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ARTICLE INFO ABSTRACT

Keywords: When vocalizing, many animals engage in decision-making processes that integrate information regarding the
Animal behavior current social context. The midbrain dopaminergic system may provide a conserved mechanism underlying this
Neuromodulation process. For instance, in songbirds, modulation of dopamine release appears to contribute to social context-
Vocal communication . . . . .

Courtship dependent changes to song. However, relatively little is known about the degree to which dopamine may
Lekking contribute to similar vocal production and decision-making processes in other taxa, particularly the highly vocal
Bioacoustics anurans (frogs and toads). Here, we treated wild-caught male tingara frogs (Engystomops pustulosus) with a

general dopamine agonist (apomorphine) and assessed its effects on motor performance and motivation as well
as vocal decision-making in response to auditory stimuli that varied in social relevance. We found that the
dopamine agonist generally increased vocal speed, with decreases in response latencies and call durations.
Additionally, we found that dopamine increased call complexity, but only in response to the most socially
relevant auditory stimulus (conspecific call). Finally, dopamine treatment and auditory stimulus interacted to
affect decision-making regarding call timing and overlap with the stimulus. Compared to controls, frogs with
apomorphine were more likely to overlap the playback stimulus in a manner predicted to be more attractive to
females. These results highlight a role of dopaminergic circuits in modulating vocal outputs based on social
inputs within a species of basal tetrapod.

1. Introduction to guide transitions between pulse and sine song, and the choice of song

is significant for influencing female responses (Clemens et al., 2018;

During communication, animals integrate sensory and social infor-
mation to produce signals tuned to their audience and context.
Attending to external information can modulate when animals choose to
communicate as well as the structure of their communication signals
(Bernal and Page, 2023; Greenfield, 2002; Logue and Krupp, 2016;
Snijders and Naguib, 2017). For example, Ueno’s brown frog, a diurnal
species of frog, ceases calling in the presence of birds (Kim et al., 2020),
a common strategy among prey to avoid detection from eavesdroppers
(Bernal and Page, 2023). Conversely, nuthatches produce alarm calls in
response to predators, and the acoustic features of the alarm calls vary
depending on both the threat level of the predator as well as the source
(self or public) of the predator information (Carlson et al., 2020). During
courtship, Drosophila use visual cues about motion and female position

Coen et al., 2014). In zebra and Bengalese finches, males adjust acoustic
features of their songs depending on their social context, producing
longer, faster, and more stereotyped songs during courtship interactions
compared to when males sing while alone (Kao and Brainard, 2006;
Sakata et al., 2008; Sossinka and Bohner, 1980; Woolley and Doupe,
2008). However, while many species modify their signals depending on
context, there are few instances in which the mechanisms by which
signals are modified have been studied.

Dopamine is well-positioned to drive context-dependent changes to
vocal behavior across species through its actions across multiple re-
ceptor subtypes (Berke, 2018). Throughout vertebrates, dopamine is
produced in conserved neuronal populations and dopamine neurons
share similar projections to sensory, motor, and cognitive regions across
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taxa (O’Connell and Hofmann, 2011, 2012; Yamamoto and Vernier,
2011). Dopamine affects the vigor and performance of motor behaviors,
for example, depletion of dopamine synthesizing neurons leads to an
overall reduction of movement speed (e.g., Parkinson’s disease; Bologna
et al.,, 2020; Panigrahi et al., 2015). Additionally, dopamine shapes
learning and plasticity, leading to learned place preferences in frogs
(Presley et al., 2010), as well as vocal plasticity in birds (Hisey et al.,
2018; Kubikova and Kosfal, 2010; Macedo-Lima et al., 2021; Woolley,
2019; Xiao et al., 2018). Social and environmental context can drive
activity of dopaminergic neurons, thereby producing context-dependent
changes to motivation, motor performance, and plasticity. For example,
the shift in song performance that occurs from singing alone to directed
courtship song in zebra and Bengalese finches (such as increases in
stereotypy and speed) may depend on dopamine release into sensori-
motor and basal ganglia regions (Ben-Tov et al., 2023; Hara et al., 2007;
Matheson and Sakata, 2015; Singh Alvarado et al., 2021; Woolley et al.,
2014).

While dopaminergic modulation of context-dependent vocalizations
has been especially well-studied in birds, few studies have addressed a
similar role in other species. Frogs (anurans) offer a particularly useful
group for these investigations given that they produce relatively simple
and stereotyped vocalizations that are modulated by social context, and,
as basal tetrapods, they offer key phylogenetic insight into the evolution
of dopaminergic systems during the vertebrate transition to land.
Administration of a general dopamine agonist in frogs induces behav-
ioral effects such as modulation of sleep-wakefulness cycles
(Aristakesyan, 2011), feeding behaviors (Glagow and Ewert, 1999,
Glagow and Ewert, 1996), and general movement (Chu and Wilczynski,
2007), but little is known about effects on communication behaviors. A
dopamine D2 agonist has been shown to reduce calling in green tree
frogs (Creighton et al., 2013), however, whether dopamine modulates
social decision-making aspects of communication in frogs is unknown.

Ttngara frog males produce calls that attract females, and this well-
studied sexual communication system is ideal to investigate the role of
dopamine in frog social decision-making during acoustic communica-
tion (Ryan, 1985). For a calling male tiingara frog, there are two primary
decisions he must make that are influenced by the social context: when to
call and what call to produce. Frogs aggregate into choruses (leks) where
they vocally interact. Males typically avoid overlapping their calls with
each other, but also time their calls to occur during specific windows
relative to other males which can increase their attractiveness to females
(Larter and Ryan, 2024a). They also dynamically adjust the quality of
their calls in response to other calling males, most notably by appending
‘chucks’ to the ends of their calls. The simple call of this species consists
of a ‘whine’, and males will typically append 1-3 chucks to the end of
the whine to produce a ‘complex’ call which induces a five-fold increase
in attractiveness to females (Ryan, 1985; Ryan et al., 2019).

Here, we used a general dopamine agonist (apomorphine) to phar-
macologically activate dopamine sensitive neurons in male tingara
frogs during evoked vocal responses to playback stimuli. Because we
used a broad-spectrum agonist and did not target a specific brain area,
we anticipated broad and diverse effects including modulation of
motivational, vocal motor, and cognitive aspects of calling. We specif-
ically hypothesized that treatment with a dopamine agonist would (1)
increase overall calling (vigor), (2) increase vocalization speed (per-
formance), and (3) affect the social decision-making processes during
competitive vocal interaction with the playback stimuli, enhancing the
attractiveness of calls (cognitive effects).

2. Material and methods
2.1. Animals
We collected wild adult male tiingara frogs (Engystomopos [formerly

Physalaemus] pustulosus; n = 132) from sites in and around Gamboa,
Panama and conducted our experiments in the Gamboa Acoustics
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Laboratory within the facilities of the Smithsonian Tropical Research
Institute (STRI). All frogs were caught in amplexus (mating position with
the male clasped onto the back of the female) and remained in amplexus
until the male was removed just prior to the experiment.

All frogs were returned to their mate and released at their site of
capture within 24 h of collection. All procedures were approved by the
University of Texas at Austin (IACUC: AUP-2022-00012), STRI (ACUC:
SI-21012), and the Ministry of the Environment of Panama (MiAm-
biente: SE/A-39-2020).

2.2. Drug

Following removal from amplexus, males were administered either a
0 (saline control), 10, or 20 mg/kg dose of apomorphine (Sigma) dis-
solved in 0.9 % sterile saline. The high dose was based on a previous
study of anurans (Chu and Wilczynski, 2007). However, because that
study reported some impairment to locomotor behavior at this dose, we
also chose to include a half dose in this study. The drug solution was
prepared in advance and immediately frozen in small vials to be
defrosted just prior to the injections. All injections were administered
subcutaneously into the back of the thigh on one of the frog’s hind limbs.
Because all drug doses derived from the same frozen stock solution, the
total injection volume was double for the high dose relative to the low
dose. We administered saline at a volume to match the low dose.

2.3. Recording

We recorded males within custom built wooden sound attenuating
chambers fitted with acoustic foam (30.5 x 46 x 30.5 cm). Small broad-
range microphones were fitted in the ceiling, and speakers were placed
on the far side of the box opposite the door. Speakers were calibrated to
~76 dB SPL (re. 20 pPa) at the center of the box each night, and all
stimuli were peak normalized. Frogs were recorded using Audacity and
digitized at 44.1 kHz. During recording, each frog was in a plastic cage
that was modified by replacing most of the wall with fine mesh to ensure
acoustic transparency to the speaker and microphone.

2.4. Experimental protocol

We were interested in testing how male ttingara frogs would respond
to call playbacks and how these responses could be modulated by a
dopamine agonist. The timeline for the experiment was: (1) Inject (drug
or saline), (2) Wait 15 min with the frog in a dark, dry cooler, with this
wait time being determined by our preliminary experiment (see Sup-
plementary Information), (3) Place the frog into the recording chamber
in 1 cm of water, (4) 10 min silence and, (5) stimulus playback (7
stimuli, 10 min each; Fig. 1A). We note that only the first 6 playbacks
were included in our analysis (see below).

There were three playback stimuli: Conspecific calls (C), contoured
Noise calls (N), and Heterospecific calls (H). For each stimulus, we
concatenated a single token of the call with approximately 1.5 s of
silence between each call. The conspecific call was randomly selected
from recordings from a previous study and contains a whine plus one
chuck (James et al., 2021). The noise call was white noise with the
amplitude envelope of a typical whine, which we generated to provide a
stimulus with familiar amplitude structure and the ability to mask a
frog’s own vocalizations, but with less social salience than a conspecific
call (Rand et al., 1992). For the heterospecific call we used a randomly
selected exemplar from the Macaulay Library. The species we chose,
Physalaemus riograndensis, is from the sister genus to Engystomops, but
does not geographically overlap with the tiingara frog. We previously
tested phonotaxis responses in females for 10 heterospecific calls and
found this call from P. riograndensis to be one of the least recognized (20
% acceptance rate) (James and Ryan, 2025).

The stimuli were arranged into sets that enabled us to control the
stimulus order, the between stimulus transitions, and the number of
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Fig. 1. Experimental protocol. Shown are the protocol and example spectro-
grams of a saline-treated frog calling during the conspecific (top), noise (mid-
dle) and heterospecific (bottom) playbacks. The playback stimuli are indicated
with pink bars, and the live frog’s calls are indicated with green bars. The
conspecific playback stimulus was a whine followed by a single chuck. Frog
illustrations by Damond Kyllo.

times each stimulus was heard. To this end, we created six different sets
where each set contained all six possible transitions between the three
stimuli, and each stimulus occurred at least twice within the set (Sup-
plementary Table 1), with the first stimulus occurring three times.

Frogs in the low and saline doses were tested in November 2023,
while the high dose males were tested in June 2024. This frog breeds
during the rainy season (May — December). All frogs had their belly
photographed to subsequently identify all recaptures. In total, there
were 12 recaptures, and the frog ID was included as a random effect in
models to account for this (see below). We tested 24 frogs per dose (n =
72 total).

2.5. Call labeling and measurement

Calls were manually labeled using custom built scripts in MATLAB.
Sounds were segmented semi-automatically using an amplitude-based
threshold. All calls that overlapped the stimulus were manually sepa-
rated to identify the onsets of both the call playback and the live frog’s
call. We categorized the calls that overlapped the stimulus as either
‘leading’ (beginning before the onset of the stimulus call) or ‘lagging’
(beginning during the stimulus call), and we note that no call was long
enough to overlap more than one stimulus call. The tingara frog call
onset is marked by a rapid rise in amplitude that is identifiable even in
the presence of background noise, but then slowly tapers down to
silence, making the identification of offsets difficult when competing
against the playback stimuli. Therefore, we only analyzed the duration
of calls that did not overlap the playback stimulus. Calls were labeled
based on the number of chucks (0 to 3). In total, we labeled 47,564 calls.
After labeling, we extracted the time stamps of all call and stimulus
onsets and offsets.

2.6. Analysis

We conducted preliminary analyses to initially assess the amount of
calling within the experiment to decide which data to include for pri-
mary analysis. In particular, the study design ensured that each frog
experienced all possible transitions among the stimuli, but heard one
stimulus 3 times compared to 2 for the other stimuli. To understand
whether the transitions between stimuli and the number of times a
stimulus was heard predicted the amount of calling, we ran a full
factorial model with stimulus count (ordered factor: 1-3) and previous
stimulus type as well as our primary variables of interest (current
stimulus and drug dose) as predictors and the total number of calls
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produced (with zeroes excluded) as the dependent variable. Frog ID was
included as a random effect. We found no significant interactions be-
tween any of the four predictors (p > 0.14 for all; see Supplementary
Fig. 2 for full results). We observed significant main effects of stimulus
(F2,166‘8 = 3.4,p = 0.0055, l']g = 0.09), dose (F2,103‘3 = 6.5,p = 0.0022,
r]f, = 0.11), stimulus count (F3 1650 = 13.8, p < 0.0001, ng =0.14) and a
non-significant effect of previous stimulus (F5 164.1 = 2.6, p = 0.0734, ng
= 0.05). Importantly, the lack of interaction between stimulus and
previous stimulus indicates that the transition between stimulus types
did not have a large impact on calling behavior. In contrast, the large
effect of stimulus count was the result of decreasing numbers of calls
across repeat presentation, with fewest calls produced on the 3rd
rendition of a stimulus playback (Supplementary Fig. 2). Thus, to avoid
the confound that each frog had a 3rd rendition of only a single stimulus
playback, we pooled the data from the first two repetitions of each
stimulus and removed calls during the 3rd repetition from all further
analyses. We note that the weak (but non-significant) effect of previous
stimulus type was because frogs called more during the conspecific
playback (see Results), thus, called less if the previous stimulus was
conspecific (since no stimulus was repeated). Finally, when assessing
data distributions, we found a highly skewed distribution of response
latency data during the heterospecific stimulus; thus, we limited this
analysis to values <0.25 s (which included ~88 % of the data; see
Results).

2.7. Statistics

We were generally interested in how dose and/or stimulus affected
behavior. Consequently, most of our mixed-effects models contained
dose, stimulus, and the interaction between dose and stimulus as the
fixed effects. Frog ID was included as a random effect both to account for
the same frog being tested across all stimuli, as well as some frogs being
recaptured and tested across multiple nights. We included all calls
produced by frogs in models when possible: overlaps (binary), response
latency (s), chucks per complex call (count), and duration (s). For the
remaining variables, we calculated summary stats (e.g., means, per-
centages) within each frog before running mixed-effects models.

We used package ‘lme4’ (Bates et al., 2007) to conduct the models
and assess the significance of fixed effects using Type III ANOVAs with
the Satterthwaite’s method. In cases of a significant interaction between
dose and stimulus, we re-ran separate models with only dose or only
stimulus as the fixed-effect with the data limited to a single dose or
stimulus. This was because we were not interested in pairwise com-
parisons that span across multiple doses and stimuli simultaneously
(preplanned contrasts). For our binary response variable (overlap), we
conducted generalized linear mixed-effects models with a binomial error
family and assessed the significance using Type III Wald chi-square tests.
We report partial eta squared (ng) values as a measure of effect size using
the effect size package (Ben-Shachar et al., 2020) for all linear mixed-
effect analyses with significant main effects. We then conducted post-
hoc Tukey’s test contrasts and calculated the magnitude of Cohen’s
d as a measure of effect size for significant pairwise contrasts using the
emmeans package (Lenth, 2022). All models were conducted using R
v4.2.1.

3. Results

We measured the evoked vocal responses (EVRs) of frogs during
playback of three call types: conspecific calls, noise calls (white noise
with the amplitude envelope of the conspecific whine), and hetero-
specific calls. For each call type, calls were played back with ~1.5 s
between calls for 10 min. We measured the responses of frogs across two
10-min sessions of each stimulus type (presented in pseudorandom
order, see Methods). Frogs were treated with peripheral injections of a
general dopamine agonist (apomorphine; at a high or low dose) or a
saline control solution prior to the start of playback and recording.
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3.1. Dopamine has minimal effects on the total number of calls

We predicted that frogs given the drug would call more to all stimuli,
and we observed a significant main effect of dose on the total number of
calls produced (Fp 898 = 4.7, p = 0.0112, ng = 0.10). However, contrary
to our expectation, we found that frogs with the low dose of apomor-
phine called significantly less than frogs given saline (p = 0.0082, d =
0.64). There was also a significant effect of stimulus on the total number
of calls produced (Fp 951 = 24.5, p < 0.0001, ng = 0.33; Fig. 2) but no
significant interaction between dose and stimulus (F4979 = 0.9, p =
0.4794). Post-hoc contrasts indicated that frogs called more to the
conspecific stimulus than either the noise or heterospecific stimuli
(Tukey’s tests: p < 0.0001, d > 0.72 for both).

3.2. Dopamine increases the speed of vocalizations

Dopamine agonists often increase the speed of motor behaviors. To
investigate whether dopamine modulates the speed of vocal-motor
behavior, we measured call durations and response latencies.

For call duration, we found significant main effects of both stimulus
(F2,71_6 = 18.1, p < 0.0001, T]g = 0.34) and dose (F2,88.5 = 28.2, p <
0.0001, ng = 0.39; Fig. 3A,B), but no significant interaction between
stimulus and dose (F4716 = 0.1, p = 0.983). Call durations were
significantly shorter following both doses of apomorphine treatment
(mean =+ S.D. across frogs = 0.36 & 0.03 s for the low dose and 0.32 +
0.05 s for the high dose) compared to saline treatment (0.41 + 0.04 s; p
< 0.0001, d > 1.1 for both). Call durations also varied across stimuli: for
all treatments, males produced the longest calls in response to the
conspecific playback (0.37 £+ 0.06 s) compared to both the noise and
heterospecific playbacks (0.35 + 0.6 s noise and 0.35 + 0.05 s het; p <
0.0001, d > 0.47 for both).

We found that the latency to call back to a stimulus was affected by
the type of stimulus, the dopamine treatment, and their interaction
(Stim: F2,39,154 =6894.4p < 0.0001, 1];2) = 0.26; Dose: F2,103 =70.3,p <
0.0001, n3 = 0.58; Stim*Dose: F4,39154 = 171.6, p < 0.0001, 13 = 0.02;
Fig. 3C,D). We took the onset of each call produced by a frog and
calculated the time since the end of the most recent stimulus playback
(excluding calls that overlap the stimulus). Regardless of the drug
treatment, frogs produced extremely rapid responses to the hetero-
specific playback (mean + S.D. = 0.17 + 0.10 s), slower responses to
noise (0.32 + 0.12 s), and even slower responses to the conspecific
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Fig. 2. Overall calling. Total calls (y-axis) produced by each frog summed
across the two playbacks of each stimulus type and separated by dose (x-axis).
Boxplots (left) depict the median, and Q1/Q3 + 1.5*IQR and each dot and
connecting lines depict the values from one frog on one night. Bars + SE (right)
group the same data as in the main panel to illustrate the significant main ef-
fects of dose (top) and stimulus (bottom; asterisks indicate p < 0.05).
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playback (0.61 + 0.19 s; p < 0.001, d > 0.43 for all post-hoc Tukey’s
tests). At the same time, regardless of the stimulus, we found that frogs
with a low dose of apomorphine responded more quickly than frogs with
saline (p < 0.001, d > 0.54 for all post-hoc contrasts). High-dose males
responded more quickly than saline males to the noise stimulus (p =
0.0004, d = 0.50) while low-dose males responded more quickly than
high-dose males to the conspecific stimulus (p = 0.0291, d = 0.51).

3.3. Dopamine increases call attractiveness in a context-dependent
manner

In addition to affecting the vocal motor features analyzed thus far, it
is possible that dopamine may modulate calling in response to different
external stimuli through actions on cognitive or motivational processes
regarding social decision-making. Male ttingara frogs typically compete
antagonistically with other males in the chorus to attract females.
Phonotaxis assays in females have highlighted that females prefer calls
with greater complexity and with specific timing relative to other calls in
the chorus, and males adjust both of these features while in a chorus
(Larter and Ryan, 2024a; Ryan, 1985; Ryan et al., 2019).

Males increase their call complexity by adding additional elements to
the end of the call (Fig. 4A). A tingara frog call begins with a “whine”
that contains downward sweeping frequencies. Males often append one
or more “chucks” to the end of a whine to produce a complex call. Such
complex calls are five-fold more attractive to females than simple calls
(Ryan et al., 2019). Here, we measured the percent of complex calls for
each frog within each stimulus (with at least 10 calls produced) and
found that the percent of complex calls a frog produced was predicted by
the stimulus (Fy,197.7 = 22.3, p < 0.0001, ng = 0.29) but not the drug
treatment or the interaction between dose and stimulus. In particular,
frogs produced a greater number of complex calls during the conspecific
stimulus compared to either the heterospecific or noise stimuli (p <
0.0001, d > 0.68 for both). There were no significant effects of body
mass on the percent of calls with chucks, nor any interaction with body
mass and stim or dose (p > 0.15 for all). We next measured the number
of chucks in each complex call, and found that dose, stim, and their
interaction significantly predicted the number of chucks (Dose: Fy 196 =
11.3, p < 0.0001, I]g = 0.18; Stim: F3 34199 = 1524.9, p < 0.0001, l]g =
0.08; Stim*Dose: F4 34,199 = 48.8, p < 0.0001, ng = 0.006; Fig. 4B). Post-
hoc contrasts on separate models revealed dose-dependent effects were
only present during the conspecific stimulus, where we observed a dose-
dependent increase in the number of chucks (p < 0.005, d > 0.28 for all
comparisons) with males given a higher dose of apomorphine producing
the most chucks. Indeed, while rare, the only 3 males to produce 3
chucks were males with the high dose of apomorphine. In addition, as
was the case for the percent of complex calls, we found significant effects
of stimulus in all doses, with frogs producing more chucks during the
conspecific stimulus than either the noise or heterospecific playback (p
< 0.001, d > 0.38 for all). Finally, frogs given either saline or the high
dose produced more chucks in the noise stimulus relative to the heter-
ospecific stimulus (p < 0.02, d > 0.05 for both).

Males in this species typically avoid producing overlapping calls in
small choruses (Fig. 5A), and females are sensitive to the overlap of calls
between different males (Larter and Ryan, 2024a). To assess the preci-
sion of call timing during the playback stimuli, we measured the number
of calls that overlapped the stimulus playback. Overall, frogs overlapped
the stimulus far less frequently than expected by chance (mean + S.D.
across frogs = 6.0 + 4.3 % overlaps; chance ~ 40 % overlap) and the
odds of calls overlapping the stimulus was affected by both drug treat-
ment and stimulus (Dose: X% = 258.8, p < 0.0001; Stim: X% =282.4,p <
0.0001) as well as an interaction between stimulus and dose (GLMM: Xﬁ
= 378.5, p < 0.0001; Fig. 5B). For every stimulus, saline males differed
significantly from both drug groups (p < 0.03 for all comparisons),
however, interestingly, the pattern differed across stimuli. Saline-
treated males overlapped the conspecific and noise playbacks more
than either apomorphine dose, while they overlapped the heterospecific
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Fig. 3. Drug impacts vocal speed. A) Example spectrograms of whine chucks from a single male that was recaptured across multiple nights and randomly received
different treatments each night. B) The median duration of complex calls containing a single chuck. Lines connect the values from a single male within a night (top)
and bars + SEM (bottom) depict significant main effects. C) Diagram depicts the response latency, as measured from the end of the preceding stimulus call to the
onset of a frog’s call. D) Density plots depict the overall distribution of all response latencies for each stimulus (in rows) and dose (in colors). Bars depict the mean +
95 % confidence interval across mean values for each frog. See text for differences within each dose. For all plots, asterisks depict significant differences (p < 0.05)
from linear mixed effects models and tildes depict non-significant trends (p < 0.10). Boxplots depict the median, and Q1/Q3 + 1.5*IQR.

playback less than either dose. The low-dose males overlapped the
conspecific playback less than the high dose males (p = 0.0035).
Relatedly, there were effects within each dose. Saline males overlapped
the noise playback the most and the heterospecific playback the least (p
< 0.003 for all), low-dose males overlapped the conspecific playback
less than the noise and heterospecific playbacks (p < 0.001 for both),
and high-dose males overlapped the conspecific and noise playbacks less
than the heterospecific playback (p < 0.0001 for both).

Interestingly, the time course of overlap rates differed by stimulus
and dose when analyzing the overlap rates within each minute of the
stimulus. A full factorial model with minute into the stim, stim, and dose
predicting percent overlap revealed significant interactions between
stim and dose (F4,1271.9 = 3.9, p = 0.0040, ng = 0.01; Fig. 5C), stim and
minute (Fa,1262.0 = 20.7, p < 0.0001, ng = 0.03) as well as significant
main effects of stim and dose (Stim: Fy 12732 = 37.1, p < 0.0001, qf, =
0.06; Dose: Fz 207.6 = 22.4, p < 0.0001, ng = 0.18). Interestingly, saline
males begin and end the conspecific and noise playbacks with higher
levels of overlap than either drug dose. However, during the hetero-
specific playback, males with the high dose of drug start with low levels
of overlap but ramp up across the course of the playback.

Frogs can overlap the stimulus in two ways: (1) leading, by calling
before the overlapped playback call, or (2) lagging, by initiating a call
during a playback call (Fig. 5D). Overall, most overlapping calls (84 %)
were produced in a leading manner relative to the stimulus. We found a
significant interaction between stim and dose on the percent of overlaps
that were considered leading vs lagging (binomial GLMM: y = 54.8, p <

0.0001), as well as significant main effects of dose (X% =439, p <
0.0001) and stim (X% =112.3, p < 0.0001; Fig. 3E). Post-hoc contrasts
analyzing for effects of stimulus independently indicated that during
both the conspecific and noise stimuli, saline males produced fewer
lagging overlaps than both low- and high-dosed males (p < 0.02 for all).
During the heterospecific stimulus, high-dose males produced fewer
lagging overlaps than both low-dose and saline males (p = 0.002 and
0.039, respectively). Overall, these results align to the overall percent
overlap results indicating that increased overlaps tend to occur due to an
increase in leading overlaps. We also investigated the time course of the
percent of leading vs lagging calls, finding a significant interaction be-
tween dose and minute into the stimulus (F2 6547 = 4.4, p = 0.0131, Tl%
= 0.01). Analyzing each dose independently, we found that frogs with a
low dose decreased the percent of overlaps that were leading (thereby
increasing their percent of lagging calls: F; 1355 = 8.6, p = 0.0039, nf, =
0.06), but no significant effect of minute for the saline and high dose
frogs (p > 0.55 for both).

Importantly, previous research has measured female responses to
overlapping complex calls (whines followed by a single chuck),
revealing that lagging calls are preferred if they begin during the second
half of the leading call, likely because the portion of the whine with
higher amplitude masks the chuck of the leading call (Fig. 5F) (Larter
and Ryan, 2024a). Therefore, we could categorize all whine chucks that
overlapped with the conspecific stimulus according to whether we
predict the call to be preferred (“good”) or dispreferred (“bad”) by a
female compared to the stimulus call. We found a significant interaction
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between overlap type and dose on the percent of each overlap type
(Fe,196 = 12.3, p < 0.0001, ng = 0.27; Fig. 5G). Analyzing each overlap
type independently, we found effects of dose for both types of leading
calls, where saline treated males produced more “bad” leading calls than
those with either dose of apomorphine, and fewer “good” leading calls
than high dose males (p < 0.05, d > 0.79 for all). Finally, we asked
whether males that produced more chucks also produced more “good”
leading calls. However, we did not find a significant correlation between
the increased chucks per complex call and the increased “good” leading
calls within the high dose frogs (F1,11.5 = 0.0, p = 0.9354, ng < 0.0001).

4. Discussion

In vocal communication, signalers need to integrate sensory and
social information to modify their signals for a specific partner, audi-
ence, or social context (Bernal and Page, 2023; Greenfield, 2002; Logue
and Krupp, 2016; Snijders and Naguib, 2017). Depending on the
context, animals can adjust multiple aspects of their signals, including
features of vocal production as well as the timing and content of the
signal. We hypothesize that dopamine may be a key neuromodulator in
driving these changes to vocal behavior across species. Dopamine is
produced in conserved neuronal populations that share similar pro-
jections to sensory, motor, and cognitive regions across taxa (O’Connell
and Hofmann, 2011, 2012; Yamamoto and Vernier, 2011). While
dopamine has been shown to modulate aspects of vocalizations in ro-
dents, birds, and fish across multiple receptor subtypes (Allen et al.,
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2023; Kubikova and Kosfal, 2010; Woolley, 2019; Wright et al., 2013),
few studies have addressed a role for dopamine in calling in frogs. Here,
we found that systemic injection of apomorphine, a general dopamine
agonist, modulates multiple aspects of calling behavior in tingara frogs.
In particular, apomorphine treatment led to changes to vocal motor
behavior, including increases in measures of the speed of call produc-
tion. In addition, apomorphine treated frogs showed systematic changes
to the timing and quality of evoked vocal responses to stimulus
playback.

Interestingly, some of the changes to calling induced by apomor-
phine treatment modulated the competitive behaviors of frogs in a
manner likely to increase call attractiveness to females (Figs. 4, 5).
Specifically, all frogs were more likely to produce complex calls by
adding one or more chucks to their whine when interacting with a
conspecific playback. However, the amount of increase in the average
number of chucks appended was dose-dependent, with frogs given the
high-dose of apomorphine producing the most chucks. Furthermore, we
found that, compared to males injected with saline, males with
apomorphine injections overlapped the conspecific stimulus in such a
way that more of their overlaps would be expected to be preferred by
females when pitted against the overlapped stimulus call (Larter and
Ryan, 2024a). The fact that a dopamine agonist induces calls of poten-
tially higher quality is consistent with a previous study in songbirds,
where amphetamine administration led males to produce songs that
contained some aspects of the more attractive female-directed songs
(Matheson and Sakata, 2015).

Contrary to our predictions, we found no support that apomorphine
treatment led to increased calling. Rather, frogs generally called to all
stimuli and, if anything, drug treatment reduced the number of calls that
frogs produced (Fig. 1, Supplementary Information). However, we did
find effects on vocal motor speed, with increases in multiple measures of
the speed of call production, including the call duration and latency to
call, in males given apomorphine treatment (Fig. 3). Specifically, males
given a low dose of apomorphine responded more quickly to playbacks
than frogs given saline. We also found a dose-dependent decrease in call
durations, which we expect is due to more rapid inflation and deflation
of the vocal sac. Finally, we found that frogs had highly stereotyped
intrinsic call rates which were unaffected by apomorphine (Supple-
mentary Information).

There were also differences in how frogs respond to the three audi-
tory stimuli that were independent of the drug treatment. We saw large
variation in the latency between the end of each stimulus and the
beginning of the frogs’ responses, with extremely rapid responses to the
heterospecific call and slow responses to the conspecific call. Tiingara
frogs are known to be sensitive to drops in amplitude when deciding
when to call (Larter and Ryan, 2024a, 2024b, 2024c). The heterospecific
call is longer in duration and has a later amplitude descent compared to
the conspecific call and these differences may be responsible for the
rapid response latencies to the heterospecific call; i.e., by the time the
heterospecific stimulus starts to decline in amplitude and end, males are
ready to produce their own call. To test this hypothesis, future work
testing the frogs’ responses to a range of heterospecific stimuli, and
stimuli with modulations of specific acoustic features will be of partic-
ular interest (James and Ryan, 2025).

These results differ from a previous study measuring the effects of
dopamine agonists on the calling behavior of green tree frogs (Creighton
et al., 2013). They found that a D2 receptor-specific agonist generally
inhibited calling, while apomorphine or a D1-receptor specific agonist
had little effect. This could be due to species differences in dopamine
receptor expression or dopaminergic regulation of calling behavior, or
could be due to methodological differences in the two studies. Creighton
et al. injected males in the field, and noted if frogs resumed calling, and
how many calls they produced over time. In contrast, for our study, we
subjected frogs to a battery of playback stimuli aimed specifically to
evoke calling, and then quantified differences in fine-scale measures of
subsequent calling behavior. Also of interest is the fact that, in our
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preliminary experiment (Supplementary information), there was a
stronger reduction in calling with apomorphine treatment when frogs
were stimulated to call by a large chorus playback, which may relate to
the tendency of frogs with apomorphine to avoid overlapping the
conspecific stimulus in the main experiment. Further studies are needed

to understand how variation in social contexts affects the dopaminergic
modulation of social decision-making behaviors across species.
Dopamine receptors are expressed throughout the frog brain,
including in the auditory system (torus semicircularis), in the striatum
and pallidum, in nuclei of the social behavior network, and throughout
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the pallium (Burmeister, 2022; Endepols et al., 2000; O’Connell et al.,
2011). Because our study utilized peripheral injections, we likely acti-
vated dopamine receptors across regions. It is possible that, like in birds
and mammals, changes to measures of motor performance could be
through actions on the basal ganglia (e.g. striatum) while changes to
cognitive decision-making aspects of calling could be through actions on
the pallium. However, compared to pallium in birds and mammals, frog
pallium is less elaborated, has small, multimodal sensory areas, and has
few descending connections (Laberge and Roth, 2007; Roth et al., 2007).
This organization suggests that the pallium in frogs may be less involved
in executive control and have lower resolution sensory representations.
In contrast, the striatum has more substantial descending connections,
which has led to the hypothesis that the striatum may be the “executive
center” in amphibians (Burmeister, 2022). Future work, using markers
of neural activity to uncover differential activity when males vary their
calling behavior will be key in determining the neural substrates un-
derlying the ability of these frogs to flexibly adjust their vocal signals.

While our use of apomorphine, a broad-spectrum dopamine agonist,
allowed us to make direct comparison to similar studies of motivated
behavior in other frog species (Chu and Wilczynski, 2007; Creighton
et al., 2013; Glagow and Ewert, 1999), the variety of changes to calling
we observed in this study may stem from differential activation of
dopamine receptor subtypes. Anurans appear to have two broad classes
of receptors similar to the mammalian D1 and D2 subfamilies although
with some variation in the specific binding characteristics of the re-
ceptors (Chu et al., 2001), and apomorphine generally targets both re-
ceptor subfamilies with similar affinity (Millan et al., 2002). Both classes
are g-protein coupled receptors but they have opposite intracellular ef-
fects with D1 receptors increasing adenylate cyclase (AC) and cAMP
expression and D2 receptors inhibiting AC and decreasing cAMP
(Kawahata et al., 2024). However, while receptors have clear, opposing
actions on intracellular cascades, effects on behavior are more nuanced.
For example, current models for the role of striatal D1+ (“direct”
pathway) and D2+ (“indirect” pathway) spiny neurons hypothesize that
these pathways may not act as a simple go/no-go for movement (Klaus
et al., 2017; Tecuapetla et al., 2016). Similarly, both D1 and D2 type
receptors in mammals modulate cortical and corticostriatal plasticity
(Calabresi et al., 2007; Jay, 2003), and synergistic interactions between
both receptor classes are important for long-term depression. Given
variation between the receptor classes in the location of expression, with
high expression of both classes in the striatum but lower expression of
D2 receptors in the pallium (Kawahata et al., 2024; Kubikova et al.,
2009), future work targeting specific receptor subtypes may not only
offer clarity into the role of DA in modulating calling, but into the
specific neural substrates responsible for the distinct effects on calling
that we see here. Finally, apomorphine also acts on serotonin and
adrenergic receptors, and we cannot rule out the possibility that some of
the effects on calling that we see could be a consequence of activation of
non-dopaminergic receptors. For example, in male coqui frogs, 5-HT
receptor agonists reduce or eliminate territorial calling (Ten Eyck,
2008; Ten Eyck and Ten Eyck, 2020). Targeting of specific receptor
subtypes will be key to disentangling the unique roles of these neuro-
modulators in calling behavior.

The species richness of anurans provides the opportunity to under-
stand dopamine’s role in diverse communication systems. Like tingara
frogs, other species modulate aspects of their calling behavior based on
the social context, which can include changes to repertoire use and
sequencing (Bhat et al., 2022; Fang et al., 2014; Humfeld et al., 2009;
Leverett et al., 2022). Unlike tingara frogs, some species produce calls in
near-perfect synchrony with neighboring males (Clulow et al., 2017;
Legett et al., 2021, Legett et al., 2019; Ryan, 1986) while others produce
calls during rare explosive breeding aggregations (Rehberg-Besler et al.,
2016). Furthermore, some species incorporate other motor behaviors
like foot-flagging with their courtship signals (Love et al., 2023). This
cross-species variation offers an ideal system for comparative studies of
dopamine’s role in how social decision-making shapes courtship
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communication signals. Finally, dopamine is known to be important in
receivers, and future work on dopamine’s role in modulating acoustic
preferences in females will be of utmost interest.
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