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SUI\N!{ARY

Various aspects of the application of computer science

to plant breeding have been investigated.

A crossing system based upon a dialle1 nodel was tested,

both by cornputer sirnulation and by field experimentation.

The sinulations, using the genetic system of a self-

pollinating crop, showed that only a smal1 subset of the

diallel was necessary to provide the plant breeder with

selection criteria for deciding which crosses should be used

in a breeding programme.

When a character has a large additive genetic component

of its variance, general conbining ability (gca) may be

used for predicting values of unavailable progeny. Further,

if enphasis is placed on the ranks of the gca's in a dia11e1,

rather than on their actual nurnerical values, the inconplete

partial diallel i.s a powerful tool for the selection of

parental material. In a self-pollinating species, the

simulation studies showed that when gca effects are greater

than or equal to specific combining ability (sca) effects,

only ?,\eo of the partial dialle1 is necessary to rank the

parental gcars very precisely.

A twelve parent dialle1 of triticale yielded results

sinilar to the simulation studies. The Fl and the F+ gen-

erations of the triticale dia1lel were subjected to measure-

ment and both were valuable in obtaining accurage gca rank

information.

1
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Correlations between the Ft anci the F+ generations were

also analysed. Ft harvest index and the number of seed in

the tallest ti1ler both correlated significantly wi-th F+

yield. This indicates that it rnay be possible to choose

F1 plants that have a high probability of producing high

yielding progeny.

By investigating the means and variances of the F 
+

diallel (thirty plots of each F4 fanily were measured), it

was found that the (honozygous) parental lines $¡ere as

variable as the (1ess hornozygous) F+ plots. It is suggested

that selection for a low variance F4 familv may be a success-

fu1 approach to plant improvement.

Environmental effects rllere found to be significant both

within and between sites. Methods of reducing field hetero-

geneity without the use of rnajor replication within sites

were investigated. Covariates r^Iere calculated, based both

upon the proximal control plots and the nearby experimental

plots ("rnoving nean"). It was found that by i-nversely

weightirgby a power of the distance between plots, larger

variance reductions could be obtaine<1 from the covariate

regression analysis.

In general, it was found that many plant breeding decisions

could be sirnplified and nade more effective by the use of

conputer science in both presentation and analysis of ð'ata.
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1 LITERATURE REVIEI,T AND GENERAL INTRODUCTION

1.1 Introduction

Computers have been used extensively by plant breeders as

calculators,and fÍling cabinets. Their use as either dynamic

organisationat devices or as heuristic devices has been less

explored. However, large modern digital computers are capable of

performing many of the organisational tasks of the plant breeder

and, with correct programming, are also able to make some simpler

plant breeding decisions.

The use of computers for genetic research ean be ciivided into

four main categories (Scheinberg, 1968). They are:

(a) "the design of efficient field and laboratorl'

experimentstt - this involves supplying the optimum number of

observations, treatment conditions and any other factor which

may help investigators fulfill their objectives;

(b) ftthe statistical analysis of data'r i.e. the statistical

interpretation of experimental results;

(c) trthe numerical solution of mathematically formulated

problems that cannob be solved analyti.callyrt;

(d) ttthe simulation of reaL and model biological systemsrf .
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A fifth category (e) ttthe storage and retrieval of informationrr,

may also be added.

Scheinberg (loc. cit.) states t'hat the field of designing and

optimising genetic experiments is one in which surprisingly litt,le

work has been done. This thesis primarily deals with this

cataegory, i.e. (a) above. Problems are looked ab from a plant

breederts perspective, and design and prediction of outeomes of

breeding methods and experimental techniques are investigatecl.

Three specific areas are dealt with, vLz., methods of selecting

parents, methods of distÍnguishing between genotypic and

environmental effects in yield trials and methods of evaluating

the potential of hybrid families.

Before parents can be confidently incorporated into a breeding

programme, they should pass through some form of crossing system

for evaluation. Onee entered into such a system ihe hybrids r and

their families must be evaluated, and such results related back to

the original set of parents. The time and place for such

eval-uation is, however, subject to much conjeeture. Leaving that

argument aside for the time being, before evaluation of any type

can be made the breeder must be satisfied that an accurate

measurement of the hybrid has been made; such measurement must

exclude as far as possible local environmental effects. Once this

has been done the problems of determining the correct generation

in which to make the evaluation, and how to acbually make this

evaluation, can be reasonably investigated.
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1.2 Incomplete Diallels - A Generalised Crossing System

1.2.\ Introduction

Before any selection procedures can be initiated r the plant

breeder must be satisfied that the best parents available have

been used and that the most promising crosses have been made. The

job of finding the opbimum genotypic conbination from e hybrid

family is difficult enough; if the best parents are not used the

task may also be fruitless.

1.2.2 Diallels

A diallel is the set of alI possible crosses between a given

number of parental lines. It can best be representeci by a two

dlmensional N X N matrix where N is the number of parents (seerço.

Figure 1.1). The ijth element in the matrix represents the hybrid

between parent i and parent j, the leading diagonal (Íith)

elements represent the product of self-fertilization, that Í-s, the

parents.

The full dialtel (F.D.) may conveniently be divided into three

groupings: the parental lines; one set of hybrid Iines, where for

each ijth element i(j; and the reciprocal set of hybrids where

i>j .

A parbial dialle1 (P.D.) differs from a fulI diallel by way

excl-usion of the reciprocal crosses or the reciprocal crcsses

the parental lines.

of

ancl
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In this thesis, the term rrincomplete partial diallel" (I.P.D.)

refers to any subset of the partial diallel.

1.2.3 Use of Diallels

DÍatIels have traditional.ly been used both to measure the mode

of inheritance of quantitative genetic characters within a

poputation and to Ísolate individual variations between parents in
the díallel. That ís it may be used to describe the mode of inherítance
of a character wíthin a speeles (e.g. chaudhary, Katar and singh, ]tg77),
or it may be used to make comparisons between varíeties of the same

specíes (e.g. Dhillon and Síngh, Ig77). A diallel

experiment would normally take the obse¡'vations of all the

possible hybrid, and parentaì-, phenotypes within a relatively

uniform environment. This provides fhe meehanism for optimising

the measurenent of geneticalty controlled characters whilst

helping to minimise environmental effects.

The genetic component of a quantitative character may be divided

lnto three effects: the additive genetic effect of each of t,he

parents involved in the cross Icalled general combining ability

lgca) J; a specific effect caused by the interaction of the fwo

parental haploid genotypes Icalled specific combining ability

(sca)l; and a reciprocal effect (r) ciue to the reversal of lhe

male and female parental hapLoid genotypes.

Thus, the model of a quantitative character (G) becomes:

tij = niêâh effect + gca(parent i) + gca(parent i) + sca(h:'brid)

* "ij 
(i.i)



6

The model- for the phenotype of a quantitative character has the

extra term e* which is used here to represent, all environmental

effects, as well as any error factors involved in the measurement

of the character t¡'ait.

Various methods have been described to estimate these effects

from observed values of a dialle1 (Schmidt, 1919i Griffing,

1956a,b; Dickinson & Jinks , 1956; Hayman, 1954a; Yates , 1947;

Keuls & Garretsen, 1977; Garretsen & Keuls, 1977). Such analyses

are of use to the geneticist and breeder for evaluating the mode

of inheritance of a given character within a populat,ion.

l.Iith P parents used in a diaI1eI, P(P-l) hybrÍds have to be

made, and this rapidly becomes a very large number as P increases.

For this reason, dialle1s with more than a few parents are rare

and methods to reduce the number of crosses in a diaIlel have 'oeen

developed. The simplest reduction is achieved by assuming a

negligible reciprocal effect and thus eliminating all reciprocal

crosses. This reduces the number of hybrids to P(P-1)/2 and the

model for the phenotype in the partial diallel becomes:

P1J P+ gcai+ gcaj +scaij *"ij (1.11)

One may predict the phenotype of a particular hybrÍd with the

use of diallel- type analysis: once a full analysis of a diallel
experiment has been made, the right hand side of equation (i.ii)

may be used to estimate the left-hand side. t{hile this may yield

lnteresting information about the fit of the linear model, its
practical applicability is questionable as the left-hand side

values have already been observed. However, if atl the hybrids
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are not observed, the missing ones may be estirnated as follows:

Pij =1* eâ"i*eôa,
where T = t,he sample population mean

(1.111)

A number of assumptions are made before such an esbimate may be

expected to have a reasonable range of accuracy. The first group

of assumptions are the genetic assumptions of dialIel analysis

proposed by Hayman ( 1954b):

(a) diPloid segregation

(b) no differences between reciprocal crosses;

(c) independent action of non allelic genes;

(d) no multiPle alleles;
(e) homozygous Parents;

(f) genes independently distributed between the parents.

As Hayman showed, assumption (d) is only imporlbant for

generations after the F.,. Gilbert (1958)' Dickinson and Jinks

( 1956) and Kempthorne (1956) give a fulI discussion on the

lmpl-ications of these assumptions and suggest methods of adjusting

diallel analysis when some of them do not app1y. As these

assumptions, and subsequent discussions of them, are tangential to

the use made of the diallet design in this thesis, and as it is

the design and not the methods of analysis that will be

infroduced, the above assumpt,Íons will not be further elaborated.

Two further assumptions put forward at this time are:

(g) environmental effects within an experiment are small

Use of a homozygous genotype as a control at a predesigned

^
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placement in an experimental block allows environmental

effects to be evaluated, subsequent correction for this

variation a1lows acceptance of this assumption Ithis

hypothesis is dealt with in Section 1 .31.

(h) accurate estinates of the general combining

be made. The rest of this section deals

assumption.

abitity can

with this

Ìlithin the partial diallel model are two distinct options for

the estimation of general combining ability. They are:

1. the use of a Partial diallel;

li. the use of an incomplete partial dialIeI.

Use of a partial dial1el is of little val-ue, as the objective is

to predict hybrid performance and the partial diallel contains all

possible hybrids. The partial diallel could, however, be used for

estimating hybrids which are outside and/or between sets of

diallels.

Clearly it is not possible to estimate the result of a cross

between a parent in a diallel and a parent which is not included

in this diallel, as only the gca estimate of the parent in the

dialleI is available. If two diallels exist, and if one parent is

in each diallel, then an estimate of both gcafs is possible and

hence an estimate of the hybrid may be calculated. However t

diallel analysis with regard to gca estimation is an ttaveragingrr

and ttfittingrr process, involving all the hybrids and estimating

their non-interactive genetic effect; this esbimate is thus

extremely sensitive to the set of genotypes used in the fiftÍng
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process.

lfithin a diall-el the gca estimates are fitted relative to other

parents in the dialIeI. No information is necessarily obtained

about parental varieties not included in the diallel, nor about

the effects other parents may have on the dia11el. For

lnterdiallel hybrids to be estimated with such gcafs, it would be

necessary to assume that the addition and/or deletion of parents

bo eÍther diallel would not affect the gca estimates of the

remaining parental gcaf s. As Kempthorne (1956) shows, such

extrapolation from results within a diailel- subset of a

population, to the population itself, form a weakness in the

dialle1 method.

This leaves the inôomplete partial diallels as a source of gca

estimation. Here, all the gcats are estimated within the same set

of genotypes. However, a similar question sfiIl remainsr âs Lo

whether the addition (towards a partial diallel) or deletion

(towards a more sparse incomplete partial diatlel) of elements

frorn t,he diallel affects the gca estimates of the parents. As

there will be a gca estimate for every parent that could be used

in the predicted hybrid, here the problem is more one of precision

than of relativity.

One form of incomplete partial diallel is the fttester erossrr

method. rrTester crossesrr, tttop crossesrr and the ItNorth Carolina I

& IIrr are all sinilar examples of an extreme case of the

lncomplete dial-Iel. Here some parents in the dia11e1 ( the

Ittesterstf) are crossed with all the remaining parents. No hybrids

are made between the tester parents, nor between the remaining



Kempthorne and Curnow (1961) suggest a systemaÈÍc method for dividing
the dial1e1 ínto a smaller number of crosses which will al1ow a larger ,rrrrb".of parent lines to be assessed. Curnow (1963) and Fyfe and Gilbe.t (fgO:)
elaborated upon this theme by presenting slíghtly more restrictive ways of
sampling Èhe dia11e1 (ínÈroducing more syrunetry and hence orthogonaliiy),
but which give more accurate estímates of the cornbining abílitiãs. Curnow(1963) also íntroduced Èhe idea of the circulant sampling method, which wasfurÈher invesÈigated by Bray (1971). In general, thàse ãurhors a1l eonelude
thaÈ sampling only a subset of the dta1le1 entails risk. This risk is quan-Èified by the increased standard errors thaË are assoeiated wiEh the combining
abí1iÈy estímates. As Bray (1971) poinÈs out, errors ín the estimaËion ofspecÍfic combinlng ability are particularly exaggerated when the dial1el issampled. However, he shcxnred that by using aÈ least 6-8 crosses per parenË,
one can reduce much of this error.

t
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parents. Lupton (1965) discussed the value of estimates of gca

from the tester cross method. Although he concluded t'hat this

nethod had advantages over other methods he examined, hê spent

lÍttle bime discussing the error inherent in the gca estimation by

using an incomplete partlal diallel (tester cross method) compared

to the partial dialIel.

INSERT OPPOSITE PAGE HEP.E

However, these arguments regarding the accuracy of estimating

combining ability are more critical when the objective of the

diaLlel is to describe precisely the mode of inheritance - both of

the poputation sampled and for individual members within that

sample. As Gilbert ( 1958) pointed out, mos'u breeders are only

interested in ihe parental lines and erosses themselves, and not

with their representativeness, or otherwise, of the population aS

a whole.

1.2.4 Ranking

Consider the breeders' main problem: they initially have only

two sets of information:

i. the characteristics of the existing genotypes,

ii. the desired characteristies of the genotypes he,/she

wishes to produce.

Hence the evaluation of existing and new parental material, for

hybridisation, is an essential part of the breederrs task.

As shown earlier, before any predictlon of unknown hybrids can



Chaudhary,KataranSingh(L977)obtainedgcaranksforaneíght
parenr partía1- dial-le1. They .àmp"r.d the gca iank" of the Partial

clíallel ro rhe e.ã t"oL" from a "äi-"r 
incomplete partíal díallels from

the origlnal dia11e1, but th:ï 9;;;roã"¿ thai the iPo ranks could not be

used to predicË ä;-;";;iar ¿íariãi g'" ranks- r as the gca

esrímares ror *,ã ipb in clnaudhaä; fl;";-;"d Singþrs work (ibid) were

calculated from'it'e t"'"a5usÈed *ã'tr'"¿ for the pttti"l diall-el' these

resulÈs must be t'i"tt¿ wlth cauti;;'- This is' however' the only direct

example found 'hå;;" 
g"" r"ok" in Ëhe rPD are compared to Èhose of the

partía1 diallel'
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be used, bhe additive genetic effects (gca) must be estimated.

These gcats have two estimative qualities: first, there is t,he gca

value itself, usually expressed in the same units as the

quantitabive genetic character it represents; and secondly there

is the relative posÍtioning, or ranking, of parentai gcars as

conpared to each other. 0f the two, the latter is clearly more

important to the plant breeder, who must work with the assumption

that two high-ranking gca individuals have more hybrid (and hence

breeding) potential than Lwo low-ranking gca individuals.

[A1though interactive genetic effects (sca) will also be

important, they can only be associated with each separate hybrid

and not with the parents individually. Thus they are not useful

as a predictive tool.I Aithough the sca values themselves are nof

useful in prediction they are, nevertheless, critical for the

effective use of gca values as predictors. If the sca values are

Iarge in comparison to the gea values, then prediction will be

poor.
INSERT OPPOSITE PAGE HERE

For this reason, the standard errors of the gca estimates will

be largely ignored, for the remainder of this thesis, in favour of

the aecuracy of gca ranking. Comparisons will be made between gca

ranks in the incomplete partial diallel, as compared to those in

the partiaL diallel. If the ranking of gca rralues is seen as the

cribical sLatistic, then methods of diaIleI analysis can be

reassessed according to this different criterion.

StaËÍstÍca1 treatment of rank correlations is mosË conveniently done
by using Spearmanrs Rank Correlation CoefficienÈ (Snedecor, 1946). The
chief advanËage of Spearmanfs Rank Correlation Coeffícient, as compared
to other methods (e.g. Kendallrs Coeffícíent of Rank CorrelaËion), is that
iË can be more easily compuËed dírectly from the ranks of paíred varíables
(Soka1 and Roh1f, 1969). Accordíng to Sokal and Rohlf (íbid), borh merhods
gíve good results and they are highly correlated.
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1.3 Experimental Ðesign and EnvÍronmental Variation

1 .3. 1 Introduction

In cereal breeding experiments large numbers of genotypically

diverse varieties and their hybrid families are grolln in an

attempt to make an objective classification of their yielding

abilities. Environmentally induced similarities between adjacent

plots create a potential for miselassification of lines - t'his has

been illustrated by Shebeski ( 1967), who caleulated serial

correl-ations between plots in à wheat uniformity trial.

Fisher ( 1918) introduced the statistieal analysis known as

tfanalysis of variancett, which is now used almost exclusively for

the statistical analysis of breeding experiments. ProvÍded that

observations are independent and that any errors in observation

are normally distributed, significance tests can be performed on

the observed data. Such tests are used to determine whether or

not classifications of the data into subgroups significantly

deviate from the case in which there are no subgroups. Fisher

(eg. 193Ð also introduced the concept of randomisation so that

inference between the sample and the population statistics (eg.

mean, variance) was possible. For observaLions to be independentt

serial corl'elations between plot positions have to be nullified;

randomisation of the position of replicates within an experiment

randomises observational errors that are due to plots being

closely positioned.

Systematic designs have also been suggested, and testedt as an
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alternative to randomisation (l'Iiebe, 1935; Barbacki & Fisher,

1936; and Gosset, 1937). In summary, Yates (1938) concluded that

randomisation is required if the values are to be analysed by a

method that assumes independence of the observations and that the

advantage of systematic arrangements is like1y to be offset by the

possibility of a biassed estimate or experimental error.

1.3.2 Heterogeneity in Fie1d Experiments

In the early part of the twentieth century, the existence of

environmentally induced variation within the same experirnental

site hras recognised, and unlformity trials, ih which a single

genotype was planted in a field and harvested as small plots, were

conducted (Mercer & HaIlr 1911; Smith, '!938). It was observed

that the larger the plol the smaller the between-plot variance

(Smith, 1938; Whittle, 1956). Smith showed that adjacent plots

$rere correlated inversely with the square of the plot size, and

that the further apart plots blere, the smaller their serial

correlatÍon. Significantly, he also showed that the plot size

needed to reduce between-plot variation differed between sites and

crops. A ten season unifornlity trial of barley (Baker, Huberty

and Veihmeyer, 1952) showed that changes occurred in the ranks of

different varieties between years, and that high and low yielding

regions in their trial sites varied from one year to another.

1.3.3 Control Plots

Control plots were used by Summerby (1925) and McClelland (1926)

so that comparisons could be made between experimental Ittreatmentrl

plots ancl their neighbouring homozygous rrcontrolrr plots.
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As mentioned earlier, one of the fundamental assumptions of

using an analysis of variance is that the errors associated with

the measurement of each plot are normally distributed. However t

if control plots are used in the measurement of their neighbouring

experimental plots, then clearly independence of measurernents is

removed. An analysis of covariance, using the control plots bo

calculate the covariate, Iargely removes this problem. This idea

was postulated by Yates (1936). However, Outhwaite & Rutherford

(1955) and Federer & Schtottfeldt (1954) stated that this method

may not be as efficient as the use of a rtlatin Squarett design.

The interpretations of the regression coefficient calculated by

the analysis of variance and the subsequent,ly adjusted

experimental observations are fu¡ther discussed by Smith (1957).

Smith (ibid) sÈaÈes thaÈ such staÈistics seem to become relevant only when

the varíance within treatmenÈs can be regarded as a random variable'

ff heterogeneity in a field is continuous and if the control

plots are systematically placed so as to be close enough to echo

this heterogeneity, then the use of control plots should be

help tuI ( Lamacra fE ,1974). Shebeski ( 1967) , Br Íggs & Shebeski

'( 1968) and Briggs, Bushuk & Shebeski ( 1969) Ínvestigated the

correlation between control plots placed at differing distances

from each other. They found highly significant correlations at

smaIl distances (2.7 metres) decreasing to non-significance at

larger distances (20 metres). Both Baker & McKenzie (1967 ) and

Seif et al. (1974> are critical of the use of control plots as a

method of directly adjusting experimental plots. However, Baker &

McKenzie (loc. cit.) stated that it would be more appropriate to

use control plots to calculate a covariate, anci this idea was

successfully used by Pesek (1973).
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Papadakis ( 1937) suggested using adjacent experimental plots to

create a covariate. Detaited discussion of this design is made by

Bartlett ( 1938), Atkinson ( 1969) ' tlhittle (1962) and Pearce &

Moore (1976). These and other views are drawn together by

Bartlett ( 1978). Although this method suggests a large

lmprovement in the accuracy of experimentaL plot comparisons, it
demands a replication faetor of at least three (Bart1ett, 1978).

This creates problems for the breeder as physical limitations,

both of the number of plots sown and the amount of seed available,

usually make such a replication factor undesirable.

Pesek (1974) found difficulty in comparing control plot designs

with other designs. His problem htas that unlike most other

designs, those with control plots do not rely on a high

replieation factor for the adjustment for environmentally induced

variation within an experiment. By the same tokenr Lhis is the

chief argument for the use of control plots in plant breeding

experiments. Even though bulking early generations may give

enough seed to the breeder to a1low replication in field trials,

the subsequent mixture of genotypes may also shield the value of

genotypes from the breeder "
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1.4 Breeding Methods in SeIf Pollinating Cereals

Restricbions on the numbers of plants and plots that can be

observed in a breeding programme ensure that' early generation

selection must be made. Whether this selection should be random

[eg. take only fifty seed from an FZ populationJ or by some

other form of breeder selection, is debatable. Shebeski (1967)

argues that the breeder should make the selection so that valuable

genotypes are not lost by chance. Van der KIey (1955), Lupton &

lJhitehouse (1957) and Allard ( 1960) argue bhat no selection should

be made by the breeder in the early generabions as the phenotype

of the het,erozygous plant may not be indicative of its homozygous

descendants,

With a large number of loci controlling a quantitatÍve trait ' a

genotype with al] the desirable alleles is expected to be

extremely rare (Shebeski, 1967) and only by grouping enormous

numbers could one feel confident that the genotype sought is

present (assuming of course that it, is elearly identifiable).

HappÍly, hourever, as Palmer (1953) points out, genotypes which

fall shorb of this trperfectionn will do. The bulk of cereal-

breeding uses one of the following six methodologies (or a

combination of two or more):

A. Pedigree or Line Method

References: Heyne & Smith (1967); Shebeski (1967); Hayes, Immer &

Smith ( 1955); Poehlmen (1959); Love (1927); Harrington

(1952); Elliot ( 1958).

Summary: Plants are selected for desirable characters in the FZ
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generation; further selection is macle on the progeny of these

selected plants until phenobypic homogeneity is reached in

about the FU generation.

Advantages: Source of final selected material is known exactly by

its pedigree. Unselected earlier generation li.nes may be

reappraised for other criteria (e.g. disease resistance).

All material is genetically distinct and its relatedness to

other lines is known.

Disadvantages: RefÍes on potentially superior genotypes to be

ldentified in very early generabions. Genetic diversity is

limited very early. Extremely time- consuming in the

recording and storage of detailed pedigree information and

planb statisties.

B. BuIk or Population Method

References: Hayes, Immer & Smith (1955); Ackermen & MacKay (1948);

Love (1927); Florrell (1929).

Summary: Material is bulked from F, Rlots until about F6r where

plant or single head selection is made.

Advantages: Ease of recording and growing make large numbers of

crosses easy to handle. Plants are (nearly) homozygous

before breeder selection is made. Environmental restrictions

(artificÍa1 or natural) may be placed on the bulked

generatlons to select against obvious disadvantages (eg.

drought or disease resistance, early or late maturity etc.).

Disadvantages: Many advantageous genotypes may be lost because

only a certain percentage of the butked population can be

grown in the ensuing generations (because of physical space

restrictions) - these bulked progenies are effecti'rely a

random selection. For complete segregabion in F6 to be
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observed an impossibly large number of plants would need to

be grobrnr ê.8. in wheat with one relevant gene per

chromosome, two million plants would need to be grobrn (AIIard

1960; I{han 1978). (this,however, is not 1íkely ro be important in
practice.) The genetíc relatedness between Ëwo Fu select.ions ís
unknown.

Mass PedÍgree Mebhod

Reference: Harrington (1937).

Summary: Similar to bulk method except that single plants and,/or

heads may be taken at any generation to start off new bulks.

Advantages and Disadvantages: I,Ihen compared to methods A and B

this hybrid method appears to be an example of having onets

cake and eating it. The main advantage is the flexÍbility to

channel off superior genotypes virtually at any time, The

problem of course is that it cantt be done too oftenr oF

numbers become excessive. Other advantages and disadvantages

are similar to methods A and B.

D. Composite Crosses or Complex Bulk Method

References: HarIan & Martini (1929); Suneson ( 1956); Suneson &

Stevens (1953); Suneson & Wiebe (1962); Harlan, Martini &

Stevens ( 1940); Suneson ( 196a); Tee & Qualset (1975); Hamblin

& Morton (19TT).

Summary: A heterogeneous population is created by a mixture of

many initial crosses. A male sterility mut,anl may also be

incorporated to further mix t,he population gene pool. Bulked

populations are grou¡n for many generations, allowing natural

selection to take place. As many as fÍfteen to twenty

generations of bulking may take place before conventional

breeder selection takes place. This essentially involves
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evolutionary breeciing. A major variation of this method

lnvoLves management of male-sberÍIity in composite crosses.

For example if seed is harvested only from male-sterile

plants in each generabion, then quite different results

emanate than for those expected on the basis of bulk

harvesting the entire population (Driscoll, per. comm.).

Advantages: Because of the number of generations involved, natural

selection will tend to develop a population adapted to the

environment in which the bulks are grobln. Thus the ensuing

breeder selections will be amongst already adapted material.

The large gene pool of the parental material and the

subsequent heterogeneity of the population, gives the

potential for large variety in the adapting lines.

Disadvantages: The most obvious disadvan+"age is time. As each

generatÍon represents a year (summer generations are nob

possible as natural selection in the environment where the

eereal is to be grown is often wanted), this method may be

three to four times as slow as previously mentioned methods.

The natural selection takes place in only one environrnent and

thus selected Iines may not be well- adapted to other

environments. Naturai seleetion may encourage highly

competitive lines which may not do as well as a pure stand

commercial crop. The method of Driscoll (loc. cit. )

involves only three or four generations of outcrossing (some

of which can be gro!ün out of season), before selection

commences. If this method is used the time disadvantage is

Iost whilst still creating a high level of heterogeneity

within the composite population. The pedÍgree of the bred

line is unknown.
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E. Mass Selection Mebhod

References: Romero & Frey (1966) ; Derera & Bhaft (1972), (1973);

Bhatt & Derera (1973); Derera, Bhatt & Ellison (t974); Frey

(1967); Chandhanamutta & Frey (1973); Geadelmann & Frey

(1975) .

Summary: Similar to bulk method exeept that each generation is

screened for easily discernible phenotypic traits (e.9. seed

type, maturity time). These selections are then grown in the

next generation.

Advantages and Disadvantages: This method is only effective for

simply inherited traits. Multifactorial traits could well be

masked by heterozygous genotypes in early generations and

thus escape selection. It may, however, be very effective

where a high correlation occurs between a neutral but, simply

inherited trait, and a highly desirable but non-simply

lnherited trait.

F. Single Seed Descent or Modified Pedigree Method

References: Goulden ( 1941) ; Grafius ( 1965); Brim ( 1966); Kaufman

(1971); Knott & Kunar (1975); Baker (1971); Snape & Riggs

( 1975).

Summary: This method eonsists of growing many generations as fast

as possi.ble before selection is made. This is done by

growing a large number of plants in an extremely small space

with minÍmal nutritional requirements, and then taking one or

two seeds from each plant for the next generation. ïn a

glasshouse, three generatÍons a year may be grown this way.

After six generations (two years) the (nearly) homozygous

progeny are grohrn conventionally for selection procedures to

be Ínitiated.
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Advanlages and Disadvantages: The main advantage is speed, the

main disadvantage is the large amount of variation lost by

only taking.one or two seeds from each plant. Selection

amongst (nearly) homozygous lines with an exact pedigree has

its advantages.....provided the desirable genotypes are stilt
present. Other advantages and disadvantages are similar to

the BuIk Method (B).

In general, breeding methodologies strive to have the major

breeder selection processes performed in a generation approaching

homozygosity. The major problem is to make sure that the

genotypes sought have not already been eliminated (either

consciously - by breeder selection, or inadvertantly - because of

the inability to grow a11 possible genotypes).
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Revíew Summary

plant breeding techníques, for quanËitative traitsr cêrl be dívided

ínto the three major categories descríbed ín Èhis chapter, that ís:

the genetíc evaluatíon of Èhe parental material; the separaÈion of genetic

effects from environmental effects; and the subsequent evaluation and

selection within the breedíng prograflrme.

Although a greaÈ deal of work has been done on these topics, Ëhere

seens to be a gap between the needs of the pragmatic plant breeder and

the theoretical genet.icist. The rigorous experímenËal designs that are

available to geneËically describe a small group of varieties wiÈhin a

species are fat too resource consuming, and cannot encompass a large

enough range of varieties to be practical Èo the plant breeder.

Thus a quick assessment technique for the most ímportanË genetíc

parameÈers is necessary. Together with the necessity for speed ís the

need to be able Ëo process a large number of potential parents. It

will be suggested, later in thís thesi-s, that the measurement of additive

genetic effects (general combining ability) should fulfill Èhe dual

criteria of obtaining the most essential genetic ínformation whilst

minimising the number of evaluative crosses needed.

To be of relevance to a breeding progranme other than those which

do not require a homozygous producÈ (e.g. F, hybrids), evaluaËion should

be carried out in a generation approaching homozygosity. For these

reasons the applicabiliuy of incomplete partial diallels, evaluated in

both the F, and F4 Beneratíons will be investigated. Also, as such

material would not be able to be replicaËed, meËhods of measuring soil

fertility dífferences wíthin an experiment will be subjected to further

investigatíon.
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The

the

1975) for a Control Data Corporation

phenotypic observations of the diallel
folLowlng specifications :

(i)

Cyber 173 computer.

rdere generated with

(ii)

The variances of the general and specific combining

abilities of the diaIIel !.rere represented by the two

varÍab1es GCAR and SCAR, respectively.

P values $¡ere chosen at random from a normal

distribution of mean zero and variance GCAR,

IN(O,GCAR) ]. These values Ì^tere then assigned to

represent the gca values of bhe P parents in the

dia11el.

(iii) P(P + 1)/2 values hlere then chosen at random from a

normal distribution with mean zero and variance

SCAR, IN(0,SCAR)]. These values hlere then assigned

to represent t,he specific combining ability values

plus the environmental effects of all the hybrids

and selfs in the diallel.

(iv) Individual observations were then generated using

" 
equation i.ii [Section 1.2.3f, where the last two

terms were combined:

i.e. ttj = nl€âh * gcai + gcaj + scaij * 
"ij

sca.
1J

It should be noted that the values generated in steps (ii) and
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(iii) above do not conform exactly to the standard definitions

Euo", = O anafs""r, = 0. As they are taken at random from the

normal- distribution they will only approximate this restriction.

This sÍmulated diallel can nol^r be analysed as a complete or an

incomplete parbial diallel. It was systematieally reduced to

lncomplete partial diallets representing 2r 4, 6, B and 10 crosses

per parent (see Figure 2.1). Each of these reduced dialle1s vras

then analysed for the parental gca estimates which were compared

to those of the partial diallel. The analysis took the form of a

least square analysis to minimi"u Xzr, where:

tr-D-ij - .ij gcai - gcaj - F (See Appendices V & VI)

where u is the overall mean.

The simulation was carried out for diallels of sizes P=15¡ 20,

30 and 50. The number of trials for each dia11el size vlas 100'

50, 30 and 14 respectively. (eg. 100 diallels of size P=15 were

slmulated, etc. ). The number of dialle1s simulated for bhe

different numbers of parents was pragmatically allocated as a

funetion of the arnount of computer time needed to complete a set

of simulations (approx. 300 seconds). Each simulation replicate

was independent of the others and thus represented a completely

new set of parents. This independence was maintained by using a

random number generator with a unique starting point each time.

The random number generator used was the IMSL program libraryrs

GGNOF (IMSL, 1977). Its starting point seed was oblained as

follows:

SEED = (Time of day) X (dabe).
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partial diallets were systematically sampled.
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The two crosses per parent incomplete partial
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As the accuracy of the cross prediction using this method is

clearly dependent on the proportional contribution of gca/sca,

wlde ranges of GCAR and SCAR vaÌues were used for the dialle1

generation. The values used hlere "1024, 256, 64, 16, 4 and 1. All

permutations (36) of these values of GCAR and SCAR values l^Iere

used for each diallel size. In aII, 27 ,936 diallels urere

simulated.

The gca val-ues generated in step (i) above h¡ere not used, as the

idea of the simulation Ìüas to mimic an experimental situation in

which only the gcafs calculated from the diallel analysis are

known. Therefore gcars calculated from the partial diallel were

used as the true gca values. Their separate processing also gives

a higher degree of independence between the simulation of observed

values and their subsequent analysis and evaluation.

Thus the rank differences rÁrere obtained by subtracting bhe rank

obtalned for a parental gca in the incomplete parfial diaIIeI from

the rank of the same parent's gca in the partial diallel. This

was done for all parents and the absolute values of these rank

differences !.rere stored as ben values represenbing the number of

parents in the diallel- which varied in rank by zero, the number

that varied in rank by one, and so on up to the number of parents

which varied in rank by nine or more.
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2.3 Simulation Results

2.3.1 Ranks

After each diallel was simulated and analysed, a t'ally was taken

of the number of parents in the incomplete partial diallels which

dÍffered in rank from those in the partial diaIIel.

0f t,he thirty-six eornbinations of gca to aca variance ratios

used, eleven vlere unique; for example , the ratio of the variance

of gcats from the distribution N(Or'1024) to the variance of scafs

from the N(0,256) disbribution is the same as for the two

distributions N(0,256) and N(0,64) [i.e. 1024/256 = 256/64 = 4.0]

The eleven distinct ratios v,¡ere 1024, 256, 64, 16, 4, 1 , 0.25,

0.0625, 0.0156, 0.0039 and 0.0010 with replications 1,21 3,4, 5,

6, 5, 4, 3, 2 and 1 respectively.

Duncan I s MultipIe Ro^¡e Test (Duncan, 1955) was performed on the

components of the eleven groupings of variance ratios to see

whether scaling differences $rere present. No significant

differences hrere found. This meant that the groups with the same

variance ratios could be averaged to give a single nnean value

without significant loss of informat,ion. Thus, the original

thirtysix gcalsca ratios hrere reduced to eleven.

0f bhese eleven remaining groups, five had a larger

component than sca component (i.e. ratio greater than one),

had equal. components (i.e. ratio equal to one) and five

gca

one

had
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smaller gca components than sca components (Í.e. ratio less than

one). As would be expected, the latter five yielded many rank

changes between the partial diallel and incomplete partial

diaIlel. Table 2.1 shows Spearmanfs rank correlation coefficienbs

for aII the dialle1s simulated that, had a variance ratÍo of 1 or

greater. The range and scatter of this coefficient did not differ

appreciably for these ratios, so only the range from the 256/1

ratio down to the 1/1 ratio is shown.

Similarly, Table 2.2 shows the range of Spearmant s rank

correlation coefficient for the variance ratios less than one

(i.e. 0.5 down to 0.0010). This table is included to illustrate

the instability of the gca ranks as the gca,/sca variance ratio

decreases belcw unity. Tab1e 2.1, however, shows the stability of

the ranks for the various incomplete partial dialle1s. If none or

only a few rank changes occur then the ranks may be considered to

be stabte. However, if there are many rank changes, or if there

are rank changes of more than, sâVr three, then the ranks may be

considered to be unstable. This stability is reflected by a high

Spearmants rank correlation coefficient (i.e. approaching 1.0)r a

low coefficient showing instabilit,y in the rankings.

It is difficult to visualise, from this information alone, the

significance of these rank changes for t,he plant breeder. For

this reason, tables were also drawn up to show the percentage of

gca estimates whose rank did not change at all for the imcomplete

partial dialle1s. Similarly, tables showing rank changes of one

or l-ess, two or less and up to nine or less changes in rank were

compiled. As these tables are cumbersome, a subset of them

appears here as Tables 2.3. I lo 2.3.4. These show the percentages
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TABLE 2.1

Range of Spearmanrs rank correlation coefficients for gca:sca
variance ratios of 256:1 to 1:1. The ranks of the gca estimates
from the partial diallel are compared to those from the incomplete
partial dialleI. The bracketed numbers represent the percentage
of the crosses from the partial- dialle1 used in the incomplete
partial diaIIe1

1 0 crosses
per parent

I.P.D.

8 crosses
per parent

I.P.D.

6 crosses
per parent

I.P.D.

4 crosses
per parent

r.P.D.

2 crosses
per parent,

I. P.D.

15 Parent
Dial1el

0.999-0.979
Q|.4%)

0. 999-0. 9 69
$7 .1%)

0.999-0.955
(42.9%)

0.999-0.940
(28.6%)

0.999-0.918
(rtt.:Íl

20 Parent
Dial1e1

0.999-0.968
$2.6%)

0.999-0.957
(41.2%)

0.999-0. 950
ß1.6%)

0.999-0.936
(21.1%)

0. 999-0. 896
(10.5%)

30 Parent
Diallel

0.999-0. 9 64
ß4.5%)

0.999-0.955
Q7.61,)

0.999-0.948
Qo.7%)

0.999-0"935
( 1 3.8%)

0.999-0. 9 1 I
(6.9%)

50 Parent
DiaIIel

0.999-0.966
Qo.4%)

o . 99 9-0.959
(16.2%)

0.999-0.952
( 12.2%)

0. 999-0. 938
(8.2%)

0.999-0.912
(4.1%)
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TABLE 2.2

Range of Spearmants rank correlation coefficients for gca:Sca
variance râtios of 256:1 to 1:1. The ranks of the gca estimates
from the partial diallel are compared to those from the incomplete
partial diallel. The bracketed numbers represent the percentage
ôf tne crosses from the partial diallel used in the incomplete
partial diallel.

10 crosses
per parent

ï. P. D.

I crosses
per parent

I.P.D.

6 crosses
per parent

I.P.D.

4 crosses
per parent

I.P.D.

2 crosses
per parent

I. P. D.

15 Parent
DialleI

4-0.84
7 1 .4%)

0.92-0 .
(57 .1

0.89-0. 67
(42.9%)

0. 84-0. 59
(28.6%)

0.79-0.49
(1r1.31,¡

20 Parent
Diallel

0. 93_0.73
$2.6fr)

0. g0-0. 68
(41.2%)

-0.62
1 .6%)

0.84-0.53
(21.1%)

.79.0.46
(10.5Í)

30 Parent
DiaIleI

0.90-0.61
ß4.5%)

0. B8-0. 55
(27.6%)

0. 85-0. 50
Qo.7%)

0.82-0.44
(13.8f)

0.78-0. 37
(6.e%)

50 Parent
DialIel

0.9 1 -0. 50
(20.4%)

o. 90-0. 44
( 16.2%)

0.88-0.39
(12.2%)

o. 83-0. 35
(8.2%)

0.78-0 . 29
(4.1%)

0.9
(

75
%)

0.89
(3

0
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TABLE 2.3 ,\
Means and Standard Errors of the percentage of parents in 2A x

20 Dialle1 whose GCA estimates do not change in rank when the
lncomptete partial dialleI analysis is compared to the partial
diallel anaì-ysis.

GCA/SCR
Variance
Ratio

0.2500
0.0625
0. 0156
0.0039
0. 001 0

GCAlSCR
Variance
Ratio

1 024.0
256.0
64.0
16. 0
4.0
1.0

0.2500
0.0625
0. 0 156
0.0039
0. 001 0

91.00
87. 30
77.87
62.82
43. s+
25.67

+ 1.12
É 0.gg
r 1.03
+ 0.91
r 0.81
t 0.64
t 0.58
t 0.52
r 0.53t 0.64! 0.gg

1 024.0
256.0
64. 0
16. 0
4.0
1.0

2 crosses per
parent
(20/ 190= 10 .51" of
possible crosses)

4 crosses per
parent
(40/ 190=21 .11" of
possible crosses)

93.40
88.60
81.27
68.
49.
29.
19.
13.
10.
9.

10.

0.57
0.55
0.55
0.72
'l .00

4 crosses per
parenf
(40/ 190=21 .21" of
possible crosses)

1 00. 00

34
26.37
25.30
24.60

6 crosses per
parent
(60/ 190=31.6% of
possible crosses)

94.
90.
85.
72.
55.
36.
22.
15.
11.
12.
10.

6 crosses per
parent
60/190=31.6% of
possible crosses)

100.00r
99 .50 +
98.23 å
94.97 +
86.94 r
69.00 t

.59

.66

.77

.82

.88

.13

.49

00 t 1.03
g0 t 0.97
23 ! 0.90
30 r 0.87
56 r 0.93
22 t 0.70
24 ! 0.66
20 ! 0.63
80 r 0.68
10 f 0.80
30 t 0.84

1 .05
1 .03
0.99
0. gg
0. 87
0.69

t
t
t
t
+

t
t
1
g
t
J

45
48
95
62
87
33
90
90

15.78
11 .95
9.00
B. g5
9.60

TABLE 2.3.2

Means and Standard Errcrs of the percentage of parents in a 20 x
20 DiaIIel whose GCA estimates do not change in rank more than one
when the incomplete partial diaLlel analysis is compared to the
partial diallel analysis.

2 crosses per
parent
(20/190=10.5% of
possible crosses)

t 0.00
! 0.26
t 0.37
r 0.59
r 0.71
t 0.75
¿ 0.91r 0.73
r 0.76
J 1.13
t 1.52

1 00. 00
99. 10
97 .30
90.78
77.81
56.67
38. B2
29.00
25.53
24. 40
25.10

99
97
93
83
63

00
19
33
43

0
0
0
0
0
0
0
0
0
1

1

49.04 r
36.82 ¿

29.t10 !
31 .80 +

28.30 !

0. 00
o.24
o. 3s
0. 5'l
0. 69
0.75
0.75
0. 78
0. 82

*
t
+

t
1
t
t
t
t
t
t

.20

.70

.15

.00

.02

.16

.55
45

0.97
1.55
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TABLE 2.3-3

Means and Standard Errors of the percentage of parents in a 20 x
20 dialtel whose GCA estimates do not change in rank more than two
when the incomplete partial dialle1 analysis is compared to the
partial diallel analYsis.

GCAlSCR
Variance
Ratio

1 024.0
256.0
64. 0
16.0
4.0
1.0

0. 2500
0.0625
0.0156
0.0039
0. 0010

GCA/SCR
Variance
Ratio

0.2500
0. 0625
0. 0156
0. 0039
0.001 0

55.24
43.97
38.70
35.50
36.90

2 crosses per
parent
(20/ 190= 10 .5% of
possible crosses)

4 crosses per
parent
(40/190=21.2% of
possible crosses)

6 crosses per
parent
(60/ 190=31 .6% of
possible crosses)

100.00 t
100.00 É
99. B

99.2
96.3
85. 1

68. 1

53. 4
44.7
45.0
42.5

6 crosses per
parent
(60/ 190=31.6% of
possibl-e crosses)

1 00.00 t
100.00 ¿
100.0
99.9
99.7
99.4
87. 1

76.4
68. 1

66.7
63.5

1 0.00
0.00
0.09
0.17
0. 34
0. 55
0.79
0. 85
I .00
1.13
1 .38

?+
tr4
8+
8t
0t
01
'7+I-

5r
0+

0t
0+
0t
2+
)+
)+
)+
0t
2+
0i
0r

98.7
94.9
80. 5
62.4
49.4
40. I
38.6
38.4

t0
t0
t0
È0
r0
t0
t0
r0
t0
t1
t1

.00

.00

.67

.82

.58

.38

00
00
99
97
92
74

.00

.00

.15

.29

.41

.70

.80

.85

.91

.22

.50

100.0
100.0
99.8

0.00
0.00
0.09
0. 20
0. 39
0. 60
0.7 4
0.81
0.95
0.99
1.62

1

TABLE 2.3.4

Means and Standard Errors of the percentage of parents in a 20 x
20 dialle1 whose GCA estimates do not change in rank more than
three when t,he incomplete partial diallel analysis is compared to
the partial diaIleI analYsis.

2 crosses per
parent
(20/ 190= 10 .51" ot
possible crosses)

4 crosses per
parent
(40/ 190=21 .27" of
possible crosses)

024
256

1 0
0
0
0
0
0

1 00.00
100.00
1 00.00

99 .8
99 .1
92,6
78
64

57.5
55.5

.00

.00

.00

.06

0. 97
1.31
1 .49

*
J
t
I
1
+

t
+

t
*
È

I
2
2
6
8

3
5
0

0
0
0
0
0
0
0
0

0.00
0.00
0.00
0. 06
0. 10
0. 33
0.63
0. B0
0.92

.15

.42

.65

.85

1 00.00 1

100.00 t
100.00 r
99.92 !
99.66 ¿
95.67 !
83.58 +
70.67 x
64.50 t
61.55 +
58.50 t

0.00
0.00
0. 00
0. 03
0.10
o.25
0.60

64.
16.
4.
1.

0*
8r
Bt
'l+| -)+
4r
0t
5t
0t

59.

3
I
0

0. 81
1 .05
1.23
1.52

1.28
1 .40
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of observed changes in the estimated gca ranks for a twenty parent

dial]e}. The complete set of such tables is presented in appendix

f. In Tables 2.3.1 to 2.3.4 the full range of variance ratios is

shown in order to indicate the rapid loss of information which

occurs once bhe gcalsca ratio drops below one '

From these tables Ít is possible to estimate the probability of

the breeder making an incorrect decision based on an incomplete

partial dialIel. The breeder may, for example, be looking at 20

possible parental lines and wish to choose those with the top five

gca values to incorporate into a breeding programme. If a parent

is ranked fifth in the partial diallel then any change towards an

inereased rank in the incomplete partial diallel will cause it to

be incorrectly excluded from the top five. From Table 2.3.1 in a

twenty parent diatlel with two crosses per parent and a variance

ratio of sixty-four to one, (1OO-77.87)%=22.13l of the diaIleI
ìËns¡rc+

would be expected to change rank.rP?îtP"ô" rank change is only

important in one direction, this statistic can be halved to

encompass only changes towards the lower ranks. Thus the

approximate chance of the fifth ranked parent not being ranked in

the top five becomes:

1/2 (1oo - 77.87)% = 1/2 Q2.13)%

= 11.Q7%

Similarly from Tables 2.3.2 and 2.3.3 the estimates for the fourth

and third ranked parents become:

1/2 (100 - 97.30)% = 1.35%

jlz (100 _ 99.67)% = 0.165%

(Tab1e 2.3.2)
(Table 2.3.3)
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The probabilities of the first and second ranked parents being

fncorrectly ranked outside of the top five parents are obfained

from the rank difference tables of four or less and three or less

respectively (the table for four or less is not presented here).

Tab1e 2.4 summarises these results for the 15, 20, 30 and 50

parent diallels, in which the incomplete diallel contains

approximately 20% of all possi.ble crosses. The 20l (or its

closest approximate) incomplete partial dialleI was chosenr âs

this was observed to be a reasonable cut-off point between having

an excessively large number of crosses and having too little

information. Similarly, the selection of five parents only is

used, as this would be a practical number for a plant breeder lo

use in more extensive experimentation. It is, however, only an

example and p1-ant breeders may in fact wish to choose more (or

Iess) parents from their original set of varieties.

As the probabilities shown in these tables are associated wit'h

any parent in the diallel and not just the first five ranked

parents, these estimates can be considered upper limits and

accordingly it, would be expected that bhe exact probabilities

(which are not calculable) should be lower. For this reason and

for the sake of breviby, standard errors associated with' these

estimates hrere not included in Table 2.4.

2.3.2 Predictions

The values of the gca estimates obtained from the

incomplete partial diallels brere used to predict

partÍaI and

the partial
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TABLE 2.4

Probability of the Top Five Ranked Parents being Incorrectly
Ranked Outside of the Top Five when the Incomplete PartiaL Diallel
ls Compared to the Partial Diallel.

Ranking Variance Ratio
64 161024 256 4 1

0.0000
0.0000
0.0003
0.0060
0.0721

0. 0001
0. 0005
o.oo27
0.0224
0. 1 248

0. 0005
0.0023
0.0127
0.0495
0 . 2013

15 Parent Dialle1
4 Crosses/parent
ßOt lo5=28q" of
possibl crosses)

1 0 Parent DiaIIel
4 Crosses,/parent
(40/190=21.1% of
possible crosses)

30 Parent DiaIlel
6 Crosses,/parent
(90/ U35=20.7f" of
possible crosses)

50 Parent Diallel 1

1 0 Crosses/parent 2
Q50/1225=20.4% of 3
possible crosses) 4

5

10
20
30
40
50

1 0.0000
2 0.0000
3 0.0000
4 0.0000
5 0.0207

.0000

.0000

.0000

.0000

1 0.0000
2 0.0000
3 0.0000
4 0.0000
5 0.0444

0. 0000
0.0000
0. 0000
0.0029
0. 0414

0.0000
0.0000
0.0000
0 . 0017
0.0330

0.0000
0.0000
0.0000
0.0040
0.0570

0.0000
0.0000
0.0006
0.0061
o. 0678

0.0000
0. 0000
0.001'l
0.0064
0.0996

0.0000
0.0002
0.0010
0.01 15
0. 0937

0.0002
0.0002
0.0020
0.0135
0.1259

0.0000
0.0010
0. 0031
0.0329
0.1707

0.0004
0. 0021
0.0064
0. 0342
0.1577

0.0004
0.0026
0. 0138
0.0589
0.2244

0.0021
0.0082
0.0325
0.0991
0.2771

0. 00 17
0. 00 69
0.0254
0. 0850
0.2526

0. 0062
0.0191
0.05û1
0.1274
0.3063

0.0217
0. 0488
0.0974
0. 1 849
0.3502

0.0419
0.0790
0. 1 424
0. 24 14
o. 39oo

0.0973
0. 1 487
0.2196
0. 3096
0.4230

0030

0.0064
0.0207
0. 05 30
0.1329
0.3167

0.0214
0.0520
o.1026
0. 20'l 1

o. 3693
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dlal-ler using equation (i.ii) [section 1.2.3]. Each of these

estimated crosses, and estimated selfs (parental lines) was then

compared to the observed values ( in this case, the original

simulated values). This yielded a value:

E = observed value - predicted va1ue.

The absolute value of E for each component of the diallel was bhen

calculated and a mean determined for the entire partial diallel:

i.e. mean deviation =rl',, where i = i...n, i(i (ii"i)

N

SimiIarIy, variances associated with the statisties were

calculated for all the diaIlels simulated. The replication of

each diaIIeI" simulation was then used to obtain the mean

deviation, and its associated standard error, for each dialle1

size with a given gcalsca variance ratio. These results are

summarÍsed in Table 2.5. The absolute value was used, as it was

felt that the magnitude rather than the direction of the deviation

from the observed value was the important statÍstic.

As the mean deviation is directly relat-ed to the sca variance,

only the gcalsca variance ratios of 256/64 are shown in Tab1e 2.5.

To obtain the new mean deviation the old mean deviation is

multiplied by the square root of the ratio of the new sca variance

to the old sca variance. Thus the complete ränge of variance

ratiso may be approximated by the formula:

new sca variance (ii.ii)new mean deviation = old mean devÍation x
64
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TABLE 2.5

Means and standard errors of the mean deviation of
partial diaIIel and the incomplete partial diallel "

âre based on a gca:sca variance ratio of 1024:64.

bhe predicted
AI1 values

The bracketed
bhe partialnr.¡rnbers represent the percentage of the crosses from

dialLel used in the incomplete parbial diallei.

Partial
Diallel

10 crosses
per parent

I.P.D.

B crosses
per parent

I.P.D.

6 crosses
per parent

I.P.D.

4 crosses
per parent

I. P. D.

2 crosses
per parent

I. P. D.

15 Parent
DiaIleI

6.04 t 0.45
(100.0f)

6. 14 t 0.46
Q|.4%>

6.22 t 0.47
$7 .1%)

6.33 * 0.48
(42.9%)

6.50 t 0.50
(28.6%)

6 .71 ! 0.52
(14.¡f)

20 Parent
Dia11e1

6.03 t 0.65
(100.0f)

6.19 t 0.67
(52.6%)

6.28 J 0.68
(42.1%)

6.37 + 0.70
ß1.6%)

6.51 t 0.72
(21.2%)

6.77 ! 0.76
(10.5Í)

30 Parent
Dia11e1

1 .91 t 0.21
(100.0%)

! o"23
.5%)

2.00 t 0.23
(27.6%>

2.02+ 0.24
Q0.7%)

t 0.25
.8%)

2.11 ! 0.27
(6.9%)

50 Parent
DÍa11e1

1.94 r c.31
( 1 00.0i6)

2.01 ! 0,34
Qo.4%)

2.03 t 0.31
(16.2%)

2.06 + 0.36
(12.2%)

2.19 ! 0. 37
(8.2Í)

:t 0. 40
.1%)

1 .98
(34

2.05
(13

2.16
(4
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For example, if a gca/sca variance ratio of 256/16 in a 15 parent

partial dialtel occurs, then the expeeted mean deviation would be:

6.04 3.O2

This rel-ationship is further illustrated in Table 2.6, which will

be Íntroduced later in this Chapter.

Variance of the gca estimates and the mean deviation can be

obtained from bhe incomplete partial dialleI. Thus, equation

ii.ii may be used to estimate the sea variance of the diallel.

For example, using equation ii.ii, in a 15 parent diallel with a

gea variance of 64 and a mean deviation of 1.5, the expected sca

variance would be:

*lG,lT

SCA variance = hêw mean deviation x
old mean deviation

SCA variance

Hence the gcalsca variance ratio of approximately 4/4=1.O may be

expected.

Table 2.5 shows a drop in the mean deviation from approximately

six down to two rvhen the number of parents in the diallel goes

from twenty to thirty. It seems that the larger number of

parents, and bhus observations, in the bigger diallels acts as 3

rrbuffertf which smooths out the variation. Similarly, ih bhe

larger diallel simulations the random sampJ-ing from the normal

distribution (Seclion 2.2) should echo the eomplete density

iq
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distribution more accurately. Hence extremes in the random

sampling procedure would be buffered (i.e. concealed) more when

many parents were used than when a small sample was taken.

2.4 Discussion

It can be seen from Tables 2.3.1 to 2.3.4 that very litt}e

change occurs in the ranking of the gca estimates when the paitiat

diallel is reduced. Thus the plant breeder Ioses very little

information when the number of crosses made is reduced.

Insert opposíte page here

As would be expected, bhe gca,/sca variance ratios whieh have a

higher sca component than gca component lead bo inaccuracies in

the incomplete partial dialtel ranking. This suggests that it

would be unwise to place a great deal of emphasis on fhe

lncomplete partiat dialleI analysis of characters which have a

gca,/sca variance ratio of Less than one. Whilst this restriction

excludes some traits, many agronomic characters do conform to this

restrict,ion and have a gca/sea ratio of one or greater (cf.

Griffing, 1956b; Reddy, 1976; Chaudhary et al. , 1977; Dhillon &

Singh, 1977; and Lupton , 1965).

The simulations indicate that any added accuracy in the

estimation of gca gained by using the partial diallel rather than

the incomptete partial diallel would not outweigh the extra work

involved. As an example, instead of making a partial diallel with

twent,y parents ( 190 crosses) twenty percent (approximateLy) of a

forty parent partial diallel could be made ( 160 crosses). Here,

fewer crosses are made but twice bhe number of paren+.s are

evaluated. In terms of finding the best parents to use in a
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breeding programme very Iitt1e information is lost by using only a

fraction of the partial dial]e]. Table 2.4 shows the estimated

upper probabilities for parents being incorrectly ranked outside

of the top five; for most gcalsca variances the probability of not

fÍnding the top three parents is minimal. If more than five

parents are to be chosen, the probabilities of an incorrect

ranking assignment outside of those chosen become increasin8ly

attractive for the Plant breeder.

A critical part of this analysis was the inclusion of the

parental Iines themselves. Simulations were run excluding -r'he

parents and it was found that for similar accuracies to be

attained, the number of observations (parent or cross) haci to be

maintained. That is, if observations of the twenty parents v'tere

not used in the incomplete partial diallel then a further twenty

crosses would have to replace them in the analysis to give results

of approximately the same accuracy. As it is usually

disadvantageous to increase the number of crosses performed, the

parents urere used in the diaIIeÌ analysis instead.

The case where only Èhe parent me¿ìns are used to evaluate their potential
is investÍgated in ChapËers 3 and 5.

TheoretÍcally, this can be justified on the grounds that the

breeder is fundamentally only interested in comparing the breeding

material (parent lines). Including the parental observations in

the diatlet might, well introduce a bias if lhe diallel were to be

used to extrapolate to bhe population genetic parameters of the

species. However, here this is not the case. As the breeder is

mainly concerned with bias affecting the parentat lines from whÍch

selection is mader âhY bias that affects information on parents

outsÍde the diaIIeI is tolerable.
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In outcrossing species, where selfed parental material cannot be

obtained (or where it would suffer infertility and/or inbreeding

depression), a larger nl¡mber of crosses wou1d, of necessity, be

made to replace the parental lines in the dialIel.

The simulated diatlels üJere in the form of mean values of each

genotype observation; in the fie1d, the observations would of

course be j.n the form of replicates of some convenient number. As

replicated trials are the more usual use of least squares

analysis, the method is easily adapted to multiple replicate input

rather bhan input in the form of means. Because of the rlay in

which the mean values blere simulated, input in the form of

replicated trials bras not necessary for the simulation lesting of

the method: as the diallel consists only of parental IÍnes and

F1t", all of whieh clo not genetically segregate, replication is

only needed to minimise the environmental differences, which are

not relevant to this particular type of computer simulation '

Rather than only the best parental gcats, all possible crosses

between parents may be predicted [equation (i.iii)] and then the

best of the predicted crosses chosen. hlith dialleIs appraised for

a number of characters, the use of hybrid prediclion may give a

simpler selection procedure to the breeder than the individual use

of gca estimates for each character. The accuracy of these

predicted crosses may be appraised by Table 2.5, in which the

closeness of fit between the predictions based on the partial

dialIel and those based on the 20% incomplete partial diallel is

striking.

Tables 2.4 and 2.5 will be referred to at a later stage, when a
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breeding plan using incomplete partial diaIleIs will be suggested'

2.5 A Random Crossing SYstem

2.5.1 Mebhod and Results

In all the simulations previously mentioned the partial diallel

was reduced by the systematie method iilustrated by Figure 2.1.

In practice, however, not atJ- plant breeders would be able to

obtain the incomplete dialtel in this systematie way. This may be

due to a variety of reasons ranging from F., seeds not germinating

to a wish by the plant breeder to include some crosses which are

not systematically required (and not to include others).

For this reason diallels were also simulated by randomly

sampling the incomplete partial diallel. So as to have a basis of

comparison rvith the previous set of simulation results, whilst at

the same time simplifying the procedures, the following

specifications l^tere used :

- A thirty parent dialIeI was simulated.

- On1y the eleven unique gca,/sca variance

simulated. These hrere 1024, 256, 641 16,

0.0625, 0.0156, 0.0039 and 0.0010.

ratios

4, 1

htere

0.25,,

- Five incomplete partial dialle1s were sampled by taking

crosses from within the diallel at random. The number

of crosses sampled corresponded bo fhe number of

crosses that would have been used in the 2, 4, 6, 8
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and 't0 crosses per parent incomplete partial dÍallels.

- Fifty diallels for each variance ratio were sarnpled in

this way.

The results of these simulations are summarised in Tables 2.6 lo

Z.g. Table 2.6 shows the complete range of results obtained for

the mean deviation statistics (ef. Table 2-5). The entire range

is shown in this table in order to illustrate the relationship

produced by equation ii.ii. As ean be seen' equation ii.ii could

be used to reduce TabLe 2.6 Lo a one line table. Table 2,7 and

2.8 compare the randomly sampled incomplete partial diallel to the

systematically sampled ineomplete partial diallel. They compare

the mean devÍations and the Spearmant s rank conrelation

coefficients, respectively. Table 2.9¡ shows the probabilities of

lncorrectly ranking a parenb in the 30 parent randomly selected

incomplete partial diallel outside of the top five ranked parenbs.

This table can be directly compared to Table 2.4.

2.5.2 Discussion

Table 2.6 demonstrates that even the randomly selected diallel

is very stable when the number of crosses used is greatly reduced.

The magnitude of the mean deviat,ion iso however, three-fold thab

observed in the s}¡stematically reduced diallel (Tab1e 2.7). This

contrasts sharply with the gca rank change results (Tables 2.8 and

2.Ð which indicate very litt|e change between the two sampl|ng

methods; the probabil-ities given i.n Tab1e 2.9 are almost ldentlcal

with those in Tab1e 2.4.



TABLE 2.6

Means ancl standard errors of the mean deviation of the predicted
partial diallel and the incomplete partial diallel. A ThÍrty
parenl diallel was used and all gca:sca variance ratios are shown,
for all incomplete partial diallels simulated. The incomplete
diallel was obtained by taking a random set of crosses from the
partial diallel.

10 c/P 8 C/P 6 ClP

0.8Ê0.09 0.82t0.09 0.81{t0.09

44

4 C/P 2 C/P

0.8610.09 0.88t0.10

RATIO P.D.

1024 0.78r0.08

256 0.7810.08 0.81i0.09 0.8210.09 0.84r 0.09 0.86t0.09 0.88J0.10

64 1.55t0. 17 1.62!0.17 1.6410.18 1.67t0. 18 1 .71J0.19 1.77t0.20

16 3.0910.33 3.29È0.35 3.27!0.35 3.34t0.36 3.4lt0.37 3.5110.39

4 6.2ft0.67 6.53!0.71 6.63!0.72 6.75t0.73 6.93!0.75 7.13t0.79

1 12.54tr.35 13 .12!1.41 13.26t1.43 13.55t1.46 13.85È1.50 14.2111.56

0.2500 12.4111.34 13.01ù1.41 13.17+1.43 13.37t1.46 13.7411.50 14.1511.57

0.0625 12.35x1.32 12.94!1.39 13.12¿1.41 13. 3811 .44 1 3.67 t1.49 14.0311 .55

0.0156 12.5871.35 13. 1311. 42 13.29!1.44 13 .52!1.47 13.8311 -50 14-26t1.57

0.0039 12.46t1.34 13.07r1.41 13.24t1.43 13.45t1 .67 13.79t1.50 14.17!1.56

0. oo1 0 25.00t2. 68 26. 15t2.82 26.57 !2.86 27 .05 12. 92 27. 5813. 00 28. 45+3. 1 1

a
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TABLE 2.7

A comparison of the mean deviaf,ion from the systematically reduced
incomplete partial diallel and t,he ranclomly reduced incomplete
partial dia11eI. The gca:sca variance ratio of 256216 is
iIl-ustrated.

P.D. 10 C/P 8 C/P 6 C/P 4 C/P 2 C/P
Systemat-
ically
selected 0.96 0.99 1.00 1.01 1.03 1.06

Randomly
selected - 3.09 3.23 3.27 3.34 3.42 3.52

TABLE 2.8

A comparison of Spearmants rank correlatÍon coefficients from
systematically reduced 30 parent incomplete part,ial diallel
the randomly reduced 30 parent incomplete partÍaI dialle1.
two variance ranges given for each case are 1024 to 1 and 0.25
0.0010 respectively

10 c/P 8 C/P 6 C/P 4 C/P

Systemat-
ically
selected

Randomly
selected

0 . 99-0. 96
0.90-0.61

0.99-0.96
0.89-0. 59

-0. 95
-0.55

0.99-0.96
0. 86-0. 52

0.99-0.94
0. B5-0. 50

0. 99-0. 94
0.83-0.46

0. 99-0. 93
0, 82-0. 44

0.99-0.94
0. 7g-0. 4 1

the
and
The
to

2 C/P

0.99-0.,91
o. 78-0. 37

0.99-0.92
0.75-0.37

0.99
0. 88

TABLE 2.9

Probability of the top five ranked parents being incorrectly
ranked outside of the top five when the randomly reduced l0 parent
incomplete partial diallel is compared to the 30 parent partial
diallel. An incomplete partial diall-el with 90 crosses is
illustrated (90/435 = 20.7% of possible crosses).

Variance Ratio
Ranking

1024 256 64 16 1

0. 0000
0. 0000
0. 0000
0.0016
0. 0450

0.0000
0. 0000
0.0000
0.0066
0.0733

0.0000
0.0000
0.001 6
0 . 0216
0. 1 300

0. 0016
0.0033
0.0150
0.0550
0.2050

0. 0083
0. 0233
0.0600
0. 1 366
0.3083

0.0450
0.0817
0.1466
0.2433
0.3800

4

1

2
3
4
5
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This further exemplifies the advantages in calculating ranks of
gca estimates rather than their numerical values. The random

sampling of crosses in diallels markedly affects the precislon of
the gca estimate, as shown by Table 2.7, but it onty marginalry

affects the gca ranks (Tables 2.4 and 2.9). As discussed in

Chapter One, it is the ranking rather than the actual value of the

gca estimates which is of primary importanee to the plant breeder.

Thus it is possible for the breeder to use randomly selected

crosses from within a diallel instead of a systematic reduction of
this diallel.

As a breeder is unlikely to choose crosses at random, and as

information is lost when this is done, this would at first seem an

unlikery method. However, as the definition of an ineomplete

partiar diallel is so broad, previous sets of crosses made by a

plant breeder may not¡t be re-analysed, and treated as an incomplete

partial dial1e1. rf equation ii.ii is used to estimate the sca

variance in a randomly sampled crossing system, then the increased

mean deviation would yield a disproportionately large sca variance

vaIue. Arthough this Ís by no means desirable Ít at least

deviates in the direction which makes t,he breeder nore cautious

rather than less cautious. That is, the deviation influences the

breeder to use more parents and crosses rather than use less and

risk everything on those few crosses.

The random case simulated is the worst case for the

non-systematic sampling of the dia11e1. 0ther systemabic designs,

such as top-cross methods, would be expecbed to yield intermediate

results between the systematic incomplete diallels presented here

and the randomly reduced diallers. Systematic crossing designs
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such as top cross methods would be expected to be exbremely

similar to the non-randon method simulated here. However, iî- is

hard to overlook the bias introduced when there are no crosses

between the tester lines and between the lines to be tested. AS

the systematic design simulated here gives a large amount of

accurate information, with the Same number of croSSeS as would

have to be used in other designs, and aS bias within the parents

tested is greatly (if not entirely) reduced, bhe use of such a

design would seem appropriate for plant breeders.
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3. A Twelve Parenb Diallel of Triticale

3.1 fntroduction

As discussed previously, diallets of various sizes and gcalsca

variance ratios were simulated in order to measure t'hei.r use aS

both a predictive and an evaluative tool of the plant breeder"

Although this large range of diatlels simulated is impossible to

repeat in a biological experiment, it is possible to make a sampì-e

diallel in order to evaluate the advantages and disadvantages of

the analysis suggested in Chapfer Two.

Thus an experimental diallel was made, primarily in order that

the stability or instability of the gca ranks and the Fl

predictions could be observed as the diallel hlas redueed.

results of this Fl diallel will again be referred to in

chapters, in which breeding programmes will be discussed in

light of further analysls of generatlons beyond the F1.

The

Iater

the

3.2 Triticale

The plant materials used in the diatlel were twelve hexaploid

triticales (x Triticosecale l,Iittmak). Trltlcales are man-made

hybrids of wheat ( Triticum L.) and rye ( Seca1e L.)r inrtialLy

formed by pollinating the wheat parent with rye poIlen. For the

production of hexaploid triticale a tetraploid (Durum, n=14) wheat

is used. The hybrid plant has the A and B genome chromosomes from

the tetraploid wheat and the R genome from the rye (n=7¡. this
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haptoid plant (ABR), having no homologues, is sterile. The

chromosome number of this hybrid can be doubled by means of a

chemical called cotchicine; this gives a hexaploid plant (AABBRR'

n=21) whlch ls fertile.

Certain agronomic improvements may be made by backcrossing

triticale to hexapl-oid wheat (AABBDD) to rrmixrt the alleles of i.he

A and B genomes and the chromosomes the third Senome. Some of

these mixtures will become stabitised, i.e. have 21 pairs of

homologues enabling regular meiosis. The effect of this

backcrossing is that rye chromosome pairs are replaced by D getlome

chromosome pairs from the hexaploid wheat (e.9. 3D may replace

3R). The twelve triticales used, their ori.gin and their

chromosome complement (if known), are listed in Table 3.1. The

main observable phenotypic differences between the twelve parenbai

lines are also shown in this Ëable. (Sterilíty in Ëhe Flrs beÈween
these línes was low enough to be most unlikely to influence g.c.a.)

The choice of triticale as the test crop was a subjective one.

The only criterion set down by the simulabions was that the crop

should be self-pollinating. As triticale is a new crop it has not

been subjected to large selection pressures and thus its genetic

base is potentially extremely broad. In a s*"udy such as this, it

was considered advantageous to have as wide a range of genetic

materlal amongst the parental lines as possibl-e. ALso, âS

triticale has many of the agronomic features of other cereal

crops, it does not have to be managed in a markedly different way

to wheat (for example). Most importantly, however, as a new crop

it is one in which parental evatuation by the plant breeder is

very important, as no history of the effectiveness of different

triticale parental Iines is available. (To a limited extent this



Number Name Origin
( Parentage )

T28

5o

Distingui shing
s Traits

Long droopy head

Very tall
late maturing

Awnless

Short , slightly
compact head

Mexico
(Armadillo PM-105)

Mex ico
( In ia_ArmilSil )

Mexico
(D'R44/Inia-Rye x
Arm rrsn )

Mex ico2
(AUS 15898)

Mexico2
( Maya I I Armrt Srt )

Mex ico2
(Koala x Mayafl
_ ArmilSrr )

Mexico2
( D¿28-vetegas

Prot.AIts. x Arm
tr Stt /Koala )

Table 3.1

The Twelve parents used in the t'riticale diaIlel
described in Chapter Three.

Rye
Chromasome
Missingl

T31 Came1

T33 Drira

T34

T58 Badger

T1 06

Cinnamon Mexico 2Rr7 /4R
(TcI Maya* Il-ArmrtStr )

2R

2R,7 / 4n

None

Unknown

Unknown

2R

Unknown

Mexico Unknown
(Outcross BIk SeI.)

Cachirulo Spain
( Unknown )

T246

T686

T702

T71 0

1896

T937 Beagle

1 Merker ,1975.
2 Furt,her selection
3 Further selection

Unknown

Unknown WaxlessAust. Selection
( Unknown)

3

Mexico None
(UM-"S"-Tc1 Bulk)

Tamworth, N. S.W.
Perth , W. A.

Long droopy head

at
at
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lnformation is available to breeders of other cereals.)

It was also felt that the use of triticale in t'his breeding

experiment might permit the evaluation of the sensitivity of

diallel analysis to chromosomal abnormalities (meiotic

lrregularities) caused by the mixture of R and D genome

chromosomes. This mÍxture of the R and D genome chromosomes would

be different for each F., involved in the diallel and thus this

mixture would mainly affect lhe sca values for the crosses. If
the analysis is stilt effective despite probable chromosomal

abnormalities, then meiotically regular material would be expecteC

to be at least as informabÍve.
Ihis "sensiÈivityrr of the dia1le1 analysis will also be Èested by the fact
thaÈ tritíca1e ís not 100% self-po1linating. The degree of outcrossing in
triticale may vatry between lines and could range from 1 or 27" to as much as
20% (Driscoll, pers. comm.).

3.3 Product,ion of the DialleI

All crosses were made in 1976. The twelve parents ü¡ere grown

under glasshouse conditÍons, as well as in an irrigated

birdproofed field site. Three planting times blere used in both

the glasshouse and the field, in order bhat crosses could be made

between the early and late maturing genofypes.

*tT'^''L '¡-
As the partial diallel analysis methodnused \ssw.crr¡S that there

are no reciprocal effecbs, male and female parents were used

according to the availability of pollen and spikes for

emasculation.

Tab1e 3.2 shows the crosses made with their assigned numbers.

These numbers are not ç-o¡rsa,¡,uÌìs.¿ as in order to ensure that enough

seed was produceC more than one cross with the same parents vüas

often made.
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Table 3.2

Table of crosses used for the partial diallel. Notation is inthe form of:
Cross Number (female parent x male parent).

x76-700
x76-702
x7 6-705
x7 6-707
x76-708
x7 6-709
x7 6-71 1

x7 6-7 13
x7 6-7 14
x7 6-7 15
x7 6-7 17
x7 6-718
x76-721
x76-722
x76-725
x76-727
x7 6-729
x76-730
x7 6-733
x7 6-734
x7 6-735
x76-737
x7 6-742
x7 6-7 44
x7 6-7 45
x7 6-7 47
x7 6-7 48
x76-750
xT 6-751
x7 6-752
x7 6-754
x76-755
x7 6-758

( 13l
( r33
( r34
( 158
(T106
o246
( 1686
(T7 02
(T710
( TB96
( T28
( r33
(r3t
( 158
( r3l
( r3l
( T686
(1702
( 1896
( 13l
( r34
( r33
( 133
( r33
( T686
(r7 02
(1710
( r896
( 133
(158
( r34

T28 )
r28 )
r28 )
T28 )
r28 )
r28 )
r28 )
T28 )
T28 )
T2B )
1937)
r3l )
T3r+ )r3l )
T106)
1246 )

r33
r58
T1 06
T246
133

r33
r33
r9.37
r34
T1 06
T246
r686

x76-761
xT6-763
x76-765
x76-766
x76-767
x76-768
x76-770
x76-77 1

x76-773
x76-775
x76-776
x76-778
x76-779
x76-780
x76-781
x76-784
x76-785
x76-786
x76-787
x76-789
x76-790
x76-791
x76-793
x76-795
x76-797
xT6-798
x76-80 1

x76-802
x76-804
x76-805
x76-806
x76-808
x76-8 1 0

(r702
( 134
(r896
( r34
( 158
( 158
( r58
( T58
(T710
( r896
( T5B
( T246
(T686
(T106
(T106
(r896
(r106
(T246
î246
(T710
(1896
( r246
ßToz
(1686
(1896
( 1686
(T710
(T702
(r702
(r896
( T710
(T896
( T710

x T34)
x T710)
x T34)
x T937)
x T106)
x T246)
x T686)
x T702)
x T58)
x T58)
x T937)
x T106)
x T'106)
x T702)
x T710)
x T106)
x 1937)
x T686)
x T702)
x T246)
x T246)
x T937)
x T686)
x T710 )
x T686)
x T937)
x TT02)
x T896)
x T937)
x T710)
x T937)
x T937)
x T31 )

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

T3l
T3l
T3l
1937

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

T33

( r¡q
( r34
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The F., diallel referred to in this chapter r.¡as grol^¡11 frorn

residual seed in 1978, in the same season in which the Frl

generation was grolrn. This was done in order thai comparisons

between the results of bhe F., dialle1 and the later genera';ior':

families could be made, with no seasonal interaction. S¡"¡ch

comparisons will be drawn in later chapters. The 1977 season l'¡as

only used to advance the generations, and no data were coilecLecl

in the F, and F, Plants.

The F., diallel was grovrn in a birdproofed enclcsure with lio

supplementary irrigation. The sixty-six Fl t t and the tweiv*:

parent lines r"rere replicabed five times. ihey hleÌ'e split inï'î

five blocks with a single replicate in each block, and each biccl:

was separatel-y randomised. Eight seeds from each of t.he

seventy-eight genotypes ürere placed in peat pellets and germinaLed

in a glasshouse. The five most vigorous plants of eaeh genotyrle

lvere then planted in the field ('¿igour was subjectively assessetj) '

Three crosses had less than five germinations even when Íla?F:

germinations were attempted; in the field Iayout their numbers

lrere made up to five by supplementing them with a parenLal

variety. This was done in order to regulate compelitive effeuis

whieh may occur between plants simply as a results of plant

nurnbers " These supplementary plants were not harvested. Tile

plants brere plaeed on a 4.2 x 8.4 metre grid with a 30cm sqlJâre

spacing between plants. This spacing ensured t,hat cornpetitive

effects would be minimised, and allowed each pl-ant to obtain ti:e

nutrients, waber and space it required.

Unfortunately, a disease struck this experiment, badly damaging
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some plants and affecting about 30% of the totai. These diseased

planbs were recorded and later discarded when it was realised that

yield and other observed traits were affected. This had the

effect of severely limiting the degree of replication. Instead of

five replicates of each genotype many were reduced to three and

Some to only one or two. Because of this and t'he ensuing

statistical difficulties in analysing such small and varied

replication factois, the data were analysed in the form of means

for each genotype rather than as individual replieates.
As the díseased plarits occurred ín clusters through the experiment and

were randomry distributed throughout the genoÈypes present, iÈ appeared
that Èhere v/as no ínteracËion between the disease and. the vari-ous genoËypes.

3.4 Observed Characteristics

The following measurements were taken on all the Fl and

parental plants:-

1 Days to Heading:

complete

nearest

the tÍme taken from germination to the

emergence of the first head. Measured to the

week.

2. Days to Arrthesis: the time taken from germination to the

emergence of the first anthers from the florets. This

charaeter was also measured to the nearest week. Bot'h

this character and one abo'¡e are indications of the

maturation potential for the p1ant. However, they can

be measured exactly rather than by the more subjective

decision of determining when t,he plant is ready for

harvestÍng. A1so, as all the the plants v.¡ere sobrn at

the same time and grown under the same condilions

these two characters act as indicators of daylength

sensitivity and/or vernalization requirenrents.
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3. Height: the disbance (cm.) from the soil to the top of the

tallesb ti11er. This character is important because

of the J-arge range of helghts amongst triticales; some

are extremety short, whilst others are so tall that

that todging is a problem. It is worth noting that

although lodging of tall varieties is observed in

triticales, it seems to be less serious in this crop

than in wheat and other cereals because of the greater

straw strength.

4. Number of Productive Heads: this is a component of yieid of

the plant; a greater" potential for yietd is obtained

when there is a large number of productive heads.

Onty mature heads with seed t¡¡ere counteC; this

prevented secondary flushes of tillers from affecting

the results.

5. Total Biological lrreight: the welght of the entire plant ,

excluding bhe root system, measured to t'he nearest

gram. This is used in conjunction with lhe grain

yield of the plant to determine an efficiency faetcr i

(harvest index).

6. Head Length (TT): this character hras measured by observing the

length of the tallest tilterrs (TT) spike. It was

measured to the nearest centimetre. Like character

four, this eharacter may influence the eapability of

the plant to produce more seed. The tall-est tiller

was used for this character, and others to follow, âs



this tilter is usually the most vigorous and thus

be used by the plant breeder to approximate

optimum potential fcr the p1ant.
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can

the

7. Number of Spikelets (TT): measured on tallest tiller (TT)

only. Used with characters six, eight and nine, this

gives an indication of the effieiency with which the

plant utiLizes its resources. A plant with thirty
spikelets but only twenty seeds is no better than, and

perhaps vrorse than, one with ten spikelets and twenty

seed.

8. Number of Seed (TT): the number of seeds on the tallest
tiller.

9. t{eieht of Seed (ft ): the wei ghb (gm) of seed on the primary

tiller. This helps to show the capabÍlity of a plant

more clearly than would an averaging of the seed from

all the spikes of a plant. However, if the planb has

many other tillers which produce 1ittle or no seed,

this potential may be biased upward.

10. Grain Yield: the weight (gm) of all the seed

Increase in yield is probabLy bhe chief

most plant breeders - thus this

commercially the most important.

on the plant.

objectíve of

character is

11. Harvest Index: as well as the ten observed characters above,

harvest index was also calculated from characters

and five above:

fen
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Harvest Index (H.I.) = Yield,/Total Biotogical lJeight

This character is often cit,ed by plant breeders as a

powerful indicator of a plant genotypets pctential for
hÍgh yielding in later generations (see Chapter Six).

' ì . {s stated earlier, t,he above measurements r.iere made

on alr the repricates and then a mean value was obtained. These

mean vaÌues are presented in Appendix If.

3.5 Results

The partiar diallel was anarysed in the same vJay as were the

sÍmulated diallers in the previous chapter. The ranks of the

gcars were calculated for the partial dialle1 and then cornpared to

the various incomplete partial diatlers. Arso, the gca estimates

were used to calculate an estimate for each observation (equation

i.iii) . This estimated value was used to calcurate a mean

absolute residual value for the dia1rel, again in the same r¡ray as

described in chapter Two; The results of these analyses for each

of the measured characters are tabulated in Tab1es 3.3.1 to

3.3.11. The ranks of the parental lines for each character are

also included in these tables.

3.6 Discussion

rn presenting the resuLts of the Ft diarler in this chapter,

discussion wirl be largety limited to the appraisal of the Ft

anal-ysis techniques simulated in Chapter Two. !'iider applications

of the F., diallel analysis as well as the correlation results of
the F1 characteristÍes will be presented and discussed in Chapter^



Tab1e 3.3.1
F1. Character 1 Days to Heading

Mean
S. D.

116.77 gca variance 21.6 gcalsca variance ratio 2.13
7.32 sca variance 10.17

3( 1)

8( 2)
10(1)
3(2)

12
9(1)
1

2( 1)
11

7 (1)
4(2>
6(1)
5(1)
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9
10( 1)
3(z>

12
I
1

2( 1)
11

4=6
4=6(3)
4=6(2)

7ß)

I (2J
10(2)

2
12

7=8( 1 )
1

4( 1)
1 1( 1)

7=8( 1 )
3
5(2)
6Q)

Parent gca Ranks
(Bracketed numbers indicate deviabion from P.D.ranks) Rank of

P.D. 1oc/p \c/p 6c/p \e/p Zc/p Parent

T28
T3l
133
T3tl
T58
T1 06
T246
T686
T702
T71 0
T896
r937

F1.

Mean
S. D.

Parent

T28
T31
r33
T34
T5B
T106
T246
T686
T702
T71 0
T896
r937

Character 2

1 0
9
5
2
B

1

3
1

6
2
7
4

1 10
9
5

12
8
1

3
11

6
2
7
4

(1)

(1)

0
9
5
2
8
1

4
1

6
2
7
3

11 0
9
5
2
8
1

2
1

6
3
7
4

0
9
4
2
8
1

2
1

6
5
7

1 11

(1)

(1)

)3

111

(1)

(1)

1

(

Mean of Abs.
Residual- s 2.62

S.D. of Abs.
Residuals 1.84

2,67 2.69 2.72 2.73 2.97

1 .84 1 .81 1 .86 1.82 2.25

Table 3.3.2
Days to Anthesis

gca variance 12.60 gcalsca variance ratio 1.81
sca variance 6.97

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks) Rank of

P.D. 1Oc/p ïc/p 6c/p \c/p Zc/p Parenf

130.57
5.67

1

I
2
2
9
1

5
0
6

3
7
4

1

1

11 1)

1)

1)

1)

0(
8
3(
2
9
1

5
1(
6
2(
7
4

1

(1)

(1)

(1)

(1)

0
8
3
2
9
1

5
1

6
2
7
4

10( 1)
I
2

12
9
1

4( 1)
11(1)

6

3
7
5( 1)

10( 1)
8
2

12
9
1

4(1)
11(1)

8(3)
10
2

12
9
1

4(1)
11(1)

1

11

(1) (1)7
3
6
5

7
3
5
6

(1)
(1)

Q)
Q)

Mean of Abs.
Residuals 2.15

S.D. of Abs.
Residuals 1.54

2.16 2.18 2.26 2.33 2.43

1 .56 1 .57 1 .57 1 .57 2. 00
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Table 3.3.3F1 Character 3

125.35 gea variance
14.40 sca variance

Height

gcalsca variance rat,io 1.7580.60
46.04

Parent gca Ranks
(Bracketed numbers indicate deviatÍon from P.D.ranks) Rank of

P.D. 10c/p 9c/p 6c/p 4e/p Ze/p Parent

Mean
S. D.

T28 8
T31 7r33 3
T34 9
T58 4
T106 1

T246 10
T686 1 1

T702 12
T710 5
T896 2
1937 6

Mean of Abs.
Residuals 5.16

S.D.of Abs.
Residuals 4.45

7
I
4
9
5
1

0
1

2
3
2
6

1

1

1

(1)
(1)
(1)

8
7
3
9
5
1

10
11
12

4
2
6

I
6( 1)
5(2)
9
4
1

10
12(1)
11(1)
3(2)
2
7 (1)

I
T
4( 1)
9
5( 1)
1

10
12(1)
11(1)
3(2)
2
6

I
5(2>
6(3)

10( 1)
3(1)
1

9( 1)
12(1)
11(1)
4( 1)
2
7 (1)

(1)
(4)

8
6
7
9
2
1

0
2
1

3
4
5

(1)

(1)

(1)

( 2

)2(

)

(1)
(1)
Q)
(2)
(1)

10.48
1 .88

5.25 5.33 5.63 5.63 6.62

4.42 4.43 4.59 4.60 5.05

Table 3.3.4
Number of Productive Heads

gca variance 0.70 gcalsca variance ratio 0.38
sca variance 2.00

F1

Mean
S. D.

Parent

T28
T31
r33
T3tl
T58
T1 06
T246
T686
T702
T71 0
r896
r937

Character 4

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks) Rank of

P.D. 10/c/p ïe/p 6c/p \c/p Zc/p parent

2
7
2
I
1

1

5
0
3
6
9
4

(1)

(1)

2
B

2
7
1

1

5
0
3
6
9
4

1

1

1

1

1

1

12
7
2

10(2)
11

1

4(1)
8(2)
3
6

9
5(1)

12
5(2)
2

11(3)
9(2)
1

4(1)
10

3
6
7 (2)
B(4)

12
T
1(1)

10(2)
6(5)
2( 1)
4(1)
9( 1)
3
8(2)

1 1(2)
5(1)

( )3

(1)

9
7
2
I
0
1

4
1

3
2
5
6

7=8(4)
10(3)

5=6( 3)
12(4)

1 7=8(3)
1

4(1)
11(1)
2(1)
3(3)

5=6(3)
9(5)

(1)
(1)

(6)
(4)
Q)

Mean of Abs.
Residuals 1.14

S.D. of Abs.
ResÍduals 0.84

1.14 1.17 1.19 1.19 1.19

0.86 0.84 0.gg 0.90 0.96



F1

Mean
S. D.

Parent

T28
T3l
r33
T34
T5B
T1 06
T246
r686
T702
T71 0
TB96
T93T

6o

Table 3.3.5
Character 5 Total Biological t¡leight

104.37 gca variance 331.38 gca,/sca variance ratio 0.80
32.79 sca variance 412.51

gca Ranks
(Bracketed numbers indicate deviatÍon from P.D.ranks) Rank of

P.D. 1Oc/p \e/p 6c/p \e/p Zc/p Parent

12
11
2

10
7
1

5
8
6
9
4

3

12
11

2
9
7
1

5
10

6
8
3
4

6
1

5
1

I
4
2
7

12
11
2

10
6( 1)

1

(3)
2
I
2
0
5
1

7
1

6
9
3
4

1 2
7
2
0
6
1

5
1

I
9
3
4

11(1)
8(3)
3( 1)
9( 1)
6( 1)

)4

(1)

9(3)
10(1)
3(1)

12Q)

(

11

12 1)

)(
2( )

1

5
12(4)
7( 1)

10( 1)
2(2)
4(1)

(1)

10
3=4

6( 1)
5
9(1)
8( 1)

3=4
1(1)

(1)
(1)
(1)
(1)
(1)

,|

5
9
7
8
3
4

2
1

1

6
0
4
7
5
B

9
3
2

(
(2)
(3) (3)

(2)
1 (3)

(2)
(5)
Q)
(4)

(1)
(1)

(1)
(1)

(1)
(1)
(1)

Mean of Abs.
Residuals 16.19

S.D. of Abs.
Residuals 12.22

16.32 11 .37 16.92 17 .03 18.00

12.38 12.33 13.32 12.93 13.69

(1)
(1)

F1

Mean
S. D.

Parent

T28
T3l
r33
r34
T58
T1 06
T246
r686
T702
T71 0
T896
r937

Table 3.3.6
Character 6 Head Length (TT)

13.80 gca variance 2.08
2.32 sca variance 1.21

gca/sca variance ratio 1.72

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks) Rank of

P.D. 1Oc/p ïe/p 6e/p 4c/p Zc/p Parenf

12
11

1

6
10

3
7
5
I
9
4
2

1

1

1

1

(1)
(1)

(1)

(1)

2
1

2
6
0
4
7
5
8
9
3
1

1

1

1

(1)

(1)

(1)

2
1

2
6
9
4

7
5
I
0
3
1

(1)
(1)

(1)
(1)

(1)
(1)
(1)

1

1

2
0
2
6
1

4
7
5
I
9
3
1

11(1)
12( 1)
2(1)
7 (1)

(1)

(1)

2
1

2
7
0
3
6

5
I
9
4
1

1

1

(1)
(1)

1 (1)
(1)

1

Mean of Abs.
Residuals 0.80

S.D. of Abs.
ResÍduals 0.76

0.81 0.82 0.83 0.81 o.9o

o .77 o. 78 0.79 o.8o o. 90



F1

Mean
S. D.

Parent

T28
T3t
r33
T3tl
T58
T1 06
T246
T686
1702
T7l o
r896
r937

F1

Mean
S. D.

Parent

T28
T3l
r33
T3l
T58
T1 06
T246
T6B6
TTOZ
T71 0
TB96
r937

12
11

3
8
9
1

5
10
7
6
4
2

Character B

6r

Table 3,3.7
Charact,er 7 No. of Spikelets (TT)

27.76 gca variance 5.48
3.67 sca variance 2.49

gcalsca variance ratio Z.2O

gca Ranks
(Brackebed numbers indicate deviation from p.D.ranks) Rank ofP.D. 10c/p Bc/p 6c/p \c/p Zc/p parent

12
11

3
I
9
1

5
10
7
6
4
2

Q)
(1)

12
11

3
I
9
1

5
10

7
6
4
2

10
8(1)
3
4(1)
6Q)

12( 1)
5( 1)

2
9

11(1)
1

10
9(2)
3
6(1)
5(3)

12(1)
4
7 (1>
2
8(1)

11(1)
1

5(3)
12( 1)

(1)
Q)

5(3)
12(1)

(1)
(5)
(1)

12 12
11 11

33
9(1) 8
8(1) 911
55

10 10
77
66
44
22

12
11

3
I
9
1

5
10
7
6
4
2

11='l
11=1

8=
$=

l=
1

)( 2

(1)

2
2
5
9
9
1

4
0
7
6
4
2

3

Mean of Abs.
Residuals 1 .20

S.D. of Abs.
Residuals 1.06 1.10 1.12 1.11 1.15 1.23

1.21 1.22 1 .24 1 .25 1.33

Table .8
Number of Seed (TT)

72.83
19.04

gca varianee 64.53
sca variance 233.35

gcalsca varÍance ratio 0.28

gca Ranks
(Bracketed numbers indicate deviation from p.D.ranks) Rank of

P.D. 1Oe/p 8c/p 6c/p 4c/p 2c/p parent

11 0
7
3
5
I
1

4
6
2
9
2
1

0
7
4
6

1

(1)
0
B

3
5
6
2
4
T
2
9
1

'l

0
I
4
6

1

(t
(l
(t

(t
(t

3
1

1

9
7
2

(5)
(1)

1

(1)

3
I
2
9
1

1

1

7(1)

10
9(2)

4=5( 1 )
6(1)
8

12(1)
1(3)

11(5)
2
7 (2)

4=5(7)
3Q)

)
)

)
)
)

1

11

)(

(1)

Mean of Abs.
Residual s 12.55

S.D. of Abs.
Residuals 8.74

12.50 12.63 12.69 13.14 14.19

9.00 9.09 9.74 9.52 11.63



F1

Mean
S. D.

Parent

T26
T31
133
134
T58
T106
T246
T686
TToz
T71 0
r896
r937

F1

Mean
S.D.

Parent

T28
T3t
r33
r34
T58
T1 06
T246
T686
T702
ï7t o
TB96
r937
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Character 9 Wt,. of Seed (TT)

23.4 gca variance
9.45 sca variance

gca/sca variance ratio 0"21

gca Ranks
(Bracketed numbers indieabe deviation from P.D.ranks) Rank of

P..C. 10c/p \c/p 6c/p \e/p Ze/p Parent

Table 3.3.9

13
62

2
4

3
7

10
I
2
9
7
4
6
5
3

11

12
1

10
9
2
8
7
5
6
4
3

11
12

1

10
9(1)
1

B

3
7
5
6
4

12
11
2

4
12
11

2

'10

I
1(1)
7Q)
6( 1)
9(5)
4(2)
5
3

11
12
2(1)

3
10(1)
12
2( 1)

(1)
(3)
(1)

10( 1)
12
2(1)

9
3(4)
7( 3)
4(2)
8(3)
5(2)

11
10(2)
2(1)

12Q)
6(3)
1(1)
9(1)
3(4)
8(3)
4(2)
7(3)
5(2)

11
10(2)
2(1)

2(5)
11(7)

6

5(2)
12( 1)
4(8)
3(2)

e(3)
7Q)
1(1)
8
2$)

11(6)
6

10(6)
5(2)

12(1)
4( 8)
3(2)

5(2)
4
3( 3)
1( 6)
9(6)
8(3)
2( 10)
6(5)

Rank of
Parent

2(10)
6(5)

11(1)
7( 1)
1(1)
8(1)
5Q)
6(2)
4( 2)
9(4)

1

6
1

B

5
7
4

9
3

12(2) 9(
6Q) 7(

10
7 (1>
1(1)

8( 1 ) 12(3)
1(1(1)

3)
1)
1)(1)

(1)
(4)
(3)
(1)
(1)
(1)
(1)
(1)
(1)

10(5) 1

Mean of Abs.
Residuals 6.44

S.D. of Abs.
Residuals 4.61

6.49 6.49 6.56 6.67 T .37

4. 69 4.79 4. 9't 4. 80 5.55

Table 3.3.1 0
YieIdCharacter 10

27,32
10. 36

gcalsca variance ratio 0.21

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks)

P.D. 10c/p \c/p 6e/p 4c/p Ze/p

gca variance 16.08
sca variance 75.21

(1)
(1)
(4)
(3)
(1)
(2)
(1)
(1)
(1)
(1)

10
9
1

7
3
I
5
6

10
8(1)
1(1)
7( 1)
5Q)
9(4)
4( 2)
6Q)
3

11
12
2( 1)

11 0
I
1

2
5
4

3
1

9

1

(l
(l
(4
Q
(l
(3
(7
(6

7(4

)
\
)
)
I
)
)
)
)

(
(
(
(

2
2
2
5 1

)
)
)
)

Mean of Abs.
Residuals 7. 1 1

S.D. of Abs.
Residuals 4.97

7 .16 7 .16 7 .23 T .36 8. 09

5 .07 5 .19 5. 3'l 5.19 6 .15



F1

Mean
S. D.

Parent

T28
T3l
r33
T34
T58
T1 06
T246
T6B6
T702
T710
T896
r937

6Z

Table 3.3.1 1

Character 1 1 Harvest Index

O.269 gca variance 0.0018 gca/sca variance ratio 0.54
0.084 sca variance 0.0034

gca Ranks
(Bracketed numbers indÍcate deviation from P.D.ranks) Rank of

P.D. loc/p \c/p 6c/p \c/p Zc/p Parent

7
5
9
4
8

11
6

3
2

10
12

1

9(2)
6(1)
8( 1)
5(1)
4( 4)

12(1)
7( 1)
2(1)
1(1)

(9
5
8

3
6
2
7

)2 9Q)
B( 3)
7Q)
4
6Q>

12(1)
3(3)
5(2)

(1)

3(5)
1 2(1)

9(2)
6(1)
7Q)
8(4)

(1)
(1)
(1)

(1)
(1)

(2)
(1)
(5)
(5)
0)
(1)
(2)
(4)

5
6
4
9
1

2
8
7
2

10
11(1)
3Q)

5Q)
2ß)
1(B)
9(5)
8

12( 1)
4(2)
7(4)
6(4)

11(1)
10(2)
3(2)

1

(1)
(1)
Q)
(1)
(1)

1

0
1

2

1

111(1)
2(1)

4(1)
1(1)

10

5
4
1

0
1

2

10
11(1)
3Q)

1

1(1)
(1)

Mean of Abs.
Residuals 0.046

S.D.of Abs.
Residuals 0.034

0.047 0.047 0.047 0.049 0.051

o. 035 o. 036 o. 036 o . 036 o. 043
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Six.

3.6.1 Observed Variance Ratios

The eleven characters measured can be divided into three main

groups - five with a variance ratio greater than one (range 2.20

to 1.7), one with a variance ratio near one (0.80) and five with a

variance ratio of less than one (range 0.52 to 0'21). As bhis

variance ratio should dictate the st,ability of the incomplete

partial dialle1 analysis, the eleven characters will be ranked

according to this statistic in order to simplify their

presentation in further tables.

Table 3.4 shows the'order of the eleven characters with their

corresponding variance ratÍos.

3.6.2 Rank Changes

In observing the rank changes from Tab1es 3.3.1 to 3.3.11 it is

clear that the ranks do become less stable as the gca/sca variance

ratio decreases. Table 3.5 shows the percentage of gca estimates

t,hat change in rank by 0, 1, 2 and 3. As these cannot be directly

compared bo the 20 parent diallel illustrated in Tables 2.3.1 to

2.3.4, the values obtained for the fifteen parent simulated

diallets, which should be a closer approximation, are also shown

in this tabIe. As the eight and ten crosses per parent incomplete

diallets require too many crosses for most plant breeding

purposes, and for the sake of brevity, only the partial dial-Ie1

and the two, four and six crosses per parent diallels have been

Íncluded in t,his table. The remaining data may be obtained in
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Tab1e 3.4

The gca,/sca variance ratios of the eleven characters observed in
the twelve parent triticale dÍallel.
No. Character

Name

7 Number of Spikelets

1 Days to heading

2 Days to Anthesis

3 Height

6 Head Length

5 Total Biological tlt.

1 1 Harvest Index

4 Number of Prod. Heads

I Number of Seed

10 Yield

9 hreight of Seed

gcalsca
variance ratio

2.20

2.13

1 .81

1.75

1.72

0. 83

0.54

0.38

0.28

0.21

0.21
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Table 3.5

The percentage of parents in the 12 parent triticale dialle1
which äiO not change in rank by more than four when the partial
diaIlel was reduced. Bracketed numbers represent the results from
the 15 parent simulated diallel.

Chr. Rank Changes
I.P.D. Var. O <1 <2 .(3 .(4

7 6c/p 2.20 83.0(65.
4c/p (4.0) 100(59.7
Zc/p 100(54.3

/p 2.13
/p

6) 100(93.0) 100
) 100(90.1) loo
) 100(85.6) loo

100
100
100

100
100
100

100
100
100

100
100
100

100
100
100

100(97.9)
91.6(96.2)
91.6(93.2)

100
100
83. 3

91.6
91.6
66.6

100(100)
100(99.9)
100(99.8)

100
100
100

100
100
100

100
100
100

100
100
100

100(99.3)
1 00( 98.8)
100(97.2)

1 00(96. 1 )
91.6(93.3)
75.0( 89. 7 )

100
91.6
91.6

100
100
83. 3

91 .6
100
66.6

100
100
66.6

(99.9)
(99.5)
(99.1)

(98.9)
(97.5)
(96.3)

1

2

. 0( 45.2)

.0( 38.7)

.6(33.7)

100
91.6
75.0

100
100
75.0

100
100
100

50.0( 63. B)
66.6 $6.7)
41.6(51.0)

5 6c/p 0.80
4e/p ( 1.0)
2c/p

11 6clp 0.54) 1

4c/p (0.25)
Àe/p 1

4 6c/p 0.38
4c/p
2c/p

B 6e/p 0.28
4c/p

10 6c/p 0.21
4c/p
2c/p

9 6c/p 0.21 1

\c/p 1

2c/p

6c
4c
2c

83. 3
66.6
25.0

66.6
50.8
50.0

1I

100
91.6
100

100
100
91 .6

100
100
91.6

100
100
100

/p

p
p
p

6e/
4c/
2c/

1

3 6c/p 7.75
4e/p

6 6c/p 1.72
4c/ p
2c/p

/p2c

50.0
58.3
25

50. 0
50. 0
66.6

83. 3
83.3
83. 3

66.6(80
7 5.o(74
75.0(68

50
50
16

83.3( 93.4)
83.3(90.0)
83.3(84.9)

91.6
91.6
66.6

83.3
66.6
58.3

58.3
33. 3
33. 3

6
0
3

3
5
4

)
)
)

100(91.3)
83.3(87.3
66.6(82.0

83
B3
66

6.6(31.8)
8.3(25.9)
6.6Q2.6)

91.6
91.6
83. 3

.3(82.1)

.3(75.8)

.6(69.4)

/p2e

50.0
25.0
41.6

41 .6
41 .6
16. 6

25.O
8.3
16.6

58.3
66.6
66.6

83. 3
91.6
75.0

91.6
91.6
75.0

91.
75.

83.3
83. 3
75.0

58.

66. 6

33.6
41 .6

6.6
6.6
8.3
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this form from TabLes 3.3.1 to 3.3.11. Table 3.5 shows that the

observed dÍalle1 conforms to the simulated dÍallels illustrated in

Chapter Two. As the gca,/sca variance ratio decreases the

stabilit,y of the ranks also decreases; however, even the gca/sca

variance ratios of less than one are comparitively stable. This

is especially true for the six and four crosses per parent cases.

the higher stability ranks in the observed dialIel as

compared to the simulate¿ äiattel may be accounted for by the

differences in diallel sizes: the observed diallel having only

twelve parents, it has a higher percentage of crosses when the

incomplete partial dialle1 is compared to the partial dialle1 than

does the simulated fifteen parent diallel (when the same nwnber of

crosses per parent are used).

fn the previous chapter it hras shown that there l¡as a low

probability of incorrectly ranking a parental gea outside of the

top five. These result,s b¡ere echoed in the observed dia1tel.

Tables 3.3.1 to 3.3.11 can be used to show exactly how many

parents were incorrectly ranked out of the top five. For all the

characters with a gcalsca variance ratios of greater than one,

none of the top five parents was ranked outside of the top five
when more than two crosses per parent hrere used. Even when the

two crosses per parent case is observed, only two cases occur when

a parent is incorrectly ranked outside of the top five (a ranking

of 3 went to 6 and one of 5 went to 6). !'Ihen the gcalsca variance

ratio drops below unity the frequency of these occurrences

Íncreases. The implications of this and ways in which a plant

breeder could compensate for it witl be discussed in the

conclusion of this chapter: .



If one considers the best ranked parents, then in fact the highest
ranked gca value parent has also the highest ranked parental mean for most
of the characÈers measured. However, as at least trro or three parents
would be needed for a breeding program, it becomes apparent that apart from
the top ranking parent the ranks change markedly when the gca ranks are
compared to Èhe parent mean ranks.
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3.6.2.1 Ranking by parental Me ans

one of the arguments against the use of incomplete partiar
dfaIlels is that if the incomplete partial diallel anatysis relies
sorely on a high general combining abirity vaLue, then the ranks

of the parental lines themselves, for the characters measured, may

be just as informative as the ranks of their gca varues.

TÏ¡Ís raises a number of issues. The main one is the assumption

inherent in the argument that t,he ranking of t,he parental means

wilr be the same as the ranking of the parental gca values. rf
this is not true, and Tables 3.3.1 to 3.3.11 show that it Ís in
fact not true, then it would be hoped that the ranking of the
parental means is at least as accurate as the ranking of the gea

estimates in the irrcomplete partial diarlers when they are

compared to the partiai. diallel. Tabre 3.6 sumrnarises the
percentages of parents in the diarlel_ whose rank (based on the

parental mean only) does not change as compared to the gca ranks

for the same characters in the partiat diallel, and those which

change in rank by up to four. A comparison of this Table wit,h

Tabl-e 3.5 shows lhat the incomplete partial diallels are more

stabre in terms of rank changes than are the parental means.

T*sc-cr o? ees r vÈ Po".+. tì¿eç-

This drawback is compounded by the rack of information on the

Ínheritance of characters from each of the parents that results if
a .crossing system is not used for evaruation of the parents.

!'lithout making crosses with the parental lines, specific combining

ability effects of the parental rines may be falsery interpreted
by the plant breeder as generar combining ability effects. For
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Table 3.6

The percentage of parents ln the observed 12 parent trltlcale
diaIIeI which did not change rank by more than four when the ranks
of the parental means are compared to the gca ranks from the
partial diallel analysis.

Char.
gcalsca
Var. Ratio

2.20

2.13

1 .81

1.75

1.72

0. 80

0. 54

0. 38

0. 28

0.21

0.21

83.3

50. 0

33. 3

33. 3

33. 3

16.6

8.3

8.3

25.0

8.3

16.6

<1

91.6

66.6

66.6

66.6

100.0

41.6

25.O

33. 3

50. 0

33. 3

33. 3

.(3

100.0

100. 0

100.0

91.6

100.0

83.3

66.6

75.0

83. 3

50. 0

66. 6

<4

100.0

100.0

100.0

100.0

100.0

91.6

83. 3

91.6

83.3

66.6

66.6

0
Rank Changes

.(2

100.0

83.3

100. 0

91.6

100.0

66.6

58.3

33.3

75.0

41.6

41.6

7

1

2

3

6

5

'11

4

I
10

9
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example, a parent's yield is different from its ability to pass

Íts yielding ability on to its offsprÍng, either in all erosses

(GCA) or in a specific one (SCA). This is clearly shown in Table

3.3.10 where the top-ranked parent for GCA (T937) was only ranked

slxt,h when the parents were ranked according to their mean yields.

3.6.3 Estimation of Specific CornbinÍne Abilities

Using equation ii.ii and Table 2.5 from the previous chapter the

mean of the absolute value of the deviations in the observed

diallels may be used to estimate the specific eombining ability
variances for the characters measured. Once bhe sca varÍance has

been estimated, the observed varianee of the gca estimates may be

used to obtain an estimated gca/sca variance.

Table J./ shows the results of these estimations for the eleven

characters measured. The observed gcalsca variance ratÍos were

obtained by analysing the part,ial- diallel in order to obtain sca

estimates and hence an sca variance. This analysis !{as carried

out according to the method given by Griffing (1956a). The values

given in the 15 parent dia1leI of Table 2.5 ürere then used to
calculate the gcalsca variance ratios. The first line of numbers

for each character is the gca/sea value derived when the mean of

the absolute values of the deviation is calculated for all the

crosses in the diaIleI. The bracketed numbers represent the

gcalsca ratio when only the crosses sampled in the incomplete

partiar diarrel are used to carcurate a mean of the absolute

values of the deviations.

As can be seen from this tabIe, the variance ratios are
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Table 3.7

T}¡e gea/sea variance ratios predicted from fhe mean of the
absolute values of deviations ( Observed Predicted ) of the
twelve parent triticale diaIleI. The bracketed numbers indicate
the caleulation of the mean of the absolute deviations b¡ere frorn
the crosses sampled.

Estimated gcalsca variance ratio
Character 0bserved

gcalsca
var.ratio

1.51
( 1 .71)

7

1

2

3

6

5

2.20

2.13

1 .81

1.75

1.72

0.80

0. 54

o. 38

0. 28

0.21

0.21

P. D.

2.23

1.76

1.57

1'91

1 .81

0.72

o.52

0.33

0.27

0. 1g

0.19

6 crosses
/ parent

2.15
(2.82)

2.10
(2.24)

1 .71
( 1.73)

1 .83
Q.12)

1.67
( 1 .90)

0.74
(0.77)

0.61
(0.65)

0.26
( 0. 38)

0. 31
( 0. 34)

0.13
(0.13)

0.12
( 0. 12)

4 crosses
/parent

2.15
( 3. 80)

2.10
(2. 14)

1.97
( 1 .69)

1 .86
( 1 .73)

0. 89
(0.72)

0.6 0
( 0. 56)

o.24
(0.29)

0.32
(0.30)

0.15
(0. 1 2)

0. 18
(0.19)

11

10

4

8

9
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accurately predicted from the two incomplete partial dialleI sizes

illustrated. The four and six crosses per parent diallels hrere

used as these gave accurate results to the plant breeder without

the necessity of a comparatively large number of crosses per

parent. Thus, because fewer crosses are needed, more parents

could be included in the dial1el.

The bracketed numbers (that is, the estimates when only the

crosses made are used in the calculations) aceurately emulate the

lnformation which would be obtained by a plant breeder (the whole

idea of using the incomplete partial diallel would be defeated if

the mean of the absolute values of the deviations needed to be

calculated from the partial dialle1). However, Table 2.5 was made

up by comparing the observed values calculated from the gca

estimates of the Íncomplete partial diallel to the observed

estimates from the partial diallel. For this reason the bracketed

estimates are not quite as accurate as the other estimates.

Unfortunately a table such as Table 2.5 eould not be drawn up bo

simulate the estimate when only the sampled crosses r^rere used

(bracketed) as this information was not stored during the

simulations. Presumably Table 2.5 would vary slightly had this

criterion been used for the estimations of the mean of the

absolute value of the deviations. This may have made the

bracketed estimates in Table 3.T more accurate fhan the other

estimates. However the differences bebween these two estimates

are marginal and this slight loss of accuracy to the plant breeder

should no'r, change any decisions made using these estimates. As a

result of the above factors it is apparent that a repetition of

the simulations in the future couLd be used to obtain this missing

Ínformation, which should give slightly more aecurate results than



73

bhose in Table 3.7. Although this may not be a necessary

repetibion, it is nevertheLess desirable.

It should be noted that, in the simulations, the sca variance

component was in fact the total of the combined sca, envÍronmental

and error variance. Thus the variance ratios simulated are

perhaps more precisely described as the ratio of the variance of

the additive genetlc components to the variance of the remaining

components (environmental variance was essentially absent,

sampling effects replacing it).

In the twelve parent dial-le1 described in this chapter the sca

variance also includes environmental and error variance. The

environmental and error variance are small in this ease as the

analysis was done using mean values rather than using individual

replicates. Thus here the partitioning of variance could only be

obtained between the variance of the gcar s and all other

non-additive genetic effeets.

The results of the simulations in Chapter Two are verified by

the diatlel results given in this Chapter. Some of the F.t plants

were cytologically investigated in 1977. Pol1en mother cells b¡ere

examined to see whether univalents were present at metaphase.

Atthough univalents were observed in these cells problems arising

from these meiotie irregularities did nob seem to effect the

dialtel analysis in any discernable way. Thus, it would appear

that the simulations hrere general enough to be directly and

accurately related to a self pollinating crop such as triticale.
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3.1 Co,^<I*s,ows

The results show that a plant breeder using an incomplete

partial diallel can obtain accurate estimates of the gcalsca

variance ratio for the various observed characters in the diallel.

They also show that, providing this ratio is not too far below

unity, the gca ranks can be accurately estimated from the

incomplete partial diallel.

Using these two items of informabion the plant breeder would be

able to assess a large number of parents for Ùheir breeding

potential. Shou1d Ehe gca/sea variance ratio be greater than one,

it is also possibte for the breeder to estimate accurately the

phenotype of crosses which were not included in the original

incomplete partial diaIIeI.

If the gcalsca variance ratio drops below one, then bhe plant

breeder would have to enlarge the number of higher ranking gca

parents used in a breeding programme to ensure that the better

parents were being used (and thus he would have to include some

mediocre parents rather than risk losing the best ones).

It is not possible to assess whether all the simulated results

given in Chapter Two would be as accurately verified by dialIels

of other sizes, crops and observable traits. Hourever, within the

scope of this dissertation the results are clearly encouraging.

Other authors have suggested using incompleÈe partíal dial1e1s to
estímate values for parental combining abí1iÈies. Bray G97I) showed how
errors occur in such esÈimaÈes; however, he did not use the ranks of Èhe
gcats - inst.cad, he used theír act.ual values. Chaudhary, Katar and Singh
(L977) did compaïe gca ranks, buÈ they incorrectly used Griffingrs analysís
nethod, wiÈhouÈ adjusËment, to calculate the gca values from both the
parÈial dia1le1s and the incompleËe partial dialle1s. Thís explains the
díscrepancy between the results of Chaudhary et al. (ibid) and Èhose
presenÈed ín this thesis.
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Control Plots

4.1 Introduction

The heterogeneity of field siLes is a vexing problem for the

plant breeder. Depending on the size of the experimenf, the

problem may be overcome in various b¡ays. fn small scale

experiments environmental variation can be minimised by topsoil

treatment, irrigation, birdproofing, hand weeding and many other

treatments to standardise the environment in which the plants are

grown.

Many of the above treatments were used when conducting t,he Fl

diallel experiment described in the previous chapter. The smalI

area used in the experiment had had a uniform treatmenb during

many previous seasons, and thus was not considered to have large

soil fertility differences. Although this was encouraging, it was

felt that a single genotype planted at regular intervals

throughout the F., experiment would have indicated the extent of

bhe homogeneity. Thus a wheat check plot was planted in every

eighth position to measure soil fertility dÍfferences. The wheat

plants, being a commercial homozygous stock, should only differ

due to local environmental effects, and hence they should reflect

differences in soil fertility factors.

Unfortunately, although only 30Í of the triticales were affected

by disease, approximately 80% of the wheat check plots blere

affected. Hence the possibility of using lhe wheat plants to



ExperÍments have been specifically designed wíthout the above

deficiencies,andaÏenoÏ^Ibeingg'o',,-atthe-I¡Iaitelnstitutebyother
\^rorkers. Howeveï, as these t."ãra" will not be available for some Èime,

the wheat experimáts mentioned above - gro\¡/n in sírnilar environments to

thoseofthetriticaleexperimenÈ-\¡rereusedtoevaluatemeËhodsof
measuring soil homogeneítY '
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measure soil homogeneiby in this trial did not eventuate.

In larger plant breeding experiments, where experimental sites

cover hectares rather than iust a few square metres, there is
reason to expect variation in soil heterogeneity, and hence it is

essential to try to measure and compensate for these factors in
some hray.

4.2 Experimental Desigrl and Materials

Experiments involving nearly three bhousand fÍeId plots will
described in the next chapter. In an effort to determine

efficient way to compensate for soil heterogeneity a group

wheat trials v{ere êxamined to determine the amount

environmentally induced variance which could be isolated.

be

an

of

of

The experiments were grown in three years over a number of

sites. The experiments did not contain the same genotypes from

one year to the next. Experiments grown at the same sites in

different years were not grown in the same paddock more than once.
J*+Se,er O?PoÉrW- Pacre r\e-ee-

Table 4.1 summarises the main features of the experimental trials

examÍned. These experiments brere grown under the direction of Dr.

A.J. Rathjen as part of his wheat breeding programme at the Waife

AgrÍcultural Research Institute.

The plots in each experiment were randomised with no replication

within a site. Beeause of limited seed and resources several

di.fferent sites were used for growing each genotype in preference

to replicating genotypes at only one site. Also, beeause of the

possibility of an experimental site failÍng complebely due to



The varÍances associated
evaluated in Chapter Four.

- Year Site

1975 1 Windsor

2 Clinton

3 Mortlock

-l,clc\ mc¿.*¡ o[ +\r
the n four wheat field

Table 4.1

vrith

Total Var.

4687

11843

22188

Exp. Var.

4697

10912

23020

32289

4132

12298

3104

33833

7't6

11750

77

trials

Control Var.

2495

4527

14424

1 3859

4047

10019

2328

32398

493

634 1

'1976

'1977

1 llaite

2 PaImer

3 Gulnare

1 CLinton

2 Mortloek

3 Dublin

4 'l'laite

30924

4140

12071

3007

33709

723

11920
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environmental factors (e.g. dr,>ughr':, ciisea-se etc. ) , this strategy

is pragmatically more reliabLe than the use of a single site wit,h

replicated plots within that site. In South Australia, site

failures (for the purposes of genobype evaluation) as high as one

in three occur r so caution is recommended.

To measure soil heterogeneity factors, control plots of a

commercially released South Australian wheab variety v,tere placed

at regular intervals within the experimental layout. Control

plots üIere placed in every sixth, nÍnth and eighth grid position

for the 1975, 1976 and 1977 experiments respectively.

4.3 Covariate Analvsis

A computer programme b¡as written to undertake covariate

regression analysis on the results in order to remove, aS far as

possible, environmental variations occuring within an experimental

sÍte (refer Seetion 1.3). The variance removed by thls coval'iance

analysis may be tabulated in the form:

[(regression SS/total SS) x 100]f

This part of bhe procedure is quite straightforward, indeed

standard. The sums of squares are used for the comparison rather

than the variances (mean squares), as the different degrees of

freedom used to calculate the varÍances would make comparisotrs

between experiments difficult. However the question arises of how

the covariate should be calculated in the first plaee. Before the

regression analyses can be carried out a matrix of covariates has

to be created so that for every experimental plot there is a

corresponding covariate value. This covariate value is based on

the environmental differences expressed by the nearby control
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plots. The formula used to calculate this covariate was:

Cov I 0bs xCPI J

Dt'l
J

X DW¡

where:

I = 1 to N, N being the number of experimental plots.

6ui = the covariate value for plot i
Obs, = the observed value for plot i

j = 1 to M where M is the number of trrelevantft

control plots to be used

CP= = the observed value for control ptot j
J

Dl,l, = the distance weighting for control plot j and
J

experimental p1ot, i.
The two variable components in this equation are the number of
rrrelevantrf control plots (M) and the distance weighting (D!rI).

As the size of the plots remains constant, and as the number of

roürs and colurnns in an experiment is known, Pythagorasrs theorem

can be used to calculate the distance between any two plots. The

plots were aII four row plots which are 3.5 metres in length and

0.45 metres in width. A one and a half metre pathway between rolrs

and a 30cm spacing between columns gives a centre to centre

spacing of the plots of 5.0 metres in length and O.T5 metres in

width (see Figure 4.1). Using these factors the two variable

components M and DI¡ü can both be defined as follows:

M = the number of control plots within a given distanee

of the experimental plot.

Dhl = the value of the distance between the control plot

and the experimental plot, raised to a given power.

I
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0.15rn.
ê

0.75n.

3.5m.

1.5n.
5m

Figure 4.L
The dimensions of the wheat field plots described

in Chapter Four (not drawn to scale).



The distances used to encompass the ftrereventfr number of plots
(M) ¡¡ere 10, 20 and 30 metres. The powers used for DW were O,

0.5¡ 1.0, 1.5, 2.0, 2.5r 3.0, 4.0 and 5.0.

out

Thus

Br

using

each

A covariat,e analysis for al1 experiments was carried

all the permutations of bhe above values of M and D!,¡.

experimental- site was analysed 9 x J = ZT times.

4.3.1 Inclusion and Exclusion of Control plots

Tables 4.2 shows the resurts of these anaryses, for each of the

dlstances 10, 20 and 30 metres. The power functÍons which yietded

the minimum and maximum amounts of variance due to the regression

are shown, i.e. the minimum and maximum regressÍon SS/total SS

(expressed as a percentage). The additionar column in these

tables is the incrusion of the regression pereentage when a power

of two is used for D!'I (is.e. the distance is squared). This is
incruded because it is a usuarly acceptable method of weighting

distance. Irts further implications to this study wirl be

discussed in a later section of this chapterJ.

one of the probrems with interpreting these resurts is that it,
ls difficult to prove that, t,he covariate analysis is removing the

soil heterogeneity factors. IOther factors, such as competitive

effects, genotype-environmentar interactions etc., could also be

influencing this analysis.l For this reason (that is, to help

interpret the results more easily), a further set of analyses were

done. These analyses were the same as those summarised in Table

4.2 except that the covariat,e analysis was performed on a1l plots,
nof just the experimental p1ots. Hence each control plot in this
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Table 4.2

The minimum and maximum regression SS/total SS with their
associated distance power weighting function when the experimental
plots are adjusted with a covariate analysis using the control
pIots. The regression ss/total ss for the distance power
weightÍng of two is also given.

Year

1975

Site

1 !'lindsor

Min
í Power

Max
I Power

.33

.29

.29

Power 2
øt
þ

6.26
6. 10
6. 10
6. gg
6.67
6.49
7.40
7 .41
7.28

41.56
42.54
42.15
16.64
15.87
15.55
20.33
20.10
19.93

Dist.

10
20
30
10
?o
30
10
20
30

10
20
30
10
20
30
10
20
3o

10
20
30
10
20
30
10
20
30
10
20
3o

2.72
0.50
0. 01

13r27
6.11
0.0
8. 63
5.42
5.42

37.93
37.95
32.61
9.25
7.56
3.79

16.39
10.57
8.72

.44

.73

.15

.41

.12

.39

.16

.30

1975 2 Clinton

1975 3 Mortlock

1976 1 l,laite

1976 2 Palmer

1976 J Gulnare

1977 1 Clinton

1977 2 Mortlock

1977 3 Dublin

1977 4 Vlaite

2.5
3.0
3.0
2.5
3.0
4.0
0"5
0.5
0.5

.92

.89

.89
?)

.44

.68

6
6
6
6
6
6
9
9
8

1

1

1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.0
5.0

0.5
1.0
1.0
1.5
2.O
2.5
1.0
1.5
1.5

5.0
5.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

57.37
56.90
56.7 4
19.79
1 9.80
19.80
11.84
10.99
10. 83
26.26
25.48
25.63

2.5
3.0
3.0
2.4
2.O
2.0
1.0
1.0
1.0
2.5
3.0
3.0

19
19
14
11
12
26
26

0.0
0.0
0.0
0.0
0.0
0.0
5.0
0.0
0.0
0.0
0.0
0.0

.17

.49

.83

.11

4B

38
33
13
12

4
9
1

0
15

3
0

1

1

1

44. 66
45.53
43.71
16.7 6
15.87
15.59
21.85
20.29
20. 04

57.53
57.34
57.58
19.79

.80

.80

.20

.56

.57

.30

.17
26.24



replícatíon of genotypes '
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set of analyses alòo had a covariate representing the effect of
lts neighbouring control_ ¡rlots.

Tl¡e results of these anaryses are presented in Tabie 4.3. rf
there Ís no experimental error and if the frequency and
dlstribution of the contror plots was optimum, then it wourd be
expected that the variance of the control plot,s would approach
zero, after they had been adjusted according to this second set of
anaryses. ThÍs concept wi1l be examined later in bhis chapter.

4.4 Moving Means

The idea of movÍng means in experimental analysis is that the
field heterogeneity is measured by the
experimental plots themselves. Here, rather
prot's which are prcximal to an experimentar p1ot, all fhe nearby
plots are used.

mean values of the

than using control

The computer programme used for the previous
was easily adapted to this different strategy.

sets

The

of analyses

only change
necessary was to ensure that the programme made no distinction
between experimental plots and control plots. The covariates are
now ealculated by using all the surrounding pì.ots (up to a given
distance) and not just the surrounding contror prots.

INSERT OPPOSITE PAGE HERN

Because this means that, many more ptots have to be used in t,he
calcurations of the covariate, additionar and smaller distance
increments were used. These were 0.75, Z.Z5 and 5.OO metres. The
first two distances allow for one and three prots, respectively,
on each side of the experimentar piot to be incruded. The 5.oo
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Table 4.3

The minimum and maximum regression SS,/totaI SS wíth their
associated distance poürer weighting function when the experimental
and control plots are adjusted with a covariate analysÍs using the
control plots. The regression SS,/total SS for the distance power
weightÍng of two is also given.

Year
1975

Site
1 Windsor

Mi
fr

3. 54
1 .33
0.19

15. 30 0
7.34 0
0.08 0

5.95
5.9 5
5.96

34. 6
34.7
34.7

10. 13
8. 34
4.39

17.45
11.41

9 .17

51
41
34

15.62 0
15.31 0
5.67 0

8. 46
1 .21
0.00

15.66
3. 63
o. 38

It
þ
.46
.41
.41

19. 13 2
19 .09 3
19.09 3

9.86
10.39
9.07

0.5
0.5
0.5

23.
21.
20.

.25

.gg

.80

21.27 1.5
21.23 1.5
20.79 1.5

.74

.54

.19

.47

.04

.03

Max
Power

Power d
%

8.24
8. 05
7.98

Dis
10
20
30

10
20
30

10
20
3o

10
20
30

10
20
3o

10
20
30

10
20
3o

10
20
30

10
20
30
10
20
3o

t
n
Power

0
0
0

3
4
4

8
I
I

1975 2 Clinton

1975 3 Mortlock

1976 1 Waite

1976 2 Palmer

1976 3 Gulnare

1977 1 Clinton

1977 2 Mortlock

1977 3 Dublin

1977 4 lrlaite

19. 13
18.92
18.82

5
5
5

5
5
5

0
0
0

5
0
0

0
0
0

.65

.15

.90

3B
39
39

0.5
1.0
1.0

42.25
43.24
41.94

16.62
15.86
15.47

1.5
2.0
2.0

16.85
15.86
15.47

7.94
B. oo
7. 88

.56

.93

.84

22.52
21 .15
20.97

.09

.94

.49

21.22
21.08
20.72

10.97
10.24
10. 10
25.47
24.36
24,32

1

1

1

60
58
58

2.5
3.0
3.0

60
59
59

14
32
90

0
5
5

1.0
1.5
1.0
2.0
3.0
3.0

12
10
11
25
25
25

0
0
0
0
0
0



Lawrence and Townley-Smith (1975) do not reconrnend a covariate analysis for Èhe

adjustment of experimenËa1 plots by the moving mean method as they claim that

rhere is no significant difference between directly adjusting-control plots and

usíng a covariate analysís - and thus as Ëhe covariate analysís is more cr¡mber-

some, it was not Íecolnmended. Ilowever, ín this thesis, the moving mean meËhod

is to be compared to a conËrol plot method whích uses a covariate analysis and

hence iÈ was felt thaË the covariate approach Ëo the moving mean method would

make a valid comParison'
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metre dist,ance allows for the use of six plots on either side of

the experimental plot, as well as the use of the two adjacent

plots in the same column. The results of these analyses are

tabulated in Tab1e 4.4. The 30 metre distances are not presented

ln the 1977 experimental results shown in Table 4.4. This was due

to the amount of computer resources needed to run the test

programme when so many plots were used to calculate each

covariate. When the experiment is large (eg.75O plots in 1977),

the thirty metre radius of trrelevantrr plots in the moving mean

analysis created too large a demand on the computer resources

available. Although the programme could have been run using these

resources, in view of the small change in the earlier analyses

between the twenty and thirty metre distances, it was felt that

the use of such large computer resources was not warrented.

As Tabl-e 4.4 uses all the plots and not just the experimental

ones, it should be compared to Table 4.3, but not to Table 4.2.

The use of the term ffmoving meantt may be a lit,tle misleading in

this context, as it usually implies that, the mean of the nearby

plots is used to adjust the observed values. In the present

analysis the means of the surrounding plots were obtained in the

usual sense, but in addition a distance poh¡er weightÍng hlas used

in the calculation of this moving mean. l,lhen the distance pobter

weighting of zero is used, the distance between every plot is then

equal to one (i.e. d0 = 1). The usual moving means are in fact

only a subset of the variations in which these covariates were

calculated.

INSERT OPPOSITE PAGE HERE
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Table 4.4

The minimum and maximt¡m regression SS/tota1 SS with their
associated distance poh¡er weighting function when bhe experimental
and control polts are adjusted wÍth a eovariate analysis using the
rrmoving meanrr method described in Chapter Four. The regression
ss,/total ss for the distance power weighting of two is also given.

Site
1 t'lindsor

Dist.
0.75
2.25
5.00

10. 00
20. 00
30.00

0.75
2.25
5.00

1 0.00
20.00
30. 00

0.75
2.25
5. 00

10.00
20. 00
30. 00

o.75
2.25
5.00

10. 00
20. 00
30. o0

Min
% Power
.08 All

All
10.

%

3.08
11.58
26.32
9.67
8.79
8.25

.06

.65

.50

.93

.70

.35

53.55
57 .19
59.53
59.00
58.65
58.56

42.92
44.49
45.03
44.79
44.78
44.78

45.88
47.53
48. 15
47. 84
47.68
47.70

Power
AlI

Power 2
ú
þ

3. 08
4.47
5.42
5.40
5.44
5. 43

1 3.06
1 6.46
17.29
18.32
18.11
17.93

5.51
8. 15
8.79
9.55
9.57
9.52

53.55
56.67
57.81
58.66
58.65
58.56

.92

.49

.01

.79

.70
44.73

Max
ïear
1975

1975 2 Clinton

1975 3 Mortlock

1976 1 Waite

1976 2 Pa1mer

1976 3 Gulnare

.09

.09

.08

.09

.08

13. oo
13.08
13.08
13.08 1

13.08 1

13.08 1

5.51
5.52
5.52
5.52
5.52
5.52

AI
10.
10.
10.
10.
10.

53.55 A1
54.08 5.
54. 10 5.
52.34 0.
44.67 0.
32.58 0.

42.92 Ar
40.63 0.
38.06 0.
12.34 0.
9.81 0.
1r72 o.

45.88
44. 09
43. to
29.54
12.36
8.21

3

-?

3
3
3
3

0.0
0.0
0.5
1.0
1.0

7.0
7.O
7.0
7.0
7.O

1
0
5
5
0
5

I
0
0.5
0.5
1.0
1.0

1 0
0
0
0

0
0
0
0
0

1
0
0
0
0
0

I
0
0
0
0
0

I
0
0
0
0
0

A1
1.
0.
0.
1.
1.

A1

13
17
2A
22
20
19

5.51
10. g3
13.56
14.45
12.97
12.46

0.75
2.25
5.00

10.00
20. 00
30. 00

0.75
2.25
5.00

10. 00
20. 00
30. 00

A1
1.
1.
1.
2.
2.

A1
2.
1.
2.
2.
2.

A1
1.
1.
2.
2.
2.

0.0
0.0
0.0
0.0
0.0
0.0

1
0
0
5
0
0

I
0
5
0
5
5

1

5
5
0
5
5

42
44
45
44
44

45.88
47.52
47.93
47. B4
47.47
47.52

.....COht.
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Table 4.4 continued.

1977 1 Clinton 0.75
2.25
5. 00

10. 00
20. 00

1977 2 Mortlock 0.75
2r25
5.00

1 0.00
20. 00

1977 3 Dublin 0.75
2.25
5.00

10. 00
20. 00

1977 4 I'IaÍte 0.75
2.25
5.00

10.00
20. 00

All
0.0
0.0
0.0
0.0

76.20
76.44
72.60
56.02
43. 90

7 6.20 A1
78.16 1.
78.11 2.
77.95 2.
77.92 2.

46. 54
50.1 1

49.72
49.56

7 6.20
78. 00
78.11
77.66
76.99

46.54
49.56
49.67
49.56
49.42

30.22
33.30
34.1 1

34.47
34.19

31.42
36.19
38. 15
3 8.71
38.67

1

5
0
5
5

146. 54
47. 01
40.96
24.99
15.29

.22

.69

.71

.30
7.0

31.42
32.19
32.23
29.91
2.16

A1
5.
0.
0.
0.

I
0
0
0
0

I
0
0
0
0

A1
1.0
1.5
2.0
2.5

All
1.0
1.0
2.0
2.0

30.22
34.07
35.27
34. 47
34. 19

AI1
5.0
5.0
0.0
0.0

30
30
30
20

49.38

31.42
37.79
45. 16
40.28
39.76

AI
5.
tr

0.
0.

All
1.0
0.0
1.5
1.5
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q.5 Discussion

Inspection of the results in Tables 4.1 to 4.4 shows that the

probLem of within site variation is very complex. The aim of the

analysis was to determine the best way to eompensate for field

heterogeneity which hras expected to occur in the F4 experiments

described in the next chapter. Rather than directly answering

this question, it illustrated more complex problems and thus the

¡rork in this chapter should be viewed as a prelimÍnary

investigation rather than a definitive study.

4.5.1 Site Variations

Table 4.1 shows the amount of variance observed at each site.

Up to tenfold differences in the total variances are observed

between dlfferent sites in the same experiment (Table 4.1 Clinton

and Mortlock, i977). This variation is not just due to genotypic

differences within the experiment - if this were true then each

experiment should have a similar total variance at each site.

Similarly, as shown in Table 4.1, the environmental effects

manifest themselves differently from site to site; at Palmer

(1976) and Mortlock (1977) the control plot varianee is

epproxÍmately equal to the experimental plot varianee, yet in the

same experiments at different sites the control plot variance is

Iess than half of the experimental plot variance. The ratio of

control plot variance to experimental variance seems to be

independent of the magnitude of the total variance for each site.

These observations indieate that non-additive environmental

effects such as soil fertility factors and site block effects will

not explain all the v¿rriance. It is apparent that
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genobype-environmental interactions have a notable influence'

From the plant breeder t s point of view, breeding to compensate

for a genotype-environmental interaction may not be possible. As

with specific combining ability, genotype-environment interactions

may not be predictable, they may only be observed. Ifr howevert

similar genotypes are grobrn over a number of years then

environmental x additive genotypic interaetions may be predictable

(eg. Goodchild & Boyd, 1975). Thus the breeder must rely on the

additive environmental effects (e.g. btock effects and control

plot effects) to provide some of the information required. These

additive effects, whilst not atl-eneompassing, at leasb give the

breeder information on how the experimental material may fair al'

other sites and in other years. Again this supports the procedure

of testing at many sites rather than at one sÍte with replication.

The more sites that are used, the more confident the breeder may

be that a variety being bred is widely adapted. This is

especially important when it is noted that the same sites (but in

differenb paddocks) behave differently in different years.

AIt the sites used in these experiments are within a one hundred

and fifty kilometre radius of Adelade and all within commercially

cropped areas. It can be seen from Table 4.1 that if breeding

programmes were only grown at one site, then the crop mÍght nof be

wel-l suited to different sites.

4.5.2 Reduced Variation

Tab1es 4.2 Eo 4"4 show similar patterns in the amount of t'he

varianee that is removed. The least variance is removed when only
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the experimental plots are adjusted, with marginally more variance

being accounted for in the analysis when the control plots are

also adjusted. This is to be expected, as the control pIots, by

definition, should reduce to zero variance after the analysis....

where the conditions are perfect. lable 4.5 shows the percentages

by which the control plot variances are reduced by the analysis.

Comparing Table 4.1 to Table 4.5 it can be seen that the less the

control plot variance is reduced the higher is the regression

SS/totaI SS ratio for the experiment. This at, fÍrst seems

contradictory as it might be expected that the more the control

plot variance is reduced, the more bhe experimental plot variance

would be reduced. However, in order to reduce the control plot

variance substantially (e.g. Windsor, 1975) the variation within

the site would have to show trends over the site rather than be

ttp¿tchyrr with hÍgh and low yielding patches occuring irregularly.

Such a rrsmoothrt continuum would give reduced variance to the

adjusted experimental plots. However when the controL plot

variance is not reduced as much (e.g. Waite, 1976), it is
probably due to an uneven change in soil fertility throughout the

experiment,al site. This means that proximal control plots may be

exerting opposing effects on each other in the analysis. For

example, if the control plots formed the following uneven grid:

699 205 862 215

215 115 112 862

115 864 725 306

it would be diffi.cult for an anaiysis procedure to |tsmoothft out

these variations over the entire experiment. Although the

variance of bhese control plots is reduced it would not be reduced

by as much as the following example grid:
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190

230

220

2LO

290

699

725

750

862

870

864

The experimental plotsf variances would still be adjusted in

both of these examples. In the first example the control plot

variance may not be greatly reduced but t,he experimental plot

variances will be. In the second example the control plot

variance will certainly be greatly reduced, but as in the first
example the experimental plot variance may or may not be greatly

reduced. Coupling this problem with the varying ratios of control

plot variance to experimental plot variance may explain the

seeming inconsistency.

4.5.2.1 Moving Mean Variances

The rrmoving meanrf regression SS,/total SS (Table 4.4) is

considerably higher in many cases than the same fact,or shown in

Tables 4.2 and 4.3r in which only the control plots are used for

adjusting the observed values. This trmoving meantr anal-ysis may

thus seem a better alternative Íf the breeder is only interested

in reducing this regression SS/total SS statistic. However, in

this case, biological interpretations of the analysis are not as

straightforward. Because the variances of the plots are adjusted

by the experimental plots themselves, problems of bias are

introduced. A genotypicalty low yielding plot between two

genotypically high yieldÍng plot,s wilt be artificÍaIIy lowered

when it is adjusted even if it is in a low yielding section of the

field site. This does not occur if only the control plots are

used, as here the control plot is only deemed to be a ilhighrf

yielding plot if it is yielding high compared to its neighbouring



Tab.1.e 4 . 5

The?reduction of the r:ontrol
pLot covariate analysis is us
and control plots.

ïear Site

1975 1 tüindsor

2 Clinton

3 Mortlock

1976 1 Waite

2 Palmer

3 Gulnare

1977 1 Cllnton

2 Mortlock

3 DubIin

4 Ìlait,e

variance when the control.
o acljust the experimental

Dl stance

10 20 30

plot
eci t

90.9

62.4

92.1

33.6

gg.1

97.0

37.1

85.6

93. 5

82.6

92.1

69. 1

93.1

39. 3

92.4

gg.4

42.8

89.8

96.8

gg.2

92.6

72.5

93;8

44.6

93.3

90.8

47.7

92.3

gr.6

91.7

i-¡¡',,t;
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control plots (alI of which are of the same genotype). Thus the

randomisation of the experiments could introduce chance bias in

the rrmoving meanrr soil fertility ad justment procedure. A

replicated experiment would remove much of this bias (see Section

1.3), as noh, the adjoining experimental plots could be compared to

their ohrn genotypic replicates within the experiment before they

are considered high or low yieLding. Hence relativity would be

reintroduced. However, as was stated earlier, plant breeders

often do not have the resource,s for such replication; therefore,

although a moving mean type analysis could reciuce the within site

envÍronmenbal variances more than a eontrol plot analysis, the

problem of introducing bias or having to increase (create?) the

replication makes the utility of this ttmoving meanrr type analysis

suspect.

If the number of proximal experimental plots used in the

analysis is large enough, and thus encompasses a large range of
genotypes, then the bias mentioned above may be removed. However,

as it is difficult to measure whether or not the moving mean

analysis is biassed, it would appear safer not to use moving means

until this and other problems are satisfact,orily eliminated.

4.5.3 Distance

Tables 4.2 and 4.3 show that the distances used for deciding

which control plots would or would not be used for calculating the

covariate influence bhe results only marginally. That is, if

control plots within 10, 20 or 30 metres are used the results of

the covariate analysis are consistent in general the 10 and 20

metre distances give extremel-y close results with both of them



sharing evenly the ilhonourrr of having the highest

reduction of the sums of squares. Occasionally the

distance gives the best percentage result.

94

percentage

30 metre

As the purpose of bhe analyses carried out in this chapter lrlas

to determine a methcd to use in the FU experiment (which will be

described in Chapter Five) to reduce the within site variation, a

decision has to be made regarding which of these distances should

be used.

If a distance of 20 metres is used then it appears thab

sufficient information will be gained by using control plots. The

advantage of repeating the analysis for various distances and then

picking the optimum would be lost once the extra work involved and

the subsequent inferential and interpretational difficulties, when

two sites are analysed with different distances, are considered.

The moving mean results of Tabl-e 4.4 show that a distance of only

five metres would be adequate and sufficient for this form of

analys is .

4.5.4 Power Function

The various powers used to give weightings to the distances blere

more varied in their effecbs than the three distances used. The

optimum pobrers brere much l-ess consistent than the optimum

distances. The optimal powers ranged from zero to four; however,

Ín general a polrer of two (i.e. the distance squared) gave

results only marginally different from bhe optimal results.

It shouLd be noted that the optimum power functions for the
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tfmoving meanrr analyses hlere lower than for the control plot

analyses. A power of two was, however, still only marginally

worse, in most cases, than the optimal result. It should be

observed that ab distances of 0.75 metres all the power functions

gave the same results for the trmoving meanrf analysis. At 0.75

metres, only one plot on each side of the experimenbal plots is

used and thus weighting the distances between plots used in the

analysis has no effect.

4.5.5 Effects of Analysis

The effects of the analyses described in

observed by using the covariate analysis to

values and these adjusted values can then

observed values. The plots ürere adjusted

formula:
Aobs, = obs, - b.(õT - covr)

where:

b = the regression coefficient given by the

covariate analysis.

obs. = the observed measurement of plot i.
I

covi = the covariabe for plot i.

õî = the mean value of the covariates.

In each of the experiments four commercial wheat, varieties t¡¡ere

included in the experimental design, with replicates of 4, 4 and 6

in 1975, 1976 and 1977 respectively. The ranking of the means of

these varieties can be compared to each olher before and after

they have been adjusted for soil fertility factors.

this chapter can be

adjust the observed

be compared to the

using the following

The results of t,hese comparisons appear in Table 4.6. As
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Table 4.6

The ranking of the four wheat check plots before ancl after theplots have been adjusted for soir heterogeneity. Three sets of
analyses results are shov¡n: all plots (Ap); experimental plots
only (E0); and all plots using the 'rmoving meanil (MM) rather than
the contror plot method. The ranking given immediately after the
site name is the observed ranking before analysis. All analysis
use a distance pob¡er weighting of two.

ïear

1975 1

1975 2

1975 3

1976 1

1976 2

1976 3

1977 1

1977 2

1977 3

1977 4

SÍte

Windsor
AP
EO

MM

Clinton
AP
EO

MM

l"lortlock
AP
EO

MM

l,laite
AP
EO

MM

Palmer
AP
EO

MM

Gulnare
AP
EO

MM

Clinton
AP
EO
MM

Mortlock
AP
EO
MM

DubIin
AP
EO
MM

!'Iaite
AP
EO
MM

2.25 5

"1432 1432

4312 43tz

2341 2341

3412 3412

3412 3412

243t 2341

1234 1234

3124 3124

2413 2413

3142 3142

Di stance
10

1432
1342
1432

3241
3241
43zt

3241
3241
2341

3214
3214
3412

4132
4312
3412

4z3t
243t
2341

1423
1423
1z3u

3214
3214
3124

1423
1423
2413

3421
3421
3142

1432
1342
1432

3241
3241
4321

3214
3214
3412

4123
43tz
3412

243t
243t
2341

1423
1423
1234

3214
3214
3124

4123
4123
2413

3412
3412
3142

3o

1432
1342

3241
3241

3214
3214

4123
43tz

243t
2431

3214
3214

4123
4123

3412
3412

20

1432

3421

3241

3421

3214

2341

3214

3214

3214

24
24

3
3

1

1

4
4
4

2
2
3

3
3
2

1

1

1

4
4

1

1

2
2

3
3

3214
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already stated, making these comparisons is easy, it is their

interpretation which is di-fficult. They are presented here more

in order to eonvince the reader that the analysis affects the

lnterpretation of the experiment rather than to draw any specific

conclusions. All the results in Table 4.6 are based on using a

distance povrer weighting of two.

In general only marginal rank differences occurred, but in some

sites bhe rank change was significant, ê.9. in Dublin
*o+a\\1

1977 Ehe rank order was almost n reversed ! Al1 the control plot

analyses gave simiLar results irrespective of distance and whether

or not the control plots were included in the covariate anallr5gs.

The rlmoving meanrf results hlere also consi.stent over the various

distances but hrere often significantly different from the rank

order of both the observed means and the control plot adjusted

means. From the data it was observed that when the adjusted means

did change ranks as the distances were altered, the means hrere

extremely close and often the rank changes r^¡ere due only to

changes in the first or second decimal places. In these cases a

plant breeder would not iiscriminate between these rankings r so

sueh small changes in rank due to the different distances used

$¡ere not considered important.

4.6 ConcLusion

Despite the difficulty in determining black and white ansv,Iers

from these varied and often confusing results a number of
guidelines may be suggested from the analyses presented:

1. A good reduction in 1ocaI environmental variance is



The advantages, reporÈed by Townley-Smith and Herd (1973) and Lawrence
arrd Tor¿n1ey-Smith (7975), presuppose that the experimenËer is able to
use replicaÈion, as well as randornisation. Thus, in experiments similar
t.o those described in this Chapter, where replícation is not possíble, the
advantages of using the moving mean method may well be lost.
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obtained using control plots within twent'y metres of

the experimental- plob to be adjusted, and inversely

weighting these control plots by the square of their

distance. This reduction may not be optimal but its

difference from an optimal value would in most cases

be marginal.

The use of moving mean analysis without the aid of

replicabion is difficult to ""t"+1..1:";tå1* of
ÞaqG ¡l¿cß

unknown biases which are probably present.ù Much of

the variance reduction advantage is probably due to

the use of more proximal plots than the control plot

analyses used. Thus using control plots at more

frequent intervals may be a more via'ole approach

than the use of moving means.

3. As many sites as possible should be used within the

region in which the plant breeder is working so as

to avoid breeding a plant adapted to a specific

s¡nall environment, which may only occur rarely

within the region. The large site variabilities and

their subsequent genotypic interactions imply thab

only a plant whieh is bred for general adaptation to

the regional environments will succeed "

The many unknowns encountered when dealÍng with varialion within

a site should make the breeder as cautious and perhaps as

conservative as possible. The control plot adjustment procçdures

suggested in this chapter are both cautious and conservative., The

caution manifests Ítself in the selection of a single distance'and

2
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pobrer function rather than suggesting that each site should be

optimised for both these variables. Interactions between distance

and power are by no means made clear by the results obtained, let

alone interactions between these two variables, the sites and the

genotypes. Thus a cautious approach, until a better understanding

can be obtained, is to use bhe same variabl-es (20 metre dÍstance,

po$rer of 2) at each site sc¡ that the user may feel more confident

in making comparisons.

Conservatism is manifested by not using moving means. Here,

although considerable advanbages nlay' be gained in variance

reduction and by not havÍng to piant control plots, the inability

to test for, and hence reduce, bias makes use of the method

dubious. Increasing repl-ication would more than account for the

resources saved by not haviig to use control plots and would

probably mean that less sites could be used in plant breeding

trials.
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5 The F Diallel

5.1 Introduction

In Chapter Three the results of a twelve parent diallel of

triticale were presented. These results showed that the

simulations presented in Chapter Two could be used to accurately

describe observed plant material. However, in plant breeding

programmes the ability to make predictions about the Fl

generation is nob always critical. A high yieldine F., plant will

not necessarily produce later generation selections which are high

yielding, and, more importantly, a Low yielding F., plant may have

hÍgh yielding later generation progeny. Thus low yielding Fl

plots should not nece"r""ity be rejected as they mâVr like the

higher yielding F1'", produce later generation hÍgh yielding

progeny.

In most cereal breeding, the breederrs aim is to obtain a high

yielding homozygous line which contains advantageous traits from

two or more parents. Of course, hybrid crops may have the Fl as

the end point of a breecling programme, and in this case the Ft

diatlel is ample for the plant breederrs needs.

In order to evaluate the use of the incomplete partial diaIlel

for breeders who will ultÍmately wish to obtain a new homozygous

line, later generations beyond the F, will have to be evaluated.

For this study, the Ft diallet described in Chapter Three was

observed at the FU Beneration. Although the FU Seneration of a
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self-pollinating crop cannot be considered homozygous, it may

said to have lost much of its heterozygosity. [In the

generation, if bhere is no linkage, it would be expected thaf

(l-0.53) of Loci would be homozygous.l Growing tr,,o generations a

year, the Fu progeny can be evaluated two years from the tirne the

inltial cross is made. Thus bhe F4 generation is a good

compromise bebween evaluating a cross when it reaches lìomozygosity

and evalr"ilit as rapidly as possibte'

The Fu diallel described in this chapter will be analysed for a

number of uses. These are:

1. The applicability of ineomplete parbial diallel

analYses on the FU Eeneration.

2. The use of more than one site for F4 evaluations.

3. The use of control Plot's.

t 4. Comparison of F,, traits with F4 traits ( Chapter

5. ;;:'r"" of means and variances to describe an F4

family (Chapter Six).1

5.2 Growing the DiaIleI

As discussed in Chapter One, the number of possible genotypic

variations from a single cross becomes extremely large aS the

generations advance. Because of this it is impossible to grow all

the possible F4t" from a single cross; only a subset can be

grown. As the purpose of growing the F,l generation was to

observe the potential of each of the sixtysix cross families, the

observed F4t" had to be an unselected sample of each Fu family"

In order to obtain such a sample the following method was used:

be

Fq

87'
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(i) Three plants of each F,, cross hrere grown in a

gJ.asshouse over the 1976/7 summer ( ou', of

season ) .

(ii) The F, seed from (i) above was bulked for each

cross (i.e. the three F,, plants) and bhis seed

was planted as a four row, 3.5 metre plof in 1977

(in season).

(iii) At the conclusion of the 1977 season, thirty five

F, heads h¡ere selected at random from each plot.

Any of these randomly selecbed heads which

contained less than five seeds was rejected and a

furbher head was selected, at random, to replace

lt. The remainder of the FZ plot $ras machine

harVested as a bulk.

(iv) The heads from the F, plants t(iii) abovel were

threshed and planted as small tthill plotsrr in ùhe

1977/8 summer (out of season). These hill plofs

consisted of the F, seed from each head being

scaltered randomly within a 25 cm. diameter

circle. These circular 25 cm. plots were

planted on a 30 cm. (between plots) square grid.

(v) Each hilt plot was harvested and the grain vras

used to ptant a 2.5 metre FU Rlot in 1978 (in

season). Thus each cross family was represented

by thirty five F,+ plots, each of which vras

derived from a single Ft head selection.

Although the term random selections was used Ín (iii) above,

this is not completely accurate as sterile genotypes were rejected

and, presumably, some natural- selection had occurred in the two
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generations grov.rn before the selection hlas made. Because of

meiotic irregularities which may occur when chromosomal

mismatching occurs in the third genome (see Section 3.2), the

range of genotypic combinations available for sampling was

probably l-ess in some eroSSeS than in others. Howeverr âS the

overall number of possible eombinations ls so large it hras felí

that this would not significantly narrow the range of genotypes

sampled.

In (v) (above) the hill plot yields were not as hÍgh as was

hoped and some plots did not yield enough seed to grow an Frl

plot. It was only intended that thirtV FU plots from each cross

family would be grown and thus five F, llots which did not have a

high enough yield could be discarded. Despite this, there !'tere

stilt not enough high yieiOing F, plots to plant the F4 plots.

As the four row FU plots required 20 gms. of seed it was decided

to grow some two row plobs which would only require 10 gms. of

seed.

5.2.1 ExperÍmental Design

The FU plots blere grourn at three sites. Each site contained

ten FU selections (derived frorn the FZ) from each cross family'

as welt as ten plots of each of the twelve parental lines. Thus

six hundred and sixty F4 plots and one hundred and twenty

parental plots blere grown at each site. The three sites used

were:

!'faite: a f ield site within the grounds of the Waite

Agricultural Research Institute, Adelaide, South

Australia.



Strathalbyn : the l.jaite Agricuitural Research fnstitute r s

C.S. Charlick Experimental Stat,ion at
Sandagrove, south of Strathalbyn, South

Australia.

Roseworthy: Rosewor thy Agricultural College, Roseworthy,

South Australia.

The !'Iaite and Strathalbyn sites had four rohr plots sown and

Roseworthy had the two row pLots sown (the choice of Roseworthy as

the two row plot site was arbÍtrary). WithÍn each cross family
alr the F, hirr prots which yierded 20 gms. of seed or more r^rere

grouped toget'her. Twenty of these were randomly allocated to the

tüaite and Strathalbyn sites. of the remaining a3 hirl plots,
those yielding less than 10 gms. were discarded and ten of the
remainÍng prots !{ere selected aE random for planting at
Roseworthy.

ltithin each site the Z8O plots were randomised within ten blocks
of 78 genotypes (the sixty six Fu's and the twel-ve parents). rt
should be stressed that although the ten plots of each parent are
replicat,es at eaeh sit,e, the ten plots of each Fu family are not,
strictly speaking, repÌicates as they are individual Fz derived
selections. These Fq plots are genotypiearly rerated, not
genotypically identical.
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Agronomy

The experiment, was raid out using a computer programme

and devised by the plant breeding section of the
Department of the lrraite rnstitute ( Rathjen , 1gTÐ .

A control plot grid was also grown within the experiment at each
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slte. The control p1-ot placement consisted of a wheat plot being

pLaced in every eighth grid position of the site. l,iheat was used

for the control plots in these triticale experiments, âs a

commercial variety of triticale adapted to the S.A. region was nob

available. As the purpose of the control pl-ots is to measure

field fertility variatÍons, it was felt that a well adapted wheat

variety would serve this purpose. The wheat variety used was the

Waite Institute variety Warimba. One hundred and thirteen control

plots of trrarimba were grohrn at each site. Each experimenbal site
contained fifteen ro!{s and sixty eolumns, giving a total of nine

hundred plots at each site. As the 780 experimental plots and 1 1 3

control plots only add to 893 plots, seven additional plots were

added to the experiment to make the total up to 9OO. These seven

plots ü¡ere of the wheat variety Kite.

The plant breeding section of the Agronomy Department at the

hlaÍte Institute has designed and built its own equipment for

sowing and harvesting this type of plot experiment. Fiftyfive
thousand plots hrere grown for the various cereal programmes

engaged in by the Agronomy Departmenl in 1978, and the two

thousand seven hundred plots described in this chapter !{ere grown

and harvested in essentially the same manner as all these other

experiments. PIots are sown at commercial densities with 300

plots being planted per hour. The plots are harvested aE a rate

of approximately 100 plots per hour. No supplementary irrigation
was used.

5.3 Characters Measured on the Diallel

The following four characters were rneasured on the plots:
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Yierd : Each prot was mechanicaì1y h;r¡-,¡ested and the weight of
the seed was measured to the nearest gram.

Height : rn a plot of 400 or more plants, some height segregationdid occur, thus it was necessattrr to measure the approximaËe heighËof the plot by visually scanning the 1eve1 of the tarlest tilrersin the plot' This was then measured to the nearesÈ 5 cenÈimetres.

It hras

five plant,s in the plot had anthers which had

ft was also measured weekly.

more than

dehisced.

2

3. Days to Heading: This character was measured when more than
five plants in the plot had fully emerged heads.

measured once a week.

4 Days to Anthesis : This character was recorded when

characters one and two were recorded at alt three
characters three and four were only recorded at the

sites, whilst

!'/aite site.

The cont,rol plots were measured at all sit,es for characbers one

and two.

5.4 ControL PIot Analvsis

Atr sites hrere anarysed by using the control_ plots to ereate
covariate for each experimental prot. The anarysis was of
form described in chapt,er Four, using arl contror plots within
twenty metre distance of the experimental prot and weighting
effect of the contror plot by the square of its distance from

experimental plot.

a

the

a

the

the

The variances of these experiments, for yierd and height, are

shown in Tables 5.1.1 and 5.1.?_. Here the tot,al- variance is shown

as well as the variance of the control plots only and the variance



The varÍanees associated with the F,, yields at, the three
experimental sites used. The regression 'Ss/total SS represents
the amount of variance in the experi.ment reduced by the control
plot covariate analysis.

Total
Variance

Table 5.1.1.

Exper imental
Plot
Variance

Experimental
Plot
Va ri anc e

186

177

Control
Plot
Va ri ance

24744

1 4152

11461

Control
Plot
Vari ance

12

23

LOT

Regression SS/
Total- SS

7.0%

1.2%

3.4%

Regression SS/
Total SS

1.43%

6.58l

Site

lrlaite

Roseworthy 16723

49627 38293

1 6883

Strathalbyn 15257 15737

Table 5.1.2

Site

The variance associated with bhe F,, heights at each of the three
experimental sites used. The regre3sion SS/total SS represents
the amount of variance in the experiment reduced by the control
plot covariate analysis.

TotaI
Variance

Waite 230

Roseworthy 194

Strathalbyn 180 169 156 2.337,
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of the experimentar plot on1y. The [regression ss/total ss]

percentage refers bo the experÍ.menbal plot sums of squares removed

by the covariate regression analysis over the totar sums of
squares of the experimental plots.

Tab1e 5.2 shows the mean values of the observed characters for
each of the experimental sites. The mean values for the sixtysix

FU families and the twelve parental lines are given in Appendix

III; the values adjusted for soil heterogeneity are also given Ín

Appendix IV.

5.5 DÍallel Analysis

Because of the statistical complexity of any programme which

would analyse this t,ype of'experirnent, a statistical programming

package üIas used to perform the anarysis. The statistical
programming package used was GENSTAT (Rothamsted 1977). A copy of
the progranme (Baghurst, 1979) which performed the analysis

appears in Appendix vr. The programme treated the F,r serections

as replicates and thus eaeh cross was presented tcl the GENSTAT

programme as thirty replicates (ten from each site). This ensured

that the variance of the Fu families was used in the anarysis as

well as their means (cf. the F., diallel analysis). The partial
dialrel was compared to its incomplete partial diallers in the

same manner as the F' diallel described in Chapter Three.

The within site variation had already been removed as far as

possible from the data by the use of the contror plot anarysis.

Additive site effects were removed by the GENSTAT programme. The

results of the least squares analysis for estimating the gca
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Tab1e 5.2

means of the F,* eharacbers measured at the three experimental

Site YieId Height Days to
Heading

110

Days to
Anthesis

129I'lalte 651

Roseworthy 304

Strathalbyn 340

118

108

93
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values of the F4 diallel are presented in Tables 5.3.1 to 5.3.4.

Because these analyses used replicated data, the |tsca variancert

given in Tabres 5.3.1 to 5.3.4 has to be interpreted differently
than the varues given for the simurated results, and the Fl

dialle1 results presented in chapters Two and Three respectively.

whereas the simulated and Fl data could be partitioned int,o

only three effeots [that is, the mean effect, the additive genetic

effect (gca) and the ncn-additive genetic effects (sca) l, the F,+

data, being replicated, also yield environmental interaction

effects as well as error effects. Each of these additional two

effects can be partitioned separately from the additive (gca) and

non-additive (sca) genetic effect,s. The sca variance presented in

Tab1es 5.3.1 to 5.3.4 represents all the effects other than the

mean effect and the additive genetÍc and environmental effects.

This allows Tables 5.3.1 to 5.J.4 to be compared directly with

Tab1es 3.3.1 to 3.3.11 (Chapter Three).

From the plant breederrs point of view, this eombining of all
the effects except the additive effects is certainly advantageous.

All the effects which have been grouped here under the titre of
rrsca variancerf are only parbitionable when all the interactions

can be observed, and thus they have no use as a predictive tool.
rn this set of data, additive environmenlar effects are used in
bhe anarysis, all non-additive effects having been grouped under

the title rrsca variancetr. The accuracy of carculating these

additive environmental effects as the diallel is reduced wiIl be

discussed later in this chapter.



Tables 5.3.1 - 5.4.2.

The following tables show Lhe ranks of the gca estímates for each of
Èhe parents in the díallel. The ranks for the incomplete partial
diallels are also shown, as are the ranks of the parental means. The
brackeÈed numbers indicate Ëhe dífferences in rank of the I.P.D.rs
(or parenËa1 means) when compared to the ranks in Ëhe parÈial dialle1.
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Tab1e 5.3. 1
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Adjusted YieIdF4 Character 1

gca variance 2062 scavariance23T2gca/scavarianceratio0.B69

Variety gca Ranks 
-

(Bracketed numbers indicate deviation from P'D'ranks) Parent
P.D: 

- .10c/p }c/p 6c/p 4c/p Zc/p Rank

T28
T31
r33
T34
T58
T106
T246
T686
T702
T71 0
1896
r937

8(2)
5
3
9(1)
7Q)

11
4

10
1

6(1)
12

2

8(2)
5
1(2)
9(1)
7 (2)

11
4

10
3(2)
6( 1)

12
2

9 (3) 10(4)
5
3
9(1)
6(3)

11
4
8(2)
1

7
12

2

10(4)
3(2)

6
5
3
I
9

't1

4
10

1

7
12
2

7
6
8

10
5
1

9
11
12

2
3
4

5
2(
I
7(

1)

)2

4(1)

(4)
Q)
(1)
(1)
(1)
(i)
(2)
(3)

0
3
4
9
8
2
6
7
2
5
1

1

1

1

1

4
0
3
6
2

I
7Q)

12( 1)
5(1)
9(1)
2( 1)
6(1)

11(1)
1(1)

1

1

(2)
(1)

(1)
Q)
(1)
(1)1

1(1)

Mean of Abs.
Residuals 39.06

S.D. of Abs.
Residual s 29.16

F4 Character 2

39.02 39.14 39.88 41.12 44'58

30.07 31.20 30.21 29.67 33.69

Tab1e 5 .3.2.
Ad usted Hei ht

gca variance 28.47 sca variance 8.52 gca/sca variance ratio 3'34

Variety gca Ranks
(Bracketed numbers indicafe deviation from P'D' ranks) Parent

P.D. 
- ìo"lp aózp 6c/p [c/p Zc/p Rank

T28
T31
133
T34
T58
T1 06
T246
T686
T702
T71 0
r896
r937

7
5( 1)
I
9(1)
6(1)
1

10(1)
11
12

2
3
4

7
5(1)
I
9(1)
6(1)
1

10( 1)
11
12

2
3
4

7
5( 1)
9(1)
8(2)
6(1)
1

10( 1)
11
12

2
3
4

8( 1)
4(2)
9(1)
7(3)
6(1)
1

10( 1)
11
12

2
3
5( 1)

(1)

(1)

7
6
8
9
5
1

10
11
12

2
3
4

(1)

(1)

7
6
B

9
5
1

10
11
12

2
3
4

Mean of Abs.
Residual s 2.22

S.D. of Abs.
Residual s 1 .92

2.22 2.28 2.31 2"32 2'46

1 .96 1 .92 1 .99 2.00 2.10
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Tabl-e 5 .3.3
F4 Character l Days to Heading

gca variance 9.95 sca variance 8.82 gea/sca variance ratio 1.13

Varieby gca Ranks
iBraeketed numbers indicate deviation from P.D. ranks) Parent

P.D. 10c/P \c/P 6c.P \c/P 2e/P Rank

T28
T3l
133
r34
T58
T1 06
T246
T686
T702
T71 0
T896
r937

9

(1)

(1)

9
0
2
2
I
3
5
1

6
4
7
1

I
9
3
1

0
2
5
2
6
4
7
1

1

1

(1)
(1)

1

2

(1)

7Q>
8( 2)
3

11(1)
9(1)
2
6(1)

12(1)
5(1)
4

10(3)
1

10
9
1(1)

11(1)
7
3
5

12( 1)
6Q)
4
8(2)
2( 1)

7Q)
8(2)

12
5(1)
4

10(3)
2(1)

7 (2)
B(2)

9(2)
2( 1)

8(1)
g= 10

3=4
12

g=10(1)
1(1)
7Q>

10

1

1

11

3
2
8
2
5
1

6
4
7
I

1

4
5
6
2

)
)

(
(

1 (1)
(1)
(1)
(1)
(1)

3
1

9
1

6
1

J=

3
11( 1)
10(2)
1(1)
6( 1)

12(1)
4(2)
5(1)

11 (2)
(1)
(1)
(1)

Mean of Abs.
Residuals 2.36

S.D. of Abs.
Residuals 1.78

T28
T3t
r33
T34
r58
T1 06
T246
T686
T702
T71 0
r896
r937

Mean of Abs.
Residuals 1.73

S.D. of Abs.
Residuals 1.22

2.43 2.55 2.62 2.69 2.89

7.73 1.68 1.73 1.91 1.95

Tab1e 5.3.4
F4 Character 4 Days to Anthesis

gca variance 4.92 sca variance 4.49 gca,/sca variance rabio 1 . 10

Variety gca Ranks
iBracketed numbers indicate deviation from P.D. ranks) Parent

P.D. 10c/P 9c/P 6c/P \c/P 2c/P Rank

10
9
2

12
7
3
5

11
I
4
6
1

1

(1)

(1)

(1)

0
9
1

2
I
3
5
1

7
4
6

1

10 10
9
1(1)

12
7
3
5

11
6Q)
4
B(2)
2(1)

1 0
9
1

2
B

3
5
1

6
4
7
2

7=9 (1)
7=9

2
\2

7=9
4( 1)

10( 5)
11

j=6Q)
3(1)

5=6
1

11

9
2
2
7
3
5
1

I
4
6
1

(1)

(1)

)2
1 1

(

1 .76 1 .78 1 .82 1 .84 1 .93

2(1)
(1)
(1)

1 .22 1 .21 1.32 1 .30 1 .24
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Tables 5.4.1 and 5.4.2 show the results of the dialIel analysis

for yield and height when no adjustment is made for field

homogeneity (i.e. the control plots are not used to adjust the

experimental plot data).

The four measured characters together with the unadjusted yield

and height measurements (charact,ers one and two) are presented in

Table 5.5 with their gea/sca variance ratio. In this case, *"he

ratios are different from those of the F., characters (cf. Tab1e

3.4), the FU yield and height gcalsca ratios being much higher

than their F., counterparts. Conversely, the Frl heading and

anthesis gcalsca variance ratios are lower than the same character

traits in the F., t s.

Tables 5.6, !./ and 5.8 can be directly compared

counterparts (Tables 3.5, 3.6 and 3.7).

to their F

5.5.1 Additive Site Effects

A critical part of analysing experiments grown at a nt¡nber of

sites is the calculation of an additive site effect {interactive
(non-additive) effects wiLl be discussed in the next chapterl. It

is expected that the larger the number of plots (and genotypes)

grown at each site, the more accurate the calculation of the

additive environmental effect would be. Thus, as the dialleI is

reduced, and hence less plots are grown at each site, the abÍIity

to accurately calculate these site effects should be redueed.

Table 5.9 shows the additive site effects for the two eharacters

observed at all sites. The effect of reducing the diallel is also

shown in this table.
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Tab1e 5.4.1
F4 Character 1 Yietd

gca variance 2068 sca variance 24OT gcalsca variance ratio 0.859

Variety gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks) Parent

P.D. 1Oe/p \c/p 6c/p \c/p .Zc/p Rank

T28
T31
r33
T34
T58
T1 06
T246
1686
T702
T71 0
r896
r937

Q)

10(4)
5
3
eQ)
6(3)

11
4
8(2)
1(1)
7( 1)

12
2(1)

7
5(1)
8
9(1)
6( 1)
1

10( 1)
11
12
2
3
4

6
5
3
7
9

11
4

10
2
I

12
1

)( 3

(1)

8
5
3
7
6
1

4
0
1

1

1

9(1)
12
2(1)

(1)
Q)

2
6Q)

11(1)
i

7
5(1)
9(1)
8(2)
6(1)
1

10( 1)
12( 1)
11(1)

2
3
4

10(4)
3( 2)
4( 1)
eQ)
8(1)

12( 1)
5( 1)
7(3)
2
6(2>

11(1)
1

Q) 8(2) 9(3)
5
2(1>
9(2) (1)

Q)

5
3
8
7
1

4
0
2
6
2
1

7
6
I
9
5
1

0
1

2
2
3
4

10(4)
3(2)
4(1)
8(1)
7Q)

12(1)
5( 1)
9( 1)

11

1

7
1

4
0
3
6
2
1

2( )
11

Mean of Abs.
Residuals 39.59

S.D. of Abs.
Residuals 29.13

F4 Character 2

39.59 39.58 40.32 41.16 43.89

30.01 31.17 30.01 30.07 34.14

Table 5.4.2
Height

gcalsca variance ratio 3.24gca variance 28.15 sca variance 8.70

Variety gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks) Parent

P.D. 10c/p ïc/p 6c/P 4c/ 2c/P Rank

T28
T31
r33
T3¡t
T58
T1 06
T246
T6B6
T702
T71 0
r89 6
r937

7
6
I

10
5
1

9
11
12

2
3
4

(1)

(1)

7
6
I
9
5
1

0
1

2
2
3
4

(1)

(1)

8( 1)
4(2)
9(1)
7(3)
5
1

10(1)
11
12
2
3
6Q)

1

1

1

1

1

Mean of Abs.
Residual s 2.25

S.D. of Abs.
Residuals 1.94

2.30 2.32 2.36 2.50

1.94 2.O2 2.03 2.10



Table 5.5

The gcalsca variance ratios of the F
twelve parent trlticale diallel.
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characters observed in the
4

Charaeter

AdJusted
TieId

AdJusted
HeÍght

YÍeId

Height

Heading

Anthesis

gcalsca
Variance ratio

0.87

3.34

0.86

3.24

1.13

1.10



{fe percentage of parents in the 12 parent triticale diaIlel whichdid not change in rank by more than iou" when the partÍa1 dial_le1was reduced.

Table 5.6

0

0. g7

3.34 66.

Rank Changes

.(2 .< 3

9

100
100
100

100
100
100

100
100
100

91 .6
91.6
100

100
100
100

100
91.6
91 .6

100
100
100

100
100
100

100
100
100
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.(4

100
100
100

100
100
100

100
100
100

100
100
100

100
100
100

100
100
100

Character I.p.D Var.

Adjusted
ïield

Ad ju sted
Height

Yield

HeÍght

Headi ng

Anthesi s

6c/p
4c/p
2c/p

6e/p
4c/p
2e/p

6c/p
4c/p
2c/p

6c/p
4e/p
2c/p

6c/p
4c/p
2c/p

.3

66.6
41 .6
16. 6

83.3
66.6
41 .6

.3

.(1

100
100
91.6

75.0
66.6
66.6

100
100
91.6

75.0
75.0
58. 3

75.
50. 0
66.6
8.3

75

75

0
0
0

83.
1

19

91.6
83. 3
91.6

6
3
6

100
91.6
91.6

6
6

33. 3
16. 6
9.3

p
p
p

6c/
4c/
2c/

0
6

66
58

0.86

3.24

1.13

1.10 50
66
58

83. 3
83.3
91.6
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TabLe 5.7

The percentage of parents in the observed 12 parent triticale
diaIIeI which did not change rank by more than four when the ranks
of the parental means are compared to the gca ranks from the
partial diaIIeI analysis.

Char. Rank Changes

<2 .(3 .(4

83.3 91 .6 100

91 .6 100 100

gea/ sca
Var. Ratio

0

0

.(1

83. 3

Adjusted 0.87
Yield

Adjusted
He ight,

58.3

3.34 41 .6 83.3

58. 3YieId 0.86 16.6

Heading 1.13 33.3

83.3 91.6 100

Height 3.24 50. 0 75.0 91 .6 100 100

100 100 100

91 .6 9't .6 91.6Anthesis 1.10 58.3 83.3



118

Table 5.8

The gcalsca variance ratios predicted from the mean of the
absolute values of deviations, (Qbserved Predicted) of the
twelve parent triticale diallel. The bracketed numbers indicate
the calcul-ation of the mean of the absofute deviations vrere from
the crosses sampled.

Estimated gcalsca variance ratio

Character

Adjusted
TÍeld

Adjusted
Height

YÍeId

Height

Heading

Anthesis

0vserved
gca./sca
ratio

0.97

3.34

0. 86

3.24

1.13

1.10

6 crosses
/ parent

0. B8
(0.99)

3.94
( 6.51 )

0.89
(0.96)

3.87
(6.16)

0. 89
(1.13)

0.77
( 0.99)

4 crosses
/ parent

0. 81
( 0.92)

4,04
Q .87)

0.84
( 0.92)

3.91
(7.87)

0. gg
( 1.26)

0. 86
( 1 .00)

P. D.

0.77

3.27

0.75

3. 16

1.01

0. g3
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Table 5.9

The additive environmental effects associated with the
characters observed for each of the three experimentaL sites.
three sites effects are listed for the l,faite, Roseworthy
Strathalbyn sites respectively.

Character P.D. 1Oc/p ïe/p 6e/p \c/p 2c/p

r[å
and

Adjusted
Yield

Ad justed
Helght

YieId

Height

218
-127
-90

11
2

-13

217
-127
-90

11
2

-13

219
127

-92

11
2

-13

219
-127
-92

11
2

-13

217
-129
-89

11
2

-13

216
-129
-87

11
2

-13

213
-125
-88

11

3
13

212
-125
87

11
2

_13

210
-122
-88

208
-122
-86

11

3
-14

210
-11 1

-99

208
-110
-98

11

3
-14

1

3
4

1 1

3
41
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5.6 Discussion

5.6.1 Control Plot Analysis

The removal of the within site variat,ion by the use of control

plots gave similar results in this FU experiment as r^rere observed

ln the experiments described in Chapter Four. 0nly characters one

and two r^rere adjusted for field heterogeneity factors, as the

remaining two characters were effectively constant for all the

controf plots.

Seven percent of the observed variation was the maximum that was

reduced by the covariate analysis (TaUIes 5.1.1, 5.1.Ð. As in

the results in Chapter Four, there appears to be no pattern

relating the percentage reductÍon in variance to any of the

observed variance statistics, Appendices III & IV show the

effects of the control plot anal-ysis on the means of characters

one and two. It can be seen thab although the mean values were

alfered, the change, in most cases, was not greab. Because of

uncertainlies involved in the control plot analysis (Chapter Four)

the unadjusted data hrere also analysed in order to discover

whether differences occured between the two sets of data in the

diallel analysis.

By comparing Tables 5.3.1 and 5.3.2 to Tables 5.4.1 and 5.4.2,

slight differences in the analysis results can be observed. The

fifth and sixth ranked parents (based on parent mean yield) swap

ranks when the yield and height data are adjusted for field
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heterogeneity. The gca ranks are, hor.rever, ress stabte, and a

number of gca rank changes do occur between the two sets of data.
The most striking change is that the highesb yield gca becomes the
second highest yield gca when the control plot grid is used to
adjust the data. For the remainder of this chapter onty the
adjusted data wilr be referred to, for arthough differenees do

occur between the raw and adjusted data, in generar they both lead
the plant breeder to similar
having had as much of the

possibre, form bhe data set with which the breeder shourd deal.

5.6.2 GCA Rankin

As can be seen from Tables 5.3.1 to 5.U.2, the ranks of the gca

for the various incomplete partial diarrels do not change. from
those in the partiar dialrer. The only rank changes which remove

one of the top five ranked parents from the top five occur between

the fifth and sixth ranked parents. yield, the most important
character to the plant breeder, has none of the top five ranked
parents incorrectry ranked outside of the top five.

Tabre 5.6, which shows the percentage of gca estimates which
change in rank, eonfirms that there is littre chance of a gea rank
changing by more than two. A eomparison of Table 5.6 with Table

3.5 shows that the simurat,ion results, the F., results and the F4

results are similar. Arl show a remarkable rack of rank change.

5.6.3 SCA Variance

conclusions.

within site
The ad just,ed dat,a,

variation removed as

As previously explained, the term trscatr variance in the variance
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of the FU experiment actually refers to the non-additive effects,
but for simplicity and as an aid for comparison with the simulated

and F., resurts the term sca variance will be retained. Table 5.5

lists the gcalsca variance ratios for the F,l character t,raits
measured.

An unexpected result, anci certainly an encouraging resurt for
the plant breeder, is the increase in the gca/sea variance ratio
for yielC when the F4t" are compared to the F1r". The Fl

dialIeI gave a gca/sca variance ratio of o.z1 for yield whereas

the F4 diallel has a variance ratio of 0.82. This makes a rarge

difference as to how bhe F4 diarrel anarysis may be used.

Variance ratios which are much less than unity mean that spurious

results have a relatively high probability of occurring when the

incomprete partial diallers are analysed for gca ranks. ïn the

Fl dÍal1e1, yield cannot be confidentry analysed in the

incomplete partiar diatlels because of the low gcalsca ratio.
However, in the Fu diatrer the yield gca,/sca ratio is within the

range of variance ratios which can be accurately analysed. This

means that yield, the most commercially important agronomic trait,
can be evaruated in incomplete partial dialtels of F4 material.
This potential accuracy in the Fu is especialry wercome as it is
the yielding behaviour of laber generation progeny (e.g. F,l)

which is t,he most important factor to the breeder of
self-pollinating cereals.

The gca,/sca variance ratio of height also increased in the F4

generation. However, this character already had a high variance

ratio in the F., diallel and its agronomic importance is nowhere

near as great as that of yield. Days to heading and anthesis both
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decrease in the gca./sca variance ratio when

compared to the F, dialle1. However, their
the F4

magnitude

diallel is

is still
sufficientry large to enabre the incomprete partial diarlers t,o be

analysed with confidence.

Tabre 5.8 shows the accuracy wÍth which the gca,/sca variance
ratlos may be estimated by using the means of the absolute values
of the residuals, when the observed data are compared to the
estimated data. Herer âs with the Fr dat,a, the gcalsca variance
ratio estimation is extremely accurate when the incomplete partial
dÍallels are used. As in Tabre 3.7, the bracketed numbers in
Table 5.8 represent the estimations when only the crosses sampled

in the incomplete partial diarler are used for the sca estimation
(compared with cal-culating the gca values from the f .p.D. ârrd

then ealcurating the mean of the absolute values of the residuals
from the p.D.).

The Fu character, height, is t,he only trait which gave a

gca,/sca variance estimate significantry different from the
observed variance ratio. An expranation for lhis phenomenon may

be in the way in which the Fu heights brere measured. As they
were measured to the nearest fÍve centimetres in the Fu (cf. 0.5
centimetres in the Fr) r considerable frrounding offfr errors may

have occurred in the measurement of this character. These ,,round

offrf errors may bias the subsets of crosses in the various
incomplete parüiar diarrer.s. For exampì_e, in the F4 two
measurements of 90 cm and 92 em would both have been rounded off
to 9o; though if the second measurement had been 93 cm it woulcl
have been recorded as 95 cm. Thus in the FU diallel this 1 cm
dÍfference would have been recorded as a 5 cm difference, whereas



because of segregating heights in the F4 plot data, ít was not possible
to measure plot heíght to the nearesË centimeÈre as r^ras done on a single
plant basis in ihe F1.
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in the F, dial-le1, which vlas measured to the nearest centimetre,| ' I¡r¡¡Êtr opoo,srrr.

it would have been recorded as â 1 cm difr"""n"t3l+"íf should also

be noted that, the gca/sca variance ratio jumped to approximatety

seven in the incomplete partial diallels when it should have been

four. This jump shouLd not influence decisions made by the plant

breeder as both of these values are within the same range in terms

of their subsequent interpretation by the pLant breeder.

5.6.4 Additive Environmental Effects

Table 5.9 shows the additive environmental effect,s of the three

experimental sites. These values hrere calculated by the GENSTAT

programme which performed the diallel analysis. The observed

values less the varues given in Tabre 5.9 serve to adjusl each

ptot varue so that all sites can be compared and analysed

together. This additive environmental effect slightly changes the

dialleI analysis model presented in chapter one. The equation of
the moclel used in this FU experiment becomes:

ttjn =P+ gcai+gcaj + siten *"ij (v.i)
where: siteU represents the additive environmental effect of

site k.

As can be seen from this table, the reduction of the partial
dÍaller has onl-y a mÍnor effect on these statistics. Thus the

plant' breeder is able to use incomplete partiar diallers to

calculate these additive site environmenLal effects with a high

degree of confidence. This resurt is probabry independent of the

number of genotypes used but rather dependent on the number of
plots, so it may be more accurate to say that the calculation of
the addit'ive site environmental effect,s was not significantly
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influenced by reducing the number of plots which brere observed at

each sife.

5.6.5 Parental Ranks

The mean values of bhe twelve parents were ranked for the

observed characters and these ranks are also given in Tables 5.3.1

to 5.4.2. The differences between these ranks and the gca ranks

are illustrated in Table 5.7. As in the Ft data, the ranks r¡f

the parental means are different from the ranks of the parental

gca esbimates. More rank changes occur when the parental ranks

are compared to the gca ranks from the partial diaIIeI, than when

the incomplete partial diallels are compared to the partial

diallel

5.7 Conclusion

The reduction of the Fq partial dialler to its lneomprete

partial dialleI subsets did not give significantly lower accuracy

in the gca rank estimations. The results in this ehapter

reinforce the results of the simulations presented in Chapter One.

Because the additive genetic effects of the cross families are

measured by the diallel analysis, the allelic interaction which

take prace within the Índividual F4 serections were buffered.

This buf fer ing r¡Ias aided by analysing the F4' 
" as f amily

populations rather t,han as individual genotypes. Thus the diatl-e.L

analysis I^Ias able to calculate the additive genetic effect of lhe

FU family populations and hence individual alletic combinations

within the FUts did not appear to detract from the results of the
analysis.



As the results of the triticale experiments showed a higher
tolerance to low gca/ sca raÈios, ïaÈios of less than uniËy may nol^l

be consídered to be sígnificantly high.

Complete informatíon about Ëhe best parents is conÈained ín Appendix

IIr, but gíven the lack of replicatíon over sites ' use of this inf or-
matíon might be misleading in the present case'
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The appearance of a relativety high gca,/sca variance ratio for

yield in the FU diallel makes this method of cross evaluation

viable for the plant breeder. Using the methods described in

this, and earlier chapters, a plant breeder will be able to

evaluate parental material for its later generation (F4) yielding

potential. Both the four and six crosses per parent incomplete

partial diallels give the breeder accurate rankings of the top

five parental gcars. In addition to this, accurate calculations

of the gca,/sca variance ratio may also be gained from these

incomplete partial dialle1s.
Insert opposiÈe page here

Using the gca ranks and the gcalsca variance ratios, the plant

breeder is able to make sound decisions as to which crosses should

be incorpoi'ated into a UreeOing programme. This concept will be

further discussed in Chapter Seven.

It can be seen that the plant breeder gains different
information by using the ranks of the parental means than by using

the ranks of the gca's. The diallel analysis gives the breeder

further critical information regarding the ratio of the additive
genetic effects to the non-addilive effects. This additional

information will influence the breeder's abiJ.ity to predict the

Iater generation characteristics of crosses made between the

parental varieties evaluated.
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6 A Further look at the Triticale Dialle1s

6.1 Introduction

In this chapter three further topics relating to the breeding of

a self-pollinating species will be examined. They are:

. - the correlations between the character trai.ts observed

in the Fl and F, triticale diallel;

- the genotype-environment interactions observed in the

F4 dialle1 experiment;

- use of the means and the variances of measured

. character traits to describe the later generation

cross families.

Although these three topics all relate to

methodoLogies, they will be described individually

chapter. In the following chapter the interrelations

issues together with those which !,¡ere presented in

chapters will be discussed.

breed ing

Ín this

of these

previous

6.2 Correlations

As discussed in Chapter One, the relationship between the

phenotypes of the Fl of a eross and its later generation

homozygous progeny is usually not predictable for quantitative

trait,s. A1lelic permutations and the interactions which occur

after the F., generation are so plentiful that the isolation of a

single (predetermined) genotype and the prediction of its
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phenotype effectÍveIy impossible. However r âs the primary

objecbi.ve of most cereal breeding programmes is to inerease yield,

an early generation predictor of later generabion yieldÍng ability

would be of considerabl-e imoortance.

As stated in Chapter Five, the FU Beneration ls an effective

compromise for the pl-ant breeder between observing a cross at

homozygosÍty and being able to make an evaluation of a cross as

soon as possible. The F,, generation, on the other hand, is the

earLiest cross generation which can be observed and it contaÍns

all the parental alleles (assuming that the parents are

homozygous). The Ft generation is the most heterozygous

generation, as from this generation onwards further homozygous

allelie combinations may occur (the Fl may not be totally

heterozygous as the parents may have common alleles). For this

reason the F1 generation will display all the dominance effects

of the various loci as well as their heterotic effects. If

characteristics of this generation can be related to the

characteristics of the later generations, then a large amount of

selection can be performed, by the breeder, at the Fl generation.

OnIy those F,, 's with a high potential for the desired later

generation character trait need be taken on towards homozygosit,y.

Although this argument relies on the character being mainly (or

wholly) controlled by major and,/or dominant genes, this problem

will be ignored for the remainder of this section. This concept

will, however, be discussed in Chapter Seven.

In order to investi.gate the possible relationships between the

Fl and the FU Benerations, Pearsonrs correlation coefficients
were calculated for all the observed characters in the tritical-e
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dialle1. The eleven Fl character traits and the four F4

character traÍts. were treated in this !úay. Each eharacter btas

represented by the mean values of the sixty-six cross families.

The F1 generatÍon is genetically identical within replicates of

the cross and thus bhese mean values represent a unique genotype.

The FU generation, however, has its mean values calculated from

thirty randomly selected F, derived FU Plots (see Chapter Five)

and they thus represent the mean value oi a family 01' genotypes.

The parent lines hrere not included in the correlations made with

these diatlels. As lhe parents were included in the F1 as well

as the F4 diallel experimenù, Lhey had to be excluded from Lhe

diallel for the purpose of calculatlng correlations between

generations.

The correlations r'¡ithin the Fl generation, within

generation and between the Fl and F4 generations

presented separately.

the F4

will be

6.2.1 The F Generation

Pearsonts correlation coefficients for the eleven Fl characters

observed are presented in Table 6.1. In these tables

significances at the 5% and 1% level are denoted by a and b

respectively.

Although most of these correlation coefficients are

statisbically significant, in many cases they are not biologically

significant. F'or example, a highly significanL positive

correlation occurs betr.reen the number of days to headÍng and the



Table 6.1

Pearonsts correlatlon coeffieients between the eleven character tralts observed ln t,he F. diallel.
The five percent (a) significance level is 0.25 and the one percent (b) significance level ls 0.32.

1234
Dals Lo D*f lo -{'r\\¿r

Headr*6 Anthesrs Hgt. r.\..

1 .0000 0.8888b 0.5683b 0.4130b

1.oooo 0.5226b o.43g4u

1 .0000 0.371 0b

1 .0000

Spih¡fe,r
8

l$o.
Se 3.

6ì"\*i.^tòdfr
75

C{Aã

9

Sd.Wf

0.0267

0. 1 025

0. 0674

0. 4804b

0. 5931 b

0.3902b

0.2853a

0. 7649b

1 .0000

10 11

lhnve¡l
Yld. I*Àe¡<

1 Head

2 Anth.

3 Hgt.

4 TiIl.
5 B.V'It.

6 Hdlng.

7 Spik.

I Seed.

9 Sd.vüt.

10 YId.

11 H.ï.

0.4229b

0.4508b

0.6826b

0. 7384b

1 .0000

0.2431

0. 39 63b

0. 4454b

0.5365b

0.7560b

1 .0000

0.6495b

0.7 1 84b

0.6 397b

0. 6532b

o,7g32b

0.8306b

1 .0000

0. 0596

0. 0366

-0. 2536q

0.1784

0.2313

0.2425

0. 1 076

1 .0000

0.0041

0.0869

0. 0 359

0. 4 450b

0.5644b

0. 3835b

0.2659a

0.8061 b

0. gg69b

1 .0000

-0.3522b

-0. 29 68q

-0.5795b

-0.1424

-0.2297

-0.2687q

-0.4139b

0.7 53Tb

0.6133b

0. 6 465b

1 .0000

F
u)
O
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number of days to anthesis. This is statistically significant but

biologically trivial. Such trivial relationships can be seen

between a number .of the characters presented in Table 6.1.

Because the entire correlation matrix is presented, other

problems, besides trivial correlations, may be seen. The major

one is that correlations between harvest index and its components

(i.e. total Biologi.cal !,lei.ght and Grain Yield) are shown in this

tab1e. Here an obvious statistical flaw is illustrated as these

two components of harvest index are effectively being eompared to

a ratio of themselves. Because of this the correlabion

coefficients (-0.229T and 0.6465) cannot be reasonably

interpreted, either statistically or biologically.

These two correlation coefficients were not, however, removed

from the table as they are merely less subtle exampì-es of what

also occurs elsewhere in Table 6.1. ÏIhereas harvest index

correlated with its ratio components can easily be seen to be

statistically as well as biologically meaningless, other

correlations are only biologically meaningless. For exampLe,

height and number of tillers are all obvious biclogical components

of total biological weight, and the question must therefore arise

as to what importance should be placed on the correlation between

height and botal biological weight or between height and harvest

index. It is not that the two characters have to be independent

before computations can be made (after all that would defeat the

purpose of calculating the correlation coefficients), it is that

the measurement of the two characters must be independent. The

measurenent of the weight of the seed in the whole plant is

clearly not independent of the measurement of the weight of the

seed in the tallest ti11er, thus their correlabion coefficient



should be treated warily; hence the correlation between

index and weight of seed in the tallest tiller should be

just as cautiously as the correlation of harvest index and

r32

harvest

treated

yieId.

An example of two characbers which are independently measured is

height and days to anthesis. It can be thus seen that the

interpretation of Table 6.1 is far from straightforward, as there

are many subtle as well as obvious measurement dependencies

between the characters observed. Because some of these more

subtle interdependeneies tend to be subjeetive (height and total
biological weight?) all the correlation coefficients are presented

ln order to emphasise the need to be cautious in interpreting

their biological significance.

The above discussion serves to illustrate the dangers in

i.nterpreting the black and white computer-generated results as the

definitive answer to biological problems. However, rather than

going to the opposite extreme and rejecting fotally the value of

these correlations, they should be used to give the plant breeder

guidelines as to the interrelations between the observed

characters. The following such information may be gleaned from

Tab1e 6.1:

- although yield correlates very positively with the

nt¡mber of productive tillers and the length of the

splke (tallest tilter), it is only just significantty
posÍtively correlated with t,he number of spikelets on

the tallest tiIIer. This indicates that the plant

does not utilize all the spikelets, and that the

Iarger head (and more spikelets) compensates for this
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Iack of utility. If the spikelets were fully
utllized, the number of spikelets per head wouLd be

expected to correlate with yietd at the same leveL as

headlength and number of tillers. This trend is also

shown when the number of seed in the tallest tiller
is compared to the number of spikelets, head length

and number of heads.

- the above comments for yield are also true for harvest

lndex. Harvest index, however, has ihree distinct

sets of statisbically significant correlations. The

first set of correlations comprises the trivial ones

between harvest index and its components. These

should be ignored. The second set of significant

correlations is important. These are the

correlations between harvest index and heading and

anthesis time. As these two characteristics are

measures of the maturity time of the plant it shows

that, as the plant matures later, its harvest index

deereases (or vice versa). Although correlations

cannot be used to show cause and effect

relationships, it would seem logical to assume that

the low harvest index result from the late maturity

time. As the ptant delays its reproductive (seed

formation) phase, so it has more time for vegetative

growth and less time for seed development. Thirdly,

singificant negative correlations are present between

harvest index and the number of heads, the length of

head and the number of spikeLets on the head. These

three characters increase in their correlation r^¡ith
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harvest index in the opposite manner to that in which

they react to yietd. Here the most significant

character seems to be the number of spikelets. As

the lncrease in the number of spikelets is

detrimental to harvest index, this again reinforces

the concept that it is the utility of spikei-ets which

is important to yieId, not the number of them.

Harvest index would be far more sensitive to this

utility than yield alone. 
"ç l$o.l"lr" 

plant breeder

wanted to increase this ut,ility^ by comparing yield

and number of spiketets, the task would be åi{f'.*tt-

in that a significant positive correlation would have

to be made 1-arger. However, if the breeder uses

harvest index as the guide, then the 3oo-\ is

cLearerr\*r" a'signifÍcant negative correLation has to

be converted to a signifieant positive correlation.

- later maturity seems to be more related to the number

of spikelets in a head than both the number of heads

and the length of the head. This indicates the

direction of physiological studies which could be

fruitful-Iy undertaken in conjunction with a triticale

breeding programme.

- height, is significantly negatively correlated with the

number of seed in the tallest tiller r yet there Ís no

correlation observed between height and the weight of

the seed in the tallest tiller, nor with the grain

yield of the entire pIant. This is another important

physiological anomaly, the ansvJer to which could be
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It is t,hese types of observations from correlation coefficient

tables such as Table 6.1 which should be made by plant breeders,

as the more restrÍctive rrx is correlated to ytt approach mâVr for

the reasons stated earlier, be misleid.ing.

6.2.1 .1 The F,, Generation

The general discussion in the preceding section also applies to

correlations between the eharacters measured in the F di a1IeI.
4

In the FU diallel only a subset of the characters measured in the

F. was observed, so much of the discussion on
I

between the measurements of the character traits is

for the FU characters (thð exception being heading

times).

Because of the small number of correlations involved here only a

few observations can be made. The Pearsonts correlation

coefficients for the four F4 observed character traíts are

presented in Table 6.2.

From Table 6.2 iL can be seen that a significant negative

correlation occurs between height and yield. This correlation is
not evident in the Fl diaIle1. A significant positive

correlation is evident between height and maturiby (heading,

anthesis time), which is also evident in the Fl dialleI.

the dependence

not relevant

and anthesis
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eleven character
five percent ( a)(b) significance

15

Anth.

o.1215

0.4027b

0.9162b

1 .0000

Pearonst correlation coefficients between the
traits observed in the Fr diallel. The
significance level is 0.25 and the one percent
Ievel is 0.32.

12

13

14

15

YLd.

Hgt.

Head.

Anth.

12

Tld.

1 .0000

28

Hgt.

-0.3330b

1 .0000

14

Head

0.1191

0.4986u

1 .0000
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6.?.1.2_ Correlatin the and F Characters

The Pearson t s correration coefficients between the F1 and the
FU character traits are presented in Table 6.3. The following

three major items of informat,ion can be obtained from this table:

yierd is the most irnportant agronomic character

measured in the Fu diarlet and thus correlat,ions

between this character and the F., characters are of
major importance. Fu vield correlates signifÍcantry
(and positively) with alI the Ft characters which

measure seed (i.e. F.l eharacters 8 to 11), with the

highest correlation being with harvest index. The

next highest correlation is not with the Ft yield
but wit,h the Fl weight of seed in the tallest
ùiLler. The reason for the measurement of this Fl

character wâs to approximate the Fl plant rs

potential for seed fil1 rather than the average seed

fill of all the heads on the plant. It seems that
this measurement of trpotentialtt is better than the

plantts average measurement (yietd). A significant
negative correlation occurs between Fl height and

FU Vietd. This negatÍve correlation does not exist
between Fl yield and F' heighb (Tab1e 6.1).

whilst having a strong positÍve correlation with F,t

yield, F., harvest index is signif icantly negatively

correlated with F4 height and maturity time

(heading, anthesis). This contrasts markedly with

Ft yield (or number of seed in tallest tiller, or

weÍght of seed in tallest titler) which only

correlates sÍgnificantly with F4 yiutO.

t37
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Table 6.3

peasonrs correlation coefficients between the eleven character
traits observed in the Fn diallel and the four character traits
observed in the F,, dialléI. The five pereent (a) significance
Ievel is 0.25 and the one percent (b) significance 1evel is 0.32.

1 Head

2 Anth.

3 Hst.

4 Tlll_.

5 B.Wt.

6 Hdlng.

7 Spik.

8 Seed

9 Sd .Vüt.

10 Yld.

11 H.r.

12
YTd.

0. 0314

0.0448

-0.3882b

0. 1 355

-0.0779

-0.1'170

-0.1172

0. 4 861b

0.3961b

0. 4041 b

0.55478

13
Hgt.

_0.5962b
0.5140b

0.75 1 0b

0.0886

0.3762b

0. 1 656

0.4 1 40b

-0.2153

-o.1259

-0. 1 366

-0. 4472 b

14
Head

o.748ob

0.7397b

0.5 1 16b

0.425 1b

0.4615b

0.4334b

0. 6 515b

0.0694

0.1251

o. 1 134

-0.2848o

15
Anth.

0.6754b

0. 7042b

0. 4933b

0.48888b

0. 5 382b

0.5486b

o.6902b

0.1218

0.207 1

0.2002

-0.2557o
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FU height,, anthesis and heading time correlate with

nearly 
"11 

the Ft characters which do not directly

measure seed. The onIV F., character, which includes

the measurement of seed and whieh does signÍficantly

correlate wlth these three FU charaeters is harvest

lndex. These correlations are all negative.

These relationships between the F,, and the F4 dialle1s imply

t,hat Fq characteristics may be predicted by certain Ft

characteristics. ff this is true, then correlation coefficients

and subsequently regression equations, would be a poh¡erful tool to
the triticale breeder. The implications of these results for

plant breeding methodologies will be discussed in the following

chapter,

6.2.2 DiscussÍon

In conelusi.on, it appears that whilst definit,ive ansh¡ers may not

be obtainable from correlations, as described in thÍs chapter,

important int,errelationships are certainly made visible. The most

diffieult task for the plant breeder, in relation to correlations

such as those presented here, is to be able to make biological

interpretations, rather than merely statistical interpretations of

the correlation coefficients.

The statistical significances are often difficult to define wit,h

certainty. Part of the reason for this is that not all the

measured characteristics are normall-y distributed and thus

parametric significance tests do not always app1y. Use of
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non-parametric correlation coefficients (e.g. Spearmanrs rank

correlation coefficient) may solve this problem statistically'

however such non-parametric tests analyse the ranks of the data

rather than their observed value and thus some information is

lost. The Spearmanrs rank correLation coefficient Lras used to

compare the gca ranks in the diatlet simulations (Chapter Two).

However, in that case it was the rank changes which h¡ere the

important values, whereas in the correlations presented in this

chapter the measured values hlere themselves important.

Using Pearson I s correlation coefficient introduces a statistical

problem of determining significance when the data are not normally

distributed (e.g. titler number). However, the correlation

itself is more meaningful biologically than a rank correlation

coefficient aS t,he distances between two observations are

appraised as well as the number of other observations ranked

between them.

Provided that the plant breeder is al¡are of the statistical

problems involved, the correlation coefficient can be used to give

biological guidelines for further breeding and/or physiological

experiments which could be carried out. Interpretation is easier

than for relevant multivariate methods which also have the same

problems with non-Gausian data.
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6.3 Genotype-Environment Interactions

6.3.1 Introduction

In Chapter Five the results of an F4 diaLlel experiment grob¡n

at three sites $ras presented. In the GEIISTAT computer programme

which analysed those rlata, the additive site effects (siteU) were

removed so tltat bhe observations from the three sites could be

analysed collectively. The model for the dÍaI1el analysis thus

becamer Pijt = )) + geai + gcaj + sÍten * "ijk

The term "ijt here, incorporates all the non-additive

effects. One of these non-additÍve effects is the interaction

between the additive genetic effects (gca) and the environment.

[That is, the change in the gca values for the different sibes.]

To lncorporate this into the model bhe diallel equation becomes:

Pijn = J)
+ gcai+gcaj +siten siten.geai siten.gcaj ++ +

ô
rJK (vi. i)

where:- siten.gcai represents the interaction between the gca

value and the environment for parent i at side k.

The GENSTAT programme was modified to include these additional

site interaction effects, and the Fq experimental data were

analysed according to the model illustrated in equation (vi.i).
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6.3.2 Results

The siteU.gcâi values calculated for the yield and height of

the FU plots are shown in Tables 6.4.1 and 6.4.2 respectively.

TabLe 5.2 shows the mean values for the FU yield and heights at

the three sites. As can be seen from Tables 6.4.1 and 6.4.2 the

lnteractions are Iarge and often change dramatically from site to

site. The magnitude of these interaction effects is of

approximately the same range as the gca values for bhe same sÍtes.

In order to show the effect of these interactions the three sites

were analysed independently and the ranks of the gca values at

each site were recorded. These ranks appear in Tables 6.5"1 and

6.5.2 for the FU characters yield and height respectively. The

average value for the three sites is also presenbed in this table.

The ttA1l Sitesfr column in bhis table represents the analysis which

removes only the additive environmental effects and the last

column represents the gca analysis when both the additive

environmental effects and the gca by environment interactive

effects are partitioned by the programme.

6.3.3 Di scuss ion

As the interaction val-ues shown in Tabtes 6.4.1 and 6.4.2 are so

large, it woutd be expected that the gea values, and hence their

ranks, would change at the three sites. Tables 6.5.1 and 6.5.?-

show that bhese changes do occur and the bracketed numbers in

these tables show the extent of the rank changes compared to the

r:esults given in Chapter Five (the ftaIl sitesrr column in Tables

6.5. 1 and 6 .5.2) .
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Table 6.4.1

(addltive genetic effect by environment)
the FU character yield.

Site

Roseworthy StrathalbynVariety

T28

13l

133

r34

T58

T106

T246

r686

T702

T71 0

T896

T937

Ìlaite

- 7.80

15.74

27.16

6.44

1 .46

-28.00

27.94

17. 38

-24.08

- 6.23

-64.25

34.25

- 8.40

- 9.92

-27.30

1 .47

- 10. 88

36.66

- 2.64

-17 .7 4

- 5.93

1 .17

32.98

15.79

16.20

- 5.82

0. 14

- 4.97

9.41

- 8.66

-25.30

0.36

30.02

7.40

31.26

-50.05
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Table 6.4.2

(additive genetie effect by environment) inter
character height

The
ction

Variety

slte,. . gea{
for^the F

4

Walte

0.05

o.20

1.26

- 1.15

1.67

4.67

- 0.90

1 .49

- 2.81

0.78

0.12

0.11

SÍte

Roseworthy

0. 14

0.32

1 .39

- 0.63

- 0.62

2.00

- 0.55

_ 0.95

- 0;ll7

1. 19

0.25

0.72

Strathalbyn

0.19

0.52

2.64

1.78

1 .05

- 6.67

1 .45

2.44

3.28

1.gT

- 0.37

_ 0.93

T28

T3t

r33

T34

158

T106

T246

1686

T702'

T71 0

r896

r937
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Table 6 .5.1

The gca ranks of the F,, triticale diallel for the character trait
yield. Six sets of ranRs are shown. They are: the three sites
analysed independently; the mean of these ranks from the three
sites; the analysis of all sites removing additive environmenbal
effects and the analysis when both the additive environmental
effect and the gca x site interacbive effect. The bracketed
numbers represent the rank deviation from the rrAll- Sitesrr column.

Site Mean of AII All sites
Variety Waite Roseworthy Strathalbyn all sites & gca,/envir.

sites fnt.

T28

T3l

133

T34

T58

T 106

T246

T686

T702

T719

T896

T93T

e(3)

5

2(1)

6(2)

8( 1)

11

3( 1)

10

4(3)

7

12

1(1)

8(2)

5

3

7( 1)

9

10( 1)

4

12Q)

2(1)

6( 1)

11(1)

1(1)

4(2)

5

2(1)

9(1)

8( 1)

12(1)

6Q)

10

1

7

11(1)

3(1)

7.0( 1 )

5.0

2.3(0.7)

7 .3(O.7)

8.3( 0.7)

1 1.0

4.3(0.3)

10.7(0.3)

2.3( 1 .3 )

6.7(0.3)

1 1.3(0.7)

1 .7(0.3)

6

5

3

I
9

11

4

10

1

7

12

2

6

5

3

I
9

11

4

10

1

7

12

2
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Table 6.5.2

The gca ranks of the F,, tritical-e diallel for the character trait
heiqh*. Six sets of ranRs are shown. They are: the three sites
anaÏysed independently; the mean of these ranks from the three
sites; the analysis of all sites removing additive envircnnental
effects; and the analysis when bolh the additive environmental
effect and the gca x site interactive effecb are removed. The
bracketed numbers represent the rank deviation from the rrAll
Sitesrr column.

SÍte Mean of
VarÍety I'Iaite Roseworthy StrathaLbyn all

sites

Atl
sÍtes

AII sites
& Gcalenv.
Inter.

7

6

8

10

5

1

9

11

12

2

3

4

T28

T3l

r33

T34

T58

T 106

T246

r686

T702

T71 o

T891

r937

7

6

8

10

5

1

9

11

12

2

3

4

7

5(l)
10(2)

9( 1)

6(1)

1

8(1)

11

12

2

3

4

10(3)

6

5( 3)

7(3)

8(3)

1

9

12.(1)

11(1)

2

3

4

8.0(1.0) 7

5.7(0.3) 6

7.7(0.3) 8

8.7( 1 .3) 10

6.3(0.7) 5

1.0 1

8.7(0.3) 9

1 1.3(0.3) 1 1

1 1.07(0.3) 12

2.0 2

3.0 3

4.0 4



r47

These results show that the same sets of genotypes grol'm at

different locations (but all within the S.A. wheat region)

perform differently from site to site and bhab the ranks of nearly

all the parents are affected. For example, T33 has gca-site

interactions of 27.16, -27.30 and 0.14 for yield at the three

sites (Tab1e 6.4.1). The same parent has Íts gcars ranked as

second, third and second at these three sites respecfively.

The clear indication is that the plant breeder cannot grow plant

material at only one site as there is no guarantee that the

genotypes at one site will react in the same way as they would at

different sites. In fact, the opposite would be expected to

happen. This agairt emphasises the need for plant breeding

programmes bo be evaluated over as many sites as possible.

Because these effects are interactions they cannot be predicted

þeforehand but can only be obtained onee the experiment has been

grobln at a site. The results in Chapter Four indicate that even

the same site, af. different years and in different paddockst

imposes different effects on experiments grolrn there. I'Ihile the

evidence in Chapter Four does not show that gca x site

interactions will be different at the same site between years (and

in different paddocks), it would be prudent for the plant breeder

to believe so until proven otherwise.

By growing material at as many different sites as possible the

breeder would hope to average out the gea-environment interactions

and thus breed a plant which is well adapted to most sites within

the region for which seed is being bred. This will probably mean
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that no site wilr be idealry suited to a variety commerciatly

released. However, the regional sites should all be within the

range of enviromenbs for which the variety is adapted. This

compares favourably with the concept of breeding at only one site,
as here the variety would be unadapted to the other sites in the

region (and perhaps also unadapt,ed to the same test site in a

different year and in a different paddock! ).

As these gca-environment interactions are specific for each site
used, and may also be specific to the paddocks and seasons within

fhat site, predictÍon of this effect is not possible. However, as

this interactive effect does not affect the values of the gca

estimates themselves, Ít does not affect the overall use of

diallels as cross predictors. That is, the gca environmental

interactions are part of the nscatr variance component discussed in

Chapter Five, and thus tabulating their values does not effect the

gca values; it merely partitions the remaining interactlon effect
into one of its components (still remaining in this rrscarr

component are the sca values themselves, the sca-environment

interaction effects and an error lerm). The values of the gca

estimates for FU Vield are shown, as an example, in Table 6.6.

The estimates when the gca environment interactions are accounted

for and when they are not accounted for is shown in this table in

order to illustrate that, the interacbion effect does indeed come

from t,he ttscatr ( and not the gca) component of the dialle1

analysi s .

ft is also worth noting that the diallel analysis for yield and

height in the F,l material removes approximateLy 60% (yierd:

60.1%' height: 57.81") of the variance by the procedure described
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Table 6.6

GCA Estlmates for the F[ yield in the trlticale parti
dialIeI. The estimates are shown for the ease when
GENSTAT pl'ogramme removes additive envit'onmental effe
and for the case when the programme also removes the
environmental interaction effects .

aI
the
cts
gca

Parent

T2B

r3r

133

r34

156

T106

1246

16 86

rT02

TTL9

r896

T93T

GCA Estimate
( e¿aitive
environmental
effect)

-6.66

9 .45

51. B4

-9.84

-L4.57

-63.00
26.6L

-32.\3
63.r0

-7 .30

-78.02

60 .83

GCA Estimate
(e¿¿itive and
lnteractive
environmental
effects )

-6 .54

g .26

5r -75

-9 -5r

-15 .13

-62.84

26.86

-32 .10

63.22

-7 .29

-78.87

61.19
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ln Chapter Five. !'Ihen gca environment interactions are also

removed by the analysis, the total variance removed by the least

squares programme only increases by approximately two percent

(yield z 62.2%, height: 60.3Í) .

In summary, a parallel can be drawn between the interactive

environmental effects (sca as well as gea interactions) and the

additive environmental effects, and the gca and sca effects

previously described. In both cases the specific interactions

(non-additive) are of importance but the breeder must work on the

assumption that the additive effects alone will all-ow prediction

of what would happen .to cross families which have not been

observed.
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6.4 Describing the F,, Generation

6.4.1 Introduction

In plant breeding experiments replicates of a single genotype

are often groì^rn, and a mean and variance of these replicates are

used by the plant breeder Lo objectively describe the genotype.

Similarly, selections from families of genotypes may be grovrn, and

then apprai-<ed according to their means and variances.

fn the case of the single genotype grown in a replicat,ed

experiment, the variation within replicates reflects the

genotypefs responses to its different environments (within a

single experimenfal site the environment would vary refer to

Chapter Four). Vilhen the replicates are of a family of genotypes,

the variation reflects genotypic variation as well as

environmental variation .

A problem for the plant breeder is to compare the different

genot,ypes and,/or families of genotypes whÍch are represented in a

breeding experiment. Cl-ear1y, two sets of genotypie observations

with the same means but different variances should be evaluated

differently by the plant breeder.

6.4.2 The F,, Dialle1

The FU diallel, as described in Chapter Five, illustrates a

breeding experiment in which both repl.icates of a single genotype
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(the parental lines) and selections from a family of genotypes

(bhe FUts) are present. The means and standard deviations

(square root of the variance) of the characters measured from

these FU's are presented in Appendices III & IV.

If only the means of these genotypes, or genotype families, r,¡ere

to be appraised then the seventy-eight sets of genotypes (lZ

parents, 66 cross families) could easily be ranked and compared.

However, if the variances are considered important then the

comparison is more difficult. Stat,istically, comparisons nay

still be made between the genotypes by use of mu1t,iple comparison

tests, such as Duncanrs Multiple Range Test (Duncan, 1955), which

takes inbo account both the mean and the variance of the samples.

However, the plant breeder needs to appraise the genotypes in

other ways than by just ranking them.

An FU famÍly with a low mean but, a high variance may be just as

important to the breeder as an FU fami-Iy with a high mean but a

Iow variance. The breeder is interested in the F,l selections

within each family which have extremely high yield; the genotype

family with the low mean but high variance may well have more

genotypes in this extremely high yietdÍng range than the genotype

family with a high meän but a low variance.

If it is assumed that yield is normally distributed, then these

relationships may be graphically represented. Given a mean and

variance value, a probability distribution function for any

bivariate normal distribution IN(mean,varianee)] may be plotted.

Two such distributions are plotted in Figure 6.1; here both

distributions have the same rnean, but different variances. In
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Fignrre 6.I: I\Àto normal probabitity density functions with the

same means but different variances.

Figure 6.2: T\to normal probability density functions with the

same variances but different means.
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Figure 6.2, both have the same variance bul different means. [To

aid comparisons axis scales on all these figures are the same.l As

the area under each of these curves represents the probability of

a particular x-axis value occuring, the total area under the curve

ls one. As would be expected, when the value of x is the mean

value for the particular normal distribuLion, the area under the

curve ( from m.inus in fin ity to x ) i s equ aI to one hal f .

Probability distribulion functions such as these can therefore be

used to approximate the probability of a partieular range of x

values occuring. For example, the probabitity of an x value

falling between 100 ancl 200 is the area under the probability

distribution function (PDF) between these two x coordinates (Í.e.

100 and 200). Further explanation and details of the use of the

univariate and bivariate normal probability distribution functions

may be obtained from most "t"t"nt"ry statistical textbooks (e.g.

Sokal and Rohlf, 1969).

6.4. 3 A Diallel of Probability Distribution Functions

Using the bivariate normal probability distibulion function,

graphs of the seventy-eight genotypes and/or genotype familes of

the FU triticale diallel are presented in Figure 6.3 (bhe yield

values, after they had been adiusted for field heterogeneity are

used here). All of these graphs are drawn to the same scale and

thus direct comparisons rnay be made between these graphs. Three

PDFts are drawn for each cross. These three PDFts represent the

PDF of the cross (the thirty FU selections) and the two parental

PDFts. The parenbal PDFrs are the lighter plots and the FU PDF's

are drawn in bold (as are the parents in the leading diagonal).



Figure 6.3: The normal probabitity density function for the F, triticale diallel d.escribed in this thesis.
The light lines represent the parent PDF superimpósed over the PDF of their F4 progeny
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These probability disfribution functions can be evaluated by the

breeder visually, by use of Figure 6.3, or statistically, by use
a

of the areas under the curves. Both <¡f these methods will be

presented here separately and they wilt be further discussed in

Chapter Seven.

6.4.3.1 Visually Appraising the DialleI of PDFrs

A number of observations may be made from Figure 6.3. Perhaps

the most notable, at least from the plant breederrs point of view,

is that the variances of the F4t" are no greater than, and in

-Some cases less than, the parental variances. This can be

numerically verified (cf. Appendix IV) and will be further

discussed in Chapter Seven.

According to classical genetic theory, the cross families should

have a higher variance than their (nearly) homozygous parents and

that their mean should tie intermediate to the two parents. The

cross of T2B x T31 is one such example. However, in most cases

this type of result does not occur (e.9. T28 x T686). In many

cases the PDF of the FU is virtually the same as one of the

parents, whilst the other parent appears tok",* \'\k W (e.g. T106

x T686). To aid interpretation of these PDFts it should be noted

that, the higher the peak of each plot, the lower the variance, and

that a higher mean is represented by the peak being shifted to the

right. Thus T106 x T937, for example, has a mean intermediate

between the two parents, but it,s variance is lower than both

parents (cf. T686 x T937).

The cross T33 x T246 is a good example of what may be the ideal
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dlstribution as far as the breeder is eoncerned. Here, the mean

of the FU is higher than the mean of both parents and the

variance of this FU i.s also higher than that of the two parents.

The area between the right hand side of the PDF for thÍs F4 and

the right hand side of the parental PDFrs represents the

probability of obtaining more FU individual selections in this

range than would be obtained from the parents. However, it can

also be seen that parent T937 has such a high mean and variance

that, any cross family would have difficulty beating it. As these

graphs only describe the plot yields, F4's which do not have a

yleld higher than the parenbal means may still be important,

provided that their yield is not significantly worse than the

dialleI parents.

As an example, T937 is a very high yielding triticale, however

lb has poor threshability (separation of the seed from the head is

not easily done). The speciallsed equipment and the time

available for harvesting in an experimental breeding programme

cannot be economically mimicked by the farmer and thus the high

yielding ability oî T937 needs to be incorporated into an easily

threshable variety. T702, although not as high yielding as T937,

ls easily threshed. The PDF of t,he T702 x T93T cross shows that

little of the yielding ability of both parents is lost by the

F4t". Thus a high yietding easily threshable FU may be able to

be found from this cross. This cross should be compared to T34 x

T937. Here, although T34 Ís easily threshable, and this

characterÍstic may be found in the F4, much of the yÍelding

ability of T937 has been lost.

Most breeding strategies suggest that a highly variable F4
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cotLectively) is a good thing for which to breed as this means

bhat the extremes are more likely to occur. The more extremes of

yietd present in an FU the more chance a plant breeder has of

selecting and isolating (genetically) these extremes. In the

triticale diallel, however, this strategy is clouded by the hi.gh

variance of the parental lines. In terms of variability a plant

breeder would surely rather see a variety tike T34 than T937. It

may be that the genotype of TJ4 is more able to buffer itself

against IocaI environmental changes than T937 This ttbufferingfl

characberistic would certainly be desired by the plant breeder, as

it would indicate a genotype which is adaptable to many

environmental situations. IThe gca site interactions for these

two parents, presented in Section 6.3, also suggest this

lnterpretation. l

If this in+-erpretation is correct, then perhaps the breeder

should be selecting from F4t" with a small- variance in order to
ultimately release a variety which also has a smalÌ variance. The

lnheritance of variance will be discussed later in this Chapter.

The question as to whether T106 x T937 is a bet,ter cross from

which to select than T686 x T937, exemplifies the difficulty in

deciding whether to select from an FO with low variance (low probability

of extremes) or one wíth a high variance (hígh probabílity of exÈremes).

[Bottr of the crosses have approxímaÈely the same means.]

6.4.3.2 Numerically Appraising the Dial-Ie1 of PDFr s

158

squares

of the

In Chapter Five the FU dialIel was analysed by a least

computer programme which used both the mean and variance
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data ftreplicatesrf to obtain gca and other estimates. Table 6.7

shows the results of analysing the yield of t'he F4 diallel by

uslng only the mean values of each genotype, and/or genotype

family, of the dialleI. This is identical to the method used for

the F., diallel. The results shown in this table are almost

ident,ical to those in the corresponding table in Chapter Five

(Table 5.3.'l)._ However, if the plant breeder wished to breed for

a high (or low) yield variance rather than yield mean, the parents

would be ranked in a complet,ely different order. The results of

using the variances of each of the F4t", for yield, are presented

ln Table 6.8.

Before discussing these tables in more detail, further extensiort

of this idea will be presented, by using the area under the normal

curve as the data poinbs representing the genotypes in fhe

diaIlel. Here, when a yield value of, sâVr 400 is chosen from the

PDF of each of the genotypes in the diallel, a probability of

exceeding (or not exceeding) this value may be obtained. It is

these probabilities which may nor^r be used as the data representing

each of the genotypes in the diaIIel. Tables 6.9.1 to 6.9.3 show

the results of a diallel analysis using these data values. The x

val-ues used for these tables are based on the sample population

statisties for the entire diallel. They u¡ere, the mean plus one

standard deviation, the mean plus one and a half standard

deviations and the mean plus two standard deviations, for Tables

6.9.1 to 6.9.3 respectively. The probabilities used were the

probabilities of no_L exceeding the particular value of x used.

That is, the t,welth ranked parent has the highest probabilit,y of

exceeding the vaLues of x.
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Table 6.7
F4 Yield

gca variance 2039

Variety

T28
T3t
133
r34
T58
T1 06
T246
T686
T702
T71 0
r896
r937 2

Mean of Abs.
Residuals 38.00

S.D. of Abs.
Residuals 29.83

F4 Yield

gca variance 8748227

Variety

12
2

37 .78 37.85 38.68 39.69 44.68

39. 83 31 .92 30. 95 30.7 1 32.91

Table 6.8

Mean

sca variance 2352 gca/sca variance ratio 0.87

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks)

P.D. 1Oc/p Bc/p 6c/p 4c/p Zc/p
Parent
Rank

6
5
3
B

9-
11

4
10

1

7
12

(8
5
3
9
6
1

4
0
1

7

)2 )
)
)

5( 1)
9(1)
2(1)
6(1)

11(1)
1(1)

10(4)
3Q)
4( 1)
9( 1)
8(1)

12(1)
6(2)
7(3)
2(1)
5(2)

11(1)
1(1)

4(1

1

1

Variance

sca variance 24344356 gcalsca var. ratio 0.36

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks)

P.D. 1oc/p 8c/p 6e/p \c/p 2c/p
Parent
Rank

T28
T3l
r33
T34
T58
T1 06
T246
T686
T702
T71 0
T896
r937

7
5
1

10
I
9
6

11

3
12

4
2

6( 1 ) 5(2) 5(2) 6( 1 )
8(3) 9(4) 9(4) 7(2)

1

1

7
6
I
2
3
0
4
2

1

1

1

Q)
(1)
(2)
(1)
(1)
(1)
(1)
(1)

1

2
9
7
5
0
4
1

3
2

1

1

1

1

10
I
7 (2)
6

11
3

12
4
2

(1)
(1)
(3)
(2)
(1)

10(2)
5( 1)
1(1)

)2(

2(1)
8( 2)

12(4)
4(5)

11(5)
9(2)
3

Mean of Abs.
Res idual- s 3875

S.D. of Abs.
Residuals 3023

3914 3972 3976 4016 4336

3019 3093 3087 3260 3368



T2g
T3l
r33
T34
T5B
T1 06

, T246
T686
TToz
T71 0
r896
r937

7
I

10
5(1)
6(1)
1

9
3

11
4
2

12

7
I

11(1)
3( 3)
5
1

9
4( 1)

10(1)
6Q)
2

12

6(1)
I

11(1)
4(2)
7 (2)
1

9
3

10(1)
5(1)
2

12

7
6Q)

10
4(2)
8(3)
3Q)
9
2(1)

11
5(1)
1(1)

12

2(5)
9(1)

10
6
5
4( 3)
8( 1)
3

11
Tß)
1(1)

12

16r

2(5)
9(1)

10
1( 5)
4( 1)
6( 5)
7Q)
3

11
8(4)
5(3)

12

Table 6.9.1
F4 Yie1d

gca variance 0.0069

Variety

Area 1 S.D. Under Norma I Curve

sca variance .0091 gcalsca var. ratio 0.76

gca Ranks
(Bracketed numbers indÍcate deviation from P.D.ranks)

P.D. 10e/p \c/p 6c/p 4c/P Ze/P
Parent
Rank

7
I

10
6
5
1

9
3

11
4
2

12

Mean of Abs.
Residuals 0.072

S.D. of Abs.
Residuals 0.063

F4 Yield

gca variance 0.0025

Variety

T2g
T31
r33
T3q
T58
T106
T246
T686
T702
T71 0
r896
r937

Mean of Abs.
Residuals 0.046

S.D. of Abs.
Residuals 0.047

o. 046 o. 047 0. 049 o. o5o 0 . 053

o.o7o 0.071 0.072 0.073 0.079

0.066 0.068 0.067 0.067 0.079

Tabl-e 6.9.2
Area 1.5 S. D. Under Norma1 Curve

sca variance 0.0044 gcalsca var. ratio 0.57

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks)

P.D. 10c/p ïc/p 6c/p \c/p Zc/p

8
7

10
6
5
1

9
3

11
4
2

12

(1)
(1)

7
I
0
6
5
1

9
3
1

4
2

7(1
8(1

11(1
3(3
6( 1

(l
(1
(l

2
9
4
0
5

)
)
)
)
)
)

)
)
)
)

I
5(2)

11(1)

I
4(3)

10
6
7 (2)
5(4)
9
3

11
2Q)
1(1)

12

2(6)
eQ)

10
8(2)
4(1)
6(5)
7 (2>
3

11
5(1)
1(1)

12

Parent
Rank

2(6)
9(2>

10
1(5)
4( 1)
6(5)
8( 1)
3

11
7(3)
5(3)

12

1

(t
2(

6

7
1

9
4
0
2
3
?

1 11

1(1
12

(1)
(10
Q)
(1)

12 1

0. o4g o. 050 o. o4B 0. 048 o . 057



F4 .Yield

gca variance 0.00067

Variety

T28
T3l
133
r3q
T58
T106
T246
T6B6
T702
T71 o
r896
r937 12

Mean of Abs.
Residuals 0.026

S.D. of Abs.
Residuals 0.030

Table 6.9.3
Area 2 S.D. Under Normal Curve

8( 2)
6Q)

11
1(6)
7Q)

(2)

0.026 0.027 0.028 0.029 0.031

0.030 0.031 0.029 0.029 0.034

sca variance 0.00161 gcalsca var.ratio 0.42

gca Ranks
(Bracketed numbers indicate deviation from P.D.ranks)

P.D. 1oe/p 8c/p 6c/p 4c/p Ze/p
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Parent
Rank

6(4
5(2)

12

6
B
1

7
5
1

9
4
0
2
3

)
)

2
2

3

(1)

(
(

(1)
(1)

I
6
1

7
5
4
9
3
0
1

2
2

3
6

I

2
2
1

1

9(
2(
1

6(
7(
3(
8(
5(
0
1(
4(
2

() (3)
(5)
(1)
(2)
(3)
(5)
(2)

9
3
0
5
I
6

7
4
1

1

2
2

1

1

)
1

(4)
(1)
(1)
Q)

2
7
0
9
5
I
6

3
1

4
1

2

5
8
0
1

4

9
7
¿
1

3

(t
(6
(t
(8
Q
(z
(l

)

)
)
)
)
)
)
)
)

1 1 11

)( 3
9
5
0
4
2
2

)
)
)
)
)

(1)
(1)
(1)

1)
1)

(
(
(
(
(
(

1

)
)
)
)
)
)

7
3
1

1

2
2

(1)
1111

1

1

Q)
(1)

1 1 1
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These five tables (Tab1es 6.7 to 6.9.3) give five different gca

rank orders by which the plant breeder could make the selection of

the best parents, and thus the best crosses. Ïhe area under the

normal curve (Tables 6.9.1 to 6.9.3) combines many of the

attributes discussed in previous sections of this chapter. The

lndividual breeder would have to decide which of these gca ranks

should be used for parental selection. As the gca,/sca variance

ratios for these five tf character descriptorstr range from 0.36 to

0.87, the critieal nature of this statistic (refer to Chapter Two)

may well influence the decision.

T?re stability, and hence the accuracy, of the gca ranks

conforms, in these sets of analysis, to those of the simulated

diallels (Chapter Two). Here, as in the simulated data and the

previously presented Ft and F,l data, the incomplete partial

diallels give the plant breeder most of the ranking information

which could be obtained from the partial diallel. In most cases

the six crosses per parent incomplete partial diallel ranks the

gcats in a similar, or identical manner to the part,Ía1 diallel.

The mean values of the parents, when ranked, give greatly

different rankings from those of the partial diallel and thus

cannot be used as an alternative to the incompl-ete partiai-

diallel. [See discussions in Chapbers Two, Three and Four for a

more detailed account of interpreting, and evaluating the use to

the plant breeder, of these tables (Tabl"es 6.7 lo 6.9.3).l

6.4.4 Discussion

The breeding strategies involving the further use of Tables 6.7
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to 6.9.J and Figure 6.3 will be examined in the following chapter.

As yield is the major agronomic trait concerning the cereal

plant breeder, yield has been used as the example character

throughout this section. However, as the behaviour of yield

conformed with the other observed characters described in previous

chapters, and as these in turn conforrned with the more general

slmulations of Chapter Two, it was concluded that ofher

quantibative charaeters could be treated andlor described in the

same manner as yield.



7. CompuÈer Programs ú5

General Discussion and Conclusions

7.1 Introduction

The aÍm of this study was to investigate ways in which computers

could be effectively used by plant breeders, other than for

large-scaIe data analysis and information storage and retrieval.

At the best of tines quantitative genetics is a complex subject;

for plant breeders, environmental effects and experimental errors

make the subject even more complex. Because plant breeding

involves large numbers of genotypes, grown in a large range of

environments and usually with uncertainty regarding the

relatedness of the plants, a computer could be an important tool

to the plant breeder in r"iionalÍsing this rrehaostr.

The previous chapters described a seb of computer programmes

which hlere written to investigate some of the problems faced by

the plant breeder. Unless otherwise stated, aIl programmes were

written in the PASCAL programming language, by the author. Before

discussing the results of the various sets of analyses presented

in this thesis, the way in which the programmes htere designed and

how they are used should be discusseC. Obviously, if every plant

breeder must first obtain a degree in computer science before

these programmes can be used, then the programmes are of no

benefit. For this reason the programmes have been wribten to be

as general and as widely applicable as possible. The programmes

are not in a ftpackagerr form but could easily be adapted for this

purpose. The aim of this thesis was to evaluate the use of such



programmes rather than to develop them as

once evaluated, the task of making them

begin.

t_o o

a Itsoftware packagert;

readily accessible can

7.2 Using the Computer Programmes

The frmasterrr programme reads data in the form of :

namerfemale parent, male parent, character setrsite, observations.

The first three data are ten letter (or digit) names which are

used to describe the genotype. If the parentage of a genotype is

unknown or if it is an homozygous variety then trniltt is used to

describe the parents. The next datum, trcharacter settr, defines

the amount of information that will be supplied for this genotype.

As storage in digital computers is an expensive resource, this

datum is used to initiate a complex series of space saving actions

involving the allocation of storage for each genotype.

In this study eleven F,, characters and four FU characters ütere

measured. To prevent having to use different programmes (or the

same programme in a modified form) to ensure that, only four sets

of storage were allocated to the F4, whilst elevln hrere provided

for the F., r the rfcharaeter setrr dat,a is essential. For this

thesis only two storage possibilities were defined, though

provision r^ras made to extend this to a much larger number of

possibilities.

Once the genotype name and the Itcharacter setrr of observations

have been read by the computer, a set of rrhousekeepingtr programmes
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are initiated. Firstly a check is made bo see whether that

genotype already exists in tfmemoryrr. If it does not then storage

ls allocated to it and the parental information given is used to

insert it into a pedigree structure within computer memory. 0nce

nplacedtf genetically within the programme, the daba are read in

and the mean, variance and N (number of observations) values for

the genotype for the site at which it was grown are recorded. The

programme will accept as many replicates from each site as the

user wishes.

hlhen a1l the data have been read by the programme the user has

the following information:

(a) The pedigree of each genotype . Procedures can

called to list all related genotypes (in order

. relatedness).

be

of

(b) The means and variances of all the genotypes for

each site, as well as an overall mean (this overall

mean will not, however, be adjusted tcr compensate

for site effects).

(c) The means and variances for each observed character

at each site, for all the genotypes.

The user may, for example, wish to list all genotypes related to

T937, with some or all of their respective mean and variance

values for the measured character traits. This type of

information Ís available to the user (p1ant breeder) by issuing a

single procedure call (four words).
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lrfhen the data have been read, the least squares procedures can

be utilised to perform the trdiallel typett analysis illustrated in

earlier chapters. The PASCAL programme wiII on1-y perform such

analyses for each site independently; if all sites are to be

analysed, then the programme creates a data file suitable for

analysis by the GENSTAT programme. Further PASCAL and FORTRAN

procedures then read the GENSTAT programme output and store the

lnformation for easy presentation to the plant breeder.

Similarly, another programme reads in the field data (in pl-ot

order), sorts the data into the appropriate genotypes

(unrandomises the experiment), performs the control plot analysis

and then prepares a data file for the rrmasterrr programme.

In preparing the statistical components of these programmes,

flow charts, advice, and in some cases similar FORTRAN subroutines

were provided by Dr. P.A. Baghurst and Mr. T.W. Hancock of the

!'laÍte Institutets Biometry Section.

Onee combined into a trsoftware packagerf , the workings of these

programmes would be effectively hidden from the plant breeder r so

that only the knowledge regarding the preparalion of the initial

data and how to ask for the required information is needed (i.e.

about twenty eommands). Integration of these programmes with bhe

experimental field layout programmes used by the Agronomy

Department, Waite Institute (Rathjen & Lamacraft, 1972) would

simplify the use of this programme even further.
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7.3 Genotypic Analyses

The results presented in the previous chapters show thab the

sÍmulation of a plant breeding experiment can be used to

accurately describe certain genetic and agronomic conditions. The

use of the word trdialleltf is perhaps unfortunate, as the crossing

designs which may be analysed by the least squares analyses,

presented here, do not have to be so rigidly defined. The

prograrnme will in fact abtempt bo analyse a trdiallelrr consisting

of only one cross, or any combination or number of crosses.

Use of this procedure to analyse a random set of erosses llas

discussed in Chapter Two. The simulation results show that such

random crossing designs, although having Iimitations, are capable

of providing important anq accurate information to the plant

breeder. Although virtually any set of crosses may be analysed by

the programme, the breeder must be prepared to exercise judgement

in their interpretation. If the crosses used are systematic (e.g.

incomplete partial diallels suggested in this thesis, top cross

method, North Carolina II) then the plant breeder can interpref

the results more confidently.

This study has also implied that these other crossing designs

may also be simulated in order to observe their effectiveness.

The diallel method was not selected because it was considered to

be the optimum or Itbest possiblerr crossing system, buf because it

is easily generalised and because it is well suited to a

relatÍveiy unselected inbreeding crop such as triticale. The term

rrdiallelrf can be generalised to such an extent that its incomplete

partial diallel can be used to deseribe all crossÍng systems
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(except those involving backcrosses or the hybridisation of

already hybridised material, e.g. F/1xF/1). Ilinkelmann (1976),

ln a review of diallels and multi-cross designs, concludes by

saying:

trHow can one utilize this information Ifrom

a crossing designl to the maximum possible

extent in breeding work? That ultimately

determines the usefulness of these

experiments. fr

One of the purpose of thls study was to determine whether this
ttutilityrt could in fact be tested for various designs. The

simulation testing of various designs may be approached with a

high degree of confidence in view of the confirmation, of these

simulation methods, given by the triticale diallel results.

The difficulty in simulating desÍgns is, of course, that large

plant breeding resourees are needed in order to test that the

simulations do in fact reflect a biological situation. The

sÍmilarÍties between the tribÍcaIe dialLel and the simulation

results cannot of course be extrapolated to alt species under all

conditions, however they do show that the principle of simulating

a crossing design works effectively.

7.4 Implications for the Plant Breeder

It must be stressed that the information gained by plant

breeders from the types of analyses proposed Ín this thesis is not

lntended to give them definitive Ínstructions. Rather it is
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inbended to supply them with as much clear and concise information

as possible so that informed decisions may be made. If

informatlon is not detailed enough, or if the information is too

detailed (so that an overview Ís not possible) then modifications

in the presentation of the material should be made.

Examples of uses to which the programmes outlined in this thesis

could be put by the plant breeder are summarised below:

- A set of potential parents is chosen. As six erosses

per parent yields an incomplete partial dialleI which

gives accurate gca rank information, this would be a

good size IPD bo use (Chapters Two, Three and Five).

The number of parents used depends on the number of

crosses that the breeder can manage. IThe six

crosses per parent IPD requires 3xP F., ts, where P is

the number of parents. l

Ft plants can then be grohrn out of season (if

possible) so that the F, generation can be grown as

soon as possible. Using the scheme outlined for the

triticale diallel in this thesis, the remaining Ft

seed can be grown in the same season as the F4

dial1eI. Itn an half-year seasona]- crop' this

process would take two years - if some generations

b¡ere gror¡rn out of season. ]

- The diallel analysis can novr be used in order to

determine which are the highest ranking gca parents

for the character traits considered important by the
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plant breeder. If the gcalsca variance ratio is

estimated to be approximately one or greater r then

the additive genetic component of that character will

be a good predictor of cross potentials. In this

case only the most promising crosses need be further

investigated. If the gcalsca variance ratio is

unfavourable, then more crosses will have to be used.

Some of these crosses will already have been made;

thus thirty random F4 selections from these

selections will already be available from which the

plant breeder may select. Other crosses will have to

be made.

It is at this final point that the plant breeder has to make a

set of decisions based on the information available. Assuming

that the plants have been ranked accordÍng to their gca values,

and therefore a set of ftoptimumtf crosses may be forecast,

important decisions still have to be made. If the crosses which

the breeder already has at the FU Beneration are ignored (for the

purposes of this discussion), then the breeder has to decide on

the breeding methodology which will be used (Section 1.4).

I'Iith a Iow gcalsca variance ratio, many parents and thus many

crosses would have to be used by the breeder, as the ranking and

import,ance of the gca effects are not accurately known. Using

many crosses, the breeder r.¡ould probably be limited to the use of

a bulk selection method or a method which selects in early

generations (Section 1.3). However, wíËh many crosses, methods which select in
early generations are usually expensive in both resources and time, and they
are also ofÈen ineffective wíthín crosses.

A high gcalsca variance ratio means that only a few parents, and
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thus crosses, need be made. Here, then, the pedigree or the FZ

selection method may be employed. The diallel analysis of the

F4, is effectively an example of this method, except of course

that selection at the F, Beneration was random. Use of this
method may now be reassessed in view of the additional information

the plant breeder has about the crosses to be made.

One of the main disadvantages of the pedigree method is that

selection in the F, may cause pot,ential-Iy high yielding lines to

be discarded. IYield, being the most important agronornic

character for most crops, will be discussed for most of this

section. As yield is only one of the quantitative characters

treated in thÍs thesis, the discussion may also be applied to

other quantitative characters.l The only way to ensure t,hat high

yielding lines are not lost is to carry aII lines on towards

homozygosity before making any selection. This is, of course,

impossible, because of the large number of homozygotes which would

have to be grown. However, the larger the number of F,l

selecfions grohrn, the greater the probabilit,y that promising Iines

will be found.

The problem for all plant breeders is that, because of

economical and physical constraints, only a certain amount of

material can be grown in any one year. Thus, for example, if a

breeder could only grow 1 000 F4 plots, a decision would have to

be made as to how many genotypes should be represented in these

1000 plot,s .

Here the breeder t s problem becomes phiiosophical. If the
cross is known (by prediction from the diattel results),

best

then
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perhaps only one cross famiry should be grohrn, with 1 ooo

selections. The breeder can then pick 'tthe best from the bestr.

If the breeder is unsure of the diallel predictions (because of a

Low gca/ sca variance ratio), then more genotypes shourd be groürn,

but not necessarily with the same number of selections from each

genotype. The best predicted cross may have 500 selections, the

next best 250 selections, etc.

0n the other hand, the opposite strategy could be used. If the

breeder knows (predicts) that a eross will give a high proportion

of high yierding Fu's, then not many Fu selections need be grown

in order to isolate a high yielding one. Conversely, if it is
known (predicted) that a cross wilt give a low proportion of high

yielding FU plots, then perhaps a large number of this cross

shourd be grown in order tå try to find the high yielders. This

argument is subjective and many other factors will also influence

the breederrs decision. For example, if the pranb breeder is
trying to breed for more than one quantitative character (e.g.

yield and maturiby time), then more than one set of gca ranks must

be appraised by him. rt is not intended thal dialrel analysis

shourd ansbrer the ttphilosophicattr probrems, but rather that it
should provide the plant breeder with the necessary information on

whÍch to base the debate.

Ranking the parental gcars is a relabÍvely easy task; rankÍng

bhe potential crosses is not so sÍmple. The highest potentiar

cross is, trivially, that of the two highest ranking parents

(ranked according to gea). The second highest ranking cross,

however r mâv be parent two x parent three, or parent one x parent

three. rt is, therefore, safest for the prant breeder to ehoose
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the top P parents and bhen use all the crosses between these

parents. For example, a fifby parent six crosses per parent

incomplete partial diaIIeI would involve one hundred and fifty

crosses; if after the diallel analysis the top five (gca) ranked

parents are to be used by the breeder, then only ten crosses need

be made [(¡xlt)/2].

The gca estimates themselves, however, are not accurate for the

incomplete partiat dialteL, only their ranks are. Thus the range

of the gca estimates is not accurately known. For exampler if the

five top ranked parents had gca values of 5, 41 3, 2 and 1 they

hrould be ranked in the same order as if their gca values had been

500, 499, 2OO, 20 and 1. The ranks remain constant but the gca

values themseLves are different relative to each other. fn the

first example all the parents are fairly close in their gca values

and thus there is not a great difference between the first and the

fifth ranked parents. In the second example, however, there is a

large difference between the first and the fifth ranked parents.

As accurate estimation of the gca values (as opposed to their

ranks) is not obtainable from the incomplete partial diaIIels, the

plant breeder cannot measure these disbances and thus should treat

at] lhe top (gca) ranked parents as equal (for the purpose of

Íntercrossing them). Table 7.1 shows the gca values for the F4

character yield as calculated from the partial and bhe incomplete

partial dia1lels. It can be seen from this table thab the ranks

of the gca values are far more stable than their numeric values

when the diallel is reduced to its incomplete partial dialle1

subsets.

The resul.ts from the F4 tribicale diatlel show that the
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The gca values,
yield. The gca
partiai di a11e1s
per parent (c/p)

'I'ab-le 7.I

anrl thej.r ranks, for the
values for the Partial
are shown li"e. Z, 4,

.i

charact er
d the incomplete
8 and 10 crosses

4F
an

e,,

T28
T51-
T33
T34
T5B
T10 6
T2 46
T6 86
T7 0?
T7 10
T896
T937

z c/p

-40.61
27.53
24.s6

-LZ .46
- 7.45
-77.r).
10.69

-15.69
66.20

4.74
-66.87
86.46

-22 " 58
5.55

02.93
-L7 .46
-10.2C
- 65.86
20.96

--26.16
b2.81

_ n o^
't.-r!,

- i'4. 18
69. 15

-r5 .42
15.66
6s .69

-2r.64
-l_1.90
-67 .A6

r_8.91
-25 .66
57.59

-" 0.13
-7s.40

62 .36

- 13 .27
15 . .18

s4.67
-L4.29
-tz .36
-62.97
20.a2

-26.62
66.04

-t!.78
-7s.74
60. 85

Part i al-
di alle l.

- 6.66
9.4s

s1.84
- 9. 84
-14.57
-65.00
26.6L

- ?tZ . 47>

6 3. 1iì
- 7.30
-78.02

ó0 " 83

Inco:npl ete

4 clp

-23.09
3. 50

53.8û
- 16.48

0"31
-ó4 " 89
17.68

-14. B4
66.7L

- 9.9i
-75.74
63.14

Parti a1 Dial1e1s
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prediction of cross performance from t,he incomplete partial

diallet ranks does reflect the performance of these crosses. The

highest ranked parents for yield brere T937 ' T33 and T702 (for the

six crosses per parent IPD - Tab1e 5.3.1). Appendix Three shows

the observed values of the F,l diallet (aII sibes); the cross

T33xT937 is in fact the highest yielding FU famÍIy. T33xT702 is

merely the seventh highest yielding F, family, but only one of

the six erosses which are higher yielding did not have a parent in

the top three ranked parents lT246xT28 (rank 4xrank 9)1. Thus the

gca ranks for the trilicale diallet do reflect the yietd potential

of the crosses. If the top five ranked parents from the six

crosses per parent IPD were used, then the above cross, T246xT2B'

would still not have been used; however, most of the high yielding

crosses woul-d have been. [see Appendices Two, Three and Four for

comparÍson wiih the results of Tables 3.3.1 to 3.3.11 and Tab1es

5.3.1 to 5.4.2 qnd Tqbles b.l to b.q.3 ] .

In addition to lhe gca ranks, the plant breeder may be able to

use graphical information of the type provided in Chapter Six

(Figure 6.3). Here the plant breeder may make a further visual

appraisal of the high ranking gca parents. The bop three ranked

parents are identifiable from Figure 6.3. T33, T702 and T937 all

have a high mean and variance value. T33 has F4t" with a

variance value which tends to be larger than the parental

variance, T702 has similar FU variance to the parental variance

and T93T tends to have a higher variance than its F4'".

Strategies for selecting Fq families with high or low variances

were discussed in Chapter Six, and this is a subjective decision

which would have to be made by the plant breeder.
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A disturbing feature of the F4 dialleI is the relatively high

variance of the parental lines as compared to the F,l families.

If the parental lines are homozygous, then their observed

variances should be small. This creates a large conceptual

problem for the plant breeder: when a high yielding parental plot

ls harvested, and as many plots are grown in the next Season, the

mean and variance (excluding seasonal and environmental effects)

over the two years for the parental genotype plots should be the

same. Conversely, if the Same procedure was carried out on an FU

family, the plant breeder would expect the subsequent yearst plots

to have a higher mean value ( and perhaps a lower variance value) .

This latter concept is the basis of all breeding strategies. Ït

should, however, be noted that site x year and variety x year

effects are frequently very large (Patterson et q1__. 1977).

A possible explanation of t,his feature is that the variance of

the parental plots is due to environmental effects (cf. Qualset,

1968). These same environmental influenees must be operating on

the FU families. However, unless the FU family varianee is due

Iargely to genotypic differences, breeder selection would be a

useless process.

This paradoxical situation may be due to the mixture of
(partially) heterozygoous genotypes in the FU plots being able to

compensate, or buffer, against lccal environmental effects. The

parental lines, being a pure (homozygous) stand, would have no

such buffering ability, Thus by the mixture (F4) compensating

for environmental differences between plots, the F,l families

would be less variable than the parental lines. As this frmixturerl

effect would be counterbalanced by the genotypic differences
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between F,+ family plots, the frstatus quort between the F4

families and the parents would rennain, and similar variances would

be observed. This hypothesis is an attempt to explain the

apparent anomaly which occurs between the parental variances and

the F4 family variances; its validity would have to be

established by future experimentation.

The correlations that are evident between the Fl and the F4

characters b¡ere discussed in Chapter Six. It is elear that a

number of F., character traits are positively correlated with

yield; however, as explained in the previous chapter, it is

difficult to interpret these correlations from a plant breeding

standpoint.

One of t,he major significant correlations present in Chapter Six

1s the relationship between F., harvest index and the FU yields.

It appears that an F., with a high harvest index should produee

high yieldine FU progeny. The number of seed in the tallest

tÍller also correlated highly with F4 yield ISpearmant s

correlation coefficient between FU Vield and F1 harvest index was

0.5547 and between FU yield and the number of seeds in the

tallest tiller was 0.4861, see Table 6.31. If a plant breeder btas

going to use such correlations for a breeding prograinme, then it

would probably be to his advantage to use ttseed in tallest ti.llerrr

rather than rfharvest indexrr. For harvest index is a ratio of fwo

other measured F., traits, and the biological effect of this ratio

may or may not be independent. If the components of harvest index

(tot,al biological weight and grain yield) are not independent,

then correlations using harvest index may cause spurious results 
"

Because the interpretation of harvest index is controversial, and
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because there is another viable alternative (seed in tallest
tiller), it seems that the best course is the conservative one

(for a more detailed treatment of the use of harvest indexr âs a

selection criteria, see Donald & Hamblin (191b)).

Assuming that a correration exists between any Ft character

trait and FU Vield, it is nevertheless debatable whether this
correlation should be used as the sole selection cri.terion. As

only dominance effects will be observed in the Fl generation,

later generation progeny would have the opportunity to display

many phenotypic variations which wouLd not, be visible in the Fl.

Some of t,hese combinations may be desired by the plant breeder;

however, if only the ttpromisingrr F1 t " are taken on to further
generations, it is likety that many of these desirable phenotypes

would not be found. SÍmilarly, as alle1es at, many loci control

one quantitative trait, it is their interaction in genotypes

segregating for different combinations of these aIIeles which may

be of interest to the plant breeder. These segregating
rrmuÌtigenert lines would also only be observable in generations

beyond the F., .

If selection is delayed as J-ong as possible, then a measure can

be made of the range of these alletic combinations. The F4

trÍticale diallel described in t,his thesis was designed to

measure, as far as possible, this variation. The more F,+

selections that are grown, the more accurate will be the measure

of this genotypic variation within an FU family. However, here

the problem of resources available to the plant breeder is often

the deciding factor as to how many sel-ections are actually grob¡n.
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The number of FU plots observed in each family also dictates

the degree of certainty with which the normal distribution curves

(Figure 6.3) can be interpreted. Deviations from normality can be

measured by two statistics skewness and kurtosis. Skewness

oceurs when more observations are found near one end of the curve

bhan the other; kurtosis is characterised by a disproportionate

number of observations either near the mean or near the tails of
the normal PDF curve. unfortunatery, thirty observations is too

few to obtain accurate measurements of these two deviations from

normality. rf the thirty observations did show signs of these

deviations, then perhaps more F4 selections shourd have been

grobrn, in order to determine these slatistics accurately. IThis

would presumably have to be at the expense of investigating fewer

families.l FortunateLy, but not, definitively, the seventy-eight

genotypes observed in the dia11el, with only three exceptions,

showed lÍttle or no deviation from the normal in terms of these

measures.

7..5 Conclusion

Many of the resurts given in this thesis ürere produced by a

computer programme in order to mimic the thought processes that a

prant breeder may follow when evaluating a breeding programme.

Data are summarised, tabulated and presented in various b¡ays so

that the plant breeder may have as much information available as

possible.

Despite the genetic and environmental eomplexities of evaluating

parents for a breeding programme, accurate computer simurations,
using the dialler mcder, are possibre. These simurat,ions have
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accurately reflected the phenotypic

parent triticale diallel.
observations of a bwelve

Also, it has been shown that a substantial proportion of
environment,at variation (within and between sites) can be
from experimentaL breeding trials. The extent
environmental var iat,ion and the inconsist,ency of
Ínteract,ions wiTrlin and between sit,es make it imperative
plant breeder to use as many sÍtes as possible.

fn principler âs soon as a design, analysis,
presentation problem is converted by the breeder to
rather than a t,heoretieal one, a computer programme

eapabre of solving it, thus freeing the prant breeder
further theoretÍcal problems.

removed

of this
genotypic

for the

storage or

a pragmatic

should be

t,o pursue



Appendíx I

Et¡e means and sta¡rdard errors of ttre Percentage of parents,

in a!-l the simulated diallels, which did not change rank,

or which changed ln rank by uP to nine or less (ten tables

for each diatlel size), when ttre incomplete partial diallel

analysis is compared to the partial diallel analysis.
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64.O
16. 0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

? ctP 16.32
L5t 105

4 CtP 28.óZ
30t 105

ó clP 4¿.97"
45 I 105

100.c0
100,0c
1o0.00
100.00
100.00
10 0. 00
99.97
99.38
99.31
99.03
gg .00

6 CIP 42.92
45t 105

100.00
100 r 00
100.00
100.00
100.00
100.00
100.00
99.90
99.??
99.00
99.13

8 C/P 57.12
60t 105

t0 ctP 7L.4t
75t r05

lc ii .0c
100.00
lCu.0C'
10c.00
1 C0.00
100. û0
99.3ó
97.75
95.38
95 ,40
94.7 3

l0ú.00
100.00
I 00.0ç
I ó0 .00
10c.0c
100. cc
99.77
99.00
97.33
97.03
9/..87

0
0
0
0
0
0

c.0g
0.20
0.34
o ,42
n.5g

CI

0
0
0
0
v

0.0 5
0. 13
o.25
0.33
0. ¿g

100.00
L00.00
100.00
100.0c
100.00
99.98
99.79
98.82
97.31
96,53
97.27

1C0.00
100.00
100.00
100.0c
100.00
1C0.00
99.96
99 .5'
98 .40
98 .23
98 .40

c
0
0
0
c

0.02
0.05
0.14
o.25
0.35
c.39

100.00
100.00
100.00
100. 00
100.00
10 0. 00
99.99
99.93
99.11
98.87
gg.g3

100.00
100. 00
100. 00
100.00
100.00
100. 00
100.00

gg. g3
99,ó0
99.47
99. ó0

0
0
0
0
0
0

0.01
0.05
0. 17
o.20
0 .26

0
0
0
0
0
0
0

0.03
0. 10
0. l3
0.16

100.00
100.00
100.00
100.00
100. 00
100. 0 0
99.99
99.98
99.73
99.73
99.93

100.00
r00.00
100.00
100.00
100.00
100.00
100.00
100.00
99.91
99.97

100.00

0
0
0'0
0
0

0.01
0. 02
0.08
0.09
0. 07

0
0
0
0
0
0
0
0

0.04
0. 03

0

0
ú
0,0

0
0

0.02
c.12
0. 21
Q,27
Q.35

CUMULAÏIVE RA!'¡K DIFFEREqCES. RANK DIFFERENCE'9 0R LESS. REPLICATES. 1OO. t{Ut{BER 0F pARENTS.l5.

2 CtP 14,32
L5t 105

4 CtP ?9.67,
10t 105

8 C/P 57.L2
60t 105

10 ct P 7l.qz
75t 105

c
0
0
0
0
c

c.0 2
0.09
c.2G
o.?6
0. 30

0
0
0
0
0
0
0

0. 06
0.15
Q.1g
0.24

l-{

lJ'l



CUl\IULATIVE RÂNK DIFFERENCES. RAN( DIFFERENCE s O 0R LESS. REPLICATES' 50. NUI{BER 0F pARENTS-20.

GCA/SCR
Variauce
Ratlo

102 4. 0
256.O
64. 0

4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

GCA/SCR
Varlance
Ratl-o

1024.0
256.0
64.0
16. 0
4.0
1.0

0.2500
o.0625
0.0r56
0.0039
0.0010

2 Clp lo,5z
?ot 190

4 C tP ZL.LZ
40t 190

6 Clp 3!.67"
60t 1e0

8 CrP 4Z.LZ
80/ I90

10 clP 5?.67"
100/ leo

16.0

91.00
87,30
77.97
62.92
43.54
25 ,67
15.79
11.95

9.CC
6.95
9.60

L.L2
0. gg
1.03
0.91
n.g1
o, b4
0,59
A rrz
0.53
0. ó4
0.99

93.40
88.ó0
9I.27
68 .45
49.48
29.95
L9.62
13.87
10.33

g, g0
10.90

1.05
1.03
0.99
0. gg
Q.g7
0. óg
0 ,57
c.55
o.55
A.?2
1.0G

94.00
90.90
85.-?3
7?.30
,5.56
36.22
?.2.?4
L5.20
11.80
lz.1ü
10.30

1, 03
0. 97
0. g0
0. 87
0. 93
c.70
0. ó6
0. ó3
0.69
0, g0
0.84

94.30
91.95
g 6.70
76.25
59.5 6
39.5?
24 .86
16.70
L2.L7
13. 40
14.40

99.90
gg .65
99.?7
95.65
89.9?
7 3.05
54.10
ctO'. ??
33,17
12'.90
33.40

1.05
0. 88
0. 88
0.84
0.92
0.90
0. ó7
0.64
0. óg
0. 8l
1. 34

95. ó0
9?.95
88.30
78.63
64.40
41,95
?8 ,4?
L9 ,65
15. 13
15.80
14.40

1. 04
0.77
0.97
0.83
0.97
0.90
0. 66
0.71
0. ó4
0.81
1. 2l

CU14ULÂIIVE RA¡IK DIFFERENCES. RANK DIFFERENCE 1 OR LESS. RE PLICATES 50. NU¡lB ER 0F PARENTS'20.

2 C tP IA,5Z
2Ût l9c

4 CIP 21.12
40t 19C

6 CtP 3L,62
60 I 190

8 CtP 4?.LZ
80 / 190

10 ctq 52,6t
100r 190

I ûC. üü
99.10
q7.3C
9C.79
77.8tt
56,67
38..82
29.0c
25.53
2L,4Q
?5.LC

e
0.26
0.37
0.5 9
i).71
c.75
0.81
0.73
Q.7 6
1.13
L.52

100. u0
99.20
97. ?0
93,15
B 3.00
63.02
45.16
34,55
26.37
?5,30
?4 .6A

G

0.?4
0.3 5
0.5r
c. ó9
c.75
0.75
0.79
c.g2
0.97
1 çÊLa¿¿

100.00
99. 50
99.23
9I+.97
86,94
ó9.00
49,a4
?6.92
29.40
31.9ù
28.30

0
0.19
0.33
0. rr3
0. 5g
4.66
o.77
0.92
0.88
1.13
1. 49

0. 10
0. 1ó
0. 2g
0.40
0.54
O,7Z
0. 7g
0.87
0,95
0. gg
1.58

100. 00
gg. ó5
99.93
96. ô0
9?,8?
77.79
58.6ó
45.95
38.43
3ó. g0
32.?O

0
0. 16
0 .ztt
0.3 ?
0. +3
0. 6{
0. 7ó
0.8ó
0.93
1.10
1.82

t-{

Ol



CU¡f ULATIVE RANK DIFF ERENC ES. RAIiK DIFFERENCE = ? 0R LESS. REPLICATES = 50. NUIIBER 0F PARENTS-20.

GCA/SCR
Varl.ance
RaÈÍo

1024.0
256.0
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0I56
0.0039
0.0010

GCA/SCR
Varfauce
Ratfo

1024.0
256.0

64.

? c lP L0.52
?ot 19c

4 CtP ?t,LZ
1úl l9u

6 CIP 31.67"
60t 190

8 CtP 42.L2
80/ 190

10 ctP 5?.62
100/ I90

CUIlULATM RANK DIFFEREilCES. RANK DIFFERENCE = 3 0R tESS. REPLICATES

1uC.ù0
10c.00
99.67
97.8?
92.58
?4.38
,, ,24
+3.97
38.7ú
35,50
3é.ga

100.00
l0 0 .00
99.97
99.4?
97 .6tl
95.33
ó8.7ó
5' .85
49'.37
46,75
{7.10

0
0

0. 15
A.29
0.41
0. 70
0.80
0.85
0. 91
L.2?
I.5C

0
0

0.0 3

G.I4
O. ?4
0.58
CI.77
0.8 5

0.89
1.30
1.ó0

1S0.00
100.00
99.80
99.73
91.92
8ü.52
6?.4?
49.40
40 ,83
38.60
38.40

Itìù.ú0
100.00
99.97
99 ,57
99.62
90.'25
'14 .7I
ó0. ó7
53'.93
51.05
q8.49

t
c

c.09
b.2a
0.39
0. óú
0 ,'14
0.91
0.95
0.99
L,62

I00.0ü
100.00
gg. g3
99 .25
9ó.38
85.19
ó8.10
53.40
41,77
45.05
42,50

I'JCr. ù0
r00.00
99.97
99.90
99.18
93.95
79.40
65,72
58.40
5 ó.90
53.50

0
0

0.09
0. l7
0.34
0 ,55
0.79
0.95
l. û0
1. 13
1. 38

0
0

0.03
G.06
0.I5
0. ¿t0

0. 70
0.93
1. 03
l. I3
1.49

100.00
100.00
99.93
99.57
97.84
99.35
72.76
57.77
50.50
49.30
+8.?O

100.00
100.00
100.00

99..95
99.59
95.3?
8+.6?
7C,65
ó3. ó3
59.75
60. 40

0
0

0. 05
a.L?
0.25
o.57
0.74
c.8ó
0. g3

1.31
L.55

0
0
0

0.0{
0.10
0. 35
o .62
0.82
0. 97
\.35
L.65

100.00
100.00

99 ¿97
99.72
98.5ó
9L.7 2
77.9?
64.5?
51.93
53.15
¿r8. 70

100. 00
100,00
100.00
99.92
gg.7 4
96,8?
88.38
76,95
67.70
66.50
ó3. ¿rC

0
0

0. 03
0.10
0.21
0. (5
o.75
o.82
0. 93
l. l3
1.8t

0. 10
0.28
0,55
0.74
0. 9{
l.l,g
1. ?2

5C. NUIiBER 0F PARENTS.20.

z ctP 10.52
zal 19u

4 CtP ?1.12
+ct lgc

6 CtP 3L.62
6At 190

8 CIP 42.L7"
e0l 190

l0 ctP 5?,61
100/ 190

0
0
0

0.0{

c
c

03
l316.

C.
C.

4.
l.

0
0
0
0

0.2500
0.0625
0.0156
0.0039
0.0010

o. ?.ct

0.48
o .67
0.84
0.95
1.16
t Ãt

H

\



CUI,IULÂfIVE RAt.IK DIFFERENCES. RANK DIFFERENCE ' 4 OR LESS. REPTICÂTES O 50. NU¡tBER OF PAR,ENTS'20.

GCA/SCR
VarLance
RatLo

2 CtP 10.52
2A I 19C

4 CIP 21.12
40t 190

6 CtP 3L,62
60t 190

8 CtP q?.LZ
80/ 190

10 ctP ,?.62
t00r 190

1024.0
256.0
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

i 0tì. üc
100.00
l0c.0c
99.88
99.L2
g?.6?
76.36
É4;88
59.03
57.55
t¿ 5 .5O

100.00
10c.c0
1CC .00
99.98
ag.g2
96.5 3

I4.90
72.80
67.47
óÉ.35
62 .70

ü
c
0

0.G6
0.15
o ,42
0.ó5
0.85
0.97
1.31
1.49

0
0
0

c.03
G.07
0.32
0.59
c.B2
0,96
1.¡.5
L.32

1CC.00
100.00
10c.00
gg.9?
99. óó
95 .67
83. 5I
70.ó7
64.r0
ó1.55
58.50

100 .00
100.00
100.00
100.00

99. 90
98.28
89.48
78.90
73 .00
ê9.60
67.30

0
c
0

0.0ó
0.1G
0.33
0,63
0.80
O 19?
1.28
1,4C

0
0
0
0

c.05
0. 2l
0,51
0. 70
0.84
1.19
r,47

100.00
100.00
100.00
99.98
99 .78
97 .47
g7.l?

68. l0
66.75
63.50

0.
C.
0.
0.
0.
1.
L.?3
L.52

100.00
100.00
100. 00
100.00
99.92
gg.3?
91.78
80.18
73.40
70.15
68.?0

-

100. 00
100. 00
100.00
100. 00

99. 98
99,37
95.56
87.30
80.80
79.40
?7.qo

0
0
0
0

0.04
0.??
0. 47
0.75
0.89
l. 33
l. ó0

0
0
0
0

0.02
0.1¿
0.33
0. ó3
0. 80
1. 14
1.59

100.00
100.00
100.00
100. 00
99.9ó
98.98
94.34
85.87
78.L7
7ó.80
74.70

100.00
100.00
100.00
100. 00
99.98
99.73
97'.20
91.18
8r r23
84.00
81. 20

0
0
0
0

0.04
0.1(
0. ll
0. ó5
0.8ó
1. 08
1.48

0
0
0

03
10
25
ó0
8l
o5

7ó.00

CUITULÂTiVE RANK DIFFERENCES. RÂNK DIFFERENCE 5 OR LESS. REPLICÂTES

2 CtP 10.52
201 190

4 Cte ?1.12
4Al 190

6 CIP 3L.67"
60t 190

r00,00
100.00
100.0c
100.00
99.98
gg.I?
92.92
83.65
76.77
?tt.55
72.90

8 CIP 4?.L7.
80/ 190

50. NUItBER 0F PARENTS.2O.

10 clP ,2.62
100/ 1e0

ccA/scR
Varl-ance I

Ratfo

LO24.O
256.0
64.0
I6.0
4.0
l.'o

0.2500
0.0625
0.0156
0.0039
0.0010

0
0
0
0

0?
0ó

0
0
0
0

a.02
0. 14
0.45
0. ó7
0.92
1.12
L.55

0.
0.
0.26
0. {7
0. 7g
0.9ó
1.53

l-l

æ



CUfIULATIVE RANK DIFFERET'lCES. RÀNK DIFFERENCE = 6 0R LESS. REpLICATES = 50. NUt{BER 0F PARENTS'20.

GCA/SCR
Varlance
Ratfo

1024.0
256.0
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

GCA/SCR
Varlance
RatLo

? ctP 10.52
?at l9c

6 CtP 3L.62
60 t 190

8 CtP 4¿.LZ
80 t 190

t CIP
40t

?L.LZ
r90

t0 clP 52.67.
100, 190

100,00
100 .0c
100.00
itìc, üc
1üû.0c
98.15
9C.2 6
80.30
74.93
72.6'
71.70

10c.00
10c .0c
1C0. û0
10ü . (r0
10c.ûí,
99.25
93.9ó
85.63
81.33
78.60
77.4C

0.8ó
1.12
l,4L

0
0
0
0
\,

0.13
0.38
0.66
e .7It
i.07
1.20

100.00
100.00
100.c0
100.00
100.00

99 .27
93,54
84.93
79.97
7ó.80
75.80

100.00
100.00
100.0c
100.00
1ç0.00
99.80
96.?0
89.58
85.20
8U.10
80.70

0.64
0.7 4
1.05
1.37

0.58
C.6ó
0.98
L.29

r00.00
100.00
100.00
100. c0
100. c0

99.67
95,94
gg.g5
I3.50
81. 30
81.00

100.0c
100.00
100.00
100.00
100.00

99.92
97.96
9?,8'
88.77
97.2t
8ó.10

0
0
0
0
0

0.08
0. 34
0. ó0
o,79
0.93
L.25

0
0
0
0
0

0.04
0.?q
0. 54
0. 66
0.93
1.06

100. 00
100.00
100.00
100.00
100. 00
99.70
97. ó8
9I.95
87.L7
84.95
83. ?0

100.00
100.00
100. 00
100.00
100. 00
99.98
99.70
94.95
91.17
90. l0
97.90

0
0
0
0
0

0.08
o .24
0.51
0. ó7
0. 99
1. 39

0
0
0
0
0

0.02
0. lg
0.41
0. ól
o.74
1. 30

100.00
100. 00
100.00
100.00
100.00
99.97
98.84
94.67
90.57
gg. 40
86.20

100.00
100. 00
100.00
100. 00
100. 00
I 00.00

99.28
9ó.9t
93.97
92.80
90. 60

0. T0
0.67
0.79
L.24

0
0
0
0
0
0

0.13
0.31
0.51
0. óó
1.02

0
0
0

a

a

a

0
0
0
0
0

o?
1ó

0
0
0
0
0

L2
4L

0
0
0
0
c

23
48
74

0.
0.

0.
0.

CU¡'lULÀTIVE PA¡¡K ÐIFFERENCES. RÀNK DIFFERENCE'7 0R LESS. REPLICÀTES = 50. NU|IBER 0F PÂRENT5.20.

2 C lP LC.5Z
?-0t t9c

4 CIP ?L.LZ
40t 190

6 CIP 3L.67"
60t 190

8 CtP 4Z.LZ
80 / 190

10 ctP 52.6t
100, 190

1024.0
256.O

64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

0
0
c
c
a

0. 07
0.31

l-{

(o



CUXULÂTIVE PÂNK DIFFEREI.ICES. R ANK DIFFERENCE 8 OR LESS. REPLICATES 50. NUI{BER 0F PÂRENTS.20.

ccA/scR
VarLance
RaÈfo

?. ctP 10,52
20t 190

4 CtP 21.12
40t 190

6 Ct P 31.óZ
60t 190

8 C /P 42.L2
80/ 190

10 ctP 52.61
100/ 1e0

1024.0
256.O
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

100.00
1c0.00
10t.00
LC0,0c)
1 0i.! . Clj'
99.65
96,20
89.6¿
gô.17
8 -" .9t
g 4.70

1 0c.00
100.0c
i0c.00
l. cc .0c
1ç'C.üC
99.80
97.74
92.90
89.63
E9.05
88.80

0.58
0.ó5
c.90
1, 13

100.00
100.00
100.00
10c.00
100 .00
99,97
97 .98
93,47
89.40
gó.30
86.20

100.00
100.00
100.00
100.00
1C0.00
100.00
99.00
95, ó0
93 .03
90.30
90. 50

0
0
0
0
0

0 r0?
o.23
0.47
0. ó0
0.93
1. 16

0
0
c
c
c
0

0.17
0.39
0.48
0.63
1.00

100.00
100.00
100.00
100. c0
100.00
99.9I
98.98
95.?3
92.t7
90.70
90.00

100.00
10 0 .00
100.00
100.00
1 00. G0
100.00
gg.5z
97.L?
9r,33
93 .65
92.40

o .42
0.55
0.75
1.04

0
0
0
0
0
0

0. 10
0.31
0. 44
0. 61
0. 98

100.00
100.00
100. 00
100.00
100.00
100. 00
99.48
97.10
93.70
93.10
92.20

100.00
100. 00
1,0c.00
100.00
100.00
100. 00
99.82
99.37
95 .67
95.05
95.00

0
0
0
0
0
0

0. 10
o.32
0.51
0.62
1. 03

100.00
100.00
100.00
100. 00
100. 00
100.00

99. 70
98.37
gó. l3
95,65
94.20

100.00
100.00
100.00
100. 00
100. 00
100.00

gg.8?
99.22
97.7?
97.50
96. 30

0
0
0
0
0
0

0.09
0.2?
0. 4¿
o .47
0. 95

0
0
0
0
0
0

0.07
0.14
0. 30
0.40
0. 7{

0
0
0
0

0
C.O?
0. 16

0
c
c
0
0

0.10
O,32

CUHULôTIVE PÂÈIK DTFFEPENCES. RANK DiFFER,ENCE = Q OR LESS. REPLICÂTES 50. NUI{BER 0F PAR,ENTS.20.

GCA/SCR
Varfance
Ratlo

r024.0
256.0

64.0

4.O
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

? ctÞ 1Q.52
?.ot 19c

4 CtP ?L.LZ
40t 19C

ó ctP 3L.62
60t 190

8 CtP 4?.LZ
80 / 1e0

10 c tP ,2.67.
l00r leo

16.0

0
0
0
o
c

0.07
0.24
c.49
0.59
0.79
1.0ó

0
0
0
0
0
0

0.0ó
o.?2
0.41
0.51
O.7?

P
o



CUMULÂTIVE RÂ1'lK DIFFERENCES. RANK DIFFERENCE'O 0R LESS. REPLICATES' 30. t{UtlBER OF pÂRENTS,30.

ccA/scR
Varfance
RaÈfo

1024.0
256.O

64.O

4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

GCA/SCR
Varfance
RaËl.o

?. clD ó.gz
30t 435

4 C tP 13.82
60t 435

6 CtP 20,72
90t 435

8 C/P 27,62
L20t 435

10 clP 34.57.
L50t 435

16.0

86,67
8C..28
óó.cc
45.50
26 .44
15.04
1('.3ó
ó.91
5.56
5.ro
5. C0

? c tP
30t 435

99.11
gg.ll
94.78
80.83
ó1.84
39.04
26.7 L
19.3 3

16. C0
15.00
16.89

4 C tP 13.82
60t 435

6 CtP 2C.72
90t 435

8 C/P ¿7.62
I20t 435

10 ctP 34.52
L50t 435

1. 41
1.39
L22
1.04
0.80
0.55
0.+6
û.43
0.50
0.69
0.71

6.92

0.q?
0.41
0.¿g
o.7 6
0.9 7
0.7 tt

0. 66
0.66
0. óó
1.03
1.C8

89. ó?
81.67
7L.44
5L.+7
32.42
18,8 7
LL.24
B.l1
5.56
5.93
6.22

gg .67
99.44
96.37
86.L7
68 .67
45.04
28.89
20.91
L7 ,44
1ó.11
15 .44

1,23
1.22
l.lg
1.03
0.87
0.59
0.51
c.46
0,46
4.55
o,73

91.11
86.44
74.91
55.LL
?6 .67
2L.87
12.13
9.08
6;67
6.56
5.89

100.00
99.79
97.30
gg.??
73.42
5L.72
32. +9
23.99
1g .30
L7.¿8
15 .67

1.21
0. 9ó
1. 1g
1.00
0. 86
0. ó3
0.49
c.5l
0.50
0. 70
0. g4

92.56
87.00
79.04
58.94
39.6?
24 .6?
14.31
10,59
7.89
7.¿8
9.00

99. gg
98.89
97.67
90. 19
77.62
55.99
35.94
24.7?
20.26
lg.3g
?a.?2

1.15
1. 1ó
1.07
1.13
0.90
0. ó9
0. 5ó
0.50
0 .56
0. ó7
0. 91

94.14
88.2¿
81.63
62.36
(14.53
26.94
L4.42
11.3ó
9.30
7.q4
9.33

1. 06
l. 04
1. 06
1.07
0. g3
0. 7l
o.14
O.rj
0. 5g
0. ó7
0.92

CU¡,!ULÂTIVE RÀNK DIFFERE\CE5. RANK OIFFERENcE: I OR LEsS. REPLIcATEs 30. NUI{BER 0F PARENTSt30.

LO24.0
256.0

64.O
16.0
4.0
1.0

0.2500
o.0625
0.0156
0.0039
0.0010

0.19
0. 31
0. 4é
0,ó5
Q.75
0. ó9
c. ó5
e. ô5
0.7c
1.03
1.34

0
0.33
0.37
0. ó6
0,74
0. ?0
0. 70
0. 70
0. 70
0. gg
1. 0g

0.11
o.2g
0.3ó
0. 59
0.75
o.72
0,75
0. 70
0.85
1.03
L.Z7

100.00
gg,2g
98. tg
92.7 2
81.29
59 .69
39.49
?7 .29
?3.L9
2?.00
2L.33

0
0.25
0.?6
0.52
0.7?
0.71
0. 7g
0. ?í
0. gó
1.11
L.2?

H
F



CUI"IULATIVE RÂNK DIFFEREI,ICES. R,ANK DIFFERENCE - 2 0R LESS. REPLICATES - 30. NUI!BER 0F PARET{TS.30.

GCA/SCR
Varfance
RatLo

1024.0
256.O
64.0
16. 0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

z c lÞ 6.92
?ot 435

4 CtP 13.82
60t 435

6 CtP ?A.72
90t 435

8 CIP 27,67.
L?OI 435

10 ctP t1.52
L50t 435

1024.0
256.0

64.O
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

10t.0c
99.83
99,07
94.00
81.3ó
57.e5
4L\.2?
28,92
24.89
24.?2
23.89

2. C tP
3At 435

10c.00
10(l . 00
99.Bl
99.59
91.40
72.A4
5l . åq
37,64
?2.?6
32.83
31.44

0
o.L2
c.2?
0. 41
0.67
c,75
þ.7 6
c.77
0.75
1. l8
L.24

6.gz

0
0

0.cg
0.20
0.49
0.66
0.78
c.g1
û.90
'i,.26
1,48

100.00
99.83
99.52
96. óg
86.07
64 .67
43.? 6
31.86
2ó. 81
?5.??
23 .67

100.00
1t0.00
99.99
cg. 33
94 .47
79.46
56.98
41. l{
34 .26
34.7?
31.ó7

0
0. 09
0.13
0.34
0.ô1
0.70
0.7 6
0.79
0.96
L. ?4
L.57

0
0

c.0ó
0.14
0. 39
c. ó1
0, 79
0.93
0.gz
1.3ó
L.64

100.00
9g.gg
99.59
97.?5
89.40
?L.5?
49.0?
?5.72
?8.44
25.50
25.67

100.00
100.00
99.96
99.47
9r.87
84.20
61.40
45,9?
39.49
?6.56
75.ç.ìO

.L4

.32

.49
0. 63
O.7 6
0.82
o.84
1. 02
1.37

0
0

0. 04
o.L2
0.35
0.5?
0. ?7
0.85
4.92
1. I5
1. 71

100.00
99.89

100.00
98.03
9L.47
?ó.17
5?,3L
37.89
31.85
30.ól
30.79

a

100.00
100. 00
100.00
99.64
97.09
87.49
ó5.99
49.09
41.48
39.33
38. 44

0
0.08

0
0.32
0.44
0. 63
0.83
0. 80
l. 0¿
L.?O
1. ó0

0
0
0

0.11
o.2g
0. 5l
0.92
0. 86
1.05
L.22.
1.51

I 00. 00
99.94
99.9ó
gg.gl
93.58
79.97
57.76
+1. ó9
35.56
32.79
31.78

100.00
100.00
100.00
99.g1
99.02
90.30
7L.g?
53.53
44.59
41. gô
39.89

0
0.0ó
0. 0{
0.2?
o.42
0.62
0.77
0.82
0. g7
l. 1q
1.31

0
0
0

0. 0g
0.21
0. 46
0.72
0.8{
0.85
1. 3l
l. 55

0
.080

0
0
0

CUt-tULÂTIVE RÂNK DIFFEREi{CES. RANK DIFFERENCE'3 0R LESS. REPLICATES

GCA/SCR
VarÍance
Ratfo

30. NUIIBER 0F PARENTS'30.

4 CtP 13.82
60t 4?5

6 CtP ?O.72
901 435

8 CrP 27.62
L?0t 435

10 ctP 34.52
Lrot 4?5

l-{

l-¡
t\)



cUFULATiVE RANK DIFFER.ENCES. RANK DIFFERENCE'4 OR LESS. REPLICATES 30. NUIIBER 0F PARENTS.30.

GCA/SCR
VarÍance
Ratfo

? cte
?ot 435

10c .0c
iCú. {J0
1(,( . úC
99.69
96.49
g?.L9
ó1.44
4ó.81
4C.41
40.06
_?8,5ó

2 Ctp
301 4?t

10f.r,0C
i'f,0.C'0
1Ct,.C0
99.97
98.89
99.13
€'g . ?g
,4.5C
47 .L5
4?.06
44 .67

6.92

0
o
0

0. 10
0.30
0.59
0.79
0.91
0.90
1.33
1.5 3

ó. 9U

0
0
0

0.03
0. l7
0.50
0,80
c.89
0.97
1.38
1.ó9

100.00
1C0 .00
I 0û.00
99.97
98.11
97.70
67.49
5Q,92
4? "5943.89
40.1r

100.00
100.00
ltû.00
100,00
99.40
93.07
75.98
,8.0ó
49 .67
50,61
45,33

0
c
0

0.03
0.?2
0. 51
o.75
c.8 7
c.87
1.35
1,62

0
0
c

100. c0
100. 00
99.96
99,92
98.?1
91. 63
72.?2
55,36
46.44
4r.06
43.44

100. c0
100.00
100.00
99.97
99.58
95.5¿t
80.13
63.28
54.11
51.83
50 .00

0
0

0.04
0.05
c.20
0.37
0,77
0. 84
o.97
1.18
1. 89

0
0
0

0.03
0. 11
0.31
0. ?0
0. B7
0.97
1. 03
1. 64

10 0. 00
100.00
100.00
99.94
99.0?
94.17
7 6.84
58.44
50. 15
4?,6L
48.4q

100.00
100. 00
100.00
100.00
99.73
97.30
84.38
67.44
58.04
55.L7
53. 78

0
0
0

0.04
0. 1ó
0.3ó
0.72
0.83
1 .06
L. ?.2
1. 66

0
0
0
0

0.09
o.?5
0.6ó
0.83
1.lC
L.22
1. ?8

100.00
100.00
100.00

99. 9+
99.38
9ã. 93
81.31
63.08
5?.63
ttg .9 tr
18.44

1 00. 00
100. 00
100.00
100.00
99.89
9?.94
99.51
?1.00
ó0.?8
57. 11
5ó. l1

0.30
0. ó9
0.83
0.89
l. 31
1 .49

4 CtP 13.82
60 I 435

6 CIP 20.72
90t 435

8 CrP 27,62
I?Ot 435

l0 CIP 3q.5/.
LrO I (135

1024.0
256.O
64.0
16. 0

4.O
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

0
0
0

0. 0rt
0.13

cUi,IULATIVE RAt,¡K DIFFERENCES. RÀNK DIFFEREI{CE'5 OR LESS. REPLICATES' 30. NU}IBER OF PARENTS'30.

GCÁ./SCR
Varfance
Ratfo

1024.0
256.0
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

4 Ct P 13.82
6Q t 435

6 CtP ?A.72
90t 435

8 CtP 27.62
L?ot 43'

10 CIP 34.57.
L50l 4t5

0
0
0
0

0ó
?2

0
0
ç
c

11
39
ó9

a

a

I

0.
0.

c.93
0.84
L.32
1.5C

0.5ó
0.83
0. 9ó
1. 35
l. 57

H

ts
(¡¡



CUI'IIiLÀTlVE F¡\iK DIFFERENCES. 3l\N( SIFFERENCE 6 IR LES5. REPLICATES a 30. NUI'1ÛER OF PARENTS'30.

ccA/scR
Variance
RatLo

r024.0
256.O

64.0
r6.0
4.O
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

ccA/scR
Varl-ance
Ratlo

r024.0
256.0
64.0
16.0
4.0
1.0

0.2500
0.062s
0.0rs6
0.0039
0. 001 0

¿ c te
3C t C35

.t_ua.iu
I/.!,.\ar..'v

ii i'..; '-.l0,-.vC
99.73
93.76
I aJr

L1 î ¡

5L.Ci
,3.44
51.44

2, C l)
3tl

4 Ct P .t-3,82
60 I 435

6 CtP 2ç.72
90 I 435

B CtP 27.62
L?0 I 435

6.97

c

(.t

0
0.G8
c.3B
0.78
ir.88
1.01
1.39
1.56

6 .92

L.i0
c.67,:.gt
c.98
1.33
].62

1C0
1U¡J
iC, ü
100

99
96
82
ó4
55
,6
52

.c0

.00

.00

.84

.65

.3ó

.67

.44

.56

.?2

. B9

.3ó

.26

0

0
0.05
ç.2L
G,65
0. 78
0. 99
L10
1.9?

0
0
0
0
0

0. l4
0.51
0.78

0
0
0
0

0.04
0.18
0. 56
0.7?
r.06
I. 17
l. ?6

0
0
0
0

c,0z
0. l2
0 .42
0.77
0.91
1.16
l. ó6

10 ctP 34.52
L50 I 435

0
c
c

0

t
^

c
c
c

c
0.04
c. 19
c .57
0.8c
c.87
L,47_
i.3É

100. c0
10c.0c
10u.co
100,ûc
99.93
99.11
86.33
69 .97
óc,78
58.94
55.89

100.0c
100.c0
100.0ü
100.00
130.00
99.13
90.89
75,31
67.44
64.99
óI.67

100.00
100.00
100. c0
100.00
99.98
99.c7
9¿. 47
78.14
68 .11
64. 50
61.78

I 00.00
100.00
100.00
100.00
99.98
99.57
95.31
83.78
74.?2
70.78
69 ,2?

0
c
0
0

0.c2
0. l5
c.50
0, 76
0.93
L. ?4
l. ó4

.37

.ó8

.90
,?4
.78

0
c
l¡

C

.06

.?7
ar'

.89

100,00
10 0. 00
10c.00
100.00
99.93
99.ó9
90.00
73.94
64.44
62.00
6C.130

100.00
lc0.0c
10c.00
r00.0-0
99.98
99, tt3
93.76
79.22
70.93
68.06
ó5.99

cui/itjL/,,Tjv: F.tri(K DIFFFRE\CES. qÁN( DIFFEREI¡CE 7 9R LESS. REPLICÂTES 30. NUüBER 0F PARENTS'30.

43'
4 CIP 13.87"

5C I 4?5
6 CIP ZCt.77"

90 t 435
B C/P 27.62
t20 t 435

10 ctP 3+.52
L50 I 435

1lí.,u
.rl-.c.'(
^ 

] 
- 

. t;í

0
c
0
0

.o2

.09

t,
C,

t
c

c.c4 0
0
0
0
0
1
I

9B
08
,e

çe.91
94,¿B
8î.13
É?.CÉ

lc0
100
IüO
1Cû

99
98
87
77
62
62
58

.00

.c0

.00
,00
.93
,43
.44
.ú3
.59
.?9
,r6

0.
1r

:lc,,.r_ic

H

|J

Ài9,?7
t9,57
,1. El Ir



CUr'!ULAT¡VE FôNK DIFFERENCES, RÂNK DIFFERENCE = I0R LESS. REPLICATES

6.gz

c
a
0
0

0.03
0.19
0. 61
c.7g
0.91
L.34
1.86

6,92

0
0
c
0
0

c,15
c,54
0.92
0.97
l.3l
1. ó6

100. 00
100.00
100.00
100.00
99.98
gg.?6
9L.29
?6.0 ó
ó8.89
67. 50
64.?3

100
l0c
100
100
100

99
94
81
73
72
ó9

.00
,00
.c0
.00
.00
.?0
.o2
,L7
.93
,44
.44

c
0
c
0

0.02
0.13
0.51
0. ?ó
0.8I
1.28
t c.À

100.00
100.00
10c.00
10c.00
100.00
99. 59
94.19
80.75
7?.?3
7Q,L7
ó6.99

100.00
I 00. 00
100.00
100.00
100.00

99.7 6
96.?7
85.42
76.79
75.00'72.67

0
0
0
0
0

0. 09
0. 4c
0. 70
0.88
1. 13
1. ó7

0
0
0
0
0

c.08
o.3?
0. óó
0.84
l. 0ó
1. 67

I

100.00
100. 00
100.00
100.00
100. 00
99.78
96.3ó
84,25
76.00
73. ?g
ó9.00

100.00
100.00
100.00
100.00
100. 00
99.89
97.g1
88.0ó
79.56
77,72
7 4.67

0
0
0
0
0

0.07
0. 3{
0. ó5
0. 89
1.19
L,53

0
0
0
0
0

0.04
0.26
0. ó0
0.85
L.L?,
1.5r

100.00
100.00
100. 00
100.00
100. 00

99. 94
.97.rl
87.r0
79.??
75,6L
73.99

100. 00
100.00
100.00
100. 00
100.00
99.9I
99. 5l
90. 47
83.44
79.67
?7.56

0
0
0
0
0

0.03
0.?,
0. ól
0. 80
1. l8
L.57

0
0
0
0
0

0.02
0. 20
0.54
0.69
1.11
1. 70

30. NUiBER 0F PARENTS.30.

GCA/SCR
Varfance
Ratfo

lo24.o
256.0

64.O
16.0
4.0
1.0

0.2500
0.062s
0.0156
0.0039
0.0010

GCA/SCR
VarLance
Ratfo

lo24.o
256.O
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.00r0

z clP
?o t 4?5

100. cc
l.0G .00
l_00 .0c
1C0.00
99.96
98.26
96,64
12.67
65.56
64 ,67
ó1.78

2 Cto
301 435

10c.00
1C 0.00
1Cü .0C
100.00
rc0.00
99.C6
go. 13
7?.L7
7l.rJ7
70.0ó
6ó.11

4 CtP 13.82
6Al 435

ô ctP 20.-72
90t 4?5

8 CtP ¿7,62
t?ot 435

10 ctP 34.5t
L50t +35

CUTlULATIVE RÂNK DIFFERET'lCES. RANK DIFFERENCE z Q CR LESS. REPLICATES' 30. NUIIBER 0F PARENTS'30.

4 Ct P 13.82
601 435

6 CtP ?Q,?Z
90t 435

8 CtP 27,67.
L20l 435

l0 clP ?4.52
L50t 435

0r
Vr

0
0
a
0
0

09
4'

A 17?
0.79
L, 27
1. ó1

lJ
LN



CUÈIULÁTIVE RÂNK DIFFERENCES. RANK DIFFERENCE O OR LESS. REPLICATES 14. NUttBER 0F PARENTSTS0.

GCA/SCR
Varlance
Ratlo

2 CtP
50 t L2Z5

95.00
7C.2L
46.52
?9.?L
1ó. ó0
9.29
5.40
3.57
3.33
2. ?9
2 .0c

2 CtP
5g t l??5

gg.0c
94.7L
85.29
64.39
41. q0
?3.93
14.86
10.50
9.48
8.0?
7 .57

4.lz

1.58
1.55
L,23
0. 94
0. ó8
a.49
0.38
0.33
0.3?
Q.29
0.47

4.LZ

0. 51
0.6?
0.96
1.02
0.9?
0.7ó
0. 51
0.57
0. 64
o.77
0.92

4 CtP
10 0 / L225

99.00
72.79
54,57
33.96
18.80
11.ó0
5,94
4,50
3.67
3.50
3.00

99 . 1¿t
9ó.8ó
gg.?9
68.61
47,?9
28.74
L6.?7
L2.57
10.00
I .79
8.43

6 CtP 12.27"
150/L225

8 C/P 16,32
?aa t LzzS

10 clP ?0.42
250 t I?¿5

8.22

1024.0
256.0
64.0
16.0
4.0
1.0

0.2500
o.0625
0.0156
0.0039
0.0010

1.
1.
l.
l.
0.
0.51

'0.37
0.4c
0.43
O.47
0.6?

0.40
0. 59
0.84
0.95
0.84
0.79
0.6ó
O.7?
0. 5g
0.58
1.13

89.00
74.50
59.90
37,?6
20.7 4
L?.L7
7.00
4.?g
{.7ó
3,14
2.00

99. 14
97.79
90.43
73.89
50. ó3
32.52
18 .54
L2.6L
10.95
10. 0?
7.L4

2.27
1 21¿a J^
1. 53
0.95
0.79
0. 51
0.40
c.35
a.5l
0. 51
0.55

0. 40
0. 45
0.80
0.89
0. 89
0. ó9
0. 6ó
0. 56
0.82
0.?2
0. 93

89.8ó
7 6,43
60'. ?4
4L.75
?3 .63
13.48
7.97
5,2L
4.19
3.71
2.O0

99.57
98.14
g?.24
7 g.r7
,4.69
35.38
20. 9l
L4.ZL
11.14
11. q3

9.29

.82?e 1
I
1
¡
0

.31
,26
.08
.82

0. 53
o .45
0. 43
Q .45
o.47
0. 59

0.23
O .4?
0.73
0.90
0. g3
0. ó9
0. óó
0. ó7
0.72
0.91
1. 11

91.71
80.07
ó5.86
41.57
26.L4
L5,40
8.46
5.7'
4.7I
2.93
3. l4

,20
.42
.18

.79

.58

.43
0.51
0. 5l
0.5?
0.91

0.33
0. 36
0. ó5
0. ?9
0.97
0. ?8
0. ó9
0. ó8
0¡79
0. ó5
1. 04

1
I
I
I
0
0
0

33
2.3
0ó
76

.0ó

CUI{ULÀTIVE RANK DIFFERENCES. RÂNK DIFFERENCE 1 OR LESS. REPLICATES 14. !.{ullBER 0F P^RENTS'50.

GCA/SCR
Varl,ance
Ratlo

q ctP 8.22
100 / L225

6 CtP 12.22
150rL225

8 CtP 16.37.
?oot t?2,

10 CIP 20.tt?
2r0tL?25

1024.0
256.0
64.0
16. 0
4.0
l.'0

0.2500
0.0625
0.0156
0.0039
0.0010

99.4?
98.71
93.43
80..18
,9.?7
38 .07
2t.?1
L5.21
12. 19
10.43
-, 9.9ó

H

lJ
o\



CUr{ULÂTIVE RÂNK DIFFERENCES. RANK DIFFERENCE - 2 0R LESS. REPLICATES ' 14. NUI{BER 0F PARENTS'50.

LO24.0
256.0

64.0
16.0
4.O
1.0

0.2500
o.0625
0.0156
0.0039
0.0010

GCA/SCR
VarLance
RatLo

2 CtP
50 t L2?5

99.86
99 .00
95.95
83.25
ó1.U0
37.C0
23.94
L7,32
15.39
L?.79
LL.57

2 CtP
,o I L22'

10c.00
100.00
99.29
92.54
74.91
48,8ó
32.57
23.32
2C.10
L7.?L
15,71

4 CIP
100 / L2?5

100.00
99.57
97.10
8ó.71
67.7L
41.45
?6.5L
18.61
L5.62
13.43
12.86

100 .00
100.00
99.67
94.75
80.94
56.36
34.63
25.O7
2L,?4
18.07
L7.29

6 CtP L2.22
L50 I L2?5

8 CtP ¡.6.32
200 t L2?5

10 c tP 20.a2
2rotL225

4.LZ

0. 14
0.29
o "57c.8 2
0.87
0.80
0.ô4
0.6 5
0.86
0.77
1. 41

4.lz

0
0

0.2?
0.59
0,77
c. g3
0.79
0. ?4
0. ?6
0.95
1.50

8.?Z

0
0. 16
0.49
0.77
0. g0
0.88
0. ?g
0.90
0.?5
0.88
L.L?

0,0
0.13
0.50
0. ó3
c.8g
0.80
0.8ó
0.83
0.97
1.18

100.00
99.79
98.43
90.3ó
7L.49
48.74
30, 17
19 .79
L7.L4
L5.50
13.00

100.00
100.00
99.90
9ó. 50
84.14
6?,52
39.69
27.50
¿?.48
ZL.?L
18.14

0
0. 16
0,28
0. 78
0. 79
0.86
0. 7g
0. ó8
0.78
0.95
L.??

0
0

0. 07
0. rr1
0.71
0.76
0.95
0. 80
0.9?
0.68
l. 30

100.00
99.71
98.?1
92.7L
7r.77
51.o5
33.51
??.6tt
17.38
1ó.71
13.14

100.00
100.00
99.96
99.00
87.31
66.33
43.57
30.68
24.Q5
23.0?
L9.57

0
0. 17
0.28
0.60
0.78
0.78
0. 83
0.97
0.89
0. 96
1.43

0
0

0. 08
0.32
0. ó?
0.81
0.90
0. 91
0. 92
l. 1l
1.84

100.00
99.79
99.38
93. 50
79.49
5ó.07
3ó.40
?+.68
L8.62
17.71tt:.ll

100.00
100.00
99.81
98.36
89. ó0
7O.?6
47.34
31.86
25.7 |
?3.r4
?3.I4

0
0. 12
0. 17
0. ó0
0. 8l
0. 80
0.88
0.89
o.7l
0.9?
0. 96

0
0

0. 09
0. 30
0.61
0.77
1. 00
0.88
0.95
l. 08
l. 10

CUI'tULÀTM RANK DIFFERENCES. RANK DIFFERENCE.3 0R LESS. REPLICATES' 14. NUI{BER OF PARENÏS'50.

GCA/SCR
Varfance
Ratfo

4 CtP 8.22
L00 t lz25

6 CtP 12.22
Lro t L?25

8 C rP 16.32
?oo t L225

10 ctP 20.1t
250t L?25

1024.0
256.O
64.0
16. 0
4.0
l.'0

0.2500
0.0625
0.0156
0.0039
0.0010

l¡\¡



CUTTULATIVE RÀNl( DIFFËRENCES. RANK DIFFERENCE'4 0R LESS. REPLICATES' 14. NUtIBER 0F PARENTS850.

GCA/SCR
Varl.ance
RatLo

1024.0
256.O
64.0
r6.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

GCA/SCR
VarLance
Ratfo

2 C lP q,LZ
50 t L22j

4 CtP
100 / L?25

6 CtP 1?.22
L50 t L225

8 CtP 16.3t
2001 t225

g.2z l0 ctP 20.41
2ro tt22,

10c. .0c
I 00 .00
99.95
9ó,89
85.ó0
59,43
41.c3
?8.79
?r.?4
2L.'lL
18.71

2 CIP
50 t L?25

100.00
I 0c.00
100.00

99. C0
91.4_?
ó8.14
4ó.8 3
34.50
30.71
26,.57
24.0C

0
0

.05

0
0

.05 0
0
0
0

0
0
0
0
0
0
0
1
I

I C0 .00
100.00
99.9'
98.lg
89.54
66.r5
43.54
30.82
2å. 10
?3.5?
20.7 L

4 CtP
10 0 / L225

100.00
1C0.00
100.00
99.39
94,za
7q.7L
51.37
36.32
lc.5?
29.50
25 .0O

.?7
,,L
.91

o.g2
0.83
0. 98
0.94
1.04

g.?z

100.00
100.00
100.00
gg.g3
91.8ó
73.05
49.51
33.50
29.10
?6.?L
?3.?9

100.00
100.00
100.00
99. ó1
95.51
80.90
5ó.90
39.50
t4.L4
31.14
2?.?g

0
0
0

0. 20
0. 51
0. 69
L.02
0.81
0. 95
0.97
L.29

0
0
0

0.13
0.37
0. ó1.
0.97
0.89
0.93
0.95
1.40

100.00
100.00
100. 00
99.4ó
93.69
76.88
5?.57
?7,32
29.43
?9.93
23.86

100.00
100. 00
100.00
99.79
97.?3
I 3.95
ó0. 74
{4.0?
34.7 6
34.64
29.?g

0
0
0

0.1ó
0.4ó
0. 74
0.97
0.97
O,9Z
1.43
1.86

.30

.55

.93

.93

.02

.3?

.19

100.00
100.00
100.00
99,57
95.71
80.55
55,77
39. 6l
3L.62
29.71
27.7L

100.00
100.00
100.00
99.gg
98.1q
87.33
ó4.09
t5.96
3?.39
35.14
32.86

0
0
0

0. 15
0.37
0. 6ó
1. 0l
0.99
l. 00
1.03
L.?6

0
0
0

0.06
0.?,
0.53
0.97
1.0ó
1. 02
1. 0?
l. 37

CUItIULATIVE t(ANK DIFFERENCES. RANK DIFFERENCE'5 0R LESS. REPLICÂTES

.37
,5?
.85
.83
,82
.89
.02
,37

4.LZ

14. i{UüBER 0F PARENTS'50.

6 CtP Lz.?Z
L50 tL?25

8 CtP ló.32
?00 tt?25

10 ctP 20.Tt
?50tL22'

1024.0
256.0
64.0
16.0
4.0
1.0

0.2500
0.0625
0.0156
0.0039
0. 001 0

0
0
0

a

I

a

0
0
0

.10

0
0
G

,tÊ

4'

0
0
0

24
49
78

0
0
0
0
0
1
I
2

0.
0.

0.90
0.88
0.93
1.09
1.33

0. ó9
1.05
1.02
I .07
0.88
1.43

t-.t

H
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CUr'lULÂTM RÄNK DIFFERENCES. RÂNK DIFFERENCE' 6 0R LESS. REPLICATES' 14. NUttBER 0F PARENTST50.

1024.0
256.O

64.O
16. 0
4.0
l.'0

0.2500
0.0625
0.0156
0.0039
0.0010

GCA/SCR 
i

Varl,ance
Ratlo ì

2 Cle
50 I L225

100. (i0
100. tic
100.cc

99. ó1
95.14
75,95
,2.97
39.36
34.86
31.14
?9.29

? ctP
50 t L225

10 0 .00
10c. c0
I 00 .0c
99.8ó
97.80
81.33
59.06
44,8?
39.14
!5.36
34.L4

4 CIP
100/ 1225

100.00
100.0c
100.00
99.79
97.11
82.7 6
57.86
42.3?
35 .43
32,7L
28.8ó

4 CtP
10 0 / t2?5

100.00
100.00
100.00
99.96
99.71
99.12
63.86
47.9ó
39.81
37'.7L
34. 14

6 CtP L?.?Z
L50 I L2?5

8 CtP 16.t2
200tL225

10 ctP 20.42
2r0 I L22'

4.12

0
0
0

0.13
0,37
o.72
0.93
c. g0
0.97
L rO?
I.29

4, LZ

0
0
0

0.07
0,24
0.65
0.9 3
0.92
1.14
1.19
l. ó3

g .22

0
0
c

0. 08
0.30
0.62
0.95
1. 14
1.14
0.82
1. ó3

8.?Z

0
0
0

0.04
0.20
0.55
0.93
1 ,09
1.18
0.89
1.6?

100. 00
100.00
100.00
99.9ó
97.91
87 ,43
64.09
4r.43
39.33
3ó.36
33.29

100.00
100.00
100.00
100.00
99.17
91.17
70.37
50.75
44.57
40.50
f7.29

0
0
0

0. 04
o.25
0. 53
0. 95
0.95
0.95
1.01
2;Q5

0.94
0.9ó
0. 94
1.08
?.06

100. 00
100. 00
100. 00
99.93
99.03
99.50
ó8.09
49.79
40.r?
?9.07
33.43

100.00
100.00
100.00
100.00
99. óg
93.49
74.60
55.11
45.L4
4?.57
39.71

0,93
0.9ó
L.2O
1.37
2.I5

0
0
0
0

0. 09
0. 39
0.80
0. 97
1.11
1. 34
1.81

100.00
100.00
100.00
100.00
99. 31
92.02
7?.03
5?,04
4?. t+8

39.17
38. 29

100.00
100. 00
100. 00
100.00
99.71
gr.Lz
77.60
58.18
47.39
45.07
43. 1t

0
0
0
0

0. 15
0.43
0.88
l. 10
1. 00
l.?T
1.3ó

0
0
0
0

0.09
0. 39
0.95
1. 08
1.05
L.27
1. t5

0
0
0

a

a

a

0
0
0

05
L7
50
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GCA/SCR
Varlance
RaÈ1o

6 CtP 12.?7.
L5A I L??5

8 CtP 16.32
?00 I t225

l0 ctP 20.q2
?ro t L?25

1024.0
256.0
64.0
16.0
4.O
1.0

0.2500
0.0625
0.0156
0.0039
0.0010

0
0
0
0

0. ló
0. 44

t-.1
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CUIfULÂTIVE RÂNK DIFFERENCES. RANK DIFFERÊNCE.8 0R LESS. REPLICÂTES

0
0
0
0

c. 13
0.47
0.92
1.15
1.13
0.91
l. ó3

g.2z

100.00
100.00
100. cc
100,00
99,7?
91.95
75.74
55 .43
48.90
44.14
+1. z9

100.00
100,00
100.00
100.00

gg. 97
96,?4
80.20
5g.gó
52.48
47.L4
46.57

0
0
0
0

0.08
0.37
0.88
1. 03
1.01
1.0ó
1.95

0
0
0
0

0.03
4.32
0.75
0.95
0. 93
'1.06
?. ?5

!

100.00
100. 00
100.00
100.00
99.89
9ó. l9
79.46
59.68
50.67
46.?6
44.7L

100. o0
100.00
100.00
100.00
99.97
97.-76
83.63
ó3.89
54 .6?
51.07
49.57

0
0
0
0

0.0ó
0. 28
0.82
0.9+
1.01
1.50
1. 86

0
0
0
0

0. 03
9.25
0.74
0.94
I .0ó
L,54
L.57

100.00
100.00
100.00
100.00

99.97
g?.26
82.5+
62.96
,1.57
49.93
47.11

100.00
100. 00
100.00
100.00
100.00
98.(3
96. {ó
69.32
56.52
53 ,43
,L.7 L.

0
0
0
0

0.03
o.2g
0. gl
0.95
1.02
L.45
1. 37

0
c
0
0
0

0. 20
0 17?
0. 89
0.92
1.40
1. l7

1q. NUIIBER 0F PÂRENTS.50.

GCA/SCR
Varlance
Ratlo

L024.
256.
64.

100.00
r00.0G
10û.c0
100.00
98.8 ó
e6.62
6?.57
48.96
43.7 6
39.3ó
?9.L4

2 CtP
50I L?_25

100.0c
10ü.0e
10ü. cc
1CC.0C
99.r4
9C.24
69.t4
,2.93
¿9.05
43,36
43.00

2 CtP 4.LZ
5o t L2?5

4 CtP 8.22
10 0 / t2?5

ó ctP L?.?7.
t50I L?.25

8 CtP 16.31.
200 I L?25

10 c lP 20:47.
250 I L?.2'

0
0
0
0
0
0

16.
4.
l.

0
0
c
0

0.21
0. ó0
0.gz
0.84
I .01
1.1?
1.71

4.LZ

0
0
0
0

0. 13
c.57
0.90
0,87
1.01
1.13
1.88

100.00
100.00
100.00
100.00
99.86
94.5?
73.86
56. ó1
48 .52
45.50
47.29

0
0
G

a
0.06
0.44
0.83
1.10
L.L2
0.9ó
1. 8l

100.00
100.00
100,00
¡ 00,00
99.57
92.L9
ó9,63
5?.19
44.90
41.71
39.5?

4 CtP
100 r L2?5

CUt{ULÂTM RÂNK 0IFFERENCES. RANK DIFFERENCE'9 0R LESS. REPLICATES. 11. NUIIBER,0F PAREllTS.50.

0.2500
0.0625
0.0156
0.0039
0.0010

GCA/SCR
Varfance
Ratlo

1024.0
256.O
64.0
16.0
4.0
1.0
500
625
156
039
010

6 CtP L?.?Z
L50 I L2?5

8 CtP 16.32
200 t L2?,

10 ctP ?0.12
?50 I L?2'

l\)o

0.2
0.0
0.0
0.0
0.0



Appendix II

The mean values of the ten observed characters
in the Ft triticale dialle1.



ra8

I13. S

T3t

106.0

f33

115.0

T¿{6

112.0

T686

106.0

T70e

116.0

T7 10

115.2

T896

1t6.0

T937

1e3.0

DAYS TO

T3Ð Ts8

106.0 rl2.?

HEADING

T106

123.OT18

T3t

T33

T3a

1t8

rt06

ra{ 3

15 85

TZ 0¿

17r0

T895

ttz.? 116.0 106.0 ttz.? 12t.6 1r6.0 r1r.0 109.3 r19.5 111.0 119.5

123.0 106.0 119.5 1e8.2 118.3 116.0 116.0 123'0 115.0 123.0

106.0 106.0 1al.5 106.0 108.5 11¿.7 106.0 1t2.7 1t5.0

116.0 123.Ð 116.0 108.5 116.0 116.0 117.3 119.5

1{5.0 130.0 116.0 123.0 134-0 r24-7 12s.8

125.8 113.5 12r.2 t27.2 tel.6 1¿3.0

108.0 tll.? t12.7 10b.0 115.2

1e0,? lL7.? 1le.? 123.0

r29.7. 127.2 1e3.0

120.? 116.0

ts

T93? 119.5



T28

t28.2

T3r

123. 0

T33

130.0

ï3{

123.0

T 696

123.0

17 t2

t2? .7

T7 1f¡

126.5

DAYS TO ANTHESIS

T58 T106 le{6

t27.7 130.0 125.8

T896 T937

1e3.0 130.tr18

131

T33

ï3{

ït8

It 03

't213

Tf8É

T702

1? 10

T8 tó

12?.? 130.0 1e3.0 te3.0 138.0 130.û 12b.3 12s.3 13.1 .5 126.5 135.0

l{0.0 r26.5 130.0 1{0.0 130.0 130.0 135.0 l{0.0 .r30.t t{Û.0

1¿3.0 1¿3.0 130.0 12{.? t¿4.7 130.0 123.0 127.7 130.0

130.0 130.û 130.0 124.7 128.2 130.0 130.0 13fI.0

150.0 r{0.0 1311.CI l{r1 .0 l{2.0 t{0.0 140.0

136.0 re8.2 130.7 138.0 130,0 133.3

12{.4 127.7 l?7.7 123.0 128.2

130.0 130.0 130.? 135.û

t36-? 13?-5 135.7

133.3 127.?
H

N)
Tt 3? 132.5



ï28

t12.7

T31

t?a .3

T33

116 .7

T3{

110 .2

HEIGHT

158

tt?.7

Tl06

1+å.3

t246

10?.{

T896

132.t

T93 7

12r,0

1686 T?rl2 T710

Îe8

13t

133

rt{

Tf8

rl 06

t2a3

l5 e3

T? 0e

1? 10

r096

113.7 116.3 128.0

ll7.? [37,3 113.? 122.7 140.4 115.8 t?t.2 99.3 122.0 t28.5 130.2

115.7 126..0 t¿6,0 l{8.'l 129.7 122.0 118.5 l{0.0 139.3 119.7

110.0 let.5 15{.2 tt2_? 109.0 108.? 110.3 r30.7 t22.2

1e9.0 154.0 re5.3 118.7 119.0 138.0 139.3 138.5

150.0 15{.{ 1{1.5 137.0 150.8 156.5 152.2

107.6 107.S r01.7 r?4.0 121 .6 113.3

96.2 l1û.0 122.0 lt?:7 125.?

97.? 119.0 r23.5 116.0

128 . ? 132 .5 126.3

128.3 1{1.3

Tt3? 119.2
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Te8

10.0

T3r

8.?

NUMBER OF PRODUCTIVE

T33

13. 0

T3{ T58 Te{6 T686 r 70e T7 10 T896 T93?

6.1 7.7 8.7 9.2 7.8 9.5

HEADS

Tl06

11.5128

T3l

133

r3{

Tr8

rt 0ó

I2{3

T¡ 83

r7 0e

T7t0

T8t3

7.7 5.7

9.3 t2.? t.? 10.3 10.8 9.,$ 9.5 10.3 Ê.0 1e.0 l.l .2

r0.? 15.0 la.5 13.0 12.7 1t1.3 13.0 t2.? 10.0 10.3

?.5 9.8 1e.0 9.8 8.2 tt.7 7.7 11.3 ll.7

10.0 t0.0 r0.7 8.? 9.0 9.0 8.3 13.5

l{.5 11.{ 1ù.7 13.7 l,Í.6 10.e 11.6

10.8 10.0 12.5 11.{ 9.8 ll.?

8.8 12.0 t2.7 9.3 11.7

11.3 8.7 10.? 11.0

tl.0 8.7 8.7

10.? lr.3

èr93? 9.5



TOTAL OF

r3{

70 . J

BIOLOGICAL WEIGHT

T28

?3 .5

T3r

88.0

T33

150.7

Tt8

58.7

Tt06

123.5

'r246

53.6

T686

23.7

T 702

7e.3

ï710

81 .2

T896

78 .0

T937

58.5re8
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T33

r3{

Tt8

ïr 03

T2 {ó
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?3. 0 r30.3 5? .3 100 .7 91 . 8 86.2 98. e s7 .3 s{ .5 89 . S t3( .7

113.3 151.0 10?.0 145.0 136.3 1t2.3 t{7.5 109.2 12(.7 96.0

s{.0 9?.2 158.8 ?9.? 75.5 89.? 68.0 103.? 108.0

l0l .0 1r7.0 98.? 83.2 83.5 96.0 8s.? l{t.s

20s.r¡ t38.d 155.5 164.0 159.0 1{7.0 172.e

102.8 85.e 93.5 89.{ 105.{ 105.7

55. ¡t 108 .0 1Û9 .0 t 0{ . 3. 120. 0

75.3 ?î.2 717.? 116.0

1û3.0 75.0 77.7

13¿.7 17{.3

(/l

rt37 86.5



HEAD TENGTH

T28

10.2

T3r

10. I
T33

15. 0

T3{

1¡.?

T58

lt¡.7

T 106

l4.l

T 21ê,

rt.0
T685

t2-7

T 704

1û .5

T7l0

11.1

T896

1{.3

1937

11.0Ta8

ï31

T33

13{

TJ8

Tl 06

r¿{ó

T58ó

170a

T?r0

TE'3

9.8 l,t.0 12.2 11.e t2.9 tz.g 1{.6 tt.7 7 .7 13.0 16.9

16.ã t5.? 1{.0 17.0 15.7 ls.3 18.s t6.2 18.7 16.8

12.2 12.0 15.8 13.S 13.4 12.8 13.3 15.Ð 15.6

l¡.0 13.5 12.5 1.3.6 1t.t 11.5 14.t 1{.e

15.0 1,Í.9 15.6 15.2 16.0 15.{ 18.{

,13.0 r3.? 10.9 11.5 14.5 t{.5

13.1 13.5 13.3 16.0 16.0

rr.3 1¡.1 t7.2 16.0

r2.0 13.1 l+.2

t5.0 r?.8

orrt3? t?.2



NI,JMBER OF SPIKETETS

T28

22 -t

ï3r

22.7

T33

30. 3

T3{

22 .5

T58

??.7

T106

31 .5

T246

?3-2

168 6

22.7

T702

23 .3

T? t0 T896

?3.7 25 .8

2Z.O 2?.O 23.3 2{.7 e9.8 25.8 27.O 2{.0 19.5 27.5 29.5

?1r.3 30.J ¿8.f 3{.S 29.3 28.3 3{.0 3l .0 32.? 30.3

a{ .0 24 .2 3e . { 23.7 e5. 3 ?6 .0 23 .3 e8 . 3 29.7

2{.0 e9.û 27.3 e5.7 24.? ?4.5 38.7 28.0
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Appendix III

The mean and standard deviation values of the
four observed, characters in the F4 diallel.
Each site is presented individuaLly. The mean

values for all sites is also pr.esented, additive
site effects having been removed.
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Appendix IV

The mean and standard deviation values of the
four observed characters in the F4 diallel.
Each site is presented individually. The mean

values for all sites is also presented, additive
site effects having been removed. All sites
have been adjusted for field heterogeneity effects
(Chapters Four and Five).
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Appendix V

The PASCAL procedures used to obtain the least

squares solution for the diallel analysis (at

one site only).



v.1

variables are
declared,

AL;
¡ IHTEGER,
EAL;
L¡

PT'PEDTGREE,
D,F, F, )lINC, I0L, S,SS, llU ¡ RE
J,K r [, C0UHl, KKr LL, 11¿ J Þ, liDhLtßs,DtlâÊftÊYtt..0¡ 0F R
â¡ÊRRÊYI 1. .0,1. .8¡ 0F REß

EC ¡ âRRA
NTEGERJ
PIREÊL'

ÉETINPIV¡'-l/â( MÑ¿ MR¡,
FOR ,J:cl T0 0 D0IF IYfiR(J THE}I

PRÛCEDURE LSTEO( Z ,8I TE ¡ I I{IEGER }¡
YÊR

FROCEDT¡RE PI VOT( T VßF : I NTEGEß ),
Y[I..0¡ OF REAL¡

CI ,, I ¡ râ[ J,
, IVâR lt.Ê[

.Af J, lvåR I
I,

TEñP.PYECT I I,

END (+ PR0CEDURE PIV0T * ),

PVrI
Etl

K
T

VII R
lrJ
P I.Y

Matrix
pivot
procedure

CfJ¡lef,[MR,Jl,
YAR,J l!'At MR,Jl+PIY,

EEGIH
P YÊ,
ât r

EII D
EL SE
EEGIH

PYE
ßt,t

EIID 
'

TEñP 
'YâR, J ¡

DO

ÉEGIIiIF J< IYfiR THEI{
ELS E IE ltP I 'â[ ¡
FOR I !-.t T0 0¡F I'IYÊR TI{EII
Rt J , I ¡ t'Ê[ J , I l+

EIID 
'

IYRR ¡,,r,lVfiRlrFIT¡

ÊT ¡VAR, IYARI ¡TPIVI
Ff}R J¡.t T0 I D0¡F J'IYÊR THEil



ST¡¡llAl(8I IES THEtI

t .0,
6t

0R J:=t I0 0 D0
=-99

TH E}I

v.z

Consta¡rts and
varia.bles are
initialized

Check for inclusion
in I .P .D.

Data points
are obtained

PROCEDURE CâLCGCî ¡

YAR l,J,f tlllTEGEn¡

UHT
.0E

BEGlll NKr.0iSlr6.6 , ESlr0,0rC0T0LtrllEâNtZ,SlTEl/t
IIU ¡.IIEâHT Z, S I TE ¡,FOR It=l T0 e D0 FIF T)J THEII âTI,JI¡
ELSE A[ l, J I t.g .9,

FOR J I tI TO F DO READ( PPT J , ñAX9 ITES ¡ )
(lt m"an of all sites required output
from GENSTAT program is read)

Pltr¡¡¡IF SI TE
EtsE
BEG IH

]
PT' DO

IICLUDED( PT }

AT
TH

I

BEG I II
CâSE TIEAD OF

l.t0DEts¡

END (*
TF D)-T TI{EN

REPEg¡
IF

DETâIL' ¡F CHIlZI3 'SITE I}O THEH
ÊEG ¡ND¡"CHltZ'l'SIlE¡'Et.CHltZ,2,SlTEl,FlrCHltZ,3,SITEl,
EHD ELSE Dr--tj

H
I SI TE I }O THEH

D¡.-l¡

N
¡IBER+ I, KD : =}IP 

, . NUIIEER+1 J END

9¡'IIUT,IBER+ I, ENÞ¡
I=JDJJD!'KD;KD : =¡ END;

,1,S¡TE¡,
,2,SITEI¡
,3,SlTE¡,
I --,t ELSEIIENT {.}j

IF 2<6 THE
I F CHzf 2,3
BEGIN

D t.CHZCZ
E¡¡CH2TZ
F¡cCHAtZ

EHD ELSE D
CASE 6TATE

THE
.HU

BEG INIF HUITBER )P
8EG IH JD I'FP,
ELEE
BEGIII JD¡!tlUtlIF JD)KD THEN
COUNT ¡ ¡COU}IT+
IF J0.KD THEIISlo5ag, 681'SAfJD,JD¡!râ[J
ÉtJD,l(D¡lEñ[J
ât KD, l(D ¡ ¡.â[ KÊ[l¿JDl¡¡All,
ñ[ I ¿ KD I ¡ ¡A[ l,å[t,0ttrÊf1,0
ÊtJD,0Il-Ê[JD
AtKD¿el¡¡AIKD
â[8,elrcAle,QA[1,lII-â[L1

EIID,

Matríx is
initialized

*F ELSE XINC:=F;
KK+TRUNC( F ),
HC;

BER+I J K
BEG¡ I{ ¡

1,
X I ll0 ¡'3+E¡ KKr-

D¿JDI*Fl
D, KD I+X I
D,KDI+F¡
JDI+FI
KD I+F,
l+D i
¿0I+Di
,el+0;
l+8,
I+ F ¡

END,
PT ¡ 'PT' .llE¡{T ,.UHTTl PlrI{IL¡



v.3

optirnization
Ís done

gca values
are stored

gca
procedure
called

llU t oS lKK t

0 DDtJ l t-s0RT(Êt.t,J I)i
O FOR K¡-J TÛ O DO
DDTJI+DDTKI},

DO
HEN ALIâS[(It-l
T( K ), fiLI âSt K I ¡ "0 END,

O FOR K:=J TO O DO

F(lR ,l¡sl T0 0 DF0ß Jr-t T0 e DÊtJ,Klt-â[J,Krl<
FOR K:cI TO P+TIF Ê[ K, K I<IOL T
ELgE BEGIN P¡VOâtlAS[0I:=¡¡Fl}R J¡=l T0 n D
EEGTilIF RLIâSI ,l 1.0¡F âLIftStKl'0Ê[J,(lt¡ÊtJ¡Kl
EIID i

EN $ ¡-I/DDt J T ELSE S¡.DDTJ TJ
EH S$ ¡'t /00t K I ELSE SS ¡ =DDt K I
ss,

TH
THt6*

EilD I

END (* PROCEDUÊE CÊLCGCÊ *},

BE CIN
cftLcGcfi,
L8'f.5ß0UT,
L8T9',0.F1EST,

EHD (* PROCEDURE t6Ï84 *),

D¡rD+âtJ+1,01,
PPt J, SITE I ¡.(0-frt,I+1,e l)¡

IHEH LL ¡'LL+1,

1T0
rT0

PDO

PDO

D!''û.0 ,
F(lR .J I r
D t IDlF ¡
FOR J ¡'

FOR JIIl TO P DO

BEC TN
LL t '1 ¡
FOR K¡-1 T0 P D0lF PPt.r,SlTEl(FFIK,EITE t
PPRAHI([J,81TEI!.LL,

EHD,



Appendix VI

The GENSTAT progran used to obtain tJ:e least squares

solution for the diallel analysis (for all sites).
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