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Email: jean-francois.lemaitre@univ-lyon1.fr 1. To secure mating opportunities, males often develop and maintain conspicuous traits
Funding information that are involved in intrasexual and/or intersexual competition. While current models
ANR AGEX, Grant/Award Number: ANR-15- of sexual selection rely on the assumption that producing such traits is costly, quan-
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11-IDEX-0007; French National Research 2. According to the principle of allocation, high energy allocation to growth or sexual
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traits in males should lead to reduced energy allocation to the maintenance of

Handling Editor: Dylan Childs cellular and physiological functions, potentially causing them to age faster, with
impaired survival.

3. We evaluated the short-term and delayed consequences of energy allocation to
antlers early in life in two contrasted populations of roe deer, Capreolus capreolus.
Although most males mate successfully for the first time in their fourth year, ant-
lers are grown annually from the first year of life onwards. We tested the predic-
tion that a high level of allocation to antler growth during the first two years of life
should lead to lower body mass, antler size and survival during the early and late
prime stages, as well as to reduced longevity overall.

4. Growing and carrying long antlers during the first years of life was not associated
with any detectable cost in the late prime stage. The positive association between
antler growth in early life and adult body mass instead supports that fawn antler
acts as an honest signal of phenotypic quality in roe deer.

5. For a given body mass, yearling males growing longer antlers displayed impaired
performance during their late prime. We also found a trend for a short-term sur-

vival cost of allocation to relative antler length during the second year of life.
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1 | INTRODUCTION

The evolution of complex secondary sexual traits in males is gen-
erally explained by the positive relationship between the intensity
of their expression and breeding success (Andersson, 1994), as is
the case for plumage coloration in many birds (Brommer, Ahola, &
Karstinen, 2005). All models of sexual selection that have been de-
veloped thus far (Kuijper, Pen, & Weissing, 2012) share the common
and mandatory assumption that growing and maintaining secondary
sexual traits is costly (Kotiaho, 2001), although these costs may vary
in relation to individual condition (Rowe & Houle, 1996). However,
measuring the fitness costs of bearing extravagant sexual traits em-
pirically is challenging and most studies of life-history (e.g. higher
mortality due to higher predation risk) or physiological (e.g. lower
performance of the immune system) costs to date have reported
contrasting patterns (Kotiaho, 2001). A meta-analysis across birds,
spiders, insects and fish revealed that the expression of secondary
sexual traits is strongly condition-dependent as the expression of a
given sexual trait (known to predict mating success) is generally pos-
itively associated with longevity (Jennions, Mgller, & Petrie, 2001).
However, while males in good condition during the early stages of
life are able to develop the most conspicuous sexual traits, they may
suffer from a higher degree of somatic deterioration compared to
males that are in low condition during early life, which can lead to
an accelerated rate of ageing (Adler, Telford, & Bonduriansky, 2016).
In line with these results, it has recently been argued that the costly
nature of secondary sexual traits should be rooted in the theories
currently proposed to explain the evolution of ageing (Hooper,
Lethonen, Schwanz, & Bonduriansky, 2018; Tidiére et al., 2015).
Ourunderstanding of the ageing process takes its root in the prin-
ciple of allocation (Cody, 1966), a cornerstone of life-history theory
(Stearns, 1992). This principle states that individuals need to share a
finite pool of resources among competing functions such as growth,
reproduction and survival. When it concerns a long-lasting or de-
layed cost of a given allocation, this principle is closely related to the
disposable soma theory of ageing (Kirkwood & Holliday, 1979). This
theory postulates that individuals that allocate a substantial amount
of resources to reproduction will have less resources to devote to the
set of molecular mechanisms (e.g. DNA repair mechanisms) involved
in somatic maintenance (Kirkwood & Rose, 1991). Therefore, individ-
uals that allocate much to reproduction early in life will accumulate a
variety of damages that will ultimately cause a shortened life span or
an increased rate of reproductive senescence (Lemaitre & Gaillard,

6. Yearling males that grow long antlers relative to their mass might display a fast life-
history tactic. We argue that differential allocation to secondary sexual traits gen-

erates a diversity of individual trajectories that should impact population

ageing, Capreolus capreolus, life history, roe deer, secondary sexual traits, senescence

2017). The central role played by early- vs. late-life trade-offs in the
evolution of ageing constitutes the core of the life-history theory of
ageing (Kirkwood, 2017) and has been supported by many empirical
studies (Hammers, Richardson, Burke, & Komdeur, 2013; Jankowiak,
Zyskowski, & Wysocki, 2018). However, most of these studies have
focused on females (Lemaitre et al., 2015) and there is no consensus
yet on whether early- vs. late-life trade-offs are prevalent in males.
During the reproductive season, males devote a substantial part of
their resources to sexual competition (Andersson, 1994). While sex-
ual competition can take different forms, male breeding success is
determined by allocation to secondary sexual traits in most species
(Bonduriansky, 2007; Emlen, 2008).

Several studies have revealed that the allocation to second-
ary sexual traits can be associated with diverse physiological
costs (Garratt & Brooks, 2012). In the Australian painted dragon
(Ctenophorus pictus), males that maintained a high level of head col-
oration suffered from a rapid rate of telomere loss (Giraudeau et al.,
2016). This finding suggests that males with particularly conspic-
uous traits might have impaired fitness later in life. While current
theories predict that males should suffer from long-term or delayed
costs of growing costly sexual traits, such allocation can levy imme-
diate fitness costs. Thus, successful reproduction often has short-
term reproduction and survival costs in male birds (Bleu, Gamelon,
& Saether, 2016), which might potentially be driven by strong alloca-
tion to sexual traits.

Overall, measuring costs of allocation to secondary sexual traits
during early life is important because the expression of secondary
sexual traits varies over the lifetime (Lemaitre & Gaillard, 2017), and
also because allocation to secondary sexual traits early in life in-
creases the absolute level of allocation to the entire growth process,
which potentially leads to detrimental fitness consequences later
in life (Lee, Monaghan, & Metcalfe, 2013; Metcalfe & Monaghan,
2003). This avenue of research should boost our understanding of
the relationships linking individual development with population
dynamics.

So far, the few studies that assessed the long-term fitness con-
sequences of early allocation to secondary sexual traits in mam-
malian males have mostly been performed on bovids (see Table 1
for a review), and showed that the intensity of early horn growth
is rarely associated with a delayed survival cost (Table 1). While
the horns of bovids grow continuously over most of their lifetime,
the amount of energy allocated to the annual horn growth is quite
limited. On the contrary, male cervids grow antlers that are cast
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and fully regrown every year (Chapman, 1975). This repeatedly
high annual allocation of resources to antler growth is thus ex-
pected to be particularly costly. So far, the only study that quan-
tified delayed costs of growing antlers reported that male red
deer (Cervus elaphus) that allocated substantially to antler growth
between 4 and 9 years of age did not suffer any detrimental
consequences on harem size or antler length later on (Lemaitre,
Gaillard, Pemberton, Clutton-Brock, & Nussey, 2014). However,
young males grow antlers from their first year of life, well be-
fore they can successfully mate and at a time when they must
allocate intensively to body growth (Douhard, Gaillard, Pellerin,
Jacob, & Lemaitre, 2017). Furthermore, delayed fitness costs of
early allocation to antler growth might impact survival at the end
of the prime-aged adulthood (i.e. when the onset of actuarial se-
nescence occurs; Gaillard, Garratt, & Lemaitre, 2017) rather than
reproductive success (Lemaitre & Gaillard, 2017). Surprisingly,
the long-term fitness consequences of early development of sec-
ondary sexual traits have not yet been investigated. Moreover,
while there is increasing evidence that early-life environmental
conditions mediate trade-offs between early- and late-life perfor-
mance (Balbontin & Mgller, 2015), whether the interplay between
environmental conditions and the expression of secondary sexual
traits early in life shapes the magnitude of delayed fitness costs
remains unknown.

We propose to fill this knowledge gap by investigating the con-
sequences of allocation to antlers in early life (defined here as the
first two years of life) on survival, body mass and antler size during
adulthood in two populations of European roe deer (Capreolus capre-
olus) living in contrasted habitats. In this slightly polygynous mam-
mal, males are territorial from early spring until mid-July-late August
and generally begin mating during their fourth year, although some
males can sire offspring in their third year of life (Vanpé et al., 2009).
Male roe deer systematically grow antlers each year from their first
year of life onwards. Growing large antlers in early life well before
mating opportunities occur should thus come at a cost in terms of
survival, body mass or antler growth later in life. Finally, as resource
availability mediates the trade-off between growth and somatic
maintenance, such costs should be more pronounced in populations

experiencing poor environmental conditions.

2 | MATERIALS AND METHODS

2.1 | Study population

We studied the populations of roe deer at Trois-Fontaines (TF) and
Chizé (CH) living in enclosed forests. Trois-Fontaines (1,360 ha), lo-
cated in north-eastern France (48°43'N, 4°55'E), has a continental
climate characterized by moderately severe winters and warm rainy
summers. This site has rich soils and provides high-quality habitat
for roe deer (Pettorelli et al., 2006). In contrast, in Chizé (2,614 ha),
located in western France (46°50'N, 0°25’'W), the climate is temper-
ate oceanic with Mediterranean influences. This forest has low pro-
ductivity due to poor-quality soils and frequent summer droughts

(Pettorelli et al., 2006) and thereby provides a quite poor habitat for
roe deer in most years.

Roe deer have been intensively monitored using a long-term
capture-mark-recapture programme since 1975 and 1977 for Trois-
Fontaines and Chizé, respectively. Every year and for each site,
10-12 days of capture is organized between December and March
(Gaillard et al., 1993a). Once an individual is captured, its sex and
body mass (to the nearest 50 g) are recorded and a basic clinical

examination is performed.

2.2 | Allocation to antler growth during the first two
years of life

Antlers grow each year from the end of November until early
March (i.e. before the velvet is shed). Roe deer are in hard ant-
ler until the end of October/early November when they cast their
antlers (Sempéré & Boissin, 1981). During their first year of life,
males develop a small “button” (i.e. a very short antler with a round
top instead of a spike) on top of their pedicle before growing their
first full antlers at 1 year of age (Figure 1). Then, males generally
develop a four-point (in yearlings) or five-/six-point (in adults)
head. Antler length was measured to the nearest 0.5 cm along
the external side of the main beam, from the base of the antler
to the top of the main beam (Vanpé et al., 2007). Antler length
was used as a proxy for allocation to antler growth because there
is a strong covariation among the different antler traits in deer
(Lemaitre et al., 2014). When an individual was caught more than
once in a given year, only the last measure was considered. When
both antlers were intact, the average length was computed and re-
tained for the analyses. When one antler was broken, the value of
the remaining intact antler was retained. When both antlers were
broken, the individual was removed from the dataset. Although
a few captures occurred in October-November in the very first
years of monitoring, we restricted our analyses to data collected
from 1 December to avoid possible overlap between antlers grow-
ing during the current year and uncast antlers from the previous
year. All males included in our analyses were of known age be-

cause they were caught within their first year of life, when age can

FIGURE 1 A fawn with visible buttons (photograph reproduced
with permission from F. Débias)
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be assigned without error from tooth eruption and wear patterns
(Hewison et al., 1999).

In roe deer, the antler growth cycle is governed by complex in-
teractions between the photoperiod and the endogenous rhythm of
the hypothalamic-pituitary-gonadal axis (Sempéré & Lacroix, 1982).
Therefore, for a given cohort, the date of capture provides a better
predictor of antler size during antler growth than birth date (Vanpé
et al., 2007). We analysed the relationship between antler length
and the Julian date of capture (with 1 December as day 0). As antler
growth is a nonlinear process (Goss, 1983), we fitted different func-
tions to assess reliably the shape of the relationship between antler
length (log-transformed) and date of capture in fawns (i.e. 8 months
of age) and yearlings (i.e. 20 months of age): constant (i.e. no change
in antler length with date of capture), linear, a threshold function
(i.e. piecewise linear function) with one slope (i.e. antler length in-
creasing linearly with date of capture until reaching a plateau at
a given date) and a threshold function with two slopes (i.e. antler
length increasing linearly with date of capture until a given date and
then increasing further, but with a different slope). To estimate these
threshold values, the deviance profile of the models including the
slopes was used and the date of capture providing the lowest devi-
ance was selected as the threshold value (Ulm & Cox, 1989). Model
selection was based on the Akaike Information Criterion (AIC). We
calculated AIC weights (AICw) to assess the relative likelihood that
a given model was the best among all the fitted models (Burnham &
Anderson, 2002). We selected the model with the lowest AIC except
when the difference in AIC (AAIC) between two competing mod-
els was <2, in which case we retained the simplest model. Once the
model that best captured the shape of the relationship was iden-
tified, we looked for potential differences between populations by

including “population” as a fixed factor, either as an additive effect
or in interaction with the Julian date.

As previously observed (Vanpé et al., 2007), the linear model
best represented variation in antler length (log-transformed) with
date of capturein fawns (Table S1; Figure 2a; slope of 0.022 + 0.002,
N =224). Fawn antler length did not differ between populations
(AAIC of + 1.93 for the model including “population”), and the daily
growth rate did not differ between populations (AAIC of +3.57 for
the model including the “population x date of capture” interaction
term). We computed a standardized fawn antler length from the se-
lected model by adjusting antler length to the median date of cap-
ture (i.e. 8 February) and pooling the data for both populations.
The best model accounting for variation in yearling antler length
in relation to capture date was the threshold model with a single
slope (Table S2). Antler length increased linearly with date of cap-
ture until day 59 (i.e. 28 January) (Figure 2b; slope of 0.024 + 0.002,
N =257) and remained constant thereafter. Antler length did not
differ between populations (AAIC of +1.81 for the model includ-
ing “population”), but the threshold date did (AAIC of -5.17 for
the model including the “population x date of capture” interaction
term). In both populations, antler length increased linearly with
the date of capture (0.032 + 0.004, N = 100, and 0.021 + 0.002,
N = 157 at Trois-Fontaines and Chizé, respectively), but the thresh-
old date was earlier at Chizé (day 46 corresponding to 16 January;
Figure 2d) than at Trois-Fontaines (day 72 corresponding to 11
February; Figure 2c), which matches the longer day length at Chizé
than at Trois-Fontaines in January-February. We then computed a
standardized yearling antler length by adjusting antler length to the
median date of capture (i.e. 8 February) using the model selected
for each population.
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We analysed the relationship between body mass (log-
transformed) and date of capture during the first year of life. In
roe deer, fawns consistently gain mass during their first year of life
(Hewison, Gaillard, Angibault, Van Laere, & Vincent, 2002) and the
date of capture explains a substantial part of the observed variation
in body mass during the first winter (Douhard et al., 2017). In con-
trast, although the exact date of birth was unknown for most indi-
viduals, we expect such a factor to be negligible because roe deer
births are highly synchronized (80% of births occur within a range
of 20 days; Gaillard, Delorme, Julien, & Tatin, 1993b). As expected,
we found that body mass increased with date of capture (slope of
0.0011 £ 0.0004, N = 224; Figure S1). To analyse the possible long-
term effect of allocation to fawn relative antler length (see statis-
tical analysis), we thus standardized body mass by the Julian date
(8 February), as done previously (Vanpé et al., 2007). We followed
the same procedure for yearling antler length. As expected, there
was no detectable variation in body mass in relation to date at this
age (Figure S2; slope of 0.0003 + 0.0005, N = 257), and the yearling
body mass was thus not corrected for date of capture.

2.3 | Covariation between fawn and yearling
antler length

We used two metrics to describe the level of allocation to antler
growth during early life: fawn and yearling absolute standardized ant-
ler length. As we expected heavier males to allocate more resources
to antler growth in absolute terms than lighter males (Vanpé et al.,
2007), we measured the effect of relative allocation to antlers during
the first two years of life by adding body mass (i.e. fawn body mass
standardized for the date of capture or yearling non-standardized
body mass) as a covariate in the corresponding set of models (see
below).

Yearling antler size could potentially be influenced by the allo-
cation to antlers the year before, and we thus first tested whether

fawn and yearling antler length could be considered as independent.

As the physiological pathway governing antler growth is the same
across all ages (Sempéré & Lacroix, 1982), we expected a positive
relationship to occur between absolute antler length during the first
and second years of life, and we thus tested for a positive correla-
tion between allocation to fawn and yearling antler growth using
a linear regression. We replicated the analyses on relative (to body
mass) measures of antler length. To do this, we did not include
fawn and yearling body mass (log-transformed) to avoid multicol-
linearity issues. We thus first computed fawn relative antler length
as the residuals from the linear regression between absolute stan-
dardized antler length and fawn standardized body mass (slope of
1.98 £ 0.37, N = 224; Figure 3a). We followed the same procedure to
compute yearling relative antler length (slope of 0.68 + 0.17,N = 257,
Figure 3b). We then computed yearling relative antler length as the
residuals from this linear regression between yearling relative antler
length and body mass. Both fawn and yearling antler length were
measured on 93 males (76 in Chizé and 17 in Trois-Fontaines).

Measures of fawn and yearling antler length were independent
(absolute metrics: slope of 0.043 + 0.033; Figure 3c, Table S3; rela-
tive metrics: slope of 0.001 + 0.04; Table S4).

2.4 | Early and late prime-age adulthood traits

To assess the consequences of male allocation to antler growth
during early life on performance during early and late prime-age
adulthood, we used three survival metrics: the probability of
reaching 3 years of age (survival metric for short-term survival),
the probability of reaching 6 years of age (survival metric for
long-term survival) and longevity. We also used two phenotypic
traits that are positively associated with fitness in roe deer: adult
body mass (Gaillard, Festa-Bianchet, Delorme, & Jorgenson, 2000)
and adult antler length (Vanpé, Gaillard, Kjellander, Delorme,
& Hewison, 2010). For a given male, adult body mass and antler
length were measured as the median values of measures recorded

between 4 and 6 years of age (body mass) and 4 and 8 years of



LEMAITRE ET AL.

Journal of Animal Ecology 927

age (antler length), as these traits subsequently show senescence
(Douhard et al., 2017; Vanpé et al., 2007). Longevity (from 1.5 to
14 years) was measured as the exact number of years an individual
lived, including only those individuals that were intensively moni-
tored by observations and that died from natural causes (i.e. indi-
viduals that were removed from the population for translocation
or that died from human-related incidents such as car collisions

and capture-related mortality were right-censored).

2.5 | Analysis of the consequences of strong
allocation to antlers during early life

We investigated potential trade-offs between allocation to antlers
during early life and both condition and survival during adulthood
and possible between-population differences in these trade-offs.
For each combination of late-prime trait (dependent variable) and
absolute antler length in early life, a set of competing models was
fitted (e.g. Table S5a). When testing the possible long-term delete-
rious consequences of allocation to relative antler length early in
life, body mass (i.e. fawn standardized body mass or yearling non-
standardized body mass) was added as a covariate in all models of
the set. All models included the cohort (year of birth) fitted as a
random effect (32 cohorts between 1975 and 2006). When ana-
lysing adult antler length, we also included adult body mass as a
covariate (e.g. Table S5b) to measure the consequences of early al-
location to antler growth on both absolute and relative adult antler
length. For analysis of longevity, adult body mass and adult antler
length, we fitted linear mixed-effects models (“Imer” function in
the r package Lme4, Bates, Machler, Bolker, & Walker, 2015). For
survival beyond 3 and 6 years of age, we used generalized linear
mixed-effects models with survival entered as a binomial vari-
able. We tested the short-term survival costs (i.e. survival beyond
3 years of age) only for yearling antler length as our sample size
was too limited to investigate short-term survival costs in fawns.
All traits except survival were log-transformed. For each set of
analyses, we used AIC for model selection (see above for a full

description of the procedure). All analyses were performed using

TABLE 2 Sample sizes used per analysis. Samples sizes in
brackets are population-specific (Chizé; Trois-Fontaines)

Independent variables

Fawn antler Yearling
Dependent variables length antler length
Longevity 137 (94; 43) 180 (101; 79)
Survival beyond 6 years of 137 (94; 43) 190 (105; 85)
age
Survival beyond 2 years of 190 (105; 85)
age
Adult body mass 121 (98; 23) 126 (78; 48)
Adult antler length 111 (89; 22) 110 (70; 40)
Antler length (20 months) 93 (76; 17)

r version 3.4.0 (R Core Team, 2015), and all results are reported
as M + SE.

In our dataset, two individuals had particularly short antlers
for their age (one fawn with antlers measuring 1 mm and one year-
ling with antlers measuring 10 mm). All analyses were performed
with and without these males, and in most cases, results were
qualitatively similar (Table S5 vs. Table Sé for fawn antler length;
Table S7 vs. Table S8 for yearling antler length). As we did not
have any biological reason to exclude these males, we decided to
present the results obtained with the complete dataset. We ex-
plicitly specified in the text when including these outliers mat-
tered. Population-specific sample sizes used for each analysis are
provided in Table 2.

3 | RESULTS

3.1 | Late prime-age adulthood consequences of
allocation to fawn antler growth

Absolute and relative antler length were not associated with longev-
ity or survival beyond 6 years of age (longevity: slope of 0.04 + 0.05
and slope of 0.05 + 0.06; survival: slope of 0.07 + 0.20 and slope of
-0.71 £ 0.47 for absolute and relative antler length, respectively).
In all cases, the constant model was selected (Table S5a and S5b).
However, when analysing the effect of absolute antler length on
longevity, the selected model contained population as a fixed fac-
tor. For a median value of antler length, males lived about one year
longer at Chizé than at Trois-Fontaines (Trois-Fontaines: 4.49 years
95% Cl [3.78-5.33], N = 43; Chizé: 5.39 years 95% Cl [4.80-6.05],
N = 94, estimates averaging all cohorts). The selected model of vari-
ation in adult body mass included additive effects of absolute antler
length (slope of 0.022 +0.08, N = 121) and population (Table S5a,
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FIGURE 4 Relationship between adult body mass (log-
transformed) and fawn absolute antler length (log-transformed

and measured at 8 months of age). Chizé: dark line, open circle;
Trois-Fontaines: grey line, grey points. The relationship and data are
represented on a double logarithmic scale
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Figure 4). For a median antler size, males were about 10% heavier
at Trois-Fontaines than at Chizé (26.65 kg, 95% Cl [25.59-27.76],
N =23 vs. 24.36 kg, 95% Cl [23.89-24.85], N = 98, estimates aver-
aging all cohorts). In the equivalent set of models for relative antler
length (Table S5b), the selected model only included a positive effect
of body mass (slope of 0.39 + 0.06; Figure S3). The selected model
for adult antler length only included a positive effect of adult body
mass (slope of 0.61 + 0.22, N = 111), as expected for this allometric
relationship (Figure S4).

3.2 | Early and late prime-age adulthood
consequences of yearling allocation to antler growth

No relationship occurred between allocation to absolute antler length
and the probability of reaching 3 years of age (slope of -0.56 + 0.48;
Table S7a). On the other hand, yearling tended to suffer from carry-
ing long antlers for their body mass (slope of -0.90 + 0.55), even if
the most parsimonious model included body mass only (Table S7b).
Heavy individuals survived better (slope of 2.63 £ 1.29). Increasing
by 1 kg the average body mass was associated with an increased sur-
vival of 2.5%.

Allocation to absolute antler length was not associated with
any longevity or long-term survival cost in either roe deer popula-
tion (slopes of =0.13 + 0.11 and of -0.29 + 0.35 for longevity and
survival beyond six years, respectively; see Table S7a and S7b).
Analyses of relative antler length suggested that antler length for
a given mass was negatively associated with longevity (Table 3,
Figure 5). Increasing the average antler size by 5 cm at a given mass
led to a reduction in longevity by 4.84%. However, most models
performed equally well (Table S7b). For survival beyond six years,
the selected model included body mass and an interaction between
population and antler length (Table S7b). At Chizé, a strong relative
allocation to antler growth led to a decrease in the probability of
surviving beyond six years of age (Table 4, Figure 6), while no rela-
tionship occurred at Trois-Fontaines (Table 4, Figure 5c,d). When
the individual with 10-mm antlers was removed from the analysis,
a negative effect of relative antler length was detected across both
populations (Table S8b). Increasing the average relative antler size
by 1 cm led survival to be reduced by 2.4%. Both absolute and rel-
ative antler length were independent of adult body mass (slope
of 0.03 £ 0.02 and slope of -0.02 + 0.01 for absolute and relative
antler length, respectively; Table S7a and S7b). The selected model
for absolute antler length only included population. Males were

heavier at Trois-Fontaines than at Chizé, independently of antler

Estimates SE
Intercept -0.56 1.20
Population -0.15 0.10
Yearling body mass 1.03 0.40
Standardized yearling antler length -0.21 0.11

**p < .01.
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FIGURE 5 Relationship between the longevity and yearling
relative antler length (at 20 months of age) for Chizé (dark line, open
circle) and Trois-Fontaines (grey line, grey points). The relationship
and data are represented on a double logarithmic scale

growth. The selected model for relative antler revealed that body
mass was positively associated with adult body mass (slope of
0.62 £ 0.05, N = 126). Finally, for adult antler length, the selected
model contained both standardized antler length and body mass,
revealing that relative antler length is positively associated with
long antlers during adulthood (slope of 0.18 + 0.08; Table S7a and
S7b).

4 | DISCUSSION

Contrary to our predictions, we did not detect any evidence of de-
layed costs of allocation to antler growth during the first year of life
in two roe deer populations living in highly different ecological con-
texts. Fawns with the longest (absolute or relative) antlers also had
the highest body mass as adults, suggesting that the length of the
first antlers reliably indicates individual performance during adult-
hood. This interpretation is supported by our finding that fawn ant-
ler length (but also yearling) was also positively associated with body
mass, which indicates that antler length is a condition-dependent
trait (Vanpé et al., 2007). In yearling, the growth of long absolute

antlers has no influence on future male performance. However, for

TABLE 3 Parameter estimates from

t the model of variation in longevity as a
-0.47 function of relative allocation to antlers in
-1.51 yearlings (see Table S7b). Chizé is used as
the reference population
2.64**
-1.87
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TABLE 4 Parameter estimates from the selected models of
variation in the probability of surviving beyond six years of age (on
a logit scale) as a function of relative allocation to antlers in
yearlings (see Table S7b). Chizé is used as the reference population

Estimates SE t

Intercept 0.24 5.29 0.046
Population -11.06 5.20 =D AE*
Standardized -2.19 0.94 -2.33%

yearling antler

length
Yearling body mass 3.46 1.32 2.61**
Standardized 211 1.02 2.08*

yearling antler
length x Population

*p <.05; **p < .01.

a given body mass, yearlings with long antlers tend to be show a re-
duced longevity. The cost of growing large relative antlers as yearling
was stronger on the probability of reaching 6 years of age, especially
for males living in the poorest habitat (Chizé).

Although the exact physiological mechanisms regulating
the full antler growth cycle are still debated (Bartos, Bubenik, &
Kuzmova, 2012; Price & Allen, 2004), experimental manipulation
of antler size has revealed that the annual growth and casting of
antlers is governed by a complex interaction between photope-
riod and several hormones, especially insulin-like growth factor 1

(IGF-1) and testosterone (Price & Allen, 2004). While the relative

contribution of these hormones to antler size is difficult to de-
cipher (Ditchkoff, Spicer, Masters, & Lochmiller, 2001), positive
correlations between levels of testosterone and IGF-1 and antler
length have been repeatedly reported (Bartos et al., 2012), notably
in roe deer (Schams, Barth, Heinze-Mutz, Pflaum, & Karg, 1992;
Sempéré & Boissin, 1981). An increasing number of studies have
highlighted the potential deleterious effects of these hormones
(Foo, Nakagawa, Rhodes, & Simmons, 2017), which are assumed
to play a pivotal role in governing life-history trade-offs (Dantzer &
Swanson, 2012), notably between allocation to sexual competition
during early life and ageing (Brooks & Garratt, 2017). As yearlings
with the longest relative antler length also carry long antlers as
adults, repeated exposure to high hormonal levels might lead to re-
duced survival. The relationship between yearling and adult antler
size suggests that yearlings with disproportionally large antlers will
also have high competitive abilities over their entire life. Roe deer
males are strongly territorial from early spring (March-April) to
late August-early September (Andersen, Duncan, & Linnell, 1998),
so that the costs of territory defence are likely higher than the
costs associated with antler growth. Our results suggest that these
costs might be higher when environmental conditions are poor, al-
though the low sample size at Trois-Fontaines prevents to draw
any firm conclusion. Overall, yearling males that grow long antlers
for their mass might play a fast life-history tactic, involving the
repeated defence of large territories, but impaired survival. Short
antlers in yearlings should delay territoriality establishment (Vanpé
et al., 2009), and thereby age at first mating. Delayed age at first
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reproduction is positively associated with longevity in mamma-
lian females (e.g. Descamps, Boutin, Berteaux, & Gaillard, 2006),
and our results suggest that this might also be the case in males.
Yearlings that also grow relatively long antlers might suffer from
more harassment by territorial males that are already established
than those with smaller weapons (Wahlstrom, 1994), as suggested
by the detected tendency for short-term survival costs.

A few recent studies have revealed that high levels of sexual com-
petition can have long-term consequences in terms of age-specific
decline in individual performance (Beirne, Delahay, & Young, 2015;
Lemaitre et al., 2014). More generally, one promising avenue of re-
search linking functional traits and population performance would be
to investigate the dynamics of antler length very early in life and its
impact on population growth. Our study highlights that growing large
secondary sexual traits early in life might be a reliable indicator of in-
dividual performance, suggesting that variation in the expression of
sexual traits within populations might directly influence population
demography. Integral projection models (IPMs) provide a powerful
tool to investigate this question (Coulson, 2012), but so far, IPMs
have mostly focused on body mass or size as the focal trait (Vindenes
& Langangen, 2015) and most applications have been restricted to
females. The recent development of two-sex models (Schindler et al.,
2015) now offers a way to quantify how variation in the expression
of sexual traits such as antler length influences the demography of
a population, provided the required data (i.e. sex-specific relation-
ships between demographic parameters [recruitment and survival]
and antler length, father-offspring relationships and age-specific
changes of antler length, pedigrees) will be available. As paternity
analyses are becoming very common in wild vertebrates, we hope
that our study will stimulate such studies that might reveal important
insights on the role of sexual selection on population demography.

Finally, one striking paradox from our study is that the honest sig-
nal of individual performance conveyed by antler length is apparent
in fawns when males do not compete for females. A possible expla-
nation for the growth of long antlers in the pre-reproductive stage is
the hormonal regulation of antler development that might be linked
to physiological pathways involved in health and somatic mainte-
nance. These constraints may have prevented natural selection
from counterselecting the growth of substantial antlers in cervids
well before they serve their purpose in male-male sexual contests
(Sempéré & Lacroix, 1982). Future work should test whether long
antlers in the first years of life reflect the quality of the ejaculate and
thus, possibly, male breeding success (Malo, Roldan, Garde, Soler,
& Gomendio, 2005). Whether this signal is already present in fawn
antlers is unknown (but note that young roe deer with long antlers
also have large testes; Wahlstrom, 1994). This is the missing piece
of the jigsaw for our understanding of the relationships between
age-specific functional traits, health and demographic parameters.
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