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The cost of trying: weak interspecific correlations
among life-history components in male ungulates

Marco Festa-Bianchet

Abstract: Life-history trade-offs are well known in female mammals, but have seldom been quantified for males in polygy-
nous species. I compared age-specific mass, weapon size, survival, and reproductive success of males in eight species of un-
gulates, and found weak interspecific correlations among life-history traits. Young males tended to have higher reproductive
success in rapidly-growing than in slow-growing species, and in species where horns or antlers reached near-asymptotic size
over the first few years of life. There was no clear interspecific trade-off between early reproduction and early survival. Re-
productive senescence was evident in most species. Generation length, calculated as the mean age of fathers, was negatively
correlated with the reproductive success of young males and positively with life expectancy of 3-year-olds, but not with
early mortality. The main determinant of male reproductive success in polygynous ungulates is the ability to prevail against
competing males. Consequently, the number and age structure of competitors should strongly affect an individual’s ability to
reproduce, making classic trade-offs among life-history traits very context-dependent. Most fitness costs of reproduction in
male ungulates likely arise from energy expenditure and injuries sustained while attempting to mate. Individual costs may
be weakly correlated with fitness returns.

Key words: life history, reproductive effort, age-specific, sexual dimorphism, reproductive strategies, ungulates.

Résumé : Les compromis entre les traits d’histoire de vie sont bien documentés chez les femelles des mammiferes. Par
contre, ils ont été¢ peu étudiés pour les males chez des especes polygynes. Dans cette étude, j’ai comparé les changements
en masse, taille des armements, survie et succes reproducteur des méles en fonction de leur age, et ce, chez huit especes
d’ongulés. Mes analyses interspécifiques suggerent des faibles corrélations entre traits d’histoire de vie. Le succes reproduc-
teur des jeunes males tendait a étre plus important pour les espéces avec une croissance rapide et pour les especes dont les
cornes ou bois atteignent des dimensions quasi-asymptotiques durant les premieres années de vie. Aucun compromis évident
n’a été détecté entre reproduction et survie en bas age. Une sénescence reproductive était évidente pour la majorité des espe-
ces. La durée de génération, estimée par I’dge moyen des peres, avait une corrélation négative avec le succes reproducteur
des jeunes males et une corrélation positive avec I’espérance de vie des males dgés de 3 ans, mais n’avait aucune corrélation
avec le taux de mortalité des jeunes males. Chez les ongulés polygynes, la variable la plus importante pour le succes repro-
ducteur des maéles est la capacité a combattre les compétiteurs. Par conséquent, le nombre et la structure d’age des compéti-
teurs devraient affecter la capacité d’un individu a se reproduire. Les compromis entre traits d’histoire de vie devraient
varier selon le contexte. La plupart des cots en aptitude phénotypique de la reproduction pour les ongulés males sont pro-
bablement dus aux cofits énergétiques et au risque de blessures lors des tentatives d’accouplement. Les cofts individuels
pourraient avoir une faible corrélation avec le succes reproducteur.

Mots-clés : histoire de vie, effort reproducteur, age-specifique, dimorphisme sexuel, stratégies de reproductive strategies,
ongulés.

Introduction

Based on the assumption of limited resources, life-history
theory predicts trade-offs between fitness components
(Stearns 1992). That prediction has been confirmed by many
studies of females, especially when individual heterogeneity
in reproductive potential was accounted for (Therrien et al.
2007; Bardsen et al. 2008; Wilson et al. 2009; Bouwhuis et
al. 2010; Hamel et al. 2010). Similarly, interspecific compar-
isons often reveal predictable patterns of covariation among
life-history traits (Shine and Schwarzkopf 1992; Gilbert and
Manica 2010). There have been fewer attempts to explore fit-
ness trade-offs among males in wild populations, possibly be-
cause paternity is more difficult to measure than maternity.

Although most studies of male reproduction have considered
energetic costs (Lane et al. 2010), some have also found fit-
ness consequences, such as negative impacts of mating on
subsequent mating success or on survival (Stevenson and
Bancroft 1995; Janowitz and Fischer 2010; Jordan and
Brooks 2010).

In polygynous species, the factors limiting reproductive
success of males and females are fundamentally different.
Although a female’s reproduction is mostly limited by her
ability to obtain resources, a male’s reproduction mostly de-
pends on his ability to outcompete rival males and on the
number of females he can fertilize (Clutton-Brock 1988). Dif-
ferences in limiting factors generate important differences in
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expected trade-offs among fitness components. For example,
a female that invests heavily in reproduction may improve her
current reproductive success at the cost of a decrease in sub-
sequent reproduction (Clutton-Brock 1991). Natural selection
may then favor different allocation to current and future re-
production according to a host of ecological, genetic, and en-
vironmental variables (Roff and Fairbairn 2007). A male,
however, could suffer substantial fitness costs while attempt-
ing to mate but obtain no reproductive success if other males
monopolize access to females. Conversely, some dominant
males may secure matings by simply threatening opponents.
Thus, correlations between effort and success that do not ac-
count for age structure or dominance rank of potential com-
petitors should be weaker in males than in females. If access
to mates is mostly determined by differences in resource ac-
quisition (Houle 1991), trade-offs in allocation may have lit-
tle influence in siring success. Here, I compare data on male
age-specific survival, growth, and reproduction in ungulates
to quantify trade-offs between these life-history components.
The fitness costs of reproduction in males may vary with
age. For example, in northern elephant seals (Mirounga an-
gustirostris (Gill, 1866)), where males attain high mating
success at 9-13 years of age, mating behavior increased mor-
tality in males aged 7-8 years, but not in older males (Clin-
ton and LeBoeuf 1993). In females, age differences in
reproductive costs are usually ascribed to an allocation trade-
off between reproduction and maintenance: females that re-
produce before completing body growth typically suffer high
fitness costs of reproduction (Descamps et al. 2006; Martin
and Festa-Bianchet 2011). In males, a similar trade-off may
involve risk of injury, especially in species where mature
males are larger and stronger than younger ones (Festa-
Bianchet and Co6té 2008; Bergeron et al. 2010). In females,
many life-history trade-offs are correlated with the “speed of
life”, measured as the generation time, or the mean age of
mothers, which typically increases with body mass (Gaillard
et al. 2005). For iteroparous species such as ungulates, which
only produce one or a few juveniles per parturition, the range
of combinations of female life-history traits is constrained by
demography. Some combinations of life-history trait are un-
likely, as they may lead to population extinction. For exam-
ple, a species where females are limited to one offspring per
breeding opportunity and most females die before reproduc-
ing is unlikely to persist (Kraus et al. 2005). In polygynous
species, however, one or a few males could fertilize all females
in the population so that covariations in male life-history traits
may be less constrained by demography compared with fe-
male traits. For example, high mortality of young males
would not necessarily be correlated with high reproductive
success at a young age. There have been no attempts to
compare male life-history traits to male generation length.
Most ungulates are sexually dimorphic, polygynous, or
promiscuous, and only females provide parental care. Fe-
males rarely wean more than two offspring a year and many
species are monotocous (Gaillard et al. 2000). Consequently,
lifespan is the main determinant of variability in female fit-
ness (Clutton-Brock 1988). In females, rapid early growth
usually correlates with earlier primiparity, and large adult
size with greater reproductive success, often through lowered
costs of reproduction (Festa-Bianchet et al. 1998; Hamel et
al. 2009) and greater longevity (Bérubé et al. 1999; Nussey
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et al. 2011). The reproductive success of males, on the other
hand, is primarily dependent upon the number of potential
mates and the competitive ability of other males (Mysterud
et al. 2003; Preston et al. 2003). Because male mating suc-
cess is mostly determined through contest competition, large
males with big antlers or horns (“weapons”) usually achieve
high mating success (McElligott et al. 2001; Coltman et al.
2002; Kruuk et al. 2002; Mainguy et al. 2009). These trends,
however, are not universal; for example, in pronghorn (Anti-
locapra americana (Ord, 1815)), male mating success is un-
related to either body size or horn length (Byers et al. 1994),
and in American bison (Bison bison (L., 1758)), body mass
is unrelated to the number of copulations observed (Wolff
1998). Varying effectiveness of mate choice by females may
explain these differences (Clutton-Brock and McAuliffe
2009), but the key sexual difference in most species is that
female reproduction is limited by absolute body size or con-
dition, while male reproduction is limited by relative size.
Large weapons provide high reproductive success only if
competitors do not have even larger weapons.

Ungulates are long-lived, grow for many years after wean-
ing, and their survival and reproduction are strongly age-de-
pendent (Gaillard et al. 1998). In most species, age-specific
survival of males is lower than that of females, particularly
when resources are limited (Clutton-Brock et al. 1985; Toigo
and Gaillard 2003). Sexual differences in survival are often
attributed to differences in reproductive strategies (Toigo and
Gaillard 2003; Kraus et al. 2008). Because males can poten-
tially father many offspring in a single breeding season, they
may adopt a risky strategy as the pay-offs of achieving high
dominance status are potentially very high. There are, how-
ever, some notable exceptions to the pattern of sexual dimor-
phism in survival. Alpine ibex (Capra ibex L., 1758) are
among the most dimorphic ungulates known, yet survival of
males and females aged 1-9 years is nearly identical (Toigo
et al. 2007). In red deer (Cervus elaphus L., 1758) aged 4—
9 years, survival of males and females is very similar (Catch-
pole et al. 2004), and survival of pre-senescent adult chamois
(genus Rupicapra Blainville, 1816) may not differ by sex
(Gonzalez and Crampe 2001; Bocci et al. 2010). Survival of
young adult males may be related to the opportunity to mate
at different ages. In species where alternative mating tactics
lead to some paternities, such as bighorn sheep (Ovis cana-
densis Shaw, 1804) (Hogg and Forbes 1997), young males
may take more risks than in species where reaching a large
size at an advanced age appears essential to obtain access to
estrous females (Pemberton et al. 1992; Willisch and Neu-
haus 2009).

Males prevented from reproducing may have high survival,
as demonstrated by castrated feral Soay rams (Ovis aries L.,
1758) (Stevenson and Bancroft 1995), but no study of mam-
mals has shown that individual male reproductive success
and reproductive costs are correlated. On the contrary, there
is evidence that highly successful males do not suffer a sur-
vival cost of reproduction (McElligott et al. 2002; Pelletier
et al. 2006; Bergeron et al. 2008; Bonenfant et al. 2009).
Given that mating success is mostly determined through
male-male contests, one may expect selection for rapid
growth in body and weapon size (Kruuk et al. 2002), but it
is unknown whether there are any interspecific patterns of
covariation between early growth in body and weapon size,
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age-specific survival, and age-specific reproductive success.
Survival and growth rate of young males may be negatively
correlated for two reasons. First, rapid growth could carry a
survival cost (Stamps et al. 1998), as could early participa-
tion in reproduction (Stevenson and Bancroft 1995). Second,
if male size and competitive ability increase over many years,
selection may favor survival of young males until they are
large enough to achieve high reproductive success (Willisch
and Neuhaus 2009), similarly to the apparent selection for
high survival in ungulate females (Gaillard and Yoccoz
2003).

Several studies examined the possible costs of reproduc-
tion in male ungulates by quantifying mass loss over the rut.
Typically, prime-aged adults lose more mass than young or
senescent males. These patterns of mass loss have been at-
tributed to differences in age-specific reproductive effort
(Yoccoz et al. 2002; Forsyth et al. 2005; Mysterud et al.
2005). At the individual level, however, there is little indica-
tion that mass loss during the rut is related to reproductive
success or that it affects survival. For example, in male fal-
low deer (Dama dama (L., 1758)), mass loss during the rut
was related to neither mating success nor to behaviors associ-
ated with mating success (McElligott et al. 2003). In bighorn
sheep, young males that were most active during the rut had
longer life expectancy than less active males (Pelletier et al.
2006). Mass loss during the rut does not necessarily imply a
fitness cost, because some males may have greater energy
stores to devote to mating activities (Lidgard et al. 2004;
Rughetti and Festa-Bianchet 2011). Overwinter mass loss in
female bighorn sheep is positively related to fitness traits
(Pelletier et al. 2007).

An interspecific analysis of life-history trade-offs in male
ungulates could explain why age-specific survival of males
tends to be lower and more variable than that of females
(Gaillard et al. 2000), and shed light on interspecific variabil-
ity in age-specific body and weapon size. It would also be
useful for the management of ungulates, where sport hunting
often leads to selective mortality of larger males (Coltman et
al. 2003; Garel et al. 2007; Hengeveld and Festa-Bianchet
2011). Given its implication for the evolutionary consequen-
ces of selective hunting, the relationship between early
growth and survival is the subject of debate. Studies based
on individual monitoring suggest that rapid early growth is
not correlated with life expectancy (Bergeron et al. 2008;
Bonenfant et al. 2009). If males that quickly reach large
body or weapon size made a strong reproductive effort, how-
ever, they may suffer high mortality (Loehr et al. 2006), as
shown for male lambs in feral sheep (Stevenson and Bancroft
1995). It is unknown whether early growth and survival of
young adult males are correlated across species. This paper
has three objectives: (1) compare age-specific reproductive
success for eight species of ungulates; (2) test the hypothesis
that siring success and mortality of young males are corre-
lated; (3) examine whether relative growth of young males is
correlated with their reproductive success and mortality.

Materials and methods

I included all species with availableage-specific data on
mass, weapon size, survival, and reproductive success of males
(Table 1). All survival estimates used capture—mark—recapture
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(CMR) models based on monitoring known-age marked in-
dividuals (Lebreton et al. 1992). Most reproductive success
estimates were based on paternity assignments using CER-
VUS (Kalinowski et al. 2007) with 95% statistical confi-
dence, although the study of roe deer (Capreolus capreolus
(L., 1758)) used 80% (Vanpé et al. 2009a). Paternity as-
signments for ibex used MasterBayes (Hadfield et al.
2006). In fallow deer, reproductive success was estimated
from observed copulations, which in the study population
accurately measure paternity (Say et al. 2003). Mating sys-
tems varied among species. Tending, where a dominant
male defends a single estrous female, was the main tactic
for bighorn sheep, mountain goats (Oreamnos americanus
(de Blainville, 1816)), feral sheep, and ibex. Fallow deer in
Phoenix Park use a variety of territorial and nonterritorial
strategies, but most matings are outside territories (Moore
et al. 1995). Red deer on Rum defend harems, while roe
deer defend territories. Male pronghorns can defend territo-
ries, harems, or individual females (Byers 1997). Data used
here are from years when males did not defend territories
(J.A. Byers, personal communication).

When available, I used data on survival, mass, and weapon
size from the populations that provided data on reproductive
success (Table 1). There are no data on reproductive success
of male chamois (Rupicapra rupicapra (L., 1758)), and esti-
mates of survival for males aged 1 and 2 years are biased be-
cause many male chamois of this age disperse (Loison et al.
1999, 2008). A. Loison provided age-specific CMR estimates
for male chamois at Les Bauges, France, and I used these
data to estimate life expectancy of 3-year-old males. P. Kjel-
lander provided data on antler length and eviscerated mass of
fallow deer in Sweden. There were no age-specific data on
horn length available for pronghorn for the National Bison
Range. Instead, I used data from the Nebraska sample in
Mitchell and Maher (2006). All regional samples suggested
an asymptote by 2 or 3 years of age (Mitchell and Maher
2006). For red deer, I used pre-rut mass of eviscerated deer
in Norway (Yoccoz et al. 2002). Deer in Norway are likely
heavier than on Rum, but age-specific relative mass should
be similar. For ibex, data on age-specific survival are from
Toigo et al. (2007) for a reintroduced population in France,
while data on mass and horn length (excluding the first annu-
lus that is subject to age-specific wear) are from the Gran
Paradiso National Park in Italy (Bergeron et al. 2008).

Mass was measured live for bighorn sheep, mountain
goats, pronghorn, Soay sheep, and roe deer, but as eviscer-
ated mass for red deer, fallow deer, and chamois. For com-
parisons across species, the mass of the latter three species
was increased by 30% to account for removed viscera (Garel
et al. 2009).

Data on age-specific male reproductive success are avail-
able for only one population of each species, with the excep-
tion of bighorn sheep where three populations have been
monitored (Hogg and Forbes 1997; Coltman et al. 2002;
Hogg et al. 2006). To illustrate possible intraspecific variabil-
ity, I included a comparison of those three populations. For
the interspecific analysis, I used data from Ram Mountain,
which has the most data on body mass and horn size, the
longest time series, and the largest number of assigned pater-
nities. Age-specific siring success of bighorn rams at Sheep
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Table 1. Sources of information on age-specific size, survival, and reproductive success of ungulate males.
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Species Mass Weapon size Survival Reproductive success (V)  Sites

Bighorn sheep Own data Own data Own data Own data (289) Ram Mountain, Alberta
(Ovis canadensis)

Mountain goat Mainguy et al. Own data Own data Mainguy et al. 2009 (96)  Caw Ridge, Alberta
(Oreamnos americanus) 2008

Red deer
(Cervus elaphus)

Pronghorn
(Antilocapra americana)

Soay sheep
(Ovis aries)

Alpine ibex
(Capra ibex)

Roe deer
(Capreolus capreolus)

Fallow deer
(Dama dama)

Chamois

Yoccoz et al.
2002

J. Byers

Robinson et al.

2006

Bergeron et al.

2010

J.-M. Gaillard

P. Kjellander

Nussey et al.
2009

Mitchell and
Maher 2006

Robinson et al.

2006

Bergeron et al.

2008

Vanpé et al.
2007

P. Kjellander

Catchpole et al.
2004

Byers 1997

Clutton-Brock and
Pemberton 2004

Toigo et al. 2007

Loison et al. 1999

McElligott et al.
2002

A. Loison

Nussey et al. 2009
(1510)

J. Byers (212)

Robinson et al. 2006
(1668)

Willisch et al. 2012 (50)

Vanpé et al. 2009a,
20096 (90)

McElligott and Hayden
2000; A. McElligott
(2016)

Mass: Norway. Other data:
Rum, Scotland

Horn size: Nebraska. Other
data: National Bison
Range, Montana

St. Kilda, Scotland

Size: Gran Paradiso, Italy.
Survival: Belledonne,
France. Reproduction: Les
Diablerets, Switzerland

Reproduction: Bogesund,
Sweden. Other data:
Trois-Fontaines, France

Reproduction and survival:
Phoenix Park, Ireland.
Size: Koberg, Sweden

Rughetti and Rughetti and
Festa-Bianchet Festa-Bianchet
2010 2010

(Rupicapra rupicapra)

na Size: Piedmont, Italy. Survival
from age 3: Les Bauges,
France

Note: Names of individuals indicate personal communications. For reproductive success, numbers in parentheses indicate copulations seen for fallow deer,
paternity assignments for all other species. Sport hunting of males in populations with data on paternity occurred at Ram Mountain (bighorn sheep), Les

Diablerets (ibex), and Bogesund (roe deer). na, not available.

River, Alberta (246 paternities), and the National Bison
Range, Montana (240 paternities), was provided by J.T. Hogg.

To compare early development with survival and reproduc-
tive success among species, I used data for 3-year-olds, the
minimum age at which males bred in all species. I calculated
the following:

o Maximum mass/maximum weapon size: mean mass of the
heaviest age class and mean weapon length for the age
class with the longest horns or antlers (Fig. 1).

e Relative mass: age-specific mass as a percentage of maxi-
mum mass.

e Relative weapon size: age-specific length of horns or antlers
comparedwith maximum length. Roe deer show senes-
cence in antler size (Vanpé et al. 2007; Nussey et al.
2009), while red deer do not (Nussey et al. 2009). Horn
length cannot decrease with age other than through
breakage, wear, or selective survival (Figs. 1, 2).

e Early adult survival: the proportion of yearling males that

nities per male (Fig. 3). Assessment of male reproductive
success in ungulates is fraught with difficulties. It is af-
fected by adult sex ratio: the more female-biased the sex
ratio, the greater the mean male reproductive success
(Clutton-Brock et al. 1997). In open populations, un-
sampled nonresident males may immigrate during the rut,
siring an unknown number of offspring, and resident
males may sire offspring outside the study population
(Hogg 2000). The proportion of juveniles sampled for mo-
lecular analyses will also affect the estimate of male repro-
ductive success: one can determine the reproductive
success of each female by simply noting the presence of
an offspring, but to accurately estimate reproductive suc-
cess of any male, all juveniles must be sampled. Conse-
quently, comparisons of male reproductive success among
studies cannot use absolute values but must rely on rela-
tive measures.

To account for possible nonindependence among species-

survived to 4 years. With rare exceptions, yearling males
do not receive maternal care. I chose survival to age 4 to
compare it with relative size and reproductive success at
age 3, as survival to age 4 indicates the proportion of
yearlings that survive through age 3. All estimates of sur-
vival exclude hunter kills. Sport hunting occurred for big-
horn sheep, ibex, and roe deer.

e Relative reproductive success: the reproductive success at

each age relative to the success of the age with most pater-

specific trait values generated by phylogenetic inertia (Felsen-
stein 1985), statistical analyses were adjusted for phylogeny
(Appendix Fig. Al) based on a taxonomy-based phylogeny
of Artiodactyla (Wilson and Reeder 1993). The analysis
used phylogenetic generalized least squares (PGLS) models
(Freckleton et al. 2002), which quantify the phylogenetic
signal (called A). The A value was consistently not different
from 0 and was at times different from 1 (see Appendix Ta-
ble Al) and parameter estimates remained unchanged when
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Fig. 1. Age-specific relative mass for males of nine species of un-
gulates. Mass is reported for each age as a percentage of the heaviest

age class.
1001 b 4
4
L) - —V
90- \*
. ,-.
i o
g 80
S
£
>
£ 701
x
(]
€
©
s 60+
.g ¥= Ibex
[e] ' - Bighorn sheep
8‘ 504 U e~ Soay sheep
o A ¥~ Mountain goat
-4- Chamois
< Red deer
40 -0~ Roe deer
=& Pronghom
<V Fallow deer
3C L] L} L) L} L} L) L]
1 3 5 7 9 11 13
AGE (years)

Fig. 2. Age-specific relative horn or antler size for males of eight
species of ungulates. Size is reported for each age as a percentage of
the size for the largest age class.
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using PGLS or general linear models (GLM). I therefore
only report standard GLM analyses with the exception of
the comparison of mass at age 3 and maximum mass.
Measurements of mass and horn size were log-transformed
before analyses. For variables reported as proportions (rela-
tive mating success, relative early mass, early mortality), a
logit transformation was applied.
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Fig. 3. Mass of 3-year-old males as a proportion of maximum adult
mass compared with relative weapon size and relative reproductive
success of 3-year-old males. Data are shown for eight species of un-
gulates, listed near their relative reproductive success. The relation-
ship of relative mass at age 3 and relative reproduction is significant
if Soay sheep are excluded.

-8~ Horns/antlers
-©- Relative Reproduction at age 3

-

(=]

(=]
J

Osoay

®
804

w

Q

@

S

o

[]

[

)

(]

5]
iy
HNw
D
E o
G @ 601 ORoe deer
£ 0
T
= o 21
(U$ ’,’ OPronghom
O > 404 e
> = .’
= 0O ’
T > .
[Tl -
X = P

Q ‘z’

Q204 L

P

g ," ighorn

= -

© R ORed deer

— -

o -7 O Mountain goat

: Cibex 9

o

o
1

O Fallow deer
Sy ceer

60 80 100
Relative mass at 3 years of age

£
o

Soay sheep are feral animals that were introduced to the
St. Kilda archipelago by people (Clutton-Brock and Pember-
ton 2004) and have many characteristics, such as breeding by
male lambs and frequent episodes of mass starvation, that are
not shared by wild ungulates. Therefore, some analyses were
repeated excluding this species.

Results

Growth in mass and weapon size

There were substantial interspecific differences in growth
patterns in both mass (Fig. 1) and weapon size (Fig. 2). The
proportion of maximum mass achieved by age 3 ranged from
48% for ibex to 98% for roe deer. Regression of the natural
logs of mass at age 3 and maximum mass adjusted for phy-
logeny suggested isometry (slope 0. 81 (CI: 0.60 to 1.02),
2 =0.89, N =09, P =0.0002) between early growth and
maximum mass. Weapon size at age 3 was over 92% of its
maximum for roe deer, chamois, and pronghorn, but it was
only about 50% of maximum for red deer and ibex. Weapon
size by age 3 increased with maximum weapon size (slope =
0.56 (CI: 0.33 to 0.80), 2= 0.77, N = 9, P = 0.002): species
with small horns or antlers showed faster early growth than
species with large weapons. Relative weapon size and mass
at age 3 were correlated (slope = 1.09 (CL: 0.41 to 1.76),
r?=0.67, N=9, P = 0.007) (Fig. 3).

Early growth and reproductive success
The proportion of mass achieved by age 3 was not related

to the relative mating success of 3-year-olds (slope on a logit
scale 0.78 (CI: -0.31 to +1.88), 2 = 0.25, N = 8, P = 0.21).
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Fig. 4. Age-specific reproductive success of males in (A) seven ungulate species and (B) three populations of bighorn sheep, relative to the

age class with maximum success.
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That analysis was strongly affected by feral sheep, where 3-
year-olds weigh 30% less than 6-year-olds but their reproduc-
tive success is over 93% of maximum (Fig. 4A). In wild spe-
cies with rapid early growth, such as pronghorn and roe deer,
3-year-olds weigh over 90% of maximum mass but only enjoy
reproductive rates of about 45% and 60% of maximum, re-
spectively (Fig. 3). The regression of early growth and early
reproduction excluding feral sheep is significant (> = 0.95,
P = 0.0002) despite the small sample size. There was a posi-
tive relationship between relative weapon length and relative
reproductive success of 3-year-olds on the logit scale (slope
0.57 (CT: 0.21 to 0.93), 2 = 0.65, N = 8, P = 0.027).

Early growth and survival

The speed of early growth and survival of young males
were not correlated. There was no detectable relationship be-
tween relative mass at 3 years and mortality between 1 and
4 years (slope 0.51 (CI: —-0.66 to 1.68), r2 = 0.13, N = 8,
P = 0.44) (Fig. 5A). Log-transformed maximum mass was
not correlated with log life expectancy of 3-year-olds (slope
0.46 (CI: -0.18 to 1.10), 2 = 0.22, N = 9, P = 0.20). Life
expectancy of 3-year-olds was just 1.1 years for Soay sheep.
For wild species, it averaged 5.2 years, ranging from 3.3 years
for fallow deer to 8.5 years for ibex. I examined this relation-
ship for individual bighorn sheep and mountain goats, two
species where mass correlates with male reproductive success
(Coltman et al. 2002; Mainguy et al. 2009). Male longevity
was independent of mass as a 3-year-old in both species (big-
horn sheep: slope —0.02 (CI: -0.09 to 0.04), > = 0.007, N =
102, P = 0.41 (males shot by hunters were excluded); moun-
tain goats: slope —0.04 (CL: -0.22 to 0.14), 2 = 0.009, N =
30, P = 0.61).
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Age-specific survival and reproductive success

Adult male survival differed among species (Fig. 6). Less
than 10% of yearling Soay rams survived to age 6 (Clutton-
Brock and Pemberton 2004). Age-specific natural survival of
bighorn sheep, mountain goats, roe deer, and fallow deer was
broadly similar: 19%-36% of yearlings survived to 8 years of
age. Pronghorn had higher survival than most other species
until about 7 years of age, then suffered rapid senescence
(Byers 1997). Ibex had high survival up to 10 years of age,
then showed rapid senescence (Toigo et al. 2007). The sur-
vival pattern of red deer on Rum was unique: many disap-
peared at ages 1 and 2, but from ages 3 to 9 their survival
was as high as that of ibex, and nearly identical to that of
female red deer of the same age (Catchpole et al. 2004).
More red deer and ibex survived to old age than in other spe-
cies: their life expectancy at 3 years was 7.7 and 8.5 years,
while it averaged 3.8 years for the other species. Earlier anal-
yses revealed survival senescence for most species (Loison et
al. 1999; Catchpole et al. 2004; Toigo et al. 2007).

There were substantial differences in age-specific relative
reproductive success (Figs. 4A, 4B). The age at which males
first attained a reproductive success of at least 10% of that of
the most successful age class was O in feral sheep, which can
breed as lambs. It was 2 years in pronghorn and roe deer,
3 years in red deer and bighorn sheep, 4 years in mountain
goats, 5 years in fallow deer, and 7 years in ibex. The oldest
males had lower reproductive success than prime-aged males
in all species except bighorns at Ram Mountain. Bighorn
rams in two other populations, however, showed reproductive
senescence after about 8§ years of age (Fig. 4B). Reproductive
senescence (Vanpé et al. 2009a¢) and a decrease in antler size
(Vanpé et al. 2007) have been reported in old male roe deer.
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Fig. 5. For males of eight species of ungulates: (A) mortality from 1 to 4 years of age compared with the mass of 3-year-olds relative to the
mass of the largest age class; (B) relative reproductive success of 3-year-olds, measured as a percentage of the age class with the highest
reproductive success, compared with mortality from 1 to 4 years of age.
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Fig. 6. Survival of a cohort of 1000 yearling males for eight species
of ungulates, based on age-specific survival rates calculated from
capture—mark—recapture models.

1000;
6313
398

[ \

= \

o 1

© 2514 1

[0} 1

fe] 1

E \

= )

Z 158; el
- Bighorn sheep \
¥ Mountain goat ‘\

1004 < Red deer \
=4 |bex
“® Roe deer
-8~ Soay sheep .
63- =¥ Fallow deer b
=+ Pronghorn V

6 7 8 910111213141516
AGE (years)

012345

In red deer, however, male reproductive senescence is not ac-
companied by senescence in antler size (Nussey et al. 2009).
Reproductive senescence has also been reported for male bi-
son (Wolff 1998).

Reproductive senescence may be due to weakening of se-
lective pressures with age, as few individuals survive to old
age (Hamilton 1966). It is therefore important to quantify sur-
vival to an age when senescence in reproduction becomes
obvious. I calculated the proportion of yearlings surviving to
the age when relative reproductive success declines by at
least 50% from its peak (Figs. 4A, 4B, 6). Bighorn sheep at

Relative reproductive success of 3-year-olds
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Ram Mountain did not show reproductive senescence and the
reproductive success of the oldest male pronghorns declined
only slightly after a peak at 6-7 years of age. For the other
six species, on average, 23% of yearling males survived into
reproductive senescence, varying from 0.8% in Soay rams to
64% in ibex.

Early reproduction and survival

The relative reproductive success of 3-year-olds was not
correlated with mortality between 1 and 4 years of age
(Fig. 5B) (slope 0.59 (CL: -0.11 to 1.29), r» = 0.31, P =
0.15). Almost all yearling male ibex survived to 4 years of
age, and in this species few males reproduce before age 7
(Willisch et al. 2012). At the other extreme, about 69% of
yearling Soay rams, which can sire offspring as lambs (Rob-
inson et al. 2006), died before age 4. On the other hand, 3-
year-old male pronghorns approach 50% of peak reproduc-
tion (Figs. 4A, 4B), yet over 85% of yearlings survived to
age 4. For five species, 52%—62% of yearling males survived
to age 4 (Fig. 6). Among these, 3-year-olds rarely reproduce
in bighorn sheep, red deer, fallow deer, and mountain goat,
but have high reproductive success in roe deer. Almost half
(48%) of yearling fallow deer die before 4 years of age, yet
mating success of 3-year-olds is less than 0.5% of that of
males aged 6 (Figs. 4A).

Interspecific differences in longevity

Some of the interspecific differences presented above
could be explained by differences in life expectancy. Not sur-
prisingly, the log-transformed age at which males, on aver-
age, achieved 50% of peak reproductive success increased
with the log-transformed median life expectancy of yearlings
(slope 0.29 (CI: 0.16 to 0.42), 2 = 0.84, N = 6, P = 0.011).
The age by which 50% of yearlings died ranged from 4 years
in Soay sheep to 13 years in ibex (Fig. 6), and was 6 years in
the two species (bighorn sheep and mountain goats) coexist-
ing with large predators (Festa-Bianchet et al. 2006; Festa-
Bianchet and Co6té 2008). In the nine species considered
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here, the log-transformed median life expectancy of yearlings
was unrelated to relative mass by age 3 (P = 0.73; P = 0.18
excluding Soay sheep, with a negative trend) and was inde-
pendent of log maximum mass (P = 0.20).

A slow-fast continuum?

Calculated as the mean age of fathers, generation time
averaged 6.3 years (SD = 2.2 years) and ranged from 2 years
in Soay sheep to 9.1 years in ibex. It had a nearly significant
correlation with maximum mass (log—log scale, slope 0.51
(CL: 0.06 to 0.96), 2 = 0.45, N = 8, P = 0.07) but not with
relative mass at 3 years (slope —0.06, 2 = 0.04, N=8, P =
0.64). As expected, the life expectancy of 3-year-olds in-
creased and their reproductive success decreased with longer
generation time (using log-transformed values, life expect-
ancy: slope 1.27 (CI: 0.95 to 1.59), 2 = 091, N =8, P =
0.0002; logit of relative reproductive success: slope —0.24
(CL: -0.37 to -0.11), > = 0.70, N = 8, P = 0.009) (Fig. 7).
Mortality between 1 and 4 years was not correlated with gen-
eration time (logit of mortality and log of generation time:
slope —2.29 (CIL: -5.27 to 0.69), > = 0.27, N = 8, P = 0.18)
(Fig. 7). Pronghorns have a short generation time despite
high survival of young males, and survival from yearling to
4 years of age is about 50%-60% in five species (fallow
deer, mountain goat, bighorn sheep, roe deer, red deer)
whose generation times range from 5 to 8.5 years (Fig. 7).

Discussion

Age-specific survival and growth in male ungulates vary
widely among species but are not consistently correlated
with differences in age-specific reproductive success. These
results are not simply a function of interspecific differences
in life expectancy, because there appears to be no correlation
between early growth and early mortality, or between early
mortality and generation time. The fast—slow continuum often
identified in life-history traits of females (Fisher et al. 2002;
Gaillard and Yoccoz 2003) was only partly confirmed for
males, because mortality and reproductive success of young
males were not correlated across species.

Not surprisingly, if Soay sheep were excluded, rapid early
growth was correlated with early reproduction: when young
males are small, they are easily outcompeted by older males.
The apparent inconsistency of Soay sheep underlines the im-
portance of relative size of competing males. The study pop-
ulation of feral sheep undergoes drastic changes in male age
structure as most adult males die during crashes (Coulson et
al. 2001). Although 3-year-olds are 20%-30% lighter than
rams aged 5-6 years, few rams survive to age 5 (Fig. 6).
Males born in a postcrash year find themselves aged 3 years
in a population with many females and few if any older com-
petitors. These 3-year-old males have high reproductive suc-
cess. Changes in age structure inevitably affect the relative
reproductive success of males of different ages. In bison, if
older males are removed, young males have high reproduc-
tive success (Komers et al. 1994). Because mating success
requires competition with other males, it is somewhat inde-
pendent of absolute trait values and instead depends on the
distribution of traits in competitors.

Neither rapid growth nor early reproductive success ap-
peared to be correlated with mortality of young adults. In
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Fig. 7. Relative reproductive success of 3-year-old males (@, solid
line) and mortality from 1 to 4 years of age (O) compared with male
generation length of eight species of ungulates.
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both fallow deer and ibex, survival to a threshold age (6 and
11 years, respectively) is key to male reproductive success
(Fig. 4A). Yet, although 66% of yearling ibex survive to
11 years, only 31% of yearling fallow deer live to 6 years.
Roe deer and pronghorn grow very rapidly in both mass and
weapon size, both species can defend territories, and both
were studied in populations with no predation on adults. Yet,
mortality of roe deer from 1 to 4 years was more than three
times that of pronghorn (Figs. 5A, 5B).

Selection may favor riskier behavior in species where alter-
native mating tactics allow young males to obtain some pa-
ternities, leading to higher mortality among young males.
My analysis, however, provides limited support for that hy-
pothesis. In ibex, there are few mating opportunities for
males younger than 7 years, and that species shows slow
growth and high survival of males aged 1-9 years (Figs. 1,
2, 6) (Toigo et al. 2007). At the other extreme, in feral sheep,
male lambs can sire offspring, mortality of young males is
very high, and there is a survival cost of reproduction for
male lambs (Stevenson and Bancroft 1995). Roe deer may
also fit this pattern, with high mating success and substantial
mortality of young males (Figs. 5A, 5B). High mortality of
young roe deer may arise from interactions among males set-
ting up territories (Wahlstrom 1994; Vanpé et al. 2008,
2009b). Young male pronghorn, however, combine faster
growth, substantially greater survival, and much higher repro-
ductive success than young males in most other species.
Young fallow deer and mountain goats suffer high mortality,
yet obtain very little reproductive success (Fig. 5B). In moun-
tain goats, very rapid horn development among young males
(Fig. 2) does not lead to siring success (Fig. 3). In this spe-
cies, body mass, not horn size, determines access to estrous
females (Mainguy et al. 2009).

Male chamois show a different growth—survival pattern
than any other species, but their age-specific reproductive
success is unknown. They achieve over 90% of asymptotic
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size by age 3, yet survival of adult males is very high (Loi-
son et al. 1994; Gonzalez and Crampe 2001; Bocci et al.
2010) and young adults cannot defend territories (von Hard-
enberg et al. 2000). The mating success of territorial and
nonterritorial males, however, is unknown.

My analysis was limited by low statistical power and by
the unavailability of all types of data for the same population.
Because of the difficulties inherent in monitoring wild
known-age male ungulates and in sampling enough offspring
to estimate age-specific paternity, data are only available for
eight species. Sample sizes or proportion of total offspring
sampled are limited for ibex (Willisch et al. 2012) and roe
deer (Vanpé et al. 2009a), possibly explaining the sudden
drop in reproductive success of ibex between 11 and 12 years
of age, and the apparent decrease in reproductive success of
male roe deer between 4 and 6 years (Fig. 4A). Sport hunting
of the ibex population truncated its age structure: only three
animals older than 11 years were present (Willisch et al.
2012), whereas in unhunted populations, many males survive
beyond 12 years (Toigo et al. 2007). In an unhunted ibex
population, males aged 10-13 years have high dominance
rank (Bergeron et al. 2010), and either maintain their mass
or continue to gain mass (Fig. 1). Therefore, it is likely that
the peak reproductive success of ibex extends over that range
of ages, rather than being limited to 11-year-olds. In roe deer,
a high proportion of fawns were not sampled, so the drop in
reproductive success of males aged 5-6 years (Fig. 4A) may
be due to sampling error. Low statistical power dictates a
cautious approach to the interpretation of results. Some of
the nonsignificant relationships that I report here have high
determination coefficients and appear biologically plausible
(Yoccoz 1991). Available data, however, reject the hypothesis
of a positive interspecific relationship between early growth
and mortality of young adults. That contention is supported
by intraspecific analyses showing that rapidly-growing young
males do not suffer greater mortality than slow-growing ones
(Bergeron et al. 2008; Bonenfant et al. 2009), a pattern re-
versed by trophy hunting (Coltman et al. 2003; Garel et al.
2007; Bonenfant et al. 2009). In fallow deer, successful
breeders enjoy higher survival than unsuccessful ones, and
reproduce over several years (McElligott et al. 2002). Costs
of reproduction in male ungulates could arise mostly from
failed attempts at reproduction by subordinates, while domi-
nants may enjoy high fitness with little cost (Pelletier 2005;
Pelletier et al. 2006), because male reproductive success is
mostly limited by the presence of superior competitors.
When there are no clear dominance relationships, the mating
system may shift (Byers and Kitchen 1988) and possibly
change the distribution of reproductive costs according to
male phenotype.

With the exception of bighorn sheep and mountain goats,
all studies included in this analysis involved populations
where large predators had been extirpated. Although the sur-
vival of adult males was not particularly lower in bighorns
and mountain goats than in other species, predation can sub-
stantially reduce the survival of adult ungulates (Sinclair et
al. 2003; Festa-Bianchet et al. 2006; Owen-Smith and Mills
2008; Bourbeau-Lemieux et al. 2011). There is some evi-
dence that male ungulates are particularly vulnerable to pre-
dation during and soon after the rut (Knopff et al. 2010).
Predation could affect male reproductive success by changing
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both the adult sex ratio and the age structure of competing
males. In species where reproductively successful males are
highly visible or spatially predictable, they may suffer high
predation (Fitzgibbon 1990). I found that for most species
over a third of yearling males lived to reproductive senes-
cence. This proportion may be lower in populations exposed
to natural predation regimes. On the other hand, trophy hunt-
ing, by selectively removing the largest males, can strongly
affect the distribution of male reproductive success (Coltman
et al. 2003; Festa-Bianchet 2007). In many populations, the
success of many males may depend upon the survival or
death of just one competitor. Consequently, selective pres-
sures on size and growth may be inconsistent from year to
year (Coltman et al. 1999) and relationships between mass,
weapons size, and reproductive success are unlikely to be lin-
ear (Coltman et al. 2002).

The high mortality of young males documented in sexually
dimorphic mammals is often attributed to a risky strategy to
maximize growth (Clutton-Brock et al. 1985). My analysis
and research on intraspecific variability in male reproductive
success (Clinton and LeBoeuf 1993; McElligott et al. 2002)
suggest that for males, fitness risks, and rewards are not nec-
essarily correlated. Most trade-offs likely occur at the level of
resource acquisition rather than allocation (Houle 1991), and
successful males may not suffer reproductive costs because
they have acquired large amounts of resources to allocate to
reproduction. Costs of reproduction in polygynous males
may best be studied by examining the consequences of indi-
vidual behavior on energetic expenditure, parasite infection,
and survival (Pelletier 2005; Pelletier et al. 2005) rather than
by looking for correlates of individual reproductive success.
It is likely that those costs will vary across species, popula-
tions, and years in accordance with mating system, resource
availability, and age structure. For example, young roe deer
may suffer high mortality while fighting for territory acquisi-
tion, and young bighorn sheep and mountain goats may suf-
fer high mortality because of the energy expended in
attempting to mate through alternative tactics. Adult red deer
may have high survival and high mating success because
high mortality of young deer means that in most years there
are few males aged 811 years. Young red deer are competi-
tively inferior (Pemberton et al. 1992) and old ones are sen-
escent (Nussey et al. 2009). In ibex, many males survive to
10-13 years, and strong competition within these age classes
may lead to high mortality (Toigo et al. 1997). An interesting
contrast with ibex is provided by northern elephant seals,
where peak mating success is also at 11-13 years, but only
2.8% of yearling males survive to 11 years, when they enjoy
high mating success without a strong increase in mortality
(Clinton and LeBoeuf 1993). For males in many polygynous
mammals, the fitness cost of trying to reproduce are likely
much higher than the costs of actually reproducing.
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Appendix A
Figure A1l and Table A1l appear on the following page.
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Fig. A1. The phylogeny of ungulates used to test for phylogenetic inertia. Data from Wilson and Reeder (1993).

Dama_dama

Cervus_elaphus

Capreolus_capreolus

Qvis_canadensis

Qvis_aries

Capra_ibex

Rupicapra_rupicapra

o

=

S

Q

o)

o

c

o

Q

X

o

o

S

&

o

(<))

ke

p)

‘D

o

>

c

D

oy = QOreamnos_americanus

€T

8 o

6 _ _

E‘E Antilocapra_americana

]

% Table A1. Values of A, the phylogenetic signal estimated with phylogenetic generalized least squares
E‘ (PGSL) models (Freckleton et al. 2002) for the relationships tested in the paper.

50

oI

< Relationship A P=0 P=1

% Mass at age 3 and maximum mass 0.47 0.49 0.40
Weapon size by age 3 and maximum weapon size 0.00007  1.00 0.29

g Early growth and early reproduction for seven wild species 0.00007  1.00 0.08

“— Relative weapon length and reproduction of 3-year-olds 0.00007  1.00 0.03

3 Relative mass at 3 years and mortality from 1 to 4 years 0.00007  1.00 0.16

-§ Maximum mass and life expectancy of 3-year-old males 0.00007  1.00 0.08

= Relative reproduction at 3 years and mortality from 1 to 4 years 0.00007 1.00 0.03

% Age of 50% of peak reproduction and yearling life expectancy 0.00007 1.00 0.08

D_ Median life expectancy of yearlings and relative mass by age 3 0.00007  1.00 0.02

g Median life expectancy of yearlings and maximum mass 0.00007  1.00 0.06

N Generation time and maximum mass 0.00007  1.00 0.15

3 Generation time and relative mass at 3 years 0.00007  1.00 0.19

8 Life expectancy of 3-year-olds and generation time 0.00007  1.00 0.03

© Relative reproductive success of 3-year-olds and generation time 0.00007 1.00 0.18
Mortality between 1 and 4 years and generation time 0.00007  1.00 0.24

Note: None of the estimated 1 values were significantly different from 0, and some were significantly different from 1.
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