Behavioral Ecology Advance Access published November 18, 2015

Behavioral
Ecology

The official journal of the

ISBE

International Society for Behavioral Ecology

Behavioral Ecology (2015), 00(00), 1–9. doi:10.1093/beheco/arv195

Invited Review

Stress and sexual signaling: a systematic
review and meta-analysis

Received 4 February 2015; revised 23 October 2015; accepted 27 October 2015.

The vertebrate stress response has been shown to suppress investment in reproductive and immune function and may also lead to
a reduced investment in the production of secondary sexual traits. However, it has been difficult to model roles of stress in sexual
selection due to the inconsistent results seen in empirical studies testing for the effect of stress on the expression of secondary
sexual traits. We conducted a phylogenetically controlled meta-analysis of published associations between physiological correlates
of stress and sexual signaling in vertebrates in order to identify any consistent patterns. Our analysis included signaling in both males
and females, 4 stress measures, and 4 categories of sexually selected traits (vocalizations, traits that varied in size, traits that varied in
coloration, and opposite-sex preference). Across 38 studies of 26 species, there was no significant relationship between physiological
correlates of stress and the expression of sexual signals. Mean effect size, however, varied significantly across the 4 types of sexually
selected trait. We propose development of a model that incorporates the nuanced effects of species ecology, trait type, ecological
context, and the complex nature of the physiological stress response, on the expression of sexually selected traits.
Key words: glucocorticoid, meta-analysis, secondary sexual trait, sexual selection, sexual signaling, stress.

INTRODUCTION
There is a growing movement toward incorporating the organizing
role of stress (i.e., conditions where environmental demands exceed an
organism’s regulatory capacity; Koolhaas et al. 2011) on the allocation
of somatic resources, into life-history models of behavior (Buchanan
2000; Korte et al. 2005; Husak and Moore 2008; Bonier et al. 2009;
Moore and Hopkins 2009). The vertebrate stress response, for example,
includes adaptive activation of the hypothalamic–pituitary–adrenal
axis culminating in the release of glucocorticoids (GCs), which divert
resources away from long-term functions and into short-term priorities
(Cote et al. 2006). Although this promotes survival in the short term,
chronically elevated GCs suppress reproduction (Sapolsky et al. 2000)
and immune function (Martin 2009). GCs, then, may mediate the relationship between the environment and behavioral trade-offs.
The potential for stress to influence the expression of secondary
sexual traits has long been recognized by ecologists (e.g., Buchanan
2000). Originally, GCs were predicted to influence sexual signals
indirectly via effects on the immune system (Møller 1995; Buchanan
2000) either independently or in interaction with testosterone
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(Buchanan 2000; Roberts et al. 2007; Husak and Moore 2008).
Although testosterone has received most attention to date, it does
not account for complexity in the cross-species data, and GCs have
been proposed to interact with the sex hormone in effects on secondary sexual traits (Roberts et al. 2004). More recently, the physiological stress response itself has been proposed to be under sexual
selection, such that secondary sexual traits provide cues to individual differences in, for example, stress reactivity or the efficiency of
negative feedback (Pfaff et al. 2007; Roberts et al. 2007; Husak and
Moore 2008; Bortolotti et al. 2009; Schmidt et al. 2012). Finally,
GCs have been proposed to influence secondary sexual traits indirectly via effects on body condition (Husak and Moore 2008).
At first glance, empirical evidence for effects of stress on the
expression of signals used to attract the opposite sex is inconsistent, with some studies reporting detrimental effects of physiological proxies of stress (e.g., Douglas et al. 2009), others an enhancing
effect (e.g., Fitze et al. 2009) and some reporting no relationship
(e.g., Setchell et al. 2010). Meta-analysis is well suited to determining common effects across a range of study systems, especially
when empirical results are mixed and many studies may report
nonsignificant results due to low statistical power (Arnqvist and
Wooster 1995; Koricheva et al. 2013). Meta-analysis also allows
us, sample size permitting, to investigate potential moderators of
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effect size, which may generate such inconsistent results (Jennions
et al. 2012; Koricheva et al. 2013). We thus performed a phylogenetically controlled meta-analysis of published studies in which the
effect of physiological proxies of stress on the expression of secondary sexual traits was reported. Our first aim was to crystallize any
consistent relationships between proxies of stress and the expression
of traits across species in order to determine which, if any, of the
proposed roles of stress are best supported by the data. In addition,
we analyzed 4 potential sources of variation in the observed effect
sizes: 1) the sex of the signaler, 2) the measure of stress; 3) the type
of signal; and 4) taxonomic group.

We conducted a systematic review of studies published up to
November 2014 concerning the relationship between stress and
secondary sexual traits. We followed the PRISMA protocol for
conducting systematic reviews (Moher et al. 2009; Nakagawa and
Poulin 2012). On 22 November 2014, we searched for the following keywords using the TOPIC field in Web of Science (“stress”
OR “glucocorticoid” OR “corticoster*”) AND (“sexual trait” OR
“sexual selection” OR “sexual signal*” OR “mate choice” OR
“attracti*”). We also contacted authors of relevant publications to
identify any additional records. The number of records obtained
from each of these approaches is given in the Supplementary
Material. In Figure 1, we present a PRISMA flow diagram showing
the number of records obtained from our searches and the number
of records excluded following the application of our selection criteria outlined below.

Criteria for study inclusion
We only included those studies in which the following criteria were
met: 1) subjects were adults; 2) subject sex was specified; 3) physiological indices of stress were measured; and 4) there was sufficient
statistical information to calculate an effect size (either in the publication or provided by the author). We excluded 13 studies that did
not meet these criteria, as well as a subset of results from 1 further
study (see Figure 1 and Supplementary Table S1). This yielded a
sample of 118 results from 38 studies of 26 species (for all effect
sizes, see Supplementary Table S3). We included data concerning
both males and females. We obtained effect sizes from 4 vertebrate
classes: amphibians, reptiles, birds, and mammals (Burmeister
et al. 2001; Saino et al. 2001; Parker et al. 2002; Saks et al. 2003;
Leary et al. 2004; Garamszegi et al. 2006; Leary et al. 2006a,
2006b; Pfaff et al. 2007; Koren et al. 2008; Leary et al. 2008;
Maney et al. 2008; Pérez-Rodríguez and Viñuela 2008; Bortolotti
et al. 2009; Macdougall-Shackleton et al. 2009; Cote et al. 2010;
del Cerro et al. 2010; Edler and Friedl 2010; Lobato et al. 2010;
Mougeot et al. 2010; Setchell et al. 2010; Moore, Al Dujaili, et al.
2011; Moore, Cornwell, et al. 2011; Assis et al. 2012; Rantala
et al. 2012; Barron et al. 2013; Henderson et al. 2013; Jenkins
et al. 2013; Kennedy et al. 2013; Lendvai et al. 2013; Merrill et al.
2013; Rantala et al. 2013; San-Jose and Fitze 2013; San-Jose et al.
2013; Svobodová et al. 2013; Weiss et al. 2013; Merrill et al. 2014;
Grunst ML and Grunst AS 2014).
Four categories of stress measurement were reported: baseline
GCs, peak or total GCs produced in response to a stressor, experimental elevation of GCs, and long-term stress. Baseline GCs were
typically measured within 3–5 min of capture (e.g., Douglas et al.
2009). Experimental elevation of GCs up to 4 times above baseline

Effect sizes
We used Pearson’s product moment correlation coefficient (r) as
the measure of effect size, as it was easily computable from statistical information included in most of the studies returned by the
systematic review, and is an intuitive measure of effect size that is
widely used in meta-analysis (Rosenthal 1991). Here, r represented
the magnitude of an association between a physiological index of
stress and the expression of a secondary sexual trait, or of a difference in expression of a secondary sexual trait between individuals
exposed to exogenous GCs and controls. If studies did not report r,
it was computed from the available statistical information or from
additional information provided by the author using the Practical
Meta-Analysis Effect Size Calculator (http://www.campbellcollaboration.org) following established methods (e.g., Rosenthal 1991).
Supplementary Table S2 gives full details on the calculation of effect
sizes when r was not reported. If multiple valid effect sizes were presented for a given study, we included them all and controlled for the
possible nonindependence between effect sizes arising from this by
including study ID as a random effect in all models (see below).
Before performing the analysis, all effect sizes were converted
using Fisher’s Z transform of the correlation coefficient (Zr),
which has more desirable properties than r when approaching ±1
(Koricheva et al. 2013). All models were run using Zr. Mean effect
size estimates derived from the models were then converted back to
r for presentation. The associated variance for each effect size was
calculated as 1/(n − 3) (Borenstein et al. 2009).
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was achieved via subcutaneous implants containing GCs (e.g., SanJose and Fitze 2013). Long-term stress was assessed in 3 ways:
GCs deposited in feathers, feces or hair; the ratio of heterophils to
lymphocytes (a white blood cell count that correlates with baseline
GCs; Vleck et al. 2000); and the expression of heat shock proteins
(highly conserved proteins that are elevated under stress; Sørensen
et al. 2003). Both heterophil-to-lymphocyte ratio (Davis et al. 2008)
and heat shock proteins (Sørensen et al. 2003) are widely used as
proxies of recent and long-term stress in the ecological literature.
The effect sizes we obtained considered a wide range of secondary
sexual traits, which we sorted into 4 categories: coloration, vocalization, morphological traits, and opposite-sex preferences. The coloration category included examples in birds, mammals, and reptiles. The
amount of coloration was measured in several different ways, including brightness, hue, saturation, proportion of structure (e.g., eye ring)
that is pigmented, ultraviolet reflectance, and color reflectance. The
vocalization category included singing in birds and calling in amphibians and a mammal species (rock hyrax Procavia capensis). The parameters measured varied according to the nature of vocalization in each
species and included song rate, complexity, and repertoire size in
birds; the latency to call, call duration, call rate, and vocal effort in
amphibians, and whether calling/singing was observed or not (rock
hyrax, amphibians). Effect sizes included in the morphological trait
category all considered bird species and assessed the size of secondary
sexual characters, such as comb or tail length. We also included in this
category effect sizes considering the size of a colored structure (but
not the coloration itself), such as epaulet size in the red-winged blackbird (Agelaius phoeniceus). Finally, while not a secondary sexual trait per
se, opposite-sex preference was included as an indirect measure of the
level of sexual signaling, with the assumption being that attractiveness
to the opposite sex is a function of investment in secondary sexual
traits. We rely on author judgments regarding whether each trait is
a secondary sexual trait or not. For full coding of effect sizes for each
moderator variable, see Supplementary Table S3.
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Records
identified from
Web of Science
(n = 20,407)

Additional records
identified via citations
or by contacting
authors (n = 3).

All records
(n = 20,410)

Records screened &
full text accessed
(n = 51)

After application of
inclusion criteria
(n = 38)

Studies included in
meta-analyses (n = 38)

Removed records from
fields such as
engineering and
immunology
(n = ~18,910)

Removed duplicates &
non-relevant studies
(n = ~1450)
Articles excluded (n = 13)
Reasons:
Subjects were not adults (n = 2)
Sex of subjects not
specified (n = 1)
Physiological indices of
stress not measured (n = 3)
Pseudoreplication (n = 1)
Insufficient data to
compute effect sizes (n = 4)
Directions of nonsignificant effects not
available (n = 2)

Figure 1
PRISMA flow chart showing results of literature search and study selection criteria and process. Supplementary Table S1 shows studies excluded from analyses.

Phylogeny
Recent developments in meta-analysis have allowed researchers to
control for the potential nonindependence of effect sizes due to phylogenetic history, by incorporating phylogenetic relatedness as a random factor in meta-analysis models (Hadfield and Nakagawa 2010).
This can be done even when accurate branch length data is lacking.
As there is no single phylogeny available for all species included in
the analysis, we constructed a supertree by combining multiple trees
from several different sources. We used taxonomic groupings in cases
where phylogenetic data were not available for species in our sample
(Hadfield and Nakagawa 2010). We obtained phylogenetic trees from
several sources. For the basal relationships among tetrapods, we used
Xia et al. (2003). For the relationships among amphibians, we used
Pyron and Wiens (2011). For the relationships among mammals, we
used Murphy et al. (2001). For the relationships among birds, we
used Hackett et al. (2008) and Ericson et al. (2006), with trees created
using the online tool (birdtree.org) accompanying Jetz et al. (2012).
As branch length data were not available for this phylogeny, we first
set all branch lengths to one. The tree was then transformed to make all
tips contemporaneous using FigTree v1.4 using the cladogram option.
Thus, total branch length was determined based on the total number
of nodes in the tree. The final tree can be seen in Figure 2. Note that

branch lengths are likely underestimated for distantly related lineages
and overestimated for lineages containing several species (e.g., Ficedula).

Meta-analysis
We implemented multilevel meta-analyses using a Bayesian linear
mixed-effect model approach. Multilevel meta-analytic models are
random-effects models (see Borenstein et al. 2009) incorporating
additional random factors (following Nakagawa and Santos 2012).
This allowed us to control for 3 potential sources of nonindependence in our dataset. In several cases, we obtained multiple effect
sizes from a single study and from different studies testing a single
species. We controlled for this by including study ID and species ID
as random effects in all models. Nonindependence in effect sizes may
also arise due to phylogenetic inertia, so that the relationship between
stress and secondary sexual trait expression is more similar for closely
related species (Hadfield and Nakagawa 2010; Koricheva et al. 2013).
Phylogeny was thus included as a random effect by incorporating the
phylogenetic tree shown above. All the models presented included
study ID, species ID, and phylogeny as random factors.
Meta-analysis models were implemented using the MCMCglmm
function from the package MCMCglmm (Hadfield 2010). Details on
MCMCglmm model specification and testing are presented in the
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Figure 2
Phylogeny included in meta-analysis (see main text for details).

supplementary material. All results presented are based on models fitted using an inverse gamma prior for all random effects and residuals (following Lim et al. 2014). We first ran an intercept-only model to
determine the mean effect size across all studies. We present our results
as mean posterior estimates of r (back-converted from Zr after analysis),
and consider a mean estimate to be significantly different from zero if
the highest posterior density interval (lower highest posterior density
interval [LHPD] to upper highest posterior density interval [UHPD],
also known as the 95% credible interval) does not overlap zero.
We assessed the total level of heterogeneity among effect sizes
using a modified version of the I2 statistic (Higgins et al. 2003),
following Nakagawa and Santos (2012). The original I2 statistic
describes the percentage of total variation in effect sizes that is due
to heterogeneity rather than chance (Higgins et al. 2003). However,
this statistic has to be modified when additional random effects
are included in the model. This method can also be used to partition total heterogeneity into that associated with each of the random effects in the model (Nakagawa and Santos 2012). In other
words, this allows us to assess the percentage variance in effect
size explained by the different random effects (Lim et al. 2014).
Substantial residual heterogeneity remaining after accounting for
the random effects indicates that there may be further factors influencing effect size that are not included in the model. We follow
Higgins et al. (2003) in considering I2 values of 25%, 5%, and 75%
as representing small, medium, and large amounts of heterogeneity,
respectively.
The intercept-only model indicated significant heterogeneity in
effect sizes even after variance associated with the 3 random factors
was accounted for, and so we next investigated potential moderators
of mean effect size using a model-selection approach (Nakagawa
and Santos 2012). We performed a series of meta-regression models, each of which included study ID, species ID, and phylogeny as
random effects, and one or more categorical fixed effects. Model
fit was determined using the deviance information criterion (DIC),
which is a Bayesian equivalent of traditional information theoretic

criteria, and a change in DIC of 2 or more was considered to significantly improve model fit (Spiegelhalter et al. 2002). Finally, we
used a separate meta-regression model (minus the intercept) for
each categorical fixed effect (taxonomic class, sex, stress measure,
and trait type) to estimate the mean effect size for each factor level.
Each model included study ID, species ID, and phylogeny as random effects.
We looked for signs of 2 types of publication bias in our dataset. First, we tested for a bias associated with the failure to publish
nonsignificant or positive results (Koricheva et al. 2013) in 2 ways.
We tested for a relationship between effect size and study precision
(1/standard error) using linear regression (Egger et al. 1997). Due
to the potential nonindependence of effect sizes in our dataset (due
to being measured in the same study or species or due to shared
ancestry), we used residual effect size, as residuals are theoretically independent of each other (Nakagawa and Santos 2012). We
also performed a trim-and-fill analysis using the package Metafor
(Viechtbauer 2010). This test explicitly searches for asymmetry in
the funnel plot (showing the relationship between effect sizes and a
measure of their variance), which is assumed to reflect publication
bias (Duval and Tweedie 2000). The trim-and-fill function then
imputes “missing” effect sizes until the funnel plot is symmetrical
and then gives a new effect size estimate from a meta-analysis model
including these new effect sizes (Duval and Tweedie 2000). Again,
due to nonindependence of effect sizes, this analysis was performed
on the residuals (Nakagawa and Santos 2012). The difference in
mean effect size estimated from this analysis was then used to adjust
the original mean effect size (and associated HPD interval) from the
intercept-only model. Second, we assessed whether there was any
temporal trend in mean effect size by testing for the rank correlation between effect size and year of publication (Koricheva et al.
2013). A significant temporal trend could reflect publication bias
if, for example, studies showing nonsignificant effects are less likely
to be published following the early buzz surrounding a new theory
(Koricheva et al. 2013).
All analyses were performed using R v3.2.2 (R Development
Core Team 2015). All code used in the analysis is included in the
Supplementary Material.

RESULTS
Across all effect sizes there was no significant correlation between
stress levels and the degree of secondary sexual signaling (interceptonly MCMCglmm; posterior mean = −0.08, LHPD = −0.22,
UHPD = 0.03, k = 118, Nstudies = 38, Nspecies = 25). There is, therefore, no general signaling of level of stress by secondary sexual
traits across species, stress measures, and traits. Total heterogeneity was large however (I2total = 77.81%). The amount of variance
explained by the 3 random factors was small (I2study = 26.76%,
I2species = 8.88%, I2phylogeny = 5.59%), with substantial residual variance remaining after accounting for them (I2residual = 36.59%).
As there was substantial heterogeneity in the dataset, we next
used a model-selection approach to investigate potential categorical moderators of effect size. Adding taxonomic class, sex, or stress
measure as a categorical fixed effect to the meta-analytic model did
not improve the model fit (Figure 3; see also Supplementary Table
S4). Accordingly, none of the categories associated with taxonomic
class, sex, or stress measure exhibited a mean effect size that was
significantly different from zero (Supplementary Table 1). However,
model fit was significantly improved by the addition of secondary
sexual trait type as a fixed effect (Figure 3; see also Supplementary
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Table S4), suggesting this factor explains some of the observed heterogeneity in effect sizes.
A meta-regression indicated that there is a significant negative
mean effect size when considering only those effect sizes associated
with opposite-sex preferences (Table 1), such that stress rendered to
be associated with mate preferences, with lower stress individuals
favored. However, the upper highest posterior density estimate is
very close to zero (−0.010). There was no significant effect of the
remaining 3 secondary sexual trait types.
We found mixed evidence for publication bias in the dataset.
Egger’s regression suggested there was no significant funnel plot
asymmetry (F1,116 = 0.1, P = 0.75; β = 0.004, intercept = −0.03).
(b)

Baseline GCs (31)
Experimentally
elevated GCs (27)
Long term stress (50)

Amphibian (14)
Bird (75)
Mammal (8)

Peak/total GCs (10)

Reptile (21)
Coloration (58)
Opposite sex
preference (6)
Morphological
trait (15)

Females (15)
Males (103)

Vocalisation (39)
All (118)

All (118)

–0.8 –0.6 –0.4 –0.2 0.0 0.2 0.4 0.6 0.8

–0.8 –0.6 –0.4 –0.2 0.0 0.2 0.4 0.6 0.8

Effect size (r)

Effect size (r)

Figure 3
Forest plot showing the mean effect size estimate for each level of the 4 categorical moderator variables, considering (a) taxonomic class and sex and (b) stress
measure and sexually selected trait. Diamonds show the mean posterior estimate from the model, and the error bars represent the 95% highest posterior
density interval. Numbers in parentheses indicate the number of effect sizes for each subgroup. The dark gray and light gray areas represent “small” and
“medium” effect sizes, respectively (Cohen 1992). Estimates were obtained by running a minus intercept multilevel MCMCglmm model for each factor
separately. Models included 1 categorical fixed factor and 3 random factors (Study ID, species ID, and phylogeny). All models were run using Fisher’s Z
transform of the correlation coefficient (Zr) and then converted back to r for presentation.
Table 1
Mean effect size estimates for each level of the 4 categorical moderator variables included in the dataset
Factor

Category

Effect sizes

Studies

Species

Mean r

LHPD

UHPD

Taxonomic class

Amphibian
Bird
Mammal
Reptile
Female
Male
BCORT
ECORT
LSTRESS
PCORT
Coloration
Opposite-sex preference
Morphological traits
Vocalization

14
75
8
21
15
103
31
27
50
10
58
6
15
39

6
22
6
4
6
35
18
7
15
3
18
4
6
12

4
16
3
2
5
24
12
5
14
2
15
1
6
8

0.051
−0.098
−0.109
−0.128
−0.174
−0.070
−0.026
−0.118
−0.114
0.012
−0.119
−0.368
−0.183
0.105

−0.312
−0.303
−0.448
−0.457
−0.368
−0.192
−0.200
−0.365
−0.274
−0.253
−0.252
−0.615
−0.366
−0.074

0.415
0.095
0.289
0.303
0.056
0.075
0.165
0.102
0.093
0.320
0.055
−0.010
0.078
0.309

Sex
Stress measure

Secondary sexual trait

Estimates were obtained by running 4 minus intercept multilevel MCMCglmm models including one of the categorical fixed factors, and all 3 random factors
(Study ID, species ID, and phylogeny). All models were run using Fisher’s Z transform of the correlation coefficient (Zr) and then converted back to r for
presentation. Values in bold are significant at P = 0.028. Mean r, mean posterior estimate.
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(a)

However, a trim-and-fill analysis on the residual effect sizes suggested that 13 effect sizes were “missing” from the right hand
side of the funnel plot. After imputing these missing effect sizes,
the mean effect shifted by 0.048 (Supplementary Figure S1).
Adjusting our original mean effect size estimate (from the interceptonly model) using this value still resulted in a nonsignificant result
(mean = −0.032, LHPD = −0.169, UHPD = 0.075, k = 131). In
terms of temporal patterns, we found no correlation between effect
size and year (Spearman’s rank correlation: rs = −0.03, P = 0.77).
However, all the studies included were published relatively recently
(between 2001 and 2014), and a temporal trend is probably unlikely
over such a short range.
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DISCUSSION

(Gladbach et al. 2010; Goymann and Wingfield 2004). At threshold GC levels, however, males change their strategy and stop calling, likely on reaching a negative energy balance (Emerson 2001).
As this threshold depends on intrinsic (e.g., condition) and extrinsic
(e.g., rainfall, chorus density) factors, despite the organizing role of
GCs on calling strategy within individuals, consistent effects may
not be easily detected across individuals and studies (Emerson
2001). The majority of the remainder of effect sizes categorized as
“vocalizations” were for effects of stress on dimensions of birdsong.
There is reason to predict that birdsong is linked to dimensions of
the stress response as the brain centers responsible for song develop
early in life, during which time conditions also determine adult
stress resistance (Buchanan et al. 2004; Pfaff et al. 2007; Muller
et al. 2010). Both may stem from a common phenotype (Spencer
and MacDougall-Shackleton 2011), rather than song responding to
fluctuations in adult stress. Failure to find effects on vocalization,
then, may stem from the fact that relationships between stress and
vocalization are nonlinear and context dependent and that effects
on birdsong and amphibian vocalization may be functionally
different.
Potential roles of stress on the expression of sexually selected
traits have included indirect effects of GCs via the immune system
(Møller 1995; Buchanan 2000), body condition (Husak and Moore
2008), or testosterone (Buchanan 2000; Roberts et al. 2007; Husak
and Moore 2008), or via sexual selection on the physiological stress
response itself. In the former, the effects of stress on sexual traits
would likely be difficult to detect without measuring, and controlling for, its effects on testosterone, immune function, and body
condition. In the latter, sexual signals would provide cues to individual differences in dimensions of the stress response such as stress
reactivity or the efficiency of negative feedback (Pfaff et al. 2007;
Roberts et al. 2007; Husak and Moore 2008; Bortolotti et al. 2009;
Schmidt et al. 2012). While a number of studies included in our
analyses reported various indices of immune function, testosterone, and body condition, there were insufficient numbers to test for
their roles in our model. A promising avenue for future research
is analysis of individual differences in the stress response, which
may provide the necessary conditions for the evolution of condition
dependent traits (e.g. Moore and Hopkins 2009). Individual differences in stress reactivity and the efficiency of negative feedback, for
example, are heritable (Rowe and Houle 1996; Evans et al. 2005;
Korte et al. 2005; Stöwe et al. 2010), and production and effects
of GCs are related to measures of genetic quality (Olsson et al.
2005) and fitness (Bonier et al. 2009). An efficient stress response
is likely to be comprised of low baseline GCs, moderate elevation,
and rapid negative feedback once the stressor has passed (Olsson
et al. 2005; de Kloet et al. 2008). Although peak GC response to
a standardized stressor was not significantly related to expression
of secondary sexual traits in our analyses (although the sample
size was small; n = 9 effect sizes, see Supplementary Table S3), an
inverse relationship between a sexual signal and sensitivity of negative feedback (Schmidt et al. 2012) and a finding (excluded from
our analyses due to lack of statistical information) that female zebra
finches preferred males from lines bred for low peak GC response
(Roberts et al. 2007) further support this as an important future
research direction.
It is, however, extremely difficult to measure these dimensions of the stress response, particularly in free-living individuals.
Regulation of GCs in response to predictable seasonal challenges
such as the moult (Husak and Moore 2008; Romero et al. 2005)
or breeding (Kitaysky et al. 1999), for example, may have different
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Our meta-analysis did not detect a significant relationship between
physiological indices of stress and the expression of sexually
selected traits across 26 vertebrate species from 4 taxonomic classes.
Furthermore, we failed to detect effects of stress in any of the 4 vertebrate orders, in either sex, or when controlling for the measure of
stress employed. However, we did detect a significant effect of the
type of sexually selected trait, such that stress had significant detrimental effect on opposite-sex preferences, but not on the expression
of coloration or vocalization, or on trait size.
Opposite-sex preference is likely to reflect an aggregate response
to the development of one or more sexually selected signals and
the true “attractiveness” of an individual to the opposite sex (rather
than relying on our judgments of the attractiveness of trait expression). Although our results suggest that members of the opposite
sex attend to cues of stress, we do not know which traits are used
in their assessment. It is possible, for example, that there are behavioral traits in addition to the morphological traits that we have
included here which provide cues to physiological status (Roberts
et al. 2007). In addition, it is possible that effects of stress on coloration or vocalization are more nuanced and complex than our
analysis was able to detect.
For instance, effects of stress on coloration may be dependent
on the nature of the coloration (e.g., melanic vs. carotenoid), the
context (e.g., breeding season vs. moult), and species ecology (e.g.,
the mating system). Melanic coloration, for example, can provide
insight into links between the stress response and sexual signaling
as the melanocortins that control the expression of pheomelanic
coloration (Ducrest et al. 2008) also influence sensitivity to stressors
(Ducrest et al. 2008; Roulin and Ducrest 2011). There were, however, only a small number of studies in which melanic coloration
was measured (8 effect sizes from 3 studies, see Supplementary
Table S3) meaning that it was not possible to test effects of stress on
these separately. A greater number of studies measured carotenoid
coloration (n = 14), and in a high proportion of those of avian
species (21 of 27 effect sizes from 9 studies, see Supplementary
Table S3), stress had detrimental effects on carotenoid coloration.
This coloration is dependent on antioxidants acquired in the diet
(McGraw 2006), which can be diverted away from secondary
sexual traits and into reduction of oxidative damage under stress
(Fitze et al. 2009). Although this may explain the pattern of stressinduced color reduction in birds (but see Collins et al. 2008), there
was some evidence that chronically elevated GCs enhanced ventral
coloration in males of the common lizard (Cote et al. 2010). This
discrepancy could stem from differences in species’ ecology, meaning that it is adaptive for males of some species (e.g., the common
lizard) to make a “terminal investment” in mating under stress, perhaps due to reduced chances of survival (Pryke et al. 2007; Fitze
et al. 2009; Bonier et al. 2009; Huyghe et al. 2009). In biparental
mating systems, such as those of many bird species, the optimal
solution to the allocation of energy under stress may be away from
mating effort and into, for example, parental investment. It may not
be possible, then, to detect any effects of stress on coloration until a
sufficient number of studies across species and coloration type are
available.
We did not find an effect of stress on vocalizations. More than
a third of these effect sizes were measured in anurans during the
breeding season (14 of 37 effect sizes). A number of studies have
shown GCs to be elevated across the breeding season, with those
individuals who vocalize the most showing the highest levels
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effects on the allocation of resources to sexual signaling than those
due to unpredictable stressors (O’Reilly and Wingfield 2001). This
demonstrates the need for multiple measures of the stress response,
long-term stress, and stress history in future research. Although this
is undoubtedly difficult, records of local weather conditions, season,
resource availability, and population density, for example, could
be controlled for in analyses. Repeated measures of stress provide
a more ecologically valid assessment of the experience of stress
(Bonier et al. 2009). More comprehensive measurements of the
stress response, including duration, total GCs released in response
to an ecologically valid, standardized stressor, and the efficiency of
negative feedback (Romero 2004) provide a set of dimensions of
the stress response with which to compare individuals. In addition,
the concentration and distribution of GC receptors may be more
meaningful measures of individual differences in stress reactivity in
terms of effects on morphological and behavioral traits than GC
production itself (Schmidt et al. 2012).
Our analysis controlled for phylogenetic relatedness among
species. The amount of variance in effect size explained by phylogeny was very small. This could be for several reasons. First, it
may be that the relationship between stress and secondary sexual
trait expression is highly evolutionarily labile, so that phylogenetic effects are important only for very closely related species.
This may be especially likely for those studies concerning male
vocalization, as behavioral traits such as these may evolve particularly rapidly (Blomberg et al. 2003), and is frequently seen
in meta-analyses concerning behavioral traits (e.g., Santos et al.
2011; Dougherty and Shuker 2015). Alternatively, this could
be an artifact of the fact that the average phylogenetic distance
between species in our tree is relatively large (Björklund 1997).
With such a tree the power to detect a phylogenetic signal is
reduced, especially if there is substantial variation across species
in factors (such as physiology or behavior) that may affect the
relationship we are investigating.
In conclusion, stress was not associated with the expression of
sexually selected traits in our sample. The results therefore challenge any notion of a common stress-signaling function for sexual
signals. It was, however, associated with the strength of preference
for the opposite sex, suggesting that stress is relevant to mating decisions but that our analysis was not able to detect the specific traits
through which it is signaled. This means that stress may be important for mate choice, but it does not provide a simple explanation
for the role of any one sexual display or signal. This discrepancy
therefore needs resolving. Our findings add to the body of work
which seeks to identify how stress can moderate the expression of
physical and behavioral traits more generally (e.g., Lupien et al.
2009; Buchanan et al. 2013). We argue that in order to advance
our understanding of roles of stress in sexual selection, we need to
develop a model which incorporates the nuanced effects of species
ecology, trait type, ecological context, and the complex nature of
the physiological stress response.

Page 7 of 9

Page 8 of 9

*Leary CJ, Garcia AM, Knapp R. 2006a. Elevated corticosterone levels
elicit non-calling mating tactics in male toads independently of changes
in circulating androgens. Horm Behav. 49:425–432.
Leary CJ, Garcia AM, Knapp R. 2006b. Stress hormone is implicated in
satellite-caller associations and sexual selection in the Great Plains toad.
Am Nat. 168:431–440.
*Leary CJ, Garcia AM, Knapp R, Hawkins DL. 2008. Relationships among
steroid hormone levels, vocal effort and body condition in an explosive
breeding toad. Anim Behav. 76:175–185.
*Leary CJ, Jessop TS, Garcia AM, Knapp R. 2004. Steroid hormone profiles and relative body condition of calling and satellite toads: implications for proximate regulation of behavior in anurans. Behav Ecol.
15:313–320.
*Lendvai ÁZ, Giraudeau M, Németh J, Bakó V, McGraw KJ. 2013.
Carotenoid-based plumage coloration reflects feather corticosterone levels in male house finches (Haemorhous mexicanus). Behav Ecol Sociobiol.
67:1817–1824.
Lim JN, Senior AM, Nakagawa S. 2014. Heterogeneity in individual quality and reproductive trade-offs within species. Evolution. 68:2306–2318.
*Lobato E, Moreno J, Merino S, Morales J, Tomás G, Martinez J, Vásquez
RA, Kuchar A, Möstl E, Osorno JL. 2010. Arrival date and territorial
behaviour are associated with corticosterone metabolite levels in a migratory bird. J Ornithol. 151:587–597.
Lupien SJ, McEwen BS, Gunnar MR, Heim C. 2009. Effects of stress
throughout the lifespan on the brain, behaviour and cognition. Nat Rev
Neurosci. 10:434–445.
*Macdougall-Shackleton SA, Dindia L, Newman AE, Potvin DA, Stewart
KA, Macdougall-Shackleton EA. 2009. Stress, song and survival in sparrows. Biol Lett. 5:746–748.
*Maney DL, Davis AK, Goode CT, Reid A, Showalter C. 2008.
Carotenoid-based plumage coloration predicts leukocyte parameters
during the breeding season in Northern Cardinals (Cardinalis cardinalis).
Ethology. 114:369–380.
Martin LB. 2009. Stress and immunity in wild vertebrates: timing is everything. Gen Comp Endocrinol. 163:70–76.
McGraw KJ. 2006. The mechanisms of carotenoid coloration in birds. In:
Hill GE, McGraw KJ, editors. Bird coloration. I. Mechanisms and measurements. Cambridge (MA): Harvard University Press. p. 177–242.
*Merrill L, Levinson SD, O’Loghlen AL, Wingfield JC, Rothstein SI. 2014.
Bacteria-killing ability is negatively linked to epaulet size, but positively
linked to baseline corticosterone, in male Red-winged Blackbirds (Agelaius
phoeniceus). Auk. 131:3–11.
*Merrill L, O’Loghlen AL, Wingfield JC, Rothstein SI. 2013. Linking a statis signal to current condition: song repertoire-size, corticosterone, and
immunity in the brown-headed cowbird. Condor. 115:434–441.
Moher D, Liberati A, Tetzlaff J, Altman DG. 2009. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement.
Ann Intern Med. 151:264–269.
Møller AP. 1995. Hormones, handicaps and bright birds Trends. Ecol Evol.
10:121.
*Moore FR, Al Dujaili EAS, Cornwell RE, Law Smith MJ, Lawson JF,
Sharp M, Perrett DI. 2011. Cues to sex- and stress-hormones in the
human male face: functions of GCs in the immunocompetence handicap
hypothesis. Horm Behav. 60:269–274.
*Moore FR, Cornwell RE, Law Smith MJ, Al Dujaili E, Sharp M, Perrett
DI. 2011. A test of the stress-linked immunocompetence handicap
hypothesis in human male faces. Proc Biol Sci. 278:774–780.
Moore IT, Hopkins WA. 2009. Interactions and trade-offs among physiological determinants of performance and reproductive success. Integr
Comp Biol. 49:441–451.
*Mougeot F, Martínez-Padilla J, Bortolotti GR, Webster LM, Piertney SB.
2010. Physiological stress links parasites to carotenoid-based colour signals. J Evol Biol. 23:643–650.
Muller W, Vergauren J, Eens M. 2010. Testing the developmental stress
hypothesis in canaries: consequences of nutritional stress on adult song
phenotype and mate attractiveness. Behav Ecol Sociobiol. 64:1767–1777.
Murphy WJ, Eizirik E, O’Brien SJ, Madsen O, Scally M, Douady CJ,
Teeling E, Ryder OA, Stanhope MJ, de Jong WW, et al. 2001. Resolution
of the early placental mammal radiation using Bayesian phylogenetics.
Science. 294:2348–2351.
Nakagawa S, Poulin R. 2012. Meta-analytic insights into evolutionary ecology: an introduction and synthesis. Evol Ecol. 26:1085–1099.
Nakagawa S, Santos ESA. 2012. Methodological issues and advances in
biological meta-analysis. Evol Ecol. 26:1253–1274.

Downloaded from http://beheco.oxfordjournals.org/ at The University of Western Australia on November 22, 2015

Egger M, Davey Smith G, Schneider M, Minder C. 1997. Bias in metaanalysis detected by a simple, graphical test. BMJ. 315:629–634.
Emerson S. 2001. Male advertisement calls: behavioral variation and physiological processes. In: Ryan MJ, editor. Anuran communication. Washington
(DC): Anuran Communication Smithsonian Institution Press. p. 36–44.
Ericson PGP, Anderson CL, Britton T, Elzanowski A, Johansson US,
Källersjö M, Ohlson JI, Parsons TJ, Zuccon D, Mayr G, et al. 2006.
Diversification of Neoaves: integration of molecular sequence data and
fossils. Biol Lett. 2:543–547.
Evans MR, Roberts ML, Buchanan KL, Goldsmith AR. 2005. Heritability
of corticosterone responses and changes in life history traits during selection in the zebra finch. Euro Soc Evol Biol. 19:343–352.
Fitze PS, Cote J, San-Jose LM, Meylan S, Isaksson C, Andersson S, Rossi
JM, Clobert J. 2009. Carotenoid-based colours reflect the stress response
in the common lizard. PLoS One. 4:e5111.
*Garamszegi LZ, Merino S, Török J, Eens M, Martìnez J. 2006. Indicators
of physiological stress and the elaboration of sexual traits in the collared
flycatcher. Behav Ecol. 17:399–404.
Gladbach A, Gladbach DJ, Quillfeldt P. 2010. Variations in leukocyte profiles and plasma biochemistry are related to different aspects of parental investment in male and female upland geese Chloephaga picta leucoptera.
Comp Biochem Physiol A. 156:269–277.
Goymann W, Wingfield J. 2004. Allostatic load, social status and stress hormones: the costs of social status matter. Anim Behav. 67:591–602.
*Grunst ML, Grunst AS. 2014. Song complexity, song rate, and variation
in the adrenocortical stress response in song sparrows (Melospiza melodia).
Gen Comp Endocrinol. 200:67–76.
Hackett SJ, Kimball RT, Reddy S, Bowie RC, Braun EL, Braun MJ,
Chojnowski JL, Cox WA, Han KL, Harshman J, et al. 2008. A phylogenomic study of birds reveals their evolutionary history. Science.
320:1763–1768.
Hadfield JD. 2010. MCMC methods for multi-response generalized linear
mixed models: the MCMCglmm R package. J Stat Soft. 33:1–22.
Hadfield JD, Nakagawa S. 2010. General quantitative genetic methods for
comparative biology: phylogenies, taxonomies and multi-trait models for
continuous and categorical characters. J Evol Biol. 23:494–508.
*Henderson LJ, Heidinger BJ, Evans NP, Arnold KE. 2013. Ultraviolet
crown coloration in female blue tits predicts reproductive success and
baseline corticosterone. Behav Ecol. 24:1299–1305.
Higgins JP, Thompson SG, Deeks JJ, Altman DG. 2003. Measuring inconsistency in meta-analyses. BMJ. 327:557–560.
Husak JF, Moore IT. 2008. Stress hormones and mate choice. Trends Ecol
Evol. 23:532–534.
Huyghe K, Husak JF, Herrel A, Tadić Z, Moore IT, Van Damme R,
Vanhooydonck B. 2009. Relationships between hormones, physiological
performance and immunocompetence in a color-polymorphic lizard species, Podarcis melisellensis. Horm Behav. 55:488–494.
*Jenkins BR, Vitousek MN, Safran RJ. 2013. Signaling stress? An analysis of phaeomelanin-based plumage color and individual corticosterone
levels at two temporal scales in North American barn swallows, Hirundo
rustica erythrogaster. Horm Behav. 64:665–672.
Jennions MD, Kahn AT, Kelly CD, Kokko H. 2012. Meta-analysis
and sexual selection: past studies and future possibilities. Evol Ecol.
26:1119–1151.
Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers AO. 2012. The global
diversity of birds in space and time. Nature. 491:444–448.
*Kennedy EA, Lattin CR, Romero LM, Dearborn DC. 2013. Feather coloration in museum specimens is related to feather corticosterone. Behav
Ecol Siocbiol. 67:341–348.
Kitaysky A, Wingfield J, Piatt J. 1999. Food availability, body condition and
physiological stress response in breeding black-legged kittiwakes. Funct
Ecol. 13:577–584.
de Kloet ER, Karst H, Joëls M. 2008. Corticosteroid hormones in the central stress response: quick-and-slow. Front Neuroendocrinol. 29:268–272.
Koolhaas JM, Bartolomucci A, Buwalda B, de Boer SF, Flügge G, Korte SM,
Meerlo P, Murison R, Olivier B, Palanza P, et al. 2011. Stress revisited: a critical evaluation of the stress concept. Neurosci Biobehav Rev. 35:1291–1301.
*Koren L, Mokady O, Geffen E. 2008. Social status and cortisol levels in
singing rock hyraxes. Horm Behav. 54:212–216.
Koricheva J, Gurevitch J, Mengeresen K. 2013. Handbook of meta-analysis
in ecology and evolution. Princeton (NJ): Princeton University Press.
Korte SM, Koolhaas JM, Wingfield JC, McEwen BS. 2005. The Darwinian
concept of stress: benefits of allostasis and costs of allostatic load and the
trade-offs in health and disease. Neurosci Biobehav Rev. 29:3–38.

Behavioral Ecology

Moore et al. • Stress and sexual signaling

Rowe L, Houle D. 1996. The lek paradox and the capture of genetic variance by condition dependent traits. Proc Biol Sci. 263:1415–1421.
*Saino N, Incagli M, Martinelli R, Møller AP. 2001. Immune response of
male barn swallows in relation to parental effort, corticosterone plasma
levels and sexual ornamentation. Behav Ecol. 13:169–174.
*Saks L, Ots I, Hõrak P. 2003. Carotenoid-based plumage coloration of
male greenfinches reflects health and immunocompetence. Oecologia.
134:301–307.
*San-Jose LM, Fitze PS. 2013. Corticosterone regulates multiple colour
traits in Lacerta vivipara males. J Evol Biol. 26:2681–2690.
*San-Jose LM, Granado-Lorencio F, Sinervo B, Fitze PS. 2013.
Iridophores and not carotenoids account for chromatic variation of
carotenoid-based coloration in common lizards (Lacerta vivipara). Am
Nat. 181:396–409.
Santos ES, Scheck D, Nakagawa S. 2011. Dominance and plumage traits:
meta-analysis and metaregression analysis. Anim Behav. 82:3–19.
Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids
influence stress responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr Rev. 21:55–89.
Schmidt KL, Furlonger AA, Lapierre JM, MacDougall-Shackleton EA,
MacDougall-Shackleton SA. 2012. Regulation of the HPA axis is related
to song complexity and measures of phenotypic quality in song sparrows.
Horm Behav. 61:652–659.
*Setchell JM, Smith T, Wickings EJ, Knapp LA. 2010. Stress, social
behaviour, and secondary sexual traits in a male primate. Horm Behav.
58:720–728.
Sørensen JG, Kristensen TN, Loeschcke V. 2003. The evolutionary and
ecological role of heat shock proteins. Ecol Lett. 6:1025–1037.
Spencer KA, MacDougall-Shackleton SA. 2011. Indicators of development
as sexually selected traits: the developmental stress hypothesis in context.
Behav Ecol. 22:1–9.
Spiegelhalter DJ, Best NG, Carlin BP, Van Der Linde A. 2002. Bayesian
measures of model complexity and fit. J R Stat Soc B. 64:583–639.
Stöwe M, Rosivall B, Drent PJ, Möstl E. 2010. Selection for fast and slow
exploration affects baseline and stress-induced corticosterone excretion in
Great tit nestlings, Parus major. Horm Behav. 58:864–871.
*Svobodová J, Gabrielová B, Synek P, Marsik P, Vaněk T, Albrecht T,
Vinkler M. 2013. The health signalling of ornamental traits in the grey
partridge (Perdix perdix). J Ornithol. 154:717–725.
Viechtbauer W. 2010. Conducting meta-analyses in R with the metafor
package. J Stat Softw. 36:1–48.
Vleck CM, Vertalino N, Vleck D, Bucher TL. 2000. Stress, corticosterone, and heterophil to lymphocyte ratios in free living adélie penguins.
Condor. 102:392–400.
*Weiss SL, Mulligan EE, Wilson DS, Kabelik D. 2013. Effect of stress on
female-specific ornamentation. J Exp Biol. 216:2641–2647.
Xia X, Xie Z, Kjer KM. 2003. 18S ribosomal RNA and tetrapod phylogeny. Syst Biol. 52:283–295.

Downloaded from http://beheco.oxfordjournals.org/ at The University of Western Australia on November 22, 2015

Olsson M, Madsen T, Wapstra E, Silverin B, Ujvari B, Witzell H. 2005.
MHC, health, colour, and reproductive success in sand lizards. Behav
Ecol Sociobiol. 58:289–294.
O’Reilly K, Wingfield J. 2001. Ecological factors underlying the adrenocortical response to capture stress in Arctic breeding shorebirds. Gen Comp
End. 124:1–11.
*Parker TH, Knapp R, Rosenfield JA. 2002. Social mediation of sexually
selected ornamentation and steroid hormone levels in male junglefowl.
Anim Behav. 64:291–298.
*Pérez-Rodríguez L, Viñuela J. 2008. Carotenoid-based bill and eye ring
coloration as honest signals of condition: an experimental test in the redlegged partridge (Alectoris rufa). Naturwissenschaften. 95:821–830.
*Pfaff JA, Zanette L, MacDougall-Shackleton SA, MacDougall-Shackleton
EA. 2007. Song repertoire size varies with HVC volume and is indicative of male quality in song sparrows (Melospiza melodia). Proc Biol Sci.
274:2035–2040.
Pryke SR, Astheimer LB, Buttemer WA, Griffith SC. 2007. Frequencydependent physiological trade-offs between competing colour morphs.
Biol Lett. 3:494–497.
Pyron RA, Wiens JJ. 2011. A large-scale phylogeny of Amphibia including
over 2800 species, and a revised classification of extant frogs, salamanders, and caecilians. Mol Phylogenet Evol. 61:543–583.
*Rantala MJ, Coetzee V, Moore FR, Skrinda I, Kecko S, Krama T,
Kivleniece I, Krams I. 2013. Facial attractiveness is related to women’s
cortisol and body fat, but not with immune responsiveness. Biol Lett.
9:20130255.
*Rantala MJ, Moore FR, Skrinda I, Krama T, Kivleniece I, Kecko S,
Krams I. 2012. Evidence for the stress-linked immunocompetence handicap hypothesis in humans. Nat Commun. 3:694.
R Development Core Team. 2015. R: a language and environment for
statistical computing. Vienna (Austria): R Foundation for Statistical
Computing.
Roberts ML, Buchanan KL, Evans MR. 2004. Testing the immunocompetence handicap hypothesis: a review of the evidence. Anim Behav.
68:227–239.
Roberts ML, Buchanan KL, Hasselquist D, Evans MR. 2007. Effects of testosterone and corticosterone on immunocompetence in the zebra finch.
Horm Behav. 51:126–134.
Romero LM. 2004. Physiological stress in ecology: lessons from biomedical
research. Trends Ecol Evol. 19:249–255.
Romero L, Strochlic D, Wingfield JC. 2005. Corticosterone inhibits feather
growth: potential mechanism explaining seasonal down regulation of corticosterone during moult. Comp Biochem Physiol A. 142:65–73.
Rosenthal R. 1991. Meta-analytic procedures for social research (revised).
Newbury Park (CA): Sage.
Roulin A, Ducrest AL. 2011. Association between melanism, physiology
and behaviour: a role for the melanocortin system. Eur J Pharmacol.
660:226–233.

Page 9 of 9

