs betw·een the wind treat 

ed and control plants transpiration rates :,, ·c!sts two interes ting al -

ternatives ; 

1 o the stoma;La did not close because the stress imposed was insuffic.ic~1t 

to cause closure , 

2. the stomata. did close in the wind L:rea.ted plants but cuticuJ.ar tr,.m;::: -

pirati.on v:as hic;h. 

Hsiao ( 1973) commented that the threshold water potential value for 

stomatal closure varied between - 7 and - 9 bar for toma to to - 12 to 

- ,6 bar for grapes o Boyer ( 1973b) observed that the threshold value 

fo :i..· partial clonure of corn stomata was - 3.5 bar and 1.'iillar .£1_ a~ 

( 1968 ) considered that, the rel,dive transpiration data for barley in 

their exp2rin10nts indicated closure of the ::itomata. at - 22 bar. 'l1hus it 

is pos~:iblc th;1t if only a mild stress was ir.1poscd , that the stomata 

The tcclmi(}_ue of sto;nc,,tal apertm'E: assessmr~nt used in this ex -

periment was su.:~i;essful up to a point .. It was necessary to interpret 

the shape of the c;ua:cd ceJ.ls to de-Lcrmine whether or not t:1 0y -. ,:ere oper.., 

Debris on the impressj on fro::1 the leaf surface often made 2.:~.-;eSGIT!(:nt 

difficul to Hovreve:r· , the general effects of wind r,tress on r;tomatal aperture 

were determined to the point that diffc:cenccs between partial to full 

closure and part.ic,l to fu1ly open were measurable, Thus the stolilatal 

aperture data vwuld sugcest that cuticu.lar transpiration was high duT:in5 

the application of wind. W11ile, enerc;y budget considera tions ( Gates 

1968 ) could account for the differences in transpiration rates at the 

various measurement times, it is unlikely that such considerations would 

account for the lack of differences between the viind treated and control 

plants _because the main effect of wind which is to reduce boundary layer 

resistance reaches i ts maxim~~ effectiveness at 0.5 m/ sec ( Gates 1968 ). 
Even if the stomatal data indicates only partial closure, transpir ation 

rates of the treated plants should have been substantially reduced. 'I1hc 

fact that transpirq:tion rates were not reduced indicates cuticular trans 

piration. The partial closw.·e of the stomata of the wind treated plants 

also sug5ests that the water stress imposed upon the plants was in the 

vicinity of moderate stress as defined by Hsiao ( 1973 ) o 
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4 3 Fina l Harvest. 

'.l.'he effect of the three wind speeds on ::Jlant gr owth , as express0c.l 

in dry weight accumulation, c an be presented as 8: peJ:centage increase or 

decrease relative to controlo The patterns of response in experiments 

1 and 2 \!ere sinilc1r and the point of maximllln wind effect occurred. dur 

ing the trifoliatc stae;e of gTowth . In e)::perimont 3, the pattern of 

response was d:i..f"f'erent with the maximum effec t of wind occurring during 

the u.nifolio.te sta,'.'/! of crow-th. No re8-son for the p2.Ltern of r esponse 

obs erved in experim&nt 3 can be advanc ed.. 

Total Plant 

Shoot 

Hoot 

1:.£[centarre llec3uctions i n Dr:t W@jcht. 

Exreriment 1 E}:12e:r:-i ;;; (::.n-L 2 .• Experiment 

22 24 5 ( 

27 29 - 17 ( 

14 18 + 25 I 
\ 

J. 
27 ) 

31 ) 

24 ) 

( :F'igures in b:r:·ackds are for the unifoHD.tc fJtage of grm:1th.) 

Changes in percentage clr.·y wei chts for the total plant ~ shootp and 

root for the three experiments are depictc-J in table 4: 1. While th0 

results fro:n cxperincn t 3 do not seem to fit the pattern of exr.>cri:nents 

1 and 2~ it is app1:.rent that the maximum effect of wind is a reduction 

in dry weight of the order of 22 - 27 50~ 27 - 31 ;0, and 14 

t he total plant , shoot and root respectively. 

24 % for 

_Table 4 2 Percenta?ie Reductions in Leaf Area and Dry VTe:i&-;ht . 

Cotyledons 

Unifoliate Leaf 

Trifoliate Leaf 

Tot~l Leaf 

1._eaf Area 

30 

38 

15 

15 

_Tu;,y Weight 

- 40 
- 22 

29 

- 29 

Percentage reductions in leaf area and dry weight for the diss ected 

plants ( experiment 2) are c-iven in table 4:2. Whitehead ( 1965a) re 

ported a reduction in leaf area and stem internode length for maize and 

sunflower plants under continuous wind • He also repo:r·ted the same cha.nges 

in su.n£lower in response to water stress. In this experiment, the reduction 

in leaf area o.nd dry weight of the cotyledo::1s and un.ifoliate J.e ,,ves is 
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almost certainly due to the reductions in numbers of both ( figure 3:3 ) . 

The m.imbe:r. of trifoliate leaves did not decrease and hence the decrease 

in area can be attributed to a r0cluction i n c ell size or numb erso 'rlle 

greater percenta3"e reduc tion in trifoliate leaf weight t han l eaf area 

would seem to sugc_:e;:;t leaf structural c ha.n5os and perhaps hastened s8n 

escenceo 

The root/ shoot 2nd other pla,nt weight ratios of experiment 2 i n -

dicate -Lhe plant r,,·SJ•onse to rrind stress. 'rhe re sponse surf aces of the 

root/ shC!Ot ra tioD ( fi t;ure 3: 2 ) in all throe experiments depicted 

essentially simil ar pc.1tteTns of re:3ponr3e with higher values at the c oty 

:L edon and. trifolia te s tar,es of crowtho Wb. tohead ( 196'.ja ) has re1Jorted 

hi~her root/shoot. r atios for maize a..'1d sunflm:er plants imder wi nd st:ccss 

and sunflower pl ants rmcler Wi:l.ter stress . T,avidson ( J.969 ) 2.nd Eng-in & 

Sr,rent ( 19'/3 ) have reported incr.cased. root/shoot ratios for Yihi.te 

c lover plaut::i und.er water stress. '11he nil effect of wind stress on 

roo ,. / ,... ,n~~-0 ~--'-"~•· ·-·,~r 1 J°CUl "~7 v ~Y) V / 0 VU lJ J_ c~ V..J..U,.l 1'!..,,,. V . .,, C..:...l.. .L.,;r ..LL- experiL1cnts 2 and 3 a.t tl1e unifolj_a te 

stage of t:;ror:th is of consi.derablo il1tere::st a.lid Vli ll be <hscussed it.' a ~.at 

er sectio~. to{_;Pthcr with the oth-2r plant ,.ei,-;ht ratio::;. 

_.:t..__4...._ __ ~ _ _ c,._' 1_·v_· ·_1·i_~_} J_:ln.al y sis • 

A f ull discussion of the Gro·Nth analysis techniques ww:l i s not 

warranted. A inixturc of cl3.;::;sical and modol'n growth analys is techniq_ues 

were used. The si i:;nii'ic H .. n t exponential proc:rcss curves for t he control 

plants enabl ed the d.erivation of n.G.R.s which were instantaneously 

applicable at any time duri ng t he peri od of measurement. The R. G.R.s 

of the wi nd treated plants were however, mean values. 

One problem encountered with the techniques used was that mean 

R.G.R.s over different periods of time were compared, This was apparently 

not serious during the period of wind application where the compari sons 

were at 2, 4, and 6 days, but dur ing the period_ after the application of 

wi~d had ceased, the c omparisons ranged from 2 to 20 days. Despite this , 

the coefficient of variati ons for the periods after wind application 

were in almost all instanc es lower than during wind application. It is 

considered that day to day variations in radiation load on the plants 

contributed significa11tly to the high Yariation en countered . Significance 

was achi eved in many instances c1espi te this high v ariation. 



71 

The adjustment of the R.G.R. data from experiment 3 to enable 

the c o:nbination of the dat a from all three experiments is considered to 

b e justified.. The control plm1t R.G.R ~s over this period were exponential 

and hence a simple ari thrnetic trv..nsformation was all that was req_uired. 

'rhe low<=r ILG.R . s enco1mtercd in experiment 3 are considered to be 

attri.but2J.JJ.e to lower net rz.dia-Lion levels and that tb~ transfm."f::ation 

merely reflects thiso 

The -total pl,mt, ::,hoot, and root R,c; ,11. respornrn surfaces for all 

three cxr,eriments dm'.'inc the ap})lication of wind dcpi~t essentially 

similar patterns of response with an appa1·en t stimulatory effect on 

growth at the unifoli,-!.te sta.3·e~ Examination of the v:ir1d speed by stage 

of growth intcra.c tions for the c o:abined R.G.R. data ( t<1ble 3: 14 ) 

reveals that during wj nd applj c2,tion at t he cotyJ:edon and. unifoliate 

stac;·os of c;rovrth, the total ph: .. "'lt, shoot and root R.G.Ros decrec:.se with 

increas ing wind speed. At the tri.foliate st2v,3e of growth there is a 

distinct st2..5C? of ~m'! th effe:ct with a m£'sirf!L1.1Y', occur.cine; a,t a wind Sl)t0 ,:>cl. 

of 7. 5 m/sc)c. In view of other p:.J.ul.ished '::ork ( i'fadswcn.·th 1959 ) a, lineo.r 

decrease in H.G.R. witi1 wind speed would le expec ted at thE· tr.ifoliate 

stage of e;-.cowth. The significant Bta;·e of growth by wincl duration inter 

·,c+.; 0'1" r co.,,,-.,""'cr1 n " R ,:i,.,~- 9 ) <-'• v..t.. _. .._') \ J!1u.l . .1.1. v. J.i.a\..i'e • v.C'.-'JW.. for the shoot m1d root R.G . R.s s~owed 

that the lovre:.;t R.G . R.s at the trifoliate stac;e of c;rcwth occu.,--::-r,~d du1•.i.n5 

the first two days of v;ind application. Examination of the thermohydro 

gr2.ph records for ex:perir:1ent 1 ( 5.0 rn/soG ) revealed that these days 

were very i-10-:; ( maxim1un approxim.:ctcly 30 C ) and it is considered th2.t 

the low R.G . R.s at the trifoliate stage of 0rm7th in this experiuent ( 1 ) 

are attribut ::Lble to the severe stresses plcteed upon these plants . Hence 

under conditions of constant radiation l oading a l inear decrease in R.G.R. 

with increasing wind speed can p:cobaly be expected. 

There is a marked quadratic stage of growth effect i n the combined 

data with a maximum occurring at the unifoliate sta0e of growth. This is 

similar to tbe patterns depicted in the response surfaces of the in -

div idual experiments ( f igures 3 6, 3 : 7, 3 8 ) . Wadsworth ( 1959 ) 
appl ied winds of up to 12 m/ scc to rape plants whose first leaves were 

approximately 1 cm long. He found that R.G.R. increased with wind speed 

when the plants were less than 1 cm tall, that there was an optimum 

wind speed for plant growth when the plants were between 1 and 4 cm tall, 

and that the R.G.R. of plants taller than 4 cm decreased with increasing 

wind speed. Somewhat similar results have been o·otained in this series 
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of experiments with growth stimulation at the unifoliate stage and 

growth suppression at the trifoliate stage. However, no optimum wind 

speed for plant growth was apparent. 1'he R.G.R. r esponse surfaces during 

wind application ( figures 3:6, 3:7, 3:8) wi th the exception of those 

derived for experiment 3, suggest that the plant is better able to with 

stand wind stress at the cotyledon stage of crowth than at the trifoliate 

stage of growtho The experiment 3 R.G.R. response surfaces indicate con g . 

siderably reduced ero,.,th at the cotyledon stage of growth. The nature of 

the wind. profile in the tunnel vras not determined but it was co!1si.dered 

to be logari Uunic in which case wind speed would increase with height 

above the po ts. This means that plants expor3ed. to wind a t the unifoliate 

and trifolia te stages of growth would be exposed to higher wind velocities 

than plants exposed at the cotyJ. edon stage of growth . Hence, in ac tual 

fact, the cotyledon st i.:Lge of crowth is probaly quite sensitive to wind 

stress, more so than the unifoliate and tTifoliate stages of g-rowth. 

After wind application f the response surfaces which were significant 

( experiments 2 and 3) depict in general the reverse of the pattern 

that occurrP.d during v1j nd application. Where the R.G .T:L s had bee::n depress -

ed during the application of wind, they increased in the af ter wind per 

iod such that in general, the hic;hest R.G.R, s occurred i.n plants thai. 

had been exposed to a wind of 10.0 m/sec. Plar1ts that had been exposed 

to wind at the unifoliate stat_;·e of growth had. lower H.G.R.£ than pJ. ccnts 

exposed at the cotyledon or trifoliate staies of grmvth. Gates ( 1968 ) 

r eported tha t the R.G.R .s of tomato plRnts were increased above the l evel 

of control after the alJ.ev.iation of moi sture stress. He used r elatively 

mature plants and only the plants exposed to wind at the trifoliate 

stage of growth could be reasonably compared. Similar results were ob -

tained. 

It was necessary with the method of analysis used to assume that 

the L.A.R.s did not vary· significant ly in order that the N.A.R.s for the 

during and after wind periods to be derived. However , they did vary sig 

nificantly although the largest variation was only 6 % of the control 

value. The coefficients of variation were very s~all ( Oo4 % ) and it 

was decided that the e_rrors invoJ.ved in assuming L. A.R. to be constant 

were well below the levels of other measurement errors. Wadsworth ( 1959 ) 
was obliged to make a similar assumption. The N.A.R. response surfaces 

during and after wind application were essentially similar to the R.G.R. 

response surfaces. Wadsworth ( 1959) also found that N.A.R. responded in 

a simil<lr m;:i.nner to R.G.R •• 
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4 5 Synthesis. 

Increased root/shoot ratios in response to stress are reported 

frequently in the literature ( sections 1 :2, 1 : 4 ). The high root/ 

shoot 9 root/leafp root/stem and low stem/leaf r atios at the cotyledon 

stage of growth together with the linear reduction in R.G.Ro wi th wind 

speed suge;est that the white clover plant is sensitive to wind stress 

a t this stage. At the unifoliate sta3·e of g-rowth, however, the root/ 

shoot and root/leaf ratios were the same as control which perhaps suggests 

that wind stress has no effect on the plant at this stage. The root/ 

stem and stem/leaf ratios were higher and lower than control respectively 

at this stage. N.A.R.s a..l"ld R.G.R.s were greater than the control rates 

at this time depite R.W.C. and stomatal aper-ture data which were sug ~­

gestive of the exis tence of a moderate water stress. It is pos sible that 

the cotyledons were relatively unstressed ( the cotyledons had the highes t 

R.W.C. levels and frequency of open stomata ) and were able to produce 

sufficient photosynthate to support the elevated n . G.R. s measm·ed . Such 

an effect would allow dry weight accwnulation to continue with the major 

effect of moisture stress being reduced cell extension. At the trifoJ.iate 

stage of growth the root/shoot, root/leaf and root/stem ratios are all 

higher than control. Th.ese ratios are again suggestive of stress which 

is supported by the lower lLA.R.s and R.G.R.s, H..'N.C. and stomatal a].)erture 

data. T'ne cotyledons and unifoliate leaves althou5h less stressed than 

the trifoliate leaves are probaly unable to provide sufficient photo -

synthate for the support of R.G,R.s equivalent to control and hence the 

R.G.R.s are lower than control. 

It is considered that the changes in root/shoot ratios measured 

were incurred during the periods of wind stress and maintained during 

the period after wind . The shoot and root R.G.R.s after wind application 

appear to be more or less proportional which would support this con -

tention. 

4 : 6 Rel evance of Results to Field Situations. 

r.I.1he relevance of results obtained in artificial environments to 

field situations is limited because of the complex of factors which 

inter act in the field and which are controlled in the laboratory. 

However, general principles obtained in the laboratory can often be 

applied in the fi eld. 
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McWilliam et al ( 1968) reported that the radicles of ov-ersown 

subterranean clover seedlings are sus:ceptiole to dessication and that 

losses can be considerable at this st~ge. Ca~pbell ( 1973) concluded 

that moishu·e supply by control l ing the growth and survival of seeds 
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and seedlings, and by modifying the environment at the soil surface, had 

a commanding influence on the success or failure of surface sowing. It 

was consid ered, prior to the commencement of this inves tigation ( section 

2: 1 ) tha.t wind stress could influence the growth of white clover 

seedlinG"s throu3h mot S. tu.re stress . 'l'his has been established under re 

latively ideal conditions as far as plant available water is concerned. 

In vi ew of the above r eported work , it is obvious that in the field, 

plant fatality is likely to be high in many situations before the coty 

ledons arc fully expanded which was the starting point of this invest -

i [.sation. 

If a moisture stress is applied to a white clover seedli11g af ter 

the appearance of the first trifoliate leaf ~ then a reduction in N.A.R. 

and therefore R.G.11. can be expected. At this stage of growth even 

though the stomata may be closed, the r ate of transpiration does not 

diminish which means that the moisture stress is increased and more water 

i s withor2.,wn from the soil. Jf rain is not forthcoro.i.ng; then the plant 

could die from dessication. Such a situation is pos sible if clover is 

oversovm onto a bare face. Ho\'lever, if clover is oversovm into est~blisr. 

ed pasture, then the sheltering effects of the pas ture will almost cer 

tainly enhance the chances of the seedlings surviving hot dry winds . 

Although confirmation that cuticular transpiration does occur in white 

clover seedlings i s required, it is apparent that its inability to control 

water loss in wind is a severe limitation to its ability to survive and 

establish in difficult situations. Mechanical injury does not seem likely 

with winds up to 10.0 m/sec. 
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Apperldix I 
Analyses of Yariance For ::'inal Harve,::; t n~tc.. 

In the tables to follow, the letters I S t and I D I refer to 

sta.ze of gronth and duration of w5_nd r ·2spectively while the sub -

scripts I L I and ' (;. ' r.::fer to the lin•:!ar and q1.1adratic components 

of the source of variance. The lack of fit term ura.cketed in the in 

dividual tables is compris ed of all the t errnf:! i n the analysis that 

are not si:=,nifican t at the P = 0 .10 le'le1. The fi~ted surface ~quation 

coefficients are a:p;•l icable o qly in co1;juncti on 1:lth -the coded ·,ralnes 

of S and D • The term ' ': ' i.ndic,:< tes a m,~a.n ,,al ue while ' ~ ' indica tes 

an estimate of the value. 

Experiment 1 

i Total Plant '7,~i ht 

Source 

Staz e 

:Duration 

Inter::tction 

Error 

Y = 10.72 

Control. 13.42 

L.S.D. 5 ta. 2.613 

c.v. 17.2;; 

ii Shoot '.lei ·-ht 

Source 

Staae 

Duration 

Interaction 

Error 

ne,";:::ees of F1·~ ~-.:l.orn 

2 

2 

4 
27 

2 

2 

4 
27 

lro respo1we surf :., ce fit '.:: e.J . -Y • 6.13 

Control, 8.40 

~.3.D. 5 /, , 1.53 
c.v. 18.G ~ 

8.1 261 

3.332:i 

o.82-88 

1,1393 

1. 7362 

1.1126 



iii Root TI'eight 

Source Def~r ees of :'re,2dom Ecan Sun of Squares 

Stage 

Duration D1 
D,._ 

le<, 

Interaction 

( Lack of Fit) 

Error 

I\ 
Fitted surface. Y = 

Y values. 4.83, 5.01, 
A 
Y values. 4.32, 5.08, 
Control. 5.02 
L. 3.D. 5 %. 1.23 
c.v. 18.6 70 

iv Root/Shoot Il c....Uo 

2 

1 
1 

4 
(7' I) 

27 

18.291 

3.96, 
4.3'.:'., 

Source Der;r c8S of 

Sta.::;e SL 
<"' ~Q 

Duration DL 

DQ 
Interaction 

S" .D~ 
\:c, '«: 

remain,J.er 

(Lack of Yit) 

Error 

1 

1 

1 

1 

1 

3 
(5) 

27 

0.0072 
1.0732 
4.6691 * * 
0.3037 

(0.]2-39) 
0.7205 

- 1.019 D
2 

.1. 42 , .-1 .• ~•1 ' 
4.32, 5.0~, 

?re" 10m 

4.33, 4-3~, 5.33, 4.03. 
4.32, 4.32, 5.0.'3 , 4.32. 

i-.iean 3urn of Sc;,u ttr es 

0.00,to-14 
c.023762 t 

0.004591 

0.033541 * 

0.036100 * 
0.002833 

(0.003421) 
0.006418 

ii 

/\ 2 " 22 
Fitted surface. Y = 2.994 + 0.073 S - 0.086 D~ + 0.063 S .D 
Y values. 0.793, 0.769, 0.777, o.688, 0.819, o.630, 0.742, 0.787, 0.733 
A 
Y values. 0.761, 0.778, 0.761, 0.659, 0.818, 0.659, Oi761, 0.778, 0.761 
Control. 0.604 
1.s.n.51o 0.116 

c.v. 10.7 % 



ExTJeriment 2. 

i Cotyledon Number. 

Source De,;rees of Freedom Mean Sum of S9.u.a.res 

Stage SL 1 2.8336 * * 
s 1 0.6690 * * Q. 

Duration DL 1 1.2844 * * 
D-; 1 0.0237 

i.,., 

Interaction 4 o. 1258 

(Lack of Fit) (5) (0.1054) 
Error 45 0.0798 

Fitted surface. ~ == 7 .04,1 - 1.68,1 S + 0.472 s2 - 1.13 D 

Y values. 1.6, 1 • 6, 1.4, ,.. 1 • 3, i • 1 , 0.7, 1.3, o.s, o.,. 
Y valu,js. 1. 7, 1.5, 1.3, 1.2, 1.0, o.s, 1 .2, 1.c, c.8. 
Control. 1.5 

L C'D 5"1 
• ,..J • • I '.l e 

c.v. 24.1 /:, 

ii Unifoli:1 te Leaf ::r~;1ber 

Source De,>jrees of Freedom !i!ean Smn of S9.uares 

Stae-e s 1 0.071111 -);- * 
L 

,... 
1 0.053330 * * ,.:, r, .... 

Duration DL 1 0.033611 * 
D., 1 0.000833 

',·l 
Interaction 4 0.007779 
(Lack of Fit) (5) (0.006390) 
&ror 45 0.006296 

Fitted surface. ~ • 5.533 - 0.267 S - 0.133 s2 
- 0.183 D 

Y values. 0.97, 0.97, 0.90, 0.97, 1.00, 0.93, 0.92, 0.82, o.83. 

"' Y values. 0.98, 0.95, 0.91, 1.00, 0.97, 0,94, 0.89, 0.86, 0.83. 

Control. 0.95 
L.~.D. 5 %. 0.09 

c.v. 8.6 % 

iii 



iii Trifoliate Leaf Nurnber . 

Source De;'{rees of F ,·ee-lom 

Stage 2 

Duration 2 

Interaction 4 
Error 45 

No resp,m s e surface fi tted. 

Control. 2.6 

L. :3 ,D. 5 %. -
c.v. 8.6 ;o 

iv Cotyledon Leaf ;,xea 

Source 

Stage 

Dura tion 

I n teraction 

uef\'re~s of ::-:'r eedom 

S~. Di::_ 

r erna'in ... 1er 

1 

1 

1 

1 

1 

i 

2 

(Lack of ~it) ( ) 

Error 45 

" Fitted surf~ce. Y • 0 .503 - 0. 083 S 

0 04
,, ,.. 2-2 

• CJ iJ • _J 

Mean Sum of Sguar es 

0.003889 

0.028899 

0.092778 

0.049258 

Mean SUf'l of Squ ,tres 

8 . 00694.i * * 
c . oc-'.)333 

o. 0 1'.2604 * * 
0 . 000620 

(o.occ527) 
0 . 000577 

Y values. , 0.11, 0.1 0 , 0.1 0 1 O.O?, , 0 .11, 0.05, 0.11, 0 .04, 0.07. 

" Y' values. 0,11, 0,10, 0 .08 , 0, 09 , 0 . 1'1 , 0 . 06 , 0 .10, 0,04 , O.O? 

Control. 0.10 

L " D r-: ~, 0 03 , 0 •• ') ; •' • • 

c.v. 28.6 1, 

iv 



V 

v Unifoli.:::.te L,::: ,, : Al:ea 

Source :)eir:-ees of Fre ·i-lom :.Ies.n Sm11 of Sc1uares 

Stage SL 1 0.014003 * * ... 1 0.016875 * * ,J~ 

Duration DT 1 0.005136 t ., 
D,~ 1 0.000008 

'<, 

Interaction 

SL.~, 1 0.006667 t 

Sr. D. 1 0.01 81 50 ~ * ..... "' 1.•e:1iai r.. 1l r : r ' 2 o.0OH92 

(Lack of Fit) (3' ' ) ( O. (}J0997) 

Error 4J O.O J175S 

A " 
Y 1 5n ~ 1 8 n O"~ - ~ 0 072 D 0 10 FitteJ s;_.:..rface. == • , . - '-' • 1 ,,) - v. / J;;; - · • - • s1 .:J1 + 

2 ? 
0 .055 s .n-

Y values. 0.27, 0 .27, 
~ 
Y values. 0.28, 0,25, 

Control. 0.34 

L. 3.D. 5 %. o.c5 
::,.v. 15.9 / 

0.2';, 

vi Trifoli a. t e Le:if Area. 

0. 2~, 0.33, 0.26, 0.27, 0.20, 0.22. 

0.28, 0.33, 0.26, 0.27, 0.21, 0.21. 

Source De~r ees of Freedom 1Ie2..n Sum of 3 tiuares 

Sta-3"e 2 

Duration 2 

Inter .,.ction 4 
Error 45 

No respons e surface fitted. -Y • 1.99 
Control. 2.35 

L,3.D. 5 1-, 0.41 

c.v. 17.5 

c.0G98 
0.1954 
0.0723 

0. 1 213 



vii Total Le-<t f ArP,i . 

Source Deg£ees of Freedom 

Stage 2 

Duration 2 

Interaction 4 
Error 45 

Nb response ~ur f , ce f i t ted , 

Y "' 2.34 

Control. 2. 79 

L.S.D. 5 ~. 0.42 

c.v. 14,1 ~ 

viii Cotyle~on ·.veL,;t-,t. 

Source De,~e'.:S of 

St a:3"e SL 1 

Sr 1 
'"·'-

Duration DL 1 

D~ 1 
~ 

Interaction 4 
(Lack of Fit) ( 5) 

Error 15 

'.i'ree. ! om 

Mean Sum of S9.uares 

0.0609 

0.2250 

0.0819 

0.1130 

Hean Sum of S9.uares 

0.078400 * * 
0 .013333 t 

0.04'.:i511 * * 
0.000133 

0.003572 

( 0.003705) 

0.003495 

Fit t ed surface,~= 1.30G - 0.23 S + 0 ,067 s2 
- 0.21 D 

Y values, 0.28, 0.30, 
I\ 

0.28, Y values, o. 31, 

Control. 0,25 

L.S.D. 5 ~. 0,07 

C. V. 27, 1 

0,2'.j, 

0. 24 , 

o. :-'~., 0.20, 0.1 4, 0.23, 0.16, 0, 16. 
n ,...,""' 
I.,; • c. ..: ; 0 .20, 0; 16, 0.22, 0.18, o. 15 

vi 



ix Unifol i. ~te Leaf '..'lg .\~h t 

Source DeerP.cs of Fr·eec~ om !.:ea.n Sum of Squares 

Stage 

Duration 

Interaction 

s1 .D~ 

remainder 

(Lack of Fit) 

Er :ror 

1 

1 

2 

1 

3 
( 5) 

0.01 82 

0.0339 

C• .0103 

o.01 Jo 
0.0C.l 5 

(0.0068) 
0 . (\;(1 

t 

* * 

t 

Fitted surf -.ce. Y = J.139 - 0 . i 35 ~ - 0 . 1G? s2 
+ 0.095 s1 . D·'.l 

y values. 0 .49, ,..., c:; '7 
I.) • ,,,I : , 

/\ y values. 0, 50, 0.5 :; , 

Control. 0. 63 

L. S .D. 5 ;'G . 0. 09 

c.v. 14.9 

c .49, 
o. 5c , 

x Trifolbte Le .S -ei,,.h t 

Source Det22ees of 

Stace ST 1 
J.. 

3 ,._ 1 
..... 

D·.lra tion 2 

Interaction ,I 
"1' 

(Lack of Fit ) (7) 

Error ,1 ~ 
"1'.,I 

o.Go, 
o. 58, 

0. 57 , 0. 5£, 0. 52 , c . 46, 0.41 . 
o. ~8 , 0. 53 , 0.4~ , 0. 44 , 0. 49 . 

rreei'lom ?.:e~ Sum of S9.uares 

0 . 6615 

2. 6258 * 
0 . ,1129 

0 o2Lj06 

( 0 .3500) 

0.3742 

Fitted surf ac e .~ ::: ~3. 17 - 0 , 936 s2 

Y values. 
/\. 

3.48, 3.73, 3. 50, 3. 95, 4.02, 4.54, 3.67, 3. 91, 3.95. 
Y va.luea. 3.71, 3.71, 3. 71, 'f . 17, 4.17, 4.17, 3. 71, 3.71, J. 71. 
Control. 5.22 

L. 3.D. 5% 0.71 
c.v. 15.8 ;-t 

vii 



xi Total Lea! Wei,,.ht 

Source 

Sta.:;e 
,.. 
0 ., 

Dl.!I'ation 

Interaction 

(La.ck of Fit) 

Error 

-~ 

I\ 
Fitted s1n.·f -·'.!<) . Y 

y v2.l 1.1 ;::•i:i • 
• "') I" 
'l • .:... o ' ··l. :~(;, 

.I\ 
y valur:'3. 4, -i 2, 1f • :12 I 

Contr ol. I" ,......, 
u . v : .. 

L.J,D, 5 ~. C.? ~ 

c.v. 14.1 

xii Stern l'ei;~ht 
; 

Source 

Staee 

D1.ITation 

Interac ti r,,1 

(L..1ck of Fit) 

Error 

" 

. 1 
,. j· . 

1 

1 

2 

4 

(7) 
/ :.. ,.., 

.. 
J , 

; • -~ ;~ j 

1 

1 

2 

.1 ·, 

(7) 

... , 
1 . •;5 s~ 
• ('l" 
; f I ) \.) ' .1.80, 

4. 9'.;, , ,.,._ 
- ~ .... ,I» 

Fitt ed surface. Y.,. ,7.(;7 + 0,1 ·1 .3 

Y values. 2.82, 2. 7,':' 2.G8, 3.02, 2.85, 

" 2.98, 2. 91, Y values. 2.79, 2.79, ~ ~9 
~. i ' 

Control. 4,33 
L.~~.D. 5 

.. ./ 0.57 ,..,. 
c.v. 16.6 ,~ 

0.3i17 

3.3-ioo 

0.1G17 

(" ·'"' "·2' \ \.J • .:. • .. ) I ) 

-:. 4191 

r.: "') C: ,1. 41 ) • <--_,· 5 , 
1!. :S, '>. 4 i ' 

4. 53, .~1 . G2 . 

4.4" , . ~~ . : . ' ~ .::_. 

Ilea.n Sum o.f Squa.,. r-:s 

1 • 22? 1 

0.2621 

o. 1::58 

0 .2504 

,_ "' 1Q"'' \ U • :::. :;-: ; 

3.39, ~ o ~ 
C.. / }' 

2.9~, 3.16, 

* 

3.24, 3.16. 

J.1 G, 3,16. 

viii 



xiii Root 7i"e L~ht 

Source 

Stc~ge 

Duration 

Interacti on 

Er ror 

2 

2 

No response surface f i t,1,en . -Y = 3.96 
Control. 4. 81 

L. 3.D. 5 { . 0 . 32 

c.v. 17.8 ,: 

xiv Shoo t 7/e it';h t 

Source 

Stac;e s_ 
.· , ... ~ 

:J11ration 

Interaction 

(Lack of Fi t) 

Er ror 

Fitt ed s tu•f~ce . 
/\ ,.. 

De.,rees of 

1 

1 

2 

4 
(7) 

45 

= 45.47 -
y values . 7. 013 , 7 .J4, (, .81 , 
I\ 
y Vd.lues . 7.35, 7.35, 
Con t r ol. 10. 41 

L. S.D. 5 %. 1. 28 

C.Y. 14.5 7', 

7 . J:;, 

Fr e·~dom 

_2 
; . J,12 ,J 

7. P, ,') ' 
~ ,,. . 
I • . J ; ' 

~. OJ , 2.03, 

Eean 

0.001~3 

0.4512 

0.0921 

Sur:1 of :3qua:ces 

2 . 8230 

5. 4002 * 
D. 4938 
1.0013 

(0 .9779) 
1.2077 

r, ,,. . 7.36, 7.78, 7.11. ·- • • l..,1 : ~ J 

8.03 , 7 ---. • J) , 7.35, 7.35. 

ix 



xv Tot.al Plant 17eir;Lt 

Source Der;rees of Free,l om 

Staee 2 

Duration 2 

Interaction 4 
Error 45 

No response surface fitt~d. -Y • 11.54 
Control. 15.21 
L. ',.D. 5 fa. 1.95 
c.v. 14.5 % 

xvi RootLShoot Ratio 

Source DePjTe1::s 

Stage s L 
s,. 

'I, 

Duration DL 

DQ 
Interaction 

(Lack of Fit) 

Error 

of "'.""reedom 

1 
1 

1 

1 

4 
( ·' \ \ ' I) 

45 

lLeai. Sum of Sguares 

3.9933 
0.2905 
1 .1882 

2.8124 

Mean Sum of S9,ua.res 

0.014360 t 

0.027616 * 
0.020928 * 
0.013646 t 

0.004778 
(0.004773) 
0.004395 

Fitted surf,\ce. ~- 3.15 - 0.12 S + 0.096 s2 - O.H4 D + 0.067 n2 

X 

Y values. 0.573, 0,531, 0,583, 0,550, o . .. ~80, 0,453, 0.562, 0.501, 0.505. 
A 
Y values. 0.596, 0.539, 0.548, 0,523, 0,471, 0.480, 0,55G, 0.498, 0.508. 
Control. 0.466 
L.3.D. 5 ~. 0.077. 
c.v. 12. 6 ~ I 



xi 

xvii RootfLeaf R :• tio 

Source Dewees of Freeclom t!e2.n Swn of S9.uares 

Stage SL 1 0.012395 

SQ 1 0.113945 * * 
Duration DL 1 0.052823 * 

D,., 1 0.048939 * ~1, 

Interaction 4 0.012345 
(Lack of Fit) (5) (0.012355) 
Error 45 c.0113,11 

Fitted sti.rfr.ce. 'i = 5.203 + 0.195 s 2 - 0.23 D + 0, 128 n2 

Y values. 0.949, 0.247, 0.95:: , o.8~3, 0.770, c.7;15 , 0.93-3, 0.8:,7, 0.848. 
A 
Y values. 0.959, 0. 857 , o. 332 , 0.1G2, 0.760, c.783, 0.959, 0.857, o.982. 
Control. o.'300 

I..3.Ii. 5 j~ 0.1 24 

C • V. 1 2 • 3 ;'~· 

xviii Root/stern R:.i. t.i ,) 

Source 

J),.1ra tion 

Interact i ·m 

,. 
-~ 

D .. 
l., 

D~ 

~I • S, 
J , • 

(Lack cf Fit) 

1 

1 

1 

1 

1 

3 

45 

~,:ean Sum of Smiares 

0. 1772:7 

1 .0.11091 

(0.0433)7) 
o.oJ391o 

t 

A ~ 
""itt 1 r ·r " o,.. , " ,. .... ,.. .... .,..,, T\ ~ ?Jq D C',:;. .i' er S1".r F.i.C ee _ = () • :;.' I - 1.,• 0 :;;.: ,.; - '-' •...1 ; ' -' -'-' -t ,., . ~ ;, • :J 

y values. 1. 447, 
A 
Y values. 1.458, 
Control. 1.120 

L.~.D. 5 ~. 0.230 

C , V. 14 • 6 ;-~ 

1.,130 , 

1 •. 135, 

.... ,-I"\...., 

I • :,;, -~ J 1 • 44.~ , 1.282, 1 • 1 59 , 1.~06, 

1 •. ~12 , 1 • I; 90 , -4 ""'I, .. 0 , • .;t!) , 1. 206, 1.285, 
1.207, 1.2::;2. 

1.262, 1.239. 



xix Stem/Le,:~f Ra Li,) 

Source 

Stage 

Duration 

InteractioL 

s1 .Dr~ 

remain<le-r 

(Lack of Fit) 

Error 

1 

1 

2 

1 

3 
I,\ 
\ . .,;) 

H,: ai1 Sum of Squares 

0.025653 * 'k 

0.018382 * 
0.00239G 

0.001457 
(0. 001833) 

0.'.)C.,J1 ,7 

I'\ 
Fitted surface . Y = 3.889 + 0.15 s + o.7J s

2 
- 0.095 s.n. 2 

y valu"?s . o.c~o, 0. )?7 , 
/\ 
y valu,:}s. 0.650, o.co3, 
Control. 0.713 

L. 3.n. 5 ~. 0.065 
C.Y. 8.6 % 

I:x:periment 3 
i l'otal Pla...'1t ·:7ei :~,t 

.J. c .. 17, 0. 625 , 

0;6;0, .... , t:.~ ··_: 
,..., • f.. ,L : . J 

Source :} .1;:.•p. ;? S uf r:::.• 0r1d Ol!l 

Sta5e ::_iT 1 
.L 

s~ 1 ... 
Duration 2 

Interaction 

s1 .D~ 1 

Sl, 'D:.', 1 . .. 
remainder 

,... 
c:. 

(Lack of Fit) (5) 

Error 27 

0.596, o. G!: J, o. 6G?, 
o •. ~;".?2, o. G22 , 0. 67?., 

:.'ean S,n of St11w.res 

o.G224 
30.4915 * * 
0.4616 

2.1. 7~97 * it 

16.6022 * * 
2.0981 

( 1.1480) 

1.6884 

o. 7H , 
0.720, 

Fitted surface.~= 37.G,1 + 2.603 s 2 - 2.875 S.D2 + 1.358 s
2

.D2 

Y values. 12.09, 7,89, ·10.70, 7.32, 9.25, 7.76, 9,32, 10.44, 9.94. 
"' Y values. 11.12, 7.9-1, 11.12, 7.43, 9.47, 7.43, 9,68, 10.82, 9.68. 
Control. 10.21 

L.S.D. 5 i 1,89 

c.v. 14.4 ~ 

xii 

0.682. 

0.672. 



ii Shoot Wei,~ht 

Source Tie{P'.'ees of :i'::-eedom !::ean S_um of Sguares 

Sta5e SL 1 0.0651 

SQ 1 3.C781 * 
Duration 2 0.1265 

Inter~ction 

SL.DG. 1 ?.4164 * * 
S~.DG, 1 2.9156 * 
r~afr.der 2 c.6293 

(Lack of Fit ) ( c:;\ 
..1) (0.3155) 

Srror 27 0.6910 

Fitted surf2.0e. ~ = 21. 933 + 0.928 S
2 

- 1.1?2 S.D
2 + 0.569 s 2

.D
2 

Y values. 6.5G, 4.67, 6.07, ;t • . 16,5.q, 4.93, 5.08, 6.34, 5.57. 

" Y values. 6.30, 4.5.1, 6.30, 4.73, 5.59,4.73, 5.41, 6.32, 5.41. 

Control. 6.48 
L. 3 • D. 5 ~~ 1 • 21 

c.v. 16.4 p 

iii Root ',7ei{'jht 

Source De ,;: eas of ? re edom :foan Sum of ssiuar0S 

S ta.::;e s 1 0.234926 
l 

Sr 1 12.454209 * * 
~ 

Dura tion DL 1 0.418704 

Do 1 1. 502222 * 
"" Interaction 

SL.Di. ·1 1.058327 t 

s .DQ. 1 3.649276 * "* L 
SG..D~ 1 5.762000 * * 
renainder 1 0.173397 

(Lack of Fit) (3) (0.292342) 

Error 27 0.313145 

xiii 

Fitted surface.~= 15.72 + 1° 064 s
2 

+ 0.578 D
2 

+ 1.029 S.D. -1.103 S.D
2 

+ o.8 s2 
.D

2 

Y values. 5.53, 3.22, 4.GJ, 2.86, 3.61, 2.83, 4. 24, 4.10, 4.37. 
A 
Y Values. 5.22, 3.11, 4.71, 2.34, 3. 61, 2.n,1-, 4.16, 4.21, 4.67. 
Control. 3.73 
L.'.:i .D. 5 {v o.s2 
c.v. 14.G % 



iv Root/Shoot Ratio 

Source Det:;reef> of Fre•~·dom 

Stac~ SL 
s,., .:, 

Duration :::1LS, 

])Q 

Interaction 

S,_ .:n,. 
'<, .... 

r <;!n~lnd ~.e 

(L c:.ck of Fit) 

Zr:!'.'or 

,.. 
Fitted surface.~= 

y va].i:,e s . o. ~-:-J, o.7c3, 
;\ 
y valui:,s. o.S~J, o. ,.,..c, 

/·: , 

Gontrol . 0 . 'j7(; 

T ~ ~ CJ "··4 ~ • .:; • lJ • ) ; .1 • •-• ; 1 I 

1 

1 

1 

1 

1 
I 

3 

27 

- ,.,,,, ,, 
'· • i ·~·0, 

'"" ,.,_, 
\, . l II L, J 

O. :.,12, 
I'\ /' A .• 
V o : I , 

Eean 

~- 'J'\ 
: . . ,: 3:., 

3um of Sg,uares 

0.00066?. 

o. -, ?5035 

o.o:-:G4G7 

0.041412 

o.o,16soo 
0.001781 

( ,J. o,~, 1 50 -1 ) 

0 .006177 

* 
* 
* 

* 

o. 57:, ,) . ~40, 
(' ,- ,... .... 
'·' • ) ' ;, c.n ~.:, 

* 

xiv 

o.G53, c.7'"'8 
o.G7n,, c.776. 



.Appe:·:dix II 

Experi,,1ent 1 

i. Totn.i Plant -·ei ··'-t!; 

Source 

Mean 

Regression 

Deviations 

Fitted equation . 

R.G,R. 

ii Shoot ·.'le i •'ht 

Mean 

Re~ession 

J)eviati ur, s 

l e_; :l 

1 

q 
✓ 

"' I 

1 
q 
✓ 

Fitted equaL .t. on . l r,.::; ,/ "' l oz G.0 ::/11 .• 

R.G.R. = 

iii Root ~Iei ·ht 

Source 

!!ean 

Re~ession 

Deviations 

1 

1 

9 

Fitted equation. l u;_:; 'iT = J. o__; 0. 073.0 X 

R. ,-;.R. = 0 1'70 n, ,.,. l,ncr/r1av • I ~·· ~ •.• ., 

EXDeriment 2 
i Total Plant .. i'ei?;ht 

:.:e,':?.n 3um of Squares 

2.270752 

0 .01771 0 

,.... f'...,....., .­
~ 1. U f L) 

1 • ,n.;-2027 

lo,.; O. 7911,1 

3 . c:.5096G 

o.03~H17 

l og 1.26f17 

~- * 

Source TJe1 ;!.'ees of Freedo;!l 1·.rean Sum o.f' Squares 

Mean 

Regre ;.;sion 

Deviations 

Fitted equation. 

= 0.145 

l oc; .1 = 

ln.r.e /m ·· 1'a~:.nr ~: . ._: . . ~ ,~ 

1 

1 

J 

1oz o,o 

2.233919 
0.002697 

- log 0.6621 

* * 

i 



ii Shoot ':leit:ht 

Source Deea1:-ees of I'.reedoe !.'iean Sum 0f Squares 

Mean 

Regression 

Deviations 

1 

1 
q ., 

Fitted .L • ec1ua 1,ion. log 7/ ::: log 0.0577, X 

R.G. R. = 0 • '133 mrs/mc/rla~' 

iii Root Wei('Jit 

Source 

Uean 

Regression 

Tievia tL•n:3 

n.G.R. = 0 160 ' .. ,', / ' - --•, • · ,n<J, .n.:..,, ,_,a J 

iv Tota1 Leaf .A.r ·ea 

Source 

Rceres sion 

Deviations 

1 

i 

1 

Fitted eq_uatio:i . l oc: .l = :'..o.:; 
') ,.., 

R L i ,.. n ,.., 1 '4 '-- / .::./, • •••• ,., • ••• ::: u • , ; Cll t / Cl'\ <.-.:...;,· 

Experiment 3 
i Total Plant Weicht 

" ..... . "" I") I" 
• ., • \ J ...;.:.. r_. X -

1.865499 

0.004989 

log 0.7364 

0.0056,:1) 

log 1.J/1-50 

2 .179?.23 

e-. 007762 

1oe 1,339'.? 

* * 

Som·ce ?.:;Jan SuJn of Squan,s 

Mean 

Re,gression 

Deviations 

1 

1 

9 

Fitted eq_uation. log ·9 = log· 0,0536 :~ 

R,G,R, = 0.123 ri1::;/nr.:;/day 

1.607370 

0.004554 

log 0.4943 

* * 

il 



ii Sh0ot '.-:eir,:ht 

Source 

Mean 

Reg-.cession 

Deviations 

1 

1 

Q ,, 
1.312860 

o.oc6178 

Fitted equation. loc ·.1 == loc 0.O,f?-4 X - loe o. 5935 

R.G.R. == 0.112 me:,/r:i;;/:1a'J 

iii Root ·,;;e i .c•"h t 

S01.u•ce I.Iean .3LU:i of Sc1ua.res 

Hean 

Re..:,Tession 

Deviations 

1 

1 

0.005790 

Fitted eq_ua tio;; . 1oz ··; = loe ,J . 0636 ..... - 105 1 • 1352 

R.G.R. == ."'I .1. /1{. 1;• rr/rn·r/, ,. .., ..J ...,, Jt..:, L, a.-., 

.,._ * 

iii 



i 
Appendix II1, 

Analyses of Variance For Growth Analysis Data. 

In the tables to follow, the letters' S ' and' D' refer to 

stage of growth and duration of wind respectively while the sub -

scripts' L' and' Q' refer to the linear and quadratic components 

of the source of variance. The lack of fit term bracketed in the in -

dividual tables is comprised of all the terms in the analysis that 

are not significant at the P = 0.01 level. The fitted surface equation 

coefficients are applicable only in conjunction with the coded values 

of Sand D. The term' Y' indicates a mean value while' Y' indicates 

an estimate of the value. 

Experiment 1. 

i R.G.R. of total Elant during· wind. 

Source DeB:Eees of Freedom Mean Sum of S9,uares 

Stage SL 1 0.065208 * * 
SQ 1 0.035245 * * 

Duration 2 0.000736 

Interaction 4 0.009914 

(Lack of fit) ( 6) (0.006732) 

Error 27 0.006721 

Fitted surface. ~ = 0.567 - 0.209 S - 0.089 s2 

Y values. 0.183, 0.165, 0.167, 0.231, 0.148, 0.179, 0.002, 0.096, 0.105. 
A 
Y values. 0.172, 0.172, 0.172, 0.186, 0.186, 0.186, 0.068, 0.068, 0.068. 

Control, 0.146 

L.S.D. 5 ~. 0.119 

c.v. 57 .9 % 



ii R.G.R. of total :12lant after wind. 

Source DeB'fees of Freedom 

Stage 2 

Duration 2 

Interaction 4 

Error 27 

No respo~se surface fitted. 

Y = 0.131 

Control. 0.146 

L.S.D. 5 %. 0.058 

C. V. 30.6 % 

iii R.G.R. shoot during wind. 

Sourc_e DeB'fees of Freedom 

Stage SL 1 

SQ 1 

Duration DL 1 

DQ. 1 

Interaction 

SL.DL 1 

SL.DQ 1 

DL.SQ 1 

remainder 1 

(Lack of fit) (2) 

Error ?7 ~. 

Mean Sum of S9.uares 

0.003575 

0.002512 

0.001654 

0.001613 

Mean Sum of S9.uares 

0.126876 * * 
0.019306 * 
0.021540 * 
0.006216 

0.043786 * * 
0.010414 t 

0.010651 t 

0.000077 

( 0.006393) 

0.003035 

Fitted ·surface. f = 0.608 - 0.291 S - 0.066 s2 
- 0.12 D + 

2 2 
0.218 S.D - 0.059 S.D + 0.060 D.S 

ii 

Y values. 0.299, 0.162, 0.164, 0.255, 0.163, 0.136, 0.020, 0.075, 0.095 

'j values. 0.322, 0.179, 0.153, 0.244, 0.222, 0.125, 0.009, 0.094, 0.088 

Control, 0.134 

L.s.n. 5 ~. 0.080 

c.v. 36.2 <1/, 



iv R.G.R. shoot after wind. 

Source De5£ees of Freedom 

Stage 2 

Duration 2 

Interaction 4 

Error 27 

No response surface fitted. 

Y = 0.129 

Control. 0.134 

L. S.D. 5 %. 0.087 

c.v. 46. 7 % 

v R.G.R.root during wind. 

Source De5£ees of Freedom 

Stage SL 1 

SQ. 1 

Duration 2 

Interaction 

SQ..DL 1 

SQ.DQ 1 

remainder 2 

(LAck of fit) (4) 

Error 27 

Mean Sum of Sguares 

0.005922 

0.000835 

0.000918 

0.003603 

Mean Sum of Sguares 

0.075488 * * 
0.183416 * * 
0.005963 

0.136854 * * 
0.035753 * 
0.014229 

(0.010097) 

0.008192 

A 

Fitted surface. Y = 0.748 - 0.224 S - 0.202 s2 
+ 0.214 D.S

2 
-

0.063 s2 
.D

2 

iii 

Y values. 0.196, 0.173, 0.210, 0.452, 0.207, 0.206, - 0.011, 0.128, 0.125. 
1' 
Y values. 0.124, 0.224, 0.231, 0.427, 0.225, 0.213, 0.012, 0.112, 0.119. 

Control. 0.170 

L.S.D. 5 '1,. 0.131 

c.v. 48.3 % 



vi R.G.R. root after wind. 

Source Defil:ees of Freedom 

Stage 2 

Duration 2 

Interaction 4 

Error 27 

No response surface fitted. 

Y = 0.126 

Control. 0.170 

L.S.D. 5 % 0.086 

c.v. 46.9 % 

Experiment 2. 

i R.G.R. total plant during wind. 

Source 

Stage 

Duration 

Interaction 

(Lack of fit) 

Error 

Dem:-:ees of Freedom 

1 

1 

2 

4 
(6) 

4-5 

Mean Sum of Sguares 

0.003337 

0.005250 

0.002573 

0.003493 

Mean Sum of Squares 

0.015960 * * 
0.022707 * * 
0.002021 

0.001194 

(0.001469) 

0.001919 

A 
Fitted surface. Y = 

2 
0.871 - 0.126 S - 0.087 S 

iv 

Y values. 0.164, 0.153, 0.138, 0.165, 0.196, 0.162, 0.094, 0. 123, 0.113. 
A 
Y values. 0.152, 0.152, 0.152, 0.174, 0.174, 0.174, 0.110, 0.110, 0.110. 

Control. 0.145 

L.S.D. 5 %. 0.051 

c.v. 31.7 rfo 



ii R.G.R. total Ela.nt after wind. 

Source Deei!:ees of Freedom Mean Sum of S9.uares 

Stage SL 

SQ 
Duration 

Interaction 

(Lack of fit) 

Error 

A 
Fitted surface. Y = 

1 0.004692 
1 0.005306 
2 0.002552 

4 0.001572 
( 6) (0.001899) 

45 0.001273 

2 0.862 + 0.069 s + 0.042 s 

t 

* 

V 

Y values. 0.137, 0. 136, 0.140, 0.138, 0.115, 0.132, 0.145, 0.144, 0.193. 
,A 

Y values. 0.139, 0.139, 0.139, 0.130, 0.130, 0.130, 0.162, 0.162, 0.162. 
Control. 0.145 

L.S.D. 5 %. 0.041 

c.v. 25.1 % 

iii R.G.R. shoot during wind. 

Source 

Stage SL 

SQ 
Duration D

1 
DQ 

Interaction 

(Lack of fit) 

Error 

Degrees of Preedom 

1 
1 

1 
1 

4 
(6) 

45 

I'\ 

Mean Sum of Squares 

0.001667 

0.016354 * * 
0.000003 

0.006440 t 

0.004350 
(0.000568) 
0.001876 

2 2 y = 0.886 - 0.074 S - 0.046 D Fitted surface. 

Y values. 0.140, 0.152, 0.135, 0.167, 0.195, 0.156, 0.114, 0.143, 0.128. 
I\ 
Y values. 0.143, 0.151, 0.143, 0.165, 0.186, 0.165, 0.143, 0.151, 0.143. 

Control. 0.133 

L.S.D. 5 %. 0.050 
c.v. 29.3 fo 



iv R.G.R. shoot after wind. 

Source Det£:ees of Freedom 

Stage 2 

Duration 2 

Interaction 4 

Error 45 

No response surface fitted. -Y = 0.128 

Control, 0.133 

1.s.n. 5 %. 0.043 

c.v. 28.8 % 

v! R.G.R• _root during wind. 

Source Det£:ees of Freedom 

Stage SL 1 

SQ 1 

Duration DL 1 

DQ 1 

Interaction 4 

(Lack of Fit) (6) 

Error 45 

Mean SllJ!l of S9,uares 

0.001240 

0.001469 

0.000258 

0.001368 

Mean Sum of S9.uares 

0.004096 

0.061729 * * 
0.011592 t 

0.000166 

0.000535 

( 0.001067) 

0.003652 

Fitted surface. 2 
Y = 1.028 - 0.143 S - 0.107 D 

vi 

Y values. 0.175, 0.157, 0.143, 0.227, 0.232, 0.199, 0.163, 0.134, 0.114. 

Y values. 0.165, 0.148, 0.130, 0.237, 0.219, 0.201, 0.165, 0.148, 0.130. 

Control. 0.160 

1.s.n. 5 %. 0.070 

c.v. 35.3 % 



v i.i 

vi R. ~ . R. r oot :--.:. :"t er win·J...!. 

Source Deg-rees of l<'reedom 1.iean ~um cf Sgua.res 

Stage SL 1 0.021805 * * 
Sn 1 0.030267 * * <(, 

Durati cn DL 1 0.00') 801 * 
DQ 1 0.00J490 t 

Interaction 

SL.DL 1 0.019437 * * 
D1 .sQ 1 0.016836 * * 
remainder 2 0.001952 

(Lack of fit) (2) (0.001952) 

Error 45 0.001684 

"' Fitted surface. Y = 1.012 + 0.148 S + 0.10 s2 + 0.099 D + 0.043 n2 + 

0.171 S.D. + 0.092 D. s 2 

Y values. 0. 158, 0 . 159, 0 .165, 0.1 55 , 0 . 125, 0 . 12(, , 0 . 165, 0 . 180, 0. 286 . 
I\ 
Y values. 0.165, 0.146, 0.171, 0.1 57, 0.1 21, 0.1 28 , 0.157, 0.196, 0.278. 

Control. 0.160 

L.S.D. 5 % 0.048 

C. V. 24.3 % 

vii L.A.R. during wind. 

Source Degrees of Freedom 

Stage 

Duration 

Interaction 

Error 

C. V. .0.4 fo 

viii L.A.R. after wind. 

Source Des-rees 

Stage 

Duration 

Interaction 

Error 

c.v. 0.14 % 

2 

2 

4 

45 

of Freedom 

2 

2 

4 

45 

Mean Sum of Squares 

0.000542 * * 
0.000079 

0.005116 * * 
0.000078 

Mean Sum of Sg,uares 

0.000958 * * 
0.000581 * * 
0.002493 * * 
0.000070 



ix N.A.R. during wind. 

Source Degrees of Freedom 

Stage 

Duration 

Interaction 

SL.DL 

SQ.DL 
remainder 

(Lack of Fit) 

Error 

1 

1 

2 

1 

1 

2 

(4) 

45 

Mean Sum of Squares 

0.551554 * * 
0.721280 * * 
0.044679 

0.151845 t 

0.214622 * 
0.020983 

(0.032831) 
0.048028 

viii 

I' 2 2 
Fitted surface. Y = 4.386 - 0.743 S - 0.49 S + 0.477 S.D. - 0.328 S .D 

Y values. 0.852, 
/\ 
Y values. 0.798, 

o.863, 0.604, 0.774, 0.895, 1.014, 0.451, 0.603, 0.522 
0.773, o.639, 0.869, 0.978, 1.088, 0.501, 0.526, 0.550. 

Control. 0.690 
L.S.D. 5 %. 0.254 
c.v. 30.0 % 

x N.A.R. after W~.!!£...• 
_S..c..our......,_c_e _____ Derrrees of Freedom 

1, 

3Q ·1 

Duration DL 1 
D 1 

Q 
Intera,-:: tion 

s1. D 1 
L 3 remainder 

(Lack of fit) ( 5) 
Error 45 

/\ 

Mean Sum of Square~ 

J . ~i: )OSO 

0.132739 t 

0.048641 

o.1 r4626 * 
0.058705 

( 0.056767) 

O.OJ3054 

Fitted surface. Y = 4.281 + 0.419 S + 0.364 D + 01526 S.D. 

Y values. 0.649, 0.734, 0.619, 0.687, 0.553, 0.761, 0.686, 0.726, 0.994. 
I'°' 
Y values. 0.671, 0.643, 0.617, 0.653, 0.714, 0.774, 0.635, 0.783, 0.932. 
Control. 0.690 
L.s.n. 5 %. 0.211 
c.v. 25.5 % 



Experirnent_ . .l 
i R.G.R. total plant during wind. 

Source 

Stage SL 

SQ 
Duration 

Interaction 

(Lack of fit) 

Error 

Deg£ees of Freedom 

1 

1 

2 

1 

3 

(6) 

27 

Mean Sum of Sg,uares 

0.000017 

0.039574 * * 
0.001954 

0.018644 * 
0.000178 

(0.000743) 

0.003635 

A 
Fitted surface. Y = 

2 2 
0.380 - 0.094 S + 0.079 D. S 

ix 

Y values. 0.058, 0.063, 0.091, 0.197, 0.124, 0.108, 0.069, 0.061, 0.088. 
I\ 
Y values. 0.034, 0.054, 0.091, 0.163, 0.124, 0.103, 0.034, 0.054, 0.091. 

Control. 0.1 23 

L.S.D. 5 %. 0.087 

c.v. 63.5 % 

iiR.G.R. total plant aft er wind. 

Source Degrees of Freedom 

Staee s1 

SQ 
Duration D

1 
DQ 

Interaction 

SL.DL 
remainder 

{Lack of fit) 

Error 

1 

1 

1 

1 

1 

3 

(4) 

27 

Mean Sum of Squares 

0.014065 * * 
0.023148 * * 
0.007957 * 
0.000,116 

0.008327 * 
0.001131 

(0.000952) 

0.001105 

A 
Fitted surfaceo Y = 0.551 + 0.097 S + 0.072 s2 

+ 0.073 D + 0.091 S.D. 

Y values. 0.137, 0.120, 0.137, 0.087, 0.115, 0.104, 0.128, 0.193, 0.219. 
/l 
Y values. 0.136, 0.132, 0.127, 0.084, 0.102, 0.120, 0.139, 0.180, 0.221. 

Control, 0.123 

L.s.n. 5 %. 0.048 

c.v. 24.1 % 



X 

iii R. G.R. s..h.Q.Q.1 during wind.:, 

Source DeB:!:ees of ;!reedom T:iean . Sum of Squares 

Stage SL 1 0.0(? )720 t 

s,... 1 o. c"1 : 971 * * 
't 

Duration 2 o.oo J343 

Interaction 

DL.S" 1 00022102 * * "l 

remainder 3 0.002041 

(Lack of fit) ( 5) ( 0.002562) 

Error 27 0.002765 

Fitted surface. 
"' 2 . 2 
Y = 0.379 - 0.081 S - 0.102 S + 0.086 D.S 

Y values. 0.089, 0.094, 0.086, 0.220, 0.113, 0.105, 0.034, 0.051, 0.063. 
/\ 
Y values. 0.045, 0.090, 0.111, 0.189, 0.146, 0.105, 0.028, 0.049, 0.071. 

Control. 0.112 

L.S.D. 5 % 0.092 

c.v. 66. 5 % 

iv R.G 1R. shoot after wind. 

Source 

Stage 

Duration 

Interaction 

Degrees 

SL 

SQ 

DL 

DQ. 

SL.DL 
remainder 

(Lack of fit) 

Error 

of Freedom 

1 

1 

1 

1 

1 

3 

(4) 

27 

Mean Sum of S9.uares 

0.026268 * * 
0.025538 * * 
0.01421 1 * * 
0.000288 

0.015314 * * 
0.001550 

(0.001234) 

0.001365 

/\ 2 
Fitted surface. Y = 0.520 + 0.132 S + 0.075 S + 0.097 D + 0.124 S.D. 

Y values. 0.122, 0.103, 0.122, 0.074, 0.106, 0.097, 0.114, 0.194, 0.238 
I\ 

Y values. 0.123, 0.116, 0.109, 0.068, 0.093, 0.117, 0.127, 0.182, 0.237. 

Control. 0.112 

L.S.D. 5 %. 0.054 

C. V. 24.4 % 



v R.G.R. root durinrr wind. 

Source 

Stage 

Duration 

Interaction 

(Lack of fit) 

Error 

Fitted surface. 

Degrees of Freedom Mean Sum of Squares 

y = 

1 

1 

2 

4 
(6) 

27 

0.020300 

0.018753 

0.003716 

00004496 

(0.004236) 

0.005033 

2 
0.407 + 0.116 S - 0.065 S 

* 
t 

xi 

Y values. 0.041, 0.025, 0.104, 0.158, 0. 136, 0.108, 0.146, 0.083, 0.126. 

Y values. 0.057, 0.057, 0.057, 0.134, 0.134, 0.134, 0.115, 0.115, 0.1 15. 

Control. 0.146 

L.S.D. 5 %. 0.103 

c.v. 69. 7 % 

vi R.G.R. root after wind. 

Source De£ees of Freedom Mean Sum of Squares 

Stage SL 1 0.001320 

SQ. 1 0.019339 * 
Duration 2 0.001653 

Interaction 4 0.001433 

(Lack of fit) (7) (0.001480) 

Error 27 0.002107 

Fitted surface. Y = 0.593 + 0.066 s2 

Y values. 00168, 0.157, 0.163, 0.111, 0.132, 0.120, 0.142, 0.191, 0.200. 

Y values. 0.165, 0.165, 0.165, 0.115, 0.115, 0.115, 0.165, 0.156, 0.165. 

Control. 0.146 

L.s.n. 5 %. 0.067 

c.v. 22. 7 % 



xii 
Combined Relative Growth Rate Data. 

i R.G.R. total J2la.nt durin~ wind. 

Source De~ees of Freedom Mean Sum of Sg,uares 

Wind WL 1 0.015225 t 

WQ 1 0.009217 

Stage SL 1 0.042 195 * * 
SQ 1 0.098859 * * 

Duration 2 0.000366 

Interaction 

WxS wL.sL 1 0.033974 * * 
remainder 3 0.002325 

WxD 4 0.002106 

s X D 4 0.009247 

WxSxD 8 0.003874 

(Lack of fit) (22) (0.004242) 

Error 81 0.004295 

Fitted surface. ·~ = 0.534 - 0.058 W - 0.097 s - 0.086 s2 + 0.106 w.s 

C. V. 49.0 % 

ii R.G.R. total 12la.nt after wind. 

Source Dewees of Freedom 

Wind 2 

Stage 2 

Duration 2 

Interaction 

W' XS 4 

W x D 4 
s X D 4 

WxSxD 8 

Error 81 

No response surface fitted. 

c.v. 24.6 % 

Mea.'1 Sum ,of S9.uares 

0.009688 * * 
0.026620 * * 
0.002647 

0.003520 * 
0.004001 * 
0.002058 

0.002522 

0.001281 



iii R.G.R. shoot during wind. 

Source Degrees of Freedom 

Wind 2 

Stage 2 

Duration 2 

Interaction 

WxS 4 
WxD 4 
S x D 4 
WxSxD 8 

Error 81 

No response surface fitted. 

c.v. 39.7 % 

iv R.G.R. shoot after wind 1 

Source Dei';rees of Freedom 

Wind 2 

Stage 2 

Duration 2 

Interaction 

w XS 4 
w xD 4 
s xD 4 
w xSxD 8 

Error 81 

No response surface fitted. 

c.v. 32.9 % 

xiii 

Mean Sum of Squares 

0.026545 * * 
0.083184 * * 
0.009449 * 

0.015467 * * 
0.005338 

0.014423 * * 
0.005316 
0.002900 

Hean Sum of Squares 

0.007904 * 
0.029783 l(- * 
0.005924 t 

0.006982 * 
0.003311 

0.003439 

0.002593 
0.002052 



V R.G.R. root during win_d,:. 

Source Degr_ees of Freedom 

Wind 2 

Stage 2 

Duration 2 

Interaction 

w xS 4 
w xD 4 
s xD 4 
WxSxD 8 

Error 81 

No response surface fitt ed. 

c.v. 47.2 ;i 

vi R.G.R. root after wind. 

_s .... o_ur __ c __ e.._ ______ D_e__.F-X.._
2 

_e_e_s __ of Fre_e_d_o_m_ 

Wind 2 

Stage 2 

Duration 2 

Interaction 

w XS 4 
w xD 4 
s xD 4 

W XS xD 8 

Error 81 

No response surface fitted. 

c.v. 30.4 % 

xiv 

Mean Sum of Sguares 

0.050447 * * 
0.107988 * * 
0.007621 

0.034305 * * 
0.003009 

0.020425 * 
0.018042 * 
0.005492 

Jidean Sum of S9.uares 

0.023979 * * 
0.021880 * * 
0.000247 

0.004634 t 

0.005655 * 
0~001676 

0.004365 t 

0.002241 



Appendix IV . 

Relative 'i!a b~r Cc,:·, -:.. e i:t 

i 

Uea.n of cont.r (•l 

Ifaan of t rea t ,:i8n t 

i I :?.. ;.c. 

:l ,'.- t.c. ' •• • EAPf·:r i nte11t 2. 

t = 
- ,... ...,,, 
.:.:: • _.· i (., ll • S • 

_,J __ . __ .,._C..,;S..._ ______ ---"--·-------'-· -""---"-""_· _ ',..-'-... '·-' --..-c~.·-;...·- -~--l-'-U_.,_·:1l _,; .! l- ·· 

·.Vind t:ce2.t mrcn t 

I ,1 ter,'l.c tio1J 

:..::rror 

C.7. 3.3 1o 

Source 

Plant l e2.f 

\'lind treasm:,nt 

~ t t · J.!"s erac ·.i :,;:-: 

Error 

C. V. 3.0 ;:~ 

Source 

Plan t l eaf 

Win d trl::at m.,,n t 

In teracti.•· n 

&ror 

c.v. 2.2 ~ 

JC 

2 

2 

1 

1 

* -:.-
-:+ ... 

I:!e~ri 3 1.:.n of Sq,iar os 

* * 
* 

: :.::;an Su.l;J of Sqnare,, 

178 . 79,l 1 

9. -J100 

0. 4704 

5.1 6~2 

i 



v R.TI.C. Sta,•;e of .'?(t'CWth '3' aud dur::,.tion ' :D' 
Source De.:•-:--:- ees of Fre•:)d.o:r1 Hea.r1 3 :un of 5g,u"1.r es 

Plant leaf 2 260.4684 ·X· * 
Vlind treatment 1 342.4967 * * 
Interaction 

,., 11.8381 ,:. 

Error 30 17 .3094 

C.Y. 4.2-.-1 

vi R."r.c. ~ita 'f; cf '•Towth '3' 9.nd du:::.•, ,.t. ions ']) + 21 & 'E' 
Source 

Plant leaf 

·:1L1d treat.11, nt-

,.., •r " ~ _,, ..., • ' • ( .• > .I 

Plant l e...:.f 

::.:.1:ror 

Sou:r.ce 

Plant leaf 

'!lind treab-,::mt. 

Intera~ ~io11 

Error 

C. V. 1.9 ;~ 

2 

2 

2 

·: 
.. ) 

2 

1 

2 

83 . 73c3 

~-- '3"'9 :: ~·. : ;. f) 

7.G070 

1 i 11) .., ~ 
. - • 7 J ..... ...; 

-~.1237 

121.3897 

0.3737 

't * 

* 

* * 
* 

* * 

ii 



ix n.··.c. 3 .. ~;). ,:. 

Source 

Plant le :1.f 

Wind. treatment 

Interc.1.cticn 

Error 

c.v. 2.G /, 

X TI .... _,.~. 0 • ~ ta ····e 

Source 

Plant 1%~f 

·.7ir.-l trea ~ H~:; t 

Inter:c<.c t icn 

:Srror 

C.Y. 1. G..., 

Plant l e ;;-. t 

','/i1;1J. tri::at,::•.:,1 L 

Inter,:.ctio1l 

'Srror 

C.7. 2.1 ~ 

Plant leaf 

Inte::r:e.ctic;,-, 

Br:?..·o:c 

c.·r. 1.5 ,~ 

C
.,(' 

J. 

1 

2 

2 

2 

2 

• ' I-

... ·' 
_j'J 

.., ,_ 

1 

2 

2.:-, ., 

291.1775 
10.H:12 

c.1099 

6.724s 

o.6;1 '3 

~ ~r.:_ A .141 
.;_ .) v • t~ ,t 1...,,.; 

79.4516 
1.f'952 

2.4397 
2.0393 

iii 

.... * 

* ,. 

* .,.. . 




