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I I N T R O D U C T I O N 

The value of an animal for meat production is determined by its growth rate, 
feed conversion and slaughter quality. Growth rate is most important for the 
economy of meat production because feed costs and most of the fixed costs 
decrease with increasing growth rate. As weight increases storage of fat must be 
kept to a minimum, otherwise it will negatively influence efficiency of growth 
and the price per kilogram product. The combination of a high growth rate and a 
limited fat storage can be seen in the first part of a growth curve. For instance 
COP 1971 reported that the slaughter weight in pigs (100 kg) is near the inflexion 
point. This is the point of the growth curve where the increasing growth rate 
changes over to a decrease in growth rate. The inflexion point for laboratory 
and farm animals occurs when about 30 percent of mature weight is reached 
(BRODY 1945). 

The growth rate can be increased by improving the environmental influences 
like quantity of feed, feed composition, housing etc., and by improving the 
genotypic value for growth by selection and crossbreeding. In this study no 
special attention will be paid to environmental effects. The heterosis for post-
weaning growth in pigs (FREDEEN 1957, SKÂRMAN 1965) and in beef cattle 
(GALL 1969) can be neglected. Thus breeding systems based on the utilisation of 
heterosis will not be discussed. Selection for growth rate may be successful. 
FALCONER 1960a reported heritabilities for growth of 0.20-0.40 in several spe
cies. An increasing mature weight is a correlated effect of selection for growth 
rate (BRINKS et al. 1964, TAYLOR 1968). BICHARD 1968 pointed out the following 
consequences of this increasing mature weight : 
- an increase of the maintenance costs of the breeding stock; 
- a delayed sexual maturity. The breeding stock can not be mated until later. 

This means an increase of the costs per breeding animal. 
These points restrict the advantage of an increased growth rate. The early 

growth rate must be increased without or with a restricted change of mature 
weight. The necessity of a change in the growth curve in this way, is extensively 
discussed. 

The limited possibilities of this change were demonstrated by TAYLOR and 
CRAIG 1965. BICHARD 1968 concluded: 'Genetic flexibility of the mean growth 
curve and the mean body proportions is not very great'. BRODY 1945 and 
TAYLOR 1968 also pointed this out. In contrast to these remarks are the results 
of ABLANALP et al. 1963 who demonstrated genetic differences in growth curves 
of selection lines of turkeys and those of LAIRD and HOWARD 1967 who showed 
similar differences in inbred lines of mice. 

The aim of my study was to examine the effects of selection for early growth 
rate by means of the relative growth rate between 21 and 29 days and for weight 
at 56 days of age as an estimate of mature weight. 

Relative growth rate (RG) is defined as weight gain during a given time-
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interval divided by the average bodyweight in this interval (BRODY 1945). This 
parameter RG is an estimate for the rate of weight change and does not auto
matically include a high correlated change in mature weight. Besides this, RG 
may be seen as a parameter for maturity rate. Maturity rate at age t is defined 
as the percentage of mature weight that is reached at age ; (FITZHUGH and 
TAYLOR 1971). Differences in weight at 56 days (W56D) are indications of 
differences in mature weight (ROBERTS 1961). Selection for W56D has the ad
vantage over selection for mature weight, that the generation interval is strongly 
reduced and that only the selected animals have to be mated. 

Out of one base population a control line C and four selection lines were 
started. In these lines, selection was made for a high and a low relative growth 
rate between 21 and 29 days (RGH and RGL) and for a high and a low body-
weight at 56 days (W56H and W56L). Attention was paid to : 
- Direct results of the applied selection during 14 generations. 
- Comparison of line and sex differences in parameters of functions which 

describe the growth curve in generations 6-14. 
- Analysis of the composition of weight increase and energy efficiency, based 

on data of growth rate, feed intake and carcass composition between 3 and 
15 weeks of age in generation 11 of all Unes. 
This report was divided according to these 3 investigations. In Chapter II 

only literature on general aspects of growth and development is presented. The 
literature directly connected to each of the three investigations is described in 
the relevant chapter. The consequences of the selection for RG and W56D will 
be discussed in Chapter VI. 
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H G E N E R A L L I T E R A T U R E ON G R O W T H 
A N D D E V E L O P M E N T 

Growth rate and weight for age are parameters that are often estimated in 
animal production research. With these parameters all kinds of influences may 
be estimated. There have been many selection experiments for growth rate or 
for weight under practical and laboratory conditions (ROBINSON and BRADFORD 

1969). ROBERTS 1965 stated that so much research on weight has been done with 
laboratory animals, because of its economic importance in animal production 
and the ease of bodyweight estimation. 

According to DICKERSON 1970 the economic results in meat production are 
determined by: 
- Costs of producing the slaughter animals. These are influenced by the costs 

of maintenance of the breeding stock and the number of offspring per animal 
per year. 

- Costs and returns of realised weight increment of the slaughter animals. If 
these animals are slaughtered at fixed weight, the ratio of returns to costs per 
animal is determined by: 

V-PI[D-I+D{B-Fm + Fp) + S] 

in which: 
V = value per unit liveweight 
P = liveweight of meat animal when marketed 
D = days from weaning to market weight 
I = average fixed costs/animal/day 
B = average post-weaning metabolic body size for individual 
F m = average maintenance feed costs/animal-day for population 
Fp= average feed costs above maintenance/day for individual 
S = fixed costs/slaughter animal. 

From this ratio it follows, that almost all costs are directly proportional to 
the number of days, so inversely proportional to the growth rate. 

Weight increment is quantitative and qualitative. The well-known definition 
by BRODY 1945, 'growth may be defined as a relatively irreversible time change 
in magnitude of the measured dimension or function', is only quantitative. As 
the proportions of the different tissues in the body change with aging (CURTIS 

1969), growth is also qualitative. DOORNENBAL 1971 called this qualitative aspect 
development. It may defined as 'the directive coordination of diverse processes 
in an adult' (BRODY 1945); NEEDHAM 1964 defined this adult stage as organised 
heterogenity. The composition of the weight increment is of importance for the 
economy of meat production, because it changes with aging and determines the 
energy efficiency of weight increment and price per kilogram product (ROBINSON 

and BRADFORD 1969, DICKERSON 1970). 
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2.1 D E S C R I P T I O N OF GROWTH RATE 

The growth curve may be represented in various ways. In Figure 2.1 it is 
presented by the absolute growth rate, the relative growth rate and the cumula
tive growth rate in time. 

The cumulative growth curve is the curve of weight against time. The shape of 
the curve is sigmoid. After a phase of increasing growth rate, called the self-
accelerating phase by BRODY 1945, the weight increment per unit of time de
creases (self-inhibiting phase) until the increment becomes zero and mature 
weight is reached. The transition point between the two phases is called in
flexion point. This point has some physiological significance, because it occurs 
at the age of puberty (BRODY 1945, MONTEIRO and FALCONER 1966). 

The absolute growth rate may be defined as the weight increment per unit of 
time: 

i.W2-W1)l(t2-t1) 

in which {W2 — Wt) is the weight increment in time interval {t2—t1). This for
mula represents the average absolute growth rate. It is only a good representa
tion of the real instantaneous growth rate, if it is estimated in short intervals. 
A mathematical representation of the instantaneous absolute growth rate at age 
t is dw/dt. 

g.and % 

absolute g rowth rate 

r e l a t i v e g rowth rate 

c u m u l a t i v e g r o w t h r a te 

days 

FIG. 2.1. The relation between absolute, relative and cumulative growth rate 
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The relative growth rate is defined by BRODY 1945 separately for the phase of 
self-accelerating and of self-inhibiting growth. Before the inflexion point it is 
defined as the absolute growth rate divided by the actual weight 

k = (dw/dt)/W 

k = relative growth rate. 
The value of k may be found from 

k = [{W2-W1)l(t2-t1)]l[
1l2 {w2 + WJ] 

or k = {lnW2~lnW1)l{t2-t1) 

If the change in k is not linear between tt and t2, this estimate gives only a poor 
representation of the real values of k between tx and t2. 

After the inflexion point, relative growth rate is defined as the absolute growth 
rate divided by the weight increment (A— W) in which A is mature weight 

-k = (dw/dt)/(A-W) 

This relative growth rate past the inflexion point may be calculated as: 

-k = [(.W2-W1)Kt2-ti)]l[A-1l2 (W2 + Wt)] 

The values of k before and after the inflexion point are different and of opposite 
sign. 

Cumulative growth curves are often described by mathematical growth func
tions. Sometimes a biological significance is given to the parameters in the 
function. By changes in parameters, environmental and genetic influences may 
be evaluated. The most well-known functions are: 
- the monomolecular (WEINBACH 1941, BRODY 1945). This function gives a 

separate description of growth before and after the inflexion point 
- the logistic function or autocatalytic. Firstly used to describe the growth of 

populations, but later often applied to describe growth of an organism 
(RHODES 1940, NAIR 1954, CARMON 1965, MONTEIRO and FALCONER 1966, 

TIMON 1968, TIMON and EISEN 1969, EISEN et al. 1969). 

- the Bertalanffy function (BERTALANFFY 1957, 1960, FABENS 1965, GALL and 
KYLE 1968). This function is based on growth as the difference between ana-
bolism and catabolism. 

- the Gompertz function used by LAIRD et al. 1965, LAIRD and HOWARD 1967 
and KIDWELL and HOWARD 1969. 

RICHARDS 1959 has shown that these four functions are each a special case 
of a general family of growth curves which differ primarily in the proportion 
of mature weight at which the inflection point occurs. 

- the growth curve may also be described by orthogonal polynomials (WISHART 

1938, RAO 1958, KIDWELL and HOWARD 1970). In these functions the para
meters have no biological significance. 
All these formulae describe the growth curve without taking into account the 

quantity of feed or energy intake. 
BLAXTER 1968 and PARKS 1971, 1972 have developed formulae in which 

weight at a given age is also a function of feed or energy intake until that age. 
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2.2 REGULATION OF GROWTH RATE 

An individual grows during postnatal life by taking in more nutrients than it 
requires to maintain its body mass. GALL 1969 and PARKS 1972 also considered 
growth as a resultant of input and output of mass or energy by an individual at 
moment t. BLAXTER 1968 and PARKS 1972 related feed intake, growth rate and 
age. BLAXTER 1968 supposed that the quantity of feed intake and the feed 
composition are the most important factors determining growth rate. Hence 
the regulation of growth rate has to be seen in relation to regulation of feed 
intake. 

The regulation of feed intake in ad libitum feeding is firstly a negative feed
back system of energy intake (BAUMGARDT 1969). Secondly specific characteris
tics of feed such as taste, smell, composition, temperature and the feeding 
system are of importance. Feed intake via energy is regulated by the amount of 
energy that is necessary for maintenance and production. In a young animal, 
weight increment is mainly an increase of skeletal and muscle tissue with some 
associated essential fatty tissue. If the animal has more productive energy avail
able than can be utilized for these types of growth, then it will store the surplus 
as additional fatty tissue. The ratio of quantity of energy stored in muscle tissue 
to that in fatty tissue changes with aging in favour of fat tissue (BICHARD 1968, 
CURTIS 1969). 

Only if feed is limited or its composition is suboptimum, there is a negative 
influence of feed on growth rate (BLAXTER 1968). 

2.3 CHANGE OF GROWTH CURVE 

Many scientists, for instance BRINKS et al. 1964, TAYLOR and CRAIG 1965, 
TAYLOR 1968, have reported a high positive genetic correlation between weights 
of an animal at different life stages. It is often concluded from these high positive 
genetic correlations that weight in different stages is influenced by the same 
genes. This means that selection for a high growth rate involves an increase of 
mature weight (TAYLOR 1968). According to BICHARD 1968, animals that are 
heavier when mature have a larger appetite, grow faster and more efficiently. 
But as has been pointed out, an increase of mature weight in the breeding stock 
involves an increase of costs (BICHARD 1968, DICKERSON 1970). Hence for 
breeding a high growth rate and a constant, or limited change in, mature weight 
and early sexual maturity are the desired characteristics (DICKERSON 1970). This 
combination in meat production may be achieved by: 
- crossing of males from a fast-growing line or breed with females of a small 

fertile line or breed (SMITH 1964, MOAV 1966a, b, c, MOAV and HILL 1966, 
BAKKER et al. 1974a). The disadvantage is that several lines or breeds have to be 
maintained and that the lower growth rate of the dam population will be in
troduced in the slaughter animals. 
- changing the growth curve by means of selection (BICHARD 1968, TAYLOR 
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1968, DiCKERSON 1970). As the genetic correlations are high, the possibilities 
are restricted (BRODY 1945, TAYLOR and CRAIG 1965, BICHARD 1968, TAYLOR 

1968). However the results of ABLANALP et al. 1963, with turkeys, and LAIRD 

and HOWARD 1967 and MCCARTHY 1971 with mice showed some genetic 
variance in the shape of the curve. 
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m SELECTION FOR P A R A M E T E R S OF THE 
G R O W T H CURVE 

Growth curves may differ in mature weight (level) and in time taken to reach 
maturity (speed). This chapter describes the direct results of selection for para
meters which represent level and speed of the growth curve. 

Lines are started to select for high and low speed and for high and low level 
of the curve. Relative growth rate before the inflexion point is used as a para
meter for speed, W56D is used for the level of the growth curve. The direct 
results are described. Attention is paid to the following correlated characters : 
- fitness traits, also in connection with selection intensity; 
- tail length as an estimate of changes in size of the skeleton ; 
- RG and W56D as correlated traits. 

3.1 LITERATURE 

3.1.1 Selection criteria and selection methods 
In the many publications on selection for weight or growth rate in mice there 

is considerable variation in selection criteria and selection and mating methods. 
In the historic selection experiments of GOOD ALE 1938 and MAC ARTHUR 

1944, 1949, the selection goal was a high bodyweight at 60 days. In the more 
recent experiments selection was for weight at : 

- 10 weeks (MCCARTHY 1971) 
- 8 weeks (TIMON and MORE O'FERRALL 1966, MORE O'FERRALL and TIMON 

1968, 1970) 
- 6 weeks (FALCONER 1953, 1955, HULL 1960, LEGATES and FARTHING 1962, 

BAKER and COCKREM 1970) 

- 5 weeks (MCCARTHY 1971) 
- A\ weeks (HULL 1960, TIMON and MORE O'FERRALL 1966) 
- 3 weeks (HULL 1960, DALTON and BYWATER 1963) 
Selection for growth rate was at the time interval between 
- 3-6 weeks (FALCONER I960", LEGATES and FARTHING 1962, BRADFORD 1971, 

RAHNEFELD et al. 1963) 

- 4-11 weeks (SUTHERLAND et al. 1970) 
- 3-5 weeks (BATEMAN 1971) 

GOODALE 1938 used a kind of progeny testing, while MAC ARTHUR 1944, 
1949 applied a combination of individual and sib selection. In almost all other 
experiments mass or within family selection is applied. The within family selec
tion in mice experiments was first used by FALCONER 1953. Animals are selected 
on their deviation from the litter mean of the same sex. Usually 1 male and 
1 female are selected from each family. In a within family selection system of 
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full sibs, only 50 % of the genetic variance will be used. However the system has 
two important advantages, (ROBERTS 1965): 
- It excludes maternal effects on the selection. This simplifies the interpretation 

of the results. 
- As each family contributes equally to the production of the next generation, 

the effective population size will be double the number of parents (FALCONER 

I960"). This reduces the inbreeding coefficient and the genetic drift variance. 
The system of within family selection can easily be combined with a mating 

system of maximum avoidance of inbreeding (MAI). These MAI systems have 
been described by FALCONER 1967. The necessity to apply within family selection 
depends on maternal effects on the selected traits. From experiments of Cox 
et al. 1959, YOUNG et al. 1965, MONTEIRO and FALCONER 1966 and EL OKSH et 

al. 1967, it may be concluded, that the sum of prenatal and postnatal maternal 
effects is about 70 % of total phenotypic variance in bodyweight between 12 and 
21 days. MONTEIRO and FALCONER found that the maternal effects increased 
until 4 weeks of age. At this age the maternal effects are mostly postnatal. Later 
they are very much reduced by compensatory growth. According to MONTEIRO 

and FALCONER, this reduction was 60 % between 5 and 8 weeks. EL OKSH et al. 
found that from 6 weeks onwards the genetic influences were a larger percentage 
of the total variance than the maternal influences. MONTEIRO and FALCONER 

1966 found the same from 7 weeks on. 

3.1.2 Estimation of genetic changes 

3.1.2.1 Sepa ra t ion of e nv i ronmen ta l t r ends 
Genetic changes can only be estimated if they can be separated from environ

mental changes. In literature some techniques are discussed, which distinguish 
these changes (DICKERSON 1969, LEGATES 1971 and HILL 1972a, b). The methods 
mostly applied in selection experiments with mice are : 
- striving for a constant environment in subsequent generations. To this a good 

climatization, constant feed composition and housing will contribute 
- use of diverging selection lines in the same environment. A disadvantage is that 

changes in individual lines and the rate of asymmetry can not be estimated 
- use of constant genetic material in subsequent generations. The control popu

lation is the most well-known example. The size of the control population has 
to be large enough to keep genetic change to a minimum. Also a good selection 
and mating system can contribute to this. 

3.1.2.2 Es t ima t ion e r ro r s of the s e lec t ionresu l t s 
Selection experiments must be designed so that results can be estimated 

accurately. According to HILL 1972a two categories of errors may be distin
guished in the estimation of genetic change : sampling error and bias. 

Sampling error > 
Random genetic drift and random error determine the variance of estimation 
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in genetic change. Random genetic drift is defined by FALCONER 1960a as the 
changes of gene frequency resulting from sampling in small populations. The 
genetic drift variance is according to DICKERSON 1969: 

af = Ga2INe Gd
2 = random genetic drift variance 

C7G
2 = genetic variance 

Ne = effective population size. 

So genetic drift variance can be restricted by increase of population size. The 
genetic drift variance is cumulative with increasing number of generations 
(DICKERSON 1969, HILL 1971, 1972a, b). 

Random error variance is the variance of the population mean 

Gr
2 = Gp2/M G2 = random error variance 

Gp2 — phenotypic variance 
M = number of independent values on which the 

generation mean is estimated. 

This variance is not cumulative. HILL 1971, 1972a, b gives estimations for 
total variance and covariances of selection results per generation. However his 
approach is limited to a number of assumptions of which the most important 
are : 'Genetic and environmental variances and covariances remain constant in 
each population during the selection program. If there is much inbreeding or 
there are genes with a large effect on the quantitative trait under selection, 
changes in genetic variance are likely to occur. Therefore the results are pro
bably of most relevance to experiments of only a few generations duration'. 

Bias 
Some factors have to be mentioned which cause an overestimation or an 

underestimation of genetic change in a given selection procedure : 
- natural or unwitting selection in the control line 
- change of dominance and epistatic effects; inbreeding effects on the popula

tion mean are an example of this. These effects are small in large effective 
populations. They can be eliminated if the inbreeding coefficient in selection 
lines and control line are equal. This occurs if the effective population size in 
selection lines and control line are equal (DICKERSON 1969) 

AF = l/2Ne (FALCONER 1960a) 

- Genotype-environment interaction. The difference in genotype between selec
tion and control line or between diverging lines increases if the selection is 

successful. Thus the genotype-environment effects may increase. If the control 
line is descended from a base population other than the selection line, this effect 
may also be of importance. The genotype-environment effect as a result of 
selection is non-random. It is a part of the genetic change and not of the random 
error. Only interactions of genotypic values with random fluctuations in en
vironment per generation are a part of the non-cumulative random error (crr

2) 
(DICKERSON 1969). 
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3.1.2.3 Es t ima t ion of the rea l ised he r i t ab i l i ty 
In general the realised heritability is estimated with a method, described by 

FALCONER 1960a and RICHARDSON et al. 1968. An estimate is the regression of 
cumulative selection response on cumulative selection differential per genera
tion. HILL 1971 has discussed the disadvantage of this method: the variance of 
population mean increases and the generation means are correlated by the 
genetic drift. 

HILL 1972a compared several ways of estimating the realised heritability: 
regression of cumulative selection response on cumulative selection differential 
(bc), regression of selection response per generation on selection differential per 
generation (bj), ratio of total selection response to total selection differential 
(br), maximum likelihood estimation (m.l.). Estimates with bc and m.l. had the 
smallest variance. 

As the m.l. method could not be used for low values of A2, HILL 1972a con
cluded that bc was most advisable. FALCONER 1960a and RICHARDSON et al. 1968 
used the variance of the regression coefficient as an estimate of the realised 
heritability. 

sbc
2 = (2 R? - K S RtSdl [(« - 2) S St

2 ] 
i i i 

sbc
2 = estimated variance of regression coefficient 

n = number of generations 
Rt — selection result in generation i 
St = selection differential in generation i. 

This gives an unbiased estimate of ahc if the covariance between the R values 
is zero. HILL 1972a, b indicated that genetic drift may introduce covariances 
between the R values. These may cause an underestimation of the variance of the 
realised heritability. HILL gave estimations of the variance which take into 
account these covariances. However this method is restricted to the assumptions 
already mentioned. According to HILL they are usable in selection experiments 
of short duration only. 

3.1.3 Results of selection for bodyweight and growth rate 

3.1.3.1 Real ised he r i t ab i l i ty 
In Table 3.1 a survey is given of the selection experiments for bodyweight and 

growth rate. Mentioned are : 
- selection criteria 
- selection method 
- efficiency of selection, expressed as the realised heritability 
- number of generations. 

ROBERTS 1965 concluded from a review of literature of selection experiments 
on weight that the 'genetic situation is primarily additive in nature and largely 
uncomplicated by interactions either genetic or environmental'. Large differ
ences in weight may be brought about by selection. FALCONER 1960a reported a 
difference between a small and a large bodyweight line of 16 times the genetic 
standard deviation in the base population. 
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TABLE 3.1. Summary of selection experiments for body weight and growth rate. 

References 

GOODALE 

WILSON et al. 

MACARTHUR 

MORE O'FERRALL et al. 

FALCONER 

FALCONER 

HULL 

LEGATES et al. 

LEGATES et al. 

BAKER et al. 

HULL 

MORE O'FERRALL et al. 

HULL 

LEGATES et al. 

LEGATES et al. 

EISEN 

SUTHERLAND et al. 

RAHNEFELD et a l . 

DALTON 

BRADFORD 

FALCONER 

FALCONER 

1938 1 
1971 1 
1949 
1970 
1953 
1953 
1960 
1962 
1962 
1970 
1960 
1970 
1960 
1962 
1962 
1972 
1970 
1963 
1967 
1971 
1960b 
1960b 

Selection 
criterion 

L.1 weight 

L. weight 
L. weight 
L. weight 
S. weight 
L. weight 
L. weight 
S. weight 
L. weight 
L. weight 
L. weight 
L. weight 
L. litterweight 
S. litterweight 
L. litterweight 
L. growth rate 28 

60 d. 

60 d. 
56 d. 
42 d. 
42 d. 
42 d. 
42 d. 
42 d. 
42 d. 
31 d. 
31 d. 
21 d. 
12 d. 
12 d. 
12 d. 

-77 d. 
L. growth rate 21-42 d. 
L. growth rate 21-42 d. 
L. growth rate 21-42 d. 
L. growth rate 21-42 d. 
S. growth rate 21-42 d. 

Selection 
method 

Progeny 
testing 
Mass + sib. 
Mass 
Within fam. 
Within fam. 
Within fam. 
Within fam. 
Within fam. 
Mass 
Within fam. 
Mass 
Within fam. 
Within fam. 
Within fam. 
Within fam. 
Mass 
Mass 
Within fam. 
Mass 
Within fam. 
Within fam. 

h2 

0.32 

0.24 
0.12 
0.22 
0.49 
0.57 
0.13 
0.42 
0.38 
0.44 

- 0 . 17 
0.74 
0.04 
0.18 
0.11 
0.22 
0.24 
0.22 
0.24 
0.26 
0.42 

gene
rations 

10 

7 
12 
11 
11 
5 

15 
15 
4 
5 

12 
5 

15 
15 
10 
9 

17 
13 
19 
7 
7 

L 
S 

large 
small 

3.1.3.2 Asymmet r ica l s e lec t ionresu l t s 
The experiments of, for instance, FALCONER 1953 and LEGATES and FARTHING 

1962 (Table 3.1) showed that selection for large bodyweight (large line) was less 
efficient than selection for small bodyweight (small line). This was also found in 
selection for other traits, for instance litter size (FALCONER 1960a). This asym
metrical response can be concluded from the difference in realised heritability 
between the large and the small line. 
FALCONER 1955, 1960a discussed some reasons for this asymmetry: 
- unequal selection differentials, caused by differences in natural selection, 

fertility or variance. If the comparison is based on realised heritabilities these 
effects are eliminated. 
- genetical asymmetry in the base population. This concerns the degree of 

dominance and the gene frequencies in the base population 
- selection for heterozygotes (dominance) in one of the lines. The selection 

results diminish if the gene frequencies approach the genetic equilibrium. If 
the selection is for additive genetic values in the opposite line, selection may 
continue until fixation occurs 
- inbreeding depression. The inbreeding percentage increases during the selec

tion experiment, especially if the effective population size is small. This con-
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tributes to the asymmetry if the inbreeding depression favours one of the selec
tion goals 
- selection may change maternal effects. 

Mostly it is difficult to isolate the origins of asymmetrical response (FALCONER 

1960a and ROBERTS 1965). The heritability, calculated from comparison of 
relatives is approximately the mean of heritabilities estimated in the divergent 
lines (FALCONER 1960a). Thus the predicted selection response of selection for 
high production may be larger than the realised response, if the prediction is 
based on heritabilities estimated from covariance between relatives. 

3.1.3.3 Resul t s of l ong- te rm select ion 
The frequency of allels may increase by selection until fixation. In this situa

tion one may expect the genetic variance to diminish to zero, and continuing or 
back selection to be without results, unless new variability occurs by mutation 
or crossbreeding (FALCONER 1960a, ROBERTS 1966a). The selection limit can be 
reached without the genetic variance being zero. This occurs if selection is in 
favour of heterozygotes or if the natural selection is in equilibrium with artificial 
selection (ROBERTS 1966a). 
ROBERTS 1966a, b, 1967a, b gave an extensive analysis of the limits of selection 
for body weight at six weeks. He used the data of MAC ARTHUR 1949, FALCONER 

1953, 1960b, FALCONER and KING 1953. ROBERTS stated the following conclu
sions: 
- selection limits are reached in 10-30 generations 
- these limits are unstable; back selection is possible 
- total response in one direction is 2 -6 times the phenotypic standard deviation 

or 3-12 times the additive genetic standard deviation. 
The conclusions are in good agreement with experiments for other selection 

traits: LEGATES and FARTHING 1962 (bodyweight at 42 days), SUTHERLAND et al. 
1970 (growth rate in 4-11 weeks), WILSON et al. 1971 (bodyweight at 60 days), 
BRADFORD 1971 (growth in 3-6 weeks) and EISEN 1972 (litter weight at 12 days). 

The theoretical background of selection limits are discussed by ROBERTSON 

1960 and HILL and ROBERTSON 1966. One of the main conclusions was that the 
time to reach the selection limit is related to the effective population size. 

3.1.4 Correlated effects of selection for bodyweight and growth rate 
Selection for bodyweight or growth rate will cause changes in other traits. 

Correlated selection results are described in a number of selection experiments. 
FALCONER 1953 estimated a positive genetic correlation between bodyweight at 
6 weeks and taillength at this age (0.62 and 0.57). This is in agreement with the 
results of COCKREM 1959 and BAKER and COCKREM 1970. 

MAC ARTHUR 1949 and FALCONER 1953 reported that there were more days 
between mating and littering in the first littering in the small line than in the 
large line. FALCONER suggested that this could be caused by a longer oestrus 
cycle and a higher percentage of matings without fertilization. LAND 1970 and 
BRADFORD 1971 found that selection for growth rate in 3-6 weeks increased the 
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number of ovulated ova. The percentage of pregnancy decreased and prenatal 
death increased in the later generations. This may have consequences for the 
realised genetic correlation between bodyweight and litter size in continuing 
selection for bodyweight. Also FOWLER and EDWARDS 1960 found a variation 
in relation between both traits in several selection lines of FALCONER 1953, 
1960b. MAC ARTHUR 1949, FALCONER 1953 and RAHNEFELD et al. 1966 found 
an increase of litter size after selection for high growth rate and bodyweight and 
a decrease in litter size after selection for low growth rate and bodyweight. 
However ROBERTS 1961 found that in a life-time the total number of young 
weaned of the large line was only half that of the small line. The average number 
of litters in the large line was 4J and in the small line 11. 

Dams in the large line supplied a significantly better prenatal environment for 
their young than dams in the small line. The maternal effect, estimated from the 
12-day litter weight, increased in the large Une and decreased in the small line 
(FALCONER 1953, YOUNG et al. 1965, WHITE et al. 1968). FALCONER as well as 
WHITE et al. reported a greater change in the small line. According to WHITE et 
al. this may be caused by inbreeding depressions on maternal influences. 

3.2 MATERIAL AND METHODS 

3.2.1 Selection criteria 
If absolute growth rate is used as a criterion for speed of the growth curve, a 

large correlated effect in mature weight has to be expected (TAYLOR 1968). How
ever it is preferable that the covariance of the parameter of the speed of the 
growth curve and mature weight is low. BRODY 1945 concluded that the time 
to double the weight before the inflexion point is inversely proportional to the 
parameter for the instantaneous relative growth rate (k^) 

Wt = Aek" (BRODY 1945) Wt = weight at age / 
In Wt = In A + ktt A = weight at age 0 

t = (In Wt - In A)lki 

Time to double the weight is: 

{t2-h) = (In 2Wx-ln Ay^-Çn Wx-ln Ä)\kx 

(In IWi-ln W^lk! = In 2/k 1 = 0.693/^ 

After the inflexion point, the time to halve the difference between mature weight 
A and actual weight Wt is inversely proportional to the instantaneous relative 
growth rate after the inflexion point (k2) 

Wt = A—Be~k2t
 (BRODY 1945) B = integration constant 

A~Wt = Be-k2t 

ln(A-Wt) = lnB~k2t 
t = [lnB-ln(A-Wt)]jk2 
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Time to halve (A— Wt) is: 

(h-ti) = [In B- In (A- Wt)]jk2 - [In B- In 2{A- Wt)]/k2 

= [In 2(A-Wt)/k2 - [In (A- Wt)]/k2 

= In 2jk2 = 0.693/À:2 

The values of kt and k2 are different and of opposite sign. 
From these deductions it follows that the speed of the growth curve can be 

described by the parameters k. Hence the relative growth rate is chosen as a 
criterion, for speed of the curve. The relative growth before the point of inflexion 
is chosen, as the growth in this period is of most economic importance in meat 
production. The relative growth rate is estimated as : 

RG = [{W2-W1)l{t2-tl)]l[(W2 + WJ/2] 
of RG = (In W2-ln WJ/fa-h) 

W2 = weight at age t2 

Wt = weight at age tt 

Preliminary investigations, with daily weight estimations in the base population, 
showed that the point of inflexion in this population occurred at an age of 29-30 
days. This agrees with results of FOWLER 1958 and MONTEIRO and FALCONER 

1966. This investigation also showed that the variation in RG was maximum 
between 21 and 29 days. FOWLER 1958 found the differences in relative growth 
rate between lines selected for bodyweight to be maximum between weaning 
and 30 days. 

Therefore RG is determined as the average relative growth rate in the age 
interval of 21 and 29 days. 

RG = [(W29D-W2\D)ß]l[(W29D + W2\D)\2\- 100 

So RG is expressed in percentages. 

Mature weight might be the best criterion to select for level of the growth 
curve. But mature weight, defined as the weight after which no further weight 
increase occurs, will not be reached before 26-52 weeks (ROBERTS 1961). One 
of the reasons is, that after the completion of skeletal and muscle tissue, fat 
growth is almost linear (CURTIS 1969). So mature weight as a selection criterion 
has two main disadvantages: 
- the breeding animals become infertile 
- generation interval increases considerably. 

One can select for mature weight by indirect selection for weight at a younger 
age, because the correlations between weights at an older age are very high 
(TAYLOR 1968). ROBERTS 1961 concluded that 'the proportional differences 
between the large and the small stocks are substantially the same at six weeks 
and at mature weight', and that the same genetic system controls both six weeks 
and mature weight. 

As mating of mice, in our experiments, took place directly after the age of 
8 weeks, bodyweight at 8 weeks was chosen as the selection criterion for level of 
the growth curve. 
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3.2.2 Breeding stocks 
In 1968, the base population came from the Swiss random bred population 

(Cpb: SE) of the Central Institute for the Breeding of Laboratory Animals TNO 
(CPB) at Zeist. This population was kept under specific pathogen free (SPF) 
conditions. The history of this population is described in a CPB report (CPB 
1967). The effective population size at CPB was about 10,000. 

The base population (55 males and 55 females) was chosen from the whole 
stock in Zeist. Only one animal per litter was sampled. The mice were housed 
individually. Between 18 and 61 days of age the weight and feed intake were 
estimated daily (MINNAARD 1970). At an age of 61 days, 55 pairs were mated at 
random. From the offspring of these matings the parents of the first generation 
of control and selection lines were chosen at random. These lines were: 

- a control line (C) ; 
- a line selected for high RG between 21-29 days (RGH); 
- a line selected for low RG between 21-29 days (RGL); 
- a line selected for high W56D (W56H); 
- a line selected for low W56D (W56L). 

Only first litters were used. 
In the control line 16 pairs were mated per generation. From each litter 1 male 

and 1 female were chosen at random. Also in RGH and RGL 16 pairs were 
mated. In these lines a system of within family selection was applied, because 
maternal effects on RG were expected to be of importance at 21-29 days. Per 
litter the male and female that showed the most deviation from the fullsib 
family mean per sex were selected. In W56H and W56L mass selection was 
applied, because it was assumed that the maternal effects on bodyweight were 
very much reduced at 8 weeks. This assumption is confirmed by the results of 
Cox et al. 1959, YOUNG et al. 1965, MONTEIRO and FALCONER 1966 and EL OKSH 

et al. 1967. EL OKSH et al. concluded, that from 6 weeks onwards genetic effects 
were of more importance than the total maternal effects. MONTEIRO and 
FALCONER 1966 found the same from 7 weeks onwards. In these lines the 32 fe
males and the 16 males that showed most deviation from the population mean 
were chosen. The only restriction was that not more than 3 mice per sex were 
selected from a litter. 

The results of these selection methods can be predicted (FALCONER 1960a). 
Within family selection : 

K = i-<yP-h2-ll2^/(n-l)/[n(.l-t)] 
Rw = selection response per generation 
i = selection intensity 
GP = phenotypic variation 
h2 = heritability 
n = family size 
t = intraclass correlation 
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TABLE 3.2. Mating system in lines C, RGH and RGL. 

Mice in generation 

n + 1 
Litternumber Litternumber 

female male 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

1 
3 
5 
7 
9 

11 
13 
15 
2 
4 
6 
8 

10 
12 
14 
16 

2 
4 
6 
8 

10 
12 
14 
16 
1 
3 
5 
7 
9 

11 
13 
15 

Mass selection : 

R = i-Gp-h2 

In C, RGH and RGL lines, a mating system of maximum avoidance of in
breeding was applied (FALCONER 1967). The scheme is presented in Table 3.2. 
Two mice extra were selected from a reciprocal mating in the scheme when a 
mated pair did not produce offspring or the litter died. If it was impossible to 
choose them in the reciprocal mating, the mice were selected from the most un
related pair. This occurred very rarely. It is clear that this reduced selection 
intensity very much. 

In C, RGH and RGL lines, the inbreeding coefficient could be predicted from : 

AF = l/2Ne Ne = 4JV7(2 + ak
2) (FALCONER 1960a) 

AF = inbreeding coefficient 
Ne = effective population size 
N = number of parents 
Gk

2 = variance of family size 

If the complete mating scheme of Table 3.2 could be realised, then 

ak
2 == 0 and Ne = 64 

AF = 1/128 = 0.78% per generation. 

In W56H and W56L the mice were mated in a harem system of 1 male and 
2 females. Matings were at random with avoidance of fullsib and halfsib matings. 
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If it is assumed that there is a Poisson distribution of family size and all 
matings are fertile, then the inbreeding coefficient can be predicted: 

AF = l/2Ne 
l/Ne = l/(4JV/) + l/(4JVm) Nf = number of females 

Nm = number of males 
AF = 1/(8 Ay) + l/(8Mn) 

= 1.17% per generation 

AF is overestimated because complete random mating is assumed in the predic
tion. 

3.2.3 Experimental conditions 
During the 14 generations of selection the conditions were as follows: 
temperature : 22 ± 1 °C, 
ventilation : 10 times room volume per hour, 
daylength : kept at 12 hours, 
feeding : ad libitum pellets (Hope Farms RMH-B 10 mm), 
tap water : ad libitum, 
relative humidity: not controlled. 

Mating was as soon as possible after the age of 8 weeks. As mating was always 
on Tuesday, not more than 10% of litters were born at the weekends. This was 
of much importance because the weights were always estimated at fixed ages. 
The males were left with the females for 17 days. As a consequence the genera
tions in the 5 lines were synchronized. Identification was by toe-cutting. From 
12 days onwards the young had the opportunity to take pellets from the bedding. 
After weaning at 21 days, the mice were raised in groups of four per cage of the 
same sex. 

Housing was in Makrolon cages type Hulskamp-Komeco MAK 180, with 
sterilized sawdust as bedding. Management was always done by the same two 
persons. 

3.2.4 Data 
In 14 generations in each line, the following observations were made: 

- bodyweight at 21 (W21D), 29 (W29D), 42 (W42D) and 56 (W56D) days 
- tail length at 56 days 
- litter size estimated within 24 hours after birth 
- number of males and females weaned at 21 days 
- number of days between mating and littering. 

Deduced from these observations were: 
- RG between 21 and 29 days 
- survival percentages between 0 and 56 days. 

The accuracy of weight and tail length estimations has been published else
where (BAKKER et al. 1974b). One of the conclusions was that the measurement 
error for weight and tail length was under 1 % of the mean. 
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3.2.5 Methods 
Firstly the mean and standard deviations of a number of traits were estimated 

by combining the data from the first generations of the 5 lines. The distributions 
of the selected traits RG and W56D were described. Sex and litter effects on 
these traits were quantified and the correlation coefficients between traits were 
estimated. 

In the analysis of the selection results attention was paid to the changes in the 
control line. Regression coefficients of means on generation number were esti
mated to investigate whether a systematic change, for instance by increasing in
breeding depression or change in environment, occurred. 

Changes in mean value of the selection criteria RG and W56D were evaluated 
in RGH, RGL, W56H and W56L. These values per generation were expressed 
as deviations from the control. The realised heritabilities were calculated for RG 
and W56D from the regression of cumulative selection response on cumulative 
selection differential. Calculations were made in individual selection lines with 
mean values expressed as deviations from the control and in diverging selection 
lines. The coefficients of regression were forced through the origin, as the differ
ences between the lines in the base population were zero per definition. 

The standard deviation of the realised heritability estimates were calculated 
as the standard deviation of the regression coefficient according to FALCONER 

1960a and RICHARDSON et al. 1968. HILL 1972a, b suggested that these values 
might be underestimated because there was a covariance between selection 
responses in the subsequent generations. The method of the standard deviation 
of the regression coefficient was preferred, as the selection was long-term 
(14 generations), while the methods suggested by HILL are for short-term selec
tion experiments only. 

Finally the changes in tail length and fitness traits were estimated. 

3.3 RESULTS 

3.3.1 Results in the base population 
An exact description of the base population was necessary, because the evalu

ation of the results of the selection was based upon the changes in the selection 
lines, compared to the base population. 

In the first generation of the 5 lines, all data, except the data of the fertility 
characters, were obtained from unselected mice. Thus the data of the mice of all 
5 lines could be united, so that the analysis could be based upon a large number 
of observations. The material consisted of data of 466 females and of 494 males, 
born in 99 litters. 

The following data were involved in the analysis: 
- the weights at 21, 29, 42 and 56 days 
- the tail length at 56 days 
- the relative growth rate (RG) 
- the growth per day between 21-29 (Pt), 29-42 (P2) and 42-56 (i>3) days 
- the size of the litter in which the mice were born. 
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3.3.1.1 Means and s t a nda rd dev ia t ions per sex 
The averages and standard deviations of the traits are presented in Table 3.3. 

The sex differences were tested with Student's t-test. The sex differences in 
weight were not significant at 21 days. At 29, 42 and 56 days, however, signifi
cant sex differences in weight occurred. This is illustrated in Figure 3.1. The 
vertical lines represent plus or minus one standard deviation about the average 
at the age concerned. Also in the relative growth, the absolute growth and the 
tail length significant differences occurred. 

From the significant sex effect on traits it was concluded, that the results of 
both sexes could not be combined. Therefore the further analysis was done 
separately by sex. The coefficient of variation in W56D is 10.20 % for the females 
and 9.09 % for the males. For the RG the coefficients of variation were 20.71 % 
and 13.51%. 

3.3.1.2 F requency d i s t r i bu t i ons and no rma l i ty tes ts 
To give an impression of the distribution of the traits which were selected for, 

the frequency distributions were made for W56D (Fig. 3.2) and for RG 
(Fig. 3.3). In Table 3.4, the normality tests of Fisher (DE JONGE 1964), on devia
tions of the normal distribution, were given. In general the distributions had 
some skewness to the right, except for the RG of the males. This deviation by the 
males was caused by some extremely low RG values. These extremes were 
qualified by the test of Doornbos (DE JONGE 1964) as outliers. Without these 
outliers this distribution had a skewness to the right too. Also there was a 
tendency towards too pointed distributions. This was small or even absent in 

days 

FIG. 3.1. Means and standard deviations of weights in the base population, by sex 
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TABLE 3.3. Means and standard deviations of traits in the first generation of each line by sex. 

Character 

W21D 
W29D 
W42D 
W56D 
RG 
Taillength 
Littersize dam 
Growth PI 
Growth P2 
Growth P3 
Growth total 

466 ÇÇ 

X 

10.49 
17.22 
21.50 
23.52 
6.18 
9.55 

10.18 
0.84 
0.33 
0.15 
0.37 

n.s. = not significant 
*** = p<0.005 

Number 

8 0 , 

60 

40 

20 

0 

J~l 

CZ 1 1 _l L 

s 

2.04 
2.22 
2.13 
2.40 
1.28 
0.38 
2.28 
0.14 
0.12 
0.09 
0.06 

X 

X 

10.59 
20.16 
27.61 
31.02 
7.84 

10.10 
10.47 
1.19 
0.57 
0.24 
0.58 

? 

n . 
x . 
s . 

W4<J(? 

466 
23.52 
2.40 

i i 

S 

2.00 
2.99 
2.48 
2.82 
1.06 
0.44 
2.29 
0.20 
0.15 
0.11 
0.07 

t-test 

n.s. 
*** 
*** 
*** 
*** 
*** 
n.s. 
*** 
**# 
*** 
*** 

25 29 37 41 W 5 6 D ( g ) 

60 

40 

20 

0 

r - ^ 

' ! 

I 

d* 

n = 494 
x =31.02 
s « 2.82 

\ . 
17 21 25 29 33 37 

FIG. 3.2. The frequency distribution of W56D, by sex 

41 W 5 6 D ( g ) 

W56D. However in RG, especially for the males, the tendency was quite clear. 
It was not possible to give the cause of the deviation. Natural selection against 
extreme small mice at an early age might have caused the skewness to the right. 
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Number 
160 r 

Z 

n . 466 
x . 6.18 
s . 1.28 

8 10 12 RG (%) 

1 2 4 6 8 10 

FIG. 3.3. The frequency distribution of RG, by sex 

12 RG (%) 

TABLE 3.4. Normality test of the distributions of RG and W56D. 

Skewness (Gi)1 

?? ss 

W56D Gi = 0.43** Gi = 0.21* 
RG Gi = 0.32** Gi = - 0 . 93** 

1 Normality tests of Fisher ( D E JONGE 1964) 
n.s. = not significant 
* = p<0 .05 
** = p<0.01 

G 2 

G2 

Kurtosis (G 2 ) ' 

?? SS 

= 0.57* G 2 = -0 .32" 5 -
= 0.92** G2 = 6.68** 

Unfavourable maternal effects could have contributed to this. To explain the 
cause for the deviations in RG was impractical, because of the sex differences 
in Gi values. As the distributions were never very asymmetrical or had more 
than one point, it was not necessary to apply parameter-free methods of analysis 
(DE JONGE 1964). 

3.3.1.3 Litter influence on the traits 
To evaluate how the values of the same traits estimated on litter mates, were 

correlated analysis of variance was done to calculate the litter influence. 
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TABLE 3.5. Analysis of variance to estimate litter influence on the traits. 

d.f. 

Characters 
W21D 
W29D 
W42D 
W56D 
RG 
Taillength 
Litter size dam 
Growth P t 

Growth P2 

Growth P 3 

Growth total 

Between 

98 

16.97 
17.46 
13.55 
15.05 
6.25 
0.43 

24.01 
3.81 
5.49 
2.37 

11.89 

Females 

Within 

363 

0.58 
1.50 
2.04 
3.16 
0.37 
0.07 

-
0.63 
1.43 
1.34 
2.66 

Total 

461 

4.06 
4.89 
4.49 
5.68 
1.61 
0.14 
5.11 
1.31 
2.29 
1.56 
4.62 

F 
98 

363 

29.30 
11.66 
6.63 
4.77 

17.10 
6.25 

-
6.04 
3.84 
1.77 
4.47 

Between 

98 

16.30 
34.13 
18.65 
22.91 

3.61 
0.68 

24.80 
6.99 
9.67 
4.05 

13.88 

Males 

Within 

391 

0.68 
2.34 
2.79 
3.94 
0.48 
0.08 

-
1.18 
1.93 
1.82 
3.29 

Total 

489 

3.81 
8.71 
5.97 
7.74 
1.10 
0.20 
4.97 
2.34 
3.49 
2.27. 
5.41 

F 
98 

391 

24.17 
14.59 
6.69 
5.81 
7.55 
8.57 

-
5.93 
5.00 
2.23 
4.22 

All F values: significant p<0.005 

This litter influence consists of: 
- a deviation of the average of the additive genetic value of the parents from the 

population mean 
- non-additive genetic effects by specific interaction (dominance and epistatic) 
- maternal effects, partially determined genetically 
- influences of the litter itself, for instance the litter size. 

The last two points can determine most of the variance, especially in traits 
observed about at the age of weaning. With these data the different sources of 
litter influences could not be calculated. An impression could be obtained from 
the ratio of the between litter variance to the within litter variance. In Table 3.5, 
the analysis of variance of the same traits as mentioned in Table 3.3 is presented. 
The analyses were done per sex. All F values mentioned in Table 3.5 (except, of 
course, of the litter size of the mother) were significant (p < 0.005). The F values 
for the weights decreased with increasing age. This was true both for the females 
and the males. Probably because of the compensatory growth after the weaning, 
the variation by maternal influences and litter size was reduced. The same was 
true for the growth in the successive periods. If we assume that the genetic in
fluence is a relative constant, maternal and litter size influences were decreased 
markedly at 56 days. In view of the age span, it might be assumed that maternal 
and litter size influences on RG were of importance too. 

3.3.1.4 Correlations between the traits 
Maternal and litter effects may have an important influence on the pheno-

typic correlations, especially between traits,'observed before or immediately 
after weaning. By calculating the correlations within litters, these systematic 
environmental effects were excluded. However by doing this the genetic co-
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variance between the litter means of the traits were eliminated too. The correla
tions calculated within litters and the total correlations were estimated per sex. 
The within litter correlations are presented in Table 3.6. Table 3.7 gives the total 
correlations per sex. The correlations were tested for significance with p<0.05 
andp<0.01. From Table 3.6 it follows that in general there were only small sex 
differences in the correlations. The same was true for the total correlations 
between most traits (Table 3.7). However there were striking sex differences in 
the correlations of the growth between 21 and 29 days with the other traits. A 
possible explanation might be that compensatory growth began later in the 
males. Correlations between the weights at different ages were significantly 
positive (p<0.0l). The correlations increased with decreasing time-intervals. 
Total correlations between weights and RG were all significantly negative 
(p<0.0l). The within litter correlation, calculated between RG and W21D were 
significantly positive (p<0.0l) and between RG and W29D significantly 
negative (p<0.0l). In both cases there was auto-correlation. The correlations 
of RG with W42D and W56D were positive, but low. In the last case the correla
tion was not significant in the males; in the females significant for/><0.05. The 
correlation between the tail length and the weights was significantly positive 
(p<0.0l). There was no significant correlation between tail length and RG. The 
total correlations of the litter size of the mother were all significantly negative 
with the weight and positive with the RG (p<0.0l). As mentioned before non-
genetic correlations are of importance in this. The correlation between the 
growth in the succeeding periods was mostly negative and low. 

3.3.2 Selection response 
The results of the selection can be estimated from the modifications in popu

lation means in the succeeding generations of selection. The generation means of 
RG in the C, RGH and RGL lines are presented in Table 3.8. Table 3.9 shows 
the generation means of W56D in C, W56H and W56L lines. In these tables, the 
standard deviations and the numbers of observations are mentioned too. The 
averages were calculated as unweighted means of the means per sex. The stan
dard deviation was calculated from the within sex variance : 

(n.-lW + {n2-l)sa
2 

sd = 
(Mi + «2 - 2) 

nx = number of females sx
2 = variance in the females 

n2 = number of males s2
2 = variance in the males. 

In figures 3.4 and 3.5, the average RG and average W56D per generation in 
the control line C are presented graphically. The regression coefficient of the 
average on the generation number was negative both for the relative growth and 
the weight. This tendency was significant (p < 0.05) for the relative growth, while 
the regression coefficient for the weight was not significant. The graph of the 
average relative growth per generation in RGH and RGL is given in Figure 3.6. 
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TABLE 3.8. Means and standard deviations of relative growth by generation in C, RGH and 
RGL. 

Generation 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

TABLE 3.9. 1 

n 

140 
144 
138 
122 
133 
91 

127 
114 
73 
98 

125 
129 
93 

107 
110 

Control 

X 

7.62 
6.90 
6.58 
6.35 
6.48 
6.36 
7.27 
6.43 
6.25 
6.73 
6.60 
6.00 
5.40 
5.78 
6.37 

s 

0.95 
1.10 
1.08 
1.24 
1.63 
1.30 
0.82 
0.92 
1.09 
1.38 
1.50 
1.15 
1.70 
0.87 
0.97 

n 

140 
140 
126 
123 
84 
78 

121 
88 
75 

107 
69 

126 
86 

110 
130 

RGH 

X 

7.62 
7.57 
6.50 
6.21 
6.26 
6.37 
6.56 
7.11 
6.35 
6.69 
6.57 
6.52 
6.08 
6.71 
6.59 

s 

0.95 
1.36 
1.47 
0.65 
1.45 
1.15 
0.90 
1.20 
1.12 
1.12 
0.94 
1.37 
0.87 
1.15 
1.27 

n 

140 
140 
134 
141 
137 
74 
96 

101 
91 
92 

102 
113 
132 
119 
117 

RGL 

X 

7.62 
6.92 
6.44 
6.86 
6.19 
6.20 
6.43 
6.48 
6.18 
6.11 
5.94 
5.32 
5.14 
5.35 
4.86 

s 

0.95 
1.32 
0.98 
0.80 
1.20 
1.06 
1.07 
1.00 
1.34 
1.26 
1.12 
0.98 
1.08 
1.29 
1.04 

Means and standard deviations of bodyweight at 56 days by generation in C, 
W56H and W56L. 

Generation 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

n 

140 
144 
138 
122 
133 
91 

127 
114 
73 
98 

125 
129 
93 

107 
110 

Control 

X 

26.53 
27.61 
27.03 
26.40 
27.46 
27.47 
26.93 
27.54 
26.63 
28.16 
26.42 
27.47 
26.57 
25.85 
24.64 

s 

2.76 
2.25 
3.08 
3.35 
2.54 
2.70 
2.34 
2.58 
3.07 
2.93 
2.25 
2.42 
2.41 
2.36 
2.47 

n 

140 
322 
239 
261 
239 
217 
179 
167 
137 
140 
188 
211 
232 
115 
223 

W56H 

X 

26.53 
27.25 
29.85 
29.14 
30.56 
32.15 
33.74 
34.58 
35.78 
37.02 
37.38 
38.22 
37.28 
41.44 
37.52 

s 

2.76 
2.74 
2.91 
2.63 
2.91 
3.21 
3.30 
3.45 
3.59 
3.68 
3.90 
3.63 
4.64 
3.92 
3.38 

n 

140 
214 
247 
184 
236 
155 
169 
141 
95 

141 
86 

121 
151 
64 

114 

W56L 

X 

26.53 
27.27 
25.90 
24.61 
23.46 
21.15 
21.15 
20.22 
18.33 
18.31 
16.97 
17.80 
15.48 
15.18 
15.92 

s 

2.76 
2.65 
2.51 
2.21 
2.36 
2.60 
2.54 
2.26 
2.45 
2.49 
2.41 
2.44 
2.35 
1.93 
2.77 

The averages were expressed as deviations from the control line, to exclude 
systematic environmental influences. The regression coefficient of the average 
RG on the generation number was in RGH 0.03 ± 0.01 (p <0.05). In RGL the 
regression coefficient was —0.06 ± 0.01 (p<0.0l). 

Figure 3.7 shows average body weights at 56 days in W56H and W56L. The 
values were also expressed as deviations from the control line. The regression 
coefficient of the average on the generation number was 0.99 ± 0.05 in W56H 
and -0.88 ± 0.05 in W56L (both significant p<0.01). 
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D . - 0 . 0 8 ±0.03 

10 12 14 
générât ion 

FIG. 3.4. Average relative growth in the control line 

D . - 0 . 0 9 ±0.05 

0 2 4 6 8 10 12 14 
genera t ion 

FIG. 3.5. Average bodyweight at 56 days in the control line 

In the Tables 3.10 and 3.11 the changes in means and standard deviations for 
generations are given. There was no significant trend in the variation of the RG 
in C, RGH and RGL lines. The variation in W56D did not change significantly 
in C and W56L, but there was a significant increase of the variation {p < 0.01) 
in the W56H. 
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b . 0.03 + 0.01 

V R G L 

b . . 0 . 0 6 ±0.01 \ 

4 6 8 
g e n e r a t ion 

10 12 14 

FIG. 3.6. Average relative growth in RGH and RGL as deviations from the control line 

W 5 6 L 

4 6 
genera t ion 

FIG. 3.7. Average bodyweight at 56 days in W56H and W56L as deviations from the control 
line 
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TABLE 3.10. Regression coefficients of relative growth generation means and variations on 
generation number. 

Mean(%) Variation (%) 

Control -0.08** ± 0.03 0.01ns ± 0.02 
RGH1 0.03* ± 0.01 -0 .00 n s ± 0.01 
RGL1 -0.06** ± 0.01 0.01ns ± 0.01 
1 Means corrected for deviations in control 

n.s = not significant 
* = p<0.05 
** = p<0.01 

TABLE 3.11. Regression coefficients of means and variations of body weight at 56 days on 
generation number. 

Mean (g) Variation (g) 

Control -0.09--8 ± 0.05 -0.03"8 ± 0.02 
W56H1 0.99** ± 0.05 0.10** ± 0.02 
W56L1 -0.88** ± 0.05 -0 .02 n s ± 0.04 
1 Means corrected for deviations in control 

n.s = not significant 
* = p<0.05 
** = p<0.01 

3.3.3 Selection differential 
Tables 3.12 and 3.13 summarize the selection differential for RG (C, RGH and 

RGL) and W56D (C, W56H and W56L). Unwittingly there was some selection 
in the control line both for the relative growth and the weight. This might be 
explained by deviations in the random choice. On an average the selection 

TABLE 3.12. Selection differential in relative growth by generation in C, RGH and RGL. 

Generation C RGH RGL 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Average 

- 0 . 0 9 % 
0.22 

- 0 . 25 
- 0 . 41 

0.02 
0.02 

- 0 . 22 
- 0 . 16 
- 0 .18 
- 0 . 11 

0.08 
- 0 . 56 

0.46 
- 0 . 09 

0.43% 
0.42 
0.41 
0.35 
0.52 
0.34 
0.51 
0.49 
0.30 
0.33 
0.27 
0.19 
0.21 
0.37 

- 0 . 7 7 % 
- 0 . 69 
- 0 .68 
- 0 . 93 
- 0 . 58 
- 0 . 69 
- 0 . 53 
- 0 . 95 
- 0 . 51 
- 0 . 47 
- 0 . 74 
-0 .86 
- 0 . 79 
- 0 . 71 
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TABLE 3.13. Selection differential in bodyweight at 56 days by generation in C, W56H and 
W56L. 

Generation 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Average 

C 

0.41 g. 
0.23 
0.34 
0.29 
0.34 

- 0 . 34 
0.15 

- 0 . 16 
- 0 . 20 

0.35 
0.07 

- 0 .53 
0.22 
0.09 

W56H 

4.34 g. 
3.97 
3.55 
3.99 
4.11 
4.36 
4.08 
4.06 
3.70 
5.16 
5.01 
6.30 
3.44 
4.31 

W56L 

- 3 . 07 g. 
- 3 . 13 
- 2 . 60 
- 3 . 02 
- 2 . 83 
- 3 . 10 
- 2 . 47 
- 1 . 56 
- 2 . 41 
- 1 . 91 
- 2 . 21 
- 2 .51 
- 0 . 82 
—2.43 

differential was —0.09 % for RG and +0.09 gram for W56D. Comparison of the 
selection differentials in RGH and RGL showed strikingly that the selection 
differential in RGH was on an average nearly half of that in RGL. 

The selection differential in RGH declined. However the within litter varia
tion per sex was in RGH not much smaller than in RGL (females 0.79 and 0.80 
respectively and males 0.64 and 0.66 respectively). The selection differential was 
in W56H higher than in W56L (4.31 against 2.43). In the estimates of the realised 
heritabilities of RG and of W56D, the selection differentials in the selection 
lines were corrected for the selection differential in the control line. 

3.3.4 The realised heritabilities 
The realised heritability was estimated from the regression coefficient of 

cumulative selection response on cumulative selection differential 

he — bRcum Scum — 2 R c u m( Scumt fit Scumi 

Corrections for environmental influences on the selection differential and the 
selection results were made in two ways: 
- expressing the means as deviations from the mean in the control line 
- basing the estimations on the difference between the divergent unes. 

The cumulative selection differentials and results were calculated per genera
tion by adding the values in the divergent lines. 

Both methods were used to estimate the realised heritability for RG and for 
W56D. 

Figure 3.8 shows the difference in total selection differential between RGH 
and RGL. There was a large variation in selection differential per generation. 
In the last generation the selection differential was even negative in RGH. This 
was caused by a combination of a small uncorrected differential in RGH and a 
large correction factor in the control. An estimate of the heritability gave for 
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Rctim. WW 

b = 0.06 t 0.03 

RGH 

b « - 0 . 1 0 ± 0 . 0 2 

RGL 

0 1 2 3 4 5 6 7 8 
Scum. I/o) 

FIG. 3.8. Cumulative selection response and cumulative selection differential of relative 
growth in RGH and RGL 

RGH a value of 0.06 ± 0.03 (p <0.05). For RGL the realised heritability was 
0.10 ±0.02 (p<0.0l). The realised heritability estimated from the divergent 
lines was 0.08 ± 0.01 (p<0.01). Figure 3.9 shows that correction for environ
mental influences in this situation gave a much more regular course of Rcum and 
Scum. This followed also from the standard deviation of h2, which was substan
tially lower in the estimation from the divergent lines. 

The estimation of the realised heritability for W56D in W56H and W56L is 
given in Figure 3.10. The total selection differential was in W56H almost twice 
that in W56L. The realised heritability was 0.28 ± Q.01 O < 0.01) for W56Hand 
0.35 ± 0.02 (p<0.0l) for W56L. The selection for a low weight was more 
effective than for a high weight. An estimation of h2 from the divergent lines 
W56H and W56L (Figure 3.11) gave 0.31 ± 0.01 O<0.01). 

b=0.08 ±0.01 

FIG. 3.9. Cumulative selection response and cumulative selection differential in relative 
growth estimated from the divergence of RGH and RGL 
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Rcum. (9 ) 

20 r 

b , _ 0 . 3 5 ± 0,02 

WB6 L 

s c u m . (9> 

FIG. 3.10. Selection response and selection differential of weight at 56 days in W56H and 
W56L 

40 60 
Scum „ (g ) 

FIG. 3.11. Cumulative selection response and cumulative selection differential in weight at 
56 days estimated from the divergence of W56H and W56L 

3.3.5 Correlated effects 
Selection for RG and for W56D had consequences for a number of other 

traits. The weights at - or the growth rate between - different ages may change, 
the fertility may alter, while the body composition and the growth pattern of the 
body components may differ between selection lines. 

In this section the changes in W56D, RG, tail length, fertility and survival 
percentage are examined. 

3.3.5.1. R G and W56D as co r re la ted t r a i t s 
Figure 3.12 shows, that the selection for W56D resulted in rather definite 

changes in RG, both in W56H and in W56L. Selection for high RG resulted in 
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