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A B S T R A C T

In animals, the expression of diverse reproductive behaviors is hormonally regulated. In particular, vocalizing
during courtship has been related to circulating androgen levels, and reciprocally, conspecific vocalizations are
known to modulate androgen secretion in vertebrates. The effect of natural sounds of abiotic origin on hormonal
status has virtually not received attention. Therefore, we evaluated the vocal responses of male Batrachyla
taeniata frogs to conspecific chorus and rainfall sounds in natural and controlled laboratory settings, measuring
the testosterone levels of exposed individuals. In field and laboratory conditions, testosterone levels of frogs
exposed to 31.5 min of chorus and rain sounds and non-exposed individuals were similar. In the field, frogs
increased their call rate in response to playbacks of chorus and rain sound, but the evoked calling activity was
unrelated to plasma testosterone. In contrast to the field, frogs showed limited responsiveness to 31.5-min
acoustic exposures in the laboratory. Similarly to the field, for vocally active males tested in the laboratory there
was no association between call rate and testosterone levels. Additionally, in this group, testosterone levels were
higher in vocally active males relative to non-calling individuals. Overall, these results indicate that in B. taeniata
testosterone levels are not altered following a short-term exposure to conspecific biotic and to abiotic sounds.
Our results are suggestive of a threshold influence of testosterone on the vocal activity of the species studied.
Further explorations of the influence of abiotic sounds on endocrine activation are required to understand how
animals respond to variable acoustic environmental conditions.

1. Introduction

Steroid hormones such as androgens and estrogens, are major reg-
ulators for the development of sexually dimorphic structures, and for
the expression of diverse behaviors in adult individuals, including ag-
gression, courtship and mating. In several species the circulating levels
of sexual steroid hormones peak during the breeding season, often in
synchrony with an increase in the expression of reproductive displays
(Adkins-Regan, 2005).

The interplay between animal behavior and hormones is known to
have bidirectional components. The expression of social communica-
tion by means of acoustic signals is generally related to androgen levels
in vertebrates, as it has been shown in fishes (e.g., Genova et al., 2012),
birds (e.g., Foerster et al., 2002; Meitzen et al., 2009; Madison et al.,
2015), and mammals (e.g., Fedurek et al., 2016). Also, besides the
‘activational’ effects of hormones on communicative displays men-
tioned above, social cues may modulate the circulating hormone levels

of individuals (Adkins-Regan, 2005). In a reproductive communication
context, male androgen levels increase after hearing the vocalizations
of conspecific males. For example, playback experiments have reported
that the acoustic simulation of a territorial intrusion results in the
elevation of androgen levels in male spotted antbirds (Wikelski et al.,
1999), song sparrows (Moser-Purdy et al., 2017), and toadfishes
(Remage-Healey and Bass, 2005). In contrast with those results, tes-
tosterone levels do not increase following an acoustic challenge in some
bird species (e.g., Wingfield and Wada, 1989; Deviche et al., 2012;
Rosvall et al., 2012), indicating that endocrine responses to acoustic
cues are species-specific and probably associated to differences in life-
history traits, such as types of mating systems or degree of parental care
(Goymann, 2009).

In most anuran species (frogs and toads), during the breeding season
receptive conspecific females are attracted by male advertisement vo-
calizations and males engage in antiphonal calling contests (Gerhardt
and Huber, 2002; Wells, 2007). Because of the strong dependence of

https://doi.org/10.1016/j.yhbeh.2019.104605
Received 15 November 2018; Received in revised form 23 September 2019; Accepted 25 September 2019

⁎ Corresponding author.
E-mail address: maricelquispe@ug.uchile.cl (M. Quispe).

1 Current address: Department of Ecological Science, Vrije Universiteit Amsterdam, De Boelelaan 1105, 1081 HV Amsterdam, Netherlands.

Hormones and Behavior 118 (2020) 104605

0018-506X/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0018506X
https://www.elsevier.com/locate/yhbeh
https://doi.org/10.1016/j.yhbeh.2019.104605
https://doi.org/10.1016/j.yhbeh.2019.104605
mailto:maricelquispe@ug.uchile.cl
https://doi.org/10.1016/j.yhbeh.2019.104605
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yhbeh.2019.104605&domain=pdf


anurans on acoustic communication, the association between the
emission of male advertisement calls and circulating androgen levels
has been studied in a number of taxa, revealing contrasting species-
specific effects. An early laboratory study on male leopard frogs (Rana
(=Lithobates) pipiens) found that intracranial testosterone implants lo-
cated at the anterior portion of the preoptic area are effective in eli-
citing advertisement calls in castrated frogs, while systemic testosterone
injections do not induce calling (Wada and Gorbman, 1977). In con-
trast, subcutaneous androgen implants are effective in stimulating the
vocal activity of castrated Xenopus laevis males (Wetzel and Kelley,
1983). In addition, the spontaneous calling activity of male Hyla cinerea
is positively correlated with androgen levels in testosterone implanted
subjects (Burmeister and Wilczynski, 2001), and testosterone supple-
mented male Hyla arborea emit longer calling bouts as compared to
control males (Desprat et al., 2015). Laboratory studies have also
shown that acoustic stimulation has an effect on frog hormone levels,
for example in male green treefrogs Hyla cinerea, long-term exposure to
conspecific chorus sound elevates androgen levels (Burmeister and
Wilczynski, 2000) relative to frogs hearing a control stimulus.

Similarly to laboratory experiments, studies conducted in the field
have reported mixed results on the interplay between hormones and the
emission of male advertisement vocalizations. Androgen levels are
higher in silent relative to calling male frogs Lithobates catesbeianus
(Rana catesbeiana) (Mendonça et al., 1985) and Duttaphrynus (Bufo)
melanostictus (Gramapurohit and Radder, 2013), while in two toad
species, Anaxyrus (Bufo) woodhousii and A. cognatus, vocally active and
non-calling satellite males have similar plasmatic androgen levels
(Leary et al., 2004; Leary et al., 2006). In other species androgen levels
are higher in calling relative to silent individuals (Townsend and
Moger, 1987; Marler and Ryan, 1996; Leary and Harris, 2013; Joshi
et al., 2017) As pointed out by Leary (2009), the differences in the
hormonal profiles of silent and calling males could be related to the
various behaviors measured in the non-calling individuals tested,
namely brooding (Townsend and Moger, 1987), foraging (Marler and
Ryan, 1996), amplectic (Gramapurohit and Radder, 2013) and satellite
status (Leary and Harris, 2013).

Natural environments comprise not only the sounds produced by
animals, as additional sources of environmental noise are the sounds
generated by natural geophysical and atmospheric processes, such as
local weather conditions (i.e., rain, water courses, wind, sea surf and
thunder). Although these are ubiquitous sources of acoustic inter-
ference, their potential effects on hormonal levels of animals remain
unknown. The lack of studies on this subject is a significant gap given
the growing body of evidence showing that these environmental sounds
modify the vocal behavior of animals. Birds increase the amplitude of
their chipping bouts in response to increasing levels of creek sound
(Pytte et al., 2003) and emit songs having larger syllable lengths in the
presence of sea shore sound (Gough et al., 2014). Similarly, exposure to
wind sound induces vocal modifications in whales (Dunlop, 2016) and
sparrows (Lenske and La, 2014). Natural abiotic sounds can also in-
fluence behavior beyond signal production, as for example females of a
stream-breeding frog prefer male calls embedded in stream noise (Zhao
et al., 2017), and tropical bats delay their emergence time from roosting
sites in the presence of rain sound (Geipel et al., 2019). Elucidating if
these responses to natural abiotic sound are accompanied by changes in
the endocrine status of organisms is likely to provide valuable insights
on the role of hormones in adjusting behavior to dynamic environ-
mental conditions.

The banded wood frog, Batrachyla taeniata is an anuran from the
temperate austral forest in South America. In this species, male calling
activity is remarkably activated when exposed to natural abiotic
sounds, in particular rainfall sound (Penna and Zúñiga, 2014), and a
field playback study showed that the evoked vocal responses of males to
synthetic advertisement calls are directly related to plasma testosterone
levels (Solís and Penna, 1997).

In the present study we evaluate whether acute exposure to biotic

(e.g., conspecific chorus) and abiotic (e.g., rain sound) sounds induce
changes in the testosterone levels of male B. taeniata frogs. By com-
paring the endocrine and behavioral responses to short-term stimula-
tion with biotic and abiotic acoustic cues we expect to shed light on the
regulation of vocal signaling behavior under diverse acoustic condi-
tions. We combine laboratory and field playback experiments to iden-
tify significant relationships masked by the variability and complexity
of natural environmental conditions. The integration of field and la-
boratory experiments can contribute significantly to identify inherent
complexities between behavioral and physiological processes (Calisi
and Bentley, 2009), and has been recently highlighted as a valuable
approach to study the effects of sound exposure in animals
(Slabbekoorn, 2016).

We hypothesize that short-term stimulation with conspecific chorus
and rain sound promotes male breeding activity in B. taeniata by in-
creasing the call rate. Similarly to other vertebrates, testosterone levels
are expected to be higher in individuals exposed to conspecific chorus
as compared to individuals treated with rain sound or control silence.
Based in a former field study with B. taeniata we predict a positive re-
lationship between testosterone levels and evoked vocal responses.

2. Methods

2.1. General overview

Measurements of testosterone levels and vocal activity of male B.
taeniata frogs in response to different acoustic conditions were carried
out in the field and laboratory, exposing the subjects to the same audio
files in both settings. Three experimental groups of animals were used
in both conditions, as subjects were either exposed to playbacks of
natural conspecific chorus or rain sound (see Experimental stimuli
construction), and a third group was maintained in absence of broad-
cast sounds as a control. The animals in the laboratory were also sub-
jected to an acoustic maintenance period of 7–8 days previous to the
experimental exposure to chorus, rain sound or control silence. During
this period, individuals were exposed to a low-amplitude playback of
conspecific choruses (see Maintenance stimuli construction). Half an
hour after the offset of the acoustic exposures, the subjects from field
and laboratory experiments were sacrificed to obtain blood samples for
testosterone measurements.

2.2. Stimuli construction

2.2.1. Experimental stimuli construction
The B. taeniata chorus sounds used for experimental playbacks were

built from natural field recordings conducted in the locality of
Tinquilco (39°07′ S, 71°46′ W) in February 1993, obtained with a cas-
sette recorder (Sony TC D5M) and a directional microphone (AKG CK8)
placed at about 3m from the closest caller to avoid predominance of
individuals in the recorded sounds. Air and substrate temperatures
during these recordings ranged between 11.5 – 14.7 and 11.3–14.9 °C,
respectively. With the software Audacity 2.0.3, nine 10-s duration
segments of different choruses were selected and each segment was
pasted successively to create nine 3-min duration audio files containing
different chorusing ensembles. Care was taken to avoid discontinuities
of the waveform at the points where the segments were added. The 10-s
segments of recordings of different choruses are shown in Fig. 1. The 3-
min duration choruses had linear fade-in and fade-out times of 2 s.

The rain sounds used for experimental playbacks were recorded in
the same geographical region where the present study was conducted,
using the microphone of a sound level meter (Brüel & Kjær 2230), the
output of which was connected to a digital tape recorder (Sony D10
PROII). For these recordings the microphone was placed underneath a
50× 50 cm square of a 5-cm thick sponge suspended in a metal stand to
avoid the direct impact of raindrops on the microphone. 10-s segments
of 9 different recordings free of other interfering sounds were chosen
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(Fig. 2) and 3-min rain sounds were created using the same procedure
as for the chorus sounds.

The temporal and spectral characteristics of the B. taeniata choruses
and rain sounds used for playbacks were judged to be representative of
these signals and were devoid of other biotic or abiotic noises. A similar
procedure has been previously used to create files of abiotic sounds of
different kinds to study the vocal behavior of native frogs (Penna et al.,
2005; Penna and Zúñiga, 2014).

2.2.2. Maintenance stimuli construction
Because the long-term previous acoustic experience may modulate

the androgen levels of frogs (Burmeister and Wilczynski, 2000; Chu and
Wilczynski, 2001), all the individuals tested in the laboratory under-
went an acoustic maintenance period. For 7 or 8 consecutive nights all
the frogs were exposed to conspecific chorus, to homogenize the au-
ditory experience of the individuals before conducting the sound ex-
posure experiments. The same nine 10-s duration B. taeniata chorus
segments used for the construction of the experimental stimuli were
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Fig. 1. A) Oscillograms and B) average power spectra of the nine 10-second duration B. taeniata chorus sounds used for stimuli edition. Power spectra were computed
with a Hanning window of 1024 points and 0% overlap.
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Fig. 2. A) Oscillograms and B) average power spectra of the nine 10-second duration rain sounds used for stimuli edition. Power spectra were computed with a
Hanning window of 1024 points and 0% overlap.
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pasted consecutively to create nine different 10-minute duration audio
files. Each 10-min duration chorus sound had linear fade-in and fade-
out of 5 s.

2.3. Field experiments procedure

2.3.1. Study site
Field experiments were conducted at night, between 21:00 and

04:00 h, at the southwestern shore of the Tinquilco Lake (39°07′ S,
71°46′ W), near the Huerquehue National Park in southern Chile, from
March 5 to 11, 2016. At the study site, male B. taeniata frogs called from
the substrate, hidden among grasses and underneath fallen leaves and
branches in a forest where Drimys winteri was the predominant tree.

2.3.2. Field playback experiments
Vocally active male B. taeniata were located in the field and dif-

ferent groups were exposed to conspecific chorus (N=5), natural rain
sound (N=5), and not exposed to sound broadcast (N=5). The snout-
vent lengths and body weights of frogs were similar across acoustic
treatments (Kruskal-Wallis rank sum test, χ2= 3.83, d.f.=2,
P=0.147 and χ2= 1.15, d.f.=2, P=0.563, respectively). Acoustic
stimuli were played back with an Ipod nano (Apple Inc.) connected to
an attenuator (Hewlett-Packard 355-3560) and an amplifier (Alpine
3540), and delivered through a loudspeaker (Behringer, Monitor 1C)
placed at 60–80 cm from the experimental subject. The amplitude of the
acoustic stimuli was measured with the microphone of a sound level
meter (Brüel & Kjær 2238) placed next to the focal individual and ad-
justed with the attenuators to 67 dB SPL RMS (linear frequency
weighting, slow time weighting) during brief sound broadcasts of short
segments of one chorus and one rain stimulus before proceeding with
the experiment. The 67 dB SPL RMS amplitude was chosen because this
value is within the range of amplitudes of calls of nearest neighbors at
the position of focal subjects at the study site (M. Penna, unpublished
data) and is also within the range amplitudes of rain noise measured in
the geographic region where the study was conducted (Penna et al.,
2005). This amplitude has proved to be effective to expose individuals
of B. taeniata and related species to abiotic and synthetic noises (Penna
and Zúñiga, 2014; Penna et al., 2017). The calibration broadcasts prior
to the experiment were brief, lasting about 5 s and the subjects were left
undisturbed for at least 5 min before the experiment onset. The ex-
perimental subjects were subsequently exposed to the nine 3-min ex-
perimental stimuli leaving 30 s of silence in between successive stimuli
in order to prevent fatigue of vocally active individuals. The order of
presentation of the nine 3-min chorus and rain experimental stimuli
followed a random sequence. To reduce acoustic interferences during
the experiments, neighboring frogs were either captured or silenced by
gently tapping the substrate. Following 31.5-min of exposure to chorus
or rain sounds, or an equivalent interval in which no sound was
broadcast, all the experimental individuals were left in silence for 30
additional minutes. The vocal activity of the focal subjects was recorded
during 2min prior to sound broadcast onset, and throughout the ex-
periment (2 min of basal activity+ 31.5 min of sound ex-
posure+ 30min of silence, total recording time: 63.5 min) with a di-
rectional microphone (Sennheiser ME66 with K6 power module) placed
20–40 cm in front of the subject and connected to the left channel of a
digital recorder (Tascam DR-100). Stimuli delivered with the Ipod nano
were recorded on the right channel of the same digital recorder. Fig. 3
shows a schematic diagram of the stimulation protocol used for the
playback experiments.

At the end of each experimental session, the environmental noise
level was measured by placing the microphone of the sound level meter
(Brüel & Kjær 2238) at the position of the experimental subject. Air and
substrate temperature were measured with a thermometer (Ebro TFN
520) and the relative humidity with a hygrometer (Extech Instruments
RH390).

2.4. Laboratory experiments procedure

2.4.1. Animal housing
Laboratory experiments were conducted during February 2016 and

March–April 2017. A total of 24 male B. taeniata (N=12 during 2016
and N=12 during 2017) were captured at the northern shore of the
Tinquilco lake (39°07′ S, 71°46′ W), near Huerquehue National Park in
southern Chile. All the frogs were captured during the breeding season
and presented morphological traits indicating active reproductive
status (i.e., nuptial pads and pigmented vocal sacs). Frogs were trans-
ported to the Faculty of Medicine of the University of Chile in Santiago,
Chile, and housed individually inside acoustically transparent cylinder-
shaped plastic containers enclosed with fine plastic mesh (diameter:
15 cm, height: 23 cm) and kept at 12 ± 1 °C inside a refrigerated room
and an inverted 14:10 light:dark cycle. Each plastic enclosure contained
mosses, leaves and twigs collected at the capture site, resembling the
natural microenvironment where males of this species call from. Frogs
were fed with tenebrionid larvae and crickets once per week.

2.4.2. Laboratory acoustic maintenance period
For the laboratory experiments conducted during 2016 and 2017,

each plastic container with an individual male B. taeniata was placed
inside acoustically isolated wooden chambers (80× 20×35 cm) at
12 ± 1 °C and the frogs were kept under an inverted 14:10 light:dark
cycle. Each chamber contained a loudspeaker (Behringer, Monitor 1C)
placed at 60 cm from the plastic container housing an individual frog.
The chambers' internal walls were partially covered with acoustic foam
to reduce internal resonances and six LEDs positioned on the ceiling of
each chamber provided illumination.

During 7 or 8 consecutive nights the individual frogs were stimu-
lated with the chorus maintenance stimuli played back with a Mac mini
computer (Apple Inc.) connected to an attenuator (Tucker-Davis
Technologies PA4 or Hewlett-Packard 350D) and an integrated ampli-
fier (Topaz AM5, Cambridge Audio) and delivered through a loud-
speaker inside each chamber. The experimental subjects were not ex-
posed to the same number of days to chorus sound due to the prolonged
duration of the experimental procedure (see “Laboratory playback ex-
periments” subsection). The nine 10-min choruses were presented in
random succession leaving 3min of silence in between choruses. On
each night this sequence of choruses was presented for 5 h starting 1 h
after the beginning of the dark phase. The exposure level used was
50 dB SPL RMS (A frequency weighting, slow time weighting). This
amplitude corresponds to the amplitude of distant B. taeniata chorusing
aggregations at the site where frogs were captured (M. Penna, un-
published data).

Following the 7 or 8 nights of conspecific chorus exposure, stimu-
lation was discontinued, and individuals were left in silence for one day
before experimental testing. This was done in order to allow time for

Fig. 3. Schematic diagram of the stimulation protocol. The experimental pro-
cedure included two initial minutes of spontaneous activity, followed by
31.5min of acoustic stimulation and finally 30min of post-stimulation vocal
activity. After completing the stimulation protocol males were rapidly captured
and a blood sample was obtained. The vocal activity of males was recorded
throughout the complete duration of the experiment. The nine top black boxes
during the stimulation period depict the nine 3-minute duration audio files
corresponding to chorus or rain sound used for playback experiments. The vocal
activity of frogs treated with silence was recorded for an equivalent time, but
individuals were not exposed to acoustic stimulation.
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immediate early gene expression following the procedures of Gall and
Wilczynski (2014), as the brains of the experimental subjects were used
for immunohistochemical procedures in a parallel study.

Throughout the acoustic maintenance period, and the day of silence,
the vocal activity of each frog was recorded with a small omnidirec-
tional tie-clip microphone (AKG C417) placed inside each chamber and
connected to a channel of two six-channel digital recorders (Tascam
DR-680). Recordings were restricted to the 5-hour period of main-
tenance chorus presentation. All the experiments were completed
within 3 weeks of the arrival of the frogs in the laboratory.

2.4.3. Laboratory playback experiments
The overall experimental protocol used for the sound exposure ex-

periments in the laboratory was similar to the one used in the field.
After the acoustic maintenance period and the day of silence, frogs were
exposed to B. taeniata chorus sound (N=8), natural rain sound (N=8)
or control silence (N=8). The snout-vent lengths (Kruskal-Wallis rank
sum test, χ2= 0.35, d.f.=2, P=0.840) and body weights (Kruskal-
Wallis rank sum test, χ2= 0.39, d.f.=2, P=0.822) of frogs were si-
milar across acoustic treatments. Due to a failure of the recording
system during the sound exposure experiments, the vocal activity of one
individual exposed to conspecific chorus was not recorded and there-
fore the final sample size for this group was N=7. Sound exposure
experiments were conducted within the same 5-hour interval of time
during which the maintenance sound was played back on previous
days. Because of the prolonged duration of the experimental protocol
and the blood collection procedure, the number of individuals tested
was restricted to five per day. The basal vocal activity of males was
recorded for 2min before the onset of the stimuli playback and the post-
stimulation vocal activity was recorded for additional 30 min. The vocal
activity of individuals that were not exposed to any broadcast sound
was recorded for the same time as the duration of the playback ex-
periments.

2.5. Body measurements and blood sampling

The same blood sampling protocol was used for frogs tested in the
laboratory and the field. Once the sound exposure experiments were
completed, subjects were captured by hand, weighted and their snout-
vent lengths measured with a digital caliper to the nearest 0.1mm.
Individuals were then anesthetized by immersion in 0.2% MS-222
for< 3min and blood samples were collected by puncturing the heart
ventricle with a heparinized 1-ml syringe. Blood samples were cen-
trifuged and the plasma stored at −20 °C until radioimmunoassay was
conducted. Plasma samples collected in the field were initially stored at
4 °C for 1–2weeks, and later stored at −20 °C. Plasma samples were
stored in 27 μl aliquots, unless a lower volume was obtained.

2.6. Plasma testosterone analysis

Plasma levels of testosterone were measured using a competitive
binding radioimmunoassay (RIA) kit (DIA source ImmunoAssays,
DIAsource TESTO-RIA-CT kit, catalog #: KIP1790). The RIA kit used
had a high specificity for testosterone, having a cross reactivity with
dihydrotestosterone of 0.31%, and a detection limit of 0.05 ng/ml. In
order to determine the most appropriate dilutions to be used in the
study, serial dilutions of plasma samples of blood overflown inside the
thoracic cavities during heart puncturing of 15 individuals used in the
present study were obtained. Dilutions 1:2 and 1:4 were judged as
appropriate by parallelism between the standard dilution and standard
curves (for details see Fig. S1). As such, samples having volumes of
27 μl were diluted with 27 μl of the zero calibrator of the kit. Plasma
samples having volumes lower than 27 μl were diluted with the zero
calibrator until reaching 54 μl. Following the kit instructions, 50 μl of
the diluted samples were used to perform the assay. Testosterone levels
reported were corrected by the dilution factor and expressed in

nanograms per milliliter of plasma (ng/ml). Individuals with un-
detectable testosterone levels were assigned 0.05 ng/ml values, corre-
sponding to the detection limit of the kit. Samples were run in duplicate
when enough plasma was collected. Average intra-assay variation was
8.91% and 17.04% for plasma samples collected in the field and in the
laboratory, respectively. Samples collected in the field were run on a
single assay, and mean inter-assay variation for laboratory samples was
6.76%.

2.7. Acoustic analysis of vocal responses

Calls emitted by frogs during the field and laboratory playback
experiments were manually selected using RavenPro 1.4 (Cornell
Laboratory of Ornithology, Ithaca, NY, USA). For each individual, we
counted the number of calls emitted before (2 min), during (31.5 min)
and after (30min) the acoustic stimulation. The call rate of individuals
was computed for each recording period.

Calls emitted by male B. taeniata frogs during the laboratory
acoustic maintenance period were automatically counted with a
custom-written R script (version 3.3.3, R Core Team, 2017) using the
library ‘seewave’ (version 2.0.5, Sueur et al., 2008). Vocalizations that
were undetected by the script (about 10–20% of the calls) were
manually selected with RavenPro 1.4. Call rate was calculated from the
number of calls emitted by the individuals over 5 h of daily exposure to
conspecific chorus at low level (50 dB SPL RMS). Call rate during the
day of silence was calculated for the corresponding 5 h during which
the subjects were exposed to chorus sound on previous days. The vocal
activity of six individuals was not recorded during the day 6 of the
acoustic conditioning phase due to a failure of the recording devices,
and thus these values were included as missing data in the analyses.

2.8. Statistical analysis

All the statistical analyses were performed using R (version 3.3.3, R
Core Team, 2017), and the figures were created the libraries “ggplot2”
(version 2.2.1, Wickham, 2009), “seewave” (version 2.0.5, Sueur et al.,
2008), and “tuneR” (version 1.3.2, Ligges et al., 2016).

2.8.1. Field experiments
The vocal responsiveness of frogs to the acoustic playback was

evaluated with linear mixed-effects models (LMM) fitted through
maximum-likelihood with the package “lme4” (version 1.1-12, Bates
et al., 2015). The model included the square-root transformed call rate
as the dependent variable. The recording period (categorical variable
with 3 levels: pre, during and post-exposure), the acoustic treatment
(categorical variable with 3 levels: chorus, rain and silence), and their
interaction were included as fixed-effects. As temperature may influ-
ence the vocal activity of frogs (e.g., Ziegler et al., 2016), substrate
temperature was included in the models as a continuous covariate.
Individuals were included as a random-effect to account for data de-
pendencies derived from recording the same subjects at three con-
secutive time periods. The significance of fixed-effects was evaluated by
means of sequential likelihood ratio tests (LRT). Differences among
treatment levels were evaluated by means of Tukey's Honest-Sig-
nificant-Difference (Tukey HSD) planned comparisons performed with
the library “lsmeans” (version 2.26-3, Lenth, 2016).

Analysis of covariance (ANCOVA) was used to investigate differ-
ences in plasma testosterone level of frogs exposed to the three different
acoustic treatments (chorus, rain or silence). Because a former study
showed that the evoked vocal activity and testosterone levels were
correlated in male B. taeniata (Solís and Penna, 1997), the call rate of
individuals during the acoustic exposure period was included as a
continuous covariate. Additionally, we tested the effect of the acoustic
treatment on plasma testosterone levels after excluding the call rate as a
covariate from the ANCOVA model (i.e., a one-way ANOVA).
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2.8.2. Laboratory experiments
The vocal responsiveness of frogs to the different acoustic treat-

ments in the laboratory was investigated by fitting a generalized linear
mixed-effects model (GLMM). A large number of individuals tested in
the laboratory did not call during the playback experiments (see Results
section), and therefore to analyze their vocal responses we fitted a zero-
inflated negative binomial GLMM using the library ‘glmmTMB’ (version
0.2.3, Brooks et al., 2017). We used the number of calls as the depen-
dent variable, and included the log-10 transformed duration of each
recording period as an offset to account for the different duration of the
recording intervals. The offset was transformed because of model con-
vergence issues. Similar to field experiments, we included the recording
period, the acoustic treatment, and their interaction as fixed-effects in
the model. Because experiments were restricted to a maximum of 5
individuals per day, we included the individuals nested within the day
of the test to incorporate this experimental blocking in the model, and
to account for data dependencies derived from repeatedly recording the
same individuals. Temperature was stable in the laboratory settings
where frogs were housed and tested and therefore it was not included as

a covariate. The significance of fixed-effects was evaluated by means of
type III Wald tests using the library ‘car’ (version 3.0-2, Fox and
Weisberg, 2011).

We used ANCOVA to compare testosterone levels of frogs exposed to
the different acoustic treatments (chorus, rain or silence). Testosterone
levels were log10-transformed to improve the normality of the residuals,
and three call-related continuous covariates were included in the model
to assess their possible influence on individual testosterone levels: (1)
the evoked call rate during the 31.5 min of sound exposure; (2) the
average call rate during the 7 or 8 days of acoustic maintenance period,
and (3) the call rate during the day of silence prior to testing. The
ANCOVA analysis showed a significant association between testos-
terone levels and the call rate of frogs during the playback period (see
Results section). To further explore this relationship we pooled together
the data from the three acoustic treatments and fitted a linear regres-
sion between the testosterone levels (log10-transformed) and the call
rate of frogs. We also fitted the linear regression model after excluding
silent individuals from the data set. In the field only vocally active in-
dividuals were tested, and therefore excluding the silent individuals

A)

B) C)

Fig. 4. A) Call rates of male B. taeniata exposed to conspecific chorus (N=5), rain sound (N=5) and silence (N=5) in the field. Grey lines and dots indicate
responses of individual males. Colored dots and error bars correspond to means and s.e.m., respectively. B) Plasma testosterone levels of male B. taeniata exposed to
chorus, rain sound, and silence in the field. Bars and error bars correspond to means and s.e.m., respectively. Data shown in Fig. 4B correspond to the mean
testosterone levels not corrected by the call rate. C) Scatterplot of testosterone levels and calling rate of frogs exposed to the three acoustic treatments in the field.
Red, blue and green colors depict the behavior and hormone levels of individuals exposed to chorus, rain and silence, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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from laboratory analysis allows to compare the hormone-behavior as-
sociation between the two experimental settings. Finally, we also
evaluated the effect of the acoustic treatment on plasma testosterone
levels after excluding the three covariates related to the vocal activity of
frogs from the ANCOVA model (i.e., a one-way ANOVA).

For laboratory experiments, we used the Wilcoxon rank sum test
with continuity correction to compare the testosterone levels of in-
dividuals that emitted calls and frogs that remained silent during the
acoustic stimulation.

To test the effects of captivity on the testosterone levels of B. tae-
niata, we used the Wilcoxon rank sum test to compare the testosterone
of individuals tested in the field and in laboratory.

For ANOVAs and ANCOVAs we computed the partial eta-squared
(ηp2) as a measure of the effect sizes of main factors using the library
‘sjstats’ (Lüdeke, 2019, version 0.17.4). For mixed-models, standardized
effect sizes were not computed because it is currently unclear which of
the variability estimates of these models to employ for effect size cal-
culations (Rights and Sterba, 2019).

For field and laboratory experiments, the assumptions of the para-
metric tests employed were evaluated by visually inspecting the model
residuals, and if necessary, dependent variables were transformed to
attain the normality assumption. For the GLMM, residuals were visually
inspected using the library ‘DHARMa’ (version 0.2.4, Hartig, 2019) in
R.

3. Results

3.1. Field experiments

3.1.1. Field vocal activity during exposure to experimental stimuli
In the field, the chorus and rain sounds evoked vocal responses of

male B. taeniata effectively. The LMM analyses revealed a significant
effect of the interaction between the recording period and the acoustic
treatment on call rate (Fig. 4A, χ2= 14.30, d.f.=4, P=0.006). For
frogs exposed to chorus and rain sounds, planned comparisons showed
that the call rate was higher during sound exposure as compared to the
pre- and post-exposure periods, and no differences were found between
the pre- and post-recording periods (Table 1). In contrast to the vocal
responses of frogs under playback treatment, the call rate of frogs
during silence treatment was similar across recording periods (Table 1).

3.1.2. Field testosterone levels
The ANCOVA showed that testosterone levels did not differ between

the frogs exposed to conspecific chorus, rain sound and silence (Fig. 4B,
F=0.40, d.f.=(2, 11), P=0.682, ηp2= 0.067), and there was no
effect of the call rate on plasma testosterone levels (Fig. 4B, F=0.68,
d.f.=(1,11), P=0.426, ηp2= 0.059). The one-way ANOVA showed
that the effect of acoustic treatment on testosterone levels was not
significant after removing the call rate from the model (F=0.41,
d.f.=(2, 12), P=0.674, ηp2= 0.064).

3.2. Laboratory experiments

3.2.1. Acoustic maintenance period
The vocal activity of males during the 7–8 days of acoustic main-

tenance period was highly variable. While the conspecific chorus
playback elicited strong vocal responses in some individuals, other
experimental subjects called only occasionally or remained silent
throughout the maintenance period. Table 2 shows the call rates of
frogs during the acoustic maintenance period. A within-individual
comparison showed that the call rate during the day of silence was
significantly lower as compared to the call rate during the last day of
chorus exposure (Wilcoxon signed rank test with continuity correction,
V=75, P=0.005).

3.2.2. Laboratory vocal activity during exposure to experimental stimuli
Unlike field experiments, individuals tested in the laboratory

showed limited responsiveness to sound exposures (Fig. 5A). Two out of
seven and two out of eight experimental subjects emitted advertisement
calls in response to conspecific chorus and rain sounds, respectively.
Four out of eight frogs not exposed to any broadcast sound were vocally
active. The GLMM analysis showed that neither the recording period
(χ2= 0, d.f.=2, P=1), the acoustic treatment (χ2= 0, d.f.=2,
P=1), or their interaction (χ2= 2.61, d.f.=4, P=0.625) had a sig-
nificant effect on the number of calls emitted by males tested in the
laboratory.

3.2.3. Laboratory testosterone levels
The ANCOVA showed that testosterone levels did not differ between

the frogs exposed to conspecific chorus, rain sound and silence (Fig. 5B,
Table 3, F=0.31, d.f.=(2,17) P=0.735, ηp2= 0.036). In addition,
plasma testosterone was not related to the average call rate during the
maintenance period, or the call rate during the day of silence (Table 3).
However, the call rate of frogs during the 31.5min sound exposure was
significantly related to testosterone plasma levels (Table 3, F=8.97,
d.f.=(1, 17), P=0.008, ηp2= 0.345). After pooling together the data
from frogs exposed to the three acoustic treatments, including in-
dividuals that did not call, linear regression analysis showed a sig-
nificant positive association between plasma testosterone and call rate
(F=10.60, d.f. = (1, 21), P=0.004, R2=0.335). However, this sig-
nificant association is driven by the large number of silent individuals
with relatively low testosterone levels. Removing these individuals
from the linear regression analysis yields a non-significant association
between call rate and testosterone for vocally active males (F=0.10,
d.f.=(1, 6), P=0.762, R2=0.02). Fig. 5B shows a scatterplot of the
testosterone levels and call rates of frogs exposed to the three acoustic
treatments in the laboratory. The one-way ANOVA analysis showed that
the effect of acoustic treatment on testosterone levels was not sig-
nificant after removing the three covariates related to the calling ac-
tivity of males from the model (F=0.27, d.f.=(2, 21), P=0.763,

Table 1
Post hoc analyses of the vocal responses of male B. taeniata to different acoustic
treatments in the field (see text for description of the experimental conditions).

Stimulus Comparison t-Ratio (d.f.) P

Chorus Pre - stimulus −3.29 (37.5) 0.006
Stimulus - post 5.34 (37.5) <0.001
Pre - post 2.05 (37.5) 0.113

Rain Pre - stimulus −3.14 (37.5) 0.009
Stimulus - post 3.11 (37.5) 0.010
Pre - post −0.03 (37.5) 1.000

Silence Pre - stimulus −0.93 (37.5) 0.628
Stimulus - post 0.08 (37.5) 0.674
Pre - post −0.85 (37.5) 0.997

Bold characters indicate significant P values (< 0.05)

Table 2
Call rates of males of B. taeniata during the maintenance period prior to ex-
perimental exposure to different acoustic treatments in the laboratory. Values
correspond to mean ± s.e.m. On day 6 six individuals were not recorded due to
a technical failure. See text for description of experimental condition.

Day N of individuals Call rate (calls/min)

1 24 0.98 ± 0.53
2 24 1.99 ± 0.88
3 24 3.78 ± 1.33
4 24 4.47 ± 1.47
5 24 3.99 ± 1.34
6 18 1.71 ± 0.87
7 24 4.63 ± 1.45
8 13 5.48 ± 2.28
Last exposure day (7 or 8) 24 4.90 ± 1.47
Silence day 24 1.27 ± 0.52
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ηp2= 0.025).
In addition, testosterone levels were higher in calling individuals

(mean ± s.e.m.: 10.54 ± 3.27 ng/ml) as compared to non-calling
males (mean ± s.e.m.: 1.21 ± 0.60 ng/ml) (Wilcoxon rank sum test,
W=113, P < 0.001).

3.3. Comparison of testosterone levels between field and laboratory subjects

Because the three groups of experimental subjects stimulated with
chorus sound, rain sound or maintained in silence in the field, had si-
milar testosterone levels, as occurred with animals in captivity, subjects
of each group were pooled together to compare their plasma hormone

concentration. Testosterone levels of frogs tested in the field
(mean ± s.e.m.: 8.23 ± 1.11 ng/ml) were significantly higher than
the levels of individuals tested in laboratory settings (mean ± s.e.m.:
4.46 ± 1.49 ng/ml) (Wilcoxon rank sum test with continuity correc-
tion, W=265, P=0.006).

4. Discussion

In the present study, male B. taeniata frogs were exposed to different
acoustic stimuli to evaluate how these sounds influence the circulating
testosterone levels and the vocal activity of this species. Field and la-
boratory experiments revealed that short-term exposure to conspecific

A)

B) C)

Fig. 5. A) Call rates of male B. taeniata exposed to conspecific chorus (N=7), rain sound (N=8) and silence (N=8) in the laboratory. B) Plasma testosterone levels
of male B. taeniata exposed to chorus, rain sound, and silence in the laboratory. Data shown in Fig. 5B correspond to the mean testosterone levels not corrected by the
call rate. C) Scatterplot of testosterone levels and calling rate of frogs exposed to the three acoustic treatments in the laboratory. Symbols and colors as in Fig. 4. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Results of the ANCOVA analysis showing the effects of stimulus type and call rates of frogs on the plasma testosterone levels of males of B. taeniata in the laboratory.

Dependent variable Factor F (d.f.) P ηp2

log10(testosterone) Stimulus type 0.31 (2, 17) 0.735 0.036
Call rate evoked by experimental stimuli 8.97 (1, 17) 0.008 0.345
Average call rate during the acoustic maintenance period (7 or 8 days) 0.74 (1, 17) 0.403 0.042
Call rate during the day of silence 0.11 (1, 17) 0.746 0.006

Bold characters indicate significant P values (< 0.05)
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chorus sounds and rainfall sounds do not elevate testosterone above the
levels of frogs that were not exposed to any broadcast sound. The short
duration of the acoustic exposure used in the present study may account
for the similar testosterone levels between experimental and control
individuals, as long-term exposure to conspecific acoustic cues has been
demonstrated to regulate hormone levels in frogs. Male leopard frogs,
Rana sphenocephala and green treefrogs Hyla cinerea, present higher
androgen levels after hearing conspecific advertisement vocalizations
during successive days as compared to frogs hearing control sounds
(Burmeister and Wilczynski, 2000, 2005; Chu and Wilczynski, 2001),
and in males of Rana temporaria exposed for ten days to conspecific
advertisement calls, testicular size and interstitial cell size does not
decrease as in non-exposed animals (Brzoska and Obert, 1980). In a
study using short exposures Assis et al. (2012) showed that males of
Hypsiboas faber receiving 10-min stimulation with conspecific calls had
lower testosterone plasmatic levels relative to non-stimulated in-
dividuals. Furthermore, a former field study in B. taeniata reported si-
milar testosterone levels in frogs exposed to about 11min of acoustic
stimulation relative to individuals not subjected to any acoustic treat-
ment, suggesting a lack of effect of short acoustic stimulation on plas-
matic testosterone levels in this species (Solís and Penna, 1997).

In studies in other vertebrates using short exposures to sounds of
communicational significance, dissimilar results have been found. In
spotted antbirds Hylophylax n. naevioides, testosterone levels increase
after 2 h of song playback but not at earlier times (Wikelski et al.,
1999). In contrast with this study, acoustic exposures to conspecific
calls lasting 30min or less cause testosterone increases in toadfishes
(Remage-Healey and Bass, 2005) and song sparrows (Moser-Purdy
et al., 2017).

In the current study we chose to expose the experimental subjects to
short sound treatments, although most of the evidence indicates that
long-term exposures are needed to obtain plasmatic testosterone in-
creases, because we were interested in comparing results from field and
laboratory settings, and long exposures cannot be managed accurately
amid varying conditions inherent to field work. Our choice is justified
to some extent by the studies that have shown short-term sound ex-
posures to be effective in increasing levels of this hormone in other
vertebrates (Remage-Healey and Bass, 2005; Moser-Purdy et al., 2017).

Rainfall sound effectively evokes vocal responses in male B. taeniata
(Penna and Zúñiga, 2014, this study), however, testosterone levels do
not increase in frogs exposed to this sound relative to individuals kept
in silence. Although the influence of natural abiotic sounds on the en-
docrine status of animals has not been sufficiently explored, recent
studies have investigated the physiological stress response associated to
anthropogenic noise exposure, showing that human-generated sounds
increase circulating glucocorticoid levels in a number of taxa (e.g.,
Wysocki et al., 2006; Blickley et al., 2012; Rolland et al., 2012;
Westlund et al., 2012), including anurans (Tennessen et al., 2014;
Kaiser et al., 2015; Troïanowski et al., 2017). Because of the similarity
of some general features between anthropogenic noises and natural
abiotic sounds, as both types of sound have an important proportion of
the energy concentrated in the low-frequency range, glucocorticoid
levels may be affected following abiotic sound exposure. Indeed, a
study reported that after heavy rains male cane toads (Rhinella marina)
exhibit increased clasping behavior and elevated corticosterone levels,
while testosterone levels remain unchanged (Orchinik et al., 1988). Yet,
it is unclear if this elevation of corticosterone in cane toads is induced
by the natural sound of rainfall, or other environmental factors related
to rainy conditions. Elucidating how abiotic acoustic cues influence the
activity of the endocrine system will contribute valuable information on
the regulation of behavior under variable environmental conditions;
however, this remains an important gap in our current knowledge.

In the field, males of B. taeniata increase their call rate in response to
chorus and rain sounds, while the vocal activity of control individuals
not exposed to these sounds remains constant, and testosterone levels
were unrelated to the vocal output of frogs. This result agrees with

other studies that have failed to find correlations between androgens
and vocal effort in a number of frog species (Burmeister and Wilczynski,
2000; Leary et al., 2008; Leary et al., 2015; Joshi et al., 2017). Also, in
free-ranging dark-eyed juncos (Junco hyemalis carolinensis) song play-
back drastically increases the song rate of experimental subjects
without any apparent increase in circulating plasma testosterone
(Rosvall et al., 2012). It is worth mentioning that the results of the
present study are in partial contrast with a previous field study on the
same species, in which the call rate elicited by synthetic B. taeniata calls
was positively correlated with testosterone levels (Solís and Penna,
1997). One major difference between both studies is that in the present
investigation we used natural choruses broadcast at 67 dB SPL RMS for
stimulation, while in Solís and Penna, 1997 synthetic calls of a single
individual were broadcast at amplitudes of 67–79 dB SPL RMS. Such
synthetic stimuli are likely to be perceived as a more threatening
challenge as compared to the sound of chorusing aggregations and may
account for the contrasting results between both studies.

In contrast to the field results, frogs in laboratory settings exhibited
limited responsiveness to acoustic stimulation. Individuals that were
vocally responsive during the test had higher testosterone levels than
individuals that remained silent, but call rate and testosterone levels of
calling males did not covary, a lack of association that has been re-
ported to occur in other anurans and related to target-tissue receptors,
enzymes acting on hormone pathways and hormone-binding proteins
(Leary, 2009). These results are consistent with models proposing that
hormone action is exerted through a threshold mechanism, above
which no graded relationship occurs between hormone plasma con-
centration and behavioral effects (Adkins-Regan, 2005; Ball and
Balthazart, 2008). A formal evaluation this hypothesis would require
hormonal measurements of silent males in the field, which we did not
perform in the present study, and thus we consider our results to be
suggestive of such an association, but further research is required to
better evaluate the nature of hormone-behavior associations in frogs.

Laboratory conditions allowed to homogenize the acoustic experi-
ence prior to quantifying the vocal activity of frogs and facilitated a
precise control of the acoustic environment in which playbacks were
performed. Experiments conducted in this context have the potential of
revealing androgen-behavior relationships that may remain obscured
amid the complexity of the social and environmental conditions of
natural field settings, yet a potential drawback of this approach are the
side-effects of captivity on the endocrine system of experimental sub-
jects.

The physiological stress associated to captivity may explain in part
the low activity of males in the laboratory, as glucocorticoid levels have
been found to increase in birds (Adams et al., 2011; Love et al., 2017)
and frogs (Assis et al., 2015; Titon et al., 2017) kept in laboratory
settings. Moreover, increased corticosterone levels inhibit the vocal
activity of male anurans (reviewed in Leary, 2009), suggesting that
different hormones interact in complex ways to influence the vocal
behavior of frogs. However, in the laboratory experiments of the cur-
rent study it is apparent that the low levels of vocal activity displayed
by the experimental subjects do not result from general aspects of
housing and maintenance, but by the particular experimental schedule
chosen, as the vocal activity dropped significantly after the day of
acoustic deprivation preceding the experimental acoustic exposures.

The “Energetics-Hormone Vocalization” model (EHV, Emerson,
2001) proposes feedback interactions between corticosterone and an-
drogens, and relates the levels of these hormones with the vocal be-
havior of frogs. Some studies have shown that higher corticosterone
levels are associated with lower testosterone in frogs (e.g., Marler and
Ryan, 1996; Leary and Harris, 2013), supporting the inhibitory influ-
ence of glucocorticoids on androgens proposed by the EHV model. In
the present study, testosterone levels were lower in individuals tested in
the laboratory relative to frogs tested in the field, and in captivity silent
individuals showed almost undetectable testosterone, results that could
be related to the secretion of corticosterone in response to housing, as
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discussed above. However, a negative association between corticos-
terone and testosterone has not been found in studies other than the
ones quoted above (e.g., Leary et al., 2004; Joshi et al., 2017), sug-
gesting that other hormonal factors may also play a role in modulating
frogs' vocal communication. For example, the neuropeptide arginine-
vasotocin (AVT) exerts strong effects on the vocal activity of males, and
is known to interact with other hormones, such as androgens, corti-
costerone and melatonin (reviewed in Wilczynski et al., 2017). Addi-
tional potential mediators of acoustic environmental effects on vocal
behavior are steroidal hormones produced de novo locally in brain
areas reported originally in mammals, namely neurosteroids (Robel and
Baulieu, 1994). Such steroids have been reported to occur in the anuran
brain (reviewed in Do Rego et al., 2009) and the presence of enzymes
implicated in their production has also been documented in these ver-
tebrates (Mensah-Nyagan et al., 1994, 1996, 1999). Acute fluctuations
of neurosteroids in response to acoustic social interactions occur in
telencephalic nuclei controlling song in birds (Remage-Healey et al.,
2008). Neurosteroid regulation has not been demonstrated in frogs'
brains, but the strong dependence of communication on acoustic en-
vironments in these vertebrates offers opportune avenues for exploring
effects of such molecules in vocal activation in breeding contexts.

Finally, another possibility to be considered in interpreting our
current results is that sound environments produce changes in the ex-
pression of androgen receptors rather than on androgen plasma levels.
To our knowledge no studies have addressed such an effect, remaining
an issue open for further experimental efforts. In order to elucidate the
intricate links between vocal behavior, the acoustic environment and
the endocrine status of anurans, future studies should attempt to
measure simultaneously different hormones and their corresponding
receptors. However, the small blood samples obtained from B. taeniata
frogs precluded measuring other hormones in the same experimental
males.

5. Conclusion

In summary, we sought to evaluate the interplay between different
acoustic cues, the vocal behavior and testosterone levels of male B.
taeniata frogs. In the field, frogs increased their vocal output in response
to chorus and rain sound playback, and their vocal activity was un-
related to testosterone levels. In the laboratory, the overall vocal ac-
tivity of males tested was low, and males gave limited responses to
acoustic playback, probably due to the particular experimental protocol
used in the present study combined with stressful captivity conditions.
Similarly to frogs tested in the field, no association between calling rate
and testosterone was found in the laboratory. Also, calling males had
higher testosterone levels than non-calling males in the laboratory. Our
results are suggestive of a threshold relation of testosterone and the
calling activity of the species studied, where testosterone levels above
the threshold level permit calling behavior without any apparent
graded-dose association with the call rate. Undoubtedly further work is
required in order to elucidate how environmental acoustic cues other
than the largely studied conspecific social signals influence the beha-
vior and hormone secretion in animals, and the complexities of hor-
mone-behavior associations.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yhbeh.2019.104605.
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