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Sexual size dimorphism in bighorn sheep (Ovis
canadensis): effects of population density

Myléne LeBlanc, Marco Festa-Bianchet, and Jon T. Jorgenson

Abstract: Sexual dimorphism is an important characteristic of many mammals, but little is known about how environ
mental variables may affect its phenotypic expression. The relationships between population size, body mass, seasonal
mass changes, and sexual mass dimorphism were investigated using 22 years of data on individually marked bighorn
sheep Qvis canadens)son Ram Mountain, Alberta. The number of adult ewes was artificially maintained low from

1972 to 1981 and then allowed to increase. The body mass of males from O to 7 years of age was negatively affected
by population density. Female body mass was negatively affected by population density up to 2 years of age. As the
number of ewes increased, sexual mass dimorphism of sheep aged 2—7 years declined. Population density had a nega
tive effect on seasonal mass changes of young males and females. Density also had a weak but significant positive ef
fect on yearly mass gain of 2-year-old females, suggesting compensatory growth. Females appear to compensate for
resource shortages early in life, while males show a lifelong negative effect. We suggest that these sexual differences
are due to the greater flexibility of resource allocation to growth or reproduction by females than by males.

Résumé: Le dimorphisme sexuel est une caractéristique importante chez plusieurs espéces de mammiféres, mais peu
est connu sur les facteurs qui peuvent influencer son expression phénotypique. La relation entre la taille de-la popula
tion et le dimorphisme sexuel de masse a été étudiée grace a une série de 22 années de données sur la masse corpo
relle individuelle des Mouflons d’Amériquedivis canadens)sde la population de Ram Mountain, Alberta. Le nombre

de femelles adultes dans cette population a varié passablement entre 1972 et 1996. La masse des males agés entre 0 e
7 ans a été négativement affectée par 'augmentation de la taille de la population. La masse des femelles a été affectée
seulement jusqu'a I'age de 2 ans. Le dimorphisme sexuel de masse des mouflons agés entre 2 et 7 ans a diminué avec
'augmentation du nombre de femelles adultes. La densité a eu un effet négatif sur les changements saisonniers de
masse des jeunes males et femelles. La densité a également eu un léger effet positif sur le gain de masse annuel des
femelles de 2 ans. Les jeunes femelles sembleraient étre capables de compenser pour une faible croissance survenue
tot dans la vie tandis que l'effet sur les males persisterait jusqu’a I'age adulte. Nous suggérons que ces différences
sexuelles sont attribuables a la plus grande flexibilité d’allocation des ressources de la reproduction vers la croissance
de la part des femelles.

Introduction rates (Hudson and White 1985), and reproductive strategies

. . . . . . (Trivers 1972).
Sexual size dimorphism, a difference in body size be

977; Slatkin 1984), the most widely accepted one is based

ungulates (for a review see Andersson 1994). Sexual Sizﬁpon the theory of sexual selection (Darwin 1871). In many

dimorphism has important consequences for ecology, behay, o qies “sexual differences in the factors limiting repreduc
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the growth of males and females is constrained in differenincreased (Gallant 1999), suggesting a decrease in food
ways by scarcity of resources, short-term changes in dimoravailability.

phism may be unrelated to selective pressures. Second, tem To investigate the effects of changes in population density
poral changes in environmental factors may lead to adaptiven body growth and sexual dimorphism, we focused on three
plasticity in the expression of sexual dimorphism. Here weguestions: (1) Do the effects of population density on growth
use long-term data on marked bighorn sh&@pig canadens)s and body mass vary with age? Because growth patterns change
to explore how changes in population density may lead tawith age (Festa-Bianchet et al. 1996), we expected the ef
changes in the degree of sexual size dimorphism. fects of population density to be age-specific, with a strong

Density dependence in growth and body mass have longegative effect of increasing population density on body mass
been recognised in populations of large mammals (for-a reof lambs and yearlings of both sexes. Bighorn sheep of both
view see Fowler 1987). Population density can influencesexes show an increase in mass with age until they are at
body size through a decrease in quantity or quality of foragdeast 7 years old (Festa-Bianchet et al. 1996). Because of the
and a resulting increase in intraspecific competition (KleinPotential for compensatory growth, we expected the older
1981; Clutton-Brock et al. 1982). In many studies, negative2ge-classes to be less affected by population density at birth.
effects of high population density on growth have been re(2) Does compensatory growth occur? Compensatory growth
ported (Skogland 1983; Skogland 1990; Choquenot 1991 @ period of accelerated growth that follows a period of de
Créte and Huot 1993: Hewison et al. 1996: Sams et alcreased growth due to food restriction or environmental per
pressures regarding the trade-off between growth and tepréVerme 1963; Hudson and White 1985). It has been reported
duction, the consequences of changes in resource abundar{€ various species (McAdam and Millar 1999; Badyaev and
associated with changes in population density should be diffeMartin 2000), including domestic sheep (Oldham et al. 1999)
ent for males and females, leading to sex-specific strategiedNd wild ungulates (Toigo et al. 1999). Females may direct
for coping with a decrease in resource availability (TriversMore resources to growth and fewer to reproduction when
1972; Iverson 1985; Halliday 1987). The results of studied00d is scarce. The density-dependent increase in age at
of bird and mammal species where males are larger than f@rimiparity and decrease in maternal effort (Fe_sta-B|anchet
males suggest that males are generally more sensitive th&d Jorgenson 1998; Gallant 1999) reported in our study
females to environmental stress such as food scarcity or di€oPulation suggest that females favoured growth and mainte-
ease (Clutton-Brock et al. 1985; Teather and Weatherheg@@nCe over reproduction at high population density. In males,
1989). The susceptibility of males to food shortage has beefoWever, the maximum growth rate is expressed when

attributed to their high energetic needs resulting from largg€SOurces are abundant and it is not clear how males could
size and a high growth rate (Clutton-Brock et al. 1982).d|vert resources from reproduction to body growth. We there-

Leberg and Smith (1993) reported a decrease in asymptotr{é)?re expected the potential for compensatory growth to

mass for males but not females in white-tailed deerP€ dreater for females than for males. (3) Do the effects of
(Odocoileus virginianus A greater effect of density on size P©
and mass of males than of females has also been reported ffcause males are usually more affected than females by re-
Alpine ibex (Capra ibey (Toigo et al. 1999), mooseAlces source shortages, we expected a stronger effect of population
alced (Solberg and Seether 1994: Ferguson et al. 2000), and€Nsity on body mass and growth of males than of females
roe deer Capreolus capreolys(Vincent et al. 1995), and in and a decrease in sexual size dimorphism with increasing
another study of white-tailed deer (Ashley et al. 1998). Wepopulauon density.

therefore expected that sexual size dimorphism would be

negatively correlated with density (Leberg and Smith 1993; .

Stamps et al. 1997). The relation between population densitylat“erIal and methods

and sexual size dimorphism could be either an inevitable Ram Mountain (52°N, 115°W) is an isolated mountainous- out
consequence of limited food availability or the expression ofcrop separated from the main Rocky Mountain chain by about
an evolved adaptive strategy by which males restrain growtB0 km of foothills covered by coniferous forest. Bighorn sheep use
when resources are scarce (Clutton-Brock et al. 1982).  about 38 km of alpine and subalpine habitat at elevations from

Our understanding of the population dynamics of ungulate 082 to 2173 m. Since 1971, sheep were captured in a corral trap

is limited by th . f del d th ies but b aited with salt, weighed, and marked. Females were marked with
IS limited not by the existence of models and theories but DY, jiqually identifiable canvas or plastic collars and males with

the availability of data on natural populations (Eberhardtyymbered and coloured Allflex plastic ear tags. Lambs were
1985; Gaillard et al. 2000). Long-term studies of wild pepu marked with Ketchum metal ear tags with attached strips of col

lations where density has been manipulated are essentialired Safeflag plastic. Multiple captures of almost all ewes were
to assess density-dependent effects on population dynamiosade each year from late May to early October, and over 95% of
(Caughley 1981; Sinclair 1989). The 28-year study of bighorrthe population was individually marked in most years. Captured
sheep at Ram Mountain, Alberta, is unique because of thgheep were weighed to the nearest 250 g with a Detecto spring
availability of repeated measurements of body mass of marketf@le whose accuracy was checked monthly with known weights.
animals. Population density was manipulated by yearly re Data used in these analyses were collected from 1974 to 1996.

Population density was kept low from 1972 to 1981 by annual re
movals of ewes between 1972 and 1981 and was SUbsﬁmvals of adult ewes (Jorgenson et al. 1993he mean number

quently allowed to increase (Jorgenson et al. 9BVith ot e\es 2 years of age and older during this period was 35 and
the subsequent threefold increase in the number of eweganged from 30 to 42. After 1981, the number of adult ewes (2

lamb survival rates (Portier et al. 1998) and male horn growtears of age and older) more than tripled, reached 104 in 1992, and
(Jorgenson et al. 1998) declined and the age at primiparitthen decreased to 73 by 1996 (Fig. 1).

pulation density on growth and body mass vary with sex?
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Fig. 1. Numbers of bighorn sheefyis canadens)sewes 2 years of age and older and rams 3 years of age and older on Ram Moun
tain, Alberta, in 1974-1996.
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Sheep were censused by identifying those caught or seen at the Captured sheep were weighed if they had not been processed for
trap and observed during ground searches of the study area. Fat least 3 weeks. We knew the exact age and year of birth of each
males have very traditional area-use patterns, so changes in popundividual because over 95% of sheep were first captured as lambs
lation density do not affect the size of their geographic rangeor yearlings. Ewes were caught 2-5 times each summer but many
(Geist 1971; Festa-Bianchet 1986). Population size and populatiorams were only caught once each summer. Over 80% of lambs in
density are therefore approximately equivalent. For consistencyhe population were caught and tagged each year. Mothers were
with previous studies (Festa-Bianchet et al. 1997; Festa-Bianchetentified from suckles and associations with marked ewes for over
and Jorgenson 1998; Portier et al. 1998), we used the number &0% of lambs (Jorgenson et al. 1893We adjusted the mass of
adult females (2 years of age and older) in June as the measure e&ch sheep with multiple captures to June 5 and September 15 us-
population size. The probability of not seeing a marked sheep iring individual growth rates. Mass of lambs was adjusted to June 15
a given year was very low, 0.5% for ewes and 5% for ramsbecause for some lambs, mass adjusted to June 5 was much lower
(Jorgenson et al. 1997), and almost all sheep that were missed h#ltan the average birth mass (Hogg et al. 1992). Bighorn sheep
emigrated to a neighbouring mountain. Bighorn sheep are sexuallgxperience pronounced seasonal variation in body mass and the
segregated for most of the year (Geist 1971) and the number ghass-adjustment dates were chosen to approximate mass at the be
adult rams should have a limited effect on the availability of re ginning and end of the growing season. Because males older than
sources for ewes and lambs. Jorgenson et al. (1998) found th& years were rarely caught after July, their mass at the end of the
horn growth of rams before they left the nursery groups at 3 yearsummer was usually not available. More details on capture fre
of age was affected by the number of ewes but not by the numbeguencies and mass adjustments are provided in Festa-Bianchet et
of rams in the population. We expected that density in the year ofl. (1996).
birth may have a long-term effect on individual development (co
hort effect), but also that density in a given year could affect mas .
gain of sheep of all ages in that year. Therefore, we used two mejjata analysis _ o o
sures of density: the number of adult females in the population in We used parametric statistics to analyse mass at the beginning
the year of birth, and “current” population size, i.e., the number ofand end of the summer for sheep aged 0-7 years. We tested for
adult females in the year when age-specific mass or mass changgéXual dimorphism in mass and its relationship with population
was estimated. Population size at birth and current population sizéize€ using analysis of covariance (ANCOVA) (Sokal and Rohlf
were highly correlated for all age-classes because the populatioh997) in the GLM procedure in SPSS for PC (SPSS Inc. 1997).
mostly increased over time (Fig. 1). Direct effects of density were We also quantified sexual dimorphism as the percentage of mass
assessed by analysing the effect of current population size on seasofl which males were larger than females ((mean male mass —
and yearly mass changes, while the effects of conditions duringnean female mass / mean male mass) x 100). This index was cal
early development were measured by examining the relationshigulated for each cohort with data for 2 or more individuals of each
between population size at birth and body mass of different agesex. We regressed this index of dimorphism on population size at
classes. For males 3 years of age and older, current population sigérth.
was the number of adult males (3 years of age and older) in the We examined the correlation between the number of adult ewes
population. Three-year-old males move from nursery herds to bachend three measures of variation in mass: summer gain (mass in
lor groups of adult males (Geist 1971; Festa-Bianchet 1991). Th&eptember minus mass in June of the same year), yearly gain
number of females is therefore unlikely to affect body growth of (mass in June of one year minus mass in June of the previous
adult males (Festa-Bianchet 1991), and horn growth of adult malegear), and winter loss (mass in June of one year minus mass in
was independent of the number of ewes (Jorgenson et al. 1998).September of the previous year). Within a sex—age class, mass
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Table 1. Linear relationship between the number of adult ewes (2 years of age and older) in the year of birth
and body mass of male and female bighorn sh&&gs( canadens)son Ram Mountain, Alberta, in 1974-1996.

Males

Females

Slope Slope

Lambs

Mass on 15 June 124 -0.02 0.03 0.041 126 -0.02 0.05 0.014

Mass on 15 Sept. 145 -0.09 0.16 0.000 134 -0.09 0.20 0.000
Yearlings

Mass on 5 June 154 -0.09 0.12 0.000 168 -0.07 0.16 0.000

Mass on 15 Sept. 133 -0.16 0.21 0.000 152 -0.13 0.24 0.000
2-year-olds

Mass on 5 June 110 -0.17 0.29 0.000 154 -0.16 0.30 0.000

Mass on 15 Sept. 94 -0.29 0.42 0.000 131 -0.14 0.19 0.000
3-year-olds

Mass on 5 June 107 -0.24 0.39 0.000 138 -0.05 0.04 0.022

Mass on 15 Sept. 40 -0.29 0.32 0.000 132 -0.01 0.003 0.561
4-year-olds

Mass on 5 June 81 -0.29 0.40 0.000 115 -0.02 0.006 0.414

Mass on 15 Sept. 18 -0.38 0.37 0.007 111 -0.03 0.01 0.278
5-year-olds

Mass on 5 June 61 -0.27 0.39 0.000 105 -0.03 0.02 0.196

Mass on 15 Sept.* — — — — 95 0.008 0.001 0.795
6-year-olds

Mass on 5 June 53 -0.33 0.47 0.000 91 -0.09 0.08 0.006

Mass on 15 Sept.* — — — — 88 -0.05 0.04 0.057
7-year-olds

Mass on 5 June 26 -0.22 0.31 0.003 87 -0.07 0.07 0.011

Mass on 15 Sept.* — — — — 82 -0.02 0.006 0.486

Note: Regressions were performed for age-classes between 0 and 7 years and for mass adjusted to the beginning (June 15
for lambs, June 5 for older sheep) and end (September 15) of the summer.
*Insufficient males.

changes were often correlated with individual mass at the beginenly for young females. From the end of their fourth sum-
ning (summer gain and yearly gain) or end (winter loss) of themer (3 years old on September 15) until they were 7 years
summer: large sheep tend to gain relatively less mass than smaiq, the mass of ewes was either not affected, or only very

sheep (Festa-Bianchet et al. 1996). When testing for density effec\ﬁ/eakly affected, by population size (Table 1)
on mass changes, therefore, we removed the effect of absolute ! '

mass on mass changes by using partial correlation controlling for ) )

initial mass. The results of our analyses of mass change are therBlumber of ewes and sexual mass dimorphism

fore not biased by the possible negative effects of population size Sexual mass dimorphism of adult bighorn sheep decreased

on absolute mass. with increasing population size at birth (Fig. 2). ANCOVA
The September mass of ewes that reproduced as 2-year-olds wgFable 2) revealed that the sex x number of ewes interaction

negatively affected by their reproductive status, and their lambgecame significant for mid-September mass at age 2 and re

were lighter than the lambs of older ewes (Festa-Bianchet et alzined significant up to 7 years of age for mass in June and

1995). These ewes and their lambs were therefore excluded fro'@eptember Sexual mass dimorphism was significant from 1

the analyses. Males orphaned during the removal experiment ;S? 7 years 'Of age. Contrary to our expectations, we found a

1972-1981 were also excluded from all analyses because they i ff f lati . h of | d of
were lighter than non-orphans (Festa-Bianchet et al. 1994). Statistp'Milar effect of population size on growth of males and o

cal analyses were performed with SPSS for PC (SPSS 1997). Aflemales from 0 to 2 years (Table 2). After age 2, however,
probability values are two-tailed unless otherwise specified, withPopulation size had a negative effect On'ly for males. Conse
o = 0.05. quently, cohort-specific sexual dimorphism decreased with

increasing population density (Fig. 3).

Results . _
Current population size and seasonal mass changes

Population size and body mass Seasonal mass changes were not independent of initial
Population size had divergent effects on age-specific massiass (Festa-Bianchet et al. 1996). When individual mass
of males and females. Density in the year of birth negativelywas taken into account through partial correlation, current
affected body mass for males of all age-classes. This effeqiopulation size had a negative effect on yearly and seasonal
was weak for male lambs on 15 June but increased by thmass changes in most sex—age classes. For males, yearly
end of the first growing season and remained highly signifi gain and summer mass gain were negatively affected from 0
cant for rams up to 7 years old (Table 1). Population size irto 2 years of age. Lambs and yearlings, but not adults, lost
the year of birth, on the other hand, had a negative effectnore mass during winter at high than at low population size

© 2001 NRC Canada
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Fig. 2. Relationship between the number of adult bighorn ewes in the year of birth and body mass of W)atesl (females @) at
Ram Mountain, Alberta, in 1974-1996a)(Two-year-olds, mass adjusted to June 5 (femajes:—0.16¢ + 50.44; malesy = —0.1% +
58.12). p) Two-year-olds, mass adjusted to September 15 (femgles-0.14& + 65.65; malesy = —0.2% + 85.31). €) Three-year-
olds, mass adjusted to June 5 (femalgs: —0.05 + 51.68; malesy = —0.24& + 77.13). () Four-year-olds, mass adjusted to June 5
(females:y = —0.02 + 54.01; maleyy = —0.2% + 90.42).
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(Table 3). Population size negatively affected seasonal mas¥ sexual size dimorphism of bighorn sheep aged 2—7 years
changes of female lambs and yearlings, but was positivelgeclined. Contrary to our prediction, however, instead of a
correlated with yearly mass gain of 2-year-old ewes-(Tagreater effect of population size on growth of young males
ble 3). Comparisons of correlation coefficients revealed thathan of young females, we found a persistent effect on males
mass changes were not more affected by population size im older age-classes. High population density in the year of
males than in females, with the exception of mass gain fronbirth led to a lifelong negative effect for males, but young
2 to 3 years of age, which decreased with increasing pepuladult females appeared to compensate for slow early growth.
tion size for males but increased for females. Seasonal mas¥e suggest that the sexual differences in the effects of pop
changes in adult ewes were not affected by the current nunulation density were due to differences in the reproductive
ber of ewes, and seasonal mass changes in males older thstnategies of males and females. Our results underline the
3 years were not affected by the number of rams (Table 3). importance of distinguishing both sex and age classes when
assessing the effect of population density on body growth.
Confirming the results of earlier studies of ungulates
(Clutton-Brock et al. 1982; Fowler 1987; Leberg and Smith
Our study provides evidence that changes in populatiodi993), high density in the year of birth led to depressed
density lead to changes in the degree of sexual size dimobody mass of young bighorn sheep of both sexes. Previous
phism. As the number of ewes at birth increased, the degregtudies have shown that maternal body condition affects

Discussion
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Table 2. ANCOVA comparing the number of ewes in the year of Fig. 3. Relationship between sexual mass dimorphism (percent
birth and body mass adjusted to June 5 and September 15 for age of mass by which males are larger than females) and
bighorn sheep aged between 0 and 7 years on Ram Mountain, number of adult bighorn ewes at Ram Mountain, Alberta, in
Alberta, in 1974-1996. 1974-1996. §) Two-year-olds, mass adjusted to Junen5=(18
cohorts). b) Four-year-olds, mass adjusted to September 15

Mass on (n = 15 cohorts).
Mass on 5 June 15 September
Age-class and term  n r? p n r? p 35 (a)
Lambs 30 - °
Model 250 0.05 0.009 279 0.23 0.000 °
No. of ewes 0.002 0.000 25 A .o °
Rejected terms °
Sex 0.747 0.190 20 4
Sex x no. of ewes 0.987 0.918 \
Yearlings I57 o °
Model 322 0.27 0.000 285 0.40 0.000 10 | ° o g o °
No. of ewes 0.000 0.000 _
Sex 0.002 0.000 S
Rejected terms =
Sex x no. of ewes 0.512 0.256 2 o °
2-year-olds E
Model 264 0.45 0.000 225 0.55 0.000 g ‘ ‘ ‘
No. of ewes 0.000 0.000 = 25 45 65 85 105
Sex 0.000 0.000 )
Sex x no. of ewés — 0.000 4 " (b)
Rejected terms =
Sex x no. of ewds 0.588 =
3-year-olds )
Model 245 0.66 0.000 172 0.67 0.000 E
No. of ewes 0.000 0.000 ~
Sex 0.000 0.000
Sex x no. of ewes 0.000 0.000
4-year-olds
Model 196 0.75 0.000 129 0.65 0.000
No. of ewes 0.000 0.000
Sex 0.000 0.000 0 °
Sex x no. of ewes 0.000 0.001
5- to 7-year-olds
Model - —°¢ o000 -4 4 _d ‘ ‘ ‘
No. of ewes 0.000 25 45 65 85 105
Sex 0.000
Sex x no. of ewes 0.060 NUMBER OF EWES

Note: Body mass is the dependent variable, sex is a factor, and numbe
of ewes is a covariata) is the total number of individuals, males and
females, included in the analysis.

*Mass on September 15 only.

®Mass on June 5 only.

‘Results for 5- i = 166,r? = 0.77), 6- 0 = 145,r? = 0.81) and 7-year-
old ewes f = 113,r*> = 0.81) are the same except thae 0.022 for sex x
number of ewes at 7 years old.

Ynsufficient males.

that density had no significant negative effect on mass of
lambs in mid-June. Alternatively, if small newborns died
before we could catch them, our sample may be biased
towards heavier lambs and may not provide a reliable
assessment of density-dependent changes in birth mass.
Other studies have found higher mortality rates in light than
in heavy newborn ungulates (Clutton-Brock et al. 1982;
Fairbanks 1993). If birth mass decreased with increasing
population size, however, neonatal mortality should also in
foetal growth, birth mass, neonatal growth rate, and milkcrease, but there is very little evidence of density depend
production (Verme 1963; Festa-Bianchet 1988; Gaillard eence of neonatal mortality in sheep at Ram Mountain
al. 1993d). Surprisingly, however, the effect of population (Portier et al. 1998).

size on mid-June mass of lambs was weak. Lambs are about The negative effects of population size on body mass in
3 weeks old in mid-June, and this result suggests that birtiereased during the first summer. Carlisle (1982) predicted
mass was not strongly affected by changes in populatiothat parental expenditure will decrease when resource-avail
size. As density increased, some lambs were born late (Bérulability is low and population density is high. Réale and
1997) and were therefore younger in mid-June than lambBoussés (1995) and Réale et al. (1999) reported that as
born at low density. It is therefore all the more surprisingresource availability decreased, maternal care and maternal
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Table 3. Partial correlation between seasonal and yearly mass changes of bighorn sheep
and number of ewes in the current year, controlling for individual body mass in June for
yearly and summer gain and for body mass in September for winter loss.

Males Females t test
Age
Mass change (years) n r p n r p o8
Yearly gain 0 47 -0.38 0.008 50 -0.45 0.001 0.681

1 98 -0.44 0.000 126 —-0.50 0.000 0.610
2 86 -0.25 0.021 127 0.21 0.017 0.001
3 57 —-0.08 0.562 101 0.16 0.113 —_
4 49 0.18 0.205 93 -0.01 0.918 —
0

Winter loss 50 -0.39 0.005 57 -0.28 0.031 0.541
1 90 -0.31 0.003 117 -0.26 0.004 0.681
2 73 -0.16 0.177 108 0.15 0.125 —
3 24 0.29 0.145 98 0.11 0.279 —
4% — — — 89 0.05 0.665 —
Summer gain 0 81 -0.31 0.004 76 -0.41 0.000 0.477
1 129 -0.37 0.000 140 -0.38 0.000 0.912
2 88 -0.23 0.027 125 -0.08 0.389 —
3 37 0.05 0.745 126 0.01 0.921 —
4* — — — 106 -0.15 0.126 —

Note: For males older than 3 years, the number of males in the population was used as a measure of
population size. The results of tests comparing correlation coefficients are represented by the
probability, p,, for cases in which at least one correlation coefficient was significant. The negative
relationship between winter loss and current population size represents increasing mass loss during high-
density years.

*Insufficient males.

investment also decreased in moufl@w{s gmelinj. Because that of females (Festa-Bianchet et al. 1996), and horn growth
the energetic demands of lactation are much greater thaafter 3 years of age is independent of population size
those of gestation (Hudson and White 1985), the negativéJorgenson et al. 1998), one may assume that males have a
effect of population size on mass at weaning may reflect digh potential for compensatory growth and that mass at
decrease in maternal expenditure. Indeed, summer mass gaieaning would not be strongly correlated with adult mass.
of adult ewes was independent of density, and ewes reducdekesta-Bianchet et al. (2000), however, reported that weaning
their maternal expenditure as the population increasedhass is more closely correlated with adult mass for males
(Feda-Bianchet and Jorgenson 1998). than for females. The more rigid growth strategy of males
The effects of population size on mass of males and ferelative to reproduction may explain this apparent inconsis
males diverged at 2 years of age, leading to a decrease tgncy. If the age-specific growth rate of bighorn rams is al
sexual mass dimorphism with increasing population sizeways expressed as the maximum allowed by the available
Clutton-Brock et al. (1982) also noted that in red dé€eergus  resources, then males that suffer a growth handicap early in
elaphu3, as density increased, sexual dimorphism declinedlife will be unable to compensate for it later in life. Rams
While population size in the year of birth had little or ne ef that are small as lambs or yearlings therefore become small
fect for females beyond 2 years of age, it had a permaner&tdults (Festa-Bianchet et al. 2000). Unlike females, young
negative effect on males. Sexual differences in the plasticity ofnales do not appear to divert resources from reproduction to
resourceallocation between growth and reproduction maygrowth at high population density. The rut occurs in autumn,
account for the absence of compensatory growth in ramafter seasonal growth has ended. Even if it did not take part
compared with ewes. In polygynous mammals, when fein the rut, a young ram would not increase its body growth,
males attain adequate body mass for reproduction, growthlthough it may increase its probability of survival (Stevenson
is usually greatly reduced or stops and most metabolic reand Bancroft 1995) or possibly improve its growth the-fol
sources not needed for maintenance and activity are directddwing year if body condition at the end of winter had an ef
to reproduction (Clutton-Brock et al. 1982), presumably be fect on subsequent growth. The positive relationship between
cause the fitness gain from additional body growth is lespopulation size and yearly mass gain of 2-year-old ewes sug
than that obtained by reproducing. The reproductive succesgests that, unlike young males, females were able to-com
of males, on the other hand, depends upon competing withensate for poor early development. Consequently, the mass
other males for oestrous females. The outcome of maleef adult females was little affected by population density.
male competition is strongly affected by body mass and bodyVe suggest that adult females were able to compensate for
condition (Le Boeuf 1974; Clutton-Brock et al. 1982). Males negative density effects on early development by postponing
of most polygynous mammal species are therefore selectgarimiparity (Jorgenson et al. 1983Gallant 1999) and de
to grow as large and as fast as possible. Because the postreasing maternal energy expenditure (Festa-Bianchet and
weaning body growth of bighorn males is much greater thadorgenson 1998). Compensatory growth has also been found
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in female ibex (Toigo et al. 1999) and in young domesticvariability seen in horn and body size between populations,
ewes that were underfed during early development (Oldharwhich has great importance for trophy ram production,
et al. 1999). probably originates more from environmental variations

We expected that the effects of population density on growtlihan from genetic factors (Geist 1971), and suggestions of
would be stronger for males than for females. In many speciegdaptive, density-dependent control of growth by males re
of polygynous mammals, the large mass and rapid growth ofain untested.
males have been associated with greater susceptibility to dis Mass-biased mortality could have potentially affected our
eases and parasites, starvation and predation, higher ratesregults in two ways. First, as pointed out by Jorgenson et al.
heat loss, and a shorter life expectancy compared with fe(1998), mortality of bighorn sheep rams is affected by hunt
males (Clutton-Brock et al. 1985). However, we did not finding regulations: harvest of small-horned rams (which are
a stronger effect of population size at birth on the mass ofresumably also small-bodied) is prohibited. Therefore, our
male than on female lambs, yearlings, and 2-year-olds. Thisample of adult males may have been increasingly biased to
contradicts the findings of other studies of wild ungulateswards small ones from 4 to 6 years of age, because the larg
which showed that young males were more strongly affecte@st horned and presumably biggest rams were at greater risk
by population density than young females (Ashley et al.of being shot than the smallest ones. This bias was probably
1998; Ferguson et al. 2000). Possibly, the sexual differencesfronger at low population density because at high density
in mass up to 2 years of age were not sufficient to causenany rams never reached the minimum horn size required
great differences in metabolic requirements. Sexual size dby hunting regulations (Jorgenson et al. 1998). It is therefore
morphism in bighorn sheep between 0 and 2 years of agpossible that our results concerning the effects of population
only ranges from about 10 to 15%, independently of populasize on mass of males aged 5 and 6 years slightly under
tion size. Ruckstuhl (1998) found that ewes and males up testimate the éécts of population density. Secondly, Festa-
2 years of age had similar foraging behaviour, while 3-yearBianchet et al. (1997) reported that survival of male and
old males behaved more like adult rams; her results suggefmale lambs and of yearling females increased with body
that the energetic needs of males and females up to 2 yeamsass at high population density. If the survival rate of small
of age may not be very different. sheep is lower at high than at low population density, our

Previous studies of ungulates have underlined the impordata may underestimate the negative effects of population
tance of birth mass and early mass gain on adult mass arfidz€ on mass of adult sheep.
lifetime reproductive success (Clutton-Brock et al. 1992; Neither of these two potential biases, however, is likely to
Gaillard et al. 1998; Lindstrém 1999). In most ungulates,affect our suggested explanation for a density-dependent re-
however, body growth continues for many years after weanduction in sexual mass dimorphism. Furthermore, our results
ing, often also after sexual maturity (Blaxter et al. 1982;suggest that sex differences in growth strategies can promote
Georgiadis 1985; Festa-Bianchet et al. 1996). Events occugivergent responses of males and females to environmental
ring after early development can therefore influence adulperturbations and therefore lead to phenotypic plasticity in
mass and postweaning growth (Saether and Heim 1993he expression of sexual mass dimorphism. Long-term studies
Gaillard et al. 1998; Festa-Bianchet et al. 1996; Festa- Of the effects of population density or other environmental
Bianchet et al. 2000). Our results suggest a direct effect ofactors are important for understanding population fluetua
population size on growth of yearlings of both sexes and ofions and reproductive strategies of long-lived species. Fu
2-year-old males. By switching from nursery to bachelorture research should therefore consider the effects of winter
groups at 2 or 3 years of age (Festa-Bianchet 1991), maledhd summer weather, and their interaction with population
experienced lower population density and presumably greatétensity, on the growth of the dérent sex—age classes. Our
forage availability, because the number of males only-douresults also provide clues to the ecological circumstances
bled while the number of ewes more than tripled during ourrequired for the evolution of sexual size dimorphism. We
study. Although we could not detect any negative effects osuggest that sexually dimorphic growth strategies would be
high density on mass gain for either sex beyond 2 years ohore likely to evolve under conditions of resource abun
age, rams were unable to compensate for the conditions edance than of food scarcity.
perienced during early development, and the negative effect
of population size at birth persisted into adulthood.
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