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SUMMARY

The variation in the response to selection was studied by replication of
selected lines. A random-bred strain of mice was divided into six replicates.
Two-way selection for 6-week weight was applied in an identical manner
to each replicate, and each had an unselected control. Each line (6 large,
6 control, 6 small) was maintained by minimal inbreeding with 8 single-
pair matings. The overall mean responses, both up and down, were linear
and very regular for ten generations, with realized heritabilities of
40 % upwards, 33 % downwards and 37 % for the divergence. The sepa-
rate replicates, however, differed greatly in then* realized heritabilities,
with upward selection ranging from 25 to 46 %, and downward selection
from 16 to 50%. The theoretical prediction that, because of genetic
drift, the standard error of a realized heritability is underestimated by
the standard error of the regression of response on cumulated selection
differential was borne out in this experiment. The empirical standard
error, calculated from the observed variance between replicates, was
more than twice as great as that of the regression. The empirical standard
errors showed that the asymmetry between upward and downward re-
sponses was not significant. The variation between the replicates was
ascribed mainly to random drift, which may seriously influence the
conclusions about the realized heritability and the asymmetry of response
that would be drawn from a single experiment with the population
size of one of these replicates. After 23 generations of selection the large
lines were approaching limits, and the limit appeared to be at the same
level in all. The small lines showed an undiminished realized heritability
after 23 generations, but the selection differentials were then so small
that little progress was made. There was evidence of counter-acting natural
selection. All aspects of productivity - proportion of fertile matings,
litter size and weaning rate - declined in the control lines. The overall
productivity of the large lines was a little below the controls, and that of
the small lines was reduced to about half the level of the controls. The
separate replicates differed from each other significantly in all the
components of productivity.

1. INTRODUCTION

Selection experiments without replication of the selected lines are difficult to
interpret in several respects because the random effects due to the small population
size cannot be readily assessed. How repeatable are the rates of response, the
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asymmetry of response, and correlated changes? The experiment described here
was done with the object of answering these questions. The character selected
was the weight of mice at 6 weeks of age, and there were six replicates of upward
and of downward selection and of unselected controls. When the experiment was
started the main objects were, more specifically, as follows. (1) To find out how
much the realized heritabilities would differ, (2) To identify the causes of variation
of generation means about the regression line. The recent work of Hill (1971,
1972a, b) on the error structure of selection responses has provided a theoretical
basis for analysing the 'repeatability' and answering these first two questions.
(3) To compare the observed response with the prediction derived from the
parameters of the base population, as a check on the validity of selection theory.
(4) To find out if there was an asymmetry of response from the beginning. There
is no known reason for immediate asymmetry, yet several previous experiments
seemed to show it. (5) To provide material for studying the physiological and
cellular correlates of genetic differences in growth-rate. With just a single pair of
divergent lines one can never be sure that any difference in another character is
causally related to the character selected. This is part of the problem of correlated
responses which have been shown on theoretical grounds to be extremely variable
and unpredictable (Bohren, Hill & Robertson, 1966). But if some correlated
character was found to differ in the same way in all replicates, this would be firm
evidence of a physiological connexion with the character selected.

The replication was not itself directly relevant to all of these questions, because
the 'errors' due to random genetic effects are reduced by the larger population
size rather than by the replication. For the estimation of responses to selection
it is theoretically no better to have a population of fixed total size divided into
replicates (Hill, 1971); the replication does, however, provide the means of
estimating the amount of random genetic drift.

This paper describes the origin of the Q-strain, used as the base population,
the parameters of the base population, the selection procedure, and the 'repeat-
ability' of the selection response. The analysis of the differences between replicates
and of the causes of variation between generations, in the light of Hill's work,
will be given in a later paper.

2. MATERIALS AND METHODS

(i) Origin of the Q-strain

In 1960 a strain of mice of mixed origin was set up for maintenance as a non-
inbred strain, with the object of providing a base population for the replicated
selection, and also to provide a 'random-bred' strain for other work. The strain,
which became known as the Q-strain, has been widely used, but a full account
of its origin has not yet been published. The features desired of the base population
for the selection experiment were that it should have a diverse origin, so that
genetic variation was maximal and gene frequencies as unrestricted as possible;
and that it should have passed through as many generations as possible since the
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last crossing, so that linkage disequilibrium was minimal. A strain having the
first requirement had been made by Dr B. M. Cattanach and, though not ideal
in every respect, it was better for the purpose than any strain that could have
been constructed in a reasonably short time. Representatives of Cattanach's
strain were therefore taken to found the Q-strain, and after expansion in numbers,
the strain was kept by minimal inbreeding for 15 generations before the selection
was started in 1964.

All lines of ancestry of the Q-strain have been traced back over some 30 genera-
tions to about 1948. The ancestry is summarized in Fig. 1. This shows the desig-
nations of the strains contributing to the ancestry, with references to published
work on them, the number of generations, and the numbers of breeding pairs used in
each strain. The following are the main features of the ancestry. One quarter of
the gene-pool of Cattanach's strain was derived from a highly inbred strain
(JU/Fa). This is what made the strain less than ideal because it restricted the
range of possible gene frequencies. There were, however, 23 generations during
which gene frequencies could have changed by random drift or natural selection
before the selection experiment started. Ultimately the ancestry traces back to
the following distinct sources: MacArthur's small and large selected strains,
Goodale's large selected strain, Bateman's strain selected for high lactation, and
two mutant stocks which had recently been crossed to the inbred C57BL. Between
these origins and the construction of Cattanach's strain, two lines of ancestry
passed through selection experiments, one for high growth rate and one for high
litter size.

The segregation of several colour genes was introduced by the original sources
and some of these persisted. Those still segregating at the foundation of the
Q-strain were non-agouti (a), broion (b), albino (c) and belted (bt). A new recessive
mutant (dt) causing a severe neuro-muscular defect appeared in the foundation
generation. It persisted at low frequency, despite selection against it, until it was
finally eliminated in the setting up of the base population for the selection.

(ii) Maintenance of the 'random-bred' Q-strain

To set up the Q-strain, spare mice were obtained from all ten matings of genera-
tion 9 of Cattanach's strain, and 27 single-pair matings were made. Progeny from
24 of these were used to make the matings of the foundation generation, designated
Qo. The mating system in this, and all subsequent generations until the selection
started, was as follows. Twenty males were mated each to four females, A-D.
Females A and B were full sibs to each other, and so were C and D, but A and B
were unrelated to C and D, and all the females were unrelated to the male. The
litter of one female of each sib-pair was discarded after weighing at 6 weeks. Thus
the litters providing parents of the next generation were the progeny of 20 males
and 40 females. Parents for the next generation were taken at random and, as
far as possible, equally from all litters. Thus each surviving litter provided one
sib-pair of females, and the progeny of each male provided one male parent.
Matings were made by a rotational scheme which minimized the relationships

https://doi.org/10.1017/S0016672300013094 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300013094


294 D. S. FALCONER

Qo

Fig. 1. For legend see facing page.

between the mated individuals. The theoretical rate of inbreeding was 0-547 %
per generation. This mating system was followed up to generation Q14, from which
the base population for the selection was set up.

The litters were weaned at 3 weeks. Litters born on different days were not
housed in the same storage cage at weaning. Three females and two males in
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each litter were weighed individually at 3 weeks and 6 weeks of age. Records
were also kept of litter size at birth and birth weight of the whole litter. The
purpose of the mating system used was to provide full-sib and half-sib groups for
the analysis of all these measurements and the maternal effects on them. The
analysis of the 6-week weight only is presented here.

There were some changes of management during the maintenance of the random-
bred strain and at the start of the selection, made with the aim of improving the
health of the mice. The strain suffered throughout from juvenile 'dysentery'.
Affected animals were reduced in weight, often severely. The disease tended to be
concentrated in litters, though sometimes only a few individuals in a litter were
affected. Attempts were made to improve the health of the strain as follows. A
modification of the standard pelleted diet was introduced at generation 10;
another dietary change - weekly svipplements of crushed oats and maize - was
made at the start of the selection experiment, and at the same time ectoparasites
(mites) were eradicated. Whether as a result of these changes, or for other reasons,
the disease disappeared when the selection experiment was started. All diseased
mice and others with abnormally low weights were excluded from the analyses.

(iii) Base population for the replicated selection

The base population for the selection was made from the progeny of generation
14 of the random-bred Q-strain. Forty-eight single-pair matings were needed to
set up the replicates, but 117 matings were made in order to allow replacement of
any whose litters were too small, and also to allow rigorous selection against the
neuro-muscular mutant that was still present at low frequency. Three matings
produced the mutant, and rejection of these and all related matings finally
eliminated it. From the remaining matings with acceptable litters six sets of eight
matings were chosen to provide the bases of the six replicates, designated A-F.
The matings were chosen so as to provide a wide and evenly spread sample of the

Fig. 1. Origin of the Q-strain. Rectangles represent foundation strains. Circles
represent generations of derived strains whose designations are shown alongside.
The number inside the circle is the number of pair-matings by which the strain
was maintained, or the number of pairs used in a cross; all strains were maintained
by minimal inbreeding. The subscript number following the strain designation is the
generation number of the strain: the number of generations in the pedigree can
be deduced from these generation numbers. Breaks in the lines connecting circles
indicate the omission of generations from the diagram. The strains, the characters
for which they were selected, and references, are given below.

Foundation strains. MS, MacArthur's small body weight (see Roberts, 1966).
ML, MacArthur's large body weight; GL, Goodale's large body weight (see Falconer
& King, 1953). M, Mutant stocks previously crossed to the standard inbred C57BL/Fa.
L, Bateman's high lactation (see Falconer, 1955).

Derived strains. GML, Large body weight (Falconer & King, 1953). RCL, Repeat
of GML (King, unpubl.; see Roberts, 1966). EVE, High variability of body weight;
EVC, low variability of body weight (Falconer & Robertson, 1956). CRL, High
growth-rate on restricted diet (Falconer, 1960a). JH, High litter size; JC, unselected
(Falconer, 19606, 1965). JU, Sib-mated, standard inbred JTJ/Fa (Bowman &
Falconer, 1960). BC, Cattanach's strain.
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gene-pool of Q14, and were assigned to the replicates so as to make pairs of
replicates as alike as possible in ancestry but as different as possible from the
other pairs. Fig. 2 shows schematically how the replicates were derived from the
Q14 matings. The purpose of setting up the replicates in this way was to make it
possible to find out if any differences between the replicates that might appear
later were due to sampling within families or to sampling between families of the
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Fig. 2. Construction of base population for replicated selection. Each numbered
square represents a sire group of Q14. The circles represent the replicates in the
base population, generation 0 of the selection. L, C and S are the Large, Control
and Small lines in generation 1, taken from each replicate.
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base population. Thus replicates A and B were made from the same litters of Q14,
and so were C and D, and also E and F. But the three pairs, A-B, C-D and E-F,
were taken as far as possible from different families. There were 20 sire-groups in
Q14, most of them with litters from 4 females. Each pair of replicates was made
from the progeny of 8 sire-groups and 14 or 15 different females. Since the 20 sire-
groups were not exactly divisible by 3, there was some overlap in those contributing
to the three pairs of replicates. Two sire-groups contributed to both A-B and C-D,
and two others contributed to both C—D and E—F; there was no common contri-
bution to A-B and E-F. The relationships between the replicates can best be
expressed as the number of grandparents (parents of Q14) in common. This is
given in the legend to Fig. 2.
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(iv) Breeding and selection methods

Throughout the selection experiment the litters were reared without reduction
or augmentation of the number born, and normally only one litter was reared
from each mating. The litters were weaned at 3 weeks of age; the numbers in the
storage cages were made up to five or six by mixing Utters born on successive
days. All mice were weighed at 6 weeks of age and, up to generation 8, also at
3 weeks. Selection was based on the weight at 6 weeks of age and was made
within litters throughout the experiment. The first selection, made within each
of the six replicates, gave rise to 18 lines, a large (L), small (S) and unselected
control (C) for each replicate. Each line was bred from eight single-pair matings
in each generation. In order to spread the technical work, the matings were set up
over a period of 3 weeks in each generation. Replicates A and B were mated in the
first week, C and D in the second, and E and F in the third. Thus the mating date
was a possible source of variation between replicate pairs, but not within pairs.

Table 1. Mating schedule in the selection lines
(Each mated pair and its progeny was given a number, 1-8. The table shows the

families of the mated mice and the new mating number assigned.)

Family of
origin New mating

number

1
2
3
4
5
6
7
8

Matings of least relationship were made by a system suggested by Professor
Alan Robertson, as shown in Table 1. This system does not reduce the average
rate of inbreeding, but it has two advantages over the cyclical system used in the
random-bred Q-strain. One is the practical advantage that the mating schedule
is the same in every generation, and the second is the more theoretical advantage
that the inbreeding coefficients are the same for all families in a generation, and
the rate of inbreeding is the same in all generations. With selection of an equal
number from all families, the effective population size was 32, and the theoretical
rate of inbreeding was 1/64, or 1-56%, per generation. This gives theoretical
coefficients of inbreeding of 15% at generation 10, 27% at generation 20, and
30 % at generation 23. The actual coefficients of inbreeding were higher because
the number of parents was sometimes reduced below 8 pairs on account of sterile
matings. When a mating failed to produce offspring, substitutes were taken from
the reciprocal mating or, failing that, from one with the closest relationship to
the mating that failed. Reproductive failure occurred with increasing frequency,
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and after generation 10 some lines were reduced to 3, or even 2, breeding pairs on
a few occasions. When the continuation of a line was seriously endangered addi-
tional matings were made and occasionally second litters were reared and used.
From generation 19 onwards ten matings were made in all the Control lines, and
in the last generation reported here (23) ten matings were also made in all the
Large and Small lines.

3. PARAMETERS OF THE RANDOM-BRED Q-STRAIN

The main reason for keeping the random-bred Q-strain for 15 generations before
starting the selection was, as already explained, to reduce linkage disequilibrium.
Another reason, however, was to accumulate data from which the genetic para-
meters could be estimated. In particular it was intended to see how closely the
realized heritability observed in the selection would agree with the prediction based
on the parameters of the random-bred Q-strain, assuming that linkage disequili-
brium would not have much effect.

(i) Means

The generation-means of all measurements are shown in Fig. 3, and the first
six generations of the control lines of the selection experiment are also shown for
comparison (birth-weights of these were not available). Each generation mean of
the Q-strain is based on about 180 females (maximum 240) and 130 males (maxi-
mum 160) in 70 litters (maximum 80). The features of interest in the graphs are
the following. Male and female weights varied closely in parallel. The variation
between generations was thus real, and not due simply to sampling variance. It is
much greater than the variance expected from genetic drift, and most of it must
be attributed to differences of environment between generations. Males were more
variable in 6-week weight than females, and this was not due simply to the smaller
number of males recorded in each generation. The components of variance esti-
mated by analysis of variance (see Table 2) showed that, relative to the total
variance within generations, the between-generation component was twice as
great in males as in females. I t seems, therefore, that the 6-week weight of males
was more sensitive than that of females to environmental differences between
generations.

The 3-week and 6-week weights follow the same pattern of changes. The dates
of the matings, given at the foot of Fig. 3, show that the variation between
generations did not follow a seasonal cycle. The increase of the weights at genera-
tion 10 corresponds with the first dietary change introduced. Birth weights did
not follow the same pattern as the later weights, but followed the litter size in
mirror image, though not very closely. The two graphs of litter size are of live
young at birth (above) and at weaning (below). The difference between them
indicates the pre-weaning losses. Litter size followed the same trends as 3-week
and 6-week weights, and the pre-weaning losses were greatest when the weights
were low. Males and females suffered equal pre-weaning losses. The sex ratio over
all generations was 47-5 + 0-5 % of females at birth, and 47-9 ± 0-5 % at weaning.

https://doi.org/10.1017/S0016672300013094 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300013094


Replicated selection in mice 299

There was significant (P = 0-05) heterogeneity between generations in the sex
ratio at weaning.

The managemental changes introduced at the start of the selection experiment
do not seem to have had any marked effect on the means of the characters measured.
Male 6-week weights increased by about 1 g but female weights were unchanged.
Three-week weights were increased by about 0-5 g. Litter size at birth was un-
changed, but the weaning rate was improved from 88 to 94 %.

0 2 4 6 8 10 12 14 0 2 4
7/60 1/61 7/61 1/62 8/62 2/63 8/63 2/64 8/64 2/65 8/65

Generation and mating date

Fig. 3. Mean values in generations 0-14 of the random-bred Q-strain, and in
generations 0-5 of the Control lines of the selection experiment. The birth weights
are of individuals; the two graphs of litter size are number born alive (above) and
number weaned (below). The month and year of mating of alternate generations is
shown under the generation number.

(ii) Variance components and heritability estimates

Table 2 gives the hierarchical analysis of variance of 6-week weight, and the
components of variance derived from it with adjustment for unequal class numbers.
The heritabilities, calculated from the sire-components, are much lower than would
be expected from previous work, particularly in males. The prediction of the
response to selection would be based on the heritability within litters, which was
17 % in females and 5-5 % in males. There is no obvious reason why these estimates
are so low. The standard errors, however, even with 281 degrees of freedom for
sires, are so large that prediction of the response has very little value.

In view of the very imprecise results of the variance analysis, the heritability
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of 6-week weight was estimated also from the regression of offspring on parents,
within generations, and the results are given in Table 3. Separate estimates were
obtained from female and male offspring, and from the regression on sires and on
dams within sires. Unweighted regressions were calculated from the mean of the
offspring of each dam or of each sire. Weighted regressions were also calculated
but the estimates differed very little from the unweighted ones and are not given.
The variances of the two sexes differed, as can be seen from Table 2, males having

Table 2. Components of variance (g2) of 6-week weight in a hierarchical analysis of
variance of the random-bred Q-strain

Degrees of
freedom Mean square

Variance
component

Source

Generations
Sires
Unrelated dam-pairs
Sib-dams
Individuals
Total within generations

14
281
283
452
1730
2746

Within generations

Full-sib correlation
Additive genetic variance* (g2)
Heritability, overall f (%)
Heritability, within litters % (%)

14
281
281
451
938
1951

Females

0-57 ±0-03
1-06 ±0-81
14-8±ll-3
17-1 + 13-0

92-36
16-68
13-77
12-25
311

233-50
2500
23-84
20-75
5-04

Males

0-65 ±0-04
0-56 ±1-79
3-9 ±12-5
5-5 ±17-8

0-41
0-27
0-27
3-51
311
7-15

1-59
0-14
0-80
8-36
5-04

14-34

Mean

0-61 ±0-03
0-81 ±0-98
9-4 ±8-4

The standard errors of the heritabilities are based on the method described by Dickerson
(1969). The standard errors of the full-sib correlations are based on the assumption of a
balanced design and are therefore approximate.

* 4 x sire-component.
f (4 x sire-component)/(total within generations).
J (2 x sire-component)/(individuals).

Table 3. Heritability (%) of 6-week weight ( +S.E.) estimated from the regression of
offspring on parents in the random-bred Q-strain

(Figures in bold type are adjusted for the sex-difference in variance; means are
unweighted. Further explanation in text.)

Sex of parent

Female

Male

Mean

Within-litters (h^)

Sex

Female

47-3 ±8-5

22-2 + 5-8
31-5 ±8-2
34-8 ±5-2
39-4 ±5-9
40-0 ±6-7
45-4 ±7-7

of offspring
A

Male

64-9 + 12-8
45-8 ± 9 0
21-9±8-l

43-4 ±7-6
3 3 - 9 ± 6 1
61-7 ±12-7
48-2 ±101

Mean

56-1 ±7-7
46-6 ± 6-2
22-1 ±50
26-7 ±5-7
39-1 ±4-6
36 6±4 2
50-9 ±7-2
46-8 ±6-3
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about twice the variance of females. This calls for some care in interpreting the
regressions when the sex of the offspring and the sex of the parent differ. In these
cases two estimates of the heritability are given in Table 3, one, in roman type,
being unadjusted, and the other, in bold, being adjusted by the ratio of the
standard deviations. (For example, the adjusted estimate from the regression, b,
of male offspring on female parents is given by 2xbxaf/crm.) The adjusted
estimates are more appropriate for comparison with the estimates from the
variance components, and the unadjusted estimates are more appropriate for
prediction of the response to selection.

The estimates from female parents are much higher than those from male
parents, presumably because of a maternal effect. The estimates from the regres-
sions are more realistic than those from the variance components, and as will be
shown, they agreed with the response to selection. When the sexes of parents are
averaged, the estimates from the adjusted regressions and from the variance-
components differed significantly from each other, the P value being about 0-05
for each sex of offspring separately and 0-01 for the mean of sexes. Since the
estimates from the variance components derive from the sire-components, a fairer
comparison would be with the regressions on male parents only. The differences
are then not significant, the P values being about 0-2 for the separate sexes of
offspring and 0-1 for the mean. The very low estimates obtained from the variance
components are therefore acceptable as chance deviations. An independent
analysis of the random-bred Q-strain was made by Dr L. S. Monteiro, with mice
contemporaneous with the base generation of the selection. The heritability of
6-week weight estimated from the sire-component in an analysis of variance
was 34% in females and 22% in males (Monteiro & Falconer, 1966). These
values agree very closely with the estimates from the regressions on male parents
(Table 3), which supports the conclusion that the variance components here gave
erroneously low estimates.

For comparison with the response to selection, the within-litter heritabilities
were calculated from the regression estimates by the relationship h% =
h2(l—r)l(l — t), where r = \ and t is the full-sib correlation from the analysis of
variance (Table 2). The within-litter heritability, sexes averaged, was 51 ± 7 %
from the unadjusted regressions and 47 + 6 % from the adjusted regressions.
Neither of these estimates differs significantly from the realized heritability,
which was 37 + 3 % (Table 5). The maternal effect, which is included in the
regression estimates, would be expected to result in these being higher than the
realized heritability.

4. SELECTION RESPONSES

(i) Responses of 6-week weight

The results of the selection are presented graphically in Figs. 4-7. We start by
looking at the overall picture given by the means of all replicates. Looked at in
this way, the three groups - Large, Control and Small — represent populations
bred from 48 matings, with each generation-mean based on measurements of

21 GRH 22
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between 300 and 500 individuals in the Large and Control groups and between
200 and 400 individuals in the Small group. Apart from the effects of any addi-
tional inbreeding depression arising from the subdivision, the results are what
might have been expected from a single two-way selection experiment on this
scale. Fig. 4 shows the means of all Large lines, of all Small lines and of all Control
lines plotted against the generation number, with the sexes shown separately.
The weight-scale is logarithmic, with the values for males and females super-
imposed at generation 0. The features of interest are as follows:

(1) The Controls maintained a steady level, with no trend. There was, thus, no
indication of any inbreeding depression, though the coefficient of inbreeding

12

Males
Females

I I I I i I i i i I i i i i i I I i i

36

28

24

20

16

12
Generation

16 20

Fig. 4. Mean 6-week weights of the six replicates in each group, Large, Control and
Small. The weights are plotted on a logarithmic scale, with the weights of males
and females superimposed at generation 0.

reached at least 30 % by the end. It will be shown later, however, that there was
inbreeding depression of litter size which concealed what might otherwise have
been a depression of body weight.

(2) The responses to selection were proportionately the same in males and in
females, so that ratio of male weight to female weight remained constant at 1-2.

(3) The two sexes paralleled each other closely in the major variations from
generation to generation. These variations were therefore mainly real and not
due to errors in estimating the generation mean, though whether they were due
to genetic drift or environmental changes cannot be decided at this stage.

(4) The responses to selection in the two directions were proportionately not
very different. At the end the Large lines had increased by about 45 %, and the
Small lines had decreased by about 38 % of the Control weights. The ratio of the
weights of Large to Small lines at the end was 2-3.

In Fig. 5 the responses are plotted against the cumulated selection differentials.
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Here, and in all subsequent graphs, the generation means are the means of the
two sexes, and the weight-scales are arithmetic. Fig. 5 (a) shows the means of all
Large lines and the means of all Small lines, both as deviations from the means of
all Control lines. Fig. 5(6) shows the divergence between Large and Small lines.
The conclusions are as follows:

(1) The responses approximate very closely to straight lines up to generation 10,
at least. Thereafter, the rate of response per unit of selection differential decreased
in the Large lines and increased in the Small lines.
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Fig. 5. Responses (sexes averaged) plotted against cumulated selection differentials.
The straight lines are the regressions fitted up to generation 10, and not forced
through the origin, (a) Means of all Large and of all Small lines, as deviations
from the mean of all Control lines (the selection differentials in the Control lines are
disregarded). (6) Divergence between the means of all Large and of all Small lines,
plotted against the sum of the mean selection differentials.

(2) The realized heritabilities, estimated from the regression of response on
cumulated selection differential up to generation 10, were 39-8% for upward
selection, 32-8% for downward selection and 36-9% for the divergence. The
standard errors of these estimates, and the reality of the asymmetry, will be
considered later after the replicates have been described separately. The estimate
of 36-9 % from the divergence is consistent with the prediction from the offspring-
parent regression in the random-bred strain, as has already been noted.

(3) The graphs do not suggest that the selection limits have been reached after
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23 generations of selection. The fall-off in the response of the Large lines suggests
that they are approaching an asymptote of about 12 g above the Controls,
corresponding to a mean weight of about 34 g. The Small lines, on the contrary,
show no sign of approaching a limit: the selection differentials became much
reduced toward the end, with the result that progress per generation was very small.

12
Generation

Fig. 6. Generation means (sexes averaged) of all replicates. The vertical scale is
divided so as to avoid overlap of Large, Control and Small lines, which of course all
started from the same points.

The replicate lines are all shown separately in Fig. 6, with the generation means
plotted against the generation number. This graph gives a visual impression of the
'repeatability' of the selection response. We are interested primarily in the
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differentiation between the lines. The variance component between lines was
calculated in each generation separately, up to generation 20. Table 4 (a) gives
the arithmetic mean of the estimates over 5-generation periods. In order to make
some adjustment for the scale effect due to differences in mean weight, coefficients
of variation are also given in Table 4 (a). These are the square root of the com-
ponent expressed as a percentage of the mean. The conclusions to be drawn from
the graph and the variance between lines are as follows, taking the Controls first.

(1) The variation between lines increased, as would be expected from random
drift.

Table 4

(a) Components of variance (g2) between lines, averaged over 5-generation periods,
+ empirical standard errors based on the variance of the component between
generations. The between-line coefficients of variation (%) are shown in parentheses

Period Large Control Small

0-4 0-07 + 0-24 (1-1) 0-80 + 0-26(3-9) 0-18±0-ll (2-0)
5-9 2-88±0-37 (5-9) 0-79±0-18 (3-9) 0-36±0-13 (3-1)

10-14 2-59±0-88 (5-3) 1-55±0-41 (5-7) l-39±0-29 (7-1)
15-20 0-01 ±0-24 (0-3) 2-33 + 0-54 (6-8) 1-22 ±0-25 (7-2)

(6) Components of variance (g2) within generations in the Control lines, averaged

over generations 0-20

Females Males

Between litters 2-27 4-50
Within litters 2-36 4-03
Full-sib correlation 0-49 0-53

(2) The lines tended to maintain their relative positions over considerable periods
of time. For example, line B was the highest almost all the way through, line C
was lowest over the first ten generations, and line F was lowest over the last
13 generations. The differences between the Control lines thus represented real
differentiation and not just sampling error in the estimation of the means. The
reality of the differentiation is shown further by the fact that the variance com-
ponent between lines was significantly different from zero in all four periods, as
judged by the empirical standard error.

(3) There was a considerable degree of differentiation from the beginning. This
suggests that more differentiation arose from the sampling of the base population
than occurred from one generation of drift in the established lines.

(4) There was little, if any, discernible similarity between the pairs of lines that
had similar origins and mating dates. This suggests that sampling within families
of the base population led to similar amounts of differentiation, and that the dates
of mating were not an important source of variation.

(5) There was some parallelism of the lines in the variation between generations.
For example, there was a downward trend from generation 4 to 11, and an upward
trend from then till the end. This shows that some of the variation between
generations was due to real environmental differences. There was, however, much
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less detailed parallelism between the lines than was seen between the sexes in
Fig. 4. This shows that much of the short-term variation from generation to
generation was due to random drift rather than to environmental differences.

Did the differentiation between the Control lines correspond with what would
be expected from random drift in lines with an effective population size of 32?
The expected variance between lines can be taken to be approximately 2FVA,
when F is the inbreeding coefficient and VA the additive variance. The additive
variance can be estimated as VA = 2A2

a<72
y, where h^ is the realized heritability

(0-369) and 0%, is the phenotypic variance within litters. The variance within
litters in the Control lines did not change consistently over the course of the
experiment and the means of the estimates in each generation are given in
Table 4(6). The mean of the sexes is 0%, = 3-19, and from this the estimate of
the additive variance is VA = 2-36 g2. The theoretical inbreeding coefficients at
generations 10 and 20 were 0-15 and 0-27. The expected variance between lines
was thus 0*71 g2 at generation 10 and 1-27 g2 at generation 20. These values
are not very different from the observed values given in Table 4 (a), and the
differentiation observed is therefore compatible with the expectation from
random drift.

Now consider the selected lines. Lines selected in the same direction did not differ
much, in the selection differentials applied, so the graphs plotted against the
generation number give a fair comparison of the rates of response. The selection
differentials will be detailed further below. The conclusions to be drawn are as
follows:

(1) The most important feature is that there was no more, and perhaps less,
differentiation among the selected replicates than there was among the Control
replicates. This suggests in general that the lines did not differ in the genetic
variation giving rise to the responses, and that the differentiation between the
lines was due primarily to random drift. In the Large lines differentiation increased
during the first half of the selection response, but it decreased toward the end,
and over generations 15-20 it was virtually zero. This suggests that the Large
lines were approaching a common selection limit. The absence of differences
between replicates at the limit means that the genetic variation is attributable to
a small number of genes with large effects rather than to a large number with small
effects (Robertson, 1960). The differentiation between the Small lines increased
over the whole experiment and did not decrease at the end, at least when expressed
as a coefficient of variation. It was seen earlier that the responses in the Small lines
showed no sign of approaching a limit. The differentiation between them suggests
that at the end they were in a state comparable to the Large lines in the middle
period.

(2) With one exception, there was not much tendency for lines to maintain their
relative levels over more than a few generations. On the whole, the graphs of the
lines seem to cross over each other more than do those of the Controls. This
suggests again that the differences between the replicate lines were mainly random
ones due to drift and sampling, rather than to real differences in the genetic
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variation. The exception is the C-replicate. Over the first half of the experiment it
responded very much more slowly than the other replicates to both upward and
downward selection. During the second half of the experiment, however, it caught
up with the other replicates. There was nothing in the phenotypic variance or in
the selection differentials to account for its slow initial response.

(3) The general conclusion about the 'repeatability', as far as it can be drawn
without detailed analysis, is that the selection responses were at least as repeatable
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as were the levels maintained by unselected Controls, and that the differences
between the replicates were due mainly to random drift and sampling. Though
the replicates seem from this superficial examination to have all reached very
much the same end-points, in the character selected, detailed study has shown
that they differ in many ways. In particular, the segregating colour genes and
protein variants show clearly the effects of random drift (I. Garnett, unpublished).

Finally, Fig. 7 shows the replicates separately, each as a single two-way selection
experiment. While Fig. 6 emphasized the similarities between the lines selected
in the same direction, Fig. 7 shows forcibly how dissimilar the replicates were
over the first part of the selection response, particularly when the upward and
downward responses are compared. Replicate 0, for example, responded very
slowly up to generation 11, and judged by the deviation from the Control there
was virtually no downward response during the first 10 generations. In contrast,
replicate B showed very little upward response until generation 5 or 6. Comparison
of the replicates thus leads to a clear warning: single selection experiments on the
scale of one of these replicates can be very misleading about the rate of response,
and particularly about the asymmetry, if judged from the first 5 or even 10
generations.

Table 5. Realized heritabilities in the separate replicates up to generation 10, with
responses taken as deviations from the mean of all Controls

(b = regression coefficient of response on cumulated selection differential;
S.E. = standard error of regression, except where marked * and explained in the

footnote.)

Rep.

A
B
C
D
E
F

Pooled*
Meanf
-Fjt- (-P)t

Large

b

0-390
0-438
0-251
0-457
0-385
0-448

0-398
0-395
2-59 (•

S.E.

0-066
0-047
0-025
0-041
0-051
0-043

0-020
0031*

< 0-05)

Small

b

0-501
0-301
0-159
0-288
0-365
0-376

0-328
0-331
5-90 (<

S.E.

0-058
0-058
0-024
0-041
0-039
0-046

0014
0-046*
0-001)

Divergence
t

b

0-434
0-375
0-212
0-392
0-379
0-420

0-369
0-369
6-40 (<

S.E.

0-042
0-024
0-020
0037
0033
0-032

0-014
0-033*
0-001)

* Regression of mean of lines on mean selection differential.
f Arithmetic mean of b's with empirical standard error based on variance of b between

replicates.
% F-T&tio testing heterogeneity of 6's between replicates, with probability in parentheses.

(ii) Realized heritability and its sampling error

The realized heritabilities were calculated for each replicate separately from the
regression of response on cumulated selection differential up to generation 10.
The response was taken as the deviation of the line-mean from the mean of all
Control lines. The regressions and their standard errors are given in Table 5.

https://doi.org/10.1017/S0016672300013094 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300013094


Replicated selection in mice 309

Hill (1971, 1972a, b) has shown that the regression coefficient is an unbiased
estimate of the heritability, but its standard error is not a valid estimate of the
standard error of the heritability. The response estimating the heritability includes
the cumulated deviation due to random drift, and so the sampling variance of the
heritability is larger than that of the regression coefficient. The replication of the
selected lines allows the sampling variance of the realized heritability to be
estimated empirically from the observed variance of the regression coefficients
between the replicates. In Table 5 the 'pooled' estimates are in each case the
regression of the mean of lines on the mean selection differential (as shown in
Fig. 5), with the standard error of the regression coefficient, which is not a valid
standard error of the realized heritability. The 'mean' estimates in Table 5 are
in each case the unweighted mean of the separate regression coefficients in each
replicate, with the empirical standard error of this mean. These empirical standard
errors are the valid standard errors of the realized heritabilities, and they are
about three times the standard errors of the pooled regression coefficients. The
conclusions from this analysis are that the realized heritabilities, with their em-
pirical standard errors, were 39-8 + 3-1% and 32-8 + 4-6% for the upward and
downward responses respectively, and 36-9 + 3-3 % for the divergence. The
heritabilities of upward and downward responses were not significantly different
(£10 = 1-14; P = 0-3). There is therefore no evidence of a real asymmetry of
response. The replicates differed significantly in their regression coefficients both
for upward and for downward selection and for divergence. The .F-ratios and
probabilities are given in Table 5. Without further analysis it is not possible to
say whether these differences between the replicates were due entirely to random
drift, or whether they were in part due to real differences of heritability.

(iii) Selection differentials

The selection differentials calculated were the mean differences in 6-week
weight between the selected individuals and the mean of their sex in their litter.
Parents that produced no offspring that survived to be weighed at 6 weeks were
excluded. This was the only weighting needed since the generation-mean was
calculated as the unweighted mean of litter-means. The selection differentials in
the Control lines were also calculated, as a check on the randomness of the choice
of parents. The total cumulated selection differential in each line is given in Table 6,
and the mean selection differentials over 5-generation periods are shown in Fig. 8.
The points to be noted are as follows. (1) There was no consistent selection of any
importance in the Controls: the lack of inbreeding depression therefore cannot be
attributed to unconscious selection. (2) The replicates selected in the same direction
did not differ much in their selection differentials, except for one Large line (LF)
in the last period. The similarity of the replicates in this respect justifies the
comparisons of responses on a per-generation basis made in the previous section.
(3) In the Large lines the selection differentials increased in the second period,
decreased in the third period and, except for LF, recovered in the last period.
The initial increase was due to an increase of variance following the increase of
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mean. The reduction in the third period was due to poor productivity, and the
further fall in LF was due partly to natural selection, as will be detailed below.
(4) In the Small lines the selection differentials fell off continuously to about
one third of their initial values. This reduction was due to reduced variance,
reduced productivity, and natural selection.

Table 6. Total cumulated selection differentials (g), generations 1-23 (i.e. parents
selected from generations 0-22)

Large
Small
Control

39-3
18-3

+ 1-3

Replicate

42-4
25-8

+ 1-2

C

42-6
24-4

+ 2-4

D

42-7
18-7

+ 1-5

E

41-0
22-9

-1-6

F

35-9
23-2

+ 0-4

Mean

40-6
22-2

+ 0-9

20 -

•5

0-4 h

0

-0-4
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Fig. 8. Selection differentials, averaged over 5-generation periods.

The number of matings that produced no offspring surviving to 6 weeks (to be
called ' infertile' matings) increased throughout the experiment. Details of these
will be given in the next section: here we are concerned with their effects on the
selection differentials. When infertile matings occurred in one generation, the
selection differential on the next generation was inevitably reduced, because a
larger proportion of the offspring of the fertile matings had to be selected to make
up the required number of matings. There is also the possibility that infertile
matings were the more extreme of the selected individuals, and that they might
therefore cause some natural selection opposing the artificial selection. To find
out if this was so, the weights of the infertile pairs were compared with those of
the fertile pairs in the period from generation 11 to the end. The results are
summarized in Table 7. The proportion of infertile matings varied between the
replicates: in the Large lines it ranged from 6 % in LD to 31 % in LF, and in the
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Small lines from 13 % in SB to 26 % in SE. In considering the differences in weight
it must be remembered that these are weights of pairs of mice, and in most cases
only one member of the pair is probably responsible for the infertility. There-
fore the differences calculated are probably only about half as great as the real
differences associated with infertile individuals. In the Large lines the weight
differences are not consistent. In three of the replicates the infertile pairs were
slightly less heavy than the fertile pairs. In the other three they were considerably
heavier - from 0-8 g to nearly 1-0 g. In two of these three (LB and LC) the number

Table 7. Infertile matings and their effect on the selection differentials in
generations 11—23

Replicate

Large
Infertile pairs

No.
%

Mean wt.-diff.* (g)
Sel. diff.t (%)

Small
Infertile pairs

No.
%

Mean wt.-diff.* (g)
Sel. diff.f (%)

• A

25
24

-0-15
102

23
21

-0-65
75

B

20
19

+ 0-96
90

14
13

-0-50
93

C

10
9

+ 0-80
96

23
21

-0-69
84

D

6
6

-0-33
101

19
18

0-00
100

E

20
19

-0-20
102

27
26

+ 0-05
102

F

35
31

+ 0-87
80

23
21

-0-81
79

* Mean difference in 6-week weight between infertile and fertile pairs. (A +ve difference
indicates that the infertile mice were heavier.)

•(• Ratio (%) of actual to potential selection differential, the potential being the selection
differential that would have been achieved if all matings had been fertile.

of infertile pairs was not enough for this natural selection to have much effect on
the selection differential, but in one (LF) it was. Here the selection differential
achieved over generations 11-23 was only 80 % of what it would have been if all
pairs had been fertile. This effect was all in the period from generation 16 to 23,
when the mean weight difference was +1-73 g and the selection differential
achieved was only 63 % of what it would have been with no infertility. This is
clear evidence of natural selection opposing the artificial selection in one Large
line. The Small lines are more consistent in showing a fairly large negative weight
difference in four of the six lines, i.e. the infertile pairs were less heavy by between
0-5 and 0-8 g. In the other two lines there was virtually no weight difference.
In three of the lines with a weight difference, the number of infertile matings was
enough to reduce the selection differential to 84%, 79%, and 75% respectively
of what it would have been with no infertility. Thus the Small lines give evidence
of a more general effect of natural selection opposing artificial selection for small
size. In an earlier experiment (Falconer, 1955) natural selection was found to have
opposed downward but not upward selection.
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(iv) Litter size and productivity

The ' productivity' of the mated pairs provides the best available measure of
natural fitness that can be followed through the course of the experiment. It is of
interest to see how the productivity was influenced by the selection and by the
inbreeding. Three components of productivity can be separately assessed: (a) the
proportion of productive matings, i.e. matings that produced one or more live
young at birth; (b) the litter size, i.e. the number of live young at birth in litters
containing at least one live young; and (c) the weaning rate, i.e. the proportion
surviving to weaning of those born alive. The 'productivity' is the number of
young weaned per mating made, and is the product of the three components. The
productivity measured is restricted to data on first litters, since second litters
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Fig. 9. Mean litter size: i.e. number of live young in first litters containing one or
more live young. The generation means shown are the means of line-means in
Large, Control and Small groups. Generation 0 is based on 117 matings, the others
on about 48 in each group.

were reared only very occasionally. (The number of 'productive' matings dis-
cussed here is slightly different from the number of 'fertile' matings discussed in
connexion with the selection differential. There were a few matings that reared
no young from the first litter but reared young used for selection from a second
litter. These were counted as 'fertile' but are here excluded from the 'productive'
matings.) It would be possible to take account of post-weaning survival as another
component, but very few animals died between weaning and 6 weeks of age and
so the survival from birth to six weeks differs little from the weaning rate.

There were seldom more than eight matings per line per generation from which
to estimate the components of productivity, and so the sampling variance of the
generation means of individual lines was rather large. The lines will therefore not
be described individually in detail. The data for generation 0 were based on the
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total of 117 matings made, and not on the 48 that formed the foundations of the
replicates.

Fig. 9 shows the litter size in each generation in the Large, Control and Small
groups of lines, calculated as the means of line means. Litter size is of interest
because of two causal relationships with 6-week weight: (1) an individual's 6-week
weight is influenced by the size of litter in which it was reared, i.e. its mother's
litter size; and (2) a female's 6-week weight influences the size of the litter it
subsequently produces. The values of these relationships found in studies of the
JC strain, which formed part of the ancestry of the Q-strain, were as follows
(Falconer, 1965): (1) regression of female's 6-week weight on mother's litter
size = —0-34 g per unit of litter size; (2) regression of female's litter size on her
6-week weight, with mother's litter size held constant, = -f 0-29 young per gram.
Two expected consequences for the present experiment follow from these relation-
ships : (1) depression of litter size as a result of the inbreeding would be expected
to increase body weight, and so to compensate, at least partially, for any inbreeding
depression of body weight; and (2) litter size would be expected to increase in the
Large lines and decrease in the Small lines, as correlated responses, unless the
phenotypic correlation is wholly environmental.

Consider first the Control lines. The litter size declined fairly steadily throughout
the course of the experiment, presumably as a result of the inbreeding. The decline
was from about 10-5 to about 9-0, and the coefficient of inbreeding at the end
was about F = 30%. The rate of inbreeding depression was thus 0-5 young per
10% increase of F. This agrees well with the value of 0-58 obtained from rapid
inbreeding of the JC strain (Bowman & Falconer, 1960). The observed decline of
litter size is therefore explained satisfactorily by inbreeding depression. A reduc-
tion of 1-5 in litter size would be expected to increase the 6-week weight of females,
from the relationship quoted above, by —1-5 x —0-34 = +0-51 g. This may,
however, be an underestimate. The regression of 6-week weight on mother's litter
size was estimated from the QLA line by Al Murrani (unpublished) as —0-74 in
females and — 0-97 in males. For application to the Control lines, the regressions
should probably be expressed as percentages of the mean weight, and these
were —2-6 and —2-8%. The increase in weight of the Control lines expected
from the reduced litter size worked out to be +0-8 g in females and +1-0 g in
males. The mean weights of the Controls did not change, as shown in Fig. 1.
Therefore the total inbreeding depression of 6-week weight that was masked by
the reduced litter size could have been roughly between 0-5 and 1 g, or about
0-2 to 0-3 g per 10 % increase of F. This is a reasonable figure, and so the apparent
lack of inbreeding depression of weight can be accounted for by the depression of
litter size.

Now consider the selected lines. The initial changes of litter size, over the
first five generations or thereabouts, are not inconsistent with the expected
correlated responses, in an increase in the Large lines and a decrease in the Small
lines. After that, however, the Large lines decreased in parallel with the Controls
and roughly 0-5 young per litter above them, while the Small lines decreased
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more rapidly. The overall picture is thus one of strong asymmetry of the correlated
response.

Fig. 10 shows the other two components and the overall productivity. The
points are again the mean of line-means. Generation 0 is shown separately, but
thereafter the means of 5-generation periods are shown. Both of the components
and the overall productivity declined in all three groups of lines. The proportion
of productive matings (Fig. 10a) declined equally in the Large and Small lines,
and much more in them than in the Controls. The weaning rate (Fig. 106) declined
more in the Small lines than in the Large and Control lines which did not differ
much. The overall productivity (Fig. 10c) presents a clear and interesting picture.
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number of matings made. (6) Weaning rate (%), i.e. number weaned as percentage
of number born alive, (c) Productivity, i.e. mean number of young weaned per
mating made.

The Large lines gained a small initial advantage over the Controls, as a result of
their increased litter size. But then they fell slightly below the Controls and dropped
from a maximum of 10 young per mating to final level of 6-6, while the Controls
ended at 7-4. The productivity of the Small lines dropped more rapidly and
continuously, to a final level of 4-4 young per mating. Thus natural fitness, as
measured by productivity, was adversely affected by selection in both directions,
but much more by selection for small size. It cannot, however, be concluded that
the body size itself is the cause of the reduced fitness. The reduced fitness may be
the consequence of increased homozygosity, and the differences between the
Large, Control and Small lines, may be due to differences of homozygosity resulting
from the selection.

Looking at the replicates separately shows that they differed in many respects.
Some examples of the ways in which certain replicates or lines differed from the
overall pattern are as follows. In litter size: replicate A showed no differentiation
between the lines until after generation 10; replicate B showed a symmetrical
response. In the proportion of productive matings: line LF was particularly bad
from generation 11 onward, with under 70%. Analyses of variance, or x2 tests,
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showed that the replicates within selection-groups differed significantly in overall
productivity and in all three of its components.

(v) Weaning weight and post-weaning gain

The weaning weights, at 3 weeks of age, were recorded up to generation 8 in
all the lines. It is interesting to find out how much of the responses of 6-week
weight were attributable to changes of the weaning weight, which is mainly a
characteristic of the mother, and how much to the post-weaning growth of the
individuals. The weaning weight is itself influenced by the litter size, and the
interrelations of the various characters are complex. These interrelations will not
be discussed because their general nature is well enough understood.

14

s i o -

Generation

Fig. 11. (a) Weight at weaning (3 weeks). (6) Post-weaning gain (3-6 weeks). Means of
all Large, all Control and all Small lines.

The means of all Large, all Control, and all Small lines are shown in Fig. 11.
There was some asymmetry in the correlated responses of weaning weight. Starting
from about 9 g, the weights increased to 12 g in the Large lines, and increased
also in the Controls, to 10 g; the Small lines, however, showed no change. Growth
from 3 to 6 weeks, starting at 13-4 g, increased by 4 g in the Large lines, and
decreased by 3 g in the Small lines. The Control lines showed a decrease of about
0-5 g. The conclusions about how the responses of 6-week weight were obtained
are as follows. (1) In the Large lines there was an increase of both 3-week weight
and gain; in proportion to their initial values, 3-week weight increased by 38 %
and gain by 29 %. (2) In the Small lines all the response of 6-week weight came
from a reduction of 23 % in the gain. (3) In the Control lines the constancy of
6-week weight masked a 12 % increase of weaning weight and a 4 % reduction of
gain. (4) The ratio of post-weaning gain to weight at weaning started at 1-52 and
decreased to 1-43 in the Large lines, 1-30 in the Control, and 1-16 in the Small
lines, at generation 8.

The replicates are shown separately in Figs. 12 and 13. The post-weaning gain
(Fig. 13) does not add much to what was seen in the responses of 6-week weight.
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The weaning weights (Fig. 12), however, show very marked differences between
the replicates. In particular, replicate C showed almost no differentiation between
the three lines.
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Fig. 12. Weaning weights in the replicates separately. , Large lines; —, Control
lines; , Small lines.

5. DISCUSSION

One of the aims of the experiment was to test the prediction of the response to
selection made from estimates of the heritability in the base population. If the
heritability is estimated from the regression of offspring on parents, this may
provide the best prediction, in the sense of foreknowledge, of the response to be
expected. But the test of the genetic theory that it provides is limited because the
regression estimate and the realized heritability are both essentially measures of
the degree of resemblance between offspring and parents. Furthermore, the
regression estimate and the response in the first generation of selection are derived
from data that are very little different: the former includes all the points in the
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Fig. 13. Post-weaning growth (gain from 3 to 6 weeks) in the replicates separately.
, Large lines; —, Control lines; , Small lines.

bivariate distribution of parents and offspring, while the latter excludes the more
centrally placed points. However, if the realized heritability is estimated from
more than just one generation, the comparison tests for the constancy of the
genetic parameters. The agreement found between the regression estimate and
the realized heritability shows that the prediction held good over more than just
the theoretically valid first generation, and that the changes of management
between the base population and the selected lines did not materially affect the
heritability.

If the heritability in the base population is estimated from the components of
variance, the comparison with either the regression estimate or the realized
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heritability does provide a test of the genetic theory because the data are analysed
in different ways. The comparison tests the theory that accounts for the variance
components and for the resemblance between offspring and parents in terms of
one parameter, the heritability. The results of these comparisons were unsatis-
factory because the estimates of the heritability from the variance components
had very large standard errors. The variance components gave estimates that
were much lower than the regression estimates and the realized heritability, but
the differences were not significant and cannot be regarded as throwing any
serious doubt on the validity of the theory, especially in view of the fact that an
independent analysis (Monteiro & Falconer, 1966) gave estimates from variance
components that agreed very closely with the regression estimates.

The main conclusion from this experiment concerns the importance of random
drift in lines selected with an effective population size of 32. Over the first ten
generations the six replicates gave widely divergent estimates of the realized
heritability and of the asymmetry of the response. The realized heritability
estimated from the divergence between upward and downward selection varied
between 21 and 43 %. The asymmetry ranged from upward selection being
59 % more effective than downward, to downward being 28 % more effective than
upward. The mean responses of all the replicates were very regular and essentially
linear up to generation 10. The mean responses represent the results of selection
in a population with an effective size of 192.

The response to selection has been widely used to estimate the heritability of
the character selected, the term 'realized heritability' being used to distinguish
this method from, others. The estimation is usually made from the regression of
the cumulated response on the cumulated selection differential, and the standard
error of the estimate is derived from the standard error of the regression coefficient.
In the simplest situation the regression coefficient itself estimates the realized
heritability, and the standard error of the regression coefficient is assumed to be a
valid estimate of the standard error of the heritability. Hill (1971) has shown,
however, that this assumption is not justified because the deviations due to random
drift are cumulative. There is consequently more deviation between replicates
than would be predicted from the deviations of each replicate about its own
regression line. The standard error of the regression coefficient therefore under-
estimates the standard error of the heritability. This experiment has fully con-
firmed Hill's ideas. Thus, considering first the divergence between upward and
downward selection, when the replicates were pooled and regarded as a single
large experiment, the overall regression was 0-369 with a standard error of 0-014.
The regressions in the replicates separately, however, differed significantly and
the empirical standard error of the mean was 0-033. Thus the standard error of the
estimate of the realized heritability was 2-4 times that of the overall regression
coefficient.

When the upward and downward responses were considered separately, the
overall regression upwards was significantly greater than the regression downwards.
But the realized heritabilities in the two directions were not significantly different.
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It is clear that in small populations strongly asymmetrical responses can be
generated by random drift. The asymmetry of the regression coefficients was
highly significant (P = 0-01) in two of the six replicates (C and D), and approach-
ing significance in a third (B). Yet no overall asymmetry of the realized heritability
was demonstrated. The application of Hill's methods should make it possible to
evaluate the standard error of the realized heritability estimated from each line
separately, and thus to see if the lines differed in their heritabilities. This remains
to be done.

The regression coefficients were estimated from the responses over the first ten
generations of selection because the overall regressions, both upward and down-
ward, were linear over this period. After generation 10 the upward regression
decreased but the downward regression increased. The significance of this
asymmetry in the later stages was not tested because the regressions were no
longer clearly linear. This later asymmetry, if real, could be accounted for by the
gene frequencies approaching fixation in the large lines but reaching intermediate
values in the small lines, or by the selected lines suffering more inbreeding
depression than the controls.

Not much can be said at this stage about the limits to selection. The small lines
made very little progress at the end, but this was due to the small selection
differentials and not to a reduced coefficient of response. The large lines were
clearly approaching their limits. The interesting point here is that they all seemed
to be approaching the same level at their limits. If borne out by the later genera-
tions, this would mean that most of the favourable alleles had been fixed by
selection and few of the unfavourable alleles had been fixed by random drift.
This, in turn, would indicate that most of the genetic variance was due to few
genes with large effects rather than many with small effects (Robertson, 1960).
It may not prove possible to get much more information about the levels at the
limits because selection had to be suspended after generation 23 on account of the
low productivity of some of the lines.

When characters other than 6-week weight were looked at, widespread differences
between the replicates were found. The characters described in this paper were
the components of productivity, and the replicates differed in the proportion of
fertile matings, litter size, and weaning rate. Some of the characters studied, but
not yet published, are uncorrelated with 6-week weight and the differentiation in
these can readily be attributed to random drift. Others, however, are correlated
with 6-week weight, and the differentiation in these suggests that selection has
not led to the fixation of the same alleles in all the large lines, as is suggested by
the apparent equality of the limits. To account for this contradictory evidence,
we may have to consider the regulatory mechanism of growth and body size. It
may be that selection can alter the component growth processes more readily
than the regulatory process, so that different lines undergo different genetic
changes but regulate to roughly the same final size.

Examination of the productivity of the lines showed that selection for small size
seriously impaired reproductive fitness. All three components (proportion of fertile
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matings, litter size, and weaning rate) were reduced, so that the overall productivity
at the end was only about half that of the controls. Selection for large size reduced
the proportion of fertile matings and, to a lesser degree, the weaning rate. But
litter size was somewhat increased, so that the overall productivity at the end was
only a little below that of the controls. The control lines themselves declined in
all the components and their overall productivity was reduced by about 20%.
This reduced productivity of the controls was presumably the result of inbreeding
which reached a level of about 30 % at the end.

The effect of inbreeding on the litter size of the controls throws light on an
earlier experiment with the JC strain. The rate of reduction of litter size in all the
control lines together was roughly the same as was found with rapid inbreeding
in the JC strain (Bowman & Falconer, 1960). But the JC-control line, maintained
by ten pairs per generation, showed no decline of litter size over 30 generations
and up to an inbreeding coefficient of 32 % (Falconer, 19606). This apparent
immunity of the JC-control line from inbreeding depression has remained a puzzle.
However, when the separate Control replicates of the present experiment are
examined, it is found that they varied in the extent of the inbreeding depression
of litter size. In particular, one of the lines (replicate A) showed no decline. This
line therefore behaved just like the JC-control. The variation between the repli-
cates is presumably the result of drift variance around an overall mean decline,
with the chance that, very roughly one line in six will drift upwards at a rate
equal to the mean decline. Thus the lack of inbreeding depression in the JC-control
line can be seen as a lucky, but not very improbable, consequence of random drift.

I am much indebted to Miss H. I. Macrae for doing all the technical work of running these
experiments. I am grateful also to Dr R. C. Roberts for discussions during the course of the
work, and for comments on the manuscript, and to Dr W. G. Hill for statistical advice.
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