
1118  |   wileyonlinelibrary.com/journal/jane J Anim Ecol. 2019;88:1118–1133.© 2019 The Authors. Journal of Animal Ecology 
© 2019 British Ecological Society

 

Received: 15 November 2018  |  Accepted: 20 March 2019

DOI: 10.1111/1365-2656.13002  

S Y N T H E S I S

Long‐term studies of bighorn sheep and mountain goats reveal 
fitness costs of reproduction

Marco Festa‐Bianchet1,2  |   Steeve D. Côté2,3  |   Sandra Hamel4  |   Fanie Pelletier1,2

1Département de biologie, Université de 
Sherbrooke, Sherbrooke, Québec, Canada
2Centre d'études nordiques, Québec City, 
Québec, Canada
3Département de biologie, Université Laval, 
Sainte‐Foy, Québec, Canada
4Department of Arctic and Marine Biology, 
Faculty of Biosciences, Fisheries, and 
Economics, UiT The Arctic University of 
Norway, Tromsø, Norway

Correspondence
Marco Festa‐Bianchet
Email: m.festa@usherbrooke.ca

Funding information
Alberta Conservation Association; Natural 
Sciences and Engineering Research Council 
of Canada; Fonds de Recherche du Québec ‐ 
Nature et Technologies

Handling Editor: Jean‐Michel Gaillard

Abstract
1. Fitness costs of reproduction are expected when resources are limited. Costs 

drive the evolution of life‐history strategies and can affect population dynamics if 
females change their allocation of resources to reproduction.

2. We studied fitness costs of reproduction in mountain ungulates in Alberta, 
Canada. We monitored two populations of bighorn sheep (Ovis canadensis) for 44 
and 30 years, and one of mountain goats (Oreamnos americanus) for 30 years. Both 
species are highly iteroparous.

3. Heterogeneity in individual reproductive potential makes fitness costs of repro-
duction difficult to detect and quantify without manipulations. In capital breeders, 
individual differences can be partly accounted for by considering body mass and 
other correlates of reproductive potential. Long‐term monitoring can reveal costs 
that only manifest under stressful conditions such as disease or resource scarcity.

4. Despite individual differences in reproductive potential, we detected fitness costs 
of reproduction in females. Costs, in terms of mass gain and survival, are almost 
entirely born by subsequent offspring, as mothers prioritize their own mainte-
nance and survival. Costs are greater for primiparous females, decrease with in-
creasing body mass and increase as resource availability declines, and sons are 
costlier than daughters. Costs may increase for senescent females that appear to 
reduce allocation to reproduction. In bighorn sheep, costs mostly involve reduced 
mass gain and lower survival of subsequent offspring. In mountain goats, costs 
include reductions in mass gain, subsequent fecundity and juvenile survival.

5. In males, fitness costs derive mostly from attempts to reproduce rather than from 
siring success and likely depend upon individual competitiveness. In the absence 
of selective harvests, dominant males may enjoy high fitness and possibly lower 
costs compared to subordinates.

6. The conservative reproductive tactic of mountain ungulate females likely explains 
why density dependence mostly involves later primiparity and lower recruitment, 
but rarely affects adult survival. Future research will seek to better account for 
heterogeneity in reproductive potential, assess cumulative reproductive costs and 
investigate the potential effects of fathers on maternal allocation tactics.
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1  | INTRODUC TION

When resources are limited, allocation trade‐offs among compo-
nents of reproductive success lead to fitness costs of reproduction 
(Stearns, 1992). As pointed out by Williams (1966), greater allocation 
to current reproduction may reduce residual reproductive value. 
Fitness costs affect the evolution of life‐history strategies and can 
drive changes in population growth. Reproductive allocation deci-
sions may vary with resource availability, potentially leading to den-
sity‐dependent population growth (Bardsen & Tveraa, 2012). The 
study of fitness costs in wild populations may allow better assess-
ment of the potential impacts of environmental changes.

In mammals, lactation is the energetically costlier part of fe-
male reproduction (Gittleman & Thompson, 1988) and should 
have a fitness cost if it uses resources that cannot be recovered 
before the next reproduction. In species where adult females have 
a high survival rate and multiple reproductive opportunities, the 
costs of reproduction are expected to be expressed mostly as re-
duced maternal care. That is because in these “slow” species, the 
reproductive value of mothers is much greater than that of off-
spring (Gaillard & Yoccoz, 2003; Hamel et al., 2010). In contrast, 
when females have high mortality and a limited number of repro-
ductive opportunities, costs often include a reduction in maternal 
survival, as expected when the reproductive value of offspring is 
not much lower than that of mothers (Hamel et al., 2010). Costs 
of reproduction in male mammals are poorly documented, partly 
because their evaluation requires a molecular assessment of pa-
ternity. If costs result from interactions with other males, they 
may not be closely correlated with siring success (Festa‐Bianchet, 
2012). The energy and injury costs of male–male interactions may 
explain why male mortality is typically higher than female mortal-
ity in polygynous mammals (Toïgo & Gaillard, 2003).

Quantifying the fitness costs of reproduction in wild mammals is 
challenging. The strong mother–offspring recognition mechanisms, 
and often the difficulty of accessing newborns, make experimen-
tal manipulations of reproduction difficult. Litter size manipulations 
have been performed for small mammals (Skibiel, Speakman, & Hood, 
2013). To our knowledge, only two studies have examined the costs 
of reproduction in wild large mammals by manipulating reproductive 
effort. In feral sheep (Ovis aries), contraceptive implants increased fe-
male survival, but did not improve subsequent breeding performance 
(Tavecchia et al., 2005). In Eastern grey kangaroos (Macropus gigan‐
teus), females prevented from reproducing for one year subsequently 
gave birth earlier and their offspring had higher survival compared 
with control females (Gélin, Wilson, Coulson, & Festa‐Bianchet, 2015).

If reproductive effort is not manipulated experimentally, to de-
tect costs one must rely on correlations between reproduction and 

survival or in reproductive success over subsequent episodes for the 
same individual. Performance over consecutive reproductive oppor-
tunities, however, is affected by individual reproductive potential 
(Weladji et al., 2008). As pointed out by van Noordwijk and de Jong 
(1986), if individual variation in resource acquisition is large com-
pared to variation in resource allocation, life‐history traits will show 
positive correlations. That is because individuals that have acquired 
a large quantity of resources can reproduce without fitness costs, 
while individuals in poor condition may be unable to reproduce in 
consecutive breeding seasons or may die even if they do not repro-
duce. Several environmental and individual variables affect resource 
acquisition and allocation, and can thereby affect the costs of re-
production. For example, reproductive costs may vary with female 
age, parity, offspring sex and resource availability (Archie, Altmann, 
& Alberts, 2014; Descamps, Boutin, McAdam, Berteaux, & Gaillard, 
2009). Thus, the costs of reproduction in the wild may not be evi-
dent only if monitoring includes a range of individual and environ-
mental characteristics.

Long‐term studies of individually marked vertebrates have ad-
vanced our knowledge of life histories in the wild (Clutton‐Brock & 
Sheldon, 2010a). Three characteristics of these studies make them 
particularly valuable for understanding how fitness costs of repro-
duction affect individual reproductive success, reproductive tactics 
and population dynamics. First, data collected over many years can 
account for changes in the environment. Relevant variables include 
population density, diseases, parasites, forage abundance and pre-
dation risk. Long‐term studies quantify natural variability in fac-
tors that affect the costs of reproduction. Second, the effects of 
age, cohort and other characteristics such as body mass and mass 
change can be taken into account, especially when individuals are 
measured repeatedly. Third, by monitoring individuals from birth to 
death, these studies can compare how allocation to reproduction 
at different life stages may affect subsequent survival and repro-
ductive success, elucidating possible long‐term effects of allocation 
tactics. Information on which traits distinguish successful and un-
successful individuals as ecological conditions change can provide 
a mechanistic understanding of how reproductive allocation affects 
subsequent fitness components and therefore influence population 
dynamics.

Here, we examine how our long‐term studies of mountain ungu-
lates advanced understanding of the fitness costs of reproduction in 
wild large herbivores. We replicated similar monitoring techniques 
in three populations of two species sharing similar habitats, social 
organization, antipredator tactic and life‐history traits. The presence 
of effective predators allowed us to quantify reproductive costs 
within an ecological setting likely similar to that prevalent during 
the evolution of these species. By monitoring three populations, we 
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examined how costs of reproduction varied with ecological condi-
tions and among populations.

2  | FITNESS COSTS OF REPRODUC TION 
IN L ARGE MAMMAL S

Several long‐term studies of marked individuals have addressed 
the fitness costs of reproduction in large mammals, particularly fe-
males. Despite the confounding effects of individual heterogeneity 
in reproductive potential (Bardsen, Tveraa, Fauchald, & Langeland, 
2010; Weladji et al., 2008), some found measurable fitness costs, 
usually expressed as reduced reproductive performance the year 
after a juvenile or litter was weaned. Most costs were induced by 
lactation rather than gestation (Froy, Walling, Pemberton, Clutton‐
Brock, & Kruuk, 2016). As expected given the much higher repro-
ductive value of mothers compared to juveniles (Gaillard & Yoccoz, 
2003), survival costs of reproduction for mothers are rare, but have 
been reported for both red deer (Cervus elaphus) and feral sheep 
(Clutton‐Brock et al., 1996; Froy et al., 2016). Survival costs have 
also been reported in pinnipeds (Desprez et al., 2014; Hadley, 
Rotella, & Garrott, 2007).

Fitness costs of reproduction derive from resource limitation. For 
example, in feral sheep, costs of reproduction are greatest when re-
sources are scarce, both at the individual level and at the population 
level (Tavecchia et al., 2005). In Alpine ibex (Capra ibex), costs of repro-
duction decrease for females released into unoccupied habitat, where 
forage is likely more abundant (Rughetti, Dematteis, Meneguz, & Festa‐
Bianchet, 2015). Kangaroos terminate lactation if they cannot gain suf-
ficient resources to maintain body mass (Gélin, Wilson, Cripps, Coulson, 
& Festa‐Bianchet, 2016). Moreover, primiparous or young mothers are 
often smaller than multiparous ones (Martin & Festa‐Bianchet, 2012). 
They may suffer greater fitness costs of reproduction than older fe-
males because they sustain at the same time the energetic costs of 
reproduction and of their own growth (Clutton‐Brock, Guinness, & 
Albon, 1983; Green & Rothstein, 1991; Tavecchia et al., 2005).

In male mammals, reproduction has been associated with costs 
such as reduced feeding time, increased effort in searching for mates 
or injuries from fighting. For instance, studies of harvested male un-
gulates reveal substantial mass loss during the rut (Forsyth, Duncan, 
Tustin, & Gaillard, 2005; Mason et al., 2012; Yoccoz, Mysterud, 
Langvatn, & Stenseth, 2002). Very few studies, however, have ad-
dressed whether these energetic costs lead to fitness costs in terms 
of survival or future reproduction. Only 3 of 12 studies on this 
topic detected fitness costs of reproduction in males (Hamel et al., 
2010). Experimental evidence from castrated feral sheep suggested 
a strong survival cost of competing for reproduction (Stevenson & 
Bancroft, 1995), but this study did not quantify a relationship be-
tween siring success and fitness costs. In polygynous mammals, 
mating success is largely driven by intrasexual competition (Preston, 
Stevenson, Pemberton, Coltman, & Wilson, 2003). Consequently, 
males face greater uncertainty over the benefits of a given allocation 
than over its costs, and the correlation between reproductive effort 

and success is likely much weaker in males than that in females. Siring 
success in moose (Alces alces) is related to early development, sug-
gesting that heterogeneity in reproductive potential is also important 
for males, but it is mostly determined by competitiveness (Markussen 
et al., 2018). Because very few studies measured both siring success 
and mating effort, it is difficult to distinguish between a cost of re-
production and a cost of trying to reproduce (Festa‐Bianchet, 2012).

3  | THE FIELD STUDIES

Our studies in Alberta, Canada (Figures S1–S5 ), monitored thousands 
of marked individuals over decades. All were motivated by conserva-
tion concerns, and initiated either by or in collaboration with provin-
cial wildlife biologists. Our basic procedure was to mark all animals 
and monitor survival, growth and reproduction from birth to death.

The Ram Mountain bighorn sheep program began in 1971 when 
biologists from Alberta Fish & Wildlife assembled a corral trap 
(Figure 1) to recapture sheep multiple times between late May and 
early October. All yearling and adult females, and over 95% of adult 
males, have been marked since 1975. In the last three decades, over 
80% of adult females were recaptured three times or more each year. 
This study initially simulated a hunting season on females. Annual 
removal of 14%–32% of females from 1972 to 1980 (Jorgenson, 
Festa‐Bianchet, & Wishart, 1993) provided an experimental manip-
ulation of density, age structure and the duration of maternal care, 
leading to insights into evolutionary and population ecology (Festa‐
Bianchet, Jorgenson, & Wishart, 1994; Jorgenson et al., 1993). After 
1981, the population increased, peaked in 1992 and then declined 
(Figure 2). Another 14 ewes were removed in 1997. Numbers de-
clined rapidly in 1997–2001, partly because of cougar (Puma con‐
color) predation (Festa‐Bianchet et al., 2006), then stagnated at 
about 40 for several years. Thirty‐two sheep were transplanted to 

F I G U R E  1   Clockwise from top left: the bighorn sheep trap 
at Ram Mountain, mountain goats near box traps and a remotely 
controlled weigh scale at Caw Ridge, a mountain goat female and a 
kid, and a group of bighorn rams at Sheep River, Alberta, Canada. 
Photos by M. Festa‐Bianchet, F. Dulude‐deBroin, E. Bélanger, F. 
Pelletier
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Ram Mountain between 2003 and 2015, from a population about 
130 km to the north–west (Poirier, Coltman, Pelletier, Jorgenson, 
& Festa‐Bianchet, 2019). Trophy hunting ended in 2010 (Pigeon, 

Festa‐Bianchet, Coltman, & Pelletier, 2016); 64 males were shot be-
tween 1972 and 2007. There was no legal hunting of females, and 
only one was known to be poached. We attempted an experiment 
with contraceptive implants in 1996–1997, but soon after the popu-
lation crashed (Festa‐Bianchet et al., 2006). Of 10 contracepted fe-
males, six never reproduced again, mostly because of high mortality. 
The experiment produced no useful data. The Ram Mountain study 
has monitored 1,175 bighorn sheep. Over 11,000 captures produced 
data on seasonal and lifetime changes in mass. Ewe captures in late 
May and early June allow direct inspection of lactation status, pro-
viding information on neonatal mortality. The Ram Mountain popu-
lation is demographically but not genetically isolated. There is a small 
population on Shunda Mountain, about 4 km away across the North 
Saskatchewan River. At least nine males born on Ram Mountain 
were later seen or shot on Shunda.

Other populations in the Rocky Mountains are separated 
by about 30 km of unsuitable habitat, mostly coniferous forest. 
Permanent immigration is rare: over 44 years, we documented one 
female and five male immigrants. In some years, however, many 
lambs are sired by non‐resident rams that arrive for the rut, as typical 
of bighorn sheep (Hogg, 2000).

The Sheep River bighorn sheep program began because of 
concerns about pneumonia, an exotic disease transmitted from 
domestic sheep (Cassirer et al., 2018). Lungworms (Protostrongylus 
spp.) were then thought to be one cause of pneumonia (Samson, 
Holmes, Jorgenson, & Wishart, 1987). Wildlife managers were 
concerned that high population density and an early return to 
the winter range in autumn could increase lungworm infection. 
A marking program to monitor migratory behaviour and lung-
worm infection began in 1981. By 1985, all adult ewes were 
marked. Nearly all sheep were only captured once, with a dart 
gun (Jorgenson, Samson, & Festa‐Bianchet, 1990). In 2000–2010, 
however, an electronic platform scale baited with salt allowed us 
to weigh sheep without recapturing them (Bassano, Hardenberg, 
Pelletier, & Gobbi, 2003). A combination of pneumonia and cou-
gar predation in the late 2000s led to a decrease in population 
size (Bourbeau‐Lemieux, Festa‐Bianchet, Gaillard, & Pelletier, 
2011), fidelity to the winter range and monitoring effort. Here, 
we consider data collected between 1981 and 2010, when 787 
sheep were marked and monitored. About 70% were captured at 
3–6 months of age. Sheep River bighorns are part of a metapopu-
lation, with substantial seasonal range overlap with other female 
groups and males roving up to 80 km searching for mating oppor-
tunities (Festa‐Bianchet, 1986a, 1986b). In 1981–2010, the pop-
ulation was mostly demographically isolated. Non‐resident rams 
arrived for the rut, while some resident rams left (Hogg, 2000). 
Trophy hunting of males with horns describing at least 4/5 of a curl 
(Festa‐Bianchet, 1989b) was allowed outside the winter range, and 
a few permits were issued for females. In 1981–2010, 35 males 
and four females were legally harvested. At least 14 males were 
poached.

Research on mountain goats at Caw Ridge began with the marking 
of 17 individuals in 1987–1988. The first full field season was in 1989. 

F I G U R E  2   Size of three study populations of mountain 
ungulates in Alberta, Canada, based on total counts in June for Ram 
Mountain and Caw Ridge, in March for Sheep River. Yellow symbols 
indicate years of high cougar predation. At Ram Mountain, open 
symbols indicate experimental female removals (1997 coincided 
with the start of a predation episode), blue triangles transplants 
into the population. At Sheep River, purple symbols indicate 
pneumonia epizootics
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Again, the study was motivated by management concerns. Numbers 
of mountain goats in Alberta had declined, and the hunting season was 
closed in 1988. Managers were concerned about low juvenile survival; 
therefore, our initial objective was to measure juvenile mortality and 
identify its causes. Mountain goat females are more aggressive than 
females of most other ungulates (Fournier & Festa‐Bianchet, 1995), 
and we investigated how social behaviour affects reproductive suc-
cess (Côté & Festa‐Bianchet, 2001). Mountain goats are more sensi-
tive to human activities, including research, than bighorn sheep (Côté, 
1996; Côté, Festa‐Bianchet, & Fournier, 1998; Côté, Hamel, St‐Louis, & 
Mainguy, 2013). We captured goats in traps baited with salt (Figure 1), 
but in 1998 we stopped trapping kids or lactating females (Côté et 
al., 1998). Since 2001, we weigh goats on platform scales baited with 
salt (Figure 1). The proportion of marked goats increased from 72% 
in 1990 to 87% in 1995. Kids were monitored through their associa-
tion with marked mothers, and 98% of older goats were marked since 
1993. As of 2018, 462 mountain goats have been marked. Population 
size increased from about 80–160 in the first 20 years of monitor-
ing and then declined to about 30 during the last decade (Figure 2). 
Mountain goats appear more likely to disperse than bighorn sheep. 
We documented 17 immigrants, all males. At least 33 males emigrated, 
and possibly three females. Similar to bighorn sheep, some resident 
males left for the rut and non‐residents arrived; therefore, the pop-
ulation was not genetically isolated. There was no sport hunting of 
mountain goats on Caw Ridge and no known cases of poaching.

In all populations, it was extremely rare for a marked animal to 
reappear after not having been seen during a field season. Most 
exceptions were emigrant male sheep that were seen or shot else-
where (5 at Sheep River and 21 at Ram Mountain). For example, for 
bighorn sheep at Ram Mountain, the resighting probability was 95% 
for males and over 99% for females (Jorgenson, Festa‐Bianchet, 
Gaillard, & Wishart, 1997; Loison, Festa‐Bianchet, Gaillard, 
Jorgenson, & Jullien, 1999). Our annual estimates of population size 
are accurate because animals were seen multiple times each season.

Bighorn sheep and mountain goats share several characteristics 
(Table 1). Although there was a possible case of twinning at Ram 
Mountain and a definite one at Caw Ridge, litter size in both spe-
cies was essentially fixed at 1. Both species require open foraging 
areas near escape terrain in summer and relatively snow‐free areas 
near escape terrain in winter. Those habitat requirements generate a 

patchy distribution and often lead to seasonal migrations (Merkle et 
al., 2016). Both sexes are philopatric and use rocks and cliffs to avoid 
coursing predators such as wolves (Canis lupus), coyotes (Canis latrans) 
and grizzly bears (Ursus arctos) (Figures S2–S3). That tactic relies on 
tradition, with well‐marked trails between feeding areas and seasonal 
ranges. Consequently, the size of a population's range is mostly inde-
pendent of density (Festa‐Bianchet & Côté, 2008) so that population 
size and density are equivalent. Females rarely venture far from es-
cape terrain. All females in a population use the same home range 
(Festa‐Bianchet & Côté, 2008; Festa‐Bianchet, 1986a, 1991), so that 
differences in survival and reproduction cannot be attributed to for-
age characteristics within individual home ranges, unlike in species 
where individuals have distinct home ranges (McLoughlin et al., 2007).

As with any research, our study has limitations. First, field work 
was year‐round at Sheep River, but at Caw Ridge and Ram Mountain 
it was usually limited to May–September. For three years, however, 
goats were also observed during the rut, in November and early 
December. Second, we rarely knew natural causes of death because 
few carcasses were found, especially of juveniles. Third, as population 
sizes declined (Figure 2), small sample sizes limited statistical power. 
Our study populations, however, are representative of most moun-
tain ungulate populations in North America, which typically exist in 
small patches of suitable habitat and rarely exceed 250 individuals. 
Finally, our research relies on correlative evidence: we compare re-
productive allocation or success in consecutive years by the same 
individuals, accounting for potential confounding variables such as 
density, environmental conditions, female mass and mass changes, 
offspring sex and mass. Although those variables partly reflect in-
dividual reproductive potential, ideally the costs of reproduction 
should be measured by manipulating individual reproductive effort.

4  | DETEC TING COSTS OF 
REPRODUC TION DESPITE INDIVIDUAL 
HETEROGENEIT Y

Our research suggests that females modulated allocation to repro-
duction based on reproductive potential (van Noordwijk & de Jong, 
1986). Repeatedly, we found positive correlations among fitness 
components, rather than the negative correlations predicted by 

Traits Mountain goats Bighorn sheep (SR)
Bighorn sheep 
(RM)

Age of primiparity 4.7 (3.7–5.5) 3.2 (2.1–5.6) 3.3 (2.2–5.5)

Survival to 1 year, both sexes 0.56 (0.19–0.92) 0.35 (0.07–0.73) 0.47 (0.09–0.80)

Yearling survival, both sexes 0.83 (0.50–1.00) 0.81 (0.50–1.00) 0.80 (0.20–1.00)

Prime‐aged female survival 0.90 (0.65–1.00) 0.91 (0.63–1.00) 0.92 (0.74–1.00)

Max female longevity 18 18 19

Max male longevity 15 13 14

Peak mass, females (kg) 84 (72–87) 77 (75–79) 71 (68–74)

Peak mass, males (kg) 116 (103–134) 134 (124–141) 105 (99–111)

TA B L E  1   Life‐history characteristics 
of bighorn sheep and mountain goats. For 
age of primiparity and survival, the mean 
and annual range are presented. “Prime 
age” is 2–9 years for mountain goats 
and 2–7 years for bighorn sheep. “Peak 
mass” is the estimated maximum mass 
in summer, averaged for females aged 
4–12 years and for males aged 5–12 years. 
The range for mass is among annual 
age classes. Sheep River (SR) and Ram 
Mountain (RM) are two bighorn sheep 
study areas
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life‐history theory (Stearns, 1992). Those correlations were largely 
explained by individual differences likely associated with reproduc-
tive potential, mainly body mass and age. At Ram Mountain, for fe-
males that survived to at least 8 years, mass at age 6 explained 24% of 
variability in longevity (Bérubé, Festa‐Bianchet, & Jorgenson, 1999). 
Females that died before age 11 were 6% lighter than those that sur-
vived to 11 years or older. The same study found no negative effect 
of reproductive success at 2–7 years of age on longevity or on repro-
ductive success later in life. Instead, it found positive relationships, 
which became not statistically significant when changes in density 
were accounted for (Bérubé et al., 1999). At Sheep River, ewes primi-
parous at 2 years were more likely to reproduce again at age 3 than 
ewes that did not reproduce at age 2 (Festa‐Bianchet, 1989a). Effects 
of reproductive potential were evident also at the individual level: at 
Ram Mountain, ewes had higher reproductive success in years when 
they were heavier than their long‐term average mass, suggesting that 
they were in better condition (Festa‐Bianchet, 1998). After account-
ing for female mass, previous reproductive success and population 
density, female identity as a random variable still explained a sig-
nificant proportion of variance in reproductive success, suggesting 
individual heterogeneity in reproductive potential (Festa‐Bianchet, 
Gaillard, & Jorgenson, 1998). At high density, survival was lower for 
older (8–14 years) ewes that did not reproduce than for those that 
reproduced, suggesting that some ewes in poor condition died de-
spite allocating all resources to maintenance (Festa‐Bianchet et al., 
1998). The same study reported that fertility of multiparous ewes 
increased if they had produced a lamb the previous year. Martin and 
Festa‐Bianchet (2010) found that maternal effort and overwinter 
survival were correlated at Ram Mountain. At Sheep River, ewe lon-
gevity was positively correlated with reproductive success up to age 
9, which was in turn correlated with reproductive success after age 
9 (Festa‐Bianchet & King, 2007). At Ram Mountain, early primiparity 
did not reduce longevity and was positively associated with lifetime 
reproductive success (Martin & Festa‐Bianchet, 2012). High density 
at birth reduced both longevity and lifetime reproductive success, 
particularly when density during adulthood was also high (Pigeon & 
Pelletier, 2018). In mountain goats (Panagakis, Hamel, & Côté, 2017), 
heavier and dominant females tended to attain primiparity earlier 
and had higher reproductive success early in life. Early primiparity 
and reproductive success were both positively related to late repro-
ductive success. Clearly, females allocated resources to reproduction 
when they could afford to do so.

Costs of reproduction became more evident when an individual 
index of reproductive potential, described mostly by mass and lon-
gevity, was taken into account. In mountain goats (Figure 3f), heavy 
and dominant females showed no cost of reproduction, whereas 
light and subordinate females that gave birth had a lower probabil-
ity of reproducing the following year compared with non‐reproduc-
tive females (Hamel, Côté, Gaillard, & Festa‐Bianchet, 2009). For 
the heaviest bighorn ewes, no cost of reproduction was detectable 
(Festa‐Bianchet et al., 1998; Hamel et al., 2009). Our study animals 
had a fixed litter size of one, and therefore, changes in litter size 
were not part of their reproductive tactic. It is likely that, for those 

in good condition, the energetic costs of lactation were entirely re-
covered by foraging during summer. Lactating mountain goats spent 
more time grazing and more time ruminating while lying compared to 
non‐lactating females (Hamel & Côté, 2008). Mass, however, was not 
the sole determinant of reproductive potential, as cohort effects on 
reproductive success remained substantial even after differences in 
mass were accounted for, generating positive correlations between 
survival and reproduction (Pigeon, Festa‐Bianchet, & Pelletier, 2017). 
Early environmental conditions also affected variation in female re-
productive potential of cohorts of both species (Hamel et al. 2009).

5  | THE CONSERVATIVE REPRODUC TIVE 
TAC TIC OF FEMALE C APITAL BREEDERS: 
TR ANSFER COSTS TO OFFSPRING

Bighorn sheep and mountain goat females show the typical age‐spe-
cific survival pattern of most ungulates (Gaillard, Viallefont, Loison, 
& Festa‐Bianchet, 2004): those surviving to the age of primiparity 
experience 5–7 years of annual survival near 90% and then 3–5 years 
of survival well over 50% (Loison et al., 1999). Adult survival is mostly 
independent of weather or population density, but can be reduced 
by predation (Bourbeau‐Lemieux et al., 2011; Festa‐Bianchet et al. 
2006) or disease (Cassirer et al., 2018). Juvenile survival, instead, var-
ies with density, weather and predation (Gaillard, Festa‐Bianchet, & 
Yoccoz, 1998). Consequently, the reproductive value of mothers is 
much higher than that of juveniles, and females are expected to re-
strain allocation to reproduction so as not to compromise their own 
survival, possibly leading to environmental canalization of a con-
servative reproductive tactic (Gaillard & Yoccoz, 2003). Our research 
supports that expectation. The only survival cost of reproduction 
we documented was during a pneumonia epizootic at Sheep River: 
young ewes that first reproduced as 2‐year‐olds were more likely 
to die than ewes that had postponed primiparity (Festa‐Bianchet, 
1989a) (Figure 3c). Apparently, ewes that allocated resources to 
reproduction before completing growth had a weaker immune re-
sponse and were killed by an exotic disease. A similar disease‐induced 
cost of reproduction was reported for female Alpine ibex (Garnier, 
Gaillard, Gauthier, & Besnard, 2016). Allocation to reproduction ap-
peared to reduce resistance to parasites, as lactating ewes shed more 
lungworm larvae than non‐lactating ones (Festa‐Bianchet, 1989a; 
Pelletier, Page, Ostiguy, & Festa‐Bianchet, 2005). We did not detect 
any other survival costs of reproduction for either bighorn sheep 
(Festa‐Bianchet et al., 1998) or mountain goats (Hamel, Côté, & 
Festa‐Bianchet, 2010). Reproduction reduced mass gain: young and 
senescent lactating ewes gained less mass during summer than non‐
lactating ones (Martin & Festa‐Bianchet, 2010) and young lactating 
mountain goats gained less mass than non‐lactating ones (Hamel & 
Côté, 2009). Those somatic costs, however, did not affect survival.

Nearly all maternal fitness costs of reproduction were transferred 
to the subsequent offspring (Figure 3). Females appeared to allocate 
resources to reproduction only if that allocation did not compromise 
their survival or growth, with important consequences for individual 
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fitness and population dynamics. Ewes that were small as yearlings 
prolonged growth and nearly caught up in mass with larger ewes by 
the age of 7, by both delaying primiparity and reducing allocation 
to maternal care, as suggested by the lower survival of their lambs 
(Marcil‐Ferland, Festa‐Bianchet, Martin, & Pelletier, 2013). Similarly, 
female goats that were light as juveniles caught up in mass over a 
few years by delaying reproduction and lowering reproductive ef-
fort compared to heavy juveniles (Hamel, Yoccoz, & Gaillard, 2017). 
Bighorn ewes decreased reproductive allocation in response to both 
resource scarcity and previous reproductive effort: they first en-
sured their own summer mass gain and allocated only surplus energy 
to their young (Martin & Festa‐Bianchet, 2010). Heavier ewes, which 
have a greater reproductive potential, were less likely to decrease 

lamb weaning mass with increasing density (Réale & Festa‐Bianchet, 
2000). As density increased, ewes allocated fewer resources to re-
production and more to growth or maintenance. Those changes in 
allocation led to the somewhat paradoxical result of heavier adult 
mass at high density for ewes born at intermediate or high density 
(Pigeon & Pelletier, 2018). This conservative reproductive tactic 
has important consequences for population dynamics, because fe-
males delay primiparity and reduce maternal care when resources 
are scarce, leading to lower recruitment (Festa‐Bianchet, Jorgenson, 
Bérubé, Portier, & Wishart, 1997; Martin & Festa‐Bianchet, 2012). 
Fitness costs in bighorn sheep were mostly expressed through re-
duced lamb survival, as 92% of ewes aged 3 years and older lactated 
(Pigeon & Pelletier, 2018). In mountain goats, multiparous females 

F I G U R E  3   Costs of reproduction in three populations of mountain ungulates according to environmental conditions (a, b: population 
density; c: pneumonia), maternal traits (d, g: primiparity; e, h: age, f, i: mass/social rank) and offspring traits (j: weaning mass; k: sex). Green: 
non‐breeding females (NB); brown: breeding females (b). Panels with percentages report standard errors as 

√

p(1−p)∕n, where p is the 
proportion and n the total sample size for each category. Other panels include standard errors from model estimations. In addition, panels f 
and j show the mean and SE of the raw data in discretized intervals of the covariate. Note that panels are not on the same scale. [a: adapted 
from Hamel, Côté, & Festa‐Blanchet, 2010; b, h: adapted from Festa‐Bianchet et al., 1995; c: adapted from Festa‐Bianchet, 1989a; d, e: 
reproduced from Hamel, Côté, & Festa‐Blanchet, 2010; f: reproduced from Hamel et al. 2009; g: reproduced from Martin & Festa‐Bianchet, 
2012; i: adapted from Festa‐Bianchet et al., 1998; j: adapted from Hamel et al., 2011; k: adapted from Bérubé et al., 1999.]
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skipped reproduction in about 22% of years, and fitness costs in-
cluded reproductive pauses (Hamel, Côté, & Festa‐Blanchet, 2010). 
Reproduction had no effect on summer survival of kids the following 
year, but kids whose mothers had skipped reproduction the previous 
year were 2.5 times more likely to survive the winter than kids whose 
mothers had reproduced (Hamel, Côté, & Festa‐Blanchet, 2010).

6  | COSTS ARE CONTE X T‐DEPENDENT

The costs of reproduction increase when resources are scarce. For 
bighorn sheep, the reduction in weaning success the year after wean-
ing a lamb was greater for lighter ewes (Figure 3i), increased with 
population density (Figure 3b) and peaked for light ewes at high den-
sity (Festa‐Bianchet et al., 1998). Differences in costs of reproduction 
among populations also appeared related to body mass, which likely 
reflects reproductive potential. Ewes at Sheep River are about 10% 
heavier than at Ram Mountain (Table 1). Reproductive costs were de-
tected at Ram Mountain but were much less evident at Sheep River 
(Festa‐Bianchet, 1989a) that never experienced the high density re-
corded at Ram Mountain. It seems likely that most ewes at Sheep 
River had the same high reproductive potential as the largest ewes 
at Ram Mountain, for which we could not detect any reproductive 
costs (Hamel et al., 2009). As the Ram Mountain population doubled 
(Figure 1), summer mass gain by lactating ewes decreased by 9%, but 
the mass gain of lambs decreased by 22%, likely explaining why lamb 
mortality was strongly density‐dependent while ewe mortality was 
not (Festa‐Bianchet & Jorgenson, 1998). We found similar context‐
dependent changes for mountain goats, where fitness costs of repro-
duction could only be detected at high density (Figure 3a). At peak 
density, weaning a kid reduced reproductive success the following 
year by 25% (Hamel, Côté, & Festa‐Blanchet, 2010).

7  | AGE MODUL ATES COSTS OF 
REPRODUC TION: PRIMIPARIT Y AND 
SENESCENCE

Young females experienced high reproductive costs, likely because 
they bore the energetic costs of reproduction while complet-
ing body growth (Figure 3h). As mentioned above, young ewes at 
Sheep River had higher mortality during a pneumonia epizootic if 
they had been primiparous at age 2 (Festa‐Bianchet, 1989a). At Ram 
Mountain, ewes primiparous at age 2 were lighter at age 4 than ewes 
that postponed primiparity, but did not show a reduction in subse-
quent reproductive success. When density increased, 2‐year‐old 
ewes stopped reproducing (Festa‐Bianchet, Jorgenson, Lucherini, 
& Wishart, 1995), suggesting strong selection against early primi-
parity when environmental conditions deteriorate. The effects of 
density on primiparity were somewhat independent of mass: at low 
density, most yearling ewes that weighed 50 kg lactated at age two, 
but yearlings that weighed 50 kg at high density delayed primiparity 
(Martin & Festa‐Bianchet, 2012). Primiparous ewes lost about 15% 

more mass overwinter during gestation compared to multiparous 
females, and gained about 6% less mass than multiparous females 
over the summer while lactating. By age 6, however, ewe mass was 
independent of age at primiparity (Martin & Festa‐Bianchet, 2012). 
Primiparous ewes also weaned smaller lambs (Figure 3g; Martin & 
Festa‐Bianchet, 2012). In mountain goats, the probability of parturi-
tion was 4.5 times greater for multiparous females than for those 
that were primiparous the previous year (Figure 3d). Primiparity, 
however, had no detectable effects on survival of either mothers or 
offspring (Hamel, Côté, & Festa‐Blanchet, 2010). Costs of reproduc-
tion were not detected in female goats older than 9 years (Figure 3e).

The onset of reproductive senescence in both species occurs 
at about 13 years, 4–5 years after the start of actuarial senes-
cence (Festa‐Bianchet & Côté, 2008; Festa‐Bianchet & King, 2007; 
Jorgenson et al., 1997). Older females appear to reduce allocation 
to reproduction and, as reported in chamois (Rupicapra rupicapra) 
(Morin, Rughetti, Rioux‐Paquette, & Festa‐Bianchet, 2016) and ibex 
(Rughetti et al., 2015), there may be more variability in reproductive 
potential among senescent than prime‐aged females. Older females 
appear increasingly conservative in their reproductive allocation, 
with a greater frequency of reproductive pauses. Bighorn ewes are 
less likely to reproduce as they approach death, and, independently 
of age at death, their reproductive effort decreases in the last 2 years 
of life (Martin & Festa‐Bianchet, 2011a). In addition, older females 
reduce allocation to sons, possibly to avoid survival costs (Martin & 
Festa‐Bianchet, 2011b). In mountain goats, survival of females aged 
10 years and older was positively correlated with offspring wean-
ing mass. Apparently, some older females in deteriorating condition 
were unable to provide much maternal care and then died the fol-
lowing winter (Hamel, Côté, & Festa‐Bianchet, 2011).

8  | SONS ARE COSTLIER ,  BUT ADAPTIVE 
SE X R ATIO MANIPUL ATION IS R ARE

In sexually dimorphic mammals, sons tend to be heavier at birth 
and at weaning, require more maternal care and often lead to 
greater reproductive costs than daughters (Froy et al., 2016; Hogg, 
Hass, & Jenni, 1992). Sexual dimorphism at weaning is 10% in big-
horn sheep and 6% in mountain goats (Festa‐Bianchet & Côté, 
2008). We found more consistent evidence of a greater fitness 
cost of sons than of daughters in sheep than in goats. At Sheep 
River, ewes shed more lungworm larvae in faeces after weaning 
a son than after weaning a daughter (Festa‐Bianchet, 1989a). In 
both sheep populations, survival to weaning was about 10%‐12% 
lower if the mother had weaned a son the previous year than if 
she had weaned a daughter (Figure 3k). At Ram Mountain, the dif-
ferential cost of sons increased with density: survival to 1 year 
of lambs born following a brother compared to survival follow-
ing a sister was 82% at low density, but only 43% at high density 
(Bérubé, Festa‐Bianchet, & Jorgenson, 1996). Lamb sex had no 
effects on maternal survival, but lambs born after a brother had 
lower summer mass gain than lambs born after a sister (Martin & 
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Festa‐Bianchet, 2010). In mountain goats, there was no differen-
tial cost of reproduction according to offspring sex at birth (Hamel 
et al., 2011), but there may be a greater cost of sons that survive 
the winter, as 35% of mothers of yearling males but only 17% of 
mothers of yearling females skipped reproduction the following 
year (Charest‐Castro, Leblond, & Côté, 2018). The interspecific 
difference in the cost of sons may be related to the much greater 
frequency of prolonged maternal care in mountain goats that fre-
quently nurse yearlings of both sexes, compared to bighorn sheep 
that usually wean their lambs in late autumn (Figure 4 and Section 
9). Offspring sex ratio in early life, however, did not affect longev-
ity in either species (Douhard, Festa‐Bianchet, Hamel, et al., 2019).

Bighorn ewes avoid producing sons in consecutive years unless 
they are in good condition (Douhard, Festa‐Bianchet, & Pelletier, 
2016). In addition, under favourable environmental conditions, se-
nescent ewes produce more daughters, while when conditions are 
poor they produce more sons but skip more reproductive opportu-
nities (Martin & Festa‐Bianchet, 2011b). Overall, however, despite 
fitting the assumptions of the Trivers–Willard theory for adaptive 
offspring sex ratio manipulation (Trivers & Willard, 1973), neither 
species shows the predicted manipulation of offspring sex ratio 
(Blanchard, Festa‐Bianchet, Gaillard, & Jorgenson, 2004; Hamel, 
Festa‐Bianchet, & Côté, 2016).

9  | COSTS OF PROTR AC TED MATERNAL 
C ARE AND LONG ‐TERM COSTS

The duration of maternal care is an important topic in evolutionary 
biology because it can affect fitness and may involve a parent–off-
spring conflict (Trivers, 1974). The strong seasonality of the Canadian 
Rockies likely truncates maternal care: in autumn, forage quality 
drops and mothers appear to stop producing milk (Festa‐Bianchet, 
1988). If the offspring survives the winter, however, its reproductive 
value increases substantially, as yearling survival is much higher than 
juvenile survival (Gaillard, Festa‐Bianchet, Yoccoz, Loison, & Toïgo, 
2000). Therefore, in some circumstances the best maternal tactic 
may be to continue caring for a yearling rather than produce a new 
offspring. Our results on prolonged maternal care suggest that it is a 
form of “making the best of a bad job”.

Bighorn sheep mothers usually do not associate with their year-
lings (Festa‐Bianchet, 1991). At high population density at Ram 
Mountain, however, a few ewes continued to care for their yearlings 
(L'Heureux, Lucherini, Festa‐Bianchet, & Jorgenson, 1995). Most of 
these ewes had not produced a new lamb, and we detected no clear 
fitness benefits of prolonged association for yearlings. Extended 
care may have compensated for poor initial condition. In moun-
tain goats, prolonged mother–offspring associations are frequent 

F I G U R E  4   Prolonged mother–
offspring associations in mountain goats 
(sample sizes above each bar). Bottom: 
a 14‐year‐old female associated with 
her two‐year‐old and yearling daughters 
(2012, Caw Ridge). The yearling daughter 
is suckling in the top picture. The mother 
had given birth that year but her kid died. 
Photos by S. Hamel
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(Figure 4). Mothers are more likely to associate with their yearling 
if they are not nursing a new kid, but association with 2‐year‐olds 
is independent of current reproduction. We found no evidence that 
association with a yearling or a 2‐year‐old reduced subsequent re-
productive success. Prolonged associations did not increase off-
spring survival or growth, again suggesting that prolonged care may 
compensate for an initial disadvantage (Charest‐Castro et al., 2018). 
We found no retroactive costs of reproduction: in mountain goats, 
reproduction did not affect the survival or growth of offspring born 
the previous year (Gendreau, Côté, & Festa‐Bianchet, 2005).

10  | WHAT MECHANISMS LE AD TO COSTS 
OF REPRODUC TION IN FEMALES AND C AN 
THE Y COMPENSATE?

Some fitness costs in females appeared to derive from somatic 
costs, as depleted body stores may reduce ability to reproduce in 
the subsequent year. Considerations of mass changes in relation to 
reproductive costs, however, must take into account that seasonal 
mass changes of 20%–30% are a normal part of the biology of 
bighorn sheep (Douhard, Guillemette, Festa‐Bianchet, & Pelletier, 
2018; Pelletier, Réale, Garant, Coltman, & Festa‐Bianchet, 2007) 
and mountain goats (Festa‐Bianchet & Côté, 2008). Changes in 
mass are not necessarily beneficial or detrimental. Mass changes 
are related to initial mass: some individuals show less mass loss be-
cause they have little mass to lose (Pelletier et al., 2007). We only 
measured mass changes in survivors, potentially creating an “invis-
ible fraction” (Hadfield, 2008) if those that lost much mass died. 
In bighorn sheep, mass loss overwinter, both relative and absolute, 
is under positive selection, presumably because ewes that gain 
more resources in summer then use them in winter for both main-
tenance and reproduction (Pelletier et al., 2007). Nevertheless, we 
did find evidence that mass loss, presumably reflecting energetic 
costs, sometimes led to fitness costs. Bighorn ewes lost more mass 
in winter when their lamb survived to 1 year. That somatic cost of 
reproduction may have led to their lower subsequent reproduc-
tive success (Festa‐Bianchet, 1998). Mass gain by lambs was lower 
if their mother had lost relatively more mass over the previous 
winter (Douhard et al., 2018). At high density at Ram Mountain, 
ewes that weaned lambs tended to lose mass, or gain less mass, 
from one autumn to the next compared to ewes that did not wean 
lambs (Festa‐Bianchet et al., 1998). At low density, mountain goat 
mothers that weaned heavy kids had a lower probability of partu-
rition the following year than mothers of lighter kids (Figure 3j), 
suggesting a direct trade‐off between allocation to reproduction 
in subsequent years. At high density, however, that relationship 
disappeared as the probability of parturition decreased by more 
than half (Hamel et al., 2011). Bighorn ewes also showed a trade‐
off between allocation to reproduction in consecutive years, as 
weaning a lamb one year reduced the weaning mass of the sibling 
produced the following year by about 10% (Feder, Martin, Festa‐
Bianchet, Bérubé, & Jorgenson, 2008). Ewes that weaned a lamb 

delayed their subsequent parturition by about a week, and late 
birth decreased lamb survival (Feder et al., 2008).

Although for both species reproduction partly relies upon stored 
somatic resources, forage intake during spring and summer also sus-
tains lactation. Foraging behaviour was affected by reproductive 
effort. Lactating goats spent more time foraging and increased bite 
rate, resulting in a >40% increase in forage intake at the peak of lac-
tation compared with non‐lactating females (Hamel & Côté, 2008, 
2009). They also increased time spent ruminating while resting and 
had a faster chewing rate than non‐lactating females, likely allowing 
a faster forage processing rate. Mountain goats nursing sons spent 
more time foraging than those nursing daughters (Hamel & Côté, 
2008), suggesting compensation for the greater energetic costs of 
sons, as reported in kangaroos (Gélin, Wilson, Coulson, & Festa‐
Bianchet, 2013). At Sheep River, lactating bighorn ewes spent more 
time foraging and had faster bite rates than non‐lactating ewes, but 
compensation was only evident in autumn and there was no effect 
of lamb sex (Ruckstuhl & Festa‐Bianchet, 1998). At Ram Mountain, 
lactating ewes had a faster ruminating rate than non‐lactating ewes, 
suggesting a greater effort in food processing to compensate for the 
energetic costs of lactation (Blanchard, 2005).

11  | MALES:  COST IS IN TRYING , NOT IN 
SUCCEEDING

Very few studies address the fitness costs of reproduction in male 
mammals. Several studies used mass loss to examine how male ungu-
lates allocate resources to reproduction (Forsyth et al., 2005; Mason 
et al., 2012; Mysterud et al., 2008), but winter mass loss by bighorn 
males at Ram Mountain was independent of siring success (Douhard 
et al., 2018). At Sheep River, mating effort was unrelated to male 
overwinter survival, and longevity was positively correlated with 
mating effort at 2–5 years of age (Pelletier, Hogg, & Festa‐Bianchet, 
2006). In both species, dominant males adopt the highly successful, 
and possibly not very costly, tactic of serially defending single oes-
trous females (Hogg, 1988; Mainguy, Côté, Cardinal, & Houle, 2008). 
At Sheep River, males that defended oestrous ewes did not spend 
less time foraging than subordinate males that adopted the alterna-
tive and much less successful coursing tactic (Pelletier, 2005). Mass 
loss during the rut was not correlated with rutting effort (Pelletier, 
2005). Because large rams can satisfy their food requirements with 
less foraging time than smaller rams, they can devote more time to 
rutting activities. The difference in foraging time is substantial: in 
early autumn, a 60‐kg male will forage for about 60% of the time, but 
a 130‐kg male will spend only about 40% of its time foraging. Among 
rams aged 6 years and older, dominant ones spend less time forag-
ing (31%) than subordinates (45%) (Pelletier & Festa‐Bianchet, 2004). 
The energetic cost of attempting to reproduce appeared to compro-
mise the immune system, as the faecal count of lungworm larvae dur-
ing the rut was correlated with rutting effort (Pelletier et al., 2005).

Horn growth is associated with high rank and possibly high re-
productive success in males (Martin, Festa‐Bianchet, Coltman, & 
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Pelletier, 2016). There is little evidence that rapid horn growth car-
ries a longevity cost. In bighorn sheep, adult male survival is inde-
pendent of early horn growth, which is positively associated with 
yearling survival (Bonenfant, Pelletier, Garel, & Bergeron, 2009). 
The same is true in Alpine ibex, where early and later horn growth 
is correlated (Bergeron, Festa‐Bianchet, Hardenberg, & Bassano, 
2008). Horn growth appears associated with lowered survival only 
for very old ibex males that may be past their reproductive peak 
(Toïgo, Gaillard, & Loison, 2013). When resources are scarce, small 
males appear to adopt a conservative tactic, by allocating preferen-
tially to mass rather than to horn growth (Festa‐Bianchet, Coltman, 
Turelli, & Jorgenson, 2004), as also reported for red deer (Mysterud, 
Meisingset, Langvatn, Yoccoz, & Stenseth, 2005). Therefore, our 
results suggest that successful males enjoy positive correlations 
among fitness components, as reported for moose (Markussen et 
al., 2018). That is not surprising because the key to male reproduc-
tive success is social dominance, achieved through large mass and 
horn size in bighorns (Martin et al., 2016; Pelletier & Festa‐Bianchet, 
2006) and mostly body mass in mountain goats (Mainguy, Côté, 
Festa‐Bianchet, & Coltman, 2009). Fitness costs in males are more 
likely to derive from attempts to achieve high dominance status than 
from the reproductive consequences of high rank.

In bighorn sheep, males with rapidly growing horns were at risk 
of hunting mortality, leading to an evolutionary decrease in horn size 
over time (Pigeon et al., 2016). Hunting re‐distributed siring success 
among survivors of the hunting season and shortened the life ex-
pectancy of males that would likely have been successful breeders 
in its absence (Festa‐Bianchet & Mysterud, 2018), thereby possibly 
limiting our ability to measure reproductive costs. Trophy hunting 
also led to a negative correlation between early development and 
longevity (Douhard, Festa‐Bianchet, Landes, & Pelletier, 2019) be-
cause males that developed under favourable conditions were shot 
at a younger age, as reported in other populations of mountain sheep 
(Douhard, Festa‐Bianchet, Pelletier, Gaillard, & Bonenfant, 2016; 
Hengeveld & Festa‐Bianchet, 2011).

12  | CONCLUSIONS

Long‐term studies of wild animals have advanced our under-
standing of ecology, evolution and conservation (Clutton‐Brock 
& Sheldon, 2010b; Festa‐Bianchet, Douhard, Gaillard, & Pelletier, 
2017). Because few long‐term studies are replicated, the potential 
effects of local differences are unknown. Our studies of mountain 
ungulates illustrate how costs of reproduction vary among popula-
tions. They also reveal some remarkable consistencies, such as the 
effects of resource availability, age and the transfer of costs to ju-
veniles (Figure 3). Our 104 population‐years of monitoring provide 
five main insights into fitness costs of reproduction in the wild. In 
females, (a) costs of reproduction are detectable, (b) vary with re-
source availability and (c) are mostly borne by juveniles. Changes 
in allocation to reproduction when resources are scarce (d) partly 
explain density dependence in population growth. In males, (e) costs 

of reproduction are mostly driven by reproductive effort, not by sir-
ing success.

Individual differences in reproductive potential lead to an un-
derestimate of reproductive costs in correlational studies. Our 
research, however, shows that by accounting for individual charac-
teristics such as mass, field studies can obtain estimates of fitness 
costs that provide an understanding of their implications for evo-
lutionary ecology and population dynamics in natural systems. We 
detected fitness costs of reproduction in the Ram Mountain pop-
ulation of bighorn sheep and in mountain goats. In contrast, most 
analyses of Sheep River bighorn sheep failed to reveal fitness costs. 
Two reasons could explain these inter‐population differences. First, 
bighorn sheep at Sheep River never reached the density when re-
production appeared limited by resource availability and were in-
stead limited by predation and disease. Second, we were better able 
to account for individual heterogeneity in reproductive potential at 
Ram Mountain and Caw Ridge because we measured mass of both 
mothers and offspring, and other variables such as social dominance 
in mountain goats.

The fitness costs of reproduction are shifted almost entirely 
from mothers to subsequent offspring, partly explaining why stud-
ies of ungulate population dynamics generally find that juvenile 
survival is highly variable from year to year and strongly affected 
by resource availability (Gaillard et al., 1998; Hamel et al., 2010). 
These results are as expected given that our study species are at 
the “slow” end of the life‐history continuum (Hamel et al., 2010). 
Ungulate populations often show density dependence in age of 
primiparity and juvenile survival, while adult female survival is typi-
cally independent of population density (Bonenfant, Gaillard, et al., 
2009). We suggest that reduced allocation to reproduction when 
resources are scarce is the main mechanism explaining differences 
in density dependence among vital rates (Bardsen & Tveraa, 2012). 
In heavily hunted populations, maternal allocation may change if 
harvest leads to a very strong truncation of longevity. In brown 
bears (Ursus arctos), protection of family groups from sport hunt-
ing appears to favour females that keep their offspring for an extra 
year (Van de Walle, Pigeon, Zedrosser, Swenson, & Pelletier, 2018). 
In ungulates, we may expect greater allocation to reproduction if 
female life expectancy was drastically shortened. That evolution-
ary response has been frequently reported in fishes, but there is no 
evidence so far that it has occurred in hunted ungulates (Kuparinen 
& Festa‐Bianchet, 2017). Harvest rates may be insufficient to shift 
the advantage in reproductive value from mothers to offspring. A 
key issue worthy of investigation is what proportion of variability 
in juvenile survival can be explained by maternal care. The higher 
that proportion, the stronger the selection for increased allocation 
to reproduction.

13  | NE X T STEPS

Our understanding of fitness costs of reproduction in wild mam-
mals would be improved if heterogeneity in reproductive potential 
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was better estimated. Mixture models are one promising avenue 
because they allow considering individual reproductive potential by 
objectively classifying individuals into categories sharing similar early 
growth or life‐history traits, while controlling for classification uncer-
tainty and covariation among life‐history traits (Descamps, Gaillard, 
Hamel, & Yoccoz, 2016; Hamel et al., 2018, 2017). Furthermore, joint 
models can also account for covariation among life‐history traits 
(Cam, Link, Cooch, Monnat, & Danchin, 2002; Hamel et al., 2018), 
increasing our ability to detect reproductive trade‐offs (Descamps et 
al., 2016). Although experimental manipulations, such as contracep-
tion, may provide clearer insights, they remain problematic because 
of the large sample required and the need to account for environmen-
tal variation. Our study populations are currently at low density and 
contraception would be counterproductive for other research goals.

More research is needed on the cumulative costs of repro-
duction (Kroeger, Blumstein, Armitage, Reid, & Martin, 2018), in 
combination with better quantification of individual differences 
in reproductive potential. Cumulative costs may elucidate the 
mechanisms of reproductive and survival senescence in both 
sexes (Moyes et al., 2006). In particular, we hope to investigate 
how females change reproductive allocation over multiple years 
in response to lactation‐induced reductions in summer mass gain, 
accounting for the effects of offspring sex, maternal initial mass, 
resource availability and age (Martin & Festa‐Bianchet, 2010). 
Finally, we expect that research on potential conflicts between 
parents on maternal allocation and offspring sex ratio will pro-
vide new insights into maternal allocation strategies and fitness 
costs of reproduction. The role of fathers in the allocation strate-
gies of mammalian mothers has generally received little attention 
(Edwards & Cameron, 2014). Yet, our research suggests that pater-
nal traits may affect not only the relative fitness of male and female 
offspring (Mainguy et al., 2009; Martin, Festa‐Bianchet, Coltman, 
& Pelletier, 2014), but also maternal care according to offspring 
sex (Douhard, Festa‐Bianchet, Coltman, & Pelletier, 2016). These 
results suggest that the costs of reproduction for females may be 
affected by characteristics of their mate (Sheldon, 2000), with im-
portant implications also for the study of mate choice. In particu-
lar, if maternal and paternal interests diverge, there is a potential 
for intersexual conflict (Douhard, Festa‐Bianchet, Coltman, et al., 
2016; Douhard, Festa‐Bianchet, & Pelletier, 2016) with unknown 
consequences for the fitness costs of reproduction in females.
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