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SU'{ìúA.RY

A series of experiments \,ùas conducted in L972' L973 and 1974 in

the field to j-nvest,ígate the effect of frequency-dependent advarttage in

wheat and its influence on the efficiency of single plant selectÍon.

Frequency-de.pendent advantage (f.d.a") ís Ëhe term used to

describe the phenomenon where a genotype grclwing at a 1ow frequency in a

mixture has a higher fítness or yield than when it is gro\fn at a higher

frequency ín a míxture of the same comPonents.

1. The occurrence and magníÈude o f frequency-dep endent advantaqe.

F, hybrid seeds of the crosses (I^larimek * IIalberd) and (tr{aríquam *

Halberd) hrere gro\eTl in a stand of Halberd at 5 frequencíes: 4%,6.257.?

IL,LL%, 257" and 5O%, A reduction of 357. to 40"/" in graÍn yield of

individual plants was observed wíth both hybrids as their frequencíes

changed ftom 4% to 507". A similar trend wíth frequency r^ras noted for

toÈal grain number and severar other plant characteristics, partícularly

those measured towards the en<i of the growing season. Ilalberd plants

dÍd noÈ show a corresponding increase in grain yield as their frequency

declined from 96% to 5O7..

The following season, 76 F4 lines from the cross (tr^larùnek *

llalberd) and 70 Fn línes from (I^lariquarn *< Gabo) hrere gro\ÂIn at frequencies

of 6.257" and L8.757" in machíne sornTn sÈands of l^lariquarn and i{alberd,

respecÈively. Again, with alrnost all these f.ines, a decrease in grain

yield with increased frequency of the genotyPe was observed. Further-

morer there was a posítive correlation between f 'd'a' a¡td rel-ative grain



iii

yield, suggesting that genotypes with a hlgtr rnean yield aÈ low frequen-

cíes show a greater f.d.a. than lower yíelding ones.

It was concl-uded that f .d.a. was likely to be wídespread 1n

wheat.

2, l{echanisms of frequencv-cleoencient advantage.

The relationshíp between f.d.a. and compeLítive abilíty in wheat

rras ínvestigated by growing F, hybríds and their Parents ín paired com-

binatiorrs at 2 frequencies 6.25% and 25i4. The results indicated that a

strong competitor had an increased yield at a low frequency r.rhen grown

ln a stand of a r.reak eompeËitor (thus exhíbíting f.d.a.), however, the

weak competÍtor tras not significantly reduced when ít was grorÀtn at low

frequency. One hybrid, (I,{arimek:t Timgalen), did not show f.d.a. in

either parent, indicating that heterozygosíty díd not always lead to

f .d.a.. The strong competitor, Timgalen, also showed f .d.a. in a mixtr-rre

of other varieties, suggestíng that the mechamism whích resulte.dinf.d.a"

fn this genotype was specific to this genotype.

The physical basis of f.d.a. was studied ín an experiment designed

to enable assessment of relative compeËition for aerial and soÍl factors.

The results inclicated that f.d.a. Ìrras maínly invoived r^rith soil factors.

Furtbermore., Èhere- was a Positive correlatíon betr¿een grain yield per

plant and distanc-e between the test plants suggesËing that f.d.a. \À7as

probably due to the interaction betr¿een roots of the same genotype in the

exploitation of the environment in a slightly different way to that by

other genotypes.
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3 The effect of f requencv-d epenclent advantag e on sinsle plant

sel ect i-on.

(r) inF o ulations: The distributions of. F, plants of

the crosses (l,larimek * Halberd) and (Inlariquarn :t Halberd) were compared

wíth those of the F, rs and the parents, l.Jarímek, Halberd and l^IaríquanL.

It was expected that the F, I s should show a larger variance and a more

skewed distributj.on than Ëhe F, I s and parental populations as a result of

geneÈic segregation and f.d.a.. Surprisíngly, the results indicated that

the variances of graín yield per plant !ùere not different between Fr:

F, and parental populations.

(íi) ín míx tures of senovtpes: The relationship between Ëhe

yleld of Fu single plants from 25 F, derived línes of the cross (ltarirnek

* Halberd) grown in replicated mixtures and the yield of the same lines

gror¡rn in pure stands was compared. In the same experiment, each line

was also grown at 2 frequencies, 47" and L6%, in a míxture of the parents,

I{ari.rnek and Halberd, to compare the frequency responses of these lines

wÍth their performance in mixtures and ín pure stands.

It was found that the yields of the 25 línes were significantly

highcr: at the 4% than at the L67" fteqrtency, thus they exhibited f .d.a..

The correlation between yíeld in mixture and yield in pure stand varÍed

from o¡e replícate to another, but when yields of the 25 lines in mi.xtures

qrere based on the mean yíelds over all the replicates, the correlation

beÈween yíelcls i.n mixtures and yields in pure stands was positive and

híghlv significant (r = 0 ,74g***). Conversely, the correlatiårr between

the f.d.a. of a l-ine and iËs perfonnance in a pure stand was 1ow (r =

0.001).
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In the sturly reported here, thl:ee important features were

apparent, concerrìing single plant selection for yield:

(a) the effect of f.d.a. was small in a heterogeneous populatíon

and was unlíkely to influence single plant selection.

(b) micro-environmental variation was the nain factor influenc-

Íng the phenotypic expression of single plants,

(c) there Ìras a positíve correlation between yíeld j.n míxture

and yield in pure stand, This correl-aËion I^Ias obtained when;

- the mixtures and pure stands l¡Iere gror^ln at the same

density and planting method, Thus, when there r¡rere

no genotype-density and genotype-environment inter-

actions between the tvro treatments.

- the yielcl in mixÈure of each genoÈype was based orr

the rnean of a number of plarrts ln replicated plotst

and the effect of micro-envlronment. I¡7as thereby

mínimízed

Thus when the effect of mícro-environment could be reduced, ít

should be possibl-e to select for hígh yielding genotypes, based on the

yíeld of single plants in mixtures.

The effect of f.d'a. in population dynamics was studíed by

computer símulation, using the model of mixed selfing and ouEc::ossi-ng

wíth selectíon developed by Hayman (1953). It was shown that a combína-

tion of f.d.a, and natural crossing could maintaín genotypic frequencíes

ín a stable equilibrium.

This study is applicable to 4 aspects of plant breeding as iti



(í)

( ií)

(iii)

(iv)

vf

explains the performance of indívidual plants which result

ln the mainterrance of hete.rogeneíty in Composite Crosses.

suggests that multil-ine varíeties will not need frequent

re-constitution "

emphasizes the likely problems roith infrequent rogues

(off-type genotypes) in a varíety durÍng seed multiplication"

nay have a rol-e in reducing the efficiency of single plant

selection aLthough the results Ín sectlon (3) índicated

that it was probably the micro-environment which has the

largesÈ influence on the phenotypic expression of single

plants in a segregatíng populatíon.
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I. INTRODUCTION

Often, the purpose of a plant breeding program is to select a

gqnotype with a higher yield Èhan that of existíng varieties. In the

pedigree meÈhod of select,ion, the first step is a careful choíce of

parental combinations likely to give rise to high-yíelding progeny.

Folloruing the initíal hybridization, superior individuals are selected

ín successive ge.nerations. Finally homozygous genotypes may be

released as neT¡r varleties.

For self-pollinated crops, it is essential to Ídentify genotypes

which are potent.ially hígh yieldíng in pure stands in the early genera-

tions, preferabl-y at the Fr, fot if they are 1ost, they cannot be recovered

in the subsequent generations. Effective selection Ín the early genera-

tions would also enable the breeder to screen large numbers of genotypes

with the minj-mum of time, cost, J-abour and space'

Sínce vegetatíve ProPagation is not PracEicable rsiËh self-

pollinated cereals such as wheat and barley, selection ín an F,

populaÈion ís esse.ntially on a single plant basis. Indivíduals are

of üen se1ected on their morptrological charac.teristícs ' hor¡7ever the pherto-

type of a pl-ant may be strongly influenced by the envj-ronment Ín which it

is growu,

This fhesis is concerned vríth one of Èhe factors affecting the

phenotypic expression of plants when they are gro\tn as a componenÈ ín a

míxture of a number of díssi¡nilar genotypes, namel-y frequency-tiependent

advantage. Frequency-dependent advantage is the term used when a

genotype at a low frequency in a population has a higher fitness or
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yíe1-d than it has nhen present at a high frequency.

Plant breeders recognize other factors that lnfl.uence the

outcome of selectíon, These arise when a single F, plant is usecl as

a predictor for the performance of the same genotype or related gerìo-

types whe.n these are grohrn over the whole range of conditions ín røl-rich

the crop is cultivated. These j-nclude:

1 The relative performance of genotypes ín relation to

their physÍcal environment ;

(i) Interactions between genotypes at different plant

densities: Síngle plants are often grown at low densities to facil-i-

tate inspectíon and Ëo produce more seed for the next generation.

Ilowever, the appearance and performance. of a plant at lour densíty

depends on its abiliÈy to utíIize the environmental resources in the

absence of neíghbours. Plants may be selected whích possess characters

with a hígh expression at a low density (e.g. Èa11, leafy and high

tillering capacity), but these may not be useful when Èhe same genotype

is grown as a crop.

(1i) Genotype - environment interactions over sítes and

seasons: The relatíve performance of genotypes changes with climate

and soil conditions. As these condítions vary with seasons and sites,

genotypes selected at a parÈicular site ín one season may not perform

wel.l- at other sites or in oËher seasons.

(iii) Micro-environmental varíation: The term micro*environmenË

used here refers to edaphic varíations within a plot. These effects

arlse as a result of local variation in soil fertílity, soíI pathogens,
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topography and water supply. In a populaÈíon such âs ÉIrI Frr each

genotype is grorrn ín a particular micro-envíronnent. Sínce the micro-

envíronment differs from plant to plant, this variation may be

sufficient to mask the genetic differences between genotypes,

2. Genetic changes:

Heterozygosity may result in hybríd vigour but this hígher

performance is not an advantage as the cult.ivars whÍch are eventually

produced are homozygous. Heterozygosíty may also lower the effícíency

of selectíon sínce a heËerozygous pl-ant will segregate, producing

genetically variable progeny.

3. Inter-genotypic competition:

At commercial densiÈies, the environmental resources available

to Índívidual- planÈs are lirnited. In a segregatíng populaÈion,

genotypes which cân compete successfully for Èhese resources uray be high

yieldíng. This advantage may be lost rvhen these genotypes are grown irr

pure stands.

More speeifically, and of particul-ar concern ín thís stuúy, ís

the possíbility that the performance of a genotype in a mÍxÈure ís

infl.uenced by the frequency of like or sirnilar genotypes ín the popula-

tion. HardÍng, Allard and SmelÈzer (1966) found that, in popul.atíons of

líma bean (pngs"ot"s lunatus.), the frequencíes of the heterozygotes at

equílibríum Ín a populatíon were higher than woulcl be. expect.ed on the

basis of the observed rate of outcrossing, and their fitness increase-d

as they became rare. They ascribed this to frequency-clependent selection.
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If rarlty leads to enhanced fiÈness, seleetion for yield in a

segregating populatíon may favour rare genotypes at the expense of

common ones. trühen these genotypes are grol,tn in pure stan<ls - accordíng

to thls theor:y - the advanÈage they enjoyed no longer exísts. The

selectj-on would then be less effective with many other hígh yielding

genotypes being overlooiced. Thís phenomenon is, in factr an aspecË

of inter-plânt competítion, but one that occurs for genotypes whích

form only a l-ow Proportion of a mixture.

This thesís reports a seríes of ínvestigations on frequency-

dependent advantage in wheat and its influence on the reliability of

single plant selecÈion in a segregaÈing population.
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II. LITERATURE RBVIEI^I.

1" Introduction:

. This literature review consists of two main parts. In the fi-rst,

the problems assocíated wíth single plant sel-ection are discussed, with

a particuJ-ar ernphasis on inter-plant competition and frequency-dependent

selection. In the second part, experimental studies dealíng with

frequency-depende-nt selecËion as a phenomenon in population geneti.cs are

reviewed. These illustrate hornr frequency-dependent selectÍon acts to

maintain polymorphísms in natural populations,

2. Sí 1e lant ield as a selection criterion:

A breeder of a self-pollínated crop is constantly confronted with

the problem of identifying those indÍviduals whích possess Èhe greatest

number of the genes contributing to high grain yield. Much attention

has been gíven to cleciding whether selection shottld be initíated Ín early

generations with tl're retention of only the most promising iudíviduals,

or whethex a Large number of the segregating lines should be kept unti.l

testíng can be performed on homozygous material. Although it has be-en

stressed that as many as possible of the F, should be reÈained (Allarct,

1960; 8e11, 1.963), most plant breeders are severely constrained by

lirnitations in the- availability of land and labour so that the proporEion

of the F, that ís retained depends on the nurnber of F, families thaÈ can

be convenienÈly handled. Often, only about I01Á oL the Fr- is kept for

further testing (Allard, 1960). Ilarrington (1952). for example, indíca-

ted that f.rom 5% to 2O7" of Èhe F, populati.on should be retested. Usually

the selection intensity ís higher for wi<1e crosses than for crosses
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between closely related Parents.

Effective selectíon for yie.ld in early generaËions would be of

obvíous benefj-t to the plant breeder since it wclulcl enable hin to screen

large numbeïs of genotypes with the mínír¡rum of expelditure of his

resources. Also, Shebeskí (L967) indicated the genetic lírnitations

tl¡at need to be taken into consideratíon. Ite showed that the frequency

of plants contaíning a seL of desirable alleles decreased with each

generatíon of selfing. For example, ín a cross that differs by 25 genes

for yield - for wheat, this ís an average of jusÈ over I gene per

chromosome pair - only 0.0757" of the l, or 1 plant in 11330 may be

expected to contain all 25 of. the desired alleles, If selection ís delay-

ed until the Fu, only 1 plant in approximately 1.8 million r^rould c-onEain

all the more desirable alleles in eíther the homozygous or heÈerozygous

condition. This frequency is further reduced to I ín 15.5 millíon in

the F.. It üras suggested by Shebeski that, for reasons of rnaximttm

efficíency, selection should commence in the F, since the- frequeúcy of

the desired genotypes I¡Ias the highest in tirat generation.

For self-pollinated crops such as r,rheat and barley, where clonal

propagatíon is not practicable, selectíon ín the F, ís based on single

plants, Many authors, however, consider ttrat sele,ction for hí-gh yíe.ld

Ín Èhe F, is nor effective (Allar:d, 1960; Beli-, 1963; El1íot, l95B;

llarJ-an, 1949; Harrington, 1932; Hinson ancl Hanson, L962; ,Johnson and

Bernard, 1963). All-ard (1960) stated that the environmental effect on

Èhe- yíeld of a single plant r¡/as so large that effective sel.ection \¡¡as

virtually impossible. This general contenEion is based both on experi-'

mental evidence and theoretical consíderations of the problems rvhích



7

confound single plant selectíon.

detaíl-.

These will now be discussed ín more

3. The íntera.cti.on between genotypes and plant densitíes:

In a revíevl of competitíon among crops and pasture plants

Donald (1963) observed that planLs show extreme plasticity, responding

remarkably in síze and form to environmental conditíons. The yíeld of

a plant at high denslty is ofÈen reduced to 207"-L0% of the yield of líke

plants growing in isolaÈíon, In the early generations, single Plants

are often gro1,m at low densíty to facílitate observation and note taking

and produce more seed for the next generat.ion. lühen superior genotypes

are selecËed and released as ne-w varietíes -' or indeed, during the test-

ing stages in latteï generations - they are grotnrt at commercÍal densities

which may be 15 to 20 times higher Èhan the low density. lfhen the rank-

ing of the performance of genoÈypes i3 not consistenË over densiÈies '

then sí¡gle plant selection at low densiÈies has favoured genotypes which

possess characters with a hÍgh expression aE a low densíty (e.g. tall,

Ieafy and hígh tillering capac.íty) at the expense of genotypes which are

hj-gh yieldíng at commercíal densities.

InteracËions between genotypes and plant densities may occur

as a result of di.fferential responses of genotypes Èo the availability

of envíronmenÈal factors affecting growth at different densities (Knight.

1.960). He suggested that if the limiting factor v¡as of equal import-

ance to the plants at all densitíes, Such as temperature, then there

would be a good correlation between Ëhe pet:formance of a genotype at low

and high densities. However, íf the limitÍng factor vlas not equally
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avaÍlabl-e to the plants at different densities, such as light, moisture

or nutrienLs, then interactions might occur and Èhe grov/th of a planÈ at

a low densíty rnight on1-y reflect its ability to exploíÈ environmeilÈal

resources in the absence of competition from its neighbours.

Experímental evidence indicates that large genotype-density

interactions occur: Blum (1970), Gardner (L972) and Sakai (1965) r+ith

barley; Genrer and camper (1973) and Giesbrecht (1969) wíÈh maize;

Marani et al. (Ig74) with cotton; and tlinson and Hanson (1962) with

soybean.

McGin,nis and Shebeski (f968) selected F, single plants gro\¡m

at a lorv density (approxímately 4.9 plants/mz) and tested the tr',

selected lines at a comnercial density (148 plants/rn2) and found that

the selected li¡es had a mean yield equal to thaÈ of a set of random

selections. Ilowever, thís finding may not be conclusive' There could

have been an ínteraction arising from selecting the genotypes in one

season and testing them in another which confounded their results.

To avoid the effect of genotype-density interacËion, it seems

desírable to carry out selection at densíties that approxinate to those

of commercial croPs.

4. The interaction between geno tvDes and envíronments:

The change of climate and soíl fertility over seasons and sites

can have a large ínfluence on the yie.ld of a particular genotype. A

selecÈion experíment carried out in one envÍronment may have a lírnited

use for other environments (Horner and Frey, L957; McGuire and Mcl{eal,



9

1974; lfíller _gl__g]=. , 1958; Rasmu.sson an<l Laubert r 1961) . Allard and

Bradshaw (1964) emphasised the inportance of interactíons' partÍctrLaxly

those betrseen varieties an<l years in reducing the effic-íency of selec-

tion.

Any conelusion drawn from a study that involves selecËion in one

envíromnent, rvhether it be a partícular year, plant density or soíl tyPet

and testing in another environment musE always be suspect. The absence

of a corr:elaËion across environrner"Its may not be a result of inefficient

sel-ection in the oríginal environment.

The effect of different envj-ronments in reducing the efficiency

of single p1-ant selection \¡/as present in McGínnis and Shebeskirs (1968)

and Hamblin and Donalcl's (L974) experíments. McGinnís and Shebeski not

only selected and tesLed their materials at different densitíes, but

these experiments \^/ere carried out in dif fere.nt years (1966 and L967 ,

respeetively). Hamblin and Donald selected F, single planÈs ín 1967

and tested the Fu lines in 1969; .trùo entirely different yeârs, clímat-

ícally. They concluded ttrat síngle plant sele-c.tíon, on the basis of

yíeld, was ineffective although j-t r,¡as acknowledged that the genotype-

environment interaction could have been very marked between the t\^ro years.

5 The effect of micro-environmental varÍaÈion:

Since sel.ection ín an F, populaÉj-on is based on single plants

which cannot be replicated, Èhe validity of suc.h selectíon may be con-

founded by rnicro-environrnental variation. Genotypes may respond differ-

ently to the various micro-environrnents rr/ithín a selection block.

Frequently, there are smal1 areas within a selectíon block that are more
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favourable- for plant growth Ëhan others. If this variatíon is not

recognised and taken into account, nany plants in a good area will be

selected and the. plairts in a poor area discarded, although some of these

latËer may be genetically superior to those retained from the good area'

Micro-envíroruûental variation I^Ias large in Hamblínr s (1971)

experíments ancl Johnston (L972) considered iË to be the major factor

limiting the. efficiency of single plant selection ín barl-ey. Both authors

use<l several methods Èo reduce the effect of this variaÈion. Hamblin

(1971), for example, used response surfaces and movíng averages- In

the former me-thod, a seríes of polynomial equatiorts '"¡as fitted to the

yiel<l of indir¡idual plants according to theír positíon ín the field'

This was an aLtempt to estimate a I'smooÈhed" response surface indicating

micro-environmental variation. The yíeJ-ds of indivÍdual plants were

then measured as the deviations of theír acÈual yields from that preclic-

ted by the re,sponse surface. However, this method was of limíted use'-

fulne-ss as there is no bíological principle on which to decíde the nunber

of terms to include in the polynomial used ín the estimaticl of the

surface. Convolutions ín the surface were fevr or abundant dependi.ng on

the numbe:r of these polynomial terms. In the movirrg average meÈhod, the

yie1.d of each plant I^las exPressed as a deviation from the mean yiel-d of a

nuiriber of neighbouríng plants. Hamblin, neverthelessr r¡7as unable to shor¿

that either of these techniques ímproved the efficiency of selection in

his experíment, probably because of the large envíronmental dÍfference

betvreen his year of selection and the year ín whích the select-¡ons \nlere

tested.



11

Fasoulas (1973) proposecl the t'Troneycomb'r method of planting to

reduce the effec.t of micro-environmental variaËion between sí-r-igle plants.

Indivídual plants in a selection block \¡Iere glrovrn at the centre and

corners of a regular hexagonaL arrangement. A given genotype ü/as select-

ed if it had a higher yield than its síx irnmedíate neighbours. Howeve-r,

since the distance betrn'een plants used in this arrangement was 50cm,

any advantage through the reduction in soil heterogeneity is líkely Ëo

have been small. Also, genotypes selected at a low densíty may noÈ be

high yieldíng when they are gro$/n at a high density as a croP.

Johnston (L972) undertook a study in which it was possible to

account- for micro-environmental varíation. He studied mirtures of

barley varietÍes and was able to grorv replicates of inclividual genotypes.

The same varieties were also gro$rn in. pure stands to contpare yíeld in

mixture and yield in pure stand. He used a method of adjusting for

environmenÈal variation betr¿een plots which could be applied to allow

for mj-cro-environmenÈal variatíon between planËs. A gríd of a check

varíety, Clipper, ilas groI.m ír. êvêr1l fourth plot in the e-xperímental

area. Expected values for índividual plots were calculated from the

valtres measured from the nearby check-plots, using a weight-ing based on

the distances betrEeen the check-plots and l-ínear interpolatiorr between

the plots. Yields of the test materíal were Lhen expresse<l as the

deviations from the expected values. Johnston was able to shor'¡ that

this method reduced error mean squares and increased the- variatìctf ratío

for the treatnent effects.

6, The effect of heterozvgositv:

In a segregatíng population following an inítial hybridization,
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many plants are heterozygous. Often, a heterozygous plant is pheno-

typícally inclistinguishable from ahomozygous plant containing the same

number of desirable alleles. A heterozygous plant will segregate

making re-selecÈion necessary. Both the diffículty in identífying

homozygotes and the re-selection l-ower the efficiency of selection.

Furthe'rmore, if heterozygosiÈy results in hybríd vigour, selecÈíon of

vigorous plants wíll then result in selection for heterozygosíty. As

both the level of heterozygosity and hybrid vigour decrease wíth each

generation of inbreedíng, selection in these circumstances will be in-

efficient for tl're production of homozygous cultivars,

Hybrici vigour has been reported in many crops: Briggle (1963),

Briggle er g1.. (1.967 a & b) with wheat; clay and All-ard (1969), Severson

an<l Rasmusson (l-968), Suneson (L962) with barley; IlaÈhcock and McDaníel

(1973) wirh oats; and Murayama (1973) and Saini et al. (1974) r^Iith rice.

The degree of heterosis varied but, Ín most cases, the hybrid was higher

yieldíng than the mid-parent and in some cases, it surpassed the best

parenr by as nuch as 120% (Sainí et al. , 1974). Resul-ts tr¿ve índicated

that the level of hybrid vigour may change wiÈh cultural practices.

Severson and Rasmusson (1 968) found Ëhat barley hybrids were only

slíght|y better (3,2i¿) than the mid-parent at commercial density, but

were much be-tter (22.5%) at very low density.

lìriggle et al. (1967 a & b) showed that hybrids were consíst-

ently better than the parents at al-l 5 densities they studied. Further-

more, they showed that the yield of the F, was hígher: than that of the

I', rrhích, in Lurn, v/as hígher than the Fr. Thus, it can be seen that

yiel-d decreased with decreasing heterozygosity. The average heterozygosity

in the F, ís one-half of that in the T, r but Ëhe F, indivíduals vary.
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some of Èhem are as heterozygolls as the I', and others as liËtle as the

parents. selection in Lhe F, may be lneffecÈíve Íf irigh yielding plants

areheterozygous.SinrilarresultswereobtaínedbyBhattandDerera

(1973Ð who found that the yíeld of F, derived lines of four wheat crosse's

washigherthanthatofFrderivedlines;andtheyieldofFrderíved

lí1es from three other crosses was higher than that of the corresponding

Fu derived 1ines.

From the theory of inbreeding, ít is expected that the number of

helerozygrrtes will be reduced by a half after each generatíon of ínbreed-

ing.ThefollowingdíagramdepíctstheexPectedgenotypicfrequencíes

at the locus containing the alleles ArA, in successive generatíons:

Genotvpe

A2

Genera tion

E2

F
5̂

+1+l l+1+
816 168

_-l>
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'

Harding e!_3_1-. (1966), Lnam and Allard (1965), Jaín and Allard (1960)

used census daÈa of single genes to show thaL' with populatio¡rs of lima

beans, barLeys and oats, the propcrtion of heterozygotes decreased as

rapiclly as expecËed in the early generations, but the rate of decline in
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late:: generations l^las slower than expec-Ëed, and eventually the propor-

tion of heEerozygotes in the population reached an equilibrium. In

all cases, the heterozygotes had a higher fÍ.tness and therefore a

se.lective a<lvaretage over the homozygotes and mechanisms, such as f requency-

depe¡de-nt se-J-ection, have been advanced to explain thís observation'

Thus, even r^7hen single plant selection is delayed to the Fu or Fr, ttri's

high yield of the heterozygotes may favour them in selecÈion, but the

advantage due to hybrid vigour (or frequency-dependent selection) may be

lost when they are- gro\^In as homozygous cultivars '

From the literature, it ís not possible to concl-ude what effect

hexerozygosity per se wíll have on the efficiency of single plant selec-

tion. On Ltre one hand, the confusion of heterozygotes and homozygotes

makes re-selectíonnecessary, on Èhe other' retention of the heterozygotes

means that the re-selectíon may find genotypes superior to the original

selectíons.

7. The effect of comnetition:

Conpetitíon between indíviduals ín a heterogeneous population

nay be- a factor affecting single planÈ selection. Unless the high yield-

ing índi'vicluals in a mixed population are also high yieldjng in pure

stan<l, single plant selection ín the F, may favour híghly eompetitive

genotypes rather than Ëhose wiÈh a genetic capability for high yield'

Experiments that demonstrate the effects of competítion have been

undertaken hrith mixtures of pure línes (Allard et 91. , L966; Suneson'

lg4g). They have shown that one or a few pure lines rapidly became- pre-

clomínant while other pure lines !r/ere drastically reduced in proportion.
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A typícal result is illustrated in Figure 1. In thís experiment, all

of the four competíng genotypes were vigorous and well adapted commerciai

genotypes (Suneson and l^triebe, L942). The highest yíelding genotype ín

pure stands over B years was Vaughn, then Át1-as, Hero and Club Mariotrt

in Èhat order. NeverÈheless, after being grown together for 15 years'

Atlas made- up about 88% of the population lvbereas Club Mariout, Hero and

Vaughn were 10.5%, 0,77" anð,0.4%, respectively (Suneson, L949). Thus,

the highest yielding genotype, Vaughn; I,Ias Lhe pooresÈ competitor ín

mixture. Furthermore, Inlorlonan and Allard (1964), subjecting Sunesonrs

data to further analyses, showed that the selective values of the pooresE

competítors, Vaughn and Hero, were only 0.78 and 0.77 respecti'vely that

of the best conpetitor, Atlas (selective value = 1.00). lluch greaÈer

dífferences i.n the fitness values were observed in other experíments.

In cerÈaín cases, genotypes which v/ere noÈ obviously defective left only

about 57" to LO?" as many progeny as the best competítor (A1lard, .Taín and

trIorknran, 1968; Allard, Lg65). It is obvious that competition r,¡irhin

these self-pollinated specíes is ver:y great and on the basis of these

studies, mixtures ínvolving local varieties mÍght be expected to be re-

duced, after several yearsr to one or a few highly competitive genotypes'

There are oÈher results available however, which show that geno-

types which survive in a mixed population may also be the highest yÍeldírrg

in pure stand (Allard and Jain, L962; Harl-an and MartínÍ, 1938; Suneson

and Stevensr 1953). In one of the most extensive studies of I'naturalil

selection in an agricultural crop, Harl-an and }lartini (1938) gre-\Ì a

mixture of 11 barley varíetíes at 10 sites in no::thern and western Unitecl

States for between 4 and 12 years without any deliberate selection.

After as fer¡ as 4 years, orie or two varieties became domirtant aE mosÈ



Físure 1:

16

Effect of natural selecËion on Èhe frequencies

of four barley genotypes in a níxture.

(After Suneson, 1949).
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locations. At many sites, the- dominant val:iety was also the loca1

commercial strain. At only 2 locaËions did the dominant varie-ty in

the mixture dif f er f rorn that commonly gror,m in tirat locality by f armers.

And in these cases, farmersr preferenc-e depended on consíderations other

than the yíeJ-ding ability of the varíetíes. From these results, the

followíng deductíons may be made:

(i) Cornpetítion among the varieties for the essential factors

in the environment must have been intense.

(ii) Competiti-ve abílity is rel-ated to the envíronmental con-

dítÍons under which the popui-atíon ís grown. Different environments at

dífferent l-ocations favoured different genotypes.

(iíí) The genotype which dominated the mixture t^tas often the

local comme.rcial varíetY.

High yieldíng lines which became more frequent in the population

with advancing generaEion, can be'obtained with composite crosses.

Composite cïosses refer to hybrÍd bulk populations formed from

many palental varietíes gror"nn under ttnaturaltt selection - apparently

índefinitel-y. For example, Conposite Cross II r¿as a míxture of 378

hybríds from 28 varíetíes (Suneson an<l St-evens, 1953). These authors

found that the yield of Composite Cross II was lnferior to Atlas, the

best commercial variety, in the early generations. But afÉer 25 yeats

of selfing without artífie,ial sele-ction, íts yie1c1 exceeded that of Atlas

by 35%. However, Ít is to be noted that the yíel<l of Atlas decreased

over the years and this uright have c.ontributed to this apparent ínprove-

ment, Furthe.r evidence in support of the theory that survival ín popu-

lation is related to high yield ín pure stands came from the isolation of
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high yielding genotypes fn advanced ge-nerations'of couposite cr:osses

(Suneson, L956; Lohani, L976). f'or example, the top three selectíons

ín the Fru Beneration of Composíte Cross II exceeded Atlas in yíeld by

an averag e of 567" in 4 years of replicated trials (Suneson, 1956) '

wherc+as none of the ísolate.s made in the Frr Beneration outyíelded Atlas.

The di.fferences between competition withín míxtures of pure

lines and survival in hybrid bulk populations were detailed by Allard

(1960). Firstly, segregatíon will occur in the hybrid bulks, and trence

the number anri nature of competing genotypes are not expecÈed to be

colrstant from generaËion to geïreration. Secondly, only r'¡hen the majority

of indívícluals ís tromozygous (about the Fu to Fr) will the populatíon

approximltt.e to a mixture of varieties, Even then, such populations will

still co¡Ëain a much larger number of genotypes competing with each other.

Allard and Jain (1962) have provided evidence on plant height and

heaclíng time from Composite Cross V to show that a large number of

different genotypes remaÍned in the populatíon after 18 generations of

natural selectíon. There is sufficient evidence to indicate that poly-

norphísms are common in both natural and agricultu::al specíes of inbreed-

ing plants (Allard, L965; Allard and Hansche, L964; Allard, Jain and

tr^Jorkrnan, 1968). These results are Ín coritrasL to those obEained from

the mixtures of var:ietíes discussed above (e.g. Harlan and Martiní, 1938;

Suneson, l'g4g) where it was found that a síngle genotype often predomin-

ated. Allard, Jain and lnlorkman (1968) suggested that Èhe equilíbrium

observe-cl in populations deríved from hybrids might have. been a result of

a balance betwe-en c,n Ëhe one hand, the "1oss of variabilíty due to the.

combination of clirectional and sËabilízing selectiont' and on the other,
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a rtsteady release of new variabil-iËy resulting from intercrosses between

individuals within the populatíon". These authors concl.uded that

I'competition among homozygotes rarely if ever occurs ín pure fonn in

naÈural populations because even 1ow levels of outcrossing set the stage

for conversion of simple mixtures of lirnited numbers of homozygotes into

a c.omplex and dynamic populational system wlthin a few generatíonsrf.

In a plant breedíng context, competítíon is an import.anÈ factor.

I,IheEher it will affect the effícíency of single plant selection depends

on the relationship betrveen the yi-eld of a particular genotype when grown

ín mixture as compared to its yíe1d wherr being glolün in a pure stand.

The literature sonsidered so far ín this sectíon has been mostly concerned

with changes in 1-he proportions of the components of the populations

with tíme. r\ttentíon will now be turned Èo consídering evidence that

the yíelcl of a ge-notype in a mixture is related to its yield ín prrre

stand.

Jennings and his co-workers (Jenníngs and de Jesus, 1968;

Jerrnings ancl Herrera, 1968; Jennings and Aquino, f968) found with riceo

that competiti.ve ability and yield ín pure stands Tdere negatívely correla-

te<l . The high yiel-ding plants in mÍ.xtures $rere good cornpetitors and

were lorv yíelrling when grovm in pure stands. They considered that strong

competitíve ability rùas undesirable and was the reason for the lj.mited

pïogless through. breedíng in some tropical programs. Ilower¡err the

negative relationship between yield in míxture and yield in pure stand

ln their experírrrents could be attributed to the gross morphologíca1

clíffer:ence.s between the components of the míxture, This \¡/as recoguisecl

when the authoïs stated that the undesirable effects of competition could
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be overcone by hand rogueirrg all tal1, leafy and spreacling plants frorn

the Fr. This allorsed shor:t--staturecl , srtall-leafed segregates to achj'eve-

their rrormal. seecl p::oductíon, I'ltren the elffect of competj-tion due to

morphological differences \,!:as removed, many l.ínes rvith yields greater

than the high yíelding paretlts \nlere present ín a raurlom sample from the

i'u generatíon. In thís exarnple, the incident liglit energy af ter anÈhesj's

\^7as a major environmenLal f acLor: af f ecting yíe1d '

JohnsÈon (Ig72) r+orkíng with 100 homozygous varieties of barley

and Fu and,Fu generaLions of 48 F3 derived lj-nes from the cross'

proctor * c.I 3576, gro!/n in mixtures and pure stands, respectively'

found that there v/ere highly sígnificant correlations between the yield

of a genotype in mixÈures and its yíeld in pure stand. Although acknorv-

l.edgíng that intef-genotypic competitíon inf luence'd the yiel d of sonte

genotypes in the mixture, he concluded that micro-environmental variatíon

r¡as the main fac.tor límiting the efficiency of single planÈ selection'

Furtharmore, Johnston elucidated the relationships betrveen the definÍ-

tion and. measurement of competitive abilíty, the yield ín mixture and the

yíeld Ín pure stand. Although conpetitive ability and yíeld in pure

stand may be negaËively correlated (Akihama, 1967; Jennilgs and Aqrrino,

1968); progress could still be made through selectíorr if there ís a

posítive correlation between yield in mixture and yi'eld in pur:e stan<l ' Tf

conpetÍ.tive abil.ity, c., of a partícular genotype, j-' is def ined as the

difference betrueen í.ts yield in míxture, Xi, and its yield in pure stand,

Y (Akihama, L96i), Ëhe-n:
l

Johnston (L972)

the correlation,

showed ths.t, f rom a plant b::eeding point of vÍew, it is

C. = [, -l-L
Y.

a

txy, between X. and Y
]'

whích ís a useful value and nc¡t



2L

that between C and Y t
1

.t
L CY

The correlaÈíon between competÍtive ability and yield ín pure

stand ís:

Cov - Var
XY Yt

CY
(Var * Var 2Co"'

X Y XY
Var

Y

Sínce (Var* i Var, - 2CovO) and Var, are the variances of C

and y respectively, both must be posit-ive. It can be seen that the

correlatíon, rcy, ís negatíve whenever Var, is larger than Covra" since

the denominator is always Posítive. In such cases however, the correl-a-

tion between X and Y is positive if the value of CovO alone ís positíve'

Tlris suggests that, despiÈe a negative relat-Íonship betvree-n competitive

abil-ity and yíeld in pure sEand, progress in selection for high yielding

genotypes could still be achieved if there \^Ias a posiÈÍve correlatíorr

beÈween yield ín mixture and yield ín pure stand. Thís result has been

ígnored too often in discussions of the role of competitive ability in

reducing the efficíency of single plant selectíon ín nixtures'

Frequency-depe.ndentadvantageisoneformofcompetíEion,and

the above r:esult is of pzrrtícular interest in this thesis' In a segre-

gating population, marry of the individuals are simílar, genetically;

other:s may be rare and quite differenÈ from Èhe rnajority. If selection

is practísed ín these circumstances' the efficiency depends on the relation-

ship between the yleld of a genotype in a míxed population rvhere it may

occrlr at a low frequency to íts eventual yield ilì çrure stand.
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B. Fr:eq uencr'-deDendenÈ selecti-on ;

In the last section, it r¿as demonstrated that there ís a seem-

ing contradiction; Èhat on the one hand mixtures of several varíetíes

of an agricultural populatíon of a hígh1y inbreeding species shoul<l soon

be reduced to one or a few highly competitive genotypes and on the othert

that natural populations and bulk hybrids are heterogeneous and in

apparent equilibrium. This can be explained by a tenclency, noted in

sever:al populations, for the selective value of certaín genotyPes to

increase as t.hese genotypes become increasingly rare in the popul-ations

(Allard, Jaín aud VJorkman, f96B; Harding et 4.' 1966).

Consider , f.or example, a population of a self-pollínaËed crop

which díffers by only-one gene for yield at the A locus. Assuming also

that the frequencies of A, and Ã, are initially equal to 0.5, then the

distribution of genotypes and their frequencies are as depícted in the

diagram on page 13.

Theoretically, after t'ttt generations of selfing, if t is large,

the heterozygoEe wíll almost be eliminaÈed frorn the population, and the

remaíning genotypes are ArA, and ArAr, each occurring at a frequency

approaching 0.5. Ilovrever, if frequency-dependent selection does operate,

Ëhen once the frequency of the heterozygote falls below a certaín level,

its corresponding íncrease in fitness is such that ít Ís able to produce

triríce as many pr-ogeny as either of the two homozygotes, and it is main-

Èained in the populaËion. The populatíon therefore remains more

heterogeneorrs ,than Ít would have without frequency-dependent selectÍon.

In his early v/ork, Fisher (1930) outlined the general condítions

under whÍch a balanced polyrnorphism will be maíntaíned in a random mating
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populatíon, Consider again the case of tr¿o al1e1es, A, and Arr aE a

single locus, r+hích have frequencies ttptt and "qt', respectívely. The

distribution of genotypes and their fitnesses nay be shown to be:

GènoËypes

Inítíal frequencj-es

FiËnesses

Frequencies aft.er selectj-on

I

2

A

p

a

AAAAA

c

t 2 22

2

2pq

b

2bpq

q2

cq2ap

If the population is at equilibrium, then the ratíos of Èhe gene

frequencies are the same before and after selection, such that.:

P-
q

ap2 + bpq
bpq * cq2

or ap*bq = bp * cq

SubÈractj-ng each of these from b(p+q), it becomes:

p (b-a)

or

q (b-c)

b-cp
q b-a

Fisher reasoned that a real equÍlibriurn is obtaíned if (b-a) and

(b-c) are either both positíve or both negative; that is, if the hetero-

zygote is either beËter or \^/orse adapted than both the homozygotes.

Although acknowl-edging that eíther case could occur in nature, he expressed

the opiníon that Ëhe former is likel-y Èo be much more frequent than the

latter. If ttbt'is less than "attand "ctt, the equilibrium is unstable and

there will be no tendency for such cases to accumulate. However, íf rtbrr

exceeds t'4" and t'ctt, the equilibrium is stable and such cases wÍil persist.

For the populaËíon to be in stable equílibrium and heterogeneous, the

selectj-ve value of the heterozygote should exceed those of the homozygotes.
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However, this theory does not explain what happens Íf the fitness of

the heterozygote is related to its frequency in Èhe population.

This model has been generaLized and Murray (1972) described Èhe

situat-íon as f ollows:

After selection, the frequeney of the allele, A2' becomes:

2Dpq + cq
q æ+2bpq*cq2

and Èhe change of gene frequencY Ís:

+c 2

Aq ap2+2bpq*cq q

b-a- 2b-a-

^q
ap * 2bpq -l cq

since pq and also (ap2 * 2bpq + cq2) must be positíve, then l-he

sígn of Aq is derermined by [b-a-q(2b-a-c)]. At equilíbríum Aq becones

zero a¡d the ratíos of the gene frequencíes are the same before and after

selection, such as ü/as descríbed by Fisher (f930):

ap2 + bpq
bpq * cq2

or ap*bq= bP*cq

However, when (f-q) ís substituted for p, this becomes;

b-a
2b-a-c

Thus, the equilíbríum frequency, â, depends on the fitnesses of

the <lifferent genoÈypes and not on the ínitial frequency, q. It is

obvious that for a stable equilíbrium to occur (A i" posítive), "b" should

be greater than ttatt and ttctt.

p
q

q
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HOWeVef, \n/hen t'att, ttbttand ttcttAre tfeated aS ttWeÍghtsrtwhiCh

are a function not only of the selection coeffj-cíenLs, mutation rates'

mígration and inbreeding coefficient of the population, but also of gene

frequencies (Lewontin, l-958) it is denoDstrated that the stabilíty of an

eqrrilibrium depends on the rate of change of Aq with respect to q aE or

near the e-quilibriurn point, Q. In practice-, this is determined by

exami-ning the sign of the derivatíve¡

lb-a-q (2b-a-c) l

This quantíty will be positíve if the equilibrium is unstable

and negative if it is stable. Thus, through rnathematical analysis, it

ís possible to show that a balanced polymorphism may exíst without hetero-

zygote advantage, províded that the selective vaiues of the genotypes

change inversely wÍttr gene frequencies, hence frequency-dependent selec-

tion. This phenomenon may províde stability even though the heterozygote

has a lower fitness than the homozygotes r ol it may render unsËable an

equilibrium in which the heterozygote has the highest fitness (Murray,

r972) .

In the example of competition ín a mixture of four barley geno-

types (Suneson, i.949), !trorkman and Allard (f964) found evidence Lo sugge-sf

that Club Mariout, Vaughn and Hero had higher selective values when they

were ín low than when they were ín hi.gh freqr.rencies. Allar:d and l'trorkman

(1963) examined three populations, 53, 59 and 65, of lirna bean segrega-

ting at the S/s locus for seed coat pattern from the F,, Èo the Fr- Frr.

They estimated that outcrossing varied from season to season but rarely

exceecled 57" wíth the mean outcrossing percentages for ttre three populations

beíng L%, 37" and. 47", respectively. Heterozygotes were found to produce

ô

ôq
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an averâg e of 207. Ea 30% more progeny than homozygoÈes, As expected

from a popul-ation with only about 5% outcrossing the propo::Èions of hete-ro-

zygotes decr:eased rapidly ín early generaÈions, However, aftet the Fur

each of the three populations showed an equilibriun in which the propor-

tion of heterozygotes fluctuated narrowly betvreen L0-L5% of the population'

Allard and l,lorkrnan (1963) suggested that the results could not be- explain-

ed on the basÍs of heterozygous advantage alone. It was estimated thaË

the heterozygotes had greater fitness than either of the homozygotes and

that this was more evident in a poor environmenË. In general, the hetero-

zygotes prciduced relatively more seeds in a poor season as compared to a

favourable season. It was observed that fítnesses fluctuated wídely frorn

season to season, i-ncluding reversals Ín the selective values of the homo-

zygotes between generations. They suggested that this t'cyclic selection"

rníght have been ínvolved in maintaíning genetic diversiÈy in the popula-

tions ttrey studied.

Hardíng e.t al. (L966) used one of Allard and l^lorkmants populatíons,

populatí-on 65, to conduct a series of experiments ín which the frequencíes

of the hetexozygotes rrere artíficially modified so that the proporËions of

heterozygotes Ëo homozygotes varied from 27" to L57". Theír results in-

dicaie-d that there \¡/as a sígníficant correlation between the frequency of

heterozygotes and their selectíve values. As the frequency of the

heterozygotes in the population decreased, their fitness increased unLil

at very low frequencies, Èhey produced about three Èimes more progeny

than did the TromozygoLes (Figure 2). A stable equílíbrium seemed to

exist about the heterozygote frequency of 0.07. Below this equílibríurn'

f:he selectíve value of the heËerozygote íncreased marlcedly in relatÍon to

those for the homozygotes, thus restoring the equilíbríum. Frequency-

clependent selection was postulated by Hardíng et 41. (1966) to explain



Figure 2:

2.7

Relationship between the frequeney of heterozygotes

at Èhe S/s locus in 1j.ma bean populatíons and theír

fitness relative to homozygotes. Ilomozygotes I^rere

assigned a relative fítness of 1.0.

Each population was denoted by a number. This

represenÈe<i its composítíon whích was a combinatíon

of the year of the experíment, the generations of

the bulk from ¡vhích homozygotes and heterozygotes

were ísolated and the frequency of heterozygotes in

the population.

(After Harding gç. al., L966)
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the retention of the polymorphism in these populatÍ.ons of lína bean'

However, sí-nce seed coat paLtern is maternally ínheríted (Allard' 1953)

and since the heterozygotes and homozygotes used in the experiment came

from the sane bulk of an advanced generation (FqrFsr F,., ot Fru), any

error ín íderrtj-fication of the homozygous lines, especially at tl;re 2%

frequency, could result in an over-estímatlon of the fitness of the

tret erozygofes.

cockerharn and Rawlings (1967), in an investigatíon using a mating

system of mixe-d self-fertilization anrC. outcrossing, have pointed out the

effect on genotypic frequencies at a marke-r locus when selection involves

the rest of the genome. Any force which tends to change the frequencie-s

of the heterozygotes, wheÈher it be se.lection or outclossing or other-

wÍ.se, r^¡í11 te.nd to do so at all loci. A comparison such as that of

Harcling et 3!. (1966), of an observed equilibrium value with that expect-

ed from the. percent.age of outcrossing wouLcl 1e¿rd one to conclude that the

heËerozygote for the marker locus had a selective advantage over the

homozygotes even though Ëhe locus Ítself was selectively neutral' FurÈher-

more, if populations were initíated r,/íth dif felent gene freque-ncies at

thís locus, they would go to different eqrrilibria" Consequently,

selectÍon coefficients for the genotypes worrld appear to depend on gene

frequeney at fhis l,ocus. Such corrclusions could be reached when se'lect'ion

aL an unmarkecl locus had a c.orrelated effect, perhaps through llnkage,

at another neuËral marker locus'

The hypothesis of the I'neíghbourhood effect" (HardÍng et a1.,

Lg66) suggested that. frequency dependence of fitness values may be due

to different varietíes having clífferent mícro-environmental requíremenËs

(Ayala and Campbell, 7974). Assuming that genotypes díffer in their
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requírenìent for resources or differ in the efficiency with which they

util.íze them, the available resources of a certain environmenÈ may be

more full-y exploitecl r,¡hen the populatíon consists of a number of differ-

ent genotypes than wherr all indivíduals have the same genotype' The

result is a balanced polymorphism, in which genotypic fitnesses are

frequency dePendent.

Simj-lar resulrs were obtained by Khalífa and Qualset (1974) with

wheat, The performance of a tall variety, Ra-mona 50' and a short

variety, D6301, \^ras compared in a study where the genotyPes were growrl

in 9 conbinations at 0.125 frequency intervals. D6301 was only 0'75

as tall as Ranona 50, but their relative grain yields in pure stands

were 1.00 and 0.80 respectively. At all frequencies, the contribution

of D6301 to total yield was sígnificantly below that expected on the

basls of the yie.ld in pure stands. Thís reduction was complimente'd by

a corresponding Íncrease ín yí-e1<1 by Ramona 50 over that expected from

pure stafid performance. The reproducÈj-ve value of D6301 consistently

íncreased. with increasing freque-ncies, from a relative value of 0'62 at

frequency 0.125 to 1.00 in pure stand. On the other hand, Ramona 50

gradually clecre-ased in yielcl wíth íncreasing frequencies, from a relatíve

value of 1.33 at frequency 0.r25 to 0.80 in pure stand. The regression

c-oeffícíents of reproductive values on frequencíes were highly signifi-

cant f or both genotypes. It was evident Ëhat there I¡¡aS a strong

frequency^.dependent selectíon ope-rating in these míxtures. It probably

resulted fromcompetiti-on for: light beiween a ta1l ancl a short variety as

the experiment was grown at a high clensÍÊy (90 kg/ha seeding rate) and

at a hígh altitude (1219m elevaÈion) at one of the locations. Differences

ín maturity may also have been important (Khalifa and Qualset, 1974) as
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in thÍs experime-nt, the better competitoÏ matured a few days earlíer

than D6301.

The re-producÈive value of a genoËype has also been shown to

depend on the genoËypes wiÈh uthich it ís associated (Allard and Adams'

(1969a) with wfieat and barley; Sakaí, (1961) \.Iith rice; and Schutz and

Brin, (1967) r,ríth soy bean). Furthermore, there is evidence to indicate

that the effect on fitness of the genotypic association is often

frequency-dependent. schutz and Brím (L967) found that there \¡/as a

línear relaLionship between the yield of a soy bean variety grohln in hills

or rof^r plots with the number of competitor genoiypes in the srrrroundíng

hílls or ïohrs. Allard (L967) compared the yields of a mass-prr:pagated

hybrid bulk population of lima bean, thirty línes derived from the popula-

tíon grown singly, and a mixture of equal proportions of the thirty lines'

It was found Èhat the mean yield of the lines gro!'¡n in pure stands and

the yíeld of the mixtures llere lol,/er than the yield of the mass-

propagated population by 7.3% and 6.0î4? respectívely. It was concluded

that the advantage- of the population was due to favourable interactions

which occurre-cl vrhen particular genotypes \¡7ere present in particular com-

binations and aÈ proper frequencies. Chapman .-t, "1.(f960) 
found that

the total grain yield of mixtures of wheat varietíes varíed with the

relatíve frequencies of the two varietíes in Ehe mixture and this

frequency ,Jepenclency was ítself dependent on density. This suggested

that the freqrrency-clepenclent effect-. of the míxtures was enhanced at high

densities, where. cornpetition \¡7as most intense.

An explanaÈion of the results on frequency-dependent selection

úras aËtempted by Schutz et al. (1968). They consídered that "over-
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compensatíon" in a feedback mechanism was responsíble for the eqtrilíbriurn

observecl ín l{arcling e! al-. ts (1966) ez;periinent. Tletetozygotes' Ín this

case, r{ere assumed to be good competitor:s and the homozygotes' poor

competitors. For good competitors to exist with poor competirors in a

feedback system at equilibrium, they rnust have a lor^rer pure stand yíeld

than the pool:er compeEítors in the system. Ilowever, the reproductive

value of the good eompetitor is enhanced as it decreases in frequency in

apopulat:i,on.Apoorcompetitorrontheotherhand'neveratÈainsa

reproductíveadvantageasaresultofcompetition,buÈmayexistina

stable feedback system with good competítors, provided it has an adequate

pure sÈancl advantage. They claim Èhat an essential feaÈure of the feed-

back system is Èhe occurrence of over-comperrsation t'¡hich results when

the reproductive value of the good coutpeÈitor is enhanced in competition

whíle depressing the reproductive value of the pooÏer competítor by a

lesser arnount. In the absence of such an effect' a Poor competitor may

be elíminated from the population even though it is relatively productive

ín pure stand.

9 The mainterrance of polr/morphisms bv freq uencY-deP encle-nt

select íc¡n:

The discussíon on frequency-dependent selection thus far has been

concerned wjch its effects on agr:icultural populations' The literature

on this subject also includes experimental studies on the role of

freqi:ency-dependent selection in the mainteriance of genetíc polymorphisns'

These will noq' be discussed'
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9, 1 : Non-random rnatínq in Dro soohil.a

The mating success of different strains of Dros:¡hila flíes

has been srudied by several authors. PetÍ.t (1951, L954, 1968) found

that the success of two mutants, ttBart' and t'Whitett, of D. melano aster

depended on their frequencies in re-lation to the wild-type. tr{hen ttBart'

ancl wild-type flies !üere present in ec1ual proport.íons, I'Bart' males were

less successful in maÈing. This disadvantage, however' r¡las reduced as

t'Bart' males decreased in proportion relative to the wild-type. I'Iith

rtlnlhitetr, the mating success rnras greater when ttlnlhiËett mal.es r¡/ere rare or

were predorninanÈ, and least rrhen they were beÈweert 40% and 80% of the

population. A stable equilíbrium for this system seemed Èo be at the

freque-ncy of 0.4 of the "I^lhite" mutant. The oËher equilíbriurn poínt at

O.B t'l^lhitet'would be unstable because at these high frequencies the

mutant all.ele would become f íxed.

Sftnilar results have been found in experiments wíth other strains

of D. melanogasËer (Rasmuson and l,jungr 1973), and r¡i'th D' pseudo-obscura

(Etrrman, Lg66, L967, 1968, 1969; Ehrman et al" , L965; Spiess, 1968)

D. persimi-lis (Spiess arrd Spiess, 1969) ' D. tropicalis D. equínoxíalis

and D. r¿illístoni (Ehrman and Petit, 1968) but not between two sexually

isolatecl strains of D. paulistoriurn (Btrrman, 1966).

Ehrma¡ (1966), found that when two kí.nds of males and females

v/ere present, the mating success depended on theír rel-ative freguencíes.

This frequency-depenclent mati.ng aclvantage lvas nore pronounce<l for the

males than for the females. In D. seudoobscura this occurred with

strains of <lifferent geographic origins, mutanLs and wild-type flies' and

flíes raised at different temperatures.
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In another study, Ehrman (1963) used individuals of three

karyoËypes: AR/AR, AR/CH and CH/CH ('k). In each rnating chamber' t\^/o

karyotypes \^rere represented rvith f requencíes 10:1.0, ZzLB , 18 :2. The

males of the heterokaryotyPesr AR/CI{r tended to have an advantage in

mating provided thaÈ both kinds of males hlere equal-1.y frequent (at ratj'o

10:10). Thís advantage was further íncreased when Èhe heterokaryotype

hras aminoríLy (at ratio 2:fB). I^lhen the homokaryotype' AR/AR or CH/CH'

v/as a minority (at ratio fB:2), i-t was equally oT more successful than

the heterokaryotype in securing mates. These results suggest thac

frequency-dependent advantage for mating applÍes Èo both homozygotes

and he-terozygotes. It favours whichever form ís the rarer and helps to

mainËain genetíc polymorphisms, This irhenolììeìlon rn/as not readily observ-

ed among the females, The minority females only sometimes had a slíght

advantage. This lack of frequency dependency in the females could be

due to tr^Io reasons:

(í) in Dro soohila ít is the female r^'hich chooses the partner;

hence she could show preference for rare rnales'

(íi) whíle a female can orrly mate once during the peri.od of

observation, å male can mate repeateclly.

In the experiments, all Ëhe femal-es had mated at the conclusion

of the period of observation.

(*) AR = "Arrow headtt; Cli = "Chiricahuatt chromosomal arrangements
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Atteurptshavebeenrnadetoidentifythephysicalfactors

involved ín the mating advant-age of the rare forms. The technì-que

usecl in most experiments was similar, consisting of two observation

chambers, one on top of the oÈher arranged so that tl-re ffies could not

move f rom one chamber to the other, Tn the upper chamber ' 
f lies r'lere

plaeed ín the ratio of 20 pairs of cH Eo 5 pairs of AR. In tl-re lower

chamber, eíttrer thele \¡7ere no flies or 15 paits of AR. I'Ihen the clouble

chamber:s tfere connected by Saran \^Irap or by charcoal , maÈerials which

were líkely to inhibit the passage of odours, the results were incon-

clnsive. I,üith chambers separated by a cheese-cloth, and especially when

currents c¡f air flowe<l between the chambers, there were posiÈive results

Ín favour of olfactory sÍ-gnals being important' h4ren there \4lere no flies

ín the lower chamber, the rare males had a mating advantage' Ilowever'

this advantage <iisappeared r,rhen more flíes of the rare type were added

to the adjacent section. Thus, Bhrman demonsLrated that the cue must be

air-born and was likely to be chemlcal (odour) although sound (vibratj'on)

!,ras not ruled out. Inyet another experimentr Ehrman and Spiess (1969)

found that Èhe frequency-dependent mating advantage r'ras nullif iecl when

extra males or both sexes of the rare type were added to the adjacent

chamber, l>ut not when females alone were added'

Whatever the mechanísn may be, fre-quency-dependenÈ selection

coupled with some degree of heterosis - as displayed by Èhe mating

advantage of a minority, coul-d be a powerful force in maintaining genetic

variabilíty in populations of Dry-phil"'

9,2 : Competitíon:

comperirion has bee-n postulated by Harding et al. (1966) and
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lüralifa and QualseE (Ig14) to explairr tlie frequeucy-dependent selectio¡

ol¡served in populatíons of lírna bean and in níxtures of wheat varieties'

Simílar effects are eviclerrt with chrorùosomal ínversion types in

grp"o_pþr_þ. The adaptive value of chlomosomal variants could be- changecl

l_ry many physical and bíological facEors: Eenperature, hrrmidity, f ood,

micro-organísms and population clensity (nirch, 1955; daCunha' 1951;

Levítan, 1951; Spiess, 1950; Lewontin and Matsuo, 1963)' The selec-

tive value of a partícular genotype can also be altered by Èhe presence

of other genotypes. Lewontin (1955) used larvae from 22 strairrs of

o.ryþg9g=Ël.randcomparedtheirviabili.tybothÍnpureandmi.xed

cultures. Some of the strains were found to have a higher viability in

mj.xed than in pure culture, thus f ítness íncreased rvith rarity. Lervontin

called thj,s relationship "genetic facilítation"'

Sirnj-lar results, in which conrpetition is frequency-dependent' were

reported by Ayala (l-97r), Nasar et al. (1973)r Petit and Arrxolabehere

(1968) ancl especially in a series of experiments by Kojíma and his

associat-es. Yarbrough ancl Kojima (1967 ) showecl that the larval viability

of the karyotypes carrying the fast (F) and slow (s) alleles of the

esterase-6 locus r,ras frequency-dependent and recordecl the change of

allele freciuencies for a period of 30 generations. Analysís of the

selecËi-ve va.lues assocíated r¡ith this Locus showed that there $lere narked

differences betv¡een genotypes in the early generatións. The rate of

change ín fraqueDcies of Èhe genotypes \¡Ias very rapid in the early genera-

tions, but during the l-atter generations, the r:ate was much lorver and

analyses shov¡ed that approximate selecEíve neutrality existed among the

three genotypes. I^lith the use of a cornputer, iÈ was possible to show

that the results could be explaíned if selective values were allor¿ed to
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vary \^tith the frequencies. Similar eff ects \¡Iere also observed rvíth

the differences in viabitÍ.ty from egg-to-adult associated wíth the

alcohol <letrydrogenase locus in a cage population of L Elano.ggg.lgf

(Kojirna and Tobari, 1.969a) ancl for several j.nversion karyoÈypes írt

!-. ananas;sae (Kojima and Tobari, r969b; Tobari and Kojima, L967,1968).

Attempts have been made to identify competiÈion as the agenl-

lea<ling to freque,ncy-dependent selectíon (ltuang et 41,, 1971). Media

were- conditíoned by usíng them to rear first-Ínstar larvae of each

genotype (Fì', FS, SS) until the pupal stage' A second set of first-

instar larvae of each genoÈype was then gro\¡ln in the condítioned medía'

until emergence of all adults occurred. There vrere nine viabílíty

coefficients based on the ratios of flies emergíng from Èhe media to

larvae. The results showed that the relative viability of a genotype

was l_owest when it was grown in media conditi.oned by the same genotype'

For example, the víability of Èhe ss type was híghest in medía condition-

ed by the FI-r typer intermediate ín FS and lowe.st in ss. It was suggested

:hat índividuals of a conditioned gerrotype either depleted nutrients or

left metabolic produets harmful, to iÈs o\,m genotype. Furthermcre, the

experiment-.s also proved that fitnesses varie-d accordíng to allelic

freqtrencies, so rare genotypes had a hígher fitness, and the abundant

ones had a lower fítness. In a subsequert experíment, Koiima and Huang

(Lg72) found that frequency-depenclent selectiion díd not operate r¿hen the

population densíty was low. They concluded that frequency-depen<lent

selection could only take pl.ace at high popuL.atíon densíl-ies, where the

level of competition is intense" Results of the contrary have been

reporÈed recenËly by Dolan and Robertson (1975). These authors found

that the survival of 6 straíns of larvae of D. melanoggqter- was not síg-
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níficantly less when the food had been conditíoned by the sane str:ain

rather than by another strain, nor did conditioning by one strain have

anyspecíal-effectonÈhesurvivalofanother'Itisdifficultto

point out the dífference between the two sets of results since the

cornmeal molasses medíum use-d by-Dolan and RoberÈson (1975) was rather

sirnilar to that used by Kojirna ancl Huang (1-972.) and the densíty for con-

d.itioning used by Ëhe formel correspondecl to the highest density used by

the laÈter. The comparíson ís further complicated since Dolan and

Robertson (1975) found that viabílity in conditioned medium (by the same

genotype) vras in fact higher than Èhat in fresh medium. These authors

cited other exarnpJ-es to suggest that t'larval metabolic product's do not

ímpecle but may even encourage larval development" (Sang, L949) ' Until

Lhese results are confirmed by further experiments, ít seems reasonable

Èo conclude that intergenotypíc competition is frequency-dependent '

9.3 : Predator - prev rela tíonships:

Another mechanism which maintains a balanced pol1'urorphism

through frequency-dependent selection is the interactíon betr'reen a predator

ancl its prey. The literature on this subject is ]-arge (Ayala and

Campbell , Lg74; Murray, Lg72), however, sínce the analogy between

predator and prey in animals and frequency-dependent sel-ection in plants

ls remote, the phenonenon wíIl only be mentioned very briefly.

IthasbeensuggestedthatthecoÛlmonformsofprelyaremore

heavíly predated and the rare forms more often over-lookecl by the preda-

tors (Allen and clarke, 1968; Clarke, L962; Tinbergen, 1960). The

selective value of a phenotype would vary inversely with Íts frequency'
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clarke (1962) has termed this 'rapostatic selectionrr' Al-len and clarke

(l-968) and Tinbe-rgen (1960) used the term "specifi-c searching image" to

explaínthemechanismbyrqlrichthepredatorrecognizesprey.The

SuccessbyapredatorincapturingediblePreY,resultsinsearchfor

moreofthesamekíndofprey.Thus,themoreconmonformwillbe

hunted more frequently than rare ones'

'Freguency-dependentselectioncanalsooperaÈeinBatesj-an

mímicry. In this Eype of mimícry, the models are poisonous, dístasËe-

ful, or otherwise proÈected from predators, and are often conspícuously

marked. The mimics, however' are innocrrous but gain protection from

predators by their símilaríty to the models. Sheppar:d (1959) poínted

out that a mimetic pattern will be at an advantage ruhen the rnitníc is rare

compared with the model but not when it is common, and the resuL'Ès wíll

often be a balanced polymorphism betwe-en the mímic and other forms of

the ínnocuous specíes. He cited data collected by carpenter on the

minicry of Pseudacrea e-gytus-r- a species of buËterfly, to show that the

frequency of each type of mimíc was rigidly controlled by that of the

models.

Experiments in which artificíal models and mimics \¡Iere- mixed in

different proportions (Brower, 1960; OrDonald and Pilecki, 1970) showe<l

that the rare mímics vzere taken sígnific.antly less often than nright be

expected by Èheir frequency j.n the total population of models and mimícs '

A balanced polymorphísm in the prey species is maintained, since- the

rare mimic is protected by its model and hence is avoided' by the predator '

9,4 Evolution o f disease resísÈance:

There is little evídence of Èhe effect of frequency-dependent
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selection on the evolution of disease resitance. However, in a thought

provoking paper, Haldane (1949) r'ürot-e: 'rProbably a very small- biochem-

ical change vrill gíve a host species a substantial degree of resistance

to a highly adapËed micro-organísrn. This has an imporl-ant evolutíonary

effect.. IÈ means that iÈ ís an advantage to the indivídual to possess a

rare biochemj-cal phenotype, For just be.cause of its rarity it will be

resistant to díseases \{hj-ch attack the majority of íts fellorvs. An<1

iÈ means that it is an advantage to a sPecies to be biochemically

cliverse, and even to be mutable as regards genes concerned in disease

resistancerl.

According to the gene-for-gene hypothesis advanced by Flor (1955)

to explaín the inheritance of resistance in flax and the pathogenicity

Ín flax rust (Me lamspora liní), it can be said that for each gene con-

ferring resistance in the host, there is a specific complimentary gene

for pathogenicity in the pathogen. Thus, iE is possíble that fo:: a

host to remain resistant, it should possess a rare gene. The probabílity

of the pathogen mutating to a vírulent form, becoming common and so able

to attack this host is low.

The relatíonshíp between host and pattrogen is frequency-dependent

hov¡ever, since vírulent straíns and resistant hosts can rnultiply freely

when other strains and hosts are resÈricted, Haldane (1949) has cited

wheat rust as an example of this. The development of new varietíes of

wheat resístant to all current straíns of Pucc:þia gr.gri4jå' rvheÈher by

mutation or through the effort of the plant breeder:s, is inevitably follow-

ect by the appearance of new strains of rust within a f ew ye.ars.

However, if the gene-for-gene hypothesis is correct, it ís lÍ.kely



40

thaË host and pathogen have evolved together and all cornbinati.ons have

already been in exístence. The spontaneousj evolutí-on of host and

paÈhogen could be due to mutation, gene recombination, or mígration.

Hence finding a virulent strain is probably just a samplíng problem'

which is made easíer when the host is widespread'

The production of multiline varietíes ís an appl-ícation of

frequency-dependent selecÈion. In a commercial crop' all plants may

be of the same genotype and rnillions of genetically ídentical plants

can be gro\¡¡n over the area of crop. Inlíth such a situation, any patho-

gen which can aËtack that genotype can attack míllions of plants and

heavy losses may be íncurred. This \^ras particularly the case ¡¡ith wheat

ancl wheat stem rust in North America and more recently, wÍth corn blight

in the U.S.A. and stem rust in southern Australia. Multíline culti-vars

!üere suggested by Jensen (L952) for oats and Borlaug (f953) as a nìeans

of disease resistance. They could be produced by either blending several

compatible pure lines of different genoËypes (Jensen, L952) or b1r back-

crossi¡g a large group of donnr parents wi.th different genes for resÍst-

ance to the best available recurrent parent to introduce genetic <liversity

for disease resj.stance (Borlaug, 1959). Thus, a nultilíne variety coulci

be consider:ed as a mixture of many genotypes, each occurring at a low

frequency and possessin.g a different type of resistance to a particrrlar

disease.. In the presence of a pathogen, the resistant plants írr the

mixture rvould be expected to reduce the rate at whj-ch j,nfection clevelops

on Èhe susceptible plants by acËing as spore traps or as a method of

spacing susceptible genotypes and thereby clecreasing the pr-obabilít-y of

a vírulent spore lancling on a susceptible host-plant. Thís slowing down

of the disease spread is particularly Írnportant in grain crops where the
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grain ís produced at Ehe end of the growing season. Browning and Frey

(1969) repor:ted that in lowa, oat grains fill at a rate of' 57" per <lay'

If disease spread can be clelayed by one rusÈ cycle (about B days), a

4O7" itcrease j.n grain yíeld Ís possible. An example I^Ias cited in rorhich

a 1:l blend of two genotyPes, one of whích lras susceptibleo del-ayed the

disease spread in the field by 4 days and iàcreased the yield of the

susceptible cultivar by abouE 2O%. In thi.s example, a susceptible

varieEy hacl a higher yield and fitness at a 1o\'I frequency írr a mixLure'

than ín a Pure stand,

10. Corrclusions :

Ifrarityleadstoenhancedfitness,thenitmayinfluerrcethe

outcome of selec:ting betrveen genotypes in the segregating generations

followíng the ÍnEercrossing of two self-pollinating lines' In a segre-

gaÈíng population, there í-s a large number of different genoËypes' many

of rvhich are símilar geneLÍcally, whíle others may be rare arrd quite

Jífferent from the rnajority" If selection is practised in these circum-

stances, j-t js possible that the choice of genotypes wil-l be ínfluenced

by their :rpparent frequerrcy, and that their advantage will not persist

when those gå.riot_ypes are rnultiplíed and propagated in pure stands.

Selection wr:r:lrl Èhen have been less ef fective and many other hígh yie-1<1í-ng

genotypes rnight have been over-looked'

This thesis reporEs a seríes of experiments on frequency-clependent

advantage in rvheat and íÈs inf: luence on the effectíveness of síngl'e plant

selection.
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Frequently, heterosis has been ¡egardecl as the major factor

malntaining geneËic po1-ymorphisnrs at a stabl-e eqrrilibrium. Although

¡he effect of heterozygous advantage cannot be disregarded, this

thesls w111 pr:esent, evídence Ëo indicate ttl"t ft"queney-dependent

selectíon pl-ays a dominant part i-n the mainlenance of such a system in

self-pollínated poPulations.



43

III OUTL INE OT' TTIE EXPEI{NÍ}]NTS.

A. Ilrtrorluctíon

Frequency_dependentadvantageinr¿¡heatwasinvestÍgatedina

series of experi-ments. They wíll be presented in three sections:

the- occurrence and magnitude of frequency-dependent a<lvantage

(f.d.a.) írr wheat (Experiments I and II)'

2. The nature of f .d.a. (Experiments IT-I, IV' V and VI) '

1

(i)

(íi)

(iií)

(iv)

Is it a result of heterozygosíty and hybrid vigour?

Does ít differ between test genotypes?

Does it vary with background genotypes?

What is the cause of f.d.a.?

The ímplÍcations of f.d.a. for single plant selection. in

,¡heat breeding (Experíinents VII and VIII) '

(i) llow does f..d,a. infl-uence single plant perforrnance

ín an T, PoPulatíon?

(ii) lÍhat is the relatíonship beÈween the yíe1d of si.ngle

plants of several genotypes occurring at 1ow

frequenciesintwo*conrponentandmulÈí-cornporrent

mixtures and the yield of the same genotypes in pure

stands?

The experimeD.ts were conducted in L972, L973 and L974 ín the

field at Roseworthy A.griculturatr College, South Australia' except for the

glasshouse experiment (Experiment IV) ancl experíment VI, which was under-

3
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taken in the fiel-d in 1973 at the lüaite Agricultural Research Institute"

B. The soi-l and climate of the experimental sites.

Both the trüaite Ag::icultural Research Institute (l^l.A'R.I.) and

Roseworthy Agrícultural College (R.A.C.) are in the cereal belr of South

Australia (latitucle 3405 South and longitude 13803 East). The I^I.A.R.I.

is about Bkm South and Èhe R.A.C. is approxímately 60km North of Adelaíde.

1. The clímaËe:

The climate at both sites Ís of the Mediterranean type, with cool,

r.let winters and hot, dry summers. The mean annual rainfall at R'A'C'

(1931 to l97l) ís 430mm as compared with 626nm at the I'J.A.R.I. (1925 to

1973) .

The mean duration of the growing season ís about 6 to B monÈhs,

extending through the r¿inter and spring; from May/June to November/

December. Ifonthly raínfalls for the years of the experiments are

presented ín Tabl-e 1.

It is noted t]r.at L972 \¡ras a dry year (90rìm below the average at

R.A.C.), and 1973 and, L974 $/ere I,let years (130 and 210nm above the

average, respectívely). The I,l .A.R.I. ' in general , is wetter Èhan R.A.C.

(by approximately 200mm per annum), and 1973 was a very rtret year at this

locatíon (210mrn above the average).

2. The soil:

The soil- aË R.A.C. is a sandy red brown earÈh' classlfied as

Dr.2.2.3 in the Australían Factual Key (Northcote, 1965). At the I'{.A.R.I.
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Table 1:

Monthly rainfall (ìm) at RosevTorthy Agrícultural college and

lJaÍÈe Agricultural Research Institute, L972-197 4'

RoseworÈhy Agrículture
College

L273

10.4

7L.9

43.4

34,5

35.3

84.6

53.3

56.9

62.7

64.8

18.8

23.9

L97 4

Waite

Instítute

L973Month

January

February

ì,Iarch

Aprí1

May

June

July

August

September

October

November

December

110. 3

49.4

45.1

73.8

72.O

24.2

72.6

3s. B

47.0

87 .8

8.8

14. B

34.1

53.1

34.5

91. I

77 .8

105.6

r23.3

6s.0

92.s

78.8

36.3

44.6

L972

39 .6

44.7

0

31.0

22.6

L5.7

40.6

77 .2

30. 7

Lt,2

12.7

15,7

Total 34r.6 560. 6 64r.6

Mean annual raínfall at R.A.C. (1931-f971) : 430mrn'

836.7

Mean annual rainfall at W.A.R.I. (L925-L973) : 62-6mrn.
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the soíl ís a red brolvn earth of the Urrbrae series (Litchfield, 195f)'

Thesetypesofsoilaretypicalofalargeproportíonofthesoilsin

the wheat bel-t of sorrthern and south-easÈern Australia'

The hea.vy soil and high.annual rair-rf,äl-l at the lù'A'R'I'', often

lead to poor aeraticln in the soil following sowing and to Poor establj-sh-

ment of rvheat (Mil1Í-rrgton, 1959) . Thís was the reason for conducting

most of Èhe experírnenÈs at R.A.C.. The lancl use of each site over

the six years prior Ëo experiments is showrr in Table 2. The experiments

followed eíther Pastures or fallow in the rotation ensuri'ng a hígtr level

of soil fertility. superphosphaÈe was added to the machine sown

experiments (experíments IIA and IIB) aÈ the râte of approximately 150kg/

ha.

The differences in raínfalls and soil types aE the two sítes di'd

not affect Lhe interpretation of the results as each experiment \n/as com-

pleËe in itself. The experiments described Í.n thís thesís were designecl

to compliment each other, \,ríËh each experiment seeking to answer oIIe or

two specifíc questions.

c The materials:

This study \Á/as conclucted with five varieties and the hybrids from

the crosses betr.reen them. Three of the pure lines, Gabo' llalberd and

Timgale-n, are commercial wheat varieties in AusÈralia; and the other

two, lniarimek and l,Iaricluam, are breederst lines, develope<i at the Ii'À'R'I"

Followíng is a brief description of the five lines'

1. trlarimek: This is a selection from the cross (Mexico-]-2o *

Koda), made in 1963 and íssued by the Universi-ty of Adelaide in February'
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T+bLe 2:

Deteil_s of land use for the 6 seasons preceeding tbe experirnents at

each síte.

Rcseworthy Agricultur:al
College

L973 L97 4

llaite
Institute

L97 3Year: L972

L966

t967

1_968

L969

1970

I97t

L972

r973

L97 4

Fal1ow

llheat

Pasture

Barley

Pasture

Fai"low

Experímental
síte

Barley

Pasture

!üheat

Barley

u.¿i"(b)

Pasture

Experimental
síte

Barley

u.ai.(b)

Barley

PasÈure

Wheat

Fallow

Peas
(a)

Barley

P"r" (")

Clovers

Fal1c¡w

Experimental
site

(")

(b)

Experímental
síte

ploughed in September, then fallow.

An annual medic sown ancl reaped for seed (the cornmon species grol^ln

lrere Med icaso polymorpha, Ifedíc4gqL+ truncatula
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lgTl..ItisarrearlymaturJ-ngvaríety,wíthshort'erectstature

(average heíght 65cm), and sparsely tille::lng habit' It has very

erect leaves and creamy, arvnlessr erect spikes' l"lexíco-l20 is a

selection from (Yaktana 54'À Norin lo-Brevor) from CII'll{\{T' Mexíco and

Koda frorn (Duncle,-e rt Kenya c6042) 'r (Bobin 2 * Gaza) from the university

of Sydney, is related Èo Gabo'

2. tr'lar : This is from the closs (Mexico-l2¡ :t Quadrat),

made in 1g63 and issued by the university of Adelaicle in February, L97L,

It is short (average heíght 65cm), erecto medium to sparsely tillering

habit and early maturíng. The spíkes are creâmy' erect, tapering and

awned. Quadrat origínated from the cross between Ghurka and an unnamed

crossbred Currawa * (Major * Gallipoli), made ín l.927 at the State

Research Farm, I,{erribee, víctoría and issued in 1941 (Maeindoe and

!tralkden Brown' 1968) .

These lines v¡ere selected for Èheir high yieldin.g ability and

their short sLature. Both línes were moderately susceptibie to

Septoría triLiçi, but were relaLively resistant to leaf and stem rusts'

especially in the epídemics or. L973 and, L974, as compared to the loca]-

commercial varíety, Halberd. I'larimek plants f^/ere occasionally found

to be Ínfected vrith wheat smut (Tilletia caries) .

3.ri@:Thisisacommercialvarietygrownon60-70%of

the acreage devoted to wheat growing in South Australia. It was

susceptible to stem rust (PuccigÍa &raminlq), during E]ne L973-1974

epídernícs. F]alberd is a selection f::om the cross (Scimíta-r * Kenya

c6O42 * Bobin) ,< Insigni a 49, made in 1953 and selected and released
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by Roservorthy Agricultural college in February, 1969. It is ari early

malurirrg variety, of medium heíght (average 75cn), with a freely Èi11-

ering habít. The spikes have brown chaff, and are square' erect and

practíca1-ly awnless.

4'. Gabo: This is a result from the cross Bobin * Gaza (a

durum wheat) * Bobin¡ made by Uníversíty of Syclney and releasecl in 1945"

Until :-:g4g, ít was resístant to leaf rust and stem rust. It is nor'r

susceptible to smut and both leaf and stem rust. Gabo is an e'arly

maturing variety, with medium heíght (average 75cm) and sparsely tiller-

ing capacity. The spikes are creamy, comPact and al-most awnless.

5. Timgalen: Tírngalen is a selectíon from Èhe complex cross

(Aguilera * Kenya'¡ l4arroqui * supremo) * Gabo * I{inglen, made by

University of Sydney ín l-958 and íssued in August, L967 ' Tlmgalen is

an early maturing variety. Its growth is erectr it tillers freely and

it ís of medium height (average 70cm). The spikes are creamy, taperíng,

curved and awned. This varíety carríes 4 different genes for resist-

ance to stem rust and 3 for resistance to leaf rust, includíng I for

adult plant resístance (MacÍ-ndoe and !tralkden Brown, 1968). It is

highly resistant to these tr"ro diseases j-n the f íeld '

Following a seedíng ín May or June, all these varieties come

into anthesis withi-n a week of each other with Vlarimek and Gabo being

slightly earlier than the others. All var:ieties matu::e withi.n a few

days of each other.
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D. The- data;

plant height and the components of yíeld as well as yield ítself

Írere rneasured as in<lj-cators,of frequency-dependent advantage aÈ

different stages of growth. Most of the meâsurements 'dere made on

single plants' excepË where othenvise indicaËed'

In experímenE I, where the most deÈailed measurements \^rere taken,

the characteristícs were:

1-. Measurements macle durinq the crowth of p lants includine:

(i)

(ii)

(iii)

The number of tillers per plant B and 10 weeks after

sowing.

Length of the oldest tíller B t¡eeks after sowing (cm).

l'lag leaf axea at anthesis (.tn') , estimated as

A = L x B x 0.75; where A = area of the leaf,

L = length and B = v¡idth at Ëhe broadest section of

the leaf. I,Iatson et al.(1958) found that the leaf

area of barley varieties could be described by the

equatíons A = L x B x 0.76 ín a Pot :experiment and

A = L x B x 0.73 in a field experíment.

As the position of each planÈ ín the mixËure could be accurately

ide-ntified, it was possíble to observe the development of the same plant

from e¡rergence Eo harvest. A pair of trestles and a wooden plank

enabled the operator, with some personal discomfort, to make measurements

on the groroing plants r¿ithout any disturbance to Ëhe croP.

2.

label1ed,

Measurentents made at maturitv: The plants were índividuallY

pulled from the ground and taken to the laboratory. As the
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seed was requj-red for further experiments? only aír-dry weights were

recorded. llowever, the high daily temperature (2S-30oC) and low

humidity (50-55%) at the h'aite Agricultural l{esearch Instítute ln the

surnmer were suff icíent to eliminate any variability arísing from slj'gltE

differences in moisture content at the time of harvest'

The characÈeristics recordecl in the laboratory I¡Iere:

(í)

(íi)

(íii)

(iv)

(v)

(vi)

(vii)

Plant height (cn) : measure-d f rom the base of the

main tiller to the tip of its spike, excluding awns'

Number of fertil.e tíllers; hereinafter referred to

as number of sPikes Per Plant'

Number of spikelets per plant, including ínfertile ones'

Number of grains Per Plant.

Total weight per plant (g): the- weíght of the whole

plant, excluding roots.

Spike weight Per Plant (g).

Graín weight per plant (g).

!üeight per grain (*g): calculated as the ratio of

grain weight to number of grains per: plant'

Harvest inde-x 
'(7") 

z calculated as a ratio of grain

weighÈ to total weight per plant (Donal'd, 1962) '

3. Deri,ved characteristics: In some experíments, the- results

on 2 cleríved characteristÍcs \¡Iere also presented. They included:

(í)

(ii)

E. Sta tistícal methods.

All statístícal analysís was performed on a cDC 6400 computer

of the Universíty of Adelaíde. Programs were written ín FORTRAN'
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STATSCRLPT (Larnacraft, Lg6g) antl using the programs ín sPSS (tlie

et al., 1975) 
"

The STATSCRIPT program was cleveloped by R. Lamacraft of the

Biometry SecËion at the tr^Iaite Agricultural Research Institute' It is

vrritten ín tr'oRTRAN IV and Ís designed for analysing data which has been

derived from ranclomized, replícated experime-nLs. Some of the opera-

tions t.hat can be conducted on the data set are the analysis of variarrce,

and the calculation of rnultiple linear regressíons' basic statistics

such as meâns and variancesr correlations, an<l derived variates' Multi-

way tabulation on any subset or set of the clata may also be produced'

Most of the programs for the analysís of the results rnlere written

in FORTRAN and sTATSCRIPT. SPSS (Statistical Package for the social-

Sciences) programs rvere used for the stepvise regression analysis in

experiment VIII.
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IV. EXPEJ]ì]M,IÌ}-IT AL PROGP,AI"I AND RESULTS:

A. FREOUE}ICY-DEPE}IDEI{T AÐVANTAGE IN I\TIìEAT

The occurrence and magnitude of frequency-dependent advantage

(f .d.a,) ín wheat were ínvesLigated ín 2 field experi.ments' In the

first, two It, hybrids \,tere gro\^¡n at f ive cl:l'-f ferent frequencies ín a

stand of one of the parents to establísh the frequencÍes at which the

effe-ct r,¡as obEaine.d and the mean response of a hybrid gro\.rn in a parent-'

The second aimed at neasuring the magnitude arid variation of f.d.a.

in F, clerj-ved línes, and to compare these to the Frts ancl t-heir parents.

1. Material s artd methocls '

1.1 Experinent I: Experiment I cousisted of two sub-experimenÈs

of Èhe same design. In experirnent IA, F, Plarrts of the cross

(Warimek * Halberd) , subsequently abbrevíated as (Wrn*ll), r{er:e grol¡ln in a

stand of Halberd at five frequencies 4%r 6,25%' L1-.LL%,25% and 5O%.

In experiment IB, (llariquan-r * llalberd) Fr tu, subsequently abbreviated

as (l'tq*1t¡ ¡ \r'êliê gror./n in Halberd at the salrrê 5 f requencies. There were

f our replicates in each experiment, except the f ourÈtr replicate in the

(lVm'*tl¡ experiment only consisted cf the tlro higher frequencies due to

the lack of llybríd seeds. To reduce the- numbe-r of hybrÍd seeds requir:ed,

each re-plicat-e was planted r¿ith the fr:eque-ncjes ín ascending order.

Hence, 47. was always on one end of the pl<-lt, the intermediate frequen-

cies were bordered try lower and higher freguerrcies and the 50% was

adjoíned by the 50% of the adjacent replíc¿rte. Each replicate was

surrounded on three sides by four rorus of Halber<l " Figure 3 shows ttie

layout of the experiments and the precise positions of }lal-berd and the
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Figure 3: Field layout of experÍment I and a detailerl plan of

one replicate, showing the positÍons of hybrid and Halberd at 5

dífferent frequencÍes of the hybrí-d'

The posiÈion of pure stands of the hybrids and lialberrl (8. Harers

experíment) relatj-ve Co the experiment reported here, ís indicated.

x x x Halberd as the background plants.

ø o o (I,rhxtl) ox (tlq*g¡ as the test Plants.
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hybrid at 5 fr:ecluencies in one replicate. The fíve frequencies of

the hybricl could be c.onsiclered as being t hybrid in a staucl of 5x5,

4x4, 3x3, 2x2 and lx2 of Hal-berd, respectively. Ðue to the lack of

hybrid seed, [hej-r frequenc'.y could not be extende-cl beyonci 50%.

Horvever, the results may be compared wíth those of an adjaeent experí-

ment (Hare , L97 6) in r,rhich the same Ïiybrids and }lalberd r¡ere gr:own at

the same density in pure stands.

The experi.ments were planÈed on June 26 and 27, 1.972 at Roseworthy

Agricultural College. Seeds I^/ere soT¡/n índivídually at a distance of

6.7crn ín both dírections from the adjacent see-ds, gívíng a densíty of

approxímateLy 222 plants per square metre. This density was slíghtly

higher than the average commercial density in southern Australia

(approxirnately 180 plant s/rlz). The positÍons of the hybríds were marked

by sruall wooden sticks to enable observation of their development from

emergence Èo harvest (Plate 1).

At each frequency in each replica-te, eight hybrids were cliose-n

at random for obsertrationr except at the l-ourest f::equency where al1 the

hybrids Ìrere recorded. Missing plants were replaced soon after emer-

gence by transplanted seedJ-ings to mainteirL the appropriate fr:equencies

but these \,/ere not inclucled in those measured for the results. Tire

same number of Halberd plants irnmediately arljacent to the selected hybrids

r¡/ere recorde-d, to determirre if these planEs might shor¿n an inverse

resPonse- to that shown by the hybrids. At the tv¡o lorver frequencíes,

47" and 6.257", the Halberd plants at the sec.ond position a',üay from the

hybríds were also measured to determine the extent of competition of the

hybríds.



PlaËe l: Trorc replicates of (tmxni 1n a stand of Halberd at 5 frequeneies, one rveek after

emergence. The positíons of the hybríds rvere marked by small wooden sÈicks. Lor¿ frequeneies

were in the foreground, high frequeneies ín the niddle and low frequencÍes again in the back-

ground of the photograph (cf. Fig. 3).

The experiment was protected from bÍrd damage by netting.
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1.2 ExperírnenL II: Durj-ng 7.972 a:nð LL)73, a nulnber of liires fron¡

the crosses (lnlarirrrek * l{.alberd) anrJ (!iariquanr 't Gabo), subse.qucrnr.ly

abbreviated to (tr'Jrn*Ïl) and (tr'lq*G) respect-ír,lely, were arìvanced frcn the

F, to the Fu by the single-se-ecl--descent method. F, Pl-auts l^lere gro\{n

in plastíc containers to produce l', seecls. Tor each cross, 156 F2

seeds hrere gro\¡/n ín a wooden box (50cm x 30cm and 13cm deep) to hasten

growth and clevelopnenl-. AL maturity, one seed was talcen from each Of

a random subset of 100 of these F, Plants. The Frrs t^rere gr:or^m ín

plastic containers (25crn diameter and 25cm deep) for seed rnultiplication.

Al1 three generations \rere gronn ín ;r glass house. At the start of the

1973 season, suffj.ci.ent seeds r¿ere obtained from 76 F,* lines of the

cross (Urm*U¡ and 70 Fu línes of the- cross (irtq:t61 for experiments IIA and

IIB, respectively.

The 1' l.ines, together with the F_ rs of both crosses anrl the
q'.-l

four parents were gt:o\¡/n at 2 frequencies, 6.252 and 18.757', at Rose.worthy

Agricultural College, Experíments IIA and IIB were plantecl on June 29,

L973. Each experínent v/as a split-plot. clesign, rr'ith the <lífferent

genotypes as niain plots and the two frequerrcies as sub-plots.

Due to the large area of Èhe experiment, 70 x 3ûn, :Lt couJ-<1 not

be hancl sor¡rn; Ínsteacl , the seeds were mixed at the rcrle-vant fre-quencies

an<l sown with a cone seeder. The genotyDe to provicie the. background

stand of plants,'[nlaríquam or Halberd, was chosen to be suf f icient-ly clis-

tinc.t frou the hybrj-d material for iÈ to l¡e ídentified at- ntaturitY.

The distíngr-rishing f eatures Ì¡/ere:



(

(
(

5B

(I^lqlH) h¿brid tall, tip-awned, brown heads"

I,lari,quam background: short, strongly-awned, creamy
heads.

Expt IIA

Expt IIB

(
(
(
(

(llq:t6¡ hYbríd

Halberd baclcsround

medirrm height, strcngly-atmed,

creamy heads.

tall, Ëip-awneci, brorvn hea<ls.

There r¿ere 3 replicates in each experiment.. Each 2.50m plot

consísted of L2 rows l0cm apart. The commercÍal rate of seedings

(70 kg/ha) was used. The layouÈ of the experiments and a detailed plan

of one representative plot, showing the possible positions of hybrícl

plants at 2 frequencies are shown in Fígure 4. The cone seeder was

constïucted to sor^t t!,ro rovrs from each ce1l of a seed magazine. In each

plot, the four outer rows (rows Lr2, and 1.L,LZ) lvere bor:ders and consj.st-

ed of only the background genotype, Two of Ehe renaining B rorrrs $/êrQ

sorirn at Èhe high frequency, 18.75%, and consisted of 15 hybríd p1-ants

and 65 background plants. The positíon of the high frequency hTas ran-

domized between the two pairs of the niddl.e rows (rows 5,6 or 7'8).

The remaining 6 ro\^rs \¡7ere sown with the hybrid at the low frequency'

6.257,. Each of these 2 rows consi.sËed of 5 hybrid plant-s a¡rcl 75 back-

ground plants. Fifteen plants per line (Fu or Fr) Per frequency an<l

per replicate \,tere harvesEed and bulked.

2. Results.

2.1 Experiment I

2.I.I The ma¡¡ nitude of frequency-clepend ent- advantaf;e-:

Regr:ession analyses of different characters \^/ere. pe.rformed

on the percentage frequencies for the Fr. The mean perforroance of the
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l'igure 1..: Fíeld layout of Experiment II arrd a detailed plan of one

representatíve plot,

at 2 frequencie-s.

showing the possible posj-tions of the tesË plants

Rorvs lr2 and 11 ,12: Border rorn's of background plants.

Each pair consísted of B0 Plants.

------O-0-

Rows 5,6 or 7 rB: High frequency' L8.75%. Each 2 rows

consisted of t5 plants of an F, derived line and 65

background plants. The posítíon of the high frequency

vras randomízed between the 2 pairs of t-he middle ro\À/s.

Rows 3,4; 5,6 (or 7rB) and 9r10: Low frequency' 6.252.

There were 5 planÈs of the same F, derived line and 75

background plants in each of these t!'Io rov'rs.

Ope.n anfl closed circles have been r¡sed for the te-st plants at hígh and

low frequencíes, respectively; but they are of the same F, deríved

1íne.
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elght pl.ants per freqlrency per: re.plicate- 'sias used in the l:egressiorl on

fregueuey.

2.1.1. r BxperÍme-nt IA: (!Jm*tl) -in Halber d.

The r:esults îor some charâcters are sholiün li-n Figure 5 and a

suntmary of other characters íu 'Iable 3. IË was f ound that hybrid plants

at 1or,,¡ frequencíes yielded more grain l-han those at hígh frequencies,

thus exhibiting frequency-dependent advantage (f.d.a.). The mean yieid

was 3.55 glpLant aE 47" txequency and 2,26 glpLant at 50% frequency, â

recluction of about 36.3î¿. Other characters related to grain yield also

shor^red significant reductions wíth íncreasing frequencies; notably,

number of grains per plant and spike weight per plant (wíth re<luctions

of 36.37. and 35.5i1, respectively).

The Halberd backgrourrd plants \^rere unaffected by the enhanced

growth of ttre hybrids when these l¡7ere at 1ow frequencies. Thís is

evicient from Figtrre 5 and Table 3. It can be seen that none of these

regressions r,ras signíficant and that Halbercl plants had srmílar yields

at a1t frequencies. The mean yield only varied from L.65 g/pLani at

rhe lowest frequency of the hybrÍ-d neighbour Èo 1,45 e/pLant at the

higtrest frequency of the neighbour.

?11t Experíment IB : (üIqa"¡1¡ in Halberd.

In this experiment, one of the four replícates f^fas severely

danaged by wa.Èerlogging and has been excluded. Agaín, a significant

negat-:Lve linear regression of yields on frequencies was observed

(F1gure 6a). The regressíon coef ficients for gr:ar'-n yielcl and other

characters for varyj-ng frequency are sunnarj-zed í1 Tlable 4.
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Fí-gure 5: Varíati.on j,n the rnorphologícaI characters, yield componenËs,

and grain yield of (hrarírnek * Halberd) Fr ts and adja-Lc.ent }Ialberct plants

for the fíve fr:equencies of the hybrids.

À- Â-- -l (Wrn'tit¡ F,

^---^---.^ ll.albercl

See table 3 for significant 1evels of regressj_on coeff icients.

(a) GraÍn yíe1d per plant:
for !-r, wher:e f ís the percentage fre-quency.

for Llalberd

(b) Total weieht per plant:
Y = 7.857 - 0.053 f for F,

Y = 4.190 - 0.009 f for Halberd

(c) Number of srains per plant:

Y = 3.348 - 0.024 r
Y = 1,644 - 0.004 f

Y = 99.48 - 0.7T6 f.

Y = 56.67 - O.I82 f.

for F,

for Helberd

(d) Number. of spikes per plan!:
Y = 3.075 - 0.015 f for F,

Y = 1.983 - 0.00f f for Halberd

(e) Plant heishr:
Y = 81.58 - 0.103 f for F,

Y = 69.93 - 0.005 f for Halberd

(f) Flae leaf are¿ì a t anthesis:
for F,

for Halberd

I = 27.72 - 0.f38 f
\ = 27.82 - 0.091 f
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RegressÍ.on coefficj-e¡tts for (Wmr+t¡ in Flalberd at

5 freqtrencies of the hYbrid.

CharacÈer F, (t'rtm*tt¡ Parent (Ilalberd)

l{o. of til lers (B r^rks)

Ño. of tíllers (10 wks)

Tiller 1.e-ngth (B wks)

Fi-ag leaf area (anthesis)

Total, heigtrt (rnaturity)

No. of spíkes

No. of spíkelets
No. of grains

Total weight

Spíke weíght

Graín weight

I^leight per grain

Harvest index

-.0.006

-0.021
*0.025

-0.138

-0.103

-0.01,5

-ç.27 6

-0.716

-0.053
-0.030

-0.024

-0.004
-0.0 30

* (a)

t<

t<

-0 .005

-0.001
0.005

-0.091

-0.005

-c . c01

-0.032

-0.182
-0.009

-0.004

-0.004
0.028

-0 .037

Lable_4; Regression coeffícients for (wq*u) in Halber<l at

5 freque-ncíes of the hYbrid'

character F, (wq*tt) Parent (llalberd)

0.001

0.008

0.044

-0 .041

-0.015
0.002

0.o24

0. 009

0.009

0.003

0.002

-0. 002

-0.073

(a) f,, **, *Jr* ds¡¡e¡e signifi-cance (b I 0) at- 5%, L7" and 0.I7.
probabil.it), levels, respectively. ThÍs notation for statistica,l
sígnificance is used for all tables.

No. of tillers (B wks)

No, of tillers (10 wks)

Tiller length (B wks)

Flag teaf area (anthesis)

ToÈal height (naturitY)

No. ot- spikes

No. of spilcel ets

No. of graíns

Total weíght

Spíke røeight

Grain weighÈ

I^ieÍght per grain
HarvesË índex

-0.007

-0 .019

-0.020

-0.092 *

-0.070
-Q. Qf $ /t*

--0.328 t rt.

-Q . $$! rtJc

-0.071 **

-0.038 *tc

-Q . Qll i<re

0 .0r_9

-0.009
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Figure 6 : Vauiation j.n ihe morphc'1-ogical cha-r:acters, yíeld conponents'

ancl graín yield of (I,Iarícluam t llalberd) Fr's aud adjacent Halberd

¡rlants for the five frequenci.es of the hyb::id.

À- .^- ,a (!IqxH) F,

^.- 
-À- -^ I{al-berd

See table 4 fox signifi-cant l-evels of regression-coefficients.

(a) Grain yie l-d oer Dlant:
Y = 3.853 - 0.031. f
Y = 1.591 + 0.002 f

for F,

for Halberd

(b) Total ht lant:er

Y = 9.051 - 0.071 f for Ft

Y = 3.9L5 + 0.009 f for Halberd

(c) Nunl¡er of grains P el: plant:

Y = 108.05 - 0.869f for F,

{ = 52.87 + 0.009f for Halberd

(d) Number of spíkes per plant:

Y = 3.348 - 0.0f8 f
Y = 1.874 + 0.002 f

for F,

for Halberd

(e) Pl-ant height

(f)

Y = 80.78 - 0.070 f for F,

Y = 70.63 - 0.015 f for Ha.lberd

Flas l-eaf area at anthesis:
Y = 26.61 - 0.092 f for F,

Y = 25.45 - 0.04f f for Halberd
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Graín yield was re-duced from 3,54 glpLarìt at 4% ftequency to

2,22 g/pLant at 50% frequency, a reducËion of 37.3%. Most of the

other charactcrrs also showed a sígnífícant regression v¡íth fr:equency;

especially those measured late ín the grorrrth of the 1>lanLs, incl.uding

flag leaf area at anthesis (L2.7i¿ reducti.on), total r'reíght (36.8%),

spike weíght (35.47.), number of spikes (22,6i0, number of spikelets

(26.7%) and nr.rmber of grains per plant (38.2i¿).

The Halberd pl.ants as neighbours, again, did not difier sj-gnifí-

cantly with different frequencíes of the hybríd; varying only betvreen

L,94 g/pLant at the lowest frequency Èo 7,67 e/pIanË at the. highest

frequency of the neíghbour. Nor did they show any significanÈ change

in other characters wíth changing freguencies.

In both experirnents, the characters measurecl early in the growth

of the plants díd not differ significantly between frequencies, although

they all had re-gression coeffícíenËs v¡i-th the same sign as that for

grain yield.

Since graín size did not differ between frequencies (Tables 3 & /+),

the changes in grain yield of the hybrids were maín1y due to the changes

ín numbers of grains per plant. The correlations betrn¡een these

characters rüere 0.976 for (Wn*t-t¡ and 0.97-l for (Wq*tt), respectively.

Both hybricls showed no change in harvest :'-ndi-ee-s rvi.th changíng

frequencies, indícating thaE the magnítude of f.d.a, was -cimilar for

grain weight and toÈal r+eíght. There \ì{âs no si-gnif icant difference ín

plant height at different frequencies, suggesting that cornpetition for

light was unlikely to be an ímportanl: factr¡r in f .d.a..
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2,L,2 Compari-son bet-l¡eert Halber-'d ancl hybrids:

Both hybríds r,¡ere sí.gnifícanËly higher yielding Èhan adjacent

tlalber<l'plants, especíally at the low frequencíes (Figures 5 & 6).

Tables 5 and 6 show the mean performance of each genotype at the 507;

frequency. At this frequency, the di-fferences betrdeen Halberd and

hybrids vrere due to genetíc effects alone rather than to any frequency

effect, since the-y occur:red in equal proporti-ons. For most of the

characteristics, (I,lm:tfl) was signíficantl¡z different from Halberd at

this frequency, but (l¡q*H) was only differenÈ ín height at mâturÍty,

weight per grain and harvest index.

2.L.3 Comparison between Halberd planËs at positions I and 2

at the 47" and 6.257" frequencies of the hybr:ids.

At the two lower frequencies of the hybrids, there were 4 and 3

Halberd planÈs betr¿een successive hybrids, respectíveJ-y (Figure 3).

Thus, the extent of competítíon of the hybrids could be estimated by

comparing llalberd pl-ants ímmediately next to the hybrids and those at

one positíon removed. Tables 7 and I shor¡ the nlean performance of

Halberd plants at these positions, IË can be seen that there r¡ras no

clífference between Hal.berd plants at Ehese pr:sít.ions, indícatilrg that

the competition of the hybrids extended beyond the immediately adjacent,

Halberd p-lants and also suggesÈing that conrpetition for 1.ight \r¿ts not

an important factor in f.d.a., since in cereals, it ís unlikely that

competition for f.ight r"ould extend beyond the ímmediate neíghbours.
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Comparisons betrve.en the ¡reans for (l^Irn*ll) and llalberd

for varj-ous plant characters at the 50% frequency.
\

Character
Genotype means

F 1 (Wm*,n¡ Halberd
Signi fÍ canf
dif ference

No. of tÍllers (B wks)

No. of tillers (I0 wks)

TÍller l.ength (B wks) cm

FJ-ag l-eaf area (anthesis) cm

Total heíght (maturity) cm

No. of spílces

No. of spikelets
No. of grains

Total weight g

SpÍke weíght g

Grain weight g

I,üeÍ.ght per grain mg

Harvest índex "/"

2

3.20

4.50

1.8.90

2L.2.3

7 6.56

2.50

38 .06

67 .47

5,62

2.98

2.26

33,25

39 .56

3.24

5, 20

18.20

24.28

69 ^92.

2.00

27 "66

46.A3

3. B9

L.96

1,4s

31.80

35.93

NS

NS

NS

NS

*

**

J¿

NS

NS

Table 6: comparisons beÈ!,/een Èhe means for (wqxn) and llalberd

for various pla.nt characEers at the 507" frequency.

Character
Genotype- means SígníficanÈ

F r (IVqxil¡ Halberd díf f erence

No. of tí1le-rs (B wks)

No¡ of tillers (10 wks)

Tilt.er length (B wks) cm

Flag leaf area (anthesis) 
"m'

Total height (maturíty) cm

No. of spJ-kes

No. of spikelets
No. of grains

Total weight g

SpÍke ¡*eighr C

Graín rve.ight g

I^Ieight per graín mg

Harvest index 7"

3.20

4.30

19.90

22,32

77 .76

2.37

33. 21

6r.46

5,23

2.94

2.22

35.82

4r,7 9

3.10

4.90

19. l0
24 .49

69,6L

1.91

2,7 .O9

49.04

4.32

2.2L

L.67

3L,96

37 .O7

NS

NS

NS

NS

**

NS

NS

NS

NS

NS

NS

ú



Table 7:

61

Coniparison betr¡een the rneans for t-i¿lberd plants irnmediately

acljacent to and one posj-lion removed frorn the hybrí-d (I'InirIl)

at tlre 47" and 6,257" freque,ncies.
t

Characters
- Mean performance

Adjacent One pclsiLion removed
Síg.

difference

No. of tÍl.lcrs (8 whs)

No. of tíllers (10 wks)

Til-ter l.ength (8 wks)

Flag leaf area (anthesís)

Total height (maturity)

No. of spíke.s

No. of spilcele-ts

No. of graíns

Tots.l weight

Spíke weight

Grain weight

!üeÍght per grain

Harvest- índex

cm

cm2

cm

3.38

5.25

11 .87

27,73

7 2.06

2.08

30. 19

53. 83

4.44

2.25

L.73

32.i4
38. 96

3.27

5,25

t7 .95

'25,9L

7L.7 4

2.23

32.96

58.52

4,70

2.35

1. E0

30.7 6

38 .30

g

g

g

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

mg

7"

T:rbl.e__Q: Comparison beÈween the means for Halbe.rd planÈs immedíately

a,Jjacent tr¡ and one posítion removed from the hybrid (Wq"'H¡

at the 47" and 6.25% frequencies.
Mean performance Síg.

Characters Adiacent. One position removed difference

No. of tillers (8 wks)

No, of tíl-lers (10 wks)

Tiller J-errgtlr (8 wks)

Flag leaf area (anthesís)

Total. height (naturity)
No. of spi.kes

No. of spikeleÈs

No. of grairrs

Total weight

Spike weight

Graín u'eight
tr'Ieight per grairi
Harvest index

cm

3.00

4,42

L6,72

25.89

71.81

1 .90

27.68

51,93

4.20

2,26

r_. 70

32..7 4

40 .48

2.92

4.40

17 .65

25.7r

70.70

r.99
27 .93

51 .07

4 .15

2.L9

r.66
32.50
40 .00

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

cm

c_m

g

ot)

c
mg
o/
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2.2 Experiment II.

2.2,7. Experinreut TfA ( I\rmt(fj ) in Inlaríquam.

Mean squares from the analyses of variance for several charac-

ters are presented in Table 9. Ser¡enty six Fu lines of (I'Jrn'*li) all

showed f.d,". when gror^rn ín ¿r stand of l,Jariquam. They had hi-gher

yi.elds at the 1ow than at the hígh frecluency (Fígure 7). Tlie mean

yíetr-d per line was 41.15 g/plot at Èhe loiv frequency as opposed tct

25.57 g/plot at the high frequency. Thj.s reduction of 38ii $/as com-

parable to that found in experirnents I¿i ancl IB al-though tlie range betr¡een

frequencies hras less in this experímerit (6.25i1 to 18.757. as compared

wit-h 47. to 5O7"). The results in Table 9 indícate that the high yielci

of the hybrids at the low frequency \¡ra.e associated with a gïe.ate.r height'

more spikes per plant and a greater total weight.

F.d.a. ís aiso evídent in Fígure 7 fot the parents, T,,larirtlek and

Halberd, and theír Fr. The parents yi-eldecl abouE the same as the rnean

of the Fut", whereas the yield of the. Ir, was among those fcr Ehe Eop 5%

of the Fu lines" The disËrj.butíon for height of the Íut", ÌIarimek,

Halberd and their F, is shr.rwn i-rr I'igure- 8.

The Fu lines had positíve sker¡ distributions for all characters,

except heíght which had a negative skew. Slcer¡ dístributions of this

riature occur conrnonly in plant competítion, especiall.y at hí.gh densíties

(Koyanra and Kira, L956). Thís phenomenon ís díscttsse<l rnc.re fully in

experiment VIII, \,Ihen the distribuÈions of single plants in Fr, F, and

parental stands are compared. The::e r'¡as also a highly signifícant

correlation beÈween the f .d.a. and the yielding abil,i.Èy of these lines.



Table 9: Mean squares for the corrparisons of 76 F , lÍnes of (lv'nxil) grorm in tr'laríquam aË 2 frequencies.
tt

Character

Source of variation df Average height No. of spikes Total weight Spike weight Grain weight

Replieates 2

Lines 75

Reps. x Lines (Error a) 150

Frequencies 1

Frequencies x Lines 75

RepsxFreqsxLines
(Error b) I52

NoÊe:

284.70

101.89 **

56.04

448.03 *àt*

l-7,25

17.40

2L23.6A

893.64 ?t**

265.28

69190.10 **?t

167.28

L63.94

LL229.40 2108.20

6871" 90 *** 1430.90 ?k**

2159 .50 385 .38

514833.00 *** 101493.00 ***

L2r5.40 234.LO

1284.10 253.97

32L.2r

487.42 ***

LLg.77

26683.20 ***

68.64

lB. B3

o\
\o

The experirnent r¡ras a split-ploË design with the 76 F4 lines as main plots and the 2 frequencies

as sub-ploËs. In the anal-ysis of variance, the effects for replicates and iines were Ëested

against the interactions between replícates and lines (Error a). The effects for frequencÍes

ancl the i-nteractiorÌs beiween frequencies and lines were tested against the interactions between

replicates, frequencies and lines. (Errcr b).



Figure 7:

of (I^lmt{H) ,

I^lariquam.

7A

Dístríbution of graín yie.ld per line for t-he 7ó Fq l-'lnes

the tr^¡cr parents and the F, at 2 frequencies j-n a star:d of
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Figure B:

of (LIm/'lI) ,

lrlarÍquam.

7t

Distri.bution of average height per line for the 76 r", lines

t-he tr¿o parents ancl the I', at 2 frequencies i.n a stand of
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The f.d"a. was estirìrated by the rlÍfference bet¡veen the yield at 1o¡.r

and high frequency, for each 1Í¡re. Yielcling ability \¡/as assessed as

the arithmeEi,c mean of the )'ields at the 2 frequencies for each líne.

Thís estimaÈíon was rnade br,-cause. all 76 Fu línes \^rere gro!'/n with the

same background, Inlariquam. The correlation coeff icient was 0.47

and was signÍf icant at the 0.1% level (Figure 9). The positi.ve correl--

atíon suggest-s ttrat hígtr yiel.ding genotypes tenrled to be more likely to

expr:ess f .d.a.

Howeve-r, the correlation sllould be regarded with caution sÍnce

there míght be an ÍuherenÈ relationship between the means and the díffer-

ences of the yields aL Ëhe tr+o frequencies, This may occur if the I'jel<l

at one frequerrcy ís always substantially larger than Èhat at the other.

A nurnerícal. example will íllustrate Èhis poÍnt.

LeÈ the yield at the lorv frequency be X and the yield at the

hÍgh frequency be Y and let X and Y have the values:

X =6 7 9 L2.

=2 5 7 I
l_

ancl the means

Y
l-

then the differences (X Y.)
Ia

'<(xi

are:4224

+Y )are: 4 6 B 10
l_

It can be seen that ttrere ís no correlation betwee-n the means

and the differences in the above exampl-e. However, if Y.ts remain

Èhe same but X-rs increase by a facÈor of 10 so that the orders of X
t-

and Y ere the same as before, r^te no\^/ have:

x = 60 70 90 L20
a

Y, = 2
l_

s7B
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Figure 9: Relationship between f.d,a. (yíeld at low freq, - yíeld

at high freq.) and yieldíng ability (mean of the yiel-il at 2

frequencies) of 76 Fu f-ines of (l4hn*H) when grown in lJa.ríquam at

2 frequencies.

The fítted -1ine has the equaÈíon, 'I = 4.004 + (0.349) X;

rvhere Y ís Èhe f.d.a. ín gm per ploÈ, and X is ttre rnean yield of the

line at the two frequencies. Correlation coefficient r = 0.47 x**
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then the differences (x. - Yi)

L(x. + Y.)'1- l-

arei 5B 65 83 LLz

and the means are; 31 37,5 48.5 64

In this instance, there is a posÍtive correlatiorr beLween the

means a.nd the díffererrces of X and Y. Vlhen there is a marked díffer:-

errce between X and Y, subËracËi.ng or addÍ-ng Y. to X. had ii.tt.le effect

on the rankíng of X. rs. Thus, it can be seen that t.he diff erence

(x. - Yi) is nearly equal to X. and the rnean %(X- + Y.) is approxí-

mately one-half of it. Hence, the correlation between (Xi Y.) anr1.

'e(Xf + Y.) would be approxirnately that between X. and r."X. anC -woulcl

always be posíËive.

Inspection of Figure 7 shows that the yie1.1s at the trvo frequencíes

overlap and the correlation, although highly signíficant, is only 0.47,

It seems unlíkely that a mathematical relationshíp is responslble for

the positive correlation coefficíent, - rather ít appears to r:eflect a

bío1-ogical relationsirip.

2.2.2 ExperímenË IIB : (Wq:tç¡ in Halber:d.

The results in Experíment IIB were símilarly analysed (Tabl.e l0).

Most of the Fu línes of (t+q'*6¡ had higher yÍ-elds at the low tirau. at the

high frequency (Figure 10). F.d.a. was also expressed by the parênts'

I^lariquam and Gabo, and the-ir Fr. Inlariquam was slightly highe-r yielding

tharr Èhe F, and both ha<l yields equí-valenÈ to those lí.rres emon€l the 25%

híghest yieldíng Fut*. Gabo was sírní1ar to the lor'rer 30lZ af the Fu

líne.s. The higher yíeld at the low f,reclue-ncy rüas asscciaLecl r¿iÈh a

hígher expressÍon of oÈher characters aÈ this freqlrency. The reduction

in yíeld in thís experíment fron the low to the hígh frequency was about



Table 10:

Source of varíation

Replicates

Lines

Reps x Lines (Error a)

Frequencies

Frequencies x Lines

RepsxFreqsxLines- (Error b)

190.39

214,11 ***

L20.06

1030.40 ***

55.49

63.01

13. 95

180.81 x**

91. 38

1113.90 ***

4L"99

48.00

Mean squares for Ëhe comparisons of 70 Fu lines of (lIg*G) grown ln Halberð. at 2 frequencies.

Character
df Average height No. of spÍkes Total weight Spike weight Grain weighr

2

69

69

138

1

20.81

635.58 *tç*

356.56

5589.60 ***

159.91 '

L72.BT

25.26

87.81 **,

5L.96

679.62 *x*

20.69

24.50

L4.75

39.00 **

22.92

274.2L *tr*

8.77

11.38

!
(Jl

140

see footnote at end of rable 9 for an explanation of Errors a and b.



F j-grÉS. _10:

of (I^lq*G) ,

of l{alberd.

76

Distlibution of grain yield- per lí.ne foL'the 70 F,* liners

the two parents and the F, at 2 frecluencies j-n a sta.rid
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2E%.

The cil,stríbution for height (Figure 11) had a sÍ-gníficant

negal-ive skerv, whereas the distribution for other characters hacl a

stt,r*g posíti..re sker¿.

The Fu l-ines had very low yíelds, averagíng 6'16 g/plot and

4"43 g/pLot- for ttre low alrd the trigh flequencíes' respeclive.ly, ancl

some plants failed to surv'ive to maturity. One likely expl.anation is

that thís was a result of the rusE (Puccinia .Ëamin:þ f . -qP
. trítici

epidemic that occurred ín L973, when the variety, Halber<l uras heavily

infected. Some of the Fu línes gror^/n ín this stand were also severe-ly

ínfected, resulËing in a large number of low yielding 1ines.

The correl-ation coeffícíent between f.d.a. and yielding ability

was 0.38 antl rvas significant at the 1% level (I'igure 12). Although the

analysis of variances indicated that the 70 lines had hígher y:'-elds at

the low frequency, the interactions between frequencies and lines were

non-siglifícant (faUte t0). FÍgure 12 shows that some of these lines

did have non-significantly higher yields at Èhe high frequency.

3. Díscussion:

Both of the present experiments !'rere designed to determine v¡heEhe:r

grov;ing a genotype at different frequencies ín a míxture resulted ín

differences in the yield of single Plants of that genotype. In al-1 four

cases, frequency-dependent advantage lüas dernonstrated, and increasing

the frequency of the genoÈype from a low (47. ot 6.257,) to a rnodetate.

frequency (507" or L8.757.) hTas associated r,¡ith a reductíon Í-n grain yíelds
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Fi-gure ll; Ðístríbutíon of average heíght per líne for the 70 F
4

lÍnes of (Wq'tC), the'tr,úo parents and the I-, at 2 fre,quencíes in a

stand of l-Ial-berd.
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Figure l-2: Relationship between f.d.a. (yield at low freq. -

yield at high freq") andyí.elding ability (mean of the yíel-d

aÈ 2 frequerrcj-es) of 70 Fu lines of (l'Iq*G) when grown in Halberd

at .2 f requerrcies.

The fl.tted line has the equation Y = -0'l-35 + (0.346) X;

where Y is the f.d.a. in gm per ploÈ, and X is the mean yíeld of

the líne at Èhe two frequencies. Correlatlon coefficíenÈ r = 0.38 **
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rangj-ilg i.ran ?-8"/" to 38%, As the response frorn 507. to 47. was linear,

ít is possible that at even lower frequencíes the advantâge would be

greâter. Bvidently f .d.a. in wheat is suf f icier-rtly conÐlon' and of

suffícj-ent nagnitrrcle, for it to Ínfluence the efficj.ency of single plant

selection during wheat breedíng.

F.d.a. might be a common phenomenon, as the experiments re.:porLed

here t,ere conclucted under: markedly differe-nt conditions' The seasons,

L972- and 1,973, were quÍ.te differenÈ. The former had a below average

rainfall and a relatively short period of crop growÈh; <iuring tire latter

raínfall \{as aPprecíably above average. Also, Experíment l vlas gro\L'n

as carefully spaced plants in small plots, whereas Experiment T.I involved

a Laxge nunrber of genotypes grown in large contiguous plots resembling

a cofirmercial crop. Al-though each experiment \^7as conducÈed in only one

environment, a similar response to frequency \¡7as observed for the F, of

(I,J6*II) in botTr years, over dif f erent ranges of f :iequencíes and ín

different mixtures.

One major restrictionof..rrsing hybrid seeds r,¡as that :they were

avail.able ín límited numbers. Hence, it was not possible to allocale

the clifferent frequencies (Experirnent I) in a completely randomized

¿esign as this would have requir:ed considerably more hybrid seeds for

the borrlers, especially aË high f requencies . Thj.s r¿as overcome by grcw*

irrg the fr:equencies ín ascending order, although one r:ríticisn of such

a <1esíg1 \^ras thaL Èhe differences in yíeld of ttre hybrids e.t dj-r'ferent

frequencies could have been a systematic effect if the.re had been a

fertility trend in the same direction as frequencies. However, the non-

signifÍcant regressÍon of the Halberd plants (Tables 3 and 4) wíth
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frequen,::y indj-catecl that ttrÍs \^73s not a factor. Fur:thermcìre, the

results for each replicate separately shor,red that the hybr:íds had hÍ'gher

yÍ.elds at the 1ov¡ Ehan at the hígh frequency. It was unlikely that a

simí.lar trend in soíl fertil-ity occurred in all four replicates,

espe-cially as the paired replÍ-cates \¡/ere laid out in opposite <íirectíons.

Since gr:ain size clíct not change vriÈh fr:equency (Tabl.trs iì anct 4) ,

the- c¡srrges j.n grain yield v/ere associat-ed c1.ose1y wí-t.h changes in Èhe

number of grains per p1ant, whích, in an agricultural population, is the

f,actor most c.olnmonly ínfluencíng the fitness of the genotype (Palmer,

1.952; Suneson, Lg4g). Hence, Ëhe f.d.a. represents the actíon of

frequency-dependent selection ín a sirrgle generatj-on'

The results of Harding, A11ard and Smel-tzer (1966) for liroa bean

were much tnore pr-onounced Ëhan for: the work reporte.d here. In mixt-ures

of hybrids and parents, the test genotype, a hybrid, had a yield reduc-

tion of 66.77" as íËs frequency increased from 2i( to L67". At the låtter

frequency, it uras found that the fitness of the hybrids rvas equal to

those cf the pa1:ents, Hohrever, as has been pointed out-, since se'erl coat-

pattgrn i.s mat:ernally ínherited (Alla.rd, 1953) and since ttre hybrícls and

parents i-n experíme-nts of Harding gt_al . r-'.¿lme from the sane bulk crli art

advanced ge¡eration, any error: ín identifícation of the homozygous l-j-nes

particular1.l, ¿¡ tlte 2.7" frequency, could resulÈ írt an over:-estimation of

the fitrress of the beterozygotes. Khalífa and Qualset (L914) forrnd Èhat

r;vlren two genotypes of v¡heat r,¡ere nixed in all combinations at 12.52

freque-ncy increments, grain yield of the stronger competitor tr{as r:educerd

fr:on a relative value of 1.33 at L2.57. fr:equency to 0.80 in pure stand,

a reductíon of 39 ,87" rvhi.ch ís comparable to the present f indings. llowever,

its yielci in pure stand was lower than that of the pul:e. stand of the poorer
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co{ope-Litor 1>'y 20"/.,

As a m¿::kr'rd f .d.a. eff ect was evident in experiment I, it was

expected t-hat the neighbouring backgrortnd plants might sltorv an inve-rse

ef :['ect; that -'¡-sr a redr:cecl yield whe.n neighbouring a hybrid pJ-ant at

iorn' frequency. -ln fact, tl-re llalberd plants showed no sÍ,gnifi.cant Èrend.

Ä part-ial explanation is that the. Halberd plants r^¡ere not grovtrt at low

frequencies, br.rc between 501l and 961l. Ilence they were alrvays in com-

petiLion vith a- high proport:ion of like genotypes. This was supported

by the rìon-sjgnificant difference ín ttre yie.ld of ttte two groups of

Halberd, one immediately adjacent and thei other in one position removed

from the hybrid, at the Èr¿o lower frequencies (Tables 7 and B). The

mean yields were 1.73 and 1.80 g/plant respectively for the (t^lm'tH¡ ex-

perírnent., and 1.70 and L.66 g/pLant for th" {t^lqonr. Furthermore, there

$¡as some evidei'Lce that the hybrid did not shor¿ an appre-ciable f .c1 .a. at

h:i-gh frequer(cies. Extrapolating from the results ciep:'cÈed in l':'-gut.:.s 5a

and 6a to pure. stand, (hlm*ll) would have been expected to yield only 0.94

g/plant and (Wq*n) 0,75 g/p1ant, Tn an adjacent, comparable experÍ-merrf,

B, Har:e (1976) recorded 1'78 and I,62 g/pLant, respectively, for pure

stands of t.trese same hybrids; yields which are nearer to those urp-asured

aÈ the 50% freqr,tetìcy ín experj.ment I than those predicted from the

reg::ession.

The re-sults of ltarding, Allard and Smeltzer (l-966)have been ::e-

e>r¿rn:'-ned by All-arC ancl Adams (1969b) . They showed Èhat the best f it tcr

tl-re clata vras given b]' att exponentíal funct-ion r,rhich suggests that the

linear: r:e-lationship of fitness on frequency of Lhe hcterozygoÈes !/as un-

1ike1y to be maintaínecl at higher f requencies. Khalifa and Qualset (I97t+)

however reported an effect that was linear between 12,57" and 100%. It r'ras

possible that such an effect was due to a stronÍl corrpet.í.tj,on for light
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betrve-en a tall ancl a dwarf variety gro\,rl at a high seeding rate

(90 ke/lìa), and at a high altitude (l219rn el-evatj-on) at one of the

l-ocations.

It has be.en suggestecl (l{arding e! a1.. , 1966) that freque-ncy-

depenclent selec.t-.ion r,.ras due to competition betr¿een plants of the same

genotype. Th:'-s theory could also be advanced to explaín the appare-ntly

curvilinear relatj-onship l¡etween yie.ld and frequency of the hybríds

beyoncl the 50% level ancl the non-sígnifícant regression of the Halberd

j-n thís experiment. Referring to the positÍons of plants in Fígure- 3,

it can be seen thaË the distances betwe.en successive hybrids at the five

frequencies \^Iere 33.5, 26.81 20,L, 13.4 and 9'5cni (= 6'7 x /T, the

diagonal distance), respectively, The regressioll coefficients of grain

yíe1-ds per plant and dístances \rere positi.ve and significantly dj-fferent

from zero (p <0.05). The correlations betrveen yields and dist-ances

were 0.501* and 0.505* for (Wm*<H) and (trtq*i1¡, resPectÍ-vely. If the

hybrids had bee-n gro\^rì at frequenc.Íes be-tween 502 and 100% (r¡hich r'¡oulcl

correspond to the frequencie: of Halberd), the distances beÈween

successive hybrids would have e-tranged only from 9.5 to 6.7 cm' H'ence,

they were always in close proximity to plants of the s;an€) BenoÈ,vPe' The

physical basj-s of f .d.a. is further investj-gated in ttre next section but

it is sufficient to say that the relatíonship between yíe1d and frequer,.cy

ís inversely relatecl to that between yie-lcl and distance between plarrËs

of the same genotype and hence depends upon the interaction beF,r¿een these

plants in the exploitation of the environmenÈ'

During the growth of plants in !ìxperÍ-ment I, nteasuïements were m¿rcle

of plant characters whích can be used as indicaÈors of vigour. Besides
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yí-eld, yielci conrponents and mature plant height, all the other Ineasure-

ments (TabJ-es 3 and /+) hacl regession coeffÍcients wíth the same. sí-gn

as that for graín yield, In Ëhe later stages of gror'rÈtr these meastlre--

ne-nts rsere statistÍ.cal1-y signíf icant . Thus , the f . cl . a. r¡ould appear to

result from a gradual amplification of an early advantage gaíned by the

genotype when gror,rn aË low frequency'

It is unlíkely Ëhat either final pl.ant height or time of maturity

ís a major: factor in f.d.a. Differences írr plant height are only

expressed after stem el-ongatíon, and in a- Mediterrarlean type of clímate,

where there Ís ample illuminatíon in the laËter part of the season'

any advantage to taller plants through addítional light interception Ís

like1.y to be negligíble. Also, the f .d,a. i^ras nearly as large in

Experíment LIB, where most of the hybrids v¡ere shorter than the background

Halberd, as Í-t was j-n Experirirent IIA, r,rher:e the hybrids were tall-er than

!traríquam. Furthermore, in the same experíment, consístent relatíonshíps

between maturity and f.d.a. were absent.

It is possible that I'disease escape or resj-stancett \ntas an importanÈ

factor in f .d.a. In experíment ITA, where Halberd r¡/as grolüIL as te.st

plants in I^lariquam, a rust resistant background, it was relal-ive1.y rusl--

free and yieldeci 2.58 an<l 2.O2. g/pLant at the low and high freque.ncies

respectively (Figure 7). In experíment IIII , where Halberd 'r,\7as grolJn as

rhe background stand, the plants were heavily infected wíth rust and hacl

very low yield. Sinc.e no measure.me-nts were made of the background

plants in Experíments IIA and 1lB, ncr assessment could'be made of the

aclvantage gained through pr:otection from disease of the Halbe.rd plants

at low frecluencies. T,n experiment IIA, the background Waríquam could

have acted as spore traps and as a barrier to spore movement and hence
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recl¡ced the rate at whích infection developed on the Halberd p1-ants.

T¡e highl-y signifícant correlatíons betiu'eerr the mean yíe1d and

the f.d.a. of the línes ín experínent II are notable (Figures 9 and 12).

F.cl.a, ís an aspec.t of relative. conpeÈítive ability. lligh yielding

genotypes tend to have hígh f .d.a. and this j-s lilcely to be ímporËant

in the changes which occrrrred in Composite Crosses. The estj.mates of

f .d.a. for pr:acticali-y all the línes ín experiments IIA and IIB r'¡e-re

posÍtíve, despite the re-latively smal-l range in frequencies (effectively

12,5%). The highly consístent increase in yield associate<i wíth the

lor,¡er frequency resultecl in the very hígh1y significant varía:rce ratios

for frequency in Tables 9 and 10' The àbsence of any significant

inLeractio¡ in the same tables supports the generality of the conch:sion

that f.d.a. ís widespread in wheat.
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B. TFIIT NAT]URI] OF 1IRE(ìUEI\]CY_D]11]ENÙENT ADVIiNTAGE

a, ÌfECllANi.S;i\TS 0F FRI'IQU E}]C]-DìlPiiNDXNl] AD\¡ANTÀTìE IN I^NIEAII]

1. T-ntroclucti-on.

The occr¡rrenc'e of f 'd'a' iri t;her plevíoul; experiments ¿nd the

observatj-on that this phe-nolìrenon can lea<l to stable pclymorphisurs

(Itardíng et al. , L966; Schutz, Brim aind Usanis, f96B) encours.gecl further

explorat j-on illto the me-chanísm whÍch conf ers the advantage.

It has been shov¡n that the per:formance of an in<1ividua1 irr a

mixture depends on the genotype vríth Ì^/hich iÈ is associa[ed (i\J-lard and

Adarns, L969a for wheat and barley; Saltai, 196l for rice; Schutz and

Brim, L967 f.or soybeans and clelùit, 1960 for grass species). Al1 forms

of interaction betwee¡t two or more genotypes, of vrhich f .d.a, ís only

one, have been called competitíon, an emotive descriptj-on t¡hich has not

helped clarify the- subtle r:e1atíonshíps rvhich appear to be involved.

Qbviously, as indivídual. plants become more cro\uded, the sooner cioes a

plantrs explcitation of its surroundings; ímpinge on that of its neigh-

boursr. Fol1 oiving this it is important to distinguistr betlqeen trr'o

aspects of competition. One, vrhere the pf¿n¡st nut::iellts ot physÍcal

requirements are equally usef':l to both genotypes at the- sante tine. And

the second, where the plants are co-exploitative-, rviEh <¡ne heing ai:le tc

use some resource rnore ef f ectively at one time l-han the othcr:. Cletnerrts

(1904) pointed out that I'competitiontractually refer:recl to the abiiity cf

an Índivídual plant to exploit its own en¡ironment insofar as it had beert

all-ered by the- presence of neighborrrs.

Both the discovery that natural populatí.ons of self-pclljnated

species are rníxtures of many genotypes (Allarrl, 1965) and the comnon
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observation that tr,úo conponenË rníxturr.:s often slightl.y outyield- the.

average of the ilcliyidual pure sEands (Trenbath, I974) s(rgger;t Ehirt the

basic rnoclels of the yíeJ-cl of in<lividual planEs in various fre.quencies

ín a mixed population shotr-l-cl be exaninecl . Fígure l3 íllustrates ttre

three- major types of response that can be expected. Sirnplest of these,

Type I, o..,trs vrhen there is no f .d.a., and one genotyPe consisrtentl¡z

outyields the other. I.Ihen these yíelds díff er from those measur:ed in

pure stands, then the two varieties díffer jn their 'rcornpe-titít'e-"

abílitíes. If genotypes r^rhich expressecl a hi.gh f .d,a. vrere al-so those

with a high competítive abili.ty, then the Type II response might be expect-

ed. The higher yieldíng genotype r¿ould be expected to be even higher

yielding v¡hen ít occurred at a low frequency rvhen ít l¡ould have a greâter

proportion of weakly competitive neíghbours. Conve-rsely, the yield at

high fr:equeucies of the strong competitor rvould not be expected to be

very different from yiel-d Ín pure stand, bui: the v¡eak- conpet-itor t¡ould

be markedly reduced by the presence of a La::ge proportíon of such neighbours.

Neither of these models, except by annual fluctuatíons in

selective values, are likely to lead to the stable heterogeneous popula-

tíons (Allard, L965; Allard, Jaín and I¡rorkmanr 1968) or mixe<i ag::icul-

Eural poptrlations (HarJ-an and ìfartini, 1938; Suneson, L956; Lohanj-, l-970) .

Type III reactions will of fen lead to stabl.e. heterogeneotrs populatj-rrns

(A1lar<l and Adams, 1969b), providJ,ng that at some (low) frequency tÏre

nurnber of seeds prr:cluced by the variety B equals that from A at a high

frequency. The physical basis of these Type III reactious are 1í[<e1y

to be either due to rr1-ightl-y different retluiremenis (particularly at differ'-

ent time-s) for sone resource in restri.c.ted suppl-y or clífferential suscept-

íbitity to specÍfic races of 1>lant pathogen. It is also possible that
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Fi.gur:e l3: Hypothetical types of response ín grain yíeld or grain

nurnber pe-r plant of two cer-eal var.ieties grotni together ¿rt differenc

f r:equc,-ncíes "
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plantÉ; proCuce substances ¡vhich alter the gror+th of their neíghbours"

Ttre experiments <ie,scribed in this section sought ansrte-rs to the.

follolring questions :

(í) I^lhich of the ËyPeç of reactÍon (Figirre 13) could be

. expectecl irr mj-xtures of strong ancl t¡eak competiiors?

(i.i) Did the hybr:id of these types shovr f "<1.a. wherr in

mixLures v¡ith ej-ther Parent?

(iii) Inlas Ehe physical basis of f .d.a. very specífic to a

particular genotyPe? trJoul<l the advantage be expressed

in mixtures of other varieties?

(iv) tr'Ias the ínteraction due to competítion belor.r or at¡ove

ground?

2. Materials and methods.

2.1 Experirnent III.

Experiment III consisued of 2 srrb-experÍmenl-s of the sane design,

each with 3 replicates, Tn each experimenË, genotyPes beíng assessed

were gro\,ün at varÍous frequencíes in a background of other genoÈypes.

They w111 be referred to as the test and backgror,rnd genot-ypes, respectivei.y.

In experiment IIIA, these vlere as follows¡
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Test cenotvDe Iìaclccround qerrr)type ì.req ueïlcv of te-st qenotype

(l,riarírnelc >t Timgalen) Fl

subseqtteutly abbreviat ed

to (t^lm'"f ¡

Inlarimelc

Tírngalen

- I.iarimelc

- Timgalen

- I'fíxture *

- Tirngalen

- Mixture *

- I,{arímek

- Mixture tc

6.2.5Y. and 2-57"

tf

ll

* A mixture of l{arimek, Tímgalen, I{arj-quam, Halberd and Gabo.

In experiment IIIB, the test genotypes were Inlariquarn ancl Gabo,

theír F, hybríd subsequently abbreviateC to (l+q*ç¡ ; and tlrr: backgiround

genotypes were l^lariquam, Gabo and the nnixture used j-n experiment IIIA.

The mixture, whicll consí.sted of the five pure lines in equal proportíons

by weight, vras sown from a random sub-sample of the bulk.

The experj.ments were planted on July 12 and 13, L972 aE Rose!üorthy

Agricultural College. Each experiment l^las a split-plot desígn, rvith

backgrounds as main plots and frequencies as sub-plots (Figure 14).

Seeds rve-re soiün índívidually with a distance of 6.7cm in both directions

between plants, givi-ng a density of. 222 planËs per square metre, which ís

approxímately that used commercially. The positions of the test plants

were marked by small wooden sticks to enable their identification tÏrror-rgh

the growíng season" Each treatment in each replicate consisted of 12

test plants at the low frequency and 2l- test planÈs at tlie high frequency,

all of which vrere harvested. The same number of bac.kground plants

immediately adjacent Ëo the. test plants were also ha::vt:steci' All these

\¡/ere measured for heigtrt, number of spikes, number of spikeleËs, Eotal

rveíght and grain weigÏrt,
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Físure I /+ : Fiel-d layorrt of Experiments IIIA and IIIB. At the top

is a detailerj plan of one tlîeatment.

xxx

o o o positions of the background pl-ant-s.

posj-tions of

occurr:ing at

the- test plar-Lts (F, or parents)

2 frequencies: 6.25i¿ and 257",
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2,2 Experíntent T-V

Experiment IV rvas conducted in an open s:í-ded gl-ass house.. Plants

of the different genotypes $/ere- gro\iùn in slot-J.íke conÈainers which l:e-

presented ror,rs (Plates 2 and 3) ., Thus plants occurring in the same row

coul_cl compete for light, nutrients and water; vrhereas plants occurring

in adjacent rol¡7s compeËed only for 1íght.

F, plants of ttre cross (Wm*f¡ !'7ere grol¡Jn iu each of the parental

stands, VJar:ímek and Tímgalen, aË 2 frequencíes: LL.l% (l plant -i-rr the

roral of 9 in a contaíner) and,44.4% (4 plants in 9). At tlne 44.47"

frequency of Èhe hybríd, each contaíner wíth the hybrids was adjoined. by

a container v¡íth only the background genotype.

Seeds lrere gertninated in petri-dishes and planted on July 15 
'

Lg73. Nine plants, 5cm apart, lrere grown in each conËainer ín a mixture

of. 50% sand, 50% peat and all the reo,uired nutrients (Bakerr 1957). The

dístance between planÈs in adjacent containers r{as also 5cr¿. Scíl

moisture was regulated to avord stress, but no further nr.ltríents ¡rrere

aclded.

The containers in which the plants v/ere gror¡/r1 have been de.scribed

by Stern and Donald (L962), The ends and the base of each conrainer l/ere

made of wood and the. sides of galvanized Íron sheeting, Each contaíner

had the ínternal di¡nensions 5cm x 50cm and 50crn deep and v¡¿rs liired v¡íEh

black polyethylene. A block of 100 contaíners lüas held EogeÈher by

c1-amps.

The experj-ment, consisting of 4 replicates, was a splít-plot

design, with the different genotypic backgrounds as main p1.ots and the
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Plates 2 and 3z Side vÍews of Experíment IV, 2 weeks after

planting. Plants r{ere gro\Àrn in slot-like c.ontainers, dlmensíons

50cm x 5cn x 50cm, held togeEher by carpenter clamps. The

posltions of the hybrids were narked by wooden sticks. A dark,

fine plastic mesh was used as the border to reduce side líghting.

The border has been removed duríng the photography.
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two frequencie.s as sub-plols. In each replicate and i1 each baclcground

stand, there were 6 hybrid plants at the low freque-ncy and B hybrid

plants at the high frequency. All hybricl plants were- marked by smal1

wooden sticks and all were neasi¡reci for the characLer:S deseribe'd in

Tables 16, 17 & 18. A parental plant adjacent to each hybricl aild ín

the same conÈainer l,las measure-d as was a parentaL plant in the adjoining

container.

The whole biock of containers l\ras surrounded by a dark, f íne

nylon mesh whích acted as a border by reducing side li-ghting. It r¡as

raised with the glowth of the plants.

3. Results

3.1 Expe ríment IIIA"

3.1.1 The performance of the F.. l{arímek and TÍ.r,rqalen in

variorrs baclcsrounds.

(1) (l'/m*r)-

The results for (WmrkT) in 3 <lifferent ba.ckgrounds at 2 frec¡.ren-

cies are shor.rn in Tabl-e. 11. The hybrid had a signíficantl-y higher yield

in the lJarimek than in the Timgalen and the Míxture stands. This higher

yleld $/as associated vrith signifícant differences in nurnber of spikes anci

number of spi.kelets peï plant. None of the characters lreâsured showed a

signifícant clifference due to fre.querrcies, nor to the interac.tior¡ betlnle(:n

frequencies and stands.

( ii) itrarimek.

The resulÈs f or l,{arimelc are shown ín Table 12. Warimek planLs

díd not differ sígnificantly when grol/n in Timgalen and in Mixture stands'
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le-l¿lg-f.L; l'lcan perf ormance of (l'In:*T) ín' 3 backg;rounds at 2' ftequencies

and resul.ts of analyses of variance oll the same characters'

(a) ê.:-T lant cmFI ht

rtsqgggÐt

6.2..57"
25.007"

Mean

(b) Number of spilces Der plant.

I'requency

6 "257"
25.O07.

Mean

Background

hlari.nek Timgalen I'iíxture lfean

65.23
63.42

64.32

65.67
64.L3

64.90

65.27
(¡4.56

64.9L

65.39
64 .04

6t+.7I

Bac.kground
VIarímek Tingaleq Míxture }Iean

3.0
2.7

2.6
2.5

2.3
2.4

2,5
2.4

2.8

LSD (0.0s)

2,4 2.4 2 ^5

between baclcgrounds = 0.4

(c) Number of s kelets er ant

Freq uency

6.257"
25.001l

Yeq

Background
Vlarirnek Timgalen Ifixture l"[ean

5
4

44
3B

35. B 34.5 38.3
35.7 33.9 36 .0

35.7 34.3 31 .L

be,Èween backgrounds = 5.5
4L.4

LSD (0.0s)

(d) Total rvej-gtrL Þe.r plant, g

Freqtrenc v

6 "257"
25.00z

Mean

Background
lJarímek Títngalen Ilixture l,Iean

5.99
5 .08

5.54

4.46
4.85

4.93
4.63

4.78

4.35
3.97

4.L64.65
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(e) Grain weieht uer p1ant. g.

I'lean

Analyses of varia.nce

Cha:car:tet

ßackground
tlarí-m.ek Tírngale¡r ItiXtuf_e

2.50 L.79 L.7 4
2.08 1.93 r.6:t

2.29 l-. 86 l.68

LSD(O.05) between backgrouncls = 0,42

L,94

Backgrounds Frequencies Backgrounds x Frequencies

Mean

?-,0L
1. B7

He.lght

No. of spikes

No. of spikelets

ToÈal- weíght:

Graln wefght

NS NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

*

*

NS

*
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IgÞlg.-U: Iiean performance of Warimek ín 2 backgrounds at 2

freque¡cies ald results of analyses of varíance on the same

characÈers.

(a) He hr r lanl cm

Background

Tímgalen ì[ixture Mean

Frequenç;r

6.25y"
25.O0%

ÞIean

(b) Number of sp íkes per plant

Mean

(c) Nurnber of srrikelets Þer plant.

Fregu e¡-rr c.v

6.2si1
25.007"

I'fean

60.90 6t.94 6L.42

Background

Timgalen Míxture Mean

2.3 2.2

59"16
62.64

62.O8
61. B0

60.62
62.22

1

3

2

2
2

2

2,r
2.4

2,2
2,4

Background

Timgalen MixÈure Mean

30
34

3

7

34 .1
37.0

32.2
35 .8

32.5 3s.6 34.0
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(d) Total weizht per plan

(e) h l-ant

Frequenc. v

l4ean

s of varí.ance

se"lglq"q4.
Mean

t. s..

3,75 4.42- 4 .09

Background

en Mixture Meau

1.55

L.76
1. B8

L.B2 r.68

Character Backgrounds Frequencies Baclcgrounds x FrequencÍes

Height

No. of spikes

No. of spíkeJ'ets

Total weighÈ

Grain rveight

NS

NS

NS

*

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS
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exce,pE for total weight per plant, wÏret:e it was sÍgnificantly lor+er in

the Timgalen stancl. None of the cornparisons for frequencíes nor fo1

the íDteractíons beLween frequencies ancl stands rvas sígnificant'

(1íi ) Tirngalen.

The result-s for Timgalen are shovln in Table 13. Timgalen plants

had significantly higher yíelds at the lotv frequencies than at the high

f requencies. It also had a higher yield in the I'íarimelc than ín the

Mixture stand. The non-significant interaction indicated that the

effect of f .d.a. was simílar in both stands. The other char:act,-:rs folloru-

ed the same pattern as grain YielC.

It should be noted that the mixture consisted of approxirnately

207" of. each of the five pure lines; hence the actual frequencies of

Warimek and TÍ-rngalen ín this bakcground were aPproximately 26'57" anð 45%

for the correspolìdíng frequencies 6.257 and 25% of the test Plants'

respectively. Table 13e shows that the yielcl of Tirngalen at 25% fre<¡:ae:nc'-y

.in the l^larimek stand $ras approxÌmately equal to its yield at the test

plant freque¡cy of 6.25",1 (i.e. actually 26.5%> in the Míxture. However,

Íts yield was signifj-cantly increased at a low frequency (6.257" in the

l¡arirnek stan<l) and r¡as sígnificarrtly reduced at a high frerluency (45% i-rt

the Míxture) '

3.L.2 Frequenc y-dependent aclvantag e of l.iar:Í,rnek and Tingalen.

In this experíment, llarimek and Timgalen vrere grown both as test

p1-ants and as background genotypes. It is possible therefore to consicler

the yíelds of l^larimek when grown in Timgalen at 6.25"Å and 257. (test plants)
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Tr-b*l-g--]¿: Mean per:formance of Tingalen in 2 backgrounds at 2

frequencies and results of analyses oi varÍånce- on the same characters.

(a) Heisht per pl¿rnt, cm

Background

trüari-rrek l'fíxture l"fean

Freq uencY

6.2,57.
25.O07"

Ifean

(b) Number of spikes Per plant,

Frequerrc_v

6,25%
25,O}i¿

Mean

(c) Number of spikelets per olant 
"

7 0 .63 69 .L4 69 .88

Backfiround

trrtari.rnek Ì4ixlure Me¡rn

2.7 2.9

72.44
68. B3

69 .44
(rB. 84

70.94
68. 83

Mean

47 .7
38. B

5

7

1

3
2

3

2.9
2.6

3.2
2.6

Background

I^Iarirnek lufixture
Freq uencv

6.257"
25,0074

Mean

53.5
40,4

4L.9
37 .3

46.9 39 ,6 43.3
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(d) Total wej-Fîht per T, lant" s

Frequencv

6.257.
25.o0%

Ifean

(e) ctet"_t.!É!_I9l-Plant; s

Frequency

6.2s%
2s.007"

Mean

Analvse.s of variance

Character
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Backgtcr-urd

InlarÍ.mek l'{:ixture Me¿rn

7 .86
s. 98

6

5

5

00
20

60

(t.lr3
5.59

6,92 6.2,6

Background
I.lari-mek Mixture Me¿rn

3.14
2.28

2.20
1. B8

2.67
2.08

2,71 2,04 2.37

Bachgrounds Frequencíes Bacttgroun<ls x Frequencies

Height

No. of spikes

No. of spÍkelets

Total weight

Grain weight

NS

NS

}IS

NS

NS

NS

NS

NS

NS

NS

NS

I'lS

¿

*
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and at 93.757" a\d 757" (background genotypes). Similar consíderations

may be given Ëo Timgalen gro\¡¡n in tr'Iarimek. The graph of the results

for grain yíelcl ís presented in Figure 15 and a sunmary of the regression

coeffici.errts for other cl.raracters in Table 14. The mean per freguency

per re¡tlicate ruas used in the regressiolr on frequency'

Tabte 14: RegressÍon coe-ffícients of Timgalen anci l'larimek at

4 frequencies.

Character Timgalen \{arímek

0.075 '.tIleight

No. of spikes

No. of spikelets

Total weight

Grain rveight

-0,o72

-0.008 *

-0.162 *

-0.031 *

-0.013 't

0.002

0.043

0. 011

0.00/r

TÍmgalen plarrts yielded signíficantly rnore graín at lorv than at

high frequencj.es. The mean yield rvas 3.L4 glpfant at 6.257" frequency

as opposed to 1.BB g/plant at 93.757" frequency' a reduction of 402'

Although the línear regression has been calculated, Fígure 15 indicates

that the reduction ín gra,ifr yield rlÌas large-st between 6'25% a¡d 257"' At

hígher frequencie.s, the reduction in yÍeld r,ras negligíble. other

characters, e:;cept plant heighÈ, also sho\^led sígnif ícant reductio1s

with increasing fr:equeneies.

Grain yiel<l per plant and most of tl-re- oEher plant chäïacters of

i'larimelc clid not differ signífj-canËly vrith increasíng frequencies,

although mosÊ had small positive regression ôoe-ffi.cients.

Figure 15 shows that at a high frequency (93.757Ð, the yields of
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Flgure 1-5: RelaLion berween graÍ.rr yie1,ì per plarll- of Timgalen and

hlarimek rvhen each c)ccurred in a stancl of the other al 4 frequerrcies:

6.25%, 25"/", 7514 and 93 "757",

Figure 1.6: Relati,on of grain yield per plant of lüariquam and Gabo

when each occurreci in a stand of the oEher at 4 frequencies:

6.25%, 257", 75% anrl 93.757.,
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Tímgalen and lJarirnek r,¡ere quite simílar (1"SS ancl l-.BL g/pLant' respect-

ively)despítethetr.;ofolddífferenceaËJ-owfrequency.

3. 2 Experirnerrt IIIB.

3,2,L The erformance of the F lüar uam ancl Gabo in various

backgrounds.

In conËrast tc' the results outlj.ne.d above, there r,rere n.egli-gible

differences across freqrreneies for (I^lq*G), tr'laríquan and Gabo. The

dífferences between background stands hiere also non-significant'

3.2.2 Frequent: v-dependent advanta oa of l{ariqrranr and Gabo.

lüarÍquam and Gabo, as Èest plants and background neighbours,

could also be considered as beíng grov¡n at 4 frequenciesi 6'25%,257",

757. anð, 93.75î¿ in a stand of one another,

The results for grain yield per plant are shown in Figure 16 and

a sunmary of other characters Ín Table 15" There was no signi-fícant

regression on frequency for any character. Ttrís is consisterrt with ttre

results for Waríquam and Gabo in the prevÍouç: section (3"2.:l')'

Tabte 15; Regression coefficíents of h'arÍquam and Gabo at 4 frequencies'

Character i{ariquam Gabo

Height

No. of spikes

IIo. of spikelets

Total- weight

Graín weight

0. 051

0,00r

0.o27

0.000

-0.001

-0.a42

0.003

0.037

0.002

0. 001
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3,3 Bxperiment IV.

3.3.1 The fonnance of (Wm*'f¡ in 2 parental stands at

2 f recluencíes.

The yleld of the hybrid in the l,Iarimek stand !/as more tb.an double

that in the Timgalen stand (Figure 17). The mean yield per plant- ín Ëhe

t\^ro starrds \^Iere 2.89g and 1.07g, respectívely. The effect due to the

backgrouncl stands was highly sígnificant for all characters, except

tiller numbers at 6 weeks (Table i6). The main effects for fr:equencies

in the analysis \¡Iere non-signíficant, but the interacLions between

frequencies and stands were significant for grain weight and number of

grains per plant. The hybrid had higher yielC aE the l-ov¡ than at the. hígh

frequency ín the lnlarímek stand, but símilar yields at t.he two frequencies

ín the Timgalen stand.. The results for other characters ïrere simílar.

Thus, the hybrid grew faster, taller, produced more tillers and more grains

ín the lrlarímek than in the Timgalen stand" It shorve-d an f.d.a. in the

former stand but none in the latter.

3.3,2 Comp aríson betrnreen F and Darents at frequencv 44.4%
t

The perfornance of the hybrid and each of the parents r+irs compared

at frequency 44.4%, Thís frequency (4 hybrids versus 5 parents) is

suf f íciently close Lo 507" to compare the hybr:i-cls and parents since the

differences \.{ere due to genotypíc effect r¿rÈher than to frequency effect.

Tables l-7 and 18 shorv the mean performa.nce of each genotype ancl the

::esults of analyses of varíance.
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Eia$rg--lj: Gr:aj,u )'ield per plant of (1Vm';'1¡ Fr :in the 2 parental

stancls, lfar:inrek and Tirn¡;alen, and at. 2 freque.ncies, 7.1 .I7" a:nd 44"4%.
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lulean perf ormance per plant of the F, hybrícl (t'ln'*f ¡ in

2 bacÞ-grounds at 2 frequencíes, and the result:s of the

analyses of variance on the sarne characters.

Frequerrcy L = LL.L1(; Frequency 2 = 44.47"

St-and1=Warimek; SÈand2=Timgalen

(a) Tiller numbe::s 6r'¡ks (b) Tiller leneth ( 6w1cs). cm.

Table 16:

Not-e:

Stand

He

Frequency
I 2 Mean

cm

StanC
Freguency
L2 Mean

43,5
40.2

41. B

IIean

6s.7
2.3.3

44.8

fu-+¿t

2.89
7..O7

1.98

Mean 3, I 3.0 3.1

43.8 43. r
39.4 40.9

l4ean 4L.6 42 .O

(d) No. o f sníkes.

Fr

I
2

1
2

3.2
2.9

3,2
2,9

3.2
2.9

(c) hr maLuri

Stand 1

ì,fean 85.1

Frequenc v
2

88.0
7 5.5

81. B

t
ffi
26,3

40. 5

2

40.7
31-.4

36.0

14ean

89.4
77 .5

83. 4

Mean

47 ,6
2B. I
38. 2

Mearl

2

56.7
24.9

40. B

Stand

(f) No. of srains.
Freq uency

SËand t
7 4.7
22.6

48.7

(h) hr

Frequenclt
I

3.27 2

0.98 I
2.r3 I

2

L 2 Mean

2.8
1.8

1
2

90.7
79.5

1-

2

51
r6

B4

2.3
2.0

3.2
1.6

Mean 2,4 2.2 2.3

(e) No. of s ilrelets.
Freqr.rency

Stand

luiean

(g) Total weíeht. e.

t_

2
I
2

Ì.fSro

Graín

Stand

B.4s
3. l_r

5.78

St.and

1
2

4"_""

61
2

53
5B

7 .49
3. 35

5.42Mean 5.05
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le 16 continuecl: Analyse s of var:iance

SËalrds Frequencí,e-s Stands x Frecluencres
Charact.er

Tiller no. (after 6 wks)

TiLlerlength ( " )

Height (at harvest)

No. of spikes ( t' )

No. of sPikleËs ( " )

No. of grains ( " )

Totalweight ( " )

Grainweight ( " )

IË is evident that the hybríd had significantly hi¡lher yiel-<l and

higher expressions of other characters than llari.mek. on the other hanó'

it was significantly lower yielding tiran Timgalen plants' The differ-

ences in grain yield between geD.otypes could apparently be attlíbuted

to differences in growth rates as shown by the result for tíIl'er length

in Table 18.

3.3.3 The effect on l'Iarimek ancl Tirngal. en of competitÍon r,¡ith

the bri<l.

Its NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

&

*

¿

lc

&

tc*

**

Forparent'alpJ.anÈsgrowingasneighbourstothelrybri<ls,there

r^rere tÍ7o types of competítj.on. i{hen in Ëhe same container as the hybrid'

they competed for light, nutrient.s arrd h'ateÏ; r+hen in adj¿rcent contaín-

ers, they would have compete<l only for light. A comparison of parental

plants in these two siÈuatiorrs gives an inclicaLirln of the effect of com-

petition wíth the hYbrid.
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Tþbl=_1i-: Comparison between (Wm/'1) and l,'larÍmek at frequency of the

hybrid of 44.47". ìleans per p1-ant and rt:sul-ts of

analYses of variance.

Character
GenotYPe mealls

(tln*f ¡ ldarimek Difierenees

No. of tíllers (6 wks)

Tiller length ( " ), cm

Height (maturíty), cm

No. of spikes ( " )

No. of spikelets ( " )

No. of grains ( " )

Total. weíght ( " ), I

Grain weíght ( " ), g

3,2

43.2

88. B

2,4

42..L

56.8

6"68

2,52

3.0

40.9

68.4

1.0

L7 ,9

23.5

2.L0

0. 75

NS

NS

?t**

fs */<

J¿ú

Table 18: Comparison beE\,reen (Wrnrtt¡ and TÍrngalen at frequency of the

hybrid or. 44.47". Means per plant and results of analyses

of variance.

Character
Genotype means

(tlm't'f ¡ Timgalen Dif f erence-s;

No. of tíllers (6 rvks)

Tiller length ( " ), cm

IteÍghr (maturity) , c1n

No. of spikes ( " )

No. of spíkeleËs ( " )

No. of grains ( " )

Total weight ( " ), g

Graln vre.ight ( " ), I

2.9

40.9

75.6

2.C

31.4

25,0

3. s8

1. 16

3.2

47 .9

76.4

2,2

35.4

36.3

4.90

1 .56

NS

-'-¿$

NS

NS

NS

J.
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(í) Warimeli pl ants adiacenl- to the- hyl¡rids

trüarímek plants clid not diffe-r signifí-cantly when neighbouri.ng

the hybrids at two frequencies (Table l9a). Ilor'rever, the pJ'ants in fuil

competition with tire hybrids had- sÍgnificantly lower yiel-ds than those

whích competed rvj-th the hybrids only for light (Iígure l8a). The

dífferences \¡Iere highly signifieanÈ for all characters measurecl' at

maturity (Table 19b).

(ii) Timgalen p lants adiacent to the hvbríds.

Timgalen plants did not differ significantly when neighbouring

the hybrÍds at trvo frequencies (Table 20a). In this experiment, both

Ti-mgalen and Warímek occurred at high frequencies, 88.97. and 55.6V",

respectively, so thís lack of signifícance is noÈ surprÍsing.

Graí.n yield per plant of Tímgalen did not díffer significanËly

in the tü/o tyPes of competition with the hybrids (Fígure 18b). Nor was

the dj-fference sígníficant for any character measured (Table 20b). Horv-

ever, it is of interest to note that Timgalen showed exactly the opposite

effect to that expressed by l,Iarimek. Plants competing wj-th the hybrj-ds

both above and below the soil \¡¡ere, in fact, slightly higher yíeiding than

those competing with the hybrids only for 1íght.

In this experiurent, ít was not possible to show the effect of

competi¡ion for light alone. Sínce !üater was non-lirnitin¡¡, the. cornpetí-

tion must be <lue to Èhat f or nutrienÈs, Competit:i.on with the hybrid f or

this f actor reduced the yield of lnlarinLek by 41.3% whereas Èhe same type of

competi,Ëion increased the yield of Timgalen by L6.51¿.



Tabl-e 19:

Character

Til1er no. (after 6 wks)

Tiller length, cm ( " )

Height, cm (at harvest)

No. of spikes ( " )

No. of spikelets ( " )

No. of grains ( " )

Totalweight,g (")

Grainweight,g (")

(a) Mean per Plant at
frequencY

IL.l7. 44.4i4 Dif f erence

: (b) I'fean per Plant when
comPeted

Above Above & Belo'¿ Difference

Coraparison betr¡¡een trIari¡nek planËs and resuits of anal-yses of varÍance'

(a) llhen neighbouring the hybrids at 2 frequencies, LL.LT. arld 44'4%'

(b) When in 2 types of compeÈiËíon, ín Èhe same contaíner or Ín adjacent conÈaÍrters'

hybrids.

with the

2.8

40. r

7s.0

1.1

20.3

31.9

2,7 4

1. 14

2.9

4L.2

74.s

1.3

23.3

3L.7

2.86

1.06

2.9

4]-.L

79.4

T.4

25.5

39.1

3.38

1. 38

10

40.2

70.2

1.0

18. 1

24,4

2.22

0. B1

H
H
P

NS

NS

JS

*tr

*tr*

**

NS

NS

NS

NS

NS

NS

NS

NS
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Figurc 18: ìIean yield per plant of llarirnr,-k and Tímgalem when

competirrg with the hybrí<l at the 2 frequencies:

/
only above ground (plants ín acljacent containers).

above and below ground (plants in the same container).



(a)Warimek next to l,

1Ã1

i 44.4"1"

(U) t¡mgalen next to q

1.38

0.81

above

above & below

Mean (competition)

above

above & below

Mgan (competition)

XO

XO

dx

1.35

1.25

Xx x

XX

XX

-dx

111"1o

?
oJ
t¡¡

z
É,
(9

1.41
1.56 1.33

1.0

X X X

€X ---o x

i i 111"1" i 44A"/"
I

FREQUENCY OF HYBRIDS

xx



Table 20:

CharacÈer

Tiller no. (after 6 r¿ks)

Tiller length, crn ( tt )

Heíghi, cm (aÈ harvest)

No. of spikes ( " )

No. of spikelets ( " )

No. of grains ( " )

Total weight, g ( " )

Grainweight,g (")

(a) Mean per plant at
frequency

lL.L7" 44.47" Difference

(b) Mean per plant when
comPeted -\

Above Above & Below Difference

Comparison between Tirngalen plants and results of analyses of varian'ce

(a) Inllren neighbouring the hybrids at 2 frequencies, LL.L|" and 44'4%

(b) I,rïhen in 2 types of competition, in Ëhe same container or in adjacent containers with the

hybrids.

3.1

46.2

76.3

2.4

37 ,9

33.8

4.46

L.47

3.2

47 ,4

74.9

2r4

37.3

32.8

4,.63

1.41_

3.2

46.4

74.6

2.4

38.1

30.5

4 "35

1. 33

J.¿

47.2

7 6.5

2.4

37.L

36. I
4.73

1.55

NS

NS

NS

NS

NS

NS

NS

NS

I\ r)

NS

NS

NS

NS

N5

NS

t'{s

H
ts
(/)
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4 . Discuss i.on.

An irnportant consideration is the relation between f.d.a. and

the competitive abilíiy of a genotype. It j-s necessary to differerltiate

betweeu two meiho¿s ôr defining cornpeÈiËive abilíty. One of these is

the difference in plant yield between members of the genotyPe grown at

a particglar frequency ín a mixture (usually 50%) and those Elrowrl in pure

stand (Alcihama, L967; Tre.nbath, L974). lùhen the genotype has higher

yielcl per plant in the míxture, it is regarrled as attgoocl" competitol .

The secon<l is measured by gròwing a genotype in severai pal-red combina-

tions. If tþis is undertaken for several genotypes, the varíety with

the híghest mean yield is regarded as the rrbestrr competitor. It ís

theoretically possible to list the genotypes ín order of Lheir competiÈÍve

abÍlitíes, wiLh the differences í.n tha genotypes in mean yield per plant

being greatesÈ when a "\^'ealc" competitor is grovrn in conjunction with a

t'strongtt competítor.

The latter definition is applícable to Table 11, so that the sig-

nificant background effect stlo\üs tÏrat Tímgalen is a ilstrong[ competitor

and l,ùarimek a "!¿eakt'one. Thís effect was again observed in Êhe glass

house (Table 16), ruhich confirmed the choice of these tvro varíeties as

being suít-atrle to ínvestigaËe theír frequency responses.

Oríginally, it had been expected that the f.d,â. would be assoc-

iaËed witþ competj-tive ability as depicted in ttre Type II interactic.rtr. Ín

Fígure 13. l-n fact, none of the present experi-ments, nor those reported

earlier,support this expectation. Although Timgalen shol¡ed a signifícant

f ,d.a. (Tables 13 and U+), trgari.mek dicl noL shorv a corresponding decrease,

and this occurred despite the considerable difference ín conpeEitíve
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abilj.ty t-retrvetr.rr the two varietÍes. In the gJ-arrshouse experíment,

althoug¡ the hyþyid had sígnifí.cantly highel yiel-d aLt the Lor^r than at

the high frequency in the Warimek stand, thtr yield of hlarimek was símilar

at both frequencíes.¡ Thus, it is evi.dent that the genotyPes are co-

exploitaLive rather than conpetitive, rvith one appearing to be able to

use resources nore effectively aÈ one time Lhan the other:. In experilnents

IIA and IIB, Èhere were vírtually no línes vhj.ch shor'¡ed a signfficant

decrease in yield at low frequency" As these rsere from random seles-

tions of F,rs, a large number of them could be expected to be lor'rer yield-

ing ín pure stand than the background competitors. Thus, at least in

Èhis lfecliterranean type of euvíronment, reactíons intermediate between

ttre Types I ancl LII seem to be quit.e common. Similar types of ínter-

action v¡ere observed in some gellotypíc combinations of soybeans tested

by Schutz and Brim (L967).

The results are dissímilar to those of Khalifa and Qualset (1974),

r".here, rvhen th¡o genotypes of wheat were mixed in all combinations at

L2.57" frequency íncrenents, the stronger coilPetítor consistently increas-

ed in yíel.d as it became rårer in the mixture. AL the same time, the

weaker competitor shovred a sígnificanË decrease ín yield as íts frequency

decreased. llowever, it is possible that th.e competition for líght was

very intense in their experiments as a result of hígh seeding rates

(9Okg/ha) i,¡hich enhanced the competitive effects betr,reen the tall and

dwarf plant types. Je.nnings and Aquíno (1968) have shornm that competition

for light had an imporÈant effect in rnixture.s r.rf tall and dvrarf rice

varÍeties 
"

The Ì., hybrid (V;m*i¡, vras intermedíate between the t\^/o parents.
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It díd not show f.d.a. r¿ith eiÈher parent in the fierld and in this case

heterozygosity (tirrough the j-nteraction of the- tÍro gcìnetÍ-c systerns) does

not appear to be aÍ e-sse-Ill:ia1 factor: in f .d"¿r.. Tbis is corlsistent

r,¡Íth the resul.ts repor.ted. earlÍ.er, r.rhich shor'red that f.d.a" l¡as ex-

pressed by F rts, F\ts and the parents.

The f,d,a. of Tingalen r'ríth Èhe nixture (Table 13) indicates that

f.d.a. is specific to this genotype, regardless of the baclcground i-t

competed r,¡iËh" Sirnílar:iy, Allard and Adams (1969a) showed thal surrormd-

lng a given variety by more than one different genotype had little effect

on the test genotype. Sínce f;d.a. ís a common phenomenon, it Ís lilcely

that the background genotypes woul-d also have f.d.a. of theír oIôIn. Thus,

it is suggesËed that the rnechanisur(s) for the f "d.a. of Timgal-en was

líkel-y to be different from those for other genotypes and tÏraL there j-s a

number of al-ternative mec-hanisrns rqtrích will lead to f ;d.a. (e.g.

differences between genotypes in thei¡: requirements for environmental

resour:ces or differential respollses to plant pathogens). T'hi-s, in turn,

provÍdes an explanation for the persistence of heterogeneit"' in bul-k-'

hybrid populati.ons.

Freqtrency-dependent advantage is simílar to the over-compensstory

interactÍon in a feed back system, proposed by Schutz, Brim and Usanis

(i968), as the mechanism in the evolutíon of firness in ihe bulk popula-

tions of barley reported by Allard and Jain (1962). Thís rnechanisnt also

adequately explains the increase in reproductive values of heiterozygotes

aÈ l-or.r frequency i.n populatíons of lírna bean- (lÌardÍng S!_1!-, f966).

FurËherrnore, :Í-t may ensure that a genotype r¿ill be maint-ained in the

population at a low fr:equency despite a yield dísadvantage ,;vhen compared
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as a pure stand v/ith other genoÈyPes. fn the rníxtur:es of barley

genotypes gro\^rn by Suneson (f949) for 16 generatíonsr l^lorlcnar¡ and

Allarcl (1964) found evidence Èo shor¡ that the poore-r contpetitors, Club

I.laríout, Hero and Varighn had higher select-ive val.ues when they rüere rare

than when they were common.

Competition appears to have occurred mainly belorv grotrnd betwe-en

the root syster,rs, It has been pointed out earlier that, under a

Mediterranean type of climate Rrhere there ís anple illurnination in the

latter parÈ of the growing season, final plant height was unlikely to

be- an irnportant factor in f .d,a.. The results in e:<periment iV índica-

te<l that competítion for soil factors \¡ras intense in the contaÍners used.

Ttrri.s could have accounted for the f.d.a. of the hybríds glîovln in the

llarímek stand in this experiment (Table 16). tr{hile direcE extrapolatíon

to fíel-C condítions may not be fu1ly justified, it does índicate the

need to ín.¡estigate soil factors as r¡ell as the aeríal ones which have

receíved nuctr more attentíon. Donald (f958) shot*'ed that rvhen both

shoots and roots \¡rere competing the effect of eonpetítion rù;s greater

than when only one factor was involved.

Competitíon from eíther plants of the same or different species

has been found to reduce the size and number of both the nodal and senínal

roots as well- as their weight, degree of branchi.ng and extenË of spread

in the sotl (Troughton, L962; a review). Lee (1960) shcr¡ed that, ín

mixtures of- barleyo the cornpetitive success of r\i-las over Vaughn was due

to the former having a better developed root syst-em than the latter. In

a subse.quent (unreported) test carried out he-re in the laboratory, jt.

vras indeed found that Tinrgalen had, initially, faster shoot and root
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growth$ th¿rn IIarinek.

Just as compe.titíon betweelÌ roots of clifferent ge-notypes may

lead to compet-itive success or faílur:e (Lee, 1960) r so nay competr'-tion

betroeen roots of the sane genotype result in the f .d.a. ol.tser\¡ed.

Weaver (1926) stated that r¿heat roots had a lateral spread of 15-23crn

on all sÍdes. I,Jhei:e the f .d.a. r^ras observed, it-s magnitude was c1írectly

related to the dísLances betrtreen the test plants. In the case of

Timgale-n gt:ov.r1t in trJarir,rek, the distances between succ.essive Timgalen

plants at fr:equencies 6.257", 25%, 752. and 93.757" ve're 26.9cm, 13.4cm,

8.5c.ni and B.3cm; and the correspondíng yields per plant were. 3.Lt+g, 2.289,

L.79g anci l.t38g r:espectively. The regression coe.f ficient of graín yield

per plant on distances between plants of the same genotype is positíve

and significantly different from zero (p < 0.05). This result agrees

rqi.Elr ttrose f ourLd f or the hybrids, (I,r'arimek * Halbercl) an.d (l^Iar:íquam *

tlalberd), in experiments IA and fB. FurËhermore, the línear regression

of yield per plant accounts for more of the variation ruhen the distance

.betvreen plants of the same genotype is used as the- independ--nt variable

rathet: than the frequency. The correlation betrveen grain yielcl and

frequency was -0.57tr as comparecl r,rith 0.66* between gr:a.in yield and dis-

tance. Ins;oectíon of Figure 15 and the relevant figures (Fígs. 5a and

6a) in llxperirrent I suggests that the indivi-dual planl yj.eld shows a curvi.-

lirrear incre¿rse to decreased frequency. This, together r¿ith the posítive

correlaËion beÈv¡een yield per plant and the square of the distance

(r = 0.65'k) betryeen plants of the sane genotype suggest that f.d.a.

deperr<ls up<,rn the distance between these plants and therc-:fore on the expl.oi-

taËíon of the environment in a slightJ-y dífferent \üay from that by other

genotypes.
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Thus, the avaj-lable resourcesi of a cerl:aili envil:onillenc sc'.em to

be exploite.d mole effj-cj-ent,ly by a iltj-xtttre of s;er¡eral gelotypes, than

when there is only one geriotype. As the frequency of a genotype de-

creases, the-re will be f ev¡er coupetitors for the same resotrrces and ttrat

genotype rvil1 l¡e at a relative advantage. Trentrath (1974) reviewed

publÍshed data on bj-omass procluctivity of mj.xLures and concltrde-d ttrat:

most bínar:y mixtures (l:l proportions) harl higher yields than tlie mearr

yíelds of the monocultures. Hor+ever, the advantage of the former over:

the latter \^ras generall.y sma1l and this ean be attrj.buled to rhe non-

sí.gnificanË f .d.a. of Ëhe genotyPes at the 50% fre.quency (Ifi.gure 15 and

discussíon of section A) and that the- yield of a geirotype- at tiris

frequency is only s1-ightly higher tTran its yield in pure stand.

As an alternaLíve to competitíon f or resources, a3-lelopath-v can

also be involved in the inte-¡:action between genotypes. This occurs r,¡hen

a plalt- produces bíologically activs substânces which errter neighbouring

plants and affect their rnetabolísm (tr,iínter', 1961). These chemicals

coulcl either ínhj-bit or reduc¿ the efficíency of uptalce cf factors re-

quired for the groï^rth of the neighbours, This a11e1.opaÈÏr:i"c effect would

probably result ín the Type IT interaction clepi.cted in Figr-rre- 13 and

r,¡ould eventual ly l-ead to the domínance of a single s¡recíes (Chou anci

Muller, ;-g72>. Type III interaction may occur, howe'ver, wl'rere all.elo-

pattry results in autoinhibition. tr'Iebb et al. (1967) have reported that

Grevillea r:obusta a sub-tropical rair-r-forest tree in Queensl¿rnd rvhich

cloes no¡ form natural pure stands, sÌ¡or¡ed very poor grorvt.lr in corlmercia-L

plantaEi-ons. Detaí.Led experimentation j,nd:Lcated that the grovrth of yourig

see,d1.íngs was inhibited l'ry a r,¡ater-transferable substalìce ûpparently pro-

duced by the roots of adjacerrt G. robusta plants. Tlie seeds of this
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species are numerous, \tringe.cl ancl wincl-clj-stributed, l-E is erxpec.ted

that the seedl-ings r,¡ould be able to survíve ín isol-ation rvhereas this

was prohibítecl Ín pure stand" Since G. roÞusta cloes not prc'-vent the:

regeneration of other rain forest spec-ies, the autoínTribitíorl m¿rY explain

Èhe maintenarìce of fl.oristic diversity in complex tropícal forc:.':Ì ' (htebb

el--el. , Ls67) "

In conclusion, the neighbourhood effect, allelopathy causing

autoínhibition and differential susceptibility to specific races of pl-ant:

pathogens (see discussíon of Section A), ale Èhe likely mecha¡risms of

f.d.a.. The operation o1 any of these could lead to the Type. III

ÍnteractÍon depictecl ín Fígure 13; the first of these, involving the

uptake of nutrients, appearing Èo be the most líkely mechanísrn in wheat

in South Australi.a.
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b VAI{IABILITY OF TIiE PARENTAL VARIETIES USED III TIIþ] STUDY.

Experimerrt V r¡,as <1 esígnecl to deterntine t¡lietlter genetic differ-

e.nces betr,¡e-en the hybrids between the five parcilËs lr/êr€: no-r:e appåTe-nt

r,¡ith sone backgrorrnds tTlan others and, if this occLlrfed, r'rhether the

backgrouird cttulcl be consídered to be a "good" (or "strong") competitor.

Competitive abíl:'-ties of the parents I'Iere- estimated by comparing the

perfonirarrce of hybricls gï'3I{11 i1 dif ferent background parents' À baclc-

groun,C ge,not)/pe was consj-<lered a I'good" competitcrr \dhen the hybrids r¿ere

consiste-ntly depressed ín that stand. I^trhen the hyb:cíds \^7ere collsist-

ently enhance-d, the background I¡raS regar-ded as a ttpoor" competÍ-tor'

I l.taterials and methoris:

Experiment V r¿as planted on June 28-29, L972 at Rosevrorthy

Agrfcultural College. There were 3 replicate-s jn the experirnent. Each

replicaÈe consisted of 5 parental stands, ['Jaririek, rrlaríquam, ]lalberd'

Timga1e1 and Gabo, and 1.0 hybrids fron the diallel of cross betrn'een

t-hese fj-ve Yarieties, The 4 hybrids (ha1f sibs) from each pal:ent I^/eIe

gro$rn at a fr:eguency of 6.25% ín the parenial stand (Fígure 19). For

example, (l,Ir,r'*ÎIq), ('l,lrn+,tt¡, (Inhn*T) ancj (Wrn'*C¡ \{ere gro\{n in Warirtek at

fr:equency 6.257.. Reciprocal c.rosses were not produced' so the orcle'r

of the parel.rts i.n the hybridts name is used to indicate the- backgrouncl

parent. Thus (I^Imrtlrlq) and (i+qi.çor¡ refer Ëo the same hybrid when grown in

War:irtek and l^lariquarn, respectírte-1-y.

The positions of the parental stands within replí-cates, and hybrids

wíthin sLarrcls were allocatecl at random, Thus ín each replica-ter every

hybrid occurred twice, once in each oi its parL--ntal stands. Ttrere were
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)-igure 19: Fiel.d layolrt of expcrinent. V si-rorving the positíons of

5 parental stancls j-n each rep1icate. Tfiere were 4 closses ín each

stand. On the left is a cletai.lcd plan of one- stan<l shcwing the

exact, posj-tions of th.e parent ancl hybrlos.

Positi.ons of stands r,r:l-thin repl-:lcates, and crosses wit-hin stands

were allocated af randcrn. Bach replícate 1;r7as surrounded by

4 border rows of Haiberd.
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8 plants of each hybr:íd ín a stand. The seeding uLethod and plant

densíty rvere the same as in experiments I and III. lthe posítíons of

the hybritls vrere marked by sualJ- v¡ooden sticks, painted with a di-f f erent

col-our for each cross. At maturity, the B hybrids in a treatment T,rere

harvesÈed and measured as a bulk. The same number of parental plants

adjacent to the hybrids was also measured

2. Resul.ts :

The results rnrere analysed separately for hybrids within each

par:ental sta.nd and for each hybrid in 2 different baclcground parents"

2.L Comparison between hl'brícls gror'¡n in tl-re same oarental sta.r]d.

Grain yields per plant of 4 half síb hybrids in each of the 5

parental sEands are presented in Figure 20. The results for other

characters aie summarized in Table 2L. The r:estilts enable a comparisorr.

of tire performance of dif ferent- hybrids when these are gro\¡/n in a common

backglound at a low frequency.

Ttrere were sígnificant differences in yield and in Èhe yield

compone.nts betwe.en hybrids when Wari-mek, Timgalen and Gabo r¿ere usec{ as

backgrounds, These díd not occur with lJariquam or Halberd. The maj.n

character co:rt.ríbutj-ng to differences in grain yield l¡as number of graíns,

and to a l.esser extent, number of spikes and number of spikelets per

plant.
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Figure 20; Grain yield per plant of 10 hybrids ln 5 parental

stands,

Ac ross each row; Yields of 4 half sib hybrids Ín the same

parental stand.

Dor,¡n each colurnn: Yíelds of the same hybrid in each of lts

parental stands.

On the rlght are the LSDts at 57. level of sígníficance for the com-

parisons of hybrids in the same stand.
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Table 2l: Ileans per plant and results of analyses of variance for

hybríds gro\rn in the 5 different background stands.

(a) comparíson between hybrids gror¡ln ín the lJarj.mek stand.

Character
Genotype mean

(!Irn*I,lq) (llrn'tti; (Wrnxf ¡ (Wrn*C¡ : Diff : LSD(0.05)

Hel-ght, cm

No. of spikes

No. of spilcel"ets

No. of grains

Total wqíghtr I
Grain weigtrt s E

trleight per grain' mg

: 65.6

: 3.0

: 50.8

: 85.4

| 7.50

i 3.37

: 39.5

69.s

2.4

40. B

72.9

6.L4

2,66

36. 5

7L.L

3.1

50.2

67 .8

7,20

2,66

39,2

7r.9
2,4

39.3

62.0

5.79

2.22

35.8

:4
:0

*
ú

&

NS

NS

NS

6

b

ö9

0.7 5

(b) Comparison between hybrids gro\,ün in the- tr'lariquam stand.

Character
Genotype mean

(wq*ttin) (lvq*s¡ (wq*r) (I{q*G) : Diff.: LSD(0.05)

ÏIeíght, cm

No. of spikes

No. of spíkelets
No. of grains

Total weight, g

Graín weight, g

I,üeíght per graín, mB

66.s

2.8

46.3

7 6.9

6.67

2.88

37.4

7L,B

2.3

36.0

67 .4

5. 81

2.56

38.0

68. s

2.9

43.5

60.7

6.44

2.33

38.4

73.3

2.8

44.7

7 2.4

6.72

2.67

36.7

3.1J^L

NS

NS

NS

NS

NS

NS

(c) Comparison beÈween hybrids in the Halberd stand.

GenotYPe mean

Character (fi*l,Irn) (tt'twq) (H,tT) (H*c) : Díff .: L-sD(0.05)

Height, c.m

No. of spikes

No. of spj-kelets

No. of graíns

Total weight, g

Gr¿.in weíght u g

hleÍght per grainr mg

7r.3
2.9

49,O

84. 5

7 .1_7

'3i10

36.7

76.9

2.9

45.0

82 .0

7.00

2.90
35 .4

75,3

3,2

49.3

78.2

7.18

2.7 4

35.0

7 2,8

2.7

44.8

7t.4
6.73

2.63
36. B

NS

NS

NS

NS

NS

NS

NS
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(d) Conrparison bet-!".eerr hybrids ín the Tímgalen stand.

Character
Genotype mean

(T*Iürn) (T*Idq) (T'*H) (T*c) :Diff.: LSD(0.05)

Ileight , crn

No. of spi.kes

No. of spikelets
No. of graíns

Total weíght, g

Graín weíght-, g

lJeight per grain, mg

73.8

2.7 .

40.9

54.1

5.39

1. 87

34.6

66.7

2.7

38"6

52,4

5. 3r_

1 01

36. B

69.s

2.5

37 .3

5r.4

4.7 6

J_.7 4

33. I

72.5

2.4

34.4

35.3

4.2r
1. 19

33.7

NS

NS

NS

J.

**
NS

9.1

0.78

0.33

(e) Comparíson betr.¡een hybrids in the Gabo stand.

Character
Genotype mean

(c'.thlm) (cxWq) (c*H) (c*T) :Diff.: LSD(0.05)

Heíght, cm

No. of spíkes

No. of spikelets
No. of graíns

Total weight, C

Grain weíght, g

!üeÍ-ght per grain, mg

75.9

2,4

40.5

70.0

6.32

2,55

36,4

80. 6

2.9

48.4

85.6

8,02

3 "28

38. 3

7 6.3

2,7

46.5

78.7

7 .L7

2,86

36.3

76.6

2,7

42,3

52.6

6.11

1.80

34.2

18.2

0.70

NS

NS

NS

NS

NS
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2.2 Tne e.ffect of the backqround Irarents on the performanee

of the hybrid.

The competitive effect of each parental genotype was estimated by

a comparison of the performance of e-ach of the l0 trybrids in difierent

background stands. Bach column ín Figure 20 represents the yields of

L,he saute hybrid írt its 2. backgrouncl parents, and the of-her characters

are listed in Table 21,

Cross l: (wm*wq;; Stands: Inlarimek and hlariquam.

There. T¡/as no signíficant difference in the perfonnance of

(I^hn?tl{q) in the two stands.

Cross 2: (!Irn*H) ; Stands¡ I,{arímek and l{all¡erd.

(I^tmxH) did not perform dif f erently in the two stânds.

9loqg l: (I,In*T) ; Stan4.s: tr'lar:imek and Timgalen

Except for height, where the hybrid was slightly shorter in the

iùarj,mek stand, all other characters had a hígher expression in the

hlarirnek than in the Tímgal-en stand. 41.1 of these, except for Èhe

number of spikes and the number of graíns per plant, vrere signifícantly

higher (Table 22),

Clgss__{.: (Wm*e ¡ ; _qlands : I{ârftnek and Gabo.

There !r'as no significant rlifference betr¡ee-n stands for any

character:,
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TabLe 22; Comparison of (ü/mlrT) j.rr Llarímek ancl Tímgalen stands.

Character
I'fean performance ín

l{arinek stand Timgalen stand Difference

llei.ght, cm

No. of spÍ.kes

No. of spi.lielets
No. of grains

Total wei girt, g

Grain weight, g

lleight per grain, mg

71. I
3.1

50.2 .

67 .8

7 .20

2.66

39.2

73.8

2.7

40. 9

54.1

s. 39

1. B7

34,6

NS

NS

*

NS

**
*
*

Cross 5: (Infq*ll) ; Stands: Wari-quam and Halberd.

Except for grain size, the hybrid had a higher expression in all

characters in the Halberd than in the l^Iariqrram stand. Hcn'ever, the

differ:ences lìrere only significant for height, number of spikes and

number of spilcelets per plant (Table 23). The non-sígní-fieant differ-

ence in grain yield was due to the greater number of graíns in Èhe Halbercl

stand being smaller than in the l{ariquam stand.

Tatrle 23: Comparison of (t¡q*ft) ín lnlariquam and Halberd stands.

Character
Mean performance in

I^lariquam stand Halberr'l starrd Díff ere¡:ce

HeighL, cnt

ìlo. of spíIces

No. of spiklets
t{o. of grains

Total weigirt, g

Grain weight, g

lüei¡1ht per grain, mg

71. B

2r3

36 ,0

67 .4

5. B1

2,56

38"0

76.9

2.9

45. 0

82.0

7.00

2,90

35.t;

J&

*
*

NS

NS

NS

*
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Cross 6; (tlq*1¡ t Stands; I,íariquam ancl Timgale-n.

Again the differences r{ere not statistical.ly significant, except

for grain s:Lze, r¡trere there were larger grains in ttre trrlariquam stand

(p < 0.0s) 
"

Cross 7 (!Iq*c); Stands: ülariquam and Gabo.

There hras r1o significant difference. in the performance of the

hy'br:id betrrreen the two stands.

Cross 8: (H'*r); Stands: llalberd and Timgalen.

The hybrid had significantly higher expressions for all charac-

te-rs i.n the llalberd than ín the TÍmgalen stand (Table 24) .

TabLe 24: Comparison of (H*T) in Halberd and Tirngalen stands.

Characf,er
Mean performance j.n

Halberd stand Tirngal.en stand Diff,erence

HeÍ-ght, cm

l{o. of spikes

No, of spikelets
No. of grains

Total- weight, g

Grain weíght, g

ÍJeight pe:: graÍn, tng

75,3

3,2

49,3

78,2

7 .18

2,7 4

35,0

69.5

2,5

37 ,3

51,4

4.L6

r,7 4

33. B

&.L J"

*:t

t(*

âl**

àt**

*

Cross 9: (H*c); Sta-nds: Halberd anct Gabo.

No significant dÍfference \^ras observed for any character of the

hybricl beÈween the Halberd and Gabo stands,
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Cross 10: (r*c); Stands: T.iragalen and Gabo.

The hybrl-d Trad a higher expressíon for all characters in the Gabo

than i-n the Timgal-en stand. The díffererrce was significant for all

characters, except number of spihes and nurnber of spikelets per plant

(Table 25).

Table 25: Cornparison of (T*G) in Timgalen and Gabo stands.

Character
Mean performance in

Timgalen stand Gabo stand Differ-ence

Heíght, cm

No. of spíkes

No. of spikeleÈs

No. of grains

Total weight, g

Grain wej-ght., g

!,leight per grainr mB

72.5

2.4

34.4

35. 3

4,ZL

1.19

33.7

76,6

2r7

42.3

52,6

6.11

1. 80

34.2

NS

NS

ú&

**
&¿

*

2,3 The cornpetitive abilitf¡ of the parents.

The c.ompetitive abilÍty of the fÍve parents can be estÍmateel by

the cli-fference between the mean yíeld of the four- hybrids in the co¡nmon

baclcground arrd the me-an yi-eld of the same four hybrids ín Èhe non-conmon

backgrounds. For example, the competitive abilíty of Warimek was

estimated by colrparing the mean yíeld of (htrn*I{q) , (Wrn*tt¡ , (I^lm:tT) and

(Wm*.C; rvhen, grown in !trarimek with the me-an yíeld of the same four hybrids

when grown Ín lùaríquam, Halberdn Timgalen and Gabo, respectively"

If the difference is posítive, the varíety is a ttpoortt conpetitor

since tlie hybrids had a hi-gher mean yield in that background than their
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rnÉì.an yteld i¡r the remaining baclcgrtrunds, If the dífference is negatít'ê-r

the variety is a ttgoodtr compet.ítor, The orcìet: of compe-tj.tj.ve abÍl-íty

rTas:

Gen.otvpes

Estíinates

TÍmgal.en, trùaríquam,

-0, 70 -0. 26

Vtrarimek, Halberd,

0.13 0 
" 39

Gabo.

o.44

The background parents \dere gl:ov7n at freqrrency 93.75% so it could

be expected ttrat their yields woulcl be similar to'i-hose of pure stands

(Table 26).

Table 26: Mean performânce (per plant) of backgroirnd genotypes at

frequency 93.757. and results of analyses of variance.

CharacÈer I.rIm

Genotype nean
I^lq H T c : Diff,: i,SD(0.05)

Height, cm

No. of spikes

No. of spí.kelets

Tot.al weigltÊ, g

Spíke weight, g

Grain rveíght, g

:63.5 60.8

| 2.L 2.3

¿ 34,9 32,6

| 4,64 4.s7

z 2.64 2.56

: 1.98 1.90

69,3 69,4 75.r
2,0 2.2 2.C

30.8 32,9 31.6

4.33 4,L3 4,39

2. 18 2,02 2,L0

L.64 1.39 1.55

; '**x

:NS
:NS
:NS
: *t(

; *-**

2.4

0. 34

o.26

I,{ar j.mek, !'laríquam r¡/ere higher yielding than flalberd, Gabo anrl

Timgale-n in that order. The resirlts also cLrnfirtrÌ the short stature

of üiarinek anci \,Iariquam relatíve to the otkrer 3 r'arieties.

3 . Iliscussion:

!íarl-mel.; and Waríquam have higher yields than Halberd, Gabo and

Timgalen. Thís ís noÈ surpÍ:ís.;ing sínce- Warimek and !üar:íquam \dere

released rc,-c-:ently afËer being selecËed for high yi.elds of g::ain under
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SnuÈh Ar-rsl-ralian conditíons. Hal,berd, the most widel-y grorvrr of the

1ocal comtnercial var:Leties, r^'as higher yielding than Timgaleir and Gabo.

The Èwo lattç.rr varíeties \,üerîe selecte-d by the University of Sydney

prÍ-r.narily for r:esistance to sten rust Puccinia grgnìlnfÊ le!_ . tritíci

ancl are not as welJ- adapted to South Australian conditions as tire local

varieties.

In thj-s exper..iment, Tirngalen lras t.he stronge,st competÍtor but it

v¡as also the 1.or¿est yielder, This eff ect, r"hích was cleariy demonstra-

tecl here ín section 2,2, \rasi noL exceptional since Timgalen v¡as also

hígh1y competitive in experiment IIIA in the field and in exper:íment IV

in the glass house. This variety, based on direct mea.surement (Table 26),

is taller than I,Iarimek and tr'Iariquam, about the same hei.ght as Halberd

and shorter t.han Gabo. Hence it could not have derived its competitive

advantage tlirough Lhe shading of its neighl;ours" In experiment l-V, iË

was shormr that competition for soíl facEor:s rvas intense i-n the containers

used. f-n another (unreported) f-est carried out after germination of

I{arinrek and Tir,rgalen, it rvas observed that Tímgalen had initially faster

shoot and root g::orvttrs than l^iarj.rnek. The faster growth rate of Timgalen

possibly enabled it to jnterfe.re r^rith the growth of its neíghbours,

par:ticularly belor+ the soi.l- surface and accoulrLe<l for the- signÍ.f ícant

recluction in yield of all the hybri<ls in this sr-and (Figure 20) . The

same property enabled this variety to exhibÍt f.d.a. in experÍment- III,

whereas l^larirnek, trrlariquam and Gabo did not show any effect.

The rr,-sults in this e>:periment indicated that the rankings of

conpeti.tÍve ability ancl yield rçere drl-fferent between the fíve paT:ents.

The orde-rs, from trigh to low, r^rould appea:: to be:
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Comiie tÍ [ive ¿rb i1. itv ; Timgalen, I{aríc¡uam, I^iarÍ-uelc, }laJ-bercl , Gabo.

Yie-1.cl: üIari-mek, I^Iar:iguam, Halberd, Gabo, Timgal-en.

Although 'Iirngal-en, Inlarimek ancl Gabo could l¡e c.onsidered "good",

ttaveraget' anrl t'poorlr competítors, resl'rectivel-y, the signi,f icant di.ffer-

ences betweerr ¡he hybrids in these stands (TabJe 2l) suggest-.ed that- t,he

expression of genetíc dífferences was only 1oose.ly related to the colrpet-

itive abiJ-ity of the backgrouncl , Thel:e ís some indication that delíber-

ately choosing eíther a strong (e.g. Tirngalen) or: vreak competitor (e.g.

Gabo) as a background will enphasíze ge.netic differences between the iest

genotypes gro\^rrì at low fr:equency in Lhe míxture.

Another aspect r¿hich originally led to the design of the experintenÈ

was the possi.bÍlity of reducing the micro-envíronnental variance in the

test genotypes by growing them Í.n homogeneous backgrounds. This vras

based on the assumption that genetic differences in a segregatÍng popu-

lati<ln nay be confounded by mícro-envíronmental varíation induced by

differentÍ.al competitive abílíties of a heterogeneous popul.atÍon. This

metho<l r^rould have an application if the geneLíc expressíon oi the test

ge-notypes was consístent in all backgt'ounds. However, the results

Índicated that this díd not occur, and that the performance of a genof:ype

depenCed on j-ts conpetitive ability in relation to that of the background

ín rvhjch it \ras gro\ün. It is suggested that the yíel.d of a genotype at

a 1ow frequency in a homogeneous background cannot be used to pre<ìict iÈs

yielcl in pure stand, This theory vras tested further irr experiment VIII

when the yiells of F, derír,'ed lines grovn at low frequencies in the

parents were compared with their yields ín pure stands.
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FURTHER STT]DY ON THE I{ATI]RE OF FRFìOTTE\IC'Y-DEPE'NDIìT{T ADVANTACLì .

1. " Introducti.on

In experiments I and III, the test plants at eac.h frequency were

gro\ùn at regular disEances from each other. In experirnrlnt II' hollever,

the positions of the test pl.ants wi thín each frequency were random

s1nce the seeds had be-en premixecl and planted by machine. In natu-ral

populatíons, as r+ell- as in segregating populatíons '¿here select:lon is

to be practised, Í.t is likely that inclivi.duals of the different genotype-s

are d,istr:ibuÈed randomly hrithín the mixture. Thus an experírnent l,ras

concltrcÈed to cleternine ¡¿hethe.r the response to alEerations i.n frequency

was confounded by the arrangement, Tr+o arrangements I¡/ere compared;

t'fíxedt', where the genotype at low frequency l,las grown at a particular

dístance frorn its neighbours, and t'randomtt, where the se-eds of the tv¡o

genotypes r^/ere pïemixed ancl then sol¡n in the order they were taken fr:om

the. uixture.

2. Material-s and methods

Experiment VI was conCucted at the. tntraj-te Agrícultural Research

InsËÍtut-e in L973, It consísted of 2 sub-experimenEs of the saure desigil.

In experiment VIA, Inlariquam \^/as gro\dn as th.e test genotype- in a background

starrd of ilalberd at 3 frequencies, 4%, l-L,L?" and 502. In experi-ment VIB,

Ilal6erri r,üas gro\,rn in lJariquam at the same 3 frequencies. Tirere were 3

repl-icates in each exper:ine.nt, and each r:eplícate consj-st<.:d of 2 treatments.

In oneo the positions of the test plants r^/ere fixerl and deterrnined prior

to sowing. In- the other, the same frequencies were maintained' except
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Ëhat Lhe seerls wer:e mixed and then planted out at random.

The experimenÈ r/¡as so$rn on June- 27 and 28. Seecls were sown by

hand, usí.ng a s€lt of, boarcls símilar to those descrr'"bed by llamblin (1971)

an<l Jclrnston (L972'), These consisted of a pl-ywo'ld board with holes

clrílled ul 6.7cm x 6.7cm spacings and a di?:ber bo¿¡rd with pegs at the

sanre spac-ing (Plate 4). At sowing, the soil was smoothed and the

boal:d wíth holes Ttas placed ín position, The dibber board was placed

on Éop of this, the dibbers rvere forced into the ground and then rernoved,

leaving holes ín the soil of a constant depth of 2.5cm. In the fixed

arrangement, seeds c¡f the 2 genotypes \^/ere placed in pr:edetermined

positíons (l'igure. 21). In the random arrangement, the se-eds, which had

previously been labelled wiLh non-toxic dyes ín the laboratory' r^zere

míxed. At sowing the se-eds were drawn at random and planted in success-

íve holes. As seeds of the test genotype v/ere so!,tn, their posítious

were marked by small wooden stícks for identification. Figure 21. shoru-s

the arrangements in one such replicate..

3. Results

It was unfortunate that boËh experinents were damaged by birds;

mairrly sparro\^rs and parrots, jusÈ before harvest so that g;rain yíe-lds

hrere unreliable. Holuevern Èhe resul-ts for straw weíght and number of

spíkes per plant are presented here.

3.1 Experirnent VIA: I,laríquam i.n llalberd.
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PLare 4 .A set of btrarrf s used tû so\'J exp€r j:iilc:ni:s VI , \tï I a,nd VIII .
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Fígure 21: Fíel d layout of expe-ríment VI ¿lnd clei-ail¿c! pj-an of one

replÍcate.

. o . positions of the test plants in Lhe t'fixecltt arrangeruent.

xxx

oe€

positions of the backgrouud pì-ants.

positÍ-ons of the test plants in ttre "randomtt at:range--

ment.

Open and closed circles have been useld for the ieeÈ

plants in the t!ìro arrangernents, but thev ara lhe same

genotype.
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Table 27: Nurnbe-r of spikes per plant, wíth 'lnlariquam the test genotype"

Pattern
Frequency Fixed Random Mean

4.0%

LL.TI"

50.0"Á

Mean

1.9

t_. I
1.8

1.9

4.07:

LL.Li¿

50.0i¿

l"lean

2,22

1. 82

2,00

2.OL

2,28

L.7 6

1. 80

1. 9s

2,L

1.8

L,7

1.9

Mean

2.25

L.79

1.90

1.98

3

B

6

9

2

1

I

I

Table 28: 8Straru vreight per plant,

Pattern
Frequency Fixed Random

An analysis of variance wíth patterns ås main plots ancl

frequencíes as srrb-plots índieated that there was no sig¡ífícant differ-

ence between patterns or frequeneiesr' arrd no interaction. lloweve.r, irr

both arrangements, ít is not-ed that !üariquam plants had slightly more

spíkes and higher strâw weight per plant ât the lowest frequency, 4"07;,

and that the difference between frequencies rüas slíghtly gt:eater in the

random than in the fixed pattern.

3.2 Expgriment VIB: Halberd in tr'lariquam

It rvas found th¿rt tlalberd plants díd not differ signif :'-cancly

between frequencies nor bet¡¿een patterns of arrangement. llhe inter-
actions between frequencies ancl patterns were also non-significant.
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Again there is no eviclence that the frequency effecÈ is l-ess $rith a

random pattern than it ís with the fixed psttern.

TabLe 29¡ Number of spíke-s per-plant, vrith Flalbercl the test genotype.

Pattern
Frequency Fixed

Taål"_3!.: Straw weight per plant, g.

Pattern
Frequency Fixed Random Mean

4,0i(

1.1.ü¿

50.o7"

Mean

1.9

2.3

2.L

2.L

2.95

3.54

3.13

3.2L

n"l4s!q

2.2

2.0

I.7

2.O

l"[ean

2.0
2',)

1.9

2,L

3.20

3.34

2.94

3. l-6

4.07.

TL.I%

50.02

Mean

3.45

3.14

2.7 5

3.I2

Tn L974, the experiments l^Iere r:epeated at Rosewc'rrthy Agricultural

College. It I¡¡as even more unforËunate thjs time because the experimen.ts

were darnaged by birds (mainly black croT,ls, Co.r-Jlus spp.) soon after

sowi-ng and had to be abandoned.

No definite conclusions could, be. dr:awn from the- resu]-ts. From

the limited arnount of lnformatíon obtained, it was possible that the

overall response to frequency \¡ras inclepender-it of the arrangemenÈ. If the

response to frequency ü/as confounded by the arrangement, iÈ r¿otrld be

expected that the random pat.tern would show more variabilÍEy between plants
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than the fíxed arrangement. A comparlson of the varj-ances of the

flxed and random patterns wiËhin each frequeltcy showed no signífícant

differences and no consistent trends.

Neither the resul-ts obtained here, noir those deríved from a

comparlson of lhe fíxed pattern of Experiment I with thcse from the

random pattern of ExperimenÈ II, suggest that the f.d.a. effects are

less ín a random than they are with a fíxed placement of the gerìútype

at lor¡ frequency.
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C. TiIE EFIECT OF FREQUENCY_DEPENDENT ÄDVANTAGE Oi\J SINGLE PL¡\N]]

SELECTION

1. Iirtroduction.

An enhanced yiel-d as a consequence of a low frequency could have

irnplicatíons in plant breecling, parËicularly during Èhe selecEion of

índividtrals from segregating populations. Simple genetic theory for

quantitatíve characters (amplifíed belor,r) suggests that when a character

such as graín yield is determined by many genes, a segregatÍ.ng popu-la-

tion will form a normal clistributi.on wíth the extreme genotypes occurring

at lorv f::eque-ncy. The questíorr ís whether these genotypes r,¡ill have an

enhanced yield as a consequence of their loro frequency when grown in a

segregatíng population. If frequr:ncy-'dependent advantage does operate

i-n a segregating populati.on, it may recluce the efficiency of single plant

selection. An ínclividual selected for high yield will have thi-s attri-

bute as a re-sult of its 1or,r frequency as well as its genetíc potential.

This yield advan*,age will be lost when the indivi<iual i,s grown finally as

a pure. stand varíety.

T\oo experiments rrrere designed to evaluate tl-re effect of f .d.a"

on síngle planL selectíon. In the first, the effect of f.d.a. on the

distribution of an F, popu.latíon r¡/as ínvestigated. In the secon<l , the

relationship betiveen F, derived lines as singl.e plants in mixtures was

coinpar:ed r'rit-h the same lines in pur:e stands.

2, Exlrer:ímental procedures .
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2,L Tlieoletic.a 1 considerati.ons : In self- poll-inaÈed crops,

v'trer:e varieties are ustially derived frour a síngle planÈ in the l-u or:

Fs, the plants r¡i.tiiin a parerrtai or arr F, generaticn may be consider:ed

to be genetically uniforrn. Any differences between indivídu¿rls in

such populatio¡rs rna'¡ l:re attrit¡ute.d primarily to micro*environmental

varial:-ion. In ,rr--r F, poptrlation, Ïro\,rever, variation is due to a c.onrbírra-

ti.on of the erf f ects of the rnicro-environnent, genetic factors anC thc:

interact j on bef-vre-en these, includÍ-ng f r:e<¡ue-ncy-dependent advantage " lt

is therefore expected thaÈ the F, v¡ould have a higher total variance

than the F, or eíther of the parents. A comparison of the varíances of

these populations would gíve an indícation of the variabj.líty in the F,

as a result of genetic segre-gation arrcl f .<1 .a..

Seconclly, i.f the ntícro-environmental varíatinn is random, the

performance of inrl-ivirlual. plants withín ttre F, and parenta-1- stancls are.

expecteci to be clistríbuted normally. The genetic vari-atiorr of the F,

r,¡i-l1 be ad,ditional to Lhe micro-envíronmental variation observed for-' the

parents and Fr. If the nurnb:r of genes i-nvolved is large aud theír

incliviclual eFfects .snall , this gen<:tic variation shoulcl a.pproxinrate to

a normal- distribtrcic¡n as it ci¡.:r be de-scribe<l by thr: binonrial expansi-on

of (p + q)2t, rh*ru n is the number of ge-nes controlling yield. arrd p

and q are the frequencies of alleles (here 0.5). Table 3i sihornrs [he

proportions of índividuals in an F, population conf-aj-ni-ng 1, 2, 3,

10 desírable alleles when yield i.s controled by i, 2-, ..,5 genes,

respec.ti.vely. The theoretícal <listríbuLior:s of sí-ng1e p1.anr-s :í-n paren,t-

al. and I', stands are presented graphical ly ir-r l'igrrres 22a a¡,,d 22b. Ìlow-

ever, as shown in !'i-gure- 22b, pLants in regiorrs A and C are et low

frequencies and genetically different from those in region B. if f.d.¿1.
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T,heor:c-,.1'.Lc-al dist::ibut-ions of parents (a), F

F, ruith the effect of f.d.a. (c).

(b ) and
2
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Table 3l: Bxpected mrmbers of dtf f erent genotypes contaínirrg I to 10

desj-rable allel.es in an F, population.

012
Number of desí.rable- alleles

34567

Ìtrr-rmber

of

genes

1

I
I
1

1

1

2

3

4

5

2

4

6

B

t
6

15

28

4s

4

20

56

L20

1

15

70

2L0

6

56

252

1

2B

zL0

B

L20

B9l0

45101
1

10

operates in such a population, plants irr regions A and C are expected

to increase ín yield whereas those in region B v¡ould have a reduced

yíeld. The resul-t is chat the F, populati.on rvould have a posití-rre skew

rlístribution compar-ed with the F, and the pârents (Figure 22e). Thus,

because of f.d.a., certaín plants may have a hígher yielc1 than their

genet-ic', rtorth, ancl woul-d be favoured ín se-l-ectíon. Furthermore, ít is

expected that the F, would contain soure. plar.rts whích are higher yi-eldíng

than the highest yielding plants in ttre F, and parental stands"

2.2 Procedures.

2.2.1 Ex¡r eriment VTI.

Experiments VIT and VIII \4rere grorirn ín 1974 at Roseworthy

Agrícultural College. Expe.riment VIï ccnsistecl of pu::e stands crf three

parents l,Iarimek, Ilal-be-rd an<l l,'lariquam and the Frrs and Frrs of (lnlarirnek

^* Halberd) and (Inlaríquam t ÌIalberd) ; subsequently abbreviated to (Wm*rH)lt, 
o

(Wrnr'tt)tr, and (I^Iq*H)r-, and (l.Iq*H) Fr r r:espectively. All these populations

r\tere grorün ín a completely randomized block, each populat.Lon occupying
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plots at randcìm \./ithj.n the block. The whole expe.rÍment consistecl of

28 plo{-s of 100 plants, whích \,rcr.re macle up of 6 pJ-r:ts of Halbercl , 5 plots

of \ùarirnek, lda.i:iqi:amr and each of the F,rs and I plot of each of the Ur tu.

' The exp('rrj.1[el"rt rr.-as sorlln on June 25. Seeds were sor¡]n by hand,

using a set of boards siilílar to those described ín experimerrt VI. Each

troarcl cornprised of 100 irol-es ( 10x1C) , 6.7cm apart Ín both rlirectrl-ons,

and titi-s was usecl lcl r'.c.nstitut.e a plot.

At m¿turity, plants \¡rere ttarvested singly and measuremen¿s \,Iere

made on their height, numbe.r of spikes, number of gr:ains, total weight,

spike rueight and gr:ain weight.

2,2,2 Experinent VIII

T\r'enty f J-ve Fu l-ines of the cross (\{ar:írnek * }l¿ Lbr:¡-*d)

were chosetÌ at randcrm trom 76 Fu lines in experíment IIA descril¡e-d ca::lier.

Bach line was gro\^/n at 2 frequencies , 47" and 167" in ¿ mixture of the

parents, I^Iarj-mek ar-rd Halbetd, t,o compare Ëheir f.d.a, effect. In the

salne experinenL, each líne v¡as also grorvn in a pure stand ancl as a con-

ponerrt in the mi-xtrrres of the 25 genotypes, Thus, in the mixtrrr-e, each

line al-so occtrrrr:cl at an apparent frequency of 4%,

Plants \,/ere grown in plots of 100 (10 x 10 at 6.7crn spacr'-up; on

the square) , The or:iginal experíment r,ras pJ-anted on Jrne 22-24 and con-

sistcd of 3 r:epJ-icates, Ilowever, these were daniager-1 Lry bi-rcls soon after

sowi-ng. Two ottrer replic.ates v/ere planted on July 22-24 and protected

by netting. It vas hopecl to use the results from 4 replicates so 2 of

the less darnaged repi í.cates of l-he original e.xperiment \^rere also harvest-

ed.
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Within each replicate, there were 24 diff erent courbÍ.rrat-ions of

Èhe mixtures, consj-sting of 6 plots each r,ríth /+ sub-plots. I^lithín cach

combination, the 25 línes ¡¡ere randomly arranged. In each replicate,

each line vras groTún in a pure stand of 100 plant-s, and at 2 fr:eqrrencies,

47. and L67.., in a mÍxtûre of the parents" Tlne 47" frequency consisted

of 2 plots, each with 4 Fu p1-ants in 100, gíví-ng a total of B Fu plants

at the low frequency. Tlne L6% frequency consísted of a plot of 16 F,

plants in 100, of which B plants were h¿rrvested aÈ random. I'igure 23

shows the arragnement for one line ancl an illustration of the plot con-

taining the 25 lines.

Tn the mixture and at Lhe two frequencies, 2 seeds were so\^rn per

hole and these r,rere thirrned soon af ter emergence to one plant. The

positions of the Fu plants at frequencies 4% arrd L6% were marked by smail

wooden sticks to enable their identífication. In the pure starrds, onJ-y

one seed was planted per hole. Plants in the mixtures wer:e harvested

and measured singly. Plants at the ts,ro frequencíes and in the ptrre stands

were harvested ín bul.k and the r:esults are expressed as means per plant

and means per plot, respectively.

Sínce. a rust G!gç¿!_t" grarninis_ fsp. tritici. epidernic occurred

ín 1..974 in South Australia, the plants were- infected r¡ith sten rust as

a result of late sowing, The experiment r^ras sprayed with a solut-j-on of

Diathane in late November to reduce the 1evel of infecÈ.íorr.

3. Resul.ts.

3.1 E>rr¡eriment VII.

To facilitate computaÈj-on, one of the Halberd stands has been



Figure 23:
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An arr:angernent of orre of 25 tr'u lines of

(Iniarírnek * Ualbe::d) at 2 frequencies and as a pure

stand, ar.rci one replicatj.on of the nixture of all

the li.nes ín Experiment VIII.
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exclucled j:rouL the analyses. Thís g¿rve approxirnately 375 to 400 plants

for each of Èhe parents and Frrs and approximatel-y 85 plants for each

of Èhe Fr t".

The distríbutions for height and grain yield per p1,ant for each

cross and the parenÈs are shor¿n ín FÍgures 24,25,26 and 27.

The mean, varíance, slcewness and coefficient of variation we-re

calculatecl separately for each plot of each population, usíng a StaÈ-

script program on a CDC6400 computer (Lamacraft 
' 1969).. These parame-

ters \^7ere used in the compari-son of the variability between e¿.rch F" and

the parents.

Tn comparíng the means of Frts, F2rs and the parents, considera-

tions must be given to thè variances. An anal-ysis of variance should

be performed only when all populatíons have the same variance. Ln this

experiment, since the Frrs Írere not replicaLeC, they could not be includ-

ed ín the analysis of varíance. For Frrs and the parents, there were

l-5 randomized pl-ots for each cross, consísÈíng of 5 plots of Frrs and

each of the parents, an analysis of variance could take the form:

Source of varÍation df
Genotypes 2

Error L2

To te l. L4

llowevt:r, the residual variânce is not the same f or ttre three

genotypes. Those of the parents should be rlre only to mícro-environ-

mental variatíon, whereas that of Ehe F,ls should consist of the genetíc

varíance and the envíronmental variance. Initially, it rvas decided to

compare only the rneans of the parents. However, later aËtempts l^/ere
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ljrg+L"_?3: Distrj.l¡ution for height of t,laríirrek, Halberd,

(\,rrari.mek * Ilalberd) F, and (I{a::ímelc * Ilalberd)

Figure 25: Distríbutir¡n for height of tr{aríquam, Halberd,

(rdariqr-iam * Halberd) F, and (!trariquam ¿' Halberd) Fz

82.
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-Eig."¡g-æ: Dístriburj-or for graí' yield pe:: Pra'r of war:ínek,

Ilalberd, (i,iarirnek x llalberd) F, ancl (i{arirnek ¡t Halberr])Fr.

Fígure _27: Dístribution for grain yield per plant of

I,rlariquam, Halberd, (Wari_quam * Halberd) F, and

(Inlariquam '* Halberd) Fz.



I EL!

o-o-o

r.G-.o

EÞ-+--o

r---..H

Wm

H

E

F2

20 I
,
,
t

ì
I
t
I
I
t

I \
I

15

10

I
I

o

\
I
\

I

\

¿ a
\b

\ \5
\
o

o
I
I\I

\\
\

\
o

5

o-

o_o
l:o
oz
t¡¡
f
ø
l¡¡
É,r¡- 25

20

15

f0

0 1 2 34

ß

5 6 7

o-o-o Wq

o- o-.o H
o---+--o Ft

r---r-rFz

P¡

I
,
I
I
I
I
,

I
I

lz
oj

/,/rÅ

o b

,\:i
'b\

\'2

I
o

!,'
/'tr \ \.

.//
D

-\

760

o---tr
\_-._

1 345
GRAIN YIELD , 9/Plant

0
2

-a



15i

macle- tcì conlpare the means of the Frrs and the parents Í-n each cross

through a-n analysj.s of variance based on logari.tkrmi-c Lransforned rlat¿r

and weíghtecl rne-ans. Tþese methods were aímed aË inducíng homogenej.ty

of errors (Sr-redecor and Cochran, 1968; Yates ancl Cochran, f938).

3.1.r Means:

The means of all the character:s measured of the parer.rLs'

F, and F, for each cross are sho\^ln in Table 32. An analysis of variance

was perf ormed to c.onPare the 1>arents in each cross. Since ít was f ound

that the varíances for grain rueight and spike r.reíght of Inlarimek and

Ifariquam díffered significantly from those of l{alberd (Table 34), the

analyses of variance for these characters in Table 32 were based on

logaríthmíc transformed data' Sínce there \^tere some plants wíth zero

grain yielct, a value of 1.0 v¡as added to the spíke weight and grain rn'eight

of each plant before the log transformation.

It was found that, j-n each cross, Halberd vras the tallest parent

anrl l,ùarimek or l,lariquam the shortest. For grairr yield, both lJarirnek

ancl wariquan \.7ere significantly hi.gher yie-lding tlìan llalberd. The high-

er yielcl of lla::írnek and ìnlariquam c''ve.:: Ilalberd ir¡as associated r¿ith more

graíns and more spikes per plant¡ resfrectíve1y.

Althotrgh the Frts were not inclu<led i-n Ehe anal-yses of variance,

it can be- seen ttrat ín both crosses, Èhey were tal-ler than the tallest

parent, iìalberd, but: r,¡ere. -l-ower yielding tiran the higher yielding parents'

hlarímek and lrlatriquarn.
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-TSÞ1g-3?: Me¿rns per plant of parents, Frrs and Frts of all the

ch,a r ac t ers measured .

(a) trlarímek, Italberd and Èhe I, an<l F, between these varíeties.

Ch¿rracter

Díff.
ln]arimek llalberd trrrm & H (Wm*lI)F, (!lm*H) I',

lieÍ-6¡trt " cm

No. of spike.s

No. of gr:aÍ.ns

Total rueigl-rt, g

Spike weigtrt, g

Grain weíght, g

9L.82

2.45

74,20

6,37

3. 36

2,58

t02 "2L
2,34

66.L3

5. 80

2.22.

1.48

:l rk fc

NS

¿

NS

r06. 30

2.47

80.74

7 .42

3.29

2.39

100.13

2.63

80. 97

7 ,7.5

3. 30

2.46

(b) Waríquam, Halberd and the F, and F, between these var:íeties.

Character tr{ariquam Hal-b erd (I,+q*s¡o, (I{+*H)F,

Díff.
I,lq & H

Height, cm

No. of spikes

No. of graíns

Total weight, g

Spike weíght, g

Grain weight, g

86. 90

2.63

73,62

6.r9

3. 13

2.28

LOz,2L

2.34

66.r3

5. B0

2,22

1. 4B

¿4

NS

NS

.L¿J.

úJ-¿

105 .8r
2.6L

7 5.80

6. B5

2.9L

2.05

96,06

2.44

68.04

6.04

2.52

L.7 3

Ân attempt was made to compare the means of the F, and parents

ín each cross through an alaysis of variance- based on logarithmic trans-

formed data and weighted means.

(i) Losaríthmíc transformed data: As can be seen ín Table 34

there were dif f erences Ín the varíances betr.leen Fr r s and parents f or

height, spike weight and graín rteight, but not for nutnber of spikes,

numbe-r of graírrs and total weight per plant. Thus arr analysis of varianc-e
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to compaïe the mealÌS of I¡2 I s and pal:ents :Ln each cross was based on

logarithmic transfonned data- for. height, spike- wejght and graín weight

and on actual data for numbe-r of spikes, number of grains and total-

vreight per plant. The results of this analysis are shown in Table 33'

It rqas fou.ncl that there \¡/eïe sígnificanÈ differences in height

betwee-n pal:€lnt:5 ancl F, in e.ach cross. Halberd r+as always the tallest

parent, the F, Is intermedíate and I^larímek and Wariquan were the sh<;rtest'

In the cfoss, (l{arímek * Halber<l), there \¡Ias no dif f erence in spíke

weight and graín rveíght between Inlarimek and the F, but both were sig-

níficantly higher than Halberd. In the cross, (trlarÍquam :t Halberd),

Wariquam had signíf icantly .higl-rer: spíke weight and grain weight pe'r plant

than Halberd and the Fr. The bigh yield of Inlariquam l!-as associated ivith

it havíng more spilces per plant than Halberd and the Fr. In Lhe cross'

(hlarirnek * Halberd) ¡ the F, also had significantly hígher Èocal we'ight

per plant than Halberd.

(ií) tr{ei-shted means; The means of the F,rs and parents hrere

also cc-rmpared. through an analysís of varíance based cln weíght-ed means '

The mean of each population \^/as corrected ac.cording to its variance'

Cochran (1937) suggestecl Ehat the reciprocal of the error variance can

be used as a me-asure of the appropriate weíglrrir.rg factor to estat¡lísh

homogeneity or e-rrors. The weíghtíng factor (ti) for each plot of each

of the F,rs and parents \{as calculate<l as follows:

x15

= varialrce for ploL (i)

= total number of plots of F, and parents.

h7. =
a

L /ts
'î/ i 1:TÞ.

a

s4
I

15

where



. Table 33: Comparisons between Parents and I., (based on ¿'ctual and logarithnÍc transformed data) '

(a) For ','larj-me.k, Hal-berd and their F.

llarirnek Halberd (I{rn*H) F, D j.f f erences LSD (0 ' 05) CominenÈs
Character

1.96

2.45

7 4.20

6,37

0. 60

0.52

2.0L

2.34

65.T3

5. B0

0. 48

o.37

2.00

2"63

80.97

7.L5

0.68

0. s8

¿&ú

i{s

NS

¿

0.99

0.L2

0.L2

0.01

0. 19

0.05

0.05

0.01 H>F2>i^Im
Height (ioe)

No. of sPikes

No. of grains

Totai iveighË, g

Spike weíght (1og)

Graín weight (1og)

Characte-r

Ileigirt (1og)

No. of spikes

No. of grains

Total weíght' g

Spike weight (1og)

Grain weight (loe)

Fz>H
(Fr, LTm) > H

(F2, .T^kn) > H

11 >Fr>Wq
I,tq > (Fr H)

Wq > (F2, iI)
I^Iq ¡ (Fr, H)

F
iiì
.Èr

(b) For -liariquam, Hal'oerd and their F,

inlariquam llalberd (I{q*H) F, Dif f erences LSD (0. 05) Com^'nents

r.94
2.63

7 3.62

6 .19

0.58

0. 48

2.AL

2.34

66.L3

5.80

0. 48

0"37

L.99

2.44

68.04

6.04

0. 51

0. 41

&

NS

NS

¿&.L
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The r,reÍghted mean of each pl-ot (fr) to be used ín tl-re analysis

of vali.ance was the¡:e-fore:

where x.
l_

actual rnean per plot.

However, the analysis of variance based on weighted meâns gave

unrealistÍ.c results. Sínce the Frrs had iarge variances for height,

their rveigTr-uetl means for this character were signíficantly lo¡r¡er than

those of the parents. Lleighted means for height were not significantly

differ:ent betv¡een trlarí-mek and }Ialberd and llariquam and llalbercl . For

grain yield, since Halberd had small variances, its weighted neal.r $/as

increased relative to the Fr r s and Warimek and 
",lariquam. 

The analysís

of variance showed that there was no sígnificant difference ín weighÈed

yield of I{ar:1quam, Halberd and (Wq*tt)Fr, but Ilalberd had signifÍ-cantly

higher weighCed yield than l^Iarimek and (I,¡mtkH)F2. Both of thêse resul-ts

for height and graín yield did not accord wíth the act-ual means as

de.picted in Figure-s 24, 25, 26 and 27. Thus, it was decided not to

draw any stati.stical conclusions on the conìparisons based on tveighted

means.

3.r.2 Variances:

The varíances between the 5 plots (repli.cates) of ea.ch

population rrere tested for homogeneity, using the lìartlettrs test

(Snedecor and Cochran, f96B). It r^ras found that these variances díd not

differ signÍficarrtly and hence Lhe pooled varÍarrce was used below for

each population. The pooled variances of each Fr. ai-rd the parents r^Iere

].
I^/X. ç

a
v.'a
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then tested for homogeneíty. Itlhen the chí stluare (r¿ittr 2- cit:gree,:s of

freedom) rvas significant. the variances were compared pai::-wíse' tlsj-rrg

a two-tailed F test.

The poolecl variances, chi scluares of the llartlettrs t-est ancl

variance ratios of parents and Frrs are shoian in Table 34. It r'as l-ound

that the variances differed significantly between Parents ancl Frrs for

the characters height, spike weighc ancl- g::aín weight. In both crosse.s,

the.variances for ireÍght of the Frts were approxímately t\ùíc.e as lallge

as those of tfie parents, indicating genetic segregation for this charac*

ter. The parents are commonly regarded as differíng by a single major

gene for height (but no evídence is available to confirm this). The I'r?s

also had sma1l variances for height as compared wiLh the Frrs. The <1is*

tributions for hei.ght in Figures 24 and 25 were sirnílar for both crosses

and inclícate that this fitted the "ideal" genetic nodel. The Parerits

differecl slgnificanrly in height (fa¡te :2) although the <1ístríbuti.ons

overlapped. The F, I s showed over-donínarrce and ttre distributions of

the l' ts covere¿J the rvhole of the parentst range-s.
2

For spike weight arrd grain weight, the vari-ar-ìces vary wiÈh the

means. The correl.atíon coefficients for the 5 populations betr"een neaÐs

and variances \^¡ere O.976 for spíke we1ght and 0.992 for graitr '.uei.ghL.

I,Iarímek ancl I'laríquam hacl the largest variances, those of the f'rrs r'iere-

inter¡recliate a-nd Halbe-rcl Ïrad the srnallest vari-ance-s for these charac-ters.

The varíances for: spike r,'eight and graí-n weight of the I', rs trere appl:ox-

imalely equal to those of the Frt". Inspection of l'iguxes 2.6 and 2.7

reveals that the dj-stributions of lJarimeþ (t\rn?tH)F, and (l'lmt'il)ìi, rve::e

síriilar, but that of Hal-ber<i hras appLeciably smaller. T.r'r the (i,laric¡raln $'

Halberd) cross, there rJas a gradual increase in rneans and vai:iances from



@_9f: Variances of parenËs and F,t", variances of Frrs, Chi squares of Bartl-eitrs tesË for homogeneity and

F test of variance ratios beËr^reen parents and Frts for all the plant characÈers measured in Expt VII.

(a) I^Iarimek, Halberd an<1 their F, and F,

Variances

Halberd

48.7 42

0.799

1018.300

7 .9L4

L.269

0. 606

48.7 42

4.799
1018. 300

7 .9'14

L"269

0, 606

(Win*H) F, (rdrrt{}i) F r

tsartleÈt I s

Chi square

Varíance ratios
i,lrn/il ï¡"\a/T 2 u/F zCharacter

Height

No. of spikes

No. of grains

Total- weight

Spike weight

Grain weisht

Height

No. of spikes
No. of grains
Totai weight

Spike weight

Grain weight

ltarinek

58.502

0.7 46

1023.110

7.9rO

2.485

L.59 t'

45.185

0.733

938.490

6.490

r. 990

1. 230

98.026

0.804

ì116.860

B. 908

2.238

1. J 59

LLB.7 27

o .657

840.7 50

6 .889

1. 395

0.795

3-q, -s0É-,

0.78")

L¿>Ò. I vv

10.561_

2.367

L.352

39.A47

0.966
1166. 500

B. 983

1 .835

0.792

49.r5

0. 55

0 .98

L.69

42.08

83"60

LzL.37

3.68
3,56

3.89

22.C9

48.44

Bartlett I s

Chi square

T¿&

NS

NS

NS

J¿&

JJS

NS

NS

NS

.L J..L

NS

NS

NS

NS

tJ-

ÀÍe

NS

NS

NS

NS

J-+

NS

NS

NS

&J-

NS

NS

NS

-l- J H
ul{

(b) llariquarn, Halberd and their F, and

Variances
Character

F
2

Inlariquam Halberd (Wq*.H) F, (I^lqr'H) F,
Variance ratios

lüq/ri I^lq/F. nlî 
z

NS

NS

NS

Iis

J¿

NS

NS

NS

NS

J
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Halbe-rcl to (Llqrkll) F, r (I,Jq*l1)T, and lda::iqttam ín thai o.rd er:. Thus,

there !/as no eviclence of gene.tic se¡ll:eg,íìtícn for spilce wei-ght and graín

rveigl-rt. If it occurred, it rr¡a-s over-shadot"ecl by the large micro-

envíTonnental var: i at ion.

3.i..3 Coef f icierLts of variation (CVrs).

The CV is the stan<larrl dc.viation expressed as a fr:actíon

or percentage of t-he mean. Since, for som<: characLel:s, the me¿rn and

the standard deviation tencl Lc change together, the CVrs give an esÈímaie

of the relative varj.ation in a popul-¿rEion, Table 35 shows the average

CVrs for each F, and j.ts parent¡r. 'Jlhe-se were tested for si-gnÍficant

dífferences, using the I(ruskal-i,la-l1j-s non-p.rl:ametri.c one-\,üay analysis of

variance by ranlcs (Siegel , 1956), for ¡';hich the H statistícs are shorwt.

This rsas done by ranl',ing the CVrs in a sin¡¡1-e series. As iifteen was

the total nr.rnl¡er of stands of F, and parents for each cross, the small-

esÈ CV was replace<l by ranlc l, the next to smallest by::ank 2 and the

la:.'gesr by r:arrk 15. The srtun of the r¿rnks :l-rr each population was found.

The Kruskal-T¡Jal iis te¡st l...terlmined whethe-r these sums: of r¿nks rlrere so

disparate that they \.^rere not f.ikely to have c.ome from samples which were

all clra'"¡n fr:o¡.n tlie same populat.í-on.

Tlheoretícally, it t¡¿rs expected ttraL t-.he Frrs shoulcl have the

largest CV's as a result <lÍ genetic segregation. It was found that t-he

F, stands had si.gnif-lcant-Ly lar:¡;er U\¡rs for height than those of the

parents atrd tr' ,t". Even so, tlre CVrs for height \^rere very srnal-l , vary-'

íng onl-y between 5,6i(, and lI.L"l. The CVrs for yíeld and yíeld components

v;ere not different betv¡een F^rs ancl parents. However, the CVf s for



Table 35:
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CoefficienLs¡ of var:iati.orL of Frts, pa.renLs an'i Frrs and

II statistics for the i(rus;kal-\^l¿:.11is analysj-s of variance

by ranlcs, (CVr s ín Percencages),

(") hlarÍrnelc, Halberd and their I', and F,

Character War:irnek Halbertl (I^irn*lì)F, H sÈatístic (l'im:ttt)F,

Heíght

No. of spikes

No. of graÍns

Total rveight

Spike weight

Grairr weight

8.2

35. 5

43,r
44.4

47.0

48. I

6.8

38.1

47 .9

48.2

50. 7

52.6

9,9

34.s

4L.9

42.2

4s.6

48.2

10. 14

2.66

3,L2

2.42

L.46

0. 96

5.6

35.8

44.6

43 .8

46.8

48.6

J.¿

NS

NS

NS

NS

NS

(b) trlaríquam, Halberd and their Ft

Character l,lariquam llalberd

and Fr.

(l,Iq*H) F, H statistic (l{qitH)F,

I{eight

No. of spikes

No. of grains

Total weighË

Spike wei.ght

Grain wc,.ight-

7.7

32.7

4L.2

40. I
44,4

47 ,8

6.8

38. r
47 .9

48.2

s0.7

52.6

9.L4

s. 36

3.62

5. r8

3.92

t.22

NS

NS

NS

NS

NS

5.9

37 .7

45.L

43.8

46.6

43. 3

11. 1

33.3

42,8

43.6

47 .A

5L.7

these characters hTere varíable rvith Hal-berd always ha'ring the l'argest

CVf s. In the cross (i^Iarimek * Halberd), the- CV for the tr', was the

smatl.e-st, r,rhe::e-as in the cross (Llariquam * llalberd), that of !'larj-quam kTas

the smallest. Iurthermore, for al1 populations, graitr yield had the

largest CV, varyirrg fron 43,37 fot (I.Iq*II)FI to 52.'o7" îor Halberd' In

brief , Lhere was little var:r'-atirln in height- and some of whaË there was

coulcl be attribut.ed to genetíc eff ects. On the other hand, tho varia[iorr

in grain yield rvas large ancl apparentl.y due to envíronrnental 1y in<iucecl
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var í abil iüy.

3.1- " 4 Skewness:

The she\nlness of a di-stríbul-ion is a measure of its

departure frorn the s)rmnetry of the norrnal dist,ributíon. Tt had been

hypothesized that the Frts u'ould be more skew than the Frrs aucl parents'

a.s a result of f .d.a.. The average coeffici-ent of skewness of each F,

and its parents is shovrn in Table 36. These were also cornpared by the

Kruskal-Vlallis analysis of variance by ranks. It was found that Èhe

distributions for height and nunber of spíkes per plant were ntostly

negativeJy sker,¡ed, whereas the distributions of the remaining char:acters

rvere posití-vely slcewed. Ske-w distríbutions of the same form occur

comrnonly in plant competition, especially at high densities (Koyarna

and Kira, L956). Ilowe-ver, of all the distributíorrs, only those for

height were starístically different between Frrs and parent.s. In both

crosses, ILllberd had the largest negative skew dj-stríbuÈion for height,

follorn'ed by the Fr's and Wariquam and Warimek. In the cross (I,Iariquarn *

Halberd), the tr', hacl the largest negative coef ficíent of skeç'n.ess for

heíght. For: the remaining characEers, the. Frrs generally had positi-ve

coefficierits of skewness simílar to those of the parents.

3. 1. 5 The hishe-st víel<lins plant in each oooulation:

If f.d.a. and/or geneìEic segregaÈion operated in the F,

population, it vras expecterl that Èhí.s population would contaín sone plants

which were hi.gher yÍeldÍ-ng than the highe-st yíeldí.ng plants in tite

parents and the F, popul-atior. Table 37 shor,¡s the- performance of the

hí.gÈest yíel<ling plarrt in each cross and their parents. In the cross
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Coef f j.cients of skewness of parents, Fz t*, F, ts and II

statistics for the l(rus1ca1-l^Ia1.1is analysis of varia;rce by

ranks.

(a) In/arimek, Halberd and. their F, and

Character: Warirnek Hall¡erd (I^lm*ti)F2 H statistic ('[^imt H)Ft

F
n

Heíght

No. of spikes

No. . of grains
Total wej-ght

Spike weight

Grain weight

0 ,499

-0 " 033

0. 028

0.27 4

0. 302

0.258

-r.. 651

-0. 040

0.183

0.238

0 "262
0,26L

-0.7 25

0.282

0.200

0.345

0. 337

0"279

12.50

0.08

0.98

0.02

0.02

0. 00

-o.704

-0. 035

0.071

0.028

0. 336

0. 338

NS

NS

NS

NS

NS

(b) I,'iariquam, Halberd and theÍ-r F, and F

Character I,üaríquam Halbercl (l^Iq*H) F, H statistic (htq*H) F,

[Ieight
No. of spikes

No, of graíns

Total weight

Spíke we:i-ght

Grain weight

-0.11_3

-0.086
0. i03
0.267

0.32L

0.247

-1. 651

-o.o42
0.183

0. 238

0.262

o,26t

-0. 711

-0.063
0.278

0. 238

o.347

0. 390

6.05

0. 0B

0.78

0"06

0.42

1. B2

.L

NS

NS

|is

NS

NS

-2.595
0.357

o "227
4.2,40

O. 6BB

0.a26

Coeffícient of skewoess for sÍgnificant difference from zero ¿rt the

5% probabii-ity 1evel = 0,2L3 for sample size of 350 (aptr'rroxÍmate
guide, f or the. parents & l-, t s)

O,432 for sample size of B0 (erpproxirrate
guicle for the F,.'").
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Tabl_e__17: cliaracter.isl-ic.s of the híghest yielding plant ín e-ach

populatíon.

(a) l{arírnek, tlal-ber<l and their }-

Charactelr trnlarímek

, and F,

Halberd (Wm*H) F, (Intm"'H) F2

Ileight, cm

No. of spikes

No. of grair:s

Total r.reíght, g

Spike weígtrt, g

Graín weight, g

99.7

4.0

164.0

L4.9

8"4

6.7

105. 7

5,0
165.0

L4.6

6.2

4.4

106 .0

4.0

182.0

16. I
8.2

6.L

104. 1
' 5.0

188.0

L6,9

B.B

7.r

(b) I{a.ri quani,

Character

Halberd and their F and FI 2

llari<¡uatn il¿lberd (Wqxn)f, (t^tqxH)F,

Heíght, cm

No. of spike-s

No. of grains

Total weíght, g

Spike weight, g

Grain weight, g

8?.. ?_

6,0
160. 0

T5.2

8.3

6.5

105. 7

5.0

165.0

14. 6

6.2

4.4

1OB. B

6.0

175.0

15.5

6.L

4.2

108.3

4.0

178.0

L4.4

6.4

4.s

(War:imek * Herlb'erd), rhe híghest yielding plant was in the F, but thís

plant was only slightly higher yieldÍ.ng than that founcl in l{arimek. In

the cross (I'Jar;lquam x Halberd), the highest yi.e-ldiu.g plant was ín l,/ariquam,

with Halbe-rd, F, ancl F, havírrg sími.lar rnaxi.ma. It is concluded that f .d.a

had a negligible effect on the distributíon of síng1e plants ín these F,

populat ions .

3 .2 Fxp erinren L VII I

As the ori-ginnl expe::iment (with 3 reprj-cates) rvas clamaged by

birds, two additional replicates vrere planted and protected by netting.
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These, and two of the less danerged replícates from the fírsL p1-anting,

were harvesterl ancl rleasu::ed. I^lhen Èhe results urere analysed, it rvas

found that ttrosc: froir the first seedj-ng rvere dj-fferent from one another

and dífferent from the trvo later sown repl-ícates. Figure 28 shows

the relatJ-onship l¡et-ween yield ín mixture and yield Ín pr:re stand for

each of the four replicates. Several poínts worth menticlning regard-

íng these results. Firstly, as a result of a difference of 4 weeks in

the tiine ol- plantí.ug, the yíelds i.n replicates I and 2- were higher than

those in replicates 3 and 4. Secondly, the first trro replicates an.d

particulariy number 2 showed little relationship between yield in

mixture and yieJ,d in pure stand whereas a positive relatíonship occurred

in the other two" An F test of the varíance ratíos inclicated thaE

replÍcates 1 and 2 wexe different from one another and clifferent from

replicates 3 and 4 and this was attributed to the bird damage on tlie

first two repl-icates. The variances of the two latte-r replícates r,re.re

not different. The results from the firsÈ trvo replícat-es have been

omitted fron further analyses.

The mean yields for 25 Fu lines are shown i-n Table 38. The

yíelds aE 47" and L6"/" frequencies and in the míxtures are the flìêâns pcìÍ

pJ-ant, and the yields in the pure stands are the means per plot.

Since the pure stand plots were planted r.¡ith one seed per hole

r,¡here:as in the other treatments trüo seeds were plantecl ancl the seedl.ings

tbinned, ttre per:ce-ntage of establishnent irr the pure stands vas lorver

than thai ín the r,rixtures and at the two frequéncies by 23%. Hence thcr

results in tbe pure stands are presented as yiel<ls per plot rather than

yieJ-ds per plant" As the correlatíon betrveen the yield per plot and



Figure 28;

L64

Relationship between yiel-d in nixture and yield ín pure

stancl of 25 Fu l-ínes of (trla.rimek * llalberd) Ín each of the

4 repL íca.t es 
"

Repl-:ic;rtes I and 2 ¡¡ere seeded in June a.nd clamaged by

birds, and replicates 3 and 4 were seeded in July.

ti, ,2., 'r 
U and 14 are the correlations be-tv¡een yield

ín mixture and yield in pure stand for each of the 4

replícaLe.s, respectÍvely.
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Tabl-e_38; Graín yield of. 25 Fr liÏres of the cross (I'tm^-I'l) when grown at

frequencies 47" and 167" in the parenÈs, :Ln míxlures of 25

genotYPes and in Pure stands'

Mean Per Plant, g

Ir% fre-quency \6% frequency Þlixture

Mean per Plot' $

Pur:e st-andLine nunber

I
2

3

4

5

6

7

I
9

r.0

11

L2

13

I4
15

L6

L7

18

1.9

20

2L

22

23

24

25

L.72

L,27

o.17

L.26

1.55

1.17

0. 63

1. 43

r.62
r.6?.

0. 93

o,94

1.09

r,37
l. 60

1. 60

J_. 59

1.33

1.16

r-"57

1.19

L.62

1. 09

1.53

l. 36

I,2L
1. 04

0. 98

0. 95

0. 95

o,7 6

0,7 4

1_.05

0 .87

1.06

1.16

t.25
0. B0

1.03

1 .46

L.27

1.10

0. 96

1. 39

t.2B
0. 9B

1.10

0.98

r.37
1. 00

L,27

1. 68

0. 93

L.69

1. r9

0.72

1. 09

L.22

r.20
t.57
1. 31

1. 0B

1. 50

r.7 9

1.82

L,49

r,32
L.45

1. 78

r,23
1.35

1. B9

I .40

L.32

L.34

66.2

95.0

70. 0

84.2

65. I
68.1

60.0

82.7

69.0

78.2

73.0

70.3

79.4

94.r
91.3

87 "6
80. 5

88. 2

r02.6

92.2

73.5

92,4

73.O

86. 3

86.1

llean L.32 1. 07 1.39 80. 4
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nunìtler of plants survív:ing t-o maturity of each genotype was non-

signifícant-, the clif f ererlce in the pure starrd yields coul-d be atLribrrtecl

to genetic effects.

3.2,L Freqtre:ncy-clePendent aclvantage of ?-5 l-iues:

. Twe¡ty of tire 25 lj.nes had higTrer: yields at l¡Ï( f::eque.rrcy,

v¡here-as the other 5 linc..s (3r7rLIr7.2 and 19) had hígher yieicls at 16%

freque-ncy. I'or all lines, the yíelcis per plant at 4% and 16% frequen-

cíes were higher than their yields ín pure stands. The dj-ffelence

beÈween the low and high frequencies v/as highly sigrrificant for al1 charec-

ters, except heíght (lable 39a). It is concluded that the-se 1ínes again

exhÍbíted f.d.a. when grovrn in a stand of the parents.

However, except for height, there üicre rìo díf fere-nces

between lines as main effects and no interactions beÈvreen frequencie.s

ancl línes. The non-sígnificance of the línes effect for grain yield

was due to a signíficant interaction between replj-cates arid lines (Table

39b) . The. ¡nea:e yield of the background parents was 87 g/pl.ot which was

sjmilar to the nean yield of the 25 línes in pure stands.

3,2.2 Yields in míxtures and elds in nre stancls:

There. were signíficant differerrces betr,reen the 25 lines

when grown as single pl-ants in mixtures and beËl/eeTt tbe lj.ires when they

$rere grovrn in pure stands (Tables 40 and 41), írrdicatjng that'. there was

genetic variability betrveen these lines -Ln both circumst¿llcesr

The yield in the mj-xture was higher than the yiel.d in pure



Table 39:

L67

A surrurary of the. arrälyses: of variance ior the comparison of--

25 Fs lines of (l,Jrn*;tt) rvhen 65rown:Ln a stand of the parents

at 2 frecltrencies, anrl Èhe detailecl analysis of varíance for
graín vrei.ght.

(a) All cha.racte-rs:

Character Repli.cates Lines Freque-ncí-es Lines x I'requencie-s

lleight
No. of spilres

Total weight

Spike weiglie

Grain weight

ù

NS

NS

Ìts

NS

.L

NS

NS

NS

}IS

NS

.r- ¿ -L

J-J.¿

.'. JL

J..L.L

NS

NS

NS

NS

(b) Grain rveight:

Source of vari-ation df Mean square F ratio Probability

ReplicaËes

Línes

RxL(errora)

Frequencies

Lines x Frerls

RxLxF(error:b)

l-

24

24

1

24

25

0.2704

0. r665

0.1547

I.567 5

0.0800

0.0635

L.7 4

1.,07

2,43

24,68
'J,.26

0"199

0.429

0.016

0.000

0.285

NS

NS

&.r-J

}IS

'f"Uf:__tt), A summary of the analyses of varíance for 25 Es lines of
(I'im*H) when grornm in míxtures of 25 genotypes.

Charac-ter Repl j-cates Lines

Height:

No. cf spikes

Ì'lo. of spikelets
No. of grains
Total weight

Spi-ke weight

Grai.n rn'eight

NS

NS

NS

NS

NS

NS

NS

J

NS

NS

J^

NS

*



T¿rble 4l ¡

l6B

.r\ srrnrmar:y oÌ the analyses of va.r:iance for 25 F,, l-ines of
(\'Jm*H) when gr.lwn in pure stan<ls.

Chal:acl-e-r ReplÍca Ees Lines

Ileight
No. of spikas

Total weíght

Spike rveight

Gra.in rueight

NS

NS

NS

NS

NS

NS

NS

NS

*
^r..t- t

stan<i and yíelds at the two frequencies" One reasotl for: this higli yÍeld

in the mixÈure u,.ay have been thaË the yield in the urixture was deter-

rníned on a single plant basis. Each plant was individually rneasured

and threshed by hand. Plants in the plrre staTrcls ancl at the trvo frequen-

cíes were harve-sted and processed ín bulk, using a threshing machine. It

was possibie that there- had t'een sonie slight loss of grain and that these

laLter yÍelds vere thereby urrrlerestimated.

As it rqas intended to stud-rr the relatíonship between the yield

of Fu plants ín mixtures and the same lines Í-n pure stands, gr:aJ-n yíe1d

per planE j-n the míxture has been plotte-<l agaínst grain yield per plot

in pure stand (FÍgure 29). The corre.J-atíon coefficíent r,ras O.7t¡9 and

was signíficanE at the 0.1% Ievel. Thus, ít should have been possíble

to select for yield on the'oasís of singl-e pi-ants in a mixtur:e. This

Í"s supported by the fact that 5 of the 6 highest yielding iínes ín nix-

tures rnrere also highest yiei-cling ín pure stands"

There wer:e highly sigrri-fícant correlations betrøeen ¡¡raín )'ield in

pure stands and yield and yr'eJd components ín mixtures, but no correlat-ion

betrveer':. height ín mixtures and yielcl in pure stands (faUte 4Z). The
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.1l1_g*.-ue_?2: Re-l¡rLionsirip bet-rveen yield irr mixture and yielcl in

purîe stand of 25 Iru lj.nes of (\^Iarinek * Il¿ilberd).
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Correlatic¡r:s ltetween grai.n yie-ld in pure stands ancl

char:acterrì nre¿rsuted on single plants in mixtrrres.

Yield in pure stancl ancl lieight- in míxtul:e

No. of sPikes in mix'

No. of sPikelets j.n mi.x.

No. of graíns ín mix.

Total weight in mix'

Spike weight j.n míx.

Grain weight in mix.

0"167

0.579

0.642

0.627

0.668

0.72r

0,7 49

NS

J. J.

:k ¡t:¡*

¡t**

JJ-J

hí.ghest correl,atiorì. \^7as 0,749, between yield in mixture and yield in

pure stancl . Tlrtrs, it was shown that selection for tall. plants in nix-

tures rvould not result in high yielding genotypes in pur:e stands.

Success could be achie.¿ed, horuever, if selection was base-d on yield or

the yield components in the mixture.

A st.epwí-se regression analysís r'ras perforrne-d with yield in pure

sta¡d as the dependent variable and all the characters measured in the

míxture as i¡dependent variables. The stepwise regression would índicat-e

whether additior-r of any of the plant characters would incr:ease the

eff icí-ency of selection for yield.

The result of this analysis is shor'm ín Table 43.

A1-though most c.haracters rneasured in the mixture had sjg,rr:'-ficarrt

partia.l correlations ls:lth vield in 1'rure st-,and, the ilrclusion o.Ê furtlter

characters in the equatj-on ¡liJ nrlí: reduce the e-rror mearì squares sígnífr'.-

cantly. Thj-s ís explained by the very high co::relations l-ret-ru'ec'.n yi,e1d

ín the mixture and other: plant characters measllred in the mixtrrre (Table 44) .
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Sl-e.pwj-se tegr:essj.on of characters Ín mixture cn yíe1 d in

pure stancl.

Tabl e 43:

V¿rriable ent-ered
in equation

l4ultíple
Rs2

Irrcrease i-n
g2 Sígnificance

Yi- el d in mix .

No. of spikes in mix.

Heíght in m-ix.

No. of spikei-ets in míx.

No. of graí-ns in mix.

Total r,reíght i-n mix

Spike weight j-n rnix.

o.749

0.770

0,779

o.782

0. 790

0.792

0,795

0.561

0.593

0. 607

0.6T2

0.624

0.627

0,632

0. 561

0"032

0"0r4

0.005

0.0r2
0 .003

0. 005

J. J,.L

NS

NS

NS

NS

NS

NS

Table 44: CorrelaËíons bct\^reen grain yíe-ld in míxtures and characters

measured on the same plants in míxtures '

Yield in mixture and Heíght in nixture
No. of sPikes in rnix.

No. of sPíkelets in míx.

No, of grains in mix'

Total weight in mix.

Spilte weight ín mix.

0.403

O. BB4

0.897

o.923

0"954

0.99r

I

&.L ¿

J-.L.L

C<:t ¡."

Thus, the variaEíon in characterrs measured in mixtLlre accounted for only

63,27" of the variation in pure stancl yields. The unexplainerl propor-

tion of the varÍ.atíon coulcl be attri-buted Lo environmenial väriation

within the expe.riment-al area and the difference between ínter-'genotypíc

cornpetition j-n the mixtur:e and intÏa-genotypic compe'tí-tíon in the pure

stand. 'Jlhe low proportions of the variation accounted for a1 so teflects

that the-re could harre been some errors in obtainíng the pure stand yields

as these rvere based on only tr+o replicati<¡ns '



L72

The coeffi.cíents of varíatÍon for dífferent characters in

mi¡ctures and pure stands gíve an índication of the relati¡¡e variati-on ín

Lhe trvo t-reatmengs (Table 45). llhese coeff ícienËs of variation are

based on line means. Tor al1 charactersr except nuillber of spike-s, Ehe

coefficient. of varíatíon in the mj-xture was larger than that in pure

stand. The clifference lÁ7as largest for graín weíghf , indicating that

yíeld <lif fele-nces het-v,/een 1íne-s \úere illcreased in the mixture.

Tal¡1e 45: Coeffícients of varíation (7") of characters measured in

mixtures and Pure stands '

Character: Mixture Pure stand

Ileight
Total weight

Spike weight

Grain weight

No. of spikes

No. of spikelets
No. of grains

5.0

15,5

18.8

20. B

11. 3

r3. 9

16.3

4.2

l-0.1

14 ,1-

13.8

LI.4

The correlation between grain yield in mixtures and other

characters measLlred in mixtuï:es sholTed that both height and other

yíe1d conponerrtli \ùere ccrrel,ated \^/ith grain yield (Table 44). Thus,

the f-ailer plantt; t€fld.ed to be hígher yielding j-n the mi-xture. Ilow-

ever, the cnl:relat-iorr be.tween height and yield was only 0'403 as corì-

parecl rvri-th the correlation betwee.n yíeld and yield components (approxi-*

rnately 0.90 f or rnost characters) .

The cc-¡rrelatíons betu'een grain yíeld in pure stands and othclr

characters neasured in pure stands ¿.re shc¡w¡r in Table 46. There rnte-re

significant correlations between yield and yield components but no
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correlations be.rtrueen gra-í n yieid in ptrre staDcls and

characters measureel oD Lhe sanre lines in pure staúds.

Yíeld in pure stand and lleigirt in pure starrd

No. of sPikes in P"s.
Total weighË in P.s.
Spike weight in P. s.

0.067

0. 528

0. 7r0

0. 84r

NS

.L ,L

cor:rel atíon wífh heígh';. Thus, the tallesÈ genotyPes vre'rre' trot necessar'-

íly the highest Yí-eldíng ones.

3.2,3 The relat: ionshÍp be-tween f .d.a. and the yíelcls in

míxture- and re stanrl .

Altlrough t:h.e. 25 l:Llles shov/ed f .d.a. in a stand of the

parents, the positíve correlation between yíeld ín míxtute arrd yield in

pure stand sr.rggests that f.d.a. vlas not an important factor iÛ the mix-

ture. In this, and other: experiments vlhere the ef fect c¡f f 'cl 'a ' r'¡as

observed, the test plants \^/ere gro\¡7ll at low frequencies in r:elatively

homop;e.neous backgrourrds. In the mixtures, hot,rever, each of the 25 gerl'cr-

types was occurring at a frequency of 4% afjld the f.d.a., if there \ùas

any, r¡ras not restrj-cted to only a few of the genotypes. It had been

suggesÈe<l earlíer (discussion of section B, pari a) that diffeL'ent geno-

types Ín. a mixture may have diff erenÈ nie.chanisms for: f .d.a.. Table 47

shows the correlatí-ons beÈween grain J¡i'e-lcls in tnixture ¿ind pure stand

ancl the yields at the two frequencíes anrJ t.d.¿r., where f 'd.a. t./ås

estí-ma¡ed by the cliffer:ence be-tu'ee-n the yields at the 1or,¡ and high freque-n-'

cies, for each f.ine.
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t"b-!g"_fl: CorrelaLions beLween grain yields in uixture and pure stancl

and yields aE 4% ar,d 167. freque-ncies arrd f .d.a.

Mixtute Pure stand

Frequency 4% 0.353 NS

0.386 NS

0"106 NS

0.348 NS

0.532 tr'*

0.001 NSF. d. a. 4"Á*L67"

The corr:elatíon betr¡een the yield at 47. frequency and the yÍeld

in the niixture r.{âs non*sÍgnífi icant, although each líne also occurted at

a frequency of 4% in the uixture. Nor r^ras Ëhe correlation signifícant

betr^¡een yield in the mixture and yield at L67" frequency. The correla-

tions between yÍeld in pure stand and yields at the two frequenr:ies were

positive but r^ras only significant between the yielcl in pure stand an<l

the yield at L6% frequency, indicating that Ëhe yíeId at the high frequency

r^ras more related to the yíeld Í-n pure stand Lhair the yield at the low

frequency. The very small and non-signÍficant correlations between f.d.a.

anil yie-l.cls in mixture and pure st.and further confírmed that f.d.a. had

l-ittle or no effect in a míxture.of many genotypes and was unrelated to

the yield in pure st:¿rnd"

A stepr^/ise regression was performed with yield in pure st-¿rnd as

the deperrdent variabl.e and yielrls at 4ä, and L67" frequerrcíes and f .d.a. as

ínciependent vari.atrles (Table- 48) , TTre si:c,-¡lwÍse regression would Índicate

whether selection for yield ín pure stand could be based on a cotnbinatíon

of: the yields aÈ 1or¿ frequencies and f .d,a. írr a unífor.m baclcgrcund.

f,t was founcl that- the yíeld at the 1.6% frequency accourrted for

28.3% of the r¡ariation of the yield in pure stand. Idhen Èhe yie1.<l at

tt.e 47" fr:equency was also consíclered, the proportion of tl-re variat:Lr¡n
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stepwise regre-ssi,rn of yields a1- 4% an.d 16% frequencies

an<l f .d.a. on yield in pure stand.
Tal¡le 4 B :

Varialrle entcred
in equatíon

Mul-t iDle Increase in
RR2P2 Sígníficance

Yíeld at" 16i( frequencY

YielCr at 4% frequencY

l'.ci.a. (a)

0. 532

0. 553

0. 283

0. 306

0. 2.83

0. 023 NS

(a) F.d.a. coul-cl not be íncluded as an addítional. variable in the
equation sj.nce ít had a very 1ol,r F-level (or tolerance-leve1)
insufficiet'rt for furÈhe.r computal-ion, usírrg the Stepwise regression
progran in SPSS (Nie e.t-al?, 1975).

accounted for Í.ncreased by only 2.3"/" to 3O.6i(. The ínclusion of f 'C'a'

as an additj-ona1 selection crít.erion did not ímprove Èhe efficíency of

selection.

Thus ít can be seen that ít would be twice as effícienL to sel-ect

for yielcl ín pure sEand when the selection r^ias based on yíeld and t'he

yield componenÈs in mixtures rathe,r than on y:'-elds at low frequencies

and f.d.a. in hcmogeneous backgrounds.

4, Discussíon.

Bot.h oÊ the present experimenËs were designed to investÍgate Lhe

eff ect of f .d"a. on single plant selection. The quest-.ions are wheLher

f.d.a" r¡c¡uLcl influence the c:hoíce of síngle plants in segregati-ng popu'-

laÈions ancl rr,hr¿ther high yj.e:lding individuals in míxLures would also be

hlgh yic'lding in Pure stands?

Experime¡t VII cornpare-d the varíab:Llity between single plarrts ín

segr.'egating populations rvíth those in populations of genetically simj'lar

inclivicluals. Although there were obvious genetic differ:ences betnreen the
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parentg in each cr..os3, the Fzts '-lid nc¡L shor'r any nore- varj-atj-on t-'han the

Fris arrcl LÌre parents, except for height. sí.nce the Frts had variance

f or grain yielcl intennecliate be.tl¡een those of the parents, it was cle-ar

that there was large e.nvj-rontlental varíatíon amollg s:lngle plant*c in the

parental stands and thís variation was also very high relative to the

sutn of ttle envÍronmental and gerietíc variatíons in the F, stands.

Large variarrces in the parental stancls relatÍve to those in the lrrrs

have also been reported for cotï:on (Hutchj-nson, Panse and Govancle, 1938)

and for: wheat (Palme::, Lg52). Thís v¡ould suggest that tlre gene[íc

varj.ation r¡ritlìin an F, js sma]-l relàtive to the errvíronmental variatíon"

Of atl the characters measured on single plants, only plant

heíght showed, any evídenceofgenet-ic segregation ín the Frrs. Thus

selection may be effectively based on this characterisÈic' However'

the c.orrel¿,t:íolr betr¡r:en graín yi-elcl and height in the I, Plots l*'er:e small,

0.43 and 0.42 Lor the crosses (tJm'"n¡ and (Wq'ti1; ' respectívely' !'rrrthel--'

more, the res;ults in exper:irnent VITI indícated that there ltas llo

cor'elation betwee.n height in mixture and grain yield in pure stand

(Table 42). Hence selectiorr for height in the F, could not be usc'-d ín

selectiorr for yield. Hamblin and Donald (1974) showed that ttrere vüas (:r

negar-íve correl-ation betr¡een F, Plant height and F" plof yíelcl in barley'

especially at high levels of nitrogen'

The use of sker,rness as a measure of the e.ffect of f ,d.a" i.n. a

segrÐgati]:ig itoptrl al-:Lan was not successful . It trad been e'xì:ected ttrat

the F, woulC be more skew than the F, and the parents ¿ts the rare ge-nÛtype

r^roul.<l íncrease ín yield r:elaÈive to the more common olles' Hcx'levert

although most characters hail skei.' distríbutions, the coefficj'ents of
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slcer¡-ne.ss vere not dÍf f e.renÈ between. t,. tu, F Îs and the parents, except
2

for heÍght (Table 36).

Skewness in the frequenc,y clí.stribution of plant we-Lgtrt ín a

poptrJ-ation of genetical.ly silrrilar i-ndivi.duals has been reported by

K6yama and Kira (1956). They found that there vtas a gradual change ín

the cli.strj-butioir from normal at the earliest gro!ùth stage Ëo sltewne.ss to

the ríght or "Lt'shape at a later grorrth stage' Their mathei¡'ati.cal

explanation of thís phenomenon was based on ßlaclananrs (1919) expouen-

tíal equation of Plant gro!üth

rtv7=lIe
o

where w is planÈ weíght at time t, wo is initíal plant weight, and r is

relatíve growth rate. The above equation can also be expressed írr Ëhe

logarithmic form

logw=logwo*rt

1.=t(1ogl/-logwo)

The authors posÈulated four possible modelsr h7iÈh either to ot

r or both as a consl-anË or as a normally distríbuted variable' Con-

stant values of wo can be achieved by using carefully selected uniform

seeds, but nornally distributed values are more usual and the vaiue of

r i.s influenced by a large number of factors of the envíronment' The

trro cases where wo an<l r, or only r, are constantr hTere consi.clered as

too hypothetic¿rl, siuce it is unlikely that all índividuals wortl.d have a

constaflt gr:owth raLe even Íf they all had an equal init.ial rn'ejght.

But whe..n j-t r.¡as a.ssumed that the r vâlues are normeJiy,listríbuted and wo

is constant, then the distribution of 1og wmusE. also be normal-. ThaÈ is'
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ttre frequerncy cl istribr-iÈ-i-r:n of w is lggrrcrir,al a¡ âlly value. of t.

Símj-lar results werLr: obtainec'! ruhen the. values of rtr are also norinalj-y

distr:i-buted.

The autiroïs concluded that the norlnal <iistributiort in l-he seed

autonr¿,t -LeaLLy passes ineo the asymet-ric air<l f inally í.nto the L-s;haped

dí,stri.þut1on, even when the individuals grow independently r+ithout any

rnutual inf luence .

The negative skew distributj-on of plant height r,¡as also reported

by Koyama and Kíra (1956). It can be explained that under cr:op condi-

tíons, plants tend to extend themselves verti-cally as a reaction agairrst

competitign for light, A shorter plant would be less likely to survive

unless Ít extends to reach the top of the canopy. This w-ill el,íminate

the possibÍlity of obtaíníng very srnal-l values for length of the mairr

tiller, and results in a negative skew distribution of plalrt heíght.

'Ihe usual ürethocl of estímating thegenetícvariance of an F,

popul-ation rests on Lhe assumption that ¡¡s snlrironmental var:'-ance j-s

the sa¡re i.n all genotypes. Falconer (1967 ) i.ndicated ttrat the envíron-

nental va.r:i.ance measurecl in one inbred line or cross is specific to this

one partícular genotype, and ot.her: Ele-notypes mlly be more or less sensi-

tíve to crlvj-rsnrirental inf -l.uence and rnay t.irerefore sltow more or less

environnental, variance, Thís w-as dernonstr-'ated by the differences ín the

varíanccs of the parents in each cr:oss (Table- 34). Also, Falconer (1967)

pgínt-ed ouÈ that the environmental varíance of a mixed population may

not be t-.he same as that measured:'-n the genetically uniform group' In

gerreral., it- .ruas fouud ttrat inbred índividu¿rl-s of Een slrow nore environ-

me¡ta1 variation (or rvere less well buffere.d) than non-inbred índíviduals.
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This may expla-í-u the sirnj-l:Lríty in the variances of par:ents, Flrs and

F rs althougli the- latter should cons;ist of val:l'-ance-s attributable t.o
2'

genetj-c and enviroìtmeftt cornponents. In this case the large rrícro-

environmenta-l val:íatíon of the single plants of lhe- Parenls and Fr ís

approxirnaÈely equal- to the surn of the genetíc and rnl'-cro-environmental

variatíon i-n the I'r.

Experiment VIII was aimed at compaling the yield of single

plants in mixutres, where f.d.a. is expected to ope-rate, and the yie-ld

of the same geriotypes ín pure stands. For this purpose r€:plicatíolì v/as

necessaïy anci j,t \.^Ias not possible to use F, seeds. The use of Fu seeds

from the same cross and extensíve replicati-ons of the mÍ.xttrre plots is

an attempÈ to rec.onstítute an F, population and overcome the problem of

micro-environmental variatíon, Since the Fs line-s used in this exper:í-

urent had been advance.d from the F, by single-seed-descent (see experiment

fI), it was expected that they r¡rere genetically dÍf f erent front each oÈher:.

Falcone:: (1967) indicated that the between-family variances increased

with gener:ations of inbreeding. The results in Tables 40 and 4l indica-

ted that there r!'âs genetíc variability between the F, lines in both the

mixl-ures and pu::e stands.

The results on f.d.a. agreed lqith those found earlier for the

cross (tr'Iarimek * Ìlalberd) j-n experiments IA and ITA. The Fu lines had.

trigher yields at t+1, than at 167. frequency, thus exhibití-ng f .d.a..

The liositj-ve correlation beËween yielcl in n¡ixture and ¡'ield in

pure siancl in.Jicatr:d that select-ion in mixed populatíoit would result in

higlr yielding ge:notypes in pure sEands. Ifany authors (Allard' 1960;

Bell, 79(t3; Shebcrski , L961 ) have considered that selection for yield in the
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F !,ras íneffectíve. The rnain reasons usually aclvanceil ar:e that sí-agle
2

plaDt performance is of Ëen confounded by genotype.-environment irr.teractioii

ald inter-plant cornpetj-tion. The laclc of success in nany sclection

experíments; coulcl be attríbuted to the methods with r¿hich the experinteDts

were c.ondt.cted" For example, Hamblin (1971) selected l-.J singlc plants

1n 1967 and tested the F. lines in l-969, two entirely dífferent yeärs,

cli.matically. I'IcGinnis anfl SheL¡eski (1968) selecËecl F, PlanÈs grot'n

at a low densít-y in L966 and tested the selecËed lines at a corruììercial

density ít L967, The-se auÈhors concluded that single plant selecl-ion

for yield v¡as ineffectíve, but it is possíble that their results cotrld

have been confouncled by interactions between genotype.s and seasons ¿rnd

genotypes a¡d plant densi.tíes or a combination of these interactioirs'

The facLors límitíng the efficiency of single plant selecËion have a1-

ready been discussed in the literature revier¡. As de.nsity, heter:ozy-

gosity and genotype-environment interaction over sites ancl seasons lTere

noÈ factors in thís experiment, the discussíon therefore continues on the

other likely contrÍbutors to the observed results'

In experírnent VIII, sifice each genotype ín the mixture lüa.s

replicated 4B ti-mes, the effect of envíronmental variation between genO-

types is minj.rnized and the mean yield of each genotype t-he-refore closeil'

repl:esents its genetic \,/oïth. The effect of micro-envi-l:onrnental valia-

tj.on in the mixture plots can be demonstrated by r€:fel:ríilg to Table /r9

v¡hich shows the correlatj.ons between yield in mixture ancl yj-elcl in pure

stand basecl on the yield of one plant per 1-ine, 4 plal.lcs pe'r lj-ne (plot

rneans) r 24 pLants pe.r line (r:ept.icate means) and 48 pla¡ts per iine

(overall nìeaÌts per 2 re-plicates). It can be seen that the correlatí"ons

increaserl progressively. Wheir yi.elds were basecl on single plants, the



Table 49:

(a)

l-81

correl¿rtions t-rased on clj-ffer:ent nr-nnbar:s of single plants

betwcen yi.elds in níxtures and. yields in pttre sEands.

Yields ín mixtur es base'l on single Plants.

0.2L4

-0.089
0.480 *

0.58/+ ¡t*

0. 270

0. 370

0.27 L

0.126

0.502 '*

0.463 *

0,243

-0.045

o.226

o,326

-0. r9E

0.342

0.423 't
0.017

o.L57

0.656 **

0.175

0. 158

0. 080

-o.287

o,237

-0, 120

0.258

o.547

0. 255

0.097

0. 196

0. 289

o.594

0. 703

-0. 028

0. 3¿r9

0.225

[. J$! -.'r:l

Q. $J$ :t:k

"-0.279

-0,L42

-a,27 5

0 ,427 'k

o.2L6

0.181

a.o71

0. r87

-0.067
0,207

Mean of 48 corre-lations

(b) Yíelds i-n míxtu re.s based on the mea-ns of 4 lants er 1ot.

0.395 0.320

0. r50 0. 186

0.501 t 0.334

Mean of 12 correlations

o.291.

0.509 **

o "2_07

0"348

0. 606 ,!*

0.362

0. 317

(c) Yields ín mixtures based on the nea-ns oi 24 P lants per reÞlicate.

RepJ-ícate I : 0,477* ReplícaLe2 : 0.548**

(d) Yíelds ín mixt r-rres based on the. mea:rs of 48 plants in both
replícat,es.

r = 0. 749 )k**
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major:ity of: tire, correlations hra.F-ì ptrsiti.Ve antJ. sot¡e cf t-hem tuere

sLatisticatly sÍgnificant. Iio¡e of the ttegatíve correl-atÍons was síg-'

nificanf-" The highest correl¡-tt.io1'l Ì,/as 0-749 :';r't:t, vheil yields in

l.rlxtures !/e-re baseci ori tlie- means of all 4[3 plants per line" l-tor'/er¡err

the effect of rnicro-errvil:orrürent.¿rl vari¿rtic¡n still- re-ntains a f¡+ctor: since

the correlation betrqr:-en yielcl in rnixtur:e arrcl yielcl in pure stand only

accounted f oy: 562 of the variation. Also, there- woulcl heve been faÍrJ-y

high errors in ,:btaining the- yield of the pure stands ancl ttrÍs may in

part account fol: the lorv correl.atíon above

In t¡is experiment, it was possible. that there had been a diifer-

ence beEr*reen incer-genotypic conpetiEion in the míxtrrre and intra-

genotypic corrpetition ín the pure stand. Although the correlati'on

betvreen yle1d in mixture and yielcl in pure stând was híghly significant,

tlre unexplaj,¡cd proportíon of the va::j-atÍon \,/as stil'l large (447")'

Furthernore, the coefficj-ent of variat-ion for grain yield \¡/as greaËer j-n

the nixt'.rrÊ than in Ehe pure stand and the ranking of some ge-notypes r'ras

clifferent in the tl,¡o treatnents. Although the yields of the single

pla¡ts in míxtur:e rtay haver been influenced by competit-í on, it was evident

that this effect was not large enough to conceal the correlation betk'eer')

yíeld ín inixture and yield in pure stand, The negatj-r'e correlatj-on

between conpet.í.tíve abil,íty and yielcl :'-n pure stancl re-ported else¡rhere

could be- atEr:i-but-ed to Ehe gross morl:holog,icai d:iffererrces in the compon-

ents of the nj.xture (Jeni-ríngs eq=d... 196t1 a,b,c.) rvhich enhance-d the

conpeLl-tíve ef f e.c-rts, oÍ the unsat-.j-sfactory <ief Ínitjon of compet-r-'tive

abílity (AkíÏ.rana, 1967) r^'hich íncluCres yielcl Ín pure stand as one of i.ts

parameters 
"
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The rie:Lgli¡ourhoo.i ef fect d.iscussed iri a pre-,'ic-¡us section in<lica-

tecl i:trat eacl'r plant i-n a mi.xture \¡7as compc'-rlng aga.i '.rsi at l-easi a

nuurl>eq of ne:Lghbouring plant-s. Furthe.rlÎore, ít vlas suggested that

f.c1 .a. r.ias drre- 1:o comPet-ltjc.n between plants of the sane genotype- gro\'¡-

irrg rieal:bY.

In e.xperiment vTII it was found that the effe-ct of f.d.a. was

pronounced ther: ttre FU 1j.nes l¡7ere grovJn at 1or,'fre'quencies in rni'xl-ures

v¡ith the par(ìnts, btrt not in míxture of 25 lines. Thris, it ís suggest-

ed that mixÈures of many genotypes do not resemble mixtnres of fev¡

genotypes, a.nc1 that individuals in a multi-componerrt trrixture- tend to

look <lissimilar from each other. This would have accounted for the

lack of skewness j-n the disl-ributíon of F, Plants in experínient VLI and

the posítive correlation between yield in mixture a'd yieicl in pur:e stt"i

in experinellt VI-[I.

Altleough Lhe correlatíon between f .d.a. and yield in pure staÌÌd

ruas lor¿ (r - 0.001), the correlation between f .d.a. and mean yi'eld at

tlte 4'/" anð. I(¡7. fre.quencies of the 25 Fu li-nes was ¡'rosÍ-ti've and si'gnifi-

cant at ihe 5Z 1cvel (r = 0,434*). This is consístent T¡Iith the results

for the !'* lines cf (I.trm*H) and (t^lq*ç¡ in experiment II. The contrasr-

betr,reen the c:or:r:elations betrn¡een f .d.a. and mean yie'ld at low frequerrcies

and f.cl.a. and yield in pure stand could be explained on ther basis thai

terrotypes ¡n'.il-h a higtr f .d.a. also have a large regression coeff j-cient

of ;r,'ie1.d.r on freguency. Hence, they tend to have a Trigh mean yiel<L when

at l-<¡v¡ freque¡cies but their yield in pure stands could be lower t-h¿rrr

that of genotypes l¡ith a high yj-erld in pure stands but low or i-nsignifi-

cant f.d.a. at tro,¡/ frequencies. This is exemplified by referring to the

rclationship between grain yield per plarrt and frequenc'y of l^larimek and
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Timgale¡ in Figure 15. TÍmga1-en had a higher f.d.a. artd a highlrJ: ûiean

yielcl at k¡w frequelcies than Warimek, but its yield at a hígh fre-quency

(93,75%) rvas sínilar to that of llarimelc. llence the correlat.i.on betr+e'.en

f.d.a. and mean yield at -Low frequencie.s would be larger than that betr¡ee-u

f.d.a. and yíelcl in ptrr:e stand.

Although LgT4 ttas a rust epídernic year in South Australia, it.

u'as unlikely that rli.fferenti-al responses to dísease vlas a major fa-c.tor

i¡ the mixture ín experinrent VIII as the suscepti.ble genotyPes tuould

have been less affected in the mixtures than in Èhe ptire stands. If

they had been, there would have been no correlation betr¡een yield in

mixture and yield in pure stand or the correlatíon could have- beeir

negal-ive, The small size of. the pure stand plots (67crn x 67cru) and

preventive spray vríth a solution of Diathane ín November helperi to

rerJuce the effect of stem rust in the experiment.

From the results, ít is concluded that micro-environntental

varíaÈion r^ras the major facËor influencing the distribution of thc'. yields

of single plants in a segregating population. This t¡oui-d nLake selec-

tíon in the F_ difficult since replícaÈion is not possible in l-haË
2

generatíon. If this factor could be accounted for, it should be possible

to select for higÏr yielding genotypes based on the yíeld of s5-ngle plants

in the mixture. The pclsítive correlatíon found in experitreir[ VT.II agree-Lì

wj-tlr those found by Johrrston (1972) for barley and suppcïÉs the- general

conclusíons of Al-larcl (1960) and Allard and Hansche (1964) t-ir.at g,ellotvpec

v¡hi.ch survive in nixed populatÍons f-end to have h-lgh yields Í-n pure

stands. F.d.a. was found to have no effect bolh cln the di-stribrrti.on of

si.rrgle plants in F, populations ancl on the relatíonshi.p beErveen yieJ d in
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nìj.xturc an<l yíelcl in pure stancl and rsas urrlikely to j-nflrrence s-Lngle

pla-nt selection" except rvhere differenti.al responses t,o specific:

rac.es of plant pathogen occurrecl between míxtures and pure stands.
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V. CO}IPUTER SI}:U],ATIOÌ{ OII FR]1QUBXJCY_DEII]NDENT AÐVANTAGE AN]]

POPUL^TION CIL\IìGES.

1. Theoretical noclel-,

It has been suggested in the literatu::e revíetr that frequency-

dependenl-. selection (f .d.s.) is an ínportant factor in maintain.i¡g

genetic polymorpirisr¡s at a stabl-e equilibritrn. This section uses

conPuEer sirnulation Èo describe the changes irr a polyrnorphic crrtp of

a predomínatJ-y self-poJ,1j-naÈing species resulti_ng fron frequency-

dependent advarrtage (f . d. a. ) .

In recent years, a number of mathematícal models describing

f .d.s. have been advanced (Ayala and Campbell, 7974; a re.¡iew). Som.e

of the topics considerecl r.¡ere Ehe effecË of f.d.s, in sexual selectíon,

apostatic or mírnetic selection, the- rel-ationship bet'.rreen f . 11 . s. and

genetíc loads and f.cl .s, as a mechanísr¿ fcr the evolutíon of cjominance.

Other rnodels have investigaLed the effect of niche-hc,.terogeneity and

density-dependent selection both of r¿trrich often also result j-n frecluency--

de-pendent selectíve values. 0f partícular importance Ëo the stucly he;.re,

hor¡ever, are those simulations based upon the nodel of rlixed selfi-ng

and outcrossÍ-ng r,rith selection devel oped by Llayman (1953) " Tn thís

model , genetíc changes i.n successive generations are descr-':'-be<i by

recursion formulae r¿hich include rel-ative v:labilities of the dif fereirt

genotypes and r:el-ative proporti.ons of selfitrg and outcrossiirg as: the:

parameters.

llaYn¡anrs model considers an inclerfinitely large populaLi.on irr

whicl-r yield is controlled by a single locus wírh 2 alleles A and a.
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The genotl'pic frr:quencíes of (i\À, Aag aâ) in genet:atíorr n ate denoted

Uy (f fn), tt"), f átt)) " The- rnodel supposes Lhat tlie rel.ative viab-L1i-

ries of the genotypes are in the ratíos (x ; I : y) and assumes that

each inclividual has a constaot probabilíty s of selfJ-ng and E = 1 - s

of ranclom outcrossi.ng. Although the equations to clescribe gerrotypÍ.c

frequencíes differ depending ou eiEher Ëhe mode of selection or the

stag,e of the life cycle at r¿hich scoring takes place (llorkrnan and.Iaín,

l-966), iÈ wí,11 be assumed here that genotypÍ.c frequencí-es are scorecl

just before rnating and after all the selection has occu::red. The

recurrence- relations descríbing genotypíc frequencies in tr'¡o successive

generations, n and n * 1, are:

f n+I) G(
1

xts(e{n) + \ 15ù) + r{rfn) + \ 15"))21

r. (
2 ltisf (

2
n) + zt(ff") *r, r|n)) (r{n) + U ft"))l

(
3 , t"(r{") + '4 r|'') ) + t {r{n) + "¡ r,") )21

n+l) cc

c

(1)

t n+l)

The p::oportionallties in equation (l) can be rnade equalítíes

by divíding the terms to the ri-ght hand side of the proportionality

sígn f or each genotype by the surn of tl're terns f or the three genotypes.

VJhen an índependent estir¿ate of the proporEiori of outc:rossing,

t, is avaíl able, these foruulae can be use(1 Lo est-im¿t:e' tTie sc.lecl-íve-

values of ttre different genotypes (A1lard an<l Hanscbe, 1961r ; I.,lorknan

aud Jain, 1966) from census clata of genot.ypíc frcrluencies. \,Jith these

se-lective values, the fonnulae can be used to predict geiuotypic frequen-

cies in successive generations (irllard and Adarns, 1969tr; Schutz and

Usanís, L969),
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Matherilatj.cerl soltrtions to the above ecluations have been. devtllop-

ed by Hayman (1953) trut they are complicateC and dil.fjcrrlt to írtterpret.

llorknan ancl Jain (1966) a.ncl Jain an.cl l,Iorkman (1966) have shorvn that

genotypic frequencí.es lJere functions of gene frequencies anC( the F

statistic IF = I - (fr/Zt>cù7, In the general case' I'clenotes the joint

effect of ínbreedir-rg and sel-ection and is a measure of the neL devia-

bion from llardy-trfeÍ-nberg e:cpectations. In tr'lrí-g,htr s (1965) termí-nol.ogy,

F is the fixatiolt index.'As suclt, F can vary between -1 ancl *l .

Negatíve values of F indicaLe a higher level of heterozygosis than e>';pect--

ed ancl vice versa. Using the F statistic as the fixatí-on ínciex, Èhese

authors shorued that gene and genotypic frequencies aÈ equílibriurn can

be calculaËed directly from relative viabilities of the three genatypes

and pr:oportj.ons of selfing and outcrossing. Hor¿ever, although the use

of F statistic to describe genotypic frequenc.ies ís convenient and use-

ful-, it should be noted that:

(í) F = -1will arisewhenx= y = 0 regardless of the-value

of s.

(ii) F = *1 will arise when s = 1.0 provided that x and y are

different from zero.

Thus, equa.tion (l) on page lB7 r,uíIl be more meaningfui, in

general , than a reparametri-sation in terrns of F.

The equílibriurn formul-ae aiso enable the deveJ-crprne+nt of phase

diagrarns (llayrnan, 1953; I'lorkman and Jain, L966), Figurr.'s 30 antl 31 ,

reproduced from I,{orliman and Jain (L966), sho\,r th.: types of c'-qui.libría

for different magnitudes of the viabilj-ti.es (*, y) of the two ltomozy-

gotes for Ëhe cases of complete selfing (s = 1.00) and 57" outcrossí-ng
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Figures 30 and 3l; (afte-r l^lor:kman and Jain, 1966).

Phase- diagr:ans shor,ríirg the types of equilibria for differenl:

magniLudes of the ¡:elative vi.abílities (*, y) of the two

honrozygote-s for the c¿rses where thei'e vrere complete selfing

(l'j.g, 30) and 5% outcrossi-ng (Fig. 31).

(see te-xt for the descríptÍon of areas marked A, B, C, D).
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(s = 0.9:;), respect:Lvely.

In thclse d"Lap;rarrs, t,he areas marked Ä anri B correspond to

popula-tions homozygous fcr AA ancl aa, respecÈively. In C the poprrLa-

tion, tliough conÈaínirrg ireteroruygote-s, has mor:e homozygotes than a pop-

ulaticrn rlatirrg a'i: randonl r,¡j-thout selectíon, and in D ít contains more

het.erozygotes. on the.boundary l¡etr,reen c and D, the effects of in-

breerlirrg and ¡;election exactl.'¡ counte::ba-l-ance each other (Hayman, 1953) "

Several poínts are apparent froin these diagrarns:

(í) For the popul:rtion to remain polymorphic, there musË be.

heterozygote advantage,

(Í-í) The heterozygote advautage needed to maj-ntain varíability

increases with the amount of selfing" i.Jhen there Ís complete selfing,

the fitness of the treterozygoie must be at least twice those of the

homozygotes for the population to rernain aÈ a non-trivial equilibrium,

(iii) F statisti-cs and p.hase díagrams are useful ín predícting

the genotypíc fre-quencie,s of the population at equilibriun, v¡hen selec-

tíve values r:ernain constant from generation to generation and are

independenL of genotypic frequencies.

hlhen se.l.ectíve values arc.- frequency-dependent, horve.ver, equili-

bríun frequencie-s cannot be- predícted from pure stand per:fonnances.

I¡líÈh the use of a compuLer, it i.s possible to sinulate population changes

resul.Èi-ng frorn frequency-rlependent selecti-¡e va-l_ues,

Computer sjmrrlat.ion based on Haymanrs r¡roclel has been studi.ed by

several authors. Allar<l and Adarns (1969b) calculated the interaction
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bet..¡ert:n each paír of genotypes separately to obtaín a matrix of re-

procltrct:'.ve value.s f or, computer: sirnulation. Schul-e a¡td Usarris (1969)

as.suûìecl that inbe-r-genotypic cornpc-:tÍtíon is additive Ín natuTe an<l that

the re¡:roductive value of eacl: genotype ís deterrnined by the sum of

its cornpet-í-iive- effr:cts rvith other genotypes in the populatj-on. These

auttrors shov¡ed ttrat a wíde rarrge of competitive ínteractíons (compli-

ment¿1ry aud overc:crmpensatory r-rÍ-th either additive, clomÍnant or over-

dominant competitive effects) coul-d mainÈain genotypic frequencies at

a stable equilibríum. However, as their study lras concerned with the

e-ffect of inLer-genotypic conìIietition, these authors expressed the re-

producti.ve value of each genotype as a functíon of the frequencies of

other genotypes ín the population.

The trinter-genotypíc cornpetitÍonrr approacl.. c[:i-,l not: err,rphasize

the abilíty of a ge-notype to adjust íts repro<luctive value as iËs

frequency in the poprrlation changecl. Thus, Ehe role of frequency-

deperrde':nt selectíon (or advantage) in mai.ntaining genetic polymorphisms

has not l'reen claríf ied. ÍIarding eq_q!. (i966) found that, ín popul-a-

tj.ons of lima bean, the fítness of the heterozygot.es increased as thty

became rare. I,trhen the frequency of the heterozygotes fell belor.¡ au

expected equilj-br:ium value of 0.07, their selective value íncreasecl

r.rarkr:dly in relation to those for tTre homozygotes, thus restori.ng the

eqr.rí1 ibriunr. F::equency-depenrlent sel.ection was postr:Iated by tlardíng

:J_el.. (1966) to expl.ai-n the retention of the polyrrorpl.risrn in these

populations of lima bean. In the present study, Lhe results from tTie

first three expet:i.ment*; índj-caterl that there T¡/asi a. linear relationsh.ip

betureren the yield clf each genotype- and íts frequency. Furthennore, as

f.d.a. vJas app;-rrentJ-y due to competitíon between p1-ants of the sarne
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gcnocyper ít r,r'ould l¡e rno::e approp::iat--e Eo express the reproductíve vafu¡e

of each genotype as a linear function of j-ts own frequency, regardle.ss

of the f re,quelcíes of other genot),pes in the poirulation.

The recursion formulae used he-re for: the freqrrencies of the

three gerrotypes ín the (n + 1) generation are:

Í
J,

n"+'1)(
I lAr -t B1(f Í

rjn+r¡ = ÍAz+l,2G5

rjn+r¡=[A3+83(15

n))l

"))l

"))l

ts (rf n)

iÈzsr[n)

n \rtù) + r(rÍn) +'arG.)¡21 / n

+ zt{r{n) + L-;(n)) (ijn) +,\i[n))i i I

t"C¡Á") *,or5")) + r(r{n) ¡ 4yrr-)721

?ì

D

where ¡ = ¡(n*1) + t(n+l) a ¡(n+1)

The population mean fitness, I,{, can also be calculated. Ìrl Ín

any generatíon, n, is given by:

hI
(") 3

T

i=1
[Ai n B.(fl"))] (n)f (3)

l_

In equatíon (2) , Bl, B, and 8., are regression coef f ic.ients of

reproductive values of the three genotypes on frequenr-r.-Les. A ncrgat:¡-ve

value of B indícates Èhat the genot.ype has a higher reprrrcluctive value

in a ntixture than as a pure stand, incre.asing with decreasing frequerr-

cíes. A value of B = 0 índicates t.hat Ëhe genotype has a sírnil.ar

reproductive value at all frequencies. Genotypes wit-h positive value-s

of B suffer in competition since theír reproductive values are irigtrest

ín a pure stand, decr:easing with loweríng frequencies" The rralueu Al,

A, and A, corresponcl to the selective values of the three ge-noËypes

when they occur at very low frequencÍes (rvhen fi = 0). The pure stand

+ B.
t-

reproductive value of each genotype ís therefore equal to A
1
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(when f . '= -l ,00),
a

The f.d,¿r. of each genotype v¡as def.inecl as:

yÍelcl aL low frequerrr:1' - yield i-n pure st¡rnd lnl
yíej-d at J-ow frequeircy

In the computer sÍ.mulatiou, the repro<luct.irze value of the

l'te.terozygote in pure stån<l was set at 1.00 (i.e, AZ. O BZ = l-.00). i{he-n

a genotype expre-sseci f .cl"a. in a sinlrl-ation, the change in its repro-

cluctive value \.^7as set at a.bout 4A7", ttltS.ch is comparable to thaE found

experímenÈally, thus: lBi I = 40"Å. The comparisons reportecl ltere
L

rnrere made betr'reen e-ases v¡here selective values are independe.nt of frequen-

cíes, and when selecÈive v¿rlues of 1., 2 or all 3 genotypes are frequency-

dependent. Also Èhe effect of complete selfing and partiâl- outcrossíng

was compared. Outcrossing r^ras then assumed to be 57""

The method of sirrúlation was cleterm.inistic iteratíorr, with the

reproductive value- and frequency of each genotype ín eacli generatiou

beirrg determined by íts reproduct.ive value an<l frequerrcy i-n the previous

generation. PopuJatÍons were considered to have reaclr.ed an equilibriuin

when frequencies are constant to 4 decimal places j-n successj.ve genera-

tions. All populations began wj.th F, plants ancl frequencies oi horno-

zygotes and heterozygotes rüere recorded for 50 generatíous. The mean

popul-atíon fitness in ea,ch generatíon \{as als;o r<:corded" Thrrs, in each

example, the j.nitial population l^ras ; ¡ (1) = 0. 00 , tÍt ) ." i. 00, t{t) = O. aO

and the poptrlation fitless = 1.00 (puFe stand reproduc.ti.¿e value of the

heterozygote) .

A

A
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2.. CornÞute:: simul.atíon,

2,I Theoretical. examples.

2,7-.L !a_s-g__!: The r¡alídity of the model- vras tested wlth

the símplest c:ase where there lrâs no selection (equal fitness for all

genotypes), no f,d.a. and no ouEcrossing. The par:ameters in equatíon

(2) atrei

=¡\ = 1.00 + 0.00(f+ B1 (fr)IA g n ß:(fg)zGz)L, +B )l-

s=1.00andt=0,00

Ao expected, the frequency of the heterozygote decreased from

1.00 in f (1) to 0.50 ín f(2) r 0.2-5 in r(3) "r¿ so on. At the sarne tí*r-r:,

frequency of each homozygote íncreased from 0,00 to 0.25 to 0.375 ín

the same generations (Fígure 32). After 15 generations, the frequency

of heterozygotes had reached 0.0000 (constant to 4 decimal places) and

the prrpulation was left v¡ith the tvro homozygcus classes 'each wiÈh a

frequency of 0.50, The population mean fitne-ss remaíned at 1.00 in

all generations.

2,1-.2 Cgse Z: The model was again tested in a case where

f itnesses rr'erê thê same as above (no sel.ecrion), but ali genotypes out-

crossed at a raËe of 57.. Thus s = 0"95 and t- = 0.05.

The population r:eached equilíbrÍum afte.r:1-5 generati-ons (Fig. 33).

Ttre propclrtj-,ons of the three ge-notypes aË equilí.bríun r^/ere:

¡(1s+¡ = 0,4762, t;tt*' = 0,0476, ¡ (i 5"r¡ = 0.4762.

The population fítness remained at 1.00 ín all generatjons.
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FíSUres 32. 33. 34 arrcl 35: Results of computer simul.ation of

Cases 1., 2t 3 ancl 4,

Changes in genotypjc frequencies (Al\, Aa, aa) and mean populatlorr

fítness (i'I) with generatíon.

Case At Bt B t
3

1

2

3

4 1. 00

1.00

1. 00

1.00
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llhese resulLs agre.e with those pre<iicted. For a populati.on

with mixcd selfing and oul-crossing without selection, the proportíons

of h.omozygoies and heterozygotes at equilibrium are gíven by t-he

e.quations;

2ft p -l- pqF

fZ= 2pq (1 - r¡ (4)

+ pqF

where p ancl q are frequencies of the allei-es A and a, respective,J-y and

F ís the coeffícienË of inbreeding, Since there \.¡ari no sre-l-e.ctiono

p = q -- 0.50 and at equilibrium F = s/(2 - s) (Ke.nptl'u:rne:, 1957).

SubstituËing the val-ues for p, q, and F into (4) gives t.he predicted

genotypic frequencies at equÍlibrium.

2.L.3 Caqu_]-: I,rlhen there are difÉerences in selective values

(x -l 1 -t y), genotypíc frr:quencies at equilibrium are also gi.ven by (4)

but in this ínst¿rnce, p / rt and F is calle<t tl:ei Fi.x¿l-ion Irrclex (I,lright,

1965). It denotes che joint effect of inbreeding arrd selection.

l,lorkman aud Jain (1966) shorved that at equilí.brir.rn the follor'rír:rg relati.on:s

must hold:

_2t3=9

ê 1+F (s)p (2-x-y) 'L - L4 s (1 + F) j

ancl sr2(t - x)(1 - y) + r [z-(xy - r) + s (2 - * - y)] - ?-(r - x)(1. - y) +
s(1 -xy)--0 (6)

Using the calculated values of p¡ q and tr, getre-tíc frequencies

at equílíbrium ar:e given by:

1- l-x
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I lp2+Lzsps (1 +F)l /D

I zpq.- spq (1 + F)l / D (7)

v lqz + r< spq, (1 -l' F)l / n

where D = sum of genotypic frequencí.es at equilibrium.

The above equatíoL-rs enabled the clevelopment of phase diagrarns

(Figures 30 and 31-) which, as already rnenticrnedr give an índication of

the type of eqrrilibr:íum for different selective values of the homozygotes'

In cornputer símulation, ít was assumed that the relaÈive via-

bilities were in the ratíos (0.80 : 1.00 : 0.70). Ptrase diagrarns

índicated that at equilíbrium, the populatj-on was honozygous for A.l\.

Using computer simulation, ít was found that with complete seliiug, the

heterozygotes \¡Iere e1 Íminated after 23 gene'rations and b'l the 50th

generation, the frequencies of AA and aa were 0.9981 and 0.0019 (Figure

34) .

2,L,4 Ctqgl: tr'lhen there \¡ras 5% outcrossj-ng aud l:ile. same

relatíve viabílities as in Case 3, the proportion of the heterozy¿;ote

at the 23rd generation was 0.0369 and genotypíc freqtterncies at the.50th

generation r¡/ere 0.9831 , 0.0053 , 0. 0l-16 respe.ct-i-vely (l'igure 35) .

Fixation of AA will eventually take place. The population fj-tness de-

creased from 1.oo in r(1') Ëo 0,799 ín f (50) vhicir lv'as appï'or.:i.nate-l.y

equal to that of AA in pure stand.

The examples thus far inclicate thai:

- When there üras no selection, outcrossÍng was a povzerful force

in maintainíng heterozygosíty.

f. =x

fz

f3=
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Infherr select:ion occurrecl , and x > 0.5 and y > 0.5, even r,¡i-Èh

heterozygous aclvantarge and outcrossing, the populatj-on e.ventuall.y rc':ach-

e<1 f ixatíon" The genotype wit-h the lower reproductj.ve value rvas;

e--ventually eliruinated from the nrixlure and hence the chance of heter-

ozygotes being protluced through outcrossing pr:ogress:í-vely diminj-s;hed.

In the al¡ove example-s, the ll values r,{ere set åt 0.00, so ttre

fítnesses were independent of frequenc.ies. In ttre following eranrplcs,

the same cases \¡zere repeated with frequency-'clcpenclen1- selective val.ues

(B # 0) . .Às outcrossíng rnras necessary f or the formatÍon of heterozy-

gotes L'-n advanced generations, only cases rshere there was 57" outcr:oss-

ing are reported.

2,I.5 Case å: The hybrids and parents had sínilar repro-

ductive values in pure stands but tlie hybrids had an advantage ín

mixture. The magnitude of f .d.a. of the hybrid was 37.5"/.. Thus J.nput

parameters r/ere:

A A3 * u3(f¡)

A2 -F BzG) 1.60 - 0.60(f

1.00 + 0.00(fi)

n) , +I = 37.57.tnz

J 81 (fr)I

This example is comparable to case 2 above but vritt: f.d.a. of

the het.erozygote. The population reacheú equilr'-britnn after 21 genera-

tions (Figur:e 36). Genotypic freque-ncies at equilibrium v,'ere:

rfzrr¡ = 0.4399, r(21+) = 0.1203, t{"*) = 0.4399

(1) (2)
The poirul-ation fitne.ss increased from 1.00 j-n f to 1.1-5 ín f AS

the heterouygote inc:reased in its reproductive value as it decrease.d ín

fre.quency, bul- the-n fitness decreased as homclzygotes increased in
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Fígrrres 36" 37, 38 and 39: Resrrlts of conpúter sÍmulati-on of

c.âses 5, 6, 7 and B.

Cl'.auges in.genot-'ypíc frequencíes (AA, Aa, aa)' and mearr popul-ati-orr

f itness (irl) with generatinn.

Case A

InpuË values

Ãz Bz Ag

1. 60 -0.60

1.60 -0.60

1.60 -0.60

1.00 0" 00

B
3

1" 00 0.00

0.70 0.00

1.10 -0.40

0. B0 0.00

I Bt t

0. 05

0, 05

0. 05

0.05

5

6

7

I

1.00

0.80

0. B0

L.20

0. 00

0.00

0. 00

0. 00
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frec¡re-ncy" At equílibrium, the popuJ-atíon fitness renaíned aÈ l-.0635.

Thus, when there T¡¡as f .d.a. the equilibrÍum freqrrency of the heterozy-

gote increased fron 0,0476 to 0.12-03 whereas Èhose of homozygotes

decreased from 0.4762 to 0,4399, The popul-ation fitness was also

hígher than when there hras no f.d.a.. Thís example supports the

results of Hardíng.9.!_-gL" (1966) whÍch showed that f .d.a. of the hetero-

zygote maintaíned iËs frequency at a l.evel higher than that which could

have been expected on the basis of outcrossing alone.

2,L.6 Case 6:

f.d.a. of the heterozygote

SelectÍon \^ras no\¡/ introcluced together wj-th

(c.f . case 4) . The ínputs rÀrere:

= 0.80 + 0.00(f )I

Ãz + B2Gì = 1.60 - 0.60 (f z)

Al +B
3
(f

3)=0.70+0.00(f 3 )

Although the populaËÍon had not reached equilibrium by the 50th

generation, there \¡ras very little change in genotypic frequencies from

generation 25 onward (Figure 37). The proporti-ons of the three geno-

types at the 50th generation were 0.6088, O.20O4, and 0.1908, and the

population f itness ín this generation was 0.9171. Thus f .d.a. of tl're

heterozygote vras suffícíent not only to í.rrcrease its own frequency but

also to maíntain Ëhe lower yíelding homozygote in the popul-ation.

A1 + B1(fr)

2,J-,7 Casq Z: In this example, both the heterozygote

and the lornrer: yielding homozygoÈe had an advantage in the mixture.

coeffícíents for the selectíve values Ì^¡ere:

Thr::
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= 0.80 + 0.00(f )I

L2*ßzG) 1.60 - 0.60(f2)

A¡ +B
s 
(f¡) = 1.10 - 0.40(f3)

iBz I

l\z

ls¡ I

E_

37.57"

36.4%

t

Pure stand reproductive values rvere sti1.1 in the ratÍos

(0. 80 : l. 00 : 0. 70) but there rsas 37 .57" f.. d. a. of the heterozgote and

36.4i! f.d.a. of the lower yielding homozygote in the mixture. The

simulation showed that. there \¡7as very lítt1e change in frequencies

from generation 20 onward and equilibríurn was reached by the 32nd

generatí.on (I'igure 38). Genotypic frequencies at that stage wele

O.2393, 0.1663 and 0.5944 and the population fitness rernained at 0.9535.

It is noted that the frequency of the heterozygote rdas lower than in

case 6 due to Éhe f.d.a. of the lower yielding genotype and frequencies "

of the homozygotes \irere reversed. However, the populatÍon fítness v¡as

higher than in case 6. This example íllustrates that a population may

be dominated by a genotype whích is 1or,¡ yíetdj-ng ín pure stand but has

an advantage in míxture.

2.1.8 Case B: In the previous e>rmples, the heterozygotes

always had a hÍgher selective value in pure stand than the homozygotes"

In the follorring examples, the heterozygote hTas gÍven a pure stand

selectíve value intermediate between those of the homozygotes.

\'Jhen there r{as no f .d,a., the selectfve coef f lcl-e-nts T^/ere:

A1 * Bt(f t) = L,zO + 0,00(f 1)

þ,2 + BzG2) 1.00 + 0.00(f )2

A3 + 83(f3) 0.80 + 0.00(f3)
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Even when there was 5% outcrossíng, the heterozygote v/as

el-imínated by the 25Èh generation arrd by the 29th generation the popu-

lation was completely dominatecl by AA. The population mean fitness

ine.reased steadily and remaírrecl at 1.20 (Figure 39), which is the same

as the pure stand reproductíve value of the higher yíelding homozygote.

2.L.9 Case 9: The reproductive values of the homozygotes

were the same as;" B but ttre heter ozygotenor¿ had an f .d.a. of

37.57.. Thus j.ts reproductive coef f icients rrere: 1.60 - 0.60(f 2).

The results showed that i:oth eliminatíon of the heterozygote and fixa-

tion of AA occurred by the 45th generatíon even rsrith 5% outcrossing

(Figure 40).

2.1.10 Case 10: In thís example, both the heterozygote and

the l-ower yielding homozygote had an advantage in the mixture. The

ínput paranìeters \,rere;

A1 -l'81(ft) 1.20 + o,oo(fl)

A2+BzG) = 1.60 - 0.60(fz)

A3 + B3(fS) 1.30 -0"50(f3)

I,rlhen there \^ras 57" outcrossing, there was little change ín geno-

typic freqrrencies after the 30th generatíon (Fígure 41), The propor-

tions of the three genotypes at the 50th generation vlere:

O.6854, 0.0669, A.2477; populatíon f ítness = 1.2L82.

Thus, f.d.a, of the lower yielding genotype enabled Ít to remaín

in the populati.on and contributed to the formatíon of heterozygotes
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Tigures 40, 4I. 42 and 432 Results of cornputer simulation of

Caees 9, 10, 1.1. and 12.

Changes ín genotypÍc f[equencies (AJ\, Aar aa) and mean population

fitness (Ìl) with generatÍon.

I¡nut values

Case At BB Ãz Bz A t

0.05

0.05

0. 05

0.05

1 3

I

10

11

L2

1. 60 -0.60

1.60 -0.60

1.60 -0.60

1.00 0.00

0. B0 0.00

1.30 -0.50

1.30 -0.50

1.30 -0.50
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through outcrossíng. The populatj.on fitness in this ínstance was

hi.gher than the pure stand fj.tness of the higher yÍ.eldí-ng homozygote.

2.1.11 Case 1!: In the example-s so far presented¡ Èhe

higher yíelding genotype had been consídered frequency-índependent,.

If tiríS genotype had an increased yiel.d at the low frequency of the

same magniÈude as other genoËypes, íts frequency at equilib::Íum would

have been rnuch hígher (unreported cases). There are cases, however,

v,rhen the higher yielding genotype had a disadvantage when in competi-

tion (Khalifa and Qualset, L974). The following examples consíder such

cases. The ínput Parameters I^7ere;

Al + Bl(ft)- 0.80 + 0.40(fl ) ; pure stand = L,20

A2 + B2Gz) = 1.60 - 0.60(f2) ; Pure stand = 1.00

) = l-.30 - 0"50(f3) ; pure stand = 0.80Al +B
3
(f

3

L{ith 5Z outcrossing, computer simulatÍon showed that there r/as

1íttle change Í.n genotypic frequencies after the 25th generation (Figure

42). The proportíons of the three genotypes ín Èhe 50th generation

were:

0.L777, 0.LL25, 0.7098 population fítness 0. 9980.

Again, a hÍgh selective value of the heterozygote in pure stand was not

a necessary condition for a stable equi.librium, providing that fj-tnesses

changed appropríately wíth frequency. Thís result ís similar to that

obtained by LervonÈin (1958) through mathematical analysis (see LÍtera-

ture Review, page 25).
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2.I.I2 -C=gg-J.-2-: Occasionally, it was found that f.d.a' was

not associated uíth hete-tozygosíEy1 for example, (Hmt.lT) Ft ín experi-

ment IIIA. Thi.s firral case is an example where the fitnesses of

both homc¡zygotes changed with frequencíes but that of the heterozygote

ruas in<lependent of frequency. The coefficients of the three genotypes

used here for símul-atíon were: i ¡-

Ar + Br(fr) = 0.80 + 0.40(ft)

^z+ 
BzG) = 1.00 + 0.00(f2)

A3 + B3(f3) = 1.30 - 0.50(f3)

pure stand = 1.20

pure stand = 1.00

pure stancl = 0,80

The population r.rould eventually be dominated by the sËronger

competitor (figure 43), but the heterozygote had not been eliminated

by the 50th generatíon. Genotypic frequencj.es at that stage vrele;

0. 1074, 0. 027 6 , 0. 8650 ; population fitness = 0. 8685

Thus, even rvhen the heterozygotes r.rere intermediate betr¡een the parents

in pure staûd and had no advantage in mixture, they were stíll main-

taíned in the population through outcrossing, providing that both

parents were present.

A summary of the restrlts for cases L to 12 is shor,¡n in Table

50.

2.2 Applícatíon to exoerimental data.

Although the previous e.xamples had assurned genotypic frequen-

cies arísíng from alleles at a single 1ocus, simílar consideration may

be given to populaÈions of parents and hybr:ids, particul-arly if they

can be distinguished by símply inherj.ted marker genes. In this



Table 50: Surmary of the results of computer sitnulation in cases I to 12.

Input Values

Case t At B I A3 B
3

(
)ÒBzAz f {ri)

I

Results

n) f n) w (n)

1-.0000

1. 00c0

0.7998

0.7 999

1.063s

0.9171
Ì\)

0.es3s R

1. 2000

r. 2000

T.2L8Z

0.9980

0. 8685

1

2

3

4

5

6

7

I
9

10

1l
t2

1

t
A

n

f

W

=

B

n)

proport.ion of outcrossing

I, A2 82, A3 B 3 = reproductive coeffícients of the three genotypes

generation aÈ r^rhich equilibrium reached, 50* indicaËes that equílibríum had not been reached by the
50th generation.

- ¡(n)- ç(n) = genotypíc frequencies at equilibrium (or aÈ the 50th generatíon)
' -2 ' -3

= population rnean fitness at generation n

(
1

0.5000

o.47 62

0.9981

0.983r

o.4399

0.6088

0.2393

1.0000

1.0000

0. 6854

0.r777

0. 1074

0.0000

o.0476

0.0000

0. 0053

0.1203

0.2004

0.1663

0.0000

0. 0000

0.0669

0.rL25

a.0276

0.5000

0.47 62

0. 00i9

0.0rr6
0.4399

0. r90B

o.5944

0. 0000

0. 0000

a.2477

0.7098

0.E650

15

15

50*

50*

2L

50/c

32

29

45

50,k

50J.

50*

1.00

1.00

0.80

0. 08

1. 00

0. 80

0. 80

L.20

L.20

r.20
0.80

0. B0

0.00

0. 00

0. 00

0.00

0.00

0. 00

0. 00

0.00

0. 00

0.00
-Ð.40

+0. 40

r. 00

1.00

r.00
1.00

1. 60

1.60

1. 60

1. 00

1. 60

1.60

1.60

i. 00

0.00

0. 00

0.00

0.00

-0. 60

-0. 60

-0. 60

0. 00

-0. 60

-0. 60

-0" 60

0. 00

1. 00

1.00

0. 70

0.70

1.00

0.70

1.10

0. B0

0. B0

1. 30

1. 30

1. 30

0.00

0.00

0. 00

0.00

0.00

0.00

-0.40
0.00

0.00

-0. 50

-0.50
-0. 50

0. 00

0.05

0. 00

0. 05

0.05

0. 05

0. 05

0. 05

0. 05

0. 05

0. 05

0. 0s

(n)
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Èhe changes ín genotypic freqtrencies of Inlarimek,

were simulateci using the results in experítnr:nt

Tínrgalen

IIIA.
I

since Ít was found thaL the (ühn'¡11) Ft díd noE shor'r f.d.a. in

either parental sLand, it-s pure stand yield r;ras taken as the me-an of

its yíe1d in the llarímelc and Timgalen backg::ounds at 2 fequencies 6.252

aú, 25i! (Table ll-). The rnean yíeld per plant was 2.079, Grai.n yields

of l,Jarimelc and Tirngalen \,fe,re estímaEed from regression equati-ons

(f'Í-gure 15) which showed thaË pure stand yíeld.s of l{arimelc and Tirngalen

were 1.BB and 1.63 g/plant.

I^Ihen the yield of the F, ís taken to be 1,00, relat-íve yields

per plant of h'arímelc and Tirngalen are 0.91 and 0.79, respectively.

Itrow, sínce_ the F, and lrlarirnek díd not express f .d.a., the-ir

reproductíve values in mixture remained at 1.00 and 0.91, respecËiveJ-y,

at all frequencies. llov¡ever, as Timgalen was a sÈrong competitor, íts
tt

yíeld increased at lovr frequency. Its experímental f .d.a. (-l.Rl) tnu

found to be about 40,7 and hence the ::eproductíve coefficients of the

three genotypes r¡rere:

lüarinrek fn*) 0. 91 +' 0 .00 (fr{m)

(tr\Trn?kT)F1 t A2 1.00 + 0.00(f
F

Timgalen t A3+83(fT) 1"30 - 0.5r(fr)

pure stand of Tir.galen = 0.79 and 4+

A1 + B1(

+ B?(fTt )
- 'l

)
I

= 39.2'/"

' Fouï cases r,¡i1I be presented. The population was simr¡lated

for 100 generations but as the-re was little change in genotypic frequen-

cies after 50 generations, the figures only illustrate the fírst 50 gener-
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ations.

2,2.L Case- 1: No outcrossíng and no f .d.a. of Timgalen.

(i.e. Ag +B 0.79 + 0.00).
3

Tire F, was elÍminaEed by the 19th generation and the populatíorr

vas completely dominated by trrlarirnek by the 73r:d ge-neration (Figure 44) .

The populatíon fiÈness dec::eased from 1.00 to 0.91 whích is equal to

the pure stand reproCuctive val-ue of l^larimek.

2,2.2 Case 2: 57" outcrossing but alen di-d not show f . d. a.

The effect of outcrossing hTas to delay the stage of fixation,

so the elímínation of the F, and domination of tr{ar:imek took place in

generations 79 a¡d 92, respectively (Fígure 45).

2.2.3 Case 3: No outerossíns but T irngalen had an f . d. a.

of 39,27"

The F1 was elimínated by the 17th generatíon but the populatíon

remained Ín equilibrium from generation 75 onward, when frequencies of

lJar:imek and Tiragalen were 0.2353 and 0,7647, and the population f itne.ss

at equilíbrium r¿as 0.91 (Figure 46). At these frequencies, the fít-

nesses of l^larimek ancl Timgalen were equal . In this example, it is

possible to predíct the equilibrium frequency of Tímgalen from its

reproductive, coef f icíents :

r. = 1'39;9:91 = 0.7647- (r) 0. sl
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44. 45,46 and 47; Results bf computer simulation of

I{arimek, Timgalen and theír F, hybrid ín Cases 1, 2, 3 and 4'

changes ín genotypic frequen,cies (Ihn, Frr T) and mean population

fltness (\.{) with generaËion.

Case A

Input values

Ãz Bz Ag
1

tBBt 3

I

2

3

4

0.00

0. 05

0.00

0.05

0.91

0. 91

0.91

0. 91

0.00

0. c0

0.00

0. c0

0.00

0.00

0.00

0.00

0.79

0,7 9

1. 30

1. 30

0.00

0. 00

-0.5r

-0.511.00

00

00

1

I

1. 00
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2,2.4 Case 4 a 57. otrtcrossintÌ and f-d.a. of Timgalen

The population reached equilíbriurn by the 70th generation.

Genotypíc frequencies at thar st-age v/ere- 0.206f , 0.0395 and 0.7543,

ancl the- popul.ation iliean fitness remaíned at 0.9175 (l-ig 47).

In Ëhis example, Ètre Fl did not shor.¡ f .d.a. but rvas maintained

in the populatíon due to outcrossing betweeri l,larimelc and Timgalen.

Thus f .d.a. of the lower: yielding homozygote l\ras suff icient to main-

Ëaín that gerlotype in the population, but outcrossing I¡las necessary as

a source of new heterozYgoEes.

A summary of the results for the above four cases is sholn in

Table 5I.

3. Discussion

A1-though the foregoing examples re-present theoretical circ.um-

stances, they clarify the relat,ive ímportance of the different factors

which influence genotypic frequencies and the conditions for stable

polyrnorphisms in a populaÈion of predomÍnantly self-pollinating species

of ínfíníte size.

trühen all genotypes had an equal fitness and f.d.a. was absent,

the two homozygotes alr¡ays had an equal fr:equency (cases I and 2), but

outc-rossíng \¡ras a necessary and sufficient conditíon to retain the

heterozygot-e ín the populatíon (r:.ase 2) . I'fhen the::e v/ere dif f erences

in selective val.ues but no f.d"a,, the homozygote wi.th a lower pure

stancl yield \.Ias eventu:rlly eliminated from Ëhe míxture (cases 3, 4 and

B, cases I and 2 of I^imT), thus removing Ehe source of new heter:ozygotes



Table 51: Summary of the resulÈs of computer simulation of, Inlarimek, Tirngalen and their F, hybrid.

Input values Results

Case t B
1

Az B
2

Ag B
3

n

f = proportion of ouËcrossing

At tt and f, = reproductive coefficients and frequency of l{arimek

AZ UZ and f., = reproductive coefficients and frequency of the hybrid

A^
J

and f, = reproductive coefficients and frequency of TÍmgalen

= generation at rn'hich heterozygote is eliminated (*), and generaËion of fixaticn of l,,Iarimek (cases

1 and 2) or equilibriuur (cases 3 an<i 4).
= mean population fítness in generation n.

n

I^I
(n)

At ¡¡(n)

1 0. 8995

0.9100

0.91_00

0 " 9100

0.9200

0.9100

0. 9175

2

3

4

Ì\)
F
H

u3

(
I

(
2

(
J

n)n) n)fff

0.9L22

1.0000

0.9998

1.0000

0.2618

0.2353

0.2061

0.0000

0.0000

0. 0000

0.0000

0.0000

0.0000

0. 0395

0.0878

0.0000

0.0002

0 " 0c00

o.7 382

0 .7 647

o.7 543

19*

73

7g*

92

L7",,

75

70

0.91 0.00 1.00 0.00 0.79 0.00

0.91 0.00 l.oc 0.00 0.79 0.00

0.91 0.00 1.00 0.00 i.30 -0.5r

0.9r 0.00 1.00 0.00 1.30 -0.51

0.00

0.05

0. 00

0. 05
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(c:ases /i an<l 8¡ cas<: 2 of l,trnT). Hov¡ever, íf Ehe genotype wíth a

lower ptrre- sÈancl yielcl had a hÍgher yield rshen Ít was gror'rn in a

míxture. íts f .d,a. r^7¿ts suf fi.cíent to maintain the two homozygotes in

equilibrium (cases 7, 10, ll and 12, cases 3 and 4 of I'ImT), The

populatlon then remained polyurorphic and lteterozygotes rtere procluced

through í.ntercrossing (cases 7 " 
LO, 11 an<i 12, case 4 of lfmT). If

Ehe rnagnítude of f "d.a. \¡ras appre-ciable, it rnigirt even enable ttre lorver

yieldíng genoLype to clominate the nixture (cases 7, 11 and 1-2, cases

3 and 4 of l^ÌrnT) '

Assuming that the frecluency of the he.terozygote is reduced by

inbreeding, heËerczygote advantage alone \^las insufficient to maintain

the heterozygo1e ín the population, except the cases where the selec-

tive value of the heterozygote v/as more than'twice those of the homo-

zygotes (see phase diagrams, Figs 30 and 3l). Furthermore, when the

selective values of hotnozygotes approach that of the heterozygote, only

a small difference in selective values of the two homozygotes v/as

suffici-ent to lead to fixaËion (Fi.gures 30 and 31). tlowever, when

outcrossing occurred arrd even without heterozygote advantage, f.d.a.

was able to maintaj-n the heterozygoLe ín a stable equílibrium with

homozygotes (cases 5, 61 7r lC and ll) or reduce the rate and del-ay the

approach to fixation (case 9 c.f. c.ase B)' This suggests Èhat agricul-

tura1 populations rvould tend to remain genet-ically 'r,'ariable much longer

than ís expectecl on the basís of natural- crossíng ancl segregation'

The nro<lel used in the computer simuJ-atíon was based on that pro-

posed by ltayinan (1953). I,Iorkman and Jain (1966) indicated tbat such a

model was valid. íf scoríng hTas done príor to mating and soon after

selection takes place, so thís nodel was applicable to daËa based on
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see-d cherracters (e.g. loci b¡ sr 8r r, e in barJ-ey). These authors

proposecl tr^ro other model-s appli-cable to the differerrt stage of the lj-fe

cycle ¿rt r,¡hích genotypic freque-ncies might be recorded or for differ-

ences in the mocle of select:l-on as shcwn trere:

Itag_e-:

Generatíon:

1-?zygotes ---:-å' mature adults --:----* zygotes

n n n*l

Ìt was consj,dered that zy?,otLc selection could result either

from cliffere¡tíal viability at stage I or from differential fecundity

or variation ín the niatíng system at stage 2. Thus, Ha¡rmants rnoclel

(1953) (n:ocle,l I accord j-ng Ëo l^lorkman arrd Jaín , 1966) is applicable where-

both selecÈi,on and the <leterrnina*,ion of gencltypíc frequencíes occur at

stage 1, and assuming that all of the selection has occurred príor to

scorí-ng. llnde¡: noclel II , \^lorkman and Jain (1966) considered the c-ase

when selection occurred at eíther stage L ox ?-, but genotypic frequen-

cies were. score<l soon after nating, based on census data of nervly formed

zygotes (e.g. aleurone colour 1ocí bl' bLZ in barley). At equil-ibríun,

genotypic frequencies ín Èhís rnodel are derÍvecl from the previous one

by consiclering one exLra generatjon of niixed selfíng and random mating.

Model III js used vrhen selectíon acts on onl.y one sex and selectíve

difference.s result fr:om di.f f erential fecundíty (stage 2) deterrnined by

the ma¡ernel genotype alone and the scoring is the same as in model TI.

The appr:oach to equilíbr:ium differs between l-he three models.

Horuever, at equil-íbrjum the genotypic frequeucies just- prior to matíng

¡¿ould be Èhe- same for all three moclels (\^lorl¡man and Ja.i¡r 1966).

Formulae clescribing population changes for the- two alternat-íve rirodels

were given by these authors br:t they will not be. presented here. A



2L4

detail-ec1 discussíorì on these niodels is outside the scope of this study"

Cthe:r factors r^rhich might influence genotypic frequencies

qrere not consideled here as they are rarely relevant to plant breed-

în¿1 prograrns:" These include mígraEion and mutation. Ttre work

reportecl her:e is appli-cab1e to populations of ínfiníte síze. l{hen

the popul¿tj.ons are much smaller, ít is more 1ík-e1)'that the genotypes

at low frequencies rrrould be lost through sarnpling error. l'or popul-a-

tíons of preclomínantly self-pollinatíng species, a reduction in the

populatíon size would tencl to promote homozygosity.

The símulatíon also assunred that the rate of outcrossing was

constant and that the only force which altered selectíve values was

f.<l.a.. It has been shown that the mean outcrossing rate of a popula-

tion ís affected by envirorunenÈal and physiological factors (Fryxeil,

Lg57). Changes in sele.ctíve values can also result from genotype-

envirounient ínteractions over sites and seasorrs. J'ain and Marshall

(f968) use.d computer simulatíon to study populaf;j-olr changes in which

eíLher the r:ate of outcrossing or selective values of homozygoËes were

val:ied amorlg successíve generations. They concluded that fluctrratíon

ín outcrossing rate resulted j.n changes in the "effectiver' (or

apparent) Iteterozygous advantage but left allelíc frequencies unc.hanged.

Hence, there v/as very líttle change ín the borrnds on selectíve values

of rhe honiozygotes that would yield noD-trívial genotypic equilíbria

(borrrrdar:ies bet.;veen the areas marked À anci C and B and C in phase

díagrams). On the other hand, stochastic fluctuations in selectíve

values markedly íncreasecl the region of stable equj libria for a poly-

morphism. Horn'everr Jain and Marshall (1968) used Monte Carlo procedure

to simulate the mode1 of stochastic fluc.tuations ín selective values,
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so this moclel rnas applicable to fínite populaLÍons of zygotes.

The líter:aËure on geneLic polymorphísms al-so includes models

where fitnesses are densíty-dependent which in turn may result in

frequency-dependence of. selectí.ve val-ue.s (Anderson , L97L; Charlesworth

and Giesel, 1972; Clarke, 1972; King and Anderson, L97L). In these

rnodels, genotypic fitnesses are dete-rmined by the intrinsic growth

rates (density-índependent), but the population size is regulated by

the carrying capac.íty (density-de.pendent) of the environment for each

genoÈype. lühen the populatíon density j-s low (e.g. in expanding

populations), selection would. favour genotypes with a high reproductive

rate, whereas at high population densities (e.g. sÈable populations),

sel-ection would favour genotypes which have a hígh viability in crowd-

ed conditions. The population size interacts wÍth the carryÍng caPa-

cities of'the envíronment'Èo regulate the fecundítíes and viabilities

of the gònotypes. Genotypic fituesses vary and until the populaLion

reaches stabíti-ty, the contrÍbution of each genotype to the population

f itness wíl1 vary vrith its freque.ncy.

Other models on frequency-dependent selection (e.g. sexual

selection, mimetic se-lectíon) are not cliscussed here si.nce they are more

applicable to outcrossing specj.es.

Thus, there are many mechanísms which determine- population

changes. The work reported here only points out that f.d.a. r among

others, contributes to the maint,enance of genetic polymorphisns. Hor,¡-

ever, it shoul-d be not.ed thaÈ frequency-dependence of reproductive

values díd not always result in an increase in the mean popularion fiÈ-

ness, especíally when hÍgh yíeldíng genotypes are suppressed wtren in
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comÌ)etition wíLh low yielding genotype$, llhis is illustr¿rt'erd by

comparíng the populaLion fitnesses ín cases 11 arrd 12 r¿ith f-hose 'Ln

cases 8, 9 ancl 10. In ag::icultural populatíoiis, this eff ect of

conipetítion is particularly ímportant if the f¿rctor contríbuting to

competí.tive success is not clr.re to yíeldíng abílity l¡rrt due to dj-ffer-

ences in morphology of the cornpone-ni:s of the mj-xtur:e (KhalÍía anci

Qual-set o Lgl4 r^rí-th rvheati Jennings and llerrera' t96B r,¡ith rjc:e).

Khalifa anrl Qualset (L974) corirpared the yields of nixtures of ta1l and

dwarf wheat varieties grovrn together f.c:r 4 consecutive years rvíthout

artificíal selection, They showed that the relative yíeld (as a per-

centage of the bulk populatíon) of the tall and lorv yíelding variety,

Ramona 50, increased from 50% to 787", rvhereas Ëhat of the sho::t and

high yieldi.ng var:Íety, D6301., decreased from 507. to 227". The- total

grain yiel<l of Èhe bulk population also decreased frorn 6086 kg/ha to

5794 :rlg/ha in the same period, IIowever, ín a subsequent Paper, Khalifa

and QualseË (1975) reported that the bulk hybrid of the same varietíes

steadily inc'reased ír'r yield with.a<h'ancing generatic)ns' Also' the

increase irr mearr yield r^/as accoñrparri.ed by a steady increase in varÍance-

for yield aûìong a sample of the lines se-lectecl at random. The-se

authors drew the clístinctí,on br:tween compelition ín mixtures of

varieties and competitíon within the bulk hybríds and suggesterl Lbat the

greater: number of genotypes j-n the latte.r nay resul-t in several kj.nds of

conrpetitiotì occurrirrg concur:rently. They suggested the types of: compe-

titÍon clescrj-becl by Schutz, Br:irn and Usanis (L968), r,drich ínc-Lu<led over:-

conìpe-r-tsation in a feerlback systen (sÍmí.lar t-o f.d.a.) as likely to be

responsible for: the increase j-n yíe1d ¿rncl vari¿ince of the línes ín the

bulk hybrid.
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The. r:eterrti,on of genetic polymorpÌri-sins ior r*rhich f .d.a. rnay be

responsible-, ensui:e.s that a large rnrnber of genotypes are avai.lable

for genetic recombination. This may be an itrrportant factor in the

erzol.ution of self-pol-lír¡aLe¡d pl-ants and coul<l account for ttre hetero-

EIer-leous nal-ul:e of natur¿¡1 populations (41.1a''d, 1965) or mi.xed agrícu1--

tural populations (Harlan and Martíni, 1938; Suneson, 1956). I,¡i.th t1ìis

varíability, even a "rn.r, amount of ouËcrossing m.ay be suf fi.cient to

procluce ner,/ and highly productive gerìotypes" Allard and Hansche (1964)

indícated that genotypes lvhich survíve ín mj-xtur:es are of agrícultural

value. Srineson (1956) and Lohaní (1976) found that high yieJ-ding geno-

types vere pre.sent in advanc.e-d generations of c-.oinposíte crosses. It is

certai.n that agr:ícultural populations are nruch more complex than the

examples reported from cornpute-r símulatíon (whcre only 3 genotypes were

considere<l). For example, Composi-te Cross TI (Suneson and St-evens, 1953)

originally consísËed of 378 hybrids from the crosses of 28 varieties.

It ís desÍrable that genolypes v¡hich are low yíelding brrt other-

wise possess useful genes such as disease r:esistance or hígh protein

conf-ent be relainecl ín nalural population or bullc hybrids, as these can

corrtríbuEe to Ehe Ímprovement of the popul.ati-on through intercrossíng

r^/ith lligh yielclíng genotypes. Allard and Hansche (1965), Allard and

Inlorkntan (1963), Imam an<l AIJ-ard (1965), Ja-irr ancl Allard (1960) used

census data of ilrarlcer gene.s ho show that many inferior alleles were

pr:esent il nattrral poprrlatícns of li-ma beans, barl-eys and oat.s" It

was poGtlrlat-ed Ëhat the perrij.stence of hetc+rogeneity was due to selec-

tion favouríng lhe heteroz)¡gotes but it is pr:obable that f.d.a.

occurred to retaín these alleles and allov¡ for the possibiJ íty of genetic
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recombinatíon. These previously inferíor genotypes could become a

source of varÍabílity and contríbute to the formatíon of new and

superior ones. The isolat.lon of high yielding genotypes in advanced

generatíons of composite crosses (Lohani, L976; Suneson, 1-956) tndicat-

ed that superíor gerretic recombinaËions did occur 1n agrícultural

populations of self-poll-inating species and f.d.a. ís one of the factors

which made it possible through the retentíon of gentic variaLrility"
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V]. GE}TI|R,\I, DISCUSS].ON AI.JD II'ÍPI,ICITI'IONS IN PI,AIIT BREE]]ING;

A. Introdurct:'-on

The main objectí-ves of this thesis rüere:

(Í) to establi.sh the occur:reírce and to measure the magnitude

of f.d.a. in wheat.

(ii) to investigate the bases of f .ci.a. and the physj-cal

factor:s whi.ch confer the advai-rtage.

(ij-i) to study the effect of f.d.a. on síngle plant selection.

Also, the role of f.d.a. in population dynamics was demonstrated

by com.puËer sj-nulatíon, using tire model of mixed selfíng and randorn

crossing cle..reloped by llayman (1953) .

The rnost important fíndíng of this study rvas that a €je-notype gror\r-

ing at a low frequency in a mixture had a hígher yield (and number of

grains) per p1,ant than when it was gro!/n at a higher frequency in a míx-

ture of the same components. These reductions in yield ranged irom 207"

to 407( and vrere obtained for Fr, F4, I'u and homozygous parental varíetíes.

The consiste-nt occurrence of f .d.a. in diffe-rent years, when more than

150 genotypes r¡/ere tested in dífferent expeÌ:imental designs ("f íxed" posi-

tions ín the lland plante<l experiments ancl r'randornt'positions in the

machi.ne sordn experínenEs) indicaËe-el that f .cl .a. is likely to be wide.spread

in r¿heat and to warrant attentíon during wheat breeding.

Under South Australian conditions, ít was líkely that f.d.a. was

a result of inte::actions betrveen plants in the soil arrd more specifically,
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betrveen ïoots of Èhe same genotype. In e.xperimcnts I and IIIA, where

the. positi.ons of the l-es¡ plants coulcl be accuraEel-y iclentified, it was

founcl thaL there \,/as a posÍ-Live and signific.ant correl,ation between grain

yielcl and distance- l¡etrveen the te-st p1-ants" As the frequency of the

test plernts rlecreasecl , the c1j-stanc.e betrdeen these pl-ants increased and

hence the j.nterference between thei:l roots is líke1y to have decreased.

This suggests that f'd"a. \'/as due to comF¡cl-íLion bet\seen plants of the

sâme genotype for environmental resources in a slightly different vTay

than that from other genotyPes.

The physical basis of f.d.a. further suggestecl that genotyPes

whích expre.ss f.d.a. are co-exploitaEive rather than competitive. This

is supporte.d by the observation that the bac-kground plants wer:e unaffect-

ed by Lhe enhanced gror+th of the test plants at low frequencíes (Halberd

p1ants in experiments IA ancl IB, and ï¡larimelc plants in experiment TV) '

Irtrrthermorer in mixtures of strong and rseaic cornpetitors (experíment llTA),

the stror-iger competítor, Tj-mgalen, hatl an increase-d yíeld at 1ow frequen-

cies, but the weaker competitor, Inlarj-melc, had sinílar yields at all

f requenc i.es.

F.d.a, has been shov¡n to T-¡e similar to the over-compensatory ínter-

acÈion reported by Schutz, Brim an<1 Usanís (f968) for míxtures of soy bean

and by Allard and Adams (1969b) for míxtrir:es of barley genotypes' These

authors considered that the over-conpensatory effect might have been

responsil:lle for the rnaíntenallce- of genetic polyrnorphí.sms ln agricultural

populat-ions. frr the sÈudy reported here, with the use of a computer' iL

was clemonst::¿,Lted that a comb.ina-tion of f .d,a. and natural crossíng cotrld

maintain genotypíc frequencies at a non-trivíal equilibrium.
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The effect of f.d.a. on single plant selection is discussed

in the next sectiorr (84).

B. Implications of f.d.a. in plant breedine.

'The foregoing evídence on the existence and magnítude of f.d.a.,

and the role of f.d.a. in naintaining geneËic polymorphisms, suggest

that f.d.a. influences at least four aspects of plant bree-ding.

1. The use of C osite Crosses in breeding for hisher srîain

yield.

The aim of the Composite Crosses (CC) is to provide a t'mass

reservoirtt of genetic varÍabilíty, whích may be exploited both as a

source of deriving superior recombinants and for the retentí.on of geneti.c

variability. Basically, the technique consists of crossing a large

number of varietíes in a number of cornbinatíons, mixing the hybricl seecls

and propagaËing the composíte bulk under "natural" selectíon - appar:ently

indefinítely.

Prelímínary consíderations would suggest that the effectiveness

of this method may be lor,¡ as segregation r¡ill lead to homozygosity and

ínter-genotypic competitíon would then reduce such populations tcr hcrrno-

geneíty rapic1ly. This would restrict the likelihood of recoml,'i¡atj-on.

Although it has been observed that certain ínferíor marker gelles !/ere

quíckly eliminated frc¡m the CCfs (Suneson and Stevens, 1953)o tirere is

e-vide¡ce (Atlard and Jain, 1962; review íu Al.lard and Hansche, 1964) Ecr

shov¡ that "a vast mlnber of dífferent genotypes re-lnaíned in tl-re'- popula-

tion after 18 generatíons of exposure to nat:ural selection". Allard
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ancl Jain (Lg62) grew randomly chosen plants f r:orn the F3 , F6 , Ft g and

F,ug'eneratíonsofCCVofbarleyandfoundthatthebetrveerr-and

$/ithin-f amily vari-ances f or hea<ling time remained hígh in the Fr e genera-

tion. These authors clíscussed the evolutionary pl:ocesses rvhich míght

have contribute-d to the observed results and suggested tha.Ë I'the nost

lílcely candídaLe was selectíon favouring heterozygotes".

Subsequent studies by Allard ancl his associates have sho¡¡n that

the hypothesis of hetero zygote advantage was insuffícíent to explain the

retention of heterozygosity in advanced generations. Allard and Worl¡rman

(1963) used census d.ata basecl on seed coat pattern of populatíons of lima

bean to shorn, that whíle there \nras a te-ndency for the selective value of

the heterozygotes to íncrease ín latter generat-íonsr theír frequency at

equílíbri.um \^r'as higher than could be expected on the basis of heterozygote-

advantage and outcrossing.

Frequency-dependenË advantage provides an explanatíon for the

perfo::mance of single plants whích results in the persistence of hetero-

geneiLy. Harciing et al. (f966) showed that there \das a negative correla-

tion betwee-n the fitness of the heterozygotes and theír frequency i'n

populafíons of lima bean. Furtheïmore' the fltness of the heterozygotes

was largest tvhen their frequencies \'Iere lower than that observed at ec1uil'i-

brj.unr (0.07), so tha.t at very low frequencies, the,y produced tbree tirnes

as nany progeny as the homozygotes. Hardíng et 91. (1966) suggested that

freque.ncy-clependent selection \¡¡as tra potent force in the retention of

segregational variabílity iir this heavíly inbreedíng speci'es" '

The lesults in the expe-rimenËs reported here indicaÈed that

frequency-clependent advantage \,74s not due only to heterozygosíty. The
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magnittude of f.cl .a. was ahnost the sarre when the test genotypes were

frorn t-he F,, F,+, Fs or lleïe parental varieties' I'lith the use of a

colìrputer, Í.t vras shown that f .cl .a,, when a genoi;ype at lorv frequency

produces far rnore. than íts proportionate sh¿r:le of offspriug, en:rbled

ge-notypes with a lor,t repro<luctíve valrre irr pure stand io remain in the

popula t íon.

Thus, a combiDaLion of f.d.a., natura.l crossing and heterozygorts

advâ!.rËage is the tihely mechanism maintaining heterogeneity ín Composite

Crosses of predominantly inbreeding species. lr{any of the genotypes which

survive ín the population through f.d.a. may not be- high yielding rvhen

gro!¡n i-n pur:e stands; nevertheiess, they are a source of genetic varia-

bi1íty for hybríd,izatíon and rec.ombination. The increase in yield of

the CCrs in advanced generations and the i-solation of high yielding geno-

types from Ehese crosses (suneson, 1956; Lohaní, L976) indícated that

useful recombination does occur. F.d.a. is ímportant Èo the success of

the Composíte- Crosses because it en¿rbles the maintenance of variability

essential fo¡- contínued recombinatíon'

2. l4anagem ent o f mul t i1i ne var i-et i-es .

OfteD, a mr:'l tilj-ne variety is conceíve.d of a nixture of many geno-

Ëypes, eac.tr of wh-Lch occurs at a 1or¿ fr:equenc¡r and possesses a dj-fferent

gene for dj-sease resistance. The success of this rnethod of breedíng for

resist-ance to pathcgelis clepends oit the mixture rernaíning genetlcally

varíable. Tbe frequent oc-currence of f .d.a" in rvheat suggests that rnulti-

line rrarj-eties of this specie:s rtill not neecl frequent re-consti'tutior-r'

By testing the frequency response-s of a number of varietÍes, the breeder

shorild be able to ídentify conibinations of favourably interacting geno-
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types and prectict the lilcely changes íri Lhe cornposil-ion of poLentiFjl-

multilines" ùlith judicíous choíce, such nrultil.Lr-re varj-et1e:.'; vJouid not:

only be more stabl-e but c.ould also exploít more efficie-ntly the environ-

mental resources than homogerìeous vari-eties '

3. Seed cer:tificatíon.

There are cÍrcumstances where an f.d.a. í.s uudesirable. In mosl

breedíng programs, selection is usually completed by the Fu to I'., when,

orì averager the lines are only about EB% to 97% homozygous. Thist

together rvith natural crossíng, suggest that most varieti'es ar-e likely

to be a stable mixLure of closely r:elated genotypes'

It is díffícult to avoíc1 contamination from other: varíeties of

new varietíes duríng .several generations of seed nultiplícation' The

presence of an f.d.a. írnplies that the loru proportion of rogues (off-type

genotypes) and morphologically distinct segregants in the original se-ed

is likely to increase during seed multj-plicatíon. In the past' ít has

been common for officers ín charge of seed producti-on Co counter this

contamination by growíng hill plots frorn single heads' 0n1y those typital

of the variety are retained for further multiplication. This plrocess,

particularLy íf the number of single heads ís smal1, and if the process

is repeated frequcntl,y, could result in uncouscious and periraps del-eteric;us

selection within the varietY'

In certain seed certif ícation sehemes, the requíreneut -Eor: unifor--

mity spe-cífies that a varr'ety should r-rot only be free from fore-í¡¡n

mate-rials such as weeds, but also be homozygous and honogeneous' Llhere

the::e is a rígid demancl for seed puríty, an f .d.a. effect coulcl consjcler-
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ably delay the release of a variety or renCer a variety unacceptable

soon after it has been regi-stered'

4, Si eT) 1-ant selecti-on.

'The choice of genotypes in a segregating population may be

influenced by their frequencies. If a genotype perforils In/ell ii-ì a

míxture because it is raÍe, this advantage will not persist ruhen it is

selected and propagated i-n a pure stand. Selection rvould the'r have been

inef fective and many hígir yielding genotypes might Trave been overloolced'

However, it has been shown that the phenotypic expression of

single plants depencls largely on the micro-envíronment in which they are

gro\,fi1 . Neither of the F, populations studied in experj-nlent' vII shor'¡ed

more variation in their yield and yield components than the parentst

exc.ept in height. Also, the highe'st yielding plants in the Frrs wer:e

not significantly higher yielding than those in the Fr rs aÏicl the par:ents'

Since the variances f or grain yield røere sígnificanfly dífferent beEÌ'/een

the parents, it was evident that the environmental effect rnust have been

large in all populaËions. Thus, ít was conclucled that the effect of

f .d.a. and genetíc varj-abilíty in these Fn PoPulations rníght have been

masked by random variation in the rnicro-envíronment.

, Experiment vLII clescrj.bes an aEtemPÈ to reduce the effect of

micro-environmental variation betrveen single plants by grorvíng r:eplicates

of mixtures of F, deríved línes, The sanìe lines h/ere also grown as pure

stands. rt was found that the corre.lation between yíelcl in rníxture and

yíelc1 ín pure stand varied from one replícate to another, but when yields

in mixtures \^rere based on the yields in all the replicates, the correla-
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tion was posití-ve arrd highly signif ica¡t- (r = 0.llaclxt<x) ' This inrplies

genetic variatj-on being expr:essed in Ehe li'r. de-rive.d lines' The

pgsitive correlatí,on agrees with that found by Johnston (1972) for barle-y

and supporËs the contention of Allard and I'Iansc-he (1964) that hígtr yíeld-

íng genoLypes in mixtures also tend co be hÍ.gh yíelding in pure stands'

conver:sely, in the same experiment, although these lines expresse'd f 'd'a'

when grown at Low freq,reicies i.n a background. of the parents, Ëhe correla-

tion be-t-,veen Ehe f.d.a. of a lí-ne an<l its performance in a pure stand

\,/as lo\^I.

It r,las concluded that f.d.a. operates in mixtures of 2 or a few

components, but iËs differential effect is small in heteroge-neous popula-

tíons. Results in the last tT/ùo experiments indicated t'hat f 'd'a' has

only a minor role in reducing the efficiency of single plant selectíon'

ì.Iicro-envirorunental variation has a 1.arge infl.uence on the phenotypic

expression of si.ngl-e plants in a segregating population. The posítive

correlatiorr between yiel-d in mixture ancl yield in pure stand suggested

that whe.lr lhe effect of micro-envÍronmental varíation could be reduced,

it should be possible to sele-ct for higlr yielding genotypes, basecl on the

performance of single plants in roixtures'

There are cir:cumstaÐ,ces rshere f .d.a. rnight reduc'e the eff icíency

of single plant selectíon. Dífferent genotypes in a mixture may react

dífferenti-y io specifí.c races of a pl.zr¡L pathogen. AssurnÍ'ng that the

spreacl of the disease- j-s ínversel-y r:e.lated to the díst¿tlrce bet\^/een the

suscepti,ble pJ-ants, then i.t may be e-xpected that the ch.arrce of a sus-

ceptr'.ble plant being infected is less rvhen it is at low than at hí-gh

frequencies. Thus, ít is possíble that sone high yieldíng plants in

mixtures may be susceptibl-e to díseases rvhen they are gro\^/n in pure stands'
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In e:<periment 1-14, iÈ r.ras shorvrr that v¡lien [ialberd \,ias groT/irl

as the test- plants -i.n a rust resislar.rt background, Ialariquaim, it was

relatively rtlst free, ancl yielcled 2.58 and 2.02 E'lpJlnt at r]rle 6'257"

ancl l-8 .757. f.recluencies, r:esPec-tively (Fj-gure 7) ' However, when Ilalberd

r¡/as gror^rn as l:he baclrgr:ound stand (experimenÈ IIB) , the plants were

heavily infected rvi-th rust and had '/el:y 1o\,7 yield. If differentj-al

susceptibility to diseases is Èhe mec-hanism of f"d.a., then ít may re-

duce the efficj.ency of single plant selection since high yíelding but

clisease susce-ptible genotypes may be favoured in selection at the

expense of 1o¡+ yieldíng but resistant genotypes'

c Comparison of selectíon methods ín bree-ding for vield "

As the purpose of this sÈudy is to invest-ígate the effi.ciency of

single plant selection for yieki, it is appropriate to compare several

methods of breeding pertaining to this aim. The three breeding methorls

used in cereals a::e the pedígree, the bulk population (and Composite

Cross), ancl , nore r:ecently, the F, Progeny rnethod'

1. The edi ee method of breed

In the pedigree me.thod of selectíon, desírable genotypes are

se|ected in F, ancl successíve generatíons on the'ir phenotype, ancl a

pedigree is rec.orded for each of the lines frotn a cross. The pedigr:ee

enabj-es the bree-der to clecide the líkely degree of simílaritv of trvo lj.nes

(e.g. r:e:late back to a single pla.rrt in an earlier generatío¡). He can

then use this to help decide ruhi.ch of the famílies are to be rei:aj-ned ancl

the ones Eo be discardecl .
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As seJ ection begíns at the generåcion where the frerluency of Lhe

pla¡ts contain:ing all the desirable alleles ís at a maximuîì (Shebeski,

1.967), thj.s rnethod gives the plant breeder: the trighest probsbíliÈy of

iclenÈifying superíor genotypes and has been used wíth success i-n many

crops (Allarct, 1960), llowever, there is an extensive lite:r:ature

to show tha-t selection for yield in the early gener:ations is often no

uro::e effectíve. than random selectiort (e.g, Bell , 'L963; De Paur¿ and

Shebeski , Lg13; Ituott , 1972i McGinnis an<l Shebeskí, 1968; Shebe'ski,

Le67).

Shebeski (1967) surveyed techníques of breeders froir irany cotrnl--

ries. He founcl that the number oL F, plants grown by mosL breeders airrl

the number: of planÈs retaíned in each generation vüere too small for the

chance occurrence of plants containíng all the desirabl-e alleles. Bet¡nreen

9A% rc 957" of the plants in the segre-gating populatíons were discarded

each year, purely on visual inspectioû and morphological traits. These

inclucled disease resistance, stra\^r strength and plant height. Yield

trials v/eïe carïje,j out only after selection for other less inrportant but

easíly recognizable characters had reduced numbers. Yield, rrith a low

heritability, was a selectíon criterion for oul.y a very small proportion

of the oríginal populatíon, so it is possible that a large numbe-r of Ìrígh

yielding línes may have been discarded on inadequate evidence.

Shebeskí (L967) also suggested th¿t most breeders grerv the

segregaÉlng populatíons at too few locations and- in too few repli.cations'

The result is that it is clifficutt to separaËe the variances attríbutabl e

to getìotypes and enviloninents and conse-quently, it is ímpossible to

assess accurately the yielding abilíty of the selecLed lines.



229

Änother l:irni..t-atiorr to ef l=ective br:eeding for high yield ín

ce.reals ís tlie inahility to select single plants for gene-ral adaptat-íon

basecl on their perfor-mance in <,:ne envj.r:ouilent. Be,cause of the I j-mited

anrcunt of see<] available frotr single plants, the procedure is to evaluate

the. yieJ-d potential- uncle.r one envirol1ilent, retzrining Èhe best and the-n

testíng lhem at a nurnber of envi.ronmellts, Genotype-'-e-nvironnent inter-

actions oveï sj-tes and u.""on" may render genotypes selected ín oile

envir:orurerrt ineffect.Lve for other sites and irr other seasons'

The pedígree method al.so allo¡n's littl-e intercrossÍng betvreen

different genotypes since the segregating l-i.nes are gIor,\tlì Ín separ:ate

rohTs or se-parate plots. Because there is little g€inetic recombi-nation

in aclvanced generations, the success of ttrj-s method depends on the abílity

of the breerle:: to identify hígh yielding genotypes ín the early genela-

tíons, preferably at the Fr. The br.'eeder relies prímarily on the

c:orrelati,on betrvee-n the appearallce of isolated plants and the yield of

the same genc)type as a crop. Torvnley-Smíth ¡:-f.-g].. (f973) reported tlìat

níne selecLors, including breeders, technícians and others, seJ-ectj-ng at

a 257. 1-evel, rr'êre ûot able to choose the highest yielding lines of wheaË.

The average of the choice-s of most selectors rvas only slightly better than

the popula*;it:rn nean. Shebeski (L967) reporterl the results of a selec-

tion experj-îìent at the Unive.rsity of llanitoba. Four plant breeders

selectecl a total of 440 plants v¡hich Etrey considered to be high yíelding

from 11 F, populations each of 10,000. The progeny of each sc:lecte-d

plant \^ras gro\,/n alongside an unselected control frorrr the sarne- popul-atíon.

It r.¡as found Èhat approxirnately 5C percent of the line.s yielded more and

50 percelt of the línes yielded less than their correspollding controls.

It r,¡as concluded that selection for yield r+as íneffective in the F, Benera-
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tíon,

The facËors r+hich influence the phenotypic expression of single-

planÈs have been d,iscussed in the litr".at,.rte revierv. Several of these

f¿rctor:s are worth mentíoning as they are relevant to the present dis-

cussion. Fírstly, as selection is practísed when nost of the plants are

still heterozygous, heterozygosíLy and hybr:id vigour may result in a

false appraisal of the genetic worth of the selected l-ines as hornozygous

varieties. SecondLy, E, planÈs are often gro\rn at Iow densíties (e"g.

45cm betrve.en pJ-ants in McGinnis and Sllebeskirs experiments, 1968) r'rhe-reas

Èhe selected lines are gro\{n at commercíal densities r¿hich are 15 to 20

times higher than the F, densities. Genotype-density inEeractions may

render single plant selection for yield irreffe,ctive. This lirnitation

could be overcome by growing and selecting the segregatl'-ng populertíons

at a commercíal density. Thirdly, replícatíon ís not possíbie with

single plants in the F, r so the effect of nicro-environmental var:iation

is la.rge. This could be reduced by calculating response surfaces or

moving averages as discussed previously to gíve an estimate of yíeld based

on t-he local mean.

Ilowever, one major restriction of Lhese methods is that they re-

quire the ide¡tifícatí.on and measurement of a lar:ge nunber of plants'

most of which are subsequently discarded" Although much of the ca-lcula-

tion could t¡e haudled rvj.th the use of a computer, the effort to collec-t

the data l-s considerable.

Other factors may limit the effectiveness of these methods. In

Èhe former, the number of terms requírecl in the polynonrial equation to

represent environmental varíation is arbiËrary as ther:e is no bíological
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lrasis to cletermine Ehe optí.mum number of terins. In the latter, the

number of plants needed to represent the moving average must l-¡e- snall

errough to account for irre-gular variation, but musE be large enoup,h to

ensure that the average genetic effect of the- plan[s approxírna-tes the

population mean. Again, there ís no objective criterion on rvtrich to

decicle hor,'r rnany Plants should be used'

2. The bu 1lc oourrl-ation and Coniposite Cross tnethods of b reed ins.

The bulk population method attempts to overcome some of the in-

adequacies of the peciigree methocl . In this Èhe segregatÍ-ng populatious

are grohTn for a number: of generations wj.thout any deliberate selL'ction'

As there is no need to keep pedígree records, a large Dumber of crosses

can be handle-d and l-,he.re is a somewhat. greaËe:: opportunity for contínuiÛg

hybridízation betv¡een different gellot.ypes. The me'thod depends pr-Lmarif ir

on rrnatural" selectiott to select out the higher yielding genotypes'

Síngle. plant selection is de|ayed untíl rnost of the' lines are horrozygoLls,

possibly by the Fror and then yield te.sLing is unde-rtaken in the sante wav

as the pedigree method.

As the proportion of genotype-s with desírable alleles decr:eases

rapiclly with each gerteratíon of inbree<ling (Shebe'ski , i96l) " a very large

sermple wc¡uld neecl to be ret-ained for the ch¿rnce occllrlence of Cesír:ablc'

genotypes. Sínce only a sample of the populatj-on ís retaínecl , a 'I'a'xg,e

rrumber of seeds is discarded each year aL r:anrloro, and it ís possibl-e

that many high yieldí.ng genotype.s could have becrn lost tÏrr:ough sarnpling'

Hence Lhe chalce of iclenLifyíng high yie-lding ¡lenotYFes i¡r the bulk popula-

tion method is probably rnuch lower than in the pecligree method'
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The srrccess of the bulk method depencls on Èhe correlatj-on betrveen

su::vival in nixture and yíe1d, Studies b.v llarl-an and Martiní (1938) in-

díc.ated that genotypes r.rhích clominate-d the mixËure v¡ere often also those

wí.tlr high agrícultural values. Ilorvever, Suneson and l^leibe (L942) found

that the \¡Iorst conpetitor ilì a níxture of four barley genotypes was the

highest yielder. The bulk method is unsuited for populatj-ons orí-ginated

from clíverse parentsr Where there are marked differences in morphoJ-ogi-

cal characters¡ e.g. tall versus dwarf, it Ís likely that the population

wí11. be domilated by genotypes 'rith high competitive abilitíes rather than

those rritÏr high yielding abilitíes (JennÍngs gt-eL., 1968 arb,c). Paliner

(Lg52) found that nanl,lines selecte-d from Ëlte l, of a bulk population

had sniall grains, so n¿ttural selection had favoured genotypes ruith rapid

multíplicatíc¡n at the expense of Ëhose r,,¡ith hearzv seeds'

The Cornposite Cross (CC) rnethod is similar Èo the bulk population

as ttnatural" selection is the main factor determí.ni.ng population changes.

The success of boÈh ¡nethods depends on the correlatíon between fítness

and yield. The CC díffers from the bulk populatíon ín Ëhat:

(í)

(ii)

(íii)

there ís often more genetíc variabÍlity due to the

complexity of the original. cross. For exampl-eo CC IÏ

consÍsted of. 378 hyblicls from 28 varieties (Sune-son and

Stevens, 1953)

the population is rnai.ntaine.d for a much longer period.

Artíf icial sel.ectiorì nìay not be practiserl unt1l the F, 
o

or Fruwhe-r:eas for a bul-k population, selectíon can begin

by the Fu or F, an<l rarely after the Fro.

there ís more íntercrossing both drre to the extra tíme and
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occasiofial.ly to the j-nclusion of a male sterile line.

The increase in yíeld of the ccr s wiËh tirne (suneson, 1956;

Lohani, 1970) has been atÈributed to the elirnÍnation of poorl-y adapted

genotypes rvhile allowí.ng for c.ontinuing íntercrossíng betr+een many geno-

types in advanced generations. From the discussíon on the írnplications

of f.d.a. previously, it was apparent that the effecÈ of f.d.a" is par:Ei'c'-

ularly important in CCrs as ít enables a large nurnber of genotypes to be

retained ancl contri-bute to the formatíon of new heterozygotes'

Both the buLk population and the CC methods are slow, especíally

the latter. Besides having to wait for 10 to 20 generations, mariy breerl-

ers are still uncertain about the correlatíon between success unde:: com-

petition and yield ín pure stand. The CCls may best be usecl as t'mass

reservoirsrt r^rhich allor,¡ large populations to be carried ínexpensively and

genetic variabílity remain for artificial selection (Allard and Hansche,

1964). They ar:e ofËen considered as a supplement to' rather than a

substitute for conventional breedíng methods '

3. The F. Pr eny method.

The bulk and the Composite Cross met-hods ha.le not been used e>ite-n-

síve-ly in Australia. Much of the breeding work has been based on the

petiigree method and, until recently, the backcross methodn 0n1y recently

has the bulk methocl been investigated in l{ew South l^lales (Derera and Bhatt,

L972i Bhatt and Derera, 1973b)'

In Australia, the pedígree method of breedíng was successful

during the early stage of wheat breedJ.ng (prior to the 1940's). During

this tirne, ímprovements resulted from the selection on morphologíca1
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traits closely related Lo yield. These included appr:opr:iate tine 9f

anthesis, shorter straw, r:educed til1-ering artd disc'-ase re.çístance' Tl're

breeclers relied pri[raríly on the corr:elatiorr betrveen the appearnncr: clf

isolated plants and thc yíeld of thc genoti,pe. as a crop. As these-

characteri-stícs hrere achie-ve<i, further seleetion for these satne characl-el:*

j.stics and the exhaustion of geneti.c variability resrrlted in these

programs be:'ng less successful than Ehose usi,rrg fhe baclc-cross method'

yield improvemenr due to breedíng betrveen 1940 and the míC 1960rs

was slow (Russell, Ig73). Most of the achievement of'r+heat bÏeecling

during thí-s period vas in preventing serious losses of yielcl from diseases'

The back-cross meÈhod was employed to improve' pre-existing varie¡ies by

the íncorporation of highly spec.ífic characteristics controlled by simple

genetíc systems, particularly those for resistance to specÍ-fíc races of a

disease. Iüith the introduction of high yÍeldíng, disease resistånt

Mexican lines in the early and mid l960ts, the back-cross methocl has been

used very successfully by using these varietíes as donor parellts, and it

seems likely that tilis type of program r¡ill conÈinue to havc'- a role'

especially if even higher yielding li.nes with some agrorrotnic de-f iciency

become available.

During the last decade, the emphasis j-n breeding for viel-cl has

gradually been shifted to the F, progeny or bulk prog:eny niethod, and the

I,laite Agricultural Research lnsEitute has beeo most comnitted Lc¡ this

program. Thís type of selection has promiserl to becone of rnajol:i'lrlport-

ance in Austr:alian breeding, for ín the l-ast Interstate- I^lheat Variety

Tríal, 9 of the top 10 unregistered lines originated frorn the three

programs employíng the new method extensive-ly (Rathjen, per. cornn.) '
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The I,2- progeny lnethod r¡as used to somc extent at-- the Platrt Brr¡ed*

í.ng llstitute, Cambri.clge, Engl-and, i.n the rrj-ci 1950 | s (Luirton and trdhite-

house, f957). 1lhis \^/as a conbin¿ition of seler:tion for yield ín early

8,eneïations úrith selection f or otber desirabl-e¿ characters. Basically,

the tectinique corrsiste<l of sÍngle plant selec,tion in the lrr. Seneration,

prirnarí].y on easí1-y recogrrizable characters such as pJ-ant |eight' earli-

ness and resj,st:ance to diseases. The F3 Benel-ation was mainly for se-ed

rnultiplicatj.on although there r¡ras sonìe further scll-ection on morphological

ctraracters. The Fu, F, and Fu were gro\^/n in yield trails and tested for

qrralít,y; the less desírable lj-nes beíng elitoinated after eac.h year of

trial. By the F, there rvould have been sufficient ínformation on yield-

Íng ability, quality and agronomic characteristícs to distinguish betr¿een

lines. Fín111.y, single plant selection was made from the most promisilg

línes, an<l tlterr multiplir-'d for further testing'

The F, progeny method has a lìrerit i:n that selection ís based on

yiel-d datao before potentiall-y valuabl-e ural;eríal has been discarcled on

inaclequate evidence. Ilowe-ver, the F, Progeny method v¡as later discon-

tinued at CanLbridge as it was found that the accuracy of the ¡rie1d data

obtained was often lor,¡ as a result of the very large numbe-rs of selections

lnvol,verl in each trial (Lupton and ùlhitehouse, 1961) '

The F, pi:oge-ny selectj-on rnetl'rocl usecl at the Inlaite Agrícrrltural

Research Tnstí1-ute is a rno<lificatjon of th¿rt described by Lupton and

I,r4eitcl'rouse (1957) due to the ínabif ity to select ef f ectj.ve-ly on single

plants . F z populations ¿ire gror.Jn at- a comrnercial density anci l.ittle or

no de1íberale sele,ctíttn Ís pr:actÍ.secl in this generation. 0n1 y pla¡ts

with obvíous morphologicai defects such as loclging or susceptible to

dj.sdases are elimínated. Selection is actuall-y more of a partití-oning
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of the hybrids i-nto closely related groups. Seeds from síngle spikes

are then growït in rows in the F, for seed multiplication. Agaín, llttle

sel.ection í.s practised ín this generaÈion. The Furs are grown in

repl ícated yield trials. The mean yield of a number of plants from each

lÍne- ís used as an indicatíon of the yielding abilíty of the T, line and

provides a criËerion for screeníng between línes. Subsequent genera-

tions are handled in the same way as that described by LupÈon and ltrhíte-

house (f957).

Attempts have also been made to reduce the period betr^reen

successive outcrossing (Rathjen, 1973). This was done by growing Èhe

seed multiplicaÈion generatíons, the Fr I Fg and Fu during the summer and

by testíng the F4, Fs, Fz, F. at as many locations as possíble. A1so, by

using the Fu or F, as parents, the generation inËerval could be shortene'd

to three. or five Years.

fn the stucly reported he-re, the results from experiment VIII

indicated that:

(i) the effect of f.d,a. was srnall in a heterogeneous popula-

tion and was unlikely to influence single plant selecfion.

(Íi) mícro-environmental variatíon r.ras the main factor ín-

fluencing the phenotypic expression of single plants.

(iii-) there v/as a positj-ve correlatíon betr¿een yield in míxture

arrd yi.ei-d in pure stand, This correlation s/as obtained

when:

the mixtures and Pure stands were gro\"ln at the same

de.nsíÈy and planting method. Thus when there were



237

no genotype-densíty and genotype-envírortment

interacË j.ons bet:r.¡een the tLTo tf eatnents.

the y-Leld in mixture of each genotype r^¡as based ort

the mean of a number of pl.alrl-s in repli-cate'd plots'

and ttre effect of micro-en'ironment- :üás ttrereby

minimized,

Thus, when the effect of micro-envircnment could be reduced, it

shoulcl be possible to select for high yíeldíng genotypes, basecl orr the

yield of single plants ín mixtures. This would tend to supl:o¡..t the F,

progeny meÈhod in the particular form used at the I'laite Agricul-tural

Research Institute ín breeding for higher grain yield'

The rnost ímportanË feature of thís method ís that selection j.s

based on the performance of the line in a plot. Thus the correlation

between the measurement on which selectlon is based and the performance

as a cïop is maximized. One of the esserrtial requirernents of the method

is that the selection Èrials be Elrov/n in conditions closely resenbl.ing

those used comnercía1ly, e.g' planting method and densiLy, Mechanizati'art

and computetlrzati:on of the breeding procedures are essential for the

succees of this method. They enable;r 1.arge number of 1írres ¡rnd I'vider

crossesrt (e.g, those between European and Austral.ian varieties) to be

tested to make selectíon effective.
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