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SUMMARY

Litter size at birth in sheep, cattle, pigs and mice has a low 
heritability (about 0.1), but a high coefficient of variation. Realised 
responses to selection within a population have averaged 1.3%/yr in sheep, a 
small non-significant value in pigs and 1.6 %/generation in mice. Experiments 
with cattle are still at an early stage. Intensive screening in some
experiments has achieved initial gains averaging 18% in sheep, 13% in cattle 
and 16% in pigs. Selection for ovulation rate in sheep, pigs and mice has 
generally been ineffective in increasing litter size, whereas selection for a 
combination of ovulation rate and embryo survival has resulted in larger 
litters. The search for genetic markers continues, along with the search for 
traits that may be usefully recorded in juveniles.

INTRODUCTION

This review will be restricted to genetic responses achieved by selecting 
for reproductive rate in sheep, cattle, pigs and mice. Of course, the rate 
of genetic response in this trait is determined by the selection intensity 
applied, the heritability and generation interval, as for any other trait. 
However, the nature of the reproductive process means that it is seldom as 
easy to make fast genetic improvement as with, say, growth. This review 
summarises heritabilities of litter size, the responses achieved in selection 
experiments, and the contributions of screening, embryo transfer (ET), single 
genes and some indicator traits to the rate of response. Further details are 
covered by the other 3 speakers in this Conference Session.

SHEEP

Theoretical response rates. Smith (1984) summarised potential theoretical 
rates of response for litter size in sheep as 2.1% of the mean per year. His 
assumptions included a heritability of 0 . 1  and generation intervals in males 
and females of 1 and 2.5 yr, respectively. For comparison, he estimated 
responses to selection for growth in sheep to be 1.4% per yr when natural 
service was used, and 2.4% per yr when ET was used. With less optimistic 
assumptions, it would be easy to arrive at a 50% lower theoretical rate per yr 
for litter size, say 1%. Smith (1986) has explored the likely increases in 
response rate for litter size if multiple ovulation and ET (MOET) is utilised. 
The gains would come from shorter generation intervals, and/or increased se
lection among females, amounting to 50 to 70% greater rates of genetic change.

Land et a 1. (1983) reviewed nine references giving estimates of heri
tability and repeatability of litter size. These averaged 0.10 and 0.15 re
spectively.

Realised responses in litter size. Land et al. (1983) reviewed responses
from five experiments selecting for litter size in sheep. The response rates 
averaged 1.3% of the mean per year, with experiments ranging in duration from 
1 0  to 2 2  yr, and all using natural service.

On an industry level the best known sheep selection work is from Norway. 
Eikje and Steine (1976) reported an annual response rate of 0.7% for litter
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size at birth (only one of a number of index traits) and 2.3% for litter size 
at weaning. Within New Zealand, examples have also been documented where 
industry flocks are under index selection for litter size and other traits. 
G.B. Nicoll (personal communication, 1989) observed a genetic trend in the 
Waihora Romney nucleus breeding scheme of about 0.5% per yr, over the 15 year 
period, 1974-88. Two other industry nucleus breeding schemes also achieved 
genetic progress of about 0.5%/yr over 10 to 15 years (Baker et al. . 1987), 
after accounting for the likely selection response in foundation ewes.

Table 1 Selection response achieved in establishing a foundation flock or 
herd

Species and 
reference

extra
progeny per 
parturition

% of 
control 
mean

species 
average, 

%
Sheep
Wallace (1964)a : High Flock 0.17 15
Wallace (1964)a : Low Flock 0.14 1 2

Hight et al. (1975)b 2 x0 . 1 1 2 0

Davis et al. (1987) : Romney 0.31 2 1

Davis et al. (1987 : Coopworth 0.34 2 2 18

Cattle (Morris and Day, 19R91C
Australia 0 . 1 2 1 2

France 0 . 1 2 1 2

New Zealand 0.09 9
United States 0.17 17 13

Pies1’
Bolet and Legault (1982)° 2x1.05 2 1

Bichard (1985). cited by Haley et al- (1988) 2x0.77 15
Tomes and Newman (1984) 
a . , ....... ...

2x0.65 13 16

Doubled because of the progeny test design
Extra progeny, after subtracting a national herd mean of approximately 
1.01 (Australia), 1.04 (France), 1.03 (United States) and the control 
herd mean of 1.009 in New Zealand
First parities showed a reduction of 0.51+0.48 in litter size

An attempt is made here to document the selection responses in litter 
size achieved in founding various research and industry flocks. Results are 
presented in Table 1 for sheep, cattle and pigs. An 18% increase was 
achieved in the foundation ewes intensely selected in the 5  flocks shown, 
equivalent to about 14 years of selection within a closed flock.

In addition to screening, major advances have been achieved in litter 
size through the identification of single genes. For example, the Booroola 
gene (Piper and Bindon, 1982; Davis et a 1.. 1982), which was found in animals 
purchased as founders of the CSIRO 'B' flock of Merinos (Turner, 1978), has 
since been shown to have an effect of about one egg on ovulation rate, with 
0.6 extra lambs born per ewe. The subsequent survival of lambs from ewes 
carrying the gene depends greatly on environment and management. A major 
gene also contributed to the response in litter size in Owen's Cambridge flock 
(Hanrahan and Owen, 1985), founded from purchased highly fecund ewes of vari
ous breeds, and one has been suggested in Icelandic sheep (Jonmundsson and 
Ada Isteinsson, 1985). Also of interest in the Icelandic review was the fact
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that litter size in coloured ewes was greater by 0.16 than that found in white 
ewes, according to six different references.

Other traits. Apart from ovulation rate and uterine capacity which are 
discussed later, other reproductive traits under selection include (1 ) testis 
diameter (Land et al. . 1983), where litter size at birth (adjusted for body 
weight) responded to directional selection for testis diameter adjusted for 
body weight, and (2 ) response of luteinising hormone to an exogenous hormonal 
challenge (Haley et al., 1989) where increases in ovulation rate and sometimes 
litter size were found. Also, it is generally found (Land, 1985) that body 
weight and litter size are positively related within species, negatively 
across species.

CATTLE

Theoretical response rates. A review by Maijala and Syvajarvi (1977) found 
(from 9 studies) a mean heritability of 0.03 and a repeatability of 0.06 for 
twin calving rate. Land and Hill (1975) were among the first to describe 
what is achievable with selection for twin calving rate in cattle. The re
sponses which they calculated depended on the variance of twin calving rate in 
the foundation herd, which in turn depended on the herd mean. Using the as
sumptions of Land and Hill (1975), there was more than a threefold range (0.42 
to 1.39%) in likely annual response in twin calving rate (Table 2). The 
range depended not only on the assumption about the mean in the foundation 
herd, but also on numbers of ovulation records per cow and the bullrcow mating 
ratio. They expected a doubling in response rate by using a herd with 8 % in
stead of 2% twin calvings at the start, and an increase of about 25% by ex
panding the number of ovulation records per cow from 5 to 10. Superovulation 
and ET was envisaged for multiplying the genes from the best cows, so that 
there would be little increase in generation interval.

Table 2 Predicted rate of annual response3  (% twin calvings per yr) in
foundation herds with different assumptions (after Land and Hill, 1975)

Number of ovulation 
__records/cow______

Initial twin 
calving rate (%)

__CPM5
4

mated oer bull
16

1 0 2 0.42 0.53
5 4 0.47 0.60

1 0 4 0.59 0.75
1 0 8 0.82 1.03
1 0

a
16 1 . 1 0 1.39

Assumes a generation interval of 3.5 yr and bull selection based on the 
performance of 3 sibs

Realised responses in twinning. No estimated rate of response to selection 
for twin calving rate in cattle has yet been published. Four large experi
ments (established from purchased cows with a history of at least two sets of 
twin calvings each) have been in progress since the 1970s or early 1980s, in 
America, Australia, France and New Zealand (Morris and Day, 1989). A recent 
estimate of the twin calving performance of foundation cows in these herds 
(since purchase) averaged 15% (range 10 to 20%). This twin calving rate rep
resented a 13% advantage over the control level. Data from the establishment 
phases of these experiments are summarised in Table 1, where the average re
sponse was shown to be less than achieved in sheep.
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The twin calving rates of daughters born in these four experiments are 
still being assessed; so far they average 7% with a range of 3 to 12% (see 
review by Morris and Day, 1989). Two factors need to be recognised here: 
(1 ) twin calving rate is affected by age of cow, and most of the recorded ani
mals in each experiment are still young (2 to 4 years of age), and (2) all 
four experimental herds are being managed as beef herds, whereas many founda
tion cows (except in France) came from dairy herds. There are generally 
higher twin calving rates in dairy herds than beef herds, perhaps due to the 
shorter postpartum interval to first oestrus or the longer inter-calving 
interval in dairy herds.

Other selection attempts have been made (see review by Morris, 1984). 
These began with twin-born females, rather than twice - twinning cows, so that 
selection intensities were very low and the experiments were unsuccessful.

There are opportunities for increasing the selection responses already 
achieved, by MOET, and this is being tried in America and Australia (K.E. Gre
gory and B.M. Bindon, personal communications). Keeping the experimental 
herds open to the introduction of genes from rare outlier animals is another 
possibility (e.g. introductions of semen from Norway to the New Zealand herd). 
Clearly the ideal situation with outliers would be if it was possible to iden
tify a major gene for twin calving, as Has been achieved with the Booroola F 
gene in sheep. Morris (1984) has summarised some of the early publications 
which implicated a single gene (many of the publications being based unfortu
nately on small numbers of records). For 23 of presumably the most excep
tional cows recorded, there was a total of 140 calvings, a mean litter size of 
2.24, with 1.26 calvings per cow being of triplets or better. More recently, 
Syrstad (1984), K.E. Gregory (personal communication, 1989) and Ron et al. 
(1990) have tested for the segregation of a single dominant gene, but without 
success. Data from Rankin and Okidi (1975) and from our station (Morris, un
published) suggest that any single gene would probably be recessive, which is 
consistent with the negative heterosis (P<0.01) observed by Maijala and 
Syvajarvi (1977) in twin calving data from Finnish breeds of cattle.

Other traits. So far, selection for reproduction in cattle in this review 
has been synonymous with selection for litter size. However, there is at 
least one case of selection for fertility in tropical cattle (Hetzel et a 1. , 
1989). Under temperate conditions the heritability of fertility is very low: 
for example, as a bull trait (60- to 90-day non-return rate) it was found to 
be 0.02 in Denmark (Hansen, 1979); as a cow trait it was found for Bos Caurus 
to be 0.09 (Dearborn et al. . 1973) and 0.03 (Morris et al.. 1987). However, 
for Bos indicus crosses under tropical conditions, Deese and Koger (1967) 
found an average heritability of 0.22 (or 0.42 from transformed data) and See- 
beck (1973) found an average value of 0.08 (excluding Bos taurus x Bos taurus 
crosses). This suggested that there was more scope to select for fertility 
in Bos indicus than Bos taurus cattle (or more scope in tropical 
environments). Hetzel used a best linear unbiased prediction model with 
numerator relationship matrix to estimate breeding values of Droughtmaster 
cows for pregnancy rate with 2 0  years of data from a tropical environment in 
northern Australia. Cows still present in the herd were then selected on 
breeding value. The expected herd difference between the foundation ’High' 
and 'Low' herds was 17 percentage points and the observed difference in the 
subsequent three seasons was 12 percentage points (P<0.01). Thus, the 
assumed parameter values (0 . 1  for heritability and 0 . 2  for repeatability) were 
of the correct order of magnitude for the cow population and environment under 
study. The authors found that lactating cows achieved 17 fewer pregnancies 
per 1 0 0  joinings than dry cows, but the effect of lactation status was less in
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High than Low line cows. Also, the weights of High line cows, and of their 
calves, were respectively 7.5% and 4% lower at weaning than those of 
corresponding Low line animals. Results from reproductive and related 
performance traits of daughters born in the experiment should be available 
later.

Other cattle experiments selecting for reproduction include the Ruakura 
study at Waikeria (G.L. Bennett, R.L. Baker, personal communication) where An
gus cattle were divided from 1982-1984 into a herd selected for scrotal cir
cumference, two herds for age at puberty in heifers (divergent selection) and 
a control herd. Selection has been applied to yearlings since that time. 
The paternal half-sib heritabilities from foundation cattle (Parratt et al. , 
1987) suggest that useful direct responses should be achieved; values were 
0.50 for scrotal circumference and 0.37 for age at puberty. Most American 
heritability estimates for pubertal traits or scrotal circumference were at 
least 0.3 and often greater than 0.4 (see review by Baker and Morris, 1982). 
The size and sign of realised genetic correlations in cow fertility at 
Waikeria will be of great interest. For example, how much does a bull 
selected for larger scrotal circumference affect the pregnancy rate of cows? 
A response should be achieved (1) if there is an increase in the bull's 
fertilising ability, and also in his sons' potential, and/or (2 ) genetically, 
if there is a positive genetic correlation with female reproduction. Hammond 
and Graser (1987) reviewed the subject and, with a series of assumptions about 
correlations, have concluded that, for (1 ), the mates of both the bulls and 
their sons should improve in calving rate and, for (2 ), the genetic response 
in calving rate could be at least 0.4% from each cycle of selection. 
Experimental herds such as at Waikeria have not been evaluated before, for 
validation of this form of bull selection.

Other components of reproduction are calving dates and the interval 
between them. For intercalving interval, the review by Morris (1980) of data 
from various management systems gave a mean heritability of 0.08 ( 8  estimates) 
and a mean repeatability of 0.16 (20 estimates). Other, similar estimates 
have been reported more recently from the USA. The interpretation and 
biological significance of herita*bilities of calving dates or intercalving 
intervals must be considered very carefully. For 'year-round' calving herds, 
the parameters may be relevant, but (1 ) in an extensive beef herd, the effect 
of season and/or nutrition on anoestrus is important and, (2 ) in a dairy herd, 
the mating dates allowed by the dairyman may control calving dates. For 
herds with a restricted mating period and thus a seasonal calving schedule, 
the important parameter is probably in-calf rate rather than calving date. 
Under most circumstances with spring calvings, there is a negative phenotypic 
regression of intercalving interval on prior calving date. The result is 
that (1 ) early calvers calve later in the next year, and vice versa (e.g. 
Knight and Nicoll, 1978; Meacham and Notter, 1987), and (2) late calvers that 
fail to conceive in time will be described by the in-calf rate statistics 
rather than by intercalving interval. With autumn calving where there is not 
a negative phenotypic regression of intercalving interval on calving date 
(Montgomery et a 1. . 1980), selecting for earlier calving amongst early calvers 
is futile because the first calving date is controlled by management.

PIGS

Theoretical response rates. Smith (1984) estimated a potential annual 
response rate of 3.0% of the mean for litter size in pigs. Earlier (Smith, 
1981), he had considered the value of MOET for pigs, and concluded that its
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advantage was likely to be small, because of the pig's already high 
reproductive rate and short generation interval.

The review by Haley et al. (1988) of eight studies showed an average
heritability for litter size of 0.085 and a repeatability of 0.15.

Realised responses in litter size. Results obtained during the screening
phase with foundation sows are shown in Table 1. An average 16% increase was 
achieved in the three experiments, a result similar to sheep. In practice, 
rates of annual genetic response within a herd have subsequently been much 
lower than the 3% of the mean anticipated by Smith (1984). Bolet and Legault 
(1982) reported no progress from 10 generations of selection. They found 
greater ovulation rates but also greater compensatory embryonic losses. 
Haley et al. cited four other selection experiments, and concluded that there 
was slight evidence of a useful selection response: "none of the results
reported here constitutes good evidence that litter size will not respond to 
selection". From 3 experiments (as graphed by Bolet and Legault, 1982), the 
annual response in litter size was only 0.006 pigs or 0.06%.

The concept of the granddaughter-granddam effect has achieved a high 
profile in polytocous species such as the pig since it was first suggested for 
mice by Falconer (1960). The litter size in which a gilt was born affected 
its own phenotypic performance for litter size. Studies of the potential
importance of this have been carried out with pigs, for example in North 
Carolina (Revelle and Robison, 1973). They found a heritability of 0.28+0.26 
from the granddaughter-granddam regression, which was more than twice the 
value (0.13+0.06) obtained using a daughter-dam regression.

Other traits. Apart from studies of ovulation rate and uterine capacity,
which are discussed later, correlated changes in testis weight in a herd 
selected for ovulation rate (Schinkel et al., 1983) suggest that testis weight 
in males and litter size in females may increase together.

MICE

Theoretical response rates. In contrast to the farm animal species, one
seldom sees calculations of theoretical response rates for mice. However,
assuming a selection intensity of say 0 . 6  (progeny of fecund dams), a 
heritability of 0 . 1  and a standard deviation of 2 . 2  mice, the theoretical 
response rate is 0.13 mice/generation. The more common procedure has been to 
measure realised responses and heritabilities and to study the limits after 
many generations of selection. The difference between the experimental 
designs for mice versus farm animals merely reflects the fact that generation 
intervals in mice are measured in weeks, not years.

Realised responses in litter size. Joakimsen and Baker (1977) summarised
some of the experiments selecting for litter size in mice, as shown in Table 
3. The realised heritability averaged 0.13, and the responses (mice per 
generation) averaged 0.15 (or 1.6% of the mean) with a wide range. 
Cumulative responses over the full length of each experiment were from 0 to 
3.8 mice (average 2.0). The nil response was obtained by Dalton and Bywater 
(1963), although their selection criterion was slightly different, i.e. 
numbers of mice weaned at 3 weeks of age. Phenotypic standard deviations 
over all experiments averaged 2 . 2  mice, with a range from 2 . 0  to 2 . 6  mice. 
Some of the range in standard deviation could be due to differences in 
effective population size. In addition however, the question of dam's litter 
size may also have been important, as already mentioned for pigs. Eisen
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(1970) standardised for litter size, and found that there was no resulting 
negative correlation between dam's and daughters' litter size.

Table 3 Review of selection responses for increased litter size in 5
experiments with mice

Parameter Mean Ranee
Number of generations 14 1 0  to 2 0

Realised heritability 
Realised response,

0.13 0.04 to 0.20

absolute 2 . 0  mice 0 to 3.8
% of control 21.7 0 to 35
mice per generation 0.15 0  to 0.26

Phenotypic standard deviation 2 . 2  mice 2 . 0  to 2 . 6

Other traits. Apart from ovulation rate and uterine capacity, discussed 
below, other selection traits include testis diameter (Islam et al. . 1976), 
where there was a genetic correlation of 0.25 to 0.50 with ovulation rate but 
no change in litter size.

USING VARIATION IN OVULATION RATE AND/OR UTERINE CAPACITY

Increasing litter size by indirect selection on ovulation has been tried 
in a number of experiments in sheep, pigs and mice, but not in cattle. For 
example, in sheep, Hanrahan and Quirke (1982) achieved a response of 1.3 eggs 
in one generation of selection with Finnish Landrace ewes. However, there 
was no significant difference in the litter size expressed by first generation 
ewes. Hanrahan (1980) postulated that the genetic correlation between 
ovulation and twinning rates was statistically unity, but that there was 
increasing embryonic loss as ovulation rate increased. An essential part of 
the hypothesis was that there were only minimal genetic differences in uterine 
capacity from animal to animal. Hanrahan predicted that the regression of 
litter size on ovulation rate was not quite linear and had a value of 
approximately 0.6 in sheep. However, more recent experiments challenge the 
assumption of no genetic differences in uterine capacity. For example, Meyer 
et a 1. (1983) found (over six experiments) that the mean litter size of ewes 
conceiving to a double ovulation was 1.59 in Romneys and 1.79 in Border 
Leicester x Romney crosses.

Hanrahan and Quirke (1985) concluded that the repeatability and 
heritability were greater for ovulation rate than litter size in both low and 
high fecundity breeds (of sheep). The critical question seems to be the 
contribution of genetic variation in uterine capacity.

Bradford (1969) has also shown in mice that an increase in litter size 
is not an automatic result of selection for ovulation rate ( 0  line). 
Compared with the control (C) line, the 0 line showed a 13.3% increase in 
ovulation rate, but also a 9.9% decrease in embryo survival, so that there was 
only a 2.5% increase in litter size. Some of the variation in embryo 
survival was genetic, giving a heritability of approximately 0.10. Index 
selection for embryo survival rate was however successful in increasing litter 
size in a third line by 27.5%. Preimplantation losses were also reduced in 
the index selection line. Spearow (1988) has suggested that 2 to 4 major 
genes may explain much of the variation in hormone - induced ovulation rate 
among 16 inbred strains of mice.
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Johnson et al. (1984) reviewed a Nebraska pig experiment using direct 
selection for ovulation rate over 10 generations. This work failed to obtain 
a significant response in litter size in spite of a 31% 'advantage' above the 
control ovulation rate. However, after selection was relaxed, there was a 
significant difference of 0.70+1).22 pigs in litter size due to prior selection 
(Johnson et al.■ 1985). Further index selection for ovulation rate and 
embryo survival has since been applied, (Neal et al . . 1989), increasing litter 
size at birth by 0.19+0.14 pigs per generation. There was a genetic 
correlation of -0.56+0.24 between ovulation rate and embryo survival. From 
the interspecific relationships, Taylor and Murray (1987) noted that the pig 
is exceptional for its adult body size, having "a gestation length half that 
expected, ... an average litter of about 1 0  piglets instead of the expected 
1.3, with individual piglets on average 0.6% mature in body weight at birth 
compared with an expected value 9 times greater”. Thus, competing natural 
selection may be important in pigs, as also discussed below.

The concept of exploiting genetic variation in embryo survival (or 
uterine capacity) has probably been tested in most detail in pigs (e.g. 
Bennett and Leymaster, 1989). They summarised 12 experiments in pigs where 
ovulation rate, embryo survival and litter size were studied. The regression 
of the "proportion of embryos surviving" on ovulation rate was very small at 
-0.002+0.002/ovum. As a result, the authors proposed a model where the loss 
rate was independent of ovulation rate, and thus different from the sheep 
model (Hanrahan, 1980). They suggested however, that the litter size 
achieved was limited to the lesser of ovulation rate and the uterine capacity. 
Also, any selection or non-genetic manipulation which increased ovulation rate 
or uterine capacity independently would not result in large changes in litter 
size. Response in litter size depends on a balance between ovulation rate 
and embryo survival, and there may thus be examples where no response is 
achieved. This is different from the more common model, where ovulation rate 
and embryo survival need to be multiplied.

Bradford's (1969) work selecting for embryo survival in mice was 
successful, as described earlier. It is of interest to note that selection 
for a ratio of normal foetuses in" late pregnancy (N) to corpus luteum (CL) 
number could have reduced the CL number; therefore he used an index combining 
the ratio and the value N.

Genetic differences between herds in uterine capacity have also been 
demonstrated in cattle in the New Zealand twin selection experiment (Morris 
and Day, 1987). Greater losses of twin ovulations were found in the control 
than the twin-selection herd, partly related to the different distributions of 
unilateral and bilateral double ovulations in the two herds and the associated 
losses (Morris and Day, 1987). This experiment is the only one in cattle 
with a contemporary control herd. Preliminary results from Clay Center on 
embryonic losses from cows with unilateral or bilateral double ovulations in 
the selection herd (Gregory et al., 1988) did not confirm our findings of a 
difference due to type of double ovulation. HoweVer, Hanrahan's (1983) 
review of published physiological studies in cattle showed that the proba
bility of embryonic survival to term was 2 2  percentage points lower in uni
lateral than bilateral twin pregnancies (a similar trend to that at Ruakura).

SELECTION INDICES INCLUDING DATA FROM RELATIVES

Increasing the information from relatives may have a major impact on 
rates of genetic progress. For example, compared with a change of 0.29 pigs 
per year expected by selecting on the dam's record, the inclusion of data from
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full- and half-sisters of both the sire and dam should increase the rate by up 
to 6 6 % (Haley et al.. 1988).

SELECTION USING PHYSIOLOGICAL OR GENETIC MARKERS

Using physiological markers to assist with selection for litter size has 
been considered. For example Walkley and Smith (1980) concluded that there 
is usually scope to improve the rate of response in litter size by combined 
selection. Increases in rate may range from zero to three times the direct 
response, depending on genetic parameters. Reliable heritabilities and 
genetic correlations are needed, so that selection effort is not misplaced.

The complexity of the reproductive process, and the ability of the ovary 
and pituitary to display homeostasis in response to some of the many 
experimental challenges, serve to emphasise the difficulty that will be 
encountered in searching for useful markers. For example, the Booroola gene, 
first reported by Piper and Bindon (1982) in 1980, has been intensely studied 
but no gene product has yet been identified. It remains to be seen how long 
the new technology of molecular biology will take to identify useful markers. 
Many of us would not care to guess a timeframe, but many funding agencies are 
clamouring to know the chances.
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