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Abstract  
Species recognition, encompassing mate and competitor recognition, is an important mechanism for establishing and main‑
taining species boundaries. The effective communication between a sender and a receiver is crucial for species recognition 
to occur. In this sense, intraspecific signals are expected to evolve coupled to recognition systems to avoid reproductive 
interference with other species. Empirical evidence suggests, however, that the asymmetrical evolution of signaling and 
recognition systems may be widespread in nature. Moreover, the study of recognition systems has classically focused on the 
perception by females, but the role of males has been largely overlooked. We studied the divergence of acoustic traits and 
their perception in two nominal species and an intermediate population that form a phenotypic cline in color and body size. 
We used males’ recognition of and competition with other males as the predicted drivers of the communication system. We 
found wide and asymmetrical levels of recognition in both species and the intermediate population, which we argue reflects 
the prevalence of reproductive interference across the system.

Significance statement
The effective recognition of aggressive signals between males of incipient lineages is expected to prevent costly interac‑
tions, such as competing for mates. Therefore, diverging signals should evolve coupled to perceptual systems that allow their 
recognition. When this process is broken, reproductive interference or the competition between males of distinct lineages 
for the access to mates will prevail. In our study, we prove that the coupled divergence of acoustic signals and their percep‑
tion is hindered in incipient lineages of territorial poison frogs (Phyllobates). We studied two species and an intermediate 
population that represent a phenotypic cline in color and body size. Territoriality in poison frogs is widely acknowledged 
as a predictor of reproductive success in males. Therefore, we argue that males’ auditory perception remained flexible to 
recognize divergent acoustic traits that could put at risk males’ territory ownership and by extension mate acquisition.
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Communicated by A. Taylor Baugh

 *	 Marco González‑Santoro 
	 mdg82@pitt.edu

	 Pablo Palacios‑Rodríguez 
	 p.palacios10@uniandes.edu.co

	 Mabel Gonzalez 
	 mabelg@stanford.edu

	 Jack Hernández‑Restrepo 
	 jack.ph93@gmail.com

	 Daniel Mejía‑Vargas 
	 pyrrhura@gmail.com

	 Adolfo Amézquita 
	 adolfo.amezquita@gmail.com

1	 Department of Biological Sciences, Universidad de los 
Andes, 4976 Bogotá, AA, Colombia

2	 Department of Biological Sciences, University of Pittsburgh, 
Pittsburgh, PA, USA

3	 Department of Biology, Stanford University, Stanford, USA
4	 Department of Chemistry, Universidad de los Andes, 4976, 

AA, Bogotá, Colombia
5	 Laboratory of Biodiversity and Cloud Forests Conservancy 

Bioconservancy, Jardín, Colombia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00265-022-03281-8&domain=pdf
http://orcid.org/0000-0002-3116-525X
http://orcid.org/0000-0001-5626-5540
http://orcid.org/0000-0003-4649-2963
http://orcid.org/0000-0002-7676-7027
http://orcid.org/0000-0001-7320-1143


	 Behavioral Ecology and Sociobiology            (2023) 77:8 

1 3

    8   Page 2 of 11

Introduction

The evolution of species recognition signals remains a 
pivotal topic in the study of adaptation and speciation 
(Ryan and Rand 1993a; Panhuis et al. 2001; Ritchie 2007; 
Rosenthal 2017). The display of species recognition sig‑
nals is thought to reflect two fundamental trade-offs. On 
one hand, they must be conspicuous enough to be detected 
and recognized by conspecifics, yet conspicuousness often 
increases the risk of being detected by potential predators 
(Ryan 1988; Rosenthal 2017). On the other hand, they 
must be specific enough to reduce the risk of reproductive 
interference (i.e., mating/aggression attempts with hetero‑
specific individuals (Gröning and Hochkirch 2008; Grether 
et al. 2017)), yet the lack of variation would severely con‑
strain the potential to encode condition dependent infor‑
mation such as body size, sex, motivational status, and, in 
at least some species, individual or group identity (Ryan 
et al. 1990; Pryke et al. 2001; Ladich and Myrberg 2006; 
Tumulty and Bee 2021). Therefore, species recognition 
signals can diverge rapidly when two (or more) incipi‑
ent lineages experience divergent selective pressures on 
intraspecific communication systems (Ryan and Rand 
1993a; Panhuis et al. 2001; Ritchie 2007; Rosenthal 2017).

The process described above is complicated in many 
ways. The study of species recognition signals tradition‑
ally focuses on signal variation but less often addresses 
the variation in the sensory systems needed to perceive the 
signals (Betancourth-Cundar et al. 2016). However, varia‑
tion in sensory systems can be as important as variation in 
signals in determining receivers’ reaction to detected sig‑
nals (Ryan 1988; Ryan and Rand 2003; Wilczynski et al. 
1993; Dawkins and Guilford 1996; Gerhardt and Huber 
2003). It is often presumed that signals evolve in tandem 
with recognition systems (Rosenthal 2017). However, the 
decoupled evolution between the sender and the receiver 
components of intraspecific communication signals help 
to explain the growing evidence of introgression, hybridi‑
zation, and other evolutionary outcomes that represent 
incomplete reproductive isolation (Gerhardt and Schwartz 
1995; den Hartog et al. 2008; Greig and Webster 2013; 
Twomey et al. 2016). In this sense, most research focuses 
on the role of females as the main receivers of species 
recognition signals, using the operational term “mate rec‑
ognition signals” (Qvarnström et al. 2012; Servedio and 
Boughman 2017; Lipshutz 2018; Tinghitella et al. 2018). 
However, empirical evidence reveal that male-male inter‑
actions underlie among-male differences in reproductive 
success (Wong and Candolin 2005; Qvarnström et  al. 
2012; Yang et al. 2020). This is particularly true in spe‑
cies where territory ownership is the main determinant of 
access to limited females. In this scenario, reproductive 

interference (i.e., competing for mates with heterospecific 
individuals) can be very costly for males in terms of spent 
energy, territory loss, and predation risk (Gröning and 
Hochkirch 2008; Grether et al. 2017). Therefore, male-
male communication systems can be under social selec‑
tion (i.e., selection arising from competition for resources, 
including territories/mates) and can be an important com‑
ponent of species recognition between divergent lineages 
(West-Eberhard 1983; Price 2008; Avendaño and Cadena 
2021). The male signals under such scenarios have been 
called “competitor recognition signals” (Gröning and 
Hochkirch 2008; Grether et al. 2017).

For more than five decades, anuran amphibians have been 
one of the most thoroughly studied taxa regarding acoustic 
communication. Courtship in most anuran species is rela‑
tively simple and amenable to experimental manipulation: 
males emit species-specific advertisement calls, reproduc‑
tively motivated females approach or touch some of them 
to signal interest, and males proceed to amplexus and exter‑
nal fertilization (Wells 1977; Gerhardt 1988; Ryan and 
Rand 1993b). However, for many anuran taxa, particularly 
focused on neotropical poison frogs, we now know that males 
are strongly territorial and detailed studies show that territory 
ownership determines, to a great extent, the reproductive suc‑
cess of males (Roithmair 1992, 1994; Pröhl 1997; Ursprung 
et al. 2011; Ringler et al. 2012; Meuche and Pröhl 2011; 
Yang and Richards-Zawacki 2021). Therefore, although ter‑
ritorial defense could also be directed towards heterospecifics 
for shared resources other than females, it is hypothesized 
that the main function of territoriality in frogs is associated 
with reproduction (Pröhl 2005). Under this scenario, the 
male advertisement call, widely acknowledged as the mate 
recognition signal in anurans, also serves as a means of com‑
munication among males. This makes territorial male anu‑
rans a suitable system to test the hypothesis of concomitant 
evolution of signal and recognition across diverging lineages.

We studied the sender and the receiver components of 
the advertisement call of three lineages of poison dart frogs 
(Dendrobatidae: Phyllobates) that form a geographic and 
phenotypic cline in color and body size that is most prob‑
ably maintained by gene flow (Silverstone 1976; Márquez 
et al. 2020) (Fig. 1). At the current state of knowledge, we 
can rule out the possibility that the cline represents varia‑
tion within a single species (Márquez et al. 2020). Instead, 
these poison dart frogs are currently assigned to three puta‑
tive lineages: Phyllobates aurotaenia, Phyllobates aurotae-
nia broad-stripe morph, and Phyllobates bicolor (Fig. 1). P. 
aurotaenia broad-stripe morph was suggested as a putative 
hybrid by Silverstone (1976) given their intermediate color, 
body size, and geographic locality between P. aurotaenia and 
P. bicolor. However, recent research suggests that the cline 
we studied may have emerged from parapatric differentiation 
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during a range expansion rather than by secondary contact 
(R. Márquez et al., unpublished data). Therefore, in our study, 
we recognize P. aurotaenia and P. bicolor as two nominal 
species at the geographic extremes of the cline and P. auro-
taenia broad-stripe morph as an intermediate population, 
which likely emerged during the parapatric differentiation 
of the cline. Interestingly, the two nominal species interbreed 
in captivity suggesting the lack of postzygotic reproductive 
barriers (R. Márquez, personal communication).

As in most dendrobatid species, the males within the cline 
are strongly territorial, announce territory ownership by 
uttering advertisement calls, and will eagerly react to other 
males’ calls (or to the playback of similar synthetic calls) 
by rapidly approaching the sound source. We address three 
main questions: (1) Does the advertisement call represent a 
continuum of variation across the phenotypic cline? (2) Does 
the auditory recognition space, as estimated from playback 
experiments with males, vary in tandem with the signal? (3) 
Does the degree of matching between signal and recognition 
spaces facilitate competitor recognition?

Methods

To characterize the frogs’ acoustic signal and recognition 
space, we conducted call recording and playback experi‑
ments in six different localities along an ~ 100 km geographic 
cline, between 200 and 1400 m.a.s.l., in the western slope 
of the Colombian Western Andes (Fig. 1). The field work 
was conducted between March 2018 and June 2019. Both call 

recordings and playback experiments were conducted between 
6:00 and 17:00, during the peak calling activity in these line‑
ages. All individual frogs were encountered in primary or 
slightly disturbed rainforests which agrees with the typical 
habitats reported for Phyllobates species (Kahn et al. 2016).

Characterizing the signal space

In 2018, we recorded the advertisement calls of 26 focal males 
distributed along the populations described in Fig. 1, with a 
directional microphone (ME66/K6P, Sennheiser, Wedemark, 
Germany) coupled to a digital recorder (H4n pro, Zoom Cor‑
poration, Tokyo, Japan) placed 1 m in front of a spontaneously 
calling male. We recorded the advertisement calls of twelve 
P. aurotaenia males at three localities: La Victoria, Puerto 
Pervel, and El Dos (Chocó); eight P. aurotaenia broad-stripe 
males in Vereda Bochoromá (Chocó); and six P. bicolor in 
Santa Cecilia, Risaralda. Immediately after recording, we 
measured the temperature of the frog dorsum using an infra‑
red thermometer (Oakton model WD-35639). The tempera‑
ture was measured at the frog’s original calling site at the 
closest distance possible before the frog initiated its escape 
response (usually < 1 m). The frogs were thereafter captured 
and measured in body size (snout-vent-length, SVL) to the 
nearest 0.01 mm with a digital caliper. Sound recordings were 
deposited at the Colección de Sonidos Ambientales of the 
Instituto Alexander von Humboldt, Colombia (IAvH-CSA 
36874 to IAvH-CSA 36885 for P. aurotaenia; IAvH-CSA 
36886 to IAvH-CSA 36893 for P. aurotaenia broad-stripe; 
IAvH-CSA-34251 to IAvH-CSA-34256 for P. bicolor).

Fig. 1   Color phenotypes and 
the geographic localities where 
we recorded the acoustic signals 
and performed the playback 
experiments
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To describe each lineage’s advertisement call, we measured 
two temporal (note and internote duration) and three spectral 
(low, peak and high frequency) traits of the advertisement 
calls (Fig. S2). We used the parameters peak frequency, fre‑
quency 5%, and frequency 95% to determine the peak, low, 
and high frequency, respectively, based in spectrograms cre‑
ated in the Raven Pro 1.3 software (K. Lisa Yang Center for 
Conservation Bioacoustics 2011). The acoustic parameters 
were chosen considering a single note as a homologous sound 
unit across dendrobatid frogs (Erdtmann and Amézquita 
2009). The digital recordings were analyzed using a sampling 
rate of 44.1 kHz, and with an FFT of 512 points, allowing 
50% of overlap between points, using the Blackman window.

To minimize redundancy between the measured acoustic 
traits, we conducted a Principal Component Analysis (PCA). 
To test whether the acoustic signals represented a continuum 
of variation along the geographic cline, we used the acoustic 
signal variables summarized (linear regression line ± 95% 
confidence interval) by the first principal component (PC1) 
and plotted the values against the study localities along a 
West–East axis represented by longitude. Using a linear 
model, we tested the effect of the geographic locality on the 
PC1 and added temperature as a covariate given that there 
are altitudinal differences in each locality. Subsequently, to 
select the call parameters that best discriminated between 
lineages, we coupled the principal components with a discri‑
minant function analysis (DFA) using the lineage as group‑
ing factor. We then examined the variation among PCs in 
the discriminant function that best discriminated between 
lineages (DF1). Based on the PC that explained most of 
the variation among the other PCs, we selected the original 
spectral and temporal acoustic parameters with highest rep‑
resentation: peak frequency (PF) and note duration (ND). To 
understand and eventually rule out the effect of temperature 
and body size on these call traits, we fit linear models of PF 
and ND using temperature and body size as explanatory var‑
iables. Finally, to create the acoustic signal space, the main 
call parameters (PF and ND) were differentiated in a two-
dimensional space using a scatterplot and Kernel density 
function. The PCA was performed using the package psych 
(Revelle and Revelle 2015); The DFA was performed using 
the package MASS (Ripley et al. 2013); and all figures were 
created using the package ggplot2 (Wickham et al. 2016).

Delimiting the recognition space

In 2019, we conducted ninety-eight playback experiments 
per lineage to delimit the signal recognition space. We first 
synthesized calls using the software Audacity (Audacity 
Team 2021) modifying the peak frequency and note dura‑
tion parameters of the calls, which were the focal temporal 
and spectral acoustic traits obtained by the DFA. We cre‑
ated every combination of 7 note durations (8, 15, 21, 31, 

41, 51, and 61 ms) and 14 peak frequencies (every 200 Hz 
from 1800 to 4400 Hz) (type WAVE; sample rate: 44,100 Hz; 
16-bit signed) (Fig S1). The values were chosen to include 
the natural variation of acoustic signals among lineages plus 
supernormal values outside the natural range of variation 
(Table S1). For every synthetic note, we recreated the signal 
envelope of a Phyllobates call, used a frequency modulation 
of 300 Hz, and added 45 ms silences between notes (internote 
silences), which were consistent across the different signals in 
the cline (Table S1; Fig. S2). Each call had a total duration of 
5 min divided in series of 60 notes. Each call was separated 
by a silence of 5 s. Before starting an experiment, we made 
sure that our playback recordings had a sound pressure level 
of ~ 60 dB from approximately 3 m away of the speaker. To 
achieve this, we stood in front of the speaker with a sonometer 
which allowed us to record the sound pressure levels for every 
synthetic call. The sound pressure value was chosen based on 
levels recorded for individuals in natural conditions.

To broadcast the synthetic calls, we set up a loudspeaker 
(SRS-XB20, Sony, Tokyo, Japan) wirelessly connected to 
an iPod (Apple, Cupertino, CA) about 3 m from the selected 
male. Audio compression via Bluetooth from the iPod to 
the loudspeaker may affect the quality of the synthetic calls. 
However, this method allowed us to observe from a safe dis‑
tance as to not interfere during the experiment. Moreover, the 
use of Bluetooth speakers has been used in multiple previous 
studies (e.g., Yang et al. 2016; Avendaño and Cadena 2021). 
We started a field playback experiment by carefully approach‑
ing a randomly chosen male that was emitting advertisement 
calls, which suggested that they were actively defending their 
territories. One of us sat without moving and waited until the 
male resumed calling vigorously, which indicated that the 
male was no longer disturbed by the presence of the observer. 
To minimize observer bias, we played a randomly chosen call 
for 5 min, or until the male exhibited a positive response, 
which was defined as his phonotactic approach to an area 
within 30 cm of the loudspeaker (a positive response can 
be seen at https://​youtu.​be/​fZbm3​DleZvE). To rule out lack 
of motivation (or disturbance) in those males that did not 
react to the signal during the first playback, we conducted a 
second playback with the average signal parameters for the 
male’s own lineage. Only those experiments in which males 
failed to respond to the experimental signal (the first one) but 
responded positively to the control signal (the second one) 
were interpreted as true negatives, i.e., experiments in which 
the male did not recognize the signal.

We recognize that presenting different synthetic calls to 
different males in each experiment or including the iden‑
tity of the individual male in our statistical models would 
have helped to ensure that individual consistent behaviors 
did not affect our results. However, in weighing the pros 
and cons, we decided against using invasive methods (e.g., 
toe clipping) to identify individual frogs and non-invasive 

https://youtu.be/fZbm3DleZvE
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methods (e.g., using color variation or territory to identify 
frogs) would not have provided accurate identification either. 
The lack of individual identity information could increase 
the likelihood of pseudoreplication (i.e., the potential non-
independence of the subjects tested). To minimize the pos‑
sibility of testing the same individual more than once, we 
performed each playback experiment in a different site of 
the forest. Moreover, we followed steps from protocols 
developed to increase the quality and standardization of 
playback experiments (Kroodsma 1989, 1990; McGregor, 
1992; Kroodsma et al. 2001) which have been extensively 
used in published literature (Amézquita et al. 2005, 2006, 
2011; Rojas et al. 2006; Betancourth-Cundar et al. 2016): we 
randomized the sequence in which the synthetic calls were 
presented, never presented the same signal twice, and never 
repeated trials with the same individual in the same day. The 
first two steps are justified when the relevant unit of analysis 
is the signal presented (Amézquita et al. 2006), while the 
latter prevents habituation or the effect of hormonal changes 
that could affect aggressive responses immediately after the 
first playback experiment (Rodríguez et al. 2022). It was not 
possible to record the data blind because our experimental 
design involved focal animals in the field.

Lastly, to model each lineage’s auditory recognition 
space, we used a generalized-additive model (GAM) (bino‑
mial family function, logit link and k = 5). A different GAM 
was done for every lineage. We employed the variation in 
the two main lineages’ discriminatory call parameters (PF 
and ND) as predictor variables and fitted binary responses 
from field playbacks (either approached the loudspeaker or 
not) as the response variable. We thus defined the opera‑
tional recognition space as the area within the bivariate 
space (peak frequency and note duration) where the fitted 
GAM predicted that a male will most probably react, i.e., 
where the probability of male reaction was beyond 0.99. The 
GAM modelling was performed with the package mgcv in 
R (Wood and Wood 2015).

Results

Three principal components (PCs) explained 98% of the 
covariation matrix of the original five acoustic variables. 
The first PC (77%) was associated with all three spectral 
parameters and the note duration. The second (18%) and 
third PC (5%) were associated mainly with temporal param‑
eters (see Table S2). Using the three PCs, we conducted a 
discriminant function analysis (DFA), with the lineage as the 
grouping factor. We found two discriminant functions (DF) 
explaining 91% and 9% of the variation in the PCs respec‑
tively. The first DF that explained the greatest percentage 
of variation was strongly represented by the PC1, hence, 
affected by spectral parameters and the note duration (see 

Table S3). For further analysis, we used the original tem‑
poral and spectral variables that had the most weight (coef‑
ficient of the linear discrimination equations) in the DFA: 
peak frequency (PF) and note duration (ND).

We then analyzed the effect that temperature and body 
size may have on the two main variables. Larger frogs 
uttered significantly longer notes and at lower frequencies 
(linear model, beta coefficient = 0.69, p < 0.05 for ND; beta 
coefficient =  − 0.94, p < 0.05 for PF). Temperature, how‑
ever, did not have a significant effect on any of the two call 
parameters (beta coefficient =  − 0.21, p = 0.11, for ND; beta 
coefficient =  − 0.005, p = 0.94, for PF) (Fig. S3).

The acoustic signals summarized by the PC1 repre‑
sented a continuum of variation along the geographic cline 
(Fig. 2), which resembled the continuum of variation in 
coloration and body size reported elsewhere (Silverstone 
1976; Márquez et al. 2020) which conformed with our data 
(Fig. S4). Geographic locality but not temperature had a sig‑
nificant effect on the PC1 (locality (beta coefficient = 0.79, 
p < 0.05); temperature (beta coefficient =  − 0.02, p = 0.85)). 
After representing call parameters in a two-dimensional 
space, PF matched the continuous pattern, yet ND was undis‑
tinguishable between P. aurotaenia broad-stripe and P. auro-
taenia (Fig. 3). We found that lineages’ recognition spaces 
were wider than their signal spaces, estimated by a 99% 
probability of positive response to a playback (Fig. 4). This 
means that we only consider the recognition of a conspecific 
when the acoustic signal falls within the narrowest ellipse of 
the auditory recognition space. Moreover, we found that the 
recognition spaces differed between groups (Fig. 4). PF and 
ND were significant predictors of the phonotactic response 

Fig. 2   Call parameters in three lineages of Phyllobates along a geo‑
graphic cline. The PC1 is associated with spectral features and note 
duration of the advertisement call (longer calls and at lower frequen‑
cies at greater positive values). Dots represent each specimen in each 
locality. The black line represents the trending line, and the light grey 
area represents the confidence interval at 0.95
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of individuals to experimental playbacks for P. aurotaenia 
(R2 = 0.78; edf = 3.864 and p = 0.007 for PF; edf = 3.632 and 
p = 0.006 for ND) and P. aurotaenia broad-stripe (R2 = 0.72; 
edf = 2.892 and p = 0.024 for PF; edf = 2.671 and p = 0.003 
for ND). PF but not ND was a significant predictor of male 
reaction for P. bicolor (R2 = 0.87; edf = 2.612 and p = 0.047 
for PF; edf = 3.957 and p = 0.187 for ND). An edf stands for 

effective degrees of freedom. An edf of 1 would represent 
a linear relationship, while edf > 2 represents a highly non-
linear relationship (Zuur et al. 2009).

Discussion

Our results show the decoupled divergence of males’ audi‑
tory perception from acoustic signals across a geographic 
and phenotypic cline in color and body size, which include 
two nominal species and an intermediate population of Phyl-
lobates poison frogs. Individuals of P. aurotaenia responded 
to the calls of the other lineages reasonably well, except for 
the signals from the other extreme of the cline. Individuals 
bearing the intermediate phenotype failed to respond to P. 
bicolor calls and some individuals of P. aurotaenia, sug‑
gesting they do not recognize these calls. Individuals of P. 
bicolor, in turn, did not respond to the P. aurotaenia calls 
but responded to the signals of intermediate individuals. We 
discuss herein: (1) the pattern of acoustic signal divergence, 
(2) the decoupled divergence of auditory perception from 
acoustic signals, (3) the role of male-male communication 
in reproductive interference, and (4) the alternative sources 
of lineages’ interference.

Acoustic traits divergence

We found a pattern of continuous divergence on the peak 
frequency but not the note duration of the advertisement 
call across the cline in color and body size (Fig. 3). The 

Fig. 3   Scatterplot and kernel density functions (sides) of two call 
parameters among three lineages of Phyllobates. The height of the 
kernel density functions represents the proportion of data points for 
both peak frequency and note duration. Each dot represents a speci‑
men and dot colors denote lineage identity

Fig. 4   GAM modelling of the 
recognition space in three line‑
ages of Phyllobates as estimated 
from the phonotactic response 
to playback experiments. Black 
lines and gradient fill denote 
increasing probability of male 
response to advertisement 
calls of variable frequency 
and note duration values. The 
acoustic signal space of the 
three lineages (colored dots) 
is overlapped to show which 
vocalizations are recognized by 
conspecific and heterospecific 
males



Behavioral Ecology and Sociobiology            (2023) 77:8 	

1 3

Page 7 of 11      8 

evolution of the peak frequency may have been driven by 
concomitant covariation in body size as the frequency of 
anuran calls is predominantly affected by the mass of the 
laryngeal apparatus, causing larger animals to call at lower 
frequencies (reviewed in Duellman and Trueb 1994). The 
evolution of the signal frequency in these poison dart frogs 
could thus be a pleiotropic effect of differences in body size, 
as P. bicolor is larger than P. aurotaenia and P. aurotaenia 
broad-stripe bears an intermediate phenotype (see Fig. S3, 
S4A). Divergent selective pressures in body size may indeed 
promote and maintain differences in incipient lineages, par‑
ticularly when body size is functionally or pleiotropically 
linked to the species recognition signal (Gerhardt 2013).

On the other hand, the note duration values from indi‑
viduals bearing the phenotypes P. aurotaenia broad-stripe 
and P. aurotaenia were overlapping (Fig. 3). There are two 
phenomena that could explain this lack of variation: First, 
research in insects and frogs has found that complex mat‑
ing patterns among divergent lineages may be hindering the 
divergence in certain communication traits (Gerhardt 1991; 
Mavárez et al. 2006). For example, asymmetrical introgres‑
sion from hybrids to one of the parental species may erode 
the trait divergence that first arose in hybrids (Mavárez et al. 
2006). Second, different traits within the acoustic signal phe‑
notype may be under different evolutionary pressures (Ger‑
hardt 1991), leading to certain properties of the acoustic sig‑
nals to diverge, whereas others may remain stable between 
species (Erdtmann and Amézquita 2009; Greig and Webster 
2013; Vargas-Salinas and Amézquita 2013).

Decoupled auditory perception from acoustic 
signals divergence

Our playback experiments revealed wide perceptual fields 
and asymmetry in the mutual recognition capabilities by 
males of the three lineages. The recognition space of P. 
aurotaenia was not restricted either to the temporal or the 
spectral domain of acoustic traits; the recognition space 
of P. bicolor was restricted mainly in the spectral domain; 
and the recognition space of the intermediate popula‑
tion was restricted in both the temporal and the spectral 
domains. It is theorized that signals of recently diverged 
lineages evolve in tandem with recognition systems as to 
reduce the costs of competition with heterospecifics, either 
for mates or ecological resources (Gröning and Hochkirch 
2008; Grether et al. 2017; Rosenthal 2017). Empirical evi‑
dence suggests, however, that the maintenance of partial 
acceptance thresholds (i.e., recognizing heterospecific 
individuals as competitors) may indeed be common in 
emergent lineages. Moreover, this process may depend 
on the signal being assessed, which means that different 
heterospecific signals could induce different behavioral 
responses (Bernal et al. 2007; Ritchie 2007; Shurtliff et al. 

2013; Yang et al. 2016; Shizuka and Hudson 2020). Sev‑
eral processes have been used to explain this pattern: line‑
ages’ evolutionary history (i.e., currently allopatric popu‑
lations that were once sympatric), the generalization of 
perceptual systems to divergent stimuli (Ryan et al. 2003), 
and the evolutionary flexibility of perceptual systems in 
comparison to signaling systems (Tumulty et al. 2022). In 
our study, the interaction between the mentioned processes 
could prevent the symmetrical evolution of communication 
systems among incipient lineages given the different levels 
of isolation and connectivity that may have occurred dur‑
ing the formation of the cline. Moreover, given the recent 
divergence of the clade we studied (< 3 MYA, Márquez 
et al. 2020), our results provide evidence for the preva‑
lence of the decoupled evolution of males’ signaling and 
recognition systems in recently diverged lineages.

The males of the two nominal species we studied, 
whose signals were represented at the extremes of the 
cline, responded reasonably well to some heterospecific 
signals across the cline. Our results indicate that although 
competitor recognition could be evident for distant signals, 
suggesting the incipient divergence of recognition systems, 
a low acceptance threshold (i.e., recognizing as a competi‑
tor a signal outside the range of variation within their own 
lineage) is prevalent in the two species we studied. The 
intermediate phenotypes, in turn, failed to respond to most 
of the individuals of P. bicolor, and some individuals of 
P. aurotaenia. A recent phylogenetic reconstruction in the 
genus Phyllobates hypothesized that P. aurotaenia broad-
stripe (referred as P. aurotaenia San Juan in Márquez et al. 
2020), represented a distinct lineage from P. aurotaenia. 
Our results could be evidence of the incipient divergence 
in both signaling and recognition systems in this popula‑
tion, which has remained stable for at least 50 years (first 
described in Silverstone 1976). Nonetheless, further work 
is required to untangle the relationships and more impor‑
tantly, the reproductive boundaries between these lineages.

The small sample size of recordings in our study may 
limit us from considering potential larger variation in the 
signal space. Consequently, if signal variation is larger 
than the one we found, the mismatch between the signal 
space and recognition space could be less evident in the 
three lineages. However, our recording values fall within 
other published recordings of the species (Erdtmann and 
Amézquita  2009). Moreover, we found that body size 
determines the spectral and temporal parameters of the 
acoustic signals. We found similar values in body size as 
Silverstone (1976) for the three lineages, which would 
limit the possible variation in their acoustic signals. There‑
fore, although a larger sample size would give us a better 
representation of reality, we argue that it is unlikely to 
find such extreme values as to change the interpretation 
of our results.
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The role of male‑male communication 
in reproductive interference

We found wide and intermediately sized zones of recognition 
by territorial males, suggesting relaxed levels of selection on 
competitor recognition. Aggressive responses towards het‑
erospecifics may be explained merely by the defense of eco‑
logical resources (Grether et al. 2017). However, complex 
patterns of gene flow and isolation have been found along 
the cline (Márquez et al. 2020). Moreover, recent research 
hypothesized that the cline may have emerged from parapa‑
tric differentiation during a range expansion (Márquez et al., 
unpublished data). This suggests that some populations were 
historically connected and that reproductive isolation has not 
completely raised between the lineages in the system. In fact, 
viable offspring between P. aurotaenia and P. bicolor can be 
obtained in captivity (Márquez, personal communication). 
Therefore, in this section, we interpret our results solely in 
the light of reproductive interference. Under this scenario, 
competition for potential mates can lead to heterospecific 
males to recognize each other as sexual competitors (Grön‑
ing and Hochkirch 2008; Grether et al. 2017). Given that 
territory ownership is the main determinant for reproductive 
success in poison frogs, competitor recognition may have 
remained flexible to divergent acoustic signals that could 
still come from potential territory/sexual competitors, lead‑
ing to non-assortative male-male competition. Therefore, 
strong selection that would narrow the recognition space 
of male receivers may not occur if the potential benefits to 
defend a territory (i.e., reproductive success) outstand the 
associated costs of recognizing heterospecifics as potential 
sexual competitors, such as spent energy and predation risk 
(Gröning and Hochkirch 2008; Grether et al. 2017). Our 
results are supported by similar patterns of interference 
caused by territorial competition in the brilliant-thighed 
poison frog Allobates femoralis and in Hetaerina damsel‑
flies, which has hindered the coupled divergence of traits 
and perception (Drury et al. 2015; Betancourth-Cundar et al. 
2016). Surprisingly, the role of male-male competition as a 
mechanism driving communication systems that are impor‑
tant for competitor recognition remains poorly studied (Tin‑
ghitella et al. 2018).

Although we lack data of females’ species recognition, 
the presence of gene flow along the cline suggests low lev‑
els of assortative mating. On one hand, males’ reproduc‑
tive interference could prevent females from expressing 
their mate preferences as females would be limited to mate 
with territory owners of either lineage (“hampered detec‑
tion of mates”, Wong and Candolin 2005). Therefore, line‑
ages divergence could be hindered if male-male competition 
overcomes the role of female preferences (Ritchie 2007). 
Alternatively, the role of males may not overcome the role 
of females’ preferences. In that case, females could be under 

stronger selection pressures to differentiate heterospecific 
from conspecific calls, as they would incur in higher costs 
of misrecognizing an individual, such as wasted eggs. Past 
studies exploring the species recognition patterns in both 
males and females of other species have encountered con‑
trasting results, where species recognition is constrained in 
females (Bernal et al. 2007), or males (Nelson and Soha 
2004). Elucidating the potential role of females in the evolu‑
tion of the communication system and the existence of gene 
flow along the cline remains to be tested in future studies.

Alternative sources of lineages’ interference

The relevance of territories for reproductive success in 
neotropical poison frogs leads us to suggest reproductive 
interference as the main obstacle for assortative male-male 
recognition. Nonetheless, two other factors could also affect 
heterospecific recognition between males in our system: dif‑
ferences in body size and competition for resources other 
than mates. First, some species of frogs may use the call 
frequency of potential competitors as a measure of their 
body size and therefore the likelihood to win a confrontation 
(Bee et al. 2016). This could lead to the larger P. bicolor to 
ignore the calls of the smallest P. aurotaenia as they would 
pose little treat. However, we would also expect a similar 
opposite pattern in which P. aurotaenia would not engage 
in a fight with a much larger individual. Nonetheless, we 
did not see such pattern in our study. Second, territories 
hold food resources that several species use and males could 
have wide recognition capabilities towards lineages that 
use similar resources (Grether et al. 2017). For example, 
resource use but not social selection predicts aggressive‑
ness towards heterospecific morphs in two species of the 
neotropical passerine bird genus Arremon (Avendaño and 
Cadena 2021). In this case, we should observe escalated 
territorial behaviors towards other species that use similar 
resources. Nonetheless, we often observed other species of 
poison frogs including Allobates talamancae and Oophaga 
histrionica in close proximity to Phyllobates without the 
latter responding aggressively to them. In contrast, aggres‑
sive encounters are common between individuals of Phyllo-
bates aurotaenia (González-Santoro et al. 2021). Moreover, 
it is unlikely that the three lineages that we studied defend 
ecological resources from only some individuals along the 
cline. Finally, males’ territories are relatively small (approxi‑
mately < 5 m radius), and no clear resource partitioning was 
evident between territories to suggest a main role of ecologi‑
cal resources as the source of interference. Therefore, we 
argue that males defend territories from mainly potential 
sexual competitors and suggests that reproductive interfer‑
ence is a main driver of the communication among males. 
The decoupled divergence of signaling and recognition 
systems in nature may be more common than previously 
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thought, and the role of male-male interactions in the evo‑
lution of communication systems remains to be extensively 
explored.
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