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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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Chapter Two MErHODS 

2 .1 Il'iTRODU...,'TION" 

1rhe experimental area was situated in the Agronomy ilepartment 

demonstration plots on the Massey Univers ity Caripus, Palmerston 

Nor-f:.h. This area had previously been in mixed pasture spe8ies 

under grazing for six years. 'i'he soil is a silt loam of the Ohakea 

series (J. A. Pollok , pers. comm.). 

After norn;al seed-bed preparation, including the application of 

3<Y/o pota.ssic superphosphate at a rate of 3 cwt/&..cr1:; (see Appendix 1), 

the area was hc1nd raked and laid cut in seven blocks with p:!.'Ovi s ion 

for plots of tte two variP-ties , ~aven and Pitj_c 62, at three popula­

tion densities within each block. The plant densities , 177.77, 
44.44 and 11.11 plants . m-

2
, corresponded to ~ctween-plant spacings 

cf 7.j, 15 and 30 cm on a square grid. 'i'hc l.ayout was suc.h tl''.lt 

within each plot there was provision for at least 20 sample plants 

fully protected by guard rows; layout details a::.' e shown in 

Appendix 2. 

'i'he seeds for the experiment were supplied by Dr. J. M. McEHan 

of the Crop Research Division , D.S.I.R. 'l'he experiment was sown by 

hand, using strinc:; gri c1s to ensure correct positioning of seeds , on 

30.9.Gs, 1.10. 68 and 2.10.68. 

taken as day 1 of the experiment. 

The first of these dates has be en 

Emergence occurred from day 9 onwards and establishment: counts , 

shown in Appendix 5, were made on day 26. In this initial period 

plants were thinned to one per position where necessary . 'l'he first 

sampling was made on day 28 with the others following , at intervals 

of '.) to 9 da~r~ (Appendix 1), until day 1'15 when the last sa1:1p ling of 

low population plants was made . 

Over the course of the experimer..t weed control. was maintained l'Y 

hand cultivation and spraying with herbicides. The plots were also 

sprayed to control aphids. Details of these treatments appear in 

Appendix 1 . Birds were the most serious environmental hazard du~:in,'.; 

the experiment and sample plants were protected with plastic ( ' Netlon') 

and wire net ·~::.ng from r:,id-December onwards . 

The climati c conditions over the experimental period were 

favourable and rainfall and insolation are summarized in Appendix 3. 



Spray irriga tion was applied (0. 40 acre-inches) after a Qry spell in 

December but heavy rain fell immediately after t~~is and no further 

irrigating was done during the experiment . 

2. 2 EXP.r·JUI.;:EN'l' AL ME'l'HODS 

2.2.1 Sampling Pro cc ·Jures 

At each sampline- one p l ant from those previous ly provided for 

measurement was taken a. t random from each plot in eo.ch r eplicate. 

At s-9.mplings pla.rits were cut off at e round l eve l and stored in plastic 

bag s in a r s fri gera.tor until dis sect e d and measured. Ha rvests were 

usu c>,lly made earl~r in the morning of the day of sarnpling· . 

The measureaents made on plants at each sampling are smnmarized 

in Fi gure 1. 'l'he procedure a t a sampling Has to separat e the plant 

i nto t :i. ll e r s and re:::0rd the data for individual tillers ; hmrever , 

all dry weights were r e corci.ed on a whole plant ba s is. 'l'o estimate 

leaf area at samplings 1 and 2 the leng th and breadth at the mid-

point of all l eaves were measured. In later sa.,np lin0 s an air flow 

planimet er was used to measure tota l lea{ area excer,t that aft e r 

heading (i. e . the emergence of t he ear above the ligul e of the flag 

leaf) additional measurements were made of t he le.n..gt '1 n.nd breadth of 

individual flag le:wes . Leav es were taken to be photo synthetically 

active if more than 5°'·~ of their area was e r een , and were otherwi se 

included in the dead l eaf fraction. Until samplinr, 10 the di amete r 

of the base and th~ total length of leaf sheath to the li€;Ule of t he 

l ast fully expaJ1ded l eaf were r e corded. After this onJy the l eng th 

and basal diameter of the fl ag le af 13h eath were measured . Stem 

length was 1!leasure d from sampling 6 onwards a nd later the length of 

the peduncl e was recorded separat ely. After ear emergence the 

diameter of the peduncle a t the ligule of the flag leaf was measured. 

'l'he numter of iHtE:rnodes below the flag leaf node (FLN) was recorded 

at samplings 11 and 12. Ears were separated after sampling 6. 

From heading onwards the number of spikelets, their fertility, and 

the lengths of the di u.gonals of the 8th spikelet coQnted from the 

base of the ear, were recorded for all ears. From sampling 12 the 

grain was separated from one ear per plant (or from two ears if there 

were more than 10 tillers on a plant); for the final sampling ( 17, 

or 18 in the case of the low plant population plots) IP-'ain was 

separated from al l ears . W'nere ears had been damaged by birds, as 

oc curred in .samplinc;:; 16, 17 and 18, the ear was discarde d; the 

correction necessitated by thi s procedure is ou1,lined in Section 2.3.1. 
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After the s e measurements had been ir.ade, the separat ed fractions 

from all tillers of a plant were bulked, dried 2.t 82° C for 24 hours , 

and wei e;hed . 

2 . 2.2 Recording Other Da t a 

'110 provid_e an es -i.;imate of the mean date of spike l et initiation 

in each treatment samp l es of stem bases (i.e . those parts of l eaf 

sheath and s t em below csrouncl. l eveJ) were t aken on days 40, 44 ancl 50 
a.nd preserved in f ormalin-aceti c- alcohol. These sampl es were l.:i.t er 

split into separate tiller bases , di ssected,and scored f or spikelet 

initiation usins Pla t e 1 in Barnard (1964) a s a standard . 

In order to estimate the end po int of active photo synthesis in 

organs above the l?LN these part s were scored for co lour at samplings 

14 , 15 ancl 16 . 'r he following arbitrary crit eria were used to 

classify specified parts as senescent : 

i ) flag leaf area e;reater than 50-/o yellow; 

ii) flag l eaf shea t h or peduncl e e reater tha;--1 50% yellow at their 

approximate mid- point; 

:~ii ) ear if the 8th spi .kel et counted fror.1 t he bo.se ,-:as substantiall:r 

yellowed ; 

iv) mms (in the case of Pitic 62) if those on the 6-ch spikelet were 

more t han JO';~ yellowed . 

To estimate the incidence of a l ate infection of b'.:lrley yellow 

dwarf virus a ll sampl ed plant s were scored on a zero (no apparent 

infection ) t o f our (infection in all tillers) scal e fror. harvests 12 

to 14 . Scoring was based on l eaf colouring and was therefore 

confounded to some dee;ree by leaf senescence . 

I n para llel with the ser ies of samplings detailed in Section 2 . 2 .1 

thr ee plants from each plot in blo cks 1 , 2 , 4 and 6 were scored for 

l eaf appearance and tillering until heading . Leaf appearance was 

record.eel when the tip of the l eaf coulll be sGen within the last 

incompletely expanded leaf . Tiller appearance was recorcled when the 

t ip of a tiller appear ed above the leaf sheat~ of its subtending leaf . 

The appearance of leaves and seconda_ry ti1lers on the main stem , and 

of l eaves on secondary tillers was recorded . Booting ( the stage just 

before the tip of the ear appears above the ligule of t he flag leaf ) 

and heading dates wer e also recorded for the main s tem ar.d secondary 

ti llers . 'rhis scoring was done a t two day intervals initially and 

l a t e r a t semi-weekly and i,eekl y intervals . Recording was aided by 
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use of rines of remit wire, 0olour coded for different tillers, pl aced 

in the axils of known leaves on each t i ll er. 

2. 3 S'V/l'IS'rICAL I·D:---;I'HCDS 

2.3.1 Preliminary Organisation of Data 

The Massey University I.B.M. 1620 Comput er was used t o process the 

bulk of the data in the experiment . I n most cases r aw data wer 0 

punched directly and program.11es written as required to bring ti1 em 

into a fo rm suitab l e for further anal ys is. 

For the analyses of vari&1ca one pre1.ii,d.!•2Tf miss ing plot analysi.s 

was r equired . 'l'his was calculato,d , follo wing the me thod of Snedecor 

and Cochran (1967), from 2-way tables of ;;1eans for each sampling . 

In subsequent analyses of variance (Sestion 2 . 3 . 2) the degrees of 

free dom for the r esidual mean s qua1·e were reducecl i:Jy or.a for each 

missing plot analysis. 

Preliminary &.~alysis indicated that for mos t data variances 

i ncreased in time wi t h mean values . To stabi l ize the vari ance and 

sati s fy· the assumptions of the r ecression mode l ~ used in analysis of 

variance the logarithmic transformat i.on 

X = 100 log (X + 1) 

was applied to such data . l<"'or the fitting of polynomial c r owth 

curves to the data 2. natural logarithm tran sformation was u sed . 

Estimate s of l eaf l ami na area and flag l eaf area ( adaxial 

surfaces ) from l ength x breadth measurements or air-flow pl animete r 

readings were corrected before further analys i ~ as detailed in 

Appendix 4. In the r egressions used for corrections the length x 

l?readth area; or the ai r f low pl animet er readi ng , was treated as the 

dependent variable following the standard practice in calibrations 

(David and Co dy, 1965) . Me thods used t o calculate lea f sheath, 

peduncle, ear and awn (in Pitic 62 ) ~reas are also described in 

Appendix 4. 

Subsampling was not used in the experiment except in the case 

of the grain fraction where the mean grain: ear remainder r a tio from 

a subsample c,; ears w2.~ used to apportion the tota l ear wei ght into 

grain weight and ear r emainder weight . In final samplings these 

fractions were completely separated so this procedur e was not 

required. 
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Bird dair.age to the ripening gr a ins made corrections for gr a in 

and ear weights nec;e s sary in sa.n1plings 16 , 17 and 18,and ear total 

weight,or grain weigh t for the final sampling was proport ionate ly 

i ncreas8d to al l o\/ fo r missing ears. 'rhe number and size of 

corrections required are shown in 'rable :5. 

Table j Corrections for Bird Damage . 

Sarr;yling Popula- Mean no . Mean no. Prop . of No . p l ants Prop . 
tion of ear;-_; of of requirinc- plants 

of 

per damaGed damaged correction requiring 

16 

17 

1 

2 

3 

1 

2 

3 

18 3 

pl ant 

3 . 0 

20 . 8 

7. 2 

22 . 3 

19 .1 

2. 3 . 2 Analyses of Variance 

ears 

LO 

2.7 

1.7 

3 . 9 

6.1 

ears correctio:1 

0. 33 1 0 . 02 

0.13 8 0.19 

0. 24 4 0.09 

0.17 11 0 . 26 

0.3 2 13 0 . 92 

Analyses of variance .,ere calculated using the syster.1 of computer 

progr amrnes described by .Mw1ford ( 1970) . Initia l analyses were 

computed using c;oL11pletely factorial three or four way designs ; the 

resul ting table of mean squares was t hen adjus ted by droppin6· a ll 

interactions involving blocks into the residual mean square term. 

The data were t hus analysed according t o a r andomized comp l ete block 

design . The r egress ion models used were 

= m + t . + p. + vk + (tp) .. + ( tv).k + (pv) .k + (tpv ) .. k 
l. J l.J l. J 2.. J • 

+bl+ eijkl 

where Yijkl i s the observed quantity, 

mis the mean of Y over all treatments , 
I 

t. i s the effect of the ith time interval (i = 1, 2, •••• 17), 
l. 

pj 

vk 

bl 

is 

is 

is 

t~,~ 

the 

the 

effect of the jth population 

varietal effect (k = 1, 2), 

block effect ( 1 = 1, 2 , .... 
eijkl i s a random error el ement and , 

( j = 1, 2, 3), 

7)' 

( tp ) . . etc. , the terms in parentheses , are t he varicus j-11ter act ions , 
l.J 
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or, in the two-way case, 

Mixed model analyses of varian8e in ,-:hich t. and p. are random 
l J 

effects and vk is fixed Here derived from these regression.3. 'l'he 

}
7

- ratios used to teet tlte m2ill E::ffects and interactions, obtair:ed 

foll owing Henderson (1960\ a re showed in Table 4. The coefficients 

of varian8e components have been omitted in this table. 

Tab}e 4 

Source 

IiJ.ocks 

'l'ime 

Population 

Variety 

'l'P 
.I 

TV 

PV 

'l'PV 

Residual 

Expected Values and F-ratios for 1'hree-way 

Mixed Model Randomized Complete Block 

Analysis of Variance 

Expected value of NS 

2 6
2

b E 6 w + 
') 

62 tp 6
2

t T 6·-w + + 
2 6

2
tp 62p p 6 w + + 

2 2 2 6
2
tv 

,.. 2 
V 6 w + 6 tpv + 6 pv + + D V 

6
2

w + 6
2
tp 

2 62 62tv 6 w + tpv + 
2 2 2 

6 " + 6 tpv + 6 pv 
2 2 

6 w + 6 tpv 

62 w 

F 

SJ 
;J 
:==i ... -

As indicated therE::' is no app:,:-opriate test for the variety mean square . 

An approxi mate F- test fo r V was provided by 

F V' + '.CPV' 

TV' + PV' 

where V', 'l'PV', TV' and PV ' denote the mean sq_ua.res corresponding to 

the sow:ces of variation shO\m j_n Table 4 . The approximate degree s 

of fr eedom for this ratio were estirnated from 

n1 = (V' + TPV')2. 

(V') o/fv + (TPV 1
)
2/\pv 

and ('l'P' + TV'/ 

(TV 1
)
2/f + (PV 1

)
2/f tv pv 

where f b . t represents the appropriate degrees of freedom for · su scrip 
each rr.ean square (Snedecor and Cochr1.:in, 1967). In the two-way 

analyses of variar.ce t he varietal effect was tested against the PV 

ii1teraction and the population effect against the residual variance. 
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2.3.3 Curve Fitting 

Polynoinials of deg:r?ee kin time were fitted to the means of the 

natural logarithms of dry weight and. p:1oto syntl-1etic area. data and to 

the arithmetic means of stem length data. 'Ihe c01:1puter prot;rR.mmes 

for this procedure we.t:e vri tt en by :Mr . V. J. '11homas of the Applied 

Mathemati c s Division, D.S. LR. A description of the method follo~s. 

If plants with dry weights W .. are harvested from r replicates 
l.J 

at p occasions over the experimental period it is assumed that th e 

observed value of log W . . for the ith sampling from the jth plot can 
e l.J 

he representsd by 

log W .. 
e l.J 

= + B t 
1 

+ B t 2 
2 • • • • • • " + + E .. 

l.J 

wlier.e B
0

, B:;_, ••••• Bk a:i.'e the polynomial coefficients of the 

succe~rnivi:; powers , t, t
2

, ••• tk of time, and E .. represents the 
l.J 

rando~1 deviation frorn the true value. Curves of this type \/ere fitted 

to the observed values using a multipl e regression model. v:ri ting 

y . . for log W . . the general form of this mode l is 
lJ e lJ 

+ /J 2(T - ,:r)2 
+ j.3k('i1 - T/ + E: .. 

l.J 

where/ i s the mean v alue of y, and 

/3
1

, j3
2

, •.•. pk are partial regression coefficients . 

'i1he model is initially fitted as a polynomial of degree k 0 

y .. 
l.J + 6. 0 

l. • 
+ E .. 

l.J 

where • . 
0 

is a r es idual including a ll tenns in ('r - T) of order 
l. • 

greater than zero . 

y . . 
l.J 

y + 

The analysis of variance of the fitted equation 

d. 0 l.. 
+ e .. 

l.J 

is given in Table 5, 

'!'able 5 Analysis of Vari8.Jlce for M
0 

Source ss df HS F 

Improvement 
with :t-1

0 
over 

SSB
0 

1 :t,iS.3
0 

= SSB
0 MSBJs

2 
y = 0 

ResiduB.l SSE
0 

(p-2) MSE
0 = SSEc/(p-2) 1·13EJs

2 

\-Ii thin eroup SSW p (r-1) 
2 

ssw/p(r-1) s = 

The F-ratios :MSB/s
2 

and 11SE
0
/s

2 
provide tes ts of the improvement 

due to M
0 

a..'1d the lack of fit of this model res:::,ectively. lviodels 
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of higher degree ink are then fitt e d success ively. 

form of these models is 
m 

y ij = y .;- k~l (ftm tw ) + d. + e .. 
l.IIl lJ 

The gener a l 

--- M 
m 

where d . represents al J. terJ11s in t of order greater than m and t 
i. m 

is written for (T - 'E). 'l'.he re st:.l tm1t partitioni ng of t he total 

sum of square s of y i s shown in Tabl e 6. 

'fable 6 Partitioning of 'l'otal SS in Successive Models 

Mod.el I mprovement ov er df Residual Improvement with 
y = 0 extra t erm 

}f .. o SSB0 1 SSE 
0 

SSB
0 

Ml r SSB 
1 2 SSE 

1 SSE
0

-SSE
1 

M 
m-1 

SSE 
m-1 m-1 SSEm-l SSEm_2-ssEm-l 

M SSB m SSE SSE.: -SSE m m m m- 1 m 

At each stage a comparison of M with M · u s ing analysis of variance m m-1 
:reveals the i mprovement in fit of N over H 1 and the l ack of fi t 

Ill m-
of M . 

ID 
This analysis of variru1ce provides a t est of t.he null 

hypothesis tha t residual variance due to terms int of order greater 

than mis zero , HSE / s 2, and measur es the i mprovement of fit a s 
m 

MSBm-( rr:-1)/ s 
2 

as shown in 'l'able 7. For this experiment the procedure 

outlined above was continued until the improvement of fit due to a 

model of highe r degree was not s i gnificant except in some cases where , 

in t he int erest of subsequent growth a11alysis, an ins i gnifi cant t erm 

wa s included or , more rarely , a s i gnificant term excluded • 

Table 7 

Source 

mth fixe d 
vari a t e t m 

Re sidual , d. 
i.m 

Within group 

. Analysi s of Variance for 11 
m 

ss df MS 
I 

SSE - SSE m-1 m 1 MSB 
m-(m-1) 

~SE p-m-J MSE 
m m 

SSW p(r-1) 
2 

s 

F 

MSRm-(m- 1 )/ s2 

MSE / s
2 

m 
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2. 3. 4 Growth Ana.lysi s 

Quadratic polyn.omials were foun d. to gl ve an adequate description 

of the chan[;e s of total dry ·,"1eight, lec1.f a .cea [1Dd total photosynthetic 

area in time. 'fhe se were 

w exp (BO + B,t 4-, B t 2
) ... 2 

and A exp ( co + c1t + C t 2 ) 
2 

where B0 , B
1

, B
2

, c0 , c
1 

and c2 are polynomial coefficients. 

significant t,Towth analys i s quantitie s were derived from these 

'fhe 

equations ,ts·ng the computer. 

relationships hold: 

For the above equations the following 

1. The r e l ative ~.cowth r a te at any instant of time is 

R l a.. \·! 
W dt 

2. 'l'hc l ec1f a rea :catio is 

LAR. A I w exp (log A - log w) e e 

3. The unit l eaf r ~te is 

RI LAR (B1 + 2H2t). exp (log W - log A) 
, C e 

The crop growth rate and indices such as the leaf a rea index 

were similarly derived fro~1 fitted curve s . 

the cro p growth r a t e is 

C = p .dW 
dt 

= p ._1_ • d W • W 
W dt 

= p . ( B
1 

+ 2B
2 
t) • W 

At any "_nE.tant of time 

( -1) where pis plant density plants. unit area • The l eaf area index 

i s instantaneously 

LAI = p . exp (logeA) 

In the experiment total photosynthetic areas based on the sum of 

leaf lamina and sheath areas , ear arc~ and peduncle area were also 

calculated and used in growth analyses . By analogy with EA ' LAR and 

LAI, the equivalent quantities on a total photosynthetic area basis 

are symbolized E?A ' PAR and PAI. 

To calculate leaf area duration (LAD) or photosynthetic area 

duration (PAD) estimates of the days of 50fa headin~ and senescence of 

photosynthetic part::; were required. These were determined from 2 x r 

chi-square analyses of proportions in which the overall chi-square 
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,·alue was partitioned into components due to, and deviating from , 

weighted regressio:::.s of proportion on tirne as descr ibed by Maxwell 

( 1961) . ('I'he sal:n e method was also used to Psti~ate the day of 50;: 

spikelet i nitiationJ LAD or PAD between heading anJ. senescence was 

t hen obtained by integrating LAI or PAI between these limits . 
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Chapter Three RESULTS 

3 .1 PEHFORJl'.ANCE OF TH~ TWO V1UUE11IES ON AN AREA BASIS 

3.1.1 Grain Yield and Yield Cor.monents 

The mean grain yields of the two varieties at ed.ch plani:; 

population are given in Table 8 and are plotted in }7 ig.1r8 2 against 

density on a logarithmic scale . Un average Pitic 62 outyielded 

Raven by 32~ . 'l'he means zi ven arc indirect estin:2,. tes based 011 the 

grain weights of indivic.ual pl2r1t;:; taken at the final samplings aJ1d 

errors of estin:.ates are high (coeffic;i en;; of variation 7 to 19'-/;). 

Analysis of vari;mce (Append.ix 7 ~ showe d cha,t there were significant 

differences between populations but not be tween varieties . 

Yield components corresponding to these yields apfear in Table 

8 and Fif,ure 3. An.alyses of varJance (Appendix 7) indicated that 

the numbers of ears per unit area and of spikelets ;,e::- €a:r. •.,itl-i one 

or mor e flore t s sP.t ting s eec (fertile spikelets) showed highly 

s i gnificant trends (P < 0.01) with increasing plant density while 

no population effect occurred for grains per spikelet and wei.{;·ht per 

gTain. Total spikelet munter per ear showed a small effect 

(0.05 > P > 0.01) due to density which appears to arise from the 

hicher spikelct numbers at the interrr.ediate density, population 2 . 

'l'otal spikelc0 t number per ear and grain nw:iber per spikelet were 

significantly ni6hP- r for Pitic 62 thn.n Raven. The varietal tlifferences 

in ear number pe r unit area , spikelet fertility and grain wei e ht s hown 

in Figure 3 were not statistically si1311ificant although the latter 

just failed to r each the 5~ level of probability . 

3.1.2 Growth Ana.lvsis on an Area Basis 

Crop gr0wth rates calculatec. from curves fitted to total dry 

weight data ( Section 3.2 .1) appear in l<'igure 4. For both varieties 

maximum growth rates were r eached in the period just after headir.,: 

and this peak was smaller and occurred progressively later as plant 

density decreased. At each density the groilth rates of the two 

varieties were similar. 

Leaf area indices, based on leaf la.P.1ina area, and total photo­

synthetic ar2~ indices, based on leaf lamina, leaf sheath, peduncle 

and ear areas, derived fro m fitted curves are al 20 presented in 

FiGUre 4. }<
7or both varietie s maximum LAI occurred at or slightly 

hefore the day of 50}~ ear emergence while ma."'<:imum PAI occurred a few 



Table 8 

I Var·iab~e 
l 

Gra in Yield 
2 (g .m- ) 

S.E. (P-P) 

Ears.m -2 

S .E.(P-P) 

I 

I 'l'otal 
_ -j I spikelets . ear · 

S.E.(P-P) I 
Fertile _, 
spikelets . ear -

S.E .(P-P) 

Grains 

spikelet -1 

S.E. (P-P) 

Weight . grain -1 
2 (x 10 g) 

s.:e;. (P-P) 
I 

11en.ns of Grain Yield and Yield ComponP.nts 

for Varieties within Popul.stions 

Vari ety Populcttion 

1 2 3 

Raven 714.7 498.9 270.4 I Pi tic 62 928 .2 584 . 5 413.5 
J 

90.38 

I 

Haven 634.9 361.9 211.0 I 
I 
I 
I 
I 

Pitic 62 
I 

660.3 368 . 2 212 .6 I 
I 

54.2s 

Raven 16~'.>l 17.01 16.21 

Pitic 62 18. 77 20 .14 19.73 
j 

0.303 

Raven 13.74 15 .61 14.45 
Pitic 62 14.91 17 . 45 17. 95 

- ~ 

0.553 

l Raven 1.855 2.065 1. 910 I 
I 

Pi tic 62 2, 584 2.872 3.051 
I 

i 
I 

0.1212 

Raven 4.274 4.134 4.602 

Pitic 62 3.671 3.050 3.118 

0.1972 

S.E.(V-V) 

73.so 

44.32 

0.247 

0.452 

0,0989 

S.E. (P-P) = standard error of' difference between populations. 

S.E. (V-V) = standard errors of difference between varieties. 
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Fisure 3 Mean Yield Components for Varieties 

at Each Population. 
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Figure 4 Crop Growth Rates and 

Photosynthetic Area Indices. 

Identification of curves: 
. . Leaf Area Indices A 
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days later . There were no consistent differences in LAI between 

varieties but the total photosyr..thetic area indices were greater for 

Pitic 62; this reflected differences in ear area. 

The durati.on.::: cf photosynthetic areas between heading and 

senescences obtained by integration as described in Section 2.3.4, 
are given in 'l'able 9. For the high and inter;nediate plant densities 

LAD flag leaf was higher for Raven than l1i tic 62 while for the lowest 

plant density the durations were sirnilar . These differences arose 

partly from the earlier senescence of flag leaves in Pitic 62 (Table 14) 
and partly from differences in LAI (Figure 4). The advantage of 

Piti c 62 over Raven in duration of parts above the FLN (flag leaf 

sheath and lamina, peduncle and ear), PADFLN' and in total photo­

synthetic area duration, PAD total'were largely due to the e;reater 

areas of these parts in Pitic 62. Since these durations were derived 

from fitted curves they are not dir0ctly comparable within a var:i.ety. 

'l'ht.:.s PADtotal mi."'lus PAD.l<'LN does not give the durat ion of remaining 

leaves or parts below the PLN as might be expected. 

can only be LJa.de between varieties and populations. 

Valid comparisons 

'11able 9 

Raven 1 
Pitic 1 
Raven 2 

Pitic 2 

Rave-.;. 3 
Pitic 3 

Durations of Photosynthetic Areas (D) 

after Dtr Emereence and Grain Leaf 

Ratios (G). 

D (days) G (g.m- 2 .day) 

Flag Above Total l<'lag Above Total 

leaf FLN area leaf FLN area 

42 126 184 17.0 5.7 3.9 
22 171 240 42.2 5.4 3.9 

I 

14 68 98 35.6 7.3 5.1 

9 65 117 64.9 9.0 5.0 
8 32 45 34.8 s.7 6.2 

7 48 60 58.9 8.6 6.8 

G:r.aij.1 laaf ratios (see Section 1.2.2) are also presented in 

Table 9. ~hese figures were derived from the mean grain yields of 

Table 8 and the durations of Table 9. In all cases the grain leaf 

ratio calculated using LADfl 1 f was higher for Pitic 62 than 
ag ea 

Raven. These differences disappeared when either PADFLN or PADtotal 

wasused in place of LADflag • leaf 
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3.2 'rl{E GRO·,v1rH AND DEVELOPMENT OF' THE TWO VABIEI'IES ON A PLANT BASIS 

3 .2 .1 Analyse:=:: of Variance for Dry Weight and Photosynthetic .P..rea Data 

Analyses of variance for the dry weights of the varions parts cf 

individual plants appear in Appendix 8. 'l'hese indicate that sign:.i.ficant 

time trends occurred in the weight of all fraction::: except t.r..c ear 

remainder (rachis , rachill ae , glumes and awns). Highly significant 

population effects eoerged for all fractions as expected for ana::..yses 

based on wei[;ht per plant. Significant diff0rences between tne two 

varieties appeared only f or the stem, ear remainder and ear total weight 

fractions. On average the weight of the stem f:caction in Raven 

exceeded that of Pi tic 62 by 43fo v1l1ile the ear rcrnainder and. ear total 

weights of Pi tic 62 were respectively 29 and 14~{ greater than those of 

Raven. 

Analyses of variance for the areas of photo~ynthetic parts appear 

in A1Jpendix 9. In the se analyses tiffi.e treno. s were sicniftc:ar.t in all 

cases except for flae leaf area. The analyses fer fla£ leaf area, ear 

area and pea.uncle area are confounded by tiller nlli11ter since these 

variables were measured on tillers which had headed at given samplings. 

Population effects were significant for all areas except those of the 

ear and peduncle . The only significant }'-tes t between varieties was 

for peduncle area , this being on averag e 1.4 times greater in Raven 

than Pitic 62. Although the difference was not statistically 

significant with th2 analysis of variance used, the ear area of Pitic 62 

was 1127-~ that of Raven . 1rhis difference arose from the contribution 

of awns to ear area in Pitic 62 (Table 13). 

In both sets of analyses a number of interactions were significant . 

'rhese probably arose large ly from highly significant main effects. 

Since all data were transformed such interactions are in any case 

difficult to interpret. 

3.2.2 Curves Fitted to Weight and Area Data 

The coefficients of polynomials fitted to dry weights and photo-

synthetic areas appear in Appendices 13 and 14. For uniformity in 

subsequent analysis of the weight fractions polynomials of the sarr.e 

degree have been used for a given fraction in all cases. Where this 

has required G polynomial of a degree higher or lower than that which 

was statistically significant the ch~nge has been indicated in the 

appendix using asterisks. In the case of curves fitted to the area 

d~ta the same procedure has been followed except for flag leaf ared, 
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ear area and area above the flag leaf node. For the se fractions 

consistency in the degree of polynomial us ed could only be maintained 

for varieties -within populations . Computer plots and analyses of 

variance of the polynomial curves fitted to the data for Raven 2 are 

given as examples in Appendix 6. In the same appendix arithmetic 

plots of curves for l eaf area and total photosynthetic a r Ga with 

corresponding data points are presented. It should be noted that 

these latter curves were not fitted to the data points plotte d but 

were derived from polynomials fitt ed to the natural logarithms of the 

data . 

3. 2.3 Growth Analysi s 

Relative growth r at es of the total weieht of above ground parts 

are shown in Fib'Ure 5. There was a tendency for higher rela tive 

growth rates at low population dend ties and the time drift was similar 

for all populations. There were no large varietal differences. 

The components of relative growth rate are sho\-m in Figure 6 

where unit photosynthetic rates and the corresponding area to wei8ht 

ratios are plotted for leaf area and total photo synthet ic area . 

There were similar tre1,cls in E, for the two varieties particularly 
.M. 

before ear emer gence. The peak values of EA reached after heading 

were associated with the high growth rate s and declining LAI in this 

period (F'igure 4) . r-Iaximum values of E were hj 5her for Pi.tic 62 
A 

than Raven at the intermediate and low plant densities. This reflected 

the more rapid leaf sene scence in Pi.tic 62 at the se densities. E 
A 

also increased in both varieties as density decreased . This trend 

can be related to the lower LAI at low dens ities (Figure 4) . 

Unit photosynthetic rates for total photosynthetic areas, ~h, 

exhibited similar differences for populati0~s but the varietal difference 

was reversed . The higher EPA for Raven was a reflection of the smaller 

total photosynthetic area in this variety. In the curves for ~A the 

pronounced maximum after heading, seen in EA, did not appear since 

total photosynthetic area was not declining as rapidly as leaf area. 

3.2.4 Distribution of Dry Matter within Plants 

Cumulative logarithmic plots of the changes in ctry weights of 

various plant parts derived from polynomials fitted to each fraction 

(see Appendix 6) are presented in Figure 7. The main feature of these 

graphs is the difference in the proportion of grain to straw (weight of 
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Figure 6 Unit Photcsynthetic Rates and 

Photosynthetic Area Ratios. 

Identification of curves: 

A . Unit Leaf Rates . 
B . Leaf Area Ratios . 
C . Unit Leaf Rates (Based on . 

Total Photosynthetic Area) 

D Total Photosynthetic Area 
Ratios 

Identification of populations: 

177.7 plants. -2 Population m 

44.4 plants. -2 Population -------- m 

11 .1 plants. -2 Population •••••••• m 

+ Day of 50% ear emergence. 

1. 

2. 

3. 
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Figure 7 Cumulative Logarithmic Plots of 

Dry Weight Fractions. 

Identification of populations: 

A 

,.. 
V 

. . 177.7 plants. 

44 .4 plants. 

m 

m 

-2 

-2 

-2 11.1 plants. m 

Iden ti fica tion of dry weight 
1 = leaf 

2 = dead leaf 

3 = leaf sheath 
4 = stem 

5 = car remainder 

6 = grain 

fractions: 

i Day of 50% ear emergance 
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all remaining parts) in Raven and Pitic 62. The mean grain to straw 

ratios at the final sampling are shown in Table 10. Analysis of 

variance ('l'able 11) shows there were signific3.11t differences in this 

ratio between varietiea but not between populations. The percentage 

distribution of dry matter within the plant during development is 

shown in Figure 8 for the high and low densities. The cu:r-ves in this 

figure are derived from the polynomials curves for each fraction &..sin 

Figure 7. 

Table 10 Mean Grain Straw Ratios. 

Variable Variety Population S.E.(V-V) 
1 2 3 

G . S ratio Raven I 0.552 0.533 o.6os . 0.043 
Pitic 62 I o.7s1 0.709 0.867 

S.E.(P-P) 0.057 

Table 11 Anal~r!"is of Variance for Grain : Straw Ratios. 

Variable Source df MS F 

G: S ratio Blocks 6 1.942 X 106 

Population 2 4,831 X 106 
2.388 ns 

Variety 1 5.138 X 107 8.266 X 10 * 
f'V 2 6.216 X 105 3.073 X 10-l ns 

Residual 30 2.023 X 106 

3.2.5 Area of Photosynthetic Parts 

Cumulative logarithn:ic plots of the areas of photosynthetic parts 

of the plant are plotted. in Figure 9. These curves are derived from 

polynomials fitted to the area data for individual fractions. 'I'he 

percentage contributions of each photosynthetic part to total area 

on specified days are shown in Table 12. ':'~1is tablE' shows that the 

proportionate contribution to total photosynthetic area of leaf area 

declined while those of the ear and peduncle increased as the plants 

matured. In Raven the peduncle made a relatively greater contribution 
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Figure 8 

.. 

Percentage Distribution of Dry Matter 

Identification of populations: 

A 

B 

-2 177.7 plants. m 
-2 11.1 plants. m 

Identification of dry weight fractions: 

1 = leaf 

2 = dead leaf 

3 = leaf sheath 

4 = stem 

5 = ear remainder 

6 = grain 
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Figure 9 Cumulative Logarithmic Plots of Areas 

of Photosynthetic Parts • . 

Identification of populations: 

A 

B 

C 

. • . . 
• • 

-2 177.7 plants. m 

44.4 plants• m-2 

-2 11.1 plants. m 

Identification of photosynthetic 

1 = area of lower leaves 

2 = leaf sheath area 

3 = flag leaf area 

4 = ear area 

5 = peduncle area 

parts: 
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Table 12 

Day 

Raven 1 40 

60 

80 

100 

115 

Pitic 1 40 

60 

80 

100 

115 

Raven 2 40 

60 

90 

100 

120 

Pitic 2 40 

60 

90 

100 

120 

Raven 3 40 
I 60 

90 

100 

120 

Pitic 3 40 

60 

90 

100 

120 

Total Photosynthetic Area and o/o 

Contributions of Photosynthetic Parts 

50 contribution of part to total ar,~a 

Lower Leaf Flag Ear Peduncle 

leaves sheath leaf 

78 22 - - -
80 20 - - -
60 18 10 0 4 

30 16 13 12 29 

0 10 0 21 69 

79 21 - - -
81 19 - - -
47 13 11 25 4 

29 14 13 29 16 

0 11 0 42 47 

79 21 - - -
80 20 - - -
51 21 11 10 7 

33 18 10 14 25 

0 12 0 32 56 

81 19 - - -
85 15 - - -
37 19 10 30 4 

18 19 10 42 11 

0 13 0 70 17 

80 20 - - -
81 19 - - -
54 22 12 7 6 

36 20 16 11 17 

12 16 13 29 31 

80 - 20 - - -
85 15 - - -
52 21 9 17 1 

26 20 14 31 10 

0 15 0 67 17 

48 

Total 

area 
2 

(cm) 

42.7 

196.6 

352.3 

261.5 

155.1 

39.1 

172.0 

466.1 

408.7 

285.2 

37.1 

249.7 
' 

812.5 
I 909.s 

695.5 

50.s 

324.5 

8l7.6 

848.7 

827.1 

50.4 

337.3 I 1267.7 

l:358.6 I 
I 

I 
1469.9 

36.0 
-;it, r- ,.., 
_, .J..). ! 

1264.2 

1786.3 

1626.0 



to total area than in Pitic 62 but the converse held for ear area. 

The latter difference arose from the large awn surface area in 

Pitic 62. The estimated contrih·J.tion of awn area,calculated as 

described in Appendix 4, to ear total area iis given in Table 13. 

Table 13 

Table 14 

Variety 

Raven 

Pitic 62 

Percentage Contribution of Awn Area 

to Ear Area in Pitic 62 

Sampling Population 

10 

11 

12 

13 

14 

1 2 

64.5 63.2 

65.2 58.0 

63.7 59.8 

57.6 56.2 

57.4 48.7 

Estimated Mid-point of Senescence of 

Photosynthetic Parts. 

Part Mid-point day 

Pop. 1 Pop. 2 

, 
flag leaf 115 120 

f-leaf sheath 120 119 

peduncle 117 119 

ear 118 121 

flag leaf (104) 114 

f-leaf sheath 119 120 

peduncle 119 121 -
ear 118 121 

awns 109 117 

3 

-
57.4 

56.7 

50.8 

47.4 

Pop. 3 

123 

126 

126 

126 

118 

129 

(137) 

127 

122 

Estimates of the mid-point of senescence of photosynthetic parts 

appear in Table 14. These were derived from the chi-square analyses 

shown in Appendix 12. The general trend shown by these data was 

delayed senescence as density decreaf.ad. Leaf persistence was shorter 
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in Pitic 62 than Raven and the awns of this variety senesced earlier 

than other parts . Values for the mid-point of senescence in the 

peduncles of Pitic 62 at the low density, and the flag leaves of the 

same variety at the high density, are unreliable since the estimate 

was made outside the range of the independent fixed variable in the 

regression equations. The curves in Figure 9 have not bee;i altered 

to allow for the earlier senescence of sor.1e parts so that the flag 

leaves and lower leaves appear in this figure after the estimated 

mid-point of senescence. 

3.2.6 Pla~t Development 

The course of tillering is shown in Figure 10. There were 

pronounced and highly significant differences in total tiller number 

per plant between populations but differences between varieties were 

not significant (Appendix 11). These differences began to appear 

between days 40 and 50 which coincided with the appearance of tertiary 

tillers (Table 16) and nodal roots, and the initiation of spikelet 

primordia (Table 17). After heading there was an increase in total 

tiller nwnber at the low plant populations but not at the intermediate 

and high populations . This increase was associated with the 

production of late tillers at the lo,,,-er plant densities. 

The numb8r of tillers which were dead or non-fertile at each of 

the later samplings also appear in Figure 10. Differences between 

populations in this number arose from non-fertile rather than dead 

tillers (Appendix 11). Although differences between varieties in 

these categories were not statistically significant the number of dead 

tillers in plants of Pitic 62 was higher than in those of Raven. 

The appearance of secondary tillers and of leaves on these tillers 

a.il.d the main ~tern are recorded in Table 15. In this table the mean 

day of tiller u:ripearance was the day on which the first leaf of that 

tiller appeared. In both varieties at all populations the appearu.ncP 

of leaves on the main stem was regular and occurred ever much the same 

period of time; however Pitic 62 produced more leaves than Raven . 

The appearance of leaves on seconds.ry tillers was also regular and fo~ 

these tillers, and the main stem, the rate of leaf appearance coula be 

described usine linear regressions. These regressions were in all 

cases highly significant and did not differ significantly for tillers 

within a variety and population (analyses not presented). Thus the 

phyllochron was similar for early and late secondar--y tillers and 

convergence of development towards a relatively uniform date of heading 
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Figure 10 Mean Tiller Numbers at Samplings. 

Identification of curves: 

Total Tiller Number 

-------- Total Tiller Number Minus 
Number of Dead and Non­
elongating Tillers. 

Identification of populations: 

1 

2 

3 

I 

177.7 plants -2 = • m 

44.4 plants -2 = • m 

11.1 plants -2 = • m 

Standard errors for means of total 

tiller numbers at samplings 3, 6, 9 
12, 15, 17 for population 2. 
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Leaf and '.i:iller Appearance on the 

Hain ::item and Secondary 'l'illers 

'1'he mean day of leaf a ppearance ou the main s+,em , of secondary tiller 

a:rrearance, of flas leaf appearance and of booting and headine are sho1-m. 

'i'iller identification is as follO'i-lS: 

MS main stem 

CN = coleoptile node tiller 

11 = tiller in axis of 1st leaf and so on . 
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--------------------------------------, 
Jviain 
stem 
leaf 

Day of 'l.1iller 

Raven 1. 

1st 

2nd 

3rd 

4th 

leaf 
appear-
ance 

5th 36.0 

6th 41.4 
7th 

8th 55 .6 

Pitic 1. 

1st 

2nd 

3rd 

4th 

rn.7 
21.7 

27.9 

5th 3~-9 

6th 38.0 

7th 42,5 
8th 51.0 

9th 56 , 7 

MS 

CN 

11 

21 

31 

MS 

CN 

11 

21 

31 

Day of No. of 
tiller leaves 
appear- on 
ance tiller 

29.0 

29.4 

34.3 
3e.3 

28.9 

28.6 

32.7 
38.2 

8.0 

6.o 
5.5 
5.0 
4.0 

9.2 
7.0 
6.8 

6.1 

5.0 

Day of Day of' 
flag booting 
leaf 
arpear-
ance 

55.6 
63.0 

60.0 

5s.5 
62.0 

61.7 
63.2 

62.0 

71.6 

72.5 
74.0 

74.0 
76.6 
78,8 

78.0 

Day of 
heading 

75.1 
77.3 
77.3 

77.6 

81.0 

82.2 

82,5 
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Table 15 (continued ) 

Main Day of 'riller Day of No . of Dax of Day of Day of 
stem leaf tiller leaves fl ag booting heading-
leaf appear- appear- on leaf 

ance ance tilJ er appeo.r-• 
an0e 

Raven 2 

MS - 8. 3 63.0 75.0 77.0 

GN 31.6 7, O 64.3 70.l 80 .1 

1st - 11 30.6 6.1 65 .0 78.0 81.7 

2nd 19. 3 21 34 ,8 5.2 66.o 79.0 82.6 

3rd 23.9 31 39,8 4.0 68.0 - 03.5 

4th 30.3 41 53.4 4.0 67 ,8 

5th 35.9 

6th 41.2 

7th 50 .0 

8th ':57 .5 

9th 63.0 

Pitic 2 

I".:S - 10.1 61.1 75.0 80,7 

CN 29 . 5 7.8 63 .4 77 .4 79, 5 

1st - 11 29.4 7.2 60.0 77.0 81.8 

2nd 18.7 21 33,5 6. 4 64.3 70.9 82.4 

3rd 22.2 31 37.6 5.6 64.7 82.2 84 .0 

4th 28.4 41 46.0 4.8 70.0 

5th 33.6 51 59.5 

6th 36.5 
' 

7th 42.2 

8th -
9th 50 .3 

10th . 61.1 
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Table 15 (continued) 

Main Day of 'l'iller Day of No . of Day of Day of Day of 
s tem J.eaf tiller l eaves fl ag booting heading 
leaf appear- appear- on leaf 

ancc ance tiller appear-
ance 

Raven 3 

MS - 8.1 57.7 74.5 7s.1 

CN 31.3 6.o 59.5 75.6 80.6 

1st - 11 30.9 5.6 61.3 77. 7 81.3 

2nd 18.9 21 34.9 4.8 62.6 80 .1 81.3 

3rd 23.7 31 40.7 4.5 64.3 82.0 84, 0 

4th 30 .3 41 55.4 3.6 71.6 

5th 36.3 
I 6th 41.8 

7th -
8th 57.7 

' 

Pi tic 3 

MS - 10.0 63.1 77 .4 82.8 

CN 31.4 7.5 65.7 79.2 81.5 

1st - 11 30.0 7.3 64.0 79.6 82.2 I 

2nd 19 .0 21 33.9 6.4 64.6 80.5 82,5 

3rd 22.4 31 38,9 5.8 67.3 81.0 s5.3 
-

4th 28.7 41 49.5 5.0 67.6 84 ,3 88.0 

5th 33.7 51 54.6 4.6 74.4 

6th 38.6 61 61.0 4.0 77. 0 

7th 46.7 

8th 54.0 -
9th 57.6 

10th 63.1 



(Table 15) was achieved mainly by the reduction in leaf number on later 

tillers. The tendency for Pitic 62 to produce more leaves than Raven 

over a similar time span also appeared in secondary tillers. 

The rate of booting and of heading on the main stem and secondary 

tillers could also be described using linear reeressions. These did 

not differ significantly between populations and varieties (analyses 

not presented). 

The production of secondary tillers on the main stem started at 

about the 4-leaf stage in both va~ieties at all populations. The first 

two tillers to arise, those from the coleoptile and first leaf nodes, 

did so more or less simultaneous] y (Table 15). Coleoptile node tillers 

appeared on average in 41 and 4c'fa of the scored plants of Raven and 

Pitic 62 respectively, this percentage varying inversely with plant 

density. After emergence of the first two tillers other secondary 

tille:cs appeared at gradually incrt>asir.g interYals. At lower plant 

densities Pitic 62 produced one or two more secondary tillers than Raven 

although these late tillers did not head. 

The appearance of the first tertiary tillers on specified 

secondary tillers is shown in Table 16. As density increased 

tertiary tiller production was reduced. At high density Pitic 62 

tended to produce more tertiary tillers than Raven but in both cases 

the surviving tillers at maturity at this density were usually the 

main stem and earli~r secondary tillers . Tertiary tiller appearance 

on secondary tillers began approximately one phyllochron earlier than 

secondary tiller production on the main stem. 

'.Pable 16 Appearance of Tertiary Tillers. 

The mean day of appearance of the first tertiary tiller on specified 

secondary ti !lers is shown. Secondary tillers are identified as 

R~·,ren 1 

Pitic 1 

Raven 2 

Pitic 2 

Raven 3 

Pitic 3 

CN = coleoptile node tiller 

11 = tiller in axis of 1st leaf of main stem 

and so on • 

. 
Secondary tiller 

CN 11 21 31 

- 37.3 - -
40.0 37.a 41.0 -
41.8 38.2 45.8 55.0 

30.3 36.7 40.5 56.7 

42.2 38.8 47.5 53.0 

41.0 37.7 44.0 51.0 
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The middle points of spikelet primordia initiation i:il'ld of heading, 

estimated as shown in Appendix 12,are given in Table 17. This table 

shows that initiation and heading tended to be hastened at the high plant 

population and that the inte:1:val between these events we.s also shorter 

at this density. These differen~es reflected the heterogeneity of the 

tiller populations of plants at low densities since the mea.~ heading 

dates for main stem and secondary tillers (~able 15) were earlier than 

the estimates for the entire tiller population (Table 17). 

The mean dates of anthesis for varieties and populations were not 

established in this experiment because flowering is variable and difficult 

to score. ~rom observation it appeared that anthesis occurred from 4 to 

8 days after heading. There were no apparent differences between 

varieties or populations in this respect. 

'l'able 17 Estimated Mid-points of Spikelet Ir.itiation 

and Ear Emergence. 

Variety Process Mid-point day 

Pop. 1 Pop. 2 Pop. 

Raven initiation 36 42 39 
heading 80 84 89 

Pitic 62 initiation 43 47 46 

. heading 82 88 92 , 

3.2.7 Stem Growth 

3 

Analyses of variance for the lengths of parts of the stems appear 

in Appendix 10. 'rhe analysis for total stem length showed highly 

significant time effects, population effects and first,order interactions, 

and a varietal effect significant at the 5% level. These differences 

can be seen in Figure 11 where polynomial curves fitted to stem length 

data are drawn. (The coefficients of these polynoffiials appear in 

Appendix 15). The average maximum lengths of tillers were 3ofo, 32% and 

17"/o greater for Raven than those of J?it.ic 62 at the high, medium and low 

populations respectively. Since the ratio of total length of lower 

internodes to peduncle length was almost constant at 0.9 for both 

varieties at all populations it is apparent that these JXlrts contributed 

equally to the differences in total stem length. Analysis of variance 

(Appendix 10) shows beth peduncle length and length of lower internodes 
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Figure 11 Stem Lengths and Growth Rates. 

Identification of curves: 

A . Total st.em Length (T) and . 
Length of Internod~s below 

B . Peduncle Lengths. . 
C : Stem Growth Ratea. 

D : Peduncle Growth Rates. 

Identification of populations: 
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differed significantly between varieties. These are plotted in Pigure 11. 

Differences between the two varieties in length of stem did not arise 

from the number of internodes (Appendix 10) al thoue;h Pi tic 62 hcid on 

average a slightly hie;her number of elongated internodes above e;round 

level than did Raven (Table 18). This may be related to the higher 

l eqf number in Pitic 62 (Table 15). The numbers of elongated inte!'nodes 

were similar on all tillers in plants in spite of age diffe!'ences 

(analyses not presented). 

•rable 18 Mean Number of Internodes Below the FLN. 

Variable Variety Population S.E.(V-V) 

1 ') 3 '-

Int(!rnodes Raven 3.29 2.99 2.a8 
0.19 

Pitic 62 3.40 3.17 3.23 I 
S.E. (P-P) 0.24 

Stem and peduncle elongation rates are also plotted in Figure 11. 

In both varieties the growth rate for the whole stem declined as 

population density fell while the differences in peduncle growth r ate 

were smaller. Raven had markedl:r hit::;her elongation rates for both 

the whole stem and the peduncle . 
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Chapter Four DISCUSSION 

4.1 COMl'ARAT IVE YIELD PERFORMANCE OF 'l' lm T'.-v'O V.i\RI.i'.,'Trns 

4.1.1 Grain Yield 

Although the yield advantage of Pitic 62 over Raven was statistic­

ally non-significa..~t the difference was large and, considerations of 

grain quality aside, economically important. The lack of significance 

appears to arise from the substanti~l errors associated with the 

indirect es timates of yield used. Acceptance of the null hypothesis 

under these conditions does not necessarily imply that yields are 

equal, or even closely similar, since biologically real differences 

do not automatically lead to significant P-tests (Henderson, 1960) . 

That the yields were in fact different is suggested by the significant 

(0.05 > P > 0.01) difference between variety mean yields which appeared 

when ~he data were analysed accorQing to a fixed effects model. This 

model is less sensitive to experimental variation than the mixed model 

used in the analysis of variance presented in Appendix 7. 

One factor contributing to the e~perimental errors in the final 

yield estimates was the small sample size dictated by bird damage to 

plots. With lar6er samples,anCJ. direct measurement of grain weight per 

unit area,variation could have been reduced . 

Another factor leading to errors was the incidence of barley yellow 

dwarf virus (BYDV) infection . The symptoms of this disease appeared 

after ear emergence indicating that infection occurred at a time when 

effects upon subsequent yield can be severe (Smith and Wright, 1964) . 

The summary of scores for BYDV presented in Table 19 shows that on 

averae;e 25% of the Raven tillers and 50C/o of the Pitic 62 tillers 

appeared to be infected. In spite of this ~evel of infection grain 

yields were high. However from data on the grain weight of individual 

tillers (not presented) it was apparent that "the BYDV increased the 

heterogeneity of samples and thus the experimental errors. 'l'he data 

of Table 19 also suggest that Pitic 62 was more susceptible to BYDV 

than Raven . This would tend to obscure yield differences between 

the varieties . 

The comparison of the yields of the varieties a ppearing in Figure 

2 shows Pitic 62 outyielded Raven at each plant density . The tendency 

to convergence of yields at the intermediate plant density may in part 

reflect the relatively low incidence of BYDV in Raven and the higher 

incidence in Pi tic 62 at this density (Table 19). 'rhe largest yield 



difference appeared at the· highest plant nensity. This suggests that 

Pitic 62 may have a hieher optimum plant density than Raven but to 

test this effect an experiment with more plant populations extending to 

much higher den3ities would be required. 

'l'aul e 19 Swnmary of BYDV Scores 

Scoring Scale: 0 represents no apparent infection; 1, 2, 3 and 4 

repre sent respectively infection of 255~, 5Cf';S, 75t~ and 100}~ cf the 

tillers on a plant. 

samplings. 

Data are mean scores for plants at specifi9d 

Sampling Rl Pl R2 P2 R3 P3 

12 0 1.0 0.3 1.7 0 2.6 

13 0 2.1 1.6 2.3 0.7 2.2 

14 1.1 1.8 o.6 3.0 2.1 2.8 

4.1.2 Yield Comoonents 

The component s of yield presented in Table 8 and Figure 3 show 

the sources of differences in yield between the vari e ties. Since 

ear numbers per unit area were closely similar in both varieties it 

is evident that the yield advantage of Pitic 62 must lie in the other 

yield components . Of these grain number per spik~lP.t and, to a lesser 

degree, spike let munber and spike let f ertility were the most important. 

Togethe r these 0av8 Pitic 6~ a higher grain number per ear which more 

than compensated for the lower grain weight in this variety. Similar 

results have been recorded in other semidwarf wheat varieties by 

Johnson, Schmidt and Mekasha (1966) and Rawson and Evans (1970 ). A 

factor which ccntributed to the higher grain number per ear in Pific 62 

was the occurrence of two or three additional spikelets on basal nodes 

of the rachis in about 20-30/S of the ears. These spikelets usually 

containec. fertile florets which set seed (cf. Kozhe,.,-nikov, 1964). 

Similar changes in yield component s with changing plant population 

were observed for both varieties in this experiment. It is apparent 

that th9 number of ears per unit area was the major determinant of 

grain yield at each plant density as is usually the case (Kirby , 1967; 

Puckridge and Donald, 1967). Trends in other yield components tended 

to compensate for those in ear number leading to larger ears at the lowest 

density. The single exception was in Raven at the intermediate popula-

tion where ear size was greater t han that at either extreme,la rgely 
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because of a higher number of fertile spikelets per ear. This may 

reflect the relatively low incidence of BYDV in Haven at the inter­

mediate density since spikelet fertility is one yield camyonent affected 

by the disease (Doodson and Saunders , 1970). Alternativeiy the effect 

may have arisen from an interaction between inter- plant corupeti tion 

and intra-plant competition ( Donal d , 1963; Puckridge and funald, 1967) 

such tha t there was a maximum ear size at or about this density . If 

this is the case the inverse relationship between fertile spikelet 

number and grain si ze apparent in 1:aven and , to a lesser degree , in 

Pi tic 62 at the intermediate densi t;y, cau]..d reflect differing levels of 

inter-pla.rit and intra-plant competition during es.rly and k te periods 

of growth. However the same relationsh:i.p coulc'. ar].se simply because 

with a hieher fertile sp ikelet number there were more small 

grains (Rawson and. Evans, 1970) and :nean weights were correspondinely 

lower. Similarly the inverse relationship between !ertile spikelet 

number and grain size in Pitic 62 at tr,e high plant ciensity m£y not 

reflect internal compensat ion so much as the fact that the tillers 

remaininG at tarvest in plants at this density were early tillers which 

characteristically have larger ea.rs (Sngledow and WadharD., 1923 - 2 4; 

Cannell, 196'.;1). 'l'his illustrates the probl em of heterogeneity wr:ich 

underlies the invest i gat ion of yield in wheat . Only with elaborate 

standardization (e, e , Walpo le and Morcan , 1970) can this diversity be 

reduced to tr.e point whe::::-e the yield conponent s are physiologically 

rather than stati~;tically coJT;parable. 

4. 2 GROWrH O}' 1' E.S YARI}:.'l' IJ:,;~ IN RELA'i'IO:N 'to YIELD. 

4.2.1 Accur::ulation and Distribution of Dr; rfatter 

The major differences between the varieties in the accumulation of 

a~ove ground dry matter lay in the stern and ear weights. The stem 

weight of Pitic 62 ,:as less than that of Raven but this was offset by 

a greater ear weight (Figure 8) so that total plant weights were 

virtually i dent ical in both varieties (Figure 7). Differences be~~ecn 

varieties in the weights of other plarit fractionswere not statistically 

significant. However when the data were analysed using a fixed 

effects analysis of variance significa.nt differences appeared in ] e,:i.Y 

lamina weight, dead leaf weight and grain weieht. A comparison of this 

analysis and ~he experimental mixed model analysis appears in Table 20. 

'l'he appearance of significant varietal differe:-1ccs using the more 

restrictive analysis of varia..rice raises the possibility that there 

\o.'':!re real differences for these fractions. In the cases of the l0aves 



Table 20 Comparison of F-tests of Population 

and Variety Differences us ing Fixed 

Effects and Mixed Nodel Analyses of 

Variance. 

** = P < 0.01 * = 0.05 >P >0.01 ns = P >0.05 

Variable Variety Population 

Fixed Mixed Fixed Mixed 
effects model effects model 

Weight fractions 

-

leaf lamina ** ns ** ** 

dead leaf ** ns ** ** 
leaf sheath ns ns *-JC- ** 
stem ** ** ** ** 
ear remainder ** ** ** ** 
grain ** ns ** ** 
ear total ** * ** ** 
total ns ns ** ** 

Areas 

leaf' lamina * ns ** ** 
leaf sheath ns ns ** ** 
flag leaf ** ns ** * 
ear ** ns ** ns 

peduncle ** * ** ns 

above FLN * ns ** ** J total ns ns ** ** 



however, the hi5her leaf l am i na weight o f Raven was offset by a gr eater 

dead l eaf dry weieht in Pitic 62 so that total dry weights of a ctive 

and dead leaves were s i milar. A comparisnn of the time trend~ for 

the accumulation of dead leaf weight us i nc the r eg:i:-ess io.n coefficients 

of Appendix 13, or the Mstriimtic,ns of dry matter shown in Figure 8 , 

sug5es t s tha t earlier senescer.ce in Pitic 62 was responsible for this 

pattern. 

The differences in BTain \-!e:ight rer plant between varieties were 

prob~bly r eal although not statistically significant for ~hi l e total 

dry wei chts ·,,ere s :i.milar in each variety the g-rain to straw ratios of 

Pi t:i.c 62 were great.er t han those of Raven. The highe r grain to straw 

ratio found in Pitic 62 arose from the differences in stem and ear 

weieht disct..ssed above and is c..r1aracteris t ic of semidwarf wheats ( S'J!!le, 

1967; Thorne et al . 1969). The grain to str aw rati os i n this experi­

ment varied with density _,u€;gesting that in more compet itive envL·on­

me::its a gr eater proportio:i of the total plant dry matter was devoted to 

sup:i]oi'ting ti ssues s,1ch as sterr. , and a smaller proportion to r eproduction. 

4 .2.2 Cha.~ges in Pho to synt hetic Areas 

In this experime nt surface area measurerr:ents wer 0 used to assess 

the i mportance of photosynthet ic parts. Thi s pr ocedur e is arbit rary 

since the spatial di stribut i on of a.ssimilato:!:'Y surfaces is at least as 

important as their s i ze (Loomis and Willia.ms , 1969 ). Further, gro ss 

area measurement s can take no acco unt of the heterogeneity of samples 

ari sing from ace n.nd environ.T.en~al differences , or, especially in the 

cas e of ea.rs, of the true complexity of photosynthetic surfaces . 

Neverthe l ess there are no better simple alternatives. Sur.:e..ce area 

measurements used alongside each other also imply that the photo synthetic 

activities of part$ are similar which is not the case ('l'horne 1959; 
~vans and Rawson, 1970). However correction of leaf sheath or peduncle 

area to an equivalent leaf area (Fischer and Kohn, 1966) is arbitrary 

and in this experiment total areas wer,i obtained by summing areas of 

com_i)onent parts without correction ( Quinlan and Sagar , 1965; Welbank et 

al. 1966; Simpson, 1968). 

The following were t he main features of the development of assimila-

tory surfaces durir..g t he growth of the two varieties. Until ear 

emergence total photosyntheti c ar~as were s i mj lar for both varieties 

but the contributions of leaf sheaths to t otal area became sliehtly 

greater in Raven as stem elongation occurred (Table 12) • . After ear 
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emergence a different pattern appeared. Although the total photo-

synthetic areas of the varieties did not differ significantly that 

of Pitic 62 was ,in a ll cases, greater than tha t of Raven after hE::ading 

(l<'igure 9). This was reflected in the highe r PAI (Figure 4) and longer 

PAD ('l'able 9) of Pi tic 62 during grain filling . The differ·ence arof'e 

from the greater ear area of Pitic 62 and was only partly offset by 

the smaller contribution of peduncle area ('l.'able 12) and the more 

rapid leaf senesccmce in this variety. The area above the FL...lll' thus 

tended to be greater in Pitic 62. Awns made an important contribution 

to ear area in Pitic 62 (Table 13). 

Al though the areas of photosynthetic organ.s, v:i th the exception 

of that of peduncles, did not differ significantly there were neverthe­

less large difference s between varie ties w;1ich were significant when a 

more restri ctive analysis of variance was used (Table 20). It is 

apparr:nt that non-foliar surfaces,ar1d especially the ear,were important 

in Pitic 62. In Raven leaves and the peduncle made large contributions 

to total area. 'l'he relatively greater importance of peduncle area in 

Raven was related to stem length. A similar effect has been noted by 

Quinlan and Sagar (1965) in a comparison of wheat varieties differing 

in straw production. 'l'he faster leaf senescer..ce in Pitic 62 may be due 

to BYDV infection but there is also the possibility that leaf turnover 

may be more rapid in this variety (Section 4.2.4). Thorne et al. (1969) 
have also found that leaf area in sernidwarf wheats is less than that of 

standard wheats after ear emergence. 

Ac, ,,,,.,.,,,~dy noted t he awns of Pitic 62 IT12,de a major contribution to 

the difference in ear areas between the varieties; without these the 

ear areas of both varieties would be similar since awn area made up 50% 
or more of the calculated ear area in Pitic 62. 1rhe decline in the 

contribution of awns to ear area with time appears to have been related 

to an increase in spikelet area presumably associated with grain growth 

(cf. Buttrose, 1962). Likewise the differences in awn contribution 

with density may have depended on increased spikelet area in the lar~e~ 

ears at low densities. Besides these apparent decreases in the contri-

butions of awns to total area there was also an early senescence of 

awns. Thus persistence of awns in a physiologically active state 

while other organs senesce, which has been suggested as an advantage 

of awnedness (Vervelde~ 1953; Lamb, 1967), did not occur in this 

experiment. Again BYDV may have been responsible. Nevertheless awns 

did make a large contribution to ear area early in grain filling a..~d 

were probably a source of the yield advantage of Pitic 62 since ~'va.1s 
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and Rawson (1970) have shown that ear photosynthesis is high in this 

variety and have related this to a,medness. 

In both Raven and Pi tic 62 leaf senescence was associated with 

tiller senescence and occurred relatively sooner after heading than 

in othe r photosynthetic parts. The 12.rge contributions of stem, 

leaf sheath and 8ar areas to total area serve to emphasizP the possible 

importance of the se parts. Similar contributions have been found 

in other cases (Strebeyko , Wislocko. and Y..rzywacka, 15/63; Penka and 

Srpova, 1965; ~inlan and Sai:;ar, 1965; Hoss and Nilson, 1967). 

Differences between the varieties in the major non-leaf components of 

total photosynthetic area may also be important in relation to the 

overall assimilation of the plants. In Pitic 62, a variety in which 

ear photosynthesis meets a high proportion of grain requirements 

( Evans and Rawson, 1970), ear area was high and peduncle area low. 

On th r1 other hand in Haven, where e2.r pho t osynthesis is probab ly le ss 

important (cf. results for var. Gabo obtained by Evans and Ra\,·son, 1970) , the 

peduncle and sheath make up a larger proportion of extra-foliar area 

and thus could potentially contribute more to zr&in filling. 

4. 2. 3 Growth Analysis 

Growth r at es and photosynthetic rates reported in this experiment 

are based upon the weiGht of above ground parts and are therefore under-

estimates of the ac~1al r a te s . Roo t samples washed fro m soil blocks 

weighed on average 104;;; of the shoot we i ght s.t the second sar:ip ling and 

64~6 at the eigth samplin6 • Stem base wei ght was 3<Y/o that of the tops 

at the second sampling and 8% at the fifteenth sampling . Thus the 

reported rates could be considerably at. variance with true rates, 

particularly at early samplings. 

Crop growth rates calculated in this experiment reached maximum 

values jus t after ear emergence. A similar pattern appears in the work 

of Friend, Helson and Fisher (1962) on wheat,but Pope (1932) found 

maximum growth rates in barley occurred before ear emergence. The 

values for the maximum crop growth rates at hieh densities in both 

Pitic 62 and Raven are among the highest recorded f0r any species (Loomis 

and Williams, 1963). Although wheat is capable of crop growth rates 

of this magnitude (Hodanova, 1967; King and Evans , 1967) the high values 

in this experiment could arise fron: the ;nethod of calculation used to 

obtain C (see below). However mean crop growth rates over the whole 

season for the high density populations of Haven and Pitic 62 were 

67 



-2 -1 respectively 18.8 and 19.9 g . m day and these are not unreasonable 

in view of the grain y i elds obtained. 

While population differences in crop growth rates were large 

varietal differer.ces were small . 'fhis arose b8cause the curves fitted 

to tota l dry weight data for the varieties at each population were 

similar. Such differences as did exist between varieties appeared 

towards'the end of the life cycle and may thus reflect the r elative 

incidence of BYDV . 

Analysis of trends in crop growth rates is complica ted by the fact 

that C and its components, LAI and EA or PAI and SPA ' were deriveu fron 

only two fitted polynomials , thos e for total dry weight and 1 eaf area 

or total dry weieht and total photosynthetic area . Physiological 

inferences from ero,,:th analysis must therefore be made with caution 

since components were not estimated independently and relied he8.vily 

on the adequacy of c.esL;ription of t.1e original c.ata. 

The similarity of trends in C and LAI and particularly in C and 

PAI, were reflect sd in the resultant curves f or EA and EPA . Turing 

the firs t part of growth, crop growth rates depended mainl,y on LAI as is 

usually the case (Watson, 1947; Donald , 1963). Apparent iEcreases in 

leaf ass i milatory effir;::.ency (EA) from around ear emergence were 

probably not r eal but refle cted the inadequacy of lar,ina area as the 

putative basi s for weight incr ements durinz grain filling . Differences 

between varieti es during this period dependeJ on lliffering r ate s of 

leaf senescence . Calculation of unit photosynthetic rates on the basis 

of total photosynthetic areas r ither than leaf 2.reas , gave values in which 

variP-tal difference n after ear emergence were reduced. 'l'his arose bec2.use 

the PAI of Pitic 62 were greater than those of Raven after ear emergence . 

This implies in a phenorr,enological man.r1er that the ears of Pi tic 62 ( whi ch 

gave ri se to the higher PAI) were of import,:_,.nce as ass imil2.tory organs 

but can in no way be taken as a demonstration of this probability. 

Although calculated EPA values did not show the apparent laree increase 

in leaf 2fficiency during leaf senescence appearing in EA, the u.~it photo­

synthetic rate cannot be considered a.ny rr.ore adequate than the unit leaf 

rate in elucidating growth patterns . Both the unit leaf rates and the 

unit phctos;i'Tithetic rates calculated in this experiment have descriptive 

value but little more; explar.s.tions for changes in growth must be sought 

at a more fundamental level. 

Growth analysis based upon relative growth rate and its components 

showed much the same effects as that based on the crop growth rate. 



The rates of decline of relative growth rates in time were alike for 

varieties and population. Ballard and Petrie (1936 ) and Friend, Helson 

and Fisher (1962) have shown similar time trends in R in wheat. LAR 

and PAR also fell in time. .3mall differences in the time trends of 

quantities,a.nd in R,were sufficient to account for the differences in 

EA and EPA between varieties a.~d populations. 

these 

A problem with the use of growth analysis in cereal growth is the 

indirect dependence of yield upon leaf area . Values of the grain leaf 

ratio, G, calculated in this experiment highlieht this problem. 

For Pitic 62 where flag leaf area duration was shorter tha.'1 Raven grain 

leaf ratios were high . This finding parallels that of Thorne et al. 

( 1969) for other semi dwarf wheats and is in agreement with the hit,i1 EA 

values for Fitic 62. Since variation in G could arise from differences 

in leaf or ear photosynthesis or in the proportion of assimilates from 

vario1.1s sources movine to the grain (Wat son et al. 1963), possi bi:i.i ties 

which are not distinguishable here, varietal differences in this ratio 

have small explanatory value . Calculation of similar ra~ios based on 

photosynthetic area above the flag leaf node, or upon total photo­

synthetic area, removed varietal differences but this does not permit 

any de:fini te statement about the relative efficiencies of the varieties 

except in the crudest terms. Without better bases t~c..n the duration 

of photosynthetic surfaces and final grain yield,growth analysis cannot 

be expected to give a clearer picture. 

The regression technique chosen for growth analysis in this experi­

ment proved useful in that it permitted estimates of growth parameters 

with small frequent samples . Large within-sample variation and small 

between-sample differences would not normally permit the use of growth 

analysis in an experiment such as this. The cosmetic value of curve 

fitting should not however obscure the real difficulties of the techniquP. 

Polynomials canno~ improve the quality of data and the confidence limits 

of fitted curves, if calculated, depend upon within sample varia~ion as 

well as the degree of polynomial used. Thus the fiducial limits for 

fitted curves, a.rid particularly derived curves, are wide where sampling 

variation is large and/or polynomials of relatively high degree are 

required for adequate description of ~at.a. Besides this uncertainty 

there is the added problem that the shapes of derived curves are deter­

mined mainly by the degree of the polynomial fitted to primary data. 

This can result in biologically meaningless ero,vth rates if high de6rree 

polynomials are used,and oversimplification if lower degree polynomials 

prove statistically adequate. An example of the first situation does 
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not occur in this thesis but would have arisen had growth rates been 

calculated from the third degree polynomials usea to describe the 

accumulation of leaf sheath dry welght. •rhe second situation is 

exemplified by the absence of a decline in peauncle elongation rate s 

consequent upon the use of first degree polynomials to describe the 

leneth increase of these parts (Figure 11). 

A related difficulty arises where polynomials are fitted to trans­

formed data and t.,rrowth parameters are then calculated from detransformed 

quantities. For example if a natural logarithm transformation is applied 

to r, o Lserv2.tions of dry weight, W, the sum of squares minimized to 

obtain the polynciliial of best fit is 

n 

L 
i = 1 

~ 2 
(lo o- W. - log W.) 0 e l. e l. 

The fir.st derivative of this curve is then the relat ivr: gr-owtb_ rat :! . 

An equation for the absolute growth rate can also be obtained from this 

polynoi:nial mathematically by taking the exponent and diff8rentiating . 

Alternatively the absolute growth rate co~ld be calculated from a poly-

nomial fitted to untransformed data . 

then 

n 

l: (w. - w. )2 
l. l. 

i = 1 

'rhe sum of squares minimized is 

The first derivative of the resulting curve gives a second estimate of the 

absolute growth rat~. These estimates of growth rate will not ho wever 

be the same,for,although the source polynomials are mathematically 

equivalent ,they differ statistically in that different sums of squares 

are minimized. Thus different biological infere~r.es could ½e drawn 

from the growth rates depending on the method used. For this reason 

it is possible that the high crop growth rates appearing in this experi­

ment were in fact artefacts of the method of calculatio~. 

A further problem with the regreqs~on technique is that of discontin­

uities in growth due to environmental conditions (e.g. Brougham , 1959) or, 

on a finer scale, growth correlations (e.g. Williams , 1964) anddiurnal 

variat ion (e. g . Allison, 1963; Johnson, 1967). These cannot be 

encompassed by polynomials so that curve fitting may obscure real 

fluctuations of biological interest. This difficulty is particularly 

relevant where polynomials are used to describe tsrowth over extended 

periods such as the whole growing sea£on as in th~s experiment. However 

under field conditions simple causes ~or observed fluctuations are 

rarely identifiable'so that the information lost in fitting smoothed 

curves is probably not great. 
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4.2.4 Plant Development in Relation to Yield 

.Although the numbers of tillers produced by Haven and Pitic 62 in 

this experiment were similar there were slight differenGes in the 

pattern of tillerin&. In Pitic 62 early tiller production was fa s ter 

but this was lat er offset by a higher nUJ11b 3r of dead anJ non-fertile 

tillers (Figure 10) so tha t fertile tiller numbers wer e nearly identical 

in both varieties (Figure 3). The 5Teater early tiller production of 

Pitic 62 was due to a f as ter rate of tillering (Table 15) and possibly 

to earlier and more rapid tertiary tiller production (Table 16). 

Differences in tiller number could also have arisen because with the 

later transition of apices from the vegetative to the reproductive phase 

in Pi tic 62 (Tabl e 17) more leaf primordia were 11rod.uced. 

The higher rate of tiller production in Pitic 62 was paralleled by 

a faster rate of leaf appearance or. tillers of this variety (Table 15). 

Since the total leaf areas of the two varieties were s imilar t~is 

implies either that the leaves of Pi tic 62 were smaller or that t he 

rate of senescence was faster. The first explanation is unlikely since 

the mean sizes of leaves and flag leaves used in calculating l encth x 

breadth regressions were simill!.r in both varieties . Evidence for more 

rapid leaf senescence L~ Pitic 62 has been discussed in Sections 4.2.1 

and 4. 2.2 . 

Differences between populations in the mid-point of spikelet 

initiation were recordeu in this experiment . These may in part be 

related to competitive effects which would presumably be for water or 

nutrients, since LAI in this period were low. The a1;pearance of 

population differences in tiller nunber in the period ar ound initiation 

is sugge stive of competition but, on the other hand, there were few 

differences L~ leaf avpearance between populations during this period . 

However diffe:.:-ences in initiation coulci have arisen mainly from the 

heterogeneity uf tillers appearing in sa.r.iples from the low density plots, 

since there did not appear to be marked di.:ferences in the stage c,f 

development of main stern apices between populatic,ns. Kirby and Faris 

(1970) report a similar finding for barley grown at a wider range of 

densities . Some of the apparent difference in spikelet initiation 

between varieties could also have arisen from sampling since Pitic 62 

tended to hav':' more tillers (Figure 10), and therefore potentially more 

d.iversity,than Raven during the period in whi ch initiation was estimated . 

Althoueh spikelet initiation occurred slightly later in Pitic 62 

than in Raven the varieties had similar heading dates . The higher 



spikelet numbers on ears of Pitic 62 may therefore hav e r esulted fro m 

a hicher r ate of spikelet j_nitiation. If floret number pa rallels 

grain number , as was probably the case , the rate of flo ret primo rdia 

pro duction in Pitic 6? may also have been faster than that of Raven. 

'rhe possible higher r ate of spike l et production in Pi tic 62 may 

also be related to the stem E,Towth of this variet;:f. Since ear and 

stem growth are synchronous it is possible that the more ra.11 id e longa­

tion of stems in Raven may have an aclveri,e eff ect on spike}et initiation 

and contribute to a lo·...-er spike l et number. Co::::-r e lations such as thi s 

have a ppear ed in the work of Williarr,s (1964, 1966b ) and Kirby and Farit~ 

(1970 ). ThP.re i s also the possibility that U.e hi gher spikE:,l et. number 

in Pitic 62 oay arise from differences in the pattern of apex develop­

ment, i'or unanalysed data on the length of ea::::·s showed that the raches 

of Pi tic 62 were on average 30;'~ longer than those of Raven. 'rhus in 

Pi tic 62 slower stem elo,1gation a pp-:·ared to be accompani ed by more 

rapid ear e longat ion. 'l'his suggests that a clo ser study of the growth 

of the apex during ea:::' developme~t and particularly, in the ligtt of 

work by Radley (197 0 ) on the metabol i sm of giberell in in semidwarf 

wheats , of the hormonal control of ee.r initiation and g-r0Hti1 in Pitic 62, 

could be fruitful. 

The overall pattern of development in the two variet i es differed 

then in two r espec t s . In Haven eloneat ion rate s of s tem parts, with 

the possible exception of the rachis, were mo re r 2pid. In Pitic 62 

there appeared to be a higher rate of primordi a formation as shown by 

tillering , leaf appearance, spikele t number and grain numbe r. Since 

stems constitute a competing sink for ass i milate s it is po ssible t hat 

the hich :; tern and peduncle erowth rates may affect both ear s ize and 

grain fillin g more in Raven than in Pi tic 62. Likewise a higher 

rate of primoriia production in Pitic 62 could reflect lowered 

competition due to slower stem elongation. This in turn could ::!.ead 

to a larger ear size in the semidwarf wheat with probable a dvantage s 

both in ~i:ik s i z e and a ssim~latory capacity. 
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4.3 CONCLUSIONS 

Although this experiment did not demonstrate that Pitio 6?. was 

clearly superior to Raven it did show thn.t there was probably a yield 

advantace in favour of the semidwarf variety . Given disease-free 

plants and higher densities thari we r e used in this exp eriment it seems 

likely that Pitic 62 would outyield Raven b.Y a considerable amcunt . 

The sources of varietal yield differences in this experiment were the 

higher grain number per spikelet and spikelet numbe r per ear in 

Pi tic 62 and these more than offset the lower grain ,,ei t;h t in this 

variety. Since the relat i ve i rr.portance of yield components differed 

in Raven and Piti c 62 it is possible that different environmental 

condi ticns could be requ:i.red for maximum yields in these wheats. If 

the results of this experiment hold in other seasons and environments 

Pitic 62 mi e;ht be r elatively more sensitive than Raven to environrr-ental 

cond.itions between initiation and anthesis, when grain number is 

establi shed, and less sensitive ~uring gTain filling. 

Growth analysis in this experirr:ent showed only smal::. varietal 

differences in growth rate and assimilati_on rate at each density and 

these were not obviously r e l ated to yi e ld differences. It is a.pparent 

that growth analy sis is of limit ed value in cereal s where yield is only 

an indirect expression of total dry matter accumulat::..cn. Explana tions 

for observed differences must therefore be soucht at a more fundamental 

level. 

'rhe experiment showed that the grain to straw ratio of Pi tic 62 

was greater t hari that of Raven and that this difference was related to 

the growth pattern of the two varieties . In particular there seemed 

to be varietal differences in the relative activity of apical and inter­

calary meristems which led to larger ears and shorter stems in Pitic 62 . 

These require confirmat ion in more detailed experiments which should 

include a consideration of root gro•,.rth. 

The two varieties in this expe:riment were both high yielding but 

the question of which factors were re sponsible for this, or for yield 

differences between varieties, remains open. Pitic 62 exhibits a 

number of the ctaracters (short straw, large ear size, erect ears and 

awns) which have been proposed for a model wheat plant (Donald, 1968a, 

1968b) but it also possesses o thers (hieh leaf and tiller numbers, 

leaves not conspicuously erect) which are specifically excluded from 

this ideotype. Raven has few of the characters included in the model 

wheat plant. This experiment suggests that morphological characters 
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such as appear in Donald's ideotype are relat ed to yield in much the 

same way as the yield corn:;:,onent s ; they reflec t the underlyiP.g factors 

which r egulate y i e l d without themselves determining it. (There are 

of course exceptions to this general i zation e . g . l eaf angle.) A 

oimilar conclusion can te ree.ched from t.te more extensive s tudy of 

growth paramet ers by Lupton, Ali and Subrarnaniao (1967), while :nnlay 

(1968) stresses the point that hieh yielding, widely adapted wheat 

varieties differ markedl y in plant form and pattern of t,:rrowth. Until 

there is a deeper understanding of the physiological · r eeul a tion of the 

growth proce3ses leading to grain yield it seems unlikely that informa­

tion of muc:i use to plant breeders could be offered on the basis of 

differences in pl.:,.::i t for::n and growth patterns. The work reported in 

this thesis has idc:ntified some areas in which further research on the 

physiological regulation of growth processes could be rewarding. 
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A P P E N D I C E S 

**=.P<0.01 

* = 0.05 > P > 0.01 

ns = not significant at the 55~ level 
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26.12.68 

28.12.h8 

2. 1.69 

10. 1. 69 

18~ 1.69 

26. 1.69 

4. 2.69 

13. 2.69 

21. 2.69 

Dav 
~ 

1 

2 

3 
10 

16 

21 

26 

28 

33 

38 

44 
46 

50 

53 

56 

60 

62 

69 

74 
81 

85 

88 

90 

95 

103 

111 

119 

128 

137 

145 

Chronology 

Event 

Ploughing 

Rolling, discing 

Discing 

Harrowing, levelling 

3 cwt 3~'° K superphosphate applied 

) Block 1 sown 

) 

) 

) 

Blocks 2, 3, 4 sown 

Blocks 5, 6, 7 sown 

) Emergence 

Thi.wing, hand cultivation 

Establishment counts 

1st sampling 

2nd sampling 

3rd samplin8 

4th sampling 

Hand cultivation 

5th sampling 

Sprayed 1 pt. 2,4-D/acre 

6th sampling 

Sprayed 2 pt. 2,4-D/acre + Malathion 

7th sampling 

8th sampling 

9th sampling 

10th sampling 

Irrigation ca. 0.40 acre.inches 

11th S3.mpling 

Sprayed 16 fl. ozs./acre Metasystox 

12th sampling 

13th sampling 

14th sampling 

15th sampling 

16th sampljng 

17th sampling 

18th sampling 
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Appendix 2 Experimental Layout 

Layout: 7 b 1 ocks 

j!. 
u 
0 

co 

N 
_:,(, 
u 
0 

co 

"" _:,(, 

• 

• 

• 

• 

• 

• 

• 

Pl 

• 
R3 
• 

• 

• 

• 

• 

• 

3 plant populations = 177,77 p 1 an ts 

2 = 44.44 plants 

3 = 11. 11 p 1 an ts 

2 varieties R = Raven 
p = Pi tic 62 
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Appendix 3. Rainfall and Solar Radiation 

During Experiment. 

Daily rainfall recorded at Grasslands Division, D.S.I.R., Palmerston North, 

using standard meteorological rain-gauge. 

Solar radiation measured with an Eppley pyrhel iometer presented as 5 day 

uvcrasc s . Records from Plant Physiology Division, D.S.I.R., 

Palmerston North. 
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Appendix 4 Estimation of Areas of Photosynthetic Parts 

(a) Corrections for Leaf Lamina .Area 

In samplings 1 and 2 areas of a subsample of leaves were measured 

from outline tracings . Regressions of areas estimated by length x 

breadth on actual are~ were then calculated. Analysis of covariance 

(p. 95 ) showed separate regression::; were required for first leaves, 

not fully expanded (nFE ) leaves, and other leaves (2_nd to 5th) but 

r.ot for varieties (analysis not presented). 

individually corrected on this basis. 

Leaf areas were 

For the remaining samplings an air flow planimeter was used to 

measure leaf area. The air flow planimeter readings were corrected 

by use of r egressions of planimeter reachngs of area on that of paper 

standards. Analysis of covariance (p. 96) showed these reg:!'.'ess.i.ons 

differed significantly at different samplings. 

(b) Correction for FJag Leaf Area 

Flag leaf area length x breadth measurements were corrected 

using a regression of 1 x b on corrected air flow pl8nimeter readings 

for the same leaves. The regres sion was 

y = 5.021 + l.30lx 

Analysis of Covariance 

Source 
, ss df MS F 

Total 6.882 X 103 58 1.186 X 102 

Regression 5.693 X 103 1 5.693 X 103 2.729 X 10
2 ** 

Deviations 1.188 X 103 57 2.085 X 10 

(c) Estimation of Leaf Sheath and P~d1.p1cle Areas 

Leaf sheath and peduncle areas were calculated from the product 

of length x basal circumference. It was assumed that leaf sheath 

below the flag leaf node ceased to be ~ffective after sampling 10 

(day 81) so that leaf sheath area was calculated from dimensions 

above the FLN only after this time. 

(d) Estimation of Ear Area 

F.a.r area was estimated from 
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Appendix 4 (continued). 

(1 x b)Bth spikelet x number of fertile spikeletc 

where 1 and bare the lengths of the diagonals of the diamond shaped 

spikele ts. The a ccuracy of this estima te was checked by projecting 

the outline of l CO glumes of Raven and of Pitic onto paper with a 

magnification of 16 and weighing the cut-out areas. A comparison 

of mean weights of cut-out s showed no significant differences 

between varieties in glume area. 

Mean weight S.E. :Equivalent area 

(g) (g) (cm 2 glume -1) 

Raven 2.935 X 10-3 5.677 X 10-4 1.529 X 10-1 

Pitic 62 3.044 X 10-3 5.093 X 10-4 1.474 X 10-1 

tlOO 

Difference 1.090 X 10-4 7.601 X 10-5 1.434 ns 

The equivalent area per glume was multiplied by glume number 

per ear to give ear area. Ear area was estimated with errors 

using both methods for an ear of Raven with 16 fertile spikelets, 76 

glumes and 8th spikelet dimensions of 0.13 cm by 0.11 cm ; the 

estimates were 

(i) 

(ii) 

2 (22.8 ± 7.6) cm based on spikelet number and dimensions 
2 (11.6 ± 3,0) cm based on glun;e area and number 

Since both methods are arbitrary, and of similar apparent accuracy, 

the simpler, method (i), was preferred although it gave higher 

estimates. 

(e) Estimation of Awn Area/Spikelet in Pitic 62 

A sample of 10 ears of Pitic 62 was taken on day 122 and all 

awns were removed. The number of awns in the length classes 0-30 mm, 

30-60 mm and 60+ were counted and the length of 5 awns in each class 

measured. An estimate of awn diameter for each ear was made by 

measuring the width at the midpoint of 2 sets of 10 awns laid side 

by side. The awn area per spikelet was then calculated from 

( rr d t. (n .• I.) )/sn 
i=l l. l. 
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Appendix 4 (continued) 

where dis mean awn diameter, 

sn is number of spikelets, 

n. is numb8r of a.wn8 in the i th length class and 
1 

I. is their me3.Jl length. 
1 

The resulting mean estimate for 10 ears of (1.759 ± 0.095) crn2 of 

awn area per spikelet was then used in conjunction with number of 

fertile spikelets to estimate total . awn area on all ears of Pitic 62. 
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Appendix 4 

(continued) 

Source 

First leaves 

NFE leaves 

Other leaves 

Pooled within 
groups 

df 

10 

8 

26 

44 

Comparison of Regressions of Leaf 

Length x Breadth on Measured Area. 

Ex 2 Lxy Ly 2 /\ 

b Dev. SS 

2.047 X 105 2.303 X 105 2.776 X 105 1.125 1 e 846 X 10 4 

1.309 X 10 6 1.807 X 10 6 2.507 X 10 6 1.380 1.341 X 10 4 

7.142 X 105 1.149 X 10 6 2.053 :: 10 6 1.608 2.051 X 105 

Pooled deviations from individual regressions. 2.370 X 105 

2.228 X 105 3.186 X 10 6 4.839 X 10 6 1.430 2.821 X 105 
L, 

Between individual group regressions. 4.508 X 10 ' 

Between slopes F2 41 = Between individua l group regress ion MS 
• Pooled deviatio11s from individual regression MS 

= 3.89• 

df Dev. MS 

9 2.051 X 103 

7 1.916 X 103 

25 7.891 X 103 

41 5.781 X 103 

43 6.561 X 103 

2 2.254 X 10 4 



Appendix 4 
(continued) 

Source 

Sampling 3 

Sampling 4 

Sampling 5 

Samplings 6-7 

Samplings 8-12 

Samplings 13-15 

Pooled wi thir. 
group 

df 

16 

16 

16 

16 

21 

33 

118 

Comparison of Regressions of Air Flow 

Planimeter Readings on Stand.ard Areas. 

i::: X 
2 Exy Ly 2 " b Dev. SS 

1. 020 X 10 4 8.134 X 103 6.498 X 103 0.797 1.088 X 10 

1 .020 X 10 4 7.824 X 103 6.009 X 103 0.767 6.762 

1.020 X 10 4 8.879 X 103 7.735 X 103 0.870 4.235 

1.020 X 10 4 9.214 X 103 8.329 X 103 0.903 3.939 
2.213 X 10 4 4 4 1.970 X 10 1.756 X 10 0.890 2.076 X 10 

8.181 X 10 4 4 4 6.649 X 10 5.409 X 10 0.812 4.560 X 10 

Pooled deviations from individual regressions. 9.218 X 10 

1.447 X 105 1 0 202 X 105 1.002 X 10~ 0.830 3.198 X 102 

Between individual group regressions. 2.227 X 102 

Between slopes r5 , 112 = Between individual group regression MS 

Pooled deviations from individual ~egression MS 

= 5o 531 X 10 • • 

df Dev. MS 

15 7.253 X 10 -1 

15 4.508 X 10-1 

15 8 ., -1 2. 23 X ,0 

15 2.626 X 10-1 

20 1.038 

32 1.425 

--
112 8 -1 .231 X 10 

117 2.733 

5 4.552 X 10 



Appendix 5 Establishment Counts and Analysis 

of Variance. 

Percentage Establishment at Day 26. 

Data presented as means of angular transforr.iations with corresponding 

S.E. for population and variety differences. 

in brackets. 

Detransformed means 

Variable Variety Poyulation S.E. (V-V) 

Percentage 

establishment 

S .E. (P-P) 

I 

Variable 

· Pere en tage 

establish.men,; 

at day 26 

1 2 3 

Raven 73.05 71.05 75. 70 
(91.5) (89.5) (93.9) 

Pitic 68.91 68.24 70.56 
(87.1) (86.3) (ee.9) 

4.12 

Analysis of Variance of Angular 

'1'ransformed Data. · 

Source df MS 

Blocks 6 4.326 X 105 

Population 2 4.643 X 105 

Variety 1 1.706 X 10 6 

PV 2 4.785 X 104 

Residual 30 1.191 X 10 6 

3.36 

F 

3.895 X 10-1 ns 

3.565 X lC * _ ':> 

4.014 X 10 - ns 
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Appendix 6 (continued) 

A.'1alyses of Variance for Polynomial Curves 

Fitted to Dry 1tJeiGht and Area Data: Raven 2 

Fraction Source df MS F 

Leaf lamina mean 1 6.508 X 102 
1.994 X 103 

linear 1 1.517 X 10 4.649 X 10 

quadratic 1 2.207 X 10 6,763 X 10 -lH!-

lack of fit 13 6.520 X 102 
1.998 X 10-1 ns 

cubic 1 4-722 X 10-2 
1.462 X 10-1 ns 

within group 91 3.263 X 10-1 

Dead leaf mean 1 3.889 C 102 6.970 X 102 

linear 1 1.336 X 10 2°397 X 10 ** 
lack of fit 9 9.577 X 10-2 

1.710 X 10-l ns 

quadratic 1 1.885 X 10-1 3.303 
-1 x 10 ns 

within group 57 5.57"5 X 10-1 

Leaf sheath mean 1 7.063 X 102 
1.573 X 103 

line0-r 1 5.218 X 10 1.162 X 102 

quadratic 1 1.958 X 10 4.362 X 10 ** 
cubic 1 6.961 X 10-1 

1.550 ns 

lack of fit 13 6 -1 1.0 1 X 10 2.364 X 10-l ns 

within group 102 4.489 X 10 -1 

Stem mean 1 8.102 X 102 
2.055 X 103 

linear 1 2.208 X 10 5.602 X 10 

quadratic 1 7.003 1.979 X 1() ** 
lack of fit 9 9.212 X 10-2 

2.337 X 
-1 10 ns 

cubic 1 4.Li.2 X 10-1 
1.043 ns 

within group 68 3-941 X 10-1 

2 
103 Grain mean 1 4.246 X 10 4.201 X 

linear 1 5-875 5.812 X 10 

quadratic 1 1.652 1.634 X 10 ** 
lack of fit 3 4°)14 X 102 4.297 X 10-1 ns 

,.., , 
cubic 1 7.416 X 10-i::: 7°337 X 10-.i. ns 

within group 36 1.010 X 10-l 
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Appendix 6 (continued) 

Fraction Source df MS F 

Ear remainder mean 1 3.881 X 102 
3.687 X 103 *-)!-

lack of fit 5 3.265 X 10-2 
3.101 X 10-l ns 

linear 1 8.448 X 10-2 
8.024 X 10-1 ns 

within group 36 1.052 X 10-1 

Ear total mean 1 6.295 X 102 
2 .412 X 103 

linear 1 3.747 X 10 1.435 X 102 

quadratic 1 5.220 2.000 X 10 ** 

lack of fit 8 2.001 X 10-1 
7.671 X 10-l ns 

cubic 1 7.718 X 10-2 
2.957 X 

-1 10 ns 

within group 62 2.609 X 10-1 

'fotal mean 1 1.100 X 103 4.490 X 103 

linear 1 7.868 X 10 3.210 X 102 

quadratic 1 1.306 X 10 5-331 X 10 ** 

lack of fit 14 3.588 X 10-2 
1.464 X 

-1 10 ns 

cubic 1 1.472 X 10-1 6.008 X 
-1 10 ns 

within group 102 2.450 X 10-1 

Leaf lamina mean 1 1.427 X 103 4.169 X 103 

area linear 1 1.085 X 10 3.171 X 10 

quadratic 1 2.261 X 10 6.605 X 10 ** 

lack of fit 13 9°491 X 10-2 2. 772 X 
-1 10 ns 

cubic 1 1.748 X 10-1 5.106 X 
-1 10 ns 

within group 91 3.423 X 10-1 

Total area mean 1 1.250 X 103 4.812 X 103 

linear 1 2.842 X 10 1.094 X 102 

quadratic 1 5.407 2.081 X 10 * -l!-

10-2 ~. 
lack of fit 10 1.964 X 7.562 x 10·-.c. ns 

cubic 1 1.618 X 10-2 6.229 X 
-2 10 ns 

within group 78 2°597 X 10-1 



Appendix 7 

Variable 

Grain yield 
-2 g.m 

Ears. -2 
m 

Total spikelets. 
-1 ear 

Fertile 

spike lets. -1 ear 

Grains. 
-1 spikelet 

. 
Weight.grain -i 

Analyses of Variance for Grain Yield 

and Yield Components 

Source df M~ 

Blocks 6 6.155 X 104 

Population 2 7.999 X 105 

Variety l 2.198 X 105 

PV 2 l.456 X 104 

Residual 30 5.719 X 104 

Blocks 6 1.447 X 104 

Population 2 6.840 X 105 

Variety l 1.296 X 103 

PV 2 5.553 X 102 

Residual 30 2.063 X 104 

Blocks 6 5.985 X 10-l 

Population 2 3.181 

Variety 1 9.276 X 10 

PV 2 1.468 

Residual 30 6.436 X 10-1 

Blocks 6 2.114 

Population 2 1.980 X 10 

Variety l 4.939 X 10 

PV 2 5.038 

Residual 30 2.147 

Blocks 6 5.548 X 10-2 

Population 2 3.039 X 10-l 

Variety l 8.361 

PV 2 1.682 X 10-1 

Residual 30 1.032 X 10-1 

Blocks 6 7.527 X 10 -1 

Population 2 5-358 X 10-l 

Variety l 1.173 X 10 

PV 2 6.817 X 10 -1 

Residual 30 2.726 X 10-l 

102 

1,, 

1.399 X 10 ** 
1.509 X 10 ns 

2.546 X 10-1 ns 

3.314 X 10 ** 
2.334 ns 

2.690 X 10-2 ns 

4.942 * 
6.3l7 X 10 * 
2.280 ns 

9.224 ---* 

9.805 ns 

2.346 ns 

2.944 ns 

4-970 X 10 * 
1.629 ns 

1.965 ns 

1.721 X 10 ns 

2.500 ns 



Appendix 8 

Fraction 

Leaf lamina 

Dead leaf 

Leaf sheath 

Analyses of Variance for Dry weights of 

Plant 1''ractions and 'l'otal . Dry \{eight 

(Log 'l'ransformed Data) 

Source df MS 

Blocks 6 1.777 X 103 

I<' 

'l'ime 15 2.552 X 105 1.070 X 

Population 2 2.786 X 105 1.168 X 

Variety 1 2.219 X 104 

10 

10 

•11p 30 2.383 X 104 1.334 X 10 

TV 15 9.706 X 103 3.22'/ 

PV 2 3.350 X 10 1.114 X 10-2 

TPV 30 3.007 X 103 1.684 

Residual 560 1.785 X 103 

V + TPV 1.3 2.520 X 104 2.587 
1l1V + PV 15.1 9.739 X 103 

Blocks 6 7.838 X 103 

'l'ime 10 1.537 X 105 2.273 X 10 

Population 2 4.614 X 104 6.821 

Variety 1 8.835 X 104 

'l'P 20 6.764 X 103 2.289 
r11v 10 5.596 X 103 9.819 X 10-1 

PY 2 1.190 X 104 2.089 

TPV 20 5.699 X 103 1.928 

Residual 379 2.955 X 103 

V + '11 PV 1.1 9.405 X 104 5.372 

TV+ PV 4.1 1. 750 X 104 

Blocks 6 3.438 X 103 

Time 16 3.457 X 105 4.553 X 10 

Population 2 1.054 X 105 1.388 X 10 

Variety 1 9.100 X 10 2 

TP 32 7.592 X 103 1.075 X 10 

TV 16 1.359 X 103 1.884 

PV 2 1.202 X 103 1.666 

TPV 32 7.211 X 10 2 1.022 

Residual 589 7.056 X 102 

V + TPV 3.2 1.631 X 103 6.369 X 10 -1 

TV+ PY 7.8 2.561 X 103 

103 

** 

** 

** 

** 
ns 

* 

ns 

~ 

** 

** 

ns 

ns 

* 

ns 

** 

** 

** 

ns 

ns 

ns 

ns 
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Appendix 8 (continued) 

Fraction Source df MS F 

Stem Blocks 6 9-135 X 103 

'l'ime 11 ).207 X 105 4.034 X 10 ** 
Population 2 9.686 X 10/4 1.218 X 10 ** 

Variety 1 3.029 X 104 

TP 22 7.949 X 103 5.764 ** 

TV 11 1.712 X 103 1.886 ns 

PV 2 4°275 X 102 
4.712 X 10-1 ns 

" 10-1 'l'PV 22 9 0073 X 10,:_ 6.578 X nc• . .:, 

Residual 414 1.379 X 103 

V + TPV 1.1 )cl20 X 104 1.458 X 10 ** 

•rv + PV 12.8 2.139 X 103 

Ear remainder Blocks 6 2.633 X 102 

'!'ime 5 1.886 X 103 2.546 ns 

Population 2 7.369 X 10'+ 9-951 X 10 ** 

Variety 1 7.743 X 10' 
TP 10 7.405 X 102 

4-482 ** 

TV 5 3.909 X 102 
2.377 ns 

PV 2 1.779 X 102 1.082 ns 
2 10-1 'l'PV 10 1.644 X 10 9-948 X ns 

Residual 204 1.652 X 10 2 

V + 'l'PY 1.0 7.907 X 103 1.390 X 10 *-l<· 

TV+ PV 11.9 :j.688 X 102 

Grain Blocks 6 - 2 3.169 X 10 

Time 5 4.698 X 104 2.257 X 10 ** 

Population 2 6.662 X 104 3.201 X 10 ** 

Variety 1 2.021 X 103 

TP 10 2.081 X 103 1.358 X 10 ** 

'l'V 5 
2 2.268 2.373 X 10 ns 

PV 2 J.408 X 10
2 

5.170 * 

10 2 
6.824 X 10-1 TPV 1.046 X 10 ns 

Residual 204 1.532 X 10 
2 

V + 'l'PV 1.1 2.126 X 103 2.732 ns 

'l'V + PV 3 .8 7.782 X 10 2 
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Appendix 8 ( cont irmed) 

Fra0tion Source elf MS F 

Ear total Blocks 6 4.832 X 10 2 

Time 10 8.274 X 104 2.153 X 10 ** 

Population 2 6.887 X 104 1.792 X 10 ** 
Variety 1 3.797 X 103 

TP 20 3.84-2 X 103 1.866 X 10 ** 

TV 
2 

3.295 10 5.349 X 10 lE-

PV 2 2 8.835 X 10-1 1 .1.-34 X 10 ns 
2 7.883 X 10-1 TPV 20 1 .623 X 10 ns 

Residual 289 2.058 X 10 
2 

V + T?V 1.1 3.959 X 103 5.836 

TV + PV 11 .8 6.783 X 102 

Total Blocks 6 2.597 X 103 

Time 16 4.165 X 105 8.376 X 10 ** 

Population 2 1.096 X 105 2.204 X 10 JI-* 

Variety 1 1.303 X 103 

TP 32 4.972 X 103 1.180 X 10 ** 
TV, 16 2 1.222 7.223 X 10 ns 

2 2 10-1 PV 2.620 X 10 4.432 X ns 

TPV 32 
2 1.4-01 5.911 X 10 ns 

Residual 589 4-.217 X 10 2 

V + TPV 2.1 1 .894- X 103 1.924- ns 

TV+ PV 14.5 9.84-3 X 10 2 



Appendix 9 

1',raction 

Leaf lamina 

area 

Leaf sheath 

area 

Flag leaf area 

Analyses of Variance for Areas of 

Photosynthetic Parts (Loe Transformed Data) 

Source 

Blocks 

'1'ime 

Population 

Variety 

TP 

'1'Y 

PY 

TPV 

Residual 

V + '!'PY 

TP + PV 

Blocks 

'l'ime 

Population 

Yariet;s,· 

TP 

TV 

PY 

'l'PV 

Residual 

V + 'l'PV 

TP + PV 

Blocks 

'1'ime 

Population 

Variety 

TP 

'l'V 

PV 

TPV 

Residual 

V + TPV 

TP + PV 

df 

6 

14 

2 

l 

28 

14 

2 

28 

520 

1.6 

29.9 

6 

12 

2 

1 

24 
12 

2 

24 

449 

2. 3 

24.6 

6 

5 

2 

l 

10 

5 
2 

10 

204 

1.1 

11.5 

MS 

2 
8.944 X 10 

9.558 X 104 

8.332 X 104 

3.091 X 103 

6.718 X 103 

2.103 X 103 

2 
4.051 X 10 

2 8.570 X 10 
2 

5.364 X 10 

3.948 X 103 

7.123 X 103 

3 .060 X 103 

1.474 X 105 

3.744 X 104 

1.009 X 103 

4.602 X 103 

8.928 X 10
2 

? 
7.495 X 10~ 

2 
5.330 X 10 

5.425 X 10
2 

1.542 X 103 

5-351 X 103 

3 1.247 X 10 
2.820 X 104 

5.780 X 104 

9.127 X 103 

1.060 X 104 

1.991 X 103 

3.280 X 103 

6.034 X 102 

9.452 X 10
2 

9.730 X 103 

i.388 X 104 

F 

1.422 X 10 ** 
1.240 X 10 ** 

1.252 X 10 ** 
2.454 * 
4.727 x 10-l ns 

1.597 * 

-1 
5.542 x 10 ns 

3.204 X 10 ** 
8.1.57 ** 

8.482 lH!· 

1.674 ns 

1.406 ns 

9.826 x 10-l ns 

2 .882 x 10-l ns 

2.658 ns 

5.449 * 

1.122 X 10 -Hl-

3.300 ns 

5.436 * 
6.384 x 10-l ns 

7 .006 x 10-l ns 

106 
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.Appendix 9 (continued) 

Fraction Source df MS 1', 

Ear area Blocks 6 4.656 X 103 

'l'ime 4 l.65? X 105 1.029 X 10 -,HI· 

Population 2 2,405 X 104 1.512 ns 

Variety l 5.193 X 104 

TP 8 1.590 X 104 8.970 ** 

'l'V 4 1.822 X 104 1.803 Y. 10 ** 

PV 2 2.217 X 103 2.194 ns 

11py 8 1.010 X 103 5. 700 X 
10-1 ns 

Residual 169 1.773 X 103 

V + 'rPV 1.0 5.294 X 104 2.922 ns 

'11V + PV 18. 2 1.812 X 104 

Peduncle area Blocks 6 4.713 X 103 

'l'ime 3 2.~87 X 105 3.867 X 10 ** 

Population 2 7 .100 X 103 1.021 ns 

Variety 1 5.660 X 104 

6 
,; 

6. 711 TP 6.948 X 10_., ** 
'l.'V 3 3 .439 X 103 6.568 * 

PV 2 1.400 X 103 2.674 ns 

TPV 6 5.2)) X 10
2 

5.057 X 10-l ns 

Res,idual 134 1.035 X 103 

V + '11.PV 1.0 5.715 X 104 6,850 * 

TV+ PV 7.7 8.348 X 10' 

Area above Blocks 6 5.860 X 102 

FLN 'rime 3 1.891 X 104 2.121 X 10 ** 

Population 2 3.360 X 104 3.769 X 10 ** 

Variety 1 2.422 X 103 

'1'P 6 8.915 X 10
2 

1. 797 ns 
2 

'l'Y 3 6.190 X 10 3.951 ns 

PV 2 :.605 X 10
2 

2.301 ns 

TPV 6 -6 2 1.5b X 10 3.159 X 10-l ns 

Residual 134 4.959 X 10 
2 

V + TPV 1.1 2.578 X 103 2.059 ns 

TV+ PV 7.9 1.252 x io3 
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Appendix 9 (continued) 

Fraction Source df MS T l 
J! 

'fatal area Blocks 6 1. 764 X 103 

'rime 12 1.867 X 10) 5.057 X 10 ·IHI· 

.Population 2 3.004 X 104 9.422 ** 
VariP.ty 1 2.7'j0 X 102 

'l,P 24 3.168 X 103 6.638 ** 
12 2 1.328 TV 8.842 x h) ns 

PV 2 1.099 X 10 3 1.651 ns 

'l'PV 24 6.6 55 X 102 
1.385 ns 

Residual 449 4.803 X 10
2 

v + •rpv 9.4 9 .405 X 10
2 

2.194 X 
-1 10 ns 

TV+ PV l7.8 4.287 X 10 3 



Appendix 10 

Fraction 

Length of stem 

below l<'LN 

after ht:>ading 

Number of 

internodes 

below l<'LN 

Peduncle 

length 

Analyses of Variance for Stem Lengths and 

Number of Internodes. 

Source df MS p 

Blocks 6 8.606 X 103 

'l'ime ?. 7.207 X 103 2 .875 X 10-1 

Population 2 1. '.)89 X 105 6.340 

Variety ]. 3°071 X 105 

'l'P 4 2.506 X 104 9.848 

TV 2 1:044 X 103 4.656 X 10-1 

PY 2 l.184 X 104 5,279 

TPV 4 2,243 X 10_) 8.814 X 10-l 

Residual 99 2 • 54 5 X 103 

V + 'rPV 1.0 3.093 X 105 8,382 

'l'P + PV 5.9 3.690 X 104 

Blocks 6 1.416 X 10-1 

Population 2 7,255 X 10-1 8.773 

Variety 1 9,324 X 10-1 
9.333 

PV 2 9-990 X 10-2 1.208 

Residual 72 8,269 X 10-1 

Blocks 6 1.160 X 104 

'l1ime 5 8.129 X 105 8,510 X 10 

Population 2 1,695 X 105 1.775 X 10 

Variety 1 2,935 X 10'.) 

TP 10 9-551 X 103 8.402 

TV 5 1.126 X 104 6. 719 

PY 2 4 1.262 :x: 10 7,528 

TPV 10 1.677 X 103 1.475 

Residual 198 1.136 X 103 

V + TPV 1.0 2.952 X 105 1.331 X 10 

'l'P + PY 5,5 2,217 X 104 

109 

ns 

ns 

** 

ns 

ns 

ns 

* 

** 

ns 

ns 

** 

** 

** 

** 

* 

ns 

** 
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Appendix 10 (continued) 

Fraction Source df MS F 

Total stem Blocks 6 6.860 X 104 

length 'fime 6 3.064 X 10 
6 

9.350 X J.O ** 
Population ?. 1.058 X 106 

3.231 X 10 ** 
Variety 1 1.247 X 106 

TP l:? 3.276 X 104 6.782 ** 
·rv 6 4.287 X 104 l.157 X 10 ** 
PV 2 6~685 X 104 1.804 X 10 ** 
TPV 12 ).705 X 103 7.669 X 10-1 ns 

Residual 239 4.831 X 10' 
V + TPV 1.0 1.251 X 106 1.256 X 10 * 
•rp + PV 4.2 9,962 X 104 
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Appendix 11 Analyses of Variance for Tiller Data 

( Log Transformed Data) 

Variate ;3ource elf MS F 

Total tiller Blocks 6 4.908 X 10 
2 

number 'i'ime 16 1.975 X 104 9.665 ** 

Population 2 7 .192 X 104 3.518 X 10 ** 

Variety 1 1.903 X 103 

TP 32 2.044 X 103 1.263 X 10 ** 

TV 16 2.192 X 102 8.661 X 10-1 ns 

PV 2 7.841). X 102 3.098 ns 

TPV 32 2.531 X 10
2 

1.564 ns 

Residual 599 1.618 X 10 2 

V + 'l'PV 1.3 2.156 X 103 7.623 X 
-1 10 ns 

TP + PV 18.2 2.828 X 103 

Number of non- Blocks 6 6.351 X 102 

elongated live 'l'irne 10 1.809 X 104 2.447 X 10 ** 

tillers Population 2 1.898 X 104 2. 567 X 10 ** 

Vari et~· 1 1.022 X 103 

'l'P 20 7.394 X 102 2.202 ** 

TV 10 6.247 X 10
2 

2.432 * 

Fv 2 4.563 X 102 1.776 ns 

TPV 20 2.568 X 102 
7.651 X 10-l ns 

Residua.l 379 3.357 X 102 

V + 'l'PV 1.6 1.279 X 103 J..069 ns 

TP + Fv 10.9 1.195 X 103 

Dead tillers Blocks 6 2.015 X 10
2 

'rime 7 3.394 X 103 8.481 ** 

Population 2 2 
7.195 X 10-l 2.879 X 10 ns 

Variety 1 5.180 X 103 

TP 14 
2 

1.179 4.001 X 10 ns 

TV 1 1.070 X 1_03 2.895 * 
Fv 2 7.949 X 10

2 
2.149 ns 

'rPV 14 3.697 X 10
2 

1.090 ns 

Residual 274 3.391 X 10
2 

v + •rpv 1.1 5°550 X 10) 4.644 ns 

TP + PY 4.4 l ·.195 X 103 
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Appendix 12 X 2 Analyses for Regressions of Proportions 

(a) Regressions of Proportions of 'l'illers with Spikelet Primordia on Time. 

I\ I\ Overall X} 2 Source b C df X due to 
regression 

Rl 0.027 -0.481 3.931 * 2 3.568 ns 

Pl 0.074 -2.768 31.278 ~* 2 26.153 ** 

R2 0.050 -1.616 17 .126 ** 2 16.803 ** 

P2 0.081 -3.222 55.733 ** 2 56.415 -II-* 

R3 0.039 -1.061 16.680 ** 2 15.349 ** 

P3 0.067 -2.603 31.687 ** 2 27.304 ** 

(b) Regressions of Proportions of Tillers Heading on Time. 

I\ I\ 2 2 Source b C Overall X df X due to 
regression 

Rl 0.069 -5.063 42.069 ** 2 41.677 ** 

Pl 0.065 -4.894 56.024 ** 2 48.229 ** 

R2 0.047 -3-486 146.849 ** 2 137.718 ** 

P2 0.062 -5 .042 87.222 ** 2 83.351 *·II-

R3 0.040 -3 .109 183-711 ** 3 176.327 ** 

P3 0.043 -3-509 210.904 ** 3 206.219 ** 
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(c) Regressions of Proportions of 'l'illers wi. th Senescent Photosynthetic 

}'arts on '.L'irne. 

I\ I\ 2 2 
Source b C Overall 'X. df X due to 

regression 

Ri flag leaf 0.042 -0.154 22.559 * ·ll- 2 21.707 ** 

Rl leaf sheath 0.049 -0.465 28.599 ** 2 26.541 ** 

Rl peduncle O.Oj6 -0.466 50.052 ** 2 38 .314 ** 

Rl ear 0.057 -0.550 40.685 )I-* 2 57.393 ** 

Pl flae leaf 0.019 o. 4 2'/ 9.541 ** 2 8.996 ** 

}>l leaf sheath 0.051 -0.471 40.749 ** 2 37.008 ' ** 

Pl peduncle 0.0:j8 -0.644 49.047 *ll- 2 49.058 ** 

Pl ear 0.058 -0.522 52.499 ** 2 40.941 * ·JI-

Pl awns 0.029 0.223 19.090 ** 2 17.797 ** 

R2 flag leaf 0.047 -0.446 78.759 ** 2 78.154 ** 

R2 leaf sheath 0 .0)4 -O. 'j67 103.183 ** 2 101.433 ** 

R~ peduncle 0.058 -0.637 117.932 ** 2 117 .660 ** 

R2 ear 0.05.1 -0.632 106.429 ** 2 103.962 ** 

P2 flag leaf 0.041 -0.074 66.577 * ·ll- 2 61.705 ** 

P2 leaf sheath 0.058 -0.6:i3 109.81:i ** 2 108 .275 ** 

P2 peduncle 0.0';8 -0. '/17 126.983 *·:'- 2 109.516 ** 

P2 ear 0.057 -0.729 134 .107 ** 2 110.434 ** 

P2 awns 0.048 -0.336 76.237 ** 2 77. 225 ** 

R3 flag leaf 0 .035 -0.266 226.757 ** 2 220.501 ** 

R3 leaf sheath 0.057 -0.464 134.714 ** 2 136.505 ** 

R3 peduncle 0.03:i -0.426 117 .576 ** 2 122.956 ** 

R3 ear 0.034 -0. 398 · 107.243 ** 2 113 .069 ·ll-* 

P3 flag leaf 0.024 0.056 130.093 ** 3 ll0.612 ** 

P3 leaf sheath 0.030 -0-383 a3.512 ** 2 72.901 ** 

P3 peduncle 0.021 -0.290 79.384 ** 2 54.496 ** 

P3 ear 0.032 -0.374 74.858 ** 2 71.458 ** 

P3 awn 0.042 -0.437 108.818 ** 2 97.529 ** 



Appendix 13 (.;()efficients of Polynomials :fitted to 

Dry weight Data. 

The polynomial coefficients in equations of the form 

loge ~/= B
0 

+ B1t + B2t
2 

+ B
3

t 3 

are tabulated. 

li'raction 

Raven 1 

Leaf lamina -2.032 10-1 _ 7, 

2.253 X -1.411 X 10 ✓ 

Dead leaf 2.8:59 2.717 X 10-2 

Leaf sheath -6.602 4°053 X 10-1 
-3.940 X 10 -3 

Stern -2.470 1.900 X 10-1 6 -4 -8.30 X 10 

Ear remainder 6.908 

Grain -3.293 X 10 6.363 X 10-1 -2.456 X 10-3 

Ear '.rotal -7-344 2.368 X 10-1 -8.886 X 10-4 

'11otal -6.621 X 10-1 1.763 X 10-1 
-1.e15 X 10-4 

Pitic 1 

Leaf lamina -7.219 X 10-1 1.817 X 10-1 
-1.074 X 10-3 

Dead leaf 2.710 3.193 X 10-2 

Leaf sheath -6.001 3. 734 X io-1 
-3.466 X 10-3 

Stem -8.114 2.961 X 10-1 -1.325 X 10-3 

Ear remainder 7 .2:52 

Grain* -2.527 X 10 5.122 X 10-1 
-1.949 X 10 -3 

Ear Total -1.453 X 10 3.765 X 10-1 -1.528 X 10-3 

Total -4.061 X 10-l 1.687 X 10-1 
-7.323 X 10 -4 

Raven 2 

Leaf lamina -2.850 2.454 X 10-1 -l.392xl0 -3 

Dead leaf 1.462 6 -2 4. 59 X 10 

Leaf sheath* -6.234 3.)51 X 10 -1 -2.815 X 10 -3 

Stem 8.902 3.250 X 10 -1 -1.415 X 10 -3 

Ear remainder 8.043 

Grain -3.896 X 10 7°585 X 10-1 
-2.9?'7 X 10 -3 

Ear 'i'otal -1.293 X 10 3.549 X 10-l -1.397 X 10 -3 

'.Potal -1.772 2.074 X 10-1 -8.804 X 10-4 

114 

1.239 X 10-5 

1.045 X 10-5 

7.0R:- X 10 -6 
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Appendix 13 (continued) 

Fraction BO B1 B2 B3 

Pitic 2 

Leaf lamina -3.218 2.720 X 10 -1 -1.658 X 10-3 

Dead leaf 3.054 3.6,34. X 10 -2 

Leaf s heath * -5.517 3.319 X 10 -1 -2 .543 X 10 -3 6 -6 .041+ X 10 
Stem -1 .151 X 10 

. -1 
3.775 X 10 -1.692 X 10 -3 

Ear remainder 8.338 

Grain -3.301 X 10 6.599 X 10 -1 -2.565 X 10-3 

Ear total -2.054 X 10 5.04-9 X 10 -1 -2.089 X 10-3 

Total -1.445 2.040 X 10 -1 -8. 796 X 10-4 

Raven 3 

Leaf lamina -1.875 2.201 X 10-1· -1.163 X 10-3 

Dead· leaf 1.076 5 .1+25 X 10 -2 

Leaf sheath * -6.005 3.410 X 10 -1 -2.500 X rn-3 5.862 X 10 -6 

Stem. -1.032 X 10 3.464 X 10 -1 -1.433 X 10-3 

Ear remainder 8.775 
Grain -3.283 X 10 6.4-43 X 10 -1 -2.409 X 10-3 

Ear total -1.358 X 10 3.631 X 10 -1 -1.372 X 10-3 

Total -1.403 2.005 X 10 -1 -7.941 X 10-4 

Pitic 3 

Leaf lamina -3.972 2.830 X 10 -1 -1.597 X 10 -3 

Dead leaf 2.236 4.706 X 10 -2 

Leaf sheath * -7.593 3.841 X 10 -1 -276 X 10-3 6.906 X 10 -6 

Stem** -1.398 4.108 X 10-1 -1. 726 X 10-3 

Ear remainder 9.195 
Grain -2.403 X 10 5.070 X 10 -1 -1.862 X 10-3 

Ear total ** -2.()48 X 10 4.908 X ~0 -1 -1.920 X 10-3 

Total -2.300 2 .179 X 10 -1 -8.713 X 10-4 

* Polynomial of hieher degree than statistically significant polynomial. 

** Polynomial of lower degree than statistically significant polyno~ial. 



Appendix 14 Coefficients of Polynomials Fitted 

to Photosynth~tic Area Data. 

The polynomial coefficients in equations of the form 

logeA = Bo + Elt + B2t
2 

are tabulated. 

Fraction 

Raven 1. 

Leaf lar.iina area 

Leaf sheath area 

Flag leaf a1:ea 

Ear area 

Peduncle area 

Area above FLN 

Total area 

Pi tic 1. 

Leaf lamina area 

Leaf sheath area 

Flag leaf area** 

Ear area 

Peduncle area ** 
Area above FLN 

Total area 

Raven 2 

Leaf lamina area 

Leaf sheath area 

Flag leaf area 

·Ear area 

Peduncle area 

Area above F'LN 

Total area 

1.626 

1.366 

8.ll8 

8.076 

9-571 X 10-2 

9.837 

2.219 

2.371 

1.815 

8.541 

9.384 

-9-528 

1.014 X 10 

2.193 

4.963 X 10-l 

2.278 X 10-1 

9.109 

4.619 

-3-464 

1.072 X 10 

9.679 X 10-l 

2.168 X 10-l 

1.829 X 10-l 

8.831 X 10-2 

1.856 X 10-l 

1.581 X 10-l 

1.955 X 10-l 

2.431 X 10-l 

2.041 

4.816 X 10 -2 

1.350 X 10 -1 

2.352 X 10 -1 

116 

-1.388 X 10-3 

-1.131 X 10-3 

-1.255 X 10 -3 

-1.111 X 10-3 

-8.9?7 X 10-4 

-1.118 X 10 -3 

-1.409 X 10-3 

-1.092 X 10-3 

-1.327 X 10 -3 
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Appendix 14 (continued) 

Fraction BO Bl B2 

Pitic 2. 

Leaf lamina area 8.920 X 10-l 2.453 X 10-1 -1. )lb X 10-3 

Leaf sheath area 1.654 1.645 X 10-1 
-8.394 X 10-~ 

J<'lae; leaf area 9.005 

Ear area 6.528 3.960 X 10-2 

Peduncle area -7.'j82 X 10-1 9.908 X 10-2 

Area above FLN 1.080 X 10 

Total area 2.636 1.852 X 10-1 
-9.734 X 10 -4 

Rav-en 3. 

Leaf lamina area 1.769 2.077 X 10-l -1.125 X 10-3 

Leaf sheath area 9.578 X 10-1 1.849 X 10-1 -9.100 X 10-4 

Flat: leaf area -1.407 X 10 4.535 X 10-1 -2.118 X 10-:-3 

Bar area 2.409 7 .3?9 X 10-2 

Peduncle area -2.756 1.295 X 10-1 

Area above l<'LN 5.682 5.827 X 10-2 

'rotal area 1.706 2.153 X 10-1 
-1.142 X 10 -3 

Pitic 3. 

L<3af lamina area -1.948 X 10 -1 2.633 X 10-1 
-1.499 X 10 -3 

Leaf sheath area 9.757 X 10-1 
1.695 X 10-1 

-7.450 X 10 -4 

Flag leaf area -2.819 X 10 7.2'j9 X 10-1 -).427 X 10 -3 

Ear area 1.197 9.721 X 10-2 

Peduncle area -1.483 X 10 2.458 X 10-1 

Area above FLN 4.131 7.661 X 10-2 

Total area 1.427 2.103 X 10-1 
-1.040 X 10 -3 

** Polynomial of lower degree than statistically sienificant polynomial. 



Appendix 15 Coefficients of Polynomials Fitted 

to Stem Length Data 

Coefficients in equations of the form 

are tabulated. 

Fraction BO 

Raven 1 

0tem below FLN '.).132 X 102 

Peduncle length ,-'.).571 X 10
2 

'l'otal length -2.90) X 103 

Pitic 1 

Stem below l<'LN 3.8j2 x 102 

Peduncle length -4·• 768 x 10
2 

Total length -2.100 x 10) 

Raven 2 

Stem below FLN 4.394 X 102 

Peduncle length -5.274 X 102 

Total length -2.431 X 103 

Pitic 2 

Bl 

8.648 

6.545 X 10 

6.929 

4.545 X 10 

7.959 

5.134 A 10 

B2 

-2. 718 X 10 

-1. 781 X 10 

-1.959 X 10 

-1 

-1 

-1 

Stem below ~'LN 3. 333 x 102 

Peduncle length -4.216 x 102 

Total length -1.511 x 103 
5.905 

3.117 X 10 -1.086 X 10-l 
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Appendix 15 (continued) 

Fraction 

Raven 

Stem below FLN 

Peduncle length 

Total length* 

Pitic 3 

Stem below FLN 

Peduncle length 

Total length* 

BO 

3-572 X 10 
2 

··4• 726 X 10 
2 

•-1.319 X 103 

2.951 X 10
2 

-4.223 X 10
2 

-9.251 X 10
2 

Bl 

6.630 

2.6ll X 10 

5.679 

1.688 X 10 

B2 

6 -2 -7.49 X 10 

-3.420 X 10 -2 

* Polynomial of higher degree than statistically significant polynomial . 
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