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It is now broadly admitted that female reproductive senescence — a decline in
reproductive performance with increasing age — occurs in most species, at least
among birds and mammals. Although information is more limited, male
reproductive senescence has been regularly inferred from the decline in the
size or performance of phenotypic traits that underly male reproductive success,
particularly secondary sexual traits. However, the degree to which environmental
conditions influence the pattern of senescence in sexual traits remains largely
unknown. From the analysis of two long-term studies of populations of
European roe deer (Capreolus capreolus) subjected to markedly different
environmental contexts in the wild, we tested the hypothesis that harsh natal
and/or current conditions should lead to earlier and/or stronger rates of
senescence in the length of fully-grown antlers than good natal and/or current
conditions. We found evidence of similar patterns of antler length senescence in
both populations, with an onset of senescence around 7 years of age and a
decrease of length by about 1-1.5 cm per additional year of life from 7 years of
age onwards. We found that good early-life conditions delay senescence in
antler length in roe deer. Our results also revealed that senescent males seem to
be unable to allocate substantially to antler growth, confirming that antler size is,
therefore, an honest signal of male individual quality. By modulating age-specific
allocation to secondary sexual traits, natal and current conditions could influence
female mate choice and male—male competition over mates, and as a result age-
specific reproductive success, and should be accounted for when studying the
dynamics of sexual selection.
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Introduction

From an evolutionary viewpoint, the process of reproductive
senescence (also called “reproductive ageing”) corresponds to a
decline in reproductive performance with increasing age
(Monaghan et al., 2008; Nussey et al.,, 2013; Gaillard and
Lemaitre, 2020). Given the wealth of recently accumulated
empirical evidence, the widespread occurrence of female
reproductive senescence in the wild is now unequivocal, at least
for avian and mammalian species (Nussey et al., 2013; Lemaitre
etal., 2020a; Vagasi et al., 2021). While various reproductive metrics
have been used to evaluate female reproductive senescence, the
number of viable daughters at birth produced by a female of age x
(the “m,” value) has been the most frequently studied and has been
shown to decrease with increasing age in most mammals (Lemaitre
et al., 2020a). However, several components of this quantity have
also been shown to decline over the lifetime (Lemaitre and Gaillard,
2017), including birth rate (e.g. red squirrels, Tamiasciurus
hudsonicus, McAdam et al., 2007), pregnancy rate (e.g. moose,
Alces alces, Ericsson et al,, 2001), and litter/clutch size (e.g. barn
swallows, Hirundo rustica, Balbontin et al., 2012).

Currently, the information on male reproductive performance
throughout the life course is far more limited due to the difficulties
of having large samples of known-age animals (e.g. in mammalian
species with typical female-biased adult sex ratio) and of assigning
paternities in the wild (Lemaitre and Gaillard, 2017). In polygynous
and promiscuous species, male reproductive success can only be
reliably assessed using pedigree information, especially when
multiple mating and paternity occur, and the lack of required
genetic data for determining paternity likely explains the low
number of studies on age-specific reproductive success in males
(Lemaitre and Gaillard, 2017). Despite this, a few recent studies of
paternity in vertebrates indicate that male reproductive senescence
is likely pervasive in the wild (e.g. Widdig et al., 2004; Dugdale et al.,
2011 for case studies).

Male reproductive success depends on the allocation of energy
to pre-copulatory traits that confer an advantage in terms of male-
male competition and/or female mate choice (i.e. secondary sexual
traits such as colouration in peacock, Pavo cristatus, Dakin and
Montgomerie, 2013; antlers in white-tailed deer, Morina et al.,
2018) and post-copulatory traits that confer an advantage in male-
male competition to fertilise females (e.g. testes size and sperm
concentration, Schulte-Hostedde and Millar, 2004; sperm quality,
Gage et al,, 2004). In polygynous species, where males compete
intensely for access to females, allocation to pre-copulatory traits is
a key determinant of reproductive success as they may signal male
genetic quality and/or confer an advantage during physical contests
among males (Clutton-Brock, 1982; Berglund et al, 1996). So far,
studies that focused on the occurrence of male reproductive
senescence in terms of a decline in the size and/or performance
of secondary sexual traits with increasing age have provided
contrasting results (see Lemaitre and Gaillard, 2017 for a review).
For instance, although senescence has been reported in tail length in
barn swallow (Moller and De Lope, 1999); number of antler points
in red deer, Cervus elaphus (Mysterud et al. 2005); antler size in
moose, Alces alces (Stewart et al. 2000); horn growth in ibex, Capra
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ibex (Von Hardenberg et al, 2004) and pigmentation in kestrels,
Falco tinnunculus (Lopez-1diaquez et al., 2016), many other studies
have failed to detect senescence in male reproductive traits
(e.g. song parameters in reed warbler, Acrocephalus arundinaceus,
Forstmeier et al., 2006; antler mass in red deer, Cervus elaphus,
Kruuk et al., 2002). Moreover, a given secondary sexual trait may
senesce in certain species, but not in other closely related species
(Lemaitre and Gaillard, 2017; see Table 1).

Empirical evidence also suggests that environmental conditions
modulate patterns of senescence among populations from the same
species. So far, these studies have largely focused on actuarial
senescence (i.e. an increase of mortality rate with age) (Holand
et al, 2016; Cayuela et al, 2021) or on female reproductive
senescence (e.g. Svalbard reindeer, Rangifer tarandus
platyrhynchus in Douhard et al, 2016; Asian elephant, Elephas
maximus in Mumby et al., 2015). A meta-analysis based on 14 bird
and mammal species reported that the rate of reproductive
senescence in females is, on average, lower when the conditions
experienced during post-natal development are favourable (Cooper
and Kruuk, 2018). This relationship was not statistically significant
in males, possibly because of a lack of statistical power (effects size
only available for four species in this meta-analysis). Yet, evidence
that both current and early-life environmental conditions influence
male reproductive traits during adulthood is widespread in the
literature (e.g. stalk-eyed fly, Cyrtodiopsis dalmanni in Cotton et al,,
2004; red grouse, Lagopus lagopus scoticus in Vergara et al., 2012)
and studies evaluating how environmental conditions modulate the
age-related decline in secondary sexual traits, both in terms of the
strength (rate) and timing (age at onset) of male reproductive
senescence are now required.

To fill this knowledge gap, we investigated among- and between-
population differences in senescence of antler length in two
populations of European roe deer (Capreolus capreolus) that
experience markedly different environmental contexts. The antlers
of cervids are one of the most conspicuous secondary sexual traits in
the living world (Gould, 1974; Clutton-Brock, 1982; Lemaitre et al,,
2014a) even if the relative antler length substantially differs among
Cervids, which is largely explained by the species-specific intensity of
sexual selection (Geist, 1987; Geist, 1998). Antlers are used in
aggressive contests between males (Clutton-Brock, 1982; Hoem
et al,, 2007) and as an honest signal of phenotypic quality (see e.g.
Vanpe et al., 2007; Morina et al., 2018). In the highly polygynous red
deer (Cervus elaphus), antler size is correlated with testes size, as well
as both ejaculate quantity and quality, confirming the hypothesis that
antler size is a reliable indicator of male fertility (Malo et al. 2005). In
this study, we used antler length as a measure of antler size, as antler
mass or volume cannot been measured on living individuals.
Moreover, antler length is known to be associated with mating
success in males in red deer (e.g. Kruuk et al., 2002) and roe deer
(Vanpe et al, 2010) and currently constitutes a commonly used
measure in comparative studies (Clutton-Brock, 1982; Plard et al,
2011). Antlers are deciduous sexual traits that require a huge
allocation of energy to grow each year (Goss, 1970; Baxter et al,
1999), which is likely to impact short-term survival (Lemaitre et al,,
2018). Senescence in antler traits, especially length, has already been
documented in many deer species in natura (see Table 1), including
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TABLE 1 Studies reporting age-related antler metrics in cervids, in wild populations.

Species Population Article Studied Senescence  Antlers Onset of Longevity
trait observed state senescence
(in years)
Moose (Alces 6 regions in Bowyer et al. Antler size Yes NA 12 T Cont. = 1-14+ 16 (a)
alces) Alaska (2001) *
Antler spread  Yes NA 12 T Cont. | 1-14+ 16 (a)
Palm width Yes NA 12 T Cont. 1-14+ 16 (a)
Palm length Yes NA 12 T Cont. = 1-14+ 16 (a)
Number Yes NA 12 T Cont. | 1-14+ 16 (a)
of tines
Beam Yes NA 12 T Cont. = 1-14+ 16 (a)
circumference
Northern Markussen et al. Antler size No Hard - L&T Cont. = 2-11 16 (a)
Norway (2019) *
3 regions in Saether and Number of Yes Hard [7.5-9.5] T Class 1-13 16 (a)
Norway Haagenrud antler points
(1985) *
Alaska Stewart et al. Antler length Yes NA 10 T Cont.  1-16 16 (a)
(2000)
Yukon Gauthier and Antler length Yes NA 13+ T Class 1-13+ 16 (a)
Larsen (1985) *
Antler spread | No NA - T Class 1-13+ 16 (a)
Shaft No NA - T Class | 1-13+ 16 (a)
circumference
Palm width No NA - T Class 1-13+ 16 (a)
Hainan Eld’s Baisha Nie et al. (2011) Antler velvet No Velvet - L Cont. = 2-11 11
deer (Cervus mass
eldi
hainanus)
Red deer Isle of Rum Kruuk et al. Antler mass No Hard - L Cont. = 5-16 14 (a)
(Cervus (2002)
elaphus)
Nussey et al. Antler length  No Hard - L Cont. | 3-14+ 14 (a)
(2009)
Antler Yes Hard 9 L Cont. = 3-14+ 14 (a)
coronet
circumference
Number of Yes Hard 11 L Cont. = 3-14+ 14 (a)
antler points
Lemaitre et al. Number of No Hard - L Cont. = 10-14+ 14 (a)
(2014b) antler points
Bologna & Mattioli et al. Antler mass Yes Hard 11 T Cont.  1-14 14 (a)
Pistoia (2021) *
Norway Mysterud et al. Number of Yes Hard 12 T Cont. = 2-16 14 (a)
(2005) * antler points
Warnham Huxley (1931) * Antler weight No Hard - T Cont.  1-14 14 (a)
Number of Yes Hard 9 T Cont.  1-14 14 (a)
points
Western Smolko et al. Number of Yes NA 12 T Cont. = 2-13 14 (a)
Carpathian (2022) * points
Beam length Yes NA 13 T Cont. = 2-13 14 (a)
Antler mass Yes NA 13 T Cont.  2-13 14 (a)
(Continued)
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TABLE 1 Continued

10.3389/fevo.2023.1139235

Species Population Article Studied Senescence  Antlers Onset of Longevity
trait observed state senescence
(in years)

Roe deer Chizé, Trois- Vanpe et al. Antler size Yes Velvet [8-12] L Class 1-12 13 (a)
(Capreolus Fontaines & (2007)
capreolus) Bogesund
Black-Tailed Hopland Thalmann et al. Antler size No NA - T Cont.  1-13 15 (¢)
Deer (2015) *
(Odocoileus
hemionus
columbianus)
Sika deer Killarney Hayden et al. Number of Yes NA 11 T Cont. = 1-12 19 (a)
(Cervus (1994) * points
nippon)

Beam length No NA - T Cont. | 1-12 19 (a)
Wapiti ALE Reserve McCorquodale Beam girth No Hard - T Cont. | 2-9 12 (a)
(Cervus et al. (1989) *
canadensis Antler weight ~ No Hard - T Cont. | 2-9 12 (a)

Isoni

nelsoni) Antler points No Hard - T Cont. | 2-9 12 (a)
European Phoenix Park Smith et al. Antler width No Hard - L Cont. | 1-11 12 (d)
fallow deer (2021)
(Dama Antler length Yes Hard 7 L Cont. = 1-11 12 (d)
dama)

These studies were found using keywords [(“age” OR “senescence”) AND (“male*”) AND (“antler*” or “weapon”)] in Google Scholar and Web of Science. Some articles were also selected among
those citing Vanpe et al. (2007) or Nussey et al. (2009). Some papers on the relationship between antler size and age have been withdrawn from the selection because the individuals studied were
too young to allow detecting reproductive senescence, or because the individuals were supplementary fed. Data types are categorised as longitudinal (L) vs. transversal (T). Age is categorised as
continuous (Cont) or in class. When different data from several populations were available, we either chose the same population as the one in the concerned article (if available) or the population
with the biggest sample size. (a) see Lemaitre et al. (2020b), appendix 3. (c) see Taber and Dasmann (1957). (d) see McElligott et al. (2002) *refers to animals hunted in their environment. NA, not

available.

roe deer (Vanpe et al,, 2007). However, Vanpe et al. (2007) analysed
age-dependence in antler size using age classes, precluding an
accurate assessment of the onset and rate of reproductive senescence.

Based on the above previous findings, we first tested the
hypothesis that hard (i.e. fully-grown) antler length decreases
with increasing age in adult roe deer males. In addition, we
expected that current environmental conditions should affect the
pattern of senescence of antler length, with males living in a harsh
environment showing faster/steeper senescence in antler size than
those living in a favourable environment. Furthermore, since better
environmental conditions in early life seem to be associated with
slower rates of reproductive senescence, at least in females (Cooper
and Kruuk, 2018), we expected males born in good cohorts, that
experience a high-quality natal environment, should exhibit later
and/or less steep senescence in antler length than males born in
poor cohorts.

Material and methods

Study sites, population monitoring and
data collection

The European roe deer is a weakly polygynous cervid species
characterised by a slight size dimorphism, with males being ca.10%
larger than females (e.g. Vanpe et al., 2008). During winter, males
are non-territorial, whereas they defend exclusive territories from
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spring to late summer (e.g. Johansson, 1996). Males carry deciduous
antlers that grow back each year starting from the 1** year of life.
Antlers of yearlings and adults are cast after the summer rut, in
October or November, and immediately grow back until they are
cleaned of velvet around February—March, corresponding to their
final hard state. In their first year of life, males can grow short antler
(called “buttons”) atop their pedicles, before growing full antlers in
following years (Sempere, 1990). The photoperiod affects
testosterone and luteinizing hormone (LH) concentration levels
through a complex interaction, which in turn governs antler growth
and maintenance, modulating the antler growth cycle (Sempere
et al,, 1992).

We used data collected on roe deer from two enclosed forests
located in France: Trois-Fontaines (Haute-Marne; 48°43'N, 4°55'E;
1,360 ha) and Chize (Deux-Sévres; 46°50’N, 0°25'W; 2,614 ha),
both managed by the Office Francais de la Biodiversite (OFB). These
forests differ in terms of environmental conditions: rich soils and
continental climate at Trois-Fontaines (i.e. highly productive
environment) contrasting with the poor soils and oceanic climate
at Chize (i.e. weakly productive environment, Pettorelli et al., 2006).
Roe deer at Trois-Fontaines and Chize are intensively monitored by
capture-mark-recapture (CMR) since 1975 and 1977, respectively,
and for this study we used data from 1980 onwards at Trois-
Fontaines and 1981 onwards at Chizeé (because of the requirement
for measurements of hard antlers on known-aged roe deer from 3
years of age onwards, see below). Winter capture sessions (from
December until March) are organised each year by the OFB with the
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help of many volunteers, lasting for about 10 days spread over 7 or 8
weeks. During a capture session, about 2.5 km of nets are set up to
encircle a few forest plots. Roe deer are then captured in these nets
and transported to the handling site located in the centre of the
forest. At each capture, sex, body mass (+ 50 g) and antler length (+
0.5 cm) of males are recorded. Antler length is measured from the
lower edge of the coronet to the tip of the longest antler beam. Each
roe deer of known age (i.e. marked either in their birth spring at a
few days of age or during winter capture when they still have a milk
premolar tooth) is marked with ear tags and a collar (color/letter
coded, VHF and/or GPS) before being released on site (Gaillard
et al., 1993). More than two thirds of individuals are of known age
in each of the two populations. Due to management restrictions in
the two study areas, known-age individuals are rarely removed from
the populations, but are right-censored when this occurs. Harvest is
not selective in neither Chizé nor Trois-Fontaines, and is allowed
only for population control.

Captures take place in winter, during the antler growth period,
so that some males are in hard antler, whereas others are still in
velvet when caught. A preliminary analysis of our data based on
animals that were frequently recaptured during a given season
suggested that antlers may remain in velvet for several weeks
once they have attained their final size. Hence, because of the
existence of individual variation in antler phenology (see also
Clements et al., 2010), we only analysed measurements of hard
(i.e. fully-grown) antlers to circumvent the need to control for antler
growth. Also, preliminary analyses indicate that old males cast their
antler later than young ones, which is beyond the scope of this study
although it would be of particular interest for future investigations
(see Figure S1, Tables 58, 59). There is, however, no reason to expect
that the later shedding of velvet by older males would affect the
outcomes of our analyses. We used the total sum length of the right
and left antlers for a given individual as a measure of antler size. As
broken antlers often result from human-related factors, they do not
reflect any biological feature of the individuals. We thus attributed
the measurement of intact antlers to broken or missing antlers (see
also Lemaitre et al.,, 2018). This implementation was justified by the
very strong correlation between left and right antler lengths among
males (Pearson coefficient of correlation, r = 0.88 [0.85;0.90],
N = 325). Finally, since we focused on senescence, we only used
antler measurements of males that were at least 3 years of age
during the rut (captured during their third year), which
corresponds to the age when most males sire fawns for the first
time (Vanpe et al., 2009) and when most males have almost reached
their full antler size (Vanpe et al., 2007).

Statistical analyses

We performed our analyses on both absolute and relative (to
body mass) antler length. Indeed, as antler size is subject to strong
positive allometry (Plard et al., 2011) like most ornaments (Kodric-
Brown et al,, 2006), we replicated all the analyses using antler length
relative to body mass. We did not standardise adult male body mass
for a certain date since we did not detect any change of mass with
Julian date (slope of the linear regression between body mass and
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Julian date + SE = —0.010 + 0.15, t = 32.53, P = 0.486 and 5.884 e-4 +
9.295 e-3, t = 0.063, P = 0.95 for Trois-Fontaines and Chize,
respectively, Figure S2), in line with the income breeder life
history tactic displayed by roe deer (Andersen et al., 2000). For
relative antler length, we used the same analytical procedure as
described below, except that antler size was log-scaled and body
mass was systematically included (on a log scale also) as a covariate
in all models. For both absolute and relative antler length, we
selected the best model describing age-specific changes in antler
length through a comparison of linear mixed effect models, with
antler length as the dependent variable, age as the covariate, and the
individual identity and year as random effects on the intercept to
account for repeated measures of a given individual and annual
variations, respectively. We used the R package Ime4 (Bates et al,
2015). We compared models that included no age effect (constant
antler size), a linear effect of age, a quadratic effect of age, a full-age
model (one parameter for each year of age) and a previously
selected threshold age model (see below). To control for the
confounding effect of the possible selective disappearance of
males with small antlers, which could mask senescence at the
population level, we sought to incorporate individual longevity as
covariate in our models for hard-antlered males. Unfortunately, this
information was not available for most males in our dataset and we
thus used the age at last capture (corresponding to the age at which
we last controlled a given individual) instead, as recommended by
Nussey et al. (2008) (see also Van de Pol and Verhulst, 2006).

The threshold model included in the model selection procedure
described above was previously identified by estimating the
intercept (age of onset of senescence) and slope with their
confidence intervals. Basically, we fitted threshold age models
using three possible forms: (1) a constant antler length up to a
threshold age after which antler length decreases with increasing
age; (2) an increase in antler length up to a threshold age after which
antler length remains constant; and (3) an increase in antler length
up to a threshold age after which antler length decreases with
increasing age. When the best model included a threshold age
beyond which we did not have any data, we selected the second-best
threshold model. Once the best threshold age was estimated, we
used the R package OnAge (Jacob et al, 2017) to estimate the
confidence interval on the onset of antler senescence.

To investigate the effect of current environmental conditions on
antler length senescence, we first identified a population-specific
senescence model and then estimated the onset and the rate of
senescence (because the two populations face different ecological
conditions, see above). Because the onset of senescence did not
occur at the same age in both populations in the retained models
(see Results), we performed a z test to compare regression
coefficients and evaluate differences in the rate of senescence (see
Paternoster et al., 1998). Given the limited support for senescence at
one site, we also pooled data from the two populations to compare
senescence rates (for both absolute and relative antler length)
between populations using additive and interactive effects of
population and age.

To test for the influence of natal conditions on antler length
senescence, each individual was assigned a cohort quality value
corresponding to the mean winter body mass of fawns (at 8 months
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of age) born in that individual birth year, corrected for sex (males
taken as reference) and date of capture (standardised on 300
January). Fawn body mass (at 8 months of age) is impacted by
climatic conditions and population density (Toigo et al., 2006), thus
serves as an integrative and suitable measure to assess the quality of
the year and the influence of these variables on juvenile roe deer.
Additionally, this metric is particularly reliable because of the
overwhelming influence of cohort variation over current
conditions on adult body mass in roe deer (Pettorelli et al., 2002).

In the following analyses, the quality of a given cohort was
determined as being either low (i.e. mean fawn winter mass lower
than the median among cohorts) or high (i.e. higher than the
median among cohorts), with the median being determined
separately for each population. Following the same logic as
previously described, we evaluated the pattern of reproductive
senescence for each cohort quality (i.e. low vs. high) to compare
the onset and rate of reproductive senescence in relation to
environmental conditions in early life.

Model selection was consistently based on the Akaike Information
Criterion (AIC), using the correction for sample size (AICc) to avoid
data overfitting (Burnham and Anderson, 2004). All analyses were
performed using the R software (version 4.1.2; R Development Core
Team, 2015) and all results are reported as parameter estimate + SE.
Coefficients of determination for the models were reported as
conditional (providing the proportion of variance explained by both
the fixed and random factors). All data and script for the analyses are
available in supplementary information.

Results
Senescence of antler length

Our dataset contained fully-grown antler length measurements
for 213 males (223 measurements of 142 males at Chizé and 111
measurements of 71 males at Trois-Fontaines). Antlers were on
average 11.5% longer at Trois-Fontaines than at Chizé (sum of both
antlers: mean of 417 + 4.76 mm vs. 369 * 3.43 mm; t5,4 = —8.208, P
< 0.001). There were few data on very old individuals for either
population in our dataset: for males 10 years of age or older, we
obtained 11 measurements for 9 individuals at Chizé and 4
measurements for 4 individuals at Trois-Fontaines.

In Chize, the selected model of age-specific changes in antler
length was the threshold model (Tables S1-S6, Figures 1A, B).
Absolute antler length started to decrease by about 1.4 cm each year
from 7.28 [5.37; 8.97] years of age onwards (slope + SE = —14.39 +
4.02 mm, P < 0.001, R = 0.50) or by 1.35 cm when the allometric
effect of body mass on antler length was accounted for (i.e. relative
antler length), from 7.22 [5.12; 8.84] years of age onwards (slope +
SE = -0.04 + 0.01 on a log scale, P < 0.001, R? = 0.46).

In Trois-Fontaines, the baseline model (i.e. only including the age
at last capture) was retained: no detectable diminution of antler length
with increasing age was detected at first sight using either absolute or
relative antler length (Tables S2-56, Figures 1C, D). However, a
threshold model allowing increased antler length throughout the
prime adulthood provided the best fit (AICc = 1178.76 and —152.89
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vs. 1179.09 and —152 for the constant model for absolute and relative
antler length, respectively). The absolute antler length increased by
approximately 0.7 cm each year from 3 to 6.84 [3; 11] years of age
(slope before the threshold age + SE = 7.23 + 3.68 mm, P = 0.05), and
then decreased by about 1 cm per additional year of age (slope beyond
the threshold age = —10.67 + 5.97, P = 0.08). When accounting for the
allometric effect of body mass, antler length increased until 6.67 [3; 11]
years of age, and then decreased by approximately 0.9 cm per
additional year of age (slope before the threshold age + SE = 0.02 +
0.01 on a log scale P = 0.03; slope beyond the threshold age = -0.02 +
0.01P=0.11,R*= 0.71). Although the effect sizes of these models were
not statistically different from 0, these models provided a satisfactory fit
of the data (R2 =0.63 and 0.71 for absolute and relative antler length,
respectively), with a very similar explanatory power to what we
reported at Chizé. The rate of decline of antler length tended to be
lower in Trois-Fontaines than in Chizé although no significant
differences were detected in neither absolute (1.07 + 0.6 vs 1.44 +
0.4 cm lower per year of age, z,;9 = — 0.51; P = 0.60) nor relative antler
length analysis (-0.02 £ 0.01 vs —0.04 + 0.01, zy94 = —1.41; P = 0.16).

We did not find any statistical support for a difference in the
age-dependent pattern of antler length between populations (i.e. no
evidence of any interactive effect of age and population, Table S3).
In both populations, antler length declined linearly from around 7
years of age onwards. We therefore conducted the following
analyses by pooling the two populations and testing the additive
effect of population in our model selection.

Natal environment and senescence of
antler length

On average, fully-grown antler length of males from 3 years of
age onwards did not differ between low- and high-quality cohorts
(386 +4.07 mm vs. 382 + 4.30 mm in high- and low-quality cohorts,
respectively; tyo; = 0.69; P = 0.49).

In high-quality cohorts (N = 117 measures on 79 individuals), a
decrease in absolute antler length with increasing age was observed
from 9.33 [5.23; 13.00] years of age, with a decrease of about 2.5 cm
per additional year of age (slope + SE = -2.5 + 1.0, P = 0.02,
R? = 0.59, with an additive effect of population). The same pattern
was observed once the allometric effect of body mass was included,
with a diminution of antler length from 9.60 [5.70; 13.00] years of
age and a decrease of 2.7 cm per additional year of age (slope + SE =
0.08 + 0.03, P = 0.01, R® = 0.52; see Figure 2, Tables S5-S7).

In low-quality cohorts, however, the age threshold model was
not selected for either absolute or relative antler length analyses
(full-age model selected with additive effect of population, see
Figure 2, Tables 54-57). The age threshold model was close to the
full age model (AAICc = 2.5) for absolute antler length, and showed
the existence of a strong senescence for both absolute and relative
antler length with a slope (£ SE) of -12.2 (+ 4.49, P = 0.007,
R® = 0.62) and of —0.03 (+ 0.01, P = 0.01, R* = 0.57), respectively.
Antler length decreased from about 7 years of age, starting earlier in
low- than high-quality cohorts. Slopes of both absolute and relative
antler length in high-quality cohorts were strongly influenced by a
single measurement (see Figures 2C, D).
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Patterns of age-specific changes in antlers in Chizé and Trois-Fontaines. (A) Absolute antler length in relation to age: age threshold set at 7.28 years
old in Chizé (N = 223 measurements of 142 individuals). (B) Relative (to body mass) antler length in relation to age: age threshold set at 7.22 in
Chizé. (C) Absolute antler length in relation to age: age threshold set at 6.84 in Trois-Fontaines (N = 110 measurements of 71 individuals).

(D) Relative (to body mass) antler length in relation to age: age threshold set at 6.67 in Trois-Fontaines. Red bands correspond to the confidence
intervals for the age at the onset of senescence. Light bands correspond to 95% confidence intervals. Residual antler length was obtained by
extracting residuals from a regression model of antler length vs. body mass (both log-transformed)

Discussion

Senescence in antler length in populations
facing different environmental contexts

Our study highlights the occurrence of senescence in the length
of fully-grown antlers in roe deer, as evidenced by the decrease in
both absolute and relative antler length with increasing age at Chize
and Trois Fontaines, starting at about 7 years of age (see Figure 1).
Interestingly, while antler size was constant during the prime
adulthood at Chize, it increased with age until the onset of
senescence at Trois-Fontaines. However, it is important to note
that our dataset contains a low number of individuals older than 7
years of age, which may limit our ability to accurately quantify
senescence patterns. Further data will be required to confirm this
pattern. Our findings support Vanpe et al’s (2007) study that
reported evidence for age-specific variation in the length of velvet
antler at a given date in both study populations, with a decrease
between prime-aged (2-7 years old) and senescent males (8+
years old).
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Antler senescence has previously been reported when studying
fully grown antlers in more dimorphic and polygynous cervid species
in natura, such as moose (Saether and Haagenrud, 1985), fallow deer
(Dama dama, Smith et al,, 2021) and red deer (Mysterud et al., 2005)
(see also Table 1). In managed populations, “antler/trophy regression”
(see e.g. Gauthier and Larsen, 1985) or “Zuriicksetzen” (see e.g.
Drechsler, 1980) or “ravalement” (Agence nationale des chasseurs de
grand gibier, 2005) also has frequently been mentioned in roe deer,
fallow deer and red deer, but it has never been firmly assessed by
quantitative analyses based on detailed individual monitoring. Our
results provide evidence that senescence in antler size might be
widespread across deer species irrespective of the intensity of sexual
selection. Thus, despite a modest sexual size dimorphism and a low
level of polygyny, roe deer males cannot maintain the same allocation
to antlers throughout their entire lifetime.

Our present analysis shows that the onset of antler length
senescence takes place at about 7 years of age in roe deer,
supporting Vanpeé et al’s study in which this onset was fixed a
priori based on the onset of actuarial senescence. Our study thus
indicates that senescence in antler size (this study) and actuarial
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Patterns of age-specific changes in antlers in low- and high-quality cohorts. (A) Absolute total antler length with age in low-quality cohorts (i.e. with
a mean yearling mass below the median over the study period): full-age model (N = 217 measures of 134 individuals). (B) Relative total antler length
with age in low-quality cohorts: full-age model. (C) Absolute total antler length with age in high-quality cohorts (i.e. with a mean yearling mass
above the median over the study period): threshold model with an onset of senescence at 9.33 years of age (N = 117 measures of 79 individuals)

(D) Relative total antler length with age in high-quality cohorts: threshold model with an onset of senescence at 9.6 years of age. Red bands
correspond to the confidence intervals for the age at the onset of senescence. Grey bands correspond to 95% confidence intervals. Residual antler
length was obtained by extracting residuals from a regression model of antler length vs. body mass (both log-transformed).

senescence (Gaillard et al., 1993; Loison et al., 1999) are indeed
synchronous in roe deer males, supporting the hypothesis that
antler size is an honest signal of male phenotypic quality (Vanpe
et al,, 2007), at least when resources are limiting. In addition, given
that male reproductive success declines with increasing age from 8
years onwards (Vanpe et al, 2009), our results suggest that
senescence in antler size is one possible proximate mechanism
driving impaired reproductive success among old males. Indeed,
phenotypic traits such as the size of secondary characters might
serve as an indicator of fertility (“phenotype-linked fertility
hypothesis”, Sheldon, 1994), as observed in red deer where males
with the longest antlers produce a higher quantity of sperm, as well
as more rapid sperm (Malo et al., 2005). It would now be
particularly interesting to analyse patterns of senescence in male
fertility measured by various ejaculate-related traits to test the
hypothesis that patterns of senescence for pre- and post-
copulatory traits are aligned.

Interestingly, the allocation to antler size was substantially
larger (>10%) at a given age at Trois Fontaines compared to
Chizé. This pattern is likely explained by differences in the
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environmental context between populations. Environments with
abundant resources, such as at Trois-Fontaines, should allow roe
deer males to grow longer antlers (this study), develop higher body
mass (Hewison et al., 2011) and attain better physiological
performance (e.g. immunocompetence, Cheynel et al, 2017)
compared to environments with more limited resources such as
Chizé. Our results thus suggest that males adjust the life course of
their antler size to available resources. In particular, old males in
favourable environments allocate more resources in absolute terms
to the development and maintenance of their secondary sexual
traits than they do in less suitable environments. Whether
environmental conditions might explain the lack of senescence in
antler size in some populations of red deer (Nussey et al., 2009), of
sika deer (Cervus nippon, Hayden et al., 1994) or of black-tailed deer
(Odocoileus hemionus, Thalmann et al., 2015) is yet to be
investigated, despite the potential confounding effect of the
management practices (e.g., hunting selection and pressure) in
some populations. Importantly, patterns of senescence may be
asynchronous among antler traits (see Table 1, e.g. Smith
et al,, 2021).
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Natal environmental conditions modulate
senescence patterns in antler length

The impact of early-life conditions on male secondary sexual
traits has previously been well documented, with good natal
conditions generally improving the size of the trait during
adulthood (e.g. in zebra finch, Taeniopygia castanotis: beak color
and cheek patch size in Wilson et al,, 2019; plumage ornaments in
Naguib and Nemitz, 2007), but their impact on the senescence of
secondary sexual traits had not yet been studied. Our results suggest
that natal environmental conditions modulate patterns of
senescence in antler length in both populations, although,
notably, these senescence trajectories were mostly driven by the
oldest males from Chizé. For poor-quality cohorts, a marked
decrease in both absolute and relative (to body mass) antler
length occurred from 7 years of age onwards (see Figure 2). That
this pattern was not fully supported on statistical grounds comes
from the low sample size of males older than 10 years of age, with
only one individual at 12 and one at 13 years of age. In contrast, the
decrease in both absolute and relative antler length with increasing
age occurred somewhat later in high-quality cohorts, from 9.5 years
onwards. Note, however, that this decrease was mostly driven by
one old male with very small antlers at Chize, leading the exact age
of the onset of antler senescence of males born under favourable
conditions to be difficult to determine. As in Trois-Fontaines, the
very small sample size of animals older than 10 years of age
prevented us to draw firm conclusions regarding the onset of
antler length senescence in high-quality cohorts. According to a
preliminary analysis (Tables S8, S9, Figure S1), the timing of velvet
shedding seems to be delayed with age, while the opposite
relationship has been documented in other cervids (e.g. Gomez
etal., 2022 in red deer). In our study, this may partly explain the low
number of old males (> 10 years of age) in our dataset. We cannot,
therefore, conclude that senescence in antler length did actually
occur for high-quality cohorts, although it appears that poor natal
conditions lead to earlier age at onset of antler length senescence.

Natal conditions in roe deer strongly influence phenotypic traits
such as body mass or jaw length (Hewison et al., 1996; Hewison
et al, 2002; Pettorelli et al., 2002; Kjellander et al., 2006). The
delayed senescence in antler length we report in males from high-
quality cohorts suggests that favourable natal conditions also
promote the expression of secondary sexual traits later in life, so
that mature males are able to continue to allocate a lot to antler
growth, even when old (i.e. > 7 years). Under the assumption that
antler length reflects mating success (e.g. through the acquisition
and maintenance of a high-quality territory) and fertilisation
success (see above, Vanpe et al. 2010), the later onset of
senescence in antler length for males born from high-quality
cohorts might indicate a later onset of senescence in terms of
reproductive success.

In contrast, males that experience limiting conditions in early life
may suffer from earlier senescence in antler length as a result (see
Figure 2), both in absolute and relative (to body mass) terms. The
observed decrease in relative antler length with increasing age
suggests that once senescence has started, males allocate less energy
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to antler growth for a given mass. As described above, this could
either reflect the inability of old males to maintain their level of
allocation to antler growth because of their poor physiological
condition, or a tactic favouring the allocation of resources towards
other traits in late life (e.g. gamete quality, somatic maintenance)
(Maklakov and Tmmler, 2016). Finally, it would be valuable to study
senescence in other antler characteristics (e.g. coronet circumference,
casting date) which could potentially show a higher sensitivity to
environmental conditions than antler length (Michel et al, 2016).

Conclusions

Our study demonstrates that even in a weakly dimorphic
species such as roe deer, antlers remain honest signals of
individual quality and are sensitive to early-life environmental
conditions. Based on our results, adverse natal conditions induce
earlier and stronger antler length senescence in roe deer, which
could potentially influence female choice and male-male
competition, and as a result reduce mating success among old
males. Antler length is an honest signal of individual quality in roe
deer (Vanpe et al,, 2007), and a possible indicator of fertilisation
capacity in adults, because antler size correlates with testes size and
sperm velocity, as shown by Wahlstrom (1994) in yearling roe deer
and by Malo et al. (2005) in adult red deer. Therefore, we suggest
that females should prefer mating with males with longer antlers (as
in white-tailed deer: Morina et al., 2018), and should mostly avoid
mating with old males to limit the fitness costs of reproductive
senescence in their partner. The results of Vanpe et al’s (2019)
study on female mating tactics in roe deer are in line with this
assumption: old females seem to avoid mating with old males,
contradicting the long-held view that old males should be preferred
by females (see Johnson and Gemmell, 2012 for a review).
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