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SU:Mi"".ARY 

Two spring wheats , Haven, a standard comnercial varie ty, and Pitic 62, 

a :Mexican semi dwarf variei;y , were e rown in thG field. at r..ensities 01· 

11.1, 44.4 and lT/.7 plm1ts • :n-
2

. Flant3 were sa'Ilpled from each 

plot a t 5 to 9 day int.ervuls f r.om shortly after emer.gence u ntil maturity 

ar,d the dry we i Ghts of p l 2..YJ. t parts toget he r with relevant morphological 

information were recorded . 'l'he appearance of l eave s and tillers on 

marked plants was a l so r eco r ded in parallel with these samplings . 

P:i_ tic 6? ontyielded Raven at all densities because of higher grain 

m.unbP.rs and despi.t.e lower i;r a in weiehts . 'l'iller numbe r s , which were 

similar for both va:L'iet i es , were r esponsible for mo3t of the yie ld 

·,a:r- i ation wi-i:11 dc,1s i.ty . Infection by barlEy yell ow dwarf virus was a 

factor cc~p~icat ing the interpretation of these results since it appeared 

that Pi tic 62 was mor2 su.sseptible to this di sease t har: Raven . 

'rotal dry iJla.tter production per pl ant or per area was similar in 

each v arit-)ty anci [;rOwth analysis, in which the po lynomi:il r egr ess i on 

techn i qu2 was empl oyed , indicat ed that th i s was also true of growth 

rates . Varietal di fferences in unit photo s;'{nthetic rates (r.et 

assimilation rates) appeared from ear eme r gence om1ards becau2e l eaf 

senescence was more rapid in Pitic 62 and because ear area made a 

l arger cont r itution to to t al photosynthetic are~ in this vari ety . 

Approxi::t.s.tely 55;; of the ear area in Pi tic 62 was due to awns . The 

gr a in to stra\-1 r atio of Pitic 62 was great e r thc:l.J1 t.hat of Raven because 

of heavier ears and' lichter sten~s . These differences were though t 

to a.rise from varietal di ffe rences in t he acti ·vi t,i_r of apical and inter-

ca l a r y meri s t ems . It was concluded t hat furthe r s tudy o f the 

physiologica l reg~lation of g rowth processes would be r equired before 

the di f f<2renc e s in -plant form and growth patt a r ns obs erved in the 

expe r~meni cou ld be more c lo se l y corre l e.ted with grain yie ld. 
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1::-?I'RODUC~'ION 

This study provides some basic information on the t:,rrowth and 

d8velopment of' t;;o wl10at lfaricties under field conditions. 'rhe 

varieties chosen , Raven, a standard commercial variety of Australian 

origin, and Pitic 62, a high-yielding Mexican semidwarf wheat, 

provided a contrast in grain to straw ratio which reflected the 

trenJ. in wheat breeding towards varieties with a.'1 increased 

proportion of grai~ to total dry weight . In field trials in the 

M~::,,..,atu Pi tic 6~ had outyielded Raven and the difference had been 

attributed to increased tillering in the semidwarf variety 

(J. M. Nc1<:u8.n, pers . comm .). However critical information on the 

physiolog:i cal processes underlying the superior yields of sernidwarf 

wheat.::; snc11 as Pi tic 62 under rTew 7.eala.vid 8vndi tions was lacking and 

. there was little published work elsewhere . A preliminary attempt 

to r e ctify this deficiency by examinine the erowth of one semidwarf 

and one standa rd_ v ct.ri e ty was made in this -expe1:im2nt . 



Chapter Or1e REVI..EW 

1.1 THE ANALY~ilS OF GROWrH 

Growth may be definec. in many w?.ys (Bloch, 1961 ; Steward , 1968) 
but no defi::1.ition can be satisfactory under cl.11 circumstances. A 

pr·agmatic approach to this prablem i s tc express t rowth in terms of 

its most acce ss ible attribute, that of mass measured as dry weight. 

In this thesi s t he term e rowth 1,1il), unless otherwise SJ?ecifiecl, 

refer to the increase in t he mass uf 2.I1 organism in time. In 

following sections the study of gro,;th will be discus s ed .first in 

terms of the method of "growth analysis", an approach traditionally 

associa t ed with the plant sciences , and second in terms of the 

quantitative analysis of erowth, an approach which has arisen 

diff usely fro m a wider background . 

1.1. :i. Grov;th iLrialysis 

In the method of grow:h analys i s plant growth is s een primari ly 

as a balance between carbon assimilation and respiration. By Ir.easur-

ing t he amount of pl~, t material and t he size of the supporting photo ­

synthe tic system it is therefor e poss:i.ble to derive quantities whi ch 

indicate the amount , n+ ·2 and efficiency of photo synthesis and thus 

of growth proces ses (Watson, 1968 ; Steward , 1969). The development 

of thi s concept has been r evi ewed by Will i ams (1946), ':latson (1952 1 

1968) , Blackman (1961) and Richards (1969). 

The relationships used in growth analysis are conveniently divided 

into two groups, those typifying the morphogenetic condition of the 

plant and those describing its growth processes ( Evans and Hughes, 

1961). The following notation will be used in definitions of the 

more important of these quantitie s: 

w = total plant dry weight or dry weight per unit area of 

ground; 

Wl = leaf dry weieht ; 

A = total leaf area per plant; 

L :- leaf area per unit area of ground. 

Morphogenetic r e lationships 

i) 'l'he leaf weight ratio (LdR) is the ratio of leaf dry weight to 

total dry wei6-ht. 



ii) The leaf area ratio (LAR) is the ratio of leaf to total weight. 

LAR = A ,, 
"' 

Ottier niorphoeenetic relationships are defined by Evans and Hughes 

(1961). 

Growth process relationships 

i) r11he growth rate (GR ) of a plant at any instant of tirr:e is the 

increase in dry 1,eight per unit time. 

GR dW 
dt 

A similar definition is used for the crop growth rate (C) 

introduced by 1(/atson ( 19)8). 

ii) The r e l at ive gr owth rate (H) of a plant at any instant of time 

is the increase in dry wei ght per unit wei ght present per ur.i t 

time . 

iii) 

R = 1 
w 

dH = 
dt 

d(log w) 
e 

dt 

Similar quantities may be calculated for other plant parts, 

including the relative r a te of leaf area increase . 

'1'he unit leaf rat2 ~E) of a plant at any instant of time i s 

increase in weight per unit leaf (or ass imilatory) area per 

time . 

B 1 • dH 
A dt 

the 

unit 

This q_uantity is a l so called the net assimilation rate follo ',ring 

Gregory (1926 ) but the older term, unit l eaf rate (West , Bri ggs 

and Kidd , 1920 ),is preferable since confusion with "net 

assimi l ation" is avoided . Similar quantities have also beer,. 

calculated on bases such as leaf weig.'I r. , leaf protein ni troc;en 

(Williams , 1946) or total chlorophyll (3unt and Cooper , 1967). 

'l'i1t;:i:'e aru interrelationships between and within the morpho-

genetic and growth process relationships. Some of these are Biven by 

Blackman, Black and Kemp (1955) , h'vans and Hughes (1961, 1962), 

Whitehc~a and :tv1".yerscough (1962) and Jackson ( 1963) , while Emecz (1962) 

has proposed an alternative system of relationships. 

important relations 

R = E LAR 

GR= E A 

'l'he two most 

3 



\:ere first given by West et al. ( 1920) although the second generally 

appears in the fom 

C = E . L 

~'he sepa-rati0n oJ the biologically important but complex parameter , R , 

into components E and LAH has been long used as a means of partial 

djscrimination between the internal and external groups of factors 

affecting growth . The early expectation that E would be substantially 

independent of internal factors and reflect changes in the exte~nal 

environment (Briggs , Kidd and Wes t, 1920 ; Gregory, 1926: Heath and 

Gregory , 1938 ) was shown -by Williams (1946) and Watson (1;)47) to be 

unfounded . Continued. research on the variation in E has shown its 

uependence on the degree of self-shading in the plant or canopy 

( Wat son , 1958; Williams , Loomis and Lepley, 1965; Buttery, 1970 ), on 

age (Thorne , 1960, 1961) and upon sink size (l'Ulthorpe, 1963; 'rho me 

and 1'vans, 1964; Hoorby, l970). }urther analyses such as those of 

\iatson and H2.yashi (1965) and \fatso~1 et al. ( 1966) on the magnitude 

of the photosynthetic and resp iratory components of E indicate tha t 

this is not a quantity l ending itself to simple interpretation. 

Similarly the lea.f area ratio , once thoueht to depend mainly on 

internal facto:::-s, has been shown to be affected in a complex manner 

by both internal and external factors ( ~vans and Hughes , 1961). 

'l'he l eaf area inuex, L, which appears in _p l ace of LAR in the alterna­

tive form of growth analysis based on crop r;rowth rate is likewise 

a complicated parameter (\·latson , 1956). In spi tc of such di ff iculties 

these r e l at i onships remain the key equations of erowth analysis since 

they permit the study of growth in terms of components r eflect ing the 

capacity (1AR, L) and efficiency (E) of the process, a virtue first 

stressed by Gregory (1926) and since exploited by many others . 

'rhe formul ae and relationships given above state the instantaneous 

values of the quantities in question. In practise.it is i mpossio le or 

difficult to record change s in \·/ and A continuously so that mean values 

for ~hP. gr:n•rth analysis parameters must be calculated from samples 

taken from the populations under study at intervals through the period 

of the experiment. To derive formulae giving these means,the 

instantans0us values must be integrated over the period between samplings, 

a process which in all cases requires assumptions about relationships 

between W, A and time. Radford (1967) give~ deriva~ions of and 

discusses the assumptions which underlie the traditional equations for 

the means of quan~itics used in growth analysis. Once appropriate 

formula8 for means have been obtained the remaining problem of 

4 



traditional growth analysis is the calculation of the values from 

experimental data. Methods used to calculate means and variances are 

considered by Cornish (1936), Goodall. (1945), McIntyre and \'iilliams 

(1949) ar.d 1'vans and Hughes (1961). 

These classical methods of 6--rowth analysis contrast with a more 

recent approach in which use is made 0f regression techniques. to obtain 

the growth analysis quantities. 'l'hi. s a1Jproach has been used in 

relat ed studies for a number of years (Hammond and Kirkham 1, 1949; 

Glenday , 1955; Kheiralla and Whittington, 1962; Rees and Chapas 1 1963) 

5 

but only more recently has :::..t been used directly for growth analysj_s 

(Ve:::-non and Allison, 1963; Mil thorpe, 1963; Willia..'1ls, 1964; Viu.re:noto, Hesketh, 

El-Sharkawy , 1965; Buttery , 1969; Laine;, 1969; Moor by, 1970; Goldsworthy, 

1970). 'l'he method consists of fitting po lynomials or other curves to 

c'lry weight and leaf c1.rea ct.ata and using derived curves for growth 

analysi s . For 

then 

and 

example lf 

w = f(t) 

A = p(t) 

GR = d1.v = 
dt 

B 1. dW - --
A dt 

R = 1 . dW 
W dt 

f' ( t), 

~ 1TtT-
'l'his technique is described by Vernon and All i son (1963), Hughes an:'l. 

Freeman (1967) and Radford (1967). 'l'he method is relatively free from 

the assumptions associated with the traditional approach (Radford , 1967) 

and is more accurate and less laborious. Disadvantages have not been 

stressed in the literature al though the analysis of \-Jilli ams ( 1964) 

demonstrates some of the difficulties . 

1.1.2 The Quantitative Analysis of Growth 

When an attribute of growth is plotted against time the growth 

curve 1·0:i.."!Ilc: d is characteristically sigmoid. Such curves lend them-

selves to mathematical description, and, by their very ubiquity, are 

suggestive of some deeper significance. For this reason there have 

been a~Le~pts over the years to develop a quantitative analysis of growth 

with the hope t hat the mathematical description of the process will 

provide clues to its nature (e.g. Reed, 192C; Laird, ryler and Barton~ 

196:j). The fact that the complex processes of growth can be 

adeQuately described with a comparatively simple equation cc:.nnot, 



however, constitute proof -t hat the functioa in question r epresents a 

physiolo5i. cally me,mineful generalization about growth , for , as Gray 

(1929 ) and. others (Kavanagh and Richards, 1934 ; Thompson, 1942; 

Berta1.anffy, 1960 ) have pointed out , the fit of a n equation to observe d 

points is determined mainl.)' by the number of constants and the fl exi-

b j li ty of the functi on used • 

.An alternative approach to the quantitative anal ysj_s of E,Towth 

which has been more widely followe d is based on the derivation of a law 

of growth from axioms . '11he gru\{th functions in Table l ~ave a l_l, at 

one time or another , been deduced, nsine physiolo gical argumen ts , and 

advanced as more or le ss comprehens ive laws of growth ( J31ackm&r, 1919; 

Glaser, 1938 ; Robertson , 1923; Bertalanffy, 1960; Medawar , 1940, 

re spect ively ); these and othe::::- s are reviewed by Proda..11 (1968) , Steward 

( 1968 ) and Richards ( 1969) . 'l'here have also been independen t b,_._t 

conceptua lly sinUar attempts to dr~ri ve models of growth from diJ'fere:it 

startinG points ( Weiss cllld Ka'1anau , 1957; Collot , 1960; Monsi, 1968; 

Richards, 1969) . '.foe diL'.'icul ties of the o.xiornatic-declucti ve a :pproach 

to the quantitative unalysis of growth are considered by Nedawar (1945) 

and Steward ( 1~6o ), vrl-L~le less pessir:ri.stic views are put f o:r.".mrd by 

Bertal a..11ffy ( 1960 ) and Hi cha:rds ( 1969) . 

'1'a1ile 1 8orru:ion Gro·.,;th li\mctions. 

Function S;y-nonyr.:s or relaltcd (*) fu..'1ctions Bouat ion -
Exponential Compound interes t law w be 

kt 
= 

'rime -power Parabola \{ bt 
k 

-

Logistic Autocatalytic, Verhulst-Pearl J aw , w = a 

generalized loeist ic * hyr)erbolic 1 te 
--kt 

I ' + 

tane;ent * 
Nei;<>tive Decaying exponential, monomolecular , 

exponential dimini shi ng r eturns , (Putter-) w = a(l - be-kt) 

Bertalanffy * Nit s cherlich * ' 
- he 

-kt 

* w = ae I GompP.,., tz Spillman 

_J 

6 



A further ar:,pr.oach to the analysis of growth is one in "'hich an 

accurate empirical description of the growth of an organism is sought 

without the fonr1 of the function used for this purpose being ree;ard.ed 

as of any particular physiolot'_','ical irr,portance. For thi2 r,urpose the 

most comr:only used functions are those of 'l'able 1 or polynomial r e[;ressions . 

Richn.r.ds ( 1969) has reviewed the apl-'lication of these equaticns to plant 

g-rowth. 'l'he same auttor (Ricllards 1 1959, 1969) has shown that the 

three as_ymptotic equations, the logistic, the negat ive exponentj_al, 

and the Gompertz ca..-ri be deri \.ed as special or limi tine cases of a 

generalized four parameter logi:::,t ic and Nelder (1961) presents an 

iterative least-squares method for fittinr, this function. Since these 

and other equations have two or mo.re eopirica.l cc,nstants they give a 

flexible description of most observed data, granted the restricted 

application of the exponential and tirr.e-power functions to non-as}'mptotic 

cases. \·/here extended asymptotes occur an ordinary polynomial is 

inadequate but inverse polyno1r.ials (Nelder, 1966) may be used . 'I'.he 

e1:1pirical description of growth has also been atte• pted using a 

combination of several functions, u.sually exponentials (Hammond and 

Kirkham, 1949; Hansen and McGregor, 1954; Williams, 1964). 

'l'he empirical approach has value in that it summarizes explicj_ tly 

information which may be otherwise hidden in raw data. Such curves 

also provide accurate est imates for t,Towth rates in place of geor.1etric 

and nwnerical approximRtions, a. use w:iich has been nentioned already 

in relation to groHth analysis. Descriptiv8 curves are in addition 

useful in directing attention to the reasons underlying the form of 

a growth curve C,hll j a.ms, 1964) and in the comparison of treatment 

effects ( 8prent, 1967; Mead, 1910). However in all these cases, as 

a number of authors have stressed ( ·rhompsor. , 194 2 ; ;,feiss and Kavanau , 

195'/; Bertalanffy, 1960; Putter, Yaron and. Eielorai, 1966; Steward , 

1968),the use and interpretation of empi rical curves must be tempered 

by a consideration of the underlying biological realities . 

7 



1. 2 THE GRO\•ITH 01<, 1,/HEA'f 

In this part of the review phys ioloeical aspects of grain yiPld in 

wheat, the gr owth of the whE a t plan t i!l relation to yie ld, and current 

knowleuge on t he a gr onomy .::.nd physiology of the short stature dwarf and 

semidwarf whe&ts are djscussed. 

1. 2 .1 Ph.ys io lo8ica l Aspe c t s of Gr a:i.n l"illinr;; in Wheat 

There i s an exten s :i.Ye litera ture on the phys iology of erain filling 

in c ereals a nd, particula rly, in wheat and barley. Early in the pre s ent 

cen tury the :1.ccepted view on this sub j ect was tha t reserves accumulate d 

dur i n g vegetativ'" F'--rowth const:i. tut e d the principa l sour ce of carbon in 

the grain ( Br enchley c>..nd Hall , 1909 ; Brenchley, 1912) . 'I'his idea found 

expr ession i n t he "mi g r at ion index", the r a tio of grain to total shoot 

wei ght, whi ch suppo sedly i n dica te d t he efficiency of gr a in filling 

( Enel edow an d \./adha.ll , 192::.; -24). The s ame index , strip ped of" ph;y -Jio-

log ica l signi f icance, clB:'ren t ly appear s a s the "h '3.rvest index" (Don2,ld, 

'l'he t wo line s of r esearch wh i c h l ed to a recons i der a tion of 

thi s concept have te en r evi e wed by Ar chbold (1945). First, shading 

P.nd de foliati on ex periments in whea t ( Boon s tra , 1929, 1931; Smith , 1933 ) 

antl ba rley ( i.-lat son and No r man, 1939 ) demonstrate d that a proportion of 

the grain we i J h t was de rived fro m photo synthes is in t:-.c ear and o ther 

plant par ts , thus confi r • i n 6 much older experi rr.ents by Dehera in and 

Dupon t (1901 se e Archbold and HukErj ee , 1942 ). Second, deta iled 

examination of chanc;t:Js in dry wei cht and ch emi cal composition i n barl ey 

( Archbold and JV:uke nj ee, 1942 ; Archbo l d , 1942) sho wed tha t any res e rves 

from vegeta tive grovrth were in the nature of surpluses and t oo small 

to be of ma jor i mportance in grain filling . 

Current views on gra in format i on ( Thorne, 1966, 1969; Langer , 1967) 

hav e developed direetly from this point . There is much experimental 

evidence to sho·,: tnat mos t. of the carbohydrate in the wheat grain is 

formed frcm CO
2 

a :::; similat e d after ea.~ emergence (Asana and Nani , 1950; 

Thorne, 1965; Stoy, 1965 ; Birecka and JJakic-Wlodkowska, 1966; Rawson 

and 1'..vans, 1970) while the contribution of reserves is minor ( Wardlaw 

and Porter , 1967; Ra wson and Hofstra, 1969). All parts of the plant 

which are photosynthetically active ;::fter anthesis , lower leaves, the · 

fla,g leaf, leaf sheaths, peduncle and the spj ke itself, contribute to 

5--rain formci.tion. In the ear the outer steriJ e g lume s , the flower.ing 

g lwnes, the awns , the Gra in and the r a chis are ca pable of photosynthesis 

( Carr and Wa r dl aw, 1965). Ear photosynthesis involves the assimila tion 

of atmospheric CO
2 

and re-fixation of CO
2 

respire d ty the ear (Kricdema nn , 
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1966). Grain respiration accounts for some two-thirds of the total ear 

respirat ion (Carr and Wardlaw, 1965) and the grains themselves reassimi-

late most of their respired CO
2 

( r::vans ~.nd Rawson, 1970 ). In the intact 

ear photosynthesis by the rachis and rachillae ~ust preswr.ably serve a 

similar function. 'rhc cont~·i but:i.on of e.<tr photcsynthe~is to g rain yield 

is substantial, particularly in m.'l1ed wheats ( :E.'vans and Rawson , 1970) 

a.YJ.d may reach as hiGh [1.s 50-;~ of the total r equirements for grain filling 

(Carr and Wardlaw , 1965). 

'l'he ether major sources of assimiln:'ces for grain forrr.a tion are the 

photosynthetic parts above the flag l eaf node which include the fla,g 

l ea-:.· l& .. mina , the f:t."lg leaf sheath and the 8Xposed part of the peduncle 

( Asana and Hani , J 9'.)0; Quinlan and Sagar, 1965; Voldeng and Simpson , 1967), 

Among these orgc1n::; the flag leaf is the n:ost important contributor to 

grai!l fillir..g havinc a net photosynthetic rate apprnximately twice that 

of the stem a11d l8af sheaths in bo+.h barley ( 'l'horne, lSJ '.)9 ) ar,d wheat 

(Bvans and Rawson, 1970). In wheat the role of assimilates from leaves 

belOvi the flag l eaf node in 5Tain filling is small although photosynthesis 

in these parts may be of indirect importance to the pro cess ( ~~uinlan and 

3agar, 1962; Lupton, 1966 ). By way of munmary the approxirr:a.tc contri-

butions of the ear and other parts to grain forrnatio r- 11resent 0.,i b,r 

'l'horne ( lSJ69) are Given in 'l'able 2 (F1N' = 1'12.c; l eaf node ). 'l'lwse 

fi eures can be ta~-:en as n o more than a rou6·h e,Llide since the actual 

contri.bu"Lions vary with variety , experimental method and environnent 

('l'horne, 1966; Lancer , 1967; Puckridge , 1969),anc. , in th e Heht of work 

9 

by Carr and Wardlaw (1 965 ) and Evans and H.a1.;son (1970 ) they appear to un de:..·­

rate the i mportance of ear pr.o tosynthesis. 

Estimates of % of Final Grain Weight from 

Various Sources (Thorne , 1963). 

rxl, 
1 · 

Ear gross photosyntr.c3is 24 
Ear respiration by day - 28 

E'lr respiration by night - 11 

Sar net photosynthesis - 15 
Assimilates from above FLN 100 

Assimilates from below FLN 15 



'rhe economic importance of g.cain filling has also stia1ulated much 

research on the tra.nslocation and distribution of assimilates within the 

plant ( Wal'dlaw, l :;;168; Mil tho r pc .?..nd .Moor by, 1969). '.Phfa work has 

sho,m t hat trans l oca.t.ion fro m the glumes ( Lupton , 1966 ) and the flag 

leaf ( lu.ttrose and May , 1959; Lupton, 1968) is l argely towarcls the grain, 

a l though the ped.lL"lcle may act as a temporary sink at ar.thesis and f or 

some days after ( Carr and Wardlaw , 1965; Birecka, 1960 ; Wa:rdlaw , 1970 ). 

Some of the assimilate stored in the peduncle :r,,ay subsequently be 

retra.nslo cated to the ear ( \·/a:r:dlaw and Porter , 1967; Rawson and Hofstra , 

19 69). In the same period there may lie downwards translocati-:m from 

lower l eav8s to roots ( Wardlaw , 1965 ) and tillers (Rawson and. Hofstra, 

1969 ). The compl exity of assimilate distribution with in the pl ant 

during the grain filling period is further shovm by the work of Rawson 

and h'vans ( 1970) and Walpole and Morgan ( 1970) on the pat tern of t_,>-rai r, 

growth within the ear, and that of :F>1t trose and May ( 1959 ) demonst:ratj_ne 

ch2.nges in ass imilate uptake which r eflect the synthetic acti vity of 

ct.if ferent regions within t},e caryopsis itself . 

'l'he n:ajor question yet to be answered is that concerning the nature 

of limitations to grain yield. Here there are three main fOss i bili t:i_es: 

i) i nadequacy of a~si~i late supply ; 

ii) i nability of the developing grains , the "sink", to utilize avail2ble 

assimilates; 

iii) inefficiencies in translocation be tween sourc.:e and sink . 

Limitations in grain y ield due to inadequate photosynthes i s have 

been sugges ted by :::itoy (1966) and , in the lat e r stages of o-ain fiJ.ling, 

by Walpole and Morgan ( 1970 ). On the other hand :Rans and Hawson (1970) 

have shown photosynthesis i s adequate for grain filling in a range of 

varieties, while the work of bvans and Duns-:;:me (1970), which sho,,s t hat 

photosynthetic r a te ~ per unit leaf area are inver sely related to fT8 in 

yield in line s r epresenting the evolutionary development of modern wheats , 

does not s ~pport the idea that ass imilates limit yield, especially since 

increases in leaf size are accompanied by a proportionate increase in 

grain size in these lines. 

The experimental evidence for and against a sink l imi tation is also 

conflicting . In wheat ( King , Wardlaw a..YJ.d ~:vans , 1967) and other species 

( Neal es and Inccll, 1968) the rate of photo synthesis in le:wes can be 

reduced by lowe r ed. sink capacity; increases in the rate of photosynthesis 

in the .Llag leaf during grain f;_lling have al s o been sho;m in some cas es 
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( Birecka and Dakic-vn.od.kowska , 1966; Rawson and Hofstra , 1969; 1vans 

and nawson, 1970). Howew:r Lupton ( 1968) and Birecka , Jzczypa and 

Kozlow~ku (1969) work.i.ne; on plants with ears removed were not able to show 

limitations to 1Jhotosynthetic rates of the flag leaf . Nevertheless 

t here is rnud1 evidence that sink size does affect the translocation of 

9.ssiinilates in a ret,7.tlatory role (Thorne, 1966 i Langer, 1967; Ward law 

1968) ar1d may in this way constitute a limitation to grain yield . 

Translocation may also limit grain yie l d . Doodson, rrarmers and 

Hyers (1964 ) and l,;ilthorpe and Moorby (1969) consider that there is 

little rest:riction on the rnover11ent of assimilates , this being controllE:d 

uy sinks and sources , while \!ardlaw (1965 ) gives some evidence t~1at the 

movement of assimj_lates between the flag leaf and ear is controlled by 

the vascular anatomy at the flag leaf node. Evans et al. (1970 ) 

raise the further possibility that the cross-sectional area of phloem 

avai]3.ble fo;- translocation may be iimiting in modern wheat varietie3. 

There is a l sc evidence of a :x-ylern discontinuity which restricts flow of 

material from the xylem in the rachilla to that in the pericarp (Zee and 

O'Brien, 1970) althcu~h the physiological significance of this is unknow~. 

'J}he central problem in deciding which physiological factors me.y limit 

yield is one of complex~_:y . In a nu.'ilbe r of investigations mentioned 

above apparent limitations were not closely related to yield while in 

others the limiting factors, if any, were obscure. b'vans ( 1970) h3:_s 

su[;-gested that one source of this difficulty is a bufferint; effect du.e to 

raobilization of reserves or to compensatory changes in the rate of photo-

synthesis in various part s . In a general discussion of the problem 

Good (1969) criticizes over-simplification of the "source-sink" concept, 

pointing out that the sink for assimilates is a complex system represent­

ing the whole catabolism of the plant so that simple experimental 

manipulations are unlikely to yield conclusive answers. 'rhis fact 

aypears sometimes to have been overlooked in experiments in which 

limi tat.; o:u to yield are investigated. 

1.2.2 The Growth of the W-ncat Plant in Relation to Yield. 

'rhe ercwth of the cereal plant is determined by the activity cf 

the apical meristems of the shoot and roots, the lateral meristems of 

leaves , till ers , nodal roots, and the spike, and the .intercalary 

meristems of leaf sheaths and stem internodes (Bunting and Drennan , 

1966 ). 'rhe growth of grain , while affected by many modifying 

factors, remains primarily an e~pression of the activity of these 

meristems. In the following section aspects of the relation of yield 

to the growth and development of the wheat plant will be considered. 
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As a consequence of tne processes of gr[:.in filling described in 

the preceding section there has arisen the view that t,Tain yield 

dE:pends primarily on the grovtth and development of the · plant in the 

pE:riod aftE:r ear EmerG8nce with prior growth of importanc e only in so 

far as it affects the size of photosynthetic surfaces available dur-ing 

crain fillj_ng and the numbe r and potential size of the ke-rnels them-

selves (Thorne, 1966, 1969 ). Support for this view ccmes J.argely 

from growth a.rialysis experiments involving varietal comparisons . In 

wheat \lat son , Thorne and Frerich ( 1963) showea that varietal differences 

i.n the unit leaf rate, prior to ear eme r gen8e 1 ·..:ere associated with 

compensatory chanees in leaf an:a index, so that differences in dry 

matter prociuction were small. ln other expe:r.ime11tr no 2.ssociation 

between grain yield and unit leaf rate in the vegetative phase within 

12 

a range of varieties has been found ( Quinlan and Sagar, 1965; Cannell, 1967; 

Luyiton, Al i and Subrarnaniam , 19h7) On the othet' hand the duration of 

p11otosynthetic area after ear emereence , and pa.rtic:...h1.rly of a yea ahove 

the flag- leaf node ( \-./e lbank, French and Witts , 1965), has been shown to 

be closely r elated to yield ( Watson et a l., 1963; 'l'horne , Ford and 

Watson , 1967) while leaf area duru.tion prior to heading is not (Thorne , 

19G6). 'l'he aiiparent efficiency of the photcsynthetic area after ear 

energence can be measured by the 15rain leaf ratio, G, which i s the 

ratio of grain yield to le a f area dur a tion (: ~tson et al ., 1963). 

Examination o:~ this r atio in varieta l comparisons has shown some 

differences ( 1:/atson tt o.l,, 1963) but in general the close dependence or 

&rain yield upon duration of photosynthetic structures has heen confirmed. 

A closer examinat i on of the relationship be tween plant gro·,1th and 

grain yield reveals however that the importance of the later stages of 

5Towth may be overemphasized. Davidson (1965 ) has shown that leaf 

r emoval at ear emergence has no si£,-n ifica.nt effect on grain yield (cf . 

Stoy, 1965) but leaf are:i contro 1 prior to this decreased &rain yield 

substantially by reducing spikelet number and grain weight. Similar 

effects have been noted by Lucas and Asano. (1568 ) and Puckridge (l~u'JJ, 

while 'rhorne, Ford and Watson (1968) have shown that differences in 

grain yield can be related to t he effect of early environmental 

conditions upon grain number. 

Further f""idence fer the importance of the early stages of growth 

in determining yield comes from work in which the r e l ation of grain 

yield to plant density has been studied. In wheat and most cerealB 

grain yield exhibits a broad maximum over a range of plant densities 



with a tendency for a decrease in the ratio of GTain dry matter to total 

dry matter as density increases (Holliday, 1960; funald, 1963 ; Kirby, 

The stability of yields over this range of densities n;ay be 

analysed further in terms of the .vield components, the munoe rs of plants 

per unit area, of tillers per plant, of spikel2ts per ear , of grai_ns 

per spikelet and the weight per grain. 'These, and parti.cularly the 

latter four, s ince 11la.nt rr,o rtaJ.i ty af ter establishnwnt is g<:nerally 

low (Puckridee ar,d ilinald, 196 7), are major yield controlling factors 

reflecting the determination of e;r ain yield durine the GTowt h a..-rid 

development of the plant. 

'11he number of tillers per pla.::i.t and tiller fertility va,ry markf:,dly 

with p lant density (e. g . Kirby , l'.)6'{) and are related to light inter­

ception, crop growth, a..'1d thus yield (Puc!:ri:l.ee and Do::.i.ald, 1967). 

In Hheat, and also in barley, tiller- number increases early in 6rrowth , 

peaks , and the n declines to a relati.vel;v stable plateau 0ri.cr to ear 

em8rgence (Thorne, 1962; Watson et al. , 1963; QLl.inlan and Sagar , 1965; 

Laude, Hidley and ;)UJle s on, 1967; Bremner, 1969, C.:2.:L"lell , 1969). This 

trend is r e lated to the death of late tillers (Thorne, 1962 ; Cannell, 

1969) which depends on interrnil competit ion (Aspinall, 1961 ) and 

apical effects (Friend, 1966). 'i'he effect of late unproductive 

tillers on ear-bearing shoot s a ppears to be minor and they may in fact 

contribute to the [,rrowth of fertil e shcots (Bremner , 1969; Lupton and 

Pin thus , 1969 ; Raws'.:'n and Donald , 196~). Since the upper lir1i t of 

tillers on a shoot is determined at spikelet initiat ion and tiller 

survival largely prior to ear emergence it is &pparent that tiller 

number per plant depends mainly on the early stages of e;rowth . 

Two othe r yield components, the number of spikelets per ear and 

number of grains per spike l et s are slso determined in the period up to 

and including anthesis . Spikekt number depends largely on the 

duration of primordium production (Rawson , 1970; Kirby and :?aris, 1970) 

and this can be affected by a number of environmental factors (Fr:ienJ, 

1966; Langer, 1967) and also by correla.tions within the apex which may 

be partly related to internal competition for nutrients ( 'v/illiams , 

1966b ; Kirby and Faris, 1970; Rawson, 1970). Floret number, which 

later sets an upper limit to grain nwnber per spikelet, is determined 

after spikelc t number o.nd the contiY)l of thi s will presumably depend 

upcn similar factors to those affecting spikelet number. ?loret 

fertility is a further determinant of grain yield and therP is evid.ence 

t hat this may be fixed early in the growth of the ear by the effec-:s 
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f . t 1 .L • t . t l l th ( '[ ' 11 . 1966 o 1.n erna comp8vl. ,1.on on s ar,1en a.na. carpe grow _ , vl. ~iams , a, 

196Gb). Wbile failure to set seed at a.nthesis _;_ue to lack of 

pollination is said to lie r arely important in cl':'reals such as wheat 

( Heslop-Harrison, 1969) it is e.pparcnt that 2 number o;.' florets, 

particularly those in dis ta l IJOSi tions, do not set seed e ven tlwugh 

fertile ( Walpole c1.nd >1orcan , 19'/'J). •rni s rnay reflect th12 earl i er 

reculation observed by Williams ( loc. cit.) or a co11,petitive disadva ntage 

of later f1oweriilg florets (Rawson and Evans, 1970). 

'l'hus , of the yield con:ponents, all hut one , the weieht of tl:e grains 

( Section 1. 2 .1), are cietermined in the period of e>:rowth up to anthesis. 

G:re,,1th in ttis p--~:~iod is therE:fore of direct consequence to grain yield 

since it sets the potential which can be realized in the period after 

flowering. 

Grain ;yi A1d also depfrnds upon root growth. Aspects of the ~rowth 

of roots in c ,:, r eals he.ve been reviewed by BrOU\.J(ff (1966) and Hackett 

(1969) . In whe at. and carJ.ey , as in mos t 8rasses, the proportion of 

root weight to shoo t wei,:;ht i s initially high ( Eray , 1963) but declir..es 

j11 time ( Willia.r;is , 1960; i</e lbank and \iill ia.rns, 1968). NeverthelF.!3 S 

root s are still active until l ate in the cro',{th of the p l ant as evidenc ed 

by thei:i:- appa:!'.'ent s ink activity well after ant ho sis l ',fl.rcilm. , 1965) . 

'i'he size , distributicn and activ ity of the root system affects grain 

yield ( loatwright and Fergusson , 1967 ; Hurd , 1968 ) aYJ.d these factors 

in tur n depend on as1)ects of shoot crowth such a:; till ering ( Pint.hus , 

CorrelD.t ion s between root and shoot cro·.-1th ( Pope , 1932 , 

Williams , 1960 ; Brouwer , 1966 ) serve as a furth Gr remin '.'l.er t hat above -­

ground gro,:th leading to erain yield is inseparably linked to that 

below ground . 

1.2 ,,3 S~1ort Stature \1/heats 

The most important a2;ricultural advanc e .for many de cades , the so •­

callecl "gree:n r2volution 11 of the six:ie::i , ha::; hinged on the exploitatioY"l 

of t he superj_or yielding abi l ity of. thE. new short stature variP.ties o f 

a.11 t he major e,:ain crops . In wheat the new vari eti es were devel oped 

in t he Unite d States and at the Rock" '-'"'l1a r F'oU11dation in 1"'.exico, u sing 

the dwarfing genes found in Japane se strains (Voge l et al ., 1956; 

Borlaug , 1965 ; Reitz and Sal mon, 1968 ). 'l'hese have proved phenomenon-

ally successful in m2ny countries (Bo~laug, 1')65, l'.:,61:3; Swaminathan, 1968 ; 

Reitz , 197c) . 
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'l'he a.g:::-onomic advantages of the dwarf and semidwarf wheats over 

standard hei~ht varieties are attributed to a number of factors . 

1. Resistance to lodging, permitting heavier application of water .:md 

fertilizer ( Wood.ward, 1966; Syme , 196'(; Porte r et al., 1964 ) and 

contributinc to the greater responsiveness to fertilizers ( Beech 

ari.d 1:forr:-ian , 1968 ). 

2. Day length insensitivity (Reitz and Salmon , 1968) lP-ading t o 

earlier flow ering and a longe r duration of o-cun growth ( Syme , 1967); 
N:1 

absence of a vernalization requirer.:ent (Pu~sley , 1964) contributi:.-'lg 

to earliness . ') 

3. Large ear and high ear : straw ratic a llowir..c 11 ,ore !)ho to synthesis 

and grain s e t ( Syme , 1967). 

here (Voge l et al., 1963 ). 

Avm.ecL'1G,3s i3 &.n important character 

4. :{esistance to disease, particu:!.urly rusts (13orlaue, 196">). 

'l'he major disadvantaGe of the ~:hort stature '"heats appea.rs to be 

poor seedling emer0ence (Pugsley, 1964; Shama , 1968) , which is related 

to their shorter coleoptilc s aYJ.d less rapid coleoptile elongation 

( burleigh , Allan and Vogel, 1965). Dii'ferAnces in J:.,hysiolog:y such as 

this, and also in phenoloE,Y, have , in India at least : der:;anded altered 

far:nin t; practices for these varieties ( Sharma , 1968; Swar.iinathan , 1960). 

'l'he phys,;,01oi ical fe atur.t,s characteri.s tic of short stature whe a ts 

do n'.)t appear to have been extensivel,\r investigated. Dwarf and semidwarf 

varieties do noL .ce~.1:-,ond to t,"i berellic acid (Allan , Vogel and Craddock , 

19'.)9; Radley , 1970 ) and their response to C.::.JC is nee;ative ( Apple by, 

Kronstad and Rohde , 1966 ). The r edu ced stem :!.eng- th which i s the 

~haracteristic featu:::-e of dwarf a.YJ.d semidwarf varieties is due main ly 

to shorter peduncles and upper internodcs (John:::on, 1954; r-~c:N'eal,Ber g 

and Kages , lS,t10) and not to fewer inte:::-:nodes ( '1';1orne, Welbar.Jc and 

Blackwood , 196? ), Work on the genetics of tbe short stature charac ter 

has been r evie,:ect by Powell and Schlehuuer (1967). 

Wo r k at Rothamsted ( 'l'horne et al ., 1969) shows semi dwarf varieti£s 

have a greater appare~t grain production efficiency, as measured by the 

grain leaf ratio for area above flag leaf node , than standard variet:.cs . 

This was attributed in part at least to greater ear photosynthesis . 

Evans and Raw_,0n (1970) have demonstrated that ear photosynthesis in 

aymed short stature varieties can be highe r than in non-a,med standard 

varieties . 'l'here is also eviJ.ence (Sharma , 1968; Subbiah et al., 2.968) 
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that the shorter stature wheats have a moce extensive and Letter 

distributed root syste;n thaJ1 some norual va:cieties. High tillering 

cap&ci ty has been cited as arwt11Pr yield advantage of the semi dwarf 

wheats (Vogel et al. 1 l963; Woodward, 1966; Sharma, 1968) but there is 

ev i dence tha.t it may be unimportant (Syme , 1967; 'l'horne et al. , 1969). 

It is a1iparent that for t.his, and other c haracteristi c:s , envi:rxrnment 

,md variety mus t play a laree part in det ermining which factors contribute 

to t:1e yield advantage of the d,..,-arf wheats . B2ech and Norn1Bn ( 1968) 

note, for example, that within the semi dwarf wheats the;)' studied, 

different patterns cf development cave equally high yield~ , vrheree.s 

Vogel et al., ( 196 3), in another environment, fot:.nd tha. t ar1y selections 

differing distinctly from a certc1.in pattern gave much lower yields. 
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