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SUMMARY

While t}e existing theory of quantitative genetics has much to

offer the plant or animal breeder it is recoginísed that many of the

statistics usecl are difficult to rmderstand ar¡d interpret. fn this

ttresis several biometrical techniques are investigated which can be

used by the breeder. fhe suita-lciliLy of these technj.ques is illus-

trated using ttre data from the Roseworthy selection trial. This

trial was designed to compare the efficiency of selection for ciean

fleece weight by direct measurement to the conventional method of

visual appraisal.

vlhen analysi.ng such breeding data two aspects are of interest'

firstly, what changes have occurred between Lhe populations as a

result of the different selection criteria' and secondly, what

changes can be expected if a particular method of selection is sub-

sequently employed? In Chapters I, II, Illand IV the former aspect

is considered while the latter is ínvestigated in Chapters II, V and

VI.

The conventional rnethods of analysing breeding experiments are

detailed in Chapters I and II. Thus the two flocks are initially

compared using both parametric arrd. non-parametric univariate tests'

Genetic parameters (i.e. he¡::j-tabiliEy, genetic, phenotypic and envir-

onmental correlal-ions) aïe subsequently calculated for the various

subsets of the data.

In víew of the problems encountered in applying these correlations,

it is proposed in Chapter III tha-t Hotelling's T2 (a multivariate tech-

nique) provid.es a simpler, but comprehensive, comparisnn of the two

popul.ations. On applying it to the Roseworthy data it can be seen

that the two populations have diverged. In patricular, it can be seen



:Lr.

from the simurlta¡reous cor¡fidence intervafs 'blrat staple length, clean

scoured yielcl and. seconrlary fotlicle nunrber are posi.t-ively assoc-

iated with lhe irrcrcase in clean fleece rveight while crim¡rs per: inch

and body we:Lght are rregativell' associated-

In Chapter IV the analysis of cliscrete variates such as rep:;od-

uctive perforntarrce is considerecl . An "improved" FORTR-AN al-gorithm

for the Exact Test of R x c ccntingency tables is developed" As

this test does not require âFJ*'ro;x:Lniat:j-on to a known distril¡ution it

can be applied to contirrgency data irrespective of the mj-nimum size

of the expected cell frequenci.es.

Several, methocls for recoqnisj-ng the important factors among a

mul.tivariate d.ata set are considered in Chapter V. Pr:incípal

Compone¡t Analysis is observed to provicle tl.ie most effective rnethod,

especially frc,m the point of consistency. using its orthogonal

compo¡ents the breecler can predict the changes v¡hich wou.ld occul:

following a particrrlar method of selection. Un]ike the genet:Lc

parameters of Chapter fI which a::e ofteu used for this purpose'

the above ntethod remains marrageable as the number of variates in-

creases.

In Ch'apter vI the effects of a major gene on the frequency

distribut-i-o¡r of a metlic character are i¡lvesLiç1ated. As the seg-

regatíon of a major gene can be expected to result in non-normality

of the f requency d-istribution, J-t is proposed that a norrnality test

can be used. to screen data, Vlhen non-nonnality is icientified, the

method of moments (Hawl<ins, 1975) can be used to es.t-imaLe the mea¡s

and variances foJî t-he general popul-atíon and for those carrying the

major gene respect-ì-velY.
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v/AiiE ll.¡sT¡iulE
I.¡BI.ARY

GIìNERÄL INTRODUCTION

euantitative genetics has been developed Èo describe the inheritance

of continuous characters by plants, animals and man. White Mendelia¡r

ínheritance provides an adequate model for handling discontinuous char-

acters, segregating at one or a few locí, it cannot effectively represent

the more complex inheritance of continuous characters (e.g. for yield in

plants or body weight and growth rate in animals). Therefore it i.s

assumed that many genes of small effect cornbine additively, and in the

presence of environmentàl variation, give rise to the continuous dis-

tributions characteristically analysed in quantitative genetics.

Mattrer (I94I) has proposed the term polygenic variation for these

results arising from the simultaneous segregation of many genes' the

rninor genes concerned being collectively called polygenes. However,

this categorization of genes has been further developed so that today's

geneticist is confronted with Mendelian genes, major çlenes, super genes'

polygenes and more recently neutral genes or isoalleles (Kimura and Ohta'

1973¡ lfallace, 1975). Tl¡ese five types of gene describe the level of

expression of the gene and probably not any fr-:ndamental biochernical

d.ifferences. llhus, the divisions are not distinct and in fact genes

may exíst which can be considered as Mendelian for one trait ald poly-

genic for a second trait (Tlrompson and Thoday, 1974). Alternatively'

particular genes may change categories as our understanding of them

increases.

fhis model for quantitative genetics ttren allows us to represent

the behaviour of characters under selection (i.e. progeny phenotypes wiII

reflect their respective parents' genotypes to some extent). In partic-

ular, the magnitude of the expected response (R), fgllowing selection can

be descríbed in terrns of the selection differential (S) of the parents

and the heritability (h2)
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i.e. R = h2s

where h2 is the ratj-o of the addj-tive genetic variance (oi) to the total

pt-renotypic varia¡rce {ofr) . Clearl-y the great--er h2- or S, the larger the

expected response "

Howerrer, this rel-atíonship cloes not directty -in<licate that the rate

of respolse will be affected by tbe number of genes concerrted' (i'e. ferver

genes of larger effect would be expected to ::espond more rapidly to sel-

ection tha¡ many genes of small effect, c.f; Waddington and Lewontin,

Lg67). If the polygenes can be located then the response would be even

more direct as it could be selected for in a Me.ndelian manner.*

Genes controlling quanÈitative characters can be located using linked

"marker" getles (Lee and Pateman, 1959) or mapped directly using the

approach of Breese a¡rd Mat]¡er (1957) with D. meLanogcster'. Thoday (196I)

has expanded this latter t-echnique to locate polygenes, however. the

method is not yet suit-able to domestic animals where much less is known

about the genome a¡r<l the chromosome number is much largcr.

Selection, whether natural or artificj-al, can be broadly classed as

one of the fotlowing three cases (Mather, 1953):

i) Directional Sel.ection - individuals are selected fr:om one (or

both) extreme(s) of the range of phenotype with the expectation

that the phenotype of the progeny will reflect this bias.

ii) Disruptive Selection - selection against intermed.iates.

iii) Stabilizing Selection - intermediate phenotypes are chosen at

the expense of both extremes.

Lee and Parsons (1968) suggest that the type of natural selection acèing

on a particular character will influence its response to art-ificial sel-

ectj.on. Using the argument of lrlather (1943) , Lee and Parsons discuss

the arrangement of polygenes on the chromosome. Assuming stab.ilizing

selection is operating it is shown that the repulsion heterozygote gives

'i
rf

I

* Maximum p<.:ssible response is also a simple funct-ion of gene number.
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a higher fitness r^rhen compared to the coupling heter:ozygote. I'isl¡er

(1930) previously suggested 'Lhat when two genes affect the same charac-

ter for which intermediate val-ues are fj-ttest, then closer linl<age

between the genes witt be favoured by the selection. Sheppard (f953)

supported Fisher's view, however, Turner (1967 a c b) has used mathemat-

ical models t<¡ demonstrate that rrlost genes do not exist in a single Èight-

Iinked gr:oup.

Since many characters j-n natur:e exhibit optimat fitness at inter-

mediate phenotypes (!ùeldon, l-9OI; di Cesnola, 1907; Rendel t L943; Karn

and Penros., i951; Fraccaro, ),956¡ and Jayant, 1966) it is likely that

stabilizing selection is widespread (e.g. Karn and Penrose (f951) report

lower fitness fo:: extreme birth weights in humans; but cf. also Robertson

(1956) ) . It would therefore seem likely that for such characters there

are polygenes with both negative and positive effects so that the response

to directional selection could be very rapicl. In contrast, for char-

acters closely related to fertility and viability it would be expected

that coni-inuous directional selection would occur. Thus, most of the

related polygenes would be expected to be positively biased, therefore,

response to further directional selection woul-d be slow. Indeed, both

predictecl and acLual response of characters belonging to the tv¡o distinct

categories su1¡port the generalisations (i.e" fitness characters have a

Iow herit-ability while other characters have a relatively high one

(Rober:tson, 1955) ) .

Vühile disruptive selection is sel.dom seen in nature (for an example,

see Clarke and Sheppard , L962), bidirectional selection is often used

in laboratory animals. Meyer and Enfietd (1975), selecting for 2I d'ay

pupa weigh'E in TrLboLiwn castoneum, observe<l a marked asymmetry of Tesponse

to such selection. Similar outcornes have been reported earlier (see

Falconer, 1960) with the rabe of downwards response exceeding the ral,e of

upward change " Meyer ancl Enfield concl-uded "that progress relative to

t
Ì

!

',t

,tf

'Ì
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selection intensity is greater for downward than for upward selection,

and that the more intense the selection in the downward direction, the

Iarger the realized heri-tability. " Falconer (1960) lists the following

possible exptalations for the observed asymmetry:

i) .fhe selection different-ial may depend on the direction of

selectionr ê.9.

(a) natural selection may hinder artíficial selection in an

u¡nrard direction but assist it in a do-wnward direction.

(b) The fertility may change.

(c) Variance rnay increase (decrease) as the mean increases

(decreases).

ii) Genetic asymmetry may be present. The dorninant alleles may

exert their effects predominantly in one direction which would

lead to greater response in the direction of the recessive

alle1es (directional dominar¡ce), or the distribution of gene

frequencies may be asymmei-rica1, such that the more frequent

alletes affect the character in the same direction. In this

sítuatíon we would expect a more rapid response in the direction

of the less freguent alleles. fhe first explanation for genetic

asyrnmetry also relates to the possible effects of heterozygotes

(í.e. response would be slow in one direction as the gene

freguencies approached equilibrium but rapid in ttre other

direction).

iii) Inbreeding depression may reduce the rate of response in the

upward direction but increase it in the downward direction.

iv) Maternal effects may e>dribit directional bias.

1lt¡ese e>çtanations for asymmetry can be seen to relate to the type of

natural selection previously affecting the particular character. Thus,

greater aslrnunetry would be more like1y for characters associated wíth

r.l
Itl
,Í
'!

t
I
I

I

r
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fitness, for wttich directional selection had been occurring, than for

draracters ur¡der stabilizing selection.

One further characteristic of response warrar¡ts consid.eration,

narely "accelerated response" (see Mather and Wigan I L942; Clayton and

Robertson , Ig57; Thoday and Boam, 1961). It is difficult to account

for this behaviour, however, recombination between closely linked loci

appears to be the most likely e>çla¡ation. The result can also be

er<plained by mutation or by the progressive accumulation of ínteracting

genes. Thus, "acgelerated response" may be an illustration of non-

adilitivity. Falconer (1960) has described the various components of

non-additivity and their possible inter-relationships. However,

although they are often important in deterrnining the magrritude of the

response to selection I will refrain from giving further details here

since the components are generally not distinguishabte in selection

e>çeriments.

Vühile it is difficult to investigate more than two or three segreg-

ating Mendelian loci, the advent of the computer has enabled the effects

of artificÍal selection on simple genetical models to be tested (Gill,

L965¡ yor:ng, Lg67; Qureshi and Kempthorne, 1968; Hedrich, I97O). use

of tÌ¡ese mo¿els has not revolutionised our understanding of quantitati.ve

genetics, inainly because linkage and epistasis still prove awkward to

handle. However, computer models have iontributed in part tQ our

a\irareness of the linitations of the add.itive model and. therefore the

variance component approach based on it. In noting this lack of new

results from computer modeJ-ling one should also remember tJ:at most of

the algebra for simple genetic systems was resolvecl some time ago by

geneticists including FÍsher, Hald,ane and !Íright.

While recent pïogress can be described as modest in comparison to

the work of these tÌ¡ree earlier geneticists, it has still provided val-

i

t
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uable contributions to the theory of quantitative genetics. For example'

Harris (1966) and Lewontin a¡rd Hr:bby (1966) have demonstrated that species

are not essentially homogeneous, as previously considered, but in fact

as many as one locus in five or six may be heterozygous.

ft is now well-accepted that selection for a particular characÈer

will almost inevitably be accompanied by a falI in fertility and viability

(e.g. Vùigan and Mather (1942), ¡4ather and. Harrison (L949), Nordskoy and

V'fehrli (1963) to mention but a few cases). The selection for genes

affecting the desired character appears to lead to changes in linked

fertility genes which generates the observed reduction in fitness.

Consideration of the tlpe of natural selection previously applying to

the two types of characters further clarifies this observation. That is,

as stabitizing selection is normally operative for metric characters,

any change in emphasis can be expected to generate response. However,

for fitness characters, where strong directional selection has previously

been operative, any artificial selecùion for a metric character will

decrease the natural selection and. this will lead to a decline in fit-

ness. Clearly any decrease in reproductive fitness is extremely undesir-

ab]e, particularly in domestic a:rimals, but this is far from easy to

overcome. Tkris is especially so for the larger domestic animals which

may only have one or two progeny per year. Íhus, reproductive fitness

can only take one of a few discrete outcomes which gives an extremely

ineffective measure of any shj-ft in reproductive fitness. While the

reproductive performance of the population under selection can be derived

for each year, seasonal variations are sufficiently large to confuse all

but gross changes. Atso, if selection is to be carried out on the indiv-

idual damrs record. then its effectiveness will be marginal (¡¿cCuirk 11976).

Measurements of critical sex hormones may improve the accuracy of the

score, especially of sires, but so far there have been only limited

I
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reports j-n this area (Land, L974; Bindon and Turner, L974). Bindon

and Piper (1976) conclude that measurements of plasma LH and FSH appear

to be of only limited use, hohTever, they suggest that ovulation rate

a¡rd nurnber of oestrous cycles may be more pronrising indicators of

reproduction rate in sheep. Performance of sÍres can be obtained

from the record,s of their daughters but this requires large numbers of

animals and a¡r extra generation.

Related secondary characters are sometimes used to select for

primary cltaracters, like reproductive fitness, which are by their

nature i:¡rsuitable for direct selection (see Atkins and McGuirk , 1976).

Suctr selection is to be avoided as, first, the observed correlations

may be caused by a third character which has beerr ignored, and secondly

the selection may do little more than break down the correlation without

causing any response in the primary character.

McGuirk (L976) has partitioned reprod.uctive performance into its

two components, fertility and fecundity. He suggests that selection

for fertility will result in only limited improvement as the heritability

of the character is low and an upper linit (100%) obviously exists. For

fecr:ndíty there Ís no upper ]irrrit. as such, although an optimum sib

nu¡nber must exist for any species. AJ.so the heritalcitity is slightly

higher (Forrest and Bichard, L974). McGuirk has made no attempt to

consider selection for shorter re-breeding interval or for la¡rrlc surviva.l

both of which affect reproduct-ive performance. Clearly if fecurdity

and re-breeding interval are inversely related, any selection will be

greatly complicated. Also for animals v¡hích normally have small litter

size (e.g. sheep and cattle), any selection for fecunôity will increase

fertility (i.e. the more owum released the greater the chances of at

least one fertilizing arrd ímplanting) . Despite these limitations ' re-

sponse to selection for increased multiple births has been reported for
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the Australian medium Peppin Merinos (Turner, L962 and 1966) and for

New Zealand Rornneys (üIaIIace, 1958 and 1964). However, McGuirk (1976)

sunmarized the relative benefits of selection for reproductive perfor-

mance in ttre following martner:

"While a high level of reproductive performance may be necessary

for efficient and profitable production, greater econornic benefits

may be obtained by selecting for other characters. By selecting

for increased reproductive performance we reduce the selec'Þion

pressure which can be applied to other characters¡"""

While any reduction in selection pressure, for reproductive ability'

should clearly be avoided it is equally important to avoid any bias

against multiple births. If the performance of progeny from larger

Iitters is temporarily depressed then this must be talcen into consider-

ation at selection, other¡rrise there will be unconscious selection against

fecr:nðity.

Hammond (L947\ put fo::vrard the idea that a character will respond

most to selection in the environment in which it is most fully expressed

even if this environnent does give less than maximal performance.

Falconer (1952) and Falconer and Latyozewski (J952) investigated the

effect of two levels of nutrition on selection for body weight in rn-ice.

These authors are reported by Daday, Binet, Grassia and Peak (1973) to

have demonstrated, "...ímprovenenL attaíned by selection under rgood' con-

dítions \¡ras not realized when the selected straj.n was transferred' to 'bad'

conditions instead of being better than tJre strain selected u¡rder bad'

conditions it $¡as worse, and showed no evidence of a¡ty advance beyond' the

initial level." I consider that this interpretaÈion by Daday, Binet,

Grassia and peak (1973) may have over-emphasised any difference between

the investigations of Harmnond and those of Falconer and Latyozewski.

Daday, Binet, Grassia and Peak selected for plant height in Me&i'eago

satiuo, L. rrnder three natural environments. In their summary they stated
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"It is concluded from these investigations tJ.at unfavourable environ-

mental condi.tions may severely limit response to selection, while

unusually favourable ones may do so to a moderate extent. Ítrerefore

judiciously appi-ied indirect selection may yield more genetic progress

than direct selection in M. satiua populations under cerEain extreme

conditions. " Here it should be noted that "indirect selection" refers

to selection on the basis of observati.ons in one environment for perfor-

mance in another environment. In a reply to Daclay, Binet, Grassia and

Pealc (1973), Rend.el and Bi¡ret (T974) expand Hammondrs idea to illustrate

the two sets of conditions for which ttrey believe it was originally meant

to apply. llhese were:

i) A genotype may be so weak, for tåe particular character of

interest, that it may completely fail to express itself in

t]-e desíred environment. If this character can be measured

in a second environment then the genotype can be selected in

tJ.is environment r:ntil it achieves expression in the first.

This was illustrated for natural selection of immunity to

myxoma virus in rabbits. Vühile selecÈion is absent for

viruses with one hr¡ndred percent mortality, exposure to less

effective strains of the virus (nortality less than ninety

percent) allows the selection of animals whictr can then sur-

vive the original strains.

ii) The character may be expressed. in both environnents but the

degree of e>rpression ôiffers. In this sítuation the response

does not depend. solely on the respective heritabilities but

on the product of Lhe selection differential by the heritability.

,finks and. Connol-Iy (1973) proposed and later confirmed (Jinks and Connolly,

L975), that "...selection for high mean performance in a good environment

or for low nea¡ performance in a poor environment leads to selections

that are nore sensitive to environmental vari-ations thar¡ selections for
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high mean performance in a poor environment or for low mean performance

in a good environment. "

Gibson and Bradley (L974) compared artificial stabilizing selection

to natural selection in both constant and fluctuating temperatures. For

bristle nrunl¡er in DtosophiLa meLartogaster they observed a decrease in

both genetic a¡rd envíronmental variance over the thirty-nine generations

of stabilizing selection. During this períod the nuean nurnber of bristles

remained constant. In contrast, the mean bristle nunJ¡ers of both con-

trol lines increased. between generations 0 to 19 but then decreased so

that after 39 generations there vras a significant decrease in this char-

acter. Íhe phenotypic variance remained constant initially and then

decreased. over the second half of the experiment. Their results demon-

strated that fluctuating environments did not affect the process of

stabilizing selection. In conclusion, this investigation generally

supports previous work by Thoday (1959), Prout (1962) a¡rd Scharloo

(1964) in showing tJ:at phenotypic variance can be reduced under artificial

stabilizing selection but r¡nlike Prout and Thoday, Gibson and Bradley

for¡nd thís reduction not only in additive genetic variance but also in

environmental variance .

Vlhat conclusion if ar-ry can be drawn from these related studies?

Clearly the answer is not simple. The practical breeder must precisely

define his aim and talce care that the character he chooses effectively

supports this aim. The importance of this simple statement cannot be

over-emphasised. The following, rather depressj-ng, statement made by

Robertson (1966) may illustrate the situation: "In general it would

be fair to say tJrat, until the last decade, genetics has had comparatively

Iittle effect in animal improvement. " Robertsorr suggests that this

failure has not been due to insufficient understanding of genetics, but

resulted from selection for economically unimportant characters.
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(Donald (1973) has expressed sinr-ilar thoughts.) fhis can be iÌlustrated

by considering the selection history of maize. lltre cl.evelopment of hybrid

varieties has enabled yields of up to thirty percent greater than prev-

iously obtained by many years of mass selection. However, Gardner

(1961) häs achieved yields which compare with the best hybrids. This

response is believed. to have occurred because Gardner selected for total

yield per plant, given by the sum of all ears, whereas previous selection

had. been based on obtaining maximal yield from individual ears. Thus,

Gardner's best plants were sirnilar to hybrid plants as they produced

two mod.erately large ears which together gave yields g:reater than one

single large ear.

fnteqpretation of long term selection trials can be severely com-

plicated by the presence of environnental variation. Tl¡is environmental

variation can occur bottr between and within generations. While the

former makes it difficult to estimate the response to selection it should

not affect the accurasy of the selecLion applied at each generation, un-

less there is a genotype by environment interaction.

Mention has already been made of Èhe work of Gibson and Bradley

1L974) who for:nd. that fluctuating environments did not affect stabilizing

selection in DrosophiLa meLanogaster. rt would seem unlikely that their

conclusions would hold for all species particularly when directional

selection was applied. However, since the particular species will be

reqrrired to exist in tJ:e presence of such environmental variation the

nethod of selection should remain unchanged. It would then be hoped

that the selected. progeny extribit general adaptation over the range of

environments. Although verification of the last point is difficult,

some atÈempt should be made. This leads back to the problem of how to

estimate response when there is considerable environnrental variation

between generations. Maintenance of inbred lines, while suitable for
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plants and some laboratory animals, is obviously impractj-cable for

domestic animals. Random bred control populations can prove helpful

but care must be taken to avoid both rxrconscious selection and inbreeding

depression. AIso, maintenance of a random control population may be

beyond the resources available to the breed'er"

In comparison, any variation within geuerations will severely

rdeaken the selection intensity. Such variation is mainly encountered

in field crops, as a result of soit variation. Its effect can be reduced

by the so\^ting of control plots which are used to adjust the yield of

neighbouring plots. Although tJ-e procedure of adjustment is sirnple in

one dimensional designs, it is greatly complicated for two-ôimensional

grÍd designs.

It should now be clear that the existing Lheory of quantitative

genetics is inadequate in several areas when applied to selection exper-

iments. Robertson (1966) listed the following tJrree reasons:

i) it cannot predict the linr-its to selection;

ii) it cannot predict the changes in reproductive fitness, which

rnight be expected to decline on selection in either direction

for almost any trait;

ííi) it gives liÈt1e information a-bout the real nature of the gene

segregations underlying the observed varia.bility.

To tftese, Lee and Parsons (1968) have added a further three reasons:

iv) it cannot predict the rate of response to selection, especially

once an accelerated. r:esponse to selection or a plateau has

occurred;

v) it cannot predict the nature of correlated responses ín general

(including reproductive fitness mentioned above) ;

vi) it is usually based on an underlying genetic architecture of

a large number of genes all acting additively, which frequently

does not exist.
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Together, these six probtems provide a fair summary of the present state

of quantitative genetics. It should however be appreciated that quan-

titative genetics, even wittr its weaknesses, still remains the only

effective theory to describe the inheritance of continuous variation.

In fact, its short term preàictions (up to five generations) are found

to be of worthwhile assistance to the breeder (Piper, L97L'). The problems

as listed above tend to belittte the important contributiorrs made by

investigators such as Robertson (1961 and 1970) on the theory of límits.

(Robertson showed that the expected limit under selectic¡n v¡as proportional-

to N1, where N is the effective population size and i is the selection

differential in stand.ard deviations. In particular, the half life of

the response would be less than 1.4N generations, given ttrat the additive

model was applicable. If, however, recessive genes were favouredr the

half life could. approach 2N. Ihe investigation also considered the role

of linkage and although the conclusions are not unexPected the justification

of them, by Robertson, is of great significance.

In the following chapters I will consider particular biometrical

techniques with reference to how they can be applied, first to explain

the effect of artificial selection on continuous variation and secondly

to assist the breeder in attaining his aims. The Roseworthy F1eece

Selection Experiment witl be simultaneously investigated to demonstrate

tJ:e techniques. This experirn:nt, carried out between 1954 and 1965' \^Ias

designed to compare two methods of ram selection:

i) selection by visual appraisal only;

ii) selection by clean fleece weight following a prelirninary

"visual appraisal.

These two methods r.¿ere called the "Visual" a¡rd "Index" methods respectively.

Basically ttrey provide a comparison of subjective stud practices with

objective fleece measurement- with particular reference to clean fleece

weight. Mayo, Potter, Brady and Hooper (L969) have previously used mainly
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univariate statistics to analyse the data. However, their analyses

left certain aspects of the data untouched. (e.9. genetical parameters

and rmrltívariate nethods) .

The present investigation has been divided into six sections. The

first of these extends the previous analyses of Mayo' Potter, Brady and

Hooper (1969). Separate analyses are provided for "single raised" and

"twin raj sed" progeny whereas the previous authors pooled all data. The

two ftocl<s are compared using both parametric and non-parametric tests

for two independent samples.

Genetic parameters are presented in the second section (i.e. heriÈ=

ability, genetic, environmental and phenotypíc correlations.

Thirdly, Hotelling's T2 is demonstrated to provide an effective

method of comparing two populations when several varial¡Ies have been

measured.

'An improved algorithm for Fisher's exact test for R x C contingency

tables follows; it is applied to categorical fertility data. This test

is especially valuable when the R x C tal:Ie conùains several cells with

expected frequencies less than five.

Section five compares methods for choosing the "best subset" of

linear varial¡Ies. This approach provides a means of choosing from amongst

a set of variables those which relate most closely to the breederrs interests.

Lastly, rethods for the detection of major genes affecting quantit-

ative traits are investigated usj.ng computer simulation.



15

I - DESIGN OF ROSEI,TORTIIY EXPE RIMENT AND SUMMARY STATISÎICS

INTRODUCTION

In this first chapter the Roseworthy CoIIege clean fleece weight

selection experinu:nt is introduced. Univariate statistics are presented

to enable a prelirninary evaluation of the e>çeriment. In later chapters

t1.e data will be further investigated using alternative tecluriques.

As stated earlier the experiment was designed to compare two

methods of ram selection for íncreased wool production in Merino sheep.

The methods were:

i) selection of rams on the basis of visual appraisal (the I'Visual"

method) ;

ii) prelirninary culting of 7Oe. of rams on visual appraisal before

final assessment on clean fleece weight (the "Index" method.).

The reasons for the choice of these t\nlo methods is given by Schinckel

(1955). (AIf replacement ewes were chosen by visual appraisal. ) Having

observed that the annual increase in fleece weight for Australian sheep

had decreased considerably between I93O and 1950 Schinckel suggested the

most likely e:çlanation was the combined effects of (i) stabilization

of livestock ma¡agement an¿l (ii) reduction of response to commercial

selection. As the heritability of clean fleece weight was as high as

'0.4 Schinckel further proposed that other meEhods may increase the rate

of response. Initially, it was consid.ered that selectj.on on the basis

of an index derived from econonically important characters would be

optimat. (Suggested characters \¡tere fleece weight, body síze, stapJ-e

length, quality, yiel.d and absence of undesirable faultsr e.9. malformed

jaws, faulty hocks, excessive skin development.) Ho'"'/ever, Schinckel

subsequently chose to use method (ii) d.escribed above which is sinilar

to the "half classj.ng" method described by Morley (1955). The name

"Index" has been retained although lJre original index of economíc char-



16

acters has not been used.. Thus, the two nethods were designed to

compare corunercial visual appraisal with partial selection for clean

fleece weight. I¡Ihile this comparison was provideil by the design, its

interpretation \^¡as greatly complicated by tJ:e fact of seasonal variation.

A random bred control flock would. have done much to overcome this

problern although its inclusion would have introduced problens of iÈs

cr$rn (i.e. inbreeding effects if present will be confounded with temp-

oral effects). Also, tÌ¡is third flock was not included in the exper-

inrent as it would have greatly increased manageÍent problems and

depleted the available resources. While the presence of seasonal

variation will be seen later to complicate the drawing of conclusions

on the long term trends of the two methods, the experiment still provides

worthwhile comparison between the two methods as proposed by Schinckel.

Sinr-ilar selection experiments on Merinos have been carried out by

tJre New South Wales Department of Agriculture (Dun,1958; Pattie,1965;

Robards and Pattie, L967; Saville and Robarð,s, L972; Robards, Williams

and Hr:nt, 1974; Pattie and Barlow, 1974; Barlow, L974) and the CSIRO

Division of Animal Genetics (turner, 1958; furner, Dolling and Kennedy,

1969; Brown and lurner, 1968; Turner, Brooker and Dolling, 1970; Turner,

McKay and Guinane, L972; Jackson, Nay and Turner, L975). In both of

these organisations more than one selection experiment has been carried

out concurrently.

IVo selection experiments have been investigateil by CSIRO. Turner'

Dolling and Kennedy (1968) clescribe the response oJ:served between 1950

and 1964 in wool and body characte::istics for the following three sel-

ection groups:

i) S - Selection for high clean wool weight rejecting for high

fibre diameter and high wrinkle score. During 1950-59 the

selection criteria included the performance of ram's half-sibs

but from L96L-64, mass selection was practiced.
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ii) MS - Mass selection for high clean wool weight rejecting

for high fibre diameter a¡rd wrinkle score for: the years

1950-59. During the later years of the experiment (196r-64)

low crimp number replaced high fibre diameter as a criterion

for rejection.

iii) C - Random bred controJ- group.

During the perio¿l I95O-59 response in clean fleece weight was sirnilar

in t¡1e S and MS groups. This suggests that- examination of half sibs

has contributed littte to the selection differential, as would be

e>çected fromthe relatively large heritability for clea¡ fleece weight.

Fibre number per unit area was found to make the greatest contribution

to the íncrease in fleece weight but greasy wool weight, percentage

clean yie1d, body weight and staple length e>d:ibited smaller increases.

No further response was observed during 196I-64 which led Turner,

Dolling and Kennedy to conclude, "It is impossible to say at this stage

whether a selection plateau has been reached or whether drought conditions

ínterfered with response. "

In tlte second CSIRO selection experiment, sixteen sma1l flocks have

been maintained to allow selection for high and low values of eight

single characters (clean wool weight, clean wool weight per unit skin

area, body weight, wrinkle score, fíbre number per r:nit skin area, fibre

diameter, staple length and percentage clea¡ yield). Divergence of the

character under selection v¡as observed for all eight individual charac-

ters although for long staple and low fibre number there was only

initial response. Response ulas seldom symmetrical a¡rd correlated

characters responded as expected. When interpreting these results it

should be noted that the annual group sizes were small (í.e. one or two

rams wit]: 30-50 ewes).
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The Nev¡ South Wales Department of Agriculture has used th7o-way

selection to investigate four characters (clean wool weight' crimps per

inch, \^reaner body weight and wrinkle score) . All four experiments

commenced in 1951 but the crimps per inch, weaner body weight and wrinl<le

score prograrìs were terrninated ín 1972. Flock sizes were larger than

used for the similar CSIRO experiments - i.e. 100 ewes mated to 5 rams.

A rand.omly selected control flock of 100 ewes and 10-25 rams v¡as main-

tained for comparison. For clean fleece weight Pattie and Barlow (T9741

report that the flock selected for increased fleece weight ( the 'fleece

plus' flock) increased initially in the first two generations by approx-

imately one standard. deviation but littte further response was observed

in the subsequent three generations. In comparison, the rfleece ¡ninusl

ftock decreased almost linearly over the 5 generations with an overall

realized heritability of O.44 for ewes and 0.38 for rans. Barlow (L974)

concludes that, "Most of the response in W [clean fleece weightl in the

rfleece plus' flock arose through increases in fibre density, fibre

dianreter and staple length. Stap1e length was the major cornponent

associated with the response in W in the Eleece rtinus' fIock." Robards

and PaLtie (1967) reported simitar divergence between the'crímps plus'

and 'crimps rninus' flocks. Grea.ter response was observed in the 'crimps

plus' tl¡an tJ'-e 'crimps rninus' flock. The 'crimps minusr flock was

observed to e><hibit greater clean fleece weight than the random bred

control which is to be expected from the high negative correlation between

these two characters. For weaner body weight Pattie (1965) reports that

divergence occurred in ewes but was less obvious for rams.

From this sunmary of fleece selection experiments in the Australian

Merino it can be seen that the Roseworthy experiment, although obviousJ-y

related to the other experiments, provides the only direct comparison be-

tween "conventional stud" practices using visual appraisal and "improved

stud" practices based on partial selectj-on for clean fleece weight. It
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should also be noted that whereas the CSIRO and, N.S.W. Department of

Agriculture experiments apply to the med.ium-h7oo] Peppin strain the

Roseworthy experiment relates to the South Australia¡¡ strong-wool

"Bulgareet' strain of Merino.

MÀTERTÂI,S ÀND I\ÍETHODS

Mayo, Potter, Brady and Hooper (1969) have more than adequately

summarized the e:çerimental procedures therefore the following will be

linjted to a brief summary of important points with specific re^'erences

to differences in method of analysis, from these previous authors.

( a) Selection methods

During the years 1954 to 1965 inclusive two flocks of approximately

2OO ewes were maintained at Roseworthy Agricultural Col1ege. AII ewe

replacerents were selected visually from progeny born within the res-

pective flocJ<s. Each year Seven rams, six "two-tooth" plus one "four-

tooth" ram from the previous year's rams, were joined to each flock.

All progeny $¡ere classed by vísual appraisal at approximately 15 months

of age. The four grades were: reserves, studs, flocks a¡d culls.

Six reserve rans were then chosen from the "vis¡al" progeny and these,

along \^7ith one ram from the previous mating, were then joined v¡ith the

"Visual" flock. Sinilar1y, six plus one rams \dere selected and joined

to the "Index" ftock but in this case 7Oe" of the ava-ilable hogget rams

were culled on visual grounds before selecting six on clean fleece weight.

(b) Analysis

The fotlowing fifteen quantitative characters have been considered

in tJ:e present work (except where otherwise stated the character was

measured at hogget shearing, i.e. t5-16 months of age):

1. date of birth - expressed. as number of days from ttre lst

of January of the particular year (recorded at birth);



20.

2. birth weight of lamb in kgs (record,ed at birth) ;

3. weaner body weight in kgs (recorded. at approximately four

months of age);

4. hogget body weight in kgs

5. lanrb fleece weight in kgs (recorded at approximately four

months of age);

6. greasy fleece weight in kgs;

7. percentage yield;

8. clean scoured fleece weight in kgs;

9. nean staple length in cm;

IO. crinqrs per inch (or per 2.54 cm) ì

1I. mean fibre diameter in rruicrons;

l,2. coefficient of variation of fibre diameter;

13. primary follicle number per square cm;

secondary follicle number per square cmi

skin thickness in cm (this variable was only recorded for

the years 1958 to 1965 inclusive).

t4

Characters I to 14 were recorded for all progeny born in the years

1954 to 1965 while skin thickness was only measured from 1958 onwards.

All progeny records with one or more variables absent have been ignored

in the analysis. Although this results in a slight loss of information

it removes the added conplication of estimating missing values in the

multivariate methods of later chapters. AJ.l data have been partitioned

on year of birth, flock type, sex and birth type. Simple descriptive

statistics are presented, for each group. In particular, the coeffícients

of skewness and kurtosis are presented to identify any deviations from

normality. The coefficient of skewness is estimated by the statistic gy

given by the divj.sion of the third central- moment by the cube of the

standard deviation, .

15
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(Both these sta¡rdard errors are approximations but their accuracy is

considered more than sufficient for the present circumstances.)

paranetric significance tests are applied to compare between flocks-

Firstly variances are compared using the simple variance ratio test.

The corresponding means are then compared using student's t-test for

índependent samples. This second test has been applied irrespective

of the outcome of the fírst. Obviously the t-test is invalid if the

variances are heterogeneous, however, the outcome of the t-test has

been presented to demonstrate the behaviour of this statistic under

such circumstances. Although in other fields one may be solely inter-

ested in comparing neans, in quantitative genetics it is also important

to identify differences between variances.

n
v(yni=I
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In comparison, a non-pararetric test, the Kolrnogorov-smirnov

two-sample statistic, has been applied to estal¡lish whether the two

samples differ in central tendency. This test would give more accurate

comparison than the parametric t-test if one or both of the samples coll-

cerned were distributed non-normally or if the variances were hetero-

geneous. Hoh¡ever, it should be appreciated that the use of similar

tests on the same data will incre¿rse the probability of rejection.

The present study has used this approach for comparative reasons only

and it should not be interpreted as recommend,ing in any v¡ay such rep-

etitive use of statistics.

RESULTS

Tab1e I-l parts (1) to (I5) Iist the basic statistícs for progeny

raised as singles where parts (1) to (15) correspond to the 15 variables

listed previously. The data have been partitioned into the four classes

given by sex and ftock type for the 12 years from 1954 to 1965. The

corresponding information has been includ.ed for dams born between 1949

and 1953 and used in tJle early years of the experinent. Table I-2

parts (1) to (15) give sirnilar details for progeny born and raised. as

twins. Clearly the tables contain an irnmense anount of information of

fundamentar irçortance. The present summariz can do littre more than

highlight a few of the more important aspects. (In later chapters

better techniques will be used to extract further details from tLre data. )

First we note that twin progeny differ from singles for many of the

variables. In particular, for clean fleece weight of twíns we see that

the mean performance can be as much as 0.5 kg less tha¡r for singles.

CIearIy any selection which ignores this aspect may lead to reduction

in fecundity. These differences are largest for variables measured at

birth (e.g. birth weight approximately 17e" reduction) or early in the life

of the lanrl¡ (e.g. weaner body weight anct lamb fleece weight approximately
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12% and 20% reduction respectively), while at 18 months many variables

show either small or negligible differences (i.e. for greasy fleece

weight, clean fleece weight and skin thickness singles have higher

mean values than twins, whi-l-e the opposite occurs for crimps per inch

and primary follicle number). No attempt has been made to use statist-

ical tests to compare between singles and twins as this is not of prime

importance to the study. To do so would only expand further the large

number of tables to be included in this thesis and. establish whai. is

obvious for most of the variables. (Tables I-1 and 1-2 contain all the

information necessary to calculate the appropriate parametric tests if

desired. )

Tables I-3 parbs (t) to (15) and I-4 parts (1) to (15) summarise

the results of both parametric and non-parametric two sample tests'

comparing data sets from the Index and Visual flocks. Vùhen interpreting

such daÈa one must renrember that cha¡¡ce alone can result in the rejection

ofthenull hypothesis when it is in fact true (i.e. error type I). Thus,

if we choose a 5 percent significance level (o,) then we can expect 5

percent of our tests to exhibit significance due to chance alotre.

This, combined with ttre large seasonal effects, greatly weakens one's

ability to distínguish any diverçfence bet¡¡¡een the flocks over the twelve

years. Tab]e I-5 initicates the number of significant results (when

a = 0.05) for the fifteen variables. Thus the variance ratio test, the

t-test ar¡d the Kolmogorov-Smirnov test, are significant on 12.5%' 24.42

and IB.1% of occasions respectively. More detailed comparison of the

t-test a¡d the Kolmogorov-Srn-irnov test demonstrates that they give con-

sistent results with the latter test leading to rejection on fewer occas-

ions. As the parametric t-test assurres the data are dístributed normally

wíth egual variances it is to be expected that it will lead to more

frequent rejection when these assumptions hold (as indícated by the values
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of skewness and kurtosis in Ta-bl-es I-l and f-2) . Siegel (1956)

describes the relative al¡ility of the non-parametric test to reject

the nul1 hypothesis, given that the data are distributed normally,

as the "power-efficiency" of the particular test. He concludes that

the Kotmogorov-Srnirnov test, when compared to the t-test, has a I'power-

efficiency" of near 96% for small samples and this decreases slightly

as sample size increases. From Ta-þ1e I-5 we observe, ignoring the

variance ratio test, that the Kolmogorov-Smirnov test leads to rejection

on 123 occasíons \¡/hereas the t-test does so on 163 occasions. Tlris

would suggest a "power-efficiency" of '15%. However, if the t-tests

are restricted to exclude cases where a significanL variance ratio has

been observed, the þower-efficiency" increases to 90e". It is not clear

whether Siegel considered the variance ratio test when calculating his

"power-efficiency". Also it should be remembered that he macle his cal-

culations on simulated d.ata whích had been designed. to satisfy the assum-

ptions of the t-test. Clearly the present data support the view that

this non-parametric test provides quite a valuable alternative to the

more wíde]y used t-test. However, as its calculatíon is slightly more

complicated, for all but small samples, its use may be conditional on

t}re availability of a computer or programmable calculator. In con-

clusion, as the Kolmogorov-Srnirnov test makes far fewer assumptions

about the data and. since it tests the equality of the distributions of

the two samples, it provides quite a valuable univariate test. This

is particularly so in the present application to quantitative genetics

where one is interested in identifying any differences in the two dis-

tributions and not just the means or variances of normal distributions.

So far I have mainly considered the relative performance of the

three tests without any reference to the behav-iour of particular var-

iates over the twelve years of the trial. As previously stated, Mayo,

'l
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Potter, Brady and ÈIooper (1969) have considered this latter aspect'

Hol^tever, their approach ùiffered in several aspects from rnine:

i) tJ:ey did not separate progeny on birth type;

ii) the following additional variates are considered here:

(a) date of birth,

(b) weaner bodY weight'

(c) lamb fleece weíght,

(d) yield percentage,

(e) coefficient of variation of fibre diameter,

(f) skin thickness.

(The inclusion of these variates allows a more complete assess-

ment of the two flocks. Although weaner body weight, Iamb

fleece weight and coefficient of variation of fibre diameter

may be considered slightly less ímportant variates tJ-e remaining

three - date of birth, yield percentage and skin thickness - are

of importance to the sheep breeder-)

iii) primary follicle number and seconclary follicle nu¡nber have

been considered individually and not as a combined total.

Since the number of primary follic1es is much less tJ- an the

nlnùler of secondary follicles this separation contributes

worthwhíIe information particularly on the former variate.

iv) The following ailditional statistics have been calculated:

coefficient of skewness, coefficient of kurtosis, variance ratio

test and the Kolmogorov-Snr-irnov test.

From the above it can be seen ttrat the present analysis follows closely

the previous work. Iloweverrit has been represented here to provide a

more detailed summary which can then be referred to in later chapters.

In Figure I-l parts (1) to (14) and Figure T-2 parts (1) to (I4)the ruean

values from Tables I-1 and I-2 have been plotted. This enables identif-

ication of trends over time between the two flocks.

ill
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Firstly, from Table I-1(8) and Figure I-1(8), we see that for

both sexes, clean fleece weight (for single born progeny) has diverged

with the Index progeny significantly exceeding the Visual progeny during

most years of the experiment. For this variable, and indeed for most

of the variables, it can be seen that variation between seasons is large.

(No attempt has been made to remove this variation as it is the author's

belief that such techniques often lead to problems in their own right'

i.e. genotype x environment interactions often prove exceptionally diff-

icutt to identify and r¡r¡derstand.)

The 1954 male progeny means appear to be abnormally high when com-

pared to the rest of the data. No explanation could. be found for this

discrepancy and it can only be concluded that some unknown aspect of

the environment was highly favourable for the male progeny during the

first year of this triat. If this was an intentional factor of manage-

ment, it may have been because it was considered advantageous to select

animals in a favourable environment. I^Ihatever the reason this biased

treatment of male progeny was discontinued during the period from 1955

to 1965. However, as the mean clean fleece weight of males was always

less than the 1954 value this greatly detracts from the experiment. The

mean values for dams born in years preceding 1954 further support the

view that the 1954 males were abnormal. A similar pattern can be seen

for the clean fleece weight of progeny born and raised as twins although

there is obviously greater variation in the means due to the smaller

numbers in the groups.

For date of birth we observe that the varialce ratio is frequently

significant (i.e. 17 occasions out of 461. Neither flock is solely

responsible for this rejection al-though the variance of the Index flock

tends to be larger for the later years of the trial. It would be

expected that these larger variances resul-ted from poor ram performance

.1
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at mating. Mean daÈe of birth similarly fluctuates between the two

flocks over the seasons. In particular, mean date of birth for the

Ind.ex flock is much later during J-965 (approximately 10 days). Closer

inspection of Tables I-I(t) and I-2(1) indicates that botÌ¡ flocks began

lambing at about the same time but the lambing of the fndex flock

extended over a greater period of time. Mayo, Potter, Brady and

Hooper (1969) have reported that lambing percentage of the Index flock

was markedly lower in 1965. This suggests that problems occurred at

joining in the Index flock. However, from the available information it

is impossible to determine whetler this is related to the selection method

or is simply d.ue to chance. Therefore, írrespective of the reason for

this disparity in d.ate of birth between the flocks in 1965, it should be

remembered that its presence may result in anomalous behaviour in the

other variates measu:led subsequently on these animals.

For birth weight and weaner body weight the two flocks behave sim-

ilarly. Males outweigh females and singles outweigh twins but within

sex by birth type groups no consistent trends can be identified between

the flocks. As one would expect, maternal buffering results in birth

weight showing far less variation from season to season. Ho$Iever, in

all progeny groups birth weight appears to decrease initially to 1957

then slow1y recover with a final íncrease in 1965.

Vfeaner body weight in comparison shows much more marked variatíon

between seasons. Interestingly, the fluctuations fo:r this character

are sinútar to those observed. for date of birth particularly during

t.J:e years 1956 to 1960 inclusive. During the foliowing growth period

to hogget body weight differences between sexes are further accentuated

while the oppos-ite is true between birth types. Flocks are sirnilar

initially with the Visua1 flock outweighing the Index flocl< over the

latter stages of the tríal. From the frequency of significant differ-
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ences it can be seen that this d.ifference in weight is larger within

female than male progeny. It would be rather foolish to attempt to

explain this in terns of the selecÈion practiced and it should be

repeated that the two selection methods differed only in the method

of ram replacement with the ewes of both flocks being chosen on visual

appraisal.

No consistent differences can be seen between ttre two flocks for

the fleece weight of lambs. Even sex differences are non-existent at

this early stage. However, the usttal differences due to birth type

and seasonal fluctuations are quite apparent.

As would be expected, the pattern for greasy fleece weight closely

resembles clea¡r fleece weight, which has been described earlier.

While males have greater clean fleece weight than females this differ-

ence is larger for greasy fleece weight. This chalge arises as the

percentage yietd of males is generally lower than females. Within

each sex, Index progeny have higher greasy fleece weights than Visual

progeny but the divergence between these flocks is less obvious for this

variate than for clean fleece weight. Again, percentage yield provides

the link as it can be seen tltat it is signficantly higher for Index

progeny for most years from 1957 onwards. fhus, partial selection for

cle:an fleece weight has resulted in greater clean fleece weights in the

fndex flock than the Visual flock and there has been an opposing change

in the level of contamination which together result in less marked

changes in greasy fleece weight. The results suggest that the rate of

response in male progeny is greater than for female progeny within both

flocks, but this has not been established statistically. Even if this

sex by genotype interaction had been proven it would still remain unclear

whether this was clue to sex-Iinked genes (see Be-ilTtarz, 1963;. and. Jarres,

1973) or simply a scale effect associated wit.h the greater fleece weight

of ma1es.
I
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T¿¡lcle f -3 (9) ind.icates that the Index progeny have significarrtly

greater staple length than the Visual progeny. Thís significance

occurs comparatively early in tJre experiment (i.e. 1955 for the single

females and 1956 for the coïresponding males). Howeverr while the

male progeny continue to exhibit signifícant differences ' the females

in comparison fail to show sinrilar d.ifferences from 1962 onwards.

lÍhe graphical presentation for this variable suffers from two

problems:

i) the two sexes overlap - i.e. the females initially (1955 and

1956) have longer staples than males from the same flock,

but by the end of the experiment this has been reversed.

ii) There is a remarkable change in mean staple length for all

groups during 1962. VÍhy this season should differ so markedly

from the others is unclear. Also it is interesting to note

that apart from fleece weight (clean and. greasy) no other

variables show anlrurhere near the discontinuity observed. for

staple length during L962. Further, the clean fleece weight

is no greater than observed. in other years. AIl this suggests

that the 1962 season differed from other seasons in some manner

which specifically affected staple length (and therefore fleece

weight) but other variables were unaffected. The simplest

e>çlanation would be that the sheep were either shorn early

at tamb shearing or late at hogget shearing or both-

For the variate crimps per inch, we observe that the mean for the

Index flock becomes significantly tess tha¡r for the Visua1 flock. Although

the difference occurs for both sexes i-t becomes sì-gnificar¡t earlier in

the females (1955) tha¡r the males (1959). There appears to be a decrease

in crimp number over tirre t¡ut the 1954 a¡rcl 1955 means compl.icate this

conclusion.
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Comparison of the plots for hogget body weight and crimps per inch

suggests that these two variates are negatively correlated over the

12 years of the experiment. This relationship is of fr:rther interest

when we-look at fibre diameter as this variate behaves sirniIarly to

hogget body weight. Like the other variates, fibre cliameter is freq-

uently but not always significant, however, the direction of the diff-

eïence between flocks is inconsistent over the 12 years. This would

suggest that genetic differences have developed between the t¡vo flocks

but unlike the differences for the other variates this character shows

complex interactions witJ. the environment. Mea¡r coefficient of var-

iation of fibre diameter is similar to mean fibre diameter in that it

shows both posit-ive and negative differences between the fndex and

Visual flocks but its pattern over the 12 years is almost opposite.

Thus, we have body weight and fibre diameter on one hand and crimps

per inch and coefficient of variation of fibre diameter on the other.

Primary foll-icle number and secondary follicle number can also be included

in the latter group. AIso, the fluctuations in clean fleece weight and

birth weight bear some resemblance to the former group of fibre diameter

and hogget body weight. It should be recognised that this division of

variates into those which either respond positively or negatively to

seasonal cond.itions is based on purely subjective assessment of the

graphs presented. However, the observation, although speculative,

illustrates the large effect of seasonal conditions over the twelve years

of the experiment. Thus, when the individual variates are considered.,

the two groups seem reasonable from a biological point of view. That

is, clean fleece weight, birth weight, hogget body weight and fil¡re

diameter respond positively during good seasons whereas crimps per inch,

coefficient of variation of fibre diameter, prirnary follicle number and

secondary follicle number are comparatively larger in poorer seasons.
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(Note that as follicle ntrnibez's are expressed on a per square cm basis,

this suggests tirat the main effect of seasons is on total surface area

of the animals.)

For prímary follicle number there is no consistent divergence

between the two flocks (i.e. of the five significant t-tests three

occur for the male progeny in the first three years). In comparison,

secondary follicle nrunber appears more favoured by the fndex than by

the Visual selection method.

As skin thickness was not measured, during 1954 to 1957 inclusive,

it is diffícult to assess how the two selection methods have affected

this variate. However, in all cases of significance (as determined

by the t-test), the Index flock has greater skín thickness than the

Visual flock.

!{hile tables I-1 and I-2 list. tfie values of skewness and kurtosis,

along with their respective standard errors, these statistics will not

be consídered in detail- until Chapter VI of this thesis. At this stage,

it need only be noted that there was no variate for which the lack of

normality was consistent enough to require a transformatíon.

Clearly the present investigations could have been continued

further, however, as the main aim of this chapter is to provide a suflìmary

of the Roseworthy Experlnent, using univariaÈe statistics, no further

tests will be applied. Mayo, Potter, Brady and. Hooper (1969) have

presented regression coefficients of the difference between the Index

and Visual. flock Íeans to establish whether the flocks diverged. While

this led them to similar conclusions as the present analysis, the use ofthe

regression coefficient overlooks any non-linearity in the divergence,

which can be seen from the f-igures to often be present.

Although the interpretation of these figures remains subjectíve

it was felt that this was tJ:te best way to present the data.
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SUMMARY

The aim of this chapter has been to use simple statistícal tech-

niques to enable an introductory evaluation of the twelve years of

selection. ft was neither desired nor expected that this approach

would. resolve all the questions of interest to the breeder. (the

data will be considered ín greater detail in 1ater chapÈers. )

For comparative progress, both parametric and non-parametric tests

have been used. This comparison i.llustrates that the Kolmogorov-

Snr-irnov test can make a valuable contribution to quantitati.ve genetics

particularly as it tests for any difference in distribution (i.e. it is

not constrained to the me¿u1s and variances of normal distrih'utions).

Comparisons between the two selection techniques over the 12 years

of the experiment enable the fifteen variates to be divided into the

following four general groups:

i) No consistent differences between the two flocks

- date of birth, birth weight, weaner

body weight, lamb fleece weight and

primary foll-icle number.

ii) Index flock consistently greater than Visua1 flock

- greasy fleece weight, percentage yie1d.

clean fleece weight, staple length'

secondary follicle nurùcer and skin thickness.

iii) Index flock consistently less than Visual flock

'hogget body weight and crimps per inch.

iv) Fluctuatj-ng differences between flocks

- fibre diameter and coefficient of variation

of fíbre dianreter.

The investigatíon also highlights the effect of seasonal variation over

the 12 years.



TABLE I-I (1) Basic statistics for date of birth (where $1 and 92 are Fisher's
coefficients of skewness and kr¡rtosis respectively) ' The data
applies only to tJae progeny born and raised as singles and has

bããn partitioned by sex and ftock type. (The corresPonding infor-
mation is included for the dams born from 1949 to L953 inclusive,
and used in the initial yeals of the e>qreriment.)

MALE PROGENY OF INDEX FLOCK

Yeara I Min. Max Mean vCliqnse S.E. (Mean) gt t S 'E' gz ! S 'E

1954
19 55
1956
L957
195 I
1959
1960
1961
]-962
1963
1964
r965

7).
'lL
66
56

r11
106
108
107
tr6
II4
II9
110
110
r09
113
114

r46
r36
I42
t51
158
t51
159
r50
L44
145
r46
171

67

]-20.99
118 .06
T2T.T'7
117 .88
r27 .70
r24.45
t36.81
r24.63
r22.54
121.56
123.88
L37 .96

r20.94
119. 33
r20.L7
115 . r3
128.95
L22.30
r30 .80
r20.99
r2r.54
r2r.32
r23.64
L26.3r

121.33
118. 34
119.63
117.58
r25.91
L26.46
r35 .99
123.10
124.99
r20.77
L22.34
r32.7 3

I20.65
1r7.60
tr8 .94
114.03
128.33
r24.03
r31.95
120 .48
L2L.3'l
L22.L3
125.03
L24.66

44.2r4L
32.1682
79.9872
90.6568
19.rA23
54.l-95'7
9A.4302
82.0919
60.3234
73.488r
43.7325

243.rO92

26.L572
62.762L
59.2l-79
47 .0067

1r7 .5550
46 .0398
87 .r749
58. 9581
72.O370
85.6616
30.0516
99.1384

55.6316
51.539r
7 4.A604
52.3379
55 .0815

t23.7 447
76.5242
73.I473
77 .1040
93.6113
3 8.0076

346.2027

.7891

.673r
1 .1009
I.2723
1.0871

.8558
r.2916
r.0829

.8684
1.0716

.7536
2.2949

.6444

.8913

.9472

.748L
r.3770

.8053
L.2477

.8987

.9206
L.LL42

.6697
r-1347

r.0057
.9117

r.2757
.8838
.9830

r. 3110
.9602

I .0r50
1. 0389
r.4755

.7L67
3 .0589

.7919
t. 03r0

.69S8

.72LO
I. 2I9T

.a7L2

.9I16

.8346

.8902
L.L424

.9254
r. 0507

.811.28

.84!.24

.69!.29
I.72! .32
L.2A!.29

.94!.24

.43t.3r

.36!.29

.55!.27
1.011 .30

.981.28

.511 . 35

.991.30
I.L4!.27

.87!.29
2 -63! .26
I.551 .30
I.091.28

.911 . 32

-.161.28
I.22! .26

.a3!.29

.o2!.29
L.t3!.27

.901 . 32

.72!.30

.81t .35
r.82!.29
I.r7!.32
2.7rt.24
.43!.26
.81r.28
.9'l!.24

r. 651 . 36
.801.28

1. 04r . 39

1. 331.28
1.261 .31
.96t.27

2.O4!.30
t. 34t . 3t

.881.28

.93i . 28

.851.26

.7 3! .27

.84t.29
r.o4!.29
r.37!.29

r.49!.56
r.o2! .56
_ .581 .58
2.9'l!.63
1.59É.58

.861 .55
-.51É .61
_.69! .57
_.44r.53

.57!.59
I .551 . 54
-.7y .69

y.72! .59
1.1at1 .53
_.03t.58
9.36! .52
2.39! .60
1.751.56

.29!.63
3.391 .56
L.29! .52
L.L2!.57
-.97t.58
1 .991 . 54

.501 .63

. 3Ol .60

.26!.69
3.42! .5A
1.161.62

1r. 391 . 56
_.35r.52

.191.56
1. 03t . 56
2.44!.7I

.341.55

.L2!.76

4. O51 .56
. 801 .62
.77!.54

4.44!.60
L.24!.6r

.401 . 55
1. O6t .56

.521 .51
-.o71.53

.651 .57
1. 34i.58
2 .101.57

74
59
70
80
64
76
46

MÄLE PROGENY OF VISUAL FLOCK

1954
1955
r956
1957,
1958
I959
1960
196l
L962
196 3

l-964
1965

63
79
66
84
62
7L
56
73
85
69
6'7

7?

III
108
1r0
t08
1r4
LI2
118

90
llo
r07
r14
rtl

138
148
14r
L52
l.62
r46
r55
r46
150
r54
r36
158

FEMALE PROGENY OF INDEX FT,OCK

1954
1955
1956
L957
1958
r959
1960
1961
]-962
196 3

L964
1965

LT2
106
10s
r09
116
1r4
L2I
1r1
113
tr0
II2
tr2

143
139
143
145
149
188
162
r49
156
153
r42
183

55
62
46
67
51
72
83
7I
72
43
74
37

FEMAÍ,E PROGENY OF VTSUAL FLOß

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
1964
1965

'1L

58
7A
62
60
75

86
82
70

107
109
108
106
r16
114
L20
110
108
105
1t4
114

150
141
140
136
158
148
159
L46
r41
t52
15r
157

103.83
1r7.53
LLA.76
r17 .9l
rr4.04

45.2028
61.6470
38.0867
32.2285
89. 1751
56.9182
60.6636
59.8995
64.9756
91. 3600
57.4233
77.2720

119.8917
96.3234
52 .5056

ro2.4273
54.7364

73

67
70

rN 1949,1 950,1951,I952 ,L953

L949
1950
1951
l-952
1953

40
58
88
93

104

86
103
104
r03
103

-.I01.73
r. 30t .62

.4J.1 .51

.76t.50
-46! -47

r34
148
137
r48
139

1. 7 313
1.2887

.7724
r.0495

.7255

.57!.37
1. r8r.31

.89r . 26
1.141 .25

.95!.24



TABLE I-I (2)

MALE PROGENY OF INDEX FLOCK

Basic statistics for birth weight in kgs (where gl and 92 ar.e Fisher's
coefficients of skewness a¡¡d, kurtosis respectively). The data applies
only to the progeny born and raised as singles and has been partitioned
by sex and flock type. (The corresponding information is included for
the dams born from 1949 to 1953 inclusive, and used in the initial years
of the e:<periment.)

Year

L954
1955
1956
1957
19.58

1959
1960
196 r
L962
1963
1964
1965

Min.

2.72
2.O4
2.27
1.59
a a1

1.36
2.72
t 1t
) 1)

2.'72
2.50
3.86

.4680

.5914

.5675

.5705

.564r

.8804

.464A

.5661

.4101

.52l-7

.4533

.2904

.5256

.5675

.5055

.4719
t1ttr

.5866

.3693

.5544

.5rl-7

.4548

.5818

.5r57

.46A2

.6084

.293r

.6135

.5400

.5105

.3964

.6029

.4267

.4454

.5216

.3339

.08t2

.0913

.0927

.1009

.0918

. IO9I

.0 888

.0899

.0 716

.090 3

.o772

.0795

.0913

.0848

.0875

.0750

.0 713

.0909

.0 812

.0871

.o776

.oar2

.0932

.0818

.0923

.0991

.0798

.0957

.0973

.o842

.069r

.o92I

.o7'lo

.1018

.0840

.0950

.0798

.o923

.0821

.o773

.o'196

.o928

.0756

.o737

.o874

.0804
.0672
.o737

gt 1 S.E.

-.37!.24
-.I7!.24
-.22t.29
-.97!.32

.oo!.29
-.28!.24
-.041.31

.o'7!.29

.L4!.2'7
- .04i . 30
- .43!.28

.08r.35

gz t S.E

- .2rt.56
.161 .56

-.521.58
1.r91.63
- .47!.54

.06r.55

.451.61
-.611.57

.011 .53
-.42!.59
-. ru .54
-.2a!.69

N

7I
7I
66
56
67
74
59
70
80
64
76
46

Max. Mean Variar¡ce S.E. (Mean)

5.90
5.90
5.44
5.22
5.67
6.r2
6.35
6.r2
5.90
5 .90
5.67
6.r2

4.48
4. 09
2 0t

3.9I
4.)-2
4.15
4.34
4 .37
4. 3C

4.31
4.43
5.01

MALE PROGENY OF VISUAL FLOCK

1954
1955
1956
l-957
1958
19 59
1960
196 1
l.962
1963
re64
1965

63
79
66
a4

7I
56

B5

69

5.6'7
5 .90
5.22
5.90
5.22
6.L2
5.90
5.90
6.r2
5.44
5 .90
6.r2

62

1a

67
'17

¿

)
1

2

2
)
)
2

z
)

2

11

50
81
21
1a

50
72
o4
50
o4
50
04

18

a7
o2
06
25
46
08
49
I9
4I
77

95
7A
60
69
92
94
99
00
09
03
16
58

o4
79
57
61
a7
95
7A
96
I9
05
29
48

4.
4.
2

4.
4.
4.
4.
4.
4.
4.
4.
4.

3.
3.

3.
3.
3.
4.
4,
4.
4,
4

-.29!.30
-.o2!.27
-.3At.29
- .29!.26
-. 351. 30
-.24!.24
-.34t.32
-.25!.24
-.2'7!.26
- .40!.29
-.rr!.29
-.83!.27

-. 00r . 32

-.19t. 30
.061 . 35

-.7A!.29
.10i . 32

-.27!.24
.r3t.26
.2I!.24
.00r.28
.391.36

- .26! -24
.07r . 39

.02!.24
-. 50t . 31
.o9!.27
.171. 30

- .07t - 3l
-.62!.24
-.501. 28
-.r4!.26
-.7I!.27

.12!.29
-.581.29

.111.29

-. oot. 59

-.511 .53
.24!.54
.39!.52

-.41r.60
- . 40r .56

.46!.63

.031.56

.l-9!.52

.20!.57
--40t.58
t.74!.54

FEMALE PROGENY OF INDEX FI.OCK

1954
19s5
1956
195'7
1958
1959
1960
1961
1962
1963
1964
1965

-.681.6 3

-. 281 .60
-. 35r .69

.431 .58
-.57!.62
-.46!.56
-.75!.52
-. 7lr .56
-.42!.56

.691.71
- -67!.55
-.15r.76

-.19r.56
-.20!.62
-. 31r . 54

. 30r .60
-.53r.6r
-.4tt .55

.411.56

.111.51

.821.53
-.341.57

. 391.58
-.57!.57

55
62
46
67
57
72
83
7L
72
43
74
37

.99

.22

.6'1

.44

.44

.44

.12

.67

.90

5

5
4
5

5

5

5

5

5
6
5

5

2

I

1

2

2

2

2

3

5
4

5
5
5

5
4
5
5

5
5

5

2

2

2

2

¿

I
I
2

1
2

3

50
81
50
36
72
o4
72
72
72
72
50
40

72
o4
04
04
72
8I
8l
27
59
50
50
40

44
22

67

FEMÄLE P OF VISU.èI

l-954
1955
]-956
L957
1958
1959
1960
1961
l-962
196 3

L964
1965

77
58
7A
62
60
75

90
99
44
22
22
22
99
67
67
44
44
90

4
3

3

3

3

3

3

3

4
4
4
4

.4526

.494L

.5256

.3?05

.3806

.6464

.4L70

.4667

.6264

.4527

.3026

.3797

73
86
a2
70
67
70

DAMS BORN IN 1e49. 1950, 1951,1952, 1953

l-949
1950
1951
1952
1953

2

2

2

I
t

72
04
04
59
8t

67
99

5

4
5

4

3

3

3

3

09
84
88
94
73

44

40
58
88
93

104
s.67
4.99

.3712

.3571

.5094

.4558

.4063

.0963

.0785

.076 1

.0700

.0625

.L2!.37
-.71r. 31

.001.26
-.101.25
- .47! .24

.28!.73

.831 .62
-.051 .51
.72!.50
.23!.4'7



TABI,E T-1 ( 3)

MAI;E PROGENY OF INDEX FLOCK

Year

L954
1955
1956
L957
1958
1959
1960
196r
L962
1963
].964
1965

N Min.

Basic statistics for weaner body weight in kgs (where gl and 92

are Fisher's coefficients of skewness and kurtosis respectivety) '
tfr. ¿"t" applies onl-y to the Progeny lcorn and raised as singles

una n"" beãn partiti-oned by sex and flock type' (The corresPon-

ai"g iirårr"t-ion is incru¿ãa for rhe da¡ns born from 1949 to 1953

inclusive, and used in the inÍtiat years of the e:çerinent')

25. 13
16.24
19.55
12.38
L7.96
14. 88
19. 37
19.55
22.36
19.96
23.95
23.77

39.10
4r.10
3A.92
27.53
35.52
37.10
4L.32
41.50
42.73
43.73
43.50
40.91

l.dean

30.68
32.73
2A.47
2L.54

variance
8. 1601

L7.4219
15.2953
LL.7692
14 .0 304
L4.3499
20.1048
2t.607L
18.6897
26.4454
18.1681
12.1985

TL.96L2
14. 3983
18. 1912
13.5915
15.056I

7 .L742
L7.9479
15. tr70
15.26rr
24.6432
22.8769
L7.2273

9.8872
9.73A7
9.246L
8.7 432

13 .4118
6.9243

L3.2366
8.3097
9.6023

r0.7586
12.0263
12.]-234

4.70r5
13.22L2

7.0091
6.2344

L2.5575
a.6442

L4.4905
Ll.9865

8.5194
t2.a23L
10 .1150
I .8597

S.¡. (ttlean)

.3390

.4954

.4AL4

.45e4

.4576

.4404

.5837

.5556

.4833
.6424
.4889
.5150

gt t S.E.

.7T.28
-.62! .28

.L2!.29
-.48! .32
- .4L+.29

.45!.24

.34r. 31

.06!.29

.o6!.27
-.601. 30

.29!.24

. 251. 35

gz J S.E

.7È .56
2.L2!.56

. 341 .58

.191.63
- .27t.58
L.26!.55
-.031.6I
_.SLt.57
_. II1. 53
-.06f.59
-.25!.54

. I0l .69

Max,

7L
7L
66
56
67
14
59
70
80
64
76
46

80
80
15
24

27
23
28
31.
30.
34.

85
80

5632
32.99

MÄT,E PROGENY OF VTSUA], FLOCK

L954
1955
1956
L957
1958
1959
r960
1961
1962
1963
L964
1965

63
'19

66
84
62

22.r4
22.54
19.14

56
'13

85
69
67
77

30.60
32.62
34. 39
32.94
33.25

9.98
17. 15
t7 .96
2L.55
17.15
23.95
2t.36
t5.24
22.54

7l

r7 .',18
22.54
L7.96
1r.57
10 .98
13.56
15.38
2L.L4
18.37
19.96
r8.37
L7 .74

33.34
38.5r
32.34
25.76
31.93
25.95
36.51
34.52
3r.93
35.1r
35 .34
33.93

30.59
33.77
28.66
22.32
27.45
24.O4
31.08

26.62
29.54
24.59
20.o4
25. tr
2L.49
25.24
27.70
26.42
2A.56
27.67
27 .45

.4357

.4269

.5250

.4022

.4924

.3180

.5661

.4551

.4237

.5976

.5843

.4730

.4240

.3963

.4443

.3612

.4851

.3102

.3993

.342L

.3652

.5002

.4031

.5724

.041. 30

-.L5!.27
-.031. 29

-.9L!.26
-.451.30

.06!.28
-.L2!.32
-.72!.28
.o2!.26
.70!.29

- .66t.29
-.2a!.27

-.2At.32
.3I!.30
.511.35

-.70!.29
-1.151.32
- .67 ! .24

.22!.26

.051.28
-.49!.24
-.34!.36
-.351.28
- .51r.39

-.34!.24
1.061.31
-.o2!.27

.441 . 30
-.37r.31
-.32!.24
-.48!.28
-.851.26

.o3!.27

.o3!.29
-.33!.29

-1.001.29

.61!.59

.961.53
_. IB!. 5g
¡.49t.52
-.22t.60
-.091.56
_.611.6 3

1 . ggt. 56
.O2!.52

2.tg!.57
1.751.58
_.2¡!.54

.13 1.63

. 34 J.60

. 13 1.69

.42!.58
2.66!.62

.531.56

.77 !.52

.L7 !.56
_ .3I r.56

.13 1.71

.27 !.Ss

.15 r. 26

-.011.56
3.69!.62
- . 16 1.54
1.23 1.60

. t5 t.6r
- . 32 1.55

.42 !.56
r .49 t. 51

-1.00 1.53
- .63 !.57
-.54 1.58
4.62 !.57

4L.32
45. 3r
39.92
29.35
34.93
30. 35
40. 51
39.92
43.73
53.98
43.32
41.9r

T"EMAIiE PROGENY OF INDEX FIOCK

1954
1955
1956
L957
I958
1959
1960
r961
]-962
1963
L964
1965

55
62
46
67
57
72
83
7t
72
43
74
37

FEM:ALE PROGENY OF VISUAL FLOCK

1954
1955
1956
L957
1958
1959
r960
1961
L962
1963
]-964
1965

19 .96
20.37
18.78
14.15
14 .56
L4.79
L4.56
15 .15
23.36
2L.77
20.77
L4.79

31.93
2A.L2
35. IT
33.52
34.11
37.r0
33.93
35.11

25.49
28.97
25.52
20.75
24.62
2r.72
25.42
26.96
28.64
2A.95
28.38
2A.25

.2573

.477 4

.2994

.3171

.4575

.3395

.4455
.3733
.3223
.4240
.3885
.3558

7I
58
7A
62
60
75

30. 35
43.9r
3r .34
2A.76

73
86
g2

70
67
70

DAT{S BORN IN T9 49,L95O, 1951,1952,1953

t949
1950
1951
L952
1953

L4.97
Lt.74
16.56
19.96
r8. 14

22.36
23.47
26.53
26.r4
26.65

a.0947
6.7022
7.7272
8.8784
9.0692

4499
3399
2963
3090
2953

40
58
88
93

104

-.30 173
-.72 !.62
r.11 1.51
-.02 t. 50
-.05 147

27.67
28.L2
34.1r
33.52
32.75

-.51r.37
-.24!.3L
-.5t!.26

. 191.25
- -54!.24



TABLE T-T ( 4)

MALE PROGENY OF INDEX FLOqK

Year

L954
1955
1956
L957
I958
1959
1960
r961
L962
1963
1964
1965

llin. l"lax. Mean variance

Basic statistics for hogget boily weight in kgs (where 9I T9 92 a"e

Fisherrs coefficients oi skewness and kurtosis respectivety)' llt¡e

data applies only to the progeny born and raised as singles and has

been partitioned by sex and ilock type ' (rt¡e corresponding infor-

mation is included for the da¡ns born fro¡n 1949 to 1953 inclusive'
and used in the initial years of the experiment')

7L
7T
66
56

90
32
5I

45
42
37
32
4I
45
52
4A

67

44.9L
52.7I
4'7 .90
52.4A

75.25
66.45
59.87
57. 88
66.95
66.04
'76.43
75.84
14.25
76.25
78.24
'13.66

63.10
54.99
48.63
47.37
54. 1l
56. 30
62.45
60.57
58.09
63.45
62.06
61.88

31. 1109
22.5e55
23.3549
30 .6169
22.'1325
2L.8763
29.6216
40.45L2
30.9983
33. 3755
34. r1l4
22.66A8

2't .240'7
28.5922
21.0049
21.54r3
26.6349
20.0331
33. 1923
44.l.6A7
3r.4724
26.4352
30.4814
32.6507

27.4070
15.5826
20.5396
16.0882
19.0433
r8.7776
15.3330
15.8966
18. 4675
16.17 44
34.7566
26 -2500

15. 3899
1r.4250
L8.6746
LL.2802
L2.8474
L2.3462
20.5430
26.6462
18. 1415
r8.3838
19.5368
20.4L25

Lr.4746
]!6.7359
16.0140
L5.2676
12.4303

s.n. (Mean)

.6620

.5640

.5949

.7394

.5825

.5437

.7086

.7602

.6225

.722L

.6 700

.7020

ar t S,E.

-.30 t2A
-.50 r.28

.o7 !.29
-. 51 r. 32

-.o2 !.29
.L5 !.28
.48 1. 31
.26 !.29

- .L3 !.27
.26 !.30

-.L4!.24
.32 !.35

gz t S.E.

.49!.56

.22!.56
-.131.58
.24!.63
. 331.58

-. 55 1. 55
-.06i.61
-.361.57
-.161.53
-.871.59

.10 1.54
-.361.69

-.23!.59
1.151.53
-. 20 r. 58
.r8!.52
.45r.60

-.28!.56
-.881.63
1 . 081. 56
L.43!.52
r.091.57

.161.58

.23!.54

3.73i.63
2.26!.60

.631.69
-.02!.58

.20!.62
2.L5!.56
-.331.52

.L2!.56

.42!.56

.19 t.7I
-.25 1.55

.31r.76

1 .5,9 1. 56
_.67 !.62
-.o4!.54
1.95 r.60
_. 92 r. 61
_. 96 l. s5
-.45 1.56
2.lQ¡!.51

-1.09 1.53
.33i.57
.r41.58

-.631.57

74
59
70
80
64
76
46

34
37
50
30
08

MALE P ROGENY OF VISUAL FLOCK

1954
1955
l9s6
L95'7
1958
1959
1960
1961
L962
196 3

L964
1965

63
79
66
84
62

49.05
47.80
53.43
57 .O7
64. 31
59 .40
60.36
64.06
64.20
62.53

7T

67
77

46.90
43. 80
39. 13
38.54
44.84
39. 16
39.A2
40.66
42.63

46.66
42.3L
39. 36
39.28
43.88
39.20
41.31
39.50
46.23
45. 95
47.O4
45. t8

50.71
39.92
38.51
35.52
4t.14
46.49
54. 30
39.51
4L.32
45.50
4A.22
48. 31

75.25
7r.67
60.69
58.47
6A.72
66.86
't7.25
73.84
72.5'l
73.A4
75.25
't1 .93

63.14
56. r7

.6576

.6016

.564L

.5064

.6554

.53l.2

.7699

.'77'19

.6085

.6 r90

.6145

.65].2

-. 15 t. 30
-.25 !.27

.L7 !.29
-.47 !.26

.24 !.30

.08 J.28

.2r !.32
- .7 4 !-28
- .7 4 !.26
-.54 !.29
-.24 !.29

.L5 L27

-L.2r !.32
.56 1. 30
.17 ! 35

-.22!.29
-.46!.32
-.91 1.28
-.43!.26

.25!.28
-.L4!.2A
-. 41 1. 36
- .37 !.24

.85 f. 39

56
73
85
69

FEI4AIE PROGENY OF INDEX FLOCK

1954
1955
1956
L957
1958
t_959
1960
1961
L962
196 3

L964
1965

26.r3
32.93
28.94
26.76
31. 75
22.36
29.35
32.52
30 .75
34.52
29.76
35.24

58.41
s8.47
52.O7
47.3L
53.52
47.72
47.31
5t. 7r
52.O7
53.48
54.48
56.47

45.77
44.24
42.95

.7059

.50I3

.6682

.4900

.5780

.5r07

.4294

.4732

.5065

.6r33

.6853

.a423

55
62
46
6'l
5'l
72
83
1I
72
43
74
37

FEMÄLE PROGENY OF VISUA], FLOCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
196 3

t964
1965

47.3L
52.e9
50.71
53.89
57.70
57.10
55.47

.4656

.4434

.4893

.4265

.4627

.4057

.5305

.5566

.4704

.5125

.5400

.5400

-.09 J.28
.07 t. 31

-.oL!.27
.35 1.30
.06 1. 31
.10 1.28
. I3 t.28

_ .97 t.26
-.LOt.27

.28!.29
_.19!.29

.25!.29

'tL
58
7A

60
75

33. 52
36. 1r
28.76
30.94
34.56
3r.93
29.94
18. 55
31 .42
35.92
35. 34
35.24

59.47
49.3L
51.89
50.30
52.75

62

73

6'1

70

86
82
'to

DAMS BORN rN 1949, 1950, I95 t, I95?rL9Þ_

L949
1950
1951
L952
1953

40
58
88
93

104

26.t3
31.53
30.53
28.94

34.58
41.1r
39.41
40.77
44.58

.5356

.5372

.4266

.4052

.3457

_.t4!.37
.06 t. 3r
.64!.26
.54!.25

-.28!.24

1.411.73
.79!.62
.82 1.51

2 .68 t. 50
-.33!.47

44.32
54.O7
51. 89
57.29
53.3036 .51



TABLE I-T(5) Basic statistics for tamb fleece weight in kgs (where 91 and g2 ate
Fisher's coefficients of skewness and kurtosis respectively). The

data applies only to the progeny born and raised as sinqles and has

Uee' pãititioned by sex and flock type. (the corresponding infor-
mation is included for the dams born from 1949 to 1953 inclusive'
and used in the initiat years of the experiment')

MALE PROGENY OF INDEX FLOCK

Year N

7t
7L
66
56
67
74
59
70
80

Min

r.00
1.04

.73

.50

.68

.64

.73

.68

.86

.73
1 .41
L.27

Max Mean variance S.E. (Mean

L.57
L -82

.89
L.26
L.20
r.24
t.38
r .39
2.25
2.35
2.08

r.52
1 .80
r.46

.97
1.28
L.23
r.46
r.37
r.42
2.26
2.30
2.22

.0550

.o754

.o976

.03r8

.0738

. 0719

.o765

.L202

.0689

. r846

.2024

.2r40

.057 I

.1085

.086r

. 0456

.0785

.0582

. r117

.0884

.0629

.114r

. I384
I22I

.0747

.1016

.0866

.o321

.1040

.o526

.0806

.0890

.0612

.0887

.L269

.1488

. 0436

. r003

.o492

. o398

.075r

.0512

.0978

.0886

.0495

.LO27

. Il94

.1I79

.o274

.0326

.0384

.0238

.0332

.o3L2

.0360

.o4L4

.o294

.0537

.05 16

.o6a2

.0303

.0371

.036r

.0233

.0356

.o28,6

.o447

.0348

.o272

.o407

.o454

.0398

.0 369

.0405

.o434

.o2L9

.o427

.o270

.o3L2

.0354

.0292

.o454

.o4L4

.0634

.024A

.0416

.0251

.0253

.0354

.026 r

.0366

. o32t

.0246

.0383

.0422

.04I0

gt t S.E.

.30r.28
-. 0It.28

.L2!.29
-.o5!.32

.60 +.29

.18+.28

.14 1. 31

.32!.29

.36 !.27
-. 11 1. 30

.44!.28

.13 t. 35

gz I S,E.

- .06t . 56
.651 . 56
.101 .58

_.21x .o3
.561 .58

-.47t.55
-.73!.6t
_. 30r.57

.101.53
L.72!.59

.76!.54
-.a4!.69

1954
t9 55
1956
L95'l
1958
1959
1960
r961
L962
196 3

L964
1965

64

t

2

I
2

I
I
2

2

3

3

3

1

2
2

I
I
T

2

2

2

3

3

3

t.46

l3
54
27
27
04
86
8I
27
l8
40
17
04

76
46

M.LLE PROGENY OF VISUAL FLOCK

19s4
19s5
r956
l-957
1958
1959
1960
I96I
1962
196 3

L964
196s

63
79
66
a4
62
7L
56
'13

85
69
67
77

.04

.?2

.27

.36

I
I

.95

.68

.63

08
04
08

.04

.09

.82

.27

.64

.68

.73

.42

.'77

.36

.45

.45

.I81.30

.o8!.27

.27 !.29
-.73!.26
-.34 r. 30

.26!.28

.49 !.32

.04!.28
-.24!.26

.05!.29
-.L6!.29
-.oe!.27

.L3!.32

.42!.30
- .21 r, 35

-. o3 l.29
-.52!.32

.2L!.24

.82!.26

.r9!.24

.43t.28
-.27 t.36

.64!.2A
_. 33 r. 39

-.59 1.59
-.061.53
-.12 t. 58
1.301.52
-.40r.60
-.50 !.56
L.62!.63
-.24!.56

.78!.52

.28!.57
-.52 r.58
-.28!.54

-.121.63
- . 31 1.60

. 19 r.69
-.061.58
-.L4!.62

.33 t.56
L.57 t.52
-.2A!.56
- .09 t.56
-.30 1.71

. 58 1.55

.7 3 !.76

18
18

1
I
I

FEMALE PROGENY OF INDEX FIOCK

L954
1955
1956
1957
1958
1959
1960
1961
L962
1963
L964
1965

55
62
46
67
57
72
83
7l
72
43
74
37

.91
L.27

.77

.54

.50

.73

.68

.77

.9I
1.4r
1.63
1. 09

.18

.72

.I3

.36

.91

.95

.36

.18

.o4

.68

.54

.99

2

2

2

1
I
1

2

2
2

2

3

2

.48

.83

.56

.93

.34

.22

.24

.41

.39

.08

.31

.05

49
74
46
97
2A
L7
32
40
4L
I3
19
T4

T

1

1

I
I
I
I
1

2

2

2

T

I
1

I
I
T
1
I
2

2
2

FE¡,Í.AIE PROGENY OF VISUAL FLOCK

L954
1955
1956
]-957
1958
1959
1960
196r
L962
r963
L964
1965

.a2
1.04

.95

.45

.64

.50

.54

.77
r. 00
L.4L
L.32
L.23

-.34t.2A
.13 i. 3I
.19!.27
.6,8 r. 30
.36 1.31

-.56!.24
-.311.28

.04t.26
-.04!.27
.o4!.29

-.L2!.29
.L4t.29

.25 !.56

.30 1.62
-.36, t.54
2. ft 1.60

.53f.61

.43 I 5s

.05 !56
-.20 l. 5r
-.7r i53
-.19 i 57

-.51i58
-.22 !.57

7L
58
7A
62
60

I,9I
2.50
1 .95
L.72
1. 95
r.68
2.O9
2.LA
1. 91
2.A6
2.81
2.46

75
73
86
82
70
67
70

DAMS BORN IN 1949, 1950,1951,1952 ,L953

1949
1950
1951
L952
1953

40
58
88
93

104

00
22
09
77

2
2

2
2
I

59 1
I
I
T

58
29
65
33

.1713

.048?

.0697

.o746

.0550

.0654

. 0290

.0282

.0283

.0230

- .o2!.7 3

.44!.62
-.57 t.5r
-.21 t.50

.o2!.47

.59

.86
r. 04

.77

.64 L.22

-.L2!.37
.41!.31

-.10 j.26
.27 !.25

-.45!.24



TABLE I-1(6)

MÀLE PROGENY OF INDEX FIOCK

Year

Basicstatisticsforhoggetgreasyfleeceweightinkgs(where91and92
are Fisherrs coefficients of skewness and kurtosis resPectively) ' lfhe

data applies only to tir" pt"gtny born ¿¡nd raised as singles and has been

partitioned by sex 
"rrã-rio"x 

tvp"' (1tt¡e correspond'ing information is

included for the dams born fro¡n tg¿g to 1953 inclusive ' and used in the

initial Years of the e:çeriment')

1954
1955
1956
1957
1958
1959
1960
r961
1962
1963
L964
1965

Mean

a.25
5.80
6.4r
5.50
6.76
6.53
7. 38
6.7L
7 -24
7.22
7 .r7
7.54

.23!.56
-.01 !.56

.02 !. 58
-.03 1.63

.07r.58
-.07 r.55

.40 1.61
-.37 !.57

.82!.53
-.68r.59

.06t.54
- .48 1.69

N

7t
7L
66
56
67
74
59
70
80
64
76
46

Max.

10 .66
7.8s
8.66
6.99
8. 85
8. 39
9.75
8. 66
9.7L
9.L2
9.16
8.94

Min.

5. 81
4. 35
4.26
3.27
4.72
4.67
5. 81
4.61
5.22
5.35
4.45
5 .90

10. 89
7.39
7 .76
8. 17
8.57
7.89
8. 85
8.07
9.L2
8.7r
8.2r
8.7r

5.22
3 .95
4.72
3. 18
3.99
4.22
5.63
2.8L
5.44
5.40
5. 35
5.49

62

73

8.07
7 .L7
6.67
6.49
7.80
6.94
8. 07
6. 3l
7.53
7.7L
7.44
7.58

4.26
4.22
4.72
3. 4s
3.6'7
4.04
4.76
3. 86
3. 86
5. 04
3.90
5. 08

S.n. (¡aean)

.1161

.0875

.1005

.1036

.0968

.0886

.1015

.LO25

.0911

.LL42

.1085

.1036

.L232

.0699

. o866

.0889

.o972

.0901

.097r

.1I39

. o873

.0939

.0790

.0930

.1ro7

.0782

.o782

.0661

.0994

.o779

.0800

.0667

.0829

.o994

.06'16

.0995

gt I S.E.

.27 !.28

.26!.24

.05 !.29
-.23!.32

.2L!.29

.06L2A

.56 i.31
-.L7 !.29
-.o9 !.27

.13 r.30
- .23 !.24
-.41 t. 35

92 t S.EVariance

.9562

.5430

.6666

.6009

.6274

.5808

.6074

.7344

.6638

.8341
.8946
.4933

.9560

.3857

.4945

.6637

.5858

.5760

.5280

.9473

.647L

.6081

.4L74

.6664

.6735

.37A7

.28r0

.293L

.5634

.4370

.5311

.3158

.4950

.4247

.3380

.3664

.49L2

.2510

.2976

.3032

.3577

.3651

.4987

.4422

.4452

.4048

.4654

.44A2

I4ALE PROGENY OF VISUAL FI.OCK

1954
1955
1956
L957
1958
1959
1960
196I
1962
1963
]-964
1965

63
79
66
a4

7I
56

8. 16
5.87
6.08
5.42
6.5e
6.22
'7 .24
6. 15
7.L7
6.86
6.68
6.96

6.49
5.74
5.63
5.01
6.26
5.40
6 .1r
4.84
5.9s
6.09
5.53
5.79

6.50
5.33
5.23
4.9L
6.00
5.06
5.77
4.6L
5.86
5.A2
5.22
s.75

75
24

o2
62

-.17 r 30
-.5L L27

.2A L29
-.lo t26
-.56 r. 30

-. 15 r.28
-.32!.32
-.48!.24
-.L8!.26

.32!.29

.05!.29

.09 !.27

.73!.59

.72!.53
-.57 1.58
t.43!.52
1.57t.60
-.20 !.56

.o1r.63

.50 1.56
-.3'l !.52
-.54!.57
-.47 !.58
-.86 1.54

85
69
6?
77

F.EMALE PROGENY OF INDEX FLOCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
L964
1965

55
62
46
67
57
72
83
7L
72
43
74
37

-. 30 t. 32
.06 1.30
.24!.35

-.o9 !.29
-.54 !.32
.olt.28
.27 !.26
.33 r.28

-.44 !.28
.29 !.36

-.o2!.28
r.28 l. 39

.20!.28

.491. 3I

.27!.27

.29+ .3O

. ¿0r.31

.27!.28
-.26!.24
-.o7!.26

.45L.27

. o5l .29
.ALt.29
.65!.29

.131 .63
-.071.60
-.a7!.69
.84i.s8

I . 13t .62
-.611.56
-.45!.52
-. 311 . 56

.581 .56
-. 381 . 71

.971.55
t.24!.76

FEM.ALE PROGENY OF VISUAL FI.OCK

19s4
1955
1956
1957
1958
1959
1960
t96t
1962
1963
L964
1965

7L
58
7A
62
60
75
73

a.26
6. 85
6.58
6.40
7.44
6.49
7.L7
6.2L
7 .67
7.2L
7 .08
7.80

4.94
4.49
4.17
3.54
4.81
3.90
3.99
2.54
4.54
4.58
3. 99
4.45

,1950,

.0832

.0658

.0618

.0699

.o772

.0698

.0821

.o7L7

.o737

.0?60

.o833

.0800

.o77L

.0761

.0662

. 0582
.0654

. ttl .56

.27!.62
-.391.54
- .021 . 60
-.581 .6r
-.44j .55
-.5r1.56

.541 . 5t

.2L!.53
-.64!.57
-.27!.5A

.49!.57

86

82
70
6'1
70

DATitS BORN rN 1949 195r,1952,r953

L949
1950
1951
L952
1953

40
58
88
93

r04

3.13
4.31
4.54
3.99

.2375

.3363

.3862

.3149

.4454

4
7

7
6
7

90
o8
76
99
85

4
5
5
5
5

-. o4t .3?
.32Ì .31
.Lf.!.26
.64!.25
.27!.24

-L.O2!.73
.LAt.62
.251.5r
.531.50
.o7!.47

4.L7 75



TABLE I-I(7)

I.{ALE P ROGENY OF INDEX ELOCK

Year lltin.
41.40

Basic statistics for Percentage yield (where 9l and 92 ar.e Fisherrs
coefficients of skewnãss and k'rtosis respectively). Ífhe data

applie+ only to the progeny born and -raised as singles and has been

partitioned by sex 
"i-tã 

Ëf"at tvpt' (llt¡e correspond'ing information
is ,includledt fãr the da¡ns born iro¡n 1949 to 1953 inclusive, and used

in the initíal years of the e:ç¡eri¡rent')

1954
1955
1956
1957
1958
1959
1960
1961
L962
196 3
r964
1965

lrhx.

70.90
76.20
67.90

.5734

.4686

.6553

.5828

.4918

.6527

.5959

.607r

.5149

.'tL42

.5896

.7819

.5720

.4523

.632r

.5143

.5141

.6098

.6014

.6418

.4A72

.5266

.5282

.6247

.52L2

.5616

.5781

.5812

.63L2

.6512

.4492

.513r

.5564

.6 16r

.5109

.6 358

.4750

.44æ

.4613

.5461

.6A22

.5 157

.4327

.4609

.4207

.5016

.5007

.5830

.6A27

.4230

.4200

.3581

.4L94

9063
30
60
00
80
o0
40
40
30

72
69
73
74.
73.

55. 30
41. r0
50.90
54 .90
45.20
5r.50
44.80
55.70
5r. 40
5r.60
48.10

N

7L
7L
66
56
67
74
59
70
80
64
76
46

58.94

53.50
55.60
40. 80
42.50

63
79
66
84
62
7L
56
73
85
69
67
77

73.00
80.60
69.70
70. 80
78.40
77.OO
76.00

67.
73.
74.

Mean

62.23
65.89
55.64
59.40

61.16
63.97
58.97
64.48
61. 56
63.84
59.62

6I.93
64.81
55.76

60.88
60.78
63. 04
56.57
62.A4
61. 33
62.32
6r. 19

Variance

23.3734
15.5893
28. 3409
L9.0202
L6.2076
3L.5252
20.9494
25.7994
2L.2r3a
32.647 I
26.4222
2A.l^26L

S.E. (Mean) gr t S.E.

-L.42!.24
-.27! .24
-.o3! .29
-.091 32

29<+

6i .31
-.43!.29

.3L!.27

. r4t .30
-. 301 .28
-.44!.35

. lrt .30

.25!.27
-.25!.29
-.45!.26
-. 19i . 30
-.o7! .24

-1.311.32
-.18t .28

.35!.26
-.o7! .29
-.r9! .29

.o3!.27

.131.32

.03t.30
-.801 . 35

-.46!.29
_.4L!.32

.32!.2A
-.001.26
_. 30r . 2g

-1. O51.28
_.B4r.36
-.56,1 .28
-. rtt. 39

.L6!.29
-.341. 3t
-.25!.27

.42!.3O

.38j. 3I
-. 30t . 28
_.45t.2A
_.40!.26
_.2¡!.27
-.20!.29
_.66!.29
_. I3r. 29

gz + S.E'

3.5&.56
.o6t.56
.22t.54

_.90f.63
-. 311 .58

.50t.55

.45!.6L
-. IIt .57
-.87J.53
_ .90r. 59
-.55r.54
-.4a!.69

.0

-.6
.244!

68.60

IIALE P ROGENY OF VISUAI, FLOCK

1954
19s5
1956
t957
1958
1959
1960
r961
1962
1963
t964
1965

51. l0
45.80
47.20
40.50
53.30
51. O0

52. I0
49.30

72.60
76.30
67. 30
70 .00
68.10
72.90
69. 30
69.70
77.LO
70.60
71. 30
?6.60

20.6r48
16.1648
26.3736
22.2].64
16.3878
26.3999
20.2526
30.0720
20.L7?L
19. 1348
18.6903
30. 0539

56.10
56.20
49.60
48. 30
54.50
51.40
53.10
53.00
46.50
54.00
53.00
58.OO

64.40
66.90
62.74
61.90
67 .59

l-4.9402
19.5528
15.3749
22.63LO
22.7L30
30.5321
19.8517
18. 6948
22.2934
L6.32L2
19. 3165
14.9568

L6.0202
1L.6744
16.5955
18.4911
27.9264
L9.9423
13.6649
L8.2704
L4.5L22
t 7 .6118
16.8000
23.79L6

-. 37r.59
_.07 1.53

. I2 1.58

.85r.52
-.40t.60

.66 r. 56
1.88t.63

.28L.56

.LLt.52
-.55 1.5?
- .60 J. 58

. o0 r.54

-.2I1.63
. 79 r.60

I . 45 1.69
-.r3r.58
.68!.62

-. 38 r.56
.o9 !.52

-. r7 1.56
2.6A!.56
.L2t 7L

-.05 r55
-.44L76

-.L2 L56
-.66 L62
-.06 r.54
-.02 t. 60
3.311.61
-.44!.55

. 32 1.56

.84 r.5I

.061.53

.40 1.57
-.0 3 1. 58

.L7 L57

FEI\4AI.E PROGENY OF INDEX FLq]K

1954
1955
1956
1957
1958
1959
1960
1961
L962
1963
L964
1965

55
62
46
67
57
72
83
7L
72
43
74
37

73.00
?5. l0
70.00
73.30
73.50

65.42
66.24

62.5L
64.79
64.52
65 .99
64.O7

FEI/I.AI;E PROGENY OF VISUAL FLOqK

L954
1955
1956
1957
1958
1959
1960
1961
L962
1963
L964
1965

52.80
50.90

65.57
67.26
62.O3
59.00
65.07
60.93
63.99
62.49
63.61
53. 86
64.L9
64.63

7L
58
7A
62
60
75

57.40
59.70
51.60
50.70
51.70
50. ro
53.00
51.O0
54. 50
50. 50

76. r0
72.90
71. OO

72.20
85.80
7L.40
72.LO
73.70
72.OO
72.40
71. 50
77.40

86
82
70

73

67
70

40
58
88
93

104

pÀ¡4S BORIi¡ rN 1949, t95O'1951,1952,1953

L949
1950
1951
L952
1953

54.20
56 .60
54 .00
58.30
44.80

7L.40
70.00
?3. 50
77.50
75.70

62.72
63.99
64.54
67.26
67.27

r8.6¿28
IO.3802
15.5239
11. 9256
r8. 2965

.24!.37
-.201.31
-.29!.26
-.031.25

-L.42!.24

-.80 I 73
-.47 \62
-.27 LsL

.27 !-5L
5.91 t.47



TÀBI.E I-]- ( 8)

IIÀLE PROGENY OF INDEX FLOCK

Year Min

Basic statistics for clean fleece weight ín kgs (where 91 and çtZ are
Fisherrs coefficients of skewness and kurtosis respectively). rhe
data applies only to the Progeny born and raised as singles and has

Ueen pãrtitioned by sex and flock type. (1'he corresponding inform-
ation is included for the dams born from 1949 to 1953 inclusive and

used in the initial years of the e:q>erinent.)

1954
1955
1956
1957
1958
1959
I960
1961
L962
196 3

1964
1965

3. 08
2.77
2.8L
1.86
2.95
2.72
3.40
2.72
3. 18
2.95
3.22
3.22

6.03
5.26

N

1L
7L
66
56
67
74
59
70
80
64
76
46

6
5
4
4
5

5
6
5

6
6

Max Mean

5. t4
3.42
3. 55
3.26
4. 3r
3.99
4.7I
3.95
4.70
4.43
4.58
4.49

5.05
3.79
3. 38
3. 19
3.97
3.78
4.57
3.46
4.52
4.20
4.r7
4.24

5.26
4.99
4. 35
3. 99
5.26
4. 35
5.22
4.35
5. 35
4.63
4.76
4.94

.0889

.0649

.0546

.0618

.0676

.0673

.o729

.0713

.0651

.0780

.0683

. o805

. o892

.0537

.0527

. 053t

.o704

.o664

.0751

.0662

.o662

.0585

.0534

.0568

.o776

.0517

.0526

.04I8

. 0663

. o550

.o5?2

.o447

.0632

.0523

. o469

.0764

.0541

.o472

.o445

.0507

.0580

.o442

.0558

.0500

.0501

.0501

.0578

.0552

.23J.30
-.27!.27
-.02!.29
-.o3!.26
-.761 .30
-.o9j.28
-.49! .32
-.06r .28
.27t.26
.60ì .29

-.54!.29
.L7!.27

-.48!.32
.151 .30
. o7r. 35
.05!.29

-.44!.32
-. 061 . 28
-.20!.26

.45!.2A
_.27!.2A

. rr1. 36

.18r.28
- 50t.39

.46!.2A

.921. 3t

.7L!.27

.431. 30
-.011. 3r

.27!.2A
-.081.28
9.991.26
-.Lgt.27
-. ttf.29

.28!.29

.23!.29

. 301 .59
-. rot.53
-.511.58

.25!.52
1. 821 . 60

.051.56
-.131 .63

.26!.56
-.01!.52

.54!.57

.481 .58
-.381.54

-.051.63
- . 15t .60
-. 111 . 69

.401.58

.42!.62
-.76!.56

.5A!.52

.18t.56

.2I!.56
-.42!.7L

.541.55
_.4L!.76

-.171.56
2.LOt.62

.931.54
r . 31Ì .60
- . 481 .61
-. 351.55
-.561.56
.53t.51
. 31f.53

_.551.57
.02f.58
.46!.57

67

Variance

.5615

.2989

.1968

.2L47

.3062

.3356

.3r33

.3557

.3388

.3894

.354r

.2978

.5017

.2278

.1830

.2369

.3069

.3L26

.3158

.3196

.3720

.2364

. 1909

.24A7

.3313

. 1659

.1273

.]-I'12

.2506

.2L75

.2720

.L6A2

.2A76

.TL76

.163r

.2158

.2075

.L294

.L544

.1596

.2015

.L742

.2276

.2t54

.2057

.1755

.2237

.2L34

.0943

.L434

. r593

.1339

.2A24

s.E. (Mean) or I S.E.

-.28t.24
.29!.28
.5r!.29

-.40! .32
.o9!.29

-.22!.24
.691 . 3r
.o9!.29
.o7!.27
.I01.30
.2I!.28

-.26!.35

gz + S.E'

.081 .56
-.27!.56
-.40r .58

.181.63
- . 281 .58
-.64r .55
I .521 .6I
-.56! .57

.181.53
-.10!.59
_. 16r . 54
-.82!.69

35
63
L7
58
I3

.62

.31

.26

.o3

I!I.AI;E PROGENY OF VISUAL FLOCK

1954
19 55
1956
1957
1958
1959
1960
196r
L962
1963
L964
1965

63
79
66
84
62
7L
56
73
85
69

3. 18
2.50
2.40
1. 86
2.O4
2.3I
3. O8
r.72
3.22
3.2'?
2.90
3.27

6.7L
4.'16
4.26
4.45
s.35
5 .13
5.6 3

4.81
6.r7
5 .81
5.13
5.53

67
77

FEMÄLE PROGENY OF INDEX FI-OCK

r954
r955
1956
L957
1958
1959
r960
196I
L962
1963
L964
1965

55
62
46
67
57
72
83
7I
72

74
37

2.59
2.90
2.8r
2.ta
2.64
2.3r
2.22
2.3L
2.45
3.27
2.50
2.99

43

4
3

3

3

4

3

3

3

3

3

3

3

18
83
53
09
22
37
93
L2
94
9l
6I
a2

FEI¡ÍALE PROGENY OF VISUÀL FI¡CK

1954
19 55
r956
1957
1958
1959
t960
1961
1962
1963
L964
r965

DÀT¡IS BORN rN 1949,1950,1951,1952,1953

7L
58
7A
62
60
75
73
86
a2
70
67
70

5
4
4
4
4
4
4
4
4
4
4
5

3

2
2
t
2
2
2
I
2

2

2
2

36
90
45
95
77
22
54
54
36
86
45
63 3.72

40
90
54
L7
8L
L7
94
22
8I
49
81
04

4.25
3.58
3.24
2.90
3.90
3.08
3. 69
2.90
3.7r
3. 71
3. 35

3 .08
4.54
4. 8r
4.76

86
77
59
72
50

I
2
2

2
2

40
58
88
93

r04 5. t7

2.5t
3. 59
3.7r
3.52
3-A7

I949
1950
1951
L952
1953

.0486

.o497

.o425

.0379

.0521

- .051. 3 7

. 14l. 3L
-. t1r.26

.58r.25

.o7!.24

_t.otr.Z3
- . 55t .62

.181.51

.481.50
-.20!.47



TÀBI,E I-I (9 )

I,IALE PROGEIiTY OF INDEX F'LOCK

Year llin.
.16
.65
.91
.40
.64
.40
.16
.L4
.91
.14
.65

Basic statistics for staple length in cms (where gl ar¡d 92 are

Fisherrs coefficients of slewness a¡rd kurtosis respectively) '
The data applies only to the progeny born and raised as singles
ar¡d has beãn partitiàned by sãx and flock type' (l[l¡e correspond-

ing informatiãn is inctudeã for the dams born fro¡r 1949 to 1953

inãIusive, a¡¡d used in the initial years of the experinent')

1954
1955
1956
I957
1958
1959
1960
1961
1962
1963
L964
1965

221
r54
r39
864

rl .73
r1 .82
1r.52
tr.68
11.82
L2.39
1r.47
13.45
tI.86
L2.46
1r.. 759t

IO
9
9
9
I
9

l0
9
9
9
9
9

N

7t
7L
66
56
6'l
74
59
70
80
64
76
46

L2.66
1r.45
11. 3r
r0.99
It. 12
11.28
t2.o2
r0.88

9.65
8. 89
9.65
9.40
8. r3
8.38
9.9r
7 .62

10.67
'1 .87

TO. 16
9. 14

Max.

t6 .5r
14.48
14.73
r3.97
13. 46
t3.72
14.73
t4.22
L1.27
L5.24
15.75
L4.22

Meaf¡

12.6A

Variance

1.4178

s.E. (Mean)

. 14I3

.L3L2

. r35?

.1472

.1386

. LI08

. r378

.L22L

. 1625

.L377

.1489
.1465

gl 1 S.E.

.43!.28

.50r.28

.54!.29

.26!.32
-.45!.29
-.32!.28

.021.31
-.rLt.29

.L2!.27

.181.30

.23!.24

.35 t.35

oo t S.E

.17r.56
- . 341 .56
-.12r .58
-.551 .63
-.381.58
-. 37t.55
_.401.61

. 381 .57

.26t.53

.66r . 59
-.431.54
-.20!.69

r.2
I.2
r.2
r.2

MÀIiE PROGENY OF VISUÀL FLOCK

63
79
66
84
62
7L
56
73
85
69
67
17

19s4
1955
1956
1957
1958
1959
1960
I961
L962
1963
1964
1965

t5.24
r3.97
13.46
]-2.95
L3.72
L3.72
14.22
13.72
15.75
L3.72
13. 97
r3.46

14.73
L4.22
L3.'12
L2.95
15.75
L4.22
13. 46
L3.72

13.16
11 .65
tÌ.99
11. 32

.9089
I .1198
I.0428
2 .1133
L.2L43
1.6851

.9876

r.3532
r.2379

.62 38

.8148
1. r3l0
r.L972
1.0399
L.424L

.9342
r.361r

.7928

.a294

r.8417
.8733
.a293
.9394

L.2759
L.0677

.9313

.8049
1. s419
1 . O178

.7200

.7 310

.8161

.9L25

.5997

.5393
r.0806

.9294

.8415
L.207e
L.L257

.7392
r.1694

.6861

.1466

.L252

.o972

.0985

.1351

.1299

.1363

. r397
. t05r
.1404
. ro88
. r038

. r830
. t187
. r343
.1184
. r496
.12r8
.1059
.1065
.1463
. 1539
. 0986
.1406

.LO72

.L254

.o877

.0933
.L342
.1II3
. 1074
. IT85
.LL72
.1028
. I32I
.o990

-. 21 1. 30
.L3!.27
.22!.29
.24!.26

-. 25 1. 30
.otr.28

-.o5!.32
-.37 !.28
.o1r.26

-. 30 !. 29
.01 r. 29
.03!.27

-.42 !.32
-.61 r.30

. I31.35

.051. 29

.L2!.32

.151.28

. o8f. 26

.06t.28
-. I5r. 28

. IOr.36

.L4!.24

.591.39

-.59 1.28
. 17r.31
.44r.27

-.23r.30
. r8r.31
.23!.24

-.04r.28
.89 t. 26
.L7!.27

-.001.29
-.tÛt.29
.L2!.29

.20t.59
-.49r.53
-.341.58
-.7?!.52
.32!.60

-.06r.56
- .68 1.6 3

. 35 Ê.56
-. 06 r. 52

. 35 1.57
- . 75 r.58
-.39 1.54

.84 i.63

. 32t.60
-.35r.69

.25!.58
-.47!.62
-.13t.56
-.92!.52
-.02!.56
-.62!.56
-.25!.7L
-.56 i.55
-.00!.76

- .19 t. 56
-.37 !.62
-.22!.54
- .84 r. 60
- .58 t.6r
-. 5? 1. 55
-.21 r.56
2. r1 1.51

.63 r.5 3

-.41 r.57
.53 1.58
.25 t.57

4.07!.73
.34t.62

-. 16 t. 51
-.831.50
-.34!.47

FEÌ,4ÀIiE PROGENY OF INDEX FI.OCK

1954
1955
1956
1957
1958
1959
1960
196I
L962
1963
L964
1965

12.59
12.4L
11 .91
11.43
LL.74
11.43
11.84
10.78
13.05
1r.80
1r .64
IT. 44

55
62
46
67
57
72
83

8. 13
9.40

10.16
8.64
9.65
8.89

10.16
8.64

10. 16
9.40
9 .9r

10. 16

7L

10.4r
9.91
9 .91
9.40
8.89
9. 14
9.L4
8. 38

10. 67
9 .40
8.13
9 .65

L5.24
13 .97
t4.22
13.97

72
43
74
37

FEMALE PROGENY OF VISUAI, FT.OCK

1954
1955
1956
1957
i958
1959
1960
196r
L962
1963
1964
1965

t3.72
14.99
L6.26
13. 46
L4.22
13.46

13. 46
L4.99
14.48
L3.72
14.99

7L
58
7A
62
60
75

L2.59
LL.72
1r .44
11. 11
II. 33
11.02
11.66
10 .44
L2.7A
11 .53
11 .46
11.38

L4.22
13.97
13.46
L2.45
13. 46
13.46

86
s2
70

73

67
70

40
58
88
93

10¿

DA¡'S BORN rN 1949r1950,1951'1952'1953

1.949
1950
1951
L952
1953

r0.59
12. 35
L2.39
11.st
L2.57

9. 14
11. r8
r0.41
9.91

1o.16

.5399

.6445

.75L9

.8368
t. 1688

. 1162

. ro54

.0924

.0949

.1060

r.35 1.37
.52 !. 3r
.37!.26
.05 t. 25
.23!.24



T.àBLE I-I (10) Basic statistics for crimPs per inch (where 91 and 92 are Fisherrs
coefficients of skewness and kurtosis respectively). The data
applies only to the progeny born and raised as singles and has

bããn partitioned by sex a¡¡d flock type. (The corresPonding infor-
¡nation is lncludled for the dams born fro¡n 1949 to 1953 inclusive '
and used in the initlal years of the e:çerlrent')

!4ÀLE PROGENY OF IIIDEX FLOCK

Year

1954
1955
1956
1957
1958
1959
1960
r961
1962
1963
1964
1965

N

7t
71
66
56
67
74
59
70
80
64
76
46

Max

T2
I1
I6
t5
16
IO
1t
L2
IO
IO
10

9

t1
11
t6
14
l4
11
IO
13
11
tt
10
10

1I
10
13
11

9
10
tt
II
t0
10
10

9

I'lean

7 .32
7.32
9.23
a.76
1.95
7.20
7.11
8.38
7.37
7.45
7 .24
7 .O7

l4in

OF VISUÀI FIOCK

variance gl t S.E.

.77!.24

.53!.28

.77!.29
L.2A!.32
L.70!.29

.351.28

.49!.3L
L.32!.29
.I4!.27
.38r.30
.391.28
.77!.35

gz ! S.E

r.13r.56
. 14r.56

-.31r.58
2.64!.63
7.031.58
-. 111.55

.381.61
4.A2!.57
-.62!.53
-.40r.59
-.051.54
.29!.69

S.E. (!4ear¡)

5

4
6
6
5

4

5

6
5
5
r

5

7

7
9
I
I
6
7

1
7

7

6
6

13
20
56
7I
18
65
0Q
83
44
25
83
26

1.9694
2.L606
6.5270
2.9351
2.6947
L.7927
I .6195

.8687
r.5150
L.1778
t.2904
1.2193

t.9299
2.8088
5.2552
2.2559
2.51L4
1.9606
L.4792
1. 1842
r.4249
2 .0158
1.5396
r -7 457

1.5340
r.7877
2.669L
L.6223
L.2957
1.50s3
r. 52 39

.6885
1.0374
L.7730
1. 1931
1. 1366

L.3247
2.6295
4.6547
L.6637
3.2302
1. 3885

.9311

.6495
1.0509
1.5331
1. 4¿rO
L.6737

.1665

.L744

.3145

.2289

.2005

. 1556

. 1657

. tr14

.L376

.L667

.1303

.].624

.1750

.1886

.2822

.1639

.2037

.L662

.L625

.L274

.L295

.1709

.1516

.l_506

.1670

.1698

.2409

.1s56

. r508

.L446

.1355

.0985

.1200

.203L

.L270

.1753

.1366

.2L29

.2444

.1638

.2320

.136r

.LL29

.0869

. II32

. 1480

.L467

.1546

.2019

.2097

.L461

. L438

.1642

MAIJE

1954
1955
1956
1957
1958
1959
1960
196I
L962
1963
L964
1965

63
79
66
84
62

4
4
6
5
5

4
5
6
5

5
5

5

. 151. 30

.3A!.27

.78!.29

.37!.26
r.o2r. 30

.31!.28

.2A!.32
L.2L!.24

. 58!. 26

.3A!.29

.L2!.29

.L9!.27

.60!.32

.411 . 30

.45r.35

. t3t. 29

.L7!.32

.o8t.28

. t0t.26

.181.28

.o5r.28

.0?t.36

.34!.24

.251.39

.01r.28
1.2It.31

.7L!.27

.22!.30

.98r.31

.031.28

.011.28

.53r.26
- _ .L6!.27
' t .4Lt.2g

.48!.29

.61 1. 29

.27!.59
-.80t.53
-.091.58
.76t.52

2.08!.60
-. ro i. 56
-. 83 !.6 3

3. 54 f. 56
.L2!.52

-. 16 t. 57
-. 40 1. 58
- . 95 1.54

.62!.63
- . o6t .60
.23!.69

-.471.58
-.92!.62
-.66!.56
-.011.52

.25!.56

.15r.56
-.66!.7L

.24!.55
-. 61r . 76

-.27!.56
2.63!.62

.391.54
-.39r.60
I.46!.61
-.62!.55
I. 12 r. 56

.351.51
-.14 r.53

.341.57
-.27 !.58

.76!.57

7L
56
73
85
69
67
77

rTMÀËE PROGENY OF INDEX FI¡CK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
L964
1965

55
62
46
67
57
72
83
7t
72
43
74
37

5
4
5
5

5
5
5
1

5
5
5
5

7.06
6.42
8.33
7 .79
7 .25
6 .96
7.84
8 .35
7 .s7
7.58
6.71
6.41

?.38
7 .60
9.2L
8.52
7.58
7.5L
7 .77
8.44
7.76
7 .79
7.34
7.O9

40
36
1t
99
2e

F'EI4ÀLE PROGENY OF VISUAL FI¡CK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
1964
1965

7L
58
7A
62
60
75
73
86
a2
70
67
70

5
5
5
6
5
5
5
7
5
5
5
5

10
I4
I6
L2
13
10
11
1t
to
11
10
t1

DAÌ.IS BOFTi¡ rN 1949,1950, L951,1952,L953

L949
1950
1951
L952
1953

40
58
88
93

r04

6
5
5
5
5

L2
13
L2
I3
t4

I
I
I
7
I

I.6 308
2.5508
r. 8950
1.9238
2.8050

.31tt .37

.41È .3t

.73É.26
1. O0r . 25

.97+.24

.09 1.73

.L2!.62

.79 !.61
2.26 !.50
L.24t.47



TåBI,E I-I (T1)

¡{AIiE PROGENY OF INDEX FIOCK

Year l4in

Basic statistics for fibre dlaneter in ¡nicrons (where gl and 92 atre

Fisher's coefficients of skewness and kurtosis respectively). lfhe

data applies only to the Progeny born and raised as singles and has
been partitloned by sex a¡rd flock type. (ifhe corresPonding infor-
mation is included for the dams born from 1949 to 1953 inclusive,
a¡¡d used in the initlal years of the e:q¡eri¡rent.)

24
22
I7
20
18
2T
20
20
19
23
I8
23

I.
7t
7I
66
56
67
74
59
70
80
64
16
46

Max. I'ilean

29.54
24.23

32
09

7.L575
4.7L2r
4.0420
5.3982
3.O744
3.8420
2.A643
5. 3653
2.9922
2.4604
5.A679
2.2140

5.3942
3.9826
3.6734
5.7166
5.6036
3.6971
4.305r
8. 0369
3.4373
2.5860
4.7863
4 .0483

4.2L63
4. 3043
4.397A
3.4224
3. 7180
4.45L2
2.4494
3.6052
3.8324
3.0915
3.8816
2.A490

4. 4833
L.9420
4.8560
6.4233
6.0676
3.4383
5.1678
4 .1639
3.9I54
4.5106
3.9442
2.3946

gt t S.E.

.98rr.28

.o4!.2A
l. o81.29

. or1. 32
-.5L!.29

. 09r. 28

. 10r. 31

.1,5!.29

.L9!.27

.041.30
-.13i.28
-.06i.35

gz + s.E-

2.20 !.56
.83 1.56

1 .60 r. 58
-.011.63

.54 1.58

.40 r.55

.27 !.6I
-.46 !.57
1.65 f.53
-.1I 1.59

.15 r.54
-.09 r.69

Varíance S.E. (Mean)

.3r75

.2576

.2475

.3ro5

.2142

.2279

.2203

.2769

.1934

. 1961

.2779

.2L94

.2926

.2245

.2359

.260:9

.3006

.2282

.2773

.3318

.201I

.1936

.2673

.2293

1954
1955
1956
1957
1958
1959
1960
196T
L962
1963
1964
r965

5
0
3

I
9
2
I
2

6
4
3

5

40
34
27
3I
2?
32
29
30
30
31
3t
30

35.
33.
24.
30.
29.
31.
31.
31 .
32.
31 .
32.
33.

2T
26
24
26
25
24
25

I
6
6
5
9
0
4
2

6
o
2

I

6
3

0
6
2
4
7
4
I
I
6
7

73

.57

75
30

MALE PROGENY OF VISUAL FLOCK

69
27.23
25,15
26.94

25.2L
25.67

24.97
26.99
28. 30
24.L6

-. o81. 30
.23!.27
.79!.29

-.34!.26
-.201. 30

.68!.2A

.43!.32

.4A!.2A

.30!.26
-.05r.29

.63!.29

.29!.27

-.43 t.59
.27 !.53

1. Ol 1. 58
.161.52
.381.60
.18+.56
. 50 r.63

-.46t.56
- . 0o 1.52
-.16 r.57

.16 1.58
1.00 r.54

L.44!.63
-.66 f.60

.05 t.69
-.16 1.58
-.49 !.62

.231.56
-.03 r.52

.46 r.56
-.57 r.56
-.631.71
-.02 r.55

.L6 t"76

-1.06 f.56
-.O4t.62

. 14r .54

.05t.60
-.48t.61

.09+.55
-.54t.56
-.56t.5I

. o0 r.53
-. 39 r. 57
-.701.58

.25r.57

.03r.73
-.69 t.62
-.681.51
-.05 t.50
.2L!.47

1954
1955
1956
1957
1958
1959
1960
1961
]-962
1963
L964
r965

63
79
66
84
62
7L
56
73
85
69

5
7

I
I
7
0
2
I
5
4
5
8

24
22
I8
18
L7
23
2L
t8
23
24
22
2L

29.9L
27.54
22.51
25.5r
24.67
26.OO
25.L2
24.54
27 .O5
27.AL
26.3L
26.92

67
77

FE¡itÀI;E PROGENY OF INDEX T'LOCK

1954
1955
1956
1957
1958
1959
1960
196r
1962
1963
L964
r.965

55
62
46
67
57
?2
83
7L
72
43
74
37

24.7
22.5
18. 5
L9.7
2L.7
20.7
20.9
18.6
20.6
23.2
20.9
23.O

34.8
31 .1
24.9
24.9
29.6
3t.2
24.3
2?.7
29.O
30.5
30.3
30.7

.2769

.2635

.3092

.2389

.2554

.2446

.1718

.2253

.2307

.2681

.2290

.2775

.2513

.1830

.2495

.32L9

.3180

.2L4L

.266L

.2200

.2185

.2538

.2426

. I850

.97 !.32
-.07 t. 30

.16 1.35
-.25!.29
.14!.32
.20!.2e
.o7 !.26

-.37 t.28
.24!.2A
.28t.36

-.22!.2A
.381.39

-.16t.28
.22!.3L

-.2L!.27
.0t t. 30
.12 t.3I
.o7 !.2A
.45!.28
.15 t. 26
.02!.27
.55 t.29

-. o8 t.29
-. 10 1.29

27
26
23
25

92
86
50
08

24.42
23.49
24.6L
26.56
25.38
25.91

FEMAIiE OF VISUAT FI¡CK

1954
1955
1956
L957
1958
1959
1960
1961
1962
1963
1964
1965

24
23
L7
t8
20
18
20
T9
20
24
2L
22

7L
58
7A
62
60
75
73
86
82
70
67
70

6
6
7
I
2

6
I
I
4
4
0
2

28.50
26.46
24.L4
24.37
26.00
24.06
24.33
24.O7
25.80
27.72
25.34
26.OO

32.6
30.2
2A.5
29.4
31 .5
28.0
29.9
28.4
30. 7
32.4
29.2
30.2

DA}IS BORN rN r9¿9,1950,1951,1952,1953

L949
1950
195r
L952
1953

29
30
33
30
30 24.65

40
58
88
93

104

4
9
4
o
4

8
9
3
I
7

2L
22
24
19
20

3. O555
3.7704
4.6071
¿.9353
3. 1518

.2764

.2550

.228tJ

.2304

.1741

.49!.37
-.121.3r

.24t.26

.41i.25

.32!.24



TABLE I-1 (12)

MÃI,E PROGENY OF INDEX F'IOq(

Basic statistics for coefficient of variation of fibre
dianeter (where gl and 92 are Fisherrs coefficients of
skewness and kurtosis respectively). The data applies
only to the progeny born and raised as singles a¡rd has

been partitioned by sex a¡d flock type' (The corres-
poncting information is included for the dams born from
ig¿g to 1953 inc1usive, and used in the initial years

of the experiment.)

Variance s.n. (Mean)

.3935

.4993

.525r

.5025

.4645

.2600

.4169

.43A7

.2A67

.3'764

.4061

.2841

g1 t S.E g2 t S.E.
Year N i4in Max. Mea.n

20.22
20.58
22.95
2L.9I
19.42
I7.9I
18.54
19. 37
l-7.34
r7 .75
2L.60
18. 36

2L.47
20.20
23.'12
22.24
21 .10
l-8.42
20.03
19.80
r8. 35
17.98
20.4r
r7.94

19 54
1955
1956
1957
1958
19 59
1960
196I
L962
196 3

1964
1965

'tl-
7T
66
56
67
74
59
70
80
64
76
46

I5
13
L4
15
I4
I3
t3
12
12
T2
T4
T4

4
4

I
6

0
5

2

7

5
5

5

4

30 .4
31. l-
34.4
31.1
32.4
26.O
28.8
30.0
26.r
2A.4
29.2
23.2

32.6
30 .9
33.8
35.9
2A.3
29.4
30.0
27.1
25.5
25.5
2A.6
24.9

10.994I
17 .701r
r8.1984
14 . 1418
14.4553

5.0043
10 .2558
r3.4691
6.5776
9.0679

12.5330
3.7292

16.9448
]-2.807'7
12 .6085
t7 .9656
L3.7495

7 .4286
14. 8750

'7 .A2r'7
7.4285
8.9531

10.7r87
6.8732

20.e937
L6.5662
16.3386
l-2.69AA
12.2533
tr.4274
1r.87il6
12.7548
10.590r

7 .5r74
10.5333

6 -2A25

20.I9r4
rr.4573
15.9321
18.5793
13 .998I
ro.0514
9.1489

lL.2014
9 .6 339

L4.7697
11. 4480
9.6974

.5186

.4026
.437L
.4625
.4709
.3235
.5154
.327 3

.2956

.3602

.4000

.2988

.6163

.5169

.5960

.4354

.4636

.3984

.3783

.4234

.3835

.418r

.3773

.4L27

.5333

.4445
.45L9
.5474
.4830
.3661
.3540
.3609
.342A
.459 3
.4L34
.3722

.70!.24

.56t.24

.43!.29

.47!.32

.66t.29

.6'l!.28
1.001 . 3l

.57!.29

.97!.27

.831. 30

.r2!.24

.2L!.35

.481 . 30

.63!.27

.32!.29

.66!.26

. 161 .30

.93!.24

.56!.32

.37t.28

.33!.26

.42!.29

.7t!.29

.rr!.27

.a7!.32

.711.30

.151. 35

.a7!.29

.91r.32

.67!.28

.44!.26

.60!.28

.22!.2A

.881.36

.52!.2A

.311. 39

-.061.56
-.40!.56

.o2t.58
_.27!.63

.64!.5A
1.451 .55

.911.61

.o7!.57
1.341-53
I.01t.59
-.15!.54
- -42t.69

.081.59

.31l.53

.231 .58

.30!.52
-1 , 07+ .60
2.20!.56
-.24!.63
-.341.56
-.28!.52
-.34!.57
-.281.58
-.001. 54

.40r .6 3
1.I11.60
- . 681 .69
r.061.58

.93!.62
-.44!-56

.L7!.52
r.07r.56
-.43r.56

.76!.7L

.481.55
-.30r.76

. 381. 56
-.831.62
.01r.54

-. 091 .60
.711.6l

-. 37r.55
-.5rr.56
-.24!.5I

.981 .53

.7 4!.57

. 211.58
2.18t.57

MÀLE PROGENY OF VISUÀI FLOCK

1954
1955
1956
195'7
l_958
1959
1960
t96r
]-962
1963
1964
1965

13
l4
16
I4
14
I3
t3
L4
T2
T2

I5
II

63
79
66
84
62
7I
56
73
85
69
67
'77

U

n

5

l
o

4
4
4

I
¿

5

5

F.EMAI,E PROGENY OF INDEX FLOCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
]-964
1965

13.
16.
16.
l-7.
15.
15.
L4.
L2.
13.
L4.
16.
r3.

55
62
46
6'l
57
72
83
7I
72
43
74
37

7L
58
7A
62
60
75
73
86
82
70
67
70

20.55
20.16
20. 30
20.00
19. 04
19.43
22.O4
]-9.62

L2.7
l-4.6
18.9
16.9
15.7
14.4
13.7
L2.2
12.3
!5.4
16.4
L4.6

l-4!.28
25t.26
77!.27
a8!.29
73t.29
12!.29

35
29
36
35
32
2A
27
2A
30
33
32
31

3

9
3

9
6
6
I
2

0
I
2

6

33.4
35. 3

35. 1
34. I
32.7
28.1
31. I
32.2
26.3
2A.r
33.4
25.7

20.92
22.47
26.O7
23.O9

FEMAT,E PROGENY OF VISUAL FLOCK

L954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965

0
4
9
I
2

2
T

3

4
5
9
2

22.29
22.75
24.53
25.22
2I.LL
20.80
20.80
20.7r
19.56
2T.LO
22.25
19.61

.62t.24

.021 . 31

.57!.27

.26!.3O

.941 . 31

.63!.29

DAI\4S BORN rN 1949,1950,1951,1952,L953

1949
1950
19 51
1952
1953

I4
l4

40
5e
88
93

r04

l3
13
T2

I
3

4
7

2

3

0
I
5
I

30
2A
32
37
36

L3.1796
I 3. 5814
13.5100
L9.2624
rs.a2a2

.5869

.4839

.39r8

.4551
.3901

.39!.31

.231.31

.]-3t.26

.2t!.25

.]-3!.24

2r.09
20.58
2r.29
24.58
23.L9

-.63r.73
-.69!.62
-.26r.51
-.041.50

.43!.47



I

TÀBLE I-I(13)

IIAI.E PROGENY OF INDEX FI,OCK

Basic statistics for primary folticle nu¡nber Per sq.qn (where gl and 92

are Fisherrs coefficients of skewness and kurtosis respectively). The

data applies only to the p¡¡ogeny born and raised as singles and has been
partitioned by sex and flock type. (ftre corresponding information ís
included for the tlams born fro¡n 1949 to 1953 inclusíve, a¡¡d used in the
initial years of the e>çerinent.)

Year N

7L
7L
66
56
67
74
59
70
80

16
46

trtin Max.

1954
1955
1956
]-957
1958
1959
1960
1961
L962
1963
L964
1965

106
193
182
2L4
202
L62
160
174
L12
ts4
r34
154

278
411
404
544
404
364
342
372
400
330
360
336

243
234
263
277

llþan

196.03
266.90
295.32
350.93
2A2.57

Varia¡¡ce

L245.7706
244L.090L
2254.L280
3842 .6130
2035.2492
1682.5391
1418.8966
1S17.9578
2907.5456
1340 . 832 3
1942.1158
2L99.9342

S.E. (l,tea¡r)

'4. 1888
5.8636
5.844r
8. 2 836
5 .5115
4.7643
4.9040
5.0962
6.0289
4.5172
s.0551
6.9155

9l ! S.E.

.oÉ.24

.74!.24

.30!.29

.42!.32

.73!.29

. 301. 28

.26!.3L

.40!.29

.31!.27

.131.30

.09!.28
-.07r.35

9Z t S.E.

-.22+ .56
-. r7l . 56
-. t5!. sg

.87t.63

. 2gi.58
- . 161.55
.1lr.61

_.23!.57
-.46t.53
-. 36 l. 59
-.04!.54
-.72!.69

IiTALE PROGENY OF VISUAL FI¡CK

81
o0
89
45
34
I3
a7

23L
254
250

64

282
343
393
530
442
342
308
404
560
328
366
370

1954
1955
1956
1957
1958
1959
1960
t96l
L962
1963
1954
1965

63
79
66
84
62
7I
56
13
85
69

100
166
193
226
168
158
168
L76
r80
I72
150
L46

67
77

183. 14
250.89
276.91
331.57
267.26
24L.21
230.43
274.54
27A.24
244.A7
252.66
239.18

223.7A
256.92
295.63
363.58
219.40
299.67
26r. t8
294.06
289. lO
256.5r
303.60
276.70

222.70
252.95
293.67
353. 13
277.43
279.79
257.r8
301. 16
2e6.78
262.r4
298.39
267.77

336 .68
290.31
294.56
310.58
2A7.L9

147l_.1889
1378.4099
2060.8914
3053.7900
26AL.8667
r358.0845
1185.5584
248L.4977
2983. r82r
L244.9974
t9a2.7L37
1609.6507

1940.8404
2456.7639
2244.1493
3017. 3985
2439.4236
2989.1831
2075.6L33
L794.2A25
2369.94A2
1969.7320
4697.3L24
26L7.6036

l_784.3541
1649. ¿885
3040.6667
3530.1798
2247.6056
3L46.224L
L902.64A4
2432.2320
27L3.7537
1865.0807
3533.8471
Lt65.6242

4.A324
4.L77L
5.5880
6.0295
6.5769
4.3736
4.6012
5.8304
5.9242
4.2474
5.4399
4.572L

. 481. 30

.36!.27

.57 !.29

.59!.26

.701.30

.24!.2A

.32!.32

.38r.28
r.591.26

.53!.29

.3L!.29

.29!.27

.36!.32

.77!.30

.411.35

.081.29

.9r!.32

. r1 r.28

.40!.26
- .06 r. 28
1.93 t.28

. t6 1.36
I .59 !. 28

.60 r. 39

.65!.24

.45 r. 31

.7L!.27

.60 r.30

.50 1.31
1. 55 i. 28

.75!.28

.59 !.26

.54!.27

. 38 1.29
-.o2!.29
-.2r!.29

.57r .37
1. 28t . 3r

.97t.26

.53È .25
-.24!.24

-. t0 t. 59
.051.53

-. 36 t.58
.a9!.52
.61. 1.60

-. 03 t. 56
-.691.63
-.40 1.56
6.70t.52
_.35 !.57
-. 04 t. 58

.80 1.54

-. 16r.63
- . olt.60

.391.69
-.65r.58

. 801.62
-.70Ê.56
-.o7!.s2
_.69 1.56
8.331.56
-.511.71
5. 33t.55
-.L7!.76

.72!.56
-.031.62

. r3 t.54
1. 4t 1.60
-.211.61
5.071.s5
1.17 1.56

.32!.SL
-.151.53

.28t.57
-.51 1.58
1.OOt 5?

FE¡/TÀLE PROGENY OF INDEX FLOCK

1954
1955
1956
1957
1958
1959
1960
1961
L962
1963
t964
1965

55
62
46
67
57
72
83
7L
72
43
74

r48
t74
202
246
L92
186
L62
200
206
L76
160
200

332
373
434
4A4
420
4r8
380
376
540
374
622
40237

5.9404
6.2949
6.9847
6. 7109
6.54L9
6.4433
5 .0007
5.O27L
5.7372
6.7681
7.9673
8.4111

FEMÃLE OF VISUAL FI.OCK

I954
1955
1956
1957
1958
r959
r960
1961
L962
1963
L964
1965

7L
58
78
62
60
75

86
a2
70
67
70

tr8
171
206
226
L92
190
L72
204
LA2
152
154
L24

354
364
464
564
390
542
4L4
452
418
390
426
36¿

44A4.2763
3061. 3055
2308.4565
3A86.2244
222L.8656

5.0r32
5.3329
6.2436
7.54sA
6. 1205
6.4769
5.1053
5. 3181
5.7528
5. 1618
7.2625
5.0223

10. 5881
7.265L
5.1218
6.4643
4.622L

73

DÀ¡4S BORN rN 1949 .1950, t95L1952,L953

1949
1950
195t
L952
1953

509
462
483
4A4
386

40
58
88
93

104

!

i

225
198
205
190
168

-.151.73
L.62!.62
2.39t.51

.18!.50
-.61t.47



\
i

TABLE I-I ( T4)

MAI,E PROGENY OF INDEX F'LOCK

Basic statistlcs for secondary folLicte nr¡mber per sq. c¡n (where
gl and gz ar:e Fisl¡e:r's coefficient of skewness and kurtosis res-
péctivefy). The data applies only to the progeny born a¡rd raised
as singles'and has been partitioned by sex and ftod< type. (Ihe
corresponding information is included for the da¡ns born from 1949

to 1953 inclusive, ar¡d used in the initial years of the e>çerinent')

Year

1954
1955
1956
L95'l
19 58
1959
1960
1961
]^962
1963
1964
1965

MÀIE

Irl¿rx.

7690
85 38
1AO7

93 70
7672
6020
6020
7660
7r40
6516
682e
6522

7564
8928
8300
I 386
6954
5846
6076
6730

roo42
59 30
5620
6't02

N l'lin.

7I 3348
7t 3780
66 2909
56 3980
67 21t4
74 2330
59 2446
70 2996
80 3084
64 2566
76 2908
46 2468

PROGENY OF VISUAI, FLOCK

Mean

45LL.72
5683.85
5327.50
6256.42
4752.54
4192.62
4420.4r
4709.03
5073.55
4415.63
4735.90
4550. 30

42t2 .48
5355.09
506r. 02
5795.7r
4722.26
4L48.t7
4293.r8
463r.67
4557.9r
426r.64
4207.L4
4417.7r

Variance

616775.rt95
1037381.4757
964697. 3000
90r176. 2584
831646.6160
587176.5398
475577.O731
673r40. 4919
680970 . 7 316
67 4064.234r
801624 .0954
59I098.3053

608585. 7696
830435.1074
795r4e.26L3

1225424.4330
6824L2. 1290
442532,4242
654582 . 80 39
6 35555 . t126

1017516. t8t5
544362.5439
435856.0583
555363.0226

527738.4700
93rA49.2269
9A2I70.L546

ro55922.4894
'72r6t4.7495
8256tO.2504
7r5858. 9057
632087.4946

1158263.4646
463560. 1107
873406.1940
93L787.6637

494365.8559
643754.2943
908r04. 4649
883177. 4088
658057.5864
592060.9L82
536250.4734
698578. 5966
689L38.9244
538234.8398
669450. 3501
748524.2402

880997. ?718
L432633.3420

857615. 3039
LO70370.'1L62

873803. 0148

S.E. (Mean)

97.6322
r20.8760
I20.8992
126.8560
111.4120

a9.0776
89.7810
9A.062'l
92.26]-2

]-O2.6264
102.7019
113. 3577

91 i S.E

1.13t.28
.54!.24
.06!.29
.24!.32
.44!.29
.L7t.2A

-.131. 31
.8I+,29
.29!.27
.57r.30
.14!.28
.351.35

r.13 1.30
.65 !.27
.94!.29

-. I0 +.26
.08 r. 30

-.L2!.24
-. 08 1. 32

.50 r.28
r.98!.26

.38 1.29
-.L5 !.29

.16 !.27

-. 30 r. 32
r.02 r. 30

.55 r.35
-.o4!.29

.7O !.32

.34!.2A

.80 1.26

.55 1.28

.92 !.28

.52 !.36

.10 1.28

.29 1.39

. 331.28

.92 t. 31

.54x.27

.10i.30

.12 t. 31

.24!.24

.69!.28

.39r.26

.38!.27

.55!.29

.501.29

.83r.29

.38r.37

.941.31

.02!.26

.27 !.25

.40!.24

gz ! S.E

r.94!.56
-.081.56
-.08 1. 58
r.61 1.63

.49 r.58
-. o0 r.55
-.53r.61
1. 16 1.57

.26l'.53

.51 1.59
-.47 !.54

.o4!.69

1954
1955
1956
1957
1958
1959
r960
196r
1962
1963
]-964
1965

2550
3485
30 35
2922
2562
2460
2 310
3 140
2422
2796
2490
2902

98.2858
LO2.5272
ro9.7620
L20.7A26
LO4.9126
7A.9484

108. 1156
93.3072

109 .4111
88. 8218
80 .6555
a4.9265

97.9553
r22.5962
L46.L2L6
125 . 5 390
r12.5163
I07 .0832
92.8698
94.3538

126.8345
103. 8290
I08.6406
r54.6929

83.4440
105. 3528
r07. 8998
119. 3516
to4.7264
88.8490
85.7082
90.L277
9L.674L
87 .6873
99.9590

103. 4079

4.09r,59
1.56r.53
2.35r.58

.o2!.52

. 111. 60
-.26!.56
-.28!.63
-. 32f.56
a.70!.52
-.301.57

. IIr.58

.22!.54

63
79
66
84
62

73

7T

56

¡.J
r,i
I

85
69
67
77

FEMÀLE PROGENY OF INDEX FLOCK

1954
1955
1956
1957
1958
19 59
1960
1961
]-962
1963
]-964
1965

2472
3294
3697
3548
31 36
3014
3 332
37]-2
3080
3446
2344
3372

64r2
8847
7605
8012
7960
76L6
7 476
7324
9r14
6r80
7354
7L66

4683. 78
5229.77
5378.61
5643.58
4959.47
4767 .06
4764.L5
5145. 18
5166. 5r
4505.72
5080.57
5138. 05

4544.73
5166. 33
5039.05
5392.97
4775.40
4639.97
4660.55
4878. 56
4394.20
4501.97
4920.66
¿986. 86

55
62
46
67
57
72
83
7I
72

-.27 t.63
2.29!.60
-.341.69
-.52 r.58
L.45!.62

.22!.56

.70!.52
-.18Ê.56
1.78r.56
-.39 1.7r
-.15 1.55
-.57 t.76

- .69 r. 56
.78!.62
.35 1.54

-.09 1.60
-.01 1. 6r
.0r t. 55
. t8 1.56

-. 26 1. 51
.33 1.53
.04 1. 57

-.06 1.58
t.12t.57

43
74
37

F'EMALE PROGENY OF VISUA]. FI,OO(

i

i

{

T

1954
1955
1956
1957
1958
1959
1960
196r
L962
1963
1964
1965

3r06
3665
3033
3130
2854
3016
3422
3306
2480
3004
3404
3184

6066
7642
7599
7656
6926
6?54
6736
7L46
6A20
6486
7092
7696

7t
58
7A
62
60
75
73
86
82
70
67
70

DAMS BOFtit rN 1949, 1950,L951,1952,1953

L949 40 3327 7660 5523.15
1950 5S 3260 9320 516r.48
r95t 88 3072 7247 5L57.42
l-952 93 2518 8640 5437.85
1953 r04 3158 7748 5176.93

148.4080
157.1640
98.7199

107 . 2 8r?
9r.6622

r

.33t.73
L.49!.62
-.441.51

. 341. 50
-.20t.47



'1.

TABLE I-I(15)

MÄLE PROGENY OF INDEX FLOCK

Basic statistics for skin tlickness in cm (where gl and 92
are Fisherts coefficients of skewness and kr¡rtosis respect-
ively). The data applies only to the progeny born and
raised as singles and has been partitioned by sex and flock type.

Year

L9 58
I959
I960
196 I
l-962
1963
I964
196 5

gl I S.E.

.63 .29

.25 .28
-.01 .3r
-.11.29
.Lr .27
.30 . 30

-.06 .24
-.28.35

.31

.28

.24

.26

.29

.29

.29

o" I S.E
L

.32 .5A
-.26 .55
.33.61
.69 .57

-.33.53
.37 .59

-.33 .54
-.55 .69

Min MÐ(.

.30?

.325

. 315

.315

.290

.2e4

.279

.290

l'lean Variance S.n. (Mean)

67
14
59
70
80
64
76
46

.204

.2l-6
))a

. r98
. I98
. I75
.1.83
.2]-6

.249

.269

.269

.252

.237

.23r

.23L

.259

.0004

.0005

.0003

.0005

.000 3

.0004
,0005
.0003

.0026

.oo27

.002 3

.0026

.0021

.002 6

.0025

.oo27

1958
l9 59
t960
1961
1962
196 3
1964
t965

62
7).

56
73
85
69
67
77

.203

.2L8

.22L

.201

. 170

.I73

.183

.208

.328

.310

.315

.295

.297
tlo

.287

.307

.252

.269

.260

.245

.223

.232

.230

.254

.0006

.0004

.0004

.000 3

.0006

.0005

.0004

.0004

.00 32

.oo22

. oo25

.002r

.0026

.0026

.oo24

.oo22

.7A
-.15

.L2

.36

.56
-. L4

.40

.43

.30

.24

.32

.24

.26

.29

.29

.27

.94
-.o2
-.o2

.r5

.31
-.24

.32

.08

.60

.56

.63

.56

.52

.57

.58

.54

MÀLE PROGENY OF VISUAI FLOCK

FEMÀLE PROGENY OF INDEX FLOCK

1958
19 59
1960
1961
]^962
196 3
L964
1965

1958
19 59
1960
196r
L962
1963
L964
1965

57
72
83
7T
72
43
74
37

.224
.2LT
.198
.216
.157
.193
. r75
.22r

.318

.3r0

.302

.305

.279

.300

.279

.325

.267

.266

.243

.252

.215

.232

.2ra

.260

.0005

.0005

.0004

.0004

.0006

.0005

.0005

.0007

.0031

.oo27

.oo22

.0023

.002 I

.0035

.0025

.0043

.41
-.36

.53

.34

.L4

.62

.24

.74

.32

.2A

.26

.24

.24

.36

.24

.39

.62

.56

.52

.56

.56

.71

.55

.76

-.47
-.63

.40
-. 16
-. 18

.31

.31

.15

FEMÀLE PROGENY OF VISUAT FLOCK

60
75
73
86
a2
70

.23r

.2TT

.198

.203

.L52

. r85

.168

.208

.324

.3r2

.3r2

.279

.254

.242

.269

.310

.260

.266

.242

.243

.205

.226

.203

.244

.0004

.0004

.0005

.0002

.0003

.0004

.0005

.0004

.0025

.0023

.0026

.00r7

.0020

.0025

.002 8

.oo23

r .59
-.47

.36
-.o7

.2L

.00
- .04
l. 50

.61

.55

.56

.5r

.53

.57

.58

.57

I o4
13
36
I9
I5
42
64
92

.27

67
70

I

I

T

lr

r



TÀBIE I-2{I)

MÀLE PROGENY OF INDEX FI,OCK

Basic statistics for date of birtt¡ (wtrere 9¡ and 92 af.e Fisherrs
coefficienÈs of skewness and kr¡¡tosis respectively). llhe data
appties only to the progeny born and raieã¿ as twfns a¡¡d has Èeen
partitioned by sex anal ftoct< ttpe. (lltre corresponding info¡¡ation
is lncluded for the dams born from 1949 to 1953 lnclusive, ar¡tl used

in the Initial yea¡s of the e:ç¡erilent.)

![in.
rlt
109
IIO
108
t18
115
L24

N

27
30
26
I8
11
29

5

I4
t6
27
L2

M€an veriance

35 .0199
25.9092
72.2662
51. 3203
18.9636
39.8867
75 .2000

93.648¿
59.2625
50. 5670

¿50.8788

s.E. (ldean)

1. 1389
.9293

5885
3130
L72A
8781

2.5463
L.9246
r. 3685
6.L297

gZ t S.E.

5.15ù.87
-.58r .83
I.57t.89
1.001I.04

-L.25!L.28
1.00f.85

.o4!2.OO

gr

2.22!
.401

1.53t
I. 41t

.071
L.29!
1.361

.45

.43

.46

.54

.66

.43

.91

.49

.46

.69

.64

.66

.39

.54

.69

.69

.5r

.40

.66

t s.E.Year

1954
1955
1956
1957
1958
1959
1960
]961
L962
1963
1964
1965

Max.

138
L2A
L44
134
131
r39
144

116.41
116.23
1r9.12
I15.44
L23.e2
L22.62
128.80

66721
I
I
I
3

113
115
r14
r17

r52
141
141
L92

L23.57
r23.94
I23.52
t4r. 17

1.78i.60
L.29! .56
.97! .45
.95! .64

3 . 4411. 15
.69 rr . 09
.42! .A7
.77XL.23

-.39r.95
I.841.90

-1.2511.33
.49!L.23

2.23!L.28
2.L5! .76
-.33J1.04

-1. 6311. 33
-1.02tr.33

.39f.99
2.95!.74

-1. 55 11 .28

3.16r.85
-.92! .93
2.4L! .95
.91t.97
.06 tl. . 40

t.12r.73
-L.79!L.74

3.24tr.01
.62 tl. 0I
.89! .92

-.5511.33

-.I71.85
.71t.89
.58tr " 15

-1 . 43 11. 15
-.5811.04
8.081.92
-.5011.15

-r.0311.06
-.72tL.L2
.55t.95

-.93t.78
-1. 45 12 . OO

MAI,E PROGENY OF VISUÀL FI¡CK

22
25
IO
L2
1I
37
I8
10
l0
20
35
L1

il
.0,,i

I

29
23
22
2L

9
40

6

1954
1955
1956
1957
1958
1959
1960
r961
L962
1963
L964
1965

1r9 .9r
L2L.92
121.00
rr3.00
r28. 36
12r.49
L27.33
12r.70
I20. 00
116. 75
L24.80
r29. r8

118.00
rr5.26
I20.36
117. 19
L24.OO
12r.38
r33.67

L22.47
12r.58
L25.2L
L42.40

rr9 .97
12r. 50
L2L.64
116.00
L28.25
1r8.08
L32.1¿
L2L.7L
119.07
t2r. ¿1
L22.83
131. 80

93.9913
112.1600

25. rrll
9.2727

105 .6545
26.5345
65.4118
43. 5667
36 .0000

117.0395
37.5176

158. 1636

2.0670
2.1181
1.5846

.8790
3.0992

.8468
1.9063
2.Oe73
1.8974
2.4L9L
1.0353
3. 7919

I . 0759
.8579

L.6L24
2.3550
L.2247

.8264
3. 5r82

1.6456
2.2670
2.3243
r.7065
2.3733
2.4656
I .6996
2 .0396
r. 3001
2 .0698

.8163
4.6626

?9t
59r
o7t
69t
85t
16t
a4!
051
64!
o4t
20!
431

67!
371
45!
551
19t
26!
03t

.72!
I. 30t
L.26!
.62!
.76!

-2.22!
.531
.361

-. 161
.631 .49
.38r .40
.391.91

.47

107
r10
LL2
110
117

7L
L22
110
109
r07
116
r22

29
26
1¿
14
l8
24
14
L7
t5
22
35

5

107
II3
113
L09
L20
rl.3
1I8
114
109
r06
1r6
tr7

14r
151
L27
t20
r5s
138
L44
r30
L26
L42
L47
L46

1

1
I

I
1

FEMÀIiE PROGENY OF INDEX FLOCK

1954
19s5
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965

lrr
ro8
110
109
r18
115
124

r38
L2T
L44
143
13r
I36
]-44

33.5714
16. 9289
57.L948

116.4619
r3. 5000
27.3L73
74-2667

88.4854
45.2573
64.259L

624.9333

2.1580
1.543¿
I .6 363
7.9053

L.76! .52
L.24! .52
.95! .47
.7L! .69

.43

.46

.60

.50

.54

.60

.55

.58

L

I
I

I

43
48
49
50
72
37
85

19
19
24
to

113
r15
114
LL7

152
137
145
L92

EEIIAI,E PROGENY OF \rISUAI. FIþO(

I

I

1954
1955
1956
1957
1958
1959
1960
196r
L962
1963
L964
1965

141
151
1¿0
L25
148
r38
14¿
139
L27
145
L32
L46

78.5345
133.6200
75.53r9
40.7692

10r. 3889
145 .9058

40 .4396
70.7206
25.3524
94.2532
23.3227

108.7000

DA¡rs Bo¡s¡ rN 1949,1950,1951,1952,1953

1949
1950
195r
L952
1953

86
101
104
r08
10¿

105.
tI¿.
111.
116.
109.

L29
130
116
L26
r19

60
L2
T2
37
56

119 .6857
¿9.8603
l¿ . rto3
35.3567
24.L292

2.A247
t.7L26
0.9111
1.364r
L.22AO

-.071.58
.941.55

-.281.55
.2e! .52
.421.56

-.11tr.12
r.31tl.06

-1.08 tL.06
-r.05tr.0r
-r.21 rI.09

I

15
L7
L7
19
16



TABLE I-2 (2)

¡,TÀIE PROGENY OF INDEX FLOCK

Basic statistics for birth weight in kgs (where 9l and 92 are
Fisherrs coefficients of skewness and kurtosis respectively) '
The data applies only to the Progeny born a¡rd raised as twins
a¡rd has been partitioned by sex and flock type. (The corres-
ponding information is inctuded for the dams born from 1949 to
1953 inclusive, and used in the initial years of the e:qrerinent')

Year

L954
1955
1956
L957
1958
1959
r960
1961
]-962
196 3

]-964
1965

l4in.

2.95
2.27
2.O4
2.O4
2.27
2.O4
2,95

Max Meãn

3.51
3.42
3 .20
3.13
3.20
3.56

N

21
30
26
I8
1I
29

5

l4
16
27
T2

4.54
4.54
4.54
4.31
3.63
5.67
4.54

.L874

.3332

.5075

.3301

.1898

.a952

.3446

2.72
2.27
r. 8t
3.63

.3304

.3581

.4138

.1165

.03 1.60

.20!.56
- .47 t.45
-.o2!.64

3

3

3

3
4

4
4
4
4

Variance

. 1698

.3235

.812 1

.24L6

. 1450

.3794

.3994

.5372

.L766

.243L

.46L4

.9296

.2476

.4eo4

.3L97

.L920

S.E. (Mean)

.0833

. r054

.r397

.1354

.1314

.1757

.2625

gl t S.E.

.54t.45

.2L!.43

.22 !.46

.01 1.54
-1.02r.66

.60 t. 43

.34!.91

gz ! S.E.

-.44! .87
-.77! .A3
-.99r .89
-.39rr.04
-.1911.28
-.33i.85
-. 8012 . 00

-1.0111. 15
.0911.09

-.151.87
.47!I .23

-.90t.95
,33r .90

-.24tL.33
-.9011.23
-.4011.28
.39! .76

-1.34rr.04
-.8611. 33

. 31r1. 33
-L.42! .99

.65r.78
L.79!I.24

.3211.01
-.3211.01

-L.32t .92
-1.09tl. 33

-.951.85
-.o4t.89

-1. 19 11 . t5
-1.411r.15

.04 11.04
-1.031.92
-.8511.15

-t.18t1.06
-.6011. 12
-.571.95
.031.78

-1.30Ð.00

MALE PROGENY OF VISUAI FLOCK

.54

.76
.31
.99

.3r

.99

.99

.08

.63

67

52
44
34
29

.54

.a7

.24

.36

.01

.60

.63

.63

.88

.38

.67

.96

.2r

.r8

.90

.0r

.20

.16

.36

3L
33
56
81

5I
4T
95
98
05
20
40
3T
36
08
32
63

. 1536

.L496

.1238

.0985

.0878

.1138

.2850

.1419

. II48

. t013

.1490

.2318

.L329

.1103

.1148

.2907

.r2a7

.].626

. t43I

.r427

.1667

.0773

.1595

.24!.49
-.531.46

.29 !.69

.05 r.64
-.32!.66

.4r1.39

.29 !.54
-.37 !.69

-1 .04 1.69
-.15 r.5r
r .01 r. 40
1 . 18 r.66

-.46 !.43
- .16 t. 46
-.281.60

. II r.60

.50r.54

.r0!.47
-.26!.60
.22!.55

-. 16 t. 58
.16r.49
.25!.40
.00 t.9t

1954
1955
1956
]-957
1958
1959
r960
1961
t962
196 3

L964
r965

.95

.50

.81

.50

.27

.27

.72

.27

.95

.72

.50

54
54
63
63
08
31
3t
31
08
o8
54
54

4
4
3
3
4
4
4
4
4
4
4
4

4
4
4
4
3

5

4
4
4
4
5
6

2

I
2

2
2

2

2

2

2

2

2

22
25
10
12
11
37
T8
10
10
20
35
11

22
54
54
31
08
44
35

54
54
08
54
86
3I
86

3T
54
54
54

3

3

3

3

3

3

3

3

3

3

3

3

FEI.{AIiE PROGENY OF INDEX FLOCK

1954
1955
1956
1957
195 I
1959
1960
1961
L962
196 3
1964
t965

29
23
22
2L

9
40

6

2
T

I
I
2

2
2

04
36
59
8I
27
18
95

3

3
2
3

3

3

3

3

3

3
3

4
4
4
4
3
4
3

4
4
4
4

.480 3

.6079

.4503

.4277

.2500

.2390

.L526

.03 1.43
-.56 1.48
-.2r!.49

.45 1.50
-.37 !.72

.o4!.37

.02 r. 85

-1.081.85
.15r.93

-.8?f.95
-.1I1.97
-.35tI.40
-.37! .73

-L.67!L.7 4

19
I9
24
10

2.27
2.04
2.95
3. r8

.1141

.1590

. rt54

.1386

.36 r.52
-.10 r.52

.36!.47

.20!.69

IEMÀLE PROGENY OF VISUAI, FIOCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
1964
1965

.27

.04

.2?

.27

.21

.27

.27

.50

.50

.4358

.3353

.2L37

.2284

.2555

.3816

.3561

.3347

.2072

.2 335

.2237

.5L44

.1226

.1136

.L235

.t277

.119r

.t26r

.1595
. r403
.1175
.1030
.0800
.3207

29
26
L4
L4
18
24
T4
T7
15
22
35

5

2
2

2
2
2
2
2
2
2
2
2
2

.27

3
3
2

2
3
3
3

3
3
3
3

3

50
72

DÀlrs BoRN rN 1949,I95O,1951,1952,L953
57
63
o8
54
08

4
3
4
4
4

50
59
72
72
o4

2
1
2
2
2

.1493

.1167

.1006

.L274

.1392

I

L949
1950
1951
L952
1953

t5
L7
L7
19
l6

3.25
2.95
3.24
3.31
2.9L

.3341

.2315

.L72L

.3ro4

.3101

.74!.54
-1.38f.55

.44!.55

.76!.52
-.03r.56

-.3411.12
I.9611.06
-.5611.06
-.4411. 01
-.22!r.O9



TABLE I.2 (3)

MAI.E PROGENY OF ÍNDEX FLOCK

Basic statistics for we¿¡ner body weight in kgs (where gL arrd 92
are Fisher's coefficients of skewness and kurtosis respectívely.).
Ítre data applies only to the progeny born a¡rd raised as twins and
has been partitioned by sex and flock type. (Etre corresponding
information is íncluded for the darns born from 1949 to 1953 inclus-
ive, and used in the iniÈial years of the e:q>eriment.)

Mean Variance S.E. (Mean) 91 1 S.E. 92 I S.EYear

1954
1955
1956
L957
1958
1959
1960
1961
]-962
1963
]-964
1965

llin.
I7.37
20.?7
19.96
9.98

t9.96
r3. 38
22.95

Max.

35.52
35.52
30.75
2I.36
30.12
27 .76
32.52

5I
32

\
2'7

30
26
18
11
29

5

26.L5
24,72
24.5A
L7.O4
24.O4
2L.O4
27.90

26.42
30.55
29.39
29.40
30.43

25. 35
29.22
28.A4
2A.64

L5.7464
9.6452

15.8079
21.0541

12 .0581
L5.7243
2L.0815
6.0664

28.8881
8.5218

24.7292
]-2.3L32
10. r300
]-9.5276
L2.9347

4 -5A25

11.5147
L2.42L3
10.6083
4.2L59
7. 8085
5.3L44
7.0648

9.8472
1o.968 3

L7.8L77
6.1477

.20!.45
-.52!.43
.45!.46

-.67!.54
.79!.66

- .29! .43
- . r11 .91

- .2L! .49
.25!.46

I.03t .69
1 . 85t .64
- . 30r .66

. o9r .39

.73!.54

.691.69

.981.69

.10!.51

. I8r.40

.L2!.66

.2L!.52
- . 381. 52

-L.O2t.47
-.42!.69

.02r.58

.20 r.55

. 38 1.55

.2]-!.52
1. 51 t. 56

.26! .47
-.211.83
-.63r.89

.7011.04
-. 331r.28
.29r .85

-r . 0812 .00

-1.40tt. 15
.9711.09

-.131.87
1. 86rr. 2 3

-.991.95
1.631 .90
-.35fl.33
3.L7!L.23
.74!L.24
.05t .76

-.1911.04
-.28rI.33

.01r1.33
-.73!.99
-.7L! .78

-r.23!r -24

-.99r.85
-481 .93

4.48r.95
-.L6!.97

-I. 00 11 . 40
-.7I!.73

-L.79!L.74

-.32tt.01
-.49 1t.01
L.57 ! .92
-.40 rI . 33

2.52! .A5
.561.89

-.6211.15
-1.02tl. 15
2.97!L.O4
.IO1.92

-1.12rr.15
- . 8011 .06

.25!L.L2
-.31r.95
-.48!.7A
-. 8412 . 00

-.49tl.12
-.891I.06
-.79r1.06

. OSrl . OI
1.61rI.09

L5.1722
12.9553
9.5572
7 .6479
9.2644

t3. 1555
13.2869

.7496

.657L

.6063

.6518

.9r77

.6735
1.6301

14
16
27
T2

35
.33

19.14
24.95
18. 96
2r.36

18.96
20.77
19.78
16.15
L2.L6

22.I4
26.94
2r.77

30
37
36
40

r. 0605
.7780
.7652

L.3246

-.24!.60
.97r .56

-.40r .45
I . 13r .64

MALE PNOGENY OF VISUAI FI,OCK

l_954
1955
1956
1957
1958
1959
1960
1961
1962
196 3

L964
1965

3r.84
40 .9r
33.34
25.54
33. 75
26.76
37.51
33.52
37.33
37.92
36.33
33.93

25.44
29.66
24.6I
r8.68
23.46
20.L7
26.2A

.7 403

.793L
r.4519

.7110
L.6206

.4799
t.r72r
1. to96
r.0065

.9881

.6079

.6454

22
25
IO
12
1I
37
18
IO
10
20
35
11

13.97
19.37

22.L4
27.35

FE¡¡IALE PROGENY OF INDEX FI,OCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
196 3
1964
1965

29
23
22
2L

9
40

6

r?.96
r8.55
L7.37
L2.L6
19.L4
13.79

30. 35
34.75
33.11
20.55
26.94
22.95
24.95

23.49
25.81
21. 89
L7.O7
22.7 4
19. 04
21.58

.6301

.7349

.6944

.448L

.9315

.3645
r. 0851

. 1Ir. 43

.26!.48
L.72!.49
-. 381. 50
.L9!.72

- . 351. 37
. 141. 85.L419

19
I9
24
IO

r8.37
18.78
r1. 16
18.78

23.64
25.59
23.29
23.56

30.53
3L.L2
29.76
27 -35

35.11
36.5r
23.95

L3.6632
L7.7L44
5.2775
3.72L7
4.0264
3. 7lO7

12.8859
r0. 2618

8. 3358
5.625s
8.9445
2.8913

.7L99

.7598

.8616

.7AAL

.3864

.42t9

.3867

.7364

.7434

FEÌ4ÀLE PROGENY OF VISUAL FLOCK

1954
1955
1956
L957
1958
1959
1960
196r
L962
1963
1964
1965

t5
22
35

5

29
26
L4
L4
18
24
L4

23.62
26.4O
21. 18
L7.20
2L.27
t.9.2L
22.64
24.59
24.44
25.75
25.64
24.7 4

.6e64

.a254

.6140

.5156

.4730

.3932

.9594

.7769

.7455

.5057

.5055

.7604

.9 3 1.43
L.L4!.46
-.601.60

.04 1.60
L.29!.54
-.531.47
- . t5 1.60

.28r.55

.80r.58

.431.49
-. 40 r. 40

.64 r. 9t

L7

20.37
27.3s
22.r4
28.35
30. 12
31. 12
30. 75
30.53
27.35

15. 88
20.3?
16.56
L3.97
L7.78
14.15
16.96
19 .96
19.78
2I.46
18.96
22.95

DA¡.{SI BORN rN 1949,1950,1951,1952,1953

18.51
19. 31
22.60
23.01
24.09

2L.32
22.36
25.26
30. 53
32.34

2.2397
3.0264
2.54L5

IO.3029
8. 8515

1949
1950
195I
L952
t 953

I5
L7
L7
I9
16

15.88
16.96
t9 .96
L7.3?
2L.36



TABLE r-2 (4)

l"lAI;E PROGENY OF INDEX FLOCK

Year Min

Basic statistics for hogget body weight in kgs (where 9I and
gz aÍe Fisherrs coefficients of skewness and kurtosis respec-
tively). The data applies only to the progeny born and raised
as twins a¡rd has been partitioned by sex and flock type. (fhe
csrresponding infornration is included for the dams born from
1949 to 1953 inclusive, and used in the initial years of tJre

e>çeriment. )

1954
l95s
1956
195 7

1958
1959
1960
1961
1962
196 3

1964
1965

MÀt,E PROGENY OF VISUAL FLOCK

Mean Variance S.E

59.51

36.5506
51 .6063
15 .99r3
r7.4865

60 .60
54.79
48.47
4'7 .55
52.55
54.38
62.53
57.23
59.12
59.15
62.24
61.83

14 .3594
40.7A75
49.8061
12.6757
'Ì2,9AOO
23.0584
32.9445
27 .2049
l^6.4962
42.O4r7
26.5436
r4.2351

45.19
41.11
36.78
37.15
43.5r
38.95
35.97

15.8182
15.8923
10.2608
L7 -3L47

4L

L8.4377
15 .6800
11.9967
18. 8318
7.870r

14.9270
36.8512
22.6000
15. 3058
9.6611

20.9070
5 .5238

36.68
39.59
39. 35
43.t2
44.O4
43.42
43.53

0355

T
21
30
26
l-8
11
29

5

I9
62
75
03
2L

45.50
37 .92
42.O9
38.92
3t.57
42.32
52.49

60.93
53.32
4? .90
45 .15
50.36

54.9479
43.099 3

l-4.5529
rL.3222
46.8388
30.0597
31 .8605

L.427I
r . 1986

.748r

.793r
2.0635
1.0181
2.5243

Max.

77 .25
63. 28
56,29
52.89
57.33
66.O4
64.2'l

1.6158
J..7959

.7696
r.201r

.33 1.45
-.531.43

.50 r.46

.25 !.54
-2 .01 1.66
-.2o !.43
-. 38 1.91

-I.07 r.60
-.96 1.56

.12!-45

. l0 1.49
-1.131.46

.46 !.69

.03 r.64
-I. 88 1.66

.25 1. 39

.30 !.54
- . 38 r.69
-.06 r.69
-. 21 1. 5l_

.45 t 40

.77 !.66

.22!.52
-. 88 1.52

.64!.47

. 86 r.69

-.77 !.43
.52 !.46

-. 38 1.60
-.57 L60

.o2 !.54
-.30 L47

-1. ?5 r 60
.54 r55
.50 L58

-.29 t49
-.rr r40
-.49 t 9I

-.211.58
-.261.55
1.041.55
-.2L!.52

.'19t.56

.4011.15

.6811.09

.39 t .87
-]-.O2Ð..23

-.3? t .95
.841.90

-r.03 11. 33
-.3311 .23
2.90!I .24
-.25! .76
-.67 lL.O4
-.85 iI. 33
-. 30 tl. 33

-1.051.99
.47!.7A
.1811.28

2.20 ! .A5
- .52 ! .93

.16 I .95
r.25 ! .97

.6111.40

.59i .73
-1. O3 r1.74

-1.20 tl.01
-.12 rr.01
-.2r!. .92
-.44 1l .33

1.50+.85
.68+ .89

-.85t1.15
-.43r1. 15
-.70rI.04
-.6ot .92
3.67t1.15
-.5411.06
- . 9O+1. 12

-1.14r.95
.57t.78

- .55 +2 .00

-.12tI.12
-.78t1.06

.97+1.06
-.76+1.0I
.13t].09

Mean) 91 i S.E. 9z t S.E.

-.06! .a7
-.481.83
-.42! .49
.07i1.04

3 .42!r .24
-.19t .85

-r.79!2.OO

I4
I6
27
I2

41. 9r
4I.32
50 .08
52 .80

64.27
69.45
6't .45
66.54

55.84
59.54
59.14
59.68 !.6416

1954
1955
1956
I957
1958
1959
t960
196I
l-962
196 3

l-964
1965

53.7r
38.92
38.92
40.73
29.57
44.O9
53.30
47.90
51. 7t
47 .O8
53.07
55.9'7

68.45
64.68
59 .47
53.71
60. t5
65.27
73.26
64.27
66.27
6A.67
76.84
7L.26

.8079
r.2773
2.2311
r.o21a
2.5758

.7A94
1.3529
t .6494
L.2844
r.4499

.8709
I.2476

.889r

.9562
t .0 332
1.1362
1.8898

.6682
1.0306

.797 4

.7766

.9257
1.1598

.6612

.7886
L.6224
I.1530
r.0r01

.6627

.7729
r. 051r

¿5

IO
T2
I1
37
18
10
t0
20
35
11

FEIIALE PROGENY OF INDEX FLOCK

r954
1955
1956
]-957
1958
1959
1960
1961
]-962
196 3

1964
1965

29
23
22
2L

9
40

6

30.12
32.34
24.95
25
36
31

54. 88
4A.72
45.72
50.7r
55.93
5r. 30
39.9233.

54
97
93
t1

22.9257
21.0303
23.4846
27.rO84
32.L434
17.8613
6.3731

-.9 31.43
-.44!.4A
-.45!.49

. 15 1.50
t.L6 !.72

.86 r. 37

.44!.85

19
19
24
10

37.33
33.75
36.51
39.10

48.90
47 .72
49.08
5r. 48

43.03
43.r2
41.81
43.04

.9]24

.9L46

.65 39
1.3159

F'EMA],E PROGENY OF VTSUAL FLOCK

1954
19s5
1956
1957
19s8
1959
1960
1961
1962
1963
1964
1965

29
26
L4
L4
18
24
L4

t5
22

33.34
34.11
31 .53
29.L2
36.15
28.76
2t.73
32.34
37.92
38. 10
32.34
39.92

L7

35
5

55.70
52.48
42.9r
44.O9
46.54
42.73
48.31
49.49

46
4L
37.
37.

50.7r
48.49
52.57
46.40

DAMS BORN rN 1949,1950,1951,1952,L953

1949
1950
195I
L952
195 3

30.75
39.5r

32.99
37.74
37.03
39.24
43. 38

5.0706
15.9675
L4.4225
L6.7677
7.7t5r

.5814

.9692

.9338

.9394

.6944

15
17
L7
19
T6

36.92
45.09
47.08

28. 13
3L.L2
3r.53

45.72
49.7L



TÀBI,E I-2 (5) Basic statistics for lErnb fleece weight in kgs (where gl and

92 a;re Fisherrs coeffLclents of skewness and kurtosis resPec-
ttveLy). It¡e data applles only to the Progeny born and
ralsed as twins a¡rd has been partitíoned by sex and flock
tlæe. (The corresponding info¡natlon is included for ttte
dlams born fro¡n 1949 to 1953 inclusÍve, and useil Ln the inftial
years of tlle e:<¡rerinent. )

Mean Variar¡ce 91 I S.E

MAI,E PROGENY OF INDEX FI¡CK

Year

1954
1955
1956
1957
1958
1959
1960
1961
L962
1963
1964
1965

}!ÀI.E PROGENY OF VISUAL FIóCK

1954 22 .13 I
1955 25 .73 2

1956 r0 .77 r
1957 L2 .50 I
t958 rr .64 1

19s9 37 .54 I
1960 18 .64 1

1961 10 .A2 I
1962 10 .77 I
1963 20 1.O4 2

L964 35 1.13 2

1965 11 L.32 2

N

27
30
26
T8
11
29

5

1. 30
1.55
L"2r

.65

.98

.97
L.26

Max.

I .68
2 .18
r.68
.9r

L.23
1.4L
r.36

I .50
2.L8
2.95

.45
t.r3
L.32

.42

I4
16
27
L2

Min.

.86
1 .04

.68

.32

.42

.73
r. t8

. 05I3

.0844

.06 39

. or83

.oL74

.0237

.0045

.0639

.080?

.L372

. 1550

.0676

.0710

.0713

.1136

S.E. (¡{,eân)

.0436

.0530

.0496

.o319

.0 398

.o2a6

.030I

-.37!.45
. r3r.43

-.33r.46
-.29t.54
1.04r .66

.93f.43

. 37t .91

- . 31r .60
- .49r . 56

.86r.45
-.42!.64

gZ 1 S.E.

-.o7!.87
-.49!.43
-.85r.89

.5111.04
-.1311.28
.92t .A5

-.78i2 .00

. 33É1.15
-.46t1.09
1.r0r.87
-.LAIL.23

-.44r.85
-.661 .93
-.a2! .95
-.86t.97
-.37É1.40
.4L! .73

-1. t8 !r . 74

-.66 tr. 0r
-r.391r.01
-.331.92
-.0511.33

-.r9t .85
.331 . 99

-.141r.15
-1. 22 tl . 15
-.7011.94
-.42!.92

-1 . 39 tI. 15
-.86 tt. 06

-1. 13fr. 12
-.731.95
.201.78

-1 . 5012 .00

-.961I. 12

-.5IrI. 06
-.8711. 95
I . 44tI.01
-. 8711.09

2.27

00
76
85
65

I
I
I
I

86
09
54
o9
23
18
59
45
9t
50
50
22

1.21
r.47
1.09

.74

.96

.96
1. 17
1. 13
L.2L
1. 75
r.89
r .90

.0830

.0823

.0654

. ot99

.0 302

.o328

. 0856

. 0649

.1180

. tt66

. TII5

. 0876

.0562

.0692

. 0509

.0I94

.0493

.0¿90

.0995

.o754

.0293

.o720

.LO44

.1619

.66!.49
-.38r.46

.24!.69

.97!.64
-. 301 . 66
-.52!.39
-.27!.54

.111.69

.6h.69
-.24!.5L
-.L2!.40
- . 861 .66

-.L6!.52
.0Ii.52

-.25!.47
-. 06 f.69

.411. ¿3
-.23!.46
- . 871.60

.371.60
-. 16 r.54
-.331.47

.14r.60

.26!.55

.40 t. 58

. 38r.49

.46 !.40

.39r.9I

.0614

.o574

.0809

.0407

.o524

.o298

.0690

.0806

. 1086

.0764

.0564

. 0892

.L2! .95
1.03f.90

-1.02 ir . 33
L.72!L.23
-.72tL.2A
-.92t .76
-.78fr.04

-1.671r.33
-.24!L.33

.171.99
-.36! .7A
-.47!L.28

TEMAI,E PROGENY OF INDEX FLOCK

1954
1955
1956
1957
1958
1959
1960
1961
L962
1963
1964
1965

.64
r .18

.54

.73

l_. 03
1.65
r .58
1.48

.0359

. ro04

.2763

.1560

.0435

.o727

.1073

.1249

29
23
22
2L

9
40

6

.64
1.04

.91

.45

.91

.68

.42

L.72
r.86
r.63

.95
L.23
L.23
L.32

L.26
L.52
t.2r

.68
t. 09

.94

.0722

.0538

.0449

.0198

. o098

.0143

.0385

-.26!.43
-.42!.48

.351.49

. 34t .50
-.L5!.72
.02!.37
.29!.45L.02

.o499

.o4a4

.o452

.0 307

.0330

.0189

.0801

.0440

.0516

.0603

.o372

.0523

.o452

. o843

.0666

.o442

.o572

.0546

. 1800

19
19
24
10

I
2
2
2

32
09
50
13

72
04
4L
91
36
36
59
63
4L
31
72
18

¡:E}lAI,E PROGENY OF VISUAT FLOCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
L964
1965

DÀ¡.rs BoRN rN 1949,1950,1951,1952,1953

29
26
L4
I4
18
24
14
LI
15
22
35

5

I
I
I

73
86
64
50
59
54
68
73
86
27
I8
23

I
I
1

I
I
I
I
T
1
1
I

I
2
1

I
I
I
I
I
2
2
2

23
47
13
69
00
o2
09
t3
1I
73
85
64

1I
97
36
o2
99

1949
1950
1951
L952
1953

50
23
54
50
4I

1
I
1
I
1

T

I
I

15
L7
L7
19
I6

.77

.73
1. 09

.68

.73

.0499

.0182

.0182

.0405

.0416

.o577

.0328

.o327

.o462

.051o

.20r.58

.23r.55
-.41!.55

.65 +.52

. 57 i.56





TABLE f-2(71

}4ÀI,E PROGENY OF INDEX FLOCK

Basic statistics for percentage yield (where 91 and gz are Fisherrs
coefficients of skewness and kurtosis respectively). The data
appties only to the progeny born and raised as twins and has been
partitioned by sex and flock type. (Ttre corresponding information
is included for the dams born from 1949 to 1953 inclusive, a¡rd used
in the initial years of the experinent.)

Year

19 54
1955
1956
1,957
1958
1959
r960
1961
1962
196 3
l-964
1965

ltin.
51.90

N

2'Ì
30
26
I8
1I
29

5

70. o0
75.70
7I.5C
64.60
69.70
73.30
67.80

2r.557 4

13.6675
45.8161
17. 3450
L7.5342
24.6685
32.8350

-.72!.45
.37!.43
.32!.46

-. 111 .54
. rol .66
.77t.43

-.691.91

62.A7
66. 39
56.54
58.76

60.50
46.40
50. 30
58.10
5r.30
54.90

Max

74.50
67.10
7L.70
68.30

76,60
72.4O
65.00
65. tO
67.20
72 .40
69.80
6'7 .20
67 .40
70.20
70.80
63.30

73.30
'74.40

76.70
70. 10
73.40
75.70
69.80

79.70
70.70
72.40
71. t0

Mean

63.43
63.77
63.40

62.O4
56.43

65.97
67.94
62.56

67.37
67.42
63.27
58.29
66.84
62.69
65. ?3
63.89
64.20
63. 56
63. 15
64.2.8

Vari an ce

4r.4629
10. 3947
25 "r23r
11. 8042

S.E. (Mean)

.8935

.6750
L.32'75

.9816
L.2627

.9223
2.5626

91 t S.E.

-.o2!.43
-.24!.4A
L.32!.49

. 36 1.50
-.75!.72

.44!.37

.341.85

gz ! S.E.

-.20t .47
-.191.83
-.751.89
-.88r1.04

-L.40!L.28
.23r.85

-L.22!2.OO

14
1,6

27
L2

53.50
55.70
53.80
57.50

64.49
6r. 35
64.98
63 .47

.15r.60
-.12!.56
- .75!.45
- .081 . 64

31.4995
r-5.2r33
23.A472
13. rO55
39 .57 45
29.3l-34
I7.0182
29.4423
ro.5729
21 .4373
19.3989
3'7.]-462

1.1966
.7801

1.5443
1.0450
1. 8968

.8901

.9723
r.7159
t.o2a2
1.1798

.7 445
1.8386

.7156

.7 300

.9960

.7008
2.272A

.7979
2.3776

1.0344
.9392
.6942

2.526L

- .9911 . 15
-.92!r.O9
-.081.87

-L.L2!r.23

r.3511.0I
- .7811.0I
.27!.92

3.1911.33

3.44r.85
.031.89
.31fl..15

-1.10!1.15
-.8911.04
3.041.92
-.05tL15
-.69 r1. 06
-.41r1.12
-.281.95
-.751.78

-1 .07 12 .00

.6111.12
-.32rr.06
-.6211.06
-.90+L.0I

.28r1.09

r.7209
.8060
.9646
.99 18

I'IÃLE PROGENY OF VISUAT FI.OCK

1954
19 55
195 5
L957
1958
1959
1960
1961
]-962
196 3
1964
l_965

FEMÄLE PROGENY OF TNDEX FLOCK

-. lrl . 49
- . 34! .46

.92!.69

.o3!.64
- . 86 1.66
-.701. 39

.131.54
1. r8r.69
-.o4!.69

.351.51
-.34!.40
-.911.66

-.17f.95
.47! .90

-. 3111. 33

-r.1811.23
.79!L.24

1.33r.76
- .6011 . 04

.78r1.33
-t. 35t1. 33

-1.09r.99
-.591.78
-.30r1.28

64.90
64.7 4
54.85
59.20
58.36
62.L7
62.69
54.97
63.12
61. 16

22
25
10
!2
11
37
18
10
t0
20
35
11,

52.40
54.90
50.20
53.60
43.80
44.90
55 .20
47 .80
58.70
53.60
53.30
43.'70

t954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965

29
23
22
2I

9
40

6

63. 30
63.87
64.64
60. t3

58.00
59.90
55.70
58.50
49 .90
56 .00
5r.80

14. 8486
12.257L
2I.A224
10.3r40
46.4900
25.466s
33.9187

-.481.85
-.19J.93
1.95r.95
- .7 4! .97

. r3rr.40
-.57! .73
-.t7!r.74

19
t9
24
10

5 8.00
56.70
57.30
44.LO

6A.24
64.24
65.45
65.27

20.3292
]-6.7584
11. 7009
6 3. 8134

.23!.52
-.381.52
-.23!.47

-2.04!.69

L.L2!.43
-.55 i.46

.95 1.60

.05 1.60
-.22t.54

-L.48!.47
.48 r.60

-.22!.55
- .47 r. 58

. 39 r.49

.05 1.40

.21 1.91

FEMALE PROGENY OF VISUAL FI,OCK

L954
1955
1956
1957
1958
1959
1960
1961
L962
1963
L964
1965

86. 10
74-90

29.6894
22.38,08
12 .5068
35.9438
29.9285
22.5182
17. 3960
16 .0061
18. 8700
2L.L226
15.8302
4.9570

r. 0118
.927A
.9452

1.6023
L.2A95

.9686
L. rr47

.9703
1. 1216

.9799

.6725

.9957

.9457

.7398

.9995
t. 0352

.8182

29
26
t4
L4
18
24
L4
T7
I5
22
35

5

55.50
57. 30
58.40
49.20
57.20
47.LO

70.70
67.90
75.20
69.00
74.20
7L.20
7r.40
72.AO
7r.40
67.40

59.20
56.20
55. 30
54. 50
55 .50

6061

DÀl¡rs BoRN IN 1949.1950,1951,1952,I953

L949
1950
1951
1952
195 3

56.00 13.4160
9. 3037

16.9819
20. 3604
10. 7r03

59
58
57
62

t0
60
70
70

61. 58
62.80
66.72
66.L4
68. 83

70.50
69.90
72.70
72.90
76.30

I5
L7
T7

19
I6

.5? 1.58

.66 r. 55
-.50 r.55
-.23 +.52

.211.56



TABLE I-2 (8)

INDEX FLOCK

Basic statistics for cl.ean fleece weight in kgs (where gI and 92
alie Fisherts coefficients of skewness and kurtosis respectively).
Ihe data applies only to the progeny born a¡rd raised as twins and
has been partitioned by sex and flock type' (Ttre corresponding
infornation is included for the dams born from 1949 to 1953
inclusive, anil used in the initial years of the e:<¡rerinrent.)

MAI;E

Year

r954
1955
1956
195?
1958
1959
1960
1961
l-962
196 3
1964
1965

1954
1955
t956
1957
1958
1959
r960
1961
1962
1963
L964
196 5

N

27
30
26
18
11
29

5

3.49
2.99
2.54
1.63
3.04
2.'t'l
3.77

.3882

.2LL7

.2L65
,2223
.2339
.2613
.8699

-.25!.45
-.46!.43

.40!.46
-.39t.54

. 19t .66

.o2!.43

. 50t .9I

14
16
27
T2

Max.

5. 85
4.40
4.49
3.58
4.45
4.99
6 .03

5. 35
5.08
5.3r
5. O4

.3073

.4418

.1715

.1569

. 148l

.1662

.o797

.1143

l"lin Mean

4.72
3.77
3.37
2.67
3.65
3. 81
4.65

Variance S.E. (Mean)

. 1199

.0 840

.0913

.1111

.1458

.0949

.4I7L

. tr78

.1113

.1703

.095 1

.2753

.0 7s8

. 1583

.1756

.2242

.1109

.0 8t0

.1201

.1010

.1035

.o749

.0786

.I3L2

.0570

.L42A

91 t S.E

-.25!.60
-.7 4! .56

.551.45
-.o2!.64

gz 1 s.E.

-.91j .87
-r.201.83_.Ili.89
-.03!1.04

-I. 351 t.28
.03È .85

-1.0712.00

-.6411.15
-.r711.09
-.30r .87
-.88r1_.23

.09r .95

.91r.90
- . 461I. 33

.5511 . 2 3

-.05r1.28
-.56! .76
- . 4611 .04
-.72!r.33
3. 3011. 33

-1.011 .99
-r.17r.78
-1.0411.28

-.14J.85
-.31r.93
-.48t.95
-.a9! .97
-.8311.40
.18r.73

-.3311.74

-.351I.01
. 85 1r .0r

-.36!.92
r.0211.33

-.03r .85
.28! .49

-.8411.15
-t. 30 rl . 15
2.24Ð..O4
-.o9! .92

.14 11 . 15
- .87 1I. 06
-.82tL.r2
-.87i.95
-.82f.78
-.29 !2.OO

49
77
63
72

3

3
2

4

4
4
4

56
26
27
36

7A
5'7

IO
05
51
56
t0
35
15
90
o2
79

.09

.55

.30

.a7

.83

.19

.38

.09

.79

.36

.64

.13

.67

.10

.69

.59

.96

.46

.84

.56

.48

.08

.L7

MALE PROGENY OF VISUAI FI,OCK

22
25
IO
12
1I
37
I8
10
TO

20

3.77
2.59
2.13
2.54
1.63
2.54
2,77
2.59
3.58
3.04
3.2'l
3. 31

35
11

4

3

3

3

3

3

4

3

4
3

4
3

6

5
3

3

4
4

5

4
6
4

4
4

08
t7
95
8t
90
49
35
3I
03
6'l
94
45

40
63
81
45
54
08
77

L7
85
22
22

.3052

.3095

.2900

.1086

.8338

.2296

.4510

.3084

.5026

.245A

.2296

.1586

.t42A

.2L6L

.2015

.2290

.2405

.2027

.3960

.1793

. I816

.2237

.0950

.L269

.031.49

.74!.46
-.25!.69
.69!.64

- . 351 .66
-.43t.39
- - 07t .54

.29!.69
2.O7! .69
-. 39r . 51

. 1I1 .40
.361 .66

FEMALE PROGENY OF INDEX FLOCK

1954
1955
1956
L957
1958
1959
1960
1961
L962
1963
L964
1965

29
23
22
2I

9
40

6

.52!.43
-. I01.48
-.5L!.49
-.011.50

.37!.72

.44!.37
-. 80t . 85

3

2

2

2

3

2

2

3

2

2
2

18
54
54
18
36
36
77

40
40
22
54

5

4
3

3

4
4
3

5
4
4
4

4
3

3

2

3

3

3

4
3

3

3

4

3

3

2

3

2

3

2

3
3

3

3

.2957

.2464

.t235

.L299

.1548

.1300

.L224

19
19
24
10

.2508

.29A6

.2633

.2250

.TT49

.L254

.ro47

.1500

.70!.52
-.37!.52
-.40!.47

-t . 13r .69

FEIiIALE PROGENY OF VISUAÍ. FIoCK

L954
1955
1956
1957
1958
1959
1960
1961
1962
1963
L964
1965

29
26
I4
L4
18
24
L4
I7
15
22
35

5

3

2
2

I
2
2

2

2
2

2

2
2

13
81
36
95
86
00
09
22
86
68
59
86

4
4
3

3

5
3

4
3

4
4
3

3

76
85
90
40
04
86
58
63
35
35
72
77

.o702

.o9L2

.1200

.r2't9

.1r56

.0919

.1682

.LO27

. r100

.1008

.0521

.1593

-. 38t . 43
.46!.46

- . 001 .60
.061.60

1.2rÌ.54
-.40!.47
-.211.60

.391.55

.141.58

.I3t.49

.4rr . 40
I .081 .91

DAMS BORN IN T949 1950 L952

l-949
1950
195r
L952
1953

72
86
95
99
L7

2

3

3
3

4

.0803

.1L25

.0848

.1888

.1121

.o732

.0814

.0706

.o997

.0 837

tt. 12
11 .06
11. 06
r1.01
rL09

15
T7
T7
19
16

1.68
2.77
2.77
2.3r
3.04

1951 1953

2.28
3.22
3. 39
3. t3
3.62

-.321.58
.29j . 55

-.04t.55
-.351.52

. I0t.56

-.51
-1 .0r
-.24
-.24
-.84





TABLE r-2 (10) Basic statistics for crirçs per inch (where gl and gz ate
Fisherrs coefficients of sfewness and kuÉosis respectively) '
The data applies only to the progeny born and raised as

twLns and has been partJ.tioned by sex and flock type'
(The corresPonding information ís included for the dams

born from 1949 to 1953 inclusive, and used in the initial
years of the e>q¡eriment. )

MALE PROGENY OF INDEX FLOCK

Year N

27
30
26
18
II
29

5

I4
L6
27
L2

Þlin Max.

11
I

I6
I4
12

9
9

9
9

I
1

Mean

7 .37
6. 33
9.46
8.50
I .64
6 .59
7.00

7. s5
7. 16

I0.20
8.25
8. 36
6. 89
7. rl
8.80
8.40
7 .20
6. 89
6.42

Variance gz i S.E.

-.24¡ .87
-.501 .83

.481.89

.87 !r.04
-1.1411.28
-r.041.85
-L.24!2.OO

s.E. (Mean)

.2979

.LA17

.4843

.4868

.664 3

.2355

.94A?

2.3960
1.0s75
6.0985
4.2641
4.854s
1.6084
4.5000

gt 1 s.E

.44!.45
-.L2!.43

.97!.46

.99t.54

.01 r. 66

.2A!.43
-.35 1.91

1954
1955
1956
195 7

1958
1959
r960
1961
L962
1963
L964
1965

5
4

6
6
5

5

4

5

5

5
5

7 .L4
6.'75
6.41
5 .83

1.2088
r.5333

.6353

.6970

-.29!.60
.05 1.56
.08 t. 45
. 3l 1.64

l¡lÀLE PROGENY oF VISUAI FLOCK

1.8788
2 .3900

ro.6222
r.6591
2.4545
r.9324
2 .3399

.8444
2.9333
1.8526
r. 5160

.96 36

.8867
I .2016
4.6948
]. r143

.61r1
I.3949

.266?

.2922

.3092
r .0 306

.37r8

.4724

.2285

.3605

.2906

.5416

.3044

.2081

.2960

.2938

.3096

.1534

.24rO

.1749

.2246

.4620

.2304

.2606

.1867
.2108

.1857

.2008

.2330

.2769

-.15 t.49
.69 t. 46

t.42 !.69
2.ra!.64
- . 14 1.66

.26 !.39

.22!.54
-.511.69
.74t.69
.79 l.5I
.22 !.40

- . 30 1.66

- .49! .43
- . r0r.48
r.72!.49
-.r9r.50

.L8!.72
-.081. 37
-.7rr.85

-.46!.52
.311.52
.95!.47

L.24t.69

- .69i1 . 15

-1. O411.09
-.4L! .47

-1.37!1.23

-.411.95
-.001.90
r. 371r. 33
4.3111.23
-.77lr.24

-r.23! .76
-I.00rI.04
-. 32rr . 33

.1011. 33
1.43r.99
-.391.78
-. 851I . 28

-.65r.85
-.56r.93
2.79!.95

-r.141 .97
-1. r5fl . 40
-.37! .73

-1. 5011 . ?4

- . 07i1 .01
-.6511.01
1.22t .92
1.5011.33

1954
1955
1956
1957
1958
1959
1960
1961
L962
1963
]-964
1965

22
25
10
T2

1l-
37
18
IO
TO

20
35

t0
11
18
12
t1

9
10
10
L2
1I
IO
It1

5

5
7

7

6
5

5

7

6
5
5

5

FE}4AI,E PROGENY OF INDEX T'LOCK

L954
1955
1956
L957
1958
1959
r960
196I
L962
1963
L964
1965

29
23
22
2T

9
40

6

5

5

6
6
7

4
7

5

6
5

5

I
9

15
9
9
9
8

I
9

10
I

6
6
I
7
7

6
7

6
7

6
5

7

7
I
I
7
7

7
I
7

7
7

6

62
'14

L4
7t
89
80
67

90
t1
79
90

48
27
07
29
67
2L
79
41
47
4L
T1
60

19
I9
24
IO

2 .1158
.8446

3. 1484
.8352

2.rL76
L.7373

.9505

.aa24
1.4095
2.2532
1.3983
1.8000

.6550

.766L
1.3025

.7667

2.234L
1.8897
L.2574
4.1170

.8292

.46 r. 43

.08r.46
I . 26 1.60

.041.60
1.55 1.54
-.L6!.47
-.081.60

.03 1.55

.08 r. 58

.83t.49

.2L!.40

. IIl.9l

-.I0r.85
-.89i.89
2.74!L.L5
-.84rI.15
2 . 6511 .04

-1.001.92
-1.09Ì1. 15
- . 82rl .06

-L.42!L.12
.111 .95

-.L7! .78
-I.6012.00

FEMALE OF VISUåT FI,OCK

1954
1955
1956
L957
1958
1959
1960
196r
1962
196 3

L964
1965

29
26
L4
I4
18
24
I4
T7
t5
22
35

5

5

6
5
7

6
5

6
7

6
5

5
5

I1
9

13
L0
T2

9
9

t0
9

11
10

8

.270L

.1802

.4742

.2442

.3430

.269r

.2606

.227A

.3065

.3200

.1999

.6000

DArrrs BoRN rN 1949 ,1950 ,1951 
' 
1952 ,1953

L949
1950
1951
L952
1953

6
6
5
5
6

10
10

9
I3

9

7 .67
7.53
7 .4L
4.32
7.81

.3803

.3334

.2720

.465s

.2276

.20 1.58

. 46 t.55
-.32 È.55

.25!.52
-. 17 r.56

t5
L7
L7
19
16

-1. 35rl . 12
- .9211.06
-. 41rr .06
-.0211.01
-. 8311 .09









TABLE r--2 (14)

I\,IALE PROGENY OF INDEX FLOCK

Year Min. Max

Basic statistics for secondary follicle nr¡¡iber per sq. cm.
(where gl and gz ate Fisherrs coefficients of skewness and
kurtosis respectively). The data applies only to the Progeny
born and raised as thrins and has been partitioned by sex anil
flock type, (The corresponding information is included for
the dams born from 1949 to 1953 inclusive, and used in tåe
inj.tial years of the experiment.)

1954
r955
1956
1957
195 I
1959
1960
196 I
1962
196 3
L964
1965

\
27
30
26
18
11
29

5

2944
37 48
3635
3?22
3800
2078
2936

4706.96
5587. 73
5149.58
5563.44
4833 .46
3745 . r0
4018 .80

gl I S.E.

.52!.45
1.05+ .43
.69!.46
.r4t.54
. 801 .66
.29!.43

-.461 .9I

2676
2544
2720
2492

7 400
9064
7944
7 400
6502
5776
4898

6804
5332
5454
5552

l'le an

4720.A6
3817. r3
4L94.59
410r.33

5027 .37
4r73.O5
5L75.25
4742.20

5379.40
4615.88
5359. 88
55r4.63
4828.88

Variance

aa7227.8063
1156941.2 368
902037.8538

]-207696.8497
777904.8727
59r467 .8818
497645.2000

864684 . r3t9
528233.0500
483383.6353
626244.606l-

532304.277r
a46440.9L67

Lr29049,24a9
870160.0000
556967 .4rA2
765294.5526
4361I9.0588
673617.6000
677]-50.0444
564305.O42L
5L5726.5345
92A454.2545

366279.]-429
957322.A577

2LALL2L.4459
110645r.1619

2550AO.4444
5A9273.9256

1169132 .8000

5AL447.57A9
36L272.60A2

rr99391.2391
753081.2889

S.E. (Mean)

rgL.274L
196. 3790
186.2626
259.0256
265.9297
r42.AL26
3r5.4822

gz t S.E.

.9& .87
2.r2! .A3
t. r5t .89
-.80tr.04
-.58t1.28
.601.85

- .51f2 . 00

1. 14t1.15
-.1211.09
-.40! .87
-.3511.23

2.62!.45
-.42! .93
1.0Ir.95
.04! .97

-.8211. 40
1.56r.73

.33+L.7 4

-. 58rI . 01
.9511.0r

-.27! .92
.1811. 33

2.62!L. t2
-.8111.06
-.7811 .06
-.86 tI.01

.49 rl . 09

t4
16
27
t2

248.5219
181.6991
133.8025
22A.4449

rr2.3a47
204.0165
314.8680
229.5390
168.3516
L21.374A
44r.4244

r?4.9357
137.8925
223.550L
274.4233

315 .6171
2L7.5736
254.3427
237 -t40r
2L5.5662

. olr .60

.501.56
-.33t.45
.43!.64

1954
1955
1956
1957
1958
1959
t960
1961
L962
196 3
]-964
1965

3214
360 3
3106
4726
376A
256e
2776
4082
33r0
3182
243A
25]-,2

5 518
7055
6247
7700
6324
6044
5064
6948
5800
57 40
55 54
5332

42A4.9I
529r.20
4968.80
6076.00
4547 .27
3986.05
4206.67
4A97 .60
4526.40
4I80. 90
4090.23
4011.64

155.5495
LA4.OO44
336.0133
269.2430
225.OrA7
143. S181
155.6561
259.5414
260.22rr
167.9'140
121 .3880
290.5259

.05r.49

.08r.46
-.46t.69

. 50i .64
1.08r.66

.52t.39
-.79!.54
1. 59r . 69

.24!.69

.75r.51

.L7!.40
- . 14r .66

-1.2IJ.95
-.82!.90

-1.12il. 33
-.62!I.23

.92!L.28
-.t8r .76
- .26!L.o4
2.05Jl. 33

-1.0211.33
-.56f.99
-.22! .78

-1.OOr1.28

}4ALE PROGENY OF VISUAI, FLOCK

FEMALE PROGENY OF INDEX FI.OCK

22
25
10
T2
11
37
18
L0
f0
20
35
1l

1954
1955
1956
1957
1958
1959
1960
196r
L962
196 3

L964
1965

3430
3623
2789
3544
3498
34t6
3642

3382
2554
3822
3566

6ra2
4858
7572
65?2

29
23
22
2L

9
40

6

6438
7 346
9098
7838
494A
7L28
6A46

4400.00
5353.70
5615.73
5678.19
4430.22
46L7.35
4816 .00

1.16+.43
.24!.4A
.9?!.49

-.06r.50
-.73!.72
L.2A!.37
I .14r . 85

19
I9
24
10

-.091. 52
-r.l-81.52

.85!.47

.65r .69

1.591.58
. 071 .55
.56t.55
. 51r. 52
.61t.56

FEÌ{ATE PROGENY OF VISUAJ, ELOCK

29
26
L4
L4
18

L4
L'l
15
22
35

5

L954
1955
1956
L95?
1958
1959
1960
1961
L962
196 3
1964
r965

3366
3551
3355
3264
3038
2852
3432
2436
3082
3160
2994
3570

6036
7290
6704
7636
6732
7076
7368
7L62
5700
5714
69L4
5366

8888
6250
75L9
7242
6914

24

4476.A3
5152 .89
4904.29
5s84.43
4624.44
4451. 58
4AO9.29
5048. 59
44L5.A7
4425.36
4818.00
449L.20

1953

L25.3787
178. 5548
283. 1554
310. 9519
195 .7008
208.9752
272.6006
244.66L5
2rL.259A
154.2140
L33.9249
367 .3775

.64!.43

.42!.46

.301 . 60
- . r51 .60

.67!.54

.5L!.47
1.031.60
-.43f.55
-.061 . 58

. lot. 49

.16r.40

.16r.91

-.101.85
-.181 .89

-1.0011.15
-.48rI. 15
.80r1.04
.29! .92
.9211. 15

I . 4411 .06
-1.2511. t2
-.8Ir.95
.47! .78

-I. 6812 . 00

455874.4335
828927.3062

LL22477.7582
1353675. 1868
689378 . 1438

1048095.2971
ro403s5.4505
1017506.8824
669460.8381
523203.1948
627756.OOOO
674831.2000

L4942LL.97L4
804750. ?353

1100079.3603
106847 3 . 3567

743500.7833

DA¡.{S BORN IN 1949 1950 r951 L952

L949
1950

195r
1952
1953

15
T7

L7
I9
16

3756
3020

3992
402A
3290



TABLE I-2 (15)

OF INDEX FLOCK

Basic statistics for skÍn thickness in cm' (where gl ùLd 92

are Fisherts coefficients of skewness and kr¡rtosis resPec-
tively). The data applies only to the progeny born and

raiseã as twins and has been Partitioned by sex and flock
type.

MÀt,E

Year

1958
t959
r960
t96t
1962
196 3

L964
1965

¡'tin

.2L6

.226

.25L

Max.

.318

.300

.302

Mean Variance S.E, (Mean)

.0081

.00 32

.0091

.0056

.0045

.0036

.0046

.0046

. oo36

.o036

.0052

.0084

. oo45

.0032
-0049

. o070

.0039

.0099

9r t S,E.

1.571 .66
.o7!.43
. 86t .91

-. o0i .60
-. 34t . 56
.23!.45
.45!.64

gz ! S.E.

2.46!L.24
.32r .05

- .7 4x2 .OO

-.8011. 15

-1 . 1111 .09
-.7Lt.A7

-1.O5t1.2 3

-.27!L.24
.34t -76

- .68j 1 .04
-r.03t1. 33
-.971r.33
-.64! .99
-.27! .74
-.0711.28

-.5111.40
.r9t.73

-1.O51r.74

.00Êr .01

.5111.0I
-.40t.92

.20t1.33

N

t1
29

5

.247

.260

.270

14
L6
27
12

.196

.2t3

.20r

.24r

.267

.269

.26'7
.2A1

.233

.246

.230

.260

.o007

.0003

.0004

.0004

.000 3

.0003

.000 3

IIALE OF VISUAL FI,OCK

1958
1959
1960
1961
L962
l_963
L964
1965

II
37
l8
IO
IO

.21r

.203

.234

.224

.173

.198

. I00

.226

.267

.3L2

.2A4

.27 4

.257

.272

.264

.242

20

.240

.262

.259

.249

.2LA

.24L

.226

.247

.0002

.0005

. o002

.0003

.0007

.0004

.0003

.0003

-.20!.66
-. o5t. 39

.23!.54

. o3t.69
-.191.69
-. 35i.5I

. o51 .40

.65r.6635
11

FEMALE PROGENY OF INDEX FLOCK

r958
1959
1960
1961
L962
196 3
t964
1965

9
40

6

.239

.2LL

.204

.305

.323

.2?4

.264

.263

.245

.L't5

.198

.168

.203

.225

.232

.2LI

.24A

.0005

.0003

.o004

.0005

.0049

.o040

.oo42

.0068

.0004

.0006

.0006

.000 3

.0007

.0003

.0006

. oo09

.oo06

.000 3

.0004

.75!.72

.42!.37
-.27!.45

-.43X.52
.o2!.52

- . 3tt .47
-.501.69

t9
t9
24
10

.259

.269

.246
-28.2

FEIiIÀI,E PROGENY OF VISUAL FLOCK

1958
r959
1960
1961
]-962
196 3
1964
1965

.22I

.211

.203

.206

. 160

. I88

.165

.203

.295

.307

.262

.295

.274

.2A7

.229

.249

.251

.25r

.235

.237

.2L2

.232

.198

.239

18
24
L4
L7
15
22
35

5

.0043

.0053

.0048

.0060

. o078

.0053

.oo28

.0090

.961. 54

.43!.47
- . r?t.60

.79!.55

. 45t .50

.23!.49
-. 16t.40

-r.49f.91

. 86f1 .04
-.7L! .92
-. 99rI . t5
-. lltl .06
-.40!L.L2
-.29! .95
-.7A! .7A

.23!2.OO



2-tail
Prob.

F
Value

2-tail
Prob.

T
Value

Table I-3 (I)

Year of
birth

I954

1955

1956

1957

1958

1959

1960

1961

1962

1963

L964

Univariate comparison of Index and Visual flocks for
the variate date of birth. Parametric tests (variance
ratio and t-test) and a nonparanetric test (Kolmogorov-
Snirnov) are presentecl for single born (S) and twin born
(T) progeny for the 12 years L954 to 1965.

MÄLE PROGENY

.962

.L26

.265

.012 )t

.492

. 517

.049 *

.276

.474

.L92

.070

.425

.00r**

.727

.4L6

.3r4

.875

.o32r,

.815

.449

.000*?tr:t

. I19

.133

.306

-.L34
.320

-. 091

.438

.L73

-. r94

.104

.273

-. 15B

-.131

-.283
. 389

.13s

--286

-. 115

.450

.064

-.2LO

.362

.311

2-taiI
Prob.

. 514

.l.46

.448

.086

.859

. o85

.226

-842

.813

.480

.270

.870

Kol-
Srúr.

1.69

2.68

1.95

4.33

1.35

2.84

1.93

5. 53

r.48
5.57

1.18

1.50

1.13

I. 15

1.39

1. 19

2-60

L.L7

r.97

r.46
r.35

2.45

.036*

.0 18*

.005**

.000***

.228

.lo2

.007**

.006**

.7r7

.oI2*

.494

.248

.652

.734

l-66

.427

.156

.540

.186

.T2T

.410

.001**

.110

.05

-1.56

-L.T2

-2.6L

.69

-.66

1.98

r.11

-.72
-1.35

1.83

.80

3.34

.35

2.60

.81

1.03

.16

2.24

.23

.76

5.06

1.6 3

S

T

S

T

s

T

S

T

S

T

S

T

S

T

S

T

S

T

. 010'k .249

. ot4*

.445

.018*

.376

.549

.697

.033*

.993

.413

.001**

.45L

S

T

S

T

s

T
1965 2.85



TabIe r-3(2) Univariate comparison of Index ancl Visual flocks for
the variåte birth weight in kg. Parametric tests
(variarrce ratio and t-test) and a nonparametric test
(Kolmoqorov-Srn-irnov) are presented for single born (S)
and twin born (T) progeny for the 12 years 1954 to 1965.

IvIALEPROGENY
Year of
birth

1954

1955

1956

r957

1958

1959

1960

196I

1962

196 3

1964

T.L2

1. 10

1.04

1.03

1.12

1.60

L.2T

r.37

r.79
1.31

1.50

2.36

L.26

1. 16

L.02

L.25

1. 87

1. 15

r.47

L.28

1" 11

L.77

7.98

.635

.826

.856

.950

.643

.339

.430

.607

.023*

.678

.089

.016*

.392

.988

.929

.322

.350

.57A

.42I

.294

.7e3

.040*

.oo2**

2.45

-.20

-1.0s
-2.a4

-.86
-1.18

.56

r.06

-.67
- -25

-.99
.L4

2.28

-I.82
-1.69

1.01

.36

.15

-1.91

2.OO

.016*

.839

.294

. 006**

.687

.884

.389

.247

.574

.300

.504

.800

.327

.887

. o71

.LO4

.316

.722

.882

.061

.o41*

.276

-.2L4
. r50

-.087
.447

.091

.100

.060

.250

-. 17s

-. 455

. r10

-.195

.134

.189

150

400

.086

.L25

.088

-.247

.224

-.386

.893

.005 **

.859

.999

.998

.602

.225

.081

.691

.464

.592

.981

.248

.263

.200

.926

.983

.900

.235

.089

.229

Kol-
Smir.

2-tai1
Prob.

.074

.866

40

15

S

T

S

T

S

T

s

T

S

T

S

T

S

T

S

T

S

T

S

T

S

T

.024* .163

5

T

2-tail
Prob.

T
Value

2-tail
Prob.

F
Value

1965
L.L2



Table I-3(3) Univariate cargparison of Tndex and Visual flocks for the
variate weaner body weight in kg. Parametric tests
(variance ratio and t-test) and a nonparametric test
(Kolmogorov-Smirnov) are presented for single born (S)
and twin born (T) progeny for the 12 years 1954 to 1965.

MALB PROGENY
Year of
birth

l-954

1955

1956

L957

195 I

1959

1960

1961

l-962

196 3

1964

r-47
t.26

L.2L

L.2L

1. 19

2.2I

t. 15

I.26

I.07
3.L2

2.OO

t.54

T.L2

I.86

r.43

I.22
1. 55

1¡ 07

2.O2

I.26
r.22

L.4T

4.59

.L2L

.596

.4L2

. 613

.487

.115

.573

.710

.777

.087

. o04**

.2r9

.613

.579

.135

.361

.513

.774

.173

.333

.577

.2I2

.o23*

.L7

.66

-1.59

-.91

-.27
-.02

-L.20
-L.67

-.o7
.31

-. 50

1.07

-3.54
.67

89

-2.76
-3.43

.866

.510

.LLA

.365

.788

.9A2

.233

.107

.945

.76L

.618

.286

.000***

.508

.374

. 006 **

.002**

.637

.899

.944

.560

.344

.25L

-.L32
-. 161.

.178

. r53

.T2I

.234

.161

.333

.090

-.I82

.17r

.250

.319

.ALL

.181

-.2r5
.6L4

.]66

.2L3

-. 106

.156

-.2L5
- 4L7

. o04 **

.382

.L57

.034*

.013*

.267

.673

.750

.752

.IL2

.167

S

T

s

T

S

T

s

T

S

T

S

T

S

T

s

T

S

T

s

T

Kol-
Smir.

2-tail
Prob.

.525

.808

.153

.808

.580

.7r4

.29a

.282

.911

.a26

.L97

.200

.47

-.13

S

T

.07

-.59

-.95
-1.18

S

T

2-tail
Prob.

T
Value

2-tail
Frob.

F
Value

1965



2-tail
Prob.

T
Va1ue

TabIe I-3 (4) Univariate comparison of In<1ex and Visual flocks for
the variate hogget body weight in kg. Pa.rametric tests
(variarrce ratio a¡d t-test) and. a nonparametríc test
(Kolmogorov-Srn-irnov) are presented for singte born (S)
and, twin born (T) progeny for the 12 years 1954 to 1965.

MALE PROGENY
Year of
birth

r954

1955

1956

L957

195 I

1959

1960

1961

L962

L963

L964

F
Valuc

1. 14

3. 83

I.27
1.06

1.11

3.42

L.42

t.L2

1. 17

1.56

1.09

1. 30

L.12

1.03

1.09

L.O2

2.22

L.26

L.23

I.12
1.66

L.44

1.04

2-tail
Prob.

Kol-
Srnir.

2-tai1
Prob.

.548

. 510

.292

.316

.859

.748

.7L3

.150

.464

.2I7

.397

.257

. 165

.44s

.906

.040*

.392

.43r

.897

S

T

.596

.003**

.316

.899

.670

.o14*

.L46

. BOB

.527

.496

.7L2

.450

.669

.838

.7L4

.947

.235

.346

.664

.643

.185

.187

.939

-r.42
-. 84

-.52
-.32

-. 50

-r.87

.'la
-.66

-L.02
.51

-r.78
-r.o4

1.08

-2.6L

-L.49

-. 65

.r7

-2.24
-2.6I

_. 65

-l-.22

.552

.849

.157

.406

.604

.755

.62L

.o72

.437

.515

.3I0

.6L2

.077

.309

-282

.010*

.150

.516

.865

.o27*

.01I

.518

.236

-. 130

-.2L4

-.153
.240

.091

.223

.113

.389

-. r41

.364

. 141

.235

.]-99

-.389

.087

-.2IT
.329

-.143
. 163

.198

-.4L5

-.r42
.409

.099

.007**'

.534

.181

.60

.19

S

T

S

T

s

T

S

T

S

T

S

T

S

T

S

T

S

T

S

T

S

T
1965



li
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Table I-3 (5)

Year of
birth

1954

1955

L956

L957

195 I

1959

1960

1961

T962

1963

1964

Univariate comparison of Index and Visual flocks for
the variate lamb fleece weight in kg- Parametric tests
(variance ratio ancl t-test) and a nonparametric test
(Kolmogorov-Srn-irnov) are presented for single born (S)

a¡rd twin born (T) progeny for the 12 years 1954 to 1965'

MALE PROGENY
Ko1-
Smir.

2-tail.
Prob.

Þ

T

1.05

r.62

L.44

1.03

1.13

L.02

I.43
r.09

I. 06

r.74

L-24

1.38

L.46

ra.92

1,36

1. 10

1. 85

r.62
L.44

L.46

I.23

L.75

L.77

.837

.243

.r22

.959

.616

.897

.156

.850

.806

.397

.373

.381

.L57

.011*

.198

.676

.305

.053

.474

.116

.565

.031*

.377

L.20

r.2a

.32

1.06

-.o7
L.2a

-2.24
-L.79

_.28

.38

-.70
.24

-3.97
.?o

.20

-.59
-1.70

.234

.206

.752

.293

.948

.2lL

.o27*

.084

.783

.7l-L

.487

.810

.000**

.489

.84l.

.555

.103

.938

.895

.476

.665

.055

.104

-.L24
-.423

.104

-.233

-.061
.362

,232

.36r

.r49
-.273

.L27

-.226

.395

.444

.090

.139

.457

.LI7

.L25

-.103
".IAL

-.232
.386

.603

.017*

.743

.347

.993

.220

.o42*

.208

.397

.480

.53I

.298

.000***

.300

.885

.346

.106

.67L

.983

.773

.841

.072

.229

s

T

S

T

S

T

s

T
ill

',i
'I

S

T

S

T

s

T

S

T

08

13

S

T

c

T

s

T

I
.72

-.43

r
-t.94
-1.70

2-tail
Prob.

F
Value

2-tail
Prob.

T
Value

1965



i¡
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Table I-3 (6)

Year of
birth

r954

t9s5

1956

L957

I9s I

1959

1960

196I

L962

1963

1964

Univariate comparison of Index and Visr¡al flocks for
the variate hogget greasy fleece weight in kg. Para-
metric tests (variance ratio and t-test) and a non-
parametric test (Kolmogorov-snirnov) are presented for
the 12 years 1954 to 1965.

MALE PROGENY

S

T

S

T

S

T

S

T

S

T

S

T

S

T

S

T

F
Value

1.00

1.06

T.4T

I.25

1. 35

L.32

1.10

r.31

1.07

3. 19

I. 01

1.01

1,15

T.L7

L.29

1.03

2.O5

r.37
r.60

2.L4

2.49

1. 35

1.73

2-tail
Prob.

1. O0

".910

.I42

.580

.23L

.s54

.700

.664

.786

.081

.973

.957

.602

.720

.290

.907

.23L

.202

.330

K01-
Smir.

2-tail
Prob.

.902

-799

.418

.26r

.026*

.843

.870

.032*

.577

.480

.r49

.647

.898

.445

. 009 **

.72A

.106

.o42*

.041*

.003*-*

.L42

.001**

.536

. 002 **

. o19'k

.277

.382

.51

.5r

-.62
1.03

2.47

1.19

.55

-2.93

1. 30

-.53

2.46

I-28

.99

1. s3

3:6 3

.88

r.28

2.45

1.96

3.57

.77

4. 03

.40

.609

-6L2

" 539

.309

.015*

.24L

.584

.007**

.196

.604

.0I5*

.206

.324

.L42

.382

.2L5

.016*

.058

.000***

.443

-. 090

-.163

-.137
-.253

-.242

-.200

.095

.500

-.t29
.273

-. r82

.L67

-.o97
.389

.101

.457

.233

.438

-.296
.277

ili
i;r

,I

s

T

S

T

S

T

. 000 **:t .266

S

T

I

.00o***

.690

.370

.288

2-tai1
Prob.

T
Value

r
1965



Tal¡le I-3 (7)

Year of
birth

L954

1955

1956

L957

1958

1959

1960

1961

L962

1963

Univariate comparj-son of Index and Visual flocks for
the variate percentage yield. Parametric tests
(varia¡rce ratio and t-test) and a nonparanetric test
(Kolmogorov-Smirnov) are presented for single born (S)
and twirr bonr (T) progeny for the 12 years 1954 to 1965.

MALE PROGENY
Kol-
Smir"

t

s

T

S

T

s

T

S

T

S

T

S

T

il
I

1.13

L.46

1.04

1.11

1.07

I-92

.616

.356

.880

.776

.775

.308

.542

.647

.962

.2L5

.4s6

.643

.901

.303

.523

.820

.046*

.o32

.058

.r52

.47 4

.422

. o73

.36

-1.38

1.65

1.6r

-. 13

.72

.59

-. 30

4.24

2.22

.42

r.24

r. t0
.31

2.7r

2.32

.6r

.26

.13

1.90

2.42

-1.55
3. 45

.719

.L7 4

.100

.113

.900

.478

.559

.766

.000**rç

.038*

-.158
.2BT

.188

-.240

.T2I

.292

.119

-.r94

. 331

-.45s

2-taiI
Prob.

.316

.2l.'5

.115

.316

.580

.444

.65s

.442
1. 17

1.32

1964

1.01

2.26

1.19

1. 19

1. 03

1.93

I.I7

1.05

3.92

t.7L
2.64

1. 4r

1. 30

1.07

3.15

.675

.220

.275

.758

.021*

.545

.7es

.900

.060

.018*

.L23

.002 **

=.151
.186

-.162
.433

.TB2

-.357

.].'54

-.238

-.234
.347

-.150

-.644

.001**

.081

.323

.516

.364

.326

.026*

.10s

.304

.344

.548

. o 3r*

.035 *

.463

.008**

s

T

S

T

S

T

.008** .239

S

T

I

S

TT

S

T

2-tait
Prob.

F
Value

2-tail
Prob.

T
Va1ue

1965



Table I-3 ( 8)

Year of
birth

r954

L955

1956

]-957

1958

19s9

1960

1961

L962

196 3

L964

Univariate comparison of Index and Visual flocks for
the variate clean fleece weight j-n kg. Parametric
tests (variance ratio and t-test) and a nonparametric
test (Kolmogorov-Srnirnov) are presented for single
born (S) and twin born (T) progeny for the 12 years
1954 to 1965.

MALE PROGENY
Kol-
Smir.

2-tail
Prob.

c

T

S

T

s

T

s

T

s

T

S

T

S

T

L.T2

r.27

1.31

L.46

1.08

t. 34

1.1I
2.05

I .00

3.57

r.0 7

L.L4

1.01

r.93

1.1r

1.10

L.64

1.65

1. B0

1. 86

1.34

L.20

1.01

.653

.570

.243

.320

.769

.5 34

.695

.229

.990

.057

.766

.707

.975

.304

.65 3

.676

.407

.o44*

.227

.011*

.445

.482

.979

.74

-. 36

.33

1.50

2.23

I.46

.87

-2.42

3.53

.45

2.25

2.O5

T

t

5.03

1.87

1.61

2.43

1.86

4.7L

2.20

2.65

3.43

.462

.7L8

.743

. I40

.o2g*

.154

.388

.o22*

.00I**

.658

.026*

.045*

. 166

.L49

.064

.L2I

.017*

.07L

.000***

.032*

.009**

.003**

-.L42
.160

-.110

-.280

-. 136

-.277

.L48

.472

-.276
--I82

-. 185

.264

-. I09

.378

.r74

.586

.284

.413

.365

.294

-3L4

-.561

.439

.8L7

.682

.172

.442

.508

.384

.o49*

.011**

.826

.135

.1s6

.813

.478

.000***

.r34

.020*

.007**

.062

.000***

.098

.005**

-o2g*

S

T

s

T

40

50

.000*** .378

t
I
I

I

S

T

s

T

S

T

2-tail
Prob.

F
Value

2-tai1
Prob.

T
Value

I
L965



2-tail
Prob.

T
Val-ue

2-tait
Prob.

F
Va1ue

Table I-3 (9)

Year of
birth

Univariate comparison of Index and Visual flocks for
the variate staple length in cm. Parametric tests
(variance ratio and t-test) and. a nonparametric test
(Kolmogorov*Srnirnov) are presented for single born (S)
and twin born (T) progeny for the 12 years 1954 to 1965.

MALE PROGE¡IY

l-954

1955

1956

l957

1958

1959

1960

1961

L962

1963

L964

1.05

2. 10

1.01

2.47

1.95

2.ro

L.49

1.01

L.L4

3.29

L.32

L.34

1.08

1.53

r.37

.855

.o74

.959

.026*

.008**

.247

.07

-24

1.55

r.a2

3.04

r.09

2

3.20

L.47

1. 86

t. 61

3.15

1.53

2.24

L.07

I.L7

2.46

2.40

2.46

.940

.015

.I24

.074

.003**

-282

. 002 **

.913

.004**

-433

. 002 **

. r45

.064

.I22

.]-'29

.036*

.245

.249

.015*

.019*

.015*

,029*

.l42

.L62

.I29
--260

-.257
-. 33r

.220

.139

-. 319

-.273

-.25L
.227

-. 139

.578

.153

.500

.139

. 300

-.223
.358

-24r

-.409

S

T

Kol-
Smi-r.

2-tail.
Prob "

.437

.808

.488

.236

.ot5*

.307

.061

.981

90

BO

S

T

S

T

S

T

S

T

S

T

S

T

.099

1. 01s

3.13

-.1I

S

T

2 25

09I

T.L2

r.43

2.L3

L.75

1. 19

L-34

.613

.o74

.245

.422

.784

.479

.194

.000ìr:k*

.860

.648

.4e6

.002 **

.I43

.496

.650

. 002 ** .260

.oo2*r,

.480

.015*

.289

.552

.094

.or2t

.244

.063

.466

.288

.o46*

.028*

.055

.181

S

T

s

T

S

T

c

T1965 2.35



TabIe r-3 (10) Univariate comparison of Ind.ex and Visual flocks for
the varj.ate crimps per inch. Parametric tesÈs
(variance ratio and t-test) a¡d a nonparametric test
(Kolmogorov-Smirnov) are prese-nted. for sj-ngle born (S)
and tr,vj-n born (T) progeny for ttre 12 years 1954 to 1965.

I{ALIJ PROGENY
Year of
birth

L954

1955

1956

1957

1958

1959

1960

1961

]-962

1963

1964

L-02

L.28

1. 30

2.26

L.24

r.74

1. 30

2.57

1.05

1.98

1.09

L.20

.939

.s74

.265

.037*

.385

.263

.275

.115

.855

.297

.705

.62L

.737

.306

.L97

.781

.L43

.615

.7Le

.457

.025 *

.195

"602

-.79
- -4L

-.46
-2.37

.79

-.73

-.17
.37

.80

.33

-2.4L
-.92

-.32
-. t3

-3.27

.39

-2.L9

-.83
-1.03

-2.29

-r.75

-3.47
-2.60

.432

.68I

.645

.o22*

.432

.468

862

7l-2

.428

.74L

.017*

.360

.753

.896

.700

.039*

.407

.3L2

.024*

.085

.001**

.017*

.133

.146

-.o97
.207

-.076
.2L5

.LO7

-.278

-. 106

-.r82

.190

-.l-20

.058

-.200

.087

.329

-.089
-. r88

.209

-.269

-.264
.386

S

T

Kol-
Smir.

2-tai-L
Prob.

.520

.88r

.8L2

.487

.952

.781

.769

.481

.792

.826

.Lt7

.922

.999

.970

.009**

864

392

.913

.794

.070

.165

.028*

.229

S

T

c

T

S

T

S

T

S

T

S

T

1.09

L.92

s

T

S

T

Þ

T

S

T

1.36

1.06

2.43

1.13

T.2T

1. 19

2.39

L.43

1.38

.001** -.269

S

T

2-taiI
Prob.

F
Va1ue

2-taiI
Prob.

T
Value

1965



Tab]e I-3(1I) Univariate comparison of Index and Visual flocks for
the variate fibre diameter in microns. Parametric
tests (variance ratio and t-test) and a nonparametric
test (Kolmogorov-Srnirnov) are presented for síngle born
(S) a¡rd twin l¡orn (T) progeny for the 12 years 1954 to
1965.

MALE PROGENY
Year of
birth

]t954

1955

1956

L957

195 I

1959

1960

196I

1962

1963

L964

1" 33

L.62

r. r8
1. 63

1.10

1.10

1. 06

L.27

1. 82

2.73

I.04
1. 84

1.50

r.44

1.50

1.15

L.34

I 05

613

I.23
I. 59

1.83

4.60

.25A

.26r

.469

.2IT

. 701

.930

.830

.700

.018*

.129

.873

.100

.]-2A

.788

.093

.535

.613

.844

.015*

.399

.22A

.030*

.019 *

-. 86

- .77

2.03

-1. 00

-3.50
--37

L.43

2.OO

.19
c1

2.32

L.7T

.51

2.06

.07

-4.88
-.08

-2.L3
.45

-2"98

-.29

.07

-.17

.390

.446

.o44*

.324

.001* *

.7TL

.155

.055

.852

.375

.o22*

.o92

.609

.o52

.944

.000***

.934

.230

.274

.2I9

.200

- 394

-23A

.143

.361

.156

-.364

-.209
. 338

-. r95

.667

.139

-. 360

.243

.o46x

.237

.o44*

.525

.000***

.679

.433

.208

.347

.2L7

.066

.035*

.180

.037*

.425

.000***

.722

o66

181

.040'*

.684

.833

.285

Kol-
Smir.

2-tail
Prob.

s

T

S

T

s

T

S

T

s

T

s

T

S

T

S

T

S

T

s

T

S

T

S

T

.035*

.656

.003* *

.770

.94A

.484

-.2L8
. 338

-227

.166

. r08

.364

2-tait
Prob-

T
Value

2-tail
Prob.

F
Value

1965



Tab1e I-3(12) Univariate comparison of fndex a¡rd Visual flocks for
the variate coefficient of variation of fibre diameter.
Parametric tests (variance ratio a¡d t-test) and a non-
parametric test (Kolmogorov-Smirnov) are presented, for
sinqle born (S) and twin born (T) progeny for the 12
years 1954 to 1965.

MALE PROGENY

Ko1-
Smir.

Year of
birth

r954

1955

1956

1957

195 I

1959

1960

L96L

1962

1963

L964

t.54
l.02

1.38

1.05

L.44

1.09

I.27
2.20

1.05

I.25

1.48

4. r0

1. 45

3.57

L.72

1.13

5.29

1.01

1.39

T.L7

1. 05

1. 84

2.5L

.080

.948

.L64

.913

.I42

.951

.345

.139

.e45

.734

.096

.000*ìt*

.L64

.0s5

.023*

.586

.017*

.957

.525

. 518

.875

.028*

.L47

-1.86
-t. t?

.60

-.87

-1.08
.42

-.52
-2.63

-1.9 3

-. 56

-r.23
-1.68

-2.26
3.38

-2.45
1.06

-.45
-.44

2.07

-.36

.94

.79

,065

.065

. s48

.387

.28l-

.674

.60 3

.014*

.056

.585

.220

.097

.026*

.003**

.015*

-299

.656

.666

. o40*

.7L7

.349

.436

.209

-274

.L44

.207

.r97

.262

-.119
.333

.189

.ra2

.L7L

-.270

.240

.667

-.22A
.429

.093

.288

-.224
-. 105

.198

.242

2-taiI
Prob.

.o87

.226

.359

.487

.105

.575

.655

.282

.160

.826

.198

.138

.056

.037*

.363

.o2l*

.L47

.884

-332

.043*

.977

.L70

.7L7

S

T

S

T

s

T

S

T

S

T

S

T

S

T

s

T

S

T

s

T

S

T

s

T

79 -43L -.L46

2-tail
Prob"

T
Va1ue

2-tail
Prob.

F
Value

1965



Table r-3 (13) U¡rivariate conparison of Index and Visual flocks for
the variate primary follicle number per sq. cm.
ParameÈric tests (variance ratio and t-test) and a
norlparametric test (Kolmogorov-Smirnov) are preseuted
for single born (S) and twin bom (T) progeny for the
12 years 1954 to 1965.

MALE PROGENY
Kol-
Smir.

Year of
birth

L954

19s5

1956

L957

1958

19s9

1960

1961

1962

1963

t964

2-Eai-L
Prob.

S

T

S

T

S

T

S

T

S

T

s

T

s

T

S

T

S

T

1.18

1.58

L.77

2.20

1.09

L.79

L.26

1. 84

L.32

r.37

L.24

2.I5

L.20

6.67

1. 36

1.03

l. 7s

1.08

1.43

L.02

1.68

L.37

L.44

.498

.289

.014*

.o44*

.itg

.243

.340

.307

.272

.629

.369

.031*

.504

.o79

.195

. 910

.402

.763

.4s7

.927

.153

.228

.572

2.O2

.37

2.26

-.68

2.27

1.51

1.93

.19

L.79

-.27

.39

-L.32

.53

-L.20

-2.r7
-3.24

.20

.47

L.47

-.61

.045*

.7LL

.O25,k

.500

.025*

.141

.055

.853

.075

.79L

.696

-r92

.597

-243

.926

.926

.o32*

.003**

.843

.639

.L45

.549

- -293

-.226

.202

.L73

-.227
-.384

.226

.L94

-.229
-.L42

-.116
-.27t

.r22

-. 500

.077

.243

.240

-. 500

-. r07

. r30

.L79

.326

.005 *'*

.447

.076

.689

.043*

. 168

.051

.842

.053

.826

.633

.136

.70r

.191

.2I2

.933

.722

.033*

.014*

739

895

.265

.398

S

T

S

T

s

T

-1.38 .L7L -. 169

09

89

2-tai1
Prob.

F
Va1ue

2-i-aLI
Prob.

T
Value

1965



2-tail
Prob.

T
Value

2-taíL
Prob.

F
Value

Table I-3(14) Univariate comparison of Ind.ex and VisuaÌ flocks for
the variate second.ary follicle number per sq. cm.
Parametric tests (variance ratio a¡rd t-test) a¡d a
nonparanetric test (Kolmogorov-Srnirnov) are presented
for the 12 years 1954 to 1965.

MALB PROGENY
Kol-
Smir.

Year of
birth

I954

1955

1956

L957

1958

1959

1960

1961

L962

1963

L964

2-tail
Prob.

S

T

Þ

T

s

T

S

T

20

a2

S

T

s

T

S

T

S

T

S

T

1. 11

1.69

I.25
L.37

T.2L

I.25

1. 36

1. 39

I.22
r.40

1. 33

L.29

1.38

1.14

1.06

L.49

1.2 B

r.24
I.03

1. 84

r. o7

1.06

I. 48

.672

.235

.338

.438

.4 38

.620

.225

.5 89

.436

.607

.235

.485

.232

.742

.809

.073

.727

.387

.909

.012 *

.875

.797

.527

2.L5

r.72

2.O9

1.09

1.63

.50

2.55

-1. 33

.37

-L.T7

.91

.56

.57

3.58

.53

I.I4
-r.46

3.97

.58

.94

.24

.033*

.o92

.039*

.282

.105

.624

.012 *

.195

.844

.42L

.710

.246

. 365

.585

. s68

.000**

.602

.257

.L52

.000**

.567

.347

.809

-.216
-.24L

.r75
-.193

-.227
-.204

.286

.306

-. 135

-.273

.077

-. 199

-. t1I
-.356

.096

.344

-.329

.154

.300

-.303
.267

.110

-. 303

.069

-372

.l-67

.565

.043*

.ar2

.006**

.373

.sL1

.480

.958

.44r

.796

.548

.838

.000***

.392

.347

.284

.002**

.L7L

.8L7

.478

S

T

S

T

S

T
1965



Table I-3(15) Univariate comparison of Tndex and Visual flocks for
the variate skin thi-ckness in cm. Parametric tests
(variance ratio and t-test) and a nonparanetric test
(Kolmogorov-Snr-irnov) are presented for the 8 years
1958 to 1965.

MALE PROGENY
Kol-
Smir.

Year of
bírth

1958

1959

1960

1961

r962

1963

L964

1965

L.44

3 .09

1.55

1.63

1.20

1.83

1. 71

1.58

1.0I
I.25

I.15
1.01

1.10

1.06

.148

.089

.065

. r85

.485

.331

.017 *

.440

.767

.667

.555

.993

.750

.920

-.87
.76

.01

-.4L

2.59

t.2a

2.L2

4. r8
1.63

.44

.74

T.L7

2.OL

.387

.453

.990

.6e,4

.0r1*

.2L4

.000**¡t

.110

.r32

.L82

. 096

-. r40

-.242
.300

.307

-.329

2-tail
Prob.

.550

.a26

.829

.823

.o52

.732

.031*

S

T

S

T

S

T

S

T

S

T

I.4t .153 .036* .234

S

T

S

T

s

T

45

82

.654

.4L5

.66L

.466

.244

.058

-.l-94
.163

-. 139

.184

.219

.455

.00r **

.392

.133

.897

.426

.566

.10r

.110

2-LaiL
Prob.

F
Value

2-tail
Prob.

T
Value



T¿rbl-e I-4 ( 1) Unj-variate comparison of Index and Visua1 fl-ocks for
the variate date of birth. Para¡netric tests (variance
ratio a¡rd t-test) and a nonparametric test (Kolmogorov-
Smirnov) are presented for single born (S) and twin born
(T) progeny for the 12 years 1954 to 1965-

FEMALE PROGENY

Year of
birth

1954

195s

1956

L957

1958

1959

1960

1961

L962

1963

1'964

I.23
2.34

1.20

7 -89

L.97

t-32

r.62
2.86

L.62

7. 5r

2.L7

5. 34

L.26

1. 84

L.22

1.20

3.49

L.02

2.08

1.51

2.76

4.48

5.75

.4r2

.028*

.492

.0o0***

. 009 **

.551

.057

.057

.071

,007**

.001**

.000t(**

.3r5

.350

.378

.434

.022*

.9l2

.T2L

.086

.007**

.000 *tr ¡t

.108

.54

-1. 00

.54

-2 .45

.52

-.47

3.08

.37

-1.54
-L.22

1.56

1.5r

3.03

-44

2.Or

2.66

r.26

-.73
.06

-2.32
L.42

3. 05

.90

.593

.322

.59 3

.018*

.604

.644

.003**

.7t3

.r27

.232

.L22

.136

.003**

.66 3

.o46*

.009**

.2L5

.466

.949

.o22*

.160

.003**

.386

.TI7

.276

-.2L5
-. 308

. l0r

.22L

-.322
-. 190

-.LI7
-.333

.1r8
-.275

-.239
.286

.160

.230

.302

-.22L
-.26r

.24L

.269

.242

-.300

.002 **

.808

.740

.299

.605

.L57

.0r8*

.724

.228

.o27*

.309

. I19

.368

.o25

.L92

.094

.613

S

T

Kol-
Smir.

2-tai1
Prob.

.7LT

-L27

-097

.140

.880

.659

S

T

s

T

é

T

S

T

S

T

s

T

S

T

S

T

S

T

S

T

S

T

2-tai1
Prob.

T
VaIue

2-tail
Prob.

F
Value

I965



Table r-4(2)

Year of
birth

]-:954

1955

1956

L957

1958

1959

le60

1961

L962

1963

1964

Univariate conparison of Index and Visual flocks for the
variate birth weight in kg. Parametric tests (varíance
raÈio and t-test) and a nonparametric test (Kolmogorov-
Smirnov) are presented for single born (S) ar¡d twin born
(T) progeny for the 12 years 1954 to 1965.

FEMALE PROGENY
KoI-
Smir.

S

T

S

T

S

T

S

T

S

T

S

T

S

T

c

T

S

T

Þ

T

S

T

s

T

1.03

1.10

L.23

1.81

L.79

2.TL

1.66

1. 87

L.42

r.02

L.27

1.60

1. 05

2.33

L.29

r.47
1. 19

L.02

2.06

T.72

r.43

1.14

2 "68

.887

.799

.429

.L52

.036*

.169

.048*

.248

.186

. 831

.318

.T94

.82t

.358

.259

.099

.745

.97L

.115

.026*

.337

.6A4

.202

-.74
-r.72

-.08
.L.2L

.27

-.25

.67

.16

.39

.74

-.o7
-.30

2.O4

-. 14

.37

-. 89

-.30

-" 13

1" 34

-1.19
L.76

.83

.61

.464

.o92

.938

.233

.786

.803

.506

.875

.698

.469

.944

.765

.o44*

.889

.709

.376

.764

.896

.187

-237

.084

.41]_

.550

-.08r
.24L

-.078
-. r6t

.094

.156

.243

.095

-.066
.278

.066

.117

-.L64
-.2L4

-.086

..TL2

.L79

-.057
.208

.L40

.248

085

300

2-tail
Prob.

.963

"227

.975

.808

-924

.931

.033*

.999

.996

.484

.988

.953

.208

.927

.887

.643

.851

-999

.627

.424

.26a

.98r

. 613

2-taíL
Prob.

F
Value

2-tail
Prob.

T
Va1ue

1965



2-taiI
Prob.

F
Value

2-tail
Prob.

T
Value

Table r-4 (3)

Year of
birth

L954

1955

1956

L957

1958

1959

r960

1961

L962

1963

L964

Uniyariate comparison of Index and Visu4l flocks f,or the
variate weaner body weight in kg. Parametric test-s
(variance ratio a¡rd t-test) and a nonparametric test
(Kolmogorov-Srnirnov) are presented for sing1e born (S)

and twin born (T) progeny for the 12 years 1954 to 1965'

FE M A L E P R O G B N Y

55

L4

S

T

2.LO

1. 19

1.36

1.43

L.32

2.OL

1. 40

1. 13

1. 07

r.94

I-25
r.43

1.09

L.82

L.44

1.13

1.10

1. 19

1.95

1. 19

r.99

L.37

2.13

.004**

.654

.242

.404

.283

-197

.183

.836

.802

.239

. 350

.363

.689

.526

.LL4

.600

.762

.546

.L44

.476

.066

.263

.486

I

.91

-. 89

-1.80
.7r

-L.46
-.L9

.74

L.57

-.49
-. 30

-.91
-.65

I.63

-4.59
- .77

-. 59

-.L7

-r.27
-2.5r

-L.23
-. 95

.r23

.887

362

379

.075

.485

L46

850

.463

.L28

.625

.764

.363

.527

.105

.000* **

.449

.559

.862

.208

.015*

.220

.362

Kol-
Smir.

.2LI

.207

.L45

-.L45

-.235
.156

.L32

. 095

.L46

.500

-. 133

.158

.195

.286

.207

-.284
.LA2

-. 169

.201

. 15r

-. 365

-.227
.300

2-Ea,jl-
P:rob-

.101

.377

.477

.881

.065

.931

.544

.999

-482

.o44*

.464

.750

.083

.724

.058

S

T

s

T

S

T

S

T

s

T

s

T

s

f

s

T

. 00 3**

.837

. 363

.666

. 337

. o30*

.131

.613

S

T

s

T

S

T
1965



2-EaLl
Prob.

F
Value

2-tail
Prob.

T
Value

Tab1e I-4 (4) Univariate comparison of Index a¡¡d Visua1 flocks for
the variate hogget body weight in kg. Parametric tests
(variance ratio and t-test) and a nonparametric test
(Kolmogorov-Smirnov) are pr:esented for single born (S)

and twin born (T) progeny for the 12 years 1954 to 1965'

FEMALE PROGENY
Kol- 2-tail

P
Year of
birth

L954

S

1955 
T

1956

t957

r958

1959

1960

196r

L962

1963

L964

r. 78

r.24

1.36

L.34

1.10

r.96

1.43

L.44

1.48

4.08

r.52
r.20

r.34
5.78

1.68

L.02

1.03

L.14

L.64

1.78

2.O4

L.29

3. 13

.023*

.568

.238

.476

.703

.214

.L62

.506

.137

.014*

.o76

.658

.199

.064

.o27*

.934

.966

.663

.274

.018*

.078

.367

.283

2.2r

- -42

-.2A

-.65

-I. I3
.07

1.30

L.43

-.06
2.L5

-2.20
-1.39

1.55

-5.2L

-.06

-t)

-.82

-3. 15

-L.49

-2.32

-.24

.764

.739

.o29*

.677

.783

.s2L

.259

.94s

.195

.166

.953

.o36*

.o2y,

.180

.L24

.000***

. 95I

.165

;I72

. ¿2O7

-; 130

-.o92
.r82

.168

.143

.203

.333

- -o72

-.242

.r79

-.690

. r40

-.344
-. 165

.310

.576

.L20

.938

.932

.84I

.266

.963

.L44

.299

.973

.27L

.137

.019*

.372

.000**tr

.902

.997

.848

.011

.167

.019*

" 339

30

34

S

T

S

T

S

T

s

T

S

T

S

T

S

T

S

T

S

T

S

T

S

T

.827

.4L6

.002 **

.]-AL

.o22*

.8L4

.068

.165

.264

-.277

.302

.4001965



2-tail
Prol'¡.

F
Value

2-tail
Prob.

T
VaIue

TabIe I-4 (5)

Year of
birth

L954

1955

1956

r957

195 8

1959

1960

1961

L962

1963

Univariate conparison of Index and Visual flocks for
the variate lamb fleece weiqht in kg. Parametric tests
(variance ratio and t-test) and a nonparametric test
(Kolmogorov-Snirnov) are pïesented for single born (S)

and twin born (T) progeny for the 12 years 1954 to 1965-

FEMALE PROGENY

t964

T.7L

r.28

1.0r
I.28

L.76

1.13

L.24

L.O2

1.39

5.O4

1.03

3.43

t.2r
2.59

1.01

r.24
L.22

1.16

1. 39

1.06

2.65

L.26

t,04

.034*

.5L2

.961

.556

.o2g*

.77 4

.391

.998

.2r8

.026*

.906

.001**

.394

.301

.976

.353

.710

.6L6

.463

.804

.010*

.403

.878

L.57

.67

2.24

1. 11

-1.33
-.20

1.05

1.19

I.46

-1.68

-r.5r
-.46

.2A

-.54
-L.24

-.75
-.93

2.O2

-I.52

-L.24
-.75

.874

.69l.

.118

.503

.o27*

.273

.187

.842

.297

.244

.L46

.098

.133

.650

.588

.224

456

360

.046*

.r34

.204

-466

-. 117

-.24L

-. 160

.189

.226

.L75

.133

.071

.2A9

.389

.r47

.342

.222

-. 357

-.091
-l-96

-.I25
-.232

-. 131

- .344

-. 163

.200

16

40

S

T

S

T

S

T

Þ

T

Kol-
Srnir.

2-taiI
Prob.

.7LL

.227

.360

.646

.082

.867

.535

.999

.011*

.170

.346

.o43*

.o34*

.482

.866

.850

.775

.726

.502

.506

. 04g*

.466

.894

S

T

S

T

S

T

s

T

S

T

S

T

S

T

.782 -. 089

s

T

1965



2-taiI
Prob.

T
Va1ue

2-tail
Prob.

F
Value

Table I-4 (6)

Year of
birth

L954

1955

1956

L957

I958

r959

1960

196r

L962

196 3

L9&

Uniyariate comparíson of Index and Visual flocks for
the variate hogget greasy fleece weight in kg. Para-
metric tests (variance ratio and t-test) and a non-
parametric test (Kohnogorov-Smintov) are presented for
the 12 years 1954 to 1965.

FEMALE PROGENY
Kol-
Snir.

S

T

L.37

J_-49

1.51

1.84

1.06

L.76

1.03

1.10

r.57
1.91

L.20

L.25

1.07

2.98

1.40

I.1I
L.62

1.05

r.32

1.38

2.84

L.22

1.58

.2L3

.301

.119

.143

.847

-243

.891

.87s

.087

.354

.445

.534

.787

.235

.L47

.642

.362

.845

.540

.183

.006**

.515

.522

-.11
.27

4. 03

-T.27

3.91

L.73

1.08

-.27

2-08

2.39

3.22

1.63

2.89

1.01

2.34

.85

2.04

2.L4

2.Ot

2.90

1.58

.30

3.31

.909

.79L

.000*¡t*

.23L

-. 151

-. 138

-.302
-.3L4

2-tail
Prob.

.4r3

"794

S

T

.000***

.o92

.275

-.377

.006**

.t.25

.019*

.119

.365

.47L

.138

.009**

.018*

.23A

. o71

.286

.048*

.237

.274

.198

-t20

.004**

. o84

.829

.007**

S

T

s

T

S

T

S

T

s

T

.284

.7A7

.039*

.o25*

.002**

.107

.004**

.328

.395

- 050*

.035*

.051

. 004 **

.J.zI

.766

. 006 **

-. 153

-.262

.204

.61r

.246

-.250

-.200
.429

.159

-.3L2

.199

.344

-.289
.315

.r\7
-.800

S

T

S

T

.021* .2L2

s

T

S

T

s

T
1965



2-tail
Prob.

T
Value

2 -tail-
Prob.

F
Value

Tab1e r.-4(7)

Year of
bírth

r954

1955

1956

1957

1958

1959

1960

1961

L962

1963

L964

Univariate comparison of Tndex a¡rd Visual flocks for
the variate percentage yieId. Parametric tests
(variance ratio and t-test) and a nonpararnetric test
(Kolmogorov-Sm-irnov) are presented for single born (S)
and twin born (T) progeny for the 12 years 1954 to 1965.

FEMALE PROGENY
Kol-
Sm-ir.

2-tail
Prob.

S

T

S

T

S

T

s

T

S

T

I.07
2-O0

L.67

I. 83

1.08

r.74

r.22
3.48

r.23
1.55

1.53

1. 13

L.4s

t. 95

r.02

1. 54

t.0B

1.08

L.26

1.15

1.35

1. 59

L2.87

.795

.072

.051

. I58

.793

.303

.426

.oL2*

.438

.423

.07L

.769

.106

.308

-9l.4

.062

.901

.802

.62-5

.566

.453

.130

.025*

-1.65
-1. 13

-. 50

.44

.95

.48

3.61

3.2L

2.7L

-L.23

1.91

1.53

L.2L

-2-45

2.36

3.46

2.64

.IO2

.263

.620

.665

.345

.631

.0oo***

.00 3**

-. 168

.24l-

. r30

.1s7

.L1L

.260

-. 319

-. 500

.289

.227

.605

.826

.308

.473

.002**

.0lg*

.o2g*

.709

.19r

.347

.207

.019*

.068

.000***

.058

.6ss

.666

. o50*

.072

.075

. 160

S

T

t. 71

2.30

L.73

.27

.009**

.23L

.058

-L32

.227

.o25*

.001**

.013*

.790

.600

.089

.o25*

.086

.793

.260

-.222

.T7L

-.225

-.L64
-.690

.329

-.428

.133

.20l-

-.22L
-324

.25L

-.500

S

T

S

T

s

T

.020* .202

S

T

.27
tr9

S

T

S

T
1965



Table l-4(B)

Year of
birEh

L954

1955

1956

L957

1958

1959

1960

L96L

L962

1963

1964

Uniyariate col¡pa¡ison of Index and Visual. flocks for
the variate clean fleece weight in kg. Parametric
tests (variance ratio and t-test) and a nonparametric
test (Kolmogorov-Smirnov) are presented for single born
(S) a¡rd twin born (T) progeny.for the 12 years 1954 to 1965.

FEMALE PROGENY

s

T

S

T

S

T

S

T

S

T

r.60
2.07

L.2B

L.L4

L.2I
1.63

1.36

L.76

L.24

1.55

L.25

r. 56

L.20

3-24

L.28

1. 40

1.38

r.49
1. 33

L.37

2.77

1.0r
L.77

.066

. o59

.344

-746

.487

.308

.2l-9

.246

.4r0

.537

.346

.2L6

.44L

.202

.286

.L44

.546

.165

.522

. I88

.007**

.944

.610

.403

.742

.001**

.406

.00o ** *

.154

. 00 3**

.2LO

.000***

.230

.000 ** *

.030 *

-.r34
.L72

-.3r7
-.204

.400

-286

--252

-.3r0

.356

.389

.30I

-.225

.558

.576

.003**

.559

.000***

.364

.o25*

.287

.001**

. r70

.002**

.347

.o97

.482

.003**

,009**

.o37*

.009**

.L25

.004't*

.015**

.858

.024*

T
Value

-.84
-.33

3. 53

--84

4.03

L.46

3. 00

I.2A

3.62

L.23

3.95

2.23

2.99

-.24

3.07

2.45

3.27

2.62

1.93

3.52

2.55

L.07

L.97

2-tail
Prob,

Kol-
Snúr.

2-tail
Prob.

S

T

S

T

S

T

s

T

S

T

S

T

S

T

.003** -284

. 00 3**

"78:l.

.005**

. 00 3r.*

.010*

.061

.001**

.013*

.2BB

.07L

-. 190

-.357

.259

-. 456

.3L2

.342

-.289
.396

.113

-.700

2-taiI
Prob.

F
VaIue

1965



Table I-4 (9) Univariate comparison of rndex and visual flocks for
the variate staple length in cm. Parametric tests
(variance ratio and t-test) arrd a nonparanetric test
(Kolmogorov-Srnlrnov) are presented. for single born (S)

and Èwin born (T) progeny for the 12 years 1954 to 1965.

FEMALE PROGENY
Year of
birth

L954

1955

1956

]t957

1958

1959

1960

1961

L962

1963

1964

F
Value

2.26

I. 85

1.04

1.50

1. 38

2.L7

L.74

1.45

1. 18

1.15

1. t5

1.00

1. 11

1. 88

1.50

L.37

1. 19

1.38

I.2 B

r.62
r.51

L.07

I.42

2-tail
Prob.

.001*

.109

.864

.330

.2ro

-r54

.030*

.494

.529

.880

.555

-973

.662

.504

. o8t

.170

.717

.236

.587

.o44*

.272

.804

.605

Kol-
Smir.

2-tail
Prob.

.266

.227

S

T

.00

-1.38

4.O2

.40

3.04

.44

2.07

-.46

2.O2

-.59

2.49

2. 82

I.22
1.58

2.08

L.46

1.78

1. 51

.88

I.L2
1.s7

.40

L.37

1.00

.173

.000*:k*

.690

.L72

-24t

-.353
. 16I

.001**

.808

.009**

.867

.098

.287

.336

.907

.153

.099

.606

.286

.014*

.r54

.ro2

.367

.276

. BOB

.581

.620

. 339

S

T

S

T

c

T

.003**

.661

.040*

.646

.o46*

.562

.014*

. 006 **

.226

.L32

.L45

.084

.135

.383

.264

.I23

.690

.L92

.296

- -r75

-.204
.310

.165

.L67

.r79

-.300

-. 115

.429

.L76

-.389

. 169

.285

-. 100

.188

.L44

-.400

S

T

s

T

s

T

s

T

S

T

.039* -245

s

T

Þ

T

c

T

2-taiI
Prob.

T
VaIue

1965



Table T-4 (10)

Year of
birtfi

1954

1955

1956

t957

195 I

1959

1960

196 I

L962

1963

L964

Univariate comparison of fndex and Visual flocks for
the variate crimps per inch" Parametric tests
(variance ratio and t-test) a¡rd a nonparametric t-est
(Kolmogorov-Snr-irnov) are presented for single born (S)
and twin born (T) progeny for the 12 years 1954 to 1965.

F'EI{ALE PROGBNY

S

T

S

T

S

T

b

T

S

T

S

T

1.16

2.39

t.47
L.42

I
I

75

49

1.03

1.33

2.49

3" 47

1.08

t.25

r.64
3.56

1..06

1. 01

2-15

1.16

2.94

.560

.o25*

.L40

.393

.045*

- 462

.918

-602

.001*

.079

.731

.533

.034*

.169

.959

-L27

.584

.024*

.43L

.874

.206

.265

-r.52
-2.68

-2.A9

-1.84

-2.39
.09

-3.2r
-r.65

-L.2L
.43

-2.76
-t.28

.43

-.28

-1.13
-L.67

-. 83

-. 7B

-2.97
-L.O4

-2 -74

-L.23

. I30

.010 *

.005 **

.o72

.019 *

.926

.002 **

.108

.230

.67 4

. 000 *,k

.205

.67L

.783

.494

.260

.105

.4r0

.443

.004**

.301

.007**

.242

KoI-
Snir.
.L64

.3r0

.209

-.206

-.L73
.188

.233

.2L4

-.148
.r67

-.r73
.r42

-.095
-.286

-.074

.107

.267

-.133
-. 136

. IB4

-.L76

-.208
. 300

2-tail
Prob.

.316

.066

. rt6

.549

.298

.813

.o47*

.697

.46L

.907

.183

.848

.816

.724

.963

.703

.44s

.658

.949

.150

.657

.203

.613

c

T

s

T

.793 69

S

T

s

T

S

T

I.2L
I. O7

S

T

r.47
2.35

2-EaiL
Prob.

î
Val-ue

2-tail
Prob.

F
VaIue

1965



Tab1e I-4(fl)

Year of
bi

195 4

1955

1956

]-957

I95B

I959

1960

196I

L962

L963

l-964

Univariate comparison of Index and visual flocks for
the variate fil¡re diameter in microns. Parametric
tests (variance ratio and t-test) ¿¡nd a nonparametric
test (Kolmogorov-Srnirnov) are presented for single born
(S) and twin born (T) prcgeny for the 12 years 1954 to
1965.

FEMALE PROGENY
Ko1-
Smir.

2-tail

,J

dt¡
¡l

S

T

s

T

S

T

S

T

S

T

S

T

1.06

1.63

2.22

L.62

1. 10

r. 41

1.68

I. 03

1.63

2.04

r.29
1.00

2.LI
1.88

1.15

L.02

1.30

r.46
1.11

I-02
I-23

1.19

1. 45

.820

.202

.003**

.246

.729

.472

.040*

.924

.067

.306

.273

.97L

.001**

. s04

.535

.930

.627

189

806

.944

.6L7

.529

.767

-1.56
-. 59

t.23

-1. 00

-1.59
-3.23

L.79

-.4I

-r.91
.03

4.9L

1.93

.27

1.08

-.57

-3.7 4

-.38

-3.01
-.95

.14

"67

-.28
.12

.I2L

.557

.222

.320

.116

.003**

.075

.681

.058

.979

.000**

.058

.784

-296

.000***

.708

.003**

.350

.892

.503

.7BO

.906

.568 -. 136

.015*

.576

.L40

.666

.334

.000**ìt

.116

.901

.118

.907

.000***

.307

.065

.560

.401

.001**

.924

.o29*

.276

.839

.885

.858

. 613

-.273
-.r72

-.20L
-. t86

-.L67
-695

-.20L
--L67

-.2tr
-.L67

.4L6

- -233

-.202
.333

.311

.158

-.272
-.285

-.096
.r37

-. 113

.300

S

T

s

T

S

T

S

T

S

T

I

r S

T

2-tait
Prob.

F
Value

2-tail
Prolo.

T
Value

1965



Table r.-4 (I2) Uniyariate comparison of fndex and Visual flocks for
the variate coefficient of variation of fibre diameter.
Parametric tests (variance ratio and t-test) and a non-
parametric test (Kolmogorov-smirnov) are presented for
singl.e born (S) and twin born (T) progeny for the l-2
years 1954 to 1965.

'1.

FEì MALE PROGENY
Year of
birth

l-954

1955

1956

L957

1958

1959

1960

1961

L962

1963

1964

1.03

r.34

L.45

r.37

.885

.439

.L62

.456

.906

.404

. I3I

.LO2

.6L7

-L49

.585

.100

.259

.561

.565

.678

.836

.020*

.965

.727

.857

.156

.454

-1.68
.19

r.80

2.07

r.41

-3.07
-I.77

-.83
.52

-1. 18

-.82

-. 95

-.37

-L.28

-1.00
:-.40

-2.49

-1.99

.0I
.30

.096

.850

.676

.079

.040*

.169

.003**

.0E5

.408

.605

.24I

.418

.343

.7r5

.203

.319

.692

.oLA*

.054

.69I

.767

.995

.626

-.23r
-. 138

.141

.375

.26l-

-.279

.343

.357

-. 151

.333

-. r51

-.L25

.13s

-.357

r43

. I19

. 165

-.239
- .349

.076

-. 155

.107

-.200

42

S

T

S

T

s

T

S

T

S

T

S

T

S

T

s

T

ê

T

1.03

I.s7

Ko1-
Srnir.

2-|-ai-L
Prob.

.056

-794

.510

.043*

.030*

.390

1.46

2.24

I.L4
2-74

1.14

1. Bl

t.30
r.42

1.14

1.10

I. IO

r.96
1.03

1.09

1. 06

L.54

r.73

. o0I**

.161

.439

.299

. 3t7

.925

.4L2

.482

.348

.576

.902

.075

.LI2

.966

.790

.895

.894

ill

'i

S

T

i

!

{

T
I

I

S

T

39

30

r
S

T

2 -tail
Prob.

T
VaIue

2-tail
Prob.

F
Value

1965



Tab1e I-4(13) Univariate comparison of Ind.ex and Visual flocks for
the variate prirnary follícle nurdber per sq. cm.
Parametric tests (variance ratio and t-test) and a
nonparametric test (Kolmogorov-Smirnov) are presented
for the 12 years 1954 to 1965 "

FEMALE PROGENY
Kol-
Smir.

Year of
birth

L954

1955

19s6

1957

1958

1959

1960

L96I

L962

1963

1964

1. 09

L.L2

L.49

r.28

1.35

L.49

l.-L7

r.64

1. 09

2.50

1.05

r.86

1.09

2.52

r.36

1.15

1.33

1.06

3.22

1.33

I. 13

L.4A

L.32

.735

.768

.131

.548

.2.7L

.462

.53r

.365

.755

.175

.829

.TL7

.708

.316

.189

.561

.561

.426

.or2*

.24L

.778

.161

-670

.14

.15

.48

L.T4

.20

r.14

1.04

1.70

.22

-L.4L

2.L7

1. 16

.56

I. s5

96

.2A

.88

-.67
-.12

.48

1.08

.97

-.34

889

884

.633

.260

.841

.262

.301

.099

.a26

.L7L

.03r*

.250

.577

.139

- 340

.777

.386

.507

.902

.632

-285

. 335

.738

.L62

.r72

-.093
.26r

.2L9

-.279

-. 166

-.286

-. o80

-.444

.203

-.267

-. 111

.57L

.081

.I2L
-.375

-.138
-.263

.109

.202

-.143
.200

2-tail
Prob.

. 331

.576

.910

.28L

.IO2

.390

.2AL

.372

.974

.090

.o77

. I8I

.647

.076

.922

.559

.L24

.609

. 358

.7r4

.494

.623

.894

S

T

S

T

s

T

S

T

S

T

il
r,rù

È S

T

s

T

'i

S

T

s

T

I

S

T

S

T

r
s

T

2-taiI
Prob.

:T
VaIue

2-tail
Prob.

F
VaIue

1965



Tab1e r-4(14) Univariate comparison of fndex and Visual flocks for
the variate seconrfary follicle number per sq. cm.
Parametric tests ( variance ratio ancl t-test) and- a
nonparametric test (Kolmogorov-Srnirnov) are presented
for the 12 years 1954 to 1965.

2-tail
Prob.

F
Va1ue

2-taí1
Prob.

T
VaIue

FEMALE PROGENY
Year of
birt]-

r954

1955

1956

l-957

195 I

1959

1960

1961

l962

1963

l-964

r.o7
L.24

L.45

1. t5

1.08

L.94

L.20

L.22

1.10

2 -70

1.39

1. 78

r.33
L.L2

1.11

1.68

1.15

1.16

1.45

1.30

1.9r

L.24

T.T2

.79L

.566

.160

.723

.750

.2L9

.482

.665

.726

. r55

.158

.110

.2TL

.79r

.668

.024*

.766

.609

.43r

.273

.084

.43L

.990

1.09

-.46
.2ao

.650

.697

.46r

.061

.l.'2A

.011*

.806

.234

.527

.361

.464

.4L8

.990

. 000 * *:t

.o32*

.256

.103

-.108
-229

-243

.338

.264

-.2t4

.L62

-.278

.138

-.225

-.119
-.262

.374

-.4r4

.026*

.95r

.805

.423

.o52

-200

.016 *

.697

.354

.484

.4r9
-347

.566

.802

.169

.0o0***

.07r

.947

.320

.424

-552

.493

.339

Ko1-
Smir.

2-tail
Prob.

s

T

Þ

î

S

T

S

T

.39

.74

S

T

1. 89

1.56

2.59

.25

t.20
-.64

.92

.74

2.O3

5.O2

2.25

.03

-L.20

1.08

L.45

.83

"54

-978,

.236

.284

.151

.4II

.601

.o92

.273

.140

.193

.159

-.400

S

T

s

T

81

01

S

T

S

T

.o44* .L7L

S

T

S

T

S

It
1965



Table I-4 (f5) Univariate coinparison of Index a¡d Visual flocks for
the variate skin Èhickness in cm. Parametric tests
(variance ratio and t-test) and a nonparametric test
(Kolmogorov-Smirnov) are presented for the 8 years
1958 to 1965.

FN'YAI,IE PROGENY

Year of
birth

1958

1959

1960

1961

L962

1963

]-964

1965

F
VaIue

1. 45

1. 30

L.21

1.11

L.23

1.81

1.51

r-79

1.96

r.20
1.99

1.08

1.56

1.95

1.13

2-t-aíl-
Prob.

.163

.6L2

.3L4

.753

.367

.358

069

.011*

.181

.486

.146

.736

.233

.oL7*

.9 80

Kol-
Snir.

2-taíI
Prob.

S

T

S

T

S

T

S

T

3.47 .001**

1. 69

1. 10

00

r.96

.08

L.02

2.78

1. 55

I. 39

13

3.9 8

2.68

3.74

.73

.094

.101

.998

.054

-939

.319

. 006 **

.r32

.168

.898

. 000 tr **

.010*

.180

.333

.L25

.3r7

-.065
.333

.2Ar

.265

-.442

.207

.2r3

-.345
.352

.245

.299

.538

.o72

.988

.560

.003**

.007**
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TabJ-e I-5: Frequenc.y of rejection (when cr = 0.05) for the three two sarnple

tests consid.ered in Tab1es I-3(1) to (15) and I-4(1) to (15).

Variates

Date of birth
Bir+-h weight in kg

Weaner body weight in kg

Hogget body weight in kg

Lamb fleece weight in kg

Hogget greasy fleece weight. in kg

Percentage yield
Clea¡r fleece weight in kg

Staple lengttr in cm

Crimps per inch

Fibre diameter in rricrons

Coeffici-ent of variation of fibre ðiameter

Primary follicle number per sq ctn

Secondary follicle number per sg cm

Skin thickness in cm

Total
Percentage significance

Variance
ratio

Male Progeny

t-test

a2 (6e)

24.3(23-4)

Kolmogorov-
Srnirnov

61

18.1

Varia¡rce
ratio

Female Progeny

t-test

8r (68)

24.4(23.r)

Kolmogorov-
Srairnov

62

L8.2

Total No.
of tests

23

23

23

23

23

23

23

23

23

23

23

23

23

23

r5

4242 337 (295)

t2-5 12.5

I
4

2

2

2

2

1

2

4

2

4

4

3

1

1

6

4

3

2

2

7

6

11

10

7

6

5

5

5

3

(3)

(3)

(3)

(2)

(2)

(6)

(6)

(e)

(8)

(6)

(6)

(5)

(4)

(4)

(2)

4

I
3

2

3

7

5

I
6

2

7

3

4

4

2

t
9

3

1

4

5

I
2

1

3

5

3

1

1

I
2

7 (s)

I (1)

2 (2)

6 (s)

2 (L)

1r (11)

I (7)

13 (LZ¡

7 (6)

7 (s)

4 (4)

3Q)
I (1)

4 (3)

s (3)

+

3

1

5

3

0

3

6

4

I
3

4

4

7

6

L2

t Wumbers in brackets indicate the nunl¡er of sigrnifica¡lt t-tests given homogeneity of variances



Figure r-1(1)

Figure I-1(2)

Plot of mean date of birth, for the period
1949 to L965, with the four flocks by sex

combinations indicated. (For ease of
plotting tJ:e dams born in 1949-53 have been

given the same identification as the female

Visual group.)

Plot of mean bírth weight in kg, for the period
1949 to L965 | with the four flock by sex com-.

binations indicated. (For ease of plotting
the da:ns born in L949-'53 have been given the
same id.entifícation as the female Visual group. )



:
cì
x

t!i)
LD
z.

I

LL¡
CL

F_

f:
f-É
cÍ)

t+,tc

r?,6c

7D

r0 Ðc

99C

rl
f-
ct
cn

LLgj

iri
F
CE
O

{9, ì0 il ,c0 5l,crj J!IUU

YEFìR OF BIRTH
59,rl0 6l'0C ß3'ù0 65.C0

1--l !,4Fil E IMIEX 2--? I'ICLE vl3uflL 3--3 FEi{FLE IN0E)( t{--tl FFllÊLE VISIJFL

l¡J)
CÐz.
CN

I
lrJ
o-
F
!
t-
É.
(D

U)

õ-z
t--c9

lrJ-
-t-
É.
@

6.e0

{.ff¡

T.q0

q.fn

3,f,!

.m 6t.00 65.m tr.m
YEFR OF BIRTH

.00 .m E.m
3.e0

t--r rg¡ IlGr e--P ifl..E v¡aJf,- 3--3 FElnl.E ftüX l--{ FEIn'I Vlf,Jf,-

6.fþ



Figure I-1(3)

Figure I-t(4)

Plot of v¡earner body weight in kg, for tJ:e

period 1949 to 1965, wittr the four flock
by sex combinations indicated. (For ease

of plotting the dams born in 1949'53 have

been gíven the same identification as the
female Visual group.)

Plot of mean hogget body weight in kg, for
the perioð, L949 to 1965, with the four flock
by sex combinations indicaLed. (For ease

of plotting the dams born in 1949-53 have

been given tJ:e same identification as the
female Visual group.)
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Figure I-1(5)

Figure I-1(6)

Plot of mêan lamb fleece weight in kg, for
the period. L949 to 1965, $rÍth the four flock
by sex combinations índicated. (For ease

of plotting tåe dams born in 1949-53 have

been given tJle same identification as the

fernale Visual group.)

Plot of nean hogget greasy fleece weight in
kg, for the period. L949 to 1965, with the

four flock by sex combinations indicated.
(For ease of plotting tJ-e dams born in
L949-53 have been given the sane ídentífic-
ation as the female Visual group.)
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Figure I-I(7)

Figure I-1(8)

Plot of me¿u1 percentage yield for the period
1949 to L965, wittr ttre four flock by sex com-

binations indicated. (For ease of plotting
ttre dams born in 1949-53 have been given tt¡e
same ídentification as the female Visual group.)

Plot of nrean clea¡r fleece weight in kg, for
the period L949 to 1965, with the four fl-ock

by sex combinations indicated. (For ease

of plotting tJ:e dams born in 1949-53 have

been gíven tJ:e same identification as the
female Visual group.)
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Figure I-1(9) Plot of mean staple length in cm, for the
period 1949 to 1965, with the four flock
by sex combinations indicated. (For ease

of plotting the dams born in 1949-53 have

been given tåe same identification as the
female Visual group. )

Figure f-1(10) Plot of mean crimps per inch, for th.e period
L949 Eo L965, with the four flock by sex corn-

binations indicated. (For ease of plotting
tJ:e dams born in 1949-53 have been given the
same identification as the female Visual
group. )
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Figure I-1(1I) Plot. of nean fibre diameter Ín microns,

for the period 1949 to 1965 ' with the four
flock by sex combinations indicated. (For

ease of plotting the dams born in L949-53

have been given the same identification as

the female Visual group. )

Figure I-1(12) Plot of mean coeffÍcient of variation of
fiòre diameter, for the period 1949 to 1965,

with the four flocl< by sex combinatíons

indicated. (For ease of plotting tJ:e dams

born in L949-53 have been given the sane

iilentification as the female Visual group.)
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Figure I-2 (1)

Figure T-2(2)

PIot of mean date of birth, for Lhe period

L949 to 1965, with the four flock by sex

combinations indicated. (For ease of
plotting ttre da:ns born in l-949-53 have

been given the same identification as

ttre female Visual group.)

Plot of mean birth weight in kg, for the

period 1949 to 1965, with the four flock
by sex combinations indicated. (For ease

of plotting the dams born in 1949-53 have

been gíven the same identification as the

female Visual group.)



5
c)
x

z.

=F
I

l¡J(L
F-

-t-
É.
co

I'l,r{0

13,60

re.E0

r2.00

l!,20

10,q0

rt .80

t+,rr0

¡t,00

3.80

3,20

2,80

-F-É
(D

lÀ
E)
ldl--
CE
C

.00

z
=t-
l!
IL
j-

I¡-É
co

0D 51,00 ,00 55 .00
YEFR OF

.00
RTH

[j9,00 6r '00 63,00

I--I HfK.€ ÍT€EX 2--2 tlRLE V]SUFL 3.-3 FETNLE Ii{ftEX 'I'-q FEËCLE VTSURL

q9 ,00 til,00 00 55 '00
YEÊR

59,00 6l '00 63.00 00

OF

tt)t

z.

|-
I(9
L!
=
IFÉ
(lì

l--t ñqr.E IIúE)( 2--2 HÊLE VlliUnL 3--3 FEIRLE INDET tl--q FEIIRLE V¡SUnL



Figure I-2 (3) Plot of me¿u1 weaner body weight in kg, for
the perio¿l 1949 to 1965, with the four flock
by sex combinations indicated. (For ease

of plotting the dams born in 1949-53 have

been given tJ:e same ídentification as the

female Visual group.)

Figure I-2(41 Plot of mean hogget body weight in kg, fot
the perioô, L949 to 1965, witJ: t]¡e four flock
by sex combinations indicated. (For ease

of plotting the dams born in 1949-53 have

been given the same idenÈification as the

female Visua1 group. )
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Figure r-2(6)

Figure I-2 (5)

Plot of mean hogget greasy fleece weíght in
kg, for the period. L949 to 1965, with the
four flock by sex combinations ind.icated.
(For ease of plotting üre dams born in 1949-

53 have been given the same identificatíon
as the female Visual group. )

Plot of mean lamb fleece weight in kg, for
the period 1949 to 1965, wittr the four flock
by sex combinations indicated. (For ease

of plottingr the dams born in 1949-53 have been

given the same identification as the female

Visual group.)
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Figure T-2(7)

Fisure I-2(8)

Plot of nÞan percentage yield, fot the period

L949 to L965 t witÌ¡ the four flock by sex com-

binations indicated. (For ease of plotting
tl"e dams born in 1949-53 have been given the

same ídentifícation as tl:e female Visua1 group. )

Plot of mean clean fleece weight in k9, fox

the period 1949 to 1965, with the four flock

by sex cornbinations indicated. (For ease

of plotting ttre dams born in 1949-53 have been

given the same identification as the female

Visual group.)
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Figure r-2 (9)

Figure I-2 (10)

Plot of mean staple length in crrn, for the

period 1949 to 1965, wittr the four flock
by sex combinations indicated. (For ease

of plotting the dams born in 1949-53 have

been given the same id.entifícation as the

female Visual group.)

P1ot of mean crimps per inch, for the period

L949 to 1965, with tfie four flock by sex

couù¡inations ind,icated. (For ease of plotting
the dams born in 1949-53 have been given the

sane identification as the female Visual group. )
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Figure I-2 (11)

Figure r-2(L2)

Plot of mean fibre diameter in rn-icrons, for
ttre period. L949 to 1965, with the four flock
by sex combinations ind.icated. (For ease

of plotting ttre dams born in 1949-53 have

been given ttre same identification as the

female Visuat group.)

PIot of mea¡r coefficient of variation of
fibre d.iameter , for the period 1949 to 1965,

with the four floclc by sex combinations

indicated. (For ease of plotting the dams

born in L949-53 have been given the same

identification as the female Visual group.)
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Figure I-2 (13)

Figure r-2(L4)

PIot of mean primary follicle nurnlcer per
sq. cn, for the period 1949 to 1965, with
the four flocl< by sex combinations indic-
ated. (For ease of plotting ttre dams born

in 1949-53 have been given the same ídent-
ification as the female VÍsual group.)

Plot of mean secondary foJ-Iicle number per
sq. cm, for the period 1949 to 1965, wittr
tJ.e four flock by sex combinations ín.dicated.
(For ease of plotting the dams born in 1949-

53 have been gíven tJ:e sanrp ídentification
as the female Visual group.)
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II - GENETTC PARÃI'IETRS

INTRODUCTÏON

The objective of quantitative genetics is to det-ermine fronì obser-

vation of the indiviclual memJoers of a popul .rt-ion, how the popula'bion

should respond to artificial selection. That is measuremenlson the

individual phenotypes are used. to contribute information about the net

effect of the polyqenes uriderlying the particular variate. This írrfor-

mation is generally surnmarized by the calculation of the following four

statistics:

heritabili.ty, phenotypic correlation, genetic correlation and

envi ronmental correlation.,

Falconer (f960), Kempthorne (1957) and othei:shave shov¡n that the partit-

ioning of varj-ances and. covariances carl be extended beyond these four

statistics. The details of their argument will not be repeated here

atthough mention will- be made of some of the components especially frorn

the point of view of how they may affect the four statistics eonsidered.

It is important however to realize that estimation of these more cornplic-

ated compone¡ts requires much more compticat"ed experimental des1gn than

are generally encogntered in breeding programs. (In parl-icular, the

Roseworthy experiment is ulsuited to such complex analyses. )

In order to establish a successful selection program, the breeder

musÈ be able to make adequate predictions of the genetic worth of each

member of the population to be sefecl-ed. This is best accomplished in

terms of the breeding value which Falconer (f960) defines as fol-Iows:

"Itre breeding value of an individual is equal to the sum of the

average effects of the genes it carries, the summation being made over

the pair of alleles at each locus and over aII loci."

Ihus, the mean deviation of an inclividual's progeiry estintates half the

breeding value of that j.ndivídual. Tt is impor:tant to note that the
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breeding value is a property of the population of potential mates and.

the individual considered.

rn simple term-s one can imagine that the phenotypic value (P)

can be divided into two parts, the genotypic value (c) a¡rd the environ-

mental deviation (E), i.e. P = G + E. Here, the genotypic value denotes

the proportion of the phenotype which results from the combined effect

of the genes carried by the individual, and ttre environnental deviation

is the remaining non-genetic component. This latter component can be

either positive or negative. This model can then be extended to cover

the corresponding variance components,

i.e. Vp = VC * Vn 2-L

where vn

V
G

where Ve

vo

vn

is the phenotypic variance

is the genotypic variance

is the environmental variance,

lltre genotypic value can however be partitioned into the following form:

G = A+D+I

where A is the breeding val.ue

D is the dorn-inance deviation

a¡rd, I is the interaction deviation or epistatic deviation.

lltrus, the genotypic variance can be extended to give:

VC = VA+VD+VI 2-2

is the additive variance derived from the breeding values

is the dorninance variance

Vl is the interaction (or epistatic) variance.

If we consider a single locus with two alleles then the dominance

deviation is given by the differences between the breeding values and the

genotypic values. Sururling this over all loci gives the dorninance var-

iance (VD) . Thus the d.orn-inance variance ref lects the non-additivity
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between aIIeIes within each loci" In comparison, the interaction

variance (V-) arises from non-addiLivity between loci. The inÈeractions
I

are sunìmed over all loci and may involve two or more loci and both dev-

iations from additive and dominance effects. Thus, VI may be expressed

as the following summation of components:

vt : vAA * vo¡ * t* * ve¡e *"'

Together Vo and V, are oflen referred to as the non-additíve variance,

however, as previously noted, the lack of addÍtivity arises in different

manners. (That. is, whj-Ie the former relates to the presence of domin-

ance between alleles at the same locus, the latter refers to the presence

of epistasis between different loci. ) It should be noted that the

additive variance is ar¡ irnportant component in breeding as it is tJle

main cause of resemblance between relatives. Not surprisingly it there-

fore forms the main avenue of attack during selection.

Equations 2-1 and 2-2 c.art be combined to gíve

vp 2-3

lrlhen referring to this partitioning of the phenotypic variar¡ce, it should

be appreciated that VO and V, like VO are dependent on the gene frequencies,

arrd therefore are properties of the particular population measured. fn

practice VU also varies between populations or over time, however, while

this is intrritívely reasonable it is more difficutt to justify in terms

of the simple genetic mod.els which explain VA, VD and V-. Ttris ca¡r

best be illustrated by the often quotecl behaviour of plant communities

where ít is observed that Vu measured j-n a genotypicatly uniform stand

is often much larger than for a corresponding rnixed sta¡rd. Although thís

is far from completely understood, it is generally accepted that the in-

breds are more sensitive or less "weIl buffered" to environmental factors

than the outbred community.

vA*VOnuI*uE
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Eguation 2-3 is further complicated by the possibility of genotype-

environme¡t correlations or interactions (i.e. in developing 2-l we

have assumed. that the environmental deviations a¡rd the genotypic values

are independent of each other). Genotype-environment correlations may

arise íf , for example, the best genot)T)es are allocatecl to the best

envíronment. Thus, 2-1 becomes

Vn = VC*Vn*2cov*

where on practical grounds the covariance is generally inseparable from

the genotypic variance.

Genotype-environment interaction reflects faiture of the assumption

that different genotypes respond similarly to specific environmental

stimulí. Again, measurement of this interaction variance can only be

accomplished under rather artificíal circumstances. In default, the

genotlpic-environmentat ínteraction becomes part of the environmental

variance (Ve) .

Use of multiple observations enables an alternative method of par-

titioning the phenotypic variance, or nore particularly the environmental

variance component of Vn

a.e vn u"*u"n*uu" 2-4

where V" is called the general environmental vari.a¡rce and refers to the
g

portion of the environmental variance contributing to the between-

individual- component. flne special environmental variance (V" ) which
S

is the remaining portion of the environmental variance, is then the

within-individual varia¡¡ce. Thus, use of repeatecl observations allows

the V" to be partitioned. into a variance between individuals (VE ) and
"g

a within individual variance (Vn ). The repeated measurements can be
S

over space or time but care must be taken that the meastlrements are a

repeated expression of the same genes and not resulting from expression
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of different genes (e.g. Falconer (1960) suggested diffe::ent genes are

believed to affect milk yield during successive tact-ations). This

partitioning of Vn Q-4) enaÌ¡l-es calculation of the repeatabili.ty'

l-. e r = 
u"*u%

vn

The repeatabitity of a character first indicates the gain ín accuracy

to be e>çected from repeated measurements a¡rd second provides an upper

Iimit of the heritability of the particular character. Thus, although

it has some merit it is not widely used in selection experiments unless

the heritability is unobtainabl-e.

Before considering heritabilities, phenotypic, genetic and environ-

mental correlations, it should be noted that maternal environment is a

further important contributor to VU in animal breedi-ng. While post-

natal effects can be mínimised, prenatal effects are much more difficult

to overcome. More importantly, cofirmon environment (vn ), which is
c

basically maternal effects plus any other environmental factors leading

to resemblances between relatives (e.g. nutritional status), is often

inseparable from VO. This is particularly the case for full-sibs where

sírnilaritíes between sibs may arise from both genetíc and environmental

causes. As these two are confounded, any estimate of VO or any estimate

containing V- in its numerator will. be infl-ated. In particular, the.A
theritability (h-) which is defined as the ratio of the additive genetic

variance (v^) to the phenotypic variance (V-) may be inflated by thel{-v

presence of V, Difficulties associated with V- can be shov¡n to beoc ¡jc

potentially greatest for Ïr2 calculated on fuIl sibs but can also arise

when intra-sire regression of offspring on d.a¡n is used to estimate h2.

(In fact, it may even be a contributing factor to the high h2 for variates

like intelligence quotient in man when regression of progeny on father

has been used to estímate h2, th" resemblance here being partly due to
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environmental- factors such as nutritional level and parental example.

Clearly this occurrence is unique to man arrd would be alcsent for measure-

ments on the lower vertebrates such as sheep.)

Heritabj-tity as defined above is sometimes referred to a= h2 in

the narrow sense ancl can be represented as follows:

)nit*ttot sense) = vo/vn

(Alternatively, it can be calculated from the regression of breeding

value on the phenotypic value.) The above definition serves to disting-

uish "narrow" h2 from h2 in the broad sense which is calculated usíng the

genotypic variance,

i'e' h?¡=o"a sense) = vcÆP

As this latter ratio includes the non-additive variance it would be

e>çected to be greater in mag:ritude, thus any predictions based on it

would over-estimate response.

Generally, variates wit]¡ Iow h2 are related to reproductive fítness

while those with high h2 o"c,:r for variates which have little if any rel-

ationship to natural fitness. Tab1e II-1, which is based on work presented

by Falconer (1960) and Robertson (1959), indicates the covarianc",h2, and

a
variance of h' for four of the more frequently encountered kinships. For

the first two types of relat.i.r"" h2 is estimated using the regression

coefficient (b), obtained following regression of offspring on parent'

while for the last two cases h2 is estimated using intra-class correlation

(t) obtained following partitioning of components by analysis of variance.

In assessing the neaning of any estimate there are two points to consider:

i) the statistical precision or accuracy, and,

ii) the possibitity of bias.

While the former provides valuable information al¡out the estimate, the

Iatter, when present, invalidates the estimate. That is, while the var-
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iance of the estimate ca¡r be allov¡ed for either in using that estimate

or reduced by larger sample sj-zes, the bias once present cannot be

overcome by statistical procedures. Thus, apart from a. prLor"L infor-

mation, there is no means of identifying bias in an estimate and even if

tÌ¡ere \^/ere, there is generally no valid mearts of removing it. Returning

to Table If -1, hre note that for fulI sibs the presence of UO *U U".

components wj.ll yield a biased. estimate of h2. Maternal effects can

also cause bias when h2 is estimated using regression of offsprj.ng on

mother, although this is not i-ndicated ín the table. Thus, we see that

coÍtrnon environment generally is responsible for bias but it can also

result from otÌ¡er components. Therefore, half sib analysis or regression

of offspring on father would be expected to provide the most reliable

estimates of. h2 from the poínt of view of bias. Although much less

emphasis has been given to what deterrnines the st¿rtistical precision

or accuracy of the estimate, this point should stil.l be considered when

desigming experiments. On investigating the optimum design for estim-

aÈing h2, Robertson (1959) concluded that if h2 j-= less than 0.25 then

sib,analysis provides a more accurate estimate than regressíon analysis.

In particular, for the half-sib method of estimation, he suggested one

offspring per dam with not less than five progeny per sire.

fntra-sire regressíon of offspring on dam, which is often used to
)estimate h-, is one slight variant of the types of relationships presented

in TabLe II-1. For this method separate regression of offspring on dam

are calculated for each group of d.ams mated to arr individual sire. The

regression coefficients are then pooled over sires using a weighted

average to give b^^^, ^^ = \h2. Accuracy of the estimate is d.ependentpoolect

on the absence of maternal effects. Also, if maÌe offspring are regressed

on darns any inequality of varia¡rce bet-ween the two sexes may affec1 h2.

To overcorne this problem tJre regression coefficient should. be multiplied
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Table II-1 Covariance, heritability and, variance of

heritability for four types of relatives

Covariance

Heritability
(calculated from re-
gression coefficient
(b) or correlation
coefficient (t)

Approximate
Variance (h2 tRelatives

Offspring on
one parent

Offspring on
nr-id-parent

Half sibs

Full sibs

àto

åuo

\v

2h =2b

2h =þ

2h =48

2h 2L

o;i

o 2

h2
2. (I+ (n-1) t)

n.N

32lL+(n-r) tl2 (r-tj
n (n-l) (N-1)

8[ I+ n-r) rl' (:--t)2
n (n-I) (N-1

A
oþ=

ol,=ävo+àvo+ vu.

t Information presented, here is derived from a paper by
Robertson (1959)

= regressíon of offspring on parent

= number of farnilies

= number of offspring

= intra-ctass correlation between members of families

b

N

n

t
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by the ratj-o of the phenotypic standard deviation of females to that

of males.

So far, the approach has been to consider variates in Ísolation

with little reference to the possibility of effects on the rest of the

organism" CIearIy, selection on one variate generally leads to changes

in other variates therefore the bre.eder rnust focus on the whole, not

jusÈ on one particular aspect of the population. Tradì-tionally' this

has been done by considering the phenoÈypic, genetic and environmental

correlatj-ons. In later parts of this thesis I will consider the applic-

ati<¡n of multivariate methods to this area, however, fot the present I

wíll concentrate on the use of correlations. Previously it has been

proposed that the phenotypic value ca¡r be partitioned into a genotypic

and an environmental component. Thus, we ca.rr calculate a genetic corr-

elation (ra) a¡rd an environmental correlation (r") or simply a pheno-

typic correlation (rp). The genetic correÌation then is the correl-

ation of breeding values whíIe the environmental correlation is the

correlation of the environmental deviations plus any non-additive

genetic deviations. The three correlations can be shown to be related

by the following relationship:

rp h*\to lL - hi ,tT- nî 
'E

+

where h* is the square root of the herita-bility of X,

and h" is the square root of the heritability of Y.

The interpretation of observed correlations and their use in sel-

ection programs should take into accorutt the following four poínts:

i) the contribution of the pleiotropic action of genes

to the correlation of variates.

ii) The effect of linkage on the correlation of variates.

iii) The effect of artificial selection on related variates.

iv) The possible side-effects on variates previously exposed
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to directional pressures associated with natural selection

when the selection íntensity for these is reduced (i.e.

selection often leads to a reduction in fitness which is

clearly undesirable).

As genetic correlation can arise from both pleiotropy and f.inkage

we cannot separately consider poinÈs i) and ii), but it ís often suggested.

that linkage contributes much less to the genetic correlation than does

pleiotropy. fn fact, given large outbreecling populations r âny effect of

linkage shoulcl be temporary. (However, this will not be the case for

a plant breeder using a self-crossing species or Ern animal breeder witlt

small population sizes.) Although inspection of rO over generations

would be expected to provide information on the declining effect of

linkage, it must be remembered that the pleiotropic contribution may

also change over tine as loci become fixed. Assuming rA results from

pleiotropy then the response in a correlated variate (CR,) can be pre-

dicted by

where i

and

c\=ih*\too""

intensity of selection

phenotypic standard deviation of Y.on" =

Vühen the secondary character (Y) is related to fitness then iL is likely

that natural selection itself is already acting on Y. If the artificial

selection is in the opposíte direction to the natural selection then the

artificial selection will be weakened or the selection may result in pro-

geny with high values of the variate of interest but low fitness.

When using such statistics as Vor h2, ,n, ro and ru, one should

appreciate that each d.escribes the net effect of many segregating genes.

Thus, alleles at the individual loci may differ in both magnitude and

even dÍrection. For example, while rA may be observed to be 0.4 which
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suggests that the inclividual genes woul,d act to increase both characters,

there may also exist genes which increase one character and reduce the

other. Alternatively, the correlation may be zer:o as there exists a

balance between genes with positive effects and negat-ive pieiotropic

effects. As selection may change this "bal-ance" between the índividual

polygenes it would be rnisleading to use these statistics to predict re-

sponse over more than one generation. (Instead the st,atistics should

be recaìculated after each generation.) Also, these statisti.cs may

vary between populations therefore extreme care should be talcen when

extrapolating outside the particul-ar population.

Scllíncl<el (f958) used data from the early years of the Roseq¡orthy

experiment to estimate heritabíli.ties and genetic correlatio¡rs. These

values, presented in Table Lf-2, appear to be the only estimates for the

South Australian strong-wool Merino. The estimates which were cal-culatecl

using parent-offspring regression will be compared later to estimates

obtained in the present study. (It should be noted that Schinckel used

body weight to the power 0.6 and total number of follicl-es per square cm

whereas the present study consider:s body weight, primary follicle number

per square cm and secondary follicle number per square cm.)

Table II-2 Est-.imate of genetic correlations and heritabilities
(shown in brackets) presented by Schinckel (1958)

+
BVüTO.6

CFW

STL

CRP

FBD

PFN + SFN

(. 76)

.47

.o4

.06

-.21

-. 13

Brdro ' 6t

(.28)

.37

- 2')

.24

.14

cFw

(.65)

-.54

.44

-. 36

STL

(. 40)

-.L7

.06

CRP

(.s2)

-.70

FBD

(.62)

PFN.{-SFN

t Schinckel- uses body wej-ght to the power 0.6

for expJ-anation of the abbreviations usecl see later text
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Sin-ilar estimates have been presented. for medium Peppin Merinos

by Brown and. Turner (1968). Their article also summarises estimates

previously reported by Morley (1955), Beattie (1962) and Yor:.ng, Turner

and Dolling (1960). (These estimates have not been reprod.uced here as

this would. be redundant, but comparisons with Brown and Turnerrs tab-

ulations will be made where appropriate.) Barlow (L974) calculated

realised genetic correlations for the medium Peppin Merino ex¡rerimental

flocks of the N"S.Vt. Departmen'E of Agriculture.

¡4ETHODS

AII genetic parameters have been calculated using the computer

package, NESREG, which has been devetoped by Hammond, Jackson and

Miller (L972). This program package ena-bles estimation of genetic

parameters by nested analysis of varia¡ce or offspring-parent regression.

As t}¡e Roseworthy data is compatible with either form of analysis, bottr

wílI be applied to the data. In particular, the offspring parent

regression itself has been considered und.er two alternate designs.

Thus, genetic correlations and heritabilities have been obtained by the

following three method.s :

i) half-sib analysis on sire groups t

ii) offspring-sire regression;

iií) intra-sire regression of offspring on dam.

The three methods have been included to ena-l:l.e their consistency and

accuracy to be compared.

The following seven variates have been analysed:

i) hogget body weight in kg (BWT);

ii) clea¡ fleece weight in kg (CFW);

íi-ì-) staple length in cm (STL) ;

ív) crimps per inch (2.54 cm) (cru¡,



45.

v) fj.bre diameter in microns (FBD) ;

vi) primary follicle nurnber (PFN);

vií) secondary foll.icl-e ntunber (SFN) .

Unfortunately, due to central memory constraints, the computer was unable

to arralyse more than seven variates at a time, ther:efore, several var-

iates of inberest (e.g. birth weight, percentage yielcl a:rd, skin thick-

ness) had to be excluded from the present analysis. In a1I three methods

the data was divided into its four sex by flock groups and separate para-

meters estimated. All progeny resul.ting frorn multiple births, or where

the r:ecord was incomplete, have been excluded from the analysis.

A special FORTRÄN program was written to present the data in a form

suitable for input to NESREG. Basically NESREG requires the parent and

progeny information in a contiguous block. Therefore, the existing

progeny records, wh-ich contained the sire and dam identity, had to be

expanded 1-o incl-ude the appropriate sire and dam information. As there

were only fourteen potential sires per year, the sire information coul-d

be stored in a¡r array and retrieved as regui.red. In comparison, the

pairing of dam and progeny was somewhat more di-fficult as the large number

of dam r:ecorcls prohibited any in-core storage. Thus, the dam and progeny

information had to be read in from tape (or disc) as required and then

paired and v,rritten out onto a tape (or disc). To increase the efficiency

ol this pai::ing, the progeny was ::anked in order of its dam's identity

nurnher. The d.arn information was similarly ranked, using its own identity.

This then errabled the two records to be conveniently uni.ted without nec-

essitating any backward searching.

As rnentioned earlier, the analyses were carried out using the package

NESREG. Therefcr:e, as the manual to this package contains consideral¡le

details on the tnethocl of analysis f will not repeat them here.
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RESULTS

Tal¡Ie II-3 lísts the heritabilities and. genetic correlations for

the seven variates considered. (Sta:rdard errors are included for each

)h- and r,. ) The staEistics have been calcuJ-ated usirrg the entire data
lI

set (i.e" over the twelve years 1954 to l-965), but partitioned into four

groups correspondir-rg to the two flock types by two sexes. (OnIy the

single born progeny have been inclu<led.) Thus, four values appear as

a block for each h2 and ro, their order of appearance being:

i) Index flock male progeny,

ii) Vísual flock male progeny,

iii) Index flock female progeny,

iv) Visual flock female progeny.

A lower tr-iangular display has been used, thus the seven h2 appear in

brackets along the d-iagonal with the 21(= p(P I 1)) r. forming the off-¿A

diagonal elements. As stated a-bove the values presented have been cal-

culated over the twelve years of the trial. Sinilar calculatíons Ìrave

been mad.e for each indivj-dual year. Extensive .investigation of this data

failed to reveal a:ry trends over time and as the values were for the most

part homogeneous it was felt that p:cesentation of the summary tables was

preferable (as wel-l- as much more concise). The failure to observe temp-

oral effects associated r^zith the selection applied may be due to the large

amount of variation associated with the estimates within years. This

mainly resulted from the mod.erate size of the indiv-idual groups which

ranged from 37 to 86. Thus, al-though the observations have failecl to

est¿rlclish any trends in the statistics this is far from conclusive demon-

strat-ion that such chalges did not occur. The values of h2 and ro

p::esented in Table fI-3 have been calculated using half-sib analysis

based on sire groups. Talcles IT-4 and II-5 present similar infornration,

from the same progeny, but using offspring on sire regrcssion and intr:a-
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sire r:egression of ffspring on dam respectively. In Tables II-6 and

fI-7 envircnmental orrelati ,ns (rn) and phenotypi-c correlations (rn)

appear using a sinr-ilar layout (note i this ca-se no diagonal eIe rents

have been included where h2 *t" shown in the previous tbles). Here,

ru a.nd rn have been calculated using ha.lf-sib nalysis only.

Clear y, Ta-bles II-3 to II-7 corr ain a la ge arnoun. of info mation

which the following can do litt1e more than in.roduce d summar se. This

clifficulty stems frcm the presence of the many inter-re ated guestions

which are cf potential importance, e.

i) ere the t ree meth ds of es imating h2 and ro consiste t?

ii) Are there differen es between the tw, flocks?

iii) .êre there differen es betwe n the tw sexes?

iv) What do tA, rE and rn and also h2 ,"II us a-bout the

variate measured?

i.e., has the selection had any effect on the underlying

parameters and how would the flocks respond to continued

selection?

To give some order, I will consider these questions in the sequence

given a-bove, however, it is inevitable that some overlap will remain.

All comparisons wiII be made using the standard errors to assess the

significance of the estimates.

Inspection of Ta-bles II-3 | II-4 ancl If-5 indicates that the estimates
)

of h- are generally compara-ble, but the value for fibre diameter is

markedly larger from the half-sib analysis (0.51 to l-.O3) than from the

offspring-sire regression (-.01 to .21) or the intra-sire regression of

offspring on dam (.3¡ to.56). As half-sib analysis is expected to

provide one of the more accurate methods of estirnatírtg h2 (see R.obertson,

1959), this result shoulcl be gi-ven most emphasis, however, the observations

remain confusing as one expects the bias in the regression estimates to

!

't
1Il
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increase not decrease the estirnate of h2. Linkage could be responsible

for inflating the hatf-sib estimate but noL the regression estimates,

but even this seems a little unlikely" Seasonal differences ancl the

selection process could also make some contribution. I{hil-e all these

explalations are far from satisfactory, the observation, when related to

the fluctuating behaviour of fibre diameter in the previous chapter,

highlights the need for further investigations of this var:iate. The

genetic correlations (r^) of fibre diameter with the other six variaLes

all appear consistent over the three methods" (I have already referred

to a negative heritalriJ-ity which theoretically one would not expect

though in practice variation may lead to such negative components. As

rA cannot be calculated in such situations all values of it have been set

to zero.)

The value of r^ remains reasonably consistent for all- other combin-

ations of variates except for the correlation between primary foll.i-c1e

number and secondary follicle nr:mber. (Follicle devel.opment will be

considered j-n greater detail later in th-is section. ) Once again, the

half-sib values exceed the values from the two parent offspring regressions

but there is less consistency within the four sex by flock types. Seasonal

variation may again cause wealcnesses in the regression me't-hods d,ue to

presence of genotype by environment interactions.

On comparing the two flocks rvithin each sex, the folJ.owing observarions

can be made: t
.2i) h- for clea¡r fl-eece wei.ght are f.ower: for the Index progeny

than for the V:LsuaI progeny. This holcls for all three methods

of calcul-ati.on ancl for boUr male and female offspring al.though

the difference is greatest from the half-sib analysis. The

values of the Inclex progeny are generally 1ow (O.L2 - 0.32)

\^¡het:eas those for the Visual- progeny (O.31 - O.38) more cJ-osely

,}
il,1

',!

k
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iii)

iv)
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resemble the l-evel obtainecl by Schinckel (1958), i.e. O.28,

see Tab1e I-L-2. as h2 is the poole<L value for the twelve

years of the experiment the lower value for the Index flock

coutd result from the greater selection intensity for clean

fleece weight in this flock. However, as indicated earlier

when the 12 individual h2 ( for the 12 years) are plotted, no

evid.ence could be õund to support a gradual decline in the

proportion of additive variance for this variate.

For fibre diameter the Index flock appears to have a lower h2

than the Visual flock but the magnitude of the difference is

smaller. and less consistent than for clean fLeece weight.

In contrast to the above two variates, the h2 for staple length

is greater for the Index progeny (0.36 - 0.57) than for the

Visual progeny (O.24 - 0.40). As Schinckel (1958) has reported
t

a h'of 0.65, it would appear that the Visual progeny is showing

less genetic variability for this variate at the completion of

the experiment. As this is opposite to the case of h2 for

clean fleece weight, this observation appears somewhat contra-

dictory (-i.e. selection for clean fleece weight would be

expected to increase staple length indirectly resulting in a

t
reduction in h'). It would therefore appear that Visual

appraisal has selected heavily against long staples and this

has caused a reduction in the h2 of the Visual flock.

For the renraining varíates (i.e. hogqet body weight, crimp

number, primary follicle number and secondary follicle number)

there are no consistent differences in h2 bet*..n the flocks.

The following list summarizes the occasions when ro differs

between the two flocks. (Careful inspection of the relevant

tables indicates that the differences are seldom consistent

ü
:tit

J
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over all three methods of calculation, however, on tltis

occasíon no attempt will be made to relate this to the

weaknesses of particular methods. )

(a) The genetic correlation be'tween staple length and

body weight (i.e. rO(staple length, body weight))

is larger for Visual progeny than for rndex progeny

in all cases excepË the male progeny under offspring-

dam regression.

(b) ro(crimp, staple lengttr) is more strongly negative

for Visual progeny than for the Index progeny except

for the male progeny under offspríng-darn regression.

(c) ro(secondary follicle number, sÈaple length) is negative

for Index progeny a¡rd near zero f.or Visua1 progeny except

for the female progeny under offspring-d.am regression.

(d) ro(primary follic1e number, fibre diameter) has a

negatíve value between -O.32 to -0.67 for the Visual

progeny, while for the Ind.ex progeny rO is near zero

(except for the half-sib analysis). For all four

cases the value of the genetic correlation d.iffered.

for one of the method.s of calculation, therefore, the

points made are far from conclusive.

Reversing the role of fl-ock a¡rd. sex we can look for evidence of

d.iffe::ences in h2 and r- between sexes within the same flock. Examination
A

of the three tables ind.icates only two cases where the males díffer con-

sistently from the females in both the flocks. These occur for the rO

firstly between clea¡r fleece weíght and staple length a¡rd secondly between

clean f leece weight and crimp nrurÍber. In the f irst case males have

lower positive correlations tJ:an females while in the second case all

correlations are negative with the males having ttre greater negative

I

T



I

51.

association" In both cases the estimates calculated from the intra-

sire regression of offspring on dam d.eviate from the above mentioned

pattern.

In the two previous sections I have reported cases where the estimate

differs for one factor while using a second factor to provide replication

(i.e. compared between flocks using males and. females as replicates).

While this method provides useful information it should be acknowledged

that any interactions between the two factors may be overlooked. In

particular, the problem of sex-linkage (see Beílharz (f963) and James

(1973) ) has been ignored. Although this may be of importance, it is

difficult to obtaín any effective comparison as the data are not well

suited for its consideration (i.e. after pa::titioning the numbers are

small such that only large effects rvould be observed).

However, it should be noted that in Ta-l¡le II-3 (half-sib a¡alysis)

and less so in Table II-4 (offspríng-sire regression), the Index female

ro often differs greatly from the values for the other three progeny

groups. Thus, looking at Tab1e II-3 rA(bodyweight, crimp) r rO(c1ean

fleece weight, crimp), ro(staple length, crimp), ro(c1ean fleece weight,

fibre diameter), ro(staple length, fibre diarneter), ro(crimp, fibre

diameter) , ro(body weight, primary follicle number), ro(clean fleece

weight, primary foll-icle number) and ro(staple length, secondary follicle

number) all show this unusual pattern. In comparison, the values of rO

calculated by íntra-sire regress-ion of offspring on dam, given in Table

II-5 show no such inconsistency. As the half-sib analysis is expected

to be more accurate thari. the irrtra-sire regression of offspring on dam

these values for the fndex female progeny in the former are difficult to

explain. Clearly if the situation had been reversed it could be explained

as matei:nal effects, however, as this is not the case maternal effects

would seem to be "a-bove suspicion". The on1-y plausible explanatio¡r would
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seem to be that the objective selection method applied to the Index

flock has favoured selection of rams carrying sex-linked charac'ters

which results in the unusual correlations observed among their female

progeny. Obviously this explanation is somewhat speculative, however,

in view of its implications to sheep breeding it clearly warrants

closer investigation.

Given the above sunmary ot h2 and r- it is now possible to include
A

the environmental correlations (rn) and the phenotypic correlation (rn)

to enable a more compJ-ete consid.eration of all aspects relevant to the

sheep breeder. As clean fleece weight is the variate of greatest

interest, I will consider its relationship with the other variates first

and then look at any important features among the rest of the varíates.

Previously, I have noted that for clean fleece weight, the fndex

progeny show a lower h2 thar'r the Visual progeny. comparing these to

Schinckel's earlier estimates we note that the final value of the Index

flock is lower. Therefore, it appears that selection has reduced the

additive variance for the Index flock where the selection intensity was

larger. Response should continue wrder further selection but in the

absence of further recombination or introduction of external genetic

material the response would be expected to decrease in later generations.

Turning to the relationship between body weight and clean fleece

weight we observe:

i)

ii)

iii )

iv)

tA betrveen -.24 anð, .34

2r,
(bodyweight)

43 and .51

.27 and .38

25 and .58.

UtE

tP

h

Together, these estimates j-ndicate that although body weight and clean

fleece weight both increase in favourable envíronments, the selection

for the latter variate would not be expected to lead to increased body
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,
\treight. Ho\^¡ever, as h' f.ot bod.y weight is moderately large, d'irect

selection for this variate would be expected to lead to response.

For staple length we observe:

i)

ii)

iii)

iv)

tP

rA between

r.ll-E

tE

tP

h2

.12 and .37

tl .29 and .36

09 and .80

-.18 and -.33

-.27 and -.33

.26 and .57.

h2 ,r ,24 and, .57
(staple length)

2(c.f. Schinckel, 1958, t.A .37 and h .6s)

With respect to rO it has already been noted that there is some tendency

for the males to have lower values than females. Also, the h2 for

Index progeny is greater than for Visua1 progeny. In view of the rO

and ru one would expect that selection for clean fleece weight will

result in increased staple length. However, the higher h2 for the

Index progeny complicates the situation (i.e. it is unclear how this

should have arisen). Possibly these differences are due to chance

or, as suggested earlier, it may be that Visual appraisal selects strongly

against long staples. Again, it appears that the h2 has decreased from

Schinckel's earlier value.

The situation for crimp number díffers frorn the previous two variates

in that all correlations are negative, i.e.

i) tA between -.0Él a¡rd -.65

arl

iií)

iv)

il

(crimp nunrlcer)

2(c.f . Schinckel, l-958, tA = --22 and' h =.40)

As the environmental correlation is smaller i.n magnitude than the genetic

correlation, one would expect tha-t crimp nuniber would decrease on sel-

ecting for increased fleece weight. Alternatively, response in crimp
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nurnber would be expected following direct selection. In comparison

)
with the earlier values it appears that h- is unchanged but rO has

become more neçJative.

It has already been acknowledged that fibre diameter is inconsistent
t

in expression as can be seen from the wide range of its h- in the follow-

íng:

i)

rr)

l-t-a,

iv)

tA between 46 and .31

tE .13 and .26

=p " .13 and .16

h2 rr -.Ol and 1.03
(fibre diameter)

2(c.f . Schinckel, 1958, tA = .24, h .s2)

The wide range for h2 and. rO make it impossible to predict how the variate

would respond to either direct selection or indirect selection via clean

fleece weight. Clearly this is a very r:nsatisfactory situation especially

as the variate plays such an important part in the marketing of wool.

As the estimates for primary follicle number and secondary follicle

number are quite similar, they will be considered simultaneously.

For primary follicle number:

i) ro between -.40 and .36

ii) rE " -.16 and .00

iii) =p 
rr -.08 and -.05

iv) h2 (primary follicle number) between .12 ancl .39.

lrfhíIe for secondary follicle nunber:

i) rA between -.08 and .53

ii) tE " -.03 and .I1

iii) rp " . 02 and . t5

iv) h2 (secondary follicle number) between .16 a¡rd .46.



55

As h2 is of moderate size, both variates should respond to direct sel-

ection. However, Lor pr.imary follicle number, l-ittle, if aly, response

would be expected to indirect selection associated with. clean fleece

weight as Lhe value of rO is low. For secondary follicle number a small

positive response may occuï. fhe values of h2 differ markedly from

Schincl<el's h2 for the suni of primary and seccrndary follicles (0.62) 
"

As it seens unlíkely that the summat-ion could be responsible for this

difference, it must be concluded that eithet h2 for both follicle scores

has clecreased during the selection or Schinckelrs estimate was somewhat

high.

For med.ium Peppin Merino ewes, Young, Turner and Dolling (1960)

estimated h2 for fibre density at 0.31, while Brorn¡n and Turner (1968)

obtained a sirnilar value of O.42. As both these values are sinrilar

to the present estimates it would seem Lhat Schinckel-'s original estimate

l{as too large, but it should be appreciated that }r2 is directly affected

by the magnitude of the environmental variance. This last point is par-

ticularly relevant here as follicle nr:¡iber ís expressed as the count per

square crn, thus, rrariation in the surface area will affect follicl-e number.

As follicles occur as clusters, the total number per animal cal be considered

as comprising two components:

i) the number of follicle groups (inclicated by the primary follicle

number) ;

and ii) the size of these groups (which in the past has been indicated.

bY the Srle ratio).

Schinckel (1955a) reports that total pr:imary follicle nun¡ber is complete

by birth and the only changes thereafber merely reflect tl:e normal skin

expansion during growth. l'his constancy of thc prÍrnary follicle number,

over the lifespan of the j-ndividual , has led to the ra'bio of secondary to

primary follicles (S/P) being widely usecl as a measure of the development

of secondary follicl-es. Although all secondary follicles are initiated
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prior to birth, not all necessarily reach matur:ity. Schinckel (1955b)

reports that naturation of secondary follicles w¡rs significantly affected

by birtTr weight and grovrtlr during the first month following birth. The

importance of the post-nataI period stems from the observation that

7O-BOZ of the secondary foLlicles v¡hich finally attain maturity have

done so by the age of one month. Thus, it is not surprising that later

growth has negligibte effect on total follicle number although it will

have considerable effect on folÌic1e density via bod.y size. As

the nilk prod.uction of the ewe mainl.y determines the lamb's grorvth during

the first monLhs (Wallace , 1948), then total secondary folticle number

would be expected to be positively related to mothering abiljty. This

then irnplies that, along with birth weight, secondarry follicte number

prov-ides a useful measure of the maternal environment. In particular,

care should be taken that selection is not causing reductions in total

secondary follicle nunrber as this may be associated with pool:er mothering

ability. (For both flocks considered here, there is no evi<lence of any

decrease ín total follicle number as indicated by the number of secondary

follicles per square cm.)

Tn the precedj-ng f have mentioned that the ratj-o S,/P has frequentl.y

been used to remove the effect of body size. Intuitively this seem.s

quite reasonable but it has not been used here for the following rea.sons.

Firstly; most of the statj.stical methods used in this thesis assume nor-

mali'b.y and this is far l-ess likely to be tr:ue for such a ratio. Secondly,

larger values of S/P may k-'e as;sociated with higher total secondary follicl.e

number but they may also arise from low prj-mary folticle number. Clearly

these tv¡o situations should be distinguishable. (In fact, Turner (1956)

reports that disruptive selection for follicle nurnber resulted. in changes

in both primary and secondary follj-cle number.)

So far I have looked at the relationship between clean fleece weight

and each of the other s-ix individual variates with special reference to



Table II-3 Heritabilities and genetic eorrelations (witn standard errors)
calculated using half-sib analysis based on sire groups.
(h2 arrd its S.E. in brackets.)BWT

cFw

STL

CRP

FBD

PFN

T
T-M 

I

V-M
I-F
V-F

I-M
V-M
T-F
V-F

I-M
v-M
I-F
v-F

r-lf
v-M
ï-F
V-E

I-M
V-M
I-F
V-F

I-M
V-M
T-F
V-F

I-M
v-M
I-F
v-F

(.48)
(.33)
(.2s)
(. s3)

.08
-))

.06

.31

.t2
-20
.07
-40

.07

.10

.48

.06

.03
-. 03
-. 15

.01

-.34

-.20
-.4L

.33

.26

.36

.20

.23
-26
.26
.18

1tr

.24

.30

.19

.20
-2L
.27
.L7

-24
.28
.39
.2t

(.12 )
(. 33)
(.20)
(.321

.r7
-54
.61
.80

(.
(.
(.
(.

L4
L2
T2
15

.09 I r-¡l
V-M
I-F
V-F

Index male progeny
Visual male progeny
Index female progeny
Visual female progeny

L2
11
12

.06

.04
a)

.08

.0r
-. 19

.36
--¿z

.17

.53

.05
-.08

-34
.2L
-22
.15

.33

.18

.JJ

.19

.31

.2L

.28
10

.38
-28
-4r
-25

.36
1')

-42
.23

-.08
-.61

.30
- .55

-. 10
- -L2

.48
-.11

-.o7
.47

-.25
- .00

-.L7
.08

-.58
.02

.27

.19

.25

.16

"2L
-22
.18
.18

-26
-29
.24
.24

.24

.27

.26
))

(.26)
(. 38)
(. 31)
(.s7)

--23
-.33
-.51
-.24

-.11
-.25

.04

.05

(.11)
(.L2)
(.r.z)
(.ls)

.22

.19

.2L

.L6

.29

.27

.34

.2L

.28

.24

.36

.20

(.66)
(.66)
(. s1)

(1.03)

-.44
-.20
--63
--oz

(.17)
(.16)
(. rs)
(.22)

.19

.23

.28

.15

.18

.20

.24

.10

(.2e)
(.23)
(.le)
(. 33)

.69

.49

.37

.51

(.L2)
(. 10)
(. 11)
(.L2)

.L7

.22

.36

.!7.

(. 37) (.
(.28) (.
(. s4) (.
(.40) (.

13
11
16
13

-.61
-. 58
-.08
--37

L2
10
59
35

55
32
36
67

OI
00
I5
23

L2
1t
10
T4

22
25
38
I8

(.33) (.
(. 31) (.
(.16) (.
(.46) (.

SFN

BT\iT CFT,l STL CRP FBD PFlf SFN



Table II-4 Heritabilities and genetic correlations (with sÈandard errors)
calculated using offspring-sire regression. (h2 and its S-8.
in brackets.)

BVTT

cFw

STL

CRP

FBD

PFN

¿
I-MI
V-M
I-F
v-F

I-M
V_M
I-F
V-F

ï-M
V-M
I-F
v-¡'

I-M
V-M
I-F
V-F

ï-M
V-M
I-F
V-F

I-M
V-M
I-F
V-F

ï-M
V-M
I-F
v.-F

(. s8)
(. 38)
(. 31)
(. 30)

.02

.67
-.04

.61

.18

.07
-44
.14

)?
.20
.32
.2L

.L7

.23

.2L

.21

.18

.22
-24
.22

.2L

.30

.28

.23

(.22)
(.41)
(.23)
(.31)

.22

.31

.58

.45

-.49
-.59
-.13
-.28

-.26
-. 18

.03
-.40

(-11)
(.08)
(.0e)
(.06)

.2L

.22

.19

.2I

.22

.L7

.31

.2L

.00

.23

.42

.24

.29

.27

.31

.2I

.25

.18

.24
-2r

.07
-07
.07
.06

o4
05
24
a/l

tr-¡r
v-14
I-F
V-F

Index male progeny
Visual male progeny
Ind.ex fernale progeny
Visual f,enale progeny

o7
6L
o2
?)

(.07)
(,oe)
(.07)
( .06)

00
L2
46
31

(. s7)
(.24)
(. s4)
(.28)

.00

.02

.27

.06

-.30
.53

-. 01
-. 31

(.0e)
(.0e)
(.08)
(.08)

.19

.2L
-23
-21

.00

.28

.26

.26

)^
?(

.23

.23

1E

.24

.18

.22

(. 38)
(. 31)
(.23)
(. 38)

.00
-.58

.09
--4,3

-36
-.25
-.25

.06

(. 10)
(. 0e)
(. oe)
(.08)

.00

.23

.39

.2L

-24
.29
.31
.2L

.2L

.22
,o

.20

(_.01)
(.25)
(.16)
("27)

.00
-.52

.15
-. 50

.00

.32

.38

.22

.00

.L9
,26
.16

(.26)
(. 17)
(-23)
(.3?)

(.06)
(. oe)
(-08)
(. 0e)

.18

.28

.27

. l-5

00
10
35
20

11
4T
15
L6

00
24
35
26

1B
20
25
19

-.20
-.06

.01
-.51

BWT

-o4
.39
.05

-.08
CFW

-.51
-.01
-.54

.04
STL

-.05
-o4

-" t9
.14
CRP

.00
-.7L

-1.04

FBD

.55

.04

.19

.49
PFN

(. 38)
(.41)
(.2e)
(.45)
SFN

(.08)
(.0s)
(. oe)
("08)

SFN



BWT

CTTü

STL

CRP

FBD

PFN

¿
I-M I

v-M
I-F
V-F

I-M
V-M
I-F
V-F

I-M
V-M
I-F
V-F

T-M
V-M
I-F
v-F

ï-¡4
V-M
I-F
V-F

I-M
V-M
I-F
V-F

I-M
v-M
I_F
V-F

( .43)
(.44)
(. 45)
(. s4)

.14

.14

.20

.L4

-. 03
--42
- -24

') Á.

.00

.05
-. 01

.07

.09
Ct A-

.o4

.10

.29

.06
-.00
- -24

-.06
-.33
-. 10
-.I7

.07)

.08)

.07)

.07

.06

.07

.06

(.32)
(. 34)
(.2e)
(. 38)

-44
.22
.09
.55

-.65
- 

q,t

--62
-. 53

.02
-¿3
.19
.30

.15

.t7

.11

.18

(.08)
(.07)
(.08)
(. 07)

.05
-06
.07
.05

.05

.05

.06

.05

.08

.06

.o7

.06

.10

.10

.10

.09

.o7

.07

.08

.o7

.07)

Table II-5 Heritabilities and genetic correlations (wittr standard errors)
calculated using intra-sire regression of offspring on dann"

, (h2 and its S.E. in brackets.)

t r-¡l rndex male,progeny
V-Ili Visual male progeny
I-F Index female progeny
V-F Visual female prcgeny

05
06
06
o4

06
06
06
06

06
06
06
06

(. s4)
(.36)
(. so)
(. 3s)

-.38

-.L2
-.69

.25
-28
.14
.38

-.o7
.o7

-. 01
-. 15

(.07)
( .07)
(.08)
(.07)

.06

.06

.06

.06

.08

.10

.08

.09

.05

.o7

.06

.07

-.60
-. 39
-.55
- -45

.05
-.08
-.L7

-23

.06
-.03

.06

.L7

(.07)
(.07)
(.08)
(,07)

.06

.05

.05

.05

.06

.07

.07
-06

(. 33)
(.s6)
(.44)
(.38)

-.73
-. 81
-.58
-.95

(.0e)
(.07)
(.08)
( .07)

.10

.09

.09

.08

(.ls)
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Ta-b1e II-6 Environmental correlations (wittr standard errors)
calculated using half-sib analysis based on sire groups.
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Tab1e II-7 Phenotlpic correlations (with standard errors)
calculated using half-sib analysis based on sire groups.
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the effect of further selection for clean fLeece weight. This approach

has been adopted to describe what ¡,vould, have occu-rred if the Inclex flock

had been maintaine.d for further years of seLection" In view of the

greaLer fleece weíght of the Inclex flock this wouIc1 appear the most

Ii)<ely avenue of further selection. However, if selection is car::ied

out for any one of the other six variates, the h2 in aI1 cases is large

enough to expect positive response for the particular variate. f wiII

not attempt to el-aborate on the behaviour of the remaining variates, if

such selection were to be applied, as this would prove cunbersome and

ca¡r be obtained from inspection of the releva¡t correlations in the

tables. The principles involve<1 are the same as indicated for clea¡

fleece weight.

The large rO between primary follícle number and secondary follicle

nunber a¡¡d the large negative rO between filore diameter and secondary

follicle number (and less so between fibre diameter and primary follicle

number) warra¡rt mention. Schinckel (1958) reported an even larger neg-

ative r:. between fibre diameter and the sum of primary and secondary
l{

follicle nu¡ùcer. Clearly, if selection vras applied'to any one of these

characters, care should be taken to monitor for changes in the remaining

two characters.

SUMMÄRY

The estimates presented for the genetic parameters ind.ícate that

charrges have occurred since Schinckel's earlier investigation (Schinckel,

1958). The h2 fot clean fleece weight and fibre cliameter are both

lower in the Ind.ex than in the Visual flocks. Ho\^levet, for staple
')length the h- for the Index flock exceeds th¿rt of the Visual flock.

Differences were al.so observed in rO between the two fl-ock= - rA( body

weight, staple l-engih), ro(crimp number, staple length), ro(stapte Iength,

secondary follicle number) , ro(fibre diarneter, primary follicle number).
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V'Ihen the estimates were compared between sexes, it was noted

that the rO differed between clean fleece weight and each of staple

length and crimp nuniber.

Closer comparison of the estimates, from the three types of kinship,

showed. that the half-sib estimate of rO for the female progeny of the

fndex flock was often atypical. If, as suçJgested, sex-linkage was

responsible for this deviation, it would clearly be of importance to

the breeder. Hov¡evever, regardless of the explanation, the observation

illustrates the value to be gained by obtaining estimates from the alter-

native methods, That is, although standard errors can be calculated,

for any individual method., these give no information on the possible

bias which may be incorporated,, and this latter aspect is clearly of far

greater importance.

Thus, this study indicates that the frequently used genetical para-

meters are often not as accurate as is widely believed but even so they

provide useful information for the breeder. (For further experimental

evidence on the linitation of h2 see Meyer and Enfietd (1975). )
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III _ ASSESS¡,IENT OF FI,EECE COMPONENTS USING MULTTVARTATE STATÏSTICS

INTRODUCTION

In this chapter the approaches used for resol-rzing the relationships

among the components of clean fleece will be considered. In view of the

statistical difficulties encountered in many of these an alternative

multivariate metl¡od will be suggestecl. The utility of this method is

demonstrated on data from the fleece weight selection experiment, carried

out at Roseworthy Agricultural College, which has previously been a¡aIysed,

using univariate and bivariate statistics, by Mayo, Potter, Brady and

Hooper (1969) and further analysed in Chapters I and II of this thesis.

(A summary of this chapter has already been published by myself (see

Hancock, 1976).)

V'Ihen analysing selection experiments, one is often confronted with

the situation where many variates have been measured on samples from

each of two populations. While multivariate techniques have been avail-

able for sone time most investigators have preferred to use simpler stat-

istics. T'lris may be due to such reasons as:

i) unfarniliarity with multivariate statistics;

ii) limited computing facilities;

iii) cautiousness over assumptions.

However, while the last of these reasons is valid for multivariate methods

in general, the technique that I am suggesting here (Hotelling's T2) has

been shown to be far more robust to d.eviations from multinormality (Mardia,

1975). Also, tlte convenience of modern statistical packages has greatly

reduced the difficulties involved in finding suitable transformaLions,

when requi-red, for poorly distríbuted variates. (Although this is usually

carried out on each variate in turn, recent work by Andrews, Gnanadesika¡r

and Warner (1973), and Mardia (1975), on the assessment of multivariate

normality, should further assist this area.)
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Turner (1958) considered the foltowing three methods for assessing

the inftuence of each c:omponent on clean fleece vreight:

i) gross correlation of each coinponent;

ii) a¡rportj-oning of t-.he variance;

iii) percentage devi.at-ion technique "

For the first method the author clearly demonstrated that changes in the

correlation l:etween a particular variate and fleece weight can greatly

affect the obse::ved correlation between any other variate and cleart

fleece weight (Turner, 1958) " (Pattie and Barlow (1974) have used

similar argunents to demonstrate that the heritability of clea¡r fleece

weight can change markedly depending on the magnitude of the genetic

correlation between fibre diameter and follicle density.) Also, the

second method was shown to have limitations especially with respect to

sampling errors" Turner concludes that while the third technique was

"...by no means perfect, [it] has proved to be a powerful tool in analysing

the source of differences in clean fleece weight between groups of sheep. "

In particular, this technique suggested that fibre nrurbe:: and staple length

were rnost closely associated with clean fleece we.ight. Dun (1958) using

this third approach fourrd fibre density and cross-sectional area to be

most imporÈant. Recently, this techn-i-que was applied by Barlow (1974)

who supported it with the calculation of realized correlated responses

and realizecl genetic correlatj-ons. Barlow calculated his realized

correlated responses by two methods:

i) regression of cumulated correlated response on cumulative

selection dif ferent-iaI.

ii) Regression of cumulative correlated- response on cumulative

respol-Ise.

I'hese two responses \^¡ere used subsequerrtly to cal-cu.Iate two realized gen-

etic correlations. By these methocls Barlow concluded that- the response
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in clean fleece weight for the l-Ieece PIus flock was due to fibre

density, fibre diameter and. stapJ-e lerrgth, vrhile for the Fleece Minus

flock, staple length was the major contributor.

Similarly, Robards, WíIliams and Hunt (1.974) used correlations

when reporting that crimp frequeucy was relat-.ed positively to live

weight and negatj-vely to clean fl-eece we-ight.

In the two previous chapters, sinr-ilar univariate and bivariate

statistics have been revj-ewed and subsequently applied to the Roseworthy

data" Both i:ì.le t-wo sa-mple tests of Chapter I and the genetic paranteters

of Chapter II have proved informa-tive, but at lcest these approaches are

somewhat cu¡rbersome where rnore than a few variates have been measured.

(Ivlayo, Potter, Brady and Hooper (1969) also encountered similar diff-

iculties when using repeatecL t-tests to compare two types of selection

for increased. wool production. ) Thus, if p variates have been recorded,

use of such statistics w-i-11 result in a rninimum of p two-sample tests

and P-(p-+) correlations which for p larger than 4 or 5 beconres difficult

to handle. In most cases these numbers are far exceeded a-s one generally

considers p tvro-sampLe tests, p heritabili.ties - 3p(p - l')and :'Z: correlations

(i.e. phenotypic, geneti.c and environmental). While the sheer number

of statistics to be consid.ered is a problem in its own right, the picture

is further complicated by the charrce variation associated. with such

repeated sarnpling (i.e. the frequency of error type I increases as the

number of tests increases).

The Roseworthy experiment, like most large-scale breecling trials, i-s

also weakened by seasonal variation. Thus, for individual variates the

presence of such genotype by environment interactions means that it is

much more diff-icult to sumrnarize tlie outcome of the selection applied"

I{ere, it should be noted that these geuotype by environment interactions

should. not be clisregarded as they are an important property of the geno-

þ

I
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type. That is, the observed value of a particular variat-e is not

necessarj-Iy the expression of the same part of the genone during aII

seasons but may reflcct expression of different segments of the genome 
(.

which are activated on accorurt of the pa:cticulalî seasonal conditions.

!.lhere several variates have been recorded, such interaction car. result

in changes in tlte inter-relaLionshi.ps betv¡een the variates. To illus-

trate this, one can imagine arr irregular p-dj-mensional surface¡ corres-

ponding to the p vari-ates measured, which varies its sha-pe slightly as

the environment changes (i.e. shr-infcage on one axis may be associated

with expansion on another axis). White this surface can be clescríbed.

by considering one or tr¡ro variates at a ti.me, clearly it would be far

superior to consider all p dimensions sinultaneously.

In summary, it can be seen that repeated t statistics, correlations

(phenotypic, genetic and environmental), regressions and Turnerrs percent

d.eviation have been used extensively to resolve the responses to selection,

especially wíth regard to Lhe behaviour of the fleece components d.uring

alternative breeding prograrns. Although inforrnative. these approaches

gj.ve no protection against either the effects of correlations among the

subsets or the tendency for inùiv:Ldual differences to be significant

merel)¡ by chance as the number of var:iates increases. Multivariate

statístical techniques shoul-d overcome these difficulties.

¡,IETHODS

(a) Background

Complete detaj.Is of the sheep used, the selectíon methods and char-

acters recorded have been given by Maycl , Potter, I3rady and lÍooper (1969)

ancl in Chapters I and II of this thesis.

Briefly, the Lwo flocks r,,rere r:aised at Rosewort-hy Agricultural

College, between 1954 and L965 , either: selecting rams by (i) visual

apprzrisal alone (Visual method) or (-ii) clean fl-eece weight-- after initial

i
ru

)ls
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visual appraisal (Index method). The divergence in clean fleece rveight

of the Index over the Visual a-nimals was previously established using

t-tests. The following eight variates will- be considered here: clean

fleece we-ight, clean scoured yield percentage, body weight, staple

length, crimp number, fibre diameter, primary follicle number and

seconclary follicle nturùrer. The other variates recorded rvere not con-

siderecl of sufficj-ent direct importa¡rce to fleece weight to warrant their

inclusion. OnIy data from single born anj-mals, for which alJ- eí,ght

variates had been recorded, were used. All comparisons are made within

sexes.

(b) Statistical analysis

The two samples are compared using Hotelting's T2 as described in

Morrison (L967). This test is basi.cally a multivariate analogue of

the square of the r:nívariate t-statistic. Thus, two samples can be

compared using

T2
N rNz

N1+N2 (ir - iz)' S (ii - Yz)

where Nr a¡d Nz are the number of observations in samples I and 2 respec-

tively; fr and !2 ttre correspondj-ng (p x 1) nean vectors where p variates

have been measuredt artd S is the p x p pooled. estimate of the variance-

covariance matrix. The critical region is given by

lr'I ( N1+N2-2)p F
(Nr+N2-p-1) (p,Nr+N2-p-l) f2cr(p,Nl *N2 -p-1)

oú

where o is the siga'rificance level of the F statistic with p arrd (Nl+ N2- p-1)

degr:ees of freedom.

Íhe mere significance of the 12 statistj-c does not indicate which

varíates are 1íke1y to have 1e<1 to the reject-j on of equality of the two

mean vectors. Frrrther. it would be erroneous to use u¡rivariate t-tesEs

as the number of tests and correlations among the varj-ates would distorL

!
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the critical value chosen for the t-statistic. ÈIoûever,

enables calculation of simultaneous confidence intervals

functions of the differences. That is, for any vector

use of T2

for linear

a lat , a2,.. .. ,apl the probabili-Èy tinal- aLL intervals,

ar Sa
Nt+N t2cr(p,Nt * N2 - p-1) < a'63'(it - y") Nr Nz

3'(!' - !r) + at Sa
N]+N2

r2o(p,N1 *Nz-p-1)
NrNz

generated by different choices of the elements of a are simultaneously

true, is (I-cr) ( where ô is the vector of meal d.ifferences and

T2cx,(p,N¡ + N2 - p-1) is the critical value defined in the preced.ing

equation). By varying the form of a, a confidence interval can be cal-

culated for each variate which indicates the magnitude of the dífferences

between flocks. That is, for the vector al = [OrOr.... ,OrIrO.... rO]

with a one in position i and zeroes elsewhere, the asymmetry of these two

bounds about zero indicates the direction of divergence for the ith variate.

If zero is outsid.e the interval we conclude at the (I-a).IOO percent joint

significance level that the ith variate differs significantly between the

two sarrrples. Thus, by calculating bounds for each of the p variates we

can establish the direction and magnitude of the differences between the

two populations.

[\øo generalized FORTRAN subroutines have been written to apply this

technique to large d.ata sets. These are listed rvith calling instructions

in Appendix A.

RESULTS AND DISCUSSTON

rn Tables rrr-1 and rïï-2, the value of Hotelling's T2, asso"iated

value of F, and level of sigrnificance are presented along wit-h the lower

and upper bound.s of the 95å simurtaneous confid.ence intervars.

rnspection of Ta-bte rrr-1, which refers to the male prog-eny born

il
'¿

I

t
I

;

r
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during the twel.ve years of the experirnent, indicates that T2 j-s no'b

significant for the first year (I954), but is significant thereafter,

e:rcept for 1960. A similar:' pa'ttern exists for the correspo)-ìding female

progeny, shown in Table ITI--2, with the 1965 value being non-significant.

(This .1 atter anomalous result illtrstrates the well known inadequacy of

discrete cut-off probabilitj.es as the observed value (2.01) is extremely

close to the criticat value (2.O3). As one would expect chance to lead

to occasional acceptance of the null hypothesis when it is fal.se (i.e.

error of the second kind), i-t seems reasonalole to conclude that the two

f l-ocks have diverged.

Assessment of the 95% sirnulta-neous confidence inte:lval indicates that

the difference between flocks can sel-d.om be associated with one character.

(V'lhen considering these intervals it should be noted- that these sinìul-

taneous confidence intervals have been expressed as the difference of the

Ind.ex flock over the Visual f loclc " ) Thrrs, for each variate the position

of zero in the interval gives a good inclication of the difference in

response between the two methods of selectíon. If we look at the inter-

vals for clean fleece weight we notice that the interval has shifted

toward.s the positive end of the scale, indicating that the clean fleece

weight of tJ:e Index flock exceeds that of the Visuat flock (just as has

previously been shov¡n in the anal.ysis of the single variate itself, see

Mayo, Potter, Brady and Hooper (1969) a:rd Chapter I).

The associatj-on between clean fleece weight and the other variates

can be estabLished by comparing the behavior¡r of the confidence intervals

for the remaining variates. Thus, if we restrict our attention to

staple J-ength .end. crimps per inch we can see that staple length shows a

sin-ilar pattern to c'lea¡r fleece weight while for crimps per inch the con-

fidence íntervals become negatively biased in<licating that for this var:iate

the Visual flock exceeds the Index flock"
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When aII the variates are considered sirnilarly, it can be seen that,

for both sexes, staple J-engtJr, clean scoured yield and secondary fol1icIe

numJ¡er are pos.itively associated with the increase in clean fleece weight,

whj-Ie crimps per inch and body weight are negatively associated with

this increase in fleece weight of the rndex flock over the visual.

In contrast, the trend. for fibre diameter rdas unclear, considerable

variatio¡r between seasons being observed.

Comparing this to the literature, we recall:

i) Turner (1958) suggested fibre nìürÍber a:nd staple length were

closely associated with clean fl_eece weight;

ii) Dun (1958) found fibre density and cross-sectional area were

most important;

íii) more recently, Barlow (L974) concluded that the response in

clean freece weight observed in his fleece prus flock was

due to fibre density, fibre di¿rmeter and staple length;

iv) Robards, williarns and Hunt (L974) reported that crimp

frequency was related positively to 1ive weight ancl neg-

atively to clean fleece weíght"

'rhus, the present study literally summarizes, in one analysis, ar1

the previous work but at the same time it iltustrates the complex behaviour

of fibre dian:ter. Since both Turner (f958) a¡rd Barlow (L974) have

observed. sirnilar behaviour for this v¿rriate, and bearing in nind its

importance in quality, further researcb on the effect of seasonal factors

on fibre diameter could. be rewarding.

In conclusion, Hotelling's T2 provicìes a useful method for analysing

sel-ectlon experíments where two popuJ-ations ar:e involved. clearly it

has many advantages over previous met-hocs, incruding those used in

chapters r and rr of this thesis. Arthough it is not specifj-carry

designed to extr:act genetic information, as heritabilities and genetic

correlations are, it seems difficult to imag-ine that in the present usage
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it is not essentially doing so, particularly since both flocks have

been raised. under the same environrnental conðitions. In particular,

the output is quite compact and not complicated if the number of variates

is increased.

Although the present demonstration has involved clean fleece weight

in sheep the technique can be used for any selection experiment where

several variates have been recorded.

rn Èhe present case Hotelling's T2 has been used to compare two

populations but it can be used êqually well to compare one populaÈion

against a particular mean vector. Thus, if only one flock had heen

selected we could test to see if it differed significantly from a partic-

ular set of nean values for the variates measured. Alternatively, if we

wanted to test the equality of mean vectors for three or more populations,

it would be best to use the multivariate analysis of variance described

in Chapter 5 of Morrison (L967).

An extension of the above nethod of analysis has been published by

Mayo, Murdoch and Hancock (L976). In this paper (which is included ín

Appendix B) the linear discriminant fr:nction, as suggested by Fisher

(1936) has been used to examine the effect of paternal age, maternail

age and birth rank on mutation.



TABLE ITI-1 Hotel 's T2 and 95% simultaneous confidence interval for rams

T2 F sis
Secondary
fol1. no.Yea-r

L954

1955

1956

t957

1958

1959

1960

196r

L962

1963

L964

l-965

8.05

23.01

37.L6

25.3L

48.7I

2L.60

10. 16

40.26

59 -76

24.4L

55.12

34-97

0.95

2. i4
4.40

3.00

5.75

2 -s7

1. 19

4.78

7.Ls

2.89

6.55

4.L2

-274

-318

-407

-282

-604

-446

-455

-479

-73
-404

-r8
-449

872

975

944

l'204

665

535

709

634

ILO4

7L2

LO76

7L5

NS

tr*

***
**
***
*

NS

***
***
**
***
*tr*

t values shown are lower and upper linits of interr¡al respectively.

ol
@

-3.30

-4.59
:3.81

-3.99
-2 -93

-3.90
-6.2r
-3 .30

-5.83
-4.52

-6.06

-4.80

4-42

2.22

2.96

3.13

4-29

2. 35

2.48

5.65
lto

3.29

L.79

3.50

¿
I

¿
I

Body wt.

-3.06

-1.60

-3.87

-2.79
.08

:3.30

-2.59

-L.24

-l-.25

-3 .40

-L.77

-5.75

3.65

3.75

3.64

3.7L

5 -96

4.O5

4.45

6 .04

4.s4

3.85

4.81

2.6L

Yield

- -43
_a)

-.14
_.27

-.06
-.18
-to

.09

- -2r
-. 16

.05

-.L4

.61

.37

.48

.4L

.75

.60

.58

.89

.55

.63

.78

.65

Clean
fleece wt

-. 83

-.46
-.18
-.L7
--24
-. 15

-.44
-. 18

-.49
-.60
-.31
-. 30

.86

1.0 3

t.20
L.23

1. 36

L.24

L.L7

1.35

L.07

L-O2

L.24

1.16

StapIe
length

-1.19

-1.18

-T.4L

-1.18
- .95

-l-.48

-1.04

-r.25
- .70

-1.19

-L.27

-l-.77

.81

.94

2.08

1.08

L.4L

.39

.89

.L4

-84

.tY

.36

.16

Crimps
per inch

Fibre
dia¡reter

-2.I7
- -7L

-2.6I
-1. 10

-L.44

- .58

-L.28

-1. 75

-2.5L

-L.73
-2.75

-1.39

L.42

2.O9

2.26

1.58

2.O7

1.65

1.81

-.22
.55

.44

r.44

Primary
foII- no.

-r3-4
-13.1

-r5 .0

-2L.8
-20.0
-24.L
-24.5

-42.6

-35. 3

-39. 3

-29.O

-2L.3

39. I
4s.I
5r.7
60.6

50.6

29.2

31. 6

2r.3
33"8

L2.2

32.O

44.7



TABI,E TTT-2 HotclliN 's T2 and 95ã simultaneous confidence interval for ewes

T2 F sig
Second.ary
folI. no.Year

L954

1955

1956

]'957

1958

1959

1960

196 I
L962

196 3

l-964

1965

L2-62

29.50

31.84

39.96

22.16

57.72

28.22

26.38

89.53

28.6I
48.73

17.26

r.49
3.47

3-75

4.72

2.60

6.87

3.37

3 .15

10.68

3.35

5.78

2.OL

NS

**
* *:t

***
*

***
**
**
***
**
***

NS

-39r
-611

-405

-268

-454

-442

-4L9

-270

L42

572

-451

-613

669

738

1084

1169

82L

697

626

804

L403

580

77L

9L6

t Va1ues shown are lower and upper limits of interval respectively

oì
'o

-3.61
-3.44
-2.LO

-2.71
-4.26
-1.91
-6.43

-3 .56

-6.43

-6.25

3.62

4.28

3.16

1.96

4.O2

2.63

r-28
4.22

-.77
3.20

.85

L.79

t t-3 .13

-1.30

Body wt.

-4.10
-3.37

-2.38
- "42
_1 ?<

-L.82

-1.91
-L.20

- .44

-3.L2

-L.73

-¿- ¿o

L.76

2.65

3.80

6.20

6.39

4.98

3.sl
4.45

5.20

3.55

4. 18

5.47

Yield

-.46
-.04
-. 01

-.07
-.05

-.01
-.09
-.o7
-. t0

-.L2
-.04
-.29

.30

.54

.58

.47

.68

.59

.57

.51

.55

.52

.56

.49

Clean
fleece wt

-.44
-.o2
-.L7
-.31
-.43
_ -27

-.44
-.33
- -49

-.47
-.49

-.64

.84

L.4I
1. 10

oq

L.24

1.09

.80

1.00

1.03

1.01

.85

-74

Staple
length

-L.2I
-I.90
-2.40

-1.66

-1.50

-1.36

- .66

' .63

- .86

-L.23

-L.37

-L- tZ

.56

.34

.65

.2L

-82

.27

.81

.45

.49

.82

.22

-36

Crímps
per inch

-2.L4
- .95

-2.30

- .93

-2.49
.26

-1.18
-1.48
-2.49
-2.77

-1.33

-L.45

-97

L.75

1.03

2-35

-92

2.95

1. 35

T.L2

.11

^q
I-42
L-26

Fibre
diameter

-30.9
-30. 5

-38.4

-31.1
-35.2

-L7.7
-25.4
-37.5

-31. t
-40.8
-"o R

-29.6

33.1

38.4

42.3

52.L

39. I
57.4

33-4

23.3

35 .8

29.6

49.9

47.4

Primary
foll. no.
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IV - EXACT TEST FOR R X C CONTINGENCY TABLES

INTRODUCTTON AND ALGORÏTHM

In the previous ch,apters the statistical methods considered have

maÍnly been based. on the assumption that the data is distributed over

a continuous scale. Vühile quantitative genetics generally relate to

such con'tj-nuous variation, researchers are often confronted with the

analysis of d.ata where the possible outcomes form a set of discrete

classes (e.g. number of progeny). Thus, for variates like fecundity'

while the inherita¡rce may be considered polygenic, the outcome can only

talce one of several possible values.

The analysis of such variates often involves the interpretation

of contingency tables with particular emphasis being directed at whether

there ís independence Jretween pairs of attrj-butes. (For example, if we

wish to compare the lambing performance between two flocks, one of which

has been selected for twinning, we can present the data in a 2 x 4 table

of flock type by increasing levels of fecundity and test whether fecun-

dity is independent of the previous selection hístory. If selection for

multiple births had been successful we would. expect to observe a greater

proportio¡r of these in the selected flock than in the normal fIock.

This shíft in fecr:ndity would result in a lack of independence between

flock type and fecundity. ) While there exists several approximate

methods for analysing contingency tables, this approximation becomes

poorer as the sample sizes decrease. Sugiura a¡rd. Otake (1968) have

compared eleven methods, or variations of method.s, ín an effort to resolve

which, if any, provide the most accurate estimates of the significance

Ievels. Althouqh this investigation contributes information on the par-

ticular advantages or disadvantages of these methods, it cannot be denied

that calculation of the exact probability vrould be far superior. (The

description "approximate" used above refers to the fact that the actual
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distributj-on of the test statistic remains unknown. However, as its

distribution can be shov¡n to tend toward.s a known distribution for

Iarge sample si.zes, this can be used to estimate the probability level

of the test. Ttris approximation clearfy becomes poorer as the expected

cell frequencies be-come smaller and therefore the use of the exact test

is prefera.ble as it d.oes not require any such approximation to a sampling

distribution. Íhat is, the probatrility leve1 for the exact test ís

found. by calculating the proba-bility of each possible combination of

cell frequencies, given tJ.e marginal totals and comparing these with

the probability of the observed frequencies.)

Fisher (1925), as shown in the 14th edition of t¡ís Stal;ísticaL

Methods foz, Reseaz,ch l{orkers, L97O, describes the method for the calcul-

ation of the exact probability of 2 x 2 tables. Fisher d.emonstrated

that:

the prolcability of the 2 x 2 tables b a+b

d c*d

a+c b+d N

where N is the sum of a + b + c + d, is given by the expression

(a+b) I (c+d) I (a+c): (b+d)

a

c

P= al bi cl dl Nl

This formul.a is then used to calculate the probability of all possible

tables (i"e. for the various values of a, b, c and d) which could occur

with the s¿rme marginal totals. The total probability of observing

values as extreme or more so if the two attributes are unrelated is then

fou¡rd by sumrning all the proba-bilities which are less than or equal to

the probabitity of the original table. If this probalcility is less than

the chosen sígnificance level it is concluded. that the two attributes of

interest are related.
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Freeman and Halton (1951) have extended this methocl. to ena-ble the

ca-lculation of exact- probabilities of R x C contingency tables. Thus,

if we d.enote an R x C table as

*II

x2r

*I2 " " *Ic xt.

x22'' "*rc xz-

xRc xR-xRI *R2

x x xI 2 c

its probability is given by

P=

c
II X .I

i=I 'l
R
IIx,

i=I r

jx.
t-

C
I
=f1ja=

X:
R
I

The tail probability is found in a manner analogous to the above.

(This fundamental sinrilarity between the simple case for 2 x 2 tables

arrd the more general case of R x C ta-b1es often leads to the latter

being denoted as "Fisherrs exact test for R x C contingency tables".

Altltough there appears to be no evidence to suggest that Fisher v¡as

aware of the more qerìeral expressic¡n ít seems unlikety that he would

not have realized the possibility. )

V{hile the theoretical value of the test has never been denied, it

has not been used w-ìdely due to the practical- difficulties involved in

the identification of all the possible tables, given the observed row

ar¡d col-umn totals (also the subsequent difficulty of the above probab-

ifity calculation due to the presence of the factorial terms has further

Iínited its use) . Clearly the nurnber of possibl.e tables increases

markedly with the dimensions of the table ancl the magnitude of the

individual cell frequencies (*i.'"). Thus, manual calculation is
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intpossible for anything larger than 2 x 2 or 2 x 3 tables witJ: small

cell frequencies.

Finney (1948); Pearson and Hartley (1958); Finney, Latscha, Bennett

a¡rd Hsu (1963) ; arrd Bennett and Nahamura (1963) , to name jusL a few,

have presented tables which indicate the significance (or not) of a

particular contingency table. The presentation of these tables extended.

the feasibility of. the test, however, it still remained limited Èo

2 x 2 or 2 x 3 tables with small celI frequencies. The development

of the computer has further extended t-he test's capa-bilities. Thus,

Robertson (1960) and sokal and Rohrf (1969) both present programs for

the calculation of Fisher's exact test for 2 x 2 ta-bl-es. V{hile these

first two atternpts provided addj-tional convenience it was not tiII March

(L972) attempted to provide a general algorithm for R x C contingency

tables that the potential of the computer was established. March's

algorithm, which was based on the previously mentioned method of Freeman

and Ha1ton (195I), used a subtraction process to generate alt Èhe possible

R x C arrays given the marg-ina1 totals. Although modern computers are

often consid.ered to be exceptionally fast per opeïation the cumulative

effect of the generation of the large number of possible arrays is more

than enough to over-tax the capabilities of even the most advanced com-

puter. That is, the nature of the sorting process is such that while

it would be foorish to attempt it wittrout the aid of a computer, it

nevertheless remains a forrn-ida.b1e tasl< even in the presence of a computer

(for details on the limitations of mod.ern computers see Dalll, Dijkstra

and Hoare (L972') or Knuth (1973). Therefcire, there remains an upper

limit beyond which it is impractica-ble to calculate this test. Improve-

ments in machj-ne capabilities may raise thís upper limit but wirr do

little towards actually removing it. The presence of this "hardware

ceiling" then Ieaves the researcher with three possibJ-e strategies:
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i) if the expected cell frequencies are "sufficiently large"

the approximate tests can be used.

ii) The rows and/or columns of the table can be poolecl.

iii) The method of computation (algorithm) may be improved.

Clearrly options i) and ii) need only be contemplated when the algorithm

faits to handle, within a reasonal¡Ie time, the particular contingency

table. Under these circumstances, either or both of these two options

may be applied, the choice depending o¡ì the given table. Ilowever' as

use of options i) and ii) will weaken the inferences, ímprovement of

the algorithm should remain of first priority to the prospective

researcher.

Implementation of March's algorithm de¡nonstrates that it can effec-

tively cope with 3 x 4 arrays with small ceII frequencies but for any-

thing larger it is hopelessly slow. Inspection of the algorithm shows

that while much of it is efficientty prograruned the method of generating

all the possible arrays contains much room for improvement. As mentioned

earlier, Ir{archr s algorithrn uses a method of subtraction. Thís results

in the generation of many arrays which later prove inappropriate when

compared to the row and column totals of the original array.

Two independent attempts have subsequently been reported which enable

consid.era-bJ-e improvements over March's procedure. As these two improved

algorithms were developed simultaneously and use differing procedures,

I will consider both in turn before looking at their respecbive adva¡rtages

and disadvantages.

The first of the improved algorithms to be published was that

presented by Boulton (L974). The author makes the following comment

with respect to Marcirr s original algorithrn:

"The method used to gene:late all the cell frequency combinations

is rather inefficient as it operates by generating al1 combin-

ations which satisfy a weakened set of constraints and then rej-
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ecting those combinations which violate the actual. marginal sum

constraints. As the nrrmber of combinations rejected very often

far exceeds the actual nruriber accepted, the process is very

wasteful. "

To overcome this wealcness Boulton uses a more efficient generation

prot:ess previously described by Boulton and Wallace (1973). This

method generat-es only the arrays which satisfy the marginal totals.

Table IV-l, reproduced from Boulton (1974), indicates the modified

algorithm was always faster than Marchrs algorithm. (The times shown

enable compari,son between the trvo algorithms but clearly their actual

value wi.ll depend or-r the computer used.) ttre full listing of Boultonrs

algorithm was not published but has been obtained by personal commun-

icatíon with Boulton.

The second ínrproved algorithm has been published by Harrcock (1975).

As the content of this paper directly relates to the present thesis it.

has been included .i¡r ful-l in Appendix C. This paper presents details

of the method of computation and also a -listing of the associated algor-

ithm.

Like Boulton's algorithm, the generation procedure avoids any

arr¿rys which are incompatible with the row ancl colu¡rn totals. This

is accomplished by calling the subroutine TNIT which generates the next

rlegal' array which conforms to the sear:ching pattern and satj-sfíes the

marginal totals. While the successive 'Iegal' arrays can be quite

dissj.milar, Freeman and llalton (195I) point out that occasionally

sequences arise in which there are only rninor differences (i.e" only

two of the ce1l frequencies change) . Clearly the pr:oba-bility calcul-

ation can be greatly simplified for such cases" The algorittrn has been

written to recoEnise these instances a¡rd therefore avoid calling the rnore

complicated generatíon subroutine (INIT) white exploiting the sirnpler
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Table IV-I rimest for evaluating probabiliÈies
(reproduced from Bou1ton, L9741

Contingency
table Probability

Time (secs)

Original Improved

I

I

L2 (20)

2 (10)

(ra¡ (go)

3

.05767LL6

.35262364

.10625089

.12380952

.026

.290

3.31

13.9

.013

.095

5IO

.69 3

(16)

5

2

(7)

5

I

(11)

(8)

(rs¡

(6)

(s)
(3)

(14)

(2)

(2)

(2)

l2)

(8)

(6) (4)

0

2

I

(3)

312

3 0

(2t Q)

(2)

0

I

t

1

I

I

(2)(3)(6)

o

(2)

0

1

0

t

0

o

2

0

2

o

o

o

0

I

0

I

(2)

t times shown were obtained when the two programs

were run on a CDC 3200 machine.
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probabili.ty calculation. The efficiency of this algorithm over Marchrs

earlier version is shown in Table Iv-2. (This table has been reproduced

from Hancock (1.975). To simplify the comparison, all R x C arrays have

been chosen with all ceII frequencies equal to one, i.e. *rj = 1, where

i = 1t2,...,R and j = 1t2r...rC.) The modified algorithm can be seen

to become increasingly more valuaÏ¡Ie as the complexity of tJle arräy

increases. This advantage can be increased further by the insertion

of a statement of the form

rF (ps . GT. 0. 1.AND.PC. LT. 0. 9 ) RBTURN

which results in the termination of the algorithm when the tail prob-

ability (PS) exceeds ten percent provided PC, the cumulative probability

of aII arrays processed, is less than ninety percent. This latter con-

dition has been included to avoid ternrination of the algorithm when it

is close to completion.

CIearIy both new algorithms provide worthwhile improve¡nents on

March's earlier algorithm. It then remains to establish whether either

of these algoritlms can be shown to be superior to the other. To answer

this question I have compared the two algorithms using a CDC 6400 machine.

Tab1e IV-3 lists the respective CP (Central Processor) times required

for the arrays shown. (These arrays have been taken from Boulton (L974)

and Hancock (1975) . )

Boultonrs algorithm can be seen to be the faster method. However,

extend.ed use of the algoríthms has shown that cases exist where this

order is reversed, e.g. for the 2 x 5 array (which arose in a consulting

problem in arrother context).

286 L4 1.0 L7

73]- 41 28 72

2

9

329

881

38 89 111017 55 12 10
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Table IV-2 Comparison of SubrouL:Lnes (CP time required in
seconds to compute exact probabilities for R x C

contingency tabJ-es; where all ce11 frequencies
are chosen equal to one. These are presenLed
to illustrate the relative improvement of R x CPRB

over CONP. Obviously the actual times will depend
on t]-e machine used).

RxC CONP (by March) R x CPRB

2x2

2x3

3x2

2x5

5x2

3x3

3x4

4x3

4x4

.oIe (3f)

.ot2 (e)

.018 (e)
I

.073 (8[

.0e3 (81)

.11o (256)

L.27e (4Oe6)

L.344 (40e6)

Unknown*

. o18

.010

.016

. o54

. o55

. o55

.509

.5L4

15. 495

( 31')

(7)

(7)

(s1)

(sr)

(ss)

(4ls)

(41s)

(10147)

I Uumber of matrices attenrpted in the calculation

* Computation was still incomplete after 500 seconds

(Reproduced. from Hancock, L975)
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Table IV-3 Comparison of Sr:broutines. (CP time in
seconds required to compute exact prob-

abilities for R x C contingency tables. )

Contingency table RxC
RXCPRB

(by Hancock)
CONP

(by Boulton)

2

I

I

L2 2x2

2x4

3x4

4x4

2x2

2x3

3x2

2x5

5x2

3x3

3x4

4x4

0.014

0.032

0.308

0.554

0.005

0.008

0.007

0.049

0.054

o.054

o.509

15.1r8

0.016

0.031

0.154

0. 175

0.003

0. 006

0.006

o.o24

o.o24

0. 026

0.187

4.6t6

0

2

3

I

3

3

5

2

0

I

I

0

2

I

I

I

I

5

I

0

0

I

o

I

2

0

o

0

o0
10

o2
10

J
(1) '

J

(1) I

J

(1) |

.L

(1) |

J

(1) |

I

(1) I

J

(r) |

.L

(1) |

t eff cell frequencies of the R x C tahles have been

set as 1, i.e. *rj = Ir where i = lr2r..rR and j = lt2r...rc
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Boulton's algorithm is unable to find a solution in over 500 seconds

CP time whereas the alternative method does so in 277.6 seconds.

Therefore, it must be concluded that neither method can be described

as better tl'ra¡r the oÈtrer as this depends on the contingency table under

consideration.

APPLICATION

Clearly the extended capabilities of the exact test ena.ble it to

be used widely to analyse data presented in the form of contingency

tables. The Roseworthy data contains many such comparisons. However,

in the following T wil-I restrict myself to consideration of only one

of the more relevant aspects of the breeding program to illustrate the

rethod.

Mayo, Potter, Brady and Hooper (1969) concluded that the fertility

of the Index flock was markedly lower than for the Visual flock. This

conclusion was based on the fertility statistics, which were presented

in their table I, however, no statistical justification was attempted.

As mentioned earlier in this thesis, reduction in fitness is often assoc-

iated with directional selection for a non-reproductive variate. CIearIy

any lowering in fertility would be extremely undesirable in the breeding

of farm animals. If such an effect was operating in the Roseworthy

experiment then the greater selection intensity applied for clean fleece

weight in the fndex flocl< would be expected to result in the fitness of

thÍs flock being lower than for the Visua1 flock. Use of the exact test

provides a convenient method. for establishing whether this has occurred.

That is, if the reproductive d.ata is presented in a 2 x 5 contingency

tab1e, forned from the two flocks by five offspring classes, analysis

of this will ident.ify any fertility differences between the tv¡o flocks.

Thus, if we look at the 1954 taunbing we observe the following contingency
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table of ewe performance:

Reproductive performance

0r23 4

fndex flock

Visual floclc 34 L34 11 26 206

75 260 20 54 1 4LO

where 0 denotes a dry ewe,

I denotes the birth a¡rd rearing of one offspring,

2 denotes a twin birth but subsequent rearing of one offspring,

3 denotes the birth ar¡d rearing of twj-ns,

4 denotes any other type of birth.

As the calculated tail probability from the exact test is 0.7627 tini-s

indicates that there ís no neasurable difference in reproductive per-

formance between the two flocks. (It will be noticed that the ]¡irth

of triplets in the 1954 Visual flock has necessitated a 2 x 5 contin-

gency table, however, Lor most years only a 2 x 4 table will be required.)

Sirnilar analyses have been cariied out on the remaining eleven

years of the experiment and these are sufirmarised in Table rv-4.

rnspection of the tail probabirity (i.e. the probabitity of obtaining

an array as devia¡rt or more so than the observed table) indicates that

the flocl<s differed significantty in 1956, 1960, L96I and 1965. Atthough

the significance of several of these tables supports the hypothesis that

the fndex ewes had inferior reproductive performance compared to the

Visual ewes ' it can be seen that in 1960 the nurnl¡er of Index ewes giving

birth to a single offspring ís larger than expected. However, if the

total nurnber of ewes larnbing is considered. the 2 x 4 table reduces to a

2 x 2 with the foltowing values:

4L 126 9 28 0

I

204



Table IV-4 Analysis of Reproductive Data

Contingency table
Probability of
given table

82

TaiI
probabilityfYear

4L

34

L26

134

28

26

0

I11

9

01

01

01

01

01

01

2

2

2

2

2

2

3

34

L954

1955

1956

L957

1958

I
v

I

V

T

v

r

V

I

V

I

75 260 20 54 t

34

204

206

410

224

225

449

.000619

.001493

.000010

.0000 78

. o00302

.7627L7

.894207

.0155 35

.o64269

.317049

2L9

222

99 270 19 53 44r

il
i5;

I
148 256 I 36 1

3

230

226

l-42 269 12 33 456

3

224

230

139 246 44 25 454

T
I

I

3

240

235

t

48 133 11 27

51 L37 A 26

83 IL2 4 24 I

065 I44 4 L2

82 l-23 5 20

60 146 7 L3

73 L24 I7 10

66 L22 27 15

53 L46 6 35

46 146 11 32
1959

V

99 292 17 67 475

.000703 .568101-



Table IV-4 - continued

Probability of
given table

83

Tail
probabi1-itytYear Contingency table

4L t42 6

36 L29 17

J

9

01

OI

01

o1

01

23

1960

196I

L962

196 3

]-964

I

V

I

V

I

V

I

V

I

V

l-92

191

77 27L 23 t2 383

.000044

.00000r

.001906

.000612
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II
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t See text for explanation of row and column classes
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Ewes
without
lambs

Ewes
with
lambs

Index

Visual

l-'92

191

77 306 383

which supports the nult hypothesis of no interaction.

McGuirk (1976) has divided reprod.uctive performance into Íts two

fundamental components, i.e. fertility and fecundity. Such an approach

could have been adopted here, by divíding the information into 2 x 2

tables for fertility anil 2 x 3 tables for fecr-urdity and testing each

using the exact test. It r^¡as felt that this was unnecessary for this

set of data atthough it ca¡ be "."n tn-a for the 1.960 data this may

have been of marginal advantage. In fact, when all data were analysed

separately for fertility and fecundity, the results \Árere consistent wittr

tltose shown for reproductive performance (except, that is, for the 1960

data explained. above). Although the data have l¡een considered as rel-

ating Èo the reproduct-ive performance of ewes it should be remembered

that it may also reflect ram performance. Thus, the low lambing per-

centage for ttre Index floclc in 1965 may be associated with failure of

one or more rams. As the number of rams used per flock is small (i.e.

6 two-toothed and I four-toothed) it is difficult to deterrnine whether

such failure is indicative of this flock or is simply due to cha¡rce.

As the curnulative probability of all the possible combinations of

cell frequencies which satisfy the marginal totals should sum to one,

checking of th:l-s provides a simple test of the accur:acy of the algorithm.

In the presenL application this probability \^¡as accurate to at least nine

significant figures for all the tables analysed. Thus, the test can be

seen to provide a convenient method for alalysing contingiency tables.

I
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fn pa:lt.icular, becau-se it is an exacL test, the user does not have

to L¡e concerned with any of the l.initatj-ons which pla-gue i-he use of

appr:oxj.mate tests (e.9. expected sample size and Yatets correct-ion

fo:: continuity) "

!l
,l

I

I
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V - SEI,J]CTTON OF TIIB 'IREST'' SUBSET OF ],INEAR VAFJABLES

INTRODUCTTON

The problem of selectJ.ng the best subset (or subsets) of independent

variables during multiple regressì-on has not only received much attention

ín the past but- still demands a. good deal of interest (see Cox and Snell,

1974¡ Kendall , L975; Draper ancl Snith, 1966; Hoerl and. Kennard, 1970a e b;

and Hocki.ng, 1976). White this interest has occurred. mainly in the

field of statistics the approach also has a valuabl-e cont,ribution to make

in quantitative genetics. Todayrs plant or animal breeder is well aware

that he cannot select for a single character as this will. inevitalely

lead to changes in other characters (i.e" continued selection not only

modifies the lreritability of the particular cha.racter undergoing selectiorr

but also leads to changes in the genetic correlations with others). There-

fore, one must consid.er the effect of selection on all- relevant characters

not just the character being sel.ected. The establíshment of which char-

acters are releva¡rt is, and will remain, a vital responsibitity of the

plant or animal t¡reeder.

Although selectj-on for several characters simultaneously (i.e. using

either independent cuJ-ling, tandem selection or selectj-on index - see

Young (1961) for discussion of these three rûethods) may provide a worth-

rr'hiIe ad.vance over univariate selection, the result witl stil1 be exposed

to the limitations outlined aÌ¡ovc. Thus, the selection of the 'bestt

subsel- of variates may be of value in indj-cati-ng whj-ch variates are going

to change following selection for another character, ancl therefore should

be measur:ed at each interva.l of selection, or alternatively, rvhich variates

should be selectecl for simultareously using a selection index. Tradit-

ionally this has l:een accomplished hy the use of heritaÌ¡ilities and genetic

correlations conrbined with the breederrs knowledge of the plant or animal
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under consideration. Hovtever, it would appear that rbestr subset

techniques may improve this existing approach. (Note that heritabil-

ities and genetic correlations are treated earlier in Chapter II. )

In particular, tlre Roseworthy data provide an ideal exantpÌe on which

the value of the various techniques can be assessed.

Ðuring most large scale selection progranìs, like the Roseworthy

experiment, one character is often of prime importance while several

other related characters warrant consid.eration. More specifically, we

have clean fleece weight which has been selected for but we are also

interested in the behaviour of other characters whích we expect to be

related to clean fleece weight. Thus, in terms of the multiple regression

model, clean fleece weight is the dependent variate y and the other char-

acters tiie independent variates xL,x2r... rxk. Then the multiple regress-

ion model is

yi = 6¿ + ßr(xrr- Ir.) + ïr(.xr.- -xr.) +...+ Bz(.x.rr-'xr.)

where i = 1r...rn (i.e. the number of observations)

a¡d *I = body weight *5 = fibre diameter

*2 = percent yielil *6 = primary follicle nuniber

*3 = staple length *7 = secondary follicle number

*4 = crimps per inch

(although the use of the word. independent in regressíon statistics implies

that tJ:e variates car be measured without error it will be used here, in

a more general sense, to d.enote t-he variables which describe or predict

the behaviour of the dependent variate (V). ) Sinitar multiple regression

models occur in other selection programs, e.9. carcase weight may be re-

lated to body dimensions, or plant yield to plant height, shape, number

of tillers, etc.
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Obviously, all the independent variates can be retained but thi-s

often results in a multiple regression equation which is far more com-

plicated l-ha¡r necessary. (A1though the Roseworthy sheep data have been

confined to the seven continuous variates which are well behaved witÏ¡

respect to the underlying assumptions of normality, one can readily

imagine cases where twenty or more variates may be relevant.) Apart

from the sheer bulk of such multiple regression equations it is important

to appreciate the following corrunent rnade by Allen (1974) on the hazards

of using too many variables:

"...the addition of a variable to a least squares prediction equation

almost always increases (never decreases) the variar¡ce of a pre-

dicted response. "

Clearly this limitation had been recognised long before Allenr s statement

as can be seen in the following (remarka.bJ-y sinr-ilar) statement by Wall-s

and Weeks (1969):

"...the addition of a variable to a regression equation can never

reduce (a¡rd in fact. usually increases) the variance of a predicted

response. t'

Íhus, there is a good deal to be gained by discarding those variates

which are unimportant (where unimportant carr mean that either they show

insigrrificant association witl- the dependent variate or their relation-

ship is adequately described by one or more other variates which have

been retained). Clearly to do this one requires a stopping rule to

choose a subset of p irnportant variates from the k variates given.

The following list contains the more noteworthy methods for identifying

the important aspects from among a set of related variates:

i) Fon^¡ard Selectioir (or Step-up).

ii) Backward Elj-mination (or Step-down) .

iii) Step-wise Regressíon

iv) Optimum Regression (or Best Subset) - rnininuization of the
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residual sum of squares for each p where I < p < k (or

maxinr-ization of n2) .

v) Regress-ion by Leaps and Bounds - using Mallowrs Cn statistic.

vi) Regression by Leaps and Borrnds - using adjusted R2.

vii) Mean Square Error of Prediction (USee¡.

viii) R:i-dge Regression.

ix) Principal Component Analysis.

x) Factor Ana1ysis.

The first three metfiods all test Èhe partial correlation coefficient

before deciding whether a var:iate should. be included or excluded. Forruard

selection begins with tJre empty set and at each successive step includes

that variate, from among those not previously included, which is mosÈ

closely associated with the dependent variate (i.e. having the largest

partial correlation coefficient) until atl the variates demonstrating sig-

nifícant association are inctuded. Backward Etirn-inatiory as the name

implies, starts with the full-set and excludes at each step the non-

significant variate showing least association, until only significant

variates remain. The third (Step-wise Regression) is simply a combin-

ation of these two methods in that Forward Selection is applJ.ed with

backward reflection (i.e. following inclusion of a new variate the subset

is checked to see if arry variates have become obsolete). All three of

these methods suffer from the following faults:

i) the finat subset depends on the choice of significance leve1

(o). As ct decreases, so does the size of the subset. The

Type I error rates resulting from the sequences of dependent

F tests used in Forward Selection, Backward Elimination and

Step-wise Regression remain unknown, despite much effort to

find solrrtions (see Draper, Guttman and Kanemasu, 197I; Pope

and !'tebster, L972; and Aitken, L974) .
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ii) When equally valuable subsets of variates exist these

procedures will select one arbitrarily. If two subsets

are equally informative, or nearly so, then it is best to

use both, not one alone.

In practice, Fonvard. Selection and Step-wíse Regression give similar

results whereas Backward Elimination, which begins with the full set, is

likely to arrive at a different final sr:bset from the other two. Ho\"¡ever,

despite these lirnitations, these techniques, wídely used in the past,

seem to remain popular.

The fourth method. listed above (Selection of the Best Subset) htas

considered by Hoclcing and Leslie (1967) for cases where the total nu¡nber

of independent variates (k) is less than I0" Ttre value of each of the

Zk - t possible subsets is then assessed by cornparinq tJ:e residual mean

squares, firstly within each subset size (p) and secondly between sub-

set sizes.

The best subsets are those whose residual mean squares are rninimal"

(Maximization of the multiple correlation coefficient (R2) where

*'z
Residual sum of sqqares_
Total sum of squares

is often used to qive sirnilar results. ) To assist the computation,

HocJ<ing and Leslie (1967) suggested al algorithm, but Lamotte and Hocking

(1970) later concluded that, "subsequent experience with the Hocking-

Leslie algorithm revealed. that the amor:nt of computation required was

nnacceptabl-e for k > 15. " Further extensions to the lloclcing-Leslie (1967)

algorithm were sr:bsequently proposed (by Lamotte and Hocking, L97O) to

rdnimise the com¡ruÈation for moderately large problems where 'moderately

large' h¡as consid.ered by Lamotte to be for k between 40 and 50 (atthough

these authors acknowledged that they had only appliecl it to cases where

k < 30). I find these clairns (of k < 50) rather excessive but like the

I
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above mentioned authors lack specifi.c evidence to support my belief.

It is important to remember that the rrinimlun r:esidual mean squalles

will always occur for the full-set with the values for the 'good. subsetsl

approaching this nrinimum val.ue but ah^rays exceeding it. Thus, this

technique will choose the better sr:bsets for each value of p (where

I < p < k) but fails to g-ive an upper liÍLit to the size of the residual

nean square (R¡4S) which night be used to partition the 'good. sul>sets'

from the rrestt. Furthermore, given two subsets having the same RMS

then the subset with the smaller value of p wiII generally be of greater

interest, but rro ad-equate weighting has yet been found to clarify the

case when the RMS for the larger subset is just srnaller than the RMS for

the stnaller subset" Although the hope of finding a truncation rule and,/

or a wei.ghting for subset size may appear reasond¡le at first, I believe

it is an intu-it-.j-ve attempt to over-simplify a diffícult statistical sit-

ua'tion. Thus, in biology it is generally far more informative to con-

sider all rgood'subsets than to restrict onets attention to one subset

only, especially as this latter choice may be due far more to chance than

to any property of th.e subset.

Recently, Diehr and Hoflin (1974) used Monte Carlo techniques to

provide a method for testing whether al observed R2 (for p variates

chosen from k) ís significant. However, the author adnrits this does

not resolve the stopping rul.e as it provides no means for comparing R2

from different subsets. Also, as the simutation v/as based on M * I

independent variates, it is unclear how the method. exl--rapolates to the

situat--ion when the variates are correlat-.eC.

Many scienti.sts imply that R2 provides a valua.ble measure of the

tusefulnesst ortgoodness of fitr of a regressi-on equation but Barrett

(1914) has pointe<l out an important l-imitation. The previ,ous definition

of R2 can be re-v¡ri-tten as:
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where yi, i = Ir....rn, are the n observations of the dependent variates
_^and y., i = 1r....rn, are the corresponding predicted values on fittíng

the regression equation. If the vertical distance of the data points to

(yi - îrl2l
nr (yr - y.)

L=I
become, lJrus increasing the value of n2.

Clearly tJ:is limitation can only complicate the use of R2 for com-

parison between the regression equations for different subsets of the

independent variates.

Methods (v) and (vi) are extensions of method (iv) in which further

atternpts are made to improve the stopping rule. Both Mallow's Cn, of

method (v), and the adjusted n2, used in method (vi), are functions of

tlle resid.ual nean square. However, while the RMS decreases monotonically

as p -increases from l to k, these two statistics extribit maxima (or rninima)

associated witl: the rbest¡ subsets.

nx (y.
i=l r

I

n
the regression surface (i.e. the rgoodness of fit' I

i=1
constan+-, then the steeper the regression the larger

is held
2 will

R2 statisticWhen fitting p parameters to n data points, the adjusted

is defined as

R2 = r-:t 
- {-t."

a Ln-pl

where n] is the murtipre n2 based. on p parameters (i.e. R1 = r - *-Þ __ _ rss
where RSS_ = Residual sums of squares when p parameters fitted, andp

TSS = Total sum of squares). Replacing p/n, the ratio of parameters

fitted to total number of observations, by f gives:

R2
a I - [r-n2 li/ rr-f) :lp

which provides a means of comparíng subsets both within and between

values of p. The rbestr subsets are naturally those which have the
.)

larqest Ro.'a
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MaIIow's Cn statistic, as published by Gorman and Toman (1966),

can be presen'ted as

"p= 
(RSSp,/ô2) - (n-2p),

where ô' i= the best estimate of o2. (Generally the residual mean

square, when aII k parameters are included, is used to estimate o2.)

Alternatively, Cn can be written as

c-^ = (n-p) ,nssn'z(n-P) - IJ + ppa.2
from which it can be seen that for the 'bestr sr:bsets Cn will approach

p from above.

I,ühile it is advantageous to choose subsets with p small it should

be remembered that such sets of variables will be biased if the omitted

varia-bles are at all relc.vant (Narula, 1974). However, Mallow'= 
"n

statistic, unlike many of the other tests, indicates the extent of the

bias and thus would be expected to lead to a better choice of subsets

(see Gorman and Toman, 1966 or Cox and Snell , L974). Indeed, Hocking

(1972) points out that in practice Mallow'" 
"n 

tends to give targer sr:b-

sets than other techniques. Kennard (197I) has shown tåat there is a

one-to-one correspondence between Mallow'= an ancl the adjusted R2.

Ifhus, these two statistics would be expected to rchoose' similar subsets.

As well as proviÈl-ing an improved criteria for assessment of subsets,

method.s (v) and (vi) have been further developed by Furnival and Wilson

(L974) to minirnize the amount of computation requirecl to find the 'bestr

subsets. This has been accomplished by (1) nr-inirnising the amount of

computation ínvolved in exarnining each subset and (2) by finding procedures

which establish the rbestr sr:bsets wi.thout exarnining all possible subsets.

Furnival and lrtilson (L974a) use the name "Regtression by Leaps and Bounds"

to describe the algorithm they have developed to scan over the subsets.

Thris algorithm can use either the multíple R2, the adjusted R2 or Mallow's
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C as its salection criterion.p

The mean square error of prediction (MSEP - method (vii) ) has been

proposed by AIIen (1971) as a criterion for selectíng variables. For

any set of data tl:e multiple regression model can be written as

where y is a vector of n observations of the depend.ent variate¡ X is

a (k x n) matrix formed from the k indepencLent variates observed at the

n observations; ß is the vector of k regression coefficients; g is an

N-dimensional random normal vector with mean zero and. covariance matrix

o"r. Using the n observations we can estimate ß by b = (x'x)-lx'y and

this can be used to predict a future value f,

I ö'þ
(lxk) (kxr)

where x' is a vector corrtaining the values of the k independent variates

for which the predicted value is regu-ired" Then the mean square error

of prediction (¡¿SOP) is gíven by

E(î - v)2 = o2 + var(î) + tE(î) - xß12

where y is the actual value of the dependent variate. The 'best, sub-

set is obtained by finding the p independent variates out of k which nín-

inises the I{SEP. Thus, given a set of n observations and one subsequent

observation, the MSEP ca¡ be used to rchoose' p independent variates;

however, for the prediction of more than one subsequent observation, Al1en

suggests repeating the process for each further observatíon. CIearIy

this method would be tedious for such a case therefore the MSEP will gen-

eral1y be ress desirable than the other methods mentioned above.

lvlethod (vi-ii), Ridge Regression, has been included in the above list

as it provides a reasonable procedure for obtaining a better muttipte

regression equation than is obtained by ordinary least squares. Hoerl

Y
nxl

x'! ß
(nxk) (kir)

+
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and Kennard (1970a c b) have shovm that the parameter estimates in

multiple regression "have a high probability of being unsatisfactory,

if not incorrect", if the indepenclent variates are not orthogonal

(i.e. when the XrX matrix approaches singutarity). The Ridge Regression

procedure is based on tJ e addition of small quantities to the diagonal

elenents of X'X. Thus tl:e matrix [x'x + crOJ (where c is a small constant,

and c > 0) Ís used in place of X'X in the estimation of the parameters

by least squares" By repeating this estimation for several different

values of c a two dimensional plot ("the ridge trace") can be generated

whích provides a simple means of assessing the stability of the k para-

meters. Thus, this rnethod may be usefully applied to all k variates,

but it does not provide a convenient method. for choosing the rbest' sub-

sets. In fact, for this latter case it is unlikely that Ridge Regression

would be of advantage as the p rbest' independent variates should in any

case J.ead to an XrX matrix which is far from singular.

The ninth method to be considered is Principal Component Analysis

(PCA) which oríginated with K. Pearson (1901) as a method of fitting

planes by orthogonal least squares. Hotelling (1933 and 1936) later

proposed. the method for the particular pur?ose of analysÍ.ng correlation

structures. The value of this method. car¡ be briefly summarised in the

words of Dr¡bzinski (1975) :

"l{hen t}re causal relationships between the d.ependent variable Y a¡rd

the independ.ent variables X need. to be explained and inter.preted,

multiple regression is frequently unsatisfactory if the X variables

are, as is often the case, highly correlated. PCA may transform

the independent varia.bles into fewer biologically meaningful variables

created from linear combinations of the original varia-bles."

Thus, the methocl has been specifically proposed. for identifying the

dependence structure of a multivariate populaLion. That is, by usÍng it
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one can establish tJ:e complex of factors which have generated the

dependence or variation in the data, so that the observa.ble or manifest

variates can be represented as functions of a smaller numbe¡: of latent

factor variates.

Continuing the notation of the previous sectíon where x is the

n x k matrix with mean vector U and covariance matrix I tt.n the k

characteristic roots (or eigen values) can be found

i.e. À, t À, >....

If the k response variates have been recorded in sirnilar rrnits then the

.(k x k) sample covariance matrix $ is used to e.stimate f , where

(x,
-l_

Ho$tever, if the variates have been recorded in dissimilar units then it

Ís best to use the sarnple correLation matrix ft which is obtained by the

transformation

B
x., - x.rll

l_ Þ j

Then associated with the estimates of the eigen values 21 , ,Lz ,. . . ., 4.
there exist the eigen vectors (or characterisLj-c vectors) at, 32 r.... rek

(i.e. 3i i= ak x I column vector). It can be shown that these two together

constitute the fr:nclanental structure of PCA. Thus the first principal

component (Ist PC) is the following linear functíon of the responses:

Yr= "rrxr +....* %r\ = 3ï i
with sample variance

s = #Ð ,ir(:,
I

-x)_i)

j

^kkSí, = ,I, il,. ^ir "jr Sij = lï 53 = z'

Here we note that .L, is the largest eigen varue and the eigen yector ar

is chosen such that 3ï 3r = f (i.e.3r is normalised).
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lltre second principal component is

\f='2 *tzxt +" "+ "xzt = ZL :
where the coefficients ai2 (the elements of the second eigen vector ar)

have been chosen such that

i) 2i lz = 1 (i't' 3, is norm¿rrised) ,

and ii) 3i 2z = 0 (i't' 3, and lz are orthogonal)'

Tk¡e remaining k - 2 principal components are defined in a sirnilar fashion.

Thus the jth principal component is

Y .rj", +....+ AiA = ej xl

where a! a,
-r -l

=lifi=j
=0ifílj.

F'urEher, the algebraic sign and magrritude of the a.. indicate the direction

and importance of ith variate to the jth component. As the eigen vectors

are orthogonal, the importance of the jth principal component is given

by

L.J , wltere the total varia¡rce tr$ =
t'S

The sample covariance of the variates with the jth component are given

by the column vector,

k
LL,

i=I r

S".ryJ

but by definition (S _ ¿jl) 3i

.L.a.
)-J

and the covariance of the ith variate with y. is .L,a. .. The product
I lal

moment correlation (or componenÈ correlation coefficient) of the ith

variate and the jth component is obtained on dividing by the component

and response sta¡dard deviations

0

S::
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i.e. component correlation coefficient

However, if the principal components ha'¡¡e been calculated from the

correlation matríx tRl then the correlation of the variates with the

jth component is given by

TtrÍs form of weighting is generally used when presenting components.

In conclusion, principal component analysis partitions the total

variance into successively smaller orthogonal proportions, and provided

a,
-l

these components are òistinct

coefficient vectors is rrnique.

(i.e. Lí I Lj) , the resulting set of

Some workers ignore this important property of the component

coefficients and. proceed. to use trar¡sformations to sirnplify their inter-

pretation (e.9. Daling and Tamura, 1970). Indeed, Morrison (L967) gives

the following warning on this extension of the technique: "While the

ability of the vectors to generate the originar $ ("r R) is unimpaired

their components no longer have the maximum variance propertyr" (i.e.

the jth component no longer explains of the variation). As

such subsequent tra¡rsformations (or rotations) of the components (which

are generally denoted by the name Factor Anatysis and included above as

method (x) ) may in fact distort the interpretation, no further consider-

ation wiII be given here to their applícation to the selection of the

'bestr subset although some investigatiån= .." still maintain their suit-

ability.

From this outline of the theory of Principal components it can be

seen that it prr:vides information relevant to the selection of the 'best'

subset but that this information is obtained in a fashion which differs

k
L T.,

j=l l

t5i ¡
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markedly from the other rnethod.s previously exarúneO. Tustead of

choosing one subset (or possibty several sr¡bsets) of the variabl.es'

we here arrive at orthogonal- compoìrents which descril¡e f:he factors

underlying the covariance or correlation inatrix. .qs th<: k components

explain progressively less of the total sample vari;ìtce we can initially

test to find the first r components which rnal<e nteanì-ngfuI con'Lril¡ui-ions,

and then test that the r components arîe in fact distincL. If components

i a¡rci i l- I (where i = I,....rr-I) are noL significantly different then

their associated eigen vectors a. and 3i_rl roold not be unique and there-

fore should not be considered furtirer. /\tthough I shall give rro mo::e

specific details of these tests, it is important to realize that although

ttrey can be applied when the cor¡ariance matrix $ fr-s been used in the

calculation their de:livation is more lirnited when the correlation

matrix ft ftas been used.. Once the r j-mport-ant components have been

identified they are sometimes used in place of the original variates

in subsequent analysis. For components ext--racted from the covariance

matrix the component scores of 1-ne ith obser:vati-on become

yir = 3ï (Ii - l),....,Yi, = 3.i (:i - l)

where x. is the ith observation vector and i is the sarnple mea¡r vecLor.
_l_

Correspondirrgly, if R has been used the component values for the ith

observation are

Yit = 3i ll'ô" ' ,Yír = 2i Vi

Using this approach the regressiorr on k variables can be simplified to

a regression on r component vafues which may enabl.e greater understandinq

of the system. Ilov¡ever, this si.tuation is not the same as re<lrrcj-ng the

k original vari¿Jcl-es to their 'best' subsel of p variables.

Although principal component analysÍ.s has reduced the dimensions of

the data it still retains some inforrnation from each variate. Hoir¡ever¡
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the technique can be expar<1ed to test whether the weighbings assocj.a-terl

with the ith variate are trivial for the r co'nrponents c:onsiderecl (.i.e.

a.. = O where -i = Ir....,r). This test can be used to elinr-i-nate one orrl
mo:re variaÌ¡tes from the analysis but in pract:Lce it is seldom used as

the analysis it-self proves quite efficient in handling such var-iables.

OnIy if further obseryations are required as part of a continuinq exi)el:--

iment wou1d. there be any value in excluding the variates which contribute

tittle íf anythi.ng to our understandíng of the system, even then sttch

exclusion should consicler other factcrs like the economic vaf ue, her:i.t-

abi.Iity, genetic and phenotypic correlation, and anything else which may

increase the importance (whether genetj-c, agrcnornic or commercial) of

the particular variate.

¡,1BTHODS

The Roseworthy d.at-a set provides a valuabl"e opportunity to cotn¡rare

the consistency of the methods descrílcecl wtrile simultaneously providing

further information on the relationsh.ips betv¡een the variates. Obviously

consideration of all nine methods would prove excessively ti.rtre consuming;

therefore it is proposed 'Lhat onl.y the following five rnost pronúsinçf

met--hod.s (as indicatect in the introduction) should be considered:

i) Fo:r,vard Selection;

ii) Backwa-rd Eliminatíon;

iÍi) Regression by Leaps and Bounds - usi-ng the adjusLed n2 tn]l ;

iv) Regression by Leaps and. Bouncls - using Mallow'= 
"n 

statistic;

v) Principal- Componcnts.

Also, since it would be ratherl: trivia.l t-o reproduce further detail-s on

the methods of calculal-ion for each of these tests, I shall simply refer

the reader to the most relevant pukrlication and br:.iefly rnention any computer

programs which I have used. In ord.er to correspond to the basic str:uchure

of the data set each method will. be applied in tu,rn to the data for the
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Index and Visual flocks, within each sex , for the Lwelve years from

1954 to 1965, for tlre progeny born ancl raised as singles only.

The Forward Selecticn and the Bacl<ward Elirninatj-on techniques were

applied using the appropriate SPSS program (-i.e. Statístical PacJ<age for

Social Sciences as deveLcpecl by Nie, Had.Iaihull-, JenJcins, Steinbrennel:

and Bent (1975) ) . (An exemplarl' list.ing of the SPSS progr:am used for

Eorward Selection is given in Appendix D.) This program closely follows

the approach described by Draper and Smith (1966).

Since the method of Stepwise Regression is very sinilar to Forwa::d

Selection I have not applied it to the data.

Regression by Leaps arrd Bounds has been apptied via a FORTRAN

program which incorporates subroutines (scREEN" coEF, PIVOT, STORE and.

BACK) as referred to by l-urnival and I{ilson (L974). The selection cril--

erion is stiputated by the value of the parameter IBIT used when ca.lling

subroutine scRBEN, i.e. CALL SCREEN (RR,KX,NR,NDEF,]BIT,MBST) where if

IBIT=2 the adjusted R2 is used or if IBIT=3 Mal.low'= 
"n 

statistic is used.

Calculation of Principal Components has si.milarly been by means of

a FORTR.AN program, specially written for the task, but using in this case

an II4,SL (Tnternat-ional Mathematical and Statistical- Líbraries - 1974) sub-

routine OP1ìINC to calculate the eigen values, eigen vectors arrd component

correlation matrix. This information is then evaluated using the pro-

cedure outlined by Morrison (1967, pp. 222-244). As there is consid.er-

able variation in scale between the eight variates the correlation matrix

ft h." been usecl in preference to the covariance matrix $.

RESUI,TS AND DISCUSSION

whil.e to analyse and compare one data set only, using the five

nethods of interest would in itself be a formidable task, T have consid-

ered. Ï-¡elow what amounts to 48 related data sets. Clearly to summarize

such an immense amount of material requj-res several large ta-bles even

when one eliminates much of the less important informatíon (e.g. the
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lower order pr:incipal components and the partial corr:elation coefficients

have not l:een incl-uded) " Although this approach has some dj-saclvaltagres,

these are far outweighed by the fact that evaluation over repeated data

se'ts allov¡s the consisLency of b.he methods to be observed"

Tabl-es V-I bo V-4 summarise the five methods for the Male Index,

llale Visual, Female Index a¡rd Female Visual portíons of the data ::espec-

tively for the twelve years of the experiment. Thus, for forv¡ard seÌec-

tion the numbers indicate the order of inclusion of the vari.ate inl-o the

final equation (where cr the probability of inclusion has been set at 5%).

Then in Table V-I (i.e. for the male progeny born in the Incl.ex f lock) we

see for the year 1954 that percent yield was the first variate included,

bocly weight the second and crimps frequency the third., while the four in

brackets for secondary follicle nunù¡er indica'tes that this variate has

the next largest partial correlation coefficient but as the associated

F test is less than the crit-ical value this r¡ariate has not been -included

in the final equation. Thus, using Forrn¡arcl Selection we ídentify a sub-

set of size 3 for male Inclex progeny born in 1954. Similar subsets have

been established for the rest of the data.

The corresponding resul-ts obtained following alalys.is by Backward

Elirnination are presented in the table irnmedj-ately below the results for

Font¡ard Se-]-ection. A similar numbering system has been used, however,

the order of merit shown indicates tJ-e signifícance of the F ratio in

the final subset (i.e. when all variates with significa¡ce greater than

5 percenl- have been excluded). The number in brackets indicates the

l-ast variate to be excluded..

A slightty different method. of representation has been used for

the two f{egression by Leaps and Bouncls techniques. Here the three

most ímportant subsets (as estalrlished by the statistic of interest -

i.e. C_ or R_) are indicated, in their order of subset size (p). .Ihepa'
rnembers of each subset have again been ralked from one to p, accor:ding

þ

:
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to the magnibud.e of the F ratio, but it shoul.d be appreciated that the

procedu::e, of testing differs from that used in Forward Sel-ection a¡rrf

Backward Elimination (i"e. Regression by Leaps and Bounds tests over

atl p members of each of the (2k- I) possible subsets \¡¡lìereas Forward

Selection tests progressively each of the remaining variates before

including the variate which has the largest partial correlation coeffic-

ient providing the associated p::obability is less than the critical value).

Thus, for Forward Selection the nu,rnbers shown can truly be associated wittr

the order of inclusion but for Regi:ession by Leaps and Bounds the nurtlbers

simply indicate the order of the magnitude of the F-ratios. The value

of R2 and C is indicated for each of the three subsets and a "t" has
ap

then been usecl to ind.icate the "mos'E importa¡t" subset anong each group

of three (i.e. the subset havì.ng the Iargest value of n2-, or the valuea'

of C_ which app:loaches closest to p) . It shoulcl be appreciated that
p

this symbol has been included to show which subset would be obtained if

the program was set to find one suÏ¡set only instead of the three shown,

a¡rd not to suggest this subset is "measurably" superior to the other two.

As mentioned earlier it is a marked advantage of Regressi.on by Leaps and

Bounds that it all-ows identification of more than one subset.

Tajcles V-t to V-4 indicate that the four method.s considered so far

do not lead to exactly the same subset. However, the outcomes of the

methods are neverhheless related. Thus, \^Ie see that Forward Selection

generally chooses simiLar variates although the size of the subset (p)

is often a good, deal smaller. Thj-s latter feature arises mainly from

the choj-ce of significance level (i.e. o = 0,05). Increasing G wouJ-d

naturally increase p but as o¿ = O"O5 is widely used the generalisation

would seem appropriate. General-ly BacJ<ward Eli-ninatj-on identif ies the

same subset as Forward Selection, holever, it can be seen that in the

cases whe::e this is not so it termj-nates with a larger suJrset. Use

r
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of C or R2 qive subsetswhich are much more sirnilar but there is againp a-
a tendency for the former statistic (Cp) to give sliglitly smaller sub-

sets than R_ bu'L larger than the two previ-ous steppinE methods. This
a

is not intended to irnply tha-t the value of a method -i-s deter:rui.ned by

the size of the r:esulting sul¡set but simply to indicate the relative

behaviour of the three methocisn though it should be rememlcered that it

is in ¡:rinciple far worse to exclude a relevant variate than to includ.e

an irreleva¡rt one (i.e. the j-nconvenience of an extra variate is pref-

erable to the bias resutting from exclusion of a relevant variate).

Since the present study, like a:ry ot-her investigati-on of real data'

provides no direct mearts of clistinguishing between these two types of

variates the superior:J-ty, or ohherwise, of any of the methods cannot

be establ-ishecl beyond doubt" While simu.l-ation may appear a valuable

alternative I believe such an a.ppr:oach would encounter serious diffic-

utties in the generation of correlated data sets, as any such correlated

data set would (Iike real data) be specific and t-herefore generalization

would. prove difficult" Gir¡err these constrai-nts it should prove worth-

while to compare the perforrnance of the various methods v¡hen they are

applied in turn to similar data. OnIy by this means can some insight

be obtained on thej-r relative value and consj-stency. Before do:i-ng so,

it is bes't to pause and consicler the nature of the present data set.

Here we have two flocl<s, which dj-ffer in method of ram selection, thus

it seems appropriate to compare these within sexes over the twelve years

of the trial. fntuitively one nright expect the relationship between

clean fleece weight and the variates measured to differ only bet-ween

sexes (if at aII) at the beginni.ng of the experimerìL" This j-nitial

pattern could then change slorr'ly over the years of the experiment if

the two flocks <liverge. In parti.cular, since this is a fiel-d experiment

conducted over seasons, it woulcl not be surprising to observe temporal

I
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fluctuations in the relatioships or even interactions between tirne and,

some of these relationships. H<¡wever, if the technique is to be of

much value such fluciuations or interactions shoul-d be minimal.

Loolcirig at Tables V-I to V-4 again it can be seerr that- there is

solIle consistency within sexes and. ouer seasons but it would be extremely

bold to suggest that th.ey fit closely the expected results. since numerous

examples can be found. r^¡here variates important one year are absent the

next and uice uev,sø while in addition the subset size varies considerably.

That is, whi-l-e the four methods are often consistent with-i-n one set of

data they vary considerably when cornpared over flocks, sexes and seasons.

Clearly if one were to analyse only one of these sets of data, using any

of the four methods, any inferences would be very misleading if extended

to the sheep population in general. Here I must acknowleclge that this

data set may be itself atypical- of data in general and thus do ttre four

methods some injustice, though T have no reason to suppose that this is

the case. However, unless one has strong evidence of the oddity of a

particular d.ata set (and I fail to see how one can in fact obtain such

evidence without gathering rnany such data sets) then inferences drawn

from the use of such methocls may be extremely ilI-founded.

In derivj-ng Tables V-I to V-4 I have used 48 data sets to compare the

final subset obtained by either Forward Selection or Backward Etimination

to the three best subsets of the l,eaps and Bouncls technique, demonstrating

that the former techniques generally choose fewer variates, but it can

be shown t-hat this fj.nal subset oLrtained by Forwarcl Selection or Backward

Elirnination may not in fact be optimal. This further drawback of Forward

Selection (ancl to a lesser exLent of Backward Elim-ination) can best be

ill-ustrated by the following examples, originally present-.ed by Oosterhoff ,

and represented in Kend.all (1975). (The Roseworthy data could be used

to demonstrate this point but as it would require a much more lengthy

!
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presentation of the analyses shov¡n in Ta-bl-es V-I to V-4 I have chosen

to use the simpler a¡rd more concise examples of Oosterhoff.

In Oosterhoff's first example he gíves a set of art;Lficial obser-

vations from which the following muttiple cor:relation coefficients (n2)

were calculated for the subsets shown:

xl 0"6397 x2 rX4 0.8138 xl ,x2,x3 0.9644

x4 0.5608 x¡ rx2 O -7627 X2 rX3 rx4 O.9144

x2 O .2528 x1 rX3 0. ú 899 )t7 tx2 rx4 0. 8179

x3 0.0906 xl ,x4 0.6439 x1 rX3 rX4 0.6906

x3 'x4 0. 5608

xz ,x3 O .2563 xt txz rX3 , Xb O .9737

(i.e. the regression of y on x1 yields an R2 of 0.6397, v¡hile the

regïession on xt and x2 yields an R2 of 0.1627). Then Fonsard

Selection would proceed choosing x1; then acld xz to give XI ¡x2; then

add x3 to give xt,x2,x3; ând finally include x4.

For a given significance level this process may terminate at the

subset of size two, but from the table it can be seen that the pair

x2 ¡x4 would provide the best possible subset of síze two not xl rX2.

Backward Elimination carr be seen to lead. to the same outcome and Stepwise

Regression is unlikely to change the result although this may be a little

more difficult to follow from the above tabte.

The second example relates to the following set of ten observations

relating the clepend.ent variate y to t"wo independent variates xt and x2

(again the data are artificial but this in no way reduces the force of

the argument)

I
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R2 i" o.orr. simitarryThe correlation between y and x1 is 0.104 while

the correlation of y and x2 is -0.00635 and R2

v

29

-48

18

-L2

44

57

47

10

86

46

xl

7

-19

3B

-5

-38

38

59

-27

x2

7

-12

39

49

7

T2

-40

59

-2.9

45

I5

39

= 0.000. C1early it

would appear pointless to regress y on xt and x2, since y is nearly

independent of both the x's, and in fact Forward Selection would. not

attempt this regression (unless o was very large), but when we calculate

this regression we fincl R2 = 0.999 for the following regression eguation:

y = 27.7+ 8.948(xr-I1.3)-8.898(xz- 1I.1)

Thus we see that y is very highly dependent on the difference between x1

and x2. In this case Backward Elimination would indicate the true sit-

uation but Fo::v¡ard Selection and Stepwise Regression would not. This

ability of Backward Etimination to correctly handle such correlated

variates has led to it being widely accepted as the preferable method

of the three stepping procedures mentioned.

In the preceding results and discussion I have considered the first

four methods only, lear-ing tiII last the method. of Princípal Coirrponents.

Thís approach has been characteristic of the previous secti.ons as weII and

stems mainly from the fact that this last method. differs markedly from the
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previous four:" Thus. vre find that while tl-ie first four are variations

on multiple regressj-on, ancl are therefore un-ivariate techniques depend.ing

on furrctions of the resj.dual mear¡ square, Principal Components in con-

trast is recognised. as a true multi-variate technique. Not surprisingly,

the results are presented in a forin whi ch also differs a good deal from

Lhe earlier nethods.

As desci:ibed previously Principal Componc-:nts arrives at r orthogonal

linear contrasts v¡hich indicate tbe contribution of each variatc to the

underlying facl-ors of the data. Although the data can provide k com-

ponents, only the first three have been incl.uded, in TaÌ:les V-I to V-4'

as the lower ord.er components contribute far less -information (as the

decreasing size of their eigen values indicates). Thus we see in the

tables that the first three component correlation coeff.icients (indic-

ated as ith CCC where i = 1,2,3) have been p:resented, al-ong with their

eigen value (.L,) and the proportion of the variance explaine-cl by each-l-
L. ,L,

ccC (i.e. f- = -¿ l. Tur:ning to the 1954 male Index progeny (in'ttSk
Tab1e V-l), we observe the following weights:

. .09, .'71 , .'77 , .4'l , -.29 , -.LO , .48, .55

(associated wj-th body weight, percentage yie1d, clean fleece weight'

staple length, crimps, fibre diameter, primary follicle number and sec-

ondary follícle number respectívely) explainj-ng 25.4 percent of the

variation as the eigen value is 2.03. It should be noted that the

sign associated. with the k elements of the component correl-¿rti-on coeff-

icient bears only local importance (i.e. within the component) a¡rd use

of a different algorithm or solution of a sinr-ila¡' clata set may result

in the sign of all the k elements bej-ng reversed,

í.e. -.09, -.77, -.77, -.47 , +"29, +.10, -.48, -.55

would be interpreted in exa-ctly the same manrìer as tl¡e actual component

discussed above). Thus, to ease interpretatj-on of Tables V-l to V-4,
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and also t-o assist later plottir:q, the sigrr of the r:omporìent as a whole

has l¡een reversecf in a nunber of cases before presentation. The inter.-

pret-ation of Pr.incipal Componeirts is greatly simplilîied by tl:e use of two

ditnensiorral pJ-ohs in u'hich values of th.e first component are plotted

aga-inst the corresponding values of the second.. This then all,ows a

position in two dj-mensional space to l¡e associated with each of the k

variates ivhich j-s much more colnprehensj.ble to the human mind than a mass

of numh¡ers in a table (e.9" the f-irst plot- in Figr:re V-l shows l-he t-wo

d.imensional pattern of the eight variates for the 1954 Index ma,le progeny!

where the numbers I to 8 correspond. to the variates body weigiltn percent

yield, clean fl-eece weight, staple tength, crirnps, f-ibre cliamete.r,

primarry follicle nunber and secondary follícfe number respect-Lvely).

The plots; of the first a¡rd, second component correlation coefficients for

the male and female progeny are presented in Figures V-l a:rd V-2 respec-

tively. To assist- interpretation the two ffocks have been preserrted

alongside each other for each of the twelve years of the experi-ment.

Previously I harre explained how the signs of atl k va.l-ues rnal<i.ng

up the component correlation coefficients Trave been reversecl for some

of the forty-eight data sets considered.. It has been proposed that tlris

in no way affects or biases the alalysis" However, a second constraj-nt

has been applied to the components v¿hich may lead t-o the plots be-ing con-

siclerecl biased" This const::ain'h ari-ses fr:om the fact that the or:der of

the components sholvn in Tables V-I to r/-4 has in several casesi br:en

changed ]cefore plotting. VÍhen the components ar:e considerecl carefully,

it is seen that among the tlrree shown for each set of data, there are

two patterns of coefficients rvhich occur repeatedly, 'Lhese are:

i) a component having relatívefy large positive coeffi-c-i.ents for

' clean fleece weight ancl percenr;age yield (and a positive but

small.er coefficien.t for staple length) ancL an equally large brrt:
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negative coef ficient- for crimps, aII coef fi-cient-s for i,-he

remaining variates being closc to zero. This coúlpoJ:Ient

then d-escribes the inverse rela't-ionship l>etrveen fleece weigl-:t

arrd crimps which has been reported -in previous studj-es (e"9"

Robards, Will.iams and Hunt (1974)) " As this co:nponent most

frequently occurred firs t- in the set of three component-s, shown

in Tables V-I to r,/-4 and summarised in Table V-5, I will refer

to it as t-he first component correlation coefficierrt (lst CCC).

ii) Secondly, we observe a comporrent having relat.ively .Large positive

coefficients for secor-idary foll-icle rrunber and pritrtar:y foll-icIe

rruml¡er and often, but by no nÌea-ris consistently, a moder:ately

large negative coeffícient for fibre diameter. (The coefficients

for the ::emair.rj-ng variates again being distributed abouL zero.)

This courponent associated with fleece densì.ty can be seen in

Ta-ble V-5 to occur most frequently as the second observed com-

ponent and therefore I will refer to it as the second component-

correlation coefficient (2nc1 CCC) "

Table V-5 compares the original order of these f.irst and second com¡ronents

for both the mal.e a¡d femal-e progeny groups " That is, for the rnale 1:ro-

geny the l-st CCC was observed j.n posit,íon one on twenty occasions and

positi.on t\^¡o on four occasions, while the 2nd CCC occurred 4, 19 ancl I

times in positions one, two and three respectively. A similar patÈern

was observed for the female progeny" Thus, it would- appear that there

exist-. two consistent components, over the forty-eigJrt clata sets considerecl ,

but the order of these components varies occasJ-onally. lrlhether any

meaning can or shoul-d be attached to t-hese odd occurrences -is unknown

but it is my opinion that this behaviour does not Er:eatly <letracL from

the apparent consistency of t-Ìre components. That is, analysis of any

one of the data sets (or any group of t-hem) using Principal Component
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Analysis worrld result in basically similar ccnclus-ions, which .is a

marJcedly different. outcome from that observed for: the previous four

methods.

Previously I have indicated that analysis of the Roseworthy data

provides an opportunity l:oth to compare five representative methods of

analysj-s ancl also to expand our understandi-ng of t-he behaviour of the

two Roseworthy flocks under different sefection programs. Since the

preceding has main.l-y dealt rvith the first of these points T will now con-

sider the seconcl in more detail.

I{aturally, as the interpretation of any d.ata depencls to a large

extent on the appropriateness of the method of amalysis then this second

aspect rvill depend. Iargely on the conclusions of the first" Bearing

this in mi-nd, one is immediately led to ask - What is the biological

meaning or impl,icatiorr of the two component- correlation coefficients?

To a¡rswer this we ¡:eca1l that the first CCC v'¡as characterised by two

rel.atively large positive coeffj-cients for clean fleece weight and per-

centage yield and a large negative coefficient for crimps per inch (all

the i:emaining variates being associated with inconsistent coefficients

much smaller in magnitude, except staple length rvhich exhibited sorne

evicl.ence of a positive coefficient of intermediate rnagnitude) " This

first CCC suggests that there ís one factor which results in the simul-

taneous expression of high fleece vreight and low crimp frequency (where

percentage yield ancl clearr fl-eece weight behave simil.arly but individually) .

T.'herefore it woulcl be expectecl that selection for extremes of either

fl-eece weight or cr:imps would result in an opposite response in the other

variate. While the behaviour of staple length may be similar to clean

fleece vreight or percentage lzisld aly response to selection for clean

fleece weight woulLd be compa::ativel.y smaller.
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Interestingl.y, when we compare the outcome of the trvo se.l-ection

technJ-ques, over the tivelve years of the trlal ,' we see th¿rt the Index

'methodo as would. be expected, has r:esulted in g:reater clean fleece

weights than the Visual method. Secondty, this increase (or diver:gerrce)

has been associated with a reduction in number of crimps and an inc::ease

in percent yield and staple length. I{owever, two other variates, na-rne1-y

secondary foll-icle nru¡rber and body weight have also exhibit.ed divergence

whi.ch would nol':. be expected from the first component correl-atior coeff-

icients.

Turning to the second CCC we observe large !-'osiÈive coefficients

for both primarry and secondary follicle number v¡hj.ch suggest- a second

factor, orthogonal to bhe first. This second factor can be identifiecl

as responsible for the variation in follicle number. The fact that it

is orthogonal to the first CCC v¡oulcl suggest that it is cont-r:olled by a

separate mechanism, therefore, while we would expect these two componeuts

to be unrelated, irr terms of their express.ion, i.t must be r:emembered that

the sel-ection ha.s been appliecl tc tlie phenot-ypic values (cfe¿rn fl-eece

weight) which would result in indj.rect selection in favour of follicle

nrunber. Unless there \.¡as a large negative gene.Lic correlation between

these two variates and this was not supported by the estimates obtained

in C:hapter II, we could expect that a¡r increase in clean fleece weight

would be accompa¡rj-ed by an j-ncrease in follicle nrurù¡er.

Tlr.e behaviour of body rveight in comparison cannot be explained in

ternìs of the first two components as the coefficient is small and incoir-

sis'bent in both cases. It could l¡e that laier components uìay relate to

body weight but as no consistent patterr¡ cou.lcl be seeir anci since these

remaining conrponents explai-n proportional-ly less of the var-iation al¡vay,

this aspect was not pursuecl . It woulcl appear tha-t response i-n bocly

weight \^/as not due to the tvro factor;'; observed but simply a clirec{- res-
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ponse to sel-ecLion cotrnnon to both flocks, bcdy size being favoured. more

by the subjective method. of visual appraisal. than by the objecti.ve

measurement of clean fleece weighi.

Last.ly, the observed consistency of the two compo¡rents, over the

twelve years of the ex.pe::iment-, vrorrJ-cì suggest first that the retat-ionships

between the eight variabes have noL. been measurably affected by ei.ther of

the two selection methods, and secondly, that the flocks involved shoul-d

both responcl t'.o further selection" Together, these two points ans\¡,rerî

questions which are of prime j-mporLance to the breeder, i.e.

i) has the response observecl for one (or more) variates been 1-o

the detriment of other variates?

ii) wilf further generations of selection give continued response

in the variate (or variates) of inLeres'L?

However, while Principal Com¡:onents provicles a usefql tool for

looking at these two problems it rnust be remembered that the resul-ts

only extend over the variates considered ancl therefore its value depe¡ds

largely on the ability of the breeder to choose and. accu¡:ately measure

the appropriate variates. rn particular, the analysis of chapter fv

suggests that a fertility problerrr may have arisen in the Ind.ex floclc in

the l.ater years of the experiment. This varj-ate has not been inclucled

in the above analysis as:

i) its distrj-bution is d.iscrete;

ii) its form is markecLl.y dj-fferent betweerr sexes i

iij-) not all progeny have beerr rneasured. (especial.ly males) a¡d

those which have, also vary in the number of years of recording;

iv) for ewes j-ts assessment extends over up to six yearst records

and is tÏrerefore difficulù to accumulate and it only Jcecornes

available years after the other variates;

v) it is known to vary with the age of the ewe (l'lcGuirk , Lg16) and

so comparison over time may well be al_most impossible.
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Clearly consicleration of this variate ís, ancl t+ill rernai.n, a major problem

to the animal breeder. Whi-Ie it can be includ.ed in this ¿rnd other

methods of alalys j-s , all suf fer from so¡rie, or al.l- , of the al>ove l-imit-

at-ions and. the methods are therefore only marginally effective in their

halclling of the problem. This problem wa-rrar¡ts further consideration

but since this is beyond the bounds of the p::eseut Chapter no further

attempt wilt be made here. Advances in this area will depend jointly

on the sbatistj.cal- methods used. a:rd advarrces il-ì the biologist's'ur<ler-

standing of fe::tíJ,ity.

In conclusion, the four most widely userl methods for choosing the

tbest! sr¡bset, from a correlated, set of variates, have all demonstrated

a¡r extreme lack of co¡rsistency when appl-ied over sirnilar groups of data"

It is proposed that Principal Component Analys-is ca-n provide an effective

means for reducing the dimensions of correlated d-ata sets, by identifyi-ng

the factors which contribute to the correlation structure " It is

irnplied that these l:-actors r:e1ate to t-he genetical expr:essi.on of related

variates ancl therefore indj.cat-e the respor-rse which can be expectecl

follorving selection. Although the behaviour of the variates over 12

years of selection supports this hypothesis, it cannot be esteilclished

conclusively by my analysis. Flowever, the genetic correlati.ons, which

are prlesentecl -in CÌraptt::: I1 of this study, further suppo::t the idea.

While the nethocL here h¿rs not reduced tb,e variates to a smaller: (or best)

subset which may then be selected for jo-intly, using a selectj.on index

(as may have been hoped by some breeclers) , it has p::ovided a form which

may be more valuable. In fact, the first two component correlation coeff-

icients may be rrsed to trarrsforrn. tTre data to two orthogonal scores which

can 'then Jre used. individually or simultaneously to select progeny.



Table v-I: Sumar!' of four of aalysis the mle

4.27

of the Flock

Principal conPonents

09 .77 .77 .47 -.29 -.LO .48 .55

55 .13 .32 -.69 .46 -.30 -.36 -37

42 --13 -.37 .15 .4A -.7L .36 -45

62 .66 .81 .54 -.63 .20 .10 .18

13 .20 -.O5 -.25 .22 -.6A .68 .90

50 -.18 .10 .4L .53 -.47 -.31 -.16

42 .27 .42 -.L5 -.s5 -.46 .61 -80

.59 -.3? -44 .O4 -.34

-57 .09 -.69 -.50 .10

.81 -.52 .71 -.30 -.43

.!2 --29 -.L9 .68 .73

Foffard selection
[Backward. e linination]

BYSCFPS
W L T RB F'F
TDLPDNN

Modified
orderr

(1)

Year

19542I3
12 I 3

(4)

(4\

¿LJ

2L 3 5

.o

.4

49.3

4r.5 f
40 -9

40 .6

2r.2 +

20 .3

20.5

33. 3

34.4 I
33.6

31.2 +

31.0

30.5

50. 3

51.9 t
51. 4

2A.6

2A.A +

2A.3

2L 3

ar?L

32

4

4

3I2
2.03

r.47
1.41

L. 88

1. 09

r.97

1. 69

r. 07

2-66

1. 48

1.0r

2.23

1.98

L. 07

2.34

1. 81

L.O2

2.39

L.62

1. 15

2 -O3

r.65
Ì. 40

3

1956

r9s7 (2)

l(2t

1958

I (3) 2

r (3) 2

354

5

5

3654

532

43

2 534

56 3 4

5 6 37 4

325
6 3 25

6 3 25

2l

34
4

23 4

4.66

2.52

2

3. 90

3.97

3 4.93

3.

(2)

(r)
(2)

1955 L2 3

[r 2

(4)

(4)

2 (3)

2 (3)

12 3 4

L2 3 5 4

23 4

3

3

2

2

2

2

I
1

1

I
I
I

3 l
I2 3

2

4

4

24

32

I

I
1

I
I
2

3

4

4

1

1

2L
I

4.23

4.32

-69

.03

-69
t2

(2t

(r)

(r)
(21

(2\

(1)

(r)
(2)

(2\

(t)

.2A .57

.03 .07

.39 .58

.49 -.01

31 42 4-

3.

6s .69 -.08 .09 -.07 -.05 .27 -I7

T2
I 12

(3)

(3)

4l

2

2

I
t
I

1

1

I

I
t
I

2

2

2

3

2

)

4

4

4

1

I
t

61 532

34

425

L2 43
5 t 2 4 3

L2 5 3 4

3r524
2L 43 5

2 L 5 6 3 4

L 2 3

41 23
4L 32 5

L2
L2 3

L23

4.73

5. 11

7 -53

7.65

.29

.29

.7A

.13

.32

.85

.34

.15

.72

.67

.13

--7r
-. 14

.15

-.44
.31

-.70
.L2

-. 10

.32

.76

-. 05

.25

-.39
.55

.35

.65

.51

-. 06

-.33
.57

.85

.14

.r0

-.27
.a4
,^

.70

.53

-. tl

- a1

.75

.24 .08 -.36 .39

.63 .80 .65 -.63

.42 -.O7 -.26 -.33

.56 .74 -66 -.66

-47 .49 -.r3 -.L7
.08 -.04 -.02 -.16

--24 -.5A -.64 .29

.77 .55 -.07 -.39

.L7 .16 -.38 -64

.52 .86 .55 -.17

.56 .2A -.12 .29

1959 3 I 2(4)
13 r 5 rc) 2

6

1960 1

ll

t96l L 2

tr 2

4.9L

5 .56

5.

L.753

3

3

1.

4A .31 -.07 .24 -.75 -45 .47 -L7

BYSCFPS
WLTRBFF
TDLPDNN

Leaps and
,.a

Regression bY
Bouds Using

R2
a

BYSCFPS
W L T RB F F

TDLPDNN Cp

Regression by LeaPs anal

Boud.s Using !'laIlow's cÞ

BYCSCFPS
$TLFTRBFF
TDWLPDNN

Eigen
value

(3)

(3) 4

4

53.2 t
53.2

52-S 2.4L

(t)
(2')



Tab V-t:Contcl

BYSCFPS
IV L T RB F F

TDLPDNN

312(4',)
l_4 L 2(7)6 5 3l

342]-576
[r 6 4 7 3 5 27

3 s 14(5)
t3 5 2 4 (6\ 1l

2

13 r s 4

3152 rc)4
rcr 27

BYSCFPS
W L T RB F F

TDLPDNN

4

4

4

I
2

I

3

3

3

3

3

2

L2 6 5 3

13652
r 3 7 652

45763

54362
35 461

647352

6

6 2

2

I
I5

4

4

1

1

t

2

2

5

4

4

5

5

4

5

671

R2
a

4r. I
39.3

41.9+

61.0

60 -2

63.2+

51. 6

52. 8+

52-5

62-6

64. 3+

63.4

BYSCFPS
W L T RB F F

TDLPDNN

4L2 6 5 3

2 35 4 61
1647352

3425 6 I
3425671

31542
314s 62
2L45763

t3524

4L3
4r3

15 4

652
7652

36 2

Cp

7.94

10 .21

10.36

tr .57

7.23

8.00

6.77

8.00

6

8.

6.

ByesCFPS
WLFTRBFF
TDI^ILPDNN

72 .59 -.73 -49 -.36 -.37

38 -.36 -.r9 .06 .64 .77

23 .25 .13 -.60 .09 .r9

.69 -A7 .69 -.75 .32

.31 .06 -.33 -.14 .10

-22 -.2r .03 .o7 .63

.47 .58 .75 -.5I .60

.46 .53 .r4 -.4L -.42

.55 -.10 -.06 .19 --53

.L9 -.47 -.34 -.73 -48 -.55

.08 .65 .85 .LO -.43 -.47

.89 .02 .19 .34 .40 -.11

-.20 .o7

.75 .88

-.24 --25

-.33 -.68
.47 .52

-.64 -.O4

.75 .6 3

.29 .61

.15 -.34

30 .52

L2 .63

74 -.O8

.23

.40

.77

.69

.19

.02

Eigen
value

2.27

L.72

t. 08

2.46

r. 73

L.2L

2.79

r.49

1.04

2.40

2 .01

L.25

Year

]-962

l-963

L964

1965

Moclified
orderr

(1)

(21

(1)

(2)

(1)

(2)

(2)

(1)

*see text for ex¡rlanation



Table V-2:

5 4 6 3

35
6

2L547 3 6

24 5

25 6 3

1 6 4523
673524

2 43
36 42

42

29 -L

29.4

29.9 +

4 -70

3. 50

4.70+

-.L7 .81 .64 .31 -.63 -.45 .35

-.02 -.I8 --39 -.52 .39 -.60 .50

.93 .O7 .28 .18 .38 -.09 -.10

.65 .4A .85 .53 -.38 .45 -.18 .L2

-.r5 .51 -.07 -.07 -.23 -.22 .77 .81

.49 -.O9 .27 -.3A .22 -.65 -.26 -24

.23 -77 .53 .34 --77 -.06 .45 .61

-.34 -.13 -.49 --56 .13 -.68 .66 .63

.a5 -.27 .24 -.23 .22 -.r4 --oL -20

of tl¡e fou [Þt¡ods of for the nale of the visual Flock

Principal components

.o4 .50 .48 .56 -.54 -.55

-.39 -.61 -.66 -.00 .18 -.40
.53 .O7 .29 -.4A .67 -.16

Modifi-ed
order*

Yee

1954

1955

1956 I

2I
12r

3124
1.2L43

(1)

(2\

2.23

2. r0

r.o2

(r)

(2\

2.40

r.6 3

r.06

(r)

(21

.70

.49

. l-6

a 20

r. 45

l. 15

(r)

(2')

2.O5

r.6 3

r.08

(r)
(2')

(3)

(3) l
34.4 +

34.2

33 .3

2

2

2

2

16543

3

34

I
L

2

2

3451

1

2

4

5

1

1

5. 85

5. 07

4 -94+

.51

.59

.20

.69

.3r

.44

2.26

1.61

1. 31

(5)

(5)

46.O

46.7

47.2 +

21 54 3

35I
21 4 3 5

6

2L547 36

L2
31 2

31 24

3524
163524
16?3524

4

I2

2 4 3

4L 2 3

s t 2 4 3

.19 .60 .80 .70 -.75 .52 .r8

-.2a .46 .O7 -.2r .06 -.52 .49

.69 -.4r -.10 .14 -.09 -.17 .59

7.64

7.6r
8. 00+

.L2

.89

.05
43

2

L957

(2)

(2\

1

1

1

3

3

4

1

2

3

163524 II (6)

[] (6)

2 (4)

12 (4t

534
5 2 4l

46. 3

45.5

46.5 f

7.96

7.33

8-00t

1

2

2

4

3

I
1

1

1

2

I
I

5

5

5

I 3

4

3

3

I
2

2

t
5

3

3

4

2.08

2.6L+

3 .48

1958

I

13
2L.O

21.8 t
21.0

40.0 f
39 .0

39. 0

I 5. 50

5 .88

4. Orl

70 .71 .72 -.64 .24 -.32 --29

43 .40 .09 -47 -.65 .r4 -69

07 -.06 -.02 .32 -.41 -.82 -.42
Ir

[¡ac]<warcl e linination l
Forward selection

BYSCFPS
WLTRBFF
TDLPDNN

BYSCFPS
W],TRBFF
TDLPDNN

2
R

a

Regression by LeaPs 4d
Boücls Usi¡g R¿

BYSCFPS
WLTRBFF
TDLPDNN

Regression by LeaPS Ðd
Bouds Usìng l,laüov¡'s q)

Cp

BYCSCFPS
WTFTRBFF
TDWLPDNN

Eigen
value

1959 (2)

(2',

63

.44

.13

-. 16

2 .36

r. 50

t. 15

(1)

(2)



Tab1e V-2: contd.

BYSCFPS
¡{ L T RB F F
TDLPDNN

(6) 4 5 2)

2

t3r2
31

3 1l

(2) I
13 r

3(4)2 1

12 3 (4) r

I (4)3
l2 (5) 4

L 2(413
tl 2(4)3

I 2(3)
L 2(3)

(4)

(4)

BYSCFPS
W I, T RB F F
TDLPDNN

L2435

31 6 5 42
316452
3r76542

2 4 5 3 6 r
2 3 6 4 5 t
2467351

3261 45

3 r 627 4 5

25 316 4

2431675

1

3

2

I

4 3 5

5

1243

234L

123
I2

12 3

2645

"'za

38.6 +

38. 5

38 .2

49.3 T

49.2

4A.6

36.9 +

36 .6

36 .6

44.2

43.7

44.5 +

41.1

40 -9

41.1 +

43.3

43.4 +

42.6

BYSCFPS
WTTRBFF
TDLPDNN

r2 4 3 5

31 6 5 42

2 4 5 3 61
23 6 4 5 r
246?35r

25 3 f 6 4

3

2

2

3

2

4

3

I

2

I

3

4

5

L2

316

3I

L2 4 3

31

32 1

L2

1

I

234I

23

452

452

45

Cp

-.17+
.89

r. 14

3.34

3.29+

4.44

6.79

6.67+

7.O4

7.32

7.46

8.00+

6.93

5.74

6.43f

5.40

5.L7

6 .00f

BYCSCFPS
TúLFTRBFF
TDWLPDNN

-.30 .81 .70 .38 -.53 -.24

--6I -.L2 -.43 -.63 .30 -.62

-.54 -.10 -.O7 -.24 -.34 .60

58 -.35 .42 -.OA .01

2e -.LI .O2 .64 .77

08 -.18 -.60 -.59 -.18

-.L2 .76 .74 .54 -.72 .51 -.04 .20

-.45 .04 -.rO -.L8 -.O7 -.2L .84 .44

-.71 -.08 -.29 --25 --0A .60 -.1r -.21

.61 .72 -.AO .45 .05 -.14

.44 .05 .25 -.63 .55 .82

.42 .03 .17 -.01 -.45 -.10

.r4 .64 .7A .61 -.58 .40 -.24 --34

-.16 .29 .33 -.14 -.46 -.53 .4A .80

--8s -.06 -.20 -.10 -.35 .47 .14 -.06

.o2 .69 .8r .7L -.79 -L4 .25 .24

-.49 .08 -.16 -.19 .L2 -.49 .A2 .72

-76 -.29 .22 .08 -O2 -.62 -.O9 .30

86

o2

2L

2I
57

62

.L4 .69

.27 .34

.80 -.35

55 .59

20 .60

2L -.16

.69

-.4L
-.3r

value
Eigen

2.23

1.69

1.08

1. 90

1. 59

1. 30

2.36

1.83

0.90

2 -39

L.74

t. 20

2.OA

r-. 59

t. l3

2.24

1.83

t. t7

Modified
orderr

Year

1960

1961

L962

196 3

1964

1965

(1)

(2')

(1)

(2t

G)

(2')

(r)
(21

(1)

(2)

(t)

*See text for e)q)Ianation.
f"most important" subset arcng each grouP of three shom



Year

r954

1955

1956

L957

321
13 2 L

(4)

(4) l

2.24

t. 8l
I. II

2-70

1.73

r-0t

2.06

t. 66

L.23

2.05

r.71
1. 18

2.50

r.69

L.2I

Mocli fi ed
orderi

(1)

(2)

(1)

(2t

(1)

(2)

Table V-3: SìlmarY of the four mettþds of anal-Ysis for the fenale Flock

Principal Cotrponents

.38 .49 .80 .70 -.49 -.3r -54

-.58 -.30 -.41 .06 .r2 -.54 .57

-.45 .57 -.08 -.44 -.60 .13 -.03

13 30

76

09

2 5 46

132(A',)
[r3 2 ø) ]

3l.2 5 46
132654
23L7546

13 2 4 5

1362 45
1352746

321
L2 43
t2 43

53. t
53.0

54.3 +

8. 31

a-32

8. 00+23t7546

13 2

r 3 62 45

2L
321

39.9

41.5 +

40.8

46.6 +

46.6

46 -5

6-29

6,07

6. 38-f

L.921

2.56

2.70

5.01

5. 54

4. 55+

.43

.46

-. 58

1

132654

L2

43

25 14 3

32

1t -.r5 -.23 -.81
65 .53 .86 .13

66 -.75 .08 -.29

.20 -.47 .69 .77

.40 -.L7 .09 .ll

.03 .18 -.26 -.18

2.34

1. 69

1. 09

(1)

(2)

(2)

(1)

23 4

.06 .57 .72 -.64 .76 -.44 --69

.59 .56 -.0r -.30 -.08 -67 .56

.08 -.36 .13 -,s0 .36 .36 .L2

t32
2l

(4)

( 3)l

26.4

26.3

26.8 +

3.44

2.92+

3. 58

-.31 .68 .59 .38 -.s4 -.37

-.40 -.3r -.54 -.58 .35 -.38

--73 .01 -.01 -.06 -.13 .72

.64 .67

.44 .56

.09 -.r05

2

2

I

3

L2
lr 2

(3)

(3)

43.4

43.7 +

43-2

(3)

(3)

37.2 +

36 .6

35 .9

3

34

1

1

I

2

2

3

3

3

4

2

2

2

3

1

I

t
I 2453

1958 2

l2

I 2s 14 3

156243
.37 .37 .79

-.24 .45 .L2

-.74 -.r3 --29

.70 -.48 .34 -.3I -.47

.20 -.65 -.37 .67 .63

-25 -.20 .47 .23 -.40
I 4

24 1536

(s)r 3

t(5) 3 2

24
1 4l

5.87

6. r8

6.81+

.25 .54

.1r .59

.76 -.20

5 3 46 12
5 3 4 6 L2
5 3 467 12

532
14
t4

.68 .73 -.59 .46 -.57 -.51

.51 .31 .28 -.6L .22 .69

.08 -.17 .47 -.27 -.47 -.23s 3 46 t2

BYSCFPS
VILTRBFF
TD],PDNN

Foffard selection
I Backward elininationl

BYSCFPS
WLTRBFF
TDLPDNN

*'?
a

Regression by Leaps an¿l

Bouds Using R2

BYSCFPS
WLTRBFF
TDLPDNN

Regression by LeaPs and
Bou¡Ì¿ls Using MaIIow's C¡>

Cp

BYCSCFPS
!VLFTRBFF
TDWLPDNN value

Eigen

1959 (r)
(2)



Year

1960

1961

t962

196 3

]-964

Table V-3: contd.

*see text for e:çlanation
f"rcst inport.at" subset ¿rmong each grouP of three shottn

BYSCFPS
WLTRBFF
TDLPDNN

4r2(s)3

I

I

1

l

L2

2l

l_4 r

lt 2 3

[1 32

231

132

[3 (4) ]

(4)

(4)

(3)

(3) l

(4t

(4) l

(2)

3 (s) 21

31
[3 r (6)

2 (4)

2 4 sl

BYSCFPS
W L T RB F F
TDLPDNN

42 5 3

1 5 2 4 6 3

t7 42 5 6 3

r2354

2L67534

461 3 32
26451

1324

3 4 r 5 2

2 4L7 5 6 3

1

2

3

4

3 1

4

6

1

I

2

4

4 5

4

2r3

13 2

3I

L234

132

2 4 s

352

563

R2
a

24.7

28.9 +

2A.7

37.2 +

36.9

36 .9

51.3

52.7 +

52 -2

37.6 +

36.3

36-1

46.2

46.2 +

45.e

48. 3

4A.7 +

46 -9

BYSCFPS
VILTRBFF
TDLPDNN

2L3 4

316 245
2L67 5 3 4

4L32
4r352
461 352

341 5 2

3 1

I

2

2

3

3

4

2

1

I

1

2 4 r

13

13

L2 3 4

341

23

132

42
243

24

563

2 4 5

Cp

5 .33

s .45+

s.69

2.8A

3.23+

3.62

7 .22

6.30+

8. 00

5.59

4. 33+

5.13

r. 46+

2.47

2.95

5.38

5 -20

6.00+

BYCSCFPS
VILFlRBFF
TDWLPDNN

.31 .61 .32 -.65 .6A -.42 -.46

.64 .48 -.45 -.29 -.26 .56 .7r

.06 -.20 -.64 .36 .13 -.09 -.37

57 .72 .7! -.2A .65 -.46 -.67
49 .37 .25 -.33 -.r8 .72 .54

04 .2r .25 .74 -.46 -.I2 .16

76 .59 -.52 .72 -.3r -.34
36 -.16 -.20 -.r3 .68 .83

06 .05 .53 .22 .31 .09

.38 .63 -.74 .50 -.43 -.29

.52 .18 -.08 -.01 .61 .83

.61 .15 -.05 .26 -.O2 -.2L

.60 .55 .66 .56 -.45

--23 .4r .22 -.r9 -.65

-.62 -.rI -.59 .29 -.3L

-.o3 -4r -20 -.45 .60 -.71
.o2 .58 .85 .51 -.50 .34

--81 -.19 -.27 -.20 -.34 .38

65

19

50

.49

-.00
.45

.44

.42

.52

-.44 .4s

.o2 .32

.73 -.53

49 .39

t4 .60

72 -.44

76

3I
2I

66 -.10 -.58
00 .74 .59

52 .09 -.3I

Eigen
value

2.O7

r .99

1. 00

) )1

r. 8t

1.36

2.39

l-.61

r.28

2.OO

L.47

L.32

2.33

r.73
r. 14

2.77
1Aô

1. 1r

Modified
order*

(r)
(2)

(l)
(2)

(r)
(2t

(r)

(2)

(l)
(21

(2\

(1)
1965



Table v-4: qrrñmad of the f our rethods of anal,ysis for the fe¡nale proqenv of the visual Flock

Principal cotrq)onents

Modifiecl
orderi

Year

r954 (21

(2\

18 .5

18. 1

20.2 +

34.3 +

34.0

33 .1

56.4 +

56.0

5s .9

41.0

41.3 +

40 .9

8. 59

8.39

8. 00+

1

Ì

2

6

3

4

2

I
1

1

2

2

3

4

I

I
1

t

3

3

3

I
I
t

t

3

3

1

1

I

3

5 1642 234L

13 45 2

-.36 .69 .38 .44 -.47 --44

-.28 -.01 -.70 -.42 .55 -.53
.7r -.22 .17 -.03 .18 .20

.55 -66 -72 .80 -.78 .25 .08

-.06 -.03 .31 -.05 .2L -.I4 .70

-.59 .16 -.02 -.10 -.12 .83 .It

,61 .6L .80 .44 --55 .39 -.61 -.36

.03 .45 .23 .20 --3L -.44 .55 .80

.4r -.27 -.L2 .7L .36 .15 .31 -.00

.44

.33

.62

2.LL

L.52

1. 14

(r)
(2)

(1)

(2)

.75

.30

.34

.02

-79

.o4

62 5 3l
7 35 42

45 2

3562
36 45

L2
152

642153

I955

L956

1957

1958

2 (4)

r (4)

3

3l

2L
2L

(4)

(41

2.54

L.2A

I. II

2.42

r.53

1.0r

2.49

1. 71

1. 18

2.45

1.98

r.34

2.42

1.57

1. 17

(1)

(2)

(r)
(2')

1

2

16 7 35 42

L4 3 2

12 4 3

42

3

I
1

2

2

2

3

3

I
1

I

2L
312
312

L2 3

L2 3

12 3

4.42

5.72

4. 83+

4

4

2

4

3A.2

38.8 +

38. 0

5 -52

3.94

4.32+

2L 33

3

15264

3

52 4

I 2(3)
r 2 (3)

(3)2 r
(3) 2 l-

23

23
4

54

.86

.65+

1. 58

2.49

2.r9+

2.93

.66

-.40
.463

.85 .80 .54 -.34 -.03 .38 .38

.14 -.34 -.26 -.O4 -.59 .64 .77

.06 .26 -.5A .48 -.55 -.L3 -.r3

.84 .67 .69 -.72 .32 .33

.Ir -.21 -.26 -.05 -.65 .65

.06 .sI .36 .47 -.46 .r4

o7

91

L4

(1)

(2')
4

43

-. 31
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-69

2L
L2

3

3

3

38.7 +

38 .4

38.6

4

.57 -69 .73 -.70 .52 -.20

.46 .38 .14 -.03 -.61 .52

.o4 -.24 .08 -.54 .3r -24

.37

.74

.2745 4

BYSCFPS
WLTRBFF
TDLPDNN

I BacÌward eliminationl
Foruard selection

BYSCFPS
W L T RB F F
TDLPDNN

2
R

a

anclRegression bY
Bou¡rcls Using

BYSCFPS
VI L T RB F F
TDLPDNN Cp

Regression by Leaps and
Bounals Using Mallowrs CP

BYCSCFPS
h'LFTRBFF
TDlVLPDNN

Eigen
value

1959 (4)

(4)

2

4

r. 89+

3.26

3. 38

.39

.11

-.77

(1)

(2)
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r 3 4 2(7\5 6

14 (6) 2 s r 3l

231(s)4
12 3 1(s)4

21 3 (4)

(4) l

2

l

l

12 1 3

123
23

lz 4

tr 2

L2 3 (4)

3 (4)

r (4)3
s(6)311

I (4)

1(4)

BYSCFPS
WLTRBFF
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46257L3

12 5 3 46

24531
245631

2L 3 4

23 r
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1324

23r 4

23154
23L 4 5

I
t

4

)
2

I

5

2

5

5

3

3 4

t

4

6

3

4

3

5623

r564

2 as4

34

L4

32

R2
a
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42.r

60. I
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32-2 +

32.4

31 .4

38.8 +

38.3
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55.9

s5.7
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25 13

4625713

L2 3
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124 3

24 5 31
4

5

3
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2
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2

2

2
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3

64 32

4

I

4
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4
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4
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4

5623

L4

I
1

2

3

3

5631

L 4 5

L4
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7.65

6.72t
8. 00
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4.32+
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4.36

BYCSCFPS
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37 .76 .50 -.s2 .43 -.59 -.48
65 .37 -.00 .C7 -.62 .r4 .63

32 -.r2 -.66 .16 -.3r -.68 -.39

.64 -.4A .4A .L2 -.27

.16 .r2 -.19 .8Ì .87

-o2 -.62 .18 -.02 .01

-.67 -.20 -.35 -.54 .49 -.63 .70 .69

.07 .65 .69 -.11 -.50 .11 .43 .56

.58 -.06 .38 -.30 .43 -.32 -.04 -.05

.08 .49 .66 -67 --57 .64 -.35 -.57

--62 .r2 .ro -.22 -.64 .27 .64 .42

-.52 -.33 -.57 -.15 -.02 .44 -.27 -.5L

-80 .66 --25 -56 -.52 -.66

.29 .40 -.67 .26 .67 .49

-.36 -.49 -.30 -.23 -.55 .59 -.03 -.37

.76 .72 -.77 .11 .L4 .24

.18 -.26 .O7 -.22 .74 .81

.L7 .L7 .23 -.70 -.35 -.11

.63

-.43

. t5 .7L

.25 -.29

.7L -.O4

.22

.61

.65 .55 .86

.0t .2a .o2

-.66 .47 -.26

.61

.24

-.r2

Eigen
vaI ue

2.37

L.44

1.31

2.40

L.57

t. 15

2.5L

1.68

0. 86

2.6L

2 .00

1. 30

2.30

1.50

r.24

2.30

r.53
r.24

Table V-4: Contrd.

*see text for e:çJ.anation

+"most important" subset along each groq> of tåree shown

l4odi f ied
order*

Year

1960

Ì96 I

L962

1963

L964

(r)
(2')

(1)

(2)

lz)
(1)

(r)
(2)

(1)

(2)

(1)

(21
1965



Figure V-I Pl-ots of the first a¡d. second component correlation
coefficients (CCC) for the 1954 to 1965 rnale progeny

!ühere body weight

percentagie yield

clean fleece weight

staple length

crimps

fibre diameter

7 denotes primary follicl-e ntunber

8 denotes secon<lary follicle nunber

I denotes

2 denotes

3 denotes

4 d.enotes

5 denotes

6 d.enotes



2

3
1

6

78

4

5

I NDEX MA LE

r9 54

r9 5s

l9 56

V I SUAL

-l
1 ST ccc

14
6

I

72
36

-,|

o
z

z

o
z

-1

1 ST ccc

3
4

6

I
7

?5

0
r sT ccc

4

16
5

7

3
2

8

-,|
0

r sT ccc

o
z

-1

-l-l 0

1 ST CCC

2

3
4

6

785

0
1 Sf ccc

-l

o
zoz

0

ó
z

oz
0

6
41 3

5

8

2

1

¡
-1¡ 1 ST ccc

&
6

7

I
^

5

6
5

1

3

44

8
7

0
't sr ccc

t957

-l



Where denotes

denotes

denotes

denotes

denotes

denotes

denotes

denotes

I

2

3

4

5

6

7

I

Figure V-I (contj.nued)
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3 <lenotes

4 denotes

5 denotes

6 denotes

7 d.enotes

8 denotes

Figure V-1 (continued)
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Figure V-2 Plots of the first a¡rd second component correlation

coefficients (CCC) for the l-954 to 1965 female progeny
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Where

Figure V-2 (continued)

I denotes

2 denotes

3 denotes

4 d.enotes

5 denotes

6 denotes

7 denotes
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body weight
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Table V-5 Comparison of mo<lified order to original

order of comPonents for both sexes

original order of comPonents

l-23
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I 2t

$*ou)
'iJ {J
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Ê:rõo
()P¡
'.r Éqro
.-l UõOqrEO
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2 3

* See text for explanation.
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VT * DTITBCTION OF MAJOR GBNES USTTIG TESTS FOR NORMÄI.':ìTY

INTRODUCTION

It is general-]-y accepted. that the frequ.eucy distribution of a

quantitative charactcr will- be non-normal if a major gene is invol-ved

in the inheritance of tire chara.cter (Hanunond and Ja:rres , L97O). DePar-

ture from lormality, aS a result of contam-L:ration, has beerr recognised'

since early th.is centurry (Pearson I LB}A, 1.9C2). Il-isl'rer, Immer and

Tedin (l:932), however, were the first to aLtempt to appl-y normality

tests in quantitatir¡e genetics when they investi.gated the genetical

interpretation of statistics of the thj-rd d'egree '

More recently, Mérat (1968) has propose.f the use of third and

fourth moment statistics to d.etect such genes. After a prelirninary

test for heterogeneity of vari.ances Mérat suggests compar-i-ng the clepar-

ture from normali-ty of the fa¡rilies with the highes'L and lowest variances"

Although g, (the Slcewness Coefficient), can be used to identify asymmetry

the main inl-erest lies in the use of 92 (the Kurtosis Coefficj-ent) to

identify farrrilies showing pJ-atyJcu-rtic distributions, which Mérat con-

cludes are l-ikely to be associated with Lhe segregation of major genes'

(The derivation of both the Skewness Coefficj-c--nt (ør) and the Kurtosj-s

Coefficient-. (S) Ïtave Ì¡een given earlier in Chapter I')

Hammo¡d and James (Ig7O) appliecl four rnethocls involving higher order

statj.stics (including Mérat's method) to detect genes of large effect'

T\¡vo characters of. DrosophiLa (abdorn-inal, chaetae number uta ptog"ny number:)

were considered, but littte evidence of non-normality was observed.

ïndeed, as other aul-hors (Jones , 1967; Robertson, L967¡ and Erankham, 1969)

had previously reported indirect evidence of majo:: genes associatcd with

the i¡heritance of abdonr-inal chaetae number, Uanunond, cor],cluded: "The

sensitivity of the methods u¡;ed is somewhat uncertain fc¡r the trait-s

studiecl ." I-Iowever, while several relevant factors (i.e" the magnitude
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of ¡he heritab-ility, non-random environmental cornponent of the variaticln,

non-ad.ditive variation, linkage and natural selection) were discussed,

the power of the tests was not pursuecl. (Piper, L97L also noted the

need. for establishing the size of the devj-ation which would be required

before a major gene could be detectecl")

In a later article, Hammond a:rd James (1972) evaluated O'Donald's

method (O'Ðonald, 1971) for estimating the number of loci, using higher

degree statistics. O'Donald had estimated the number of locí (ñ) r,rsing

the formula

n

but when Hanrnond applied this to his abdominal chaetae data, within sexes,

he found all estimates were extremely low, demonstratíng that O'Donald's

formul.a was biased dorvnwards.

It ca¡ be seen that these authors have relied heavily on the use of

the coefficients of skewness ancl kurtosis to test for the presence of

major genes. However, after searching the literature the following

tests of normality were considered to provice possible alternatives worthy

of comparison to the tests for skewness ¡u-Lci kurtosis:

i) galda¡e's Test for Bimodality (II) - this technique was proposed

by Haldane (195I) as a means of identifying the peaJ<s and troughs

occurring in the frequenry clístribution of a metric trait.

Basicat.ly tl.e test consists of comparing the observed frequencies

in adjacent cells to establish the cases where there has been

a significant change in frequency. (The Standard Normal Dis-

tributio¡ is used to establish significance.) ff more than

one strc:h change is located, these are assessed, to see if they

are indicat-ive of an antimode (trough) or a pair of modes (pealcs) .

ii) Studentized Range (U) which is the ratio of the ra¡ìge to the

standard deviation as suggested by David, Hartley and Pearson

|<sl - urt
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iv)

1.1"7 .

(1954) . (This statistic j-s sornetimes confused v¡ith one

proposed.b}'Geary(1935)fornted.fromtheratioofthemean

deviation to t-he standa::d deviation.)

!{ statistic, as proposed by Shapiro a¡rd WiIk (1965) which

basically compares the slope, for the regression of the ordered

observations on the expected values of the order statistics'

wíth the usual symmetric sample sum of squares about the tnean.

calculation of W in practice proves rather difficult as it

involves the covariance matrix of tl're normal 0rder statistics.

Thus, Shapiro and wilk (1965) only presented coefficients a¡rd

percentage points for sample sizes of 50 or less'

However, shapiro and i¡rancia (1972) presented a sirnplified form

of the test (I{') which compared favourably, in terms of sensit-

ivity, wíth w. A table of the "Ëmpirical Percentage Points of

W' Test" was inclucìed by these authors for n = 35, 50, 51.(2)99

(where n = sample size). Later work by weisberg (1974) further

verified that for samples > 35, W' has approximately the same

accuracy as w. In view of this I have considered. only w' in

the following work.

Joint Tests using both g., and 92. The following brief sunmary

illustrates several of the joint tests which have been considered',

often with reservations.

The first possibility is to test for both skewness and kurtosís

and reject if either or both show evidence of non-normality.

(This I will calt the 'simple joint test' of normality, a¡rd use

J to :cepresent it.)

seconclly, we ca-n consider the P statistic suggested by Pearson'

L9O2, lvhere

P = 2bz- 3bI"6

I(note g2 = b2 3 and g 6-rt
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Recently, Bowman ancl Shenton (1.973) have considered P us-ing

Monte Carlo sj.mulat-ions of the norma-l and g¿üüna densities to

obtain the percent-il-es of P.

Thir<lly, two'omnibusr tests involving the joint use of 9, and

g, have been put forwai:d by DrAgostino and Pearson (1973).

Both these.tests result in a ¡2 statistj.c, after assunúr"rg gt

ürd 92 are .ind.ependent, under the null. hypothesis. Ilo\^¡ever'

D'Agostino and Pearson (L974) wj-thclrew the tests after Professor

Franlc Anscombe had pointed out that rvhile 9, and 9, were uncorr-

elated, they were not independent. Ttris criticism must surely

apply equally to the previous two joint tesl-s, but while I have

not consi<i,ered DtAgost-inots two tçtrrnibust tests further, I have

continued with the 'simple joint t-estr and thr: P statistic as

thelz ¿¡s frequently used" This crj.ticism is especi ally true

for the 'simple joint testr rshich is basically the procedure

most people adopt when testing for normality (i"e. few peopl-e

consider either 9, or g, alone - most l-oolc at both in turn

rejectirrg normality if either indicat-es cLeviation frotn normality).

"Lower Tailed" Kurtosis statistic (c) - Deviation associated

with Kurtosis - can be d.escribed as eit-.her leptokurt'ic (rvhere

92 > o) or platykurtic (where gz . o). Leptokurtosj.s arises

if the distribution is much more peal<ed than the normal distrj-b-

ution while platykurtosis indicates the distribur-ion is

unusually flattened. As the presence of a ma,jor gene would

be expected to ::esult in a platykurtic distribution the Kurtosis

Statistic wil-|. be appl.ied as a one-tailed test arrd this rvould

be expectect tc¡ provide a more efficierrt test than the cor:res-

ponòLng two-tailed. test,
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several oLher tests of norma-Lity appearecl ln tJie liLerature.

However, they have not been included in this study as previous work

hacl shown them to be compa:rativel-y insensit-ive to c};viations front

normality (see Shapiro, Wilk and Chen, 1968). Arnong those rejected'

was a group called the rdistance tests" because they depend on use

of the sample estintates of the mean (i) and var-iance ("2) for the pop-

ulation mearr (U) and. variance (o2). (whereas ¡g', 91 t 92r u a¡rd FI are

scale and origin invariant.) Tþe actual- meml¡ers of the 'distance Lestsr

were:

a) Cramer-Von }4ises statistj'c - Cr¿rmer t L928'

b) Kolmogororz-Smi.rnov test - Kolmogorov, 1933'

c) Weighted Cramer-Von Mises statisti.c - Anderson a-nd Dar:Iing, L954-

¿l) Modified Kolmogorov-Srnir:nov test - DuIbin, t96I (see also

Lílliefors (f967) for more recent approach)

e) Sirnple Chi.-squared test.

The aim of the present study is to first, investigate alternative

tests for normality to deterrnine which are more suited to i<lent-ifyirrg

tire type of non-normality expected when a major gene \^¡as present in the

population and second, to establish the nui¡rimum deviation which a major

gene would have to cause before its presence could be consistently

detected.

Although subsets of the above tests have been compared previously

for a range of alternative distributions, their sensitir-zity has not been

assessed when the alternative distribut-ion j-s bimodal (i.e. Sha-piro, tr^filk'

and Chen (l-968), used the f<¡llovzing urrimodal distributions. Beta (p'q) 
'

Binomial (1çr.5), Chi-squared (V), Oouble Chi-squared (ß), Johnson SR

(Y,ô), Logistic (croß), Log normal. (V,Oz), Nou-cenLral Chi-sguared (V,À),

poisson ().), Student T (V), Tukey (a,À), and Wej.bull (k.À), whì-le Dyer

(Lg|4) consid.erefl the Unj.form, Bxponential-, Doul¡l-e Bxpouential and

Cauchy di-stributions). Thusr while these comparj-sons have prcvíded
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sound forrndations on which to choose the most promising t-ests, I will

refrain from giving further details as these worrld only be loosely

related to the area of interest.

CIearIy the deviation from normality in the presence of a major

gene wil.l depend on the frequency of the major gene and its manner of

expression. The latter of these two factors may -i-nvolve a d^eviation

in mea¡r and/or var:iance.

If the frequency is sufficientl.y large the overall clistribrrtion will

be bimodal. However, this pattern wiII become less clistinct as the

frequency of the major gene decreases, r¡ntil at low frequencies only a

skewed ôistribution may be seen. Since skewed distributions could also

be due to the presence of "outliers" or simply the "natural cl.j-stributi.on"

of the character, care should be practiced when ma}cing any suggestions

with respect to major genes for such data.

(hen (1971) investi.gated the power of the V'I statistic for samples

drawn from a contaminated. normat distrj-bution. For sample sizes between

3 and 50 he included up to 7 observations differing in either scale or

Iocation and, for¡nd W was sensitive to such contanr-ination. Howeverr as

only the very smal-l sample sizes could be considered J:imodal and only

one statistic was assessed, this work gj-ves but a prelinr-inary glimpse

in the direction of interest here.

Before considering the relative efficiency of the above tests, it

should be noted thaÈ this ínvestigation d.eals with the first parE of

what is in practice a two-stage procedure. That is, for a given set of

observations one would, first test for departure from normality, and if

this was supported, then look more cJ-ose1y to ascerÈain what is responsible

for tttis discrepancy. (Thís second aspect will l¡e considered in more

detail later in this chapter.)
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STMUI,ATION

As tfie expected freguency and effect of a major gene can vary'

simulation was used. to compare the sensi-b'ivity of the follc¡ving eight

test statistics over a range of frequeucies and effects:

i) Haldane t s Test for Bimodalit-y (H) .

ii) Stud.entized Range (U) .

iii) shapiro-Francia statistic (w') - often called the

Mod.ified Shapiro-VüilJ< Statistic.

- iv) SimPle Joint Test (J) -

v) Pearson's P Statístic (P) -

vi) Skewness Statistj-c (S).

vii) Kurtosis Statistic (K) (as a two-tailed test) '

viii) "Lower Tailed" Kurtosis Statistic (C) '

A uniforrn rand,om number generator, which returns a random tralue between

O and l, was used to generate two norrnal populations, N(0,1) and N(À,1) '

where À is the difference between the means of the two populations,

which both have a sta¡dard deviation of one. These populations were

rnixed in 5l different proportions - from O(2) fOO pelîcerlt of the seconcl

population N(ÀrI) (i.e. O,2,4t6,.. . - ,9e^1100) .

For a given significalce level (a) the power of the B statistics,

at each of the 5J- proporti.ons, was obtained using repeated sampling'

Graphs of the power plotted a.gainst proportion provide an effective means

of comparing the 8 test s'Eatistics for a given difference (À) -

As the poweï of a test is the probability of accepting the alternate

hypothesis given the null hypothesis is false'

i.e. Power = I-ß, where ß is the probaJoility of accepting the

nuIl bypobhesis when it- is false,

the power measures the sensitivity or efficiency of a test for a level

of significance 0.
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The foltowing pararneters rvere used for the sirnul-ation:

i) cl (the significance level) = 0"10;

ii) n (the number of observal--ions in each mixture) - 50, 100;

iii) À (t¡e dista¡¡ce in standa.rd deviati.ons) = 0, L,2,3, 4¡

iv) t" (the number of repeated santples gene::ated) = 100.

Although o = O.O5 would have been a more useful level of significance,

t.Le more conservative value (0.10) v¡as accepted as the tables of percent-

iles for many of the two-tailed tests did not include the upper and lower

2.5% crLLical values. These could have been found by Monte Carlo

sampling of the standard. normal population (i.e. N(0,1)) but it was felt

that this would be an unnecessary burden on the project. In order to

check both the critical values used and the simulation technique, Lhe

significance level was calculated for all the cases where the null hypoth-

esis was known to be true (i.e. where no mixing had occurred or À : 0).

fwo sample sizes (i.e. n = 50 or'100) were chosen to investigate

the power of the tests, though it was of course accepted that smaller or

larger numbers may be encountered in data.

The distance obviously represents the deviation of the major gene

from the population ín general and for simplicity r:nit increments of the

standard deviation have been used.

The number of samples (r= = lOO) generate<1 for each núxture could

be consldered Iow, but it v¡as found to provide a reasonable estimate of

power wíthout using ridiculous amounts of computer time. When the

value of the power for each test sample is plotted for each proportion'

one not onJ-y gets an idea of the power of the test statistics, but also

their "stal:ility" or "repeatability"" (ConsequentJ.y, if the points arc

joined by a straight lj-ne, this gives a "zíg-2a9" effect which may detract

from the appeaïeü1ce but, to my rn-i-nd, not from the interpretation.)
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RIJSUT,TS

In Figures VI-t(l) to vI-l-(7), the power of each of the seven

tests has been pJ-oEted aç¡ainst the proportion 'cotrtantination' of the

N(0,1) poputati.or-r by the N(À,t) population, \,rhen À takes t|e values

O, Lr 2, 3, 4i ü = O.lO an<l n = 50. (Ilaldaners Test has not been

símulated, for the smaller sample size as it perfornecl so poorly at N = 100-)

Simitar po\,fer crurves are presented for all e.ight tests when n = 100 in

fi.gur:es VI-2(f) to VI-2(8). Clearly, all the tests exhibit limi'Led

povrer when the deviation of Lhe najo:l gene is l.ess tha¡r tv¡o standard

deviat-io¡s. This lirnit-ation, although not unex¡nctedrindì-cates that many

major genes of genetical significance will remain undetectahle anong

sample sizes of 50 to 1OO. This situat-ion is u¡rl-i]<ely to inprove greatly

even for much larger sample sizes.

The power curves of the eight tests for À = 3 and Ot = O.l-0 have

been combj.ned ín Figures Vl-3 and Vf--A I for n = 50 and I00 respectively.

It carr be seen Lhat the proportion of contarnination has quite marked

effects be'Lween and wi'bhin tests - as the folJ.owing points il.l.ust-rate:

i) Although all the tests behar¡e symmetrically, and- thus could

have been plotted from O to 50 percent 'contanninationr, it

was felt that inclusion of bhe fuIl scale would be benefi-cial-

to the reader.

ii) For both the extremes of p (the pro¡-.ortion of contamination) '
the power is seen to be close to the lirniting value of 0. I0

for all the tests (i.e. when the nuII hypothesis is l<nown to

be true the power = t-ß = ct).

iii) Although the power of the SJrewness Statistic (S) rises rapidly

ínitially in the pllesence of ¡rosi.tive or negative skewness, it

naturally lacks power for the syrrunetrJ.c distributions obi.i' 'r-'cd

betv¡een p = 0.4 and 0.6.
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v)

vi)

víi)

viii)

t24.

Kurtosis Statistj.c (K) Iacks po\ÂIer a.bout P : 0"2 arrd

p = O.B where the rnixed clistribution changes f¡'om a lepto-

kurtic to a ptatykurtic distribution. This resuli:s in the

po\,üer being trimodal having a higTr central pealc when the

rnixture is s1-mmetric and bi-modal , and two lower peaks when

the rnixture is leptokurtic due to a low level of contanr-iriation.

the studentized Range (u) behaves in a sinr-ilar fashion to K

a¡rd since its power is much lower -ì-t warrants littl-e further

attention.

Pearson's P Statistic also behaves like K but, as its central

peal< is broader and its two side peaks lower, would appear

marginally more valua.ble. The latter of these tvro points

is considered advaltageous as it r¿ould mean P is less likely

Lo include deviations due to 'outliers' amougst its rejected

distributions.

AtI tests (except C, U and H) fail to distinguish 'outliersl

from other forms of non-normality. Although the figure may

suggest that in excess of 4 percent outliers is required to

give reasonable level.s of power it shouful be rernembered that

the model has constrained the magnitucle of outliers to ler¡e]s

far below what may occur in practice. Thus, even lower

frequencies of outl-iers may hinder the technique.

The behaviour of t]e Simple Joint Test (J) can be seen to be

a conservative comk¡ination of K and S. This results from the

lacl< of índependence a¡rd the fact that a significance level of

s,/2 = O.O5 has been chosen for the two components (K and S) .

The observed significance level for the joint test was O,0868

arrd. 0"0897 for N equal to 50 and 100 respectively. (This

approach has been used as it- provides a simple method for approx-
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imating the two cri.tical values corresponcli-rrg to c[ - 0.10.)

ix) Hald.¡rne's Test for Bimodality (Il) clemonstrates extremely poor

poweL at any level of mixing a-nd since the test reqrri.res much

larger anìounts of computer t'.ime it must- be conch.rdecl Lhat the

test will rarely be used in practì-ce.

x) I¡lhen Kuriosis was apptied as a one-taiied test. the power

increased for the platy)<urt-ic region between p = 0 .25 and o.l5

a¡rd reduced elsewhere. Thus, if there was strong prior evidence

sugges'ting that the major getìe occurred with a frequency between

0.4 and 0.6 then the"lower-tailed"Kurtosis Test (C) woulri

provide the best test for non-normality.

xi) The modifiecl ShapJ-ro-Wilk Statistic (W') can be seen Lo be as

powerful as anlz of the st¿rtistics for frequencies up to 0.3

(or above O.7). I-or the intermediate frequencies its 1>ower

is comparatively lowe:r. However, although this reduction

in power becomes larger: the fewer the number of obser:va'Lions

(niguresTV-3, TV-4), this statistic does not demonstrate the

extreme l-ack of povrer at aly proportion which contrasts with

that shown by most of the other tests.

As major genes could also cause variation in sca.le this coulcl have

been investigated usjng an approach sirnilar to the above (e.g. mixing

2 populations N(0,1) and N(0,À) where ). = 1t2'3,4). Since such gtenes

would be of lin-ited importance, this ty¡re of model has been iginored.

It is however more liJcely that major genes would. exhibit both scale and

location differences and this more compJ-ex situation may be worth consid-

eration, although it would be expected that the addítional effect of

variarce worrld incr:ease the povrer of the test for non-normali-ty.



Figure VI-I (1) Power of the "Lor¡rer l'ailecl" kurtosis statistic

(C) plo'bted against the level of contamination

forn=50and0,=0.1O.

Figure VI-l(2) Povrer of the Simple Joint Test (J) plotted

against the level of contamination for

n = 50 a¡rd cI = 0.I0.
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Figure Vf*l-(3) Power of thc Kurtosis St-atjstj-c (r.) plotted

against the l-evel of conla¡n-ination for

n = 50 and cr == 0.10.

Figure VT-l (4) Po\,ver of th.e Pearsonrs P Statistic pl.ottecl

against the level of contaminat-ion for

n = 50 afld cr : 0"10"

I
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Figure Vf-l(5) Pov,'er of the likewness St--¿.tistic (S) plotted

against the level of contarnittat-j-o¡r for

n = 50 and cr = 0.I0.

Fígure Vl-1(6) Porver of the Studentizecl Ramge (u) plottecl

agaj-nst the .l-evel of contamj-nation for

n : 50 and ct = O.10.
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Figure VI-1(7) Power of the Shapiro*Framcia Statistic (vr')

plotted against the level of contan-i-nation

forn=50ando,:0.1.0.
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Figure VI-2 (1) Power of the "Lower Tailed" Kurt-osis Statist:ic

(C) ptotted against the level of contamination

for n= lOO and q, = 0.10.

Figure vT-2(2) Power of Haldaners Test (H) plotted against the

level of contamination for n=100 and cl = 0.10.
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Figure VI-2 (3) Porver of the Sirnple Joint Tes'b (J) pJ,otted

against the Levet of contamination for

n= 100 and o : 0"1.0.

Figure VI-2(4) Pov¡er: of the Kurtosis St-atistic (I() plotted

against-- the level of contarnination fo::

n= l-00 and o = Cì.IO.
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Figure Vf-2(5) Power of the Pearsonrs P Stat-ì-stic plotted

against the l-eve1 of contaminati.on for

n = 100 and. cr = 0. Ì0.

Figure vI-2 (6) Power of the Skewness Statj.stic (S) plotted

against the level of contamination for

n=100andC[=0.10.
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F-igure V1-2(7) Power of the Studentized Range (U) plotted

against the level- of contamination for

n=I00andc[=0.I0.

Figure VT-2(8) Porver of the Shapiro-FrancÍa Statistic (W')

plot'Led against the level of contamination

for n = I00 and cl = 0.10.
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Figure VI-3 Comparison of the power curves for the following

seven tests (when ). = 3, cf, = 0.10, n = 50)

(i)

(ii )

(iii)

(iv)

(v)

(vi)

(vií)

"Lower Tailed." Kurtosis Statistíc - C

Simple Joint Test

Kurtosís Sta-tistic

Pearsonrs P StatisEic

Skewness Statistic

Studentized Range

Shapiro-Francia Statist-ic (W' )

-J

-K

-P

-S

-U

-W
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Figure VI-4 Comparison of the pov¡er curves for the followirrg

eight tests (when À = 3, cf, = 0.10, n = I00)

(i)

(ii )

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

"Lower Tailed" Kr-rrtosis Statistic - C

Haldanets Test - H

Simp1e Joint Test - J

Kurtosis Statistic - K

PearsonrsPSta'tistic -P

Skewness Statistic - S

Studentized Range - U

Shapiro-Francia Statist.ic (W') - W
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DISCUSSION

clearl.y, one shoulcl noÈ use several or all of the eight tests

simultaneously on a given set of data, but should choose the most

appropriate on the ba-sis of prior knowleclge. Of the eight tests for

non-norrna]-ity investj-gaLed., W' (mo<lified Shapiro-Wilk Statistic) prov-

ides tl-re most versatile means for testing the type of deviations from

normality which would be expected in the presence of a major gene.

Hohreveï, if ¡irior lcnowledge suggest-ed that the frequency of the major

gene was near 0.5 then ttre 'Iower-tail' test of kurtosis (C) woul-d be

preferabJ-e. Thus, for a limited ïange of frequencies, c provides a

useful test u¡raffectecl by the presence of or-rtliers. In comparison,

W' is far less robust to the presence of out-J-iers but it can be used

effectively over a much wider range of contamination. Such bimodal

distributions may be extremely important in other fields of genetics'

an6 indeed in science generally, but it is likely that major genes would

occur over a wider range of frequencies.

While both W' ancl C are best attempted with the use of a compi-rter,

calculation of the former requires somewhat more elaborate programming

to generate the expected values of the norma-l order statistics arrd to

rank the observations. To assi*this coinputation a set of FORTRAN sub-

routines has been written following the method outlined by Shapiro and

Francia (L972). (See Appendix E, where these subroutines form part of

a program which wilI be discussed later.)

While the discussion so far has centred on the identification of

mixed distributions, it is worth noting tha1, Subrahrnaniarn, Subrahmaniam

and Messeri (1975) have looked at the behaviour of three tests of sig-

nificance when samplíng is from such mixtures of two norntal populations-

The tests considered were:
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i) one sample t-test"

ii) Anatysis of variance test for equal-ity of two or more means.

iii) Analysis of variance test for regression coefficient equal

to zero.

Their investigat-i-on indj-cates that ttre first- two tests are robust when

the conta¡rúnation is small, while the third exlij-bits only a rninor effect

with :lespect to the siginificance level" Frorn this investigation it

woulcl seem reasonable Lo co¡rclude that inability to recogrnj,se mixed dis-

tributions will not greatly weaken any analys-i-s from a statistical point

of view, however, forLhequantitative genet-icj-st, the loss may be consid-

erable.

previously, I inclicated that the investigation had concentrated on

the fj.rst of two related problems. This approach was adopted', as the

establishment of norr-normality was considered as being a distinct pre-

lirninary problem from understanding or identifying the cause. Although

this approach has not been widely adopted in the past, it was considered

to be pr:eferable, as the rrser is provided with a convenient test to screen

for d.eparture from normality and so provj-de statistical justification for

proceeding with the more complicated second stage of the exarnination.

Attempts to unravel the inheritance of quantitat-irze characters may

be broadly divided into two categories. First, Mather zurd' Har:ri-son

(1949) ; Thoday (1961) ; Cooke and Mather (L962); Gibson and Thoday (7.962) t

spickett (1.963); Vlolstenholme and Thoday (1963); Thoday, Gibson and

Spickett (f964); S¡rickett and Thoday (1966); and Law (1967) have developed

methods based on chronosome assay while secondly, Fisher, Immer and Tedin

(L932); Vüright (1934) ; Panse (f940) ; Mather. (1949) ; Kalmus and Maynard

Sïnjith (f965); Mé::at (f968); O'Donald (197f); Hammond a¡rd James (L972); and

Jinks and. Towey (L976) have attempted to use ihe statj-stical properties

of the clistribuLi-on to estimate the number of "effective factors". As
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the former appl:oach reU-es on a de'Lailed lçnov¿Iedge <¡f t-he gerroure ilrcl

the avail-a}:iJ-ity of suitable ¡rarl<er gelLes, 1:or progeny testing, its nse

v¡ill- remairr l.ir¡r-ited to aII but a few speci.es. This has been supported

by Piper (f971) who carried out". a cletailecl ¿rssessmen'L of Thoday's (1.961)

method" Piper concluded that the rnebhod w¿is unsuita-ble for cl-omestic

animal breeding where the tinkage map was poorly documentecl a¡rd suppression

of crossing-over was impossible " Even if tÌlese facil ities were availal¡le

the analyses would r:equire much care to avoid producing unre-1-ial:l-e answers.

Recently. !1c[4.i1lan ancl Robertson (!974) haver questionec] the accr:racy of

Thod.ayrs p::ocedure on the following two groun<ls:

i) it may detect loci which do not exist.

ii) The estimated effect of those major loci rvhich do exist will

altnost inevita-bly be magnified by the accumulation of effects

from closeJ.y J-inked undetecÈed loci.

Also, any detection w-j-11- depend on the stan<lard (tester) stock usecL

(Thoday, 1973). Thus, while its application t-c' Dro"oythíLa, by Gì.bson

and Thoday (1962); Wols;tenholme and Thoday (f963) ; Spickett (1963) ;

Thoday, Gibson and Spickett (f964); Spickett and Thoda.y (1966); has

proven informative, it is unlikely 'that it will be suitabJ-e for more

general use.

In comparison, the latter methods, based- on properties of the dis-

tributions, must be handled with care as they rely on assumptions whose

failure can greatly clisto::t the estirnates (see Ilammond and James , 19'12 ¡

I{opkins, 1974). Also, both approaches are directed more at the estim-

ation of polygenic variation (except for Kafmus a¡rd Maynard Smith, L965) ,

whereas the interest of the present investi-gation is in major genes.

Although the divj-s,ion t¡etween pollzgenes and major genes is far from

distinct (Thornpson and T'hod,ay, 1974), it rvas fert that concentratiorl

on the latter would provide a rnore sensible starting point as the possible
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gains for the breeder are potentially greater:, particularly in the short

term.

piper (I97I) aïso studìed the feasibility of I^/rightts (l-952) back-

crossing method for isolaticln of genes of large effect. He concl:ded'

that the number of generations required to identify a major gene was

sufficiently large to mal<e the "technique itnpractical for most species."

Secondly, the Lechnique was ulable to distingiush l¡etween a closely

linked group of potygenes and a nnjor gene. This second critj-cism may

be clirected, equally weII, at- the methocl developed in the present study,

however, the effect of recombination, although important in the loug

term, would be expected to be of far less significance in domestic

animals; v¡here the generation interr¡al is contparatively long.

As mentioned briefly above, Kalmus a:rd Maynard Smith (1965) devel-

oped formufae for the estirnation of gene frequenciesrmeans and variances

associated with incomplete d.ontinance at a single loci. As the method'

relies on the exisl-ence of a distinct antimode it would seem of only

lirwited value. AIso, three more general method.s have recently beerr

reported in the statistical literature for estimat-iirg bTre respective

npans, variances and frequencies of the distinct populatj.ons for data

from rn-ixed populations. these methods are :

i) moments estimates;

ii) maximurn likelihood;

iii) minimum X2.

Although these methods were not specifically cleveloped with their genetic

use in mind, they would nevertheless appear to be of considerable potential

for l-ocating major genes. Fryer ancl Robertson (1-972) compared these

three methods ¿¡¡rd concluded:

"The methods ito not díffer essentially rvith regard to bias but for

the mean squa::ed. erl:or the grouped estimates are shown to be more

I

,t
il
rt



I

130.

acctlrahe tha¡r the moments estinra.tes for most Ois;tr:ibutions, though

the mc¡ment estimates seem preferable for distributions which are

particularl.y difficult to estiut¿-rte-"

These au.bhors furt-her concfuded that the neèhocls c.¡f ntaximum likelihoocl

and rninimum X2- were of sinúlar accuracy. In viev¡ of 'bhis l-ast'. cotrclusj-o:r,

the lesser known method of ruinimunt X2 will not be considered further in

this investigation.

Although the method of rnoments has only recently emerge<l as a

method for estimating the fj-ve parameters associated rcith the mixture of

two no::mal d-ì-stributions, the method was first considerecl by Pear:son

(1894). Flasse1blad (1966) reconsidered the problem while Cohen (1967)

showed that the computation could be s:i.mplified from Pearson's original

method which required the solution of a ninth deg::ee equation. The

problem has attracted further at-t.entj-on from Robertson and Fryer (l-970);

Behboodian (f970); John (1970) ; Hawkins (197I); Fryer and Robertson (L972) i

Rayrnent (Lg72) r and ltawkins (Lgl2) and oLher:s. The last author has made

available listings of a FORTR-AI{ program (}Iawkins, T975) which, follovring

some ruinor rnodifj-cations, has provided a val-uable methocl for estirr'rating

the five pararteters associated with the nrlxture of two norma.l- clistr:Lb-

utions. The proced.ure has been checlced against rnixtures of known means,

variances and proportions and fopnd to provide a reasonal¡le level of

accuracy. However, it did show some tendency to id-entify falsely two

normal distributions when the clata. had been generated from only one

norrral- distribution. fncorrect esti.mates also arose when t-he level. of

contamination was l.ow or the respect:-ve means and variances were extremely

sinuilar. To checl< the validity of the lwo sets of estimated means and

variances, I.Iawkíns had included in h-is program a variance ratio test arrd

an independent t--test. However, such ¿rn approach rvas unsatisfact.ory

as these estimates were tested on, the clata which generated them- In

comparj-son, the preliminary testing, usj-ng'Lhe V'Ir or C statistics as

'i

'trf.,i

3



I _1,1. "

proposed. above. would seem to prov-tde a less Ì¡iased rrtet-hocl for protecting

against such fa.Lse estirnates" This rvas in facL supported by analysis

of si-mulated data.

llawkins (L972) points out that the method of moments may soûtetinìes

generate rnore than one Set of solutions for a given set of clata. AS

previous algorithms failed to identify such addj-tional solutions ' their

continued use would be il-l-advised since the sol-ution ornitted coulcl be

the more suitable one for the data. Clearly the identificaLion of

multiple solutions requires their rel-at-ive merit to be assessed. however,

this situation is preferable to choosing, arbit::arily, only one sofuti.on"

The follow_ing three alternatives v/ere proposed by Hawl<ins as

providing a possi-Jcle decj-sion rule:

i) comparison of the observed and theoretical sixth moments.

ii) Checking of the medians for each solution.

iii) Use of a X2 test to compare the observed classed <lata to the

expected. frequencies for each possible solution.

Vühile all three of the above may form useful criteria, there will always

remain some sibuations where it is impossible to id.entify one solution

as being better than the others.

A general FORTRAN progrõLm has been written to apply fi'rst the

Shapiro-Fra¡rcia Statistic (W') and subsequently the method- of moments

if there is evidence of non-normal-ity. (The ful.t listing is included

in Appendix E.) This program has becrn tested with simul.ated data and

found to be capable of correctly locating the two populations when the

differences between means are sufficj-e¡rt to cause Wr to be significant.

While this latter conditi-on is seldom satisfied for rnearts which differ

b)' Iess than two standard cleviations, the procedure would stj-lI seem

worthy of consj.dcrratíon. Flov¡ever, it should. al-so be remembered t-hat

aly bimodality identified may sometimes result f::om non-genetic factors.

Ttre::efore, the procedure provi-des the geneticist v¡ith a convetrj-ent screening

'.}
Ìd
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method but follow-up investi-gatiorrs should be carried out to check

that a major gene is in fact segregating.

As ngtecl above, the alternative meLhod of maximum likelihood has

been demonstra'Led. þy Fryer a¡td Robertson (L912) to provide a comparabl.e

technique for estirnating the five parameters assrociated wj-th mixed dis-

tributions. The methocl has kreen demonstrated by Lester, Elston and

Graham (Lg72) and Etston, Na-ûiboodiri, Nino and Pollitze:: (1974') to

identify factors which indicaÈe the presence of a major gene " AJ-though

a program listing of the naximum likelihood method has ]¡een obtained'

(Morton and Yee, personal communica'tion to O. Mayo and T'W' Hancock, L9'16) '

it has not as yet been successfully irnplemented on the local computer'

However, this program has since been used extensj-vely by its authors who

have developed it to remove the effect of skewness before est'imati'ng the

parameters using the maximum likefi-hood method (see Maclean, Morton'

Elston and Yee (1976) ) .

In the preceding it has been assumed that one is ej-ther dealing with

one or a mixture of two normal distributions" Obviously the presence

of non-normality due to any other reascns will weaken all of the above

methods of analys-is. The use of power transformations by MacIeaI , Morton,

Elston and Yee to remove skewness before attempting to estimate the

required parameters appears reasollable, however, it remains to be shown

that a single transformation determined on all of the data witl provide

the most suitable transformation for situations where there are two or

moïedíssimilar <lístribu-tions. AIso. before adopting this approach, it

woufd seem wortliwhile to investigate the robustness of the above two

estirnation techniques in the presence of non-nolmality. Also, as neither

method determj.nes v¡hich distribution a particr-r1ar observation actually

alîose from, it is difficult to imagine how thj-s problem of non-normality

will ever be effectively resolved.

I
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The prese¡t approach has assumed nonnalityo hovrever, the possible

effects of the fail.ure of tiris assumpti.on should not- be ignorecl ,

.¡\PPLICI\TION

The procedure developed above has been aPLrlied to the Roseworthy

data rrsing the suJ:routj-nes U-stecl in Appendix B. (the main program

BIMOD was replaced by cod.e which was better suited to handle the intric-

acj.es of the Roseworthy data. ) Onty single born progeny were considered

and the test was applied within the sex by flock by year subgroups.

Ta-bles VI-I to VI-4 summar-ise the results for the variates body weight,

clean fleece weight, fibre diameter ancl secondary follicle nunùrer respec-

tively, where parts (I) and (2) of each refer to't-he two sexes. In each

table tl-re numbe:: of observations (n) is given with the value of W' a¡rd

its probability. If w' is significant, at the 5 percent level, the

method of moments :l.s then applÍ-ed. Whe::e this latter method is urrable

to fincl any solutior:is which satisfy tle moment eguations the statement

"NO VAIID SOLUTIONS" is printed by the prograrn. It would appear reas-

onable to conclude that for these cases the non-norrnality detected is

due to reasons other than bimorlality. However, in most cases the method

obtai-ns estimates for the tv¿o means (*I, *ì and sLandard devj.ations

(s' sr) and the proportion of rnixing (nr) . Occasionall-y two valid

solutions have been detected for the one set of d.aia (see Harvk-ins, L972).

In this application no atternpt has been rnade to deternrine which set of

solutions is better although thj-s could have been done (see earlier dis-

cussion) .

Inspection of the four Èables shows that there is scattered, evidence

of bimodal.ity, however, there is lj-ttle consistency over sexes within

flock type. This could either be associated- v¿ith the smal-l sarnple si.ze

or a¡r indication of sex-linkage. Vlhite Biel-l:arz (1963) has suggested

that sex-tinkage is more widespread than general-ly believed, this is not
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supported in tfie tal¡1es where the bimodality is observed to ha.ve a

sinilar frequency in the two sexes. Fo:: bccly weight.in 1961 and L962,

both sexes of the Visual flock are observed. to suggest the presence of

a rnajor gene.

From the results it can l¡e concluded that the technique provi.des

a workable method for estimati.ng the components of a nixed distril¡ution-

T,he prelinr,inary tesE for normality (w') r:edu.ces tJte possibility of

falsely identifying two populations vrhen the distribution cau be expJ-ained

in terms of one. This also rneanr.s that the conrputer ti.me required for

scanning data is greatllz reduced as the program for the methods of

moments estimation is much more tirne consumi.ng than the preliminary

testing of normality.

It should be remembered that the test as applied assumes we are

dealing with a population which is uniform except for the segregation

of a major gene. Thus, if we are in fact looking at data which shows

heterogeneity, for other reasons, the test may be rnisleading. For

example, if we had not partit-ioned the sheep progeny on sex (or bir:'Lh

type) we would more than likely have observed bimodality. Or' if the

ram fertility had been poor, necessitating a return to service (as

occurred. in 1965), this may produce a bimoclal distribution for time of

birth which may still be reflected in measul:ements made up to a year

later in the progeny. Therefore, when eviclence of bimodality occurs

the user should check that a non-qenetic fact-or is not responsible.



Table Vr*I (I) Results of l¡intodality anal-ysis on Lhe body weigllts
(in 1çg) of the male progeny. The two flocks (I -
Ind,ex ancl V - Visr¡aì.) ar:e analysecl separately for
each of the twelve years of the trj-ai.

t x2n I¡J I sig pl XI SI p2 s2

1954

1955

1956

t957

195 I

l-959

1960

1961

L9()2

196 3

L964

1965

T7L
v63

T7L
v79

r66
v66

r56
v84

r67
v62

r74
V7I

r59
v56

T70
v73

r80
v85

r_ 64

v69

r76
v67

T46
v77

.983

.990

.970

.969

.99L

.989

.977

.917

.988

.982

.9 89

.982

.976

.976

.987

.958

.969

"967

.975

.966

.985

.984

.977

.985

NS

NS

NS

*

NS

ns

NS

NS

NS

NS

NS

NS

ns

ns

NS

*

tr

*

NS

*

NS

ns

ns

NS

.53

.37

31

55.5 6.67 .47 56 "9 3.O2

55.6 8.03 "62

No valid solutions
57.L 7.30 .69

No valid solutions

6r.6 4.1.7

6r.8 3.77

fn = samplesize
!ùr = Shapiro-Francia statistic with associated significance
p1, 11 and s1 = the est-imates of the relatir¡e proportion, mean

and standard deviation of population one rrespectively
p2 (=I-pl ) , -*Z and s2 = similar estimates for population two



Table VI-l- (2) Resu1t-s of bimod,¿rlity analysis orr the body vrei-ghbs
(in kcr) of the female progeny' The tt^¡o flocks
(t - tndex ancl v - visual) a::e analysecì separately
for each of the twelve years of the trial.

ni' wr sig pt xl sl p2 x2 s2

l-954

1955

1956

l-957

r958

l959

1960

196r

L962

1963

L964

1965

r55
V7L

T62
v58

r46
v78

r67
v62

T57
v60

r72
v75

r83
v73

T7L
V86

T72
va2

r. 43

v70

T74
v67

r_ 37

v70

.901

.964

.949

.986

.974

.989

.988

.973

.981

.990

.948

.9 81

.980

.985

.988

.949

.976

.970

.9 80

.983

.972

.990

.936

.9Bl

1.61
2.67

rt*

*

*

NS

NS

NS

ns

NS

ns

ns

**

NS

ns

NS

ns

**

NS

*

NS

ns

NS

NS

*

ns

'1,:l

. [:.i

42.3 8.41 .82

No valid solutions

43.4 3.03 .L7

47 .9 3. 34

45.8 6.40

40"3 3.98

50.1 1.86

No valid solutions

.13 34.2 7.89 87

.53 42.A 2.43 .47

.46
-69

45
4B

6
4

39
40

.54

.3r
5
4

7
I

3I
34

tn
Idr = Shapiro-nrancia statistíc with associated significance

pt o it and s1 = the estimates of the relative proportion' nean
and stamdar:d deviation of pcpulation one rrespectively

p2(=l-Pt) , -xz and s2 = similar estimales for populatir:n two



Tal:l-e VI-2 ( 1) ResulÈs of b.irnodalit¡¡ arralysis on the clean fl-eece
weight (.in kg) of the rnale progeny. The two flocks
(I - Index ancl V - Visrraj-) are artalysed separa'tely
for each of the twelve years of the trial-

t ;2n Wr Sig PI x1 p2 32

L954

1955

1956

r957

195 I

1959

1960

1961

L962

1963

L964

1965

r7r
v63
T7L
v79

f66
v66

r56
V84

r67
v62

r74
V7T

r59
v56

r70
v73

r80
v85

T64
v69

f76
v67

r46
v77

.986

.978

.947

.942

.968

.990

.9 80

.9 86

.989

.947

.985
qot

.959

.975

.990

-979

.99I
.9 8r

.991

.97L

.992

.968

.957

.989

3.68

rrs

ns

NS

NS

NS

NS

ns

ns

ns

**

NS

ns

*

NS

NS

NS

NS

NS

NS

ns

NS

NS

ns

NS

.31

76

16 .69 4. r0 .35

4.60 4L .24 5.O7 76

tn= sample size
shapiro-Francia s.batistic with associated significance

and s1 = the es.tin-rates of the relative proportion, mean and
standard deviation of population onerrespectively

Wt =

PI, xl

p2 (=1-p1) ¿ 72. and. s2 = sirnilar estimates for population two



TaJ>Ie VL-2 (2ì Iìesults of binodali-ty analysis or"r the clear-r fleece
we ight (i.n Prg) of the felnale progeny. The t-wo f locks
(I - Index and V - Visual) are analysecl separately
for each of the trvelve years of t-.Lre trial .

tn wr SiS Pr xl s 1 Pz x2. s2.

L954

1955

1956

L957

1958

1959

1960

1961

L962

196 3

L964

L965

55

7L

62

58

46

78

67

62

57

60

72

15

83

73

7L

86

72

82

43

70

74

67

37

70

"977
.972

.983

.935

.984

.960 3.53
3.82

.46

.38

I
V

T

V

I
V

NS

NS

ns

*rr

NS

*

No valid sol-utions

.27

.29
.69
.a5

L2
_1.4

3

3

31
I5

I
v

I
v

I
V

I
V

I
V

I
V

I
V

I
V

I
V

"984
.948

.965

" 981

.985

.991

.988

.978

.978

.947

.983

.987

.979

.979

.983

.981

.972

.984

NS

t(

NS

NS

NS

ns

ns

ns

NS

ns

ns

ns

ns

NS

NS

NS

ns

NS

.84 2.86 . 33 . 16 3 .L2 . 59

f n = sarnplesize
I^lr = Sh.apiro-Francia statistic with associated. significance
pt, it amd s1 = ttre estimates of the retative proportion, mean and

sta¡rdard deviation of population one, respectively
p2(=l-Pt) , ïz and s2 = sim:i-Iar estimates for population two



TabIe vI-3 (1) Results of t¡i.moclality analysis otr the fibre diamel-er
(in microns) of the mal-e progeny" The two fl-ocks
(I - hrclex ¡¡rcl v - Visual.) are anal,ysed separatoly
for eacTr of the tr're1ve years of the trial.

tn Wr SíS pr xI s1 P2 x2- s2

I954

1955

1956

L957

1958

1959

1960

1961

1'962

196 3

l-964

1965

7L

63

7L

79

66

66

56

B4

67

62

74

7L

59

56

70

73

80

85

64

69

76

67

46

77

"94r
.986

.980

.985

.9L9

.944

.990

" 985

.967

.969

.990

.960

.984

.976

.989

.968

.951

.986

"987
.990

.990

.968

.984

.976

**

ns

NS

ns

**
**

NS

NS

NS

NS

ns

*

ns

NS

ns

*

**

ns

NS

NS

ns

ns

NS

NS

.56

.47

20"4

2I.6
. 4.r

.53

22.5

23 "3

2.47

2.25

I
v

I
V

ï
V

I
V

I
V

I
V

I
V

I
V

I
V

I
v

I
V

I
v

No valid solutions

72

76

No val-id solutions

.68 23.O 1.63 .32 27.8 L.A2

No valid solutions

J'n sanrple si.ze

Shapiro-Francia statistic with assocíated significance
and s1 = the estimates of the relative proportion, mean and

standard devj.ation of population one, respectively
and s2 = simítar estimates for population two

Wl =

PI' xl

-x2p2 (=l-p1) ,



Table VI-3 (2) Resu]-t_s of binoclality analysis on the fibre diameter
(_in ruicrons) of the female progerly. Tre trvo flocks
(I - lndex a¡rcl V - Visual) are analysed separaEely
for each of tl"re twelve years of the trial'

ïn wr sig pI xl sI P2 x2 s2

L954

1955

1956

1957

1958

1959

1960

1961

L962

L963

L964

1965

.937

.969

.990

.988

.985

.981

.99r
-984

.984

" 989

.983

.981

.992

.974

"97L
.982

.985

.993

.979

.965

.984

.989

.973

.986

,(*

NS

NS

ns

ns

NS

fis

ns

NS

NS

NS

ns

NS

NS

ns

ns

NS

ns

NS

*

NS

NS

NS

NS

r55
V7L

r62
v58

r_ 46

V78

T67
v62

r 57

v60

f72
v75

r83
v73

f7L
v86

f72
v 82.

T43
v70

T74
v67

r37
v70

Iio valid solutions

.61 26.4 1.r0 .39 29.A 1-58

t n = samplesi.ze

W' = Shapiro-Francia statistic wittr associated siqnificance

pI? if.and s1 = t-.he estimates of the i<¡lative proportion, mean and

standard. deviation of population one, respectively

p2 (=t-pt ) , -xZ and s2 = sinrilar estimates for population two



Table VI-4(]) Resul.ts of bimodality analysì-s on the seconcLary foll.icle
number per sq cm of the male progeny. The two flocks
(I - Inclex and V - Visual) are analysed sepr¿¡atel-y for
each of the tv¡elve years of the trial.

nJ' wr Sig pI xI sI p2 s2x2

L954
7I
63

7L

79

66

66

56

84

67

62

74

7I

59

56

70

73

80

B5

64

69

t6

67

46

77

.922

.916

.972

.960

.990

.92A

.947

.990

.978

.987

.99L
ôo2

.991

.995

.946

.973

.981

.857

.957

.980

.99 3

.984

.984

.984

**
**

NS

*

NS

**

*

NS

NS

NS

NS

NS

NS

NS

**

ns

NS

**

*

NS

NS

NS

NS

NS

I
V

No valid solutions
89 4106 .7 579.9 . 11 51O5. I 1387.1

No valid solutions

.73 4835. I 544.8 .27 5659.9 r25B. r

No val.id solutÍons

No valid solutions

No valid solutions

No valid solutions

1955
T

V

1956
I
V

1957
T

V

1958
I

V

1959
I
v

1960
I
V

1961
I
V

lt962
T

V

1963
I
V

1964
I

V

1965
I
V

tn
wr

PI,

= sample size

= Shapiro-l'rancia statistic with assocíated significance
i1 and s1 = the estimates of t-he rel-ative proportion, mean and

standard deviation of population one, respectivellz
pz (-I-pr) , -x2 and s2 = sinr-ilar estimates for population two



TabIe VT--4(2) Results of tri-rtodal i.'h-y anatysís on the secotrdarlz follicle
numbeï per sg crn of 'Lhe female progeny. The two flocks
(I - Inclex a¡rd V - \/i-sual) are analysed separabely for
each of the twelve years of the trial.

t
n l¡lt Sig pl x1 st P2 x2 s2-

L954

195s

1956

L957

1958

1959

1960

1961

t'962

1963

L964

L965

r55
V7L

r62
v58

r46
v78

T67
v62

r57
v60

r72
v75

r83
v73

t7I
v86

r. 72

v82

r43
v70

T74
v67

r37
v70

.975

.975

.937

.942

.96L

.974

.989

.99L

.958

.991

.984

.988

.95I

.962

.972

.942

.948

.984

.96r

.976

.980

.978

.9 83

.950

5002.7

4767.5

665.9

395.I

6188.3

5'727.4

1333. I
874.3

rrs

ns

?t tç

*t!

ns

NS

ns

NS

*

NS

NS

ns

**
*

ns

NS

**

.81

.58

.19

.42

No valid solutions

No valid
No valid

solutions
solutions

.83

.86
4907.3
4919.6

779.4
79r-2

6456.6
6685"9

1343.2
L278.3

.L7

.14

NS

NS

NS

NS

NS

ns

*rr .56 4637.O 446.9 .44 5435.O rO34-2

'ln : samplesize
Wr = Shapi-ro-Francia statistic wif,h associated sigrrificance

pt, lt and s1 = the estimates of the rel-ative proportion, mean and
standard. deviation of population one, respectively

pZ (=l-pl) ,12 and. s2 = sirnilar estima.tes for populatj.on two
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GENBRJ\1, COI\ICT-,US; f ONS

As breeclirrg of domestic animals is both expensi.ve aiìd tilne con-

sunr-ing, wc should strive both for a¡ efficient deployment of the

resources ancl for the maximurn raLe of genetic gain.

The Roseworthy prografiì rvas initiate<l to test whether selecting

rams by d.irect measul:ement of the inçorta:rt metr:ic character clean

f1eece weight was more effecLirze'hhan the conventional method of visual

assessment. Vlhile the outcome of the trial is of considerable interest

to practical breeclers, the fu1l appreciatiorr of it clepends upon the

j-nterpretation of a large nuflber of statistics"

This thesis has been concerned with the clear and unambiguous

assessment of breeding data. The biometrical techniques used here

have been devel-oped. to investigat.e two aspect:; of interest. Firstly,

to measure the cha:rges in the pcpulations u¡rder different methocls of

selection, and here Chapters I r II , III a¡rd IV are particular:J-y approp-

riate. Second.Iy, to predi,ct the changes which would occtlr if varj-ous

methods of selectj-on were to be empl.oyed (Chapters lI , V, VI) .

Chapters I and IT dealt with the conventional methods of analys-ing

breeding experiments, and the detailed statistics presented demonstrate

the clifficulties involved in interpreting the interrelationships between

the character:s, under di::ect and indirect sel.ection. Unfortunat-ely'

these diffículties are not readíty appreciated ):y either the breeder

or the scj-entist and in practice they have usua.lly been ignored.

rn comparison, Hotetling's T2, presented j.n chapter III , provirles

a much si.mpler, but colìprehensive answer to the same questions" ItS

application to the RoseworLhy Cata ir¿s inCicated Lhat the two popul-ations

have diverged. In parti.cula.':', stapl-e lenEth, cJ.ean scourecl yield and

seconclary follicle number are positj-vely associaLed wibh the incr:ease

in clean fleece weight while crimps per inch an<1 bocly weight are neg-
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atj-vely associaterl , Thr,- 1-.at¡lr.lation of the sj-multaneous co¡¡fidence

intervals ovetr a- nturÍber of years provides a di-rect and meaningful

Sumnary of the trends in these char:¿rcters wþich are so ímportant t'o

tÌre strategy of the breeder.

Tlne i.mproved algorithn for the Iìxact Test of R x C Contingency

Tables, developed in chapter IV, provides a val-uable method for

the anatysis of discrete da'ta sucl1 as reproductive records which

cannot be handle<1 by Hotelling's T2. As the test is exact (i.e.

it cloes not rel-y on approximation to a sampling distribution) ' it

can be appliecl to tables irrespective of the nr-irrimum size of the

expected cell frequencies. Thus it can be used to analyse ta-bles

where the approximate tests, such as Chi-squared', become inaccurate'

Although an upper limit. remains with respect to the size of table rvhich

can be analysed, this is seldom tikely to be an impor:tant restriction.

In Chapter v, Principal Component Analysis is seen to provide a

useful neans for identifying the complex interrelationships between

the observed variates. In partícular, this method' does not suffer

from the extreme inconsistency which is seen to occur for the other

techniques based on multiple regressio¡ anal-ysis. The orthogonal

natul:e of the components enabl-es the breeder to pr:edict the changes

which would occur if a particular select-ion method' is aclopt'ed. Tt

is further suggested that the first few components may be used to

trar¡sform the data tc¡ a reduced nu¡rber of new scores which may then

be used to form a selection índex. (Although J-ittle refer:ence has

been made with respect to the value of a selection index in the pre-

ceding chap'ters, the author recognises j-'ts vaÌue (see Hazel and Lusho

1942¡ Young, 1961; Irinney, Lg62; Hender:son, L963¡ Taltis, L962 ancl 1.968;

Harv-ille, Lg'15; Veur Vteck, 7-976r and Sales ancl llill , L976 a & b).)

As the components are orthogonal , a selectj-o¡r index based on them shou,l-cl
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provir-1e a much-not:e effective criterion for selt:ction-

In Cirapter VI statistical- nret:hods are developed which enaicle the

breeder firstll', to test for the presence of a niajor gene amd secondly'

to estimate the parameters of interest. Wh.ite unimoclal distributions

approaching normalj-ty occur in the pre:ìence of pol-ygenic variation,

the segregation of a major gene can be expect-ed. to distort the frequency

distribution" If the effect of a major gene is large and its frequency

sufficient this distortion may cAusrJ the f::equency dJ.stribution +.o become

d:Lstinctly birnodal " Simulation is usecl to :investigate the relative

po\¡/el: of eight tests of normality to recognise such distorLion. It

is concluded that the Shapiro-Francia W' Statistic provides the most

versal-ile test, although the "Lovler-Tai1ed" Kurtosis Statistic may be

more powerful i-f the frequency of the major gene is near 0.5. However,

al1 tests remain virtually powerless if the effect of the majc,r gene i-s

l-ess than two standard deviations from the geireral population mean.

Once non-normality ís establi-shed, the method of r¡onents can be applied

to estimate the respective means and vari-ances for the trvo componenE

populations (i.e. associated wi'th the pr:esence and alrsence of the major

gene ) . The frequency of the major gene is also estj.mated.

Applicati.on of the al¡ove procedu-re to the Rosev¡ort-hy data fails to

esta.hlish any consistent evidence of the segregation, of a majo:: gene

for any of the four metrj-c characters considered over tlie twelve years

of the triat" (This may be partly clue to the small number of rams

used. )

While the fundanental theory of quantitative genetics has not charlgecl

markedl.y si.nce the work of Fj-sher, Vüright and Haldane, this ca¡rnot be

said with respect to our general rrnderstancling of its applíc¿rtion. F<¡r

example, herd reccrrding, arti-ficial insemina+-ion and more recently com-

puters have all g::eatly increased the effecti.veness of breecling prograrns"
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(ln the prececli.ng chapters the role of 'Lhe cornputer has clearly been

of central importance.) Also, investigation-s such as those of

Roberþson (1961. and 1970) on the theory of limits in artificiaf sel-

ection have done much to increase our knowledge.

Although q.uantitative genetics has much to offer the breeder,

it should be ::ecalled that the fol"lowing six point-s have been recog-

nised earlier (in the General fntroduction Èo this thesis) as the main

weaknesses in the current theory:

i) inability to predict linr-its to response;

ii) inability to predict changes in reproductive fitness

following selection for a desired character;

iii) insufficient infonnation about the nature of the underlying

gene loci;

iv) inability to predic'b accurately t.l:e rate of response'

especially following a plateau or a period of accelerated

response;

v) ina-bility to predíct the response in correlated charactersi

vi) reservations associated with the aclditive moclel.

While Ewens (1969) rnade the following comment on the theory of

Population Genetics it can be apptied equaliy well to summarize the

use of additive genetic model-s in Qualtitative Genetics:

"...because the biological world is infinitely more complex thart

our mathematical models, it is impossible to expect that math-

ematics can play in the biological sciences the fundamental

and ubiquitous role which it plays in the physical sciences."

Although the biometrical methods developed in Chapters III to VI

d.o not overcome all the weaknesses listed, it is the author's belief

that the-ir use will assist t-he breeder pa::ticularly as they rely less

heavily on the additive genetic mod,els.
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In conclus:ion, the present sùate of quantitative genetics can

still be effectively surnmarized by the following statement of Falconer

(re6o) t

"The importance of this bra¡rch of genetics need hardly be

stressedi most of the characters of economic value to plant

and. animal breeders are metric characters, an<l most of ttre

changes concerned in micro-evolution are chanqes in metric

characters. It ís therefore in this branch Lhat genetics

has its most important application to practical problems and

also its most direct bearing on evolutionary theory. "
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APPENDIX A

Generalized I'9RTP,AN subroutines for applyi.ng Hotellir:g's T2

The following two generalized FORTRAN subrouÈines have been r"¡rj-tten

to apply Hotellingrs T2 to large data sets. To use thertr a simple main

prograïn is reqli:Lrecl which reads the data for the two s'alrrples into two

d.ata arrays, which I will call Yl and Y2 , of síze NI x P arrd N2 x P

r:espectively (where Nl and N2 are the nrunl¡er of observat-ions in sampie

I and sample 2 respectively and P is the nrurùrer of varial-es measured) '

Subroutine SV{EEP is then called to calculaÈe the mean vector and variance-

covariance matrix for these two sarnples. Thus, from the (Nt x p) data

ma'trix Yl we obtairr a (e x 1) mean vector Xl , and a (P x P) variance-

covariance matrix Al . Sinrilarty, X2 alld A2 are calculated f:rom Y2.

Subroutine HOTEL T2 is then called to calculate Hotelling's T2. This

sul¡routine prints out details of the test an<! also returns relevant

informabion via formal parameters to the main program if required.

For the data matrix Yt, subroutine swEEP is called as follows:

CALL SWEBP (NI ,P,YI,NY,TN,K'XI ,NXl'NI ,AI ,NAl)

where ON INPUT

P

NT

Y1

IN

NT

NXI

= the number of oÏ¡servations in sample 1

= the nrunber of variates

= (Nt x Ir) data matrix

= the column size of YI

= number of subclasses' Iabelled 1 to K i.n array IN

= the indicator array, fN(f) r.-.,IN(N) gives the subclass

of the correspond.ing observations

= array for subclass nurnbers

= column size of Xl

= col.umn size of 41..

NY

K

NAI
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ON OUTPUT

Xl = (P x 1) vector of means

'Al = (P x P) cariance-covariance matrix'

A similar call- j-s made for the seconcl data matrix Y2 '

i.e. cALl, swBIlP (N2 tP,Y2rNYrrN tK,X2rNX2'Nr,A2rNA2)

subroutine HOTEL T2 is then called as follows:

cAr,l, HOTIIL T2 (NlrXl ,A1rN2 tX2tA2'P'KPTTT'F'r,FrSr)

wher:e ON INPUT

NIrXlrAlrN2 tx2,A2 tP are as explained above

KP is the column size of AI and A2

ON OUTPUT

TT = the value of Hotelling's T2

FT = the associated -test value of F

F = a(3xI)vector

where I'(1) is the 95% critical value

F(2) is the 99>" crj.Li-cal value

r(3) is the 99.9e" critical value

SI = the inverse of the pooled varia¡ce-covariance matrix.

Complete lisÈings of subroutines SWEBP and HOTEL 12 ate l-isted later v"ith

an example output (from the 1954 male progeny). This output should be

self-expJ-anatory but it should be pointed out that', in aCd'j-tj-on to the

previously menti-oned information, the linear discrinr-inant function betweeu

the two samples is presented. It shoul-d also be noted that subroutíne

FIOTEL T2 calls two subroutines from the Interna-tional Mathematical ancl

Statistical Library (IMSL) package (L975) available through tfie local

system software. If this package is not ¿rvaj.Iatrle orre woulcl expect that

similar subroutines coulcl be su-bstituted. The two s'.¡Jr::outines are called

LINV2F and MDFI . Sul-rroutine LINv2f- is calle-cl usinq

CALL LTNV2F (S,P'KP,SI, IDGT,WK, IBR)
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This subroutine calculates the lnverse of the P x P mat'rix S, wherc S

is s bored in futl s'borage mode. On çutprrt the j-nverse is stored in

the p x P matrix SI (S and SI must be mutuall.y exclusj-ve) .

ON ÍNPUT

$ = input matrix of dimension P x P cÔntaining ihe matrix

to be inverted

P = the size or order of S

KP = the column size of S

ÍDGT = set to 4 and denotes the accuracy of the elements of S

WK = work area of d.imension g:lea-ter than c)r equal to P**2 + 3*N'

ON OUTPUT

SI = output matrix of dimension P x P containing the inverse of S

IBR = error pararneter

Subroutine MDFI is cal-Ied three times to calculate the 95%, 99% ancl

gg.gz critical values of the F distribution,

i.e. CALL MDFI (PROB ,DL,D2,X,IER)

lulDFI inverts the F probabitity distribution function. That is, an X is

fognd such that the probability of an F(DIrD2) distributed random variable

being not greater: than X is given by the probability PRoB.

d'l

'l

l"

I
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APPÐNDIX D

Exernplary Iisting of sPSS program for Forward. selection
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APPENDTX E

Generalized FORTRAN program for testing for major genes.

(The subroutines DECOM, SIGMA and COMPUT listed below were

supplied by personal commr¡nication from Hawkins (1975).

Several changesrhotvever, $¡ere required to Hawkinsrs listing

to enable it to operate successfully. These were justified

algebraically and produced correct ans\¡ters for the example

data set supplieil.)
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