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Hormones and acoustic communication in anuran amphibians

Christopher |. Leary’
Department of Biology, University of Utah, Salt Lake City, UT 84112, USA

Synopsis Circulating hormone levels can mediate changes in the quality of courtship signals by males and/or mate
choice by females and may thus play an important role in the evolution of courtship signals. Costs associated with shifts
in hormone levels of males, for example, could effectively stabilize directional selection by females on male signals.
Alternatively, if hormone levels affect the selection of mates by females, then variation in hormone levels among females
could contribute to the maintenance of variability in the quality of males’ signals. Here, I review what is known regarding
the effects of hormone levels on the quality of acoustic signals produced by males and on the choice of mates by females
in anuran amphibians. Surprisingly, despite the long history of anuran amphibians as model organisms for studying
acoustic communication and physiology, we know very little about how variation in circulating hormone levels con-
tributes to variation in the vocal quality of males. Proposed relationships between androgen levels and vocal quality
depicted in recent models, for example, are subject to the same criticisms raised for similar models proposed in relation
to birds, namely that the evidence for graded effects of androgens on vocal performance is often weak or not rigorously
tested and responses seen in one species are often not observed in other species. Although several studies offer intriguing
support for graded effects of hormones on calling behavior, additional comparative studies will be required to understand
these relationships. Recent studies indicate that hormones may also mediate changes in anuran females’ choice of mates,
suggesting that the hormone levels of females can influence the evolution of males’ mating signals. No studies to date
have concurrently addressed the potential complexity of hormone-behavior relationships from the perspective of sender
as well as receiver, nor have any studies addressed the costs that are potentially associated with changes in circulating
hormone levels in anurans (i.e., life-history tradeoffs associated with elevations in circulating androgens in males).
The mechanisms involved in hormonally induced changes in signal production and selectivity also require further
investigation. Anuran amphibians are, in many ways, conducive to investigating such questions.

Introduction on hormones that mediate the expression of sexually

Hormones regulate the expression of many sexually
selected traits and can thus provide important
insights into the evolution of courtship signals
(Wingfield and Marler 1988; Folstad and Karter
1992; Zuk 1994; Ketterson and Nolan 1994;
Adkins-Regan 2005). This is exemplified by the
extensive “phenotypic engineering” experiments
performed by Ketterson, Nolan and colleagues in
dark-eyed juncos, Junco hyemalis (Ketterson et al.
1992, 1996, 2001; Ketterson and Nolan 1994).
Experimental elevation of androgen levels in this
species increases courtship intensity and attractive-
ness of males (Ketterson et al. 1992, 1994; Enstrom
et al. 1997; Hill et al. 1999). Males with high
circulating androgen levels, however, also exhibit
decreased parental care, immune responses, and
survivorship (reviewed by Ketterson and Nolan
1994; Ketterson et al. 2001). Thus, although mate
choice by females may exert directional selection

selected traits (see Evans et al. 2006 for example of
heritability of hormone levels), the costs associated
with high androgen levels are expected to stabilize
selection on hormone levels and correlated traits
ie., males’ courtship intensity (Ketterson and
Nolan 1994; Ketterson et al. 2001).

The effects of hormone levels on mate choice by
females are generally not as well studied (Hutchison
and Hutchison 1983; Adkins-Regan 1988; Wingfield
and Marler 1988; Jennions and Petrie 1997).
Hormone-related plasticity of females’ mate choice
could profoundly influence the evolution of males’
signaling behavior (i.e., Sisneros and Bass 2003;
Clement et al. 2005; Lynch et al. 2006). For example,
variation in circulating hormone levels among
females could effectively decrease the variance in
male mating success and thus, the opportunity for
sexual selection (sensu Heisler 1984; Andersson 1994;
Jennions and Petrie 1997; Bleay and Sinervo 2007).
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Circulating hormones thus tentatively mediate
dynamic relationships between senders and receivers
by affecting the quality of signals by males and mate
choice by females and could therefore play an impor-
tant role in the evolution of sexual displays. In this
review, | address the effects that hormone levels
potentially have on the evolution of acoustic com-
munication in anuran amphibians. I focus on two
general areas: (1) effects of hormone levels on sexu-
ally selected components of acoustic signals and
vocal performance, and (2) acoustically induced
changes in the physiological state of receivers and
hormonal effects on female reproductive behavior
and acoustic preferences. I draw from studies on a
variety of other taxa to highlight areas of research
that have advanced our understanding of the neu-
roendocrinology of acoustic communication and to
emphasize areas of research that are currently poorly
understood in anuran amphibians.

Anurans as a model system

Anuran amphibians are particularly well suited for
investigations related to hormonal effects on males’
courtship signals. Most male anurans produce simple
acoustic signals that are androgen-dependent (Moore
1983; Moore et al. 2005; Wilczynski et al. 2005) and
of central importance to reproduction; vocalizations
function primarily to attract mates and/or to mediate
aggressive interactions among rivals, and females use
acoustic signals to actively select among potential
mates in choruses of males (reviewed by Andersson
1994; Gerhardt 1994; Sullivan et al. 1995; Gerhardt
and Huber 2002). It is clear that particular spectral
and temporal vocal characteristics are preferred by
females and that some parameters of signals are
under stabilizing selection (or weak directional
selection) while others are under strong directional
selection (Gerhardt 1991; Gerhardt and Huber 2002).
Dominant frequency (DF) and pulse repetition rate
(PRR), for example, are often static acoustic proper-
ties (i.e., show low levels of variation within indi-
viduals) that are subject to stabilizing selection
(females generally prefer values near the mean
of the population) (Gerhardt and Huber 2002). As
with many other organisms, however, signal persis-
tence (the total time spent calling) and effort (the
amount of signaling per unit time) are also of central
importance in mate choice (Ryan 1991; Andersson
1994; Gerhardt and Huber 2002). Vocal parameters
that reflect signaling effort, such as rate and duration
of calls, are often highly variable within and among
individuals (i.e., dynamic) and typically under strong
directional selection in anurans (Gerhardt 1991;
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Gerhardt and Huber 2002). One aim of my review
is to assess whether circulating hormone levels,
which can fluctuate considerably among breeding
male anurans (see Dupont et al. 1979; Leboulenger
et al. 1979; Licht et al. 1983; Pancak and Taylor 1983;
Kiihn et al. 1985; Itoh et al. 1990; Harvey et al. 1997;
Romero 2002; Leary et al. 2008a, 2008b), give rise to
the variation that often exists for many properties
of anuran calls.

While numerous studies have determined that
elevated levels of sex steroids elicit receptivity in
females (reviewed by Pfaff and Schwartz-Giblin
1988; Adkins-Regan 2005; Nelson 2005), fewer
studies have assessed how variation in circulating
hormone levels among reproductively active females
influences mate choice (Jennions and Petrie 1997;
Adkins-Regan 1998). Hormonally mediated changes
in mate choice by females could involve hormonal
effects on motivational state and/or the ability to
detect or discriminate among competing signals
(Adkins-Regan 1998; Sisneros and Bass 2003).
Anurans are ideal subjects for addressing these ques-
tions. Phonotactic responses of females to synthetic
calls, for example, can be readily observed under
controlled conditions (Gerhardt and Huber 2002)
where proxies for motivational state can be measured
(i.e., latencies in phonotactic responses, Lynch et al.
2005). Anurans have also served as model organisms
for neurophysiological studies (Fuzessery 1988;
Walkowiak 1988a, 1988b; Rose and Gooler 2007)
and are thus ideal subjects in which to examine
hormonal influences on sensory physiology. The
second aim of this review is to examine the evidence
for hormonally mediated plasticity in females’ mate
choice in anurans and to assess how these potential
changes occur.

Hormone levels and vocalization
Overview

In addition to circulating hormone levels, selection
can also act on target-tissue receptors, enzymatic
pathways, and/or hormone-binding globulins to
alter the expression of sexually selected traits (see
reviews by Ketterson and Nolan 1999; Breuner and
Orchinik 2002; Knapp 2004; Adkins-Regan 2005).
However, there are currently very few, if any, data
on these additional components of the endocrine
system and how they relate to vocal communication
in anuran amphibians. Here, I focus on potential
graded relationships between circulating hormone
levels and anuran calling behavior.

While it is often assumed that higher hormone
levels (i.e., androgens) should promote more
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Hormones and acoustic communication

attractive traits in males (e.g., increased vocal effort
in anurans, Emerson 2001), hormones typically have
a threshold, rather than a graded effect on target
tissues. Hews and Moore (1997), Adkins-Regan
(2005), and Ball and Balthazart (2008) provided
thorough explanations of the problems associated
with studies and with theoretical issues that revolve
around presumed graded actions of hormones on
courtship behavior. Nevertheless, there are several
cases, mostly involving morphological attributes
associated with courtship displays in birds in which
graded responses to gonadal steroid levels do appear
to occur (reviewed by Zuk et al. 1995; Adkins-Regan
2005; Fusani 2008; Kempenaers et al. 2008). Positive
correlations have also been reported between andro-
gen levels and vocal persistence or effort in numer-
ous bird species (Prove 1978; Ketterson et al. 1992;
Enstrom et al. 1997; Hunt et al. 1997; Di Ridder
et al. 2000; Foerster et al. 2002). I examine potential
graded versus threshold effects of hormones on
anuran vocalization (below) because of the impor-
tance of distinguishing between these two scenarios,
especially when assessing the roles of hormone—
behavior relationships in the evolution of sexually
selected traits (Hews and Moore 1997; Adkins-
Regan 2005).

Reviews by Moore et al. (2005) and Wilczynski
et al. (2005) described the historic importance of
anuran amphibians in behavioral endocrinology
and the hormonal basis for sexual behavior and for
production of calls. It is clear from these reviews that
sex steroids, corticosterone (CORT), and arginine
vasotocin (AVT) are major regulators of anuran
reproductive behavior and that the endocrinology
of reproductive behavior in amphibians is applicable
to many other vertebrates (i.e., it is highly conserved
across vertebrate taxa). I extend these previous
reviews by focusing on whether variation in hormone
levels potentially translates into phenotypic variation
among individuals in natural populations—the raw
material on which selection acts (West-Eberhard
2003). To do so requires knowledge of whether,
and how, varying hormone levels affect the morpho-
logical structures and neural pathways involved in
vocalization. I focus largely on sex steroids and
CORT because there is very little information regard-
ing how AVT levels fluctuate in free-living animals
(for reviews see Boyd 1994a; Marler et al. 1999;
Wilczynski and Chu 2001).

Androgen effects on peripheral structures

The larynx and trunk muscles are of particular
importance in generating vocalization in anurans

3
(McAlister 1959; Schmidt 1965; Martin 1971,
1972a, 1972b; Schneider 1988; McClelland 1996;

Girgenrath and Marsh 1997; Marsh 1999). Spectral
characteristics of calls (i.e., dominant frequency) are
predominately governed by the larynx and various
temporal characteristics, including amplitude modu-
lation (AM, responsible for PRR characteristics),
can be influenced by the trunk muscles and/or the
larynx (Martin 1971, 1972; Martin and Gans 1972;
Girgenrath and Marsh 1997; Marsh 1999). The
involvement of these structures in modulating the
amplitude of vocalizations varies among anurans;
in some species the amplitude of calls is actively
modulated by contractions of the thoracic muscula-
ture whereas in others the amplitude of calls is pas-
sively modulated by fibrous laryngeal appendages
that vibrate periodically when sufficient air pressure
activates these structures (e.g., bufonids) (reviewed
by Martin 1971, 1972). In some anuran species
(e.g., pipids), calls are produced without respiring
and the various temporal and spectral components
of the calls are governed primarily by the larynx
and its associated neural circuits. Hence, variation
in parameters of calls could involve graded effects
of hormones on one or both of these peripheral
structures.

Testosterone has been shown to have a graded
effect on the mass of skeletal muscle, strength of
voluntary muscle and the rate of force (power)
exerted by muscles in humans (Bhasin et al. 2001a,
2001b, 2005). Below, I examine the evidence that
androgens exert graded effects on the musculature
of peripheral structures involved in anuran vocali-
zation and whether these effects translate into
correlated changes in vocal attributes.

Larynx

Hormonal effects on anuran laryngeal morphology
have been examined most extensively by Kelley and
colleagues in clawed frogs, Xenopus laevis (Pipidae).
These frogs produce “clicks” when fluid is displaced
during the separation of the arytenoid discs via con-
traction of the laryngeal dilator muscle; production
of a series of clicks (i.e., calls) is not associated
with expiration or inspiration (reviewed by Kelley
and Brenowitz 1992; Kelley et al. 2001). Males and
females both produce clicks that differ in spectral
and temporal characteristics (reviewed by Kelley
and Brenowitz 1992). The larynges are sexually
dimorphic and differences in calls between males
and females arise, in part, from organizational effects
of androgens on laryngeal morphology during a
critical period of development (Sassoon and
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Kelley 1986). Males have a larger larynx (greater
number and size of muscle fibers) containing fibers
that are capable of contracting at high rates that
reflect the click rates in the advertisement calls of
males (Marin et al. 1990; Tobias et al. 1993). Most
fibers in the larynx of females are only capable of
contracting at slow rates that reflect the slower click
rates characteristic of females’ calls (Sassoon and
Kelley 1986; Tobias and Kelley 1987; Tobias et al.
1993). The larynx of females can be masculinized if
exposed to high androgen levels prior to six months
of age; the larynx of adult females is less sensitive
and not completely masculinized by androgens
(Sassoon et al. 1987; Marin et al. 1990; Tobias
et al. 1991a, 1991b; Potter et al. 2005). There is
no reduction in the mass or change in contractile
properties of the laryngeal muscle of adult males
when androgen levels are low (Sassoon and Kelley
1986; Sassoon et al. 1987; Segil et al. 1987). The
laryngeal morphology of males is thus permanent
and largely attributable to the organizational effects
of androgens (reviewed by Kelley and Brenowitz
1992; Kelley et al. 2001).

Although there is currently little evidence that
the larynx is altered by acute changes in hormone
levels in adult anurans, the organizational effects of
androgen levels should not be overlooked. For
instance, do males with higher androgen levels
during the critical period develop larynges that
differ from those in males with low androgen
levels? If so, do these differences translate into differ-
ences among males in the quality of their calls?
In humans, for example, the effects of androgens
on the larynx appear to have an open-ended critical
window in which organizational changes may occur.
This is exemplified by adult athletes that report a
long-term (permanent?) deepening of the voice
(pitch) in response to androgen administration (see
review by Hartgens and Kuipers 2004). As expected,
the lack of exposure to androgens has the opposite
effect. For example, prepubescent —17-18th century
European boys were sometimes castrated to retain
the high pitch of their voices (singers known as
“castrati”: see Nelson 2005) illustrating the extent
to which exposure to varying levels of androgens
can impact the carrier frequency of the signal via
organizational effects. Indirect support for similar
possibilities in anurans comes from work on cricket
frogs, Acris crepitans. In this species, there are con-
siderable differences among populations in various
characteristics of calls including dominant frequency,
PRR, duration of call and number of pulses
(McClelland et al. 1996, 1998). These authors
found that differences in laryngeal morphology
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explained much of the variation among populations
in vocal attributes. For example, males from popula-
tions with lower-than-average carrier frequencies had
larger larynges than did males from populations with
higher-than-average frequencies (McClelland et al.
1996, 1998). Similar studies are needed to determine
whether variation in hormone levels during develop-
ment are responsible for these differences. To my
knowledge, such studies have not been performed
in any anuran species but this question warrants
further investigation.

The mechanisms associated with frequency
modulation (FM) of many anuran calls (e.g., the
extensively studied tangara frog, Physalaemus
pustulosis; Ryan 1985; Wilczynski et al. 1995; Ryan
and Rand 2001) are not as well understood as are the
mechanisms underlying AM production. Temporal
changes in carrier frequency could be associated
with changes in the pressure of the air passing
through the larynx, in the diameter of the glottal
aperture, and/or in vocal cord tension (Martin
1972; Dudley and Rand 1991). Differences in the
complexity of the calls among closely related
Physalaemus species (i.e., the addition of chucks,
well known to be important in sexual selection;
Ryan 1983, 1985) have been linked to morphological
differences in the structure of the larynx (Drewry
et al. 1982; Ryan and Drewes 1990; Boul and Ryan
2004). In particular, ablation of associated laryngeal
fibrous masses in Physalaemus pustulosus completely
abolishes the production of complex calls
(Gridi-Papp et al. 2006). How hormone levels
during development or in adulthood potentially
influence the morphology or physiology of laryngeal
structures involved in FM or complex calls is
currently not known.

In many anuran species, other sexually dimorphic
structures are involved in enhancing radiation of
sound from the larynx. In Rana catesbeiana, for
example, the vocal sac acts as an efficient resonator
of the low-frequency spectral peak of the advertise-
ment call while the tympanum, which is considerably
larger in males, is the primary resonating structure
responsible for the high frequencies characteristic
of males’ advertisement calls (Purgue 1997). The
bimodal spectral peaks in the calls of this species
correlate well with the sensitivities of the amphibian
and basilar papillae, the two primary auditory
sensory structures in the inner ear (Lewis and
Lombard 1988), to effectively stimulate phonotaxis
in females (Capranica 1966; reviewed by Fuzessery
1988; Zakon and Wilczynski 1988). Narins et al.
(2001) reported that the tympanum serves a similar
function in the African ranid, Petropedetes parkeri,
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Hormones and acoustic communication

and that the sexually dimorphic fleshy tympanic
protuberances in this species also vary in size
among individuals and seasonally. The potential
role of circulating hormone levels in mediating
changes in tympanic morphology or call carrier
frequencies have not been examined.

Currently, there is little direct evidence that
variation in circulating sex-steroid levels among
breeding males is associated with concordant
morphological variation either in the larynx or in
secondary structures that transmit sound from the
larynx. However, there are also no studies that
have tested for this relationship using varying doses
of hormones. The larynx of X. laevis, the species that
has been studied most extensively, differs from the
typical anuran larynx in many respects i.e., pipids
lack vocal cords (see references in Boyd et al.
1999). Comparative studies that follow the
approaches of Kelley and colleagues are needed to
determine whether the organizational effects of
androgens on laryngeal morphology and physiology
in X. laevis apply to other anurans i.e., whether there
are acute effects of androgens in the larynx of adult
males in other anuran species (see Boyd et al. 1999).
In birds, for example, the syrinx can be altered
throughout adulthood by circulating androgen
levels; temporal changes in syrinx size of mature
males corresponds to seasonal changes in androgen
levels (Luine et al. 1980; Bleisch et al. 1984).

Trunk muscles

In contrast to the larynx, there are clear activational
effects of androgens on the trunk muscles involved in
producing vocalizations (Girgenrath and Marsh
2003). The trunk muscles of adult frogs also have
androgen receptor densities that differ between
males and females (Emerson et al. 1999) and sexual
dimorphisms in the trunk musculature of adult frogs
are well documented (Blair 1946; Marsh and Taigen
1987; Emerson et al. 1999). Girgenrath and Marsh
(2003) determined that seasonal changes in androgen
levels can have robust effects on the size and in vitro
contractile properties of the oblique muscles in gray
treefrogs, Hyla chrysoscelis. Specifically, the mass of
the oblique muscles in postbreeding males (when
androgen levels are low) was shown to be <50% in
breeding males, while twitch duration in postbreed-
ing males was 60% lower and the speed at which the
muscles contracted was 40% lower (Girgenrath and
Marsh 2003).

Such androgen-mediated activational effects on
the trunk muscles could translate into differences
in the calls of males with varying levels of circulating

androgens. For example, in H. chrysoscelis and in its
allopolyploid sister species, Hyla versicolor (Holloway
et al. 2001), contraction/relaxation cycles of the
thoracic musculature (and synchronized active
closing and opening of the larynx) are directly
responsible for the PRR of the calls (McLister et al.
1995; Girgenrath and Marsh 1997, 1999; Marsh
1999). The various components of the calls that
are important in mate choice in these species have
been studied extensively and include PRR, carrier
frequency, pulse shape, pulse duty cycle and the
duration, amplitude and rate of calls (reviewed in
Gerhardt and Huber 2002; Gerhardt 2005). It is
not currently known whether the various androgen-
mediated changes in muscle properties documented
by Girgenrath and Marsh (2003) translate into
graded changes in vocal attributes. However, the
effects of androgens on muscles’ contractile proper-
ties suggest that androgen levels could influence fine
temporal call characteristics (i.e., pulse rise time,
duty cycle, or pulse duration) or other call charac-
teristics (i.e., call amplitude) known to be important
in mate selection. To date, studies have largely
neglected potential hormonal effects on fine-scale
vocal parameters. Given the documented graded
effects of androgens on the mass and contractile
properties of skeletal muscle (Bhasin et al. 2001a,
2001b, 2005), potential graded effects of androgens
on muscle physiology and vocal attributes in anurans
warrant further investigation.

CORTand peripheral structures

Potential effects of CORT on the peripheral struc-
tures involved in anuran vocalization have not been
studied. While high levels of CORT are involved in
the mobilization of energy reserves that are supplied
to muscle tissue, high CORT also probably inhibits
most anabolic processes (Sapolsky 1992). High levels
of CORT, for example, can inhibit androgen produc-
tion (Sapolsky 1992; Wingfield and Sapolsky 2003)
and have a catabolic effect on muscle tissue
(reviewed by Solomon and Bouloux 2006;
Schakman et al. 2008): the latter effect probably
occurs only after prolonged exposure to high levels
of CORT (i.e., chronic exposure). Male anurans
typically exhibit dramatic elevations in levels of
CORT during the breeding period (reviewed by
Romero 2002) and also undergo changes in muscle
morphology and physiology (reviewed by Wells
2001). Whether these changes are mediated via
CORT-androgen interactions, direct effects of
CORT, or both, requires further study.
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Effects of sex steroids on central vocal-motor
pathways

Circulating hormone levels could also affect various
sexually selected vocal attributes by acting centrally
on vocal motor pathways (i.e, Schmidt 1980, 1983,
1984; Kelley 2002; Remage-Healey and Bass 2006a,
2006b). Hormonally induced changes in neuronal
motor activity, however, are not necessarily required
to change various vocal parameters important in
mate selection. As previously discussed, some
characteristics of calls could be altered by endocrinal
effects on the contractile properties of peripheral
muscle. Similarly, it is possible that changes in the
activity of the CNS are not reflected in the output of
the peripheral structures. For example, when the
laryngeal nerve innervating the laryngeal dilator
muscle is stimulated in female X. laevis at rates
that reflect click rates in males, the dilator muscles
of females are not capable of contracting and
relaxing at the high rates characteristic of males,
indicating that contractile properties of the laryngeal
musculature constrains females’ click rates (Tobias
and Kelley 1987). Further analysis of this problem,
however, indicates that sex-specific temporal
patterning (i.e., click rates of males and females)
originates in higher brain centers (Yamaguchi and
Kelley 2000).

Current understanding of central control of
vocalization in anurans stems largely from
Schmidt’s neurophysiological investigations in leop-
ard frogs, Rana pipiens. Schmidt (1973 1974a, 1974b,
1976, 1992) described two ‘semi-independent’ vocal
central pattern generators (CPG’s); the first inclusive
of the pretrigeminal nucleus and the other consisting
of motor nucleus IX-X. Further studies have largely
confirmed the involvement of these regions in
vocalization (Wetzel et al. 1985 Kogo and
Remmers 1994; Rhodes et al. 2007; Zornik and
Kelley 2007). Many of the regions of the brain
involved in vocal motor control have been found
to concentrate androgens or androgen metabolites,
including nuclei that form the CPG (i.e., pretrigem-
inal nucleus/dorsal tegmental area of the medulla,
the reticularis inferior, and motor nucleus IX—X) as
well as nuclei that provide input to the CPG and
potentially modulate its activity i.e., the thalamus,
the preoptic area of the hypothalamus, and the
ventral striatum (Kelley 1980; Wetzel et al. 1985;
Kelley and Brenowitz 1992). The thalamus, ventral
striatum, and pretrigeminal nuclei also receive
auditory input (Neary 1988; Wilczynski 1988) and
concentrate steroid hormones (Kelley 1980), suggest-
ing that auditory input to these regions could alter
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patterns of activity in the CPG and be modulated by
hormones (Aitken and Capranica 1984).

While sex steroids appear to play a central role in
activating the various nuclei involved in vocalization
(Schmidt 1980, 1983), little is currently known
regarding the contribution of hormone levels to
activity patterns of these central regions (reviewed
by Kelley 2002; Bass and Remage-Healey 2008).
The importance of steroid hormone levels in affect-
ing CPG output is illustrated by the extensive
research by Bass and colleagues on vocalizing
batrachoidid fish (reviewed by Bass and Remage-
Healey 2008). In the gulf toadfish (Opsanus beta),
for example, males produce calls that are analogous
in function to the advertisement and aggressive calls
of many anurans, and temporal patterns of the
calls (particularly duration of call) are affected by
circulating androgen levels (reviewed in Bass and
Remage-Healey 2008). Remage-Healey and Bass
(2004, 2006a) isolated the vocal CPG using in vivo
preparations to show that there are rapid effects of
androgens on fictive call duration. They further
demonstrated that androgenic effects on descending
input to the vocal CPG can also modify CPG activity
(reviewed in Remage-Healey and Bass 2006b).
Potential dose-dependent effects of androgen levels
have not been examined.

These findings are particularly noteworthy if
applicable to anuran amphibians. First, temporal
patterns of calling activity that are potentially
modified by CPG’s, including duration and rate of
calls, and pulse-repetition rate (Bass and Remage-
Healey 2008), are all known to be important in
mate choice in anurans (Gerhardt and Huber 2002)
with corresponding neural representations for behav-
ioral preferences (Fuzessery 1988; Walkowiak 1988a,
1988b; Rose and Gooler 2007). Duration of call, in
particular, is highly variable and under strong direc-
tional selection in anurans (Gerhardt and Huber
2002). Bass and Remage-Healey (2008) emphasized
that anurans provide a promising system in which to
investigate the potential effects of steroid hormones
on CPG activity. Recent techniques that record
fictive calling patterns in isolated brain preparations
(Rhodes et al. 2007) will undoubtedly elucidate many
currently unanswered questions regarding central
control of vocalization in anurans. For example, are
pattern generators influenced by hormone levels to
produce changes in temporal properties of calls?
How is CPG activity modulated to mediate changes
in PRR and other call characteristics that may change
considerably during transitions between advertise-
ment and territorial calls (i.e., pacific treefrogs,
Hyla regilla, Brenowitz et al. 2001)? Are the rhythmic
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Hormones and acoustic communication

properties of CPG’s modified by hormones intrin-
sically or via descending input to these regions, or
both?

Effects of corticosterone on central vocal-motor
pathways

Hormonal effects on CPG activity have generally
focused on gonadal steroids. However, glucocorticoid
receptors are also widely distributed in the anuran
brain and include many key regions important in
vocal production and/or motivational state including
the nucleus accumbens, preoptic area, striatum,
tegmental nuclei, reticular nucleus, and pretrigeminal
motor nerves (Yao et al. 2008). The potential effects
of CORT on these areas may be particularly impor-
tant in mediating vocalization given that high levels
of CORT often decrease calling activity in anurans
(Marler and Ryan 1996; Burmeister et al. 2001; Leary
et al. 2004, 2006a, 2006b). CORT levels are inversely
correlated with the duration of vocalizations in the
Great Plains toad (Bufo cognatus) and the effects of
CORT occur independently of changes in circulating
androgen levels (Leary et al. 2004, 2006a). It is
currently not known, however, whether CORT affects
calling behavior in anurans by acting centrally or
peripherally (for investigation of similar problem in
newts, see Lewis and Rose 2003).

The extensive work on rough skinned newts,
Taricha granulosa, by Moore and colleagues
illustrates the effects that CORT can have on the
CNS and reproductive behavior. CORT acts rapidly
on medullary motor neurons involved in amplexus
through nongenomic effects on membrane-bound
receptors (Orchinik et al. 1991; Moore and Evans
1999) and alters behavior in a graded fashion;
higher doses elicit a greater decrease in clasping
quality (Moore and Miller 1984; Lewis and Rose
2003). CORT appears to alter the secretion of AVT
from motor neurons to mediate changes in amplectic
behavior (reviewed in Moore and Evans 1999; Evans
et al. 2000). This mechanism is particularly intri-
guing because many neurons in the anuran vocal
motor pathway exhibit high AVT immunoreactivity

(Boyd 1997) and AVT administration is well-known
to affect vocal behavior in anurans (Boyd 1994b,
2006; Marler et al. 1995; Chu et al. 1998; Trainor
et al. 2003). If CORT alters the secretion of AVT
in the vocal motor pathway of anurans via similar
mechanisms, we may expect that AVT immuno-
reactivity would be higher in males with high levels
of CORT. Such studies have not been performed in
anurans. However, Marler et al. (1999) did find that
AVT immunoreactivity (primarily in the nucleus
accumbens) was higher in nonvocalizing cricket
frogs, A. crepitans. Whether CORT is involved in
mediating changes in behavior in A. crepitans,
however, is not currently known, nor is it clear
whether these differences represent increased AVT
secretion (i.e., lower AVT-immunoreactivity) in call-
ing males or whether secretion of AVT is inhibited
in noncalling males.

The various steroid—hormone relationships that
have been reported for calling and noncalling male
anurans (Table 1) suggest that there are several
potential mechanisms by which steroid hormones
could interact with AVT to alter calling behavior
(Leary et al. 2004). For example, in P. pustulosus
and the green treefrog, Hyla cinerea, experimental
elevation of CORT inhibits calling behavior but
also causes a decrease in circulating androgen levels
(Marler and Ryan 1996; Burmeister et al. 2001).
Similarly, in bullfrogs, R. catesbeiana, calling males
have higher circulating CORT levels and lower
androgen levels than do noncalling males, suggesting
that a decrease in androgens could also mediate
changes in calling behavior (Mendong¢a et al. 1985).
Hence, high CORT may alter calling behavior in
some anurans by influencing androgenic effects on
the neural circuitry underlying calling behavior.
Gonadal steroids are required for the synthesis
of AVT in vocal-control regions (Boyd 1994a); one
possibility, therefore, is that decreased levels of
androgen results in decreased AVT synthesis and
calling behavior. In contrast, CORT manipulations
in Woodhouse’s toad, Bufo woodhousii, and the
Great Plains toad, B. cognatus, indicate that CORT

Table 1 Relative levels of circulating androgens and corticosterone reported for calling and non-calling male anurans

Species Androgen level

Corticosterone level

Noncalling behavior Citation

Rana catesbeiana Lower in callers Higher in callers

Eleutherodactylus coqui Higher in callers Not measured

Physalaemus pustulosus Higher in callers No difference

Bufo cognatus No difference Higher in callers

Bufo woodhousii No difference Higher in callers

Satellite males Mendonga et al. (1985)
Townsend and Moger (1987)
Marler and Ryan (1996)
Leary et al. (2004)

Leary et al. (2004)

Males exhibiting parental care
Foraging males
Satellite males

Satellite males
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injections do not negatively affect circulating andro-
gen levels in transitions from calling to noncalling
behavior (Leary et al. 2004). Another possibility,
therefore, is that high CORT levels inhibit calling
behavior by affecting the secretion of AVT via the
mechanisms described for newts.

Selective pressures associated with differences in
the temporal periods of breeding activity may give
rise to these differences (Leary et al. 2004, 2006a).
For example, in explosively breeding species (i.e.,
B. woodhousii and B. cognatus), reciprocal interac-
tions between CORT and androgens are likely to
have strong negative-fitness consequences because
such effects may remove those individuals from
choruses for a significant proportion of the breeding
period (concepts of the “Emergency life-history
stage” (Wingfield et al. 1998). Clearly, further com-
parative work is needed to determine the hormonal
mechanisms involved in mediating changes in
anuran calling behavior. Aside from dose-dependent
effects on calling behavior in general i.e., calling
versus noncalling behavior (Marler and Ryan 1996;
Burmeister et al. 2001), potential graded effects of
CORT on vocal parameters have not been examined.

Acoustic stimulation of the neuroendocrine axis

The stimulatory effects of males’ mating signals
on the neuroendocrinology of females have been
recognized for some time (reviewed by Wingfield
and Marler 1988). In particular, Marshall (1936)
formally articulated the idea that some courtship
displays of males more effectively stimulate the
reproductive neuroendocrine axis of females to
elicit receptivity and synchronize reproduction,
thereby driving the evolution of males’ sexual signals.
Acoustic modulation of the HPG axis may be an
evolutionarily conserved characteristic and critical
to coordinating mating behavior in many vertebrates
(Remage-Healey and Bass 2004). Stimulatory effects
of conspecific, but not heterospecific, calls on testi-
cular development and/or androgen levels has been
documented in grass frogs, Rana temporaria (Brzoska
and Obert 1980), leopard frogs, Rana spenocephala
(Chu and Wilczynski 2001), and green treefrogs,
H. cinerea (Burmeister and Wilczynski 2000, 2005).
Males’ advertisement calls have also been found to
stimulate receptivity and ovarian development (Rabb
1973; Lea et al. 2001) and estradiol production
(Lynch and Wilczynski 2006) in female anurans.
Hence, evidence suggests that the anuran HPG
axis is stimulated by conspecific social signals,
thereby priming the reproductive axis for sexual

C.).Leary

readiness and coordination of reproductive activity
(Wilezynski et al. 1993; Wilczynski and Chu 2001).

Acoustic stimuli are likely to modulate the anuran
reproductive neuroendocrine axis via ascending
input to the hypothalamus from the thalamus (that
receives input from the superior olive, superficial
reticular nucleus, and torus semicircularis) (Neary
1988; Wilczynski 1988; Allison and Wilczynski
1991; Wilczynski et al. 1993). Indeed, hypothalamic
neurons have been shown to change their activity in
response to conspecific mating calls in anurans
(Wilczynski  and  Allison  1989; Allison 1992).
However, the salient acoustic features that are
selectivity filtered and relayed to the hypothalamus
from the thalamus are largely unstudied (Neary
1988). Selectivity for temporal features of species-
specific calls is thought to be particularly enhanced
in the thalamus (Hall and Feng 1986; Endepols et al.
2003). Single unit extracellular recordings, for exam-
ple, suggest that the central thalamic nucleus exhibits
heightened selectivity for AM rate and pulse
duration; the posterior thalamic nucleus appears to
be primarily involved in spectral processing
(Hall and Feng 1986, 1987). The potential effects of
hormone levels on selective filtering of acoustic
information transmitted to the hypothalamus have
not been examined. The effects of circulating
hormone levels on neural selectivity are discussed
below.

Hormonal effects on peripheral and central
auditory pathways

Males’ displays not only influence females’ receptivity
and motivational state via changes in hormone levels
but changes in hormone levels can also alter the
tuning properties of neurons in the sensory pathway.
For example, Sisneros et al. (2004) determined that
the phase-locking characteristics (i.e., temporal
coding of carrier frequency) of saccular afferent
neurons in plainfin midshipman, Porichthys notatus
(the sacculus is the primary auditory end organ in
these animals), improved when nonreproductive
females were treated with testosterone or estradiol;
these changes reflected seasonal changes in hormone
levels and auditory tuning to species-specific calls
(Sisneros and Bass 2003).

Several studies on anurans have indicated that
circulating hormone levels affect the tuning proper-
ties of auditory neurons (Table 2). The most
commonly reported hormonal effect includes an
increase in the number of neurons that are respon-
sive to auditory stimuli during the breeding period
(when gonadal steroids are presumably higher) or
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Hormones and acoustic communication

Table 2 Reported hormonal effects on auditory neurons in anuran amphibians

Auditory region
examined

Reported major

Species changes

Comparison Citation

Bombina bombina  Torus semicircularis

to auditory stimuli

Rana pipiens Ant. preoptic region Number of neurons responsive
to auditory stimuli

Rana pipiens Torus semicircularis Number of neurons responsive
to auditory stimuli and spectral
tuning characteristics

Rana pipiens Pretrigeminal nucleus ~ Number of neurons

responsive to auditory stimuli

Number of neurons responsive

Seasonal Walkowiak (1980)

Urano and Gorbman
(1981)

Yovanof and Feng
(1983)

Pituitary homogenate injections

Intraventricular estradiol
injections

Seasonal and gonadotropin
injections

Aitken and Capranica
(1984)

and with complex tuning curves

Hyla chrysoscelis Torus semicircularis Auditory thresholds and

Seasonal Hillery (1980)

spectral tuning characteristics

Hyla cinerea Torus semicircularis None

Rana pipiens Torus semicircularis Spectral and temporal

tuning characteristics

Seasonal and androgen injections  Penna et al. (1992)

Seasonal Goense and Feng

(2005)

after administration of gonadotropins or gonadal
steroids (Table 2). However, several investigators
have also reported additional changes in the response
properties of neurons during the breeding period
or after hormone treatment including decreased
auditory thresholds, increased number of cells with
complex tuning properties (i.e., V-shaped versus
W-shaped tuning curves), and/or changes in spectral
and temporal tuning properties (Table 2). In general,
these studies suggest that hormonally mediated
changes potentially alter the response properties of
neurons in the auditory pathway and thereby
increase sensitivity for species-typical characteristics
of calls during the breeding season. However, other
studies have reported that there were no hormonal
(androgen) and/or seasonal effects on sensitivity or
thresholds of auditory frequency (Penna et al. 1992;
Table 2). Clearly, further studies are needed to
address these reported discrepancies. In particular,
studies that examine the responses of single neurons
before, and after, administration of hormones are
needed. Recent implementation of intracellular
recording techniques (Edwards et al. 2007; Leary
et al. 2008) provide promising avenues for future
neuroendocrinal  studies aimed at examining
the effects of hormones on auditory selectivity and
ascertaining the mechanisms involved.

While various tuning properties of anuran
auditory neurons appear to be influenced by
hormone levels, it remains unclear how the tuning
properties of auditory neurons relate to potential
variation in females’ preferences or the extent to
which hormone levels fluctuate within individuals
or differ among individuals during mate selection

(see D’Istria et al. 1974; Licht et al. 1983; Lynch
and Wilczynski 2005 and citations within, for sea-
sonal variation in hormone levels in female
anurans). These are important considerations, how-
ever, because variation in neural tuning properties
that are related to variation in circulated hormone
levels among breeding females would suggest a
proximate basis for plasticity in females’ preferences;
variability in the signal quality of males could thus
be maintained if hormones affect the preferences of
receivers. Such studies should provide insights into
the variation in females’ choices inherent in many
models of the evolution in mate choice by females
and maintenance of variation in signal quality of
males (Andersson 1994). Concerns regarding natural
variation in hormone levels are also clearly appli-
cable to signal senders. In the following section,
I examine the results from studies of whole-animal
performance to address these problems.

Integrating hormonal effects and
whole-animal performance

Senders

How do hormonally mediated effects on peripheral
structures and/or CNS translate into measures of
whole-animal performance in senders? One particu-
larly intriguing model proposed by Emerson (2001),
the “Energetics Hormone-Vocalization (EHV)
model, posits that temporal changes in vocal effort
will be related to circulating steroid hormone levels.”
The EHV model is rooted in the high energetic costs
associated with calling behavior in anurans (reviewed
by Wells 2001) and reciprocal interactions between
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CORT and androgen levels (Greenberg and
Wingfield 1987). Essentially, the energetic demands
associated with calling behavior were predicted to
drive temporal elevations in circulating CORT
levels. Androgen levels were expected to exhibit
concordant temporal fluctuations that are mediated
by interactions among calling conspecifics i.e., based
on the Challenge Hypothesis, (Wingfield et al. 1990)
and/or through self vocal-stimulation (Cheng 1992).
Temporal changes in circulating hormone levels were
predicted to parallel vocal effort; high vocal effort
was expected to require more energy and, thus, stim-
ulate elevations in circulating CORT (i.e., elevations
in CORT were expected to be a consequence of
increased vocal effort) while varying androgen
levels were expected to initiate changes in relative
vocal effort (i.e., cause changes in vocal effort).
Emerson (2001) predicted that CORT levels eventu-
ally reach some threshold level that inhibits androgen
production and, therefore, vocalization. The model
thus predicts a graded effect of androgens on vocal
effort and provides a conceptual framework in which
to examine the influence of circulating hormone
levels on whole-animal performance.

It is currently unclear how the EHV model applies
to steroid hormone profiles reported for calling and
noncalling male anurans (Table 1). For example,
because the model depicts temporal changes in
hormone levels and vocal effort as a bell-shaped
curve with calling represented on the left of the
curve (when androgens and CORT are increasing)
and noncalling behavior on the right (when andro-
gens and CORT are declining), there should be no
net difference in CORT or androgen levels for calling
and noncalling individuals. Available data, however,
demonstrate all possible scenarios for androgen levels
in calling and noncalling male anurans (Table 1).
Mendonga et al. (1985), for example, reported that
male R. catesbeiana that are actively calling have
lower circulating androgen levels than do noncalling
males. Townsend and Moger (1987) and Marler and
Ryan (1996), on the other hand, report the opposite
pattern in Eleutherodactylus coqui and P. pustulosus,
respectively. Yet, in B. woodhousii and B. cognatus
there were no differences in circulating androgen
levels for callers and non-callers (Leary et al. 2004;
Table 1). Although many of these examples are often
cited to illustrate the potential complexity of hor-
mone-vocal relationships in anurans, comparisons
should be interpreted with caution because they rep-
resent very different categories of noncalling behavior
among the species examined (Table 1). For example,
Mendonga et al. (1985) and Leary et al. (2004) com-
pared androgen levels in calling and noncalling males

C.).Leary

exhibiting alternative mating tactics, Townsend and
Moger (1987) compared calling males to noncalling
males exhibiting parental care, and Marler and
Ryan (1996) compared calling males to noncalling
individuals that were foraging away from the
chorus (Table 1). Consideration of these behavioral
differences is important because other factors could
be involved in modulating hormone levels i.e.,
parental care is expected to be associated with
decreased androgen levels (Wingfield et al. 1990).
Clearly, however, calling males in natural choruses
do not necessarily have higher androgen levels.

Studies that have examined CORT levels as well as
androgen levels for callers and noncallers provide
further insights into the potential hormonal mechan-
isms involved in mediating calling behavior
(Table 1). For example, Mendon¢a et al. (1985)
reported that CORT levels were higher for calling
R. catesbeiana, suggesting that calling behavior
drives elevations in CORT levels that negatively
impact circulating androgen levels (as predicted by
Emerson 2001). Marler and Ryan (1996) indicated
that there were no differences in circulating CORT
levels for calling and noncalling P. pustulosus but that
the administration of CORT resulted in a reduction
in circulating androgen levels characteristic of
noncalling males. CORT levels were higher in calling
B. woodhousii and B. cognatus, but in contrast
to R. catesbeiana and P. pustulosus, there was no
evidence that high CORT suppressed production of
androgens in noncallers of either species (Leary et al.
2004). Results from administration of CORT were
consistent with interpretations derived from
hormone profiles in B. woodhousii and B. cognatus;
elevated CORT elicited noncalling behavior indepen-
dently of changes in levels of circulating androgens
(Leary et al. 2004, 2006a). Such studies of hormone
manipulation are particularly important because
mechanistic interpretations derived from hormone
profiles alone may be misleading. For example,
hormone levels are not expected to be the sole
determinate of vocal behavior; social interactions
are well-known to influence calling behavior in anur-
ans (reviewed in Gerhardt and Huber 2002). Male
R. catesbeiana, for example, aggressively defend
calling sites and larger males may thus prevent
smaller noncalling males from calling (Howard
1978, 1984), regardless of hormonal state (studies
on manipulation of hormones have not been
performed in R. catesbeiana). Examination of natural
steroid hormone levels, however, are clearly essential
for determining the levels of hormones required in
manipulation studies (i.e., to assure that pharmaco-
logical doses are not administered).
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Other studies provide insights into the various
facets of the EHV model. For example, several inves-
tigators have addressed the effects of androgen
administration on calling behavior under laboratory
conditions that controlled for social effects on vocal
behavior. These studies provide some support for
androgen-mediated effects on vocal effort. Wetzel
and Kelly (1983), for example, found that adminis-
tration of androgens increased the amount of time
spent calling (relative to controls) and there was
evidence for a dose-dependent effect of dihydrotes-
tosterone (administered in conjunction with human
chorionic gonadotropin) in X. laevis. Solis and Penna
(1997), however, examined calling responses of
androgen-manipulated frogs evoked by vocal play-
backs. They found that although administration of
testosterone did not cause any detectable change in
vocal characteristics per se (i.e., number of pulses
per call, call duration, PRR), it did affect the average
number of calls elicited from male Batrachyla
taeniata (Leptodactylidae) that were subject to the
vocal playback stimuli. The authors suggested that
elevated androgen levels increase the motivation to
call although there were no differences in the latency
of evoked responses. Burmeister et al. (2001), how-
ever, reported an inverse relationship between andro-
gen level and latency to call subsequent to hormone
manipulation in animals housed adjacent to natural
choruses. Numerous other studies have experimen-
tally manipulated circulating hormone levels in male
anurans, but most studies were designed to examine
androgen-mediated effects on reproductive behavior
in general and, therefore, do not specifically examine
the potential effects of androgen on vocal effort or
specific characteristics of calls (see Schmidt 1966;
Wada et al. 1976; Kelley and Pfaff 1978 and citations
within).

A second approach has been to examine cor-
relations between the vocal characteristics and circu-
lating hormone levels of males engaged in calling
activity in natural choruses. While this approach
does not control for social factors that potentially
influence reproductive behavior, it has the advantage
of addressing whether variation in hormone levels
is important in the context of behaving animals in
their natural environment (see McClintock 1987).
Few studies have examined relationships between
androgen levels and the characteristics of males’
calls in natural anuran choruses and the results
that were obtained are contradictory. Solis (1994,
cited by Solis and Penna 1997), for example,
reported a positive correlation between androgen
levels and the number of pulses in the calls
(call duration) of chorusing Pleurodema thaul

11

(Leptodactylidae), suggesting a graded effect of
androgens on vocal effort. In contrast, circulating
androgen level was not an accurate predictor of
vocal effort in chorusing male B. woodhousii (Leary
et al. 2008a).

While most studies on anurans have focused on
the relationship between androgen levels and vocal
parameters, recent studies emphasize the importance
of CORT. In B. cognatus, for example, males practi-
cing alternative noncalling mating tactics appear to
optimize their reproductive success by exhibiting
acoustic preferences that parallel females’ preferences
(Leary et al. 2006b). Satellite males of this species
associate with calling males producing the longest
calls and females also preferred longer calls charac-
teristic of males with associated satellites (Leary et al.
2006b). Males with, and without, associated satellites
in natural choruses, however, did not differ with
respect to circulating androgen levels. Rather, calling
males producing the longest calls (with associated
satellite males) had significantly lower CORT levels
than did nearby males producing shorter calls
(without associated satellites) (Leary et al. 2006b).
CORT levels of chorusing males were negatively
correlated with duration of call in this species and
experimental elevation in CORT caused a decrease in
call duration. Female anurans generally prefer mating
signals that reflect greater total effort (Gerhardt and
Huber 2002) and these preferences are likely to drive
elevations in the circulating CORT levels of signalers
(Emerson 2001; Emerson and Hess 2005; Leary et al.
2004, 2008a). Overall, these results show that while
high CORT levels appear to be required to promote
the mobilization of energy reserves required for
increased vocal effort, in at least some species,
elevations in CORT may negatively affect the quality
of the signal (Leary et al. 2006b; see Husak and
Moore 2008 for review of CORT effects on sexually
selected traits).

Receivers

Several recent studies suggest that hormone levels
in females can alter the choice of potential mates
via effects on motivational state or discriminatory
abilities. One of the most thoroughly studied
examples involves mate selection by female tingara
frogs, P. pustulosus. Lynch et al. (2005) determined
that female receptivity (phonotaxis to conspecific
calls) and permissiveness (phonotaxis to less
attractive alternative calls) changed with different
stages of the reproductive cycle (see also Lea et al.
2000; Bosch and Boyero 2004). Specifically, non-
amplectic females (i.e., females that have not yet
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selected mates) and postmated females exhibited
lower receptivity and less permissiveness than did
amplectic females (i.e., females that were in amplexus
and subsequently removed from males for experi-
ments on phonotaxis). Changes in receptivity and
permissiveness were not, however, associated with
changes in discriminatory abilities; amplectic females
retained the ability to discriminate between attractive
and less attractive calls (but see Lea et al. 2000 for
discriminatory changes associated with reproductive
stage in midwife toads, Alytes muletensis). Females
were thus more likely to accept less attractive calls
as the time to oviposition approached, yet they
remain capable of discriminating among calls
(Lynch et al. 2005). Temporal changes in receptivity
and permissiveness were shown to be causally related
to changes in circulating gonadal hormones (induced
by injections of HCG) and generally increased with
higher doses before leveling off at the highest dosages
(Lynch et al. 2006). These investigators also showed
that the experimental manipulations of hormone
levels and the effects on the behaviors of females
parallel those found under natural conditions
(Lynch and Wilczynski 2005). These results suggest
that local environmental conditions that potentially
modulate hormone levels and/or delay reproduction
could affect the choice of mates by females and
contribute to maintaining variability in the quality
of males’ signals.

Conclusions

Despite considerable evidence that androgens are
responsible for mediating vocal production in
anuran amphibians (reviewed by Moore 1983;
Moore et al. 2005; Wilczynski et al. 2005), there
are substantial problems with drawing any general
conclusions regarding graded effects of androgens
on the relative attractiveness of males’ acoustic
signals. In many ways, problems associated with
current models relating hormones and vocalization
in anuran amphibians (i.e., the EHV model,
Emerson 2001) parallel those of the immunocom-
petence handicap hypothesis (ICHH, Folstad and
Karter 1992). The ICHH, while intended to be
broadly applicable, has received most attention
from researchers investigating hormonal mediation
of sexually selected traits (including vocalization) in
birds (reviewed by Roberts et al. 2004). Currently,
however, one major criticism of the ICHH model
is the lack of evidence for graded effects of hormones
on sexually selected traits (Hews and Moore 1997;
Roberts et al. 2004). Evidence for graded effects of
androgens on vocal quality in anurans is even more

C.).Leary

limited and the positive relationships reported for
one species are not necessarily reflected in other spe-
cies. Grounds on which to dismiss current models
are equally problematic simply because few studies
have explicitly tested for such relationships.

A central concept of the ICHH involves expected
tradeoffs (i.e., decreased immune function) asso-
ciated with elevations in levels of circulating andro-
gens. This is particularly important in assessing how
hormone levels potentially influence the evolu-
tion of androgen-mediated traits. The “phenotypic
engineering” experiments performed on dark-eyed
juncos (see Introduction) and other species (see
review by Hau 1997) illustrate the insights that are
often gained by such studies. Unfortunately, no such
studies have been carried out on anuran amphibians
(Hau 1997). Despite the general paucity of documen-
ted dose-dependent effects of hormones on vocal
attractiveness in male anurans, a few studies do
offer intriguing justification for further pursuing
this topic. The available evidence suggests that
hormone levels, when they do affect the quality of
acoustic signals, are predominately affecting dynamic
properties of calls that are typically under strong
directional selection via female choice. Further inves-
tigations are likely to reveal interesting tradeoffs
associated with changes in hormone levels and voca-
lization and may thus provide important insights
into the evolution of acoustic signals in anurans.

An additional interesting issue stemming from the
ICHH involves the potential modulatory role that
nutritional state has on levels of circulating andro-
gens and the expression of elaborate male traits;
androgen-mediated effects on sexually selected traits
could be reliable signals of relative nutritional status
rather than of immune function (Pérez-Rodriguez
et al. 2006). This may be a particularly important
aspect to consider when choosing candidate anuran
species in which to examine potential androgen-
mediated effects on vocal quality because in some
species relative nutritional state influences signal
quality (see citations in Solis and Penna 1997).
Importantly, supplemental feeding also elevates
androgen levels in P. pustulosus (Marler and Ryan
1996) and body condition is positively correlated
with androgen level in B. woodhousii (Leary et al.
2008a), suggesting that the effects of nutritional
state on vocal quality documented in several anurans
could be mediated via androgens.

Two findings emphasized in the current review
can and, I hope, will direct future research. First,
while research has focused largely on circulating
androgens, recent studies suggest that stress hor-
mones can also play a central role in mediating
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vocal attractiveness. Second, the common assump-
tion that females’ choice of mates is largely static
needs to be reconsidered; a role of hormones
in mediating plasticity in females’ choice of mates
provides exciting avenues for future investigation.
Studies that explicitly address hormone-behavior
relationships in anurans from the perspective of
senders as well as receivers are clearly needed to
better apply theoretical models and understand the
broader implications of hormonal influences on
signal evolution. Further studies should include
experimental manipulation of hormone levels and
such experiments should be specifically designed to
investigate  dose-dependent  hormonal effects.
Preferably, future studies will also address experi-
mental findings in the context of natural hormone
levels and variability in signaling and choice of mates
under natural field conditions. Such investigations
are likely to be rewarding and initiate further
integrative studies.

Acknowledgments

This article arose from a symposium sponsored by
the Society for Integrative and Comparative Biology.
Support was provided though the Divisions of
Animal Behavior, Comparative Endocrinology, and
Vertebrate Morphology, and also by the National
Science Foundation. I thank Jerry Husak, Duncan
Irschick and Ignacio Moore for inviting me to
participate in the symposium. [ also thank
Rosemary Knapp, Gary Rose and two anonymous
reviewers for critically evaluating and providing
valuable comments on the manuscript.

References

Adkins-Regan E. 1998. Hormonal mechanisms of mate
choice. Am Zool 38:166-78.

Adkins-Regan E. 2005. Hormones and animal social behavior.
Princeton, NJ: Princeton University Press.

Aitken PG, Capranica RR. 1984. Auditory input to a vocal
nucleus in the frog Rana pipiens: hormonal and seasonal
effects. Exp Brain Res 57:33-9.

Allison JD. 1992. Acoustic modulation of neural activity in
the preoptic area and ventral hypothalamus in the green
treefrog (Hyla cinerea). ] Comp Physiol 171:387-95.

Allison JD, Wilczynski W. 1991. Thalamic and midbrain
auditory projections to the preoptic area and ventral
hypothalamus in the green treefrog (Hyla cinerea). Brain
Behav Evol 37:322-31.

Andersson M. 1994. Sexual selection. Princeton, NJ: Princeton
University Press.

Ball GF, Balthazart J. 2008. Individual variation and the
endocrine regulation of behavior and physiology in

13

birds: a cellular/molecular perspective. Philos Trans R Soc
B 363:1699-710.

Bass AH, Remage-Healey L. 2008. Central pattern generators
for social vocalization: androgen-dependent neurophysio-
logical mechanisms. Horm Behav 53:659-72.

Bhasin S, et al. 2001a. Testosterone dose-response relation-
ships in healthy young men. Am J Physiol 281:E1172—-181.

Bhasin S, et al. 2005. Older men are as responsive as young
men to the anabolic effects of graded doses of testosterone
on the skeletal muscle. ] Clin Endocrinol Metabol
90:678-88.

Bhasin S, Woodhouse L, Storer TW. 2001b. Proof of the effect
of testosterone on skeletal muscle. ] Endocrinol 170:27-38.

Blair AP. 1946. The effects of various hormones on primary
and secondary sex characteristics of juvenile Bufo fowleri.
J Exp Zool 103:365-400.

Bleay C, Sinervo B. 2007. Discrete genetic variation in mate
choice and a condition-dependent preference function in
the side-blotched lizard: implications for the formation
and maintenance of coadapted gene complexes. Behav
Ecol 18:292-7.

Bleisch W, Luine VN, Nottebohm F. 1984. Modification of
synapses in androgen-sensitive muscle. ] Neurosci 4:786-92.

Bosch ], Boyero L. 2004. Reproductive stage and phonotactic
preferences of female midwife toads (Alytes cisternasii).
Behav Ecol Sociobiol 55:251-6.

Boul KE, Ryan MJ. 2004. Population variation of complex
advertisement calls in Physalaemus petersi and comparative
laryngeal morphology. Copeia 2004:624-31.

Boyd SK. 1994a. Gonadal steroid modulation of vasotocin
concentrations in the bullfrog brain. Neuroendocrinology
60:150-6.

Boyd SK. 1994b. Arginine vasotocin facilitation of advertise-
ment calling and call phonotaxis in bullfrogs. Horm Behav
28:232-40.

Boyd SK. 1997. Brain vasotocin pathways and the control of
sexual behaviors in the bullfrog. Brain Res Bull 44:345-50.

Boyd SK. 2006. Amphibian neurohypophysial peptides.
In: Kastin AJ, editor. The handbook of biologically active
peptides. Boston, MA: Academic Press. p. 327-32.

Boyd SK, Wissing KD, Heinsz JE, Prins GS. 1999. Androgen
receptors and sexual dimorphisms in the larynx of the
bullfrog. Gen Comp Endocrinol 113:59-68.

Brenowitz EA, Rose GJ, Alder T. 2001. The neuroethology of
acoustic communication in Pacific treefrogs. In: Ryan MJ,
editor. Anuran communication. Washington: Smithsonian
Institution Press. p. 145-55.

Breuner CW, Orchinik M. 2002. Beyond carrier proteins:
plasma binding proteins as mediators of corticosteroid
action in vertebrates. ] Endocrinol 175:99-112.

Brzoska ], Obert HJ. 1980. Acoustic signals influencing the
hormone production of the testes in the grass frog. ] Comp
Physiol 140:25-29.

Burmeister S, Somes C, Wilczynski W. 2001. Behavioral and
hormonal effects of exogenous vasotocin and corticosterone
in the green treefrog. Gen Comp Endocrinol 122:189-97.

55

60

65

70

75

80

85

920

95

105


proofreader


[Ver: A3B2-WIN8.07r/W-Standard] [27.4.2009-8:19pm] [1-19] [Page No. 1] FIRST PROOFS
K:/Journals/Inprocess/Oup/icb/icp027.3d (JICBIOL)

Paper: icp027

20

25

30

35

40

45

50

ouP

PUBLIC RELEASE

NOT FOR

14

Burmeister S, Wilczynski W. 2000. Social signals influence
hormones independently of calling behavior in the treefrog
(Hyla cinerea). Horm Behav 38:201-9.

Burmeister S, Wilczynski W. 2005. Social signals regulate
gonadotropin-releasing hormone neurons in the green
treefrog. Brain Behav Evol 65:26-32.

Capranica RR. 1966. Vocal response of the bullfrog to
natural and synthetic calls mating calls. ] Acout Soc Am
40:1131-9.

Cheng MF. 1992. For whom does the female dove coo? A case
for the role of vocal self-stimulation. Anim Behav
43:1035-44.

Chu J, Marler CA, Wilczynski W. 1998. The effects of arginine
vasotocin on the calling behavior of male cricket frogs in
changing social contexts. Horm Behav 34:248-61.

Chu J, Wilczynski W. 2001. Social influences on androgen
levels in the southern leopard frog, Rana sphenocephala.
Gen Comp Endocrinol 121:66-73.

Clement TS, Grens KE, Fernald RD. 2005. Female affiliative
preference depends on reproductive state in the African
cichlid fish, Astatotilapia burtoni. Behav Ecol 16:83-8.

Di Ridder E, Pinxten R, Eens M. 2000. Experimental evidence
of a testosterone-induced shift from paternal to mating
behavior in a facultatively polygynous songbird. Behav
Ecol Sociobiol 49:24-30.

D’Istria M, Delrio G, Chieffi G. 1974. Radioimmunoassay of
testosterone, 1783-oestradiol and oestrone in the male and
female plasma of Rana esculenta during sexual cycle.
Steroids Lipids Res 5:42-8.

Drewry GE, Heyer WR, Rand AS. 1982. A functional analysis
of the complex call of the frog Physalaemus pustulosus.
Copeia 1982:636—45.

Dudley R, Rand S. 1991. Sound production and vocal sac
inflation in the tingara frog, Physalaemus pustulosus
(Leptodactylidae). Copeia 1991:460-70.

Dupont W, Bourgeois P, Reinberg A, Vaillant R. 1979.
Circannual and circadian rhythmns in the concentration
of corticosterone in the plasma of the edible frog (Rana
esculenta L.). ] Endocrinol 80:117-25.

Edwards CJ, Leary CJ, Rose GJ. 2007. Counting on inhibition
and rate-dependent excitation in the auditory system.
] Neurosci 27:13384-92.

Emerson SB. 2001. Male advertisement calls: Behavioral
variation and physiological processes. In: Ryan M]J, editor.
Anuran  communication.  Washington: ~ Smithsonian
Institution Press. p. 36—44.

Emerson SB, Craig A, Carroll L, Prins G. 1999. Androgen
receptors in two androgen mediated, sexually dimorphic
characters of frogs. Gen Comp Endocrinol 114:173-80.

Emerson SB, Hess DL. 2005. Glucocorticoids, androgens,
testis mass, and the energetics of vocalization in breeding
male frogs. Horm Behav 39:59-69.

Endepols H, Feng AS, Gerhardt HC, Schul J, Walkowiak W.
2003. Role of the auditory midbrain and thalamus in
selective phonotaxis in female gray treefrogs (Hyla
versicolor). Behav Brain Res 145:63-77.

C.).Leary

Enstrom DA, Ketterson ED, Nolan V Jr. 1997. Testosterone
and mate choice in the dark-eyed junco. Anim Behav
54:1135-46.

Evans MR, Roberts ML, Buchanan KL, Goldsmith AR. 2006.
Heritability of corticosterone response and changes in life
history traits during selection in the zebra finch. J Evol Biol
19:343-52.

Evans SJ, Searcy B, Moore FL. 2000. A subset of kappa opioid
ligands bind to the membrane glucocorticoid receptor in an
amphibian brain. Endocrinology 141:2294-300.

Foerster K, Poesel A, Klune H, Kempenaers B. 2002. The
natural plasma testosterone profile of male blue tits
during the breeding season and its relation to song
output. J Avian Biol 33:269-75.

Folstad I, Karter AJ. 1992. Parasites, bright males, and the
immunocompetence handicap. Am Nat 139:603-22.

Fusani L. 2008. Testosterone control of male courtship in
birds. Horm Behav 54:227-33.

Fuzessery ZM. 1988. Frequency tuning in the anuran central
auditory system. In: Fritzsch B, Ryan M]J, Wilczynski W,
Hetherington TE, Walkowiak W, editors. The evolution of
the amphibian auditory system. New York: John Wiley and
Sons. p. 253-73.

Gerhardt HC. 1991. Female mate choice in treefrogs: static
and dynamic acoustic criteria. Anim Behav 42:615-35.

Gerhardt HC. 1994. The evolution of vocalization in frogs
and toads. Annu Rev Ecol Syst 25:293-324.

Gerhardt HC. 2005. Advertisement-call preferences in diploid-
tetraploid treefrogs (Hyla chrysoscelis and Hyla versicolor):
implications for mate choice and the evolution of
communication systems. Evolution 59:395-408.

Gerhardt HC, Huber F. 2002. Acoustic communication in
insects and anurans. Chicago: University of Chicago Press.

Girgenrath M, Marsh RL. 1997. In vivo performance of trunk
muscles in tree frogs during calling. J Exp Biol 200:3101-8.

Girgenrath M, Marsh RL. 1999. Power output of sound-
producing muscles in the tree frogs Hyla versicolor and
Hyla chrysoscelis. ] Exp Biol 202:3225-37.

Girgenrath M, Marsh RL. 2003. Season and testosterone affect
contractile properties of fast calling muscles in the grey tree
frog Hyla chrysoscelis. Am ] Physiol Reg Integr Comp
Physiol 284:1513-20.

Goense JBM, Feng AS. 2005. Seasonal changes in frequency
tuning and temporal processing in single neurons in the
frog auditory midbrain. J Neurobiol 65:22-36.

Greenberg N, Wingfield J. 1987. Stress and reproductions:
reciprocal relationships. In: Norris DO, Jones RE, editors.
Hormones and reproduction in fishes, amphibians and
reptiles. New York: Plenum Press. p. 461-89.

Gridi-Papp M, Rand AS, Ryan M]J. 2006. Animal com-
munication: complex call production in the tungara frog.
Nature 441:38.

Hall JC, Feng AS. 1986. Neural analysis of temporally
patterned sounds in the frog’s thalamus: processing of
pulse duration and pulse repetition rate. Neurosci Lett
63:215-20.

60

65

70

75

80

85

920

95

100

105

110


proofreader


[Ver: A3B2-WIN8.07r/W-Standard]
K:/Journals/Inprocess/Oup/icb/icp027.3d

Paper: icp027

20

25

30

35

40

45

50

55

[27.4.2009-8:19pm] [1-19] [Page No. 1]

FIRST PROOFS
(JICBIOL)
ouP

PUBLIC RELEASE

NOT FOR

Hormones and acoustic communication

Hall JC, Feng AS. 1987. Evidence for parallel processing in the
frogs auditory thalamus. J] Comp Neurol 258:407-19.

Hartgens F, Kuipers H. 2004. Effects of androgenic-anabolic
steroids in athletes. Sports Med 34:523-54.

Harvey LA, Propper CR, Woodley SK, Moore MC. 1997.
Reproductive endocrinology of the explosively breeding
desert spadefoot toad, Scaphiopus couchii. Gen Comp
Endocrinol 105:102-13.

Hau M. 1997. Regulation of male traits by testosterone:
implications for the evolution of vertebrate life histories.
Bioessays 29:133—44.

Heisler IL. 1984. A quantitative genetic model for the origin
of mating preferences. Evolution 38:1283-95.

Hews DK, Moore MC. 1997. Hormones and sex-specific
traits: critical questions. In: Beckage NE, editor. Parasites
and pathogens: Effects on host hormones and behavior.
New York, NY: Chapman and Hall. p. 277-92.

Hill JA, Enstrom DA, Ketterson ED, Nolan V Jr, Ziegenfus C.
1999. Mate choice based on static versus dynamic second-
ary sexual traits in the dark-eyed junco. Behav Ecol
10:91-6.

Hillery CM. 1980. Seasonality of two midbrain auditory

responses in the treefrog, Hyla chrysoscelis. Copeia
1984:844-52.
Holloway AK, Cannatella DC, Gerhardt HC, Hillis DM. 2006.
Polyploids ~ with  different origins and ancestors

form a single sexual polyploidy species. Am Nat 167:
E88-101.

Howard RD. 1978. The evolution of mating strategies in
bullfrogs, Rana catesbeiana. Evolution 32:850-71.

Howard RD. 1984. Alternative mating behaviors of young
male bullfrogs. Am Zool 24:397-406.

Hunt KE, Hahn TP, Wingfield JC. 1997. Testosterone
implants increase song but not aggression in male
Lapland longspurs. Anim Behav 54:1177-92.

Husak JF, Moore IT. 2008. Stress hormones and mate choice.
Trends Ecol Evol 23:532—4.

Hutchison JB, Hutchison RE. 1983. Hormonal mechanisms of
mate choice in birds. In: Bateson P, editor. Mate choice.
Cambridge: Cambridge University Press. p. 389—406.

Itoh M, Inoue M, Ishii S. 1990. Annual cycle of pituitary
gonadotropins and plasma sex steroids in a wild population
of the toad, Bufo japonicus. Gen Comp Endocrinol
78:242-53.

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

Kelley DB. 1980. Auditory vocal nuclei in the frog brain
concentrate sex hormones. Science 207:553-5.

Kelley DB. 2002. Hormonal regulation of motor output in
amphibians:  Xenopus laevis as a model system.
In: Pfaff D, Arnold A, Etgen A, Fahrbach S, Moss R,
Rubin R, editors. Hormones, brain and behavior, Vol. II.
New York: Academic Press. p. 445-68.

Kelley DB, Brenowitz E. 1992. Hormonal influences on
courtship behaviors. In: Becker JB, Breedlove SM,

15

Crews D, editors. Behavioral endocrinology. Cambridge,
Massachusetts: MIT Press. p. 187-216.

Kelley DB, Pfaff D. 1978. Generalization from comparative
studies on neuroanatomical and endocrine mechanisms of
sexual behavior. In: Hutchison J, editor. Biological deter-
minants of sexual behavior. Chichester: John Wiley and
Sons. p. 225-54.

Kelley DB, Tobias ML, Horng S. 2001. Producing and
perceiving frog songs: dissecting the neural bases for
vocal behaviors in Xenopus laevis. In: Ryan M]J, editor.
Anuran  communication. ~ Washington: ~ Smithsonian
Institution Press. p. 156-66.

Kempenaers B, Peters A, Foerster K. 2008. Sources of
individual variation in plasma testosterone levels. Philos
Trans R Soc B 363:1711-23.

Ketterson ED, Nolan V Jr. 1994. Hormones and life histories:
an integrative approach. In: Real LA, editor. Behavioral
mechanisms in evolutionary ecology. Chicago: University
of Chicago Press. p. 327-54.

Ketterson ED, Nolan V Jr. 1999. Adaptation, exaptation, and
constraint: a hormonal perspective. Am Nat 154:54-25.

Ketterson ED, et al. 2001. Testosterone, phenotype and
fitness: a research program in evolutionary behavioral
endocrinology. In: Dawson A, Chaturvedi CM, editors.
Avian endocrinology. New Delhi: Narosa. p. 19-40.

Ketterson ED, Nolan V Jr, Cawthorn M, Parker PG,
Ziegenfus C. 1996. Phenotypic engineering: using hormones
to explore the mechanisms and functional bases of
phenotypic variation in nature. Am Nat 138:70-86.

Ketterson ED, Nolan V Jr, Wolf L, Ziegenfus C. 1992.
Testosterone and avian life histories: effects of experimen-
tally elevated testosterone on behavior and correlates of
fitness in the dark-eyed junco (Junco hyemalis). Am Nat
140:980-99.

Knapp R. 2004. Endocrine mediation of vertebrate male
alternative reproductive tactics: the next generation of
studies. Integr Comp Biol 43:658-68.

Kogo N, Remmers JE. 1994. Neural organization of the
ventilitory activity of the frog, Rana catesbeiana. Part II.
] Neurobiol 25:1080-94.

Kithn ER, Darras VM, Gevaerts H. 1985. Circadian and
annual hormone ryhthmns in amphibians. In: Follet BK,
Ishii S, Chandola A, editors. The endocrine system and
the environment. Tokyo: Japan Sci Soc Press. p. 55-69.

Lea J, Dyson M, Halliday T. 2001. Calling by midwife toads
stimulates females to maintain reproductive condition.
Anim Behav 61:373-7.

Lea J, Halliday T, Dyson M. 2000. Reproductive stage and
history affect the phonotactic preferences of female midwife
toads, Alytes muletensis. Anim Behav 60:423-7.

Leary CJ, Edwards CJ, Rose GJ. 2008c. Midbrain auditory
neurons integrate excitation and inhibition to generate
duration selectivity: an in vivo whole-cell patch study in
anurans. ] Neurosci 28:5481-93.

Leary CJ, Garcia AM, Knapp R. 2006a. Elevated corticoster-
one levels elicit non-calling mating tactics in male toads

60

65

70

75

80

85

920

95

100

105

110


proofreader


[Ver: A3B2-WIN8.07r/W-Standard] [27.4.2009-8:19pm] [1-19] [Page No. 1] FIRST PROOFS
K:/Journals/Inprocess/Oup/icb/icp027.3d (JICBIOL)

Paper: icp027

20

25

30

40

45

50

55

ouP

PUBLIC RELEASE

NOT FOR

16

independently of changes in circulating androgens.
Horm Behav 49:425-32.

Leary CJ, Garcia AM, Knapp R. 2006b. Stress hormone
is implicated in satellite-caller associations and sexual selec-
tion in the Great Plains toad. Am Nat 168:431-40.

Leary CJ, Garcia AM, Knapp R. 2008b. Density-dependent
mating tactic expression is linked to stress hormone in
Woodhouse’s toad. Behav Ecol 19:1103-10.

Leary CJ, Garcia AM, Knapp R, Hawkins DL. 2008a.
Relationships among steroid hormone levels, vocal effort
and body condition in an explosive-breeding toad. Anim
Behav 76:175-85.

Leary CJ, Jessop TS, Garcia AM, Knapp R. 2004.
Steroid hormone profiles and relative body condition
of calling and satellite toads: implications for proxi-
mate regulation of behavior in anurans. Behav Ecol
15:313-20.

Leboulenger F, Delarue C, Tonon MC, Jegou S, Leroux P,
Vaudry H. 1979. Seasonal study of the interregnal function
of the European green frog, in vivo and in vitro. Gen Comp
Endocrinol 39:388-96.

Lewis ER, Lombard RE. 1988. The amphibian inner ear.
In: Fritzsch B, Ryan MJ, Wilczynski W, Hetherington TE,
Walkowiak W, editors. The evolution of the amphibian
auditory system. New York: John Wiley and Sons.
p. 93-123.

Lewis CM, Rose JD. 2003. Rapid corticosterone-induced
impairment of amplectic clasping occurs in the spinal
cord of roughskin newts (Taricha granulosa). Horm
Behav 43:93-8.

Licht P, McCreery BR, Barnes R, Pang R. 1983. Seasonal and
stress related changes in plasma gonadotropins, sex ster-
oids, and corticosterone in the bullfrog, Rana catesbeiana.
Gen Comp Endocrinol 50:124—45.

Luine V, Nottebohm F, Harding C, McEwen BS. 1980.
Androgen affects cholinergic enzymes in syringeal motor
neurons and muscle. Brain Res 192:89-107.

Lynch KS, Crews D, Ryan MJ, Wilczynski W. 2006. Hormonal
state influences aspects of female mate choice in the
tangara frog (Physalaemus pustulosus). Horm Behav
49:450-7.

Lynch KS, Rand AS, Ryan M]J, Wilczynski W. 2005. Plasticity
in female mate choice associated with changing reproduc-
tive states. Anim Behav 69:689-99.

Lynch KS, Wilczynski W. 2005. Gonadal steroids vary with
reproductive stage in a tropically breeding female anuran.
Gen Comp Endocrinol 143:51-6.

Lynch KS, Wilczynski W. 2006. Social regulation of plasma
estradiol concentration in a female anuran. Horm Behav
50:101-6.

Marin ML, Tobias ML, Kelley DB. 1990. Hormone-
sensitive stages in the sexual differentiation of laryngeal
muscle fiber number in Xenopus laevis. Development
110:703-12.

Marler CA, Boyd SK, Wilczynski W. 1999. Forebrain arginine
vasotocin correlates of alternative mating strategies in
cricket frogs. Horm Behav 36:53-61.

C.).Leary

Marler CA, Chu J, Wilczynski W. 1995. Arginine vasotocin
injection increases probability of calling in cricket frogs, but
causes call changes characteristic of less aggressive males.
Horm Behav 29:554-70.

Marler CA, Ryan MJ. 1996. Energetic constraints and steroid
hormone correlates of male calling behaviour in the
tangara frog. J Zool Lond 240:397-409.

Marsh RL. 1999. Contractile properties of muscles used in
sound production and locomotion in two species of gray
tree frog. J Exp Biol 202:3215-23.

Marsh RL, Taigen TL. 1987. Properties enhancing
aerobic capacity of calling muscles in gray tree frogs,
Hyla versicolor. Am ] Physiol Regul Integr Comp Physiol
252:R786-93.

Marshall FHA. 1936. The Croonian lecture. Sexual periodicity
and the causes which determine it. Philos Trans R Soc
Lond B 226:423-56.

Martin ' WF. 1971. Mechanisms of sound production
in toads of genus Bufo: Passive elements. ] Exp Zool
176:273-94.

Martin WF. 1972. Evolution of vocalization in the genus Bufo.
In: Blair WF, editor. Evolution in the genus Bufo. Austin,
Texas: University of Texas Press. p. 279-309.

Martin WE, Gans C. 1972. Muscular control of the vocal tract
during release signaling in the Bufo valliceps. ] Morphol
137:1-28.

McAlister WH. 1959. The vocal structures and method of call
production in the genus Scaphiopus Holbrook. Texas J Sci
11:60-77.

McClelland BE, Wilczynski W, Ryan MJ. 1996. Correlations
between call characteristics and morphology in male cricket
frogs (Acris crepitans). ] Exp Biol 199:1907-19.

McClelland BE, Wilczynski W, Ryan MJ. 1998. Intraspecific
variation in laryngeal and ear morphology in male cricket
frogs (Acris crepitans). Biol J Linn Soc 63:51-67.

McClintock MK. 1987. A functional approach to the
behavioral endocrinology of rodents. In: Crews D, editor.
Psychobiology of reproductive behavior. New Jersey:
Prentice Hall, Englewood Cliffs. p. 176-203.

MclLister JD, Stevens ED, Bogart JP. 1995. Comparative
contractile dynamics of calling and locomotor muscles in
three hylid frogs. J Exp Biol 198:1527-38.

Mendon¢a MT, Licht P, Ryan M]J, Barnes R. 1985.
Changes in hormone levels in relation to breeding
behavior in male bullfrogs (Rana catesbeiana) at the
individual and population levels. Gen Comp Endocrinol
58:270-9.

Moore FL. 1983. Endocrinology of amphibian reproduction.
Bioscience 33:557—-61.

Moore FL, Boyd SK, Kelley DB. 2005. Historical perspective:
hormonal regulation of behaviors in amphibians. Horm
Behav 48:373-83.

Moore FL, Evans SJ. 1999. Steroid hormones use non-
genomic mechanisms to control brain functions
and behaviors: a review of evidence. Brain Behav Evol
54:41-50.

60

65

70

75

80

85

90

95

100

105

110


proofreader


[Ver: A3B2-WIN8.07r/W-Standard]
K:/Journals/Inprocess/Oup/icb/icp027.3d

Paper: icp027

20

25

30

35

40

45

50

[27.4.2009-8:19pm] [1-19] [Page No. 1]

FIRST PROOFS
(JICBIOL)
ouP

PUBLIC RELEASE

NOT FOR

Hormones and acoustic communication

Moore FL, Miller LJ. 1984. Tress-induced inhibition of sexual
behavior: corticosterone inhibits courtship behaviors of
a male amphibian (Taricha granulosa). Horm Behav
18:400-10.

Narins PM, Lewis ER, Purgue AP, Bishop PJ, Minter LR,
Lawson DP. 2001. Functional consequences of a novel
middle ear adaptation in the central African frog
Petropedetes parkeri (Ranidae). ] Exp Biol 204:1223-32.

Neary TJ. 1988. Forebrain auditory pathways in ranid frogs.
In: Fritzsch B, Ryan MJ, Wilczynski W, Hetherington TE,
Walkowiak W, editors. The evolution of the amphibian
auditory system. New York: John Wiley and Sons.
p. 233-52.

Nelson RJ. 2005. An introduction to behavioral endo-
crinology. 3rd Edition. Sunderland, MA: Sinauer.

Orchinik M, Murray TF, Moore FL. 1991. A cortico-
steroid receptor in neuronal membranes. Science
252:1848-51.

Pancak MK, Taylor DH. 1983. Seasonal and daily

plasma corticosterone rhythms in American toads, Bufo
americanus. Gen Comp Endocrinol 50:490-7.

Penna M, Capranica RR, Somers J. 1992. Hormone-induced
vocal behavior and midbrain auditory sensitivity in
the green treefrog, Hyla cinerea. J Comp Physiol A
170:73-82.

Pérez-Rodriguez L, Blas J, Vinuela ], Marchant TA,
Bortolotti GR. 2006. Condition and androgen levels: are
condition-dependent and testosterone-mediated traits two
sides of the same coin? Anim Behav 72:97-103.

Pfaff DW, Schwartz-Giblin S. 1988. Cellular mechanisms of
female reproductive behaviors. In: Knobil E, Neill J, editors.
The physiology of reproduction. New York: Raven Press.
p- 1487-568.

Potter KA, Bose T, Yamaguchi A. 2005. Androgen-induced
vocal transformation in adult female African clawed frogs.
J Neurophysiol 94:415-28.

Prove E. 1978. Untersuchungen zu Wechselbeziehungen
zwishen Balzaktivitdt und Testosterontitern bei ménnlichen
Zebrafinken (Taeniopygia guttata castanotis). Z Tierpsychol
48:47-67.

Purgue AP. 1997. Tympanic sound radiation in the bullfrog
Rana catesbeiana. ] Comp Physiol A 181:438—45.

Rabb G. 1973. Evolutionary aspects of the reproductive
behavior of frogs. In: Vial JL, editor. Evolutionary biology
of the anurans. Columbia: University of Missouri Press.
p. 213-27.

Remage-Healey L, Bass AH. 2004. Rapid, hierarchical
modulation of vocal patterning by steroid hormones.
J Neurosci 24:5892-900.

Remage-Healey L, Bass AH. 2006a. A rapid, neuromodulatory
role for steroid hormones in the control of reproductive
behavior. Brain Res 1126:27-35.

Remage-Healey L, Bass AH. 2006b. From social behavior
to neural circuitry: Steroid hormones rapidly modulate
advertisement calling via a vocal pattern generator. Horm
Behav 50:432-41.

17

Rhodes HJ, Yu HJ, Yamaguchi A. 2007. Xenopus vocalizations
are controlled by a sexually differentiated hindbrain central
pattern generator. ] Neurosci 27:1485-97.

Roberts ML, Buchanan KL, Evans MR. 2004. The immuno-
competence handicap hypothesis: a review of the evidence.
Anim Behav 68:227-39.

Romero LM. 2002. Seasonal changes in plasma glucocorticoid
concentrations in free-living vertebrates. Gen Comp
Endocrinol 128:1-24.

Rose GJ, Gooler DM. 2007. Function of the anuran central
auditory system. In: Feng AS, Narins PM, Fay RH,
Popper AH, editors. Hearing and sound communication
in amphibians, Springer handbook of auditory research.
New York: Springer. p. 250-90.

Ryan M]J. 1983. Sexual selection and communication in a
neotropical  frog, Physalaemus  pustulosus. Evolution
39:261-72.

Ryan MJ. 1985. The tingara frog: a study in sexual selection
and communication. Chicago: University of Chicago Press.

Ryan MJ. 1991. Sexual selection and communication in frogs.
Trends Ecol Evol 11:351-55.

Ryan M]J, Drewes RC. 1990. Vocal morphology of
the  Physalaemus  pustulosus species group (Family
Leptodactylidae): morphological response to sexual

selection for complex calls. Biol J Linnean Soc 40:37-52.

Ryan MJ, Rand AS. 2001. Feature weighting in signal recogni-
tion and discrimination by tingara frogs. In: Ryan MJ,
editor. Anuran communication. Washington: Smithsonian
Institution Press. p. 86-101.

Sapolsky RM. 1992. Neuroendocrinology of the stress
response. In: Becker JB, Breedlove SM, Crews D, editors.
Behavioral endocrinology. Cambridge, Massachusetts: MIT
Press. p. 287-324.

Sassoon D, Gray G, Kelley DB. 1987. Androgen regulation
of muscle fiber type in the sexually dimorphic larynx of
Xenopus laevis. ] Neurosci 7:3198-206.

Sassoon D, Kelley DB. 1986. The sexually dimorphic larynx
of Xenopus laevis: development and androgen regulation.
Am ] Anat 177:457-72.

Schakman O, Gilson H, Thissen JP. 2008. Mechanisms of
glucocorticoid-induced myopathy. J Endocrinol 197:1-10.
Schmidt RS. 1965. Larynx control and call production in

frogs. Copeia 1965:143-47.

Schmidt RS. 1966. Hormonal mechanisms of frog mating
calling. Copeia 1966:637—44.

Schmidt RS. 1973. Central mechanisms of frog calling.
Am Zool 13:1169-77.

Schmidt RS. 1974a. Neural correlates of frog calling: indepen-
dence from peripheral feedback. ] Comp Physiol 88:321-33.

Schmidt RS. 1974b. Neural correlates of frog calling: trigem-
inal tegmentum. ] Comp Physiol 92:229-54.

Schmidt RS. 1976. Neural correlates of frog calling: isolated
brain stem. ] Comp Physiol 108:99-113.

Schmidt RS. 1980. Development of anuran calling circuits:

effects of testosterone proprionate injections. Gen Comp
Endocrinol 41:80-3.

60

65

70

75

80

85

90

95

110


proofreader


[Ver: A3B2-WIN8.07r/W-Standard] [27.4.2009-8:19pm] [1-19] [Page No. 1] FIRST PROOFS
K:/Journals/Inprocess/Oup/icb/icp027.3d

Paper: icp027

20

30

40

45

(JICBIOL)
ouP

PUBLIC RELEASE

NOT FOR

18

Schmidt RS. 1983. Neural correlates of frog calling: masculi-
nization by androgens. Horm Behav 17:94-102.

Schmidt RS. 1984. Neural correlates of frog calling preoptic
area trigger of “mating calling.” ] Comp Physiol
154:847-53.

Schmidt RS. 1992. Neural correlates of frog calling: produc-
tion by two semi-independent generators. Behav Brain Res
50:17-30.

Schneider H. 1988. Peripheral and central mechanisms of
vocalization. In: Fritzsch B, Ryan M]J, Wilczynski W,
Hetherington TE, Walkowiak W, editors. The evolution
of the amphibian auditory system. New York: John Wiley
and Sons. p. 537-58.

Segil N, Silverman L, Kelley DB. 1987. Androgen binding
levels in a sexually dimorphic muscle of Xenopus laevis.
Gen Comp Endocrinol 100:238—47.

Sisneros JA, Bass AH. 2003. Seasonal plasticity of peripheral
auditory frequency sensitivity. ] Neurosci 23:1049-58.

Sisneros JA, Forlano PM, Deitcher DL, Bass AH. 2004.
Steroid-dependent auditory plasticity leads to adaptive
coupling of sender and receiver. Science 305:404-7.

Solis R, Penna M. 1997. Testosterone levels and evoked vocal
responses in a natural population of the frog Batrachyla
taeniata. Horm Behav 31:101-9.

Solomon AM, Bouloux PMG. 2006. Modifying muscle mass —
the endocrine perspective. ] Endocrinol 191:349-60.

Sullivan BK, Ryan M]J, Verrill P. 1995. Sexual selection
and mating systems in amphibians. In: Sullivan BK,
Heatwole H, editors. Social behavior of amphibians.
New York: Surrey Beatty & Sons. p. 469-517.

Tobias ML, Kelley DB. 1987. Vocalizations by a sexually
dimorphic isolated larynx: peripheral constraints on
behavioral expression. ] Neurosci 7:3191-7.

Tobias ML, Marin ML, Kelley DB. 1991a. Development of
functional sex differences in the larynx of Xenopus laevis.
Dev Biol 147:251-9.

Tobias ML, Marin ML, Kelley DB. 1991b. Temporal
constraints on androgen directed laryngeal masculinization
in Xenopus laevis. Dev Biol 147:260-70.

Tobias ML, Marin ML, Kelley DB. 1993. The roles of sex,
innervation, and androgen in laryngeal muscle of Xenopus
laevis. ] Neurosci 13:324-33.

Townsend DS, Moger WH. 1987. Plasma androgen levels
during male parental care in a tropical frog
(Eleutherodactylus). Horm Behav 21:93-9.

Trainor BC, Rouse KL, Marler CA. 2003. Arginine vasotocin
interacts with the social environment to regulate advertise-
ment calling in the gray treefrog (Hyla versicolor). Brain
Behav Evol 61:165-71.

Urano A, Gorbman A. 1981. Effects of pituitary hormonal
treatment on responsiveness of anterior preoptic neurons
in male leopard frogs, Rana pipiens. ] Comp Physiol A
141:163-71.

Wada M, Wingfield JC, Gorbman A. 1976. Correlation
between blood level of androgens and sexual behavior in
leopard frogs, Rana pipiens. Gen Comp Endocrinol 29:72-7.

C.).Leary

Walkowiak W. 1980. The coding of auditory signals in the
torus semicircularis of the fire-bellied toad and the grass
frog: responses to simple stimuli and conspecific calls.
J Comp Physiol 138:131-48.

Walkowiak ~ W. 1988a. Central temporal encoding.
In: Fritzsch B, Ryan MJ, Wilczynski W, Hetherington TE,
Walkowiak W, editors. The evolution of the amphibian
auditory system. New York: John Wiley and Sons.
p. 275-94.

Walkowiak  W. 1988b. Neuroethology of anuran call
recognition. In: Fritzsch B, Ryan M], Wilczynski W,
Hetherington TE, Walkowiak W, editors. The evolution
of the amphibian auditory system. New York: John Wiley
and Sons. p. 485-509.

Wells KD. 2001. The energetics of calling in frogs. In:
Ryan M]J, editor. Anuran communication. Washington:
Smithsonian Institution Press. p. 45-60.

West-Eberhard MJ. 2003. Developmental plasticity and
evolution. New York: Oxford University Press.

Wetzel DM, Haerter UL, Kelley DB. 1985. A proposed
neural pathway for vocalization in South African
clawed frogs, Xenopus laevis. ] Comp Physiol A
157:749-61.

Wetzel DM, Kelley DB. 1983. Androgen and gonadotropin
effects on male late calls in South African clawed frogs,
Xenopus laevis. Horm Behav 17:388—404.

Wilczynski W. 1988. Brainstem auditory pathways in anurans.
In: Fritzsch B, Ryan MJ, Wilczynski W, Hetherington TE,
Walkowiak W, editors. The evolution of the amphibian
auditory system. New York: John Wiley and Sons.
p. 209-31.

Wilezynski W, Allison JD. 1989. Acoustic modulation of
neural activity in the hypothalamus of the leopard frog.
Brain Behav Evol 33:317-24.

Wilczynski W, Allison JD, Marler CA. 1993. Sensory pathways
linking social and environmental cues to endocrine control
regions of amphibian forebrains. Brain Behav Evol
42:252-64.

Wilezynski W, Chu J. 2001. Acoustic communication,
endocrine control, and neurochemical systems of the
brain. In: Ryan M]J, editor. Anuran communication.
Washington: Smithsonian Institution Press. p. 23-35.

Wilczynski W, Lynch KS, O’Bryant EL. 2005. Current research
in amphibians: studies integrating endocrinology, behavior,
and neurobiology. Horm Behav 48:440-50.

Wilczynski W, Rand AS, Ryan MJ. 1995. The processing
of spectral cues by the call analysis system of the
tangara frog, Physalaemus pustulosus. Anim Behav
49:911-29.

Wingfield JC, Breuner C, Jacobs J, Lynn S, Ramenofsky M,
Richardson R. 1998. Ecological bases of hormone-behavior
interactions: the emergency life history stage. Am Zool
38:191-206.

Wingfield JC, Hegner R, Dufty AM Jr, Ball GF. 1990. The
“challenge hypothesis”: theoretical implications for patterns

of testosterone secretion, mating systems, and breeding
strategies. Am Nat 136:829—46.

60

65

70

75

80

85

920

95

100

105

110


proofreader


[Ver: A3B2-WIN8.07r/W-Standard]
K:/Journals/Inprocess/Oup/icb/icp027.3d

Paper: icp027

[27.4.2009-8:19pm] [1-19] [Page No. 1]

FIRST PROOFS
(JICBIOL)
OouP

PUBLIC RELEASE

NOT FOR

Hormones and acoustic communication

Wingfield JC, Marler PR. 1988. Endocrine basis of commu-
nication in reproduction and aggression. In: Knobil E,
Neil JD, editors. The physiology of reproduction.
New York: Raven Press. p. 1647-77.

5 Wingfield JC, Sapolsky RM. 2003. Reproduction and
resistance to stress: when and how. ] Neuroendocrinol
15:711-24.

Yamaguchi A, Kelley DB. 2000. Generating sexually differen-

tiated vocal patterns: laryngeal nerve and ENG recordings

10 from vocalizing male a female African clawed frogs
(Xenopus laevis). ] Neurosci 20:1559-67.

Yao M, Hu F, Denver RJ. 2008. Distribution and corticoster-
oid regulation of glucocorticoid receptor in the brain of
Xenopus laevis. ] Comp Neurol 508:967-82.

15 Yovanof S, Feng AS. 1983. Effects of estradiol on auditory

evoked responses from the frog’s auditory midbrain.
Neurosci Lett 36:291-7.

19

Zakon HH, Wilczynski W. 1988. The physiology of the
anuran eighth nerve. In: Fritzsch B, Ryan M],
Wilczynski W, Hetherington TE, Walkowiak W, editors.
The evolution of the amphibian auditory
New York: John Wiley and Sons. p. 125-55.

Zornik E, Kelley DB. 2007. Breathing and calling: neuronal
networks in the Xenopus laevis hindbrain. ] Comp Neurol
501:303-15.

Zuk M. 1994. Immunology and the evolution of behavior.
In: Real LA, editor. Behavioral mechanisms in evolution-
ary ecology. Chicago: University of Chicago Press.
p. 354-70.

Zuk M, Johnsen TS, Maclarty T. 1995. Endocrine-immune
interactions, ornaments and mate choice in red jungle
fowl. Proc R Soc Lond B 260:205-10.

system.

20

25

30


proofreader


