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SUMMARY

The traditional model of litter size as the product of ovulation rate and 
embryo survival is  reviewed for cattle, sheep and swine. Little i s  known about 
genetic parameters of component tra its  of cattle. The preeminent model for 
sheep assumes that genetic variation in litter size is  due solely to ovulation 
rate; consequently, selection for ovulation rate i s  predicted to inc rea se  
litter size more effectively than direct selection for l it te r  size. Evidence 
for genetic variation in embryo survival in sheep i s  b u i ld in g .  Genetic 
(co)variation in ovulation rate and embryo s u r v iv a l  in swine has been 
considered so that selection pressure on components was shifted to favor 
ovulation rate, rather than embryo survival. Selection based on the resulting 
optimal index is expected to be more efficient than direct selection for l itte r  
size. An alternative model for swine allows uterine capacity to interact with 
ovulation rate and potential embryonic viability to determine embryo survival 
and litter size. Phenotypic and genetic parameters depend on d istributional 
properties of components. Selection for litter size is  equivalent to selection 
of components based on independent culling levels. Responses to several 
selection strategies were simulated and compared to experimental re su lts  where 
possible.

INTRODUCTION

Conceptual and experimentally measured effects of components on litter size 
can be systematically integrated to form a model. Models may help to identify 
management practices that improve production efficiency and to aid explanation 
of results from past breed evaluations, crossbreeding studies and selection 
experiments. Useful models also predict accurately the outcome of research 
currently being conducted or planned. The main objectives of this paper are to 
review the conceptual basis of components and models of l itter size for cattle, 
sheep and swine and to present an Alternative model for swine that may have 
im p l ica t io n s  to other species.

GENERAL DISCUSSION OF COMPONENTS OF L ITTER  S IZE

Ovulation Rate. Ovulation rate sets an upper limit on litter size. The number 
of corpora lutea is routinely used as a measure of ovulation rate. Methods 
available to count corpora lutea include rectal palpation, inspection of the 
ovaries (excised, laparotomy or endoscopy) and ultrasound. It  is  often assumed 
that ferti l izat ion of multiple ova is  complete, although total ferti l izat ion  
failure does occur in some females, e.g., Wrathall (1971), Resta ll  et al. 
(1976). However, the number of fertilized ova is  generally equivalent to, or 
at least proportional to, ovulation rate. This number is  often reduced during 
gestation to yield litter size. Litter size is defined herein as the number of 
fu l ly  formed fe tu se s  at b irth ,  given natural o vu la t ion  rate.

Embryo Survival. Embryo survival is generally defined as the ratio of l itte r  
size at birth to ovulation rate. Embryo survival does not imply a d irect 
effect of the embryo(s), but rather represents joint effects of sire, dam and 
potential progeny. By definition, embryo survival encompasses embryonic and

299



fetal viability and perhaps should more appropriately be termed ovum survival.

Ovulation rate and embryo survival are commonly identified as primary 
components of l i t te r  size. Consequently, l itter size is  in tu it ive ly  or more 
formally modelled as the product of ovulation rate and embryo su rv iv a l .  
Experimental results are often interpreted based on these assumed cause and 
effect relationships. But embryo survival cannot be observed or measured 
directly: ovulation rate and litter size must first be recorded on each female
so that embryo s u r v i v a l  can then be calcu lated.

Uterine Capacity. The concept that the uterine environment may limit l itter 
size at birth has existed for many years (Hammond, 1921). The general idea is 
that the uterus can support only a limited number of fetuses to parturition. 
T h is  t r a i t  i s  cons idered  to be a ch a ra c te r i s t ic  so le ly  of the dam.

Numerous terms have been used to describe th is  phenomenon; uterine  
capacity, uterine efficiency, uterine potential, placental load, maximum 
uterine capacity, maximum uterine load, maximum total load, maximum potential 
fertility, etc. The variety of terminology has seemingly caused confusion in 
the literature. Occasionally these terms have been used interchangeably with 
litter size or uterine dimensions. Furthermore, researchers have defined this 
concept in many different ways, often in manners that defy measurement, such as 
the ability of the uterus to support embryonic development. The concept has 
sometimes been defined so that it cannot be measured on individual dams. The 
need for an objective measure of uterine limitations on l i t te r  size has been 
recognized, e.g., B radford  (1972).

In this paper the term uterine capacity will be used and defined as the 
maximum number of fetuses that can be carried to term when ovulation rate is 
not a limiting factor. Defined in th is  specific manner, uterine capacity can 
be measured on individual dams as the number of fully formed fetuses at birth. 
I t  is emphasized that under this condition, the number of fu lly  formed fetuses 
at birth is  equivalent to uterine capacity, not litte r  size. L itter size is  
the number of fu lly  formed fetuses at birth, given natural ovulation rate. 
This d istinction between uterine capacity and litte r  size i s  fundamental.

It  is essential to recognize that natural ovulation rate may be less than 
uterine capacity. Therefore, measurement of uterine capacity requires that the 
uterus be challenged with more ova, and consequently more embryos, than can be 
nurtured to parturition. Ova, embryos and fetuses in excess  of uterine 
capacity die before parturition so that uterine capacity is  realized. Embryo 
transfer, superovulation, embryo superinduction and surgical modification of 
the reproductive tract can be used to increase the number of ova or embryos per 
uterine horn so that uterine capacity can be recorded. Most studies using 
these procedures have been of modest size so that treatment effects were 
generally in s ign if ican t  within in d iv id u a l  experiments. However, taken 
co l le c t iv e ly ,  experimental r e s u l t s  provide usefu l in form ation .

THE OVULATION RATE, EMBRYO SURVIVAL MODEL OF L ITTER  S IZE

Only recently have genetic models of l itte r  size been developed. This 
became possible as evidence of genetic and environmental re gu la t io n  of 
components was reported. There have been many excellent reviews of estimates 
of genetic parameters for l itte r  size and it s '  components given at recent 
international meetings. Effects of breeds, heterosis, inbreeding and selection 
and estimates of heritab ilit ies, repeatabilities and genetic and phenotypic
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correlations have been summarized. Key papers will be cited as references.

Cattle. Considerably less is known about the genetics of l i t te r  size in cattle 
than in sheep and swine (Maijala and Syvarvi, 1977; Hanrahan, 1982; Morris and 
Day, 1986). Estimates of heritability and repeatability of twinning average 
about 0.03 and 0.06, respectively (Maijala and Syvarvi, 1977). Gregory et a l. 
(1990) have reported an estimate of realized heritab ility  for tw inn ing of
0.06. Paternal half-sib estimates of heritability and repeatability were 0.02 
and 0.05, re spe c t ive ly .

Estimates of genetic parameters for ovulation rate and embryo surv ival are 
practically void. Echternkamp et a l. (1990) estimated he r itab il it ie s  of 0.07 
and 0.24 for ovulation rate in heifers and cows, respectively. Corresponding 
estimates of repeatability were 0.05 and 0.17. Hanrahan (1983) summarized the 
limited information reported on the distribution of unilateral and bilateral 
twin ovulators. On average, 52% of twin ovu la to r s  were u n i la te ra l ,  but 
individual studies varied widely. The probability of embryo surv iva l averaged 
0.22 less for unilateral tw in-ovu lators compared to b i la te ra l .  Data of 
Echternkamp et al. (1990) indicate that 60% of twin ovulators are unilateral. 
However, embryo survival did not d iffer between unilateral and b i la te ra l  
twin-ovulators and, more importantly, embryo survival of twin ovulators was 
only 6% less than single ovulators. These authors suggested that selection 
based on repeated observations of ovulation rate in heifers should be an 
e ffe c t ive  method to inc rea se  tw inning.

Sheep. Reviews containing information on genetics of l i t te r  size in sheep 
include Bradford (1972, 1985), Hanrahan (1982, 1987), Meyer (1985), and 
Hanrahan and Qu irke  (1985, 1986).

Embryo transfer has frequently been used to study factors affecting embryo 
survival and to estimate breed effects on number born (e.g., Moore and Rowson, 
1960; Lawson and Rowson, 1972; Bradford et al., 1974; Quirke and Hanrahan, 
1977; and Land and Wilmut, 1977). In general, ewes receiving more embryos 
produced more progeny and had lower embryo survival rates than ewes receiving 
fewer embryos. When four or five embryos were transferred, the number born was 
greater than normal l i t te r  sizes and even natural ovulation rates. Losses 
appeared to be embryonic rather th'an fetal in nature, regardless of the number 
of embryos transferred (Moore and Rowson, 1960). Bradford (1972) and Wilmut 
et al. (1985) concluded that losses in late gestation were very low in sheep. 
These results were interpreted to suggest that natural ovulation rate was often 
less than uterine capacity. That is, the uterus could support more fetuses 
than ovulation rate permitted and therefore ovulation rate was the primary 
factor  l im it in g  l i t t e r  size.

Differences among recipient breeds in number born and embryo survival were 
not statistically s ignificant. Bradford et a l. (1974) also studied "inherent 
survival potential" of embryos from prolific  and less p ro lif ic  breeds. Breed 
of donor had little, if  any, effect on number born and embryo survival when 
embryos were transferred to an unrelated recipient breed. I t  is  therefore 
likely that variation among breeds in ovulation rate is  considerably more 
important than uterine capacity in determining litte r  size. However, it seems 
that uterine capacity may have been underestimated as uterine capacity was 
equated to number born following transfer of four or five embryos. This number 
of embryos may not have produced a sufficient uterine challenge. For example, 
results of Bradford et al. (1974) showed that number born to Finnish  Landrace 
recipients increased from 2.89 to 3.50 to 3.88 as four, five and six embryos,
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respectively, were transferred. Differences among breeds in number born likely 
would increase as more embryos are transferred and number born approaches 
u te r ine  capacity.

Hanrahan (1979) developed a genetic model of l itter size as the product of 
ovulation rate and embryo survival. Estimates of embryo survival for classes 
of ovulation rate ranging from two to seven ova were calculated (Hanrahan, 
1980). It  was assumed that litter size was binomially distributed within each 
ovulation rate class. This yielded a bivariate distribution of ovulation rate 
and litte r  size from which the phenotypic correlation (d) between the two 
tra it s  could be approximated for any population. The re la t io n sh ip  was 
nonlinear with litter size approaching a plateau as ovulation rate increased. 
The co rre la t ion  decreased as ovu lat ion  rate increased.

Hanrahan (1980) concluded that there was neither genetic nor permanent 
environmental variation among ewes for embryo survival, i.e., the heritab ility  
and repeatability were zero. Consequently, genetic variation in l itte r  size is  
only due to ovu lat ion  rate and the h e r i t a b i l i t y  ( h20 r ) and in te rye a r  
repeatability (ror) of ovulation rate will be greater than the corresponding 
parameters for litter size (Hanrahan, 1982). The heritab ility  of l i t te r  size 
is  equal to d2h20r, while the re p ea tab i l i t y  of l i t t e r  s ize  i s  g iven by 
d2ror. The phenotypic correlation between l i t t e r  size in one year and 
ovulation rate in another year is  simply dror (Hanrahan and Quirke, 1985). 
The important implication of th is  model is  that selection for ovulation rate 
should increase litter size more rapidly than direct selection for l i t te r  size 
(Hanrahan, 1987). This hypothesis has not been tested in sheep. However, 
preliminary re su lts  of divergent selection for ovulation rate in Finnsheep 
indicated that roughly 12% of the difference between lines in ovulation rate 
was realized as d if fe rence  in l i t t e r  s ize (Hanrahan, 1982).

Additional information concerning embryo surv ival has recently  been 
reported. Significant differences among breed groups for number born among 
twin-ovulating ewes were detected by Meyer (1985). These data also permit 
estimation of heterosis effects of the dam on embryo survival for the Romney 
and Border Leicester breeds. Estimates of 28 and 25% can be calculated based 
on data collected in two different years. Several breeds with unusually high 
embryo survival rates were reported1 by Ricordeau et al. (1982, 1986), Hanrahan 
and Owen (1985) and Bradford et a l . (1986). These re s u l t s  document the 
ex istence  of genetic  v a r ia t io n  among breeds for embryo s u rv iv a l .

Evidence of within breed variation in embryo survival i s  s ta r t in g  to 
accumulate. Repeatabilities of .07 and .04 were reported by Hanrahan (1982) 
and Ricordeau et al. (1986), respectively. The heritability of embryo survival 
in young ewes was estimated to be .09 by Ricordeau et al. (1986), but these 
authors and Hanrahan (1982) reported no detectable genetic variation for embryo 
survival in older ewes. Bradford ( 1985) and Ricordeau et a l. (1986) advised 
that variation in embryo survival should be considered to realize the benefits 
of selection for ovulation rate. Hanrahan and Quirke (1985) and Hanrahan 
(1987) acknowledge that embryo survival l ikely  has a genetic  component, 
although the e ffect on l i t t e r  s ize  i s  much le s s  than ovu lat ion  rate.

Swine. The genetics of litter size in swine have been reviewed by Hanrahan 
TI582), Hill and Webb (1982), Bichard and David (1985), Johnson et a l . (1985), 
Legault (1985), Haley et al. (1986), Eisen (1986), and Johnson and Neal (1988).

Whereas embryo transfer studies with sheep were primarily designed to
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detect genetic differences among donor or recipient breeds, uterine limitations 
on the magnitude and timing of prenatal mortality within breeds were evaluated 
in swine. The effect of "uterine crowding" on number of embryos per uterine 
horn at 25 to 40 days of gestation (Day et al., 1967; Dziuk, 1968; Longenecker 
and Day, 1968; Bazer et a l., 1969b,c; Fenton et al., 1970, 1972; Pope et al., 
1972; Monk and Erb, 1974; Webel and Dziuk, 1974; Knight et a l ., 1977) clearly 
indicated that the uterus could accommodate more embryos than normally 
present. It  was concluded that the uterus does not limit the number of embryos 
at about day 25 of gestation (Anderson and Melampy, 1972; Scofield, 1972).

Less information i s  available concerning uterine l im ita t ion s  on fetal 
development to late gestation or to p a r tu r i t io n  (W ra tha ll ,  1971). Data 
reported by Longenecker and Day (1968), Bazer et al. (1969b), Fenton et al. 
(1970), Webel and Dziuk (1974), Knight et al. ( 19 77), and Christenson et al. 
(1987) revealed that fetal mortality continues throughout gestation when the 
uterus is  challenged by a large number of fetuses. In fact, the advantage in 
number of embryos per uterine horn present early in gestation was greatly 
reduced by late gestation. These results were interpreted to indicate that the 
uterine environment is  a major factor limiting l i t te r  size. Bazer et al. 
(1969a) concluded that uterine capacity must be improved to increase litter 
size. Ley master et al. (1986) suggested simultaneous selection for ovulation 
rate and uterine  capacity  as a method to in c rea se  l i t t e r  s ize.

Genetic variation in ovulation rate and embryo survival ex is t s  in the form 
of breed differences and heterosis effects (Hill and Webb, 1982; Legault, 1985; 
Eisen, 1986). Heterosis effects on litter size appear to resu lt from maternal 
heterosis for embryo surv ival ra ther than increased  ovu la t ion  rate or 
individual heterosis for embryo survival. The heritab ility  of ovulation rate 
is moderate, but selection for ovulation rate produced only a marginal increase 
in l it te r  size (Cunningham et al., 1979). The genetic correlation between 
ovulation rate and embryo survival is  strongly unfavorable (Johnson et al., 
1984). This suggests that simultaneous selection for ovulation and embryo 
survival would increase litter size more rapidly than selection solely for 
ovu lat ion  rate.

A genetic model of litter size as the product of ovulation rate and embryo 
survival was developed by Johns6n et a l. (1984). L itter size represents a 
natural index of ovulation rate and embryo survival. I t  was reasoned that 
appropriate consideration of the genetic variances and covariance might result 
in an optimal index that was more efficient than direct selection for l itte r  
size. Consequently, the breeding value of l i t t e r  s ize  was taken as the 
definition of net merit but equated to the product of breeding va lues of 
ovulation rate and embryo survival. The economic value of ovulation rate was 
the estimated population mean for embryo survival, whereas the estimated 
population mean of ovulation rate was used as the economic weight of embryo 
survival. Estimates of genetic and phenotypic parameters were determined from 
results of selecting for ovulation rate. The traditional index equations were 
solved to g ive  estimates of coe f f ic ie n t s  fo r  the se lec t ion  index.

Johnson et al. (1984) showed that the relative emphasis on ovulation rate 
and embryo survival was 42:58% for the natural index, compared to 68:32% for 
the optimal index. The natural index places too much emphasis on the highly 
variable but lowly heritable component, embryo survival. The expected response 
in litter size due to use of the optimal index is 53% greater than the natural 
index. Results of five generations of selection for the optimal index in swine 
have been reported by Johnson and Neal (1988) and Neal et a l. (1989). The
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realized heritability of the index, 0.30 + 0.09, compared favorably with the 
theoretical heritability of 0.35. Expected changes per generation in ovulation 
rate, embryo survival to term and litte r  size at b irth ,  adjusted fo r  the 
selection intensity actually achieved, were .67 ova, -1.6* and .25 pigs. The 
corresponding responses, measured at day 50 of gestation, were 0.57 ova, -1.3* 
and .20 pigs. Measures of embryo survival to term and l i t te r  size at birth 
have not yet been collected  on random samples of g i l t s .

AN ALTERNATIVE MODEL OF L ITTER S IZE  IN SWINE

Conceptual Development. Bennett and Leymaster (1989) proposed a model based on 
ovulation rate, potential embryonic v iab il ity  and uterine capacity. Prenatal 
mortality results from two distinct mechanisms. Ovulation rate i s  reduced to 
the number of potentially viable embryos by factors inherent to the ovum/embryo 
that are independent of uterine limitations. The probability of mortality 
during this phase is called potential embryonic viab ility. It  i s  assumed that 
each ovum has the same probability of being potentially viable, resulting in a 
binomial distribution of potentially viable embryos within each ovulation rate 
class. The second phase of prenatal mortality reduces potentially v iab le  
embryos to litter size only if  the number of potentially viable embryos exceeds 
uterine capacity. Each component is  assumed independent. Consequently, l itter 
size can be no greater than either ovulation rate or uterine capacity. As 
ovulation rate i s  generally reduced to the number of p o te n t ia l ly  v iab le  
embryos, which may be less than uterine capacity, litter size can be less than 
both ovulation rate and uterine capacity. Based on this model, l it te r  size and 
embryo survival do not result from additive or mult ip licative  e ffects  of 
components, but ra the r  from in te rac t ion  among components.

Intrapopulation Parameters. Means and standard deviations of components were 
needed to implement the conceptual model. A value of 0.82 for potential 
embryonic viability was arbitrarily identified based on reported estimates of 
early embryo survival. S ta t is t ic s  for ovulation rate and l i t te r  size were 
estimated from data co llected  on crossb red  g i l t s .  S u f f i c ie n t  data on 
distributional properties of uterine capacity were not available. Therefore, 
the mean and standard deviation of uterine capacity were varied until the 
simulated mean and standard deviation of litter size were equal to experimental 
values. Genetic parameters were generated by assuming that her itab il it ie s  of 
potentia l embryonic v i a b i l i t y  and ovu lation  rate were 0.00 and 0.25, 
respectively. Heritability of uterine capacity was varied to give reasonable 
heritab il it ies  for l it te r  size and embryo survival. Simulated r e s u l t s  of 
phenotypic correlations and regressions involving ovulation rate, embryo 
survival and l i t te r  size (s ta t is t ic s  not used to calibrate the model) were 
similar to observed experimental relationships. A value of 0.15 for  the 
heritability of uterine capacity produced heritab ilit ies for simulated litter 
s ize and embryo s u r v iv a l  of 0.11 and 0.08, re spec t ive ly .

Interpopulation Response Surfaces. Effects of 25 com binations of mean 
ovulation rate and uterine capacity on distributional parameters of l it te r  size 
and embryo survival and on correlations among tra its  were studied. Results 
indicate that i f  in it ia l  means of ovulation rate and uterine capacity  are 
similar, increasing the components in unison is  a more effective method of 
increasing litter size than increasing either component ind iv idually. In fact, 
changes in either component alone will not greatly affect l i t te r  size, as shown 
by selection for ovulation rate in swine (Johnson et a!., 1984). I f  in it ia l 
means of components d iffer substantially, then increasing or decreasing the 
component with the greater mean will have small effects on litter size, whereas
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changes in the component with the lesser mean will produce greater effects. 
Continued changes in either component causes litter size to approach a plateau, 
as reported by Christenson e ta l .  (1987) for ovulation rate. Changes in 
ovulation rate or uterine capacity in d iv id u a l ly  a ffect  embryo s u rv iv a l  
substantially. Correlations among ovulation rate, uterine capacity, l itter 
size, and embryo su r v iv a l  depend on means of components.

Genetic Theory. The genetic theory is  presented by Bennett and Leymaster 
(1990a). Litter size is determined as the minimum value of potentially viable 
embryos and uterine capacity. Thus, direct selection to increase the single 
trait, l itte r  size, is  equivalent to selection of the two component t ra it s ,  
potentially viable embryos and uterine capacity, based on fixed independent 
culling levels. Based on selection index theory, selection on an appropriately 
weighted index of ovulation rate and uterine capacity should be at least as 
efficient as selection based on fixed independent culling levels, l i t te r  size. 
Selection to decrease l i t te r  size is  equivalent to selection of extremes for 
the lowest value of poten t ia l ly  v iab le  embryos or u te r ine  capacity.

Correlations among ovulation rate, uterine capacity, embryo survival, and 
litter size are not pleiotropic correlations, but arise from the interaction 
between potentially viable embryos and uterine capacity. The interaction is  
expected to reduce the heritability of l itte r  size to a value less than the 
heritability of a linear index of components. I f  means of components d iffer 
greatly, there i s  less interaction and the heritab ility  of l i t te r  size will 
approach the heritab ility  of the most limiting component. Se lect ion  for 
Increased litter size ultimately brings the means of components into balance, 
whereas selection for decreased l it te r  size emphasizes the most l im it ing  
component. A significant result of the alternative model' i s  the prediction of 
asymmetry and it s  direction for realized heritab il it ies  and for correlated 
responses of components due to divergent selection for l it te r  size. Selection 
for increased l it te r  size is  associated with increased ovulation rate  and 
uterine capacity and relatively little pressure on embryo survival. Selection 
for decreased l it te r  size is  associated with increasingly  reduced uterine  
capacity and embryo survival, but only s light reductions in ovulation rate. 
Pooled experimental results of six selection experiments with mice (Falconer, 
1960; Joakimsen and Baker, 1977; Bakker et a!., 1978; Bradford, 1979; Spruill 
and Eisen, 1985; Clutter et a!., 1990) support the predicted asymmetry of 
direct and ind irect responses due to divergent selection for l i t t e r  size.

Simulated Selection. S ing le -tra it  selection fo r  ovu lat ion  rate, uterine 
capacity, l i t te r  size, and embryo su r v iv a l  were simulated (Bennett and 
Leymaster, 1990b). An index of ovulation rate and embryo s u r v iv a l  was 
calculated following the procedure of Johnson e t a l .  (1984). An index of 
ovulation rate and l it te r  s ize was constructe'cl with l i t t e r  s ize  as the 
objective. An index of ovulation rate and uterine capacity was derived so that 
expected gain in uterine capacity was 0.95 times the change in ovulation rate. 
The top 30% of dams of replacement gilts and the top 10% of dams of s ires of 
replacement g i l t s  were selected over 10 generat ion s.

S ing le-tra it  selection for ovulation rate and uterine capacity changed 
litter size 74 and 33% as rapidly as direct selection for l i t te r  size (Table 
1). Selection for ovulation rate decreased embryo survival as observed in 
swine and mice. Selection for embryo survival was associated with increased 
uterine capacity and decreased ovulation rate, resulting in v irtually  no change 
in litter size but the greatest increase in embryo survival of any criterion 
except uterine capacity. Selection for l i t t e r  s ize  was a ssoc ia ted  with
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increases in both components, with re la t ive ly  more emphasis on uterine 
capacity. Therefore l i t te r  size did not weight components optim ally, as 
Johnson et al. (1984) showed for the ovulation rate, embryo survival model of 
litter size; Increases in ovulation rate and uterine capacity associated with 
selection for litter size were each greater than the increase in l i t te r  size, 
whereas embryo survival did not change. Similar observations of ovulation rate 
and embryo survival have often been reported following selection for l itter 
size in sheep and mice. The past interpretation has been that selection for 
litter size operated primarily through ovulation rate. The alternative model 
suggests that increases in uterine capacity are necessary to maintain embryo 
survival at greater ovulation rates. Indexes of ovulation rate with either 
embryo survival or l it te r  size were 13 and 19% more effective than direct 
selection for litter size. Inclusion of embryo survival and l it te r  size in the 
indexes placed ind irect selection pressure on uterine capac ity, but the 
relative emphasis on components was not optimal. The index of ovulation rate 
and uterine capacity increased litter size 39% greater than selection directly 
for litter size and limited the decline in embryo survival more than other 
indexes.

Clutter et al. (1990) and Gion et a l. (1990) have reported responses to 13 
generations "oFTeplicated selection for uterine capacity, l i t te r  size and an 
index of ovulation rate and embryo survival in mice. Although the uterine 
anatomy of mice and swine vary and index coefficients were derived using 
different parameters, results obtained with mice can be compared to responses 
predicted for swine (Table 1). Selection criteria  rank in the same order for 
actual responses in ovulation rate and litter size as predicted. Responses in 
ovulation rate and litter size were greater in the litte r  size and index lines 
than in the uterine capacity line (P<.01). Selection for uterine capacity 
increased embryo survival, whereas selection for l itter size did not affect 
embryo survival as predicted and reported p rev iou s ly .  Index se lection  
increased embryo survival; th is  was not expected. Responses in u te r ine

Table 1 Genetic Change Due to 10 Generations of Simulated Selection in
Swi ne and 13 Generat ions of Actual Selection  in Mice

Selection responses

Ovu lat ion  Uterine
Select ion  c r i te r io n  rate  capacity

L i t te r
size

Embryo
su r v iv a l
(X100) UC/0R

Simulateda
Ovu lat ion  rate (OR) 4.62 -.02 1.57 -10.1 0.00
Uterine capacity  (UC) -.12 7.68 .7 1, 5.6
L i t te r  s ize  (LS) 2.89 3.22 2.13 0.0 1.11
Embryo su r v iv a l  (ES) -.73 2.35 -.07 3.3 - 3.11
ES + 11.8 X OR 3.96 2.36 2.40 -3.0 .60
LS + .7 X OR 3.84 3.02 2.54 -1.7 .79
UC + 2.73 X OR 4.14 3.99 2.96 - .7 .96

A ctu al b
Uterine capacity .34 .79 4.0
L i t t e r  s ize 1.88 1.66 0.0

ES + 13.4 X OR 1.98 1.97 2.0

aBennett and Leymaster, 1990b.
bGion et al., 1990.
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capacity are being evaluated to clarify the effect of uterine capacity on 
litter size. The significant realized heritabi l i ty of 0.08 + 0.02 for uterine 
capacity establishes the existence of genetic variation for thi s  component.

DISCUSSION

Ovulation rate and l i t ter  size are the only measurable t r a i t s  of the 
ovulation rate, embryo survival model. Means and variances of ovulation rate 
and litter size and the correlation between the two traits completely summarize 
the available information. Calculation of embryo survival  does not create 
additional information. An index of ovulation rate and embryo survival  does 
change the emphasis on ovulation rate. But use of the ovulation rate, embryo 
survival  model depends on knowing (Johnson et a!., 1984) or approximating 
(Hanrahan, 1982) the correlation between ovulation rate and l i t ter  size. In 
this sense, the model can describe what has been observed, but i t  has no true 
predictive power. In contrast, the alternative model has three components that 
can be measured directly without recording l i t ter size at birth. We believe 
that the number of potentially viable embryos can be measured before uterine 
capacity causes embryonic and fetal mortality. This model proposes mechanisms 
to account for prenatal mortality and the model i s  p redic t i ve  in nature.

I t  seems l ikely  that mortality occurs at different stages of gestation 
among species, so that the relative means and effects of ovulation rate and 
uterine capacity also vary. Selection solely for ovulation rate may increase 
litter size more effectively in sheep and cattle compared to swine and mice.
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