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A B S T R A C T

We review work relating glucocorticoids (GCs), male sexual signals, and mate choice by females to understand
the potential for GCs to modulate the expression of sexually selected traits and how sexual selection potentially
feeds back on GC regulation. Our review reveals that the relationship between GC concentrations and the quality
of male sexual traits is mixed, regardless of whether studies focused on structural traits (e.g., coloration) or
behavioral traits (e.g., vocalizations) or were examined in developmental or activational frameworks. In con-
trast, the few mate choice experiments that have been done consistently show that females prefer males with low
GCs, suggesting that mate choice by females favors males that maintain low levels of GCs. We point out,
however, that just as sexual selection can drive the evolution of diverse reproductive strategies, it may also
promote diversity in GC regulation. We then shift the focus to females where we highlight evidence indicating
that stressors or high GCs can dampen female sexual proceptivity and the strength of preferences for male
courtship signals. Hence, even in cases where GCs are tightly coupled with male sexual signals, the strength of
sexual selection on aspects of GC physiology can vary depending on the endocrine status of females. Studies
examining how GCs relate to sexual selection may shed light on how variation in stress physiology, sexual
signals, and mate choice are maintained in natural populations and may be important in understanding context-
dependent relationships between GC regulation and fitness.

1. Introduction

A fundamental aspect of life history research involves the trade-off
between reproduction and survival, or current and future reproduction,
and how life history strategies evolve across varying ecological and
environmental contexts to maximize fitness (Stearns, 1989, 2000).
Glucocorticoids (GCs) figure prominently in such tradeoffs because of
their pleiotropic actions and central role in regulating life history traits
(Breuner et al., 2008; Ricklefs and Wikelski, 2002; Wingfield et al.,
1998). For example, one recurrent theme in GC-related research is that
low GC reactivity (i.e., production of GCs in response to stressors)
promotes investment in reproduction at the cost of survival while high
GC reactivity promotes survival at the cost of reproduction (Breuner
et al., 2008; Wingfield et al., 1998; Wingfield and Sapolsky, 2003).

While GC regulation may be expected to vary in a manner that
optimizes fitness, baseline levels of GCs or levels associated with the
acute stress response can be negatively, positively, or unrelated to fit-
ness estimates (reviewed by Bonier et al., 2009; Breuner et al., 2008).
One prominent hypothesis to explain inconsistencies in GC-fitness

relationships proposes that they are context-dependent (see Bonier
et al., 2009 for additional explanations). The general idea is that if the
optimal stress response differs across environmental or ecological
contexts then the relationship between endocrine traits and fitness may
vary from weak to strong, or shift from negative to positive (Breuner
et al., 2008; Taff and Vitousek, 2016; Vitousek et al., 2018).

Here we use this conceptual framework to build a case for under-
standing the role of GCs in modulating traits thought to evolve under
sexual selection. We are interested in first establishing a basic under-
standing from the accumulating empirical studies regarding the asso-
ciation between circulating GC traits (e.g., baseline, stress-induced le-
vels) and sexual traits known to be under sexual selection. This
knowledge then provides a foundation for considerations regarding
how sexual selection can feedback as a source of selection on GC traits.
For example, a central tenet of sexual selection is that it drives the
evolution of traits that can compromise survival (Andersson, 1994). We
thus ask whether sexual selection potentially drives correlated evolu-
tionary responses in GC physiology (sensu Adkins-Regan, 2005; Hau
et al., 2016; McGlothlin and Ketterson, 2008; Vitousek et al., 2019; Zera
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et al., 2007). Of course, such an evolutionary response requires heri-
table variation in both the conventional sexually selected traits (beha-
vior, morphology) as well as the GC physiological traits. The latter re-
quires significantly more future research effort, though the existing
artificial selection studies on this topic suggest significant heritability
for multiple aspects of GC physiology (e.g., Baugh et al., 2012, 2017a;
Evans et al., 2006; Pottinger and Carrick, 2001; Roberts et al., 2007b).

Despite evidence that elevated GCs redirect resources towards sur-
vival at the expense of reproduction (i.e., concepts of the CORT-trade-
off hypothesis, see Breuner et al. 2008; Patterson et al., 2014) and a
growing understanding of how the stress response relates to fitness,
there has been little emphasis on how circulating GCs influence phe-
notypic targets of sexual selection. For example, of the 30 studies ex-
amining GCs in relation to performance measures provided in Breuner
et al. (2008) only one examined sexual signals or interpreted the effects
in the context of mate acquisition (i.e., Roberts et al., 2007b). Similarly,
studies examining stress-fitness relationships often focus on variation in
GCs of males or females that successfully mated and produced offspring,
thereby omitting non-breeding individuals. For example, of the 41
studies measuring proxies for fitness in terms of reproductive success
(as opposed to survival estimates) reviewed in Bonier et al. (2009), we
determined that only three (~7%) considered the stress physiology of
unmated males or females (e.g., Kotrschal et al., 1998; Lancaster et al.,
2008; Lanctot et al., 2003). This is important because in many species a
large proportion of reproductively competent adult males fail to effec-
tively compete for, attract, or acquire mates (reviewed in Emlen and
Oring, 1977; Janicke and Morrow, 2018; Nonacs and Hager, 2011). If
variance in male mating success is related to variation in GC levels,
exclusion of males that do not acquire mates could increase type I and II
errors for GC-fitness relationships. In contrast, variance in mating suc-
cess is often lower in females than males (Clutton-Brock, 1988), but the
strength of sexual selection and how it potentially impacts the stress
response is contingent upon the strength of female preferences for male
traits.

Here, we review endocrine stress physiology in the context of both
intra- and intersexual selection. Our overview focuses primarily on
variation in GC levels because aspects of the stress response that are
likely to be important in understanding GC-fitness relationships (e.g.,
speed of onset, negative feedback, and peak levels attained, Zimmer
et al., 2019) or factors regulating the stress response (binding proteins,
see Breuner and Orchinik, 2002; receptor distributions, Baugh et al.,
2017b) remain largely unstudied in the context of sexual selection (but
see Almasi et al., 2010; Jennings et al., 2000; Spencer and MacDougall-
Shackleton, 2011; Wada et al., 2008). We first focus on whether GC
levels correlate with sexual signals of males. Our overview draws from
research on a broad range of organisms to understand how GCs are
linked to sexually selected male traits, whether certain types of sexual
signals (i.e., structural versus behavioral) are more likely to be affected
by GCs, and whether GC-effects, when they occur, are studied in de-
velopmental/organizational and/or activational contexts. We then shift
our focus to females (signal receivers) where we review evidence that
GC’s affect mate choice decisions.

One central theme propelling the current review, especially in terms
of activational effects of GCs, is that elevated GCs can reduce invest-
ment in reproductive behavior, and yet many reproductive behaviors
are directly linked to GC production. For example, male reproductive
behaviors often involve aggressive contests with other males, are en-
ergetically demanding, or increase the risk of predation (Andersson,
1994), all of which are known to activate the HPA/I axis regulating GC
production (Creel et al., 2001; Emerson, 2001; Harris and Carr, 2016).
Indeed, the source of variation in circulating GCs may not matter in
terms of its impact on courtship signals of males, but the bidirectional
nature of these hormone-behavior relationships link GCs to various
aspects of sexual selection (i.e., intrasexual competition and costs of
signaling) that may be critical in understanding the agents of selection
that potentially shape the stress response.

1.1. Glucocorticoids and sexual signals in males

Perhaps the most studied potential role of GCs in sexual selection
focuses on intraspecific competition and suppression of reproductive
behavior (reviewed by Creel, 2001). In many social mammals, for ex-
ample, reproduction in male contest losers is suppressed and dominant
contest winners monopolize females (Creel, 2001). Intraspecific inter-
actions can dramatically impact GC levels and chronically elevated GCs
often suppress the production of gonadal steroids that are critical for
the expression of reproductive behavior (reviewed by Creel, 2001; Creel
et al., 2013; Goymann and Wingfield, 2004; Young et al., 2006). Based
on these effects, one prominent hypothesis for suppression of re-
productive behavior involves GC production in subordinate contest
losers (reviewed by Creel, 2001). However, support for this hypothesis
in social mammals appears to be weak. For example, GCs are more
often elevated in dominant males and there is little evidence that re-
productive suppression is mediated by elevated GCs (Creel, 2001; Sands
and Creel, 2004). Outside of mammalian social dominance hierarchies
there seems to be more support for elevated GCs or low androgens in
contest losers, but again these patterns are highly variable and incon-
sistent (Adkins-Regan, 2005; Creel et al. 2013; Earley and Hsu, 2008;
Hsu et al., 2006).

Rather than focusing on complete suppression of reproduction,
several lines of research have shifted the emphasis to more subtle ef-
fects of GCs on male reproductive behavior. For example, given that
elevated GCs can decrease the energy directed towards reproduction
and the production of gonadal steroids (Chand and Lovejoy, 2011;
Greenberg and Wingfield, 1987; Sapolsky, 1992; Wingfield and
Sapolsky, 2003), which are often critical for the expression of male
secondary sexual traits, GCs are likely to be a major modulator of male
sexual signals (Buchanan, 2000). Evidence of GC-mediated effects on
male sexual signals is, however, mixed and somewhat controversial. For
example, while an early review of the topic emphasized cases where
GCs are potentially involved in regulating the expression of male sexual
traits (Husak and Moore, 2008) a recent meta-analysis revealed little
evidence that various metrics of stress, including circulating GC levels,
were related to male sexual traits but reported evidence that females
prefer “unstressed” males (Moore et al., 2016). So little work has been
done in terms of GC effects on male traits and attractiveness that the
results are potentially subject to type II errors (Garamszegi, 2016). The
analysis also spans a broad range of both structural and behavioral
traits that introduce noise in the analysis (Buchanan et al., 2016). For
example, given that GCs are well known to modulate neural motor
activity (Joels, 1997; Moore and Miller, 1984; Moore and Rose, 2002;
Rose et al., 1995; Remage-Healey and Bass, 2006a, 2007), one possi-
bility is that sexual behaviors are more likely to be affected by GCs than
structural traits (Leary, 2016). This may be important in terms of mate
choice studies showing how females are homing in on dynamic per-
formance aspects of male motor behavior, rather than fixed structural
cues, to assess prospective mates (Barske et al., 2011; Baugh and Ryan,
2010c; Coleman et al., 2004; Hogan and Staddard, 2018). In other
words, GCs may be affecting how structural traits are actively ad-
vertised rather than their overall physical appearance, and this may be
the more consequential phenotypic level in terms of sexual selection.

To examine the role of GCs in sexual selection, we assembled studies
examining GCs in relation to structural traits (i.e., integumentary de-
rivatives) versus behavioral traits (i.e., those that involve motor
output). Studies were extracted from previous reviews on the topic by
Buchanan (2000), Husak and Moore (2008) and Moore et al. (2016),
and from forward citations of these reviews using Google Scholar. We
included studies that examined sexually selected traits in males only
(but see Henderson et al. 2013; Taff et al., 2019; Weiss et al., 2013 for
GC-related effects on female signals) and for which direct or indirect
estimates of GCs were provided. Although any trait that potentially
influences mate acquisition may be subject to sexual selection, we fo-
cused primarily on studies that examined at least one trait that is
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potentially assessed by females when making mate choice decisions or
male mating behaviors that clearly affect the probability of acquiring
mates.

We found a total of 54 studies meeting these criteria (Table 1). We
present the main findings of these studies, specify if androgens were
also examined, whether the available data is experimental (e.g., whe-
ther GCs were administered or altered via exposure to stressors) or
correlative, the expected effect on attractiveness when an effect was
detected, and whether females were tested to determine if they actually
discriminate among males with varying GC levels. Many studies focus
on GC exposure during development and how it influences expression
of the measured trait later in life (e.g., the Developmental stress hy-
pothesis associated with birdsong, Buchanan et al., 2004; Nowicki
et al., 1998) whereas other studies focus on how changes in GCs in
adulthood potentially alter the expression of sexually selected traits
(e.g., concepts of the Energetics–hormone vocalization model devel-
oped for frogs, Emerson, 2001). We thus note, when possible, whether
studies aligned with a developmental/organizational or activational
framework.

The 54 studies examined represent 33 species, with 33 studies that
examined structural traits and 26 studies that examined behavioral
traits, five of which examined a combination of traits belonging to both
categories. Squamate reptiles and birds were represented in both ca-
tegories, whereas primates were only represented in the structural ca-
tegory and fish and amphibians were only represented in the behavioral
category. Most studies were done in birds (32 studies), followed by
squamate reptiles (nine), amphibians (nine), primates (three), and fish
(one).

1.1.1. Structural traits
Studies on structural traits focused primarily on integumentary

coloration (25/33 studies) and ornament/body size (Table 1). Ten of
the 33 studies examining structural traits did not find an association
between GCs and the structural trait. In the 23 cases that did, results
suggested that elevated GCs reduced male attractiveness or re-
productive success in 12 cases and increased attractiveness or re-
productive success in six cases. The remaining five studies found that
the GC-trait relationship varied between years (Edler and Friedl, 2010),
that greater stress reactivity was associated with more attractive males
(Henschen et al., 2018; Viblanc et al., 2016), that there was a GC effect
with uncertain impacts on mate choice by females (Almasi et al., 2010),
or that there was no clear relationship between GCs and the measured
traits but that females actually preferred males with low GCs (Roberts
et al., 2007a). This latter study represents one of only three studies
examining structural traits that specifically assessed whether females
discriminate among males with varying GC levels (in this case, lines
artificially selected for divergent peak GC levels in birds). Only two
other studies examined female preferences in relation to GCs, both of
which showed a preference by women for facial characteristics of men
with lower GC levels (Table 1).

While most studies in the structural category provided justification
to support the predicted effects on male attractiveness, they did not test
whether GC relationships with the male phenotype translate into var-
iation in mate choice by females. Female preference tests are critical
because the variance in male trait values subject to GC effects may be
insufficient or irrelevant for female perception and discrimination (just
noticeable differences) or mate choice execution under real world
conditions (just meaningful differences). Female preference tests are
particularly important when GCs appear to be related to suites of traits
that have opposing effects on mate choice by females. For example,
three studies found that high GC levels were positively associated with
carotenoid-based coloration suggesting that higher GCs should increase
male attractiveness (Fitze et al., 2009; Lendvai et al., 2013; McGraw
et al., 2011, Table 1). However, high GCs can also decrease melanin-
based coloration, which is expected to decrease male attractiveness (see
Calisi and Hews, 2007; San-Jose and Fitze, 2013, Table 1). In contrast,

three studies found that higher GCs were related to decreased car-
otenoid-based coloration, suggesting that higher GCs should reduce
male attractiveness (Kennedy et al., 2013; Mougeot et al. 2010; San-
Jose and Fitze, 2013, Table 1) and one study found that the negative
effects of high GCs on melanin-based coloration potentially increases
male attractiveness (Roulin et al., 2008). In this latter study (performed
in barn owls), males potentially prefer females with higher melanin-
based coloration and females potentially prefer males with lower mel-
anin. Hence, GC-mediated effects on melanin-based coloration could
select for higher or lower GCs depending upon whether the direction of
selection is determined primarily through mate choice by females or
males (see Almasi et al., 2010). GC relationships with coloration can be
mixed even in studies on a single species. For example, in a series of
studies performed on the common lizard, Lacerta vivipara, GC-colora-
tion relationships varied depending upon whether food was abundant
or restricted, illustrating the importance of nutritional state in pheno-
typic expression (Cote et al., 2010; Fitze et al. 2009; San-Jose and Fitze,
2013).

1.1.2. Behavioral traits
Studies examining relationships between GCs and behavioral traits

were dominated by analysis of vocalizations (20/26 studies) followed
by various other mating behaviors (i.e., push-up displays of lizards,
attempted copulations, aggression), and, finally, electric organ dis-
charge (EOD) characteristics of electric fish (Table 1). Similar to
structural traits, the relationships between GCs and behavioral traits
were highly variable. For instance, of the 20 studies examining voca-
lizations, the results from 10 studies suggested that high GCs should
decrease male attractiveness to females, 5 suggested that high GCs
should increase attractiveness, and 5 reported no relationship (Table 1).
Interestingly, studies on vocalization take two very different ap-
proaches to understanding GC-mediated effects on their expression –
one that focuses on activational effects of GCs on calling (mostly in
anuran amphibians) and the other that focuses on developmental stress
and organizational effects of GCs on neural substrates underlying vocal
production in birds. The former is rooted in the energetic demands of
display (stemming from concepts of the Energetics-hormone vocaliza-
tion model; Emerson, 2001) while the other is rooted in the Develop-
mental stress hypothesis (Buchanan et al., 2004; Nowicki et al., 1998;
Table 1). Indeed, there is evidence for activational effects of GCs on
vocal motor output (Remage-Healey and Bass, 2004, 2006b, 2007) and
organizational effects of GCs on neural development (Buchanan et al.,
2003, 2004; Spencer and MacDougall-Shackleton, 2011) indicating that
both scenarios are equally plausible but only one is typically empha-
sized in studies on these two taxonomic groups.

As with structural traits, only a small fraction of studies directly
assessed female preferences for behavioral traits; two in frogs (Leary
et al., 2006; the other is unpublished but summarized in Crocker-Buta
and Leary (2018a), one in lizards (Gonzalez-Jimena and Fitze, 2012),
and two in birds (Spencer et al., 2005; Roberts et al., 2007a, the latter of
which is included in both categories because the traits that females used
to select males could be structural or behavioral). All of these studies
showed decreased female preferences for males with high GCs. Inter-
estingly, one study showed that female preference for males with high
GCs decreased even though the effect of GCs on male behavior were
expected to increase their mating success (Gonzalez-Jimena and Fitze,
2012), emphasizing the importance of mate choice trials in under-
standing the potential role of GCs in sexual selection (see also Roberts
et al., 2007a).

1.1.3. Across category considerations
Most studies, regardless of whether they focused on structural or

behavioral traits, were correlative or, if experimental, were experiential
in nature (Table 1). Several recent studies emphasize the problems as-
sociated with interpreting such data. In zebra finches, for example,
isolation stress (i.e., housing individuals separately) increased GCs and
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altered vocal characteristics, suggesting that GCs contribute to vocal
modifications (Perez et al., 2012). However, GC administration did not
result in the full suite of vocal modifications shown in isolation (Perez
et al., 2012; see also Sehrsweeney et al., 2019 for example in red
squirrels, Tamiasciurus hudsonicus, involving vocalizations that adver-
tise territorial ownership). Similarly, the effects of nutritional stress on
vocalization in birds can yield different results than GC administration
(Schmidt et al., 2013; reviewed by Crino and Breuner, 2015). However,
even direct manipulation of GCs can be misleading. In electric fish, for
example, cortisol injections simulating GC secretion during intraspecific
contests caused decreases in EOD amplitude and duration that poten-
tially decrease attractiveness to females (Gavassa and Stoddard, 2012).
However, when males interact their GC levels are elevated and yet their
EODs are not affected because concordant elevations in androgens ap-
pear to negate the effects of elevated GCs on EOD features (see Gavassa
and Stoddard, 2012; reviewed in Gavassa et al., 2013). Together, these
results emphasize the importance of collecting both correlative and
experimental data to understand how the stress response and GCs
modulate sexually selected traits.

Work on electric fish also illustrates the importance of examining
GCs in conjunction with androgens. For example, because elevated
androgens can negate the negative effects of elevated GCs on sexually
selected traits (reviewed in Gavassa et al., 2013), positive relationships
between GCs and androgens may explain cases where no correlation
between GCs and the measured trait were found (see Table 1). Elevated
GCs can also inhibit androgen production thereby modifying trait ex-
pression, or GCs can modify sexual traits independently of suppressive
effects on androgen production, effectively masking androgenic effects
on sexually selected traits (Leary and Crocker-Buta, 2018; Leary and
Knapp, 2014; Leary et al., 2006). Any of these scenarios may apply to
the 54 studies examined, 22 of which included measures of androgens
(Table 1). Studies that simultaneously measure aspects of GC regulation
and androgens are likely to lead to a clearer understanding of GC-trait
relationships. For example, variation in the relationships between GCs
and male sexual traits could be related to variation in negative feedback
in the HPA axis, receptor-mediated inhibition of GCs on the HPG axis,
or binding protein levels that can regulate exposure of target tissues to
GCs (see Wada et al., 2008; Kriengwatana et al. 2014).

Discrepancies among studies in relationships between GCs and male
sexual traits are likely to be attributable, at least in part, to thresholding
effects of GCs on trait expression (see Emerson, 2001; Romero, 2002).
For example, because male sexual traits are often costly to produce
(Andersson, 1994) and GCs play a central role in mobilizing energy
reserves (Laugero, 2001; Sapolsky et al., 2000), moderate elevations in
circulating GCs may be required to meet the metabolic demands asso-
ciated with an increase in the magnitude or intensity of such traits (e.g.,
concepts of the “Energetic-hormone vocalization model”, Emerson,
2001 and the “Energy mobilization hypothesis”, Romero, 2002).
However, above some level, GCs are predicted to decrease investment
in reproductive behavior, leading to reduced expression of male sexual
traits (see Emerson, 2001). It is the two sides of this “tipping point”
associated with GC threshold effects that may account for variation in
the relationships between GCs and sexually selected traits shown in
Table 1.

Work in anuran amphibians illustrates how these threshold effects
can result in disparate relationships between GCs and sexually selected
traits. For example, in two species of anurans (Bufo woodhousii, Leary
et al., 2008 and Hypsiboas faber, de Assis et al., 2012) natural variation
in GC levels were positively correlated with estimates of vocal effort
(see also Emerson and Hess, 2001 for interspecific comparison of 4 frog
species) suggesting that mate choice by females may favor males with
higher GCs (Table 1). However, in the two studies in which exogenous
GCs were administered in anurans, results revealed that high GCs de-
creased vocal effort (Bufo cognatus, Leary et al., 2006; Hyla cinerea,
Leary and Crocker-Buta, 2018). In both of these species, reproductive
strategies (alternative mating tactics) were critical in elucidating GC-

vocal relationships. For example, in H. cinerea, males compete with one
another using aggressive acoustic signals that stimulate GC production
(Leary, 2014). Contest losers are typically the smallest males with the
largest GC response to aggressive signals and who adopt non-calling
mating tactics (Leary, 2014; Leary and Harris, 2013). In this species,
high GCs are causally associated with the adoption of non-calling
mating tactics but GC effects on calling behavior depend on the social-
acoustic environment so that in the absence of vocal competitors males
with high GCs call, but in the presence of vocal competitors they adopt
a non-calling “satellite” mating tactic (Leary and Crocker-Buta, 2018).
Hence, by altering the social-acoustic environment, GC-vocal relation-
ships can be examined in satellite males (Crocker-Buta and Leary,
2018a). Inclusion of satellite males in hormone-call analysis dramati-
cally increased the upper range of GCs found in males in natural
choruses and revealed negative correlations between GC levels and
vocal attributes (Crocker-Buta and Leary 2018a), mirroring the nega-
tive effects of GC injections on call parameters (Leary and Crocker-Buta,
2018), which was not detected when satellite males were excluded from
the analysis (Crocker-Buta and Leary, 2018b; Leary et al., 2015).

These studies in anurans highlight that courting males can have a
very narrow range of circulating GCs that preclude detection of GC-
vocal relationships, but by examining a greater range of GC levels (i.e.,
by sampling males adopting alternative mating tactics) negative re-
lationships between GCs and vocal attributes become apparent. These
relationships may be more widespread in anurans and other taxa, but
may not be detected in systems where there are not opportunities to
sample the courtship signals of males with high GCs. These findings also
suggest that elevated GCs are not likely to cause an increase in courtship
signaling, but positive correlations may exist because elevated GCs are
required to meet the metabolic demands of increased courtship sig-
naling – this is a central concept of the Energetics-hormone vocalization
model (Emerson, 2001) and probably applies to many positive asso-
ciations between GCs and sexually selected traits. Similarly, dominant
males often have higher GCs as a consequence of increased aggressive
interactions with other males (Creel et al., 2013) which may lead to
positive correlations between GCs and sexually selected traits (Laubach
et al., 2013; Lindsey et al., 2016). Alternatively, males with more ela-
borate ornaments may be advertising their ability to cope with stressful
situations with a greater stress response (Henschen et al., 2018).

1.1.4. Summary and future research on GCs and male sexual signals
Our overview indicates that the relationship between GCs and

sexual traits is complex and varies from species to species and trait to
trait (see also Moore et al., 2016). More studies have examined GC
relationships with coloration than any other sexual trait but coloration
also shows the most complex and inconsistent relationships with GCs
(see also Moore et al., 2016). For example, carotenoid and melanin-
based traits are often opposing in terms of how high GCs potentially
affect them and are often conflicting in terms of whether mate choice by
females should select for males with higher or lower levels of GCs.
Whether sexual selection on color-based traits plays any role in shaping
the stress response is thus unclear. Experimental manipulation of GCs
are required to better understand GC-color relationships and mate
choice trials are needed to tease apart the significance of GC effects on
carotenoid-based versus melanin-based coloration.

A particularly intriguing aspect of melanin-based coloration is that
it is linked to genetic correlations and pleiotropic actions on behavioral
traits (McKinnon and Pierotti, 2010; Ducrest et al., 2008; Santostefano
et al., 2019) that may increase survival (Almasi et al., 2008; reviewed
by Crino and Breuner, 2015). For example, variation in GC sensitivity in
barn owls is linked to melanin-based coloration and male provisioning
behavior to offspring, suggesting that varying environmental conditions
could maintain variation in GC-related traits (Almasi et al., 2008). Such
effects fall under the “CORT-adaptation hypothesis” (Bonier et al.,
2009a), which proposes that increased GCs mediate behaviors that
enhance reproductive output.
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Vocalizations are the second most studied sexual signal in terms of
how they relate to GCs and, similar to coloration, were highly variable
(see also Moore et al., 2016), However, discrepancies in GC-vocal re-
lationships seem better understood, at least in an activational context,
because of the well-established metabolic costs of vocalization and
expected “cause-effect” relationships described in the Energetics-hor-
mone vocalization model (Emerson, 2001). Vocalizations are also better
studied and understood in terms of developmental/organizational ef-
fects than any other trait, at least in birds. Green treefrogs, H. cinerea,
Great plains toads, Bufo cognatus, and zebra finches, Taeniopygia guttata
represent the only cases, to our knowledge, where there is correlational
data on GC-sexual trait relationships, experimental manipulation of
GCs, control of androgens and body condition as factors contributing to
GC relationships with male sexual signals, and where female dis-
crimination and preferences for males with varying GCs have been
shown (see citations in Table 1). Vocalizations thus provide strong
evidence for GC-mediated effects and the results suggest that females
prefer males with low GCs. However, there is little evidence supporting
the hypothesis that GCs play a more prominent role in modulating
behavioral traits compared to structural traits (see also Moore et al.,
2016).

One particularly difficult aspect of interpreting studies examining
GC relationships with male sexual traits is that the temporal frame for
measuring GC concentrations and sexual traits is often not clearly de-
scribed. This was especially problematic for structurally-based traits
where, for example, GC levels may play a central role in coloration
during specific periods of development (i.e., molt in birds, see Romero
et al., 2005; Kennedy et al., 2013). In contrast, coloration in some an-
imals (i.e., lizards) may change rapidly and in conjunction with changes
in hormone levels (Taylor and Hadley, 1970). We recommend that,
regardless of the type of trait examined, future studies more clearly lay
out the organizational/activational basis for examining relationships
between GCs and sexually selected traits. For example, studies ex-
amining GC relationships with songbird vocalizations are clearly set in
a developmental context. Hence, manipulation of GCs and measures of
sexually selected traits are offset temporally and justified in doing so. In
contrast, studies examining GC-coloration relationships often do not
clearly describe whether the measured traits are expected to be mod-
ified during development or modulated by GCs later in life. This is
important because organizing effects may uncouple the relationship
between hormone levels and traits in adults or alter the responsiveness
of target tissues to GCs later in life (Moore, Hews and Knapp, 1998).

Another problem with interpreting studies relating GCs to sexually
selected traits is that it is often difficult to discern if measures of GCs
represent acute or chronically elevated GC levels. This is important
because chronically elevated GCs often negatively affect gonadal ster-
oids that are critical in the expression of sexually selected traits.
Moreover, chronically elevated GCs are expected to negatively impact
fitness while the acute stress response is expected to enhance fitness
(Breuner et al., 2008). Delineating these two categories, particularly for
studies examining activational effects of GCs, was often difficult either
because sufficient information was not provided or determining what
constitutes acute versus chronic elevations in GCs is problematic.

Together, our overview suggests that the direction of the relation-
ship between GCs and male sexual signals is highly variable (see also
Moore et al., 2016). Nonetheless, there are several cases where both
correlative and experimental approaches indicate a negative effect of
GCs on sexually selected traits and all mate choice tests that have been
performed indicate female preferences for males with low GC levels.
Such results suggest that mate choice by females could drive correlated
responses for low GC profiles in male signalers. However, we emphasize
how misleading simple measures of GC concentrations can be in terms
of how they translate into selection on various aspects of the stress
response (reviewed by Bonier et al., 2009; Bonier and Martin, 2016). In
particular, we do not know whether there is indirect selection on GC
regulation. For instance, individual males that are more efficient

foragers or more effective at assimilating nutrients may be favored if
GCs are related to body condition and are a primary source of variation
in signal expression (Leary et al., 2004, 2006). We note, however, that
even if sexual selection acts indirectly on GC regulation it is unlikely to
favor a single hormonal phenotype. For instance, just as sexual selection
can drive the evolution of multiple reproductive strategies it may also
drive diversity in endocrine regulation (i.e., high/low GC concentra-
tions or variation in GC reactivity) that potentially translates into in-
dividuals that vary in short term prospects of reproduction versus long
term survival (see also Blas et al., 2007; Breuner, et al., 2008). Studies
examining other aspects of the stress response (e.g., cumulative GC
exposure, strength of negative feedback, ability to mount subsequent
stress responses) could provide insight into how sexual selection in-
fluences the expression of sexually selected traits.

1.2. Glucocorticoids and sexual behavior in females

There are several lines of evidence suggesting a role for GCs in
modulating aspects of mate choice by females. For example, when
ecological challenges are introduced in a mating context–which often
increases the costs of mate acquisition–females in many species adjust
their behavior in ways that minimize these costs, often resulting in
weakened or absent species-typical preferences and more permissive
mate choices (Dill et al., 1999; Hingle et al., 2001; Willis et al., 2012).
Because this topic of how challenges and “stressors” in a phenomen-
ological sense (i.e., context- and state-dependent mate choice) mod-
ulate mating preferences have been reviewed elsewhere (Cotton et al.,
2006; Hunt et al., 2005; Jennions and Petrie, 1997), and because such
designations may not always be associated with an endocrine response
(reviewed in Romero, 2004), we restrict our review here to the subset of
studies that test for a GC link.

When we expand female reproductive behavior beyond merely mate
choice, there is evidence in a variety of vertebrates that stress, experi-
ential and hormonal, is an ecologically important aspect of mating
behavior. Mate searching and sampling, for example, are associated
with some or all of the following: (1) increased locomotor activity and
associated search costs (Baugh and Ryan, 2010a; Gall et al., 2019;
Rinktamäki et al., 1995), which have been linked to weakened female
preferences (Forsgren 1992; Milinski and Bakker, 1992) and elevated
GCs (Breuner et al., 1998; Sandi et al., 1996); (2) increased con-
spicuousness to predators and fear responses, which can weaken female
preferences (Baugh and Ryan, 2010b; Dill et al., 1999; Forsgren, 1992;
Willis et al., 2012), and elevate GCs (Cockrem and Silverin, 2002;
Vitousek et al., 2014; reviewed in Clinchy et al., 2013); and (3) reduced
food consumption and caloric deficits which can weaken female pre-
ferences (Hingle et al., 2001; Houston et al., 2007; Jönsson, 1997), and
have also been linked to elevated baseline GCs (Kriengwatana et al.,
2014). These environmental stressors are known to influence variation
in mate sampling and preferences in females, though there is little
empirical work directly connecting (experimentally or correlatively)
the GC status of females to their mate choice behavior.

Another reason to explore the relationship between GCs and female
mate choice behavior involves the physiological linkages between the
components of metabolic pathways involved in the HPA/I axis and the
behaviors that support reproductive efforts in females (Wingfield and
Sapolsky, 2003). For example, sexual reproduction is among the most
energetically demanding chapters in the life histories of female verte-
brates, wherein energy expenditures during the breeding season can be
an order of magnitude higher in females than males (Ryan et al., 1983).
As a consequence, peak reproductive readiness in females is often as-
sociated with naturally elevated GC levels. In anurans GCs decline
precipitously and rapidly following oviposition (Bastien et al., 2018;
Baugh et al., 2018; Gall et al., 2019), and a similar pattern is present in
mammals where a surge in GCs during parturition is essential for the
initiation and maintenance of labor (Thorburn et al., 1977). It is
therefore seemingly paradoxical that elevated GCs are often associated
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with reduced investment in current reproductive efforts (Angelier et al.,
2009; Horton and Holberton, 2009; Kitaysky et al., 2001; Schoenle
et al., 2017) and even inducing reproductive failure at surpraphysio-
logical levels (O’Connor et al., 2009; Silverin, 1986). Do elevated GCs
abolish, dampen or have no effect on female proceptivity as would be
predicted by the idea that the HPA/I axis is antagonistic to the HPG axis
(Bókony et al., 2009; Husak and Moore, 2008; Toufexis et al., 2014; but
see Wingfield and Sapolsky, 2003)? Perhaps more intriguing, is there
any empirical support for the idea that GCs modulate the expression of
intraspecific preferences in females and thus the strength of sexual se-
lection on male traits?

One challenge in this regard is that for many vertebrates, such as
songbirds and mammals, the energetic demands and role of GCs are
dominated by pre- and post-copulatory life history chapters, such as
migration, molt, nesting, incubation and provisioning (Bonier et al.,
2007; Wingfield, 2003; Wingfield et al., 2004). Because these activities
can be divorced from mate selection they complicate the study of GC-
mediated mate choice per se. Hence, an evaluation of GCs and female
mate choice in organisms with simpler breeding life histories and
tractable mate choice assays may be particularly useful. Anuran am-
phibians offer some important advantages in this regard. Generally,
many female anurans do not migrate or undergo a seasonal molt prior
to mate choice, do not build nests, and do not rear and provision al-
tricial offspring (Wells, 2007). A female’s willingness to copulate (re-
ceptivity), or the more common measure of willingness to select a mate
(proceptivity) as well as mate discrimination can be measured precisely
using phonotaxis tests which can experimentally isolate single male
display traits (Gerhardt, 1995). Moreover, such female choice behaviors
are highly replicable across years (Ryan, 2011; Ryan et al., 2019), do
not require gonadal hormone implants or even gonads in some cases
(Diakow et al., 1978), allow for unconfounded repeated measures, and
thus provide the opportunity to characterize female preferences at the
individual level (Baugh and Ryan, 2009; Gerhardt et al., 2000; Ryan
et al., 2019).

Further, for studies focused on the activational roles played by GCs,
we suggest that it is relevant to focus on both male signal traits and
female preference traits that are dynamic in nature—traits whose ex-
pression can be modulated across time scales relevant for GC action
(minutes to hours; Gasser et al., 2010; Sandi et al., 1997). For example,
female preferences for dynamic male vocal traits (e.g., temporal fea-
tures) are also dynamically expressed across brief time courses and can
vary within- and among-females (Baugh et al., 2010c). Such dynamic
decision making behavior is a measure of choosiness in females—in
other words, how females actually execute their mate choice pre-
ferences in real time.

1.2.1. Glucocorticoids and female sexual proceptivity
Elevated GCs in breeding females might suggest a lack of sensitivity

to HPA/I activity in the context of mate choice behavior. Indeed, a
recent study in Cope’s gray treefrogs (Hyla chrysoscelis) showed that
what is presumably a potent stressor (capture, handing and cardiac
puncture for blood sampling) did not suppress female sexual pro-
ceptivity (positive phonotaxis towards the playback of male calls); in
fact, 100% of females tested within minutes of this standardized
stressor exhibited robust and species-typical phonotaxis towards male
calls and subsequently resumed amplexus with mates and oviposited
(Gall et al., 2019). Their approach latencies, however, were approxi-
mately twice as long as control females, which is interpreted as an in-
dicator of dampened sexual motivation and has been shown to be state-
dependent (Baugh and Ryan, 2009, 2017). Consistent with this idea,
unmanipulated females that had naturally higher GC concentrations
also exhibited significantly slower approaches (Gall et al., 2019). This
same dampening effect of elevated GCs was observed in a study of mate
choice in female túngara frogs (Physalaemsus (=Engystomops) pustu-
losus), which also demonstrated slower approaches for females with
naturally elevated GCs (Fig. 1). In contrast to these findings, Davis and

Leary (2015) found no effect of circulating or experimentally elevated
GCs on female approach latencies in green treefrogs.

It is interesting to note that the positive correlations observed in P.
pustulosus frogs and H. chrysoscelis appear to be largely driven by fe-
males with the highest GC concentrations exhibiting the longest la-
tencies (Fig. 1). This might suggest a non-linearity in GC-motivation

Fig. 1. In female H. chrysoscelis there is a positive correlation between plasma
GCs and the latency to initiate phonotaxis (a) as well as to complete a mate
choice (b) (from Gall et al., 2019). Similarly, in female P. pustulosus there is a
positive correlation between water-borne GCs and the latency to complete mate
choice (c) (r = 0.76, p < 0.001, n = 18). Untransformed hormone con-
centrations are depicted and statistical analyses were performed on log10
transformed values, which did not change the significance of the effects.
Likewise, correcting for correlated levels of estradiol and omitting a statistical
outlier (in b) did not change the significance of the effects.
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relationships and help explain the lack of such an effect in the green
treefrog study which lacked outlier phenotypes. Together, these anuran
proceptivity studies are consistent with the broader literature on this
topic showing that, aside from supraphysiological levels (O’Connor
et al., 2009), elevated GCs generally do not inhibit sexual proceptivity
and underscores the idea that extreme endocrine phenotypes might be
particularly informative in terms of hormone-behavior relationships
(Williams, 2008). It is important to note that reproductively ready fe-
male anurans have a brief time horizon for securing a male mate, after
which point they oviposit and sacrifice their annual fitness (Bastien
et al., 2018; Gall et al., 2019; Lynch et al., 2005). Hence, the sensory-
motor systems underlying female mate choice behavior in anurans may
be buffered against the impact of seasonally elevated GCs (reviewed in
Wingfield and Sapolsky, 2003) to ensure mate acquisition and fertili-
zation of a maturing clutch.

Similar to work in frogs, a recent study in common lizards (Zootoca
vivipara) demonstrated that females that were administered exogenous
GCs were less likely to mate, exhibited more aggression towards po-
tential male partners and displayed less proceptive behavior toward
males (tongue extrusion and approaches) (Romero-Diaz et al., 2019).
Lizard and anuran studies thus indicate a dampening effect of elevated
GCs on female proceptivity, though they differ in that the lizard study
suggests exogenous GCs can lead to decreased copulation, not merely
slower approaches.

Work on anurans highlight the fact that hormone-behavior re-
lationships are rarely simple and one-dimensional. For example, though
individual female treefrogs with lower GC levels during reproductive
readiness (pre-oviposition state) expressed higher sexual proceptivity
(faster approaches), one day later (post-oviposition state) all females
exhibited substantially lower GC levels and yet were unanimously non-
proceptive (Gall et al., 2019). This suggests that GCs modulate sexual
proceptivity in a state-dependent manner (i.e., high GCs appear to
dampen sexual motivation only during peak sexual readiness), which in
this case coincides with peak gonadal steroid concentrations im-
mediately prior to oviposition (Bastien et al., 2018; Gall et al., 2019).
Therefore, as with male signalers and GCs, it is important that future
studies dissociate the contributions of other endocrine systems (Diakow
et al., 1978), especially gonadal steroids which can be positively cor-
related with GCs. Additionally, the modulating effect of GCs on beha-
vior could be non-linear (Hau and Goymann, 2015). For example,
moderate GC declines may elevate proceptivity but large declines may
abolish it. These hormonal dynamics are unstudied in the context of
mate choice.

1.2.2. Glucocorticoids and mate choice preferences in females
To our knowledge there are only a handful of studies that have

assessed, correlatively or experimentally, the effects of GCs on female
mating preferences. There is a deeper body of literature, however, on
the HPA axis and decision making in general, particularly in humans
(reviewed in Starcke and Brand, 2012). While the findings from these
human studies vary in terms of whether stress confers advantages or
disadvantages in human decision making performance, there appears to
be a common thread indicating that decision making under experiential
stressors with a GC correlate often leads subjects to make suboptimal
decisions, typically characterized by an overexploitation of current
options and more haphazard decision making compared to control
subjects (Keinan, 1987; Lenow et al., 2017). Interestingly, males and
females can differ in how decision making tradeoffs are resolved (van
den Bos et al., 2009), with some evidence that stress can induce dis-
assortative mating preferences in women (Lass-Hennemann et al.,
2010). These results suggest the importance of GCs in the cognitive
processes of decision making and we think such approaches could be
fruitfully imported in animal studies of decision making in a mate
choice context.

There have been a few correlative studies testing the effect of how
natural levels of GCs may modulate mate selection. For example, female

marine iguanas (Amblyrhynchus cristatus) with naturally higher plasma
GCs in response to a 30-min restraint stressor assessed fewer displaying
males, suggesting that a more reactive HPA axis may also be interfering
with mate sampling and decision making (Vitousek and Romero, 2013).
Similarly, a few recent studies in anurans measured naturally varying
levels of GCs in female gray treefrogs (H. versicolor, H. chrysoscelis)
during mate choice (Bastien et al.. 2018; Baugh et al., 2019; Gall et al.,
2019). In contrast to the marine iguanas, these studies showed that the
robust species-typical preferences for attractive male advertisement
signals (longer call durations; Gerhardt and Huber, 2002) were intact in
females with naturally elevated GCs and uncorrelated with circulating
or excreted GCs. Moreover, GC concentrations were unassociated with
the duration of mate sampling following dynamic alteration of male call
playback (a proxy for the thoroughness of sampling effort) (Bastien
et al., 2018). It appears that naturally varying levels of progesterone are
a better predictor of dynamic mate sampling in female H. versicolor.
Likewise, studies on H. chrysoscelis indicate that natural plasma GC
concentrations are not only unassociated with auditory behavior but
also not linked with the processing of male call frequencies in the
peripheral auditory system. That too appears to be modulated by a
gonadal steroid, estradiol in this case (Gall et al., 2019; Baugh et al.,
2019).

To our knowledge, there are only three studies to date that have
measured female mating proceptivity and preferences following ex-
perimental manipulation of GCs. In the first study, oestrus female mice
were administered exogenous corticosterone and subsequently tested
for male odor proceptivity using a y-maze olfactometer (Kavaliers and
Ossenkopp, 2001). Whereas control females exhibited robust interest in
male odors compared to blanks, GC-injected females showed a marked
dose-related decrease in this behavior. Specifically, females at an in-
termediate dose (5 mg kg−1) exhibited no proceptivity, while females
at a lower and higher GC dosage had intact but significantly attenuated
proceptivity compared to controls. These effects were present rapidly
after GC administration (10 min) and absent shortly thereafter
(60 min). The investigators further established that the GC-facilitated
decline in sexual proceptivity is likely mediated by NMDA and GABA
receptor mechanisms. These results suggest an inhibitory role for GCs
on female sexual motivation and underscore the transient nature of this
modulatory effect. Though this mouse study did not test for in-
traspecific preferences, we assume the ablation of a preference for male
odors compared to blanks would also translate into a lack of preference
among different male odors, though this remains to be tested. In the
second study, exogenous corticosterone was administered to re-
productively ready female green treefrogs (H. cinerea) at three different
dosages and tested in a phonotaxis chamber to assess preferences for
calls that varied in rate (Davis and Leary, 2015). Results revealed that
females receiving the highest dosages exhibited a reduced preference
for high call rates compared to control groups and lower dosage
treatment groups. This is a surprising behavioral effect given that the
preference for higher call rates in this species and many other acous-
tically communicating species is robustly present under normal condi-
tions (Gerhardt, 1987; Gerhardt and Huber, 2002). Reduced female
choosiness under conditions of elevated GCs may represent a 'making
the best of a bad situation' strategy. For example, elevated GCs could
favor reduced mate sampling because GCs negatively impact atten-
tional-cognitive processes that lead to haphazard and thrifty decision
making (Keinan, 1987; Lenow et al., 2017). This could be adaptive if
GCs reduce the physiological time horizon for viable gametes that
would otherwise go unfertilized (Bastien et al., 2018). Experimental
manipulations are needed in this area. The third study found that fe-
male lizards administered exogenous corticosterone did not differ from
control females in their mate choice preferences (familiar versus un-
familiar males), despite exhibiting reduced sexual proceptivity
(Romero-Diaz et al., 2019). Collectively, these studies emphasize the
importance of distinguishing GC effects on female sexual receptivity
versus mate choice preferences, which may be uncoupled
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mechanistically.

1.2.3. Summary and future research on GCs and female mate choice
The paucity of studies on this topic makes it clear that there is a

need for broader and deeper future research efforts. Taxonomically, we
currently have very shallow coverage, with no experimental tests of
GCs on female choice in birds or fishes. This is surprising given the
breadth of studies that independently evaluate GCs or sexual behavior
in songbirds. One methodological challenge in this regard is the ability
to assay songbird proceptivity and preference under physiologically
natural conditions (e.g., without the use of hormone implants; Nagle
et al., 1993), and yet manipulate the HPA axis without the added
stressor of handling. Methods to non-invasively introduce moderate,
rapid and transient elevations in GCs, as has been performed in other
contexts in songbirds (Breuner et al., 1998) and frogs (Hu et al., 2008),
would permit experimental studies that eliminate unwanted secondary
stressors and may aid in controlling for other hormone fluctuations that
are correlated with GCs over longer timeframes (e.g., gonadal steroids).
Similarly, methods to non-invasively measure the resulting endocrine
status of females could allow researchers to repeatedly sample female
proceptivity and mate choice across relevant time courses and a range
of contexts. This would permit, for example, the measurement of in-
dividual female preference functions (Gerhardt et al., 2000) and how
they may be modulated by circulating GCs, including how GCs might
impact the consistency (within-individual variance) of such female
preference functions, not merely mean effects. Such non-invasive
measurement methods are currently validated and available for aquatic
organisms such as amphibians (Bastien et al., 2018; Baugh et al., 2018;
Gabor et al., 2013; Narayan, 2013) and fishes (reviewed in Fischer
et al., 2014; Scott and Ellis, 2007).

These tools could be further combined with upstream manipulations
of the HPA axis, such as the use of secretagogues like ACTH and CRH, or
the experimental manipulation of negative feedback via synthetic GCs
such as dexamethasone—methods often used in the study of stress in
songbirds and other taxa in non-mate choice contexts (Baugh et al.,
2017b,c; Romero, 2004). Likewise, understanding the links between GC
receptor expression and HPA reactivity (Baugh et al., 2017b,c; de Kloet,
1991; Dickens et al., 2009) and its influence on mate choice would be
highly beneficial. For instance, despite decades of research on the
neural basis for the production and perception of song in oscines, and
despite the widespread distribution of GC receptors in brain regions
that control these critical sexual signaling processes (Senft et al., 2016),
little experimental effort has been focused on understanding how GCs
modulate neural function and behavior in either sex. Measurements of
binding globulins and their potential to buffer females from what
otherwise might be strong inhibitory effects of GCs could be a fruitful
avenue for future study, as would linkages between the HPA axis and
other fast-acting neuromodulators such as serotonin which are known
to influence female mate choice preferences (Zhang et al., 2013).

There is clearly a need to better characterize the temporal coupling
of GCs and traits important in sexual selection. For example, many of
the female sexual behavior-GC studies described earlier evaluated acute
stressors and generally showed a lack of any robust dampening of
sexual receptivity despite impacts on female preferences.
Activationally, we should expect a time lag (e.g., hours or days) for
behavioral consequences of elevated GCs given the genomic implica-
tions of GC action on classical cytosolic receptor systems. However, the
limited evidence points to quite rapid effects, potentially mediated
through non-genomic membrane-bound receptor systems (Orchinik and
McEwen, 1994), including rapid and transitory effects of elevated GCs
on receptivity in female mice (< 60 min; Kavaliers and Ossenkopp,
2001), female green treefrogs (< 100 min; Davis and Leary, 2015), and
male salamanders (< 8 min; Moore and Orchinik, 1991).

Lastly, we think there is immense scope for organizational studies of
GCs on the development of female sexual behavior. There is increasing
empirical support that exposure to stress and GCs during early life can

have profound and enduring behavioral effects in adults (Welberg and
Seckl, 2001; Woodgate et al., 2010; reviewed in Monaghan and
Haussmann, 2015). In theory, these lasting behavioral effects could
arise due to associated changes to brain regions involved in the endo-
crine regulation of the HPA axis function (Matthews et al., 2004;
Meaney et al., 2007; Spencer et al., 2009) and sexual behavior (Hu
et al., 2008; Marasco et al., 2016; Schmidt et al., 2013). Because GC-
behavior relationships, especially for higher level behavioral traits
(complex behavior suites), might be principally non-activational in
nature (Koolhaas et al., 2010), experimental tests of HPA/I program-
ming during early life and the consequences it has for sexually selected
traits in adults could provide valuable insights.

2. Conclusions and implication for GCs and sexual selection

Given the interest in understanding how variation in the endocrine
stress response evolves, and the agents of selection that potentially
shape it, it is imperative that we understand the role of GCs in sexual
selection. The study of GCs and sexual selection remains in its infancy,
particularly for intersexual selection. As with the study of sexual se-
lection at large, there are far more studies focused on the conspicuous
courtship signals of males than the mate choice behaviors of females.
Nonetheless, some general patterns do emerge. First, when we selec-
tively examine systems in which male courtship traits are dynamically
expressed (e.g., temporal properties of vocalizations and electric sig-
nals) and in which GCs have been experimentally manipulated, there is
a trend for elevated GCs to diminish the attractiveness of these signals.
For example, across all studies, female preference tests were performed
in 7 studies and all showed female preferences for males with low GCs
(Table 1), suggesting that mate choice by females may favor males with
low GC levels (see also Moore et al., 2016). However, whether this
translates into selection for low stress reactivity is a very different
question. For example, low stress reactivity is unlikely to represent the
only successful strategy, particularly when it is expected to decrease
survival because of its link to increased risk-taking behavior (Baugh
et al., 2017b), which would be especially costly for signalers apt to
produce conspicuous courtship displays in the presence of stressors
such as predation risk (Bernal et al., 2007; Dapper et al., 2011; Leary
et al., 2006; Leary and Crocker-Buta, 2018). We thus predict that sexual
selection favors diverse hormonal phenotypes and that these hormonal
phenotypes are, in many cases, represented by males with diverse re-
productive strategies (i.e., alternative mating tactics).

On the female receiver side, the small set of studies suggest a
moderate dampening effect of elevated GCs on female sexual pro-
ceptivity–even very high plasma GCs and potent stressors are often
ineffective at abolishing sexual proceptivity. Likewise, emerging evi-
dence suggests that elevated GCs may also attenuate species typical
preferences for attractive male traits. Whether there are general pat-
terns across species in the sensitivity of the sexes to GCs in sexual be-
havior is unknown. However, given the time-constrained fecundity of
females compared to males in many vertebrates, and the often elevated
levels of GCs at peak sexual readiness, we might assume that female
proceptivity is less sensitive to GC elevations (Wingfield and Sapolsky,
2003). These ideas will require further study, preferably in a system
where the behavioral task is the same for both sexes (e.g., Baugh and
Ryan, 2017) and will expand our understanding how GCs potentially
alter the strength of sexual selection on male traits.

Acknowledgements

We thank Breanna Harris and James Carr for inviting us to con-
tribute to this special volume and two anonymous referees that con-
tributed substantive feedback during revision.

C.J. Leary and A.T. Baugh General and Comparative Endocrinology 288 (2020) 113354

12



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygcen.2019.113354.

References

Adkins-Regan, E., 2005. Hormones and Animal Social Behavior. Princeton University
Press, Princeton, NJ, U.S.A.

Almasi, B., Jenni, L., Jenni-Eiermann, S., Roulin, A., 2010. Regulation of stress response is
heritable and functionally linked to melanin-based coloration. J. Evol. Biol. 23,
987–996.

Almasi, B., Roulin, A., Jenni-Eiermann, S., Jenni, L., 2008. Parental investment and its
sensitivity to corticosterone is linked to melanin-based coloration in barn owls. Horm.
Behav. 54, 217–223.

Andersson, M.B., 1994. Sexual Selection. Princeton University Press, Princeton, NJ.
Angelier, F., Clement-Chastel, C., Welcker, J., Gabrielsen, G.W., Chastel, O., 2009. How

does corticosterone affect parental behaviour and reproductive success? A study of
prolactin in black-legged kittiwakes. Funct. Ecol. 23, 784–793.

Barron, D.G., Webster, M.S., Schwabl, H., 2013. Body condition influences sexual signal
expression independent of circulating androgens in male red-backed fairy-wrens.
Gen. Comp. Endocrinol. 183, 38–43.

Barske, J., Schlinger, B.A., Wikelski, M., Fusani, L., 2011. Female choice for male motor
skills. Proc. Roy. Soc. Lond. B. 278, 3523–3528.

Bastien, B., Farley, G., Ge, F., Malin, J.S., Simon-Plumb, C.L., Pulley, D.M., Yang, C.,
Baugh, A.T., 2018. The waiting-mating game: condition dependent mate sampling in
female grey treefrogs (Hyla versicolor). Front. Ecol. Evol. 6, 140.

Baugh, A.T., Bastien, B., Still, M., Stowell, N., 2018. Validation of water-borne steroid
hormones in a tropical frog (Physalaemus pustulosus). Gen. Comp. Endocrinol. 261,
67–80.

Baugh, A.T., Bee, M., Gall, M., 2019. The paradox of hearing at the lek: auditory sensi-
tivity increases after breeding in female gray treefrogs (Hyla chrysoscelis). J. Comp
Physiol. A in press.

Baugh, A.T., Davidson, S.C., Hau, M., van Oers, K., 2017a. Temporal dynamics of the HPA
axis linked to exploratory behavior in a wild European songbird (Parus major). Gen.
Comp. Endocrinol. 250, 104–112.

Baugh, A.T., Ryan, M.J., 2009. Female túngara frogs vary in commitment to mate choice.
Behav. Ecol. 20, 1153–1159.

Baugh, A.T., Ryan, M.J., 2010a. The development of sexual behaviour in túngara frogs. J.
Comp. Psychol. 124, 66–80.

Baugh, A.T., Ryan, M.J., 2010b. Ambient light alters temporal updating behaviour during
mate choice in a Neotropical frog. Can. J. Zool. 88, 448–453.

Baugh, A.T., Ryan, M.J., 2010c. Mate choice in response to dynamic presentation of male
advertisement signals in túngara frogs. Anim. Behav. 79, 145–152.

Baugh, A.T., Ryan, M.J., 2017. Vasotocin induces sexually dimorphic effects on acousti-
cally-guided behavior in a tropical frog. J. Comp. Physiol. A. 203, 265–273.

Baugh, A.T., Schaper, S., Hau, M., Cockrem, J., de Goede, P., van Oers, K., 2012.
Corticosterone responses differ between lines of great tits (Parus major) selected for
divergent personalities. Gen. Comp. Endocrinol. 175, 488–494.

Baugh, A.T., Senft, R.A., Firke, M., Lauder, A., Schroeder, J., Meddle, S.L., van Oers, K.,
Hau, M., 2017b. Risk-averse personalities have a systemically potentiated neu-
roendocrine stress axis: a multilevel experiment in Parus major. Horm. Behav. 93,
99–108.

Baugh, A.T., Witonsky, K.R., Davidson, S.C., Hyder, L., Hau, M., van Oers, K., 2017c.
Novelty induces behavioral and glucocorticoid responses in a songbird (Parus major)
artificially selected for divergent personalities. Anim. Behav. 130, 221–231.

Bernal, X.E., Rand, A.S., Ryan, M.J., 2007. Sexual differences in the behavioral response
of túngara frogs, Physalaemus pustulosos, to cues associated with increased predation
risk. Ethology 113, 755–763.

Blas, J., Bortolotti, G.R., Tella, J.L., Baos, R., Marchant, T.A., 2007. Stress response during
development predicts fitness in a wild, long lived vertebrate. Proc. Nat. Acad. Sci.
104, 8880–8884.

Bókony, V., Lendvai, A.Z., Liker, A., Angelier, F., Wingfield, J.C., Chastel, O., 2009. Stress
response and the value of reproduction: are birds prudent parents? Am. Nat. 173,
589–598.

Bonier, F., Martin, P.R., Jensen, J.P., Butler, L.K., Ramenofsky, M., Wingfield, J.C., 2007.
Pre-migratory life history stages of juvenile arctic birds: costs, constraints and trade-
offs. Ecology 88, 2729–2735.

Bonier, F., Martin, P.R., Moore, I.T., Wingfield, J.C., 2009. Do baseline glucocorticoids
predict fitness? Trends Ecol. Evol. 24, 634–642.

Bonier, F., Martin, P.R., 2016. How can we estimate natural selection on endocrine traits?
Lessons from evolutionary biology. Proc. R. Soc. B 283, 20161887.

Bortolotti, G.R., Mougeot, F., Martinez-Padilla, J., Webster, L.M.I., Piertney, S.B., 2009.
Physiological stress mediates the honesty of social signals. PLoS One 4, e4983.

Breuner, C.W., Orchinik, M., 2002. Plasma binding proteins as mediators of corticosteroid
action in vertebrates. J. Endocrinol. 175, 99–112.

Breuner, C.W., Patterson, S.H., Hahn, T.P., 2008. In search of relationships between the
acute adrenocortical response and fitness. Gen. Comp. Endocrinol. 157, 288–295.

Breuner, C.W., Greenberg, A.L., Wingfield, J.C., 1998. Noninvasive corticosterone treat-
ment rapidly increases activity in Gambel’s white-crowned sparrows. Gen. Comp.
Endocrinol. 111, 386–394.

Buchanan, K.L., 2000. Stress and the evolution of condition dependent signals. Trends
Ecol. Evol. 15, 157–160.

Buchanan, K.L., Leitner, S., Spencer, K.A., Goldsmith, A.R., Catchpole, K.A., 2004.

Developmental stress selectively affects the song control nucleus HVC in the zebra
finch. Proc. R. Soc. London B Biol. Sci. 271, 2381–2386.

Buchanan, K.L., Spencer, K.A., Goldsmith, A.R., Catchpole, C.K., 2003. Song as an honest
signal of past developmental stress in the European starling (Sturnus vulgaris). Proc. R.
Soc. Lond. B Biol. Sci. 270, 1149–2115.

Buchanan, K.L., Mariette, M.M., Crino, O.L., 2016. Stress and sexual traits: why are there
no clear relationships? A comment on Moore et al.. Behav. Ecol. 27, 374.

Calisi, R.M., Hews, D.K., 2007. Steroid correlates of multiple color traits in the spiny
lizard, Sceloporus pyrocephalus. J. Comp. Physiol. B 177, 641–654.

Chand, D., Lovejoy, D.A., 2011. Stress and reproduction: controversies and challenges.
Gen. Comp. Endocrinol. 171, 253–257.

Clinchy, M., Sheriff, M.J., Zanette, L.Y., 2013. Predator-induced stress and the ecology of
fear. Func. Ecol. 27, 56–65.

Clutton-Brock, T.H., 1988. Reproductive success. In: Clutton-Brock, T.H. (Ed.),
Reproductive Success: Studies of Individual variation in Contrasting Breeding
Systems. University of Chicago Press, Chicago (IL), pp. 472–485.

Cockrem, J.F., Silverin, B., 2002. Sight of a predator can stimulate a corticosterone re-
sponse in the great tit (Parus major). Gen. Comp. Endocrinol. 125, 248–255.

Coleman, S.W., Patricelli, G.L., Borgia, G., 2004. Variable female preferences drive
complex male displays. Nature 428, 742–745.

Cote, J., Meylan, S., Clobert, J., Voituron, Y., 2010. Carotenoid-based coloration, oxida-
tive stress and corticosterone in common lizards. J. Exp. Biol. 213, 2116–2124.

Cotton, S., Small, J., Pomiankowski, A., 2006. Sexual selection and condition-dependent
mate preferences. Curr. Biol. 16, R755–R765.

Creel, S., 2001. Social dominance and stress hormones. Trends Ecol. Evol. 16, 491–497.
Creel, S., Dantzer, B., Goymann, W., Rubenstein, D.R., 2013. The ecology of stress: effects

of the social environment. Func. Ecol. 27, 66–80.
Crino, O.L., Breuner, C.W., 2015. Developmental stress: evidence for positive phenotypic

and fitness effects in birds. J. Ornithol. 156, 389–398.
Crocker-Buta, S., Leary, C.J., 2018. Hormonal and social correlates of courtship signal

quality and behavior in male green treefrogs. Anim. Behav. 146, 13–22.
Crocker-Buta, S., Leary, C.J., 2018b. Bidirectionality of hormone-behavior relationships

and satellite-caller dynamics in green treefrogs. Behav. Ecol. 29, 948–957.
Dapper, A.L., Baugh, A.T., Ryan, M.J., 2011. The sounds of silence as an alarm cue in

túngara frogs. Biotropica 43, 380–385.
Davis, A.G., Leary, C.J., 2015. Elevated stress hormone diminishes the strength of female

preferences for acoustic signals in the green treefrog. Horm. Behav. 69, 119–122.
de Assis, V.R., de Navas, C.A., Mendonca, M.T., Gomes, F.R., 2012. Vocal and territorial

behavior in the Smith frog (Hypsiboas faber): relationships with plasma levels of
corticosterone and testosterone. Comp. Biochem. Physiol. A. 163, 265–271.

de Kloet, E.R., 1991. Brain corticosteroid receptor balance and homeostatic control.
Front. Neuroendocrinol. 12, 95–164.

Diakow, C., Wilcox, J.N., Woltmann, R., 1978. Female frog reproductive behavior elicited
in the absence of the ovaries. Horm. Behav. 11, 183–189.

Dickens, M., Romero, L.M., Cyr, N.E., Dunn, I.C., Meddle, S.L., 2009. Chronic stress alters
glucocorticoid receptor and mineralocorticoid receptor mRNA expression in the
European starling (Sturnus vulgaris) brain. J. Neuroendocrinol. 21, 832–840.

Dill, L.M., Hedrick, A.V., Fraser, A., 1999. Male sampling strategies under predation risk:
do females call the shots? Behav. Ecol. 10, 452–461.

Douglas III, H.D., Kitaysky, A.S., Kitaiskaia, E.V., Maccomick, A., Kelly, A., 2009. Size of
ornament is negatively correlated with baseline corticosterone in males of a socially
monogamous colonial seabird. J. Comp. Physiol. B 179, 297–304.

Ducrest, A.L., Keller, L., Roulin, A., 2008. Pleiotropy in the melanocortin system, col-
oration and behavioural syndromes. Trends Ecol. Evol. 23, 502–510.

Earley, R.L., Hsu, Y., 2008. Reciprocity between endocrine state and contest behavior in
the killifish, Kryptolebias marmoratus. Horm. Behav. 53, 442–451.

Edler, A.V., Friedl, T.W.P., 2010. Individual quality and carotenoid-based plumage or-
naments in male red bishops (Euplectes orix): plumage is not all that counts. Biol. J.
Linn. Soc. 99, 384–397.

Emerson, S.B., 2001. Anuran communication In: Male Advertisement Calls: Behavioral
Variation and Physiological Responses. Smithsonian Institution Press, Washington,
DC, pp. 36–44.

Emerson, S.B., Hess, D.L., 2001. Glucocorticoids, androgens, testis mass, and the en-
ergetics of vocalization in breeding male frogs. Horm. Behav. 39, 59–69.

Emlen, S.T., Oring, L.W., 1977. Ecology, sexual selection, and the evolution of mating
systems. Science 197, 215–223.

Evans, M.R., Roberts, M.L., Buchanan, K.L., Goldsmith, A.R., 2006. Heritability of corti-
costerone responses and changes in life history traits during selection in the zebra
finch. J. Evol. Biol. 19, 343–352.

Fischer, E.K., Harris, R.M., Hofmann, H.A., Hoke, K.L., 2014. Predator exposure alters
stress physiology in guppies across timescales. Horm. Behav.. 65, 165–172.

Fitze, P.S., Cote, J., San-Jose, L.M., Meylan, S., Isaksson, C., Andersson, S., Rossi, J.M.,
Clobert, J., 2009. Carotenoid-based colours reflect the stress response in the common
lizard. PLoS ONE 4, e5111.

Forsgren, E., 1992. Predation risk affects mate choice in a gobiid fish. Am. Nat. 140,
1041–1049.

Gabor, C.R., Bosch, J., Fries, J.N., Davis, D.R., 2013. A non-invasive water-borne hormone
assay for amphibians. Amphibia-Reptilia 34, 151–162.

Gall, M., Bee, M., Baugh, A.T., 2019. The difference a day makes: breeding remodels
hearing, hormones and behavior in female Cope’s gray treefrogs (Hyla chrysoscelis).
Horm. Behav. 108, 62–72.

Garamszegi, L.Z., 2016. When limited availability of data meets with a thorough meta-
analysis: a comment on Moore et al. Behav. Ecol. 27, 375.

Garamszegi, L.Z., Merino, S., Török, J., Eens, M., Martìnez, J., 2006. Indicators of phy-
siological stress and the elaboration of sexual traits in the collared flycatcher. Behav.
Ecol. 17, 399–404.

C.J. Leary and A.T. Baugh General and Comparative Endocrinology 288 (2020) 113354

13

https://doi.org/10.1016/j.ygcen.2019.113354
https://doi.org/10.1016/j.ygcen.2019.113354
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0005
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0005
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0010
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0010
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0010
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0015
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0015
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0015
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0020
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0025
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0025
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0025
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0035
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0035
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0045
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0045
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0045
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0050
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0050
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0050
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0055
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0055
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0055
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0060
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0060
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0065
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0065
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0070
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0070
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0075
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0075
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0080
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0080
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0085
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0085
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0085
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0095
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0095
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0095
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0100
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0100
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0100
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0105
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0105
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0105
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0110
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0110
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0110
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0115
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0115
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0115
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0120
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0120
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0125
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0125
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0130
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0130
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0135
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0135
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0140
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0140
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0145
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0145
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0145
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0150
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0150
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0155
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0155
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0155
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0160
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0160
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0160
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0165
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0165
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0170
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0170
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0175
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0175
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0180
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0180
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0185
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0185
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0185
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0190
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0190
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0195
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0195
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0200
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0200
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0205
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0205
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0210
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0215
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0215
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0220
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0220
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0225
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0225
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0230
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0230
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0235
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0235
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0240
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0240
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0245
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0245
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0245
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0250
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0250
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0255
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0255
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0260
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0260
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0260
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0265
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0265
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0270
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0270
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0270
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0275
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0275
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0280
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0280
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0285
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0285
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0285
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0290
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0290
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0290
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0295
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0295
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0300
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0300
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0305
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0305
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0305
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0310
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0310
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0315
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0315
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0315
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0320
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0320
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0325
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0325
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0330
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0330
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0330
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0335
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0335
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0340
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0340
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0340


Gasser, P.J., Lowry, C.A., Orchinik, M., 2010. Rapid corticosteroid actions on behavior:
mechanisms and implications. In: Hormones, Brain and Behavior Online. Elsevier
Inc., pp. 1365–1397.

Gavassa, S., Goldina, A., Silva, A.C., Stoddard, P.K., 2013. Behavioral ecology, en-
docrinology and signal reliability of electric communication. J. Exper. Biol. 216,
2403–2411.

Gavassa, S., Stoddard, P.K., 2012. Food restriction promotes signaling effort in response
to social challenge in a short-lived electric fish. Horm. Behav. 62, 381–388.

Gerhardt, H.C., 1987. Evolutionary and neurobiological implications of selective pho-
notaxis in the green treefrog, Hyla cinerea. Anim. Behav. 35, 1479–1489.

Gerhardt, H.C., 1995. Phonotaxis in female frogs and toads: execution and design of
experiments. Methods in Comparative Psychoacoustics. In: Klump, G.M., Dooling, R.
J., Fay, R.R., Stebbins, W.C. (eds.) pp. 209–220.

Gerhardt, H.C., Huber, F., 2002. Acoustic Communication in Insects and Anurans.
University of Chicago Press, Chicago.

Gerhardt, H.C., Tanner, S.D., Corrigan, C.M., Walton, H.C., 2000. Female preference
functions based on call duration in the gray tree frog (Hyla versicolor). Behav. Ecol.
11, 663–669.

Gonzalez-Jimena, V., Fitze, P.S., 2012. Blood corticosterone levels and intersexual se-
lection games: best-of-bad-job strastgies of male common lizards. Behav. Ecol.
Sociobiol. 66, 305–315.

Goymann, W., Wingfield, J.C., 2004. Allostatic load, social stress and stress hormones: the
costs of social stress matter. Anim. Behav. 67, 591–602.

Greenberg, N., Crews, D., 1990. Endocrine and behavioral responses to aggression and
social dominance in the green anole lizard, Anolis carolinensis. Gen. Comp.
Endocrinol. 77, 246–255.

Greenberg, N., Wingfield, J.C., 1987. Stress and reproduction: reciprocal relationships. In:
Norris, D.O., Jones, R.E. (Eds.), Hormones and Reproduction in Fishes, Amphibians
and Reptiles. Plenum, New York, pp. 461–489.

Grunst, M.L., Grunst, A.S., 2014. Song complexity, song rate, and variation in the adre-
nocortical stress response in song sparrows (Melospiza melodia). Gen. Comp.
Endocrinol. 200, 67–76.

Harris, B.N., Carr, J.A., 2016. The role of the hypothalamus-pituitary-adrenal/interrenal
axis in mediating predator-avoidance trade-offs. Gen. Comp. Endocrinol. 230–231,
110–142.

Hau, M., Casagrande, S., Ouyang, J.Q., Baugh, A.T., 2016. Glucocorticoid-mediated
phenotypes in vertebrates: multilevel variation and evolution. In: Naguib, M., Mitani,
J.C., Simmons, L.W., Barrett, L., Healy, S., Zuk, M., (eds.), Advances in the Study of
Behavior. pp. 41–115.

Hau, M., Goymann, W., 2015. Endocrine mechanisms, behavioral phenotypes and plas-
ticity:known relationships and open questions. Front. Zool. 12 (Suppl. 1) S7.

Hingle, A., Fowler, K., Pomiankowski, A., 2001. The effect of food stress on female mate
preference in the stalk-eyed fly Cyrtodiopsis dalmanni. Proc. R. Soc. B 268,
1239–1244.

Henderson, L.J., Heidinger, B.J., Evans, N.P., Arnold, K.E., 2013. Ultraviolet crown col-
oration in female blue tits predicts reproductive success and baseline corticosterone.
Behav. Ecol. 24, 1299–1305.

Henschen, A.E., Whittingham, L.A., Dunn, P.O., 2018. Male stress response is related to
ornamentation but not resistance to oxidative stress in a warbler. Func. Ecol. 32,
1810–1818.

Hogan, B.G., Staddard, M.C., 2018. Synchronization of speed, sound and iridescent color
in a hummingbird aerial courtship dive. Nat. Comm. 9, 5260.

Horton, B.M., Holberton, R.L., 2009. Corticosterone manipulations alter morphspecific
nestling provisioning behavior in male white-throated sparrows, Zonotrichia albicollis.
Horm. Behav. 56, 510–518.

Houston, A.I., Stephens, P.A., Boyd, I.L., Harding, K.C., McNamara, J.M., 2007. Capital or
income breeding? A theoretical model of female reproductive strategies. Behav. Ecol.
18, 241–250.

Hu, F., Crespi, E.J., Denver, R.J., 2008. Programming neuroendocrine stress axis activity
by exposure to glucocorticoids during postembryonic development of the frog,
Xenopus laevis. Endocrinology 149, 5470–5481.

Hunt, J., Brooks, R., Jennions, M.D., 2005. Female mate choice as a condition-dependent
life-history trait. Am. Nat. 166, 79–92.

Husak, J.F., Moore, I.T., 2008. Stress hormones and mate choice. Trends Ecol. Evol. 23,
532–534.

Husak, J.F., Irschick, D.J., Meyers, J.J., Lailvaux, S.P., Moore, I.T., 2007. Hormones,
sexual signals, and performance of green anole lizards (Anolis carolinensis). Horm.
Behav. 52, 360–367.

Hsu, Y., Earley, R.L., Wolf, L.L., 2006. Modulation of aggressive behaviour by fighting
experience: mechanisms and contest outcomes. Biol. Rev. 81, 33–74.

Janicke, T., Morrow, E.H., 2018. Operational sex ratio predicts the opportunity and di-
rection of sexual selection across animals. Ecol. Lett. 21, 384–391.

Jenkins, B.R., Vitousek, M.N., Safran, R.J., 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.

Jennings, D.H., Moore, M.C., Knapp, R., Matthews, L., Orchinik, M., 2000. Plasma steroid-
binding globulin mediation of differences in stress reactivity in alternative male
phenotypes in tree lizards, Urosaurus ornatus. Gen. Comp. Endocrinol. 120, 289–299.

Jennions, M.D., Petrie, M., 1997. Variation in mate choice and mating preferences: a
review of causes and consequences. Biol. Rev. 72, 283–327.

Joels, M., 1997. Steroid hormones and excitability in the mammalian brain. Front.
Neuroendocrinol. 18, 2–48.

Jönsson, K.I., 1997. Capital and income breeding as an alternative tactics of resource use
in reproduction. Oikos 78, 57–66.

Joshi, A.M., Narayan, E.J., Gramapurohit, N.P., 2017. Interrelationship among steroid

hormones, energetic and vocalization in the Bombay night frog (Nyctibactrachus hu-
mayuni). Gen. Comp. Endocrinol. 246, 142–149.

Kavaliers, M., Ossenkopp, K.P., 2001. Corticosterone rapidly reduces male odor pre-
ferences in female mice. NeuroReport 12, 2999–3002.

Keinan, G., 1987. Decision making under stress: scanning of alternatives under con-
trollable and uncontrollable threats. J. Person. Soc. Psychol. 52, 639–644.

Kennedy, E.A., Lattin, C.R., Romero, L.M., Dearborn, D.C., 2013. Feather coloration in
museum specimens is related to feather corticosterone. Behav. Ecol. Sociobiol. 67,
341–348.

Kitaysky, A.S., Wingfield, J.C., Piatt, J.F., 2001. Corticosterone facilitates begging and
affects resource allocation in the black-legged kittiwake. Behav. Ecol. 12, 619–625.

Koolhaas, J.M., de Boer, S.F., Coppens, C.M., Buwalda, B., 2010. Neuroendocrinology of
coping styles: towards understanding the biology of individual variation. Front.
Neuroendocrinol. 31, 307–321.

Kotrschal, K., Hirschenhauser, K., Möstl, E., 1998. The relationship between social stress
and dominance is seasonal in greylag geese. Anim. Behav. 55, 171–176.

Kriengwatana, B., Wada, H., Schmidt, K.L., Taves, M.D., Soma, K.K., MacDougall-
Shackleton, S.A., 2014. Effects of nutritional stress during different developmental
periods on song and the hypothalamic-pituitary-adrenal axis in zebra finches. Horm.
Behav. 65, 285–293.

Lancaster, L.T., Hazard, L.C., Clobert, J., Sinervo, B.R., 2008. Corticosterone manipula-
tion reveals differences in hierarchical organization of multidimensional reproductive
trade-offs in r-strategist and K-strategist females. J. Evol. Biol. 21, 556–565.

Lanctot, R.B., Hatch, S.A., Gill, V.A., Eens, M., 2003. Are corticosterone levels a good
indicator of food availability and reproductive performance in a kittiwake colony?
Horm. Behav. 43, 489–502.

Lass-Hennemann, J., Deuter, C.E., Kuehl, L.K., Schulz, A., Blumenthal, T.D., Schachinger,
H., 2010. Effects of stress on human mating preferences: stressed individuals prefer
dissimilar mates. Proc. Biol. Sci. 277, 2175–2183.

Laugero, K.D., 2001. A new perspective on glucocorticoid feedback: relation to stress,
carbohydrate feeding and feeling better. J. Neuroendocrinol. 13, 827–835.

Laubach, Z.M., Blumstein, D.T., Romero, L.M., Sampson, G., Foufopoulos, J., 2013. Are
white-crowned sparrow badges reliable signals? Behav. Ecol. Sociobiol. 67, 481–492.

Leary, C.J., 2016. Is stress sexy?: a comment on Moore et al. Behav. Ecol. 27, 373–374.
Leary, C.J., Knapp, R., 2014. The stress of elaborate male traits: integrating glucocorti-

coids with androgen-based models of sexual selection. Anim. Behav. 89, 85–92.
Leary, C.J., Crocker-Buta, S., 2018. Rapid effects of elevated stress hormones on male

courtship signals suggest a major role for the acute stress response in intra- and in-
tersexual selection. Func. Ecol. 32, 1214–1226.

Leary, C.J., Lippincott, J., Harris, S., Hawkins, D.L., 2015. A test of the Energetics-
Hormone Vocalization model in the green treefrog. Gen. Comp. Endocrinol. 213,
32–39.

Leary, C.J., 2014. Close-range vocal signals elicit a stress response in male green treefrogs:
resolution of an androgen-based conflict. Anim. Behav. 96, 39–48.

Leary, C.J., Harris, S., 2013. Steroid hormone levels in calling males and males practicing
alternative non-calling mating tactics in the green treefrog, Hyla cinerea. Horm.
Behav. 63, 20–24.

Leary, C.J., Garcia, A.M., Knapp, R., Hawkins, D.L., 2008. Relationships among steroid
hormone levels, vocal effort and body condition in an explosive-breeding toad. Anim.
Behav. 76, 175–185.

Leary, C.J., Garcia, A.M., Knapp, R., 2006. Stress hormone is implicated in satellite-caller
associations and sexual selection in the Great Plains toad. Am. Nat. 168, 431–440.

Leary, C.J., Jessop, T.S., Garcia, A.M., 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.

Lenow, J.K., Constantino, S.M., Daw, N.D., Phelps, E.A., 2017. Chronic and acute stress
promote overexploitation in serial decision making. J. Neurosci. 37, 5681–5689.

Lendvai, A.Z., Giraudeau, M., Nemeth, J., Bako, V., McGraw, K.J., 2013. Carotenoid-
based plumage coloration reflects feather corticosterone levels in male house finches
(Haemorhous mexicanus). Behav. Ecol. Sociobiol. 67, 1817–1824.

Lindsey, W.R., Wapstra, E., Silverin, B., Olsson, M., 2016. Corticosterone: a costly med-
iator of signal honesty in sand lizards. Ecol. Evol. 6, 7451–7461.

Lobato, E., Moreno, J., Merino, S., Morales, J., Tomas, G., Martinez, J., Vasquez, R.A.,
Kuchar, A., Mostl, E., Osorno, J.L., 2010. Arrival date and territorial behavior are
associated with corticosterone metabolite levels in a migratory songbird. J. Ornithol.
151, 587–597.

Lynch, K.S., Rand, A.S., Ryan, M.J., Wilczynski, W., 2005. Plasticity in female mate choice
associated with changing reproductive states. Anim. Behav. 69, 689–699.

MacDougall-Shackleton, S.A., Dindia, L., Newman, A., Potvin, D., Stewart, K.,
MacDougall-Shackleton, E.A., 2009. Stress, song and survival in sparrows. Biol. Lett.
5, 746–748.

Macleod, K.J., McCormick, G.L., Langkilde, T., 2019. Glucocorticoids do not influence a
secondary sexual trait or its behavioral expression in eastern fence lizards. Sci. Rep. 9,
5229.

Maney, D.L., Davis, A.K., Goode, C.T., 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.

Marasco, V., Herzyk, P., Robinson, J., Spencer, K.A., 2016. Pre- and post-natal stress
programming: developmental exposure to glucocorticoids causes long-term brain-
region specific changes to transcriptome in the precocial Japanese quail. J.
Neuroendocrinol. 28. https://doi.org/10.1111/jne.12387.

Matthews, S.G., Owen, D., Kalabis, G., Banjanin, S., Setiawan, E.B., Dunn, E.A., Andrews,
M.H., 2004. Fetal glucocorticoid exposure and hypothalamo-pituitary-adrenal (HPA)
function after birth. Endocrin. Res. 30, 827–836.

McGlothlin, J.W., Ketterson, E.D., 2008. Hormone-mediated suites as adaptations and
evolutionary constraints. Philos. Trans. R. Soc. London B 363, 1611–1620.

C.J. Leary and A.T. Baugh General and Comparative Endocrinology 288 (2020) 113354

14

http://refhub.elsevier.com/S0016-6480(19)30339-9/h0345
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0345
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0345
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0350
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0350
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0350
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0355
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0355
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0360
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0360
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0370
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0370
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0375
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0375
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0375
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0380
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0380
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0380
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0385
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0385
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0390
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0390
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0390
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0395
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0395
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0395
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0400
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0400
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0400
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0405
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0405
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0405
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0415
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0415
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0420
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0420
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0420
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0425
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0425
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0425
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0430
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0430
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0430
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0435
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0435
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0440
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0440
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0440
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0445
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0445
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0445
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0450
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0450
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0450
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0455
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0455
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0460
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0460
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0465
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0465
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0465
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0470
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0470
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0475
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0475
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0480
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0480
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0480
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0480
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0485
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0485
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0485
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0490
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0490
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0495
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0495
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0500
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0500
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0505
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0505
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0505
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0510
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0510
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0515
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0515
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0520
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0520
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0520
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0525
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0525
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0530
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0530
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0530
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0535
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0535
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0540
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0540
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0540
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0540
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0545
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0545
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0545
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0550
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0550
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0550
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0555
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0555
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0555
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0560
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0560
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0565
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0565
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0570
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0575
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0575
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0580
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0580
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0580
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0585
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0585
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0585
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0590
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0590
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0595
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0595
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0595
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0600
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0600
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0600
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0605
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0605
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0610
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0610
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0610
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0615
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0615
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0620
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0620
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0620
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0625
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0625
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0630
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0630
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0630
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0630
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0635
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0635
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0640
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0640
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0640
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0645
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0645
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0645
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0650
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0650
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0650
https://doi.org/10.1111/jne.12387
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0660
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0660
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0660
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0665
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0665


McGraw, K.J., Lee, K., Lewin, A., 2011. The effect of capture-and-handling stress on
carotenoid-based beak coloration in zebra finches. J. Comp Physiol. A Neuroethol.
Sens. Neural Behav. Physiol. 197, 683–691.

McKinnon, J.S., Pierotti, M.E., 2010. Colour polymorphism and correlated characters:
genetic mechanisms and evolution. Mol. Ecol. 19, 5101–5125.

Meaney, M.J., Szyf, M., Seckl, J.R., 2007. Epigenetic mechanisms of perinatal program-
ming of hypothalamic-pituitary-adrenal function and health. Trends Mol. Med. 13,
269–277.

Merrill, L., Levinson, S.D., O’Loghlen, A.L., Wingfield, J.C., Rothstein, S.I., 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, A.L., Wingfield, J.C., Rothstein, S.I., 2013. Linking a status signal
to current condition: song repertoire-size, corticosterone, and immunity in the
brown-headed cowbird. Condor. 115, 434–441.

Milinski, M., Bakker, T.C., 1992. Costs influence sequential mate choice in sticklebacks,
Gasterosteus aculeatus. Proc. Roy. Soc. London 250, 229–233.

Monaghan, P., Haussmann, M.F., 2015. The positive and negative consequences of
stressors during early life. Early Hum. Dev. 91, 643–647.

Moore, F.L., Orchinik, M., 1991. Multiple molecular actions for steroids in regulation of
reproductive behaviors. Semin. Neurosci. 3, 489–496.

Moore, F.L., Rose, J.D., 2002. Sensorimotor processing model: how vasotocin and corti-
costerone interact and control reproductive behaviors in an amphibian. In: Pfaff,
D.W., Arnold, A.P., Etgen, A.M., Fahrbach, S.E., Rubin, R.T. (Eds.), Hormones, Brain,
and Behavior. Academic Press, San Diego (CA), pp. 515–544.

Moore, F.L., Miller, L.J., 1984. Stress-induced inhibition of sexual behavior: corticos-
terone inhibits courtship behaviors of male amphibian. Horm. Behav. 18, 400–410.

Moore, F.R., Shuker, D.M., Dougherty, L., 2016. Stress and sexual signaling: a systematic
review and meta-analysis. Behav. Ecol. 27, 363–371.

Moore, F.R., Al Dujaili, E.A.S., Cornwell, R.E., Law Smith, M.J., Lawson, J.F., Sharp, M.,
Perrett, D.I., 2011. Cues to sex- and stress-hormones in the human male face: func-
tions of GCs in the immunocompetence handicap hypothesis. Horm. Behav. 60,
269–274.

Moore, M.C., Hews, D.K., Knapp, R., 1998. Hormonal control and evolution of alternative
male phenotypes: generalizations of models for sexual differentiation. Amer. Zool.
38, 133–151.

Mougeot, F., Martinez-Padilla, J., Bortolotti, G.R., Webster, L.M.I., Piertney, S.B., 2010.
Physiological stress links parasites to carotenoid-based colour signals. J. Evol. Biol.
23, 643–650.

Nagle, L., Kreutzer, M., Vallet, E.M., 1993. Obtaining copulation solicitation displays in
female canaries without estradiol implants. Cell. Mol. Life Sci. 49, 1022–1023.

Narayan, E.J., 2013. Non-invasive reproductive and stress endocrinology in amphibian
conservation physiology. Conserv. Physiol. 1, 2013.

Nonacs, P., Hager, R., 2011. The past, present and future of reproductive skew theory and
experiments. Biol. Rev. 86, 271–298.

Nowicki, S., Peters, S., Podos, J., 1998. Song learning, early nutrition and sexual selection
in songbirds. Am. Zool. 38, 179–190.

O’Connor, C.M., Gilmour, K.M., Arlinghaus, R., Van Der Kraak, G., Cooke, S.J., 2009.
Stress and parental care in a wild teleost fish: insights from exogenous supraphy-
siological cortisol implants. Physiol. Biochem. Zool. 82, 709–719.

Orchinik, M., McEwen, B.S., 1994. Rapid steroid actions in the brain: a critique of
genomic and nongenomic mechanisms. In: Wehling, M. (Ed.), Genomic and non-
genomic effects of aldosterone, CRC Series on Pharmacology and Toxicology. Boca
Raton, FL, pp. 77–108.

Parker, T.H., Knapp, R., Rosenfield, J.A., 2002. Social mediation of sexually selected
ornamentation and steroid hormone levels in male junglefowl. Anim. Behav. 64,
291–298.

Patterson, S.H., Hahn, T.P., Cornelius, J.M., Breuner, C.W., 2014. Natural selection and
glucocorticoid physiology. J. Evol. Biol. 27, 259–274.

Perez, E.C., Elie, J.E., Soulage, C.O., Soula, H.A., Mathevon, N., Vignal, C., 2012. The
acoustic expression of stress in a songbird: does corticosterone drive isolation-in-
duced modifications of zebra finch calls? Horm. Behav. 61, 573–581.

Pottinger, T.G., Carrick, T.R., 2001. Stress responsiveness affects dominant-subordinate
relationships in rainbow trout. Horm. Behav. 40, 419–427.

Rantala, M.J., Moore, F.R., 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.

Remage-Healey, L., Bass, A.H., 2004. Rapid, hierarchical modulation of vocal patterning
by steroid hormones. J. Neurosci. 24, 5892–5900.

Remage-Healey, L., Bass, A.H., 2006a. A rapid, neuromodulatory role for steroid hor-
mones in the control of reproductive behavior. Brain Res. 1126, 27–35.

Remage-Healey, L., Bass, A.H., 2006b. From social behavior to neural circuitry: steroid
hormones rapidly modulate advertisement calling via a vocal pattern generator.
Horm. Behav. 50, 432–441.

Remage-Healey, L., Bass, A.H., 2007. Plasticity in brain sexuality is revealed by the rapid
actions of steroid hormones. J. Neurosci. 27, 1114–1122.

Ricklefs, R.E., Wikelski, M., 2002. The physiology/life-history nexus. Trends Ecol. Evol.
17, 462–468.

Rinktamäki, P.T., Alatalo, R.V., Höglund, J., Lundberg, A., 1995. Mate sampling behavior
of black grouse females (Tetrao tetrix). Behav. Ecol. Sociobiol. 37, 209–215.

Roberts, M.L., Buchanan, K.L., Bennett, A.T.D., Evans, M.R., 2007a. Mate choice in zebra
finches: does corticosterone play a role? Anim. Behav. 74, 921–929.

Roberts, M.L., Buchanan, K.L., Hasselquist, D., Bennett, A.T., Evans, M.R., 2007b.
Physiological, morphological and behavioural effects of selecting zebra finches for
divergent levels of corticosterone. J. Exp. Biol. 210, 4368–4378.

Romero, L.M., 2002. Seasonal changes in plasma glucocorticoid concentrations in free
living vertebrates. Gen. Comp. Endocrinol. 128, 1–24.

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research.
Trends Ecol. Evol. 19, 249–255.

Romero, L.M., Strochlic, D., Wingfield, J.C., 2005. Corticosterone inhibits feather growth:
potential mechanism explaining seasonal down regulation of corticosterone during
moult. Comp. Biochem. Physiol. A 142, 65–73.

Romero-Diaz, C., Gonzales-Jimena, V., Fitze, P.S., 2019. Corticosterone mediated mate
choice affects female mating reluctance and reproductive success. Horm. Behav. 113,
1–12.

Rose, J.D., Kinnaird, J.R., Moore, F.L., 1995. Neurophysiological effects of vasotocin and
corticosterone on medullary neurons: implication for hormonal control of amphibian
courtship behavior. Neuroendocrinology 62, 406–417.

Roulin, A., Almasi, B., Rossi-Pedruzzi, A., Ducrest, A.-L., Wakamatsu, K., Miksik, I.,
Blount, J.D., Jenni-Eiermann, S., Jenni, L., 2008. Corticosterone mediates the con-
dition-dependent component of melanin-based coloration. Anim. Behav. 75,
1351–1358.

Ryan, M.J., Bartholomew, G.W., Rand, A.S., 1983. Reproductive energetics of a
Neotropical frog, Physalaemus pustulosus. Ecology 64, 1456–1462.

Ryan, M.J., 2011. Replication in field biology: the case of the frog-eating bat. Science 334,
1229–1230.

Ryan, M.J., Akre, K.A., Baugh, A.T., Bernal, X., Lea, A., Leslie, C., Still, M., Rand, A.S.,
2019. Consistently positive and strong sexual selection: 19 years of female mate
choice preferences. . Am. Nat In press.

Saino, N., Incagli, M., Martinelli, R., Møller, A.P., 2002. Immune response of male barn
swallows in relation to parental effort, corticosterone plasma levels, and sexual or-
namentation. Behav. Ecol. 13, 169–174.

San-Jose, L.M., Fitze, P.S., 2013. Corticosterone regulates multiple colour traits in Lacerta
[Zootoca] vivipara males. J. Evol. Biol. 26, 2681–2690.

Sandi, C., Venero, C., Guaza, C., 1996. Novelty-related rapid locomotor effects of corti-
costerone in rats. Eur. J. Neurosci. 8, 794–800.

Sandi, C., Loscertales, M., Guaza, C., 1997. Experience-dependent facilitating effect of
corticosterone on spatial memory formation in the water maze. Eur. J. Neurosci. 9,
637–642.

Sands, J., Creel, S., 2004. Social dominance, aggression and faecal glucocorticoid levels in
a wild population of wolves, Canis lupus. Anim. Behav. 67, 387–396.

Santostefano, F., Fanson, K.V., Endler, J.A., Biro, P.A., 2019. Behavioral, energetic, and
color trait integration in male guppies: testing the melanocortin hypothesis. Behav.
Ecol in press.

Sapolsky, R.M., 1992. Neuroendocrinology of the stress response. In: Becker, J.B.,
Breedlove, S.M., Crews, D. (Eds.), Behavioral Endocrinology. MIT Press, Cambridge,
MA, U.S.A, pp. 287e324..

Sapolsky, R.M., Romero, M., Munck, A.U., 2000. How do glucocorticoids influence stress
responses? Integrating permissive, suppressive, stimulatory, and preparative actions.
Endocr. Rev. 21, 55–89.

Sarpong, K., Madliger, C.L., Harris, C.M., Love, O.P., Doucet, S.M., Bitton, P.-P., 2019.
Baseline corticosterone does not reflect iridescent plumage traits in female tree
swallows. Gen. Comp. Endocrinol. 279, 123–130.

Schmidt, K.L., Furlonger, A.A., Lapierre, J.M., MacDougall-Shackleton, E.A., MacDougall-
Shackleton, S.A., 2012. Regulation of the HPA axis is related to song complexity and
measures of phenotypic quality in song sparrows Horm. Behav. 61, 652–659.

Schmidt, K.L., Moore, S.D., MacDougall-Shackleton, S.A., MacDougall-Shackleton, E.A.,
2013. Early-life stress affects song complexity, song learning and volume of the brain
nucleus RA in adult male song sparrows. Anim. Behav. 86, 25–35.

Schoenle, L.A., Dudek, A.M., Moore, I.T., Bonier, F., 2017. Red- winged blackbirds
(Agelaius phoeniceus) with higher baseline glucocorticoids also invest less in incuba-
tion and clutch mass. Horm. Behav. 90, 1–7.

Scott, A.P., Ellis, T., 2007. Measurement of fish steroids in water—a review. Gen. Comp.
Endocrinol. 153, 392–400.

Sehrsweeney, M., Wilson, D.R., Bain, M., Boutin, S., Lane, J.E., McAdam, A.G., Dantzer,
B., 2019. The effects of stress and glucocorticoids on vocalizations: a test in North
American red squirrels. Ecol. Behav in press.

Senft, R.A., Meddle, S.L., Baugh, A.T., 2016. Distribution and abundance of glucocorticoid
and mineralocorticoid receptors throughout the brain of the great tit (Parus major).
PLoS One 11 (2), e0148516.

Setchell, J.M., Smith, T., Wickings, E.J., Knapp, L.A., 2010. Stress, social behaviour, and
secondary sexual traits in a male primate. Horm. Behav. 58, 720–728.

Silverin, B., 1986. Plasma levels of corticosterone during the breeding period in the pied
flycatcher. Gen. Comp. Endocrinol. 64, 67–74.

Spencer, K.A., Buchanan, K.L., Goldsmith, A.R., Catchpole, C.K., 2003. Song as an honest
signal of developmental stress in the zebra finch (Taeniopygia guttata). Horm. Behav.
44, 132–139.

Spencer, K.A., Evans, N.P., Monaghan, P., 2009. Postnatal stress in birds: a novel model of
glucocorticoid programming of the hypothalamic-pituitary-adrenal axis. Endocrinol.
150, 1931–1934.

Spencer, K.A., MacDougall-Shackleton, S.A., 2011. Indicators of development as sexually
selected traits: the developmental stress hypothesis in context. Behav. Ecol. 22, 1–9.

Spencer, K.A., Wimpenny, J.H., Buchanan, K.L., Lovell, P.G., Goldsmith, A.R., Catchpole,
C.K., 2005. Developmental stress affects the attractiveness of male song and female
choice in the zebra finch (Taeniopygia guttata). Behav. Ecol. Sociobiol. 58, 423–428.

Starcke, K., Brand, M., 2012. Decision making under stress: a selective review. Neurosci.
Biobehav. Rev. 36, 1228–1248.

Stearns, S.C., 1989. Trade-offs in life history evolution. Func. Ecol. 3, 259–268.
Stearns, S.C., 2000. Life history evolution: successes, limitations, and prospects.

Naturwissenschaften 87, 476–486.
Taff, C.C., Vitousek, M.N., 2016. Endocrine flexibility: optimizing phenotypes in a dy-

namic world? Trends Ecol. Evol. 31, 476–488.
Taff, C.C., Zimmer, C., Vitousek, M.N., 2019. Achromatic plumage brightness predicts

C.J. Leary and A.T. Baugh General and Comparative Endocrinology 288 (2020) 113354

15

http://refhub.elsevier.com/S0016-6480(19)30339-9/h0670
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0670
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0670
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0675
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0675
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0680
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0680
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0680
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0685
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0685
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0685
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0690
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0690
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0690
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0695
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0695
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0700
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0700
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0705
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0705
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0710
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0710
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0710
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0710
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0715
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0715
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0720
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0720
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0725
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0725
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0725
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0725
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0730
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0730
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0730
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0735
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0735
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0735
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0740
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0740
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0745
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0745
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0750
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0750
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0755
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0755
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0760
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0760
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0760
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0765
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0765
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0765
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0765
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0770
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0770
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0770
http://refhub.elsevier.com/S0016-6480(19)30339-9/h9000
http://refhub.elsevier.com/S0016-6480(19)30339-9/h9000
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0775
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0775
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0775
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0780
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0780
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0785
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0785
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0785
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0790
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0790
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0795
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0795
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0800
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0800
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0800
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0805
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0805
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0810
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0810
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0815
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0815
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0820
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0820
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0825
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0825
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0825
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0830
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0830
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0835
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0835
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0840
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0840
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0840
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0845
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0845
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0845
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0850
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0850
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0850
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0855
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0855
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0855
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0855
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0860
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0860
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0865
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0865
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0870
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0870
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0870
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0875
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0875
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0875
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0880
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0880
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0885
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0885
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0890
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0890
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0890
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0895
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0895
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0900
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0900
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0900
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0905
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0905
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0905
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0910
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0910
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0910
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0915
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0915
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0915
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0920
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0920
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0920
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0925
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0925
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0925
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0930
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0930
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0930
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0935
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0935
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0940
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0940
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0940
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0945
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0945
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0945
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0950
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0950
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0955
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0955
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0960
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0960
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0960
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0965
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0965
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0965
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0970
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0970
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0975
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0975
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0975
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0980
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0980
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0985
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0990
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0990
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0995
http://refhub.elsevier.com/S0016-6480(19)30339-9/h0995
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1000


stress resilience and social interactions in tree swallows (Tachycineta bicolor). Behav.
Ecol. 30, 733–745.

Taylor, J.D., Hadley, M.E., 1970. Chromatophores and colora change in the lizard. Anolis
carolinensis. Z. Zellforsch 104, 282–294.

Thorburn, G.D., Challis, J.R.C., Currie, W.B., 1977. Control of parturition in domestic
animals. Biol. Reprod. 16, 18–27.

Titon, S.C.M., de Assis, V.R., Titon, B., Giorgi Barsotti, A.M., Flanagan, S.P., Gomes, F.R.,
2016. Calling rate, corticosterone plasma levels and immunocompetence of Hypsiboas
albopunctatus. Comp. Biochem. Physiol. A: Mol. Integr. Physiol. 201, 53–60.

Toufexis, D., Rivarola, M.A., Lara, H., Viau, V., 2014. Stress and the reproductive axis. J.
Neuroendocrionol. 26, 573–586.

Van den Bos, R., Harteveld, M., Stoop, H., 2009. Stress and decision-making in humans:
performance is related to cortisol reactivity, albeit differently in men and women.
Psychoneuroendocrinol. 34, 1449–1458.

Viblanc, V.A., Dobson, F.S., Stier, A., Schull, Q., Saraux, C., Gineste, B., Pardonnet, S.,
Kauffmann, M., Robin, J.-P., Bize, P., 2016. Mutually honest? Physiological ‘qualities’
signaled by colour ornaments in monomorphic king penguins. Biol. J. Linn. Soc. 118,
200–214.

Vitousek, M.N., Jenkins, B.R., Safran, R.J., 2014. Stress and success: individual differ-
ences in the glucocorticoid stress response predict behavior and reproductive success
under high predation risk. Horm. Behav. 66, 812–819.

Vitousek, M.N., Johnson, M.A., Downs, C.J., Miller, E.T., Martin, L.B., Francis, C.D.,
Donald, J.W., Fuxjager, M.J., Goymann, W., Hau, M., Husak, J.F., Kircher, B.K.,
Knapp, R., Schoenle, L.A., Williams, T.D., 2019. Macroevolutionary patterning in
glucocorticoids suggests different selective pressures shape baseline and stress-in-
duced levels. Am. Nat in press.

Vitousek, M.N., Romero, M.L., 2013. Stress responsiveness predicts individual variation in
mate selectivity. Gen. Comp. Endocrinol. 187, 32–38.

Vitousek, M.N., Taff, C.C., Hallinger, K.K., Zimmer, C., Winkler, D.W., 2018. Hormones
and fitness: evidence for trade-offs in glucocorticoid regulation across contexts. Front.
Ecol. Evol. 6, 42.

Wada, H., Salvante, K.G., Stables, C., Wagner, E., Williams, T.D., Breuner, C.W., 2008.
Adrenocortical responses in zebra finches (Taeniopygia guttata): individual variation,
repeatability, and relationship to phenotypic quality. Horm. Behav. 53, 472–480.

Weiss, S.L., Mulligan, E.E., Wilson, D.S., Kabelik, D., 2013. Effect of stress on female-

specific ornamentation. J. Exp. Biol. 216, 2641–2647.
Welberg, L.A.M., Seckl, J.R., 2001. Prenatal stress, glucocorticoids and the programming

of the brain. J. Neuroendocrinol. 13, 113–128.
Wells, K.D., 2007. The Ecology and Behavior of Amphibians. University of Chicago Press,

Chicago, Illinois.
Williams, T.D., 2008. Individual variation in endocrine systems: moving beyond the

‘tyranny of the golden mean’. Philos. Trans. R. Soc. 363, 1687–1998.
Willis, P.M., Rosenthal, G.G., Ryan, M.J., 2012. An indirect cue of predation risk coun-

teracts female preference for conspecifics in a naturally hybridizing fish Xiphophorus
birchmanni. PLoS One 7 (4) e34802.

Wingfield, J.C., 2003. Control of behavioural strategies for capricious environments.
Anim. Behav. 66, 807–816.

Wingfield, J.C., Maney, D.L., Breuner, C.W., Jacobs, J.D., Lynn, S.E., Ramenofsky, M.,
Richardson, R.D., 1998. Ecological bases of hormoneebehavior interactions: the
‘emergency life history stage. Am. Zool. 38, 191–206.

Wingfield, J.C., Owen-Ashley, N.T., Benowitz-Fredericks, Z.M., Lynn, S.E., Hahn, T.P.,
Wada, H., Breuner, C.M., Meddle, S.L., Romero, L.M., 2004. Arctic spring: the arrival
biology of migrant birds. Acta Zool. Sin. 50, 948–960.

Wingfield, J.C., Sapolsky, R.M., 2003. Reproduction and resistance to stress: when and
how. J. Neuroendocrinol. 15, 711–724.

Woodgate, J.L., Bennett, A.T.D., Leitner, S., Catchpole, C.K., Buchanan, K.L., 2010.
Developmental stress and female mate choice behavior in the zebra finch. Anim.
Behav. 79, 1381–1390.

Young, A.J., Carlson, A.A., Monfort, S.L., Russell, A.F., Bennett, N.C., Clutton-Brock, T.,
2006. Stress and the suppression of subordinate reproduction in cooperatively
breeding meerkats. Proc. Nat. Acad. Sci. 103, 12005–12010.

Zera, A.J., Harshman, L.G., Williams, T.D., 2007. Evolutionary endocrinology: the de-
veloping synthesis between endocrinology and evolutionary genetics. Ann. Rev. Ecol.
Evol. Syst. 38, 793–817.

Zhang, S., Liu, Y., Rao, Y., 2013. Serotonin signaling in the brain of adult female mice is
required for sexual preference. Proc. Nat. Acad. Sci. 110, 9968–9973.

Zimmer, C., Taff, C.C., Ardia, D.R., Ryan, T.A., Winkler, D.W., Vitousek, M.N., 2019. On
again, off again: acute stress response and negative feedback together predict resi-
lience to experimental challenges. Func. Ecol. 33, 619–628.

C.J. Leary and A.T. Baugh General and Comparative Endocrinology 288 (2020) 113354

16

http://refhub.elsevier.com/S0016-6480(19)30339-9/h1000
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1000
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1005
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1005
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1010
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1010
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1015
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1015
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1015
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1020
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1020
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1025
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1025
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1025
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1030
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1035
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1035
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1035
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1040
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1045
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1045
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1050
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1050
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1050
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1055
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1055
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1055
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1060
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1060
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1065
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1065
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1070
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1070
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1075
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1075
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1080
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1080
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1080
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1085
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1085
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1090
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1095
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1095
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1095
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1100
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1100
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1105
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1105
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1105
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1110
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1110
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1110
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1115
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1115
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1115
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1120
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1120
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1125
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1125
http://refhub.elsevier.com/S0016-6480(19)30339-9/h1125

	Glucocorticoids, male sexual signals, and mate choice by females: Implications for sexual selection
	Introduction
	Glucocorticoids and sexual signals in males
	Structural traits
	Behavioral traits
	Across category considerations
	Summary and future research on GCs and male sexual signals

	Glucocorticoids and sexual behavior in females
	Glucocorticoids and female sexual proceptivity
	Glucocorticoids and mate choice preferences in females
	Summary and future research on GCs and female mate choice


	Conclusions and implication for GCs and sexual selection
	Acknowledgements
	Supplementary data
	References




