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Abstract
In ungulates, females typically need to reach a critical threshold body weight in order to reproduce.
Females born in `poor' years may lose 1 year of reproduction, as they reach the critical body mass 1 year
later. Some studies report also a lasting effect of low initial body weight into prime age, while several other
studies have shown that nearly all prime-age females ovulate or are pregnant. However, the quality of the
offspring (as measured by offspring body weight) is often not considered. We tested whether female
ungulates with an initially low body weight (at around weaning) reach the same reproductive output as
females with higher initial weights, and thus whether or not they are able to compensate for their initial low
weight. Data on body weight of 123 533 lambs of domestic sheep Ovis aries from 73 299 litters that in turn
derived from 32 359 different ewes were used. All ewes and lambs had been free-ranging on outlying
pastures in Norway during the entire summer season. Ewes with an initially low body weight produced
smaller offspring throughout their lifespan. Ewes with an initially low body weight also produced fewer
lambs at ®rst and second parturition, but lifetime number of offspring was not related to ewes' initial
weight. We concluded that bigger was better: the smaller offspring of ewes with a low initial weight
demonstrate a lasting cost on reproductive effort, with consequences for animal production systems and
management of wild ungulates.
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INTRODUCTION
Body size is one of the most important factors in¯uencing life-history traits (Calder, 1984). In ungulates,
females may need to reach a critical threshold body
weight in order to reproduce (Reimers, 1983; Albon,
Mitchell et al., 1986; Gaillard, Sempere et al., 1992;
Langvatn et al., 1996; Putman et al., 1996; Gaillard,
Festa-Bianchet, Delorme et al., 2000). Both densitydependent and density-independent factors, such as
climate, can affect body growth and thus the population
dynamics of large herbivores, though the relative role of
these factors for reproduction and survival may vary
considerably (reviews in Putman et al., 1996; Sñther,
1997; Gaillard, Festa-Bianchet & Yoccoz, 1998, Gaillard, Festa-Bianchet, Yoccoz et al., 2000). Individuals
from cohorts experiencing resource limitation due to
high density (Putman et al., 1996; Forchhammer et al.,
2001) or unfavourable weather conditions (Albon,
Clutton-Brock & Langvatn, 1992; Langvatn et al., 1996)
*All correspondence to: G. Steinheim.
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in utero or as juveniles, grow slower, and attain the
critical body mass necessary for reproduction at a later
age (review in LindstroÈm, 1999).
It has been claimed that the effect of severe conditions
(resulting from either high density or harsh climate)
during early development can persist into adulthood
(Soay sheep Ovis aries: Coltman et al., 1999;
Forchhammer et al. 2001; red deer Cervus elaphus:
Albon, Clutton-Brock & Guinness, 1987; Post, Stenseth
et al., 1997; Post, Langvatn et al., 1999; bighorn sheep
Ovis canadensis: Festa-Bianchet, Jorgenson & ReÂale,
2000). This may be particularly evident for males of
polygynous and dimorphic ungulate species, which keep
growing for a much longer time than females (CluttonBrock, Guinness & Albon, 1982; Coltman et al., 1999;
Festa-Bianchet et al., 2000). For females the pattern is
regarded as being somewhat different. Females born
light, e.g. those born in `poor' years, may lose 1 year of
reproduction relative to the other females in the population, as they reach the critical body mass 1 year later
(Langvatn et al., 1996). However, after the ®rst reproductive event, there seem to be some contradictory
opinions regarding the role of body weight in affecting
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reproductive effort of females. Several studies report
that body mass during prime age does not affect variation in reproduction notably (Langvatn et al., 1996;
Gaillard, Festa-Bianchet, Delorme et al., 2000). For
example, in a Norwegian population almost all red deer
hinds > 3 years old ovulated (Langvatn et al., 1996), and
in France 98% of all roe deer Capreolus capreolus does
2 years old or older were pregnant during winter
(Gaillard, Sempere et al., 1992). The number of offspring raised by roe deer and bighorn sheep was not
found to be related to female mass after the effect of
longevity was accounted for (Gaillard, Festa-Bianchet,
Delorme et al., 2000). However, some studies report an
effect of body mass on female reproductive effort also
after prime age is reached (red deer: Mitchell, 1973;
reindeer Rangifer tarandus: Weladji et al., 2002). And
even if nearly all prime-age females ovulate (red deer:
Langvatn et al., 1996), are pregnant (roe deer: Gaillard,
Sempere et al., 1992) and produce a similar number of
offspring (roe deer: Gaillard, Festa-Bianchet, Delorme
et al., 2000), the quality of the offspring (as measured by
offspring body weight) may still be related to the initial
body weight of the females. Large offspring tend to
have better survival than smaller ones (red deer:
Guinness, Clutton-brock & Albon, 1978; Loison,
Langvatn & Solberg, 1999; fallow deer Dama dama:
Asher & Adam, 1985), and so it remains to be demonstrated that female ungulates after reaching the age of
®rst reproduction have no further cost of an initial low
body weight.
This study tested whether female ungulates with a low
initial body weight reached the same reproductive
output as females with an initially high body weight.
Data were from the Norwegian Sheep Recording
System, on body weight and litter sizes of lambs from
77 958 litters of domestic sheep, where initial weight and
age of the ewe is known. In Norway, sheep are freeranging on rangeland pastures all summer (Mysterud,
Stenseth et al., 2001), and have a summer diet that is
comparable to sympatric populations of red deer and
reindeer (Mysterud, 2000). Hence, studies of Norwegian
domestic sheep, for which detailed life-history data are
available, may be useful in addressing general ecological
problems, with relevance also for wild ungulates.
MATERIALS AND METHODS
Study area and sheep husbandry practice
Data come from the county of Buskerud in southern
Norway (Fig. 1). In 2000 there were 813 sheep farms in
Buskerud (Statistics Norway, 2002). In our study period
from 1990 to 1999, as many farms as possible (according
to the selection criteria given below) were included in
the analyses. The resulting 334 farms were distributed
evenly across the county.
During winter, sheep are kept indoors and fed both
concentrates and roughage. Mating takes place in early
winter. Approximately one-third of the ewe lambs are
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Fig. 1. The study area was Buskerud County, Norway
(hatched). Total area, 14 927 km2.

entered into the breeding stocks each year. Most of
these are mated to produce lambs at 12 months of age.
Lambs are born indoors in spring, and shortly after
released onto pastures with their mothers who they will
follow for the entire grazing season. During the summer
period (from late June or early July to September),
domestic sheep are truly free-ranging and graze in much
the same way as sympatric populations of wild herbivores (Warren & Mysterud, 1991; Warren et al., 1993).
Most sheep graze in the alpine and sub-alpine zone
(Garmo & Skurdal, 1998). Stocking rates are generally
low on Norwegian rangelands, roughly ranging from 5
to 50 sheep/km2 (Mysterud, 2000).
Sheep data
Only data on Dala sheep were included. Dala is the
most common breed in Norway, and is especially dominant in Buskerud where it constituted 89% of all
registered sheep during the study period. The following
variables were retrieved from the Norwegian Sheep
Recording System: age of ewe at parturition (years),
initial weight (kg) of ewe (together with initial weighing
date, i.e. age in days), weaning weight (kg) of lambs, age
of lambs at weighing (days), litter size at birth and at
weaning, and, ®nally, year and farm. Data were only
considered from ewes between 1 and 7 years of age, as
most sheep are slaughtered before this age due to
marked effects of senescence (Mysterud, Steinheim et
al., 2002). Also, only litters where no lambs had been
introduced (fostered lambs) or removed (for fostering or
hand-rearing) by the farmer were included. As some
sheep are gathered from the pastures early because of

Table 1. Percentage of ewes Ovis aries being discarded from
the breeding stocks between ewe breeding age n and n + 1
years, ewe initial weights assigned to one of four classes.
Values based on age of all reproducing ewes of the analysed
data set, e.g. between their ®rst litter and the time of the
second litter, 26% of the initially lightest ewes were discarded.
Of the surviving ewes in this class, 40% were discarded after
their second litter, etc.
Ewe initial weight (kg)
Ewe age
years:
n±n + 1

< 41.0

41.0±44.9

45.0±48.9

> 48.9

1±2
2±3
3±4
4±5
5±6
6±7

26
40
44
48
53
71

28
35
42
43
48
73

26
34
37
41
50
74

26
33
35
40
52
71

Change in litter size per kg
change in ewe initial weight

Initial weight of ewe and reproductive effort in domestic sheep
0.01
0.009
0.002
0.00

–0.01
0

special circumstances, only lambs aged between 100 and
200 days at weighing were considered. Litters for which
it was reported that > 3 lambs followed their mother out
to pasture were excluded from the dataset, as this
suggest a highly uncommon management practice. Subsequently, the dataset included 123 533 lambs from
73 299 litters that in turn derived from 32 359 different
ewes.
The farmers' practice of recruiting and discarding
breeding stock was not strongly related to initial weight
of the ewe (Table 1), as might have been expected. The
reason for this is possibly the correction methods used
when calculating breeding values: initial weight is
reduced for singles and augmented for triplets. There
was, however, some tendency towards ewes with a high
initial weight being discarded at an older age than ewes
with a low initial weight.
Statistical analyses
General linear mixed models (Littell et al., 1996; for an
application, see Milner, Elston & Albon, 1999) were
used, with the interaction term between year and farm
as a random factor in all models to avoid pseudoreplication. Two separate models were run to explain
variation.
(1) Litter size at autumn/around weaning:
weightEWE
littersizeAUTUMN = ageEWE + initial
(ageEWE) + farm*year + error
(2) Live autumn weight/weaning weight of lamb:
weightLAMB = ageEWE + initial weightEWE (ageEWE) +
sexLAMB + ageLAMB + littersize + farm*year + error
Predictor variables in both models were the reproducing ewe age classes (ageEWE: 1, 2, . . ., 7 years), ewe
initial weight within ewe age class ((initial weightEWE(ageEWE)), after correcting for age (in days) on initial
weight of ewe for using linear regression and the
random term farm*year (2157 in all, from 334 farms
during 1990±99, both class variables). Adding this
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Fig. 2. Corrected change in litter size ( se) per kg increase in
initial weight of ewe Ovis aries. Solid black circle, P < 0.01 (for
t-tests of estimate = 0); grey circle, P = 0.04; all other P > 0.10.
Estimate given where P < 0.05.

random factor takes the dependency between lambs in
the same ¯ock and year into account. In both models
the residual variance is termed error. The effect of
repeated observations on the same ewe is not modelled,
and this may in¯ate the error term somewhat. In the
`lamb weaning weight model' (2) sex of lamb (sexLAMB:
ewe or ram, class variable), litter size at release to
pastures (littersize: 1, 2 or 3 lambs, class variable), and
age of lamb at weighing (ageLAMB: 100±200 days,
covariate variable) were added.
All analyses were carried out using the mixed procedure in SAS, version 6.12 (Littel et al., 1996). This
procedure uses a restricted maximum likelihood
(REML) method of estimation.
RESULTS
Litter size in autumn was signi®cantly in¯uenced by
initial weight of ewe within ewe age classes (d.f. =
71 000, F = 25.19, P < 0.01). This effect was signi®cant
for ewes aged 1 year (d.f. = 71 000, t = 12.99, P < 0.01;
Fig. 2) and two years (d.f. = 71 000, t = 2.01, P = 0.04). A
1 kg increase in initial weights the ewes were estimated
to increase litter size with on average 0.009 and 0.002
lambs, respectively, for 1- and 2-year-old ewes. This is
equivalent to saying that an increase in ewe initial
weight by 10 kg should cause one out of 11 1-year-old
ewes to produce one more lamb, while the corresponding result for 2-year-old ewes was one out of 50.
When totalling the effect of initial weight of ewe within
ewe age, over all ages, the estimate was weakly positive,
but not signi®cantly different from zero (d.f. = 71 000,
t = 0.88, P = 0.38), i.e. averaged across ewe ages, the
initial weight of the ewe had no effect on the total
number of lambs produced.
The main effect of age of ewe was signi®cantly
(d.f. = 71 000, F = 109.25, P < 0.01) related to litter size
around weaning age, and least square means ( se) for
litter size in the ewe age classes were: 1 year, 1.33
( 0.01); 2 years, 1.79 ( 0.01); 3 years, 1.93 ( 0.01);
4 years, 1.97 ( 0.01); 5 years, 1.95 ( 0.010): 6 years,
1.92 ( 0.01); 7 years, 1.82 ( 0.03).
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Fig. 3. Corrected change (kg  se) in individual lamb weaning
weight per kg increase in initial weight of ewe Ovis aries. All
P < 0.01 (for t-tests of estimate = 0).

Estimated variance components for the interaction
between farm and year (farm*year) and for the error
term (error) were 0.03 and 0.34, respectively.
The autumn weights of lambs were signi®cantly
affected by initial ewe weight within ewe age
(d.f. = 120 000; F = 167.08; P < 0.001). Estimates of this
effect (Fig. 3) were signi®cantly different from zero for
all ewe ages (for 1±5 years: d.f. = 120 000; all t > 6.2; all
P < 0.01; for ages 6 years: d.f. = 120 000, t = 2.8,
P < 0.01; for 7 years: d.f. = 120 000, t = 3.3, P < 0.01). A
1 kg increase in the initial weight of a ewe, made her
produce lambs that were each 0.09 kg heavier, when
considered throughout all seven ewe age classes
(d.f. = 120000, t = 15.65, P < 0.01).
The main effect of age of ewe had a signi®cant effect
(d.f. = 120 000, F = 166.44, P < 0.001) on lamb weight,
and least square means ( se) for lamb weight in the ewe
age classes were: 1 year, 38.87 ( 0.09) kg; 2 years, 44.86
( 0.09) kg; 3 years, 46.57 ( 0.09) kg; 4 years, 46.81
( 0.09) kg; 5 years, 46.62 ( 0.10) kg; 6 years, 45.92
( 0.12) kg, and 7 years, 45.25 ( 0.19) kg. Ram lambs
were 4.14 kg heavier than ewe lambs (d.f. = 120 000,
F = 17787.10, P < 0.01). The effect of age of lamb was
also signi®cant (d.f. = 120 000, F = 10225.10, P < 0.01),
with the weight increasing 0.19 kg/day around weaning.
Single lambs and twin lambs were, respectively, 12.75 kg
and 5.55 kg heavier than triplets (d.f. = 120 000,
F = 20541.61, P < 0.001).
Estimated variance components for the interaction
between farm and year and the error term were 13.12
and 29.16, respectively, for model (2).
DISCUSSION
Body size has long been identi®ed as a major determinant of the reproductive effort of female ungulates
(Hamilton & Blaxter, 1980; Reimers, 1983; Albon,
Mitchell et al., 1986; Gaillard, Sempere et al., 1992;
Hewison, 1996; Langvatn et al., 1996; Putman et al.,
1996; Gaillard, Festa-Bianchet, Delorme et al., 2000). It
is often stated that in female ungulates, after primiparity
is reached, no further cost of low initial weight exists
(Gaillard, Sempere et al., 1992; Langvatn et al., 1996),

and that lifetime reproductive success is therefore
closely related to longevity (Gaillard, Festa-Bianchet,
Delorme et al., 2000), as there is little variation in
reproduction between prime-aged females. Our results
show, however, that domestic ewes with a high initial
body weight reared larger lambs in subsequent years
(Fig. 3). Some of this may be the result of the lambs
receiving genes from their dams that confer better
growth potential. However, this genetic effect should
remain the same irrespective of the age of the ewe. Our
results show a consistent reduction in the effect of initial
weight of the ewe on the weaning weight of her lambs
from ewes aged 1±6 years. Therefore, we conclude that
there is an effect of the ewe weight that is not linked to
gene transmission, and that environmental, growthrelated conditions during the ®rst months of a ewe's life
have an effect on its lifelong production of offspring.
Further studies should include estimations of genetic
parameters and the potential of interactions between
genetic and environmentally induced life-history
effects.
Lifetime reproductive success of females has usually
been measured as number of weaned offspring (Gaillard, Festa-Bianchet, Delorme et al., 2000), as large
datasets on the body weight of offspring are inherently
dif®cult to obtain. Our results show that the number of
lambs weaned for ewes aged 2±6 years was not signi®cantly related to the initial weight of the ewe. But,
1-year-old ewes that were heavy as lambs the previous
autumn, produced a signi®cantly larger number of offspring. These results are in agreement with previous
studies identifying the age at primiparity as an especially
important phase in the life history of ungulates
(Langvatn et al., 1996; Gaillard, Festa-Bianchet,
Delorme et al., 2000), though body weight may also
affect reproductive effort at prime age (Mitchell, 1973).
The initial weight of the ewe was found to be related to
litter size also for 2-year-old ewes; while signi®cant, this
effect was small compared to that on the size of the
litters of the youngest ewes.
The lasting effect of initial weight of the ewe on the
body weight of her lambs in all subsequent litters may
affect subsequent offspring survival (Soay sheep:
Clutton-Brock, Price et al., 1992; red deer: Guinness et
al., 1978; Loison et al., 1999; fallow deer: Asher &
Adam, 1985). For the lightest ewes, this may possibly
lead to a reduced lifetime reproductive success, even
after the effect of longevity is accounted for. To investigate these questions further, post-weaning survival of
the offspring needs to be studied in detail, to see at what
age the offspring die of natural and or arti®cial causes.
Domestic animals obviously have a different evolutionary history than wild ungulates (Clutton-Brock,
1981). For example, domestic sheep have been arti®cially selected for large litter size, and this could
exaggerate some life-history trade-offs (Mysterud,
Steinheim et al., 2002), as expected from Beilhartz's
(1994) model. Still, life-history characters do seem to be
quite stable in an evolutionary context (Harvey & Nee,
1997), and while intensities and threshold values might
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be altered, behavioural traits in general are not likely to
change qualitatively during a domestication process
(Price, 1998). Also, ever since their introduction at
c. 5000±6000 bp (Drablùs, 1997), Norwegian domestic
sheep have continuously been exposed to a substantial
degree of natural selection when on outlying pastures,
more so than other livestock species in Norway. Our
results are thus of relevance not only to the livestock
industry, but also to the understanding of life-history
adaptations of ungulates in general. Furthermore, the
differences known to exist between wild and domestic
livestock, especially in reproductive output, sexual
maturation and senescence (Price, 1998; Mysterud,
Steinheim et al., 2002), represent exciting opportunities
for hypothesis testing in comparative studies of ungulate
life-history adaptations.
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