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T™his thesis is concerned with cogymring experimentally, some of the methods
of enalyming and predictisg the responses of populations %o artificieal selection.

The thesis involves two axperiasmts, of which the first one aims at eupply-
ing data te compare in detail two systems of esasnring the response with regerd
to its averuge rate, its fluctuations and ids trends, and to compare several
systems of predicting this response. 7The results of this survey are then tested
40 se¢ how well they apply in the second experiment, which is run far more along
the lines of a cammervial breeding projeet.

There are many reasons for undertaking this subject of reesarch but pwrbape
the main one is the author's opinion that existing 1iterature contains fairly
few examples of selectiocn expurimsmts whose resulte have been subjected to, or
indeed are amenable to, a detailed snalysis. Vithout such analysis the results
are far less informative than they could be. DBut sore important than this is
the fact that an analysis of the selection response is indeed necessary to throw
light on the gemstic processes eausing such response, and the better the snalysis
the greater vill be the understanding of these genetic proceeses. Conversely,
detailed enalysis wvill sexve to test hov well current genetic theory does menage
to explain or predict selection responses. From the viewpoint of commercial
pPlant and animal bdreedsrs it is impurtant that the selection theory on which
their projects are based, be reedily available, valid, and easily applied.

Years of work and thousands of pounds could be wvasted by choosing the wrung
selection procedare in a project or indeed the wrung project altogether. Cerx-
tainly there is a huge amount of literature svailable om selection theory but
the more important point is = how well is it able to explain the results of an
sctasl projeet and how well does it predict them? Such a test of selection
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thesry has been made often before now, vith varying results. The aim of this

preseut thesis is virtually to discuss how walid these past tests themselves

have bdeen, and to conduct a more searching test of its ovm. It will not be

implied that the results necessarily extrapolate beyond the pressmt data.
This aim is executed in the following sequence of work.

PART ONE: ANALYSING SELECTION RESPONSE

The section begins by surveying the various methods of analysis used in
the past, a8 reperted in the literntaxe. Duriag this literature review there
is special emphasis laid on wo aspects of anelysia; firstly the extent to which
each earlier experiment wes guuipped to provide data fer a full smalywis, and
secondly the extent to which this data was actumally explojted in the analysis.
Tais inevitably involves s discussiocn of the itews considered to be essential
in the carrying ont of any selestion experiment, and of the procedures considered
to be advisable in the analysis of results. The final part of this section then
describes the present author's selection experiment, which deliberately contained
these essential items and was analysed as suggested. It imnvolves seleotion for
pupal weight on two populations of Tribolium gastaneum Herbst. Eash population
is selected for doth lighter and heavier pupse, and the experiment lasts for

eighteen generations.

PART TWO: PREDICTING SELECTION RESPONSE

Once again the investigation begins with & survey of the litereture, specif-
ically dealing with the prediction of rwspunse to selection precsure. Discuss-
ion of the wvariocus methods and especially of the reliability of their stated
success, gives no absolute guide to the authur on the validity of prediction
theory: he therefore retests the standard methods of prediction (and some otber
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ones besides) on the Iribolium populations already under selectien.

PART THREE: EFFECYS OP SELPCTION INTENSITY

This section aims to test the abuve fiodings under new conditions of
selection procedure, conditions chosen for similarity to those of commercial
breeding projects. Selection is carried out in ene direction oaly (for besvier
Pupes) Yut from 8 broader dase population and at three separate intensities.
There is & more refined mating system used for the selection lines but pro-
portionately less effort is spent on the Control populaticn. The results of
this axperissnt are then anslysed and also assessed for predictability, by the
methods used in the earlier experioent.

Ittonwmtmooﬁmmumdmimutmspmr
continuous projest, and it is only for simpler presentation that they are
vritten up as separate units. BEaoch section is just one aspeet of the larger
eis - vhich is to assess the usefulneas of mathematically-derived selection
theory from the viewpoint of its application to commercial breeding operations,
end if possidble to improve this usefulneses., 8ince there is still s large gap
between the two aspects despite the attentions of persons with far more time
and facilities than those of the present suthor, it might be argusd that this
thesis has little chance of closing such gap. However, the walidity of
selestion theory will be proven not by one large and ocutstandingly smcoessful
experiment, but rather by the asccumilation of results from many experiments on
diverse organismss and under diverse conditiocms. The one oriterion that eall
these experiments must have in common is that esch of thes be ocn its own a truly
valid end reliable test of the theary. It is this criterion which the muthor
will endesvour to shov has bdeen missing from several earlier experiments, and
vhich he axissvours to rectify in the present thesis.



This thesis is concerned with the analysis and prediction of selection
response, especially in measuring their sccord with selection theory. Obwiously
one of the main pre-requisites for such a study is a detailed reviewv of selection
thoory itself and the following essay aims to provide such information. The
histerical development of this theory will be traced only briefly but its present
state will be described in detail. However, there is a huge amount of litera-
ture available on selection theory and so only the aspects relevant to this
thesis will be emphasised.

CONCEPT OP ADDITIVE VARIANCE: The concept of edditive genetic wariation is the
central aspect of quantitative selection theory. A long ¢ime ago, but unmoticed
for many years, Mendel (1865) had shown experimentally with garden pea that some
gone alleles are dominant to others at the samw locus. Consider the diagraa
below, which repressnts s population varying at only one locus (which has two
alleles, A and ).

genotype: AA Aa 28

[ 1 é | 1

genotype wvalue: +a d -2
genotype frequency: ’z 2pq 12

(at equilibrium)

The value (d) of the heterozygote depends on the degree of dominance,
increasing from sere vhere there is no desinance to a velue greater than "a*
vhere there is overdominance, The population asan walue is calculated from

the value x frequency ef all genotypes and if selection operates so as to



increase the frequemcy of any genotype, them the population mean will change
by a calculable emount, But the above system does not adapt very well to
selection theory because those genotypes ohosen to be parents are in fact broken
dowva dxuring gaseie formation, and their gens® are inherited in new combinations.
What is needed instead is a system that will measure the wvalues of genes rather
than those of genotypes. Such a measure exists and is called the "average
offect of a gene”; 1t is calculated as the average deviation from the popula-
tion mean of individuals which received that gene from ome parent, the geme
received from the other parent having come at reandom from the population. Im
the above case the average effects of gene alleles "A" and "a" are respectively
q[ﬂ(w)] and -p[ﬂ(q-p)]. The sum of these average effects over both
alleles in an individual is called its "breeding value" (or "additive value")
which wvhen applied to a parent expresses the mean value of the progeny. The
difference between this breeding value in an individusl and the genotypic wvalue
given earlier is called "daminance deviation™ and it obviously represents the
non-heritable portion of genotypic wvalue.

The existence of more than ¢wo alleles at a locus complicates the mathemat—
ics of this martitioning epprumch bdut introduces no new prinoiples. If however
there is wore than ome leocus varying im the population then the genotypic walue
of any individual includes not only the additive values and daminance deviations
summed over all loci but also now an interaction between thema, This non-
sllelic intersction is termed “epistesis™ and like the damimance deviation it
is a propexrty of genotypes rather than of genes, so that its walue is liable o
alter at each generation. Thus three separate portions - additive, dominance
and epistatic -~ make up the genotypic wvslue of an individaal, Unfortunately
major envirommental factars such as sutrient svailability and minor ones such
a8 error of measurement may mask this value when measured from the phenotype.



To summarise -
phenotypic value = additive value + dominance deviation + epistatie
deviation 4+ envirommental deviatiom.
Vhen this partitioning approach is applied to all individuals of a population
then the statistical variance of phanotypic walues can be represented as
phenotypic variance = additive varisnce ¢ daminance wvariance ¢+ epistatic
variance + envirommental varisnce.
There may also be a covariance between the envirommental component and any of
the other three but these other three genetic camponents are by definition
uncorrelated with one anothexr. In addition there say alse be a component of
interaction variance, caumed by interaction between eaviromment and any genetic
component.

Of all four components caly the additive value depicts the heritable
portion of an individwl's phenotypic valus (in Lush’s marrow sense of heritab-
ility) and likewise only the additive variance depicts the heritable portiom of
& population's phenotypic variance. The retio of this additive to phemotypiec
variance is therefore called the "heritadility” of the selection character,
though its value of course applies strictly only to that particular population
in that particuler enviromment at that particular time. If the heritability
of a given selection character is high (which means that environmental and
other non-additive effects are small) then the pbesnotypic valus of an individuml

is on the everage a fairly good indicator of its true Lresding walue.
¢

KTy OF SRECTIAN: The basic effect of selection is to increase the frequency
of certain gonss and this implies that there will bde an increase of homosygosity.
It alse mesns that the additive wariance of the popunlation will be lowered, and

vith {¢ the heritability and future selection respamse. As sele¢ction continues
the population will sove toward homozygosity for these favoured gemes (or genetic
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arift will fix their undesirabls alleles) and both the heritability and response
will tend te mero, becoming asymptotically sero vhem the population is fully
homonygous at all of those loci affecting the selection character. Any
variability then remaining in the population is due to the differential effects
ofmimtnwm. and these effects are not heritable.

The description above would be called an sdditive interpretation of
selection response, for it assumes that the effect of a gene is not greatly
altered by dominance and epistatic effecte of other genes. But vhere over-
dominance exists iam a population the heterosygo®® individual will be fuvoured
in selection ashead of either homozygote, and as the frequency of heterosygotes
is &uly increased tha solection respmnse vill again fall eff. Gradually an
equilitriwm point is reached at wvhich the loss of homozygotes by non-selection
each generation is equalled by tbheir gain frea random recombination of gametes
frem the heterozygous parents. At this equilibrium point, which Falconer (1961)
say® is determinsd more by the relative merits of the homozygotes to one another
than by relative superiority of the heterozygote, genetic variability is still
present in the population but there {s no response to furthar selection.
Bpistasis has much the same effect a3 overdomimamnpe; that is, sny individuals
vhose phenotypie superiority depends on epistetic gene combinations will bsve
these combinations broken down at gumete formatiom. The response to furlbher
selectioa will gradually taper off, becoming sero wvhen the superior epistatic
combinations break-down as fast as they are selected. If at any time the
selection pressure is rmwved then this continuing btreak-doen of cosdbinations
will cause the population mesan wvalue {0 regreas, perhaps eventually back to its
original value. In the overdeminance case such regression would probtably de
lese severe, though reversed selection would eventually become very effective.

In the edditive case neither relaxed nor reversed selection would affect the



mean of a homozygous limit population.

that it is theoretically pessible to explain the genetic nature of a given
1tmit population in terms of additive, dominance, and epistatic gene effects.

Likevise it is theoretically possible to predict the nature of such a limit
population if the relative importance of these three effects is known befarehand,
This is only one of many good reasons for trying to determine the additive,
dominance and epistatic wvariances of a population even before selection starts;
another good reason concerns selestion procedwe = if the additive variance was
estimated to be very low it would predict a poor response frem uaing many
standard methods of selection. However, it is usually impossible to estimate
exactly these three components because such estimates depend on knowing the
value and frequency of each gene involved, and also the epistatic relations
asung them, Most genes involved in quantitative selection charscters have
effects far too small to be isoclated in this way and instead therefore the three
campanents are calculated indirectily, from the degree of resemblance observed
between related imdividusls in & population. Except vhen caused by non-
gemetic effects common to members of a family, and different between families,
such as eage effects or maternalisa, a high degree of resesblance between
relatives indicates high heritability and hence also high sdditive wariance.

By this method the observed campunents of phenotypic variance — vithin and
between families = can be equated to the causal gemstic components given adove.
For example @ halfeib femily contains by definiticn a mean genotypic wvalue
equal to half the Dreeding value of the common parent. Their covariance is
the variance of the means of all halfsid families and therwfore equals the
variance of half the breeding values of all parents; this in tuxD equals a
quarter of the additive variance in the population.



Thus Cov (H8) w v‘/4

This estimate of additive variance is actually biased upwards by one
sixteenth of the additive by additive epistatic wariance and by successively
smaller amounts of higher-order epistatic variance, but the amount of bias
will usually prove to be very small.

Different methods of partitioning the observed phemotypic wariance
produce different kimds and amounts of bias, This point is discussed in
dstai) by Dickersom (1959), though he assumes thrucghsut that there is mo
ertificisal or matural selection operating and that therefore the mating of
parents and survival of their progeny is entirely random. Dickerson explains
that the least biased estimate of heritability is obtained from regression of
offspring mean on midparent. The estimate can be written as

h_ = b = (v‘+ivu+§vmm+}vu+ﬂc-h+vb)/v,

vhore V = additive by additive epistatic variance
= additive by additive by additive epistatic wvariance

= wvariance from genetic wvariation in direet maternal
effects

'm

'll

chm- covariance between total genetic dewviation inm the
transmitted and the direct maternal effects

't. = genetic wvariance of sex linkage

V’ = phenotypic variamme

The estimate is subject to bias alsc from genotype-enviromment inter-
action and environmental correlation between parent and offspring, but such
effects are usually difficult to measure. Positive assortative mating of
the parents will greatly increase the midparent variance and therefore reduce
the sampling error of estimate, but unfortunately this could raise a considexr-



able bias if individual gene effects are not emall and if the population contains
moch non-edditive varissnce (Reeve, 1961). Dickarem states also that the above
sogression estimate is wvalid strictly only in populations where each litter bes
e different sire and dam. Vhen esth sire has several mates, as is often the
case in animal Yreeding projects, heritability should be estimated instead fyoe
tbe regression of offspring mean on sire and dam separately. The estimates
cvuld then be cmmbined providing carrection is mde for any phenotypic correle~
Aion between mates. The estimate of heritability from offspring-dam regression
apeeds that from offspring-midparent regression by en amount of
uv!q»eu'.)/v,.wamm-mwauwunum’.u
large and negative., Offspring-sire regression is rarely used by animal
breeders because cammenly each sire is mated to more than one dam and so the
estimate from regression on sSire bhas a larger saspling error than that on dam.

The main altermative system of estimating heritadility uses mating layouts
similar to those for regression amalysis, but involves & variance analysis of
the progeny aloms. This progeny phenotypiec variance can usually be subdivided
into three componentis; between sires, between dams within sires, and within
dame (fullsibs). Of these three the sire estimate contains the least bias;
it may be written as

e = (v, + }vu+;%vmm+zv‘1¢vn)/v,

where "“ = variance éne to genetype-environment interaction.

This method deviates from the regression estimate of offspring on midparent by
an amount of

Vo = Vi - i%’m ote ~ iV, - '*c"m)/'r

It is potentially quite a large deviation dut the actual sine and directdioca of
this bias depend mainly on the genotype-enviromment interaction and the mstermal
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offect. On the other hand heritability estimation from the dam component
iovolves the extra correlation among fullsibs, so that it is further biased
upwvards by dominance variance, fractions of epistatic wariance ecntaining
dowimanpe components, and non-genetic effects commom to fullsid litters.

Bat the third poesibility, estimstion of heritadility from phemotypic correle~
4ion vithin fullsid greups alone, involves by far the greatest bisas. This
estimate exceeds that from offspring-midparent regression by an amount of

({‘l’+}vm\+ “D ote 0{«5- "*'n’z'c* ”LS‘%‘IS"B)/'P

Mcfn = deminance variance
Vm- additive by dominance epistatic variance

Vc = wariance due to common enviromment for fullsib litters.

Ia all regression and variance methods used above the standard error of
beritability estimate depends on the mumber of sires, dams, or progeny measured.
Standard errors are an important item teo consider when choosing between the
several estimation methods given above because for exzample the decision whether
4o select an individual on the basis of its owvn value or of its family mean
depende as much on knowing precisely the upper limit of heritadbility estimate
as ia having an unbiased but imprecise estimate. This question of estimate
precision becomes more important as fewer individuals are to be measured, for
it then becowes vital to make the best use of these individuals, The question
is discussed fairly fully by Robertsen (1959) but since it does not bear
directly on the thesis it will not be repeated here, except for two comparisouns.
Por the case vhen heritability equals 20%, halfsib variance analysis has a
precision about equal to that of regression analysis of offspring on one parent.
Below 20% sid enalysis ia generally preferable, above 20X regression analysis
is better; assuming an equal total number of individuale to be measured in



each case. Secondly, regression on midparent is apparently always more preocise
than regression on eitber sme parent.

It is clear from the equations givea above that epistatic variance caa be
subdivided into waits of as high an order as desired, but there are two remscas
for met subdividing teo far. Pirstly, selection techniques are seldom edvanced
encegh to make use of such refinement, and secondly each nev wvariance eampensot
resalting from subdivision requires ene more partitioning equation te evaluate
$18. If estimates are desired for each of four component variances - say
additive, dominange, epistetie and envircmmental ~ then the mating system most
be organised to give four appropriate partitioming equatioms of the types above.
Sisu)l tansows solution of these four equations will then give the four estimates
required. It is better of course if there are more equations than unknown
coupanants, for then it is possible 40 mmasure the errors of estimate of these
components: in such ceses the equations are solved by methods of least sgumree
(Mather, 194%) or maximum likelihood (Nelder, 1960; Hayman, 1960). Mather's
asthod is straightforvard but unfortunately takes no regard of the differences
in precisiom with vhich the separate covariances are estimated. Nelder and
Rayman shoved that this wenkness could be mostly removed by weighting the
estimates according to their standard errors; but this requires iterative
ealeulations, which sy be t00 laboricus without a computer. Cooke @t al.,
(1962) campnred the two approaches using hybrid Drosophila stocks and reported
1little difference between them, the unweighted estimates of variance campmmeats
being 60-98% as efficient as the others in terms of the size of sampling errer.
Veighting is of course unnecessary if the variance estimates are roughly known
beforehand, for in that case the degrees of freedom can be adjusted to equalise
ibe obaerved phenotypic variances of the various progeny groupings; but it is
not usual to possess this prior information.
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PLANT vs ANIMAL APPLICATION: The pertitiening theory deseribed above applies
equally to plant and animal populations but the estimation of additive
variance ete using this theory is carried out slightly differently in the two
cases, Animal breeders usually set up a hierarchial mating systea in vhich
each sire has a different harem, and the resulting halfsidb and fullsid progemy
ere analysed as shown above. The book called "Animal Breeding Plans® by
Lush (1943) is perbaps the standard work in this field. The modifications
vhich plant breeders apply are mostly improvements, for example much higher
replication of progenies. Purtherwore, pasture plant breeders are usually
able to take an elmost limitless mumber of tillers from any one pPlant and
theredby msasure envirvmsntal effects precisely using many identical geno-
types. Animal breeders cannot usually afford high replication of progenies
except with the small laboratory species, and secondly replicated gemotypes
such ss identical twvine are not easily identified. The factor of low cost
also enables plant trials to be laid down in several areas at once theredy
giving an assessment of the genotype-environment interaction: this is a
variance component now considered to be of major importance in any estimation
ef heritability (Hanson, 1963). On the vhole plant breeders have been able
to devise the more complex and informative experiments for predicting herit-
ability, for example Designs I, II and III of Comstock and Robinsca (1948)
and in particular the diallel cross (Spregue and Tatum, 1942). This letter
design imvelves all possible matings among a set of parents chosen randomly
frem the population. The resultinmg progeny (including the reeiprocal
crosses and often the parents as well) are then grown and asasured in ran-
domized replicated blocks, preferably over more than one year and location.
Such a design would involve several years of matings if applied to animals
vhich have a long generetion interwval and only e few progeny eech cycle.

It is an interesting peint that the use of a diallel cross to evaluate
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Genoral Combining Ability (GCA) and Specific Combining Ability (SCA) of
various plant genotypes was common long before Sprague and Tatum Anterprvtad
them in terms of variance compoments. Gardner (1963) tabulates the variance
components and their mean square expectations fut_nll designs above but
stresses the assumptions inherent in them - that there are no non-genetic
maternal effects nor smltiple alleles present and that there is linkage
equilibrium, no selection pressure, and regular diploid behavicur at meiocsis.
He also discusses the results obtained by applying these designs to breeding
projects wvith corn, alfalfa and forage grasses. In many cases the plant
material is highly selected and so the results cannot be extrapolated to a
wvider populetion. In other cases the experi=msnts sre poorly planned for
ostimating the genetic parumstars vith equal precision. Kempthorne and
Curnow (1961) discuss same of the problems involved here; for example they
show for a partial diallel cross that the degrees of freedom can be adjusted
between GCA mean square and SCA mean square o make efither one mnre precise -
but the ratio of these estimates and hence of the heritability itself may
suffer in the process.

&lf-forﬁujd plants can also be assessed for heritability by e
diallel cross. Matsinger (1963) records that this usually imvolves the
various progeny gemsrations resulting froa & cross between two pure limes and
i4 has to be assumed that there is no epistasis present and that the alleles
at each locus have a constant frequency of 0.5 through all generations.

Pinally, many commercial plant species are polyploid. In alfalfs,
spareutly avtetetraploid, several characters are still imherited inm s diploid
manner but this property is often hard to determine for eny given charecter.
Allopolyploids of course usually behave as diploids with regard to chromosome
segregation. lHowever, the statistical genetic Wdeary ayplicabdle to true

polyploid bebavicur is very complex, which explains why it has received 1little
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attention in the litersture. For example Comstock and Robinson (1932)
describe circumstances im which even iptrp-ellelie interaction contributes
greaily to the gemotypic variance among balfsid familfes. Kempthorme (1957)
alsc discusses bheow polyploidy may bias different covariance estimates to
different degrees, but he does not probe tde subject wvery dseply.

The essay so far has discussed the present

state of partitioning theory based mainly on additive, dominance, and epistatic
variances, The historical development of this theory is not so important to
the thesis but it wvill be considered briefly.

The three components of variance vere first defined iz 1918 by Fisher,
wvho then went on to partition the covariances of simple relatives in terms of
them, Vright (1920) also studied the subject experimentally with guinea-pigs
but Cockertam (1934) extended the matbematical approach to cater for non-random
mating systems and multilocus epistasis. More important, he subdivided the
two-locus epistatic variance into four fractions - additive by additive,
additive by dominance, dominance by additive, and dominance by dominance. Ry
a slightly different approach Kempthorne (1954) was able to generalise further
by catering for an arbitrary number of alleles at each locus, and more recently
(1963) to include even several non-random mating systems in this unified
approach. Occasionally nev mathematical treatments and terminologies have
been offered (Malecot, 1948; Hayman, 1935) but they bave not gensrally pruved
populer.

The particular importance of variance partitioming to selection theory
wvas also realised a long time ago. It began with a short and simple treat-
meat by Vright (1921b) on the change of mean value caused by selection in a
population of known genotypic array, and this approach was expanded in a series
of special case papers by Haldane (1924+7). The third important work about



this time was Pisher's “Genetical Theory of Natural Selection” (1929) -
important because his Pundemental Theorem of Natural Selection would adapt so
wvell to the case of ertifieial seleestion. This theorem states that “the
rate of increase in fitness of any organism at any time is equal to its
genetic variance im fitness at that time" (page 37). Pisher denotes fitness
by the Malthusian parameter (m) which is based on the relative growth in
oumbers of different gemotypes im the population. His theorem is developed
in terwms of Imown gene frequencies and values and as vith most genetic theory
at this early stage it was soon realised to be oversimplified. Pisher him-
solf observed (1941) that the model was walid only for those mating systems
in vhich the genotype frequency ratio of (hw)z / (homozygote AL x
homosygote ea) stays constant, such as in random mating. Crow (1955),
Vright (1955), and Crow & Kimura (1955) all tried to increase the generality
of this theorem, to cater for changes of natural fitnees in time, for wariabdble
selection coefficients, for random sampling variations, and for small muta-
tional and migrational effects. Kempthorne (1957) also recognized the value
of this thearem bDut he could not follow FPisher's condensed derivation by
Malthusian perameters. He therefore re-derived from first prineiples an
analogous equation catering for artificial selection but this deriwvation is
rather tedious because it involves matrices. A simpler derivation was given
by Kimura in 1958, It was based on a quantity called "coefficient of
departure from random mating” (O ) and could eater for an arbitrary number
of loci and alleles, also for non-random sating systems. Kismru's equatiom

for mmsuring the change of yleld under artificial mass selection is

A-Y_ = 5 l....(AgkL...\%kt.... - ‘;‘(%"{‘ﬁ* * ‘(&"kASu" - ) += ( 'I°3 ©

vhere the first RHS term is the effeet of en isproving eavirvmmmt,

second RHS term is the sdditive wvariance for yield,
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third RHS term is the joint effect of gene interactions and changes in
the mating system. This term involves a dominance-inbreeding factor and ea

epistasis-linkage factor.

Kimura's equation above is

perhaps the present peak of all attempts to cater for the many parameters
affecting selection respomse, and it illustrates very well that such response

involves mere than just the additive, dominance and epistatic variances,
Amuong the extransous factore consider firstly the effect of linkage.

Because it involves complex mathematics linkage has beem studied 1ittle
until recently. Geiringer (1944) proposed a systes of mruwters that
would completely dascridbe the linkage relations among an arbitzrary set of
loei but the system was far too unwieldy to bave much applied use., Cockerhas
(1956) showed for a population im coupling-repulsion linkage equilibriuc that
linkage affects only the epistatic variance (inoressing it by an amount that
depends on the recombination index) and therefore biases the cowvariances of
fullsibs, balfsibs, and cousins, but not those of parent-offspring. But
Cockerhas could not devise a simple method of eveluating any particular bias.
Such & method weas suggested recently by Schnell (1963) and although it be—
comes complex to use vhen sore tham three loci are treated together, he
argues that the partitianing of variance is seldom carried to such lengths
in prasctice amyway.

Schnell's paper dealt with populations in linkege equilibrium but most
theoretical and experisentel studies on linkage are cancerned with dis-
equilidrius populations (Mather, 1949d; Camstock and Robinson, 19523 Gates
ot al., 1960) such as the progemy of a cruss between two homozygous parents.
Such crossing programmes sre¢ common im plant dreeding work and in them the

progeny population is expected to be in very severe linkage disequilibrium -
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snd the treeder will probably not efford %o wait the several generations of
random mating required to restore the equilibrium. Jones (1960) has recently
formulated in general terms the linkage effects following such a cress of two
hwrxygous parents. The flexibility of this approach is considered by
Hayman to be a breakthrough om the theoretical front but it is not yet in e
form useful to experimentalists.

The extra complications that arise vhen selection is superimposed on
linkage in populetions should also be mentioned. Lewontin and Xojims (1960)
showed for a two-locus model that if epistasis is present them the genetie
response is affected by the linkage value. If this linkage is tight enough
there may be permanent linkage disequilibrium. Similar resulis are arising
vith more cowplex gene models (Lewontin, 1964) and it now seems clear that
linkage can affect both the limit of response and the rate of reaching it.
Unfortunately there is appsrently no general recipe for measuring this effect
and it appeers that linkage at present can be handled confidently only vhen &
computer is available.

Secondly consider population size as a source of bias to selection
response, A small population ecould introduce bias in two wvays, one direct-
fonal (inbreeding depression) and the other non-directional (genetic arift).
If only e few parents are selected eseh generation then inbreeding depression
can be expected to occur wvith any characters related to fitness — and this .
means almost all charucters isportant in msodern cammercial breeding. The
more closely related to fitness the greater will prodadly be its dspreseion
per unit of inbreeding and this rate relationship will be linear if no
epistasis is present and selection is not operating. Bobertsan (195%b)
explains hov conversely the degree of dominance and of {nbreeding depression
are ususlly very slight in charscters such es Drosophils dristle mmber,
vhich character is unlikely to be important to the fitness and surviwal of



the genus.

Even if the selection character does not display inbreeding depressiom the
use of t00 fev parents increases the genetic drift that may occur (though of
course need mot occur in any given case), according to the formula of Crow (1955).
He calculates that for a population of randomly sating monoecious diploids, the
variance of drift in gene frequency (Va‘) equals

I-9q) ! +’!_
Wea) (1= g F)f);}

vhere q = frequency of geme
N = total sumber of offspring
haﬂfkmm“mmdmofmmu surviving
progeny per parent
?” = inbreeding coefficient of parent generation.

Therefore as the population nmumber falls the gene frequency fluctuates
more greatly and with it, the population mean value and response to selection.
A different approach to the same source of dias is pointed out by Robertson
(1961), in which the selection process itself may reduce the effective population
number. If the heritability of selection charsoter is fairly high then the
individuals chosen to be parents wvill be more closely related (that is, come
from the same family) than vill rendom sembers of the population; hence the
effective population sise will be less than that calculated from the actual
number of parents.

Pimally of course, if only a small population is measured eech generation
then sampling error may become important, sufficiently so to bias the estimate
of selection response.

The third factor which may bias a selection response is scale, and this
time the direction of bias can be determined. Tests for any of the many

different types of scale may be carried out om response data but the one type



most likely to influence the selection character of body weight in this thesis
is that scale effect caused by the exponential nature of growth. This effect
results im a correlatien between the population mean and its variance; such
that the variance ought to increase under selection for increased mean weight
(and this is usually borne out in practice) - and hence also the selection
differential and selection response should increase also, This effect may
be reduced partly by the fact that such selection would simultaneously decrease
the amount of genetic variance remaining but nevertheless it is logical to
suspect a scale effect on such occasions as wvhen two-directional selection
produces an asymmetrical response, greater in the upward direction than downward.
The test usually applied for this growth scale effect in cases of asymmetry is
to convert the data to logarithas. An approximmte conversion fermumla based on
the population mean is givem by Vright (1952)

(TogX) = log X =} log (14¢%)

vhere X = arithmetic wvalue

C = coefficient of variation.

Any scale effect which is due to the expomential mature of growth will disappear
by converting the data to logarithms, Note however, that the converse is not
necessarily true; that is, the disappearance of asymmetry under such treatment
need not imply that the asymmetry was caused by scale - it could have instead
been due to directional gene dominance, matural selection, or inbreeding
depression (Falconer, 1961).

Pourthly consider the effect of matauaral selection on a population response.
This force operates againat the response in the sense that the more extresw
individuals in @ set of parents prodace fever mature progeay than do the less
extreme ones. It can operate in two ways - either natural selectiom is

against the extreme phenotypic values themselves, or it is against the more



homozygous individuals wvhich under the additive concept of selection contain
these extrems phenotypes. These two aspects have been discussed by Rodbertean
(1956) and Latter (1960). Im each case i% vas shown that the bias caused to
selectioa response depended em the strength of natural selection for inter-
mediate genotypes or intermediate phenotypes.

PREDICTING SELECTION RESPONSE: The essay so far has been concerned with
describing in turn all those forces which might affect a selection respouse.

If such response is to be predicted beforehand (and in most commercial stations
it is surely important to make these predictions before choosing between poten-
tial projects) then the effects of these forces must also be predicted before-
hand, This is usually impessible to do more than qualitatively, for the reason
that the selection process itself alters these forces as it proceeds., Even the
additive wvariance changes, and its rate of decline can be predicted emly when
the frequencies and values of all genes are known (Nei, 1963). Strictly speak-
ing therefore, a prediction of response is wvalid for one generation oamly, but
fortunately it usually seems to hold good for quite a few generations (this
longer time is apparently needed before the sdditive variance has declined, or
forces suth as natural selection have built up, to a dagree that seriocusly
alters the rate of response). Nevertheless the methods of estimating herit-
ability given earlier -~ namely regression analysis and sib analysis - are still
open to serious bias over even one gensration, for they assume that natural
selection, scale, and indreeding depression ete are not operating. This bias
is not effective if the prediction applies %0 selection response cveruged over
opposite directions, butl most commercial projects involve unidirectional
selection only. In these cases an asymmetrical response is mot catered for.
The one prediction systeam, apart fros san actual generation of previous select-

ion, vhich does claia to cater for asymmetry does not involve variance estimmtes



at all, It is put forvard by Abplanalp (1961) and is called & "linear herit-
ability estimte®. The zystam involves seleeting prospective parents from e
pedigreed population and determining their average genotypic and phenotypic
values. These genotypic values are calculated by least squares amlysis of
displacement offects (dieplacamnt of a sire mean from all-sires mean, of a
dam mean from all-dams-within-sire mean, of an individual velue fros all-
progeny-within-dan mssn) insteed of fres variance estimates. ' Then the geno-
typic values of prospective parents are compared by regression with those of
tbe remaining population. Abplemalp explains hov this system is superior.
It does not sssume (as wvariance analysis does) that ths regression of genotype
on phenotype is a straight line and secondly it relates much more closely to
actual selection procedure. It is clearly a system that justifies test ia
this thesis.

By wvhatever system the heritability is predicted in a population, its
estimate must be multiplied by the value of selection differential to give
the predicted response. Fortunately the differential can usmally be ssesured
directly froa the population. It has already beem explained that although
such predicted response theoretically is walid for oaly one gensrstion it is
usually quite safe to extrapolate the actual edserved reepouse for s few
generations further ahead, However, some attemptis have been made to refine
the predictisn of a response to long-term selection. In 1960 Griffing
studied the case of trumsation selection bdased on the individual phenotype.
The response after h generations of selection was calculated to be (for two

loei)

v=| AA
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vhere L = selection differential in absolute units

2’: = phenotypic variance
lj = recombination index.

This equation predicts that the response will decrease in succeeding gemerations
as the coefficient to epistatic wariance falls, but this epistatic contridbution
will be lost if selection is relaxed at any time and the superior gene combina-
tions are allowed to break up. OGriffing's equation can cater for arbitrary
dominance, unequal gene recombination in the two semes, and any nuwmber of
alleles; but it disregards nmatural selection, it disregards the change in
sddi tive variance itself, and it disregards the gemetic drift which would occur
in finite populations. Gill (1965b) points cut that the response is theredy
greatly overestimated, this discrepancy increasing as the prediction becomes
langer-range.

Another type of long-term prediction equation, though less sophisticated,
is given by Eobertsem (1960). He calculated for the case of individual
selection that the expected limit of response equals about 214 N, T /1,?
in other wvords ebout 2 l. t1mee the response at the first generation (where
N, = effective population number). This equation caters oaly for additive
genes and thus essumes that the response limit is rescded only when additive
variance is exhausted. Coupared with Griffing's equation it ignores epistasis
and linkage, Robertson admits these deficiemcies of his model but implies
that its value lies in the ease of handling it mathematically. He saggeste
that such paraseters ss linkage and epistasis can be handled vith confidence

only vhen a computer is svailable.

ANALYSING SELECTION RESPONSE: The essay earlier described in turn all those
forces vhich might affect a selection response. But from a practical view-



point exactly the opposite approach is needed; that is, given a perticular
response curve, howv does the breeder deterwuine which of these several forces
have influenced the shape of the curve? This analysis abould de attempted
for three reasons. FPirstly, if there bad been attespts to predict the
response and they had failed it would be wvaluable for future reference to know
wvhy they failed. Secondly a knowledge of all the forces operating would guide
the breeder in his selection system from them on. Thirdly this analysis may
provide basic knovledge on gene action which, though not of immediate use to
the breeder, may be of value to the geneticist.

The first requirement in snalysing a selection response is undoubtedly
to sepsrate the genetic and environmental causes of change in population mean.
This calls for a reliable Control in the project. Proa one point of view the
Control ashould be unchanging in genotypic array from generation to gemeration
for then any phenotypic fluctuations it may show must be due to changes in the
environment. Such a genetically constant Control requires that there be no
pressure from matural sslection, that mating procedure be kept strictly randos
to prevent any unconscious artificial selection, and that the population be
kept large enough to avoid bias from genetic drift or sampling error. From
another point of view however, such a Control of constant genotype is imperfect
in that it must inevitably diverge from the line under selection. Once tbese
tvo populations degin so to differ in genotype there is no gunarantee that they
vill be affected similarly by changes in the environsent (Bray et al., 1962).
The obvious way to avoid such bias from genotypewuvironmsnt interaction would
be to take a rundom sesple from the ulpoctim line each gensration and allow it
to werely eass-mate for one generaution. But a Control of this nature still
confounds the effects of envirommental change with those of natural selection.

The only practicable way to meet this dilemma is apparently to extract a
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subline each generation as above but then to select it in the opposite
direction instead of simply mass-mating it. The divergence of means between
this Control and the min selection line semsures fairly accurately the geso—
typic respumse combined of both lines bdut it loses information on the bias
caused dy natural selection, scale, and enviramental fluctuations, because it
cancels these effects instead of measuring them. To sum up, it would seea
possible to wsasure all these effects semrately amly if more than one type

of Coutrol could be used but this is a luxury not usually afforded in selection
experiments, Occasionally commercial projects do include a complex Control.
FPor example Goodwin, Dicksrson and Lamorsux (1960) ocutline a repeat mating
scheme for poultry which measures environmental changes from inter-yeer compar-
isons of different progenies from the same parents, measures genetic changes
from intreeyear comparisons of progeny groups from two or more successive
generations, and even msasures changed in maternal effects associated with
ageing of the dam. This scheme is bissed only by sampling error of the
variocus progenies.

Despite their veaknesses listed above, Controls are usually credited with
removing moch of the eanviruvnmsntal fluctuation from a phenotypic respoase,
though sametimes this eredit is Dased on precvnceived ideas as to vhat shape
the genetic response should be. This is particularly so vhen the respomse
surfece (after adjustment for the Coutrol) treces an asymptotic curwve, for
such a curve is to be expected undsr the additive, dominance and epistatiec
nodels of gene action, also vhen natural selection begins to exert inere=sing
pressure on the changing mean, and finaslly also simply under the effect of a
deteriorating enviromment.

If such an asymptotic curve is cbtained it is possible to spalyse for

some of the extransous effects, at least qualitatively. Por example if the



wean does mot regress when selection is relaxed them matural selection against it
is likely to be sbsent. If the population does mot respond to reversed select-
ion it may be homozygous, which indicates the absence of either epistasis or
overdominance. If hovever, the population does regress vhem selestion is
relaxed it probably indicates the break-up of epistatic combinations or the
effects of matural selection against increased mean or increased homosygosity,

or perhaps all three. The deconfounding of these three effects regquires careful
genetic analyses and perhaps extra Controls. The effects of epistasis on
selection response are so similar to those of overdominance that there is still
some controversy over which one is more important in matural populations
(discussion in Palcomer, 1961 : pages 287-291).

Amalysis of a selection response should include attempts to evaluate the
effects of sampling error and genetic drift. Both of these items depend on
population sise and there are formulae svailable to estimate their expected
effects, dut such formmlas cannot of courss show if these full effects are
sctually operating nor the direction of their bias. It is therefore difficult
in a given case to prove that the trends or fluctuations of a response eurve
are due to drift and not to matural selection say, but this difficulty is mostly
overcome by carrying a number of independent replicated selection lines. The
random effects of drift should be cancelled out when comsidered over all repli-
cations, The more replications are present the more likely is this cancella-
tion, but unfortumately high replication is not usually afforded in commercial
breeding projects.

VALUE OF COMPUTERS: It should now be clear that the many different forces
affecting a selection response are very difficult to handle for either predicting
or analysing such response. On the one hand there §is an experimental prodlea

of being able to afford enough replications, Controls etc to even make the
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separation of these forces potentially possible and on the other hand there

is an analytical problem of being able to carry out the long and complex
processing of data that would usually be necessary. But for both prediction
and analysis the solution to these problems is being approached in an indirect
wvay - by the use of computers.

Conputers can carry out the random Monte Carlo processes that are basie
to genetic theory and they can handle complex gene models quiekly. Por
simulating a selection project that is either envieaged or is already completed,
a computer programme is vritten containing parameters for each property of the
popalation concerned such as sise, sdditive variance, genotype array, and
linkage relationships, Those parameter values which are known and those
unknown ones which must be guessed ave included in the programme, along with
instructions that subject the "population” to "selection™ for any mumber of
"generations” and with any number of "replications™. Then the wvalues of
unknown parameters are varied, in the case of prediction until a broad range
of such values is cateroed for, in the case of analysis until the simlated
and actual response curves are sufficiently alike. The genetic models them-
selves in the simulated and actual populations are them accepted as being
alike, though this evidence is always circumstantial of course.

The value of computers for simulating a response or for predicting a
range of probable responses, still depends greatly on the detail and accuracy
vith vhich the parameters of the actual population itself are estimated be-
forehand. If the couputer's gene model includes a wrong estimate of additive
variance in the actual population then the prediction will surely fail. It
is likely alsc that genetic models written for computers to date are greatly
oversinplified. But as this akfll at devieing models increases, and also the

skill of measuring parzamters in sctual populations, it is easy to foretell an



ipcredible use of computers for analysing and predicting seleotion response
curves. Alresdy past experiments have been re-analysed. Por example Mather
obtained in 1943 a temparury response platesu in his selection experimst with
Drosophilg. His explanation, based to only a small extent on genetie analysis,
was that the resumption of response after plateening was due o a ehange in the
linkage relationships of the genes concerned. Fraser (1962) simulated the
sape experiment on a computer and he reports that Mather's explanstion is
pleusible, for controlled linkage adjustments did indeed produce this same effect.
tan;ntin has similarly used computers to test the interpretatiom of data from
earlier experiments (Lewontin and Dunn, 1960; Lewontin and White, 1960;
Levontin, 1962). On the prediction side uamputers have shown to be more useful
in comparing the relative expected responses of twv alternative selection pro-
cedures thaa in determising the gbsolute response from any one procedure. For
exasple Martin and Cockerbas (1960) compared by computer analysis the responses
to selection at two intensities. They showed that for the particular gene
sodels tested, more intense selection gave a measurably greater response inm the
early generations but vas ' ‘tually overteken by the response from weaker
selection. The degree of superiority between intensity treatments varied as
the gene wodel was altered.

Computers were not used in the present thesis because of the restrictiom
of time available.

To couclude this essay it should be noted that no mention has been made
of topics such as family selection or selection for an interwediate optimm
value. There are two reasans fer this; firstly the essay is orientated towards

the actual thesis sudbject and secondly such topics, even if they were relevant
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to the thesis, do not involve any big new primciples of genetic theery.
Those extra minor points of genstic theory that do become relevant will be

discusesd in the appropriate context later.



A main aim of this thesis is to study wvhat use of selection theory can be
made, and has been made, for analysing a selection response. The previous
essay gives some idea of the first part, namely the amount and type of genmetic
theory that could help in interpreting such a respomnse. But the full use of
this theory requires eladorate experisental setups containing high replication,
detailed and frequent genstic variance anmalyses, reliable Controls, and perhaps
other subsidiery nonselection lines. These are luxnries that most commerciel
breeders cannot afford, and understendadbly so. It therefore rests upon ladbore~
tory breeders to provide such detail in their projects, for it is only from
actual populations and experimsats that genstic theory can be walidly tested.
An adequate experisent is therefore the first requirement of such a test; the
second requirement, and it is equally important, is that the resulting data be
analysed fully and validly. There is no doubt that the inmmerable selection
experiments reported over the ysare are considered to give general support to
the current selectisn theory. It is the intention of this next part of the
thesis to take a brief loock at same of these experiments themselves, to see how
well they £1i11 the two wvalidity requiresents given above. There is no atteapt
made to deliberately pick holes in these experiments nor to discuss only those
of them which are clearly unreliables but insteed merely to point out the range
from good experiments to bad ones. PFollowing this literature reviev will be
reported the thesis experiment, wvhich wvas designed to overcome some of the

odvious weaknesses in past experiments.

1.1 LITERATURE REVIEN:
The two separate aspects of amalysing a eelection reaponse should be

clearly recognized. The first aspect is & practiceal one; it concerns the



incorporation of devices such as Control and replieation into the actual projeect.
The second aspect, and it clearly is limited by the first, concerns the analysis
of data from the main selection line and frem these various devices. Obwviously
the mere simple is an experiment the more limited is its analysis. In ite
simplest form a selection project did not imvolve either replication or Control
(Goodale, 1938) but historically it was quite early that Controls in the form

of reversed selection (Chapman, 1946) or non-selection lines became standard
procedure. Replication in the sense of different populations being subjected
to simnltanecus and identical seleotion pressure wvas illustrated by P.V.
Boberteon (1935) but true replication in the sense of completely independent
lines drawvn from one population is perhaps best shown by Clayton et sl., (1957).
Perhaps the final msin step in sophistication to note is the extraction of non-
selection and reversed selection lines at interwvals during selection or the
crossing of separate lines (Mather and Harrison, 19493 Robertson and Reeve,
1952).

The second aspect of a selection response ~ analysis of data - has also
developed in sophistication. Perhaps the simplest form of analysis is to
sorely graph the successive generation means and interpret their pattern, but
often regression lines or more complex curves are also fitted to such graphs.
Also, vhere the experiment perwmits it, parameters such as the variance between
replications can be analysed and are of considerable value., lMather and
Harrison (1949) selected for a higher and lowver mmmber of abdominel chastae
in Drosophile populations. There was only one replication in each direction
but subsidiary lines vere extracted at wvaricus times. The authors explained
such of the wain line response in terws of these subsidiary line performanses
but 1t seems unfortunate that there was very little tabulation of response

data. It is not denied that their long and careful discussions are wvery



valuable to the reader, fer example in explaining the relatiom between response,
variability, and linkage but {t is suggested that this paper's conciseness could
probedly have been improved with the presentation of more data in 4adles. In
many respects the paper of Reeve and Bobertson (1953) illustrates this poimt.
These authere likevise extracted subsidiary lines fer relaxzed and reversed
selestion during the experisent and they also added tests for inbreeding effecits,
for presence of lethal genss, and for parent-progeny relationships. Most data
from such tests is summrised in tables, wvhich not ocnly makes for quicker
reference but also gives the resder a betier undsretanding of the authors’
sethods of analysis and reasoning.

Sometimes an author's methods of amalysing data are perfectly clear but
fairly simple. PFor example Kyle and Chapman (1953) merely record selection
response a8 the total population response divided by the number of generations
of seleection. For their purposes this mean response over a peried was
sufficient description for they desired only to compare such obeerved result
vith s predicted response over the same period. But were such prediections
to go astray it would be useful and much easier t0 learn vhy they 4did so, if
there was sore data presented on fluctuations and trends of response vithin
the periocd. DPulconer (1953) was able to use such interim data in his selection
experiment for large and small sise in mice. PFroam the error variance of the
sean response he subtrected the fractiom common to both upward and downwvard
lines, that is the covariance, resulting fros environmental flustuation. Next
he subtracted the frection due to sampling errer. The remsinder (which im his
case vas almost none) could then be attridbuted to genetic drift. This variance
anglyeis by Palconer did not make use of data from all generations available but
it is osvertheless very enlightening and indicates that considerable thought was

given to the analysis of data by him. Another ezample of this thought is his
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decision to measure the mean response by linear regression rather than froa
the usual formmla, total response divided by cmmber of generations. HNis
reasoning and its validity vill be discussed later but at least the sophisti-
cation vas a big step forvards. The msin weakness of FPalconer's work was on
the experimental side - it contained only one replication in each direction.

The analysis of selection respanse carried out by Thoday and Boam (1961)
is fairly incomplete in some respects. Their experiment on Drosophila is
subtitled "Description of Responses™ but this description is presented as a
long discussion unrelieved end umenlightened by any tables at all concerning
the actual response to selection. The danger of this non-enslytical approach
is shown by one of their conclusions. They suggest that three particular
lines "shoved resarkably similar patterns of response” (pege 175) but they
support this claim only with a graph on vhich the three response surfeaces ere
superisposed. Moreover these three lines do mot have similar histories, that
is they are not replications of one another. Nor do these similar patterns
of response even refer to similar generations of selection.

Clayton et al's stody (1957) of chasta number in Drosophila ves wush more
detailed. It involved several selection intensities and mating systems, and
it was replicated up to five times. But Clayton too wvas mainly concerned to
test prediction theory and so be apparently did not bother to aralyse the ob-
served response beyovud this simple need; he merely averaged the responses
fream all generations and replications. There is no date given on the variation
of response between replications even though it wvas admitted to be larxge.
Hovever, the authors did try to messure the various forces conscealing the true
genetic response. This they did by extracting non-selection subsidiary lines
and by crossing platesned lines, and most of these results are presented in
tables of data.

One experiment which was both constructed and anaslyeed in more detail than
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most is reported by De Fries and Touchbwrry (1961). These authors carried out
selectioa for Drosophila body weight at two intensities, in two directions, and
with ten replications. Although most replications had unfortumately died out
by Gemeration 10 the suthors had collected sufficient data to calculate the
confidence intervals of mean response and to give estimates of the inter-
replication and intre~-replication variance components. The analysis ehowed
that there was great wvariation of response between replications. This was not
surprising because easch replication was a fullsib family and genetic drift would
be near its maximum under such a mating system. However, the authors did
report that a similar degree of variation under less severe inbreeding has been
observed by Marien (1958), also with ten replications. The main value of the
De Pries and Touchberry psper then is perhaps that they shov wvery clesrly how
the analysis of response can be taken beyond the population parameter of mean
response and inte the population parmmster of variance. Not only does this
second parameter make it easier to interpret the -firct. for example in matters
of scale; but it is also able to lead teo information fmpossible from the first,
for example the distorting effect which selection may give to the distribution
ewve of phenotypic values. If this curve becomes too fer distorted from a
normal distribution it becames less meaningful to describe the phemotypic

variability in terms of wariance or standard error.

This short literature review shows a range of thoroughness in earrying out
and analysing selection experiments. Many experiments are good in some
respects but poor in others; for example an author mey have ensured adequate
replication and Control but given just a superficial analysis of the results.
But perhaps the most striking wveekness in previous experiments is that the
analysis was usually concerned only with the mean response per generationj
there vas apparently very little interest in msasuring the trends and fluctus~

tions between generations wvhich are hidden in this mean, nor of studying the
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variability between replications. It is the present author's belief that
=wch useful inforumtion is thereby lost vhich could have led to a clearer
understanding of the forces imvolved in a selection response.

The first axperissnt described im this present thesis eims 40 correct
thess weaknesses. Its structural design is intended o allov a detailed
enalysis of response, and this detailed amalysis is subsequently attempted.
Before the experiment is described bowwwver, the methods and materials used in
this thesis will be explained.



1.2 MATERIALS AND METHODS:

ORGANISM: ZIribolium castancum Herbst. (flour beetle) was the organism used
in this thesis. It has nine pairs of autosomes and apparently there is equal

crossing-over between them in male and female (Tridolium Information Bulletin,
1960). ZIribolium is simple to reise and cheap to rrovide with good food and
climate. In good conditions it is prolific (15 eggs per female per day)
long-lived (ome year) and has a life cycle of less than one month. It wes
preferred over the mouse because of this shorter life cycle. Recent extensive
use of Iriboiium by the Bell school at Purdue University discloses no serious
faults for population selection studies. Its main drawvbacks are apparently
cannibalism and disesses bLut these can largely be controlled by management, and
they vere no probleama in the present thesis.

The selection character used im this thesis is wveight of the Tribolium
Pupe. It was chosen because it was known to respond well to selection end
because it wvas easy to measure. It was also chosen because pupa veight is a
“commercial® charecter in the sense that most commercial breeding projects are
conterned at socme stage in selecting for bigger plants or animals, because such
bigger individuals yield more of the desired product. Howwwver, this does not
imply that the results taken from Iribolium body weight can sutomaticslly be
applied to the dody weight selection programmes of plants and higher animals,
and the dangers imvolved in such extrapolation will be discussed at the end of
the thesis.

The Iribolium stocks used came from Rumkurs Agricultural Research Centre
at Hamilton; end origimally from the Institute of Animal Genetics at Edinburgh
University. The stocks had no special marker genes but their early selection
history is net fully kmown.

Drosophila, so popular in the past for gemetic research, has some dis-



-”-

advantages for this type of experiment. It contains only three pairs of
autosomes and there is no crossing-over in the male, therefore linkage changes
could have big and erratic effects as they apparently did in Mather's experi-
ment reported earlier. These effects would unnecessarily complicate the
anslysis of response. Secondly, such a small chromosome number is probably
never found in plant end animal species used for commercial breeding; imn which
case the results frem Drpsophils may extrapolate very poorly (Lerner, 1938).

DESCRIPTION OF TRIBOLIUM LABORATORY: This deseription will be given in deteil
because the lack of assistant lebour or of expensive fecilities required that

the techniques of management and measurement had to be unusually efficient.
This inevitably crested a fair amount of mnorthodaxy, wvhich in turn is often
counsidered a danger to walidity.

Most ef the apparntus was borrowved from the nearby Grasslands Division
of D.S.I.R. and indeed the first fev gensrations of selection were carried in
incubators at that Division. Subsequently the leboratory was established on
the Massey University campus and the D.8.I.R. dapparatus was transferred there
and re—calibdbrated.

It is pot intended that the description given belov should serve as a
model for any general Iribolium research, for this vas not in the author's
mind at all vhen the laboratory was sed up. It was instead set up to do just
the one particular job - emable the selection programmw of this thesis to be

carried out.

(a) Apparatus: The experiment was housed in a Qualtex incubator (Model 324)
wvhich was wvater-jacketed, unlighted, and of internal size 30" by 24%., It was
fitted wvith a thermostat but wvhile the experiment was rumning at D.S.I.R.

this thermostat once broke down and allowed over-heating, thereby killing all
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animals inside the incubator. (The experiment was restarted from reserve
matings)., No similar problems occurred whem the experiment was shifted to

a newer, though identical, incubator at Massey; however, it would be good
policy to fit an over-riding thermostat before starting sny future experiments.
A separate incubator housed ell the reserve matings of this thesis and although
it wvas not an identical model it could be calibrated to produce the seme
climate inside.

The only other big item of apparatus was an old Baird and Tatlock weighing
balance which with its moving vernier scale could weigh to 0.1 milligrams
(pupae weights ranged between 0.6 and 4.4 mgms during the experiment) and this
wvas nearly always precise enough to identify the heaviest or lightest pupae for
selection. However the repestability of this balance was poor at the lower
end of its vernier scale especially on cold days, so only the middle range of
the scale vas used for weighing, and the laboratory was always warmed with a
wall heater before weighing began for the day. But the main innovation was
in the wethod of weighing. The conventional weighing method required the
worker to switch on the electrical scale, wait for it to steady, place a pupa
on the pan and wait for the new scale reading to steady, switch off, and then
remove and store the pupa. The author could not afford time for this ritual
nor could he afford the inevitable wear on this complex switech mechanism, for
the total project required a weighing of more than 80,000 pupae. Therefore
a system of "weighing by differences” was devised. Pupae were dropped one
by one on the scale pan and their weights noted one by one from the successive
changes in scale reedinga. A large cardboard map of the scale pan was placed
alongside the balance and as eech pupe was dropped on the pan and its weight
noted, its position was marked on the map by a small card vhich also recorded
that weight. Vhen ell 32 pupae had so been weighed the author merely had to

sean the map, refer from it back to the pan, and so collect the heaviest (or
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lightest) animals for selection. The 32 card weights were then just recorded
ia a book end the cards returned to their pool. The success of this system
sleo required that the laboratory be kept very warm, etbervise the pupae tended
%o roll about on the scale pan and more time was spent chasing them than weigh-
ing them.

A binocular microscope was used for identifying the sex eof pupss. The
female has two prominent genital lobes om the ventral surface of its termimal
posterior segment, just in front of the cerei. The male bas not, Vhen, as
in the diallel cross the adults themselves had to be idemtified, thay vere
sazed at the pupal stage then isoleted umtil they matmred into edults. Them
the males wvere painted with a yellow spot oa their backs. This aystem
(Wong, 1964) proved by test tc be more reliable end less unpleasant (to antmmls
or author) than the older system of etherisation. |

The eight~parent matings of Experizemt One wers kept in 250 ml beakers,
& replication to eash beaker. The pair-matings of Experiment Two were kspt
in 50 ml glass jars except for the Control pair-matings, vhich were kept in
10 ml vials, All of these containers vere left opem at the top %o allow better
circulation, Since the beetles were never observed to fly during the whole
thesis this system was considered to be quite safe provided the container
wvalls were kept sufficiently sseoth te prevent them from crawling up.

Pupae were separated from their substrate using a small kitchen sieve.
This did not enable eggs and small larvee to be separated out also, but it
vas not necessary to do this during the experisent anyway. The ocaly other
apparatus (Plate 1) was assorted glassware, coloured tape and chinagraph
penoils (for identifying containers), s paintbrush (for transferring animals)
and & killing jar.

Vhen any replication was ready for weighing, all pupae im the container
vere sifted from the substrate and gathered in & petri dish. Then they vere
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randomly sampled and esexed until the quota of 32 females and 32 males was
reached. Towards the end of the project some replications became too weak
to provide the required 32 pairs at any one sampling. In such cases the
replication vas re-sampled about three days later; in the meantime all pupae
already weighed were kept apart from one another in vials, and either sslected
or killed vhen the full quota was reached. Pinally, pupae lose weight as
they mature, therefore neither very young pupee (vhiter than normal) nor

very mature pupae (bruwner than normal) were sampled for weighing.

(b) Climate: Inside the incubators a climmte is considered to be optimum
vhen it sllows Tribolium to have the shortest life cycle comsistent vith a
high survival rate. This optimum is reported to be about 32° Centigrade

and 70X Relative Fumidity (Howe, 1956). The desired temperature was got by
electrical heating of the incudbator water-jecket and maintained wvith a therwo-
stat. The humidity vas got and maintained by placing a big tray of saturated
salt (NeCl) solution on the incubator's bottom shelf (Solowmon, 1951). This
gave an R.H. value of sbout 77%. Checks vith a hydrothermograph occasionally
during the project showed that this climate wvaried by only a small amount,
most greatly vhem the incubator door was opened. In such a climate the life
cycle is approximately: egg for three days, larva for fifteen days, pups for
four days, and immature adult for four days. In a test described below,
adults could produce enough eggs in this climate to provide several pupae per

female per day.

(c) Diet: The standard diet for Tribolium in selection experiments is a
ratio of sifted vholemeal flour to dried brevers yeast at 95:5. This is also
close to the optimum diet for fast development and high survival (Tribolium

Information Bulletin, 1960). Hovever, commercial brevers yeast is expensive
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and subject to import control se in order to get a substitute, the author
obtained moist cakes of the yeast from a local brewery, then freeze-dried

and crushed them. The success of this substitute was tested by a trial described
below.

Preparation of the food is also fairly standard. The correct amowntis
of flour and yeast were weighed out then blended. They were ground through
a sieve of 60 meshes per inch, sterilised at 70°C overnight, then resifted.
This food was alveys prepared in small quantities, to keep it fresh.

A trial vas set up to compare the food-values of three types of yeast -
commercial brewvers yeast, "live" DIC yeast, and the home-made brewers yeast
described above., FEach wvas made up into the above diet, eight beakers of food
per yeast and in each of the beakers was placed two female and two male pupae.
These animals mated after maturing and a few weeks later their progeny began te
pupate. Thenceforth each day the nevwly hatched pupae were counted and removed.
In Tadle 1 each value given is the sum of pupae for all eight beakers in that
yeast treatment and no attempt is made to calculate the significance of differ-
ences between either beakers or treatments.

Iable 1: Diet Trial (Units: new pupae per duy)

JYeast compenent
DYC "live”™ 2% {28 {63 {64 |92 {138 {138 | 66 | O 633
commercial brewers 1 S 111 |30 {47 |70 | 81 | 64 | 34 343

home-made brewers 43 157 182 92 |78 {134 (112 | 8¢ | 55 37




The table shows clearly that the home-made yeast is apparently superior
te both other yeastis, as well as being cheaper. More important, the
superiority is most marked in the sarly stages, vhich means that a replication
will produce its quota of pupae considerudly sconer than in the other diets.
The advantage of being able to so shortem the 1ife cyocle determined that this
home-made yeast would be used throughout the present theeis.

There was evidence from the literature that camnibaliss was a major danger
in Tribolium and that it vas greatly iacreased by a shortage of food. If all
treatments vere not givea emple food then those that produced the heaviest
pupae by selection would be pemalised for they would have less food available
per unit of Dodyweight. Cannibaliss vounld therefore be grester in such treat-
ments and 80 a nev factor of matural selection would be present, biasing the
resulta, It was thus decided that all animal stocks be given food in excess
of that needed by the biggest of them. That is, all replications would be
given the same amount (an excess) regardless of vhether they conteined heavy
stooks or light ones. But to determine just hov much food was ample for the
heaviest stooks wvas difficult and the literature (e.g. Rich, 1956) was very
1ittle help because it usually deslt vith caly one stage of the life cycle.

The resolution finmally adopted in this thesis after teats for evidence of
cannibalism (such as half-eaten corpses) and tests for discolouration of the
food wvas that the eight~parent matings of Experiment One be given TO grams of
food, and the psir-matings of Experiment Two be given 20 grams except for those

of the Control, which were given less.

(2) Diseases; The prevention of disease was based on hotwater sterilisation
of glassware and instruments after handling esch replication. The laboratery
floor and big items of epparntus vere disinfected about sonthly. Dummy jars

of food were placed through the incudbator and laboratory. The eontinued
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apparent absence of diseases or stray beetles in them suggests that the pre—
csutions sbove were adequate. No mculd wvas observed on the food at any stage
of the projest.

Lestly, the welfare of all cultures was checked twice weekly. The walue
of this prectice was mainly to substitute the reserve matings for any cul turee
that bad died. This oceurred only with the pair-eatings of Experiment Two,

and only infrequently im these.

This then is a brief desoription of the Massey Tribolium laboratory.
It has been inspected by Professor A.E. Bell who besds the Tribolium research
programms at Purdue University, and was declared by him to be walid and

adequate, though very umsophisticated.

PROGRAMME: VWhilst the Tribolium stock was held at Emaknra a sample of it
vas subjected to selection of moderste intensity for higher and lower pupe
weight. Some progress wvas made in both directions over eight generations,
resulting in "Heavy”® and "Light"® sud=populations. It is these Heavy and
Light stocks that vere used as base populations in the present thesis experi-

ment, and they vere used in the followving way:



S8election of moderate intensity was attempted for heavier pupss in the
Heavy population, and for lighter pupae in the Light population. It was
continued for eighteen generations - the maximum time available during the
thesis, This total time was subdivided into three periods of six generations
each, namely generations 1 to 6, 7 t0 12, and 13 to 18. This procedure
enables the three periods to be compared and adds more interest to the analysis
becsuse the periods correspond roughly vith what may be regarded as the early,
middle, and late stages respectively of a long-term commercial breeding pro-

gramme.
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CONTROL: Another big advantage from subdividing the tofal eighteen generations
available is that it allows mew Control lines to be set up at the start of eech
shorter peried. This reduces the chance for a selection line to depart far
from the Control line im gemetic content, and it therefore reduces the bias
that may result from genotype-environment interection (Bray ot al., 1962).
Considerable care is needed in choosing the type of Control to be used.
The earlier discussion om this subject showed that mo one type of Control is
apparently able to give a mmasure of each influence such as ecale, natural
selection, and environmental echange. A Control which can evaluate one of these
influences is ususlly unsble te evaluate the zest. A decision must be mmde
therefore as teo wvhether the Control shall be used te belp evaluate the true
genetic responsy or instead to evaluate one of tdese sudbsidiary influences that
bias measuremen ef the genetic response. The former role was decided wpon,
and the best type of Control for such a role is actually e ul.ethl lime in
the opposite direction from that of the main line, and of equal intensity
(Palconer, 1961; page 198). Hence, each replicate selection line in the present
experiment has a mirror-image Control and the true gesetic response of such
a replication is best uth‘w by averaging the separate responses of select—
ion line end Control. This is the case because any influences such as matural
selectioan, secale or envirommental change wvhich bias the main selection line
response in a certain direction will bias the Control response im the opposite
direction and (approximately) by an equal amount. The effect of averaging is
thus to cancel suech bias, leaving an unbiased estimste of the true genetiec
response. This system of using a Control obvicusly loses information on the
effects of these subdbsidiary influences but fortumately (and this influenced
the decision) there are sometimes independent ways of evaluating them other than

n
from the Co troly for example the influence of scale can be studied also from
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the changes of variance in the selected line itself,

REPLICATION: In any experiment the degree of replication which is optimum
depends on the relative sizes of between-replication variance and within-
replication variance. This is a ratio which is likely to alter as selection
progresses but no information could be found in the litexrature vhich would
give a guide on the correct ratio for Tribolium experiments. Choosing the
degree of replication therefore became more a matter depending on the personal
interest of the author in this aspect, though of course a sensible balance
must be kept between the mmber of replications and the number of animals in
each one. Before any further progress could be made on this subject, the
total size of the experiment would have to be fixed and this in turn depended
on two poimts - the work which could be handled by one person, and the dis-
tribution of this work between the two experiments of the thesis., The
experience of workers with Tribolium at Ruakura was not a very strong guide
because it soon became obvious that the weighing procedure could be streamlined
and that the life cycle could be shortensd. The exoumt of vork eventually
decided on for this Massey thesis wes settled after a short triel. (It
subsequently proved to be rather too much vork at times).

There is another way alsc of determining hov many animals should be
weighed each generation in order to detect treatment differences. It is based
on the formmla froa Cochran and Cox (1950, page 20): €D l(%-)(‘t_‘ "*'t.l)l
vhere r = nmmber of animsls required per treatment

o = true percentage difference that it is desired
to detect

O = true standard error per animal
(expressed ss percentage of the mean)
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t

= significance value of t in the test for significant

differences between treatments (2-tailed)
t: = value in ¢ - table corresponding to 2(1-pP),

vhore P is the desired probability of obtaining a significant difference between
treatments.

The term "treatment” in this experiment refers to the mean response over
all replications for any one generation in either direction and if provision
is made to campere such treatments in pairs should the occasion arise, this
provides 1 ( r =1) degrees of freedom for the estimate of error. DBy assuming
in advance that r would be quite large the degrees of freedm was set at O
for purposes of the ¢ - table. Following this, i' end $2 wvere set at 2,376
and 1.645 respectively, and® was set at 5. The composite meaning of these
three values is that a standard of precision has been set for detecting treat-
ment differences and this standard is -~ that 5% differences between treatments
will show out with 95% certainty on a 1% significance test. The final pare~
meter in the above equation, O , vas determined from a pilot survey of the
unselected Ruskura base population. 1In this survey (vhieh had other uses as

well) ST6 rundam pupee of esch sex were veighed and the resulte were as followvs:

FEMALE MALE
mean veight (,u.) = 1,99 ugns 1.89 ogme
standard deviation (s) = 2.2 2.5
coefficient of variation (s/lu_.) = 11.9% 12,9%
standard error of mean (S/m) = ¥ 0098 ¥ .0102

The coefficient of variation was taken to be 12%, which gives I = 12
for the equation.
Substitution for all terms in the equation gave the solution r = 205.3.

However, a nev problems hed nov arisen. The mean wveights of femsle and
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male pupee were compared using the t~test and resulted in the solution d = 7.1
(very highly significant). This means that the female pupae are distinetly
heavier than the males and so must be weighed and analysed separately; or at
least so until their responses eculd be compared. It therefore also meant
that the value of »r solved sdeve applied only to ene sex at a time, but
revcognising of course that such value vas intended to be canly a guide to the
suthor, betsuse S would probably change anywsy as selection progressed.
Pinally, it wvas desireble that each replication be sampled for at least 30
papee of each sex. This mmmder would sllov the author to draw accurate graphs
of phenotypic distribution for any replication, and theredy to ascertain if
selection was distorting the distribution sufficiently far from normsl to
warrant a scale transformstion.

Consideration of all ths above factors eventually led to the following
experimental design. Selection in esch population would involve six independ-
ent replications, each vith its own Control, and each replication (and Control)
vould be eampled for 32 femsle and 32 male pupee per gemeration. Bowever,
this number of replications wvas raised to eight in the Light population for
fear that unrelenting selection on such small enimals cay eventually cause same
replications to die out. This did indeed happen, as described later, and on
each occasion one of the extra replications replaced the one that had died out.
Thus there were always six replicetions (but never more) analysed in eech

peried.

SELECTION PROCEDURE: 8ix random samples, each of 32 fessle and 32 male pupae,
were drsva from both base populations (Light and Besvy). The six were weighed

and compared, to check that there were no significant differences among them.
The variance analyses given below show that in the Heavy population there vere

indeed no significant differences in either female or male data; but in the
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Light population significant differences appeared in both.

Source a s 2 expt P .05(,01)  Result
Heavy populstion ~ femmle data |
Replicaticas S 0,094 1.7 2.26(3.11) ns
Residual 186 0.055
- male data
Beplicaticns S 0.126 2.14 2.26(3.11) ns
Residual 186 0.0%9

Light population - female data

Beplications 7 0.266 4.52 2.03(2.7) Lt
Residual 248 0,059

- male data
Replicaticas 7 0.230 3.54 2.05(2.73) e
Residual 248 0.06%

The Light population was re-sampled and this second time there were no
significant differences among the eight samples; they were therefore labelled
as BReplications 1 to 8.

In each generation selection was carried out for the heaviest (or lightest)
four females and four msles of the 32 pairs weighed. These eight parents were
mass-mated, as there is apmrently no trend for preferential mating im Tribolium
(Shrode, 1960)., PFrom their resulting progeny a random 32 female and 32 male
pupae were veighed and the heaviest (or lightest) feur pairs of these in their
turn vere mass-aated to continue the selection progrumme.

As the Control for each replication resched its sixth generation, it was
closed. A nev Contrecl was then extracted from the main selection line of the

same replication.
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This experiment wvas designed to enadle a full enalysis of selection

response., A summary of itz special features for this task is as follows -
(a) high replicstion, vith all failures being replaced,
(b) short-term Controls, of = sslection nature,

(e¢) response analysed over six-generation periods; and including the
mean, the fluctustions, and the trends vithim this period,

(d) ewphasis on the wariation ameng replications,
(e) investigation into different ways of measuring the response.

However, computer analysis is not attempted imn this thesis. The reason
is simwply that it was considered there would be insufficient time available to

do ean adequate job.



Fig1: SELECTION RESPONSE

4
veight Heavy population (FEMALE DATA ) | i
mng) : 3
4
36 B e © o
o '/"' ’,/: + -._‘.--’ 3““ 3
—4— individual replication 4 w. | .

=e= mean of all six replications

5 5 1 o
20
4
\ v/ 4
0] 2 4 6 . 8 10 12 14 16 18

generatwons
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1.3 RESULTS;

In sccordance vith the plan described adbove, the first experimeat of this
thesis was set up and carried cut. It lasted adout twenty months and during
this time only two small hitches occurred; <fLirstly a thermostat broke down in
the main incubator and all lines were killed by overheating. Reserve matings
were used to restart the experiment and since fortumately the accident occurred
in the first gemeration only time was lost and not results as well. Secandly
it became urgent at ebout Gemeration 3 to shift all stocks fram the D.S.I.R.
incubators to Massey and there was not enough time to carefully uli;into the
nev incubators at Massey before the stocks were shifted into them. For a fev
subsequent days after shifting the incubator tewpersture wvas fluctuating quite
markedly and this would probably have affected the pupel weights of that
generation, both of the Controls and of the selected lines (Bowe, 1956).

A9 the experiment progressed those lines in the Light population that were
being selected for even smaller pupse began to lag slightly behind the Heavy
lines., This situation arose because the small animanls were apparently umable
to produce progemy quite as fast as the larger ones could and so it tock
longer for the quota of 32 femmle and 32 male progeny to become availabdle for
measurement. In many cases there were never 32 such pairs at the correct stage
of maturity available at any one time in & replication, wvhich meant that the
replication had to be sampled again a few daye later. This made it difficult
to determine exactly the generation interval in each population, particularly
since there was a further confounding effect present - the fact that pressure
of work occasionally ruled that a replication be sampled vhen the suthor was
ready rather tham vhen the replication itself was reedy. However, it is
interesting to trace ewen rough patterns of change in generation interwal, and

for purposes of tho table given below the generation intervel is calculated as



the mmber of days froa when the first pupse are sampled and weighed in a
repliecation until the first pupes of the naxt guneretion are sampled and weighed
plus hal? the number of days that elapse before the )lgat pupae required frem
this progeny generation are sampled and weighed. Thias ocorrection factor
caters for those Light replications in which saapling had to be spread eut

over several days, by assuming that on the averege those pupae which vere ulti-
mately to be selected as parents were weighed halfway through the drawn-out
sanpling period, With this correction factor incorporated the following table
lists the generation interwval of the main upward and dcwrward selestion lines,
averaged for each generation over all six replications. The Controls are not

included in this table.

Zable 2: Generation Interwsl (in days)
Generation Heavy pop. Light pop.

Ot 1 3 n
1% 2 r14 28
2% ) 28 33
Jte 4 n b 5]
4 o 5 n 32
St 6 34 3
6t T 29 35
Tt 8 28 30
8t 9 29 n
9 to 10 28 32
10 to 11 28 32
11 t0 12 27 n
12 o 1I 28 29
13 to 14 28 30
14 %0 15 28 n
15 to 16 28 n
16 to 17 28 35
17T to 18 32 38

mean: 29 32
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Por every gemerstion except the first ocue it teck longer to produce the
required number of progeny im the Light population than in the Heavy omne.
The reason for this is probably just an adility of big animals to lay eggs at
a faster rate and to grow faster, rather than a questiocn of say relative levels
of inbreeding ia the Heavy and Light pepulations. In neither population does
the generstion interval as ssasured this way show much pattern of change as
selection proceeds, and this is suxprising for it wvas expected that the select-
ion charscter would be affected by either matural selestion against the chang-
ing msan or by inlxeveding depressioca. One of the Light replications died out
at Gensrntion 12 and another one was 400 veak to use for a diallel cross at
Generation 18; since in neither case was there any evidence that accidents or
disesse caused the failures it seems likely that the continued pressures froam

artificial and naturel selection vere partly responsible.

(A) PRESENTATION OF BASIC DATA:

Although the collection of data on selection response is straightforwvard
and does not involve difficult decisious, the presentation and analysis of
this data requires considersble thought. This point arises because there
are severael alternative ways to present and analyse the data of an experiment
and the choice of any one wvay would usually depend on the experimental aim.
In the current case the author attemptis to arrange, present and enalyse the
date in as many wvays as possible, partly so that the different systems may be
campared for value and partly beeause the different systems may give independent

support to a hypothesis. In the first part of this Results section of the
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experiment the raw data will be arranged and presented in different ways:
in the second part it will be anslysed statistically in more deteil.

Mean weight: Not only is this parameter the logical first step in an
analysis of results; it is usually also the most important ome in a ee-orfl.l
sense. The mean weight data for this Tribolium selection experiment are
presented for each generation and replication in Pigure 1 (sexes separete) and
Table ) (sexes combined), and in eech case the mean weight svernged over sll
replications is also given., The table of data is given here because it pro-
vides quicker reference if certain aspects of the data are to be studied in
greater detail, but the graphs show up far more clearly the patterns of response
and any anomalies in them., 8ame of these anomalies should be discussed before
the patterns themselves are interpreted. Firstly consider the strong downward
response at Generstion O in the Heavy population, which coincided with the over-
heating accident that killed all main lines. The consequence of this aeccident
that reserve matings had to be used instead, and that these reserves were
lighter in weight and provided a smaller selection differential, probadly helps
%0 explain the lack of a positive respoose. Similarly the strongly dowvmvard
response at Generation 3 in both selection line and Control of the Heavy popu-
lation coincided with the tramsfer of stocks from D.B8.1I.R. to Massey, and it is
known that the incubator climate was adnormal for & fev days. It is recorded
by Rowe (1956) that such a climate change would affect pupse weights, though
once again the Light population appears to have been less affected. Neither
of these accidents affects the wvalidity of results contained in the experiment
for the Controls were of a nature able to cope vith such accidents. Similarly
the data are not greatly veakened by the death of Replication 3 after Genera-
tion 11 in the Light population, for a subsidiary replication (No.8) was

ismediately added to the analysis. The removal of No.5 from the analysis at



Table 3: Replication mean weights (mgms)

VY POPULATION
upward selection downward Coatrol
Bep 1 2 3 4 5 6| meen 1\ 2 3 4 5 6| meen

Gen O I 2,38 2,30 2,14 2.16 2,12 2,04 2.19 |
1 2,35 2,37 2.%52 2.25 2.27 2.31| 2.34 1| 2.21 2,33 2.27 2.09 2.18 2.11| 2.20
2 | 2.51 2,35 2,34 2,40 2,45 2.43| 2.42 2 ] 2,36 2.19 2.12 2.10 2.00 2.22| 2.17
3 | 2,68 2,57 2.79 2.59 2.37 2.49| 2.58 3 | 2.17 2.36 2.23 2.09 1.96 2.17| 2.16
4 | 2.61 2,35 2.59 2.67 2.5T 2.40| 2.53 4 I 2.19 2,18 2.17 1.9 1.92 2.03| 2.06
5 ] 2.65 2.74 2.T7 3.09 2,68 2.63| 2.76 5 | 2.0 2.17 2.37 2.20 2,00 2.,09| 2.14
6 ' 3.02 2.66 2.65 2,93 2,75 2.70| 2.78 6 | 2.10 2,06 2.21 1,92 2.04 2,04 2.06
7 | 3.03 2,63 3.03 3,06 2.70 2.59| 2.84 1 | 2,90 2,55 2.79 2.87 2.6 2.5%5| 2.70
8 | 2,85 2.48 2.96 2.99 2.97 2.79| 2.84 2 | 2.74 2.33 2,68 2.87 2.72 2.51| 2.64
9 | 3.10 2,78 3.10 3.12 2,95 2.80( 2.98 3 2,68 2,49 2,73 2,75 2.59 2.38| 2.60
10 3.13 2.84 3.28 3,21 2,99 2.88| 3.06 4 I 2,62 2,51 2.74 2.58 2.61 2.45( 2.59
11 l 3.27 2.92 3.33 3,35 3.07 2.85| 3.13 S ) 2,53 2.36 2.65 2.61 2.49 2.40| 2.51
12 l 3.34 2.90 3.40 3.34 3.16 3.02| 3.19 6 l 2,54 2,36 2.8 2,50 2.39 2,33 2.45
13 I 332 3,04 3.47 3.45 3,12 2.94| 3.22 1 | 3.27 2.93 3.42 3.42 3.02 2.89]| 3.16
14 I 3.27 2.96 3.45 3.49 3.04 2,94 3.19 2 ]| 3.30 2.79 3.35 3.23 2.96 2.94( 3.10
15 | 3.41 3.04 3.46 3.49 3.03 3.17| 3.27 3 | 3.30 2,94 3.32 3,14 2,99 13.01| 3.12
16 | 3.40 3,05 3.47 3.63 3.0% 3.10| 3.28 4 3.21 2,93 3.28 3,08 2,92 3.,08( 3.08
17 3.32 3.00 3,30 3.60 2.99 3.15| 3.23 bJ | 3.30 2.73 3.21 2.91 2,95 2.93| 3.0t
18 1 3.19 3.06 2.77 3.51 2.75 2.58 | 2.98 6 | 3.05 2.72 2,95 2.68 2,62 2,59 | 2.77

]

LIGHT POPULATION
downward selection upward Contrel
Rep 1 2 3 4 2 6 | mean 1 2 3 . T 6 | mean

Gen O I 1.64 1,60 1,51 1,55 1.51 1.,55| 1.56 :
1 | 1.67 1.65 1.62 1.51 1.41 1,51 | 1,56 1 l 1.72 1.76 1.72 1.67 1.58 1.,53| 1.66
2 1,65 1.59 1.51 1.43 1,38 1.54| 1.52 2 | 1.72 1.73 1.7T7 1.89 1.58 1,61 1.72
3 l 1.60 1.55 1.27 1.46 1.41 1,55 1.47 3 I 1.76 1.74 2.11 2,11 1,66 1,72| 1.85
4 | 1.64 1.54 1,50 1.40 1,34 1.79| 1.53 4 1.79 1.97 1.87 2.21 1.84 1.88)| 1.93
5 | 1.77 1.58 1.48 1.44 1.35 1.57| 1.5) S | 1.91 2,08 2,21 2,39 1.87 1.92| 2.06
6 | 1.74 1.47 1.49 1,46 1,32 1,66 1.52 6 l 2,02 1,96 2.11 2,27 2,02 1.93| 2,05
7 | 1.56 1.65 1.43 1.33 1.29 1,68 1.49 1 l 1.61 1.62 1.51 1.44 1,22 2.09| 1.58
8 | 1.45 1.59 1.51 1,23 1.08 1.53| 1.40 2 l 1.69 1.83 1,55 1.39 1.39 2.,03| 1.65
9 1.42 1,50 1.40 1.19 1.10 1,52 1.36 3 | 1.69 1.93 1.51 1,33 1,39 2.,26| 1.69
10 I 1.46 1.33 1.46 1.25 1.0 1.52| 1.4 4 | 1.73 2.11 1.58 1,37 1.44 2.41| 1.T7
11 | 1.38 1,29 1.41 1,26 1.12 1.45| 1,32 b 1.81 2,15 1,60 1,35 1.46 2.36| 1.79
12 l 1.47 1.25 1.41 1,34 - 1.54 | 1.40 6 | 1.86 2.49 1.65 1.44 1,43 2,66 1,92

| Rep 3y | Rep 8 —~

13 l 1.40 1.15 1.39 1,29 1.15 1.48| 1.7 1 | 1.50 1.29 1,46 1,31 1.26 1.43( 1,37
14 1.32 1,20 1.39 1.38 1.12 1.45| 1.1 2 1.60 1.38 1.44 1.34 1.27 1.44 1.41
15 | 1.31 1,20 1.49 1,29 1.20 1.44 | 1.32 3 L 1.6 1.43 1.59 1.29 1.32 1.60| 1.48
16 | 1.34 1.25 1.43 1.4 1.11 1.50( 1.35 4 I 1.62 1.38 1,53 1,37 1.35 1.61| 1.48
17 : 1.28 1,26 1.3T 1.39 1.17 1.43| 1.32 5 I 1.61 1.48 1.56 1.44 1,28 1.58( 1.49
18 I 1.28 1.17 1.41 1,22 1,21 1.40| 1.28 6 I 1.49 1.49 1.57T 1.2T 1.27 1.58| 1.44




Generation 12, and also of its Control, has caused both means to rise sharply
hhtmummmtnpliuummmm lightest one by a
large amount for some generations. No.8 was chosen to replace it because
the difference between them was the least of thoss available, but the fact
that their mean wveights were still slightly unequal explains the presence of
two overell means for Generation 12 in the graph.

Apart from these three anomalies the main patterns of response are clear.

v The Heavy population gave a strong end consistent response both in the -d/n
selection lines end in the Control lines until about Generation 12, end &

veak response thereafter. The Light population followed a similar pattern
excoptl that dovuwvard progress was never as fast as in its wpward Coatrol, though
it vas usually just as regular. The standard genetical interpretation of these
patterns would probably be that since selection response was so marked during
the first two six-generation periods then there must have been considerable
genetic variation still present in both Heavy and Light populations, But

;iw: \ by Generstion 12 this genetic variation appears to have been mostly used up,

ol thereby permitting only a very slight subsequent response in main selection

b
i

2 Tt s . SR

line and in Control. Thus it is evident that a graph such as Figure 1 can
provide a lot of information, especially if the patterns are as clesr as those
obtained here, and that such more information on the performance of individual
replications is equally present for the taking. However, such graphs can
also depict phenomena vithout being able to explain them and in the present
case the most noticeable of these phencsena is undoubtedly the asymmetry of

response between main selection lines and Controls. Ewen vithout resorting

3 i e
S IF &t““.;;}

to amalysis it is clear that in both populations there is greater response
to upwvard selection than to downward selection during the first two six-
generation periods. There are seversl possible causes for this asymmetry,

as discussed earlier, but such graphs as the ones given here are unadble to
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distinguish between these possibilities. The observation that this exys-
metry seema to dissppear during the third period tends to confuse the issue
rather than to clarify it, and suggests that more than onme source of asym-
metry is involved. It remains to be seen if response parameters other than
the population mean are of assistance in solving such problems.

Phenotypic wveriance: The values of phenotypic variamwe are given
swparstely for each replication, generation, and sex in Tadble 4. A survey
of this table shows that there is a large runge of wvalues within any six-
generation period and a asasure of this variability wvill be attampted later
in the analysis of results., 8o great is this wvariability that even whem all
six replications are averaged vithin a gemeration, the generation ssans thes-
selves show no clear patterns over the six stages of any periocd. Attempts
to find such a pattern were therefore taken cne stage further by concentreting
on the nimeteen successive generations of the main upwvard and downward select-
ion lines, and by at the same time pooling the variance values for both sexes.
This pooling was justified because the two sexes shoved very parallel patterns
of variance even though the female values were usually greater than those of
the male. (This latter trend is likely to be a scale effect caused by the
wveight advantage of female over male). The resulting pattern of phenotypic
variances obtained by averaging both sexes and all replicatiomns is probdbadly
not strictly walid in the sense that the component variances are not tested
for homogeneity, but they should nevertheless indicate quite reliasdly if there
is eny trend of change in variance over nineteen generations. The resulting
pattern is therefore given in Pigure 2.

The Heuvy population in Pigure 2 shows a rise of variance until Genera-
tion 11 then shows a fall, but the Light population shows a fairly consistent

fall throughout. Both patterns are blunted by strong fluctuations but they
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Table 4: Phenotypic variances a) Female data
HEAVY POPULATION
upvard selection dovnmard Coatrol )
h.n__l'22456_-9-;.; YissibersemdcadinasII
Gen O .053 .024 .033 .033 .050 .038| .039 |
1 | .050 .067 .046 .052 .066 .040| .0%3 1 | 053 .043 .07T3 .044 .042 .060 | .052
2 | .37 .026 .35 .074 .026 .042| .40 | 2 |.0es .033 .04 .075 .06 .035|.089
3 | .01 .061 .039 .066 .037 .070| .057 3 | .065 .061 .038 .026 .037 .078 | .051
4 ] .043 .055 .064 .0358 .056 .043| .0S3 4 047 .065 .061 .026 .044 .035 | .046
s .042 .051 .038 .0%0 .07 .060| .052 s | .0a5 .037 .050 .03 .023 .046 | .039
6 : .032 .055 .07T7 .064 .063 .063| .059 6 | .086 .059 .028 .041 .070 .094 | .063
|
7 | .082 .107 .088 .038 .042 .058 | .069 1 .068 .051 .047 .076 .043 .085 | .062
8 | .061 .071 .023 .036 .050 .083| .054 2 | .043 .049 .046 .034 .084 .059 | .053
9 | .068 .070 .063 .035 .047 .OT7| .060 3 .067 .083 .0%0 .081 .102 .057 | .OT3
‘o l 0053 oon 0038 0076 0059 o"s 0070 ‘ Iow 0025 .0‘3 .“8 0058 0053 .058
1" .031 .08 .038 .087 .059 .136| .0T3 s lm 077 069 .117 .083 .034 | .O7S
12 | .018 .064 .020 .00 .031 .074] .046 6 | .089 079 .062 .074 .088 .055 |.074
|
13 | .0%4 .066 .018 .081 .028 .096 [ 05T 1 | .038 .074 .030 .033 .040 .091 | .05%
14 049 .09 .066 .043 .048 .079| .063 2 |os7 074 .045 .044 .028 .125 | .062
15 | 052 .051 .029 .061 .018 .058| .045 3 |.033 .049 .070 .105 .040 .028 | .054
16 .047 .05t .035 .038 .06T .088 | .054 4 I.os1 .023 .092 .089 .036 .042 |.035
17 | o3 .046 079 .041 .036 .030| .046 5 .046 .063 .065 .049 .0235 .022 |.045
18 | .067 .061 .064 .040 .053 .044| .055 6 ;cm 046 .059 .054 .0T3 .O77 | .064
|
LIGHT TION
dovaovard selection upward Contrel
| . IS W T N T Iié:*‘!im_
Gen O | .042 .031 .041 .054 .065 .050| .047 |
1 | .032 .027 .032 .040 .08 .027| .03¢ | 1 .028 .040 .025 .035 .043 .043 |.036
2 | .043 .032 .037 .042 .041 .032| .038 2 | .036 .065 .042 .044 .056 .038 | 047
3 | 4029 .035 .061 .034 .033 .O71| .044 3 | .043 .048 .035 .051 .048 .040 | .044
4 | .040 .029 .026 .026 .032 .035| .031 4 | .048 .026 .039 .032 .054 .029 |.038
S | .08 .042 .034 .024 .037 .024/| .033 5 | .052 .039 027 .030 .046 .043 | .040
6 :042 032 .034 .040 .037 .037| .037 6 | 046 .044 041 .026 .049 .048 | .042
T | .048 .035 .017 .037 .024 .040( .034 1 | .023 .030 ,023 .038 .025 .094 | .039
' | 0029 0“7 0033 0036 oo‘ 6 ° “‘ 0037 2 .m 8 oo“ 00‘6 .0’0 001 2 om 0“3
9 | .026 .039 .028 .024 .022 .031| .028 3 | .03t .066 .033 .057T .02T .074 | .048
10 .027 .026 .018 .041 .018 .041| .029 4 | .020 .065 .028 .025 .033 .O71|.040
1 | .033 .032 .027 .032 .019 .053| .033 s .022 .083 .015 .016 .014 .084 | .039
12 | 025 .044 .022 039 - .040| 03| 6 | .067 .066 .039 .03t .031 .036|.042
! Bep 8 — | Bep 8 —
13 | .037 .025 .047 .056 .023 .062( .042 1t | .035 .018 .032 .054 .028 .041 | .03S
14 | 028 .022 .038 .043 .032 .037( .033 2 l 031 .045 .044 .048 .029 .049 | .041
15 | 017 .031 .024 .041 .047 .070| .038 3 | .036 .049 .046 .032 .024 .049 | .039
16 | <016 .021 .032 .027 .030 .037| .027 4 032 .022 .067 .038 .017 .03 | .03%
17 | .018 .018 020 .034 .058 .039 .0311 5 | 027 .048 022 .022 .039 .033 | .032
18 | .021 .021 .035 .023 .022 .03 .025( 6 | .0%0 .026 .031 .018 .047 .056| .038
| |




Table 4: (continued) b) Male data
HEAYY POPULATION
upward selection downwvard Control
Rep L - N 4 b 6 | mean l 1 2 3 4 3.6 [mean |
Gem O l.osa 038 .046 .027 .049 .041 | .042 |
1 | .09 .04 .020 051 .05¢ .041|.052 | 1 |.057 .45 .075 .042 .061 .039 |.053
2 | .03 .61 .035 .063 .041 .045|.046 | 2 | 0% .036 .04 .037 .045 074 |.048
> | 080 .054 .060 .085 .036 .060 .062 3 I.oss 055 .038 .028 .038 .077 |.048
4 l.on .098 .051 .082 ,035 .044|.057 | 4 026 .062 .036 .038 .037 .032 |.038
5 039 .060 .047 .058 .039 .096 | .0%6 s |.oe6 .053 .0a4 .0¢4 .037 .0T2 |.049
6 |.060 .08 .05t .40 .078 .09 .039 6 |.oe2 .03 .036 .03 .053 .03 |.063
|
7 l.ou 19 072 .067 .042 .055 | .073 " 1 :.129 .09 .111 .054 .063 .034 |.081
8 061 .034 .038 ,056 .0%6 .056| .050 2 .040 .046 .040 .061 .096 .065 |.058
o | .102 .082 .o .067 .052 .092|.018 | 3 .05 .om 054 .107 .92 .067 |.075
10 |.0% .86 .or7 .067 .03 .089|.067 || 4 |.0% .05 .10 .052 .102 .04 |.070
11| «102 .116 .063 .112 .063 .10) | .093 S | 067 .08 .055 .058 .068 .052 |.064
12| 060 .039 .086 .139 .039 .064| .075 | 6 |.086 .O78 .100 .050 084 .074 | 079
13 | .089 .066 .098 .093 .052 .088 | .081 1 042 ,064 .041 .123 ,083 ,079 |.072
14 | .17 .100 .023 .056 .033 .109| .073 2 .064 .067 .059 .049 .062 ,108 | .068
15 | .042 .068 .017 .108 .042 .037 | .052 3 | .103 .037 .049 .136 .046 .OT3 |.07T4
16 | .045 .062 .046 .09 .063 .106|.069 [ 4 | .047 .061 .101 .068 .OT6 .088 | .07
17 | 066 .022 .052 .045 .042 .038| .044 5 | <045 .03 .09 .075 .03 .024 .043
18 I.osa 023 .045 .056 .038 .063| .047 | 6 l.101 049 .039 .043 .048 ,040 | .053
LIGHT 1
downmerd selection upvard Control
Rep WS DRSS - | 4 3 6 _— 2 3 4 2 6 |mean
Gea 0 | .0¢1 .032 .038 .060 .0e0 .036|.038 |
1 | .00 .057 .21 .042 .035 .042|.038 | 1 |.025 .032 .034 .027 .028 .027 |.029
2 | .033 .035 .035 .034 .044 .030| .035 2 |.042 .046 ,043 .07T1 .030 .032 | .044
3 | .045 .041 .053 .037 .030 .035| .040 3 033 .025 .031 .065 .033 .034 |.037
4 | .03 .038 .22 .00 .028 .038| .031 s |.030 .037 .037 .049 .034 .039|.038
5 | 028 .040 .023 .039 .029 .033|.032 s |.051 .03 .036 .023 .048 .037 |.038
6 | 029 .020 .029 .032 .035 .072|.036 | 6 | .04 .046 .032 048 .039 .043|.043
7 | .27 035 .017 .026 .019 .037| .027 | 1 | .06 .034 .o19 .026 .019 .073|.034
8 |.28 .08 .03 .08 .07 .033|.028 || 2 |.03 027 .034 .028 .012 .060 | .02
P2 b ovy Sy Ju5 BN e [ 3 | +033 117 .024 .020 .014 .045 | .042
10 I.ozns 028 .033 .034 .013 .46 .030 | 4 | .029 .029 .015 .017 .021 .103|.036
1" 024 .019 .031 .035 .027 .039| .029 g .025 .045 .033 .018 .016 .112 | .042
12 | 024 015 .18 .46 - .038| .028 | 6 Io:.’9 095 .027 .035 .024 .058 | .045
| Bep 8 = | Bep 8 =
13 | 044 .015 .014 025 .015 .0%1| .027 1 | .028 .020 .016 .034 .018 ,025| .024
14 .07 020 ,031 .032 .024 .042| .031 2 | .39 .017 .023 .033 .018 .022| .025
5.0 015 .035 .042 ,049 ,052| 037 3 | 022 .033 .025 .014 .021 .053| .028
16 013 023 .022 .032 .012 .041| .024 || 4 | .024 018 .017 .020 .017 .034|.022
17 .012 033 .012 .044 .045 .038| .031 ] 033 ,024 .027 .030 .039 .035| .031
18 : 020 .016 .011 .019 .025 .038| .029 6 : 026 .017 .033 .027 .039 .049| .032
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are still clear enough to be strikingly similar to the corresponding patterns
for mean weight given in FPigure 1. This similarity is very important from
the viewvpoint of analysing results for it indicates that the two parumeters,
mean veight and phenotypic variance, might be related in the sense that they
may both be affected by some other factor such as scale. If such was the
case it would be invalid to treat mean weight and phenotypic wvariance as
Jindependent interpreters of genetic behaviour. What is peeded therefore is
some other measure of variadbility that is free from the scale effect which
appears to bias the mean weight and variance results. Such a possible
alternative measure is called the coefficient of variation and this alternative

is nov discussed.

Coefficient of varistion: This parameter is a measure of population
variability that differs from the previous measure by taking into account the

population mean weight. It is based on the conception that a given level of
variahility about a light population mean weight is biologically more signif-
icant than the same absolute level of wvariability about a heavy population
mean, The statistical definition of coefficient of variatien is symbolised
as l//u. end fts value in the present context is in being able to cancel scale
offects that are due to the logarithmic nature of grovth. That is, if the
phenotypic variance of a population vas seen to rise during selection and this
rise wvas in fact a scale effect caused by the logarithmic grovth process im
association vith a rising mean weight, then conversion of the data to co-
efficient of varistica would portray the wvariability as being constant in
value. Becasuse there is adequate reason to believe that scale effects would
be present end indeed are present, the current data on phenotypic variability
has therefore been converted to coefficient of variation and is presented in

Table 5.



Table 5: Coefficients of variation (%)

a) Pemale dats

upwvard selection

HEAVY POPULATION

dowvzard Control

Rep 12 3 4 3 s QLH

Gen O | 9.3 6.7 8.3 8.1 10.4
1 | 9.2 10.8 8.4 9.8 1.9 1 | 10,1 8.8 11.4 9.9 8.9 11.4|10.1
2 | 75 68 T8 M2 6.3 2 | 8.9 8. 9.9 12.5 12.3 8.2 [10.0
3 9.5 9.3 6.8 9.6 T.9 3. 11.2 10.4 8.6 T.5 9.4 12.2| 9.9
o | 7.8 97 9.4 88 9. o | 97 1.5 10.9 8.4 107 9.0 [10.0
s | 7.3 8.0 6.9 7.0 9.8 5 | 10.2 8.6 9.3 8.4 7.3 10.2 | 9.0
6 | 5.8 8.6 10.3 8.6 9.0 6 |13.7 11.9 7.6 10.5 12.3 14.6 [11.8
T | 9.0 121 9.5 6.2 7.5 1 | 86 8.7 76 9.3 7.9 11.2| 8.9
3 8.5 10.5 S.1 6.3 T4 2 | T4 93 TT 63 103 9.6 8.4
o | 82 9.4 79 58 7. 3 9.2 11.3 8.0 10.1 11.9 9.8 [10.1
o | 7.2 95 57 84 80 s | 8.0 64 7. 12,7 8.8 9.2 87
"M | 5.1 95 5.7 83 7.8 5 | 10.4 11.1 9.8 12.5 10.9 7.5 |10.4
12 | 3.8 8.6 4.1 T.4 5.3 B8.7| 6.3 6 | 11.2 11.7 9.1 10.5 1.7 9.9 (10.7
1 | 67 84 3.8 8.0 5.2 10| 7.0 | 1 | 5.8 8.9 50 5.0 6.4 10.0| 6.8
14 | 6.5 9.9 T4 58 7.2 93| .7 || 2 l 7.0 9.3 6.3 6.3 5.5 3.7/ 6.3
15 | 6.5 T 48 6.8 44 7.5) 6.2 |3 5.2 7.3 7.8 10.0 6.6 5.3/ 7.0
16 | 62 7.2 53 5.2 82 92|69 [ 4 | 67 5.0 9.1 9.3 6.3 6.4 7.1
17 | 61 T 84 55 6.2 54| 64 |5 | 63 9.0 8.0 7.6 53 5.0| 6.9
18 | 79 7.9 8.9 55 8.2 8.1| 7.8 || 6 | 8.6 7.7 8.1 8.6 10.0 10.5 | 8.9

LIGHT POPULATION
dvvaward selection upwvard Control

Rep NENGE, WS SIS B 2 6 o, Toees B 4 3 6 [mean

Gen O | 11.9 10.9 12.9 14.6 15.8 13.7( 13.3 |
1 10.5 9.9 10.8 12.8 15.2 10.6| 11.6 | 1 I 9.6 11.2 8.7 10.7 12.8 13.0 [11.0
2 l 121 108 125 13.7 143 1M.4[ 12,5 | 2| 10.2 14.0 1.1 106 14.6 11,8 [12.0
3 ! 10.2 12,0 18.0 12.5 12.3 16.5| 13.6 | 3 | 11.5 1.9 8.4 10.3 12.7 11.1 |[11.0
¢ 117 10.8 10.6 113 128 10.1] 1.2 | 4 |11.9 8.0 10.3 7.9 12.1 8.7 | 9.8
s | 10.6 12.4 12.0 10.1 14.0 9.8/ 1.5 | 5 | 1.7 9.4 7.3 7.4 10.9 10.4| 9.5
6 | 11.2 1.7 12.0 1301 142 1.4 123 | 6 | 10.0 10.1 9.3 7.0 10.4 11.1| 9.7
7 | 13.6 10,8 9.0 13.9 1.5 1.7[ 1.7 | 1 | 9.2 10.2 9.8 13.1 12.6 14.1 [11.5
8 | 11.0 15.5 1.8 14.5 1.4 12.3) 12.8 | 2 | -8 12.3 1.2 15.6 7.7 13.3 |11.6
9 | 11.0 12.6 1.8 12.6 13.0 11.3| 12,0 | 3 9.7 12.8 12.0 16.7 11.6 11.6 |12.4
10 | 11.0 1.5 9.0 15.6 12.3 12.5[ 12.0 | 4 | 7.9 11.4 10.6 11.4 12.2 10.8 |10.7
1 12.7 13.6 11.2 13.7 12.1 15.4| 13.1 ] 8.0 12.7 7.4 9.2 T.7 1.7]| 9.5
12 | 10.1 15.9 10.2 14.0 - 12.6| 12.6 | 6 | 11.5 10.0 11.8 12.0 10.3 6.8 [10.4

Rep 8 Bep 8 &

13 ! 13.3 13.5 14.8 17.6 12.6 16.2| 14.7 | 1 12.2 10.1 12.0 17.6 12.9 13.3 [13.0
M| 122 115 134 143 15 13.9) 133 | 2| 107 14,4 14.0 15,8 13.0 14.9 |13.8
15 |, 10.0 14.4 10.2 15.5 16.7 17.8| 14.1 3 | 11.0 14.6 13.0 13.4 1.5 13.3 [12.8
16 | 9.0 10.9 11.8 11.0 15.1 12.1| 1.6 | 4 | 10.7 10.4 16.3 13.4 9.6 1.4 [12.0
17 | 10.2 10.2 1001 13.0 19.5 13.2| 127 | s | 9.8 143 9.0 9.8 14.9 111 [11.5
18 ! 10.8 12.0 12.8 12.0 12.1 11.5‘ 1.9 | e | 14.3 10.6 11.0 10.2 16.0 14.9 | 12.8




Table 4:

Phenotypic variances a) Female data

upvard selection

HEAVY POPULATION

dowrward Control

Rep Yol T e, SONEw STEw. ey S teem mE W
Gea O | .053 .024 .033 .033 .050 .038| .039 |
v | 050 .07 .o46 .052 .066 .o40|.053 | 1 | 053 .043 .0T3 .044 .042 .060 | .052
2 | .37 .026 .035 .074 .026 .042|.040 | 2 | .044 .033 .044 075 .064 .035 | .049
3 | .on .61 .039 .066 .037 .070| .057 | 3 | <065 .061 .038 .026 .037 .OT8 | .051
4 | .043 .05 .064 .058 .056 .043| .053 4 047 .065 .061 .026 .044 .035 | .046
s .42 .051 .038 .050 .01 .060|.052| 5 | .45 .037 .050 .03 .023 .046 |.039
6 : .032 .055 .07 .064 .063 .063|.059 | 6 | .086 .059 .028 .041 .070 .094 | .063
7 | .082 .107 .088 .038 .042 .058|.069 | 1 I.oss 051 .047 .076 .043 .085 | .062
8 ) .061 .o .023 .03 .00 .083|.054 | 2 | .043 .049 .046 .034 .084 .05 | .05
9 | .068 .070 .063 .035 .07 .OTT|.060 | 3 067 .083 .050 .081 .102 .057 | .OT3
10 | .05 .OT7 .038 .076 .059 .118(.070 | 4 I.o49 025 .043 .118 .058 .053 | .038
1 .31 .08 .038 .087 .059 .136|.073 | S5 |.072 .077 .069 .17 .083 .034|.073
12 | .18 .06 .020 .00 .031 .074| .06 | 6 | 089 .0T9 .062 .0T4 .088 055 | .074
13 ll 0354 066 .018 .081 .028 .096| .057 1 | ,038 .074 .030 .033 .040 .09% |.051
14 .049 .09 .066 .043 .048 .09 .06 2 ‘057 074 .045 .04 .028 .125 | .062
15 052 051 .029 .061 .018 .058|.045 | 3 | .033 .049 .070 .105 .040 .028 | .034
16 | 067 .05 .05 .038 .067 .088|.0% | 4 | .05 .02 .02 .009 .03 .06z |.035
17 | o3 .46 .o .081 .03 .0%|.046 | 5 | .06 .063 .065 .049 .025 .022 |.085
18 | .067 .061 .064 .000 .03 .044|.055 | 6 :cm 046 .05 .0%4 .07 .O7T7T |.064
|
LIGR? POPULATION
dovovard selection apearxd Control
Bep 1 2 3 4 5 6 |memm UL SUNE TS B A -
Gen O | .062 .031 .041 .05¢ .065 .050| .047 |
1 | .032 .027 .032 .00 .048 .027| .03¢ | 1 028 .040 .025 .035 .043 .043 | .036
2 | .043 .032 .037 .042 .041 .032| .038 | 2 | .036 .065 .042 .044 .056 .038 | .047
3 | .029 .035 .061 .034 .033 .071| .044 3 | 043 .048 .035 .051 .048 .040 | 044
4 | .00 .029 .026 .026 .032 .035| .03 4 | .048 .026 .039 .032 .05 .029|.038
s ! 038 .042 .034 .024 037 .024| .03 | 5 | 052 .009 .027 030 .046 043 |.040
6 | 042 .032 .04 .040 .037 .037| .037 | 6 | 046 044 .041 .026 .049 .048 | .042
7 | 048 .035 .017 .037 .024 .040| 034 | 1 I 023 .030 .023 .038 .025 .094 |.039
8 | -029 .067 .03 .03 .06 .041|.037 | 2 | .18 .05 .046 .050 .012 .078 |.043
) | 026 .039 .028 .024 .022 .031| .028 3 | .031 .066 .033 .057 .02T7 .074 | .048
10 |.027 .026 .018 .041 .018 .041| .029 | 4 | .020 .065 .028 .025 .033 .O7Y|.040
11 | 033 .032 .027 .032 019 .053| .033 | 5 ' .022 .083 .015 .016 .014 .084 |.039
12 | .025 044 .022 .09 - .00 .03 6 | .067 .066 .039 .03t .031 .036|.042
l Bep 8 3 | Bep 8 —
13 | 037 .025 .047 .056 .023 .062( .042 1 | .035 .018 .032 .054 .028 .061 |.03S
14 | .028 .022 .038 .043 .032 .037| .033 | 2 | .031 .45 .044 .048 .029 .049 | .041
15 | 017 .03 .02 .04 .47 .070| 038 | 3 | 036 .049 .046 .032 .024 .049 | .039
16 .016 .21 .032 .027 .030 .037| .C27 | 4 | 032 .022 .067 .038 .017 .03% | .03S
17 | .018 .018 .020 .034 .058 .039| .031 | 5 | .027 .48 .022 .022 .039 .033|.032
18 | .21 .021 .035 .023 .022 .0%| .025/ 6 | .0%0 .026 .031 .018 .07 .056| .038
|




Table 43 (continued) D) Male dats
HEAYY POFULATION
apvnrd selection dovpward Control
Rep 1 r S . - —L 2 3 4 3. 6 [mean
Gen O |.053 038 .046 .027 .049 .041| .042 |
1 | .099 .0e4 .020 .051 .054 .04t .052 1 | .05T .045 .073 .042 .06% .039 | .053
2 | .033 .061 .035 .063 .041 .045(.046 | 2 | <050 036 .044 .037 .45 .OT4 |.048
3 |.080 .054 .060 .085 .036 .060 | .062 3 l.osas 055 .038 .028 .038 .O77 |.048
4 |.033 .098 .051 .082 .035 .044 | .0S7 4 .026 .062 .036 .038 .037 .032 |.038
5 .039 .060 .047 .058 .039 .096| .056 s | .06 .053 .04 .044 .037 .072 |.089
6 | .60 .058 .057 .040 .078 .059|.059 6 |.0e2 .034 .03 .03 .053 .03 |.003
|
7 ,.om 19 072 .067 .042 .055 | .073 1 |.129 .096 .111 .054 .063 034 |.081
8 | .060 .034 .038 .056 .05 .05 |.0% | 2 |.040 .046 .00 .061 .09 .065 |.08
9 |.102 .082 .03 .067 .052 .092|.0t8 | 3 |.059 .om .05 .107 092 .067 | .07
10 |.% .08 .om7 .067 .034 .089|.067 | 4 |.050 .0%1 .110 .052 .102 054 |.070
M| .102 116 063 .112 .063 .103| .09 S | .06T .086 .055 .058 .068 .032 |.064
12 |oso .059 .086 .139 .039 ,064| .075 6 |.08 .078 .100 ,050 ,084 .074 |.079
13 | .089 .066 .098 .093 .052 .088 | .081 1 042 .064 .041 .123 .083 .079 |.072
14 | .117 .100 ,023 .056 .033 .109| .07) 2 064 .067 .059 .049 .062 ,108 |.068
15 | .02 .068 .017 .108 .042 .037 | .052 3 ].103 .037 .049 .136 .046 .073 |.074
16 | 045 .062 .046 .093 .063 .106| .069 4 | .067 .061 .101 .068 .076 .088 |.073
17| .066 .022 052 .045 .042 .038| .044 5 I.o45 .036 .039 .075 .036 .024 |.043
18 l.cosa 023 .045 .056 .038 .063 | .047 6 ].101 049 .039 .043 .048 .040 |.053
LIGHT
dovoward selection upwvard Control
Rep i3 - 2. TR SRR 6 [mean = 2 3 4 3 6 [mean
Gea O | 041 ,032 .038 .040 .040 ,036| .038 |
1 | .030 .057 .021 .042 .035 .042| .038 | 1 | 025 .032 .034 .027 .028 .027 |.029
2 | .033 .035 .035 .034 .044 .030| .03% 2 I.042 .046 .043 .07V .030 .032 | .044
3 | .045 .041 .053 .037 .030 .035( .040 3 033 .025 .031 .065 .033 .034 |.037
4 | .033 .038 .022 .030 .028 .038 .031 4 |.030 .037 .037 .09 .03¢ .039|.038
5 | -028 .040 .023 .039 .029 .033| .032 s | .05t .030 .036 .023 .048 .037 |.038
6 | 029 .020 ,029 .032 .035 ,.0T2| .036 6 | 041 .046 .032 .048 .059 .043 |.045
7 | .027 035 .07 .026 .019 .037| .027 1 | .03 .034 .019 .026 .019 .073 (.03
8 | .28 .038 .03 .018 .17 .033.028 | 2 |.031 .27 .03 .028 .012 .060 .03
9 | .022 ,045 .019 .023 .020 .053 .030 3 | 4033 JT 024 .020 014 .045.042
10 l.oes .028 .033 .034 .013 .046| .030 4 | 029 .029 .015 .07 .021 .103[.036
1 .02¢ .019 .031 .035 .027 .039| .029 5 .025 ,045 .033 .018 .016 .112 | .042
12 | .024 015 .018 046 - .08 .028 6 |029 .095 .027 .035 .024 .058 | .045
I Rep 8 | Rep8
13 | 044 015 .014 .025 .015 ,O051| .027 1 | .028 .020 .016 .034 .018 .025 | .024
14 | (037 .020 .0N1 .032 .024 .042| .01 2 | .039 .017 .023 .033 .018 .022| .025
15 | 029 .015 .035 .042 .049 ,052| .037 3 | .022 .033 .025 .014 .021 .053|.028
16 | 013 023 ,022 ,032 .012 .041| .024 4 | 024 .08 .07 .020 .017 .034| .02
17 012 .033 .012 ,044 .045 .038| .031 s | 033 .024 ,027 .030 .039 .035| .031
18 : .020 .016 .011 .019 .025 .038( .021 6 l.oas <017 .033 .027 .039 .049| .032 J
M-




Table 5: (Continued) b) Male datae
HEAVY POFOLATION
upvard selection downward Control

Rep l L 2 - 2 6 | mean l 1 2 3 4 2 6 | mean|

Gen o| 10.0 8.7 10,3 8.0 10.6 10.3| 9.6 |
1| 17 8.9 5.8 10.3 10,6 9. 9.7[ 1, 1.0 9.3 12.6 10,0 1.8 9.5 10.7
2 7.4 10.8 8.2 10.6 8.4 9.1| 9.1 2 9.5 8.9 9.9 9.5 10.6 12.6| 10.2
3] 1.0 9.3 9. 1.6 8.2 10.2| 9.9 3 : 11.3 10.0 8.9 8.2 10.5 13.6| 10.4
4 7.0 13.7 9.0 1.1 7.5 8.9 9.5] 4 7.5 11.6 9.2 10.6 10.2 9.1| 9.7
5! 7.8 9.2 7.9 8.a 7.5 1.7| 8.7 5! 1.0 10.8 8.9 9.8 10.0 12.9] 10.6
6] 8.3 9.2 9.2 6.8 10.4 9.3| 8.9 6| 9.9 8.9 8.6 10.0 12.0 12.0| 10.2
7! 9.7 13.5 9.2 8.7 7.7 9.2 9.7" 1 : 12,9 12.4 12.3 8.3 10.0 7.4| 10.5
8/ 88 7.6 6.8 7.9 8.0 8.6| 8.0] 2 7.5 9.3 7.7 8.8 11.9 10.2| 9.2
9| 10.6 10.5 8.9 8.6 8.0 11.3| 9.6] 3| 9.5 11.0 8.7 12.2 124 11.1] 10.8
10| 7.4 10.7 8.8 8.6 6.3 10.7| 8.8 4 | 9.0 9.4 12.7 9.2 12.7 9.8| 10.5
1) 103 123 7.7 10.5 8.3 11.8)10.1 5| 10.5 13.2 9.0 9.7 1.2 9.8 10.6
1z| 7.7 8.5 8.9 12.1 6.4 8.7 s.7| 6 | 12.2 120 12.9 9.3 12.8 12.0[ 1.9
13| 9.4 8.8 4.6 9.1 7.5 10.7| 83 1| 64 9.0 6.0 10.8 9.8 10.2| 8.7
14| 11.0 1.0 4.5 6.9 6.0 11.5| 8.5 zl 8.0 9.7 7.3 7.0 8.7 11.6| 8.7
15 6.1 8.9 3.9 9.8 6.8 6.2| 7.0] 3 ' 10.2 6.7 6.8 12.2 7.3 9.5| 8.8
16! 6.3 8.4 6.3 8.8 8.4 109 8.2] 4| 7.9 87 9.7 8.8 9.8 10.1] 9.0
17! 8.0 5.0 7.0 6.0 7.0 6.4| 6.6 5| 66 T 62 9.5 6.6 5.3/ 6.9
18| 7.8 S 7.9 6.9 7.2 9.7| 7.4 6 10.8 8.3 6.9 7.8 8.6 7.8| 8.4

N ]

LIGHT POPULATION
dowvnward selection upward Control

Rep 1 2 3 4 3 6 | mean l 1 2 3 4 p) 6 -unr'

Gen o: 13.0 11.2 13.4 13.2 14.1 12.9] 13.0 |
1 10.5 14.7 9.2 14.0 13.7 13.8[12.7] 1 9.5 10.3 11.4 10.2 10.9 11.1]10.6
2| 415 1204 12.8 13.5 15.9 11.5| 12,9 2 | 12,7 3.2 1201 149 1.2 11.5] 9206
3| 140 13.2 19.4 13.3 12,9 12.5|14.2] 3 | 107 9.8 8.8 12.6 11.4 11.3] 10.8
4] 116 12.8 9.9 12.8 13.1 11.2[11.9| 4 | 10.0 10.1 10.6 10.2 10.6 11.0| 10.4
5| 9.8 13.2 10.5 1.4 13.0 117|121 5 | 12.1 8.4 8.8 6.5 12.5 10.5| 9.8
6| 103 9.9 11.8 12.8 145 16.5|12.6 | 6 | 10.6 11.6 8.8 9.8 12.7 11.0| 10,7
71 109 12.0 9.5 12.6 11.0 1.7[ 13| 1 12.2 1.9 9.3 11.5 1.7 13.5] 11.7
8 | 12.2 12.9 123 11.4 12.4 12,7123 2 | 10.7 9.3 12.4 12.6 8.1 12.5|10.9
9 10,6 14.8 10.0 13.0 13.3 15.6[12.9| 3 | 1.5 18.6 10.2 11.4 8.8 9.8[11.7
10 | 114 13.4 127 150 1.7 53| e [ 10.2 8.6 7.8 9.7 10.3 13.8 10.1
1 | 11.8 1.1 12.8 15.4 15.0 14.1)13.4] s 9.0 10.5 11.7 10.1 8.8 14.9| 10.8
12 | 1.2 10,2 9.7 17.2 - 131123 6 | 9.3 12.8 10.1 13.2 12.8 9.4|11.3

1 Rep 8 | Rep 8 —

13 | 15.4 1.0 9.1 127 1.4 15.8[12.6 | 1 | 11.4 113 9.0 142 1.2 11.5] 1.4
14 15.3 127 134 136 1404 1420 13.9 | 2 | 12.8 101 11.0 4.1 10.9 10.5| 11.6
15 13.0 10.2 12.9 15.9 20.2 16.4|14.8 | 3 | 9.5 126 10.5 9.6 11.0 14.8(11.5
16 | 8.6 12.5 10.9 13.1 10.4 14.4|11.6] ¢ | 1000 10.0 9.0 1.0 98 11.7] 10.2
17 | 8.9 14.9 8.3 15.6 19.1 14.2|13.5 | 5 | 11.8 11.0 10.9 12.9 16.1 12.2]12.5
1.4 112 7.8 1.5 13.5 14.6[11.7 | 6 | 1.5 8.9 1.7 13.1 16.6 14.2] 12,7

]
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Table 5 shows once again a considerable range of values between individual
replications within a gensretion and between successive generations withinm a
replication, so the former have been averaged to give more clarity of pattern.
Vhen this is done it is noticeable that the generation mean coefficientsof
variation for females are mostly less than those for msles, and also that in
the Heavy populatioan the generation means for upward selectiom are nearly
alvays less than those for the dovnwvard Control. Almost as frequently in the
Light population are the upwvard Control means less than those of the dowoward
line. The striking point about all three comparisons is that in each one
the sember vith greater sean weight almost alwvays has the smaller coefficient
of wariation, for examnple females are heavier than males but their coefficient
of variation is less. Thus there is apparently an inverse correlation between
zean weight and coefficient of wvariation, wvhich suggests that conversion of the
data to the latter parameter has over—ccmpensated for the scale effect. The
pattern for coefficient of variation averaged over all replications and both
sexes is given in Pigure 2 for the mmin upvard and dovaward selection lines.

In the Heavy population there is a clear tendency for coefficient of variation
to fall in successive generations as the mean veight rises. The Light
population does not show such a clear tendency to rise as the mean veight falls,
except over the middle generations., Its subsequent fall in later generations
may be due to the removal of Replication 5, containing the smsllest animals,
from all analyses beyond Generation 12. Notwithstending this perticular
pattern, the overall data suggests that scale effects are not sufficiently
strong to warrant seasuring the phenotypic variability in terms of coefficient
of variation. It is not sensible to speculate too deeply om vhy this should be
so but two possible reasons stand out. Pirstly the scaling effect caused by
logarithmic growth processes acting on a given amount of genetic wariebility

will be reduced if the genetic wvarisbility itself is reduced, and this latter
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is theoretically expected to happen under contirmed selection. Secoodly
the effect of scale on phenotypic wvariability may be confounded with the
effect of an opposing force such as natural selection trying to reduce the
variability.

Vhatever may be the exact cause(s) of such relationships it thus seems
evident that neither of the two parameters, variance or coefficient of
variation, are free of a relatiocnahip with mean weight in the present experi-
ment. In the absence of better alternatives it also seems likely that this
relationship is due tc scale and natural selection. However, one parameter
wvhich is claimed as being almost wmaffected by either scale or nataral select-
ion (Palconer, 1961) is ealled realised heritability and it is discussed below

as an alternative system of interpreting a selection response.

heritability: This paraseter is calculated from the formuls
bl - selection response/selection differential. The reason it is recommended
for such analyses of response as the present one is that any factor such as
scale or matural selection which affects the selection differential is likely
to affect the selection response in the same direction and by a near-propor-
tional amount. That is, numerator and denominator of the above fractiom will
be affected to about the same relative extent, leaving the fraction itself
almost unchanged. Realised heritability is therefore a parameter likely to
give a clearer idea of the true genetic response to selection than are other
parameters, and so the appropriate data are given in Table 6.

It is wvery difficult to see any patterns among the data of Table 6 even
vhen the replications are averaged in each generation. It is not discounted
that some patterns may indeed be present but over amy of the sim-gensretion
periods comsidered they are masked by the very large fluctuations occurring

between generations. As was done for the two earlier parameters discussed,



Table 6:

Realised heritabilities

a) Female data

upward selection

HEAVY POPULATION

I S T T S X S NS TORNYE "I, o,

Gem 1 | =26 .23 .15 .28 .68 1.00| 3| 1] .76 04 T3 46 -zm -1 | .00
2 | 62 03 =60 34 35 41| 9| 2|21 2T T =22 JT9 =37 | .16 "
3 75 .79 1.48 .58 =T .22 | .61 3| 25 =38 =50 .05 .00 L00 | =.10
ol c49 70 -39 19 53 -9 |-2a] 4! o 7 .05 65 .32 3| .32
s | .38 1.00 .38 1.26 .29 .40 .azh S| 38 =02 =.36 1,40 =35 =07 | =.30 |
6| 88 =29 =35 «69 .29 .39 | .04f 6)-12 64 .47 1.0 =30 .00 | .29
7 21 -3 102 .55 <7 —ar| 9] 1] 19 31 <39 -05 53 42| 7
8 | —uT1 =236 =21 ~.64 .97 .63 |=.0% 2) .84 .68 .24 .06 -60 .16 | .23
9| 68 .69 .65 .93 .10 .24 55| 3 .03 =53 .03 .33 .24 .24 .06
10 .6 36 1.0 ST .00 5| .37 ol 10 =97 =19 .19 =06 =.19 | =05
19 62 .36 ~04 .36 .23 -07| .24 5| .50 43 41 =06 AT .10 .26
12| .3 <30 31 .20 .5 33| .24 6 I-.zs 21 =08 .30 .23 25| .19
13 -0 66 41 -8 =30 -4 ,06 1] 61 =25 a3 =2 39 20| .2
14 ] =19 =36 67 <03 =52 =22 =30 2 =19 .33 .23 .91 .15 =04 | .23
15 <21 35 20 27 .03 5T .27 3 |=e09 =24 .03 .12 .00 =17 | -.06
16 =04 =11 =08 .48 .30 -.06| .08 4 .36 .06 .14 0T .09 =11| .10
7] o1 w24 w6t w22 -6 09|-2a] sleor om0 23 7 w0 0| .22
181 -8 31 <121 -4 1225401 6] 61 .06 .39 .48 1.10 1.21 | .64

L |
LIGNT POPULATION
downvard selection upward Control

TRV - U T T A2 3 4 5 6 |men |
1) 209 =30 -28 .1 33 .19) w02] 1] .4 63 T3 38 .00 —i0| .30
2 =10 .00 .33 .23 .09 -.08| .08{ 2! .3 e 08 .7 .08 .6]| .25
3| 0 1 54 .06 =20 —13)| vi2] 3lete 5 12 5 3 e .50
el a2 w00 -35 .10 35 -t |-a2 4: A3 51 =1.20 AT .59 .46 | 11
5| 37 232 -.08 —41 .06 .86|-.05 S| .29 36 1.06 T .92 08| .45
6| .03 37 .00 =08 .11 45| 00| 6 .56 =17 =36 -.67 .50 =07 | -.03
1|l g8 -8 21 a2 o1 —or| 0] 1lets 51 06 =17 =30 1.75| .23
8l 21 8 -4 1 100 .21] 25| 2 : 29 61 .30 =o16 .67 =22 | .25
9l 33 26 .25 25 =27 9| a7| 3, .19 32 =32 -05 .06 .59 .13
10 | =15 48 =36 =33 35 -.19|-.03| 4 =07 43 .21 -08 a7 N[ .16
1) .26 0 25 -03 =33 42| 6| 3.7 09 29 -08 .07 -03| .12
12 =38 =04 .00 —48 - =34|-25] 61 .09 .58 .13 45 -0 .86 .33

| Bp8 — l Bep 8 —
13 48 .54 08 25 .16 .16 25| 1 'e04 =02 .25 =40 .29 =.39 | -.08
141 8 =67 .03 =53 .24 .9|-09] 2' 2 5 06 23 .07 -05| .24
151 38 .39 =19 .52 74 —t1| o4 3! 28 3 42 -9 07 46| .19
16 | =50 =62 .08 =80 .50 -.27|-.2T| 4 :-.21 =36 =9 .36 o1 =0T | =06
7, .32 09 4 .23 =35 42| AT| 50T 48 .08 .24 =20 .00 .19
18 | 45 =24 1.38 =-.03 6 1250 =09 =021 =1.08 .09 =,15 | =.32 h
1
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Table 6: (Continusd) b) Mele data
VY POPULATION
upward selection downward Control

mep 12 3 4 5 6 12 3 4 5 6 n.%l

Gen 1 |=.06 .37 145 37 .38 87| 52 1] 75 =18 ~26 41 =03 =30 .08
2 | T =23 1,20 .49 54 31| 05| 2|-52 .42 6 .10 22 =23 | .02
3| 46 69 1,29 ) S37 .| 45| 3] T4 —66 -1 0 A8 2| .10
4 | .03 =70 =54 .20 .68 ~.08 |=.0T | 4.=.22 .60 .3 .76 =06 .24 | 2T
s |22 70 .51 .91 46 111 | 58| 5| TS5 .08 =TT =100 —18 —38  |-.26
6 |1.50 =15 =47 =19 .18 =07 | .13 6le3t 44 41 61 .06 .19 | .18
T | =17 =15 .95 A7 =09 =21 | .08 1| I8 27T -29 M 42 .32 26
8 =29 -2z -0 .03 104 53| T2 .29 4T .21 =07 —24 00 | .
9 | 51 88 .52 07 =19 ~25| .26 3' 37 -48 =34 .28 31 45 | .10
0 | 06 0T .27 .00 .27 .22| J45| 4! .16 .06 .15 .39 =02 -7 | .09
M | a9 05 a5 a5 57 -09| 24|55l .03 49 05 -1 32 a2 | a8
12 | .22 .20 14 =25 .4 37| 46l .9 ~29 32 28 19 .3 | .14
13 :-.04 16 12 44 =09 ~41 | .03 1; 00 A7 =10 =34 34 36 | .07
14 -4 10 20 22 ~04 25| 06 2] .03 W29 .2 W12 1 =19 | .90
15 | 49 a2 =17 =26 -2 53| .10[ 3 06 -45 .13 .36 <12 -.06 |=.01
16 | .00 21 .12 33 -.06 -t | .03 0 03 -2 a1 .25 -20 | .08
17 =63 .00 =42 00 =17 19 (=7 [ S =33 37 W05 A3 =13 .12 | J03
18 IL-.n 04 1,81 =23 =61 =1,96 |=.82 6'l 67 .00 .95 .51 .89 1.07 | .68

LIGHT POPULATION
downward selection upward Control

Rep ! 1 2 3 4 3 6 __|mean . — 3 . . . 8

Gen 1 |=28 =10 -2 .14 .14 =03|-.09[1'.50 .50 .47 .35 .46 .00 | .38
2 | 25 30 59 .23 .92 -06| 24| 2-36 42 33 .95 .00 .36 | .14
3 | .21 =08 1,17 =23 =03 .04 | .18 3l 37— 4 0 .9 7 | .32
4 =11 .06 =.9¢ .28 .22 =86 |=.22 4! 06 1.26 =T2 .43 .59 .55 | .36
5 |=52 00 .25 —06 .15 49| .00 |5 .48 .45 1.00 .36 .08 .15 | 45
6 | 14 D1 ~04 =06 92 =21 | .04 |6 .18 =83 =41 =37 4T .05 =13
7 | 50 -68 .18 .46 .36 =03 | 13 | 1|44 .56 .15 .00 43 71 | .09
s | 52 23 -1 2 .95 .e5| .40 2|28 3 00 -21 .76 =09 | .24
9 |-16 .20 45 .06 -.06 -20| .05 |38 .28 .12 -37 -.06 6 | .08
10 'w2 62 =22 =32 .50 20| .11 429 25 25 48 .20 .57 .34
11 45 =08 7 .00 =76 .00 |=03 5 .30 5 =10 =14 .11 =18 | .02
12 =36 35 W00 —a2 = =31 (=09 s: 33 .95 .36 .45 ~.25 .58 | .40

| Rep 8 —y | Rep 8 —

13 4 .29 .35 .00 .25 .26 .21 |1 .28 .50 .25 47 .30 -.42 | a8
14 | 31 3 30 =39 .05 -.06|-01 |2 32 23 -25 -.08 .08 .17 | .08
15 | @25 =32 =56 .12 =09 17 | =15 3: 00 14 54 =16 3T 54 | .24
6 | .07 =25 .32 =28 .10 —~09|-024, .07 0T =20 .24 .10 .08 | .06
N R = RS =) | R N s < SR A
18 ;-.17 A0 =18 .62 =21 .12 .10 6}-.50 16 18 =4l 0T .14 | =.08




the realised heritadbility values are avernged for both sexes and graphed
ocver all nineteen generations in Pigure 2, the main selection lines only
being given. The resulting graphs shov a slight them strong fall in the
Heavy population but no apparent trend at all in the Light populatiea.

These are two different patterns of heritadility response and so they require
different interpretations of genetic behaviour in the two populations. Im
the first population there is a tendency for heritability to decline and this
signifies that there is a decline in the emount of edditive genetic variance
present. In the second population there is mo such tendency and this
suggests that the genetic variability itself is not being reduced noticeably.
In both cases there is at least a qualitative agreement between the interpre-
tations of gepetic behaviour from the heritability data and from the earlier
data on sean veight, at least when the Control lines are ignored. But the
ability to test for a more quantitative agrvement is spoiled by the wvery
large fluctuations that are present and since such fluctuations are undoubtedly
dus partly to changes in enviromment, it is clear that these Control lines

should not be so ignored.

It appears fairly simple to sum up the contribution that graphs can
make towards the analysis of a selection response. Undoubtedly they are the
best vay to show if there are any trends present in the response and if such
trends are strong encugh it is possible that the genetic behaviour during
selection can be interpreted quite safely from graphs alone. But vhere
such trends are slight or are masked by fluctuations the graphs are usually

unable to give more than a qualitative assesmment of the genetic behaviour,
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and this is the case in the present experiment. Even vhen the values of all
six repliestions and both sexes were averaged the resulting graphs for the
paramsters of phenotypic variance, coefficient of variation, and reslised
beritadbility fluctuated too greatly in the six-generation Control 11 s to
shov any distinet trend. This situstion calls for a more thorough statistical
esnalysis of the data, partly ia the hope that tremds iavisible to the eye may
be detected by statistics and partly to sessure the variability between repli-
cations (vhich were pooled for the grephs). The way in vhich this analysis
wvas approscded in the present experiment will now be described.



(B) METHODS OP ANALYSING DATA :

It would seem vise to place this approach into perspeotive immediately.
The systea devised and given bdelow vas adapted to the present experiment and
may mot apply in sll details teo experiments with a different type of Control,
but it is considered that the general concept of amlysing trends and fluetu-
ations as well as the asen response, is worth considering for all experiments.
The actual benefits from doing this will probably depend on the actual sizes
of fluctuations and trends in a given experiment and in the present case these
fluctuations are big enough to wvarrant seasuresent separately. Hence the
analytical approach used in the present experiment is to treat each six-genere-
tion period separately and in each period to measure the asan response, the

fluctuations end the trends over all six generations.

Average rate of response: Perhapa the standard msethod of seasuring the
average progress of a response curve is by fitting a renge of knowvn mathesmatical
curves to it, and so determining vhich of the models best fits the cbserved
curve. By an iterative process the mathematical models cen be made iucreasing-
ly refined, until the deviation of actual greph points froe the theoretical
points of the model falls below an accepted level of significance. The mathem-
atical formmla behind this theoretical curve which best fits the actual data may
then be used both to interpret the genetic behaviour of the population and to
measure its selection response. For example, in 1950 Cavalli analysed some
data of Dobzhansky by successively isproving the fit of his mathematical model
to the data using av iterative method of maximum likelihood. The aame process
has been carried out im more detail and vith more seaning recently by James
(1965). Some selection responses reported by four earlier authors were re—

analysed by James end in esch csse he tested the data for goodness—of-fit



against three mathematical models - straight line, parabola, and exponential
curve. In all four cases the parabola gave a better fit than did the straight
line, mostly significently better: and the exponential curve consistently gave
e better fit than did the parabola. The interpretation of this result is that
the selection response wvas falling off with time at an exponential rete. The
formula of the curve vill provide a measure of this rate and hence of the eselec-
tion response itself. The fact that » straight line curve did not fit the
data a8 well as the others weans that the selection response cannot be considered
a8 linear, and that therefore seam the standard procedure of wsasuring mean
response by linear regression must not be done without serious thought first.
(The further fact that all three of the curves applied to the date did not give
e very close fit does not lessen the merit of this approach. Its weakness is
in the labour involved, bDecause a close fit would usually result only after the
testing and modifying of many complex genetic models and without the aid of &
computer such labour is rarely worthwhile). This serious thought appears to
have been given by Palcouner (1953), who was apparently one of the early authors
{0 measure mean respouss from the coefficient of linear regression. Unfortu-
nately his approech seens to have been adopted vithout much further thought by
later authors until oov it is apparently regarded as fairly standard procedure
(Pig. 5 of Kojima and Kelleher, 1963). Palconer argued that the estimation of
sesan response from linear regression is a good method because it minimises the
squared deviations of individusl goneration means from the regression line.

In this lesst—aguares sense it thus provides a better fit to the data than does
estimation of the mean response from simply dividing the total response by the
number of generations, But two assumptions are isplicit in such use of linear
regression to estimate mean responset first, that there be reason to expect

e truly linear response and second that there be no reason to expect a correla-

tion between succeasive generation means. Palconer wvas not prepared to sccept
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these assumptions for his experiment as be argued that the gesetic theeory

behind such selection process predicts that the response will in fact be non-
linear and that successive means wvill be correlated, for example by gesetic drift.
Sowevex, the cobserved respense over his thirteen generations was fairly linear,
and he calculated that drift was probably unimportant in his particular case also.
The approach in this present experimeat is alse not to automatically consider
regressicn amalysis as being valid but imstead %o test for this walidity amd %o
msasure aleo how far the estimate of mean response from linear regression differs
fros the estimate edtained by a lesa refined methed.

The first point to make in this comparison is that although the response
curve of Figure 1 everaged over all replicatioms could be regarded in meost
periods as being linear, those curves of the individual replications fluctuate
too wuch to be so regarded. Moreover these individual replications should be
analysed separately becsuse of the heterogeneity between them. (The high
amount of fluctuation and the low degrees of freedom in eech replication make it
not worthwhile trying to fit regression curves of higher order than linsar).

In the analysis that follows, the selection response of the Heavy popula~
tion during the first period of six genayetions has been used to campare methods
of assessing response. The mean response for each replication separately is
asasured by fitting a straight regression line te the data and then the results
sre tested for the tvo assumptions given above - that there is no significant
demartare of the response curves from linearity, and that there is no ecorrela-
tion between the means of separate generations. In this analysis the Controls
are treated separately from the main selection lines. The generation means

are given for both cases in Tadble 7.
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Table 73 Mean response from regression analysis
{Gens O to 6 in Heavy population)

a) selection upwards

Gen O

O N s W N =

Total (R)
®mean (/u)

regr. coeff. (b)

b) selection downwvards (Control)

Gen O

1

2

3

4

b

6
Total (R)

mean

regr. coeff,

Rep 1 2 3 4 L 6 Total ()
2.38 ] 2.30| 2.14 | 2.16] 2.12| 2.04] 13.14
2,35 | 2.37 | 2.%52 | 2.25 ] 2.27| 2.31 14.07
2.51 | 2.35 | 2.34{ 2.40] 2.45| 2.4 14.48
2.68 | 2.57T| 2.79 | 2.59 | 2.37| 2.49 15.49
2,61 | 2.35 | 2.59 | 2.67} 2.57| 2.40] 15.19
2,65 ] 2,74 | 2.77| 3.09} 2.68| 2.63 16.56
3,02 { 2.66 | 2,65} 2.93) 2.75| 2.70| 16.71
18.20 {17.34 |17.80 |18.09 | 17.21 | 17.00 | 105.64(T)
2.60 | 2,48 | 2.54 | 2.58]| 2.46| 2.43

.093 063 .081] .151 .101 .ogq
Rep 1 2 3 4 s 6 Total(G)
2.38 | 2.30 | 2.14 | 2.16 | 2.12| 2.04 13.14
2,21 | 2.33§ 2.27}| 2.09| 2.18| 2.1 13.19
2.36 | 2,19} 2.12 | 2.10] 2.03| 2.22 13.02
2.17 | 2.36 | 2.23 | 2.09| 1.96| 2.17 12.98
2.19 | 2.18 | 2.17| 1.90] 1.92| 2.03 12.39
2.03 | 2.17} 2.37 | 2.20{ 2.00| 2.09 12.86
2,10} 2.06 | 2.21 | 1.92] 2.04| 2.04 12.37
15.44 115.959 | 15.51 | 14.46 | 14.25 | 14.70 89.93(T)
2.21 | 2.23 | 2.22| 2.07| 2.0¢4| 2.10
-.049! —.037 -016! -.qu‘ -0021' -o“
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TEST FOR NON-LINEARITY: The regression coefficients given above are calculated
from the standard formula. It is possible to test if these regression co-

efficients are significantly different frum sero but in the present context it
is more important to test if they adequuntely describe the relation between mean
weight and generation mumber in the sense that variability of the former is
caused mostly by change in the latter. This test of adequacy, or linearity,

of the regression coefficient thus is resolved by a wvariance amalysis in which
it is tested if the amount of wvariability that remains betwveen generations after
removing the fraction due to the regression slope of response, is still a
significant amount. The structure of this varience analysis is given below

(adapted from Mather, 1949a) using the first tadle sbove as a numerical example.

Zable 8a: Deviations from linear regression
a) selection upwards
Source of Variance ar MS ) 4 P
Replications 3 0.034
w..‘m 1 1.600 11.43 .M
Deviation from Begr. S 0,018 1.29 «20
Residual 30 0.04
Total “
_
b) selection dowmwmrds (Coatrol)
Source of Variance daf M3 ) 4 P
Replications S 0.050
Regression 1 0.080 9.60 .01
Deviation frem Regr. b] 0.008 0.96 -
Residual 30 0.0083
Total 49




In both of the wariance tables there is & highly significant regression
effect and in neither table is there any significant deviation of wvalues from
the regression lines. This result indicates that despite the apparently large
fluctuations of individeal replications there is no evidence of non-linearity in
them; on this basis linear regression provides a wvalid and adequate measure of
the mean response. The sase conclusious may of course not be obtained if this
seme anslysis was carried out on the data from the remaining two periods and
from the Light population. However, a superficial survey of the respense
curves in Pigure 1 suggests that the same results vould indeed be obtained
except for Period 3 of the Heavy population, and imn this latter case any signif-
icant non~linearity would undoudbtedly result from the envirommental disturdance
in Gensration 18. All graphs of response divergence between main selection

line and Control are quite linear (Pigure 3).

TEST POR CORRELATION BETVEEN GENERATIONS: The aim of this section is to
determine if the guinea-pig data presented above obey the requirement that

deviations from a regression line are uncorrelated with one another. As Mood

end Graydill (1963) point ocut, the model for linsar regression may be written as

4y = L + Px":"-e'(,
vhere Ii. ere known variables
HL are measurable wvariables
af.ﬂ'd-P are constants determined from the data

'«‘-’-L are unocbservable random variables that are uncorre-
lated with one another and have a mean of zero, variance "bz. Only under

these conditions are the Best Linear Unbiased Estimators of o{ and P obtained
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by least squares analysis of the data, as was done by regression above. If
the eL are instead correlated vith one enother then this traditional least
squares system of estimsting the regression coefficient, and thence the mean
selection response, is izwalid in the pure sense. These € g 8% estimated
fram the above data as the deviations of individmal generation seeas from the
regression line. There is obvicusly & very large number of waye® im vhich
these deviation values can be combined in order to test for correlations be-
tween them: however, it was considered that if such correlation did indeed
exist ‘u wva® most likely to be present between the means of adjacent genera~
tions. Accordingly the test required amounts to a msasurement of the serial
correlation betweon deviations taken two at a time, that is the correlation
coefficient between the pairs of deviations from Generations O and 1, 1 and 2,
2 and 3, and so on.

The first procedure for this test of correlation is to calculate the
actual deviation of each generation mean from its regression line, and the
data for this calculation is conteined in Table 7. [Each deviation is obtained
by the formula

dov, = Y — [/_‘.-1- b((—?))‘]
vhere i = number of Generation

The resulting sets of deviations are given below in Table 8b, for the
same six generations in the Heavy pepulatien.

The required correlation coefficients between adjacent pairs of deviations

are calculated fram the standard formules

=(x - Z e — SE.B)

J < (‘I’L" B-C'A)l'- p3 (I'i.*l_ 5-'_3)2'

¢




Table 8b: Correlations between deviations

a) selection upwards
Rep 1 2 3 4 b 6

«06 OV | =.16 04 | =04 | =.11
-.06 .02 .14 | -.03 N «06
00 {=-07 } -.12 | -.03 .09 <09
.08 .09 .25 O | =09 <06
=08 | -.19 | -.03 | -.06 O | -.12
-.14 13 07 .21 «02 02
14 | =01 | =13 | =11 | =00 | -.O0

N VW& W N = O

Corr. c“f’(r) =443 | =.761 =TTl -.67’ =483 | =161

b) selection dowzvards (Control)

Gen O 02 , -,04 , -.03 02 .00 , -,08
1 -.10 .03 .08 | -.03 09 | -.01
2 10 | =.08 | -.08 01 | ~-.04 11
3 -.04 13 N .02 | -.08 07
4 0 | =01 | =07 | =15 | =.09 } =-.06
5 -.08 Ny .12 .18 <01 01
6 04 | =06 | =.06 | -.08 08 | =-.04

eorr. coeff. =eT99 | =.601| =.T53| =.T55 | ¢.234} +.0T1

wvhore i. = mmber of Generation cancernad

asen dsviation of Gemerations O to S fmclusive

Kl K
»
[ ]

» = Bean deviation of Generations 1 to 6 inclusive

H
'

individual deviatiom.

The correlation coefficients estimated by the adbove formula are contained
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in Table 8. On five occasions out of the twelve these coefficients are signif-
icantly negative, as determined from the serial correlation tables of Amderscn
(1942)., The existence of this negative correlation warrants discussion. It
has already been stated that the model for linear regression is

Yo = L+ P)c_»L * &

and that the e, are uncorrelated, that is E(e,e,) = O. Vhen this zero expect-

1%
ation is shown in a given case to be not realised them the walidity of this
general linear model must be doubted. However there does not appear to be any
discussion on this point in Graybill’s book (1961) om linear models nor in Mood
and Graybill (1963) and so there may be no easy way of estimting the amount of
bias that this correlation causes. The method by vhich the correlation was
calculated, namely from the deviations of adjacent means taken two at a time,
interprets a negntive coefficient as meaning that any large positive deviation
at one generation tends to be followved or preceded by a negative or saall
positive deviaticn., It is vorthwhile speculating on howv this correlation
eould arise. Since no evidence of non-linear response was observed in the
above example it may be tentatively accepted that the regression line traces
the true selection response of the population, and that deviations froa this
line are caused by weighing errors or sampling errors and so should be wholly
random, But the fact that it was always the sauple itself, and not the

larger population, from wvhich parents were chosen to continue the selectiom
line, suggests a possible solution. Suppose that by chance a sample was

taken vhich was atypically heavier than the population it was seant to repre-
sent. Under tha normal essumptions of selection theory, namely that additive
genstic wariance ia evenly spresd through the population, the parents selected
froms this atypical sample should produce exsctly the same heritability of

response es would any other individusls used as parents. Under this theoret-
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ical assumption therefore atypical samples i{n one generation would not bias
the mean of the succeeding generation so es to produce & negative correlation.
Hovever, if this theoretical assumption is not correct and instead all indi-
viduals in a population do not have the same breeding valus, such a bias is
possible. Suppose that in an upward seleotion line the heaviest individuals
of a sample have the lowest breeding values and the lightest individuals have
the highest breeding velues. Them if an atypically heavy sample is teken
from the population and stypicelly heavy individuals are chosen to be pareats,
the heriteability of response from these parents will be atypically small.,
This gives exactly the negative correlation effect observed. The original
sampling error would have led to @ larger-than-gxpected response in the first
instanee but tha lowered heritability of the chosen psrents automatically would
bave led to a smaller-than-expected respounse in the succeeding generationm,
Consider also the case in vhich a sample contains atypically small animals.
If these samll cnimals have higher breeding values than the average value for
the population then parents chosen from this sauple vill give a larger—=Umo-
expected response to selection. The result this time is of an unexpectedly
small response followed by an unexpectedly big one -~ again giving the negative
correlation actually obtained. This explensation of the cbserved results is
of course pure speculation umtil it can be shown by theory or by experiment
that breeding wvalues of a population do indeed wvary in the msncer suggested,
namely being least in the direction of selection. Perhaps the well-accepted
fact that heritability decreases from generation to generation as selection is
continued in a given direction, is sufficient implication that heritadbility
would decrease in the same direction vithin any one gwnerution, and for the
same reasons.

Vhether or not the explanation given above is correct the fact remains

that a negative correlation has been observed between the means of adjacent
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gonerations (though it wvas far less marked in a similar anslysis of the Light
population) and that because of this the ssasurumsnt cf everage response by
linesr regression is strictly spesking invalid. The elternative method of
measuring selection response is %o divide the total response over the period
by the mumber of generations in the pericd. Under this system the population
mean veights of oaly Generations O and 6 are used and this of courss makes the
estimate free of any bias caused by correlation between successive generations.
It may hovever rightly be claimed that this system conversely makes no use of
valuable information provided by these intermediate generatioms.

The discussion above outl’iun the main theocretical difference between the
wvo methods of eeasuring average selection response dut it would be wvaluable
40 learn hov greatly this difference is manifested in the actual data. VPor
this reason the mean response per generation has been asasured by both methods
and the results are given in Table 9. The difference in valus betveen each
senber of 2 pair of results is given, and also expressed in terms of a per-
centage of the second method estimate and this percentege is also containsd
in the table. However, such percentages are misleading umless considered in
relation to the means themselves and this is most eesily done by presenting
the same data diagrammatically as well (Pigure 4). Pinally it should be re-
called that for both methods the mean response has been calculsted for esch
replication separately (sexes pooled) and then the results from all six repli-
cations have been added together and averaged. If the original data fros all
six replications had been pooled before regression was applied the result
would have been different fraom that given whenever there was a gap in the data.
S8ince such a gep was indeed present for ona gensration wvhen Replication §

died in the Light population this pooling did not take placs.



ZTable 9: Two methods of measuring mean selection response

Generations

UPVARD SELECTION
regression method
total response/6
difference
difference/2nd estimate

DOVNVARD (CONTROL)

regrossion method

total response/6
difference
difference/2nd estimate

UPWARD (CONTROL)

regression method

total response/6
difference
difference/2nd estimate

DOWNWARD SELECTION
regression method

total response/6
difference
difference/2nd estimate

1 t0 6 7 to 12 13 to0 18
Mean response (mgms/generation)
s) Beavy population
2 8 ? g g 3
-0898 | .0920 +0936| .0622 =:0394 | =.0234
L0974 | 1011 0812} 0559 -, 0475 | =.02%2
=, 0076 |} -.0091 0124} 0067 +»0081 0018
3% 9% 19% | 124 17% ™
average difference = + .0020/.,0437 = 9%
20269 | .0218 .0409, .0348 0762} .0523
«0231 0168 0485 | .0630 0815 | .0602
.0018 § .0050 =, 0076 |=-.0082 -,0053 | -,0079
™ 30% -16% | -13% <T€ | -13%

average difference = =,0037/.0492 = -8%

b) Light population

= 4 % 3 ¥

.0883 | .0854 .0346| .0634 0177
0349 | .0786 .0631| .0681 .0095
.0034 | ,0068 | =-.0135{-.0067 .0082
o 9% =208 | -7% 8¢t

aversge difference = 0/.0542 = 0%

.0014 | .0037 <0363, .035) -0038
0073 | .0045 0283} .0301 0175
-.0061 | -,0008 .0082| .0052 | ~.0137
-81% | -18% 29% | 17% =T8%

average difference = -.0028/.0165 = =17¥

0160

0162

«.0002
1%

.0015

0111
-.0096

-86%




Fig4: METHODS OF MEASURING
AVERAGE RESPONSE
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On most occasions the difference between the two estimates is less than
30%, ealthough it is of course mostly persanal as to whether 30% is considered
t0 be a big or a smll difference. The fact that the percentage differences
are mostly quite similar to one another is due more to parallel changes in
mmerator and denominator than to constancy in either of them. On the fevw
occasions that the difference between a pair of estimates is almost a hundred
percent the cause is invariably a very low denominator rather than a very
high mmerator.

Pinally, there is no obvious pattern in the direction or size of differ-
ences. They do not change systematically either in absolute value or percent-
age value from one period to the next, nor does either system of calculating
mean respoase consistently give a higher walue than the other system. However,
this was not considered to be surprising as there were no obvious genetical or

statistical reasons to expect such patterns.

Pluctuations of response: The fluctuation of a respomse about its meen
value is a very important item of analysis whenever selection is continued
for more than one generation. Indeed the comparison of two means or even the
interpretation of one mean has very little statistical value unless this fluect-
uation is taken into account, There are again two main ways to measure this
fluctuation between generations; either it can be calculated from deviations
about the regression line and expressed as square root of error variance, or
it can be calculated simply from deviations about the mean and expressed as
standard deviation of response. The main theoretical difference between these
two systems is this time apparently concerned with errors of weighing as well
as sampling error. If the response wes completely linmsar then there would be

mo fluctuation either about the mean response or about the regression line.
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If on the other hand fluctuations do erise by mutation, gemetic drift, matural
selection or atypical sempling, that is genetic fluctuations which are perpet-
uated in the replications, they will ba msmaesured unequally by the two systems.
But fluctuations vhich are not so fixed thereafter in the replication will
receive even more unequal emphasis by the two methods. For example fluctua-
tions ceused by weighing error or by envirommental changes are involved only
once in the calculations by regression analysis. This is evident from the

formula used in the calculation, namely

[t feles) — Cecm gl )]

vhere n = mmber of generations

J—mr veriance

j{ = mean of (eneration 1

.'Ll = number of Generation 1§

Each generation sean (3) is used only once for calculating sums of squares
and sums of products. Howvever, the calculation of standard deviation of
response uses each generation mean twice, thus
L
‘ N -
11 = first response -\i:.b\‘%'

i, A
'2 = second response = Y2 \\31 \ and so on,
s

Standard deviation of response = j' -;:%[ E(R-'P:)‘_'l

where N = number of generation responses = n -1

Hence any errors of wveighing involved in estimating 31, Yor etec have twice
the effect on standard deviation that they bave on root error variance. This
wvould therefore tend to give the former a larger value than the latter, and
the extent to vhich this actually happens is shown in Table 10 and Figure 5.
It is pointed out that to simplify the computations for this table the data
froam all six replications were pooled in each generation before either the

regression or response variances were calculated.



-76 -

Table 10t Two methods of seasuring response fluctuations
Generations 146 7 to 12 13 to 18
Fluctuations (mgms)
a) Reavy pepulation

UPVARD SELECYION " ) £ & 2 (3
8q.rt. of error variance | .0658 | .0493 .0482 | 0167 «1050 | 1022
standard deviation «1204 | 0894 .0689 | .0215 «1266 | .1101
difmeo. -oos“ -.0‘01 -um -.m -002‘6 “.m
difference/2nd estimate —45% =45% =30% -22% -1T%]| =%

DOVIVAKD (CONTRO

sq.rt. of error wvariance
standard deviation
difference
difference/2nd estimate

UEVARD (CONTROL)
8q.rt. of error varience
standard deviation
di fference
difference/2nd estimate

DOVNVARD SELECYIOR
sq.rt. of error wvariance
standard deviation
difference
difference/2nd estimate

sverage difference = -.0249/,0895 = -28%

«0385 | .0380
0727 | .0639
-.0342 |-.0259
-47% —41%

.0278
<0391
-.0113
-29%

0158
.0218
-.0060
-28%

0789

0774

.0857} .0970
-om -00196

-85

average difference = -,0173/.0634 = =27%

b) Light population

Q
.0318
.0507

-.0189

-37T%

8
.0393

0607
"'002‘4
=35%

?
.0351
»0401

-.0050

=12%

8

<0491
<0640
-.0149
-23%

¥

.0418
.0538
-.0120
-22%

average difference = -.0121/.0496 = =24%

.0282

«0309

=.0027
9%

0362
.0498

=274

<0458
<0543
-.0083%
=168

0417

<0451

-.0034
8%

«0309
<0431

-20%

«0279
«0281

-1%

«0226
«0287

-.0122{-,0061

-28%

average difference = -,0077/.0420 = -18¢%

~21%
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Por this paramster of wariability the estimates fream regression analysis
are invariably amller than those obtained by the other method and the differ-
ence ranges from 1% to 4T% of the second estimates. There is a tendency
especially in the Heavy population for this percentage differencce to decrease
from the first period to the third period but the significance of this trend
is not knowm. Nor is there an obvious genetic reason for such a pattern to
occur, for neither the denaminaters nor the numerators shov a pattern of any
sort. Nevertheless and regardless of any such patterns the degree of differ-
ence between any peir of estimates is mostly big enough to cause concera.

The cure for such concern is to standardise the thesis by using omly ocnme
system of msasuring variability thruughout and the choice of which system $o
edopt will be made after discussing the msesurempat of response trends in the

next section.

Trends of response: The two previous sections have discussed different
methods of measuring tho @aeen response and variability about this mean. It
wvould be very useful to learn how such of this wvariability between gensrations
results from trends in the sense that the response is gradually speeding up or
falling off, and hov much is due to fluctuations caused by genetic drif4,
wveighing errors and environmental changes. It is assumed that any such trends
would be eaused by genetic changes induced by ertificial and natural selection,
and not by parallel trends of i{sprovesmnt or deterioration in the eonvironment.
There vas no evidence for such environmental treads in the rundoe mating type
of Control im Experiment Two. Regardless of this however, it wvas considered
that since the fluctuations obtained in the previous section were so big com-
pared wvith their means, they wvould probably mask such trends in terms of
statistical significance. It would be far better to redumce these fluctuations

before attempting to determine the significance of any tremds. Ascordingly it



was decided mot to measure these trends without first poeling the data of &
selection line and its Control in eech replication. The effeect of incorporating
this Control is to cancel all those feotors vhich cause appruximmtely equal but
opposite variation in selection line and Control, such feotors as environmental
changes, scale, and natural selection. The fluctmation them remaining is

canngd by artificial selection, sampling and weighing errors, and any other
forces vhieh do not affeet selection line and Control equally and oppositely.
This resaining fluctuation may be small encugh to allow some significant trends
to emerge.

There does not appear to be any great choice of method in seasuring these
trends. Of the two methods given above for measuring seans and fluctuations
ouly the one method which involves gemeration responses can provide a seasure
of any trends. The alternative method which involved the fitting of a re-
gression line to generation means apparently cannot do so, nor can the fitting
of a regression line to sccumulated divergence of respomnse. But the first
msethod, in which the response of eech generation is separated from the other
responses and in vhich the generation means themselves are not directly used,
provides such s messure merely by fitting a regression line through the six
separete responses of eech replication. If the resulting regression co-
eofficient is positive in sign then this indicates that the selection response
has increased during the six genmerations, and if it is negative them the
response is apparently falling off. The significance of these trends will

be msssured by the significance of the regression coefficient itself.

This nov completes the discussion on the three main paruwseters of selection
response; mean, fluctuations, end trends. It also completes the discussion on

wvhich methoda are available to measure these paremsters, and three main points
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have emerged. Pirstly, the two methods tested often gave fairly different
results; secondly the regression method using generation msans was unadble to
measure trends of response; thirdly this same method did not obey the assumpt-
ion of non-correlation between adjacent generation means, It did obey the
assumption that non-linearity would be insignificant, at least in the guinea-
pig sample tested, but from a quick survey this non-linearity was much more
noticeable in the response curves of Experiment Two. The ome obvious advantage
of this method was that in a least squares sense it was still the better method
of measuring the average rate of response, regardless of the non-correlation
premise. It fe for this reason that the results of both methods have been
presented in detail so far and both methods will again be considered in the pre-
diction section that'follows later in the thesis. However, for the sake of
compactness the remaining results of the present section will invelve only the
non-regression method - which uses as units of analysis the generation responses,
each obtained by subtracting ome generation mean from the succeeding generation
ssan. Por each replication these six responses in a period are averaged to
give the mean respomse, their standard deviation about this mean gives a mssasure
of the fluctuations, and the regression line fitted to the six of them gives a
eeasury of the trends. Finally it is pointed out that in all cases the six
replications are treated independently, so that a mean, standard deviation, and
regression coefficient is calculated for each one; but within esch replication
the femmle and male data are pooled before such calculations are made. The
overall value of mean, standard deviation or regression coefficient for anmy
selection period is then obtained by simply averaging the six values from the
six replications. The wariation betweem replications in these walues vill be

discussed either at the time or later.



(c) IHE SELECTION RESPONSE

Response mean: The mean responses for each period ere givem in Table 11,
Each mean value given has been obtained by averaging the six replications but
each replication is itself the mean of six generations, Because of this latter
fact the six replication means can be considered to 1lie on a mormal distribution
curve. The numbers of points involved (six) is too low to give an exact proof
of this normality but the Central Limit Theorem justifies such assumption being
made. By virtue of this assumption the standard error of each period mean has
been calculated fram the variability of replication means about it, and these
standard errors are given in the table. By making use of these standard errors
the differences between means of adjscent periods and between those of main
lines and Controls have been tested for statistical significance. This signif-
icance is calculated from the t-test formula

« o LTt
S + s’l
vhere /.I. « period mean

82 = wvariance among replicatios msans

2 = pumber of generations in each period.

T™he significence of d 1is measured from Student's "¢ teables™ and the degrees
of freedom are deteruined from Bailey (1959) thus

w- (l—:L

Nl n,—1\
sy
vhere WU = R iall
S +



in vhich the two wvariances are not assumed to be equal,

This significance is

expressed as a probability that the difference is due to chance and the wvalue

of this probability is given in brackets between each pair of means.

(

Table 15z Mean response in each period (mgme per gemerationm)

) = Stetistical prodedility that the means on
either side are not significantly different

downward selection

Generations 146 7 % 12 I 13 t0 18
Heavy population
upvard selection .0993 ¥ .0299(.3) .0685 ¥ .0207(.02) -.0364 X .0269
(.1) (.7) (.02)
dovasard (Cantrel) | .0211 2 .0220(.3) .0538 £ .0161(.6)  .0711 2 .0200
Light population
upvard (Cootrol) 0817 £ .0203(.7) .0693 X .0209(.05) .0129 & o116
(om) (02) ‘09)

0063 & .0157(.4) .0287 ¥ .0152(.5) .0142 £ L0112

In the Heavy population the apward response decreases vith time and the

dowoward (Control) response increases. This patterm could be explained by

postulating that natural selection operates against heavier pupse, in which case

it would oppose artificial selection in the upward line and assist it in the

dovnward Control, these effects of natural selection increasing throuugh the

second and third periods of selection as the population mean weight itself rises.

Howwver, the explanation is unlikely to be as simple as this for two ressonsg

firstly the pattern would be much less distinct without the very large fall in

mean weight at Generation 18 ( and this large sudden fall is more likely due to

a change of environment rather than to natural selection ). Secondly the




upvard line gives a much greater response than its Control during the firet

six generations so this asymmetry requires a separete hypothesis. The origisal
hypothesis of natural selection requires amendment, namely that such natural
selection apparently beyius to operate only at a very high pupa weight, well
above that of the original base population.

In the Light population the upward (Control) response again decreases
significantly with time. There is an increesed response downwards but it is
neither regular mor significant. This oversll petterm once more could be ex-
plained partly by the action of natural selection sguinst heavy pupse if it is
slso accepted that the overall selection response is gradually being curbed by
the loas of genetic variation. This explanation however, still leaves the
problem of asymmetrical respouse, for as with the Heavy population there is
counsiderably greeter progress in the upwvard direction than dowmwards durimg
the first two periods. The ssymmetry phenamsnan is treated in detail by
Palconer (1961) and Clark-et al., (1961) and they suggest seversl theorstical
causes of it. In the present expsrimeant the consistently greeter response
upvards suggesis that soale effecis may be partly involved end so efforts were
made accordingly to remove this effect from the data.

Palconer (1961) explains that any asymmetry of the respoase that is
caused by exposential grovth seale effects can he removed by converting the
data to logarithms, This would de an extremsly laborious tesk if sech seasure~
sent had to be couverted separately but Falconer supplies a conversion formula
that uses only geceration means and yet is still quite accurate; this formuls

is
logx = logx - § log (1 + %)

vhere X = population sean weight

C = coefficient of variation.
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Table 123 Asymmetry of response

upwvard selection
before selection began

dovewurd (Control)

upward (Control)
before selection began
dovaverd selection

upverd seleetion

before selection
dowuward (Contrel)

upvard (Control)
before selection began
downward selection

upwvard selection
before selection began

dowmvard (Contrel)

upvard (Control )
before selection began
downeard selection

1%6

8.7
8.7
10.1

10.5

13.3
12.1

419
351
<338

«288
193

3

2.5%
2.1
2.08

1.81
1.50
1.48

7 %o 12
A) msan weights (mgms)
Heavy population
? 3
3.10f 2.9
2.84] 2.73
2.67] 2.%0
Light population
1.79| 1.67
1.57| 1.47
1.44| 1.33

13 t0 18
S B
3.28| 3.11
3.32| 3.07
3.13| 2.95
1.50| 1.40
1.47] 134
1.37| .27

B) coefficients of variation (%)

9.3
9.6
10.3

10.8
13.0
12.7

Heavy populationg
7.9 | 9.1
8.5 | 8.9
9.5 | 10.6

Light populstion

11.0 | 11.0
12.3 | 12.6
12.4 | 12.6

7.0
6.3
7.2

12.6
12.6
13.1

T.7
8.7
8.4

11.6
12.3
13.0

C) msen of logarithwmic veight (xog,o)

<398
«326
316

«233
172
167

315
«320
4954

173
«164
133

«492
483
«468

143
124
100

Heavy population
490 .462
452| .43
-425] .396

right population

| .250] 220
i .193] .164
«155 120
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The degree to vhich this conversion forwnla reduces the asymmetry of
response is illustrated in Table 12 above. The hblc. is divided into three
sections, the first one containing the raw data of msen weights before con-
verasion, the sscond one containing the appropriats walues of eocefficient of
variation, and the third section containing the appropriate data after con-
version. Each of these three sections itself contains three rovs of data,
the middle rov referring to the population walue for the generation beginning
a period of selection, the upper rov referring to the population wvalue averaged
over the subsequent six geverations of upward selection, and the lower row
referring to the population valus avereged over the subsequent six generations
of downward selection. On every occasion the valuss given in the firat two
sections of the table are obtained by averaging the mean weights and co-
efficients of variation fros all replications and it is these average values
given in the table which are substituted in Falconer's formmlas.

The feature to look for in Table 12 is asymmtry of this converted
lognrithaic data in section (C); that is, does the difference between starting
value and upvard value exceed that between starting and downward value? Study
of the tadle shows that such asymmetry is indeed present im both populatiocas in
Period 1 end in all but the Heavy population male data of Period 2, In Perfiod
3 the asymmetry is in the opposite direction. If these results are nowv com-
pared with those of Section (A), which involved the unconverted mean weight
data it can be seen that the patterns of asymmetry are axactly the sase in both
tables: where the upward response was grester in one table it continves to be
greater in the other. This result means that transformation of the data to
logarithms has qualitatively achieved nothing; there is no remcwval of the
scale effect and 8o it cannot be claimed that scale effsct is an important
cause of the asymmetry. In a Quantitative sense there may have been some

degree of reduction in this asymmetry but it is very difficult to decide on
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vhat besis such reductiom could be mmasured. The anly obvious systes wonld
be 0 msesure the asymmetry in sach case in terms of a retio, upwvard response
to dowmvard respense, and then $0 observe the change of ratio vhen the date
wvas treasforwed to logarithms. However, it was not clear to the author that
this system of easuring the change in esymmetry was indeed mesmingful and so
it wvas not used. PFimally, perhaps if the coefficients of varistion had beem
consideradly larger this transformation to logarithas would have had more
offect (Falconsr, 1961).

The second method mentioned of cancellimg a scale effect is by converting
the response data t0 the pareswter known as reslised heritedbility. This
paraseter is calculated as a fraction and its mezrit in the present context
relies on the assumption that any scale effect which may distort the numerator
(selection response) of this fraction may also distort the demominator (select-
fon differential), and by a proportional amount in the same direction.

Table 13 contains the realised heritability data for eech period and once
agein the value given for a period is the mean valus of 72 seperute heritabil-
ities (2 sexes X 6 gensrations X 6 replications). Bach replication mean
heritadbility is therefore cbtained by avereging 12 items and the Central Limit
Theorem is used to assume that the 6 replication seans would therefors lie on
e norwmal distribution curve. This assumption allows the author to calculate
standaxd errore based on the variability among replication mseans, snd these
standard errors are presented in the table. The statistical probability that
differences betveen periods or between selection lines and their Controls are
not significant is recorded fn brackets betveen each pair of adjacent means.
The probability figure may be used to ass ss if the asymmetry greatly reduces
vhen the scale effect is removed, for in the event that it does so this prod-
ability figure would surely be larger in value than the corresponding figure

calculated for the response data in Table 11.



Table 13: Realised heritability in each period

Generations 146 7 o 12 13 to 18
Heavy population
upvard selection 282 £ ,092(.6) _.213 % ,059(.02) -.133 2 088
(") ‘O‘) (002)
downvard (Control) .060 £ ,072(.4) .135 % .042(.4) .197 £ 039
Light population
upvard (Control) 238 L om3(.7)  .209 ¥ .0%9(.1) 045 X 046
(.05) (.2) (.9)
dovrward selection .016 ¥ .053(.4) .088 ¥ .060(.7) 047 ¥ L052
| |

The heritability patterns that arise in the table above are exactly the
seme as those cbtained for mean response in Tadble 11, and the probability of
significant differences betveen pericds is also very much the same. These
prodabdbility figures betveen a selection line end its Control do not show the
expected inorease of value and indeed two of the differences actuaslly show the
opposite trend. It mnst therefore be concluded that these heritability data
suggest that a marked logarithmic scale effect is wot present. It would not
be disputed that socme scale effect is presuvnt in the experiment, for the graphs
of phenotypic variance strongly suggest this, but the analysis has been unable
to prove that the logarithmic cause is significant in amount. This judgment
eesans that soae other explanation sust be sought for the strong asymmetry ia
both Heavy and Light populations during the first period of selection. The
sane type of asymmetry still persists in the second period of selection but it
is not so marked, and it has disappeared or reversed in the third period.

Vhile it is true that differences betwveen upward and downrward period means
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seldoa exceed the standard sigmificence level of .03 this is regarded es being
due %0 inadequate replication rather than proof that such patterne of asymmetry
do indeed not exist. The attitude adopted by the present author to the
asymetry is that it is indeed a real and not a chance result, snd that it may
be due to nob-logaritimic scale effects. But it muat be atmfited that in the
absence of decisive tests such suggestions are merely speculation and no simple
hypothesis appears able to cater for both populations and all three periods of
selection, Natursl selection may be involved to scme extent but there is
little tendency in Table 2 for generation interwal 4o incresse in the Light
population or the RHeavy population. Also the fact that conversion of the data
to reslised heritability has not removed the asymmetry, alongside the srgument
that it should remove m0ost ef any such asymmstry ceused by matural selection,
moans that naturel selection is not a large factor in the asymmetry. Falconer
(pages 212-5) discusses other possible causes of asymmetry such as "directional
Qomiiwuce” >ut in the absence of concrete tests this discussion will mot be
repeated here, The question of what is definitely causing this asymme try must
be left opesn.

The final point of interest adout asymmetry encountered in the resultis of
the present experiment is its steady decrease froa period to period. The
extent to which this decrease merely reflects that the genstic variation is
itself falling can be waasured roughly by pooling the data of a selection line
with that of its Control. In this way tho fluctuvations due to environment and
the trends of asymmetry are mostly cancelled out, leaving behind a much more
reliable estimate of the true genetic respomse. Since such response is theo-
retically related to the amount of genetic wariation remaining in the population,
e comparison of these responses in the three periods of selection will indicate
if the genetic waristion of the population is being reduced by selection. The

first ssotion of Table 14 contains the results of this process of calculation.



In eash replication the total upward (or dowmward) respouse over six geners-
tions has been averaged vith that of its Control. Then the six replications
themselves have been averaged to give a mean response, and their variability
about this mean is presented as a standard error. The same data is presented
diegrammatically in Figure 6 to show the replication differences.

Zable 14: Response vith Control incorporated (mgms per gemeration)

Generations 1t 6 T to 12 13 to 18
2) mean response .0601 2 0071 (.9) .0620 & .0038 (.01) .0172 2 .0119
Light population
+ + +
.0438 - om (o') .0‘9‘ - 001“ (o‘) .0'36 o om33
Heavy population
b) standard deviation|.0635 | +O4TS ' 0550
Light population
0732 | 0365 | .0409
Heavy population
¢) regression co-
officient]-.00253 (.7) +.00162 (.3) -e00621
+ ion
-.OOW (07) "'mm (08) -.00636
i i

The mean response shows almost no change fros Periocd 1 to Period 2 but
then it drops drastically in both populations., This pattern is contrary to
that expacted from additive genetic theory. If the selection respoase had
been due entirely to the increasing frequemsy of genes with the highest additive




Fig 6 : REPLICATION DIFFERENCES
(3 PERIOD PARAMETERS
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Fig6 : continued
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values, and i such genes had been at intermediate frequencies when selection
began, then their rate of inarease would be greatest in the first fev geners-
tions. This rete of increase would gradmslly fall off im later gensrations.
8ince the population walue theoretically depends om the frequency of these
genes the mesn response should likevise be greatest in the first period of
selection and gredumlly tail off in later periocds. The fuct that it does not
eppear to do so suggests that gene action is not entirely aidditive. There
vould be very little doudt that the prodlem of interpreting this pattern eof
response is related to the prodlom of explainiog the esymmwtry encountered
earlier, because exastly the same data is involved in each case and alsost
exactly the same treatment of this data. Like the asymmetry questiomn it must
be left fairly spen at this stage.

Standard deviation: The estimate of standard deviation for each period
is given in Figure 6 and section B of Tadble 14. The method used to obtain
this estimate has been discussed earlier but vili be 3zplained again. In each
replication the female and male data vere pooled. Then the responses of a
selection 1ine and of its Control were aversged for eech generation im turm, to
give an estimate of the genetic response for that generestion. Next the geosra-
tion responses themselves wvere averaged and their wvariability about this average
wvas measured in terms of standard deviation. The final step wvas to average the
six standard deviations, one from esch replication, and it is this value which
appears in the table.

The resulting standard deviations ere mostly much bigger than their
eorresponding mean respunses higher in the tadble, and this illustrates how big
are the fluctuations in an individual replication, Above all it stresses that

the relatively smooth responses obtained by pooling all replications in Figure 1
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depend for their ssoothness oo high replication. There are probably several
factors operating to cause such fluctuations and these factors obviously must
have moq-.l effects on a selection line and its Comtrol, octhervise the effectis
would be cancelled cut. Om this basis the factors of matural selection, scale,
end envircumental change would probably comtribute very little to the walues of
standard deviatioz above, and the main contritution to these walues probably
comes froa sampling and weighing error, genetic drift, and asymmsetrical effects
of selectioa.

It is not cleasr if the wvalue of standard deviation should be expected to
increase or decrease systematically from the first period through to the third.
On the one hand the fact of e decreasing genetic variedility might give reason
t0o expect smsller fluctuations from genetic drift and sampling error: on the
other hand it is reasaonable to expect that the inbreeding level rises as this
genetie wariability decremsee. A highly inbred popalation is popularly con-
sidered to be poorly buffered against enviromeuntal change and such effect would
be manifested in big fluectuations of response. The net effect of these two
confounding factors is bhard to prediet, and perhaps a systamstic pattern of
increase or decrease should not be expected. As it turms out no such pattern
is obtained in the Heavy population anyway. In the Light population however,
the value of standard deviation decreases fram one period to the next and this
trend ocught to be enalysed for sigunificance. The first step in such a test of
significance is to ascertain that vithin any one period the six standard devie-
tions (one from each replication) are reasonadly homvgensous. If they are not
80, then there is little meaning to the mean value of these six standard devis-
tions and there is even less point to comparing the mean wvalue of one period
vith the mean of the next period. However, if the six standard devietions of
any one periocd are similar in wvalue they may be averaged to give an adequate

description of variability for that period. The test actually applied to eech
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period was Bartlett's test for the homogeneity of several variances, which re-
quired the standard deviation data to be converted back to variances. Then
the folloving expression was calculated frem these six variances.

E‘- i‘\: \oﬁms" —_ E‘Fi ‘D‘j\os: ;

\ l |
: g - )
vhere C 0.430[\"'3 -1{ s ¥ ]
k = nsmber of replications = §
= pumber of observations im ith rep = 6

fi.- r\—l

f = St

\
8 . sfis] If

s? = wvariance of ith replication.

The top expression is distributed approximately 1ike Xz vith (k-1)
degrees of freedas. Bailey (1959) cleims that the main fault of this test is
that it depends on the distributions in the six variances all being normsl, as
soderate departures froa normality may cause the test to be misleading. In the
present cese each variance is computed from only six items, vhich is too fev to
provide a reliadle test of normality. However, the fact that each item is
itself the mean of 64 responses fairly assures this normality (Central Limit
Theores).

The results of Bartlett's test for homogeneity are given below in Table 15.

In the Light population two of the three expressions have significant
P-~values, which indicates that the six variances are heterogemeous. It is
therefore fairly mesaniagless to pool them in order to compare the average var-
iances between periods and so it must be concluded that there is no satisfactory



Zable 15: Test for homogeneity of variances
(R = value of é{t log‘olz - Zr‘ 1°‘109i }

P = probability that B is not significant)

Gensrutions 1t 6 I T %0 12 | 13 to 18
Heavy population

E ) 5 -1 4 5 4

8.45 | .1 2.87 | .8 6.2} .3
Light population

2057 | .01 | 12,93 | .08 3.16 | .7

test for deciding if the apperent trend for standard deviation to decrease in
value from Period 1 through to Period 3 is really significant.

In the Hemvy population there is much more homogeneity among the wvariances
and it is therefore walid to pool them within eech period. The comparison of
pooled variances between periods is then made by an P-test, with the pooled

degrees of freedom. These variances were (taken from 82 in the expression

sbove):
Genovations 1 to 6 sf = 004586
7 % 12 sg - .002375
13 to 18 s§ = .003373
2,2
The P-ratios are 81/l2 - 1.93 ns

2 /e
82/83 - 1.42 ns
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(The 5% significance value required is 2,07 on a 2-tailed test).

Therefore it must be concluded that although over both populations there
are indications that the size of fluctuation as reflected by standard deviation
decreases from one period to the nmext, this trend could not be proven by statis-
tical analysis to be significant.

Regression coefficient: Suppose that in each replication the six
responses averaged with Control (one per gemeration) of a period are plotted on
a graph and a regression line is fitted to them. If the regression coefficient
of this line is approximately zero it implies that there has been no significant
change in the rate of response during selection. If the coefficient is posi-
tive or negative it implies that the response has respectively incremsed or
decreased in later generations, and this in turn is a guide as to vhether the
genetic variability within a replication is increasing or decreasing very
markedly.

The regression coefficient is shown separetely for each replication in
Figuare 6 to allov camparison of replications with one another. In the event
that they are homogeneous the six walues can be pooled to give the average co-
officient for & period and then these period means themselves can be compared.
The analysis that follows (Table 16) is therefore a standard P-test of heter-
ogeneity of regression. It was carried out for eech period im turm in both
populations.

The F-value does not approach significance on any occasion so it may be
accepted that within any ome period the regression coefficients from all six
replications are fairly similar in value. The average value of regression co-
efficient for any one period may therefore be calculated from the pooled data
and this value may nov be camyared between periods. The comparison is made



Table 16: Test for hamogwnsity of regression lines
- Summary of P~tests
Generations 1 %6 T 40 12 13 to 18
Heavy population
|_Source of variation ag L . 1 r ] b J s .4

Differences between

m”lm 5 o00309 0061 .mﬂ 0.06 .(X)JOJ 0089
Deviations fram

indiv. regressions 24 | .00306 «00292 00340
Deviations froms av,

regressions wvithin

groupe 29 | ,00472 00245 00334

+ ati

Differences between _
regressions S | .00333 | 0.38 00371 1.00 | .00147 } 0.83
Deviations from

indiv. regressions 24 | 00887 00371 200177
Deviations from av,

regressions vithin

groups 29 | 00792 «00371 «00172

by t-test (at 29 d.f.) and the probability of a non-significant difference as

isdieated by this walue of d is given in brackets between eeach pair of period

mseans in section (C) of Tadble 14.

These produdbilities do not approech signif-

icantce on any occasion and so it must be concludsd that no significant differ-

ences have been found between periods in the size of their average regression

coefficients.

Perbaps the most important result in this analysis is the observation from

Pigure 6 that most of the regressiocn coefficients of individual replications are
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negative in value. Each of these values is not significantly cegative in itself
but the reasonable consistency of negativity is firm evidemce that vithin eech
period the genetic response gradually falls off from one generation to the next.
But the analysis did not succeed in ehowing that such response falls off fastest
during the first period of selection and slowest during the third period - as
wvould be expected to be the case under the theory of additive gene action.
Finally it should be observed that the wvalues of regression coefficients
in Table 14 are very small compared with the corresponding standard deviations

in the sawe table. This implies that any trends of response are only a very

minor cause of the total fluctuation betwveen generations.



The analysis of a selection response would be incamplete if no attempt was
mads to measure the importance of differences between replieations., If no such
umsvent is sade there could be very little meaning to the prestioce of
svaraging the responses of replications in & period, in order to compare one
period mesen with another period mssn. In ths earlier sections of the present
thesis replication veriadbility vas taken into aseount when period means vere
being campared, and for the parameters of standard deviation and regression co-
efficient the replicaticns were shown to be somstiaess heterogenscus, socmetimes
oot. Because of this hetervgeneity any comparison between different periods
could not be taken wvery far by siandard statistical methods.

An alternative method of describing the variability betweem replicstions
in any cne period, and of comparing this variability between two different
periods, is presented belov in Tadle 17. It can be applied to esch of the
three paraseters, msan respouse, standard deviation, and regression coefficient;
but the results msust always be interpreted with caution. The method cousists
simply of calculating the deviation of esch replication from the period mean
value of all six: and from this, the stamiard deviation for each of the three
parumwters in turn. It might perhaps be confusing to euvisage a stendard
deviation of six standard deviations but it is considered that sinse all three
parumwters are first-order derivatives of the data, then the Central Limid
Theorem gives meaning to the standard deviations of all three. Table 17 also
contains the values of coefficient of wvariation, ealculated from these standard
deviations and their respective period means - again for all three puramsters
in turn,

The coefficient of wariation between replications has a fairly large value
for all three peruseters but it is particularly large for the case of regression

coefficiente A survay of the tadle shows that this latter case is not because



Zable 173 Replication differences 1) peried prwwwtare
T
Generations 186 7 %0 12 13 %o 18

Mean 8.0. C.VJ] JMean 8.D. C.V. Mean 8.P. C.V.

a) wean response Heavy population
0601 0173 29%| .0620 .0093 1%% | .01T2 .0292 ¥70%

Light population
0438 .0184 42€6] .049¢ .0408 83% | 0136 .0082 60%

b) stendard deviation Heavy population
0635 .0257 40%8| .04TS .0118 29% | 0550 .0208 3T¢

Light population
0732 0549 79| .0565 .0298 53% | .0009 .0106 266

¢) regreseion Heavy population

coefficiont | 00253 0133t 526 .00162 .00322 199%| .00621 .01301 2104

Light population
.00800 ,01383 17)1 00377 .01489 395%| .00636 .01098 1738

of large deviations in an absolute sense, but merely because the period msuns them-
selves are always near zero.

There are mo obvious patterns of changing wariability from ome period to the
nex$, either in the deviations themselves or in the coefficients of wvariation.

There are other aspects in which the variation between replications may
change systematically as selection proceeds, and perhaps the best way to detect
these patterns is to discard the Control data and analyse just the mainm selection
lines froa Generation O to Generation 18) ¢this longer period allows more chance
for such patterns to develop and be observed on a graph, In the analysis that
follovs the author is concerned with the mean weight of each weplication, not

with its response. The aim is to measure at each generation the variability



between replications in wean weight, and then to observe bow this varisbility
alters from Gemeration 0 through to Gemeration 18. Such amalysis is quite
rare in earlier literature and this is probably because adequate replication
is quite rare also.

The terms in which this varisbility detwwen replications is to be expressed
requires some thought. If it is expressed as statistical variance no allowance
is made for scale effects as the population mean rises or falls, On the other
hand this seale effect was shown to be 0o small in earlier analyses to justify
measuring the variability in terms of coefficient of wvariation between replica~-
tions (Kojima and Kelleher, 1963). The author reasoned instead that this seale
effect would be best removed by comparing the variance between replications to
the variance within replications, thet is as the F-ratio of a variance analysis.
After all, this was the method used to show that there were mo significant
differences between replications wvhen they were originally sampled from the base
populatien; it should equally well indicate if such differences become more
significant as selection proceeds, The form of variance anslymis is set out
below.

Source of variance S5 4 IS 2 Yarisnce Components
Betweon replications A s asc O B 3

Vithin replicstiocns B 186 B/186=D B

The P-ratio lc/') was calculated separately for each sex in every generation
and the resulis are graphed im Pigure 7.

One important point should be made about these graphs before they are
analysed too far. This point is that in the Light population Replication S
died out at Generation 12 and was thenceforth replaced by Replication 8. However,
the former one had beem easily the lightest replication of all six and so its
removal from the variance analysis would automatically reduce the P-ratio,
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perhaps substantially. The addition of Replication 8 to the variance analysis
would not restore this P-ratio to its former wvalue becsuse this replication
deviated less in weight from the population mean., This explanation probebly
sguounts feor ths &rop in P-ratic at sbout Generation 12 in the Light populatiom.
Apart from the above oddity both pepulations record anm erratic but obvious
inerease in P-ratio as selecticn proceeds; therefore the wvarisdility between
replications §» becoming more and more significant. The P-rutio has a 9%
(18) significance value of 2.3 (3.2) for 5 and 186 degrees of freedom and the
fact that it exceeds this wvalue froa about the first generation is asmple warm-
ing to use more than just one or two replications in sclection experimeants of
this type. The differential effects of genetic drift and selection on the

8ix replications are apperently important from the start and they apparently
accunulate as the generations proceed.

Increasing variebility between replications has two main causes. There
wuld have been at least a few genstic differences present between thems when
they vere originally sampled from the baso populetion ewven though these differ-
ences wvere not provem to be significant., Firstly then, more differences would
arise by the random ection of genetic drifé and so the replications would begin
to diverge in genetic content. Secondly, the effects of artificial selection
on these differences might perbaps cause them %o diverge even more. It is
possible to estimate the relative importance of selection and genetic drift in
causing variability detween replications but it must be stressed that such
estimates are vory rough, and based on many assumptions. The msthed used
here is to isolate out of the wvariance analysis above, the between-replication
component ( &% ). Then the theorotieal value of this component under the
action of genetic &rift is calculated, and subtracted from the ghserved wvalue.
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The remaining variance vhich is not accounted for by genetic drif is thereby
attriduted to the differential effect of sclection on the six veplicstions.

The reason that such s system is not very precise relates to the formula
used for estimating wariance due to gemetic drifé. This formmle is given by
Palconer (1961).

&, = AF

vhere 7 = inbreeding lewel of population
'232‘“ = edditive variance in base population.

The securacy of this formumla depends on the accurate estimation of these two
terms and experience from the literature and from later results in the present
thesis suggests that it is unusual to obtain an accurate estimate of additive
variance. The walue used in the present case was obtained by averaging the
sire and dam components of a diallel analysis on the base population, but its
exact derivation will not be deseribed until later. The following values
vere used for additive varience -

femle datar 1%, = .00363

male datas ?J’-M = 00413

Estimation of the inbreeding level each generation may also be quite
inaccurate, especially if there develops some natural selection against homo-
sygosity. The inbroeding level is estimated from the yate of inbreeding and
this rate in tarn is calculated from a formula whose separate terms may be
estimated with error. Nevertheless it was decided to continue this attempt
to ovaluate the wariance resulting froa genetic drift, but vith firm apprecie~
tiom of its fallibility.

Rate of i{nhreeding depends on the mumber of parents chosen in each gemera-
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tion and in the present experiment that number was eight. But only is ea
idealised population would these eight¢ parenis contribute with equal probab-
1114y to the next generation, that is mate with one another in an entirvely
random manner and with equally rundoms survival of their progeny; em many
occasions some parents wvould contribute far more than others to the next
generation, and this tendency increases the effective inbreeding rate. Such
an effect can be measured if the variance of family size per parent is imowm
but in the mass-mating system of the present experiment this could not be
moasured. However, since Shrode (1960) claims that there is no tendency for
preferential sating in Iribolium the variance of family size may be quite smmll.
One further scurce of error wvhieh had to be catered for was the tendency that
in & selection character of high heritability those parents which would be
selected had more gones in common than if, as the inbreeding theory assumes,
they vere a randon ssaple of the populatiom. Robertson (1961) has investigated
this source of error and produced a formula to deal with it for the cese of
fullsidb families.

NN = |+ AT [I — 't (t—-:x_)]

where X = actoal number of parents
N m effective number of parents
T = geolection intensity in standard measure

E° = heritability
X = point on asymptote of unit normal curve from
which a perpendicular cuts off the proportion of animals selected $0 dDe parente.
In both Light and Reavy populations the proportion of animals selected
was 4/32, which corresponds to
T = 1.5 (Fisher and Yates, 1963, Table 20)
X = 1.2 (Pisher and Tates, 196, Tadble 9(1))
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The value taken for heritability was that vhich seemed to b¢ about average over
the eighteen gemerations, but disregarding the strongly negative response at
Generation 18 in the Heavy population. These wvalues were -

2

Heavy population: ™ = ,15

Light populations hz = L05

Substitution of these values in the formula gave -

Heavy population: l/l. = 1.69
=8 H. = 8/1.60 = 4,7
Light populationt lﬂ. = 1,25

.. '. 8/1.25 L 6.‘

(Note however, that since the mass-mating parents probably produce
some halfsib families as well as fullsib ones, the true reduction in effective

number of parents is probably not as drastic as shown above).
The respective rates of inbreeding (1/3.) used are therefore -

Resvy populations AP = ,106
Light populations AP = ,078
The indweading level at any generatiom ¢ 4is then calculated as
(Palconer, 1961) -
P =bret1-Lrw

and the final step in estimating variance due to genetic drift is froms the
formils -
?:::; = Q F "bzodd
Table 18 contains both of these parumeters -~ the inbreeding lewvel at
each gonerution and the estimated variance due to drift, for each sex,
The variance data of this table are pressnted again as a graph in Pigure 8.
This enables them to be tompared with the actuaal observed wvalues of the between-

replication variance component, which also eppears in FPigure 8., The conclusion



Table 18: Replication differences
ii) between-replication wariance component

Heavy population Light population
Generation | 4 variance between reps ) 4 variance between
" fomale malo female o
data date date data
o «000 «00000 +00000 +000 +00000 «00000
1 -000 «00000 +00000 «000 «00000 +00000
2 106 «00120 +00088 078 «00088 +00063
3 «201 »00227 +00167 150 »00169 «00124
4 «286 «00323 00237 216 «00244 «00%79
S «362 «00409 400300 | 277 «00313 .00230
6 «430 00486 »00357 «333 +00376 .00276
7 «490 +00554 «00407 <383 #0043% 00320
8 344 00614 «00452 433 «00489 -00359
9 392 +00669 +00491 477 »00539 »00396
10 «633 -00718 «00527 318 -00385 +00430
1 «674 00762 «00339 +556 .00628 «00461
12 o709 -00801 .00388 «590 .00667 «00490
13 + 740 «00836 «00614 622 «00703 «00516
14 <768 «00868 «00637 | .651 ~0076 «00340
15 793 «00896 +00658 «678 +00766 »00563
16 815 «00921 00676 «703 00794 «00583
17 -835 «00944 «00693 o726 »00820 +00603
18 -852 .00963 «00707 -T47 ~00844 +00620
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from these graphs is that genetic 4rifd is a wery mioar cause of the wariadility
between replications. The major part of this variadility must therefore result
fran the diffexwvotial action of artificial selection on genetic differences
butreen replications, both those differences which were present after sampling
the base population and those which wvere added later by genetic drift. Seale
effects are of course not catered for in these graphs; in the Heavy population
they would be operating to increase the discrepancy between expected and observed
variability but in the Light population they would reduce it.



14 DISCUSSIONs

The analysis of this present experiment has contained many problems and
this is perhaps iromnically its most useful result, Vhen the date from all
replications was pooled the patterns of response to upward and downward select-
ion were strikingly smooth (Fig. 1). They accorded well with those expected
from additive genstic theory npart from one or two explained fluctuations.

But the analyses donv here surely show that such superficial conclusions are
oost wvise. Vhen the Controls were taken inte account the resulis no longer
folloved additive theory wory closaely, and whem the replications were treated
separately they showved considsrsble fluctuation and heterogeneity in mean weights.
The sise of this fluctuntion and the large wariadility btetweem replications
suggests that the first edvice %o someone starting s similar experiment would
be to carry as many replications as possible, weigh es many pupse in each ome
as possible, and select more parents in esch one. Inereasing the population
sise in this way would decrease genetic drift, sampling snd weighing errorse,
and any errors vhich arise from essuming that a small population {s norwally
distributed ete. As Kojima (1961) points ocut, even the presence of gene domi-
pance in a small population could give a big bies %o the response.

The second conclusion vhich impressed the author is that analysis of e
solection response is by no meens a cut-and-dried affair. Techniques such as
fitting a regression line to the response curve should be tested before being
blindly used; 4if they eare not so tested a reader stould at least be made aware
of the statistical assumptions involved and an suthor must acknowledge that
these assumptions could cause considerable bias. Also the results froe differ-
ent replications must not be blindly poeled; 4im the present experimont same
analyses could not be completed to the desired stage beceuse there was too much
heterogensity between the six replications. These two examples should illus-

trate that analysis of a selection respanse is very much a dsvelopmental process,



viiose later stages depend on the results of earlier omes.

The third econclusion which the author regards as important is that neither
statistieal theory nor genetical theory appear adequate to fully interpret the
results of this experiment, though of course this is equally a eriticisa of the
experimental construction itself. The author was unmable to completely separete
out and measure the many forces affecting his selection respanse and it wvas amall
consolation to know that these forces apparently usually affected the Hesvy and
Light populations in similar feshiem. This is not e wvholesale criticisa of
statistical and genetical Chearvticians; it is instead a varning that an experi-
senter sust be prepared to carry large populations and many replications if be
expects to assume that this theory will apply to his results. But it doee also
isply that such theory is poorly adapted to the commercial breeding project,
where replication and population sise are often doth low.

Depressing though these conclusiocns may sound, there is still considerable
value in the techniques of analysis available. The present experiment benefited
greatly from the use made of statistical probability theory, and vhen one test
was shown to be inwvalid or inconclusive there was occasionally an alternative way
of looking at the data in an undbiased manner. This approach of analysing
seleotion data by a3 many awthods as possible, incomclusive though each may dbe
en its own, is perhaps the moet promising one to take in futare. It would at
least be an improvement in the semse that (Palconer, 1961, page 208) "......
the drawving of canclusions from the results of experiments in the field of
quantitative genetics is to some extent a matter of persamal judgment. The
further this peremnal judgment can be pushed back, even t0 be replaced by some-
dhing analogous to Decision Function theory, the zore relisble will become these

amalyses of selection respanse.



PART TVWO: CTING ON

In the experiment just deseribed there was very little selection response
ia either population during Generations 13 to 18, and it would not have been
vorth the effort as a commercial project. But could this result have been
predicted?

Successful prediction of a selection response is perhaps ’tho most-desired
ability of plant and animal breeders. Such breeders continually have to decide
between various populations, mating systems etec for the project which will bring
the biggest reward, and the criteria they have for this decision are "know-how"
and selection theory. The author has already discussed in the earlier essay
the nature of selection theory that is available. In this next section of the
theeis he studies its ability, and walidity, to predict a selection respomse.
Hov successfully it bas done so in the past is discussed in the literature review
that follows.

2,1 LITERATURE REVIEV:

The literature contains many experiments which attempt to predict the
response of a population to selection, then ecarry out the actual selection pro-
gramme and compare the realised and predicted responses, The success of these
predictions ranges from good to bad but the measure of success is ususlly a
persconal judgment of its author, Admittedly he is the person most qualified
4o make such a judgwent and in most cases the present author would not presume
to disagree vith him, However, sometimes prediction theory may be considered
to be inaccurate when in fact the resson for non-agreawsat vith observed
response is due to a poorly replicated and badly conducted experiment. It was
the present suthor's intent to retest this prediction theory in an experiment
wvhich did not contain these veaknsases.



Notwithstanding that the cause of a poor prediction may sometimes lie
with the experiment itself, the present author occasionally finds fault with
the judgments of earlior suthors., Por example Sheldon (1963) say» that the
results in his Tables 3 and 7 certainly support the prediction that "additive
genetic variance would decline and the non-additive genetic wariance would
increase as selection proceeded” (page 507). But a study of these tables
shows no such apparent deeline in hZsire nor h°dam and no such appervod imcrease
n 3% /le, , even diaregarding that the standard errors are fairly high
anyway and also disregarding that Bzx /sz ray not be a very useful indice-
tor of the non-eadditive genetic wvariance. Similarly the data of Prey and
Horner (1953) ere intervretable in a mnner opposite to that given by the euthors.
Sometimss the prediction estimates may hsve stamdard errors so high as to mmke
thea almost msaningless (Paleconer, 19533 Kyle and Chapman, 1953). Even
recently Kojima and Kelleher (1963) make little importance of this point.
Reporting on & selection experiment designed to increanse egg production of
Droscphila pseudoobscurs they calculated the predicted and observed responses
for every generation. Thea to esch of these two responses separstely they
fitted a regression line over all generations, The two regression lines
proved to be nearly parallel. This is indeed good prediction of rate of
response (though not necessaxrily of its sbsolute gawvunt) but the errors of
estimate are not given and the authors admit that they are large. Clayton
ot al's (1957) prediction studies are also less meaningful than they might appear.
Clayton used as the walue of "observed" responze the mesn response of five
gensrations in each of five replications. Although this average value agreed
well with the reasponse predicted from the bduse population the replications thea-
selves varied greatly in observed response, and so prediction for an individual
replication was very poor. In the same way Merien (1958) predicted the response

of five gemerations of selection for faster developwent in Drosophila; his



success wvas fair but again spoiled by the high wvariability among his tem repli-
cations, The other way im which an apparently successful prediction can be
misleading is when there is asymmetry of response preseant (Falconer, 1933, 1935;
Martin and Bell, 1960). In such cases the prediction often agrees vith the
observed response averaged over both directions but does not egree with either
direction separately.

Occasionally some of these prediction tests appear to be inwalid, for
exazmple in Kojims and Kelleher's paper of 1963. These authors feel entitled
to predict negative responses. Kojima explains (pers. comm.) that these pre-
dictions arise from estimates of a negative velue of additive variance. He
argues that although such ostimates are undoubtedly due to sampling error they
are still valid estimates and so must be accepted; otherwvise the average value
of all the estimates will be given a positive bias. This argument dces not
hide the objection that Kojima is surely mis-using genetic theory by accepting
negative variances for single-gemeration predictions. He seemingly should have
either re-estimated the variances or else have averaged all of his estimates,
those negative and those positive, before predicting from them. The attitude
to take to these end other unreasonable estimates has been studied by Harris
(1964). 1In a Monte Carlo simulation programms Barris campared the predicted
response to index selection wvhen the negative catimates of edditive wariance
vere sccepted at face value, with the predicted response when such estimates
wvere converted to sero. He concluded that the difference between then wvas
not important for his selection index model, though curiously the latter system
gave a lower and also more accurate prediction.

Lastly, some of the prediction equations themselves are too simplified to
be realistic. Consider Griffing's (1960) equation for the thecreticsl response

$0 truncation selection

o= (¥R 2 (-4 2%, |
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where {L = selestion differential
2:2 = phenotypie variance

}'-’zl = additive genetic variance

}: = additive x additive epistatic variance
a = nusber of gonerations of selection

y = recombination index.

This equation deals with only two loei but it caters for arbitrary dominance,
epistasis, linkage, and number of alloles. It predicts an asymptotic response,
because the coefficient to L,, decrecsss in successive generations. Oriffing
makes the usual assmmptions of small effects by each gene etc and he disregards
natural selection, but his equation still greatly over-estimates the response.
Gi11 (1965b) points out the reasons: firstly there is the drift effect which

occurs in all finite populations, and sccondly there is the fact that Bz‘

would itself be lovered im successive generstions. In an experimental test of
the equation Gill shows that over-estimation occurs whether prediction is made
from base population parameters, from first-generation parameters, or from sixth-
generation parameters; and the disecrepancy increases as the prediction becomes
longer-range. This populer habit of extrapolating a past response to predict
& laug-term future responso is rarely successful. Leng (1961) reports on its
use during one of the classic plant breeding experiments on long-tera selection.
The experiment involved 61 generations of selectiun for o0il and protein content
in maise and during its progress differsnt authors attempted to predict further
progress. They either used a prediction forsula or they simply fitted a re-
gression line to the past response and then extrapolated it into the future.
Leng reports that nine sut of the twelve extrapolations were failures, though

adni ttedly nineteen out of the twenty four predictions based on formulae were
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also seriously wrong.

This literature review shows how difficult it is to get a perspective of
prediction theory. It was therefore decided to seek such a perspective by
corresponding with some well-known population geneticists (Appendix 1). Bash
of these persons was asked, among other things, how well he expected prediction
theory to apply to actual populations., This consensus of opinion did not com-
pletely clarify the subject but it did make two main points.

(1) Prediction theory mostly has deen derived only for "ideel® populations
that eare in linkage equilibrium, unselected, and random matings ¢that
this theory is valid only for one gemmrution of selectiony that even
then the limited geme model can give only an appraximate prediction.

(2) In woat populations such conditions of idealism can never be fulfilled.
Therefore prediction theoxry is strictly not applieable.

Perspective to these points wvas summed up by Kimme (pers, comm,.): “As
long as the genotypic variance is largely additive and selection is carried out
under random (or nearly random) mating, I should expect that the gain is reason-
ably well predicted by the current theory, at ieast for the first few generations,
irrespective of the genetic stzucture of base populationa”.

The experiment aims to assess this claim and if it fails, to find ocut why
it fails, But even if i{ is successful, prediction of response from an analysis
of the base population means that effort and facilities are being used on strictly
non-productive work and that the more productive results of sctual selection are
being delayed for one gwneratiom. If a prediction systess could be found wvhich
was reliable and yet @id not hold up or add cost to the sclection process this
system would be more useful than others. The author prodbes this approech by
analysing wvhether the response from the first generation of selection shows any

significant correlation with the subsequent mean response over & period, and
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indeed any correlation with the standard deviation or regression coefficiemt of
response over the sams pericds In the event that first-generation respomse is

a peor predictor of subsequent response the author sets up a limited annlysis
to find out bovw it sy be improved.
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2.2 METHODS:

The problems and wvarious methods of predicting a selectien response have
already been discussed earlier in this thesis. Some of this information will
be briefly reviewed before the practical work is described.

The simplest methed of pre-

dicting a selection response is cbviously to extrapoclate from the response
already obtained in past generations of selection. This method will not pro-
vide & cleer understanding of the type of gene action that causes the respomnse
but its value lies in catering automatically for forces such as natural seleet-
fion that might otherwise ruian the prediction. This method of extrapolation
clearly can be applied at any stage of a selection prograsme and the predictien
may be made as long-range as desired (though recognizing the increasing risk
of error as the range becomes longer). In the present «xperiment the pre-
diction is mede from the respanse realised at the first generation of eash
period, and tested for its closeness to the mean response over the whole six
generations of that period. This test involves the use of data that has al-
ready boen collected for Part Une of the thesis, for example the selection
responses at Genmerations 1, 7 and 13 are used to compare wvith the mean responses
respectively of Generations 1 0 6, 7 to 12 and 13 to 18, Once again the
analysis is applied to esch replication ssgmrately but the overall agreement
vithin any one period betwwen mean respoase and first-gensretion response is
tested by correlating the former vith the latter, one pair of items coming from
each replication. If the correlation coefficient has a wvalue close to umity,
and the average valug of first-ocwmeration responses is similar to the average
value of msan responses, then the first-genaration response is considered to

be a good predictor of the mean respamse for anmy six-generation periocd. Buat

if the average wvalues of first-generation response and mean response differ
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greatly then one is overestimating the other regardless of whether the co-
efficient is near wnity or mot., Conversely, if the walue of correlation co-
officient 48 not near unity then the fireti-generation response is obwiously e
poor predictor of the subsequent mean response, regardless of how similar are
their sversge values., Thus in this wvay much information can be obtained om
the merit of extrapolating from a givea selection response in order to predict
the further respomse., If the correlation between first-generation Tespunse
and mean response is otservad to be peor then it would be useful to amalyse
vhy this should be so. A fairly crude type of smalysis is illustrated, ia
which the effects of Control and of replication are separeted cut im tura,

Pinally the opportunity is taken to test first-generation response as &
predictar of the sise of fluctuations betwveen generstions and trends betweem
generations, Aguin this predictability is first explored by the use of correla-
tion coefficients, this time between firstygenarstion response and (separestely)
standard deviation and regression coefficient, for each period im turmn. If
any of these coefficients proved significant thon the correlation would be
studied in more detail, but if these coefficients were not significant there
would be ne point in taking the analyses any further.

Erediction from base populations The method described above of predicting
future response from past response would appear to be inherently superior to any
otber method. 1t automatically caters for effects of scale and matursl select-
iop, and it can be carried out under the exact conditiona of mating system,
selection intensity etc that are to be applied in the eunceeding generatioms.
Beuwause of this also, no generations of selection are lost or delayed wvhile the
prediction analysis is taking place. The main fault of this method is that it
does not provide sn undarstanding of the gens action in the population and with-
out this understending it is difficult 40 suggest alternative selection pro-
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cedures if mo response is being obtained. For example consider a population
that contains a high amount of dominance wariance but no edditive veriance.

In spite of high genetic variability it will give very little response to mass
selectiony but it will probably give considerable response to & hybrid mating
scheme such as reciprocal recurrent selection, which can malte use of non-
additive genetic variance. The method given ebove of predicting from e
firet-generation response could never provide this type of guidance. This
suggests the need for a prediction system which is based on analysing the re-
lative amounts of additive, dominance, spistatic and non-genetic veriances im
& population. One of the mest accurate ways of doing this analysis is by a
"diallel cross”,

A diallel cross is basically a type of mating experiment im which a rendan
sample of individuals is drewn fros a population and then every male in the
sarple is cated to every female in turns., By asasuring and cowparing the progeny
of all these matings it is possible to estimate the average breeding value (or
General Combining Ability) of each msle taken over all fesmles, and any
anturmmly good nicking effects (Specific Combining Ability) that eech msle may
have with particular feunles. General and Specific Conmbining Abilities lead
directly to an estimate of the edditive and dominance varieuces respectively in
the population and these in turn lead to a prediciion of the heritability that
should result from selection in the population. The actusl response wvhieh
may be expeoted from selection is then obtained merely fram mmltiplyimg this
estimate of heritability by ihe selection differential.

The earlier essay on selectivn theory explained how the genetic analysis
of a population, as for example by a diallel cross, depended on partitioming the
phenotypic variance into between~family and vithin-family components. These
observaetional ceaponsats ere themselves compounded froa caussl genetic compansuts,
that is froo known fractions of the edditive, drwinance and epistatic wariances.

o
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Separation of these components depends upan being ahle %0 ocbasrve the wariances
of several types of femilies, such s bdalfsid fawilies, fullsidb families,
cousins ete. But if for some ressaen the gemetic analysis must be restricted
in scope it is often not possible to separate ocut all these cummponents of
genetic variance, and so an estimate of any one component will probably be
biased upwards by small fractions of the other components. In the present
rrediction experiment such restriction on the scope of gemetic analysis was
considered to be vise, though it meant that most of the estimates of heritadbility
would be bissed upwards, especially those from fullsid covariance analysis.

The reason that such rvetriction was made on the scope of analysis was that the
author considered that the Iribolium stocks he wss using would be unable to
compleote the programme of ¢ full diallel cross. This diallel cross was to be
carried out both on the base population (Gensration 0) and on the Generatiom 18
Heavy and Light populations as this would indicate any changes in the wariance
components that vere caused by selection. OHowever, it soon became obvious that
the Light replications vould be very small and weak by Generation 18 and conse-
quently there would be too much risk of failure if they vere cammitted to a long
and complicated diallel wating programme, Accordingly the author adopted a
restricted ferm of diallel anslysis which uses a 2 sire - 2 dam block mating
system, as described in Sheldon (1963).

Vithin each 2 sire ~ 2 dam block the parents are mated in pairs, then they
are interchanged. This system requires that they be left together long encugh
in the first arrangementi to produce enough progeny for ssasuring, and that after
these parents have beon rvarrenged the second progeny dbe not sampled until it is
sure that the pupae present haeve indeed doen sired Ly the second sale and not by
residual sperms of the Yirst one. This data on timing procedure wes not avail-
able from the literature and so & pilot experiment was set up to provide it,

The details of this pillot experiment will not be given but it made the following
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pointa:

()

Pair-matings required up to a fortnight to produce enough progeny for

weighing needs, especially so in the Light population.

(2)

In about 30% of the mating blocks one of the four parents died before the

second progeny could be sampled. This faflure rate was again highest in the
Light population.

Based on this pilot information the diallel analysis experiment was set

up as follows:

(1)

(2)

(3)

(4)

(s)

The analysis was carried out on a base population and on the Heavy and Light
populations that resulted from selection in the thesis. The base population
used for this disllel analysis was a mixture of the Heavy and Light stocks
brought from Ruskura, that is those populations from which the replications
wvere saspled at Generstion O in the thesis. These original two dese popu-
lations vere alloved to mass-mats seperately until selection wvas finished

at Generation 18, then equal numbers of mating blocks wore set up from each
of them and thess represent the "bese population® in Teble 19,

The replications of Generation 18 selection lines wvere snalysed independently
of ome another but equal cumbera of mating blocks were set up from eech one
in the Light and Heavy populations. Replication 8 of the former was very
veak however and so was replaced by Replication 7 before the diallel

amlysis was started,

The analysis carried as many nating blocks as facilities would allov. Yore
blocks vere aet up for the Light population than for either the Heavy or
base populations, becesunse of its greater rate of failure im the pilot ex-
periment.

The parents for each mating block were chosen randamly from a roplioation,
Perhaps sore precise data wuuld have been odtained if they were mated
assortatively (by virtoe of imcreasing the midparent variance). Fowever,
such estimmntes are open to bias in small populations if large non-additive
effects are present (Reeve, 1961). Moreover, Dewsan (1964) showed for
ZIribolium that because maternal effects were jpresent inm his population,
assortative mating inflated the regression wvalue of offspring on parent,

Parents wvere left to mate for 14 days then remmted to the other partmar for
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another 28 days. The second progeny were destroyed umtil 14 days after
the re-mating: this ensured that those pupae eventually weighed had indeed
been sired by the secend male {Tribolium Informmtion Bulletin, 1960).

{(6) Six female and six male pupae were weighed in each progeny.

The diallel cross described above was designed to provide estimates of
additive genmetic wvariance, and thence ef heritability, im each of the three
populations., Within each population the data could be manipulated to provide
three or four feirly independent estimates of the heritadility, eccording to the
methods listed below.

(a) Halfsid covariance smalysis
(b) Palleid covariance snalysis

(e) Parent-offspring regreesicu amalysis
(d) Abplanalp's linear heritability amalysis.

The relative merits of %he first three methods have beon discussed earlier
in the essay on selection theory and it will suffice to repeat here merely that
the amount of biss from non-additive variance is least in regression enalysis,
intermediate in halfsid anmalysis, and greatest in fullsid ansl 3is. The fourth
system is based on analysis of displacement data rather than on anmalysis of
variance data and it is potentially superior to all other systems in dealing with
the actual prospective parents and thereby in catering for asymmetrical respohses
40 sslection.

The halfsid analysis invelved the data from all 2 sire - 2 dam blocks which
completed muntmmmmummﬂmmorm
pupes for veighing. The fullsid analysis iovolved separate data entirely, takea
from those mating blocke which completed the first part of their programme but
not the second; also data from the pilot experiment. The pareat-offspring
regression analysis also used data from only the first matings of each 2 sire -
2 dam block, On this occasion the female and male progeny data were pooled and

regressed against dam weight, then against sire weight. Abplanalp's linear
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heritability analysis was applied only to the dase population and not to the
Generation 18 Light and Hesvy populations. The reason for this decision was
that such a systes vhich caters for uni-directional selection must be safeguarded
against respoase fluctuations caused by a fluctuating euviramwsnti, The system
is therefore better used %o predict an average response over s period (whereby
such fluctuations should cancel out) rather than over a single generation.
Because of this the system was not used on the Generation 18 populations - there
would be no succeeding period of generstions by which to test its prediction.
The way in which this linear heritability analysis was adapted to the dfallel
data needs explaining. Only half of the data in each 2 gire -~ 2 dam block vere
used, namely from those progeny which were sired by one of the two males. The
progeny which were sired by the second male are in no way involved in the analymis.
In this wvay the data fit into a hierarchial analysis, effectively each sire being
mated to two rundce females and each female producing six female eand six male
pupes for weighing purynses, The derivation of this heritability estimate is
given in detail by Abplansalp and is simple to follow, but it is too long to
warrant repeating in this thesis. The selection intensity used in the analysis
corresponded to that used later in the experiment, namely that im this base
population the haaviest 4/32 of progeny were treated as prospective parents for
upvard selection and the lightest 4/32 were treated as praspective parents for
downvard seleetion. The heritadbility cslculations then exactly follov the
pattern of Abplanalp's model, though he atates that it is difficult to assess

the error of such a heritability estimate.



Table 19: Estimation of Heritability

Base populstion
Half-sib enalysis
—d.f. | Mean Square Mean Square
femmle male
progeny progeny
Between blocks L~1 B+ GL:+D.§ t245 || 36 | .12028 -10667
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e
hz - Zb“-, regression on dam hz - .26 % o8
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L heritabili is (55 pupee chosen as prospective parents from the 444
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|
B2 . s +A) 2 - .18 .4
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2
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Table 19:
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2.3 RESULTS:

Prediction from base population: The various estimates of bheritability
are givea in Tedle $9. Also included in the table are the formulae used ia

the estimation, and the values of mean square end degrees of freedom used im
the formulae. This extre information is included om the advice of Hanson (1963):
he considers that raw heritability estimates should have little meaning to other
readers if the supporting data is mot given. This situation arises because the
term "heritability™ has been used in many ways and not all of them are equiwvalent;
therefore it is unwise to compare or extrapolate heritability estimates without
knowing how they were derived. Table 19 also contains the realised heritability
results for Generations 1 and 18 and for the means of Generations 1 to 6 and 1)
to 18, theso results acting as the "cbserved"™ response with which to campare the
sbove estimates.

The ouly other comments to make before assessing the results are firstly
that in the halfsib analysis the estimate of L2, (between-blocks component
of variance) can be obtained from subtraction of either the sires-within-blocks
mean square or the dams-within-blocks mean square. For the purpose of this
experiment -bzn was estimated both ways and then averaged for use in the herit-
sbility formula., Secondly the values given for realised heritability ad
Genoration 1 and Generations 1 to 6 are obtained by avernging the results fros

both Heevy and Light populations. Por example, hzuy'nrd in the table is the

agsan value forhzintho-in line of the Hesvy population and the Control line
of the Light pepulation; aend hzdmrd is the mean wvalue for hz in the main

1line of the Light population and the Control line of the Besvy populatiom.

The folloving comments can be made about Table 19,

(1) Realised heritadility: <There is a fall of value betwesn Generation 1
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ia the base population and Generation 18 in the Light and Heavy populations,
from an average of about h° = .2 0 h° = =,05, A similar fall (.16 to .04)
is present bLetveem Generations 1 to 6 in the base population and Gemeratioms
13 40 18 in the Light and Heavy populations, This combined evidence is
sufficient to accept that selection has caused the heritadbility to faull eppreec-
iably during the 18 generations. This pattern of change now is used as the
standard vith vhich to compare the estimates of heritability predicted by the
various methods in the table.

(2) Halfsib analysis: Taking into account their standard errors, the
four halfsidb estimates within each population are fairly consistent with one
another. In the base population the mean of these four wvalues is very similer
to that of the realised heritability date and so it may be sccepted (tentatively
because of the size of standard error) that halfsib analysis is & :satisfactory
meinod of predicting heritability response from such a base population. However,
the similarity between halfsib estimates and realised heritability is much less
at the end of selection. Vhereas the latter estimate is close to zero in both
Heavy and Light populations the former predicts heritability wvalues of about
+ 30 and -,25 respectively. By taking the same attitude to the negative value
a8 he took to Kojima and Kelleher's (1963) negative estimates the author would
substitute a predicted value of hz = 0 in the latter case, and this now accords
vith the reslised value. But in the Reavy population the closeness of sll four
estimates to the wvalue h2 = .30 must be considered to overrule the excuse that
standard errors are quite large, and it must be accepted that halfsidb analysis
has not successfully predicted the realised heritability in this populatiom,
The poseible reasons for this adjudged failure will be considered shortly im
relation to the other systems of prediction that follow.
(3) Pullsib analywis: Pullsib estimates of predicted heritadbility are mueh
too high in the base population and they actually imcremse fyum this to the



Light and Heavy populations. Neither in absolute walue for any one population
nor im pattern of change fyom Generation 1 to Generation 18 do they resemble

the realised heritadility data. On this evidence 1t must de accepted thed full-
sib analysis overestimates the true heritability by such a large amount ss to
make i$ virtoally vorthless for predicting the quantitative response,

(4) Parent-offspring regression analysis: There is reasonable agreement
ia the bese population between the heritadility wvalues predicted by this method
and the values realised, Bul once sgain the walues predicted froe the amalysee
at Generation 18 are too high, and by an amount thaet makes thom unreliasble for
prediction purpoass.

(S) In the Drosophils experiment of Clayton et al., (1957) the base
population estimstes of predicted baritability wvere cdtained by halfsidb enalyseis,
fullsidb amlysis, and parent-offspring regression analysis; and they gave very
similer estimates to one another, In the present experiment the estimates from
fullsidb analysis are consistently highor than the others. This upwaxzd bdias
could be due to any one of a ummber of factors, such as dominance and epistatie
variance, and wariance due to environmental end maternal effects common to full-
sid litters etc. Particularly is there evidence for maternsl effects. It
might perbaps be considered that the egg-laying habit of Tribolium would minimiase
the emount of nom-genetic influence that a dam could have upon her progeny, but
in fact considerable maternal effects are recorded by Blair (1962) for the
charscter of larval weight in Iribolium and by Dawson (1963) for the character
of developmental rate. There is evidonce of a similar materrml effect for the
character of pupal veight in the present experiment, This evidence is the ob-
servetion that in all three populations analysed, the ecefficient of regression
of progeny weight on dam weight was greater in value than that ef progemy weight
regressed on sire weight.

Sheldon (1963) would probadly consider of importance the faot that sire x



dam interaction variance increases greatly relative to the residual variance.
He rogards this ratio of variances s a good indicator of the amount of non-
additive genetic variance present in the population and its rise in value from
Generation 0 in the bese population to Gensrution 18 in the Light and Heavy
populations would explain partly the parallel rise in predicted estimate of
heritability, since all three metheds of prediction contain non-additive gemetic
variance as a source of upvard bias. However, it should be remembered that
"non-additive” includes many factors and interactions besides dominance and
epistasis. Miller ot al., (1963) clais that the ratio of intersction varience
to phenotypic variance is not after all a very useful indicator of the non-
additive genetic variance. PFor emample it includes even the intersction
betveen maternal environment of the parent and gemotype of the progeny.

Scale offects are not expected to be a major cause of any discrepancy
between predicted and realised heritabilities. Palcomer (1961) explains that
scale bhas very little infloence on realised heritadbility becauss it affects the
smwrator (selection response) and denceinator (selection differential) by almost
equal amounts. Howwver, a simple mathematical argument shows that scale effects
vill bias upeards the estimate of heritadbility from parent-offspring regression
if the mean weight of offepring exceeds the mean weight of parents.

This argument proceeds as follovs (supplied by Professor A.L. Rae):

Aseoume X‘ = observetion on i th parent

!‘ = observation om offspring of i th parent

Let /U'p be mean value of pareats
3,1 be deviation from mean due to additive geme action

€ pl be rendoa deviation

and let /"‘o' 9o Eoi have similar meaning for offspring.
Then if effects both genetic and envirvmssntal ere multiplicative it can
be vritten that X, = e 3p* Ept
ett Qe+ €pt)
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Expand in a Maclaurin series

Xy = oﬁ@+(gﬂ+f‘“)+(¢1¢+iﬂ)z/z! + ....3

Neglecting quadratic and higher terms, and writing
o'u? ullpglm
Xy =M ¢ Mg, +ME,

Similarly !‘ = H. + N.goi + Ho i’oi

Then E (regression of offspring on parent)
iﬁtﬂnﬁé_
W (5 20)

_ 2
= a féz‘_za)

Thus a bias is introduced if the mean weights of parent and offspring

differ. These mean weights for the three populations under anslysis are given

below.
Base pop,  JHeawy pop. Light pop,
(Gen 0) (Gen 18) (Gen 18)
Parent mean weight (mgms)
Pemale 2.16 2.74 1.44
Male 2,07 2,57 1.36
Progeny meen weight 2,09 3.20 1.66

In the bese population the progeny meaun does not differ greatly froa
sither of the parent weans and se no bias from scale effects would be expected.
But in the Heavy and Light populations the progeny wean is consistently and
markedly greater than the parent means, and as shown above this would tend te
considerably inflate the predicted heritability. This factor therefore is

tentatively accepted as being partly responsible for the over-digh heritabilities



predicted from regression analysis at Generation 18.

Non-additive genetic variance, maternal effects and scale effects have
been shown as likely csuses nf bias in predioting the heritability at Genera-
tion 18 and it is likely that there are other causes as well, This total
evidence suggests that it is very risky to undertake such prediction by variance
analysis in any population that has undergone sslection for a long time. Too
many new pressures and effects build up vhich cammot be ¢atered for in such an
analysis.

{(6) Linear heritability enalysis: This method has successfully predicted
that there will be an esymmeirical response from the dbease population. The
absolute values of this predicted response are in the region of those realised
vithout being exmetly similar to thea. As explained earlier the author deemed
that such analysis should not be repeated in the Light and Heavy populations but
it is obvious that the extremely sigunificant between-blocks mean squares at
Gensration 18 would biss upwards the linear heritability estimates by very large
amounts., As it operates in the bdase population hovewver, the linear heritadbility
analysis is a better method of predicting uni-directional response to sslection
than is the method of varience analysis. This is contyary to the conclusion
reached by Bhat (1965), in whose experiment the linear heritadbility eastimate
oxceeded both the veriance analysis estimate and the realised heritability by a
considersble amount.

The success achieved at prediciing heritadility im this experiment varied
considerably vith the method used and generation 4ested, but on the whole it
vas probebly not quite as successful as the predictions reported by Dawsom (1965).
Vorking vith a similar selection character, developmental rate in Tribolium,
Devson applied some of the methods used here and some not used here, the latter
usually involving inbred lines. He found that predictions were often sccuraste

over short—term periods (7 generations) but mostly imccurate over longer



periods (13 generations). A main ceuse of this inaccuracy was considered to

be large smowmts of dominance wariance in the populatiom. The presence of
non-additive variance was also stated by Sheldon (1963) to be a primary reason
for the predictions in his own work with Drosophils to be unreliable, Sheldon
suggested in his final discussion that for a one-wmy selection experiment; a
genoration of actual selection may itself be the best predictor of future
response., The present author also takes this attitude, and the followving pages
desl wvith the ability of a firstgwmexztion response to prediet subsequent
responses. This approach is perticulcrly worthwvhile im the present ecase vhen
it is remembered that in the section above, the predicted heritability was tested
against realised heritability averaged over all six replications, and that this
predictability would be even poorer than it actually wvas if the replications hed
been cunsidered individually. In the section belowv they are in effeect considered

individuslly and so this is a much amorc meaningful test of predictability.



-127 =

Selection differential: To be able to predict the heritability of a
selection response is of course only halfway toward predicting the response
itself. It is necessary alse to either pﬂiﬁ‘ or measure the selectiom
differeatial. Fortunately a breeder is usually able to asciually seasure the
selection differential rather than prediet it, because in the process of measuring
the whole population in order %o choose parents he avtomatically collects the
dats required to measure the differential, Thore are a feow occasions when the
differential will have to be predicted; for exmmple vhen a breeder does mot
have time to measure the whole population before deciding if he will get a
worthwhile absolute response from selection. In this case he would have to
measure & small semple of the population, estimete the standard deviation of
this sauple (and thereby of the whole populetion), and then predict the wvalue

of selection differsntial from the foruula

S = t?’P
vhere U = selestion intonsity im standard wmits
'Bp = phenotypic standard deviation of sample

The sources of error in this prediction formulas are twofold; firstly in
estimating C, secondly in estimating 1-,? and assuming it rolates to a nermal
distribution. Both of these errers are reduced as the size of sauple and
number of parents selected are increased. However, the present experiment
camot contribute to measuring these errors as sources of poor predictability
for the reason that the sample itself has been used both to represent the
population in mean veight and to provide the future paremis. Hence no further
stady of the selection differential bhas been made in this thesis «~ on all

ccecesions it could be directly measured reather than predicted.



generation selection response in predicting the response of other population
paraseters will be measured in terms of the corrclation coefficient botween
theo firstguneretion response and these other parameters (separately), It
bas already been explained how this method is a satisfactory first stop omly,
and how the analysis would have to be continued im & wmore refined way if
these correlation coefficients proved to be high in valve. The parameters
which were compared with first-gemerction response im this way wvere response
mean, stendard deviation, and regression coefficient, for each 6-generation
period in turn. Each correlation coefficient is calculated from six sets of
peired values (one per replication); for example the correlation with mean
response of a given period involved pairing together the first-generation
response (x) of thas period vith its meen responce (y), for cach roplication

in turn. Then the correlation coefficient (r) is calculated as

P = —C—XJH x-X H—_

J x-x)* (y-P*

The significance of this value of coefficient was determined from Appendix

4 of Bailey (1959) for (n-2) = 4 degrees of freedum. The .05 (.01) levels of
significance are r = .81 (.92) and these values may be compered with the actual
values of »r imn Table 20. Also contained in the table are the average responses
of first-generation and poriod wean. For all data in the teble, Control values
have been averaged into the first~generation response (as well as into mean
response) othervise the effect of & fluctuation in the envirumment could influence
the results too ruch over a single generation of respease,

Once again the correlation between first-generation and mean respoense has
been estimated for doth ways of calculating this mean response, namely from
linear regression and from the total response divided by six.



Table 203 Correlation detveen first—gensretion respamse and other parameters

? (first
» (riret
r (first
r (first

r (first
r (first
r (first

r (first

Geaozations

msean ~ by regression)
standard deviation)

regression coefficient)

mean = by regression)
mear - by total/6)
standard deviation)

regreasion coefficient)

146

18t gea. ®mean
0729 0576
0729 | 0607
03514 | ,0447
0314 | ,0433

-.04
-, 22
-.08
.51

.82
94
03
=.63

T8¢ nm' ssen

7 to 12

Heavy population
0629) .78}.0318

0687

0687 «0620} ,TO}.0018
-, 06
-.28

Light population
0446 | .0474} .40).0321

0446 | 0494 .:oﬁ] 0321
«03

-y 54

13 o 18

rist.u'-u

0164
«0172

0133
0135

=35
=17
-, 30
- 27

57
4
«46
-.61




130 -

On the whole there is very low correlation between the first-generation and
mean responses of any period regardless of which method is used, Only once is
the value of coefficient significant and twice it is even negative, Thie
evidence is not to say that no such correlation exists but it does suggest that
many more paired values thean six would be needed to prove such a correlation,
The second point to observe from the table is that om all but one occasion the
first-generation response exceeds that of the mean. This cousistent bias is
further evidence that vithin each period the ra%e of response gradually falls
from first gensrution to sixth, as was shown earlior by the negative siyns of
regression coefficients in Table 14,

The correlation between first-generation response and standard deviation
is neither large nor comsistent. It is rot vorthvhile analysing the relationship
any further than this.

The correlation between firat-generation response and regression coefficient
consistently has a negutive sign. This means that the higher is the respanse
at the start of a period the faster it falls off during the periocd. This con-
clusion sccords with genetic theory which states that the amount of genetic
variability in & population affects in the same way both the amount of response
obtained froo seiection and the rate at wvhich this response falls off. However,
the absolute values of these negative coefficients are too veried and too far

below the significance levels of .81 (.92) to have any predictive walue.

The total impression of results in Tadlle 20 is depressing in some ways,
particularly in its evidence that even vhen the Control wariation is taken into
account the selection response at any one generation is a poor predictor of
future response, There could be many reasons for these results but such

reasons fit into two main camps - either there is a good correletion between
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first-generation response and later response but the present experiment coculd
not detect it, or alternatively no such correlation exists. Additive genetic
theory confirms that later response will be less than firetgeneration response,
a8 it was in Table 20, but this bias should not affect the correlation co-
officient. Since genetic irends therefore are apparently not 4o blame for the
poor correlation (and ere very small when compared with the fluctuations anyway)
it appears likely that fluctuations of response may be respouaidble. Purther-
more, since these fluctuations are theaselves caused by environment, genetic
drift and sampling error stc, vhich are all factors sble to be controlled by
the experimenter, it is likely that the experiment itself was the cause of the
lov correlations obtained. Perhaps there were too fev replications, perhaps
esch replication had toco few animals. This hypothesis is investigated in the
analysis that follows, by seperating out some causes of fluctustion and meswr-
ing their effects on the results., It is admitted that the analysis is wvery
limited but it does give the author soms understanding of the poor correlations.

The method of analysis is illustrated in detail for the response period of
Generations 1 to 6 in the Reavy population. In this period there are the usual
six replications end each contains an upward selection line and a dowvmvard
Contrcl line, that is twelve lines altogether. For each of these twelve lines
the author calculeted the first-generation response and the mean response over
all six generations; then calculated the discrepancy between the two. The
valuss of these discrepancies are giver below (in mgm per pupse).

RBepl 2 3 4 2 ]
selection upwards =14 4,02 4,30 =04 +.04 +.17

downward (Control) +o12 -, 07 =12 +.,04 -,08 =07

The average size of these deviations (disregarding the sign) is .102 and their

standard deviation is .130 (which is a measure of their range). Since the
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mean response during this same period was only .0601, these ssasures of
deviation are both very large indeed. In this sense the first-generation
response is a very poor predictor of the msen, But suppose now that the
responses of an upward 1line and its Control are averaged before the deviations
are calculated.

The new deviations are

Repl 2 2 & 3 &
=01 -, 02 +,09 00 =,02 +,03

and the average sise of them is .031 (their standard deviation equals .044).
This is now a snch amaller percentage of the sean and the suthor contends that
this resuld can be interpreted thus: there is a very considerasble {sopruvemwnt
in predictability if envirumwutal socurces of error are catered for by an
adequate Control.

Suppose now instead that the upvard and dovoward (Control) lines are left
separate but that wvithin each one the responses of all six replications are

averaged, before the deviations are calculated., These deviations would be

upward +.06
downward =.03

end the average deviation is .043 (standard deviation equals .062). This is
again a great reduction on the original discrepaney above, though slightly less
improvement tbhan by the correction for Control. This result suggests to the
author that correlstion between firstgenerntion and mean responses vould
probsbly have been higher if lerger populations had been used, though it mustd
be conceded that the pooling of six replications for this analysis above is not
necessarily equivalent to a single population six times the size of sach ons.
Pinally, suppose that the responses of all twelve lines are averaged before
the deviation is cslculated between first-generantion end mean. This deviation
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measures .013, that is less than 25% of the mean.

The author has given his interpretation of the analysis above but before

any general conclusions were made the same analysis was applied to eech of the

remaining periods of selection.

The results are contained in Tadle 21, and

include the value of period mean response, average discrepancy of this mean from

period first-generation response, and the standexrd deviation of these discrep-
ancies.
Table 21: Discrepancy between first-generation response and mean response

Generations

Control end reps both unpooled
Control pooled, reps unpooled
Control unpooled, reps pooled
Control end reps both pooled

BOAN response

Control and reps both unpooled
Control pooled, reps unpceled
Coatrol unpooled, reps pooled
Control and reps both pooled

146 I 7 %o 12 I| 13 %0 18

average

discrep.
102
«031
«045
013

8.D.

«130
044
+062

-0438

sverage

discrep.
«03%5
013
012
+009

8.D.

070
015
018

Heavy population
.m .0‘72
average
8.Db. discrep.
o127 .07S
.031 ,033
«030) .047
015
la
00494 .0‘ 36
average
8.D. | discrep.
«133} .042
.083 003‘
011 «023
019

«030
<031
«033
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In all cases the average discrepancy and its standard deviation are greater
than the mean itself if the replications are trested separately (unpooled) and
their Controls are slso treated asparatoly from the main selection lines.

These two paraseters reduce considerably when Control data is incorporated
(pooled) beforehand, and equally so when the six replications im sach direction
are pooled beforehand. If both of these tasks are carried ocut beforehand them
there is even further improvexmnt. The averegv discrepancy which remained at
this last stage varied from 4% to 136% of the mean responses and this remsinder
is undoubtedly caused partly by genetic trends and partly by fluctuations which
have not been completely catered for. The relative importance of these two
forces, directional and non-directional, is given in Pigure 9 in vhich the re-
gression line is shown fitted to the graph of reaponse wvaluss. Sometimes the
line slopes from the pericd meen towards the first-gwnaration value, for example
in the pericd covering Generations 1 to 6 of the Heavy population. 1In such
cases the deviation between first—generetion and mean is caused partly by trends
of falling response. But at other times the regression line slopes awvay froa
the first-generation value (for example in period 2) end in these cases the
deviation cannot be expleined by such trends. It is obvious that wvhere the
slope of regression line does not explain all deviations, then these deviations
are apparently caused by fluctuations of response. This means that despite the
pooling of responses frow all six replications and Controls the population

carried wvas not big encugh to mmke these fluctuations uniaportant.
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Zxediction of limit xespense; The final analysis undertaken in this
section of the thesis was not planned for at the start but was made possible

by the subsequent response to selection. A study of the response curves in
Pigure 1 shows that there was wvery little selection progress made in either popu-
lation during the final few generations, and sc it was tentatively accepted that
the limit of selection response had been reached, The opportunity was there-
fore taken to test a further plece of prediction theory involving the first-
generation response. This prediction theory ie btased on additive gene action
and as presented by Rodertson (1960) it esiimates that the total amount of
selection responag odlained when the limit is reached measures about H. times
the asount of first-generation response. The predietion is only epproximate

and also applies only vhen the produst of K (effoctive population sime) and

i (selection intensity) is low, but unfortumately Bodertaan does not specify

hov low, 1In the test of this theory carried out below the welue of limit
response was taken as the highest generation mean reached by each Heavy replica-
tion during the 18 gemerations of selection (the lowest generation mean im the
case of Light replications), That this value was a fair one to take was accepted
only after a study of Pigure 1 Controls showed that nome of these generation means
was apparently due to0 a serious fluctuation of enviromment, The "total

response” was then obtained by subtracting from this limit velue the replication
mean at the beginning of each period, that is the replication means of Generations
0, 6 and 12. In each of the three cases, first-generation response was again
measured as the average of a main selection line and its Control, in order to
cater for envirommental fluctuations. The ratio of total response to first-
generation response is given in Tadle 22 for the 18, 12 and 6 generations of
selection inmvolved. According to Bodertson's theory this ratio should have a
value of Zl.t'l, sod since l. has already been estimated as 4.7 in the Heavy
population and 6.4 in the Light populaticn the predicted ratioa are respectively



9,981 and 12.821.
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In Table 22 the walues of total response and first-generation response

have been rounded off after the ratio vae ealculated.

Table 22: Ratio of total response to first-generation response

Geners.tions
total
resp.
Replication 1§ 1.02
2 76
3 1.33
4 1.46
S 1.05
6 1.14
everage ratio
predicted ratio
Repliestion 1 «36
2 .45
3 .13
4 37
5(or 8).48
6 13
sverage ratio
predicted ratio

1 % 18

Tot- total
gen | ratio
resp. Fetpe

07
«03
12
.08
04

10

<03
.06
03
08
-08

01

15.1
28.1
10.9
17.7
26.2
11,1
18.2

9.3

13.1
7.8
2.7
4.5
5.6

15,0

8.1

12.8

7 %o 18
1s
gen| retio
resp
Heavy population
«38 | .06 6.2
«40 | .04 9.5
82 | 12 6.9
T0 | 09] T.4
41 | 07T 5.9
.47 | 02| _23.5
9.9
9.5
t
.46 |} .02
e32 |=.01
A1 | .04
2T | &
029 |=.
o26 | J21

o

07
13
«06
29
-.01

.14

19
-10
.03
14
.07
14

13 to 18
1
gen| ratio
by
03] 2.6
03] 3.0
02| 2.6
01| 24.6
03] =0.1
02| 6.6 |
6.5(7.9)
9.5
03| 3.7
OT| 1.6
.04 0.9
LOT| 20,7
05| 1.4
-.02| 5.6 |
3.8(5.7})
12.8
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On three cccasions the sverage ratio bas been given an alternative wvalue
in brackets. This altermative represents the value cdtained vhen all negative
ratios are omitted fram the average. The author considered that since each
first-gencration response represents an aversge value of selection in two
directions then & negative value is theoretically impossible and sust be due
to weighing or sampling error and could thercfore be omitied. However, since
the remaining ratios might otherwise be claimed to receive a positive bias the
averzge ratio has been calculated by both methods.

It is interesting o note, but difficult to explain why, the eaverege ratio
decreesss as the selection programme nears its end. w, the result which
is considered to be most fmportant is that reslised and predicted ratios are
of a reasonably similar order throughout the table. A possible renson for
the realised ratio to be greater than predicted in the Asavy population and less
than predicted in the Light population, lies in the effect of asymmetry om the
method of calculating first—ceneration response. In both pocpulations this
asymetry effect is meintained in the main selection lines btut by incorporsting
the Control it is cancelled out of the first—goneration respanse; therefore it
biases the mwesurement of "total response® but not that of "first-generation
response”. The effect of this bias is to increase the ratio above predicted
value in the Heavy population and decresse it below predicted value in the Light

population, exactly as the table shows.



2.4 DISCUSSYON;

In the present experiment there wvas reasonable agreement between the realised
heritabilities and those predicted from halfsidb analysis or from regression of
progeny on sire, but this agroement was seldom precise emough to use with con-
fidence in future experiments, especially when the size of standard error was
teahen into sccount. Those predictions which were well satray, mamely froa full-
sib analysis and from regreasion of offspring on dam, could usually be explained
with quite relisble evidence of non-additive genetic sction. It could be argued
that if a breeder was to know beforehand that such non-additive wvariance was
present in e population, them he could make memtal compensation for the upward
bias that it causes, and thereby still predict the heritability with reasombdle
accurasy. But this is a matter to be deterwined by the gemdling instincts of
the breeder.

The results of this second section of the thesis differ slightly from those
of Sheldon (1963) but the general conclusions would be about similar., Referring
40 his efforts to predict selection respnnse from a 2 sire = 2 dam block systea
of diallel analysis Sheldon concludes that — "In genszal, meither the dese
population nor later mrusstars predicted adequately the sudbsequent selection
respanses® (page 490).

It seems reasonable to conclude that the standard methods of predicting
heritability of respunse sre not precisely accurate, even in a base population,
sostly because these methods camnot cater for all of the non-additive genetie
properties of a population, PFor example they camnot cater for asymmetricsl
respanses,. This suggests that the prediction systems which would be most likely
40 succeed wvould be those ones relating most closely to the actual processes of
selection. Abplanalp's system of linsar heritadility enalysis offers consider-

able promise in theory and achieved considerable success in practice; it



certainly warrants more test by experiment. The other method tried in this
thesis, vhich makes use of the response realised from ome generation of selection,
also ought to be successful in theory. It is based on the theory that this
first-genemtion respanse depends on the genetic variance already present and
also on various non-genetic forces which might be operating; and that similaer
genetic variance (though slightly reduced) and non-genetic forces might be expected
to continue to be present and operating in future generations. Therefore s
correlation might be expected between first-generation response and subsequent
mean response., The fact that this correlation proved to be not wvery significant
in the present experiment is more a criticism of the practical aspects than of the
theory. Analyses of wvarious results by the author indicated that such correlation
would possibly have been much higher if sore replications had been carried and more
animals weighed in each cns. In othsr words, sampling error in gl) generations
was as much a cause of poor predictability as was the first generation itself,
It wvas the author's intention that if a high correlation had been obtained in
his experiment it would have been analysed further in an attempt to set up a
reliable prediction system from first-generation response. Such a system might
also predict the amount of fluctuation of response and the rate at vhich it falls
off - this much was indicated by the negative correlation between first-generatiom
response and regression coefficient. But once again a significant correlation
vould appear to depend on larger populetions and greater replication than were

present in the current experiment.



PAR? THREE: EFPECTS OP SELECTION INTENSITY

This final part of the thesis could be considered as an epplied extanaion
of the first two parts. The previcus experiment had to be &wmigmmd to enable
the detection of extranecus effecte -n-hu.uhnl selection and scale, and ™
40 determine a satisfactory way of measuring the true genetis response, But
4his procedure meant that half of the ladour required for the experiment must de
put into Control lines and fev commercial breeders have the desire or can afford
40 spend hslf of their cests om Controls. Hence the methods of analysing and
predicting selection respoase that have been tosted so far woald have more applied
wvalue if they vere re-tested umder commercisl conditions of selection, and the
following experiment is designed %o carry out this eim. A different type of
Control population was used which did not require very much labour and the time
which was thereby saved was spent on selecting at different intensities.

This particular paruswter, selection intensity, was chosen for study becaunse
it bas received little attention in the past. Just how little it has deen studied

by previous authors is showm by the smallness of litereture reviev that follows.

3.1 LITERATURE REVIEW:

The work of Clayton et al., (1957) is apperently the most detailed experiment
done on effects of selection intensity. These authors selected for higher and
lover chaetae nomber in Drosophils and at four selection ivtensities in each
direction; there Y''° three to five replications at each intensity. The results
showed that over a short-term period the average rate of response was greatest
when selection was most intense and lowest when selection was least intense,

This is the result to be expected regardless of the type of gene action involved

because high-inteunsity seleetion produces the largest selection differemtial
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and wberefere automatically it produces the largest selection response, at least
over the first fev generations. However, a sabsidisry effect of high intensity
selection is to quickly reduce gemetic wariability im the population and this in
turn is expected to reduce the heritability sere quickly tham i% would be redused
under low intensity selection. This leads to an expectation that the selection
response from very intense selection will eventually lose its lead over that of

a less intense system. Unfortunately this part of Clayton's experiment was
stopped after five penerations and no such reversal need have been expected ia
that short time. Vhaot may happen over a longer period is suggested by selection
simulation on computers, as carried out by Martin and Cockerham (1960). These
authors traced the selection response on a variety of genetic models which varied
ia nmmber of loci, recombination index, type of gems action ete and of course,
selection intensity. The reaponse in the early gensrstiocns of selection supported
the results of Clsyton, that inismse selection produces the greatest response.

As the programme contimued howwver, this superiority was gradmlly redured and
sometimes eventually reversed. Tereafter the "heaviest™ populations were those
from the less intense selection systom. The mmber of gensrutions needed for the
latter system to overtake the former, if it does so at esll, apparently depends on
the exact genetic models being used (@ill, 1965¢; Young, 1966). The results of
these simulation axperisenta therefore accord generally with genetic theory,
although sush simunlations can never be claimed to represent the complex state

in & real population., The present experiment undertook to atiempt this necessary
final step for assessing such theory and so it f£ills a large (and surprising) gap
in the literature. But it is stressed that this aim of the experiment is no

more important than the other aim given earlier - to apply the methods of sraly>
ing and predicting selection response which were used in the first experiment,
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3.2 METHODS;

Organism: In this second experiment the Tribolium stock used was the
original base population from Ruskura, and not the part-selected Heavy and
Light ones, The reason for this change vas that & large unselected base
population should give a greater response to selection, for each intensity:
the differences between the intensity responses should thus be measured more

precisely.

WE AK

MODERATE
STRONG

CONTROL

Programue: Seiection wvas made for heavier pupae at three separate
inteansities - 8trong, Modezute, and Weak., It was continued for twenty generations,
thoagh this period vas not to be broken up into equal units as was the first experi-
ment. Instead the results would be analysed over periods of inereasing length;
nasely over five, then over ten, then fifteen, and finally over twenty generations.
It was considered that the results would have more applied walue in this form.

There was no sslection made for lighter prupes in this experizent but non-
solection lines were extraoted fros the main ones at Generation 18, and carried
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for two generations.

Contxol:s IS consisted of a population of 200 female and 200 male pupae
being weighed each generation. A random fifty pairs of these weze pair-mated,
and eight pupse were takem from each progeny for weighing. This Control was
started, not fres the population used as base for the three intensity limes,
but frem the Heavy Ruakura base. This tactic was used simply 4o bring the
Control weight closer to what the expected weights would be in the other three
1ines after a fev generations of selection; it would therefore be more similar
to them in matters of scsle and natural sslection. This explains why in
Pigure 10 the Control weight is higher than those of the selected lines for a
very short time.

The Control population described ebove clearly differs in mature fram that
used in the earlier experiment. HSsvanse of the method of suddividing the total
response and becanse of the commercial approach in this second experimmnt, thie
new type of Control was needed. It would not bLe as reliadle as the previous
one becanse it must cater for all three treatmeanis - Strong, Moderate, and Veak.
Hence it could not fulfil the dictum of Brey &b gl., (1962) to stay close to
the selected lines in genotype -~ odwviously i4 soculd not stay close to all three
1inss onco they started to diverge. This is an admitted weakness of the Control,
snd it is common to most commercial Controls. Apert froa this the Conirol
complied vith the requirements laid down for Iribolium in the oxperiment of

wggo

Replication: Por each of the three treatments there were six replieations.
Thirty two female and )2 male puree were randomly sampled and weighed in esch
replication every generstion, axastly as in the previous experiment. No extre

replications were carried in case of failures, nor were any subsequently needed.



Selection procedure: (a) Righteen samples, each of 32 femmle and 32 male
pupae, were dreawn from the base population. There were no significant weight
differences among the eighteen, therefore they were randomly distributed among
the three trestmsnts, siz replications to each.

(b) The populations were made equal in sise in all thres treatments
becanse it was considered that cammeroial drvedere were usmlly limited in the
smmber of individuals they could handle. Hence selection intensity was varied
by the ousber of paremts chosen. In each replleationm of the Strong treatment,
the wo heaviest females and two heaviest males vere selected ocut of the 32 pairs
weighed; the four heaviest pairs were selected in eech 'Mdarate replication and
the eight heaviest pairs in each Veak ome.

(e) V¥With so fev paremts Leing selected eech generation it was vital
that none of them die too soon ~ or at least vithout it being detacted, If
they did not all contribute an equal mumber of progemy to the next generation,
the actual selection intensity may be far different from the theoretical ome and
this oould seriously diverge the actual and theoretical respunses, PYor this
revascn peir-eaatings vere used throughout the experimsat. There were two such
matings in each Strong replication, four in eash Moderate one and eight in
each VWeak one. Conversely, sixteen random female and sixteen randos msle pupse
vere weighed from esch Strong peir-amting, eight pairs from a Moderate one, and
four pairs from a Veak one. This gave a total of 32 pairs in each treatment
per replicstion per generatiom. Ia all cases the heaviest female and male were
selected frou a pair-emting to be future parents,

(a) Insvitably the inbreeding rate would differ bLetveen the treatments,
highest in the Strung, lovest in the Veak. This itself was not so important as
the need to keep all indreeding rates fairly constant wvithin any one trestment.
The sllocation of martusrs for eash nev pair-enting wvas therefore an important
paint. It was desirable that the inBresding rete be kept smocth between
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gumretions within all replications, similar between replications within all
treatuents, and minimal for each treatment, The following circular mating
plan vas devised.

The expected inbreeding levels after twenty generations are approximately:
SBtrong = 80%; Moderate = 45%; Weak = 24%. Kimurs and Crow (1963)
later devised e system that gives slightly slower inbreeding near the start
but the difference between the two systems is very small et twenty generations.
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3.3 RESULTS;

This second experiment was run about simultaneously with the first one,
Segiming in Septamder 1963 and ending in June 1965. It also suffered the same
ardenl by overheating in about the first generation and so was restarted from
reserve matings; but apart from this the twenty generations of selection were
completed with little trouble. As the experiment neared its end a problem of
Mmuv'mnﬂh\h.mtmm,'p_ﬁliblyhhﬂnhilhm
ing rate. m-m—mmmmw-&:wmmuutuua
mean waiting longer before the quota of weighings was reached., Automatically
the generation interval was increased for the Strong treatment and since the
cycles of Strong, Modsrete and Veak all had to be kept in step with the Contrel,
those of Moderate and Weak had to be allowed to increase also, The number of
days required for each generation (svaruged over ail three treatments) is given
in Table 23, and is worked out on the same Dasis ss for the first experiasut.

ZIable 23: Gemeration Interval (in days)
Generation Interval
0% 1 30
1% 2 3
24 3 32
3% 4 30
4% 5 33
St 6 ) |
6% 7 n
Tt 8 n
8t 9 n
9 to 10 30
10 ¢o 11 n
11 %0 12 30
12 o 13 n
13 %0 14 30
14 % 13 n
15 %0 16 34
16 %o 17 2
17 to 18 32
18 ¢0 19 33
19 %0 20 32

mean 31.5




3.3¢ selec

(A) PRESENTATION OF BASIC DATA:

Mean weight (Pigure 10 and Tsble 24):  All three treatments give a fairly
aarked response till about Generation 14, notwithstanding the large fluctuations.
Then all three lose weight for a short period before resuming a steedy response.
The Control populstion shows considerable flucutation also but no euvirocmmmatel
trends; when this Control varistiem is taken into sccomnt (Pig. 12) some of the
treatment fluctuatiocns are removved but others are mot. For example the de-
pression after Generation 14 is converted to a plateau. The reason for this
platesu can cnly be smruised but the faet that it affects all three treatasnts
suggests that an umnoticed change of diet or climate may be responsible, though
such explanation must assume that the same change has not affeocted the Coatrol
population to an equal degree.

At first Strong gives the fastest respounse followed by Moderate, but after
seven generstions Moderaste takes the lesd. By Generation 17 the Veak populations
are heaviest and thus the original order is reversed. This is the pattern of
response that was predicted by many of the genetic models used in the simmlation
experiments of Martin and Cocksrham (1960), Gill (1965¢c) and Young (1966).
Latent heritability would be the same for all three treatments at the start of
selection and therefore Strong, wvith the highest selection differentisl and most
rapid increase of impurtant genes, should give the greatest reesponse. Eowwver,
ite genetic variation would also sutamatically fall at the fastest rate beecause
so fev parents were being selected eech gwneration, therefore the heritability
wvould fall off faster here thaam in the other treatments and with it the rate of
response., Canversely Veak has the smallest selection differential and so would

give the smsllest response in the early gensretions. But since its inbreeding



rate is lower it loses fower favouruble genss by genstic drift and so the herit-
ability and rate of respnnse would be maintained for much loager. Indeed there
is 1little euggestion from the grephs that they have fallen very much at all over
the whole twenty generations.

The two gmnerntions of nan-eelection at the end of the xpwrimmnt fluctuate
too greatly to show any clear pattern of response. Certainly they do not keep
up wvith their respective selection progenitors but conversely they do not tend
to regress very much. It camnot be concluded therefore that there is evidence
of maturel selection opersting or that the response %o artificial selection is
based em epistatic wvariance (Griffing, 1960). These non-selection lines are not

used ageain during the analysis of results.

Phenotypiec variance (Figure 11 end Table 25): As was the case for the
first experiment, data for the graph wvas drewn frum that of Table 235 by merely
averaging the twelve walues (6 replications X 2 sexes) in essch generation., Though
such tvelve values may be hetsrugmnamzs (and consequently their mseen may not heve
too much usefulness) it was considered that the pattern of these msans over severaul
generations would at leest show any trends of increasing or decressing wvariance.

In P{gare 11 there is a slight rise of walue in all three treatments till
about the ninth generution but thereafter no clear pattern in any of thea. The
slight rise may be the result of scale effects but if this is so it is being
counterscted in later generetions, perhaps by a declining genetic wvariation.

There is ivsufficient scale evidence that variadbility would be better measwred in

terms of the coefficient of variation and so the data have not been converted.

i tabili (Pigure 11 and Table 26): This parumster was once
again calculated as the ratio of selection respanse to selection differential.

The numerators were adjusted to cater for wariatiou of the Control population,
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Jable 233 Fhenotypic variances

a) Pezale data

STRONG MODERATE WEAK
Rep] 1 2 3 4 S5 6 |meem| 1 2 3 4 3 6 |mem| 1 2 3 4 3 6 |meen
"o | 062 .04 .062 058 093 .048 | .06 | 056 039 .031 058 .03 084 | 096 | 066 03¢ 040 .087 .060 L033 | .09
1 | .063 .032 .034 .030 ,040 .029 | 041 | .049 .063 .057 ,043 .039 .064 | ,052 | .046 .038 .03T .035 .066 042 | .044
2 | .052 .069 .051 .045 .065 ,057 | .036 | .044 .034 038 .06 ,OST .042 | .045 | 066 049 ,095 .061 .068 .03¢| .062
3 | 052 .04 .030 .035 .042 .033 | .040 | .037 .049 .OT2 .04T .041 .042 | .048 | .021 .040 .044 ,039 .066 .068 | ,050
4 | .067 .063 039 .030 ,040 .073 | 035 | .033 .088 .066 .060 ,032 ,089 | 061 | .09 .123 .063 .047 064 .072]| .0T0
s | .082 .052 .078 .111 .037 .0%0 | .068 | .070 .073 .052 .063 ,083 ,088 | .072 | .094 .09% .097 .090 ,033 .063| .0T3
6 | .055 .100 .048 .083 .037 .030 | 039 | .088 .053 ,079 .033 .069 .037 | ,060 | .OT2 075 .035 .042 .07 .03T| .05
7 | 152 .068 .067 .062 .10 .068 | .087 | .092 ,043 .047 .OT4 .OT2 094 | .070 | .027 .063 .057 .066 .079 .083| .062
8 | .061 .046 052 .095 ,115 .040 | ,068 | ,035 037 .042 .089 .039 .100| .057 | .060 .043 .043 .035 .066 ,052| .053
9 | .048 .131 ,096 .073 .081 .052 [*.080 | .086 .04 ,040 .082 .091 .089 | .O74 | .083 .081 .043 .061 .045 .090| .067
10 | .044 .124 .iC1 .0B6 .067 .074 | .083 | .040 .093 .074 090 .106 .052| .076 | .041 .030 .060; .088 .OT3 .033| ,062
11 | .046 .096 ,111 .046 .035 .036 | .062 | .090 .099 .098 .056 ,038 .079 | .080 | ,037 .045 .043 .059 .033 .064| .0%0
12 | 057 .036 .037 .043 .098 .051 | .040 | .107 .101 .082 .043 .053 .080| .078 | .05 .065 .064 .039 .033 .048| .058
13 | .105 .048 .057 .032 .OTY 043 | 060 | .142 .048 .066 .093 ,118 .074| .090 | ,086 ,040 072 .0%0 .046 .057| .09
14 | .0%6 .085 .030 .045 .065 .029 | .095 | .065 .048 .039 .059 .101 .091| .067 | .025 .06 .06 .034 .072 .047| .0%1
15 | 051 .024 .0T7 .056 .042 .030 | .047 | .081 .047 .038 .034 .060 .092| .052 | .02 .033 .036 .083 .038 .019] .037
16 | .022 .063 .111 .09 .057 .050 | .060 | 073 .074 .OTS .04 .061 .084| .069 | .035 .044 .046 .029 .041 .026| .037
17 | .029 .063 .054 .097 040 .067 | .098 | .065 .024 .05 .069 ,100 .131| 074 | .040 ,038 .037 .048 .065 ,028| .043
18 | .0%6 .090 .107 .070 .057 .096 | .079| .041 .062 .134 .104 .100 .030| .078 | .032 .047 .053 .108 .0TS .133[..075
19 | .039 .114 .089 .062 .044 .109| .076 | .094 .041 .149 .072 .152 .040| .091 | .033 .105 .039 .083 .046 .032] .03
20 | .070 .076 .102 .045 .038 .030| .063| .117 .1%4 .084 .181 .151 .069| .126 | .10 .0%6 .O7S .036 .082 .0T3! .OTY




Table 23: (Contirmed) b) Male data
SIRON MODIERATE JRAK
Rep 1 2 3 4 S 6 | mean 1 2 b 4 S 6 | mean 1 2 3 4 S ¢ | mean
Gen
0 | .057 .068 .058 .066 .039 .08Y | ,063 | .OT3 .OTT .049 .043 033 .034] .039 | .052 033 069 ,036 .047 .OT3 | «058
1 | .059 .042 .03 033 .037 051 ] .043 | .039 038 ,046 079 .068 .082| .062 | 067 .099 040 .048 ,040 033 | .048
2 | .068 .067 .031 ,045 ,106 .042 | .063 | .053 ,067 ,042 .037 .032 .0T2} ,030 | 030 ,030 ,070 ,069 .037 ,043} .033
3 | 051 .068 ,040 .034 .023 .07 | .048 | .029 .049 ,066 .043 .031 049 | .044 | 032 .048 033 .OTT .042 040} .048
4 | .066 .031 ,038 .037 .045 .034 | 052 .041 ,O7) ,050 .068 ,046 .070| .038 | ,043 .0%9 .OT9 .034 046 069 .035
9 |.07T2 .064 .057 .108 .083 .062 | .074 | .08T .093 .094 ,042 ,052 ,098] .078 | .063 .040 .060 .049 .069 .060| ,O57
6 | .037 .039 .035 .047 .030 .030 | ,040 | .069 041 .057 .033 ,038 .033} .052 | .034 .027 .033 .040 07O ,046| .043
T | .13 .07 .062 .073 .133 .035| .088 | .034 .057 .045 .060 .063 .134| .069 | .033 069 068 .043 .064 .070| .038
8 | .023 .020 .034 .069 .032 .028 | .038 | .025 ,032 .025 .049 .033 .108] .049 | .031 053 .033 037 077 .047] .030
9 | .026 .096 .040 063 .072 .103 | .067 | .046 .095 047 .100 109 .083] .073 | .061 .068 063 .047 .092 .03T; .06
10 | .026 .079 .035 .040 .069 ,037 | .054 | .026 .057 .089 .083 .135 .063| .073 | .050 .038 .069 .091 .069 .048] .064
11 } 032 .112 .080 066 .039 .031] .063 | .064 .079 ,036 .OT7 .135 .046| .076| .042 .062 .082 .069 .059 .039| .062
12 | .040 .021 .063 .062 ,069 .048 | 031 | .07T9 043 .094 067 .0T7 .OTS| .073| .048 .085 .033 047 074 .033| .057
13 | .043 .050 101 .040 .088 .044 | .061| .110 .057 .093 .091 .093 .049| .083 | .039 .033 .092 .034 .G81 .030| .069
14 | .062 .056 .073 .048 .067 078} .064 | .117 .090 .056 .038 .034 .047| .067| .039 .064 .083 .093 .068 .06V | 068
15 |} 051 .037 .102 .049 .027 .029 ] .C49| .0%5 .023 .037 .0%3) .057 .031] .046| .055 .028 .032 .048 .039 .01T| .036
16 | .031 .039 .061 .068 ,050 041} .052] .052 .042 .031 .03% .081 .059| .050| .024 0T4 04T 046 .034 .047| .04%
17 | .030 .079 .060 .054 .043 .036| .057 | .032 .036 .049 .053 .078 ,126| ,062 | .037 .029 .028 .032 .024 .027| .030
18 | .078 .07T0 076 .070 041 .06] ] 066 | .025 .040 .100 .083 ,093 .052] .066| .040 065 .039 104 .034 .060]| .064
19 | .07) .086 .061 .043 .038 ,086] .068} .104 ,035 .114 .080 .07T9 .051| .081| .05 .03% .073 .038 .021 .065| .048
20 | .045 .100 .073 .076 .063 .031 | .068| .088 ,142 064 ,13) ,226 083} .123| .072 .064 .072 .039 .080 .036| .060
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according to the formule of Kojima and Kelleher (1963).

Z‘\_-( = (?‘L"C—’L) _(Y—u' C, )

(Sl |

whexre AVL = mean response at Gemeration 1

Y. = mean weight at Geusretion 1 1in selection line

C; = w=ean weight at Generation 4 inm Control lime.

In Pigure 11 all three treatments show big fluctuations, despite the fact
that each point on the graph is once again the mean for male and female data in
all six replicatioms. A survey of the date suggested that this fluctuation arose
mainly from the denominator of the ratio, that is from the selection differential.
It is therefore probably related to the fluctuating phenmotypic wariability of the
population and 1like the latter it is probably caused by sampling error rather than
by eny srretic gemetic behaviocur., The fluctuations are so big in the Weak treat-
@sat that they mask any trends of change in the beritability value but in both
Moderute and Strong there appears 40 be a decrease of wvalue &9 selection proceeds.
This general conclusion would be about the limit of information that could be taken
from these graphs and such conclusions should be gquantified by a statistical

analysis of the data, exactly as was required in the first experiment.



Isble 263 Realised heritabilities

a) Pezale date

STIRONG WIDERATE YRAK
Rep 1 2 3 4 S 6 |mean| 1 2 b 4 b 6 |wean 1 2 3 4 S 6 |mean
nr B4 T2 52 T3 29 42| 59| .81 1.23 61 .89 1.16 63| 89| .86 1.29 1.91 T3 55 1,04 9D
2 .55 .50 1,07 .46 1,17 .82 .76/ .38 .52 =04 .30 =-.48 18| .18| =.39 .80 =1.79 .00 =.09 =.86|~.39
3 | =18 =05 .19 .53 .10 .23| .14] .13 .43 1.33 =15 .23 .18] .36| 1.11 .30 .87 .81 .18 .67| .32
4 o840 =.16 .26 =,50 =,40 =.23(=.10| .27 11 =14 .26 =11 36| 12| =11 1.00 .47 =42 .39 -.12| .20
3 06 1,30 .27 =.36 =.03 .32| .26(-.04 .OT .44 .50 .81 .49| .38| =453 =30 =-.12 .65 .20 .09(-.02
6 | =32 =32 =02 .39 .48 -.02| .03| .30 =0 =46 .61 =.19 =.18 01| .66 .61 .20 .17 .63 .41| 45
7 | =23 .28 .81 .33 1.14 1.36| .61| .74 .47 .61 .60 1.00 1,23 77| .35 .80 .63 .42 .63 .68 .99
8 | =09 =.30 =,79 =.08 «1,52 =,95|=62|=c44 .14 =41 =29 =.4) ,04[=.23| =47 =.61 ~.04 .36 =.29 -1.2T(=-.39
9 (=30 -.28 .20 .00 ,31 46| .06|=.68 =.17 .18 .00 3T .09(=.03 |=1,00 «1.17 .23 =.33 =.09 ,.70(-.3Y
10 .20 ,76 .02 .00 .49 .44/ .32| .76 .08 .95 .32 3T .56/ .51|1.00 1.15 1.17 .00 .06 .04 .57
" 48 .20 .19 .30 .33 .07| .26] .20 .04 ~.33 .39 .30 =56 .0V|1.36 .73 .20 .76 1.00 1.00| .84
12 | =e28 43 43 .35 =04 «,09| 13| 32 .41 ,29 ~.08 =04 23| 19| =42 =47 .03 .00 11 =.39(-.19
12 12 «.36 =48 =.55 =.T4 ,09|=.32|=.13 .04 .03 =73 =.67T =.30[=.29|=.06 .00 =-.41 .12 .11 .24/ .00
14 05 .00 .12 .33 37T .18 7| .62 .80 .88 -1.04 -1,00 .47 .12]| .92 1.12 .93 .33 .19 .21 .65
13 I8 .21 28 .00 w30 =.6T7|=.05|=56 =65 =82 1,60 18 =.3T(=c10[=1.13 =1.33 .43 =1.T3 <04 ,44(=.56
16 | =022 =039 =.69 .32 =43 =1,25|=48|=.03 =.14 =1,04 =1.00 .09 40| =.29| =56 =.2T =72 .15 =.69 =-.67|~.46
17 029 .22 .33 .36 .15 I .28|=.17 =33 .23 .00 .04 =,11(=06| .00 .00 .53 1,22 .36 -.69( .27
18 54 .00 .74 =18 .68 .83 .43| .49 .65 1.07 .29 .96 .97 .T4|1.06 .53 2.13 1.17 .96 3.38(1.37
19 | =e20 =228 =.32 .00 =.65 =1.52|=.49(=.33 .38 =.82 .07 =.82 =1.94(=.58| .33 .84 =1.,35 .82 =1.27 -2,%0|-.T6
20 .20 .86 .40 .83 .32 .90| .%9| .35 -.41 .82 -.23 .44 .81 30| .04 .32 .82 9 .54 .64 .35




Table 261 (Contimued) b) Male data
STRONG MODERATE VRAK
Rep| ¥ 2 3 4 3 6(meam| ¥ 2 3 4 S 6(mean|] ¥ 2 3 4 S5 6 |mean
°7' 25 .95 .64 .83 31 .46] 51| .56 T .T9 1.20 1.10 47| .82 1.19 .9 .78 1.0 .76 .69 .90
2 | 1,08 =58 .32 45 .68 .37 39| 26 3T =14 =12 =47 =,03(=.02| .09 .87 =.89 <.09 =69 -.62|-.22
3 | =36 51 48 .33 .10 .24 .25| .18 .57 1.00 .65 1.00 .48| .63 1.23 -.41 1.25 .56 .60 .35/ .60
4 | .10 =39 =39 =114 =17 =.35(=.39(=40 «.50 =.19 =,07 =38 =.31|=31| =33 .23 .10 =38 =33 =.06|~.16
S | .101.27 .61 -.09 .08 .32 38| .00 .17 .04 .63 .38 .T7| 36| =.90 =20 =.%6 .75 1,00 .29 .06
6 | .50 =15 =07 .64 .30 .25 .24[1.20 .21 .24 .64 .14 -.11| 39| .96 .67 1,00 .40 .18 .29 .38
T [~2.16 .61 .64 .46 .96 .T2| .20( 37 .50 .37 .22 .49 1.28| .54 .40 .35 =~.06 .09 .93 .TO| .44
8 | 02 =033 =79 =47 =1.23 =1.17[=.66|=:29 =.06 =.33 =.35 =.19 =.32|=.29| =.83 =,09 .10 .35 =.82 =1,08(-.39
9 | 09 =29 .00 .39 4T .21 .14]|-42 AT T4 .26 .57 .34 .I1[-1.00 =57 .50 .14 .20 ,00|-.12
10 | 42 .70 .22 .35 .50 .57| 46 61 =.16 .19 =67 .45 .85 .21|1.09 .67 .11 =23 .28 81| .45
1 [=24 .50 .40 .00 =-,07 .14| .12 .68 .23 -,28 .59 .37 -.63| .16[1.39 .62 .52 .68 .70 .%0| .73
12 | 03 40 .39 .00 =-.08 =,T2| .00(=.46 .22 .47 =.T1 =.12 =,04(=,11| ~.88 =42 .00 .61 .22 .30|-.03
13 | =25 =48 =61 .02 ~.55 .36(=e23| .24 .27 =48 .18 =.29 =.12(=.03 | =09 .37 =1.19 =1.23 =.43 7:16|=.46
14 | 33 .00 .09 .30 .22 =26 .11] 41 .12 51 =37 =32 .26 .10 5T .76 1.03 1.77 .46 .39| .83
15 | 16 .29 .27 =10 =,06 .00 (09|=31 =.08 =48 .56 =.09 .04|=,06| =47 =93 .50 =.82 =.26 .23|-.29
16 | .06 =61 =33 .60 .09 =.56(=012|=.33 =1,00 =75 .00 32 =,32(=.35 | =,21 .06 =41 .00 .00 =.36/-.13
17 [ =16 .16 =.96 71 =.18 <.18(=.10| .18 =.07 .60 =.38 =,20 =,31|=,06 | =.60 =.17 .28 .36 .20 =,53|=.08
18 | .60 .12 .60 =28 ,36 1,35 .46 .42 .35 .44 .80 1.15 .98 .69 | 1.53 .40 1.40 1.33 1,92 2.27|1.47
19 | =c49 =33 =10 .11 =,23 =.83|=.32(=c21 .T1 .00 =.39 .00 =.88(=.13| .00 1,50 =.87 =.79 =.25 =1.30|=,28
20 | 7 .62 .00 .42 .30 .T2| 40| .47 .37 .38 .70 =03 .62| .42| .43 31 1,22 1.11 9T .27| .68




(B) METHODS OF ANALYSING DATA:

The same approach wvas used as im the first experiment, thatl is 4o divide the
total programme into periods and then to msasure the mean response and fluctuations
and trends during esch period, DBecanse they showed much similarity the female
and male date in esch replication were pooled in every generation, but the six

replications thamselves vere amalysed separately.

Average rate of response: In the first experimeat two methods of msasuring
the meen response vere compared. The first method involved fitting a straight

regression line to the generation mean wveights and using the wvalue of regression
coefficient as a measure of the avernge selection response per genaretion. This
asthod vas criticised on the gruunds that there was a consideradle negative correle~
tion between the deviations of adjecent points from the regression line. The
second method studied wes to msasure averuge response per generstion simply as the
total response divided by mumber of generations., This msthod can be criticised
on the grounds that it involves only the meen wveights of the first and last gwnere-
tions, so if either of these is estimated vrongly the error will have a very big
offect on the calculation. However, both sets of results were presented becsuse
there wes considerable interest in casparing the dsgzree of difference between them.
In this second experiment the two methods were sguin campared for suitability.
The test carried out below is a test for nom-linsarity of the regression lines
applied 4o each replication. The test wes applied only to the total twenty
generations of response and not to the periods of five, ten, or fifteen generations,
as it was considered that the former would be most likely to shov non-linearity if
any existed. The gevneration means used for anslysis were all corrected for
wvariation of the Control population (Pig. 12) before the regression lines were

fitted. All three trestaents were so anslysed for non-linearity (Table 27).
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Iable 27 Deviations fros linear regreasion
Strong
Source of varience a) B E ) 4
Replications 3 | 0.4900
Regression 1] 4.83500
Deviation froa w- 19 0.“’2 4,06 +001
Residual 100 | 0.0203
Totel 123
Yoderate
a1 =B .4 E
Replications S| 0.2920
Regression 1] 6.1600
Deviation from Regr. 19| 0.0879 | 6.37 | .00O1
Residual 100 | 0.,0138
Total 125
Yook
aty 8 ) 4 ) 4
Beplications 3§ 0.1880
Regression 1] 8.0600
Deviatien from Begr. 19 ] 0,0363 | 5.85 | .0O1
Residual 100 | 0,0062
Total 12

In all three treatments the mean square for Deviation is highly significant
compared with that for Residual. This indicates that there is a highly sigaif-
icant non~linear effect, vhich in turn weakens ths usefulness of linear regreasion
as a emaswre of average response. Cansequently the author has mmasurvd average
response throughout the present experiment only in terms of the total response
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divided by number of generations. The degree by which the two methods differ
in their estimates may be judged from Table 28 below, which deals with the whole
twenty generations. Regardless of this degree of difference however, the re-
gression method was not used because definite curvilinearity (see later amalymsm)
contributed to the significant deviations above. Were this not so, the regression
method would be a suitable measure of average response in the least squares sense,
even despite the significant non-linearity.

Table 28: YTvo methods of seasuring mean selection response
(Genorations O to 20, in mgms per gen)

Rep 1 2 3 4 3 6

STRONG
regression sethod «0130 05Tt 0315 <0394 «0219 0314
total/20 03221 .0692] .0553] .0%87] .0347] .04%0
differonce =,0192 | =,0121 ] =,0240] =.0193 ] =.0128] =.0136

difference/2nd est. 60% 1% 43% 3% 37% 304

regression method +0299 20393 <0317 «0220 . 0580
total/20 O47TT | O5TT| .O€TT] .0392] . 0643
difference =,0178 | =,0182| =,0160] =.0172] ~.01 -, 0065

difference/2nd est. 7% 2% 34% 444 22% 105

regression aethod 20318 0398 O4TS <0460 ° <0371
total/20 0672} .0572] .0362] .0550 .ﬁ 0402
difference «.0134 | =,0174| =,0087] «=,0090} =, =+0031
difference/2nd est. 33% 30% 19% 16% E/3 at

On every ocecasion the value of average response is less when measured from
linear regression than it is when measured from simply dividing the total response
by number of generations, It is very likely that the reason for this consistently
smaller value lies in the plateeuing of response between about Generations 12 and
17, which affected all three treatments. Such plateauing would tend to reduce



the value of regression coefficient but would not influence the value of average

response as measured by the seeond methed. Similarly the observation that Weak

treatzent had smallest mean wveight before the plateau and largest mean weight after
{4, indieates that Veak was least affected by this platesn; and this explains why
the percentage difference beotweesn the two methods of estimating sveruge response

is fairly consistently least in Veak.

The two methods differ in their estimates of average response by fairly large
percentages, and only the second method (that is non-regression) has been used
during the remainder of the present experiment, It is noted in passing however,
that the two methods guve virtually the seme rankings of treatment responses.

FPluctuations of response: The method of measuring fluctuations follewed
almost automatically from the decision 4o measure mean response directly from the
total. The respanse at each gensrstion was measured from

= (-E)=(F,- 2.,)

The standard deviation of these separate responses about the period mean

response was then calculated.

Trends of response: Imdications as to vhether the selection response was
incressing or dscrwasing ss generstions pass by were again obtained by fitting
a regression line to the separate reepmse» as calculated by the forwmla above.
If these responses were all equal then the coefficient of regression would de more,
but if they tended to increase or decrease the coefficieat would be respectively

positive or negative.

Pinally it is repeated that to give the experisent more applied value, the



resulis wvere amlyasd separetely over the first five generations of selection,
4he first ten, the first fifteem, and finally over all Swemtiy generations. Most
of the interest lies im commarigg Strong, Moderate and Veak respmsed ywithim each
period im turn, though same information on trends of each treatment in time can be
gained by comparing different periods.

All parameters were again ealculated separately for each replicatiomn.
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(c) THE RES .

Response mean: The mean responses per generation for each period are
given in Table 29. The upper balf of this table contains results which have not
been adjusted for Control performance, and the lower half contains the adjusted
results, The probability that there is no real difference between any two treat-
ments (based on replication wariamve) is given in brackets between them in this
lower balf but of course the same probabilities apply exactly whether there is s

Control or not.

Table 29: Mean response in each period (mgms per generation)
smuml ou.:'ml 0 to 10 0 to 15 0 to 20
e) unadjusted for Control
Selection
intensity
Strong 132 -OT 054 034
Moderate 131 .083 055 035
VYeak 090 057 051 036
Control +.023 000 -.002 +.002
b) Adjusted response
Strong 1092 012 ¢ .om 2 007 036 2 _oo7, .052 % .006
(.9) (3) (.9) (.8)
Moderate 108 X .o07 .083 ¥ 008 057 £ .00¢| .053 % .004
(.01) (.02) (.4) (.9)
Veak 067 ¥ 007 | .057 2 .00¢ 053 % 02| .0%4 % .003
(.02) (.2) (.7) (.8)
(Note: Third row of brackets relates to Strong-Weak differences)

The Control gives a large adjustment only to the first-period results.

It contains no trends of change and its fluctuations that show so clearly on the
greph are elmost vholly cancelled out over the longer periods.

The trend vithin each trestment becomes fairly clear from this table and it



accords quite well with additive genetic theory. In Strong and Moderate the
average response over the first five genmerations is considerably greater than
that over the longer periods., The differences between periods are not so great
from them onwards but nevertheless the average response consistently becomes less
as the length of period under consideration becomes greater; in other words the
response falls off with time. In the VWeak treatment the first five generations
again give the biggest response but this response does not fall away so markedly
as in the other treatments,

Vithin any one period there are few significant differences between the
average responses of the three treatments. The most noticeable difference is
that Veak gives a significantly poorer response over about the first ten genera-
tions. Other differences might of course have proved to be statistically signif-
icant if more animals had been weighed and more replications had been carried:
tentatively it can be said that there is a trend for the order of superiority to
be

Strong thon Moderate them Veak over 3 generations
Rodsrate then Strong then Veak over 10 and 15 gemerations
Veak then Moderate then Strong over 20 generations.

The value of these results would be greater if they were more precise but
some conclusions can be given. If mean response was the only criterion to can-
sider for a cammercisl breeding programme the results suggest that if selection
is to be continued for only a short time then an intense treatment is the best
one to use; but if this period of selection is to be longer the intensity should
conversely be reduced. The best overull advice to be taken froa the above results
however, probably would be to carry out Moderate selection regardless of the period
involved. Moderate is never more than very slightly below the best trestaent and
over the widdle distances is itself the best by fairly significant amounts.

The genetical interpretation of these results can be checked by calculating



the realised heritabilities, The results are given in Table 30 and as with all
results from now on, adjustment for wvariation of the Control population was made

before the calculations were carried out.

Table 30: Realised heritability in each period
Generations 0OtsS 0 %o 10 0 %o 13 0 to 20
Strong 2716 % 039 | 1782 027 | .128 2 L019 | .12 2 017

(.2) (.02) (.0%) (.0%)
Moderate 03‘3 : 0029 .280 : .OZ) o'“ t 010 0‘57 : .WC

(.1) (1) (.7) (.01)
Veak 2422 ,039 | 2142 021 | .194 2 012 | .216 £ .17

(.6) (.3) (.02) (.01)

This table shows that over the first five generations there are no signif-
icant differences among the treatments, though it must be admitted that they do
approach significance. The result vhich is mest surprising is that Veak should
be so much lowver than Moderate over this short period and no simple genstieal
reasan is ocbvicus to explain it, Howvever, it is as likely to be merely a weak-
ness of the experimsntal set-up as it is to be a gemetical anammly.

Over the three longer periods of selection S8trong heritability is signif-
icantly less than that of Moderate, and significantly less than that of Weak over
fifteen and twenty generations. The only other significant difference is between
Moderate and Weak over the whole twenty generations., These results accord very
wvell wvith those in the previous table and with genetic theory - that the rate of
response is reduced in all three treatments with time and most rapidly so at the

start, and that this response is also reduced most rapidly at the highest rate of
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inbreeding, that is in the Strong treatment, This latter pattern is probably
accelerated by inbreeding depression because characters that are related to an
individual's fitness tend to suffer with inbreeding, and pupal weight is likely
to be such a character. It is ispossible to separute this effect of inbreeding
from that due merely to a decreasing genetic variation, without carrying extra
populations subjected to inbreeding but not to selection.

Standard deviation: Standard deviation was used as a smsure of fluctuation
of separate gemerations about their mean. It was calculated separately for each
replication in turn (Pig. 14) and then all six values were aversged. The validity
of averaging such values was first checked by Bartleti's test of homogeneity on the
variances from which these standard deviations were derived. This test was
applied oanly to the variances calculated for the twenty-generation period and not
to those variances calculated for the shorter periods: the results sre given in

Table 31.

Table 313 Test for homogeneity of variances
1 2 2
(B = value of & if log,ga° - 32, log,s: }
P = probability that R is not significant,
based on (2, 5 a.2.)

. &
Senerations 0 to 20
Strong 4.63 o3
Moderate 3.86 -6
Veak J.14 o7

There is no evidence of heterogeneity in any of the three treatments and so
it is meaningful to average their standard deviations, as is dome in Table 32.
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Table 32: Treods and fluctuations of response
Generations OteS 0 %o 10 0 to 135 0 to 20
Standard deviation
.tﬂn 176 194 <170 173
Moderate «156 149 «130 159
Veak «156 «139 134 «140
Regression coefficient
Sim -00512 -.0164 -o(m‘ -om
Moderate -,0418 -.0126 —.0103 --m56
'ﬂ "oo‘n -.01 10 -.m,s -.m3

The value of standard deviation is consistently greatest in Strong and
samllest in Veak. Not too much importance should be placed on the consietency
of this trend from ome pericd to the next because these pericds all contain some
generations in common, and furthermore there is a confounding effect between
decrease in genetic variance and decrease in buffering ability. The pattern
of decrease from Strong to Vesk could obviously have arisen quite by chance in
the first few generations and if this pattern was sufficieantly powerful it would
persist even vhen the longer periods were being analysed. For this reason only
the longest period (twenty generations) has been investigated to determine if
the pattern was significant. This significance was measured by an P-test com-
pariscn of variances, the variance velues used being taken as 5> from the
hosogeneity expression above. This 82 vslue is the pooled variance over all
six replications and consequently the pooled degrees of freedom are also used.

The variances compared were



Strong 8: = 03085
Moderate n: = 02447
Veak ai = .01993

The P-ratios are l:/l: = 1.26

n:/n: = 1.23

The P-ratics are not significant on a two~tailed test at 6 x 19 = 114 and
114 degrees of freedom but it is interesting nevertheless to speculate on the
pattern of results. The reason for such a pattern of differences to emerge
between treatments cannot be established for certain. Lermer (1954) suggests
that as {nbreeding levels increese a population becomes more poorly buffered
against the envircmment and therefore its response will fluctuate more greatly.
This explanation would account for the largest values of standard deviation being
those in Strong and the smallest values being those in Weak, It would also
imply that such wvalues should increase across the table as the length of period
being considered increases and the inbreeding level consequently increases also
within each treatment, but this expected effect is antagonised by the falling
genetic variances in all treatments. The net result actually obtained is that
the values are fairly constant vith time in eash treatment. The other explans-
tion posaible for these patterns is that the fluctuetions represent sampling
error as far as the choosing of parents is concerned. In the Strong treatment
only two female and two male parents are selected each generation and this allows
the poassibility of considerasble genetic drift, and therefore considerable flueto-
ation of response. In the Veek treatment eight females and eight males are
chosen and so genetic drift would be very wuch less, This explanation acecounts
satisfactorily for the between~treatment patterns in Table 32 but it must still
be regarded as tentative.

The standard deviations are very large coapared vith the asans of Table 29 -
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they are much greater than their respective means on all occasions., This
illustrates in @ quantitative fashion the same conclusion that was made by the
suthor frem the graph patterns of Figure 13, namely that the fluctuations are
very big indeed. There are a oumder of possible causes for high fluctuction and
these include sampling error and weighing error. But one cause which should not
affect the above estimates of standard error is fluctuation of the enviromment,
because this factor is meant to be catered for by the Control population.
However, suspicions of this type of Control for this type of experiment induced
the author to re—calculate the standard deviations for each peried, but this time
¥ithout first adjusting the responses for wariation of the Contro! populationm.
The results of this calculation were quite disturbing. More often than mot the
values of standard deviation calculated in this way were smaller than their
equivalents in the above table. In effect this means that response fluctuations
(a2 measured by standard deviation) were not reduced by removing the Contreol
variation, and this makes the author wonder about the value of such a Control.
This point will be discussed later in the thesis but the rosult seems clear - if
the fluctuations observed are partly due to changes in enviromment (and the
previous experiment suggests that they were) then the Control has evidently mnot

succeeded in its job of catering for them.

Regression coefficient: As explained earlier, regression lines wvere fitted
to the five, tem, fifteen and twenty responses, each period in turn (Pig. 14).
Then the six regression coefficients (ome per replication) vere averaged to give
an estimate for esch period. The walidity of averaging the coefficients fiom all
replications was checked for the twenty-gensration period by an P-test of hetero-

geneity and the resulte are given below.
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Table 333 Test for homogeneity of regression linse
- Summary of P-tests
. |

Source of variation |d4f)| M | ? s ) 4 ) 4
Differences between

regressions S | .0019 {0.07 | .0023 | 0.1 | .0030 | 0,16
Deviations from indiv,

regressions jr1o8 | .02 «0204 0189
Deviations frem ew.

regressions within

groupe Fi) 0262 0196 0182

In all three treatments the P-ratios are far too small to indicate any trace
of heterogeneity and so it is quite wvalid to pool the results of all six replice-
tions in order to obtain an average estimate of regression coefficient for the
period. This dome, the estimates were themselves compared between periods
using the pooled mean squares of deviations (taken from the bottom line of the
table above) and the standard t-test, for 113 degrees of freedom. On no ocoasion
did this test approach a 5% level of significance, hence it smst be concluded that
the treatments do nmot shov any great differences in the rate at wvhich their
selection response changes during the twenty gemerations of selection.

There are two more important points to be discussed about these regression
coefficients. PFirstly is the fact (Fig. 14) that in every replicatiom of all
three treatzents over all four periocds the regression coefficient has s vegative
sign. Regurdless of vhether esch coefficient is itself significantly different
from zero the consistency of their signs makes it fairly definite that the select-
ion response per generation tenda to decrease with time. As the pexriod of
selection becumws longer (left to right across Table 32) the wvalue of this co-
efficient becomes closer to zmero in each of the three treatments, which indicates
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4hat although the selection response is at its greatest in the early gevnerations
it also tends to fall off most rapidly in the early generations. The second
point of discussion arises froa the extremely ammll P-wvaluss for hetervgeneity
of regression in Tabdle 33. These F-vilues are ec amall that they indicate the
six regression coefficients in any one treatment are much too similar in walue
than could be expected from the amnunt of deviation about eech one. Instesd of
being heterogeneous the six values are in fact much too homogeneous. The most
obvious interpretation of such a result is that a fluctuation of response emong
different generetions is affecting all replications in similar fashionj for
example, if there is a negative response in one generation for any given replice~
tion, the other replications will also tend to eontain negative responses.

This hypothesis was tested for the Strong treatment over the twenty-generation

period and the relevant response data is given in Table 34.



Table 34: Correlated responses in Strong trestment

Rep 1 2 3 4 S 6 Total

Gen
1 «23 «32 .26 34 .13 «20 1.48
2 28 =02 22 .14 .30 .19 1.1
3 =.10 .10 -1 -20 .03 «09 43
4 08 =09 =00 =18 =07 -1 -.40
S 04 .38 «20 -.06 .00 .14 .70
6 04 .08 -,02 A7 A7 .06 34
7 -.24 .12 .24 .14 .19 32 o7
8 -.01 =15 =31 =14 41 =34 | -1.36
9 =06 «.11 <04 .07 .18 ) .23
10 11 .38 .04 <07 .18 .24 1.02
1 .04 .19 .13 .07 .03 <0 <51
12 -.05 .18 .18 04 =02 .10 .23
13 =02 =11 -4 =07 -.18 .08 -.44
14 .07 .00 .03 .10 12 =02 .30
13 -1 .10 .10  -,01 -.08 =07 .13
16 =03 =17 =19 -1 -04 =17 -.49
7 .00 A1 =04 12 =01 .02 «20
18 A7 .02 31 -.08 A7 38 <97
19 =13 =12 =N 02 =13 -4 -.91
20 .10 .34 .08 .18 .09 «30 1.09
Total 63 1.39 1.12 1.23 .67 N 5.95
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An analysis of variance was carried out on this data, with the following
zesul iz

Source of variance d4f M P P

Beplications b ]
Generations 19 .087832 5.99 .00V
Residual 95 .014651

Total 3

The extremely significant P-value illustrates statistically what can be
seen visually in the table, namely that there is a marked tendency for the six
replications to vary in unisen. The only factor powerful emough to cause this
effect was, in the author's opinion, fluctuation of the enviromment. It is
quite reasonable and indeed to be expected that replications which are fairly
similar genetically will respond in fairly similar fashion to changes in the
environment. What is not reasonable or expected however, is that this effect
should persist in the data evean after adjustment has been made for variation of
the Control populationy for the main purpose of such a Control was to cancel
out this effect. The author regards this result as additional evidence that
his Control was not satisfactory for this type of experiment and the matter will

be discussed further later.



(0) DIFFERENCES BETVEEN REPLICATIONS:

¥hen variability between replications is measured by a heterogeneity
analysis and expressed in terms of a statistical probability it does not always
give the reader a very concrete vision of variability. The alternative method
used in the earlier experiment would appear to be appropriate here alsoj; that
is, for each of the three response parameters in turn (mean, standard deviatiom,
regression coefficient) calculate the standard deviation of the six replication
values about their mean value. These standard deviations can then be divided

by their respective mean walues to give a coefficient of variation for each

parameter. All four periods of response have been analysed in this way for
Table 35.
Table 35: Replication differences a) period parumwters
Generations| O to 5 0 % 10 0t 15 0 to 20
s,n,' N1 8. ,F_,_,. s.n,lc,v, 8.D,|C.V.
a) mean response
8troug 0292 | 27%] .0182| 265 .0173 .0143| 28%
Moderate 0171 | 16% | .0196| 2% | .0101 185 .0087] 16%
b) standard deviation
Strong 0486 | 28% ] .0154 | .0140 8%| .0280| 16%
Moderate |.0293 ] 19%] .0183] 12€] .0157] 10%] .0219] 1e%
VYeak 0412 ] 26X ] .0313| 23%| .0274] 20£] .0182] 13%
©) regression coefficient
8trong .0405 | 79%} .0094, 57%, .0028, 30%, .0018, 36%
Moderate #0322 | TT% | .0112| 89%] .0022| 20%] .0019] 34%
Veak <0317 | 67% ] .0059| S4%| .0041| 79%] .0012] S52%
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It is unwise to look too deeply for patterns betweem treatments or between
periods in this table for it is difficult to measure the significance of such
patiterns. There is in fact apparently oaly one such pattern in the whole
table, namely the tendency for wvariability to decrease from Strong to Moderate
t0 Veek in the parameter of mean response. To the extent that this pattern is
significant it may be caused by differontial anounts of genmetic drift, which
would theoretically be greatest in the highly inbreeding Strong treatment and
least in the Veak one. More refined evidence of this pattern will be given by
e camparison of variance components in the following section.

The average coefficient of variation of replications about their meen is
about 21% for the mean response, 16£ for standard deviation and about S6% for
regression coefficient. As was the cese in the first experiment regression
coefficient is most variable vhen swasuwred by this method; the fact that im this
second experiment its coefficient of variation is much lover than in the first
one is usually because the denominator of this coefficient is not so cliose to

sero.

Variability between replications can be measured each generation instead
of over a period. This time it is the mean weights of replications that are
cammared rather than their responses. The variability betwveen them is now
expressed a8 an P-ratio, between~-roplication wvariance to within-replication
variance, and the value of this ratic is graphed im Pigure 15. If this ratio
rises with time it indicates that the differsnces between replications are be-
coaing more significant cumpared vith the ovorall population variability. The
ratio vould appear to be free of bias froa the effects of scale and natural
selection.

Each of the graphs in Pigure 15 shows at least one large fluctuation but

nevertheless they all contain quite clear patterns of response. There is an
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increase of FP-ratio quite regularly through the twenty generations of selection
and this ratio passes the 5% (1%) significance walue of 2,3 (3.2) within the
first one or two generations., As shown by the horiszontel guideline at P = 18
the increase is most rapid in Strong and least rapid in Weak. Once again this
difference between treatments is explainable in terms of gemetic drift. Those
treatments in wvhich fevest parents are chosen each generation will be most
likely to produce chance genetic differences between replications and these
differences will cumulate as generations pass by. On this argument it is not
unexpected that Strong should show the greatest amount of varisbility, dut the
absolute largeness of these P-ratios in all three treatments is perhaps surprising.
The sudden rise in F-ratio for Strong at about Generation 12 is possibly a re-
flection of the very great divergence of Replication 1 (Pig. 10) rather than a
reflection of increvased divergence among all replications and if this is the
case it may be that a genetic accident such as mutation has affected Replication 1.
Genetic drift is not the only eause of varisbility betweea replications;
another cause is the effect of artifical selection operating on these differences
created by drift. The relative effects of these two forces (drift and select-
ion) is mmasuredle but it sust be stressed that the method of seasurement is
only approximste, This method consists of calculating the value of the between-
replication variance camponant wvhich would be axpected if only gemetic drift was
present and mo selection was being applied. Subtraction of this theoretical
value from the observed walue of between-replication component leaves an amount
wvhich can be auttributed to the differential effects of selection.

The amount of variability expected from drift is given by

.
S between reps = 2P &2 aad
where P = inbreeding level

32 s = additive variance in base populatiom.
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The values of additive variance for female and male data were obtained
from the between-progenies component of a fullsib analysis of wvariance. This
variance analysis was carried out as part of a test of prediction theory and
its formlation is described later in the experiment; meanvhile it produced
the following estimates of additive wvariance.

female data: 2 add = .01260
male datas -6201111 = ,01820

It is neceasary also to calculate the level and rate of inbreeding at
all generstions, The circular types of mating system in the Strong, Moderate
end Veak replications are virtually equivalent to double first cousin, quadruple
second cousin and octuple third cousin mating respectively. The inbreeding
level therefore rises each generation according to the formulae of Wright (1921a)

U4

r-i(¢'+ 2"+ ¥ s 1 ) for Strong

l / I{4 ar V4
?-16(ﬂ+0+21 + P 4+ 1) for Moderate

] / 4 o {4 il
7--3-2(|&+004l' + 2P + P 4+ 1) for Veak,

In each case the inbreeding rates quickly settle down to an almost constant value

and 80 the mean iadreeding rate over all generations has been adopted, namely
AP = .09 for Strong, .038 for Moderate, and .018 for Veak - vhich

correspond respectively to the inbreeding rates schieved by randoe mating of

5.6, 13.2 and 27.8 parents. These lattsr values have nov been modified slightly

to cater for the effect of selection within each fullsib family, by the forumla

of Rodertson (1961).

1 1
a = (1-3) ¢+ ac® (1-;)

vhere n = number of animals per sex weighed in each family

w/u

cz = wvariance of relative selective advantage between families.

In the present experiment one female and one male were selected from eesch
fullsid family end equal numbers of animmls were weighed in each femily (sixteen



of each sex weighed in Strong, eight of each sex in Moderate, four of each sex
in Weak). Therefore C = 0 and effective population size is given by

N, = 3.6 x 32/31 = 5.8 for Strong

l. = 13.2 2 16/15 = 14.1 for Moderate

LR =27.8x 8/7 = 31.8 for Veak.

The corrected rates of indreeding (1/2l.) sre therefore

AP = .086 for Strang
AP = .035 for Moderste
A! = ,016 for Veak

The inbreeding level at any generation ¢ is then calculated as
r, = Ar « (1 -Lmr

and the final step in estimating the value of wariance due to genetic drift is
by use of the formula

32 between reps = 2P 02 add

Table 36 contains for each treatment both of these results = the inhreeding
level at each goeneration and estimmted from it, the wariance due to drift for

each sex.

The variance data of this table are presented again as a graph in Pigure 16
to enable comparison wvith the betwvewn-—ceplication variance data actually recorded
in the experiment., It is judged from this figure that in all three treatasnts
the variance due to drift is again less than half of the total wvariance between
replications, just as was the case in the first experiment. The remainder is
apparently due to differential effects of selection acting on these differences

between replications set up by genetic drift.
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Table 363 Replication differences
b) between-replication variance component
SIRoNg MODERATE YEAK
P |variance between|| P |wvariance botu-r F |variance between
e e p— . b s
femalo  male female  msle femple male
loen data  data data  date dats  date
o «000| ,0000 +0000 |,000 L0000 -0000 | ,000| .0000 +0000
1 «000| ,0000 -.0000 |(,000| .0000 -0000 |,000| ,0000 «0000
2 «000| 0000 «G000 |((,000| ,0000 0000 |(,000|( ,0000 «0000
3 «086| .0022 +0031 | .000| ,0000 «0000 |(.000 | .0000 «0000
4 «165| .0042 -0060 (,035| .0009 «0013 |.016 | .0004 «0006
5 «237| .0060 -0086 |.06%( ,0017 ~0023 (.032| .0008 «0012
6 «303| 0076 0110 |.102| .0026 .0037 |.047 | .0012 «0017
7 «363| .0091 «C132 |.133| .0034 «0048 |.,062 | .0016 ~0023
8 418 | 0105 0152 (.163| .0041 «0039 |.077 | .0019 -0028
9 468 ,0118 «0170 |.152| .0048 .0070 (.092 | .0023 «0033
10 .514| 0130 0187 (.220| .0055 -0080 |,107 | .0027 -0039
1 «356| .0140 0202 (,247| .0062 0050 (.121 | .0030 «0044
12 594 .0150 0216 (.273| . <0039 ||.135 | .0034 -0049
13 «629| .0159 .0229 |.298| .0OTS .01C8 |.149 | .0038 «0054
14 «661 | 0167 0241 |.323| .0081 0117 |.163 | 0041 «0059
15 «690( .0174 0251 (|.347| .0087 <0126 (.176 | .0044 -0064
16 «NMT| 0181 .0261 |.370| .0093 0135 [.189 | .0048 «0069
17 oT41| 0187 .0270 |.392| .0099 0143 |,202 | .0051 0074
18 +T63| .0192 0278 | .413| 0104 «0150 |.215 | .0054 -0078
19 «783| .0197 0283 | .434| ,0109 L0158 |.228 | .0057 .0083
20 -802| .0202 <0292 | .454| 0114 <0165 | .240| .0060 .0087
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3.32 Predicting selection response

Prediction from base population: Vhen this second axmrissut vas origimlly
planned it wvas intended that the test of prediction theory would take exastly the

eame fors es that test applied in ke first experiment. ﬁ.th,um\im
of predicting a response by variance snalysis of the base population would be
examined, followed by & study of the first-generation response as an alternative
predictor, This criginal plam had t0 be modified Lscause of conditions which
dsveloped during the experiment. As both experiments ussred their end certain
populations in each of thom became very slow at produscing their quota of progeny
and vhen one of these populations was sulmitted to a pilot disllel analysis there
were very many failures caused by death or low fertility of perents. Because of
this high failure rate meny more 2 sire = 2 dam mating blocks would have to be
set up than was originally planned if the resulting estimates of heritability were
4o have low standard errors, and these mating blocks would have o be kept far
lenger than originally expectel, This situstion called for far mare incubator
space than was anticipated, or aveilable. It left the author with two alternatives
« gither he could attempt to carry out equal diallel analyses on both experissnts
but wvith rednced nuxbere and degrees of freedom in each, or he could ensure that
one experiment be given a complete and precise disllel analysis and the other
experiment be amalysed in a less sophisticated mamner. The suthor chose the
latter aslternative on the grounds that one precise test of prediction is better
than two imprecise ones, and he chose the first experimsnt to contain the diallel
analysis im the bolief that its selected stocks wonld be fitter and therefore mare
likely to complete such a disllel programme. This decision meant that the pre-
diction ef heritadbility in Experiment Two mmst suffer accordingly a reduction in
the size of snalysis, and it wvas decided to replace the intended disllel system

by a fullsidb analysis. Accordingly female and male parents wvere chosen randomly



from the base population and mated in paire., A random four female and four male
pupae of the pregeny of esch pair were saspled and weighed, these weights rrevid-
ing the raw data of the fullsid aralywia, The same fullsib mating experiment wes
also carried ocut on the selected Strong, Moderate and Weak populations a¢ halfwmy
(Generation i1) and at the end (Gemoration 20) of the expwrimsut, as it wvas felt
that these extra analyses might show some patterns of changing genetic variance
and so partly compensate for the loss of sophistication at the base population.
Finally it is obvious that this fullsib type of analysis does not permit either
halfsid estimates of heritebility or Adplanalp®s linsar estimates of beritability.
The remaining two types, fullsib astimates and parent-offspring regression
estimmties are given in Tsble 37, along vith the weasurements of realised hezit-
ability for the gencration concernsd, and for the mean of five generations either
before or after it.

The followving camments cen be made about Table 37.

(1) Reslised beritability:s Previocus cbeexwvation of the wery big fluctuations
in realised beritability abould esution agsinst placing too much emphasis on the
results from just one genoration. The single~generation results given in the
table do not show very much relation to the five-generation results given below
thes end it is cociidered by the suthor that the latter are a more relisble in-
dication of genetic wariance remeining in the population. This attitude is bLesed
partly on the fact that fluctuations of the euvirammmt have less ovarall effect
during five generations than they have during one generation. and until the Coatrol
population shows more ability te cater for these euviruvmmental fluctuations the
realised heritability is better considered ir terms of average value over a period.
It is therefore these five-ceneration measures of realised heritadbility which are

used as the basis of deciding i{f prediction hes deen survemsful.

(2) Pullsid analysis: The fullsib estimutes of heritability are far too



able 37: Estimation of Heritability

a) Baso population
%% 2% Mean Squaxe
Full-sib annlysis female progeny mele progeny
Between progenies 69 07696 07957
Vithin progenies 210 00676
2 . 64213 1.46 2 .06

Regression analysis (90 progenies, each of 4 females and 4 males)

Togr, on dam hz = P s | : .“
2 +
regr, On sire h 039 - om
= L——-—-——_-
Boalised heritability < Gemeration i (average of 6 reps, each of 32 pupae)
Strong selection hz = : 39 91 Mtr;‘hl -89 .82 Veak 93 +90
: Generations | to 5 i 33 .02 ; «39 «30 N 23 23
- b) Gemeration 11
Strong Moderate Weak
Pull-sib analysis ad g ? ) 2 g
Betveen progenies 32 «24562 18187 33 «11364 14939 34 «10824 «12412
Vithin progenies 99  .03596  ,05495 102 .0%902  ,05589 105  .04543 04114
2 = & + J * + ! + +

h = 119 = 16 73 = .19 ) 38 = .18 .99 = .19 '_.” - .18 .67 = .19

Regression analysis 33 progenies 34 progenies 35 progenies
|
w.ﬂﬂﬂ- hz z: -94:.07 I—vﬂzo“ I-“:Om
regr. on sire h° =  +88 2 .09 (+30 2 .08 132 .09
ised heritabili 6 reps 6 reps 6 reps
: Gemezation 11 » = 26 .12 L0l .16 '8¢ .13
: Generations 10 to 14 [ A1 09 | 11 07 [ 38 I
¢) Gemeration 20
Strong Moderate Veak
Full-sib analysis
Between progenies 30 « 38600 «28000 30 «19800 «37933 34 «20971 «20235
Vithin progenies 93  .09355  .06032 93  .06688 07688 105 07867 .OT743
I i

p2 = .88%.19.052 .19 662 .20 992 19 99219 57219
Regression analysis 31 progenies 31 progenies 35 progenies
rogr. ondam W = .69 .13 R P E IR
regr. on sire h° = +29 % 14 Ml 18210
Bealised horitability 6 reps 6 reps 6 reps
:Generation 20 h2 = ' .59 .40 30 .42 .55 .68
¢ Generations 16 to 20 | *06 .06 (02 oM #3333




high in the base population and they show little tendency to decline during
selection., This pattern is strikingly similar to that obtained from fullsib
analysis in the first experiment and it is likely that the seme explanations
would apply, namely that the estimate is biased upwards by large exounts of non-
additive emetic variance and by other effects (e.g. maternal) common %o fullsib
litters.

(3) Pavent-offspring regression analysis: Estimates of heritability by
regression analysis in the base population are quite similar 4o those for realised
heritability. At the halfway and endpoint analyses this heritadbility prediction
is still similar to realised heritability when the prediction is based on offspring-
sire regression (except for the one discrepant - Strong at Generation 11) but it is
far too inflated when based on offspring-dam regression. Once again these results
are very much like those from the first experiment and again this difference be-
tween offspring-sire and offspring-dam estimates is attributed to a strong maternal
effect.

(4) If the explanations given above are accepted it can be claimed that
offspring-sire regression analysis, and only this one of the methods tested, will
provide a reasombdly accurate prediction of the heritadility for populations like
that used here. But neither this system nor any of the others adequately pre-
dicts that Strong heritability will fall faster than Modersute or Veak, as is ex-
pected in theory, and reslised in the results of the experiment. PFroa this point
of viev there is litile merit in predicting the heritadbility of a population by
fullsib or regression analysis,
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Exediction from first-generation response: The value of selection response
at the first generation for predicting subsequent response is examined in the same
way as for the previous experiment, that is by cslculating the correlation co-

officient between the two parameters. Vithin each treatment the value of first-

generation response is paired with the wvalue of mean response for that peried,
each replication in turn. Then the correlation coefficient is calculated among
the six pairs., This same process is carried out with the standard deviations
and regression coefficionts of the period, and then with all three parameters of
the longer periods &8 well., The resulting wvalues of correlation coefficient

are given in Table 38.

Table 38: Correlation between first-generation response
and other parameters

Generations 0Ot S 0 ¢ 10 0O to 13 0 ¢t
F(2irstimean)

’M 0'6 00‘ o” .81

Moderate 19 31 22 33

Veak .15 057 016 -
F(first:standard deviation)

'm 80 -,08 -e22 -e26

Moderate | 12 -e27 .63

Veak o” 08’ «90 088
F(2irstiregreseion coefficient)

3“‘“ "0“ -083 .17 057

Mm“ -056 -.60 -.71 -."

Veak -.91 -o‘, "o“ "o“
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The correlation between firstgensrstion response and mean respanse is
slwmys positive but never significant. The former response therefore cammot
be regarded in this experisent as a very precise predictor of the latter
response. The statistical significance of these correlations might increase
in mere precise and well-replicated experiments but this does not imply that
the correlation values themselves would be ever high enough to use for pre-
diction.

The correlation between first-generation response and standard devistion
is often large in a positive direction and often mmmll in a nogative diresction.
The positive bias of these results is again suggestive of a real correlation
between the two parameters but it is too inconsistent in the present «xperiasmt
to0 be useful for predicting the fluctuation of respamnse.

The correlations between first-generation response and regression coefficient
have a negative value in ten of the twelve cases. The interpretation of this
trend is that as the walue of the former inoreases the value of the latter be-
comes more negative; in non-statistical language it means that the greater is
a respomse in the first gensrstion the more rapidly it will fall off in later
generations. This is entirely consistent wvith edditive genetic theory, for both
paraseters depend on the amwunt of genetic variance present in a population.
Once agais hovever, use of the one te prediet the other would seem to require
high replication and big populations.

The reason for discrepancy between first-generation response® and meen
response is vorthwhile investigating, just as in the previous experiment. The
discrepancy between them has been calculated for each replication in turm and
from this the average wvalue (disregurding the sign) and the standard deviation
of these discrepancies. The results are given in Teble 39, firstly for the

case vhen the replications are kept entirely separate and also no adjustment



is made for variation of the Control, secondly for when this adjustment fer

Control is made beforeband (requiring also sdjustmsnt of the mean), thirdly for
vhen no adjustaent is made but the responses of all replications are pooled be-

forehand, fourthly for when both adjustment and pooling take place before the

discrepancies are calculated.

Table 39: Discrepancy between first-generation response and mean response

Generations 0 %S n 0 ¢ 10 0 to 15 0 to 20
discrep. S.D.|discrep.S.D. [discrepn|S.D. 8.D.
, Strong
Control and reps both umpooled A1 072 7 [.OTT| .19 |.0T2| .19 [.O71
Control unpooled, repe pooled 11 17 19 19
Control pooled, reps unpooled A4 (073 .98 |.081| .19 |.07TY| .19 |.070
Control end reps both pooled .14 i <18 19 19
Moderate
Control and reps both unpooled A7 |067| .22 [.O0TS| 25 |(OTY| .25 |.O70
Control unpooled, reps pooled 17 22 25 25
Control pooled, reps wmpooled «20 |,063| .23 (074 .25 |.067| .26 |[.070
Control and repe both pooled «20 23 25 «26
Veek
Control and repe both unpooled 16 046 .19 [.042| .20 [.043| .19 [.046
Control unpooled, reps pooled «16 .19 «20 19
Control pooled, reps unpooled 19 |.046| .20 |.040| .20 |[,04%| .20 |.046
Contzol and reps both pooled .19 «20 «20 «20

The average discrepancies between first-generstion and assan responses are all

except once very wuch larger than the respective mean responses themselves recorded

back in Table 29, Purthermore, the discrepancies tend to increase in valus with




the length of period being comnsidered, though this pattern merely reflects that
the mean response itself is decreasing as time goes by. Thirdly there is no
improvement made in the discrepancy by pooling all siz replieations before it is
calculated, and the fact that the poeled and unpocled values are slwvays identical
is because the first-generation response is alvays greater than the mean response
and therefore the diserepancy is always positive in sign in all replications.

The standard deviations are also very large when compared with the mean
responses of Table 29 and this means that there is a large range in the sisze of
discxemncy., In twe senses therefore the first-gemsration response is a poor
predictor of the period mean response: firstly the replications wary considerably
in their discrepancy between the two; secondly the discrepancy is still very large
even wvhen the replications are pooled.

There is one other important result in Table 39, namely that the aversge
discrepancy actually increases on most occasions vhen edjustment is made for the
Control response. This can only be regarded as further evidence that the type
of Control used was not a very suitable one for this type of experiment.

Pinally, the standard deviation of discrepancy decrvazes systemtically froa
8trong to Moderste to Veak in all four periods, even though the average discrepan-
cies themselves shov no such pattern. This is yet another manifestation of the
lesser variability between Veak replications than between Moderate or Strong ones
and it probably just means that genetic drift is least in the Veak treatasat, as
is expected from geunetic theory.

It does not appear likely that the limit of selection response had been
reeched in this experiment vhen it closed at Generation 20, Therefore no atteapt
vas made t0 apply the equation of Robertson (1960) for predicting the ratio of

total response to first-generation response.
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3.4 DISCUSSION

Ocecasionally through this experiment the author has commented that the Contreol
was not doing its job, The main remsams for this cammsnt were:

(a) it did not reduce the fluctuations, as measured by standard deviation
between generationsg

(b) 14 caused the regression coefficients to be more alike than they should
bes

(¢) 4t did not reduce the discrepancy between first-generation response and
mean response.

FProm a theoretical viewpoiat one can of course not expect a single Control to cater
adequately for all three treatments because immediately these three treatsents
begin to diverge in response they are being affected differently by such fectors

as scale, natural selection and perhaps genotype-enviromment interaction. But if
such & Control is not expected to stay close to any ene treatment in genetic con-
tent it is alternatively surely expected to stay itself constant in genetic content, !
othervise it will not even record a constant reaction to changes in the enviromment.
These two requirements were laid down by Bray ot gl., (1962) in their study of
Control populations for Iribolium and they specified that for such requirements to
be met the Control population should contain at least fifty pairs of parents each
generation and that mass-mating ahould be not used. These spesifications were
folloved in the present experiment and accordingly the Comtrol should be walid in
the sense of refleoting changes in the enviromment, The author is forced to con-
clude that such changes in the enviromment affected the three treatments im an
entirely different wvay, so different in fact that it would be better to not adjust
for this Control at all, The author did indeed re-calculate the results oan this

neov besis of ignoring the Control but they are not given bere becanse they do not
usually effect the comparison betveen treatments at all, nor do they apprecisbly

alter the accurucy of predicting respoanse.
Regardless of the wvalue of Control then, the comparison of Strong, Moderate



and Veak selection intensities contains results that should be of value to
camercial breeders. It shows that the responses to selection at the three
intensities did indeed rank in the correct theoretical order; Strong wes highest
at the start, Yodersis was highest at the middle, and Veak was highest at the end.
However, the differences between them were not very significant and wmtil such is
the case it implies that the choice of selection intensity for a breeding project
should be dictated by eriteris other than just expected response. Yor example
Strong declined greatly in fitness toward the end of the experiment; whether or
not it was due to the high imbreeding rate this weakness wvould be a seriocus set-
back in commercial projects. Prom the limited results of the present experiment
the most suitadble selection intensity would be Moderate, for over all four periocds
it vas never more than slightly below the best in response and it did not appear
te suffer frem & loss of fitness, This conclusion is at least an esdvansce on
Lerner’'s opinion (1958, page 123) that "the deficiency im current selection theory
makes it necessary to follow rule of thumb in deciding on the selection intensity
to be used in any given sitvation”.
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GENERAL DISCUSSION

During this thesis the author recorded subsidiary data on characters such as
sex ratio in each replication and the tendsmy of replisations to hold their rank.
No use of this data has been made at present because it would break contimuity of
the mmin theme. Howwver, a close watch wvas kept on the generation {nterwal
because this paraseter ususlly reflecte any fitness changes in a line. The
weaker a line becomes the longer it will take to produce its quota of 32 female
and 32 male progeny. In Experimant One there was a slight loss of fitnees in
the Heavy population but a much greater ocne in the Light population. In the
closing generations up to seven weeks was needed instead of the arigimal four
veeks, for a generation. The Strong population of Experiment Two suffered simi-
larly but probably because of inlxweding effects rather than animal sise. This
failing required that the lModerate sand Veak lines had to be held back also, for
all three treatments and the Control must be kept in step. Also, same of the
weakest replications had to be sampled more than once before they produced the
quota of progeny.

However, all the extrs wvark that this falling fitness brought about, including
the earrying of two extra replications, had one big advantage. It msant that the
author wvas able to avoid having big gaps in the data, vhich would have weakened
the analymis of results. This seems to be a seriousz weakness in the work of
Sheldon (1963) and DePries and Touchberry (1961) and some other suthors, but ia
the present experiment the full mmber of replicsations and of animmls in eash one
wvas mainteined to the very end. Perhaps its biggest weckness is that there were
pot more replications and more animals in each one from the start., If this had
been the case the fluctuations betwewn generations would prodedbly have been far
smller than they were. Evidsnce for this is given in the tadle below. The

data lieted are the values of standard deviation between generations for Experiment
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One. Pirstly it is calculated separately for each replication and the six walues
are sveraged. Secoodly the responses of all six replications are pooled for each
generation in turn, before calculating the standard deviation. The effect of
this second procedure should be analogous to increasing the population sime, though
not necessarily six-fold. (On the one hand the higher inbreeding rates in the
separate replications might reduse their ability to buffer against changes in en-
vironment but on the other hand the effects of gemetic drift may partially cancel
one another when the replications are averaged in each generation. The first
factor operstes to increase standard devistion, the second one operates to reduce
it).

Table 40: Effect of population size on fluctuations
Generations 1%6 I 7 %0 12 I 13 %0 18
Heavy population
reps asparate +0635 047> «0530
ToPps WId 0227 «0199 0147
Light pepulation
sOpe separate o072 «03563 0409
repe pocled 0337 -0202 0180

On all occasions the standard deviation is greatly reduced when the replics-
tions are pooled in esch generation beforehand. In the same experiment it was
recorded earlier that the discrepancy between first-generation and mean responses
vas nostly reduced to a reasonably low value if all replications (and their Coo-

trols) were pooled before the discrepancy was caleulated. Another benefit that
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would have been obtained by inereasing population sise involves the number of
parents selected ~ the author would have dbeen able 40 select more parents in
each generation while still msintaining the desired selection intensity. As it
vas, there vere only four parents per replieation in the Strong treatment and seo
genetic drift effects may have been quite large. They may in fact de one reason
that additive genetic theory was sometimes not supported.

Por the most part the results of this thesis followed additive gemetic theory,
but never closely enough %0 use for prediction. The reasans for this were firstly
the fluctuations df{scussed earlier and secandly the presence of maternalism and
asymstrical respmmses. The overall impression gained is that by serely insressing
population sise and ensuring a reliable Control, fairly accurate predictions using
the first-generation responsas could b wmde. Even in the present experimmnt there
were often clear associations between this first-generation response and the mean
response of the period following it. Future experiments could show that the
association is reliable enough to prediet froa.

The first suggestion for future work is therefore a similar test of genetic
theory using a runge of population sises. Once this sort of basic data is on
hand students could then study more sophisticated topics such as the effect of
ehanging selection intensity part-way through an experissnt. Perhaps there is
even grester knowledge to be gained from Pruser's appruach. Be suggests (pers.
comm.) the technique of restricting polyeorphism to specified small chromosomal
segments, in order %o follow the effect of selection acting on inmter- or intyre-
segment variebility. At present this would be possible cnly im organisms well
charted genwtically, such as Drosophila, In lesser-inown species such as
Lridolivp work would be limited to imposing bottlenecks of wvarious sorts, in order
to creste a range of disequilibria in the base population.

I¢ seems likely that eamputers will be used mmch more frequently in future

to interpret selection respomses. Indeed it is possible that some past experiments
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work. The present thesis should have such more value whem it is simulated on
a computer eventoally and the results can be analysed further. But it should
umum-mmmhum.mamwu
mmimtihlf,mutmhﬂmofm&wfwmmm
can be reliably determined enly from the cammrcial populations themselves. This
implies that such breeders are under obligation to sacrifice some profit for the
sake of testing genetic theory. Por example, they should carry more refined
Controls, should operate more freqummt genetic anmalyses, and should continme
selection for longer than is profitable. Only in this way can the theoreticians
bo'n!.dﬂlutommirwucmhmfwltynpoorlynd.phdhhdp
the cammwruial breeders. It seems to the author also that statisticians ecould
contribute mere thought to the needs of an experimenter. Too often in the
present thesis was there no reliadle siguificsnce test for the results, for
example variability between replications over a pericd. Even the disllel an-
lhﬂlMMetUlmm—nthhmliﬁhMﬂmhtubm
selected for so long. The reason they were applied was siwply that no better
tests were available.

The overall viev is perbaps best expressed by Robinson (1963). He is
n.d.ngnpthonmlhotumontmhunﬁcﬂtupmlmdlyhmluh
statistical genetic theory in its application to plant breeding. He acknowledges
that this theory is still deficient, especially in regard to epistasis, linkage
and genotype-environment hhmum. Some of the statistical procedures have
limited population inferences, for example diallel analyses. This msuns that
th.ihoryﬁwldhhsﬁdmwmmiﬂomﬂnbyup&imﬁt&tm
well constructed and well amalysed. In Robinson's words (page 433) - "As bas
been repeatedly demonsirated in this conference, it is the Joint efforts of
experimentation and theory proeesding on an integrated basis that have contributed
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to significant progress in our knowledge during the past 15 years". It is
hoped that the present thesis may have some wvalue in relating the two, im bdringing
about this wedding of unproven theory and uneducated practice. The author
regards his overall thesis results as supporting genetic theory mostly omly im
a qualitative semse. Certainly the agreement was mot precise enough for a
mwmxmmﬁammmmwmammo
The euthor has two comments to make adbout this resuls, firstly that the prediction
failures could usually be explained or speculated away in terus of scale, non-
sdditive gene action eto, which implies that they might be catered for in advance
vith extremely sophisticated experimmnts. Sevondly there were adequate signe
that predicting fyom a first-generation response, detecting significant differences
between Strong, Moderate and Veak selection etc, might be swmrcemsfully achieved by
greatly ealarging the sise of population, number of replieations, and by emnsuring
a good Control. That is, it seems likely that selection theury would be proved
t0 be correct and applicable, but only in an "ideel” experiment of slmnet imfinite
sise and detail, From a commercial breedsr's viewpoint this finesse is jast mot
possible and the results of the thesis suggest that he would bo better to ignore
such standard teetmiques &8 predicting from 2 diallel analysis, It seess to the
present suthor that since this thesis «xperissut wvas far more sophisticated than
s commercial breeder's projects would be, and that yet this thosis gave mostly
only fair support to amlytical and predictive theory, then such selection theory
is drestically ocut of touch wvith the needs of a commercial breeder. Vhether it
is incumbent upon theoreticians to take a more down-to-sarth attitude to their
work, or incumbent upon breeders to become less concerned about profits and more
evncserned ebout understanding what they do, is not the author's privilege to say.
On a more positive note, perhaps the strongest point of this thesis is its
high and consistent replication. Most of the statistical significance tests
applied were based on the wvariadility bdetwesen replications and it seems clear
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that many more treatment differences would have become significant had more
replications been carried. As was the case for DeFries and Touchberry (1961)

and Mariem (1938) the replications diverged considerably right from the start.
Observation of the graphed responses in Pigure 1 and Pigure 10 showed that after
such divergence however the replications tended to hold their ranking order.

This explains vy there is a very high between-replication variance component

and yg4 1ittle Retarogenwiity between replications in the sizes of their fluctuations
and trends in each period.

Finally the usual warning must be made about extrapolating the results of
such a thesis. Robertaan (1938) discusses this problem in detail and warns that
it is very dangerous to extrapulate from one population to another, even on the
statistical level, vithout first understanding the genetic situation in both popu-
lations, Experience of the literature indicates that it is more reliable to
extrapolate from one species to another for the same type of selection character
than to extrapolate from one character to another within a single species, This
is a particulerly important principle if the selection characters concerned
affect the fitness of an animal, Characters such as bristle number in Dpvscophilpy
do not greatly affect the animal's ability to survive and dreed in lsboratories
and it has been obagxved that such characters generally contain much additive
genetic variance and 1ittle inbreeding depression and therefore a high beritability
of response %o selcciion. But characters such as egg-laying ability are very
closely comnected vith Drosophila‘'s welfare and in such cases a shift by artifi-
cial selection im the population mean value is usually accompanied by natural
selection against further progress. There is usually little additive wariance
present but considerable non-additive variance, and this is understandable since
natural selection would much earlier have used up all of the additive wvariance
available in shifting the population to its original equilibrium position. The
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present selection charactay in Tribolium (body weight) appears to have little
drastic effect on fitness until late in the experiment, by which time much response
hag already been adtainad, and the author sees no obvious reason why similar re-
sults should not be odlained for body weight selection on comparable populations
of sheep or plants, However, the word “comparable™ is extremely important in
this clsim because the present theeis has shown that selection response is affected
by many other factors besides the type of selection character -~ factors such as
previous selection history, changes in the envirammnt, and sise of populatiea.
Such fsctors as these sre the basis for Hansan’s (1963) plea that whenever an
suthor reparts the heritadbility of a selection respxmse he should also report the
conditions in which the heritability walue wes cslculated - such as the type and
sise of population, mumber of replications, type of environment, mating systems
ote. The benefit of the present thesis to any other breeder thus depends cm the
degree of similarity between these conditions and his own. If his conditions of
selectian differ from the present onse he must judge for himself how well the
present results ought to extrapolate, and unfortunately the literature does not
usually contain much inferumtion that will help his to do so.



The thesis aimed to eveluate selection theory and to compare various
techniques of analysing and predicting selection response. It was divided into
throe perts.

PART ONE: (1) Righteen gemerations of selection were carried out for heavier
Pupes 1n one population ef Ixiboliee castaneus and for lighter pupse in snother
population, In both cases there were six replications of 64 pupae each, with
a separate Coantrol for every replicstion.

(2) Two methods of amalysing the results vere compared and the weak-
nesses of each were assessed. The two methods usually ranked in the same order
the relative responses of the three periods of selection, though they often
differed considsrebly in the ebsolute walues of these responses.

(3) The response within each replication was confounded by asymmetry
and large fluctuations but the overall result showed genetic gain to decrease
with time, slowly to start vith then rapidly. There was no clear pattern in
the sise of fluctuations or trends during esach period of the expurimmmt.

(4) vVariability between replications was measured each generation
by the P-zatio of bLetween-repliocation variance to witiin<geplication variance.
This ratio became significant after only a fevw generations and imcreasingly
s{ignificant es selection continued., Genetic 4Arift was apmaxently not a mmjor
cause of this variability. Variability betseen replications was also dstereined
for the mean response, standard devistion, and regression eocefficient of response
over each six-~generation period. It was fairly low for the first two paremeters
but high for the third,

PART TWO: (5) These same populations were studied for predictability of response.
A diallel analysis was carried out at the start and end of selection and estimates
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of heritability value were made from halfsid, fullsid, parent-offspring regressionm,
and linesr heritadility anslyses. Ouly the last of these was equipped to prediect
the asymmetrical response and it did so wvith fair success. Most of the other
estimates were greatly inflated by a maternal effest and by non-additive genetie
variance, though less so in the base population.

(6) When the first-generation response was used as a predictor it
showed only a slight relationship with the mean, fluctuntions and trends of re~
sponse of the period followving. Its diacrTepancy with the mean response was
studied more closely and could be greatly reduced by pooling the data from all
replications before attempting to prediet. This engpestad that with bigger
populations such a prediction system might be more useful than is the traditional
method of genetically amalysing a base population.

(7) The first-generation response of each period was a reasonable
predictor of the total subsequent response.

PART THREE: (8) In a second experiment selsetion for heavier pupss was made
at three intensities and for twenty generations. Ad first the Strong treatment
gave the fastest response followed by !odarute then Weak, After sbout 7 genare-
tions Moderate took the lead and held it ¢111 about Generution 17. For the
remainder of selection Veak gave the heeviost populations, and thus the original
order was reversed. These mean weight differences between the three treatments
wore not significant over fifteen or tventy generations but heritability differ-
ontes usually vere, such realised heritabilities being lowest in the Strong
treatment and highest in the Veck ome.

(9) Por each treatuent the respouse was amaly=ad over five, tem,
fifteen and twenty generations. Ian every case the fluctuation botween gunere-
tions was agein wsasured es standard deviation and the trend over gemerations

was again wsasured from regression coefficient of rosponse., Thero was no clear



pattern between periocds for standard deviation but Strong always showed the
greatest fluctuations and Vesk the least, In all three treatments the regression
coefficient was alwnys negative but its value came closer to zero with time.
This indicated that the rate of response was contimually falling off and most
rapidly so at the start of selection, but there were no systematic differemces
between the treatments in this rate of decrease.

(10) Varisbility between replications was again large for regression
coefficient and fairly low for mean response and standard deviation. The FP-ratio
of between-replication variance to within-yeplication variance wus calculated
each generation end it increased im all three treatments but most rapidly in
Strong and most slowly in Veak.

(11) Prediction of heritebility by variance analysis was measured
at Generations O, 11 and 20, The experimental structure allowed only fullsidb
and parent-offspring regression analysis and neither agreed consistently with
reslised heritabllity for the correspanding period. Evidence again suggested
that maternalism and non-additive genetic variance were the main causes of dis-
crepancy.

(12) Pirst-generation response again showed a positive correlation
with the mean response of any folloving period but the correlation wes too low
%o be useful for prediction. The diserepancy was not improved by pooling the
data from all replications but there was evidence to show that these results
vere impaired by a faulty Control.
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