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Abstract
The expression of male sexual traits, which is stimulated by testosterone, entails significant costs for individuals. Consequently,
natural selection is expected to favour the modulation of sexual trait development according to the balance between its costs and
benefits. The proportion of rivals in a population may affect this balance by increasing or decreasing the reproductive benefits
associated with the development of sex traits. Here, we explore the relationship between testosterone level and sex trait size under
two populational conditions of mate competition: fenced (i.e. high male-male competition; all male age groups are present) and
unfenced (i.e. low competition; most males present are juveniles). Our model species is the Iberian red deer (Cervus elaphus
hispanicus), and the sex trait is the dark ventral patch that males exhibit during the rutting season. Our results showed that the
positive relationship between testosterone levels and the size of the dark ventral patch depends on the environmental level of
male-male competition. Only in populations where the operational sex ratio was high (i.e. high proportion of rival males),
individuals with high levels of testosterone developed the sex trait. Conversely, when mate competition was low, there was no
significant relationship between testosterone level and trait size. This result reinforces the idea that the effect of testosterone in
promoting the development of sex traits may be mediated by the intensity of mate competition in the population, as well as the
role of sexual selection in the evolution of the dark ventral patch in red deer.

Keywords Dark ventral patch . Trait expression . Faecal testosterone metabolites . Male-male competition . Cervus elaphus
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Introduction

Sexual signals play a fundamental role in reproductive contexts,
but they also have relevant implications for many other aspects
of animal lives. Testosterone, for instance, plays a dual role in
individuals of numerous species. On the one hand, it promotes
the development of sexual characters. On the other hand, it has a
suppressant effect on immune function. Thus, only individuals
with a high-quality immune system may be able to afford the
immunosuppressive costs associated with the development of
sexual ornaments. Poor-condition males cannot exhibit well-
developed sexual traits without compromising their status health
and their future reproductive success. As a result of the trade-
offs between investing in ornaments and immune health, sexual
signals may be reliable indicators of the immune status of males
(Folstad and Karter 1992).

When costs related to trait development outweigh associ-
ated benefits, natural selectionmay favour individual ability to
reduce investment in flexible sex traits. The proportion of
rivals and mates (i.e. the social environment) may play a
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central role in the balance between trait costs and associated
benefits, thus leading to different optima in trait development.
Individuals with a low probability of winning fights due to
intrasexual competition are expected to have lower testoster-
one levels (challenge hypothesis, Wingfield et al. 1990) and
reduced expression of sexual traits (McGraw and Ardia 2003;
Cornwallis and Birkhead 2008; Karubian et al. 2011).
However, since sex traits have many other costs besides those
linked to testosterone production, their expression may not be
associated with testosterone levels (Vergara and Martínez-
Padilla 2012).

Testosterone is an important hormone involved in the reg-
ulation of several male reproductive physiological aspects.
Secretion of testosterone is especially relevant in competitive
contexts during the mating season (Adkins-Regan 2005). It
appears to be correlated with intrasexual competition behav-
iours, such as aggression and territoriality (Fletcher 1978;
Lincoln et al. 1972), mate defence (Dloniak et al. 2006),
displaying (Mateos and Carranza 1997; Mateos 2005) and
susceptibility to being attacked by rivals (Arteaga et al.
2008). At the same time, testosterone plays a role in the de-
velopment of sexual traits (Atwell et al. 2014). Thus, testos-
terone level can be crucial for mating competition (Wingfield
et al. 1987; Raouf et al. 1997; Peters et al. 2008) and hence
reproductive success (Ketterson et al. 2001; Mills et al. 2009;
Cain and Pryke 2017). Some studies in several cervid species
have shown a positive link between testosterone levels and
dominance rank, as well as with male sexual behaviour
(Rajagopal 2009; Brockman et al. 2001).

The Iberian red deer (Cervus elaphus hispanicus) is a high-
ly polygynous species in which males compete for females by
defending either harems or mating territories (Carranza et al.
1990; Carranza 1995; Carranza et al. 1996). During the rut,
males show a conspicuous dark patch in their ventral fur. The
dark pigmentation of hairs from this area is due to the excre-
tion of a catecholamine metabolite (DOPEG) in urine that may
reveal males’ fighting ability and their capacity to avoid pre-
dation (Galván et al. 2019). The expression of this sexual
character by each male is variable and flexible. Its size in-
creases during the rutting season (reaching up to 70 cm in
length) but also with age, peaking at 6–7 years of age, thus
following a similar pattern to that of other traits involved in
mate competition such as antler length and body size
(Carranza et al. unpublished data). Volatile compounds pres-
ent in the hair of this area also vary with age (Martín et al.
2014) and the level of mate competition (i.e. the abundance of
male rivals in the population) (de la Peña et al. 2019) and are
probably involved in intraspecific communication (Martín
et al. 2014). Furthermore, the dark ventral patch size shows
a bimodal distribution (Carranza et al. unpublished data), re-
vealing two groups of males that differ in reproductive effort
and behavioural alternative during the rut (de la Peña et al.
unpublished data).

In male Iberian red deer, the role of testosterone has been
demonstrated in sperm production and quality, antler strength
and the number of broken tines probably as a result of more
fighting (Malo et al. 2009). Our preliminary assessments sug-
gest the importance of the social environment regarding the
positive relationship between testosterone and cortisol metab-
olite levels. High testosterone metabolite levels are associated
with intrasexual competition-related behaviour but also entails
costs in terms of physiological stress (i.e. elevated cortisol
metabolite levels). Thus, the higher the mating competition
in the population, the more intense the link between both
hormone levels (de la Peña et al. unpublished data).

Under this framework, we investigate the role of testoster-
one and cortisol metabolite levels in the dark ventral patch
expression in male Iberian red deer. We expected a positive
association between testosterone levels and trait size. We also
predicted that this relationship would depend on the age of
individuals and the intensity of mate competition in the pop-
ulation due to the differences in mating chances for individ-
uals of different ages in both types of populations. Finally,
because of the bimodality nature of the trait, we explore the
influence of social environment on patch size within both
groups of males showing high and low expression of the trait.

Material and methods

Study area and red deer populations

We studied male Iberian red deer harvested in 14 hunting
estates located in Andalucía (Sierra Morena, Córdoba prov-
ince) and Extremadura (Sierra de San Pedro, Badajoz and
Cáceres provinces), in southwestern Spain. The study zone
is characterised by the existence of mountain ranges covered
by open oak agro-forestry woodland, known as ‘dehesa’, and
Mediterranean shrub including Cistus spp., Erica spp.,
Arbutus unedo, Phyllirea spp., Genista hirsute and
Lavandula spp.

Each hunting estate constitutes a different population (av-
erage surface = 2347 ha) because of the existing natural (i.e.
mountains, geographical distance) and artificial (i.e. fences)
barriers between them. Iberian red deer density in these geo-
graphical regions is around 0.3 individuals/ha (range = 0.1–
1.0 indiv./ha) (Torres-Porras et al. 2014).

Hunting estates in the study area are under two different
management regimes. Under one of these regimes, estates are
fenced by 2 m high stock-proof wire mesh, while in the other
regime, the estates are unfenced and allow deer tomove across
nearby estates (Pérez-González and Carranza 2009; Torres-
Porras et al. 2014). Fenced hunting estates reduce hunting
pressure on young male deer, allowing them to reach maturity.
By contrast, in unfenced estates, private owners do not want to
preserve adult stags as they are at risk of being shot (lost)
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when crossing to adjacent estates and nearly every male above
2 years of age can be shot (Torres-Porras et al. 2014). As a
result of these two different management scenarios, the sex
ratio and age structure of red deer populations within unfenced
estates differ from that of fenced estates. In unfenced states,
the sex ratio is strongly biased towards females and age struc-
ture of males is biased towards young individuals (Pérez-
González and Carranza 2009; Torres-Porras et al. 2014).
Thus, virtually all males can mate in unfenced estates even if
they are sub-adult (Pérez-González and Carranza 2009, 2011;
Pérez-González et al. 2012). In fenced estates, in contrast,
males experience a higher level of mate competition (Pérez-
González and Carranza 2009, 2011; Pérez-González et al.
2012). Although fenced states do not allow the free movement
of individuals, the age and sex structure of these populations
allows intrasexual competition to operate in a natural manner
or, at least, very similar to what occurs when there is no hunt-
ing pressure. However, differences in management do not
translate into different population densities between fenced
and unfenced estates (Torres-Porras et al. 2014).

From now on, we refer to the populations of fenced estates
as populations with high levels of male-male competition for
mating (HC) and to populations of unfenced estates as those
with low male-male competition (LC).

Data collection

We sampled 235 males harvested from 14 different hunting
estates (161males from 8 LC populations and 74males from 6
HC populations) during the hunting season of 2015–2016 or
2016–2017 (between October and February). Only in two
estates, we sampled males harvested in both hunting seasons.
The sample size for each age category was as follows: 104
individuals were 2-year-old males, 87 were 3- and 4-year-old
males, and 44 were males 5 years of age or older.

For each individual, we estimated its age and measured the
size of its dark ventral patch and the length of its antlers. All
measures were taken from animal carcasses within a few
hours after being shot. Age was estimated by counting cemen-
tum growth marks at the interradicular pad under the first
molar (Carranza et al. 2004). The size of the dark ventral patch
was measured longitudinally (in cm) from the penis to the
anterior limit of the stained surface. Because sample collection
took place after the rutting season, to measure the size of the
dark ventral patch, we considered both black and brown hairs
(see Appendix 2). We assumed that brown hairs had lost col-
our intensity due to the time elapsed since the mating season.
In this way, we tried to reduce potential errors derived from
the timing of data collection. We calculated the average length
of both antlers, measuring them from the lowest external edge
of the burr over the outer side to the most distant point of the
main beam.

We quantified the hormone levels by measuring hormone
metabolites in fresh faecal samples. Faeces were collected
from the rectum of each individual and frozen at − 20 °C until
laboratory analyses. This approach is a widely used and vali-
dated procedure (Barja et al. 2007; Escribano-Ávila et al.
2013; Iglesias-Merchán et al. 2018), which is useful to get
information on the existing circulating hormone levels 12 to
24 h before sampling (Barja et al. 2012)—serum level quan-
tification was not considered appropriate as hormone levels
would be influenced by the hunting action.

Quantification of steroid hormones

We processed faecal samples to quantify the levels of testos-
terone and cortisol metabolites following a procedure used for
other mammal species (roe deer Capreolus, Escribano-Ávila
et al. 2013; Iglesias-Merchán et al. 2018; Horcajada-Sánchez
et al. 2019; European pine marten Martes, Barja et al. 2007;
Iberian wolf Canis lupus signatus, Barja et al. 2008; European
badgerMeles meles, Barja et al. 2012; wildcat Felis silvestris,
Piñeiro et al. 2012). Frozen faecal samples were dried and
pulverised. We took 0.5 g of faeces and added 2 ml of phos-
phate buffer and 2 ml of 100% methanol. The mixture was
vortexed. After that, samples were homogenised on the shaker
for 16 h. The solvent was decanted, and the supernatant was
centrifuged at 4000 rpm for 30 min. Using commercial en-
zyme immunoassay kits (testosterone, DEMEDITEC
DEH3388; cortisol, DEMEDITEC DE1559), we determined
the faecal metabolite hormone levels in ng/g of dry faecal
matter. The testosterone intra-assay coefficient of variation
was 10.8% and inter-assay 10.6%. The cortisol intra-assay
coefficient of variation was 9.2% and inter-assay 10.2%.
Standard dose-response curves were constructed by plotting
the binding percentage (B/Bo × 100) against the standard hor-
mone concentrations added.

Statistical analyses

We used linear mixed models (LMMs) with random intercept
fitted by restricted maximum likelihood in the R v.2.14.0 (R
Foundation for Statistical Computing, Vienna, Austria) using
the package lme4 (Bates et al. 2015).

We used Shapiro-Wilks test to test for normality of the
models’ residuals when explaining variation in the dark ven-
tral patch size. Models produced two clusters of residuals that
corresponded to males with very different ventral patch sizes:
large and small. To account for variation among such groups
of males, we added in models a new fixed effect predictor:
‘trait expression’. This variable was a factor with two levels:
low trait expression (LTE), for males with a patch size of less
than 50 cm; and high trait expression (HTE), for those with
patches above 50 cm (Fig. 1; Carranza et al. unpublished
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data). These two groups were consistent across the three age
categories (Fig. 1 a, b and c).

We included the following explanatory variables: concen-
tration of faecal testosterone metabolites (FTM, in ng), con-
centration of faecal cortisol metabolites (FCM, in ng), average
antler length, intensity of mate competition (LC and HC). The

age of males and its quadratic term were also included in the
model as covariates because the dark ventral patch and antler
length are known to have quadratic relationships with age
(Carranza et al. unpublished data).

To show the general relationship between reproductive and
stress hormones and the dark ventral patch size, we first
analysed the whole dataset. The full model included popula-
tion (i.e. hunting estate) and hunting year as random terms to
see the effects of variation across populations and years.

However, we also categorised age into three groups that
tended to differ in trait expression: most 2-year-old males
(81%) showed LTE, while 86% of the oldest males (5 years old
and above) belonged to HTE. Older males (3- and 4-year-old)
were uniformly distributed between the two categories. We ran
three subsequent models for each age class to explore the differ-
ences in the explanatory variables that may affect trait expression.
In the models for juveniles and subadults, we only included the
hunting year as a random effect. In the model for adults, we
included population (i.e. HTE, LTE) as the only random effect.

To facilitate model convergence, all quantitative
covariables were z-transformed over the mean of zero and a
standard deviation of one. In all statistical models, we consid-
ered two-way interactions, and to avoid risks of over-param-
eterization, we sequentially removed non-significant interac-
tions (P value > 0.05) following a backward-stepwise selec-
tion procedure that took into account the AIC (Akaike’s infor-
mation criterion).

To avoid multicollinearity between variables, we calculated
the variance inflation factors (VIFs; Alin 2010) of each model
using the package usdm (Babak 2015). We did not find any
evidence of collinearity for any of the models (VIF < 3.19, see
Appendix 1). We also checked for normality (using Shapiro-
Wilks test) and the lack of heteroscedasticity in the residuals
of each LMM. We set statistical significance as P < 0.05.

Results

Relationship between the dark ventral patch size
and faecal testosterone and cortisol metabolite levels

Antler length and faecal testosteronemetabolite levels showed
a positive relationship with the dark ventral patch size in male
Iberian red deer after controlling for age and its quadratic term,
as well as for the intensity of male-male competition (Table 1).
Faecal cortisol metabolite levels had a negative marginal rela-
tionship with the trait size.

The significant interaction between trait expression and mate
competition indicated that only LTE males had larger dark ven-
tral patches in HC than in LC populations, but there were no
differences between populations in HTE males (Fig. 2).

Our results revealed that the link between testosterone and
trait size marginally depended on the level of mate

Fig. 1 Histogram of the dark ventral patch size (cm) in male Iberian red
deer (Cervus elaphus hispanicus) showing the bimodality of the two
groups of males attending to the trait expression: grey, low trait
expression males (low trait expression, LTE; patch size between 0 and
50 cm); black, high trait expression males (high trait expression, HTE;
patch size 50 cm and above). a Overall males. b 2-year-old males. c 3–4-
year-old males. d 5-year-old-and-above males. Dotted lines indicate the
mean trait size of each group
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competition; in HC populations, this relationship was positive,
but there was no relationship in LC populations (Fig. 3).

Two-year-old males: faecal cortisol metabolite levels
and the dark ventral patch size

For 2-year-old males, we found a significant negative relation-
ship between faecal cortisol metabolite concentrations and

trait size (Table 2). At this age, only males with low levels
of physiological stress (cortisol) had large dark ventral
patches. We did not find any significant relationship between
testosterone, antler length and levels of mate competition on
the expression of the dark ventral patch.

Fig. 3 Relationships between faecal testosterone metabolite levels (FTM)
and dark ventral patch size in male Iberian red deer (Cervus elaphus
hispanicus) under two situations of mate competition (low competition,
LC open points and discontinuous line; high competition, HC black
points and continuous line). Dark ventral patch size refers to predicted
values from the model (Table 1)

Table 1 Results of the linear
mixed model for dark ventral
patch size of male Iberian red deer
(Cervus elaphus hispanicus).
Only the main effects and
significant interaction terms (p
value < 0.05) are shown. Full
model: dark ventral patch size ~
Age + Age2 + Trait expression
(Low Trait Expression vs. High
Trait Expression) + Antler length
+ Testosterone + Cortisol + Mate
competition (High competition
vs. Low competition populations)
+ Mate competition ×
Testosterone + Mate competition
× Trait expression. Random
terms: population and year.
Significant results are indicated in
italics. Marginal R2 = 84.39%;
Conditional R2 = 90.68%

Term Coefficient SE Variance SD df t value p value

Fixed factors

Intercept 44.077 3.937 1.036 11.194 0.052

Age (year) 3.083 2.288 224.254 1.348 0.183

Age2 (year) − 2.623 2.046 223.094 − 1.282 0.204

Trait expression (HTE) (cm) 17.172 0.714 223.094 24.060 < 0.001

Antler length (cm) 3.098 0.869 183.887 3.565 0.001

Testosterone (ng/g) 1.867 0.739 143.873 2.527 0.015

Cortisol (ng/g) − 0.956 0.510 223.078 − 1.874 0.065

Mate competition (LC) − 1.055 0.895 24.498 − 1.179 0.255

Mate competition ×
testosterone

− 1.333 0.702 135.536 − 1.900 0.067

Mate competition × trait
expression

− 1.759 0.639 223.791 2.751 0.007

Random factors

Population 2.956 1.719

Year 29.731 5.453

Residual 48.428 6.959

Fig. 2 Differences in the effect of the level of mate competition (low
competition, LC open point; high competition, HC black point) in the
dark ventral patch size in the two groups of males of Iberian red deer
(Cervus elaphus hispanicus) regarding the trait expression (LTE vs.
HTE). Dark ventral patch size refers to predicted values from models
(mean ± 95% confidence intervals; Table 1)
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Three to 4-year-old males: antler length, mate
competition and the dark ventral patch size

Neither faecal testosterone nor cortisol metabolite levels were
significantly related to the patch size in 3–4-year-old males.
However, antler length was positively correlated with trait size
(Table 3). Even though mate competition did not have a sig-
nificant effect on patch size, we found that LTE males had
larger ventral patches in HC than in LC populations, whereas
there were no differences in HTE males.

Five-year-old and above males: mate competition
and the dark ventral patch size

In males of 5 years or older, we found a marginal effect of the
antler length on the dark ventral patch size (Table 4).

However, there was an effect of mate competition on trait size.
Thus, individuals in HC populations had larger dark ventral
patches than in LC populations (Fig. 4). No significant inter-
actions were found in this age category of males.

Discussion

Our results showed a positive relationship between testoster-
one metabolite levels and the expression of the dark ventral
patch in male Iberian red deer. However, our results also indi-
cated that this relationship is modulated by the level of mate
competition in the social environment.

Thus, faecal testosterone metabolite levels were positively
related to the size of the dark ventral patch only for males
exposed to high intrasexual competition. Under strong male-

Table 3 Results of the linear
mixed model for dark ventral
patch size of 3–4-year-old male
Iberian red deer (Cervus elaphus
hispanicus). Only themain effects
and significant interaction terms
(p value < 0.05) are shown. Full
model: Dark ventral patch size ~
Age + Age2 + Trait expression
(Low Trait Expression vs. High
Trait Expression) + Antler length
+ Testosterone + Cortisol + Mate
competition (High competition
vs. Low competition populations)
+ Mate competition × Trait
expression. Random term: year.
Significant results are indicated in
italics. Marginal R2 = 86.25%;
Conditional R2 = 87.25%

Term Coefficient SE Variance SD df t value p value

Fixed factors

Intercept 46.230 1.610 1.103 28.712 0.016

Age2 (year) 0.4150 0.8431 77.660 0.843 0.628

Trait expression (HTE) (cm) 14.7181 1.0857 77.740 13.556 < 0.001

Antler length (cm) 2.9847 1.0867 75.403 2.747 0.012

Testosterone (ng/g) 0.5572 0.7674 77.019 0.726 0.470

Cortisol (ng/g) 0.2084 0.7636 77.004 0.273 0.786

Mate competition (LC) − 1.783 − 2.495 77.022 − 1.419 0.160

Mate competition × trait
expression

− 2.4692 0.9304 77.100 2.654 0.010

Random factors

Year 3.513 1.874

Residual 44.686 6.685

Table 2 Results of the linear mixed model for dark ventral patch size of
2-year-old male Iberian red deer (Cervus elaphus hispanicus). Only the
main effects and significant interaction terms (p value < 0.05) are shown.
Full model: Dark ventral patch size ~ Trait expression (Low Trait
Expression vs. High Trait Expression) + Antler length + Testosterone +

Cortisol + Mate competition (High competition vs. Low competition
populations) + Mate competition × Trait expression. Random term:
year. Significant results are indicated in italics. Marginal R2 = 76.99%;
Conditional R2 = 89.17%

Term Coefficient SE Variance SD df t value p value

Fixed factors

Intercept 41.961 5.676 1.088 7.393 0.731

Trait expression (HTE) (cm) 17.632 1.410 96.019 1.410 < 0.001

Antler length (cm) 2.253 0.833 96.000 0.833 0.008

Testosterone (ng/g) 0.463 0.768 96.160 0.768 0.549

Cortisol (ng/g) − 2.065 0.797 96.010 0.797 0.011

Mate competition (LC) − 1.783 1.382 96.007 1.382 0.200

Mate competition × Trait expression − 2.495 1.324 96.003 1.324 0.062

Random factors

Year 60.600 7.790

Residual 53.860 7.340
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male competition, the intensity of selection is high (Shuster
and Wade 2003). Under high intrasexual competition, the ex-
pression of characters informing about the social rank and
body condition, as well as the male’s reproductive effort, is
crucial for achieving mating success despite the associated
costs involved (Rubenstein and Shen 2009). These costs
may promote that only those males with enough skills and
condition (e.g. antler size), and associated chances for win-
ning in the competition, develop the trait, leading to the vari-
ation in trait size among HC males. Due to these associated
costs, which may include impaired immune function (de la
Peña et al. 2020), reduced survival (Wingfield et al. 2001) or

increased stress (de la Peña et al. unpublished data), males are
expected to reduce their testosterone levels either when their
chances for winning are low or when competition in the pop-
ulation is not intense (Wingfield et al. 2001). However, our
results show that they reduced the expression of the sexual
trait even if testosterone remained high. This result suggests
that trait development and associated male-male competition
may entail higher costs than testosterone level itself. This is in
agreement with previous research in the same red deer popu-
lations showing that the relationship between testosterone and
cortisol, as a proxy of some associated cost, was more intense
under conditions of high male-male competition (de la Peña
et al. unpublished).

Interestingly, for the effect of intrasexual competition on
the dark ventral patch size, we also found differences in be-
tween the two groups of trait expressionmales (LTE vs. HTE).
In LTE males, the intensity of intrasexual competition in the
population positively affected the size of the sexual trait. In
contrast, we did not find an effect of mate competition on the
size of the dark ventral patch in HTE males. One possible
explanation of this result is that most HTE males may have
reached the maximum, asymptotic size of the trait and cannot
develop it further.

The differences between LTE and HTE were especially
noticeable for males 3 and 4 years old. These males before
reaching prime age are good candidates for using alternative
mating strategies such as sneaking and defending harems
(Carranza et al. 1990) depending on their condition (e.g. antler
size) and chances relative to rivals. The differences between
LTE and HTE males concerning the effect of the social envi-
ronment on the trait size agree with the hypothesis that the
dark ventral patch may reveal two reproductive alternatives
regarding mating effort (Carranza et al. unpublished data).
Our results suggested that this differentiation may be evident
at the age of 3 and 4.

Table 4 Results of the linearmixed
model for dark ventral patch size of
≥ 5-year-old male Iberian red deer
(Cervus elaphus hispanicus). Only
the main effects and significant
interaction terms (p value < 0.05)
are shown. Full model: Dark ventral
patch size ~ Age + Age2 + Trait
expression (Low Trait Expression
vs. High Trait Expression) + Antler
length + Testosterone + Cortisol +
Mate competition (High
competition vs. Low competition
populations). Random term: year.
Significant results are indicated in
italics. Marginal R2 = 88.02%;
Conditional R2 = 90.68%

Term Coefficient SE Variance SD df t value p value

Fixed factors

Intercept 51.326 1.413 9.367 36.316 < 0.001

Age (year) − 4.934 5.691 34.081 0.903 0.381

Age2 (year) 5.102 5.648 33.960 − 0.867 0.399

Trait expression (HTE) (cm) 17.871 1.079 35.113 16.550 < 0.001

Antler length (cm) 2.156 1.041 35.921 2.070 0.057

Testosterone (ng/g) 1.026 0.804 22.291 1.276 0.246

Cortisol (ng/g) 0.182 0.782 35.569 0.233 0.828

Mate competition (LC) 6.285 1.671 12.801 3.762 0.003

Random factors

Population 4.737 2.176

Residual 16.618 4.076

Fig. 4 Effect of the level of mate competition (low competition, LC open
point; high competition, HC black point) on the dark ventral patch size in
≥ 5-year-old male Iberian red deer (Cervus elaphus hispanicus). Dark
ventral patch size refers to predicted values from models (mean ± 95%
confidence intervals; Table 4)
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When analysing the relationship between the dark ventral
patch size and the testosterone metabolite levels according to
age classes of males, we also found that, in the case of 2-year-
old males, only individuals with low levels of cortisol metab-
olite or low-stress levels expressed the dark ventral patch. This
suggests a role for early condition in the expression of this
sexual trait in male Iberian red deer. Only those juvenile males
with low levels of physiological stress (i.e. faecal cortisol me-
tabolite levels), and therefore well-body-condition males, may
invest in the development of the dark ventral patch. Thus, this
result may indicate the separation of condition-depending
traits from the testosterone-mediated physiological effects
(e.g. Mougent et al. 2005; Wyman et al. 2010), as well as
the individual flexibility to invest in early and late-life perfor-
mance (Lemaître et al. 2015; Hartl et al. 1995).

For individuals of 5 years or older, who are close to prime
age (Carranza et al. 2004), our results showed that antler
length and the intensity of intrasexual competition were pos-
itively associated with the size of the dark ventral patch. These
results are consistent with the hypothesis that male investment
in sex traits and reproductive effort depends on the chances of
mating success and to which extent the expression of the trait
is needed to defeat rivals, i.e. the level of intrasexual compe-
tition in the population. Thus, these mature males only devel-
op larger ventral patches under conditions of high competition
for mates (HC), while in LC populations, the number of fe-
males is relatively high and the number of rival males is low,
allowing prime-age males to mate with almost no competition
(Pérez-González and Carranza 2011).

Previous studies have shown that, due to the females’ avail-
ability, under a low intrasexual competition populations, males
are not forced to disperse in order to achievemating, which leads
to a decrease in genetic diversity in LC males in relation to HC
males (Pérez-González et al. 2012). Future studies should exam-
ine the potential relationship between genetic diversity and the
dark ventral patch size under low and high mate competition.
The dark ventral patch may be revealing the selective process by
which successful males achieve mating.

Besides the level of male-male competition, differences in
other factors such as habitat quality and food availability
(which influence the nutritional status of individuals) could
also influence different investment in sex traits in the two
populations. Research on the potential effect of the resource
availability and quality on the dark ventral patch size and
testosterone levels is strongly recommended.

When it comes to sex ornaments, animals with better nutri-
tional, health and oxidative status tend to show more intense
colouration, as they can afford to produce substantial amounts
of costly pigments (Faivre et al. 2003; McGraw 2006). The
relationship between the expression of both carotenoid- and
melanin-based colouration signals and glucocorticoid levels re-
mains unclear (negative relationship: Saino et al. 2002; Roulin
et al. 2008; Douglas et al. 2009; Lobato et al. 2010; positive

relationship: Lendvai et al. 2013). However, the dark ventral
patch is neither a melanin- nor a carotenoid-based ornament.
Instead, colouration results from the excretion of a catechol me-
tabolite in the urine, DOPEG, that oxidises with air contact-
generating alomelanin (Galván et al. 2019). Even though the
dark colouration is not endogenously produced, it may still re-
veal the competitive quality of a male (Galván et al. 2019).

Up to date, there are no studies on the link between cate-
cholamines and cortisol circulating levels conducted in wild-
life populations. However, some studies have demonstrated
the role of catecholamines in the stress-induced reduction of
testosterone in the plasma of adult mammals (i.e. rat, Rattus
norvegicus; golden hamster, Mesocricetus auratus) under
controlled laboratory conditions (Damber and Janson 1978;
Götz et al. 1983; Gatenbeck et al. 1987). Nevertheless, cate-
cholamines are also involved in the regulation of some repro-
ductive aspects such as testes development and are thus potent
physiological stimulators of testosterone production
(Mayerhofer et al. 1992). Due to the close relationship be-
tween testosterone levels and males’ aggressiveness, it might
be possible that the investment in mate competition and repro-
duction implies costs in terms of physiological stress, related
to the exposure to agonistic encounters. Moreover, testoster-
one production entails costs related to increased male suscep-
tibility to parasitism (de la Peña et al. 2020). Considering all
the above, we speculate that the release of catecholamines
related to the dark ventral patch expression might be leading
to costs derived from exposure to physiological stress in the
medium to long term, which may ultimately lead to decreased
testosterone levels (Gatenbeck et al. 1987).

Sexual signals that reveal males’ body condition and are re-
lated to the individual dominance rank usually vary in a
unimodal manner (Tibbetts et al. 2017). Phenotypic variation is
expected by the cost to produce and maintain sexual traits, and
because of the differences between individuals in their capacity
to afford the signal-related (Tibbetts et al. 2017). In contrast to
most signals of quality, the dark ventral patch size is bimodal
(Gadgil 1972; Senar et al. 1993; Tibbetts and Dale 2004). The
dark ventral patch size is not well explained by testosterone and
cortisol metabolite levels. This study suggests that the intensity
of intrasexual competition in the population and the associated
behaviours, which involve moderate to high levels of testoster-
one, are key to understanding the differential investment in the
dark ventral patch size during the rut.

A preliminary study has shown that the expression level of
this trait may also convey information about the males’ be-
havioural strategy during the mating season, revealing their
reproductive effort regarding territorial and intrasexual
competition-related behaviours (de la Peña et al. unpublished
data). The dark ventral patch seems to be a quality signal that
conveys information about the dominance rank and body con-
dition of stags, as well as about their mating behaviour effort
during the rut. However, why should a behavioural strategy be
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signalled by particular phenotypic trait discernible by conspe-
cifics or at least correlated with it? This is an intriguing and
overlooked question in the literature, typically examined in
the case of colour morphs (Sinervo and Zamudio 2001;
Lamichhaney et al. 2016; Ábalos et al. 2016).

Overall, we found that there is a positive association be-
tween faecal testosterone metabolite levels and the dark ven-
tral patch size. Both this association and the sex trait size in
LTE are mediated by the social environment, more specifical-
ly by the intensity of mate competition. In contrast, HTE
males do not modulate their investment in the dark ventral
patch according to their mate competition context. The
intrasexual competition has a different effect on different types
of males when they are 3 and 4 years old. From the age of 5,
the mate competition level directly influences the size of the
dark ventral patch, displaying their option between two types
of strategies when facing the rutting season. The social envi-
ronment is crucial in the expression of the dark ventral patch
in all males when they reach the age of 5 years. Future studies
should explain how the cost-benefit balance conditioned by
population structure, associated with individual glucocorti-
coid variation, health status and body condition, is related to
trait expression level individually, as well as the relationship
between current reproductive behavioural alternative and both
present and future fitness consequences.
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