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Many animals use forms of gesture and dance to communicate with conspecifics in the breeding season, though
the mechanisms of this behavior are rarely studied. Here, we investigate the hormone basis of such visual signal
behavior in Bornean rocks frogs (Staurois parvus). Our results show that males aggregating at breeding waterfalls
have higher testosterone (T) levels, and we speculate that this hormone increase is caused by social cues asso-
ciated with sexual competition. To this end, we find that T levels in frogs at the waterfall positively predict the

number waving gestures—or “foot flags”—that males perform while competing with rivals. By contrast, T does
not predict differences in male calling behavior. In these frogs, vocal displays are used largely as an alert signal to
direct a rival’s attention to the foot flag; thus, our results are consistent with the view that factors related to
reproductive context drive up T levels to mediate displays most closely linked to male-male combat, which in this
case is the frog’s elaborate gestural routine.

1. Introduction

Many animals court mates and compete with rivals by performing
elaborate gestural displays and bizarre dance routines (Andersson,
1994). Studies that investigate such behavior often do so by looking at
signal function, and by considering why such displays evolve (Beyers
et al., 2010; Mowles and Ord, 2012). Far less is understood about the
regulatory mechanisms that underlie gestural displays, including when
they are produced and when they are not (Tobiansky and Fuxjager,
2020).

Androgenic steroids like testosterone (T) play a major role in medi-
ating animal sexual behavior (Adkins-Regan, 2005). These hormones
are largely released by the gonads into the bloodstream, where they
travel around the body and act on local target tissues. Past work suggests
that exogenous T can not only increase the production of sociosexual
displays, but also influence how individuals produce this behavior
(Alward et al., 2017; Fuxjager et al., 2013; Remage-Healey and Bass,
2006). Meanwhile, other work shows that social cues associated with
reproduction (e.g., presence of receptive mates or sexual rivals) can
elicit an increase in circulating T (Gleason et al., 2009; Goymann et al.,
2019). Together, this research leads to the hypothesis that socially
induced T surges act to mediate the production of display behaviors that
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help individuals attract and acquire mates. Yet, studies have rarely
explored this idea, especially in the context of elaborate gestures and
social dance routines. This gap is surprising given that many species use
this mode of communication to navigate sociosexual interactions and
that individuals appear to coordinate context-appropriate expression of
this behavior.

Anurans (frogs and toads) are an excellent group of species to study
this area of hormones and behavior (Emerson, 2001; Leary, 2009;
Wilezynski and Chu, 2001; Wilczynski et al., 2005). For decades, re-
searchers have shown that T plays an important role is the regulation of
anuran sexual displays, both in the field and the laboratory (Moore et al.,
2005). T is often elevated in males while they are actively calling
(Marler and Ryan, 1996; Townsend and Moger, 1987), and it acts
throughout the brain and body to increase the probability of calling
behavior (Moore et al., 2005; Wilczynski et al., 2005). Of particular
importance is T’s effect on select skeletal muscles, where T enhances
these tissues’ ability to actuate movements that underlie reproductive
behavior such as calling (Girgenrath and Marsh, 1997; Girgenrath and
Marsh, 2003) and sexual clasping (Regnier and Herrera, 1993a, 1993b).
It would therefore not be surprising if androgens also influenced aspects
of anuran gestural signaling by acting in a similar manner (i.e., via the
brain and/or muscles that govern gesture). Here, we test this idea in
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Staurois parvus (Bornean rock frog). This anuran species breeds year-
round in streams near fast-flowing cascades or waterfalls (Grafe et al.,
2012; Preininger et al., 2012). The noisy environment likely promoted
the frog’s elaborate “waving display” to help mediate agonistic en-
counters for access to mates. This visual behavior is called a foot-flag
(Grafe et al., 2012), and it is produced with the hindlimbs (Fig. 1)
(Anderson et al., 2021b). Field studies of S. parvus and other foot-
flagging species show that this complex gesture functions as the pri-
mary social display among competing males, particularly at close-range
(Grafe et al., 2012). While the species still calls, this particular form of
display is believed to function primarily as an alert signal that directs a
conspecific’s attention to the subsequent foot-flagging signal (Grafe
et al., 2012). Physiologically, exogenously administered T increases the
probability that males foot flag (Mangiamele et al., 2016) and changes
that geometry of the display to presumably appear more “dangerous” to
rivals (Anderson et al., 2021a). These effects likely occur through T-
dependent activation of the androgen receptor (AR), which is abun-
dantly expressed in the frog’s brain, spinal cord, and leg muscles
(Mangiamele et al., 2016). In fact, if AR is blocked with the drug flu-
tamide, then T fails to increase foot-flagging production (Smith et al.,
2021). Interestingly, T does not seem to influence calling behavior in
S. parvus (Mangiamele et al., 2016; Smith et al., 2021) like it does in
several other anurans (Burmeister and Wilczynski, 2001; Penna et al.,
1992; Solis and Penna, 1997, Still et al., 2019; Wada and Gorbman,
1977; Wetzel and Kelley, 1983).

With these points in mind, we hypothesize that attendance in
competitive interactions at breeding sites triggers T release in adult
males, which in turn increases foot-flagging behavior. We test this idea
by comparing T levels in males competing at a waterfall to T levels in
inactive males that have hidden themselves in nearby foliage. Using only
competing males, we then test whether individual differences in T are
associated with individual differences in both foot-flagging and calling
behavior.

2. Methods

We studied a population of semi-wild frogs at the Vienna Zoo in
Austria (>300 individuals). The original members of this population
were captured from Sabah, Borneo and brought to the zoo, where they
now breed prolifically. The frogs we studied inhabit a large terrarium
(1.5 x 1.2 x 1.2 m) that mimics the Bornean rainforest, with small
waterfalls that cascade along pristine mountain streams (relative

Fig. 1. Staurois parvus performing a foot-flag display.
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humidity: 95-100 %; temperature: ~25 °C, range: 22-27 °C; light-dark
cycle: 12-12). All research was carried out with the appropriate per-
missions from the Vienna Zoo.

We conducted extensive observations of male frogs throughout the
enclosure between 08:00 and 16:00. This includes both actively
competing individuals at the waterfall and inactive individuals in the
nearby foliage (non-displaying controls). We observed each male for 10-
min and recorded the number of times it performed i) foot-flags, ii) calls,
iii) foot-flashes, and iv) wrestling bouts with other males. We focused
our analyses on the first two behaviors, since the latter two were pro-
duced too infrequently for robust analyses.

After each observation session, we measure T in the focal frog using
well described water-borne methods (Baugh and Gray-Gaillard, 2021;
Rodriguez et al., 2022). This technique involves soaking an individual
frog in a small sample of water, and then measuring T and its metabolites
that either leach out through the skin or are excreted in urine. Assessing
water-born T is common in frogs, particularly small species from which
blood collection is difficult (Baugh and Gray-Gaillard, 2021). Thus, we
removed each focal individual from the enclosure after its observation
session, and we then soaked frogs for water collection by placing it in a
small glass jar (3.8x5cm) filled with 25 ml of DI water. Frogs were al-
ways completely submerged, although we did give them a small airspace
to breathe freely. We closed the jar with synthetic polyester filter foam
to prevent the frog from escaping, and we kept the frog in this “bath” for
60 min. Past work suggests that soaking for this duration provides the
best reflection of plasma T levels at time O, which in our case is the
moment immediately after the observation periods when we placed the
focal frog in the bath (Rodriguez et al., 2022).

After this time, we removed the frog from the water, measured its
weight (in g) and snout-vent length (SVL in mm), and then confirmed its
relative age (adult vs. juvenile) and sex by ensuring that it had i) dark
grey body coloration (as an adult would) and ii) bright-white foot
webbings and light white-bluish gular area (as males would) (Stangel
et al., 2015). We then placed the frog in a secondary holding terrarium
until our project was completed to prevent accidental resampling.

To extract T from each water sample, we used a 20 ml sterile syringe
attached to a C18 cartridge (SPE, Sep-Pak C18 Plus, 360 mg Sorbent,
55-105 pm particle size, #WAT020515, Waters corp., Milford, MA) with
a flow rate of ca. 10 ml/min. We eluted cartridges with 4 ml of 96 %
ethanol into an 8 ml borosilicate vial, which we stored at 4 °C. Imme-
diately before we assayed the samples, we dried down each one with Nj
at room temperature. We then resuspended each sample with 250 pl of
sample buffer from ELISA kit (see below), while incubating all samples
at 4 °C overnight.

To measure T, we used a commercial enzymatic immunoassay kit
(ADI-900-065; Enzo Life Sciences, USA) that is thoroughly validated to
assay water-borne samples from frogs (Rodriguez et al., 2022). We
began our procedure by bringing samples to room temperature and then
following the kit’s instructions. Samples were run in duplicate, and
plates were read with a microplate reader (SpectraMax M5, Molecular
Devices) at 405 nm. Assay detection limit were ~5.6 pg/ml, and cross
reactivity of the T antibody with other androgens was <15 % (see
manufacturer’s manual). Our average intra-assay coefficient of variation
was 3.8 % (n = 1 plate); other validation procedures for the use of this kit
are described in (Rodriguez et al., 2022).

We standardized each individual’s water-borne T measurement by
its body weight, controlling for variation in T due to differences in
bladder and urine content (Dodd, 2010). We log transformed T levels
[log(X + 1)] to better conform to assumptions of normality for para-
metric statistical analyses (variance were equal and residuals appeared
normally distributed). We then used a two-tailed t-test to compare
water-borne T levels from competing frogs collected at the waterfall and
inactive frogs from the nearby foliage. In frogs competing at the
waterfall, we used linear regression models to test whether individual
differences in water-borne T predicted individual differences in the
number of foot flags and calls and individual produced.
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3. Results

First, we found that water-borne T levels were significantly higher in
male frogs that were captured while competing at the waterfall,
compared to inactive males that were captured in the foliage around the
breeding area (Fig. 2A; tog = 6.02; p < 0.001). Next, when we looked
specifically at competing males, we found that water-borne T levels
positively predicted the number of foot-flagging displays that males
produce (Fig. 2B; F1 13 = 5.60, p = 0.034, P = 0.30, slope = 0.18), but
not the number of calls (Fig. 2B; F; 13 = 3.31, p = 0.092, = 0.20). As
expected, inactive frogs captured in the foliage did not perform foot flags
or calls.

4. Discussion

Using S. parvus, we show i) that social cues likely induce a positive
effect on T levels, and ii) that increased T is associated with greater
expression of foot-flag displays used to compete in agonistic encounters
with sexual rivals. These findings therefore support the hypothesis that
social context can enhance the performance of sexual gestures by trig-
gering the release of androgenic hormones. Rarely have studies explored
the hormonal basis of such display behavior, particularly in natural or
semi-natural field conditions. Thus, our study is one of the few to
illustrate that sex hormones play an important role in coordinating the
production of complex gestural signals, which many taxa use to mediate
social interactions linked to reproduction (competition, courtship, etc.).

The differences we uncover in water-borne T between males
competing at the breeding waterfall and inactive frogs hiding in the
foliage are quite stark, almost surprisingly so. One might expect that this
difference reflects variation in reproductive condition or capacity;
however, this is unlikely. All frogs in our study were adult males, and
likely in full reproductive condition (see Methods). Inactive males in the
foliage could easy hear (and probably observe) rivals displaying at the
waterfall, and thus we suspect that the physical act of participating in
male-male agonistic encounters while receiving acoustic, visual, and
possibly chemical stimulation work together to elicit T release (Bur-
meister and Wilczynski, 2000; Chu and Wilczynski, 2001; Still et al.,
2019). Male S. parvus may therefore stay in a somewhat constant state of
reproductive condition and only experience a T surge when they choose
to enter the “reproductive fray” by joining conspecific males at the
waterfall. Of course, an alternate explanation is that elevated T prompts
males to join the breeding site by increasing prior to approaching the
waterfall. The cues that would elicit a T surge in this case are not
abundantly clear, although we suspect that they are also likely social in
nature (Burmeister and Wilczynski, 2000). Indeed, frogs that hear con-
specifics calling can experience a T increase, even if these frogs are not
engaging in direct competition (Burmeister and Wilczynski, 2000; Chu
and Wilczynski, 2001). It is hard to imagine that cues associated with the
physical environment could trigger a T surge that prompts males to join
the breeding aggregation, especially in our study where frogs
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throughout the large home terrarium are subjected to virtually identical
conditions of physical environmental (temperature, humidity, rainfall,
etc.). Nonetheless, we must recognize that both situations might be at
play, in that cues may initially trigger a T pulse that causes males to
approach the waterfall, and then cues associated with social conflict at
the breeding site further drive up T levels. Additional work is clearly
warranted to disentangle the timing of the T surges that male S. parvus
experience, the stimuli that trigger these hormone pulses, and the pre-
cise functional effect they have.

At the behavioral level, we report a positive relationship between
water-borne T and foot-flagging behavior, but not calling behavior. This
finding is consistent with past work in frogs showing that social cues
linked to breeding can increase T levels (Burmeister and Wilczynski,
2000; de Assis et al., 2012; Mendonca et al., 1985; Rodriguez et al.,
2022) and that elevated T sometimes helps increase the expression of
sexual displays (Burmeister and Wilczynski, 2001; Penna et al., 1992;
Solis and Penna, 1997; Still et al., 2019; Wada and Gorbman, 1977;
Wetzel and Kelley, 1983). However, much of this past research focuses
on calling behavior, and thus reports a T-effect on acoustic signals. In
our study, socially-induced T is more likely to affect gestural commu-
nication than acoustic. We suspect that this difference is attributed to the
fact that foot flagging in S. parvus has replaced calling as the primary
social signal that mediates close-range agonistic encounters among
males competing for access to mates and resources (Grafe et al., 2012).
Accordingly, selection might have “swapped out” one of the major
behavioral endpoints associated with socially-induced T increases,
thereby favoring hormone mediation of signals that likely have the
greatest chance of influencing receiver behavior. This idea is concep-
tually buttressed by the evolutionary potential hypothesis, which posits
that the evolution of vertebrate reproductive behavior often occurs
through tissue-specific changes to the independent components of hor-
mone signaling machinery (Fuxjager and Schuppe, 2018; Hau, 2007).
Elevated expression of androgen receptors, for example, often coevolves
with innovations in displays behavior, particularly with respect to
muscles that actuate the movements that make up these displays
(Fuxjager et al., 2015; Johnson et al., 2018; Schuppe et al., 2017). Foot
flagging frogs are no exception—studies show that convergence of this
behavior across anurans is marked by the parallel evolution of
androgen-sensitive skeletal muscles that help extend, rotate, and retract
the hindlimb (Anderson et al., 2021c). Yet, while this finding reveals
how selection might have tied functional effects of T action with foot
flagging, we must also recognize that past work shows that the larynx of
S. parvus also expresses substantial androgen receptor (Mangiamele
et al., 2016). On its face, this would suggest that there is at least the
potential for T to mediate calling behavior, which as we describe above
is not something we document. One intriguing idea (which again is fully
consistent with the evolutionary potential hypothesis) is that the larynx
buffers effects of androgens by expressing enzymes that deactivate T,
such as 5p-reductase (Fuxjager et al., 2016). Future studies are needed to
further explore how such hormones systems are reconfigured to “swap”
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around behavioral endpoints to create novel behavioral routines,
including elaborate sexual displays.

T is certainly not the only hormone to likely influence foot flagging
displays and other forms of reproductive behavior in S. parvus. Two
other hormones that may be involved include vasotocin (AVT) and
corticosterone (CORT), both of which influence calling in a range of
anuran taxa. AVT, for instance, increases the motivation to call, while
also impacting motor control of calling (Boyd, 2013; Marler et al., 1995;
Semsar et al., 1998; Wilczynski et al., 2017). These effects are particu-
larly pronounced in contexts of male-male aggression, where AVT seems
to influence calling in a way that helps individuals out-compete or
displace rivals (Klomberg and Marler, 2000; Semsar et al., 1998; Trainor
et al.,, 2003). CORT, on the other hand, largely suppresses calling
behavior (Leary et al., 2006; Leary et al., 2004), and it is thought that
these effects are countered by those of T and/or AVT in chorusing males
(Burmeister et al., 2001). We suspect that this same milieu of hormone
systems—T, AVT, and CORT—has evolve to mediate foot flagging dis-
plays, just as these systems have evolved to mediate calling behavior in
socially complex environments. Additional research is needed to begin
assessing this idea and whether it’s true, but one basic argument in
support of the possibility is that the simple fact that foot flagging and
calling are quite similar. In effect, both displays are little more than feats
of motor control—one that regulates bizarre movements of the hin-
dlimb, and another that regulates laryngeal and respiratory muscles. To
this end, studies of the neural and endocrine basis of foot flagging
promise to reveal some exciting principles about how mechanisms that
underlie the production and evolution of complex sexual behavior.

In sum, our data provides compelling support for the hypothesis that
social cues can regulate the production of elaborate gestural displays
and dancing signals, and that such effects likely occur via androgenic
hormones and their sensitivity to context. Future studies should inves-
tigate this idea further in a diversity of taxa that similarly perform
seemingly bizarre sexual displays through intentional body and limb
movements.

Data availability
Data will be made available on request.
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