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Courtship acoustic displays in anuran amphibians are energetically costly and

risky, but have a major role in mating success since they encode relevant

information regarding the caller’s identity and status. Age and size are essential

traits shaping fitness, reproductive success and life-history strategies, and

thus are expected to also have a role in courtship displays. We tested this

assumption in a species of nest-building frogs, Leptodactylus bufonius, in

northern Argentina. We conducted the first detailed quantitative description of

the males’ mating calls and assessed the effects of biological traits (i.e., body

size parameters and individual age) and local climate (i.e., air temperature and

humidity) on the main acoustic features of these calls (i.e., call duration, inter-

call duration, dominant frequency, and dominant frequency modulation). The

calls were short (mean ± SE, 0.163 ± 0.004 s), whistle-like, single notes with

harmonic structure. The dominant frequency (1381.7 ± 16.2 Hz) decreased

with arm length (χ2 = 5.244, df = 1, p = 0.022) and had an upward modulation

(456.4± 11.0 Hz) which increased with age (χ2 = 4.7012, df = 1, p = 0.030). Call

duration and dominant frequency were the most static parameters at intra-

individual level, indicating their role in individual recognition. Temperature

and humidity shaped the temporal acoustic parameters, and the dominant

frequency. Our findings suggest that the acoustic features of the mating calls

in amphibians could promote female mate choice in relation to both size

and age and open up new questions for future research: are females more

attracted to older males, and what are the specific costs and benefits? We

suggest that mating calls may direct female preferences toward males of

certain size and age classes, ultimately shaping the life-history strategies in
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a given population. Finally, we found discrepancies in the mating calls of

L. bufonius recorded from Corrientes and those previously described from

other populations, which suggests that multiple species may have been

recorded under the same name.

KEYWORDS

neotropical, acoustic parameters, skeletochronology, sexual selection, life-history
strategies

Introduction

Mating calls are among the most conspicuous components
of courtship displays in anurans and are subject to high selective
forces through male competition, predation, and female mate
choice (Ryan, 1991; Duellman and Trueb, 1994; Gerhardt, 1994;
Wells, 2007). The acoustic properties of the mating calls are
of paramount importance to reproductive success (Gerhardt,
1994; Narins et al., 2006) and proved to be reliable indicators
of heritable male traits that predict offspring fitness in terms of
size, growth rates and efficiency, or performance (Woodward
et al., 1988; Welch et al., 1998; Doty and Welch, 2001; Jaquiéry
et al., 2010). Acoustic signaling is energetically costly (Ryan,
1991; Gerhardt, 1994; Taigen et al., 1996; Grafe and Thein, 2001;
Brepson et al., 2013) and exposes the caller to higher predation
risks, by revealing its location (Wells, 2007). Given these costs,
it is expected that the acoustic features of the calls must encode
the most important information regarding the caller’s traits in
relation to its ability to yield successful offspring, and thus
contribute to mating success (Ryan, 1988, 1991; Gerhardt, 1994;
Welch et al., 1998; Narins et al., 2006; Achorn and Rosenthal,
2020). Age and size are essential traits in amphibians, governing
fitness and life-history strategies (Blanckenhorn, 2000; Stearns,
2000), and are also major determinants of reproductive success
(e.g., Manning, 1985; Kokko and Lindström, 1996; Wells, 2007).
Thus, a relation between male sexual advertisement displays like
mating calls and individual age and size is expected (Kokko,
1997; Felton et al., 2006; Kelleher et al., 2021).

Leptodactylus bufonius (Boulenger, 1894) is a common
anuran in northern Argentina, also occurring in south-eastern
Bolivia, most of Paraguay, and in the Pantanal region of Brazil
(Heyer et al., 2004). It belongs to the Leptodactylus fuscus group,
which includes terrestrial frogs where males construct mud nests
at the edge of temporary ponds and other low-lying depressions
(Heyer, 1969; Wells, 2007). L. bufonius males typically build
cone-shaped nests that rise up from the ground, near semi-
permanent or ephemeral bodies of water, and then call from
inside or close to the nests, to attract the females (Philibosian
et al., 1974; Crump, 1995; Reading and Jofré, 2003; Faggioni
et al., 2017). Inside the mud nest, the female lays the eggs during
the axillary amplexus, while the male produces a protective foam

enveloping the eggs; the nest is usually sealed with a mud cap
afterward (Cei, 1949; Philibosian et al., 1974; Crump, 1995). The
eggs hatch within a few days, but the tadpoles remain within the
closed mud nest until rain floods wash them into the nearest
water body (Philibosian et al., 1974).

Some authors (Philibosian et al., 1974; Reading and Jofré,
2003) noted that after construction, most of the nests are
left to dry and thus decrease their permeability, with males
returning to the nest site later, before starting calling activity.
Thus, males can play an essential role in offspring survival
through their choice of nest site location and the quality of
nest construction. While the courtship behavior of this species
was thoroughly described (e.g., Faggioni et al., 2017), this is not
the case for the associated acoustic repertoire. Meanwhile, the
mating success in this species depends on the males’ capacity to
attract females to the nesting grounds through acoustic signals.
Descriptions of the acoustic properties of the mating calls are
mostly qualitative, with scant quantitative data restricted to
one or few individuals (Cei, 1949; Barrio, 1965; Philibosian
et al., 1974; Straughan and Heyer, 1976; Heyer, 1978; Heyer
and Scott, 2006; Schalk and Leavitt, 2017). We provide here the
first thorough quantitative description of the most important
acoustic parameters of the mating calls in L. bufonius males
from a population near Corrientes, northern Argentina, and
assess how these parameters are shaped by biological traits
(i.e., size parameters and individual age) and local climate
conditions (i.e., air temperature and humidity). Given the
complex reproductive behavior in this species (Faggioni et al.,
2017), we expect that mating calls of L. bufonius males should
encode information related to individual age and size-related
parameters, as potential proxies of male vigor (i.e., older males
have better survival skills, while larger males can outcompete
smaller individuals), and experience or abilities in nest building
and/or nest site choice (Reading and Jofré, 2003).

Materials and methods

Field work was carried out by FM during autumn
2007 – spring 2008, about 10 km northeast from Corrientes
city, Argentina, within an area with numerous temporary
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FIGURE 1

Graphical representation of one mating call of L. bufonius from Corrientes (Argentina) analyzed in this study. The upper part represents the
oscillogram, and the lower part represents the audiospectrogram.

TABLE 1 Descriptive statistics of the acoustic traits of the mating calls in 18 male L. bufonius from Corrientes, Argentina.

Acoustic parameters Min Max Mean SE CVinter CVintra

Call duration (s) 0.135 0.185 0.163 0.004 32 2.0

Inter-call duration (s) 0.607 1.263 0.876 0.050 49 21.5

Dominant frequency (Hz) 1283.4 1541.8 1381.7 16.2 72 2.1

Dominant frequency modulation (Hz) 376.8 559.9 456.4 11.0 57 9.1

and semi-permanent ponds called El Perichón (−27.434403,
−58.747844). A more detailed description of the study area
is provided by Marangoni et al. (2019). The mating calls
were recorded in the field for 18 L. bufonius males during
evening hours, from 20:00 to 22:00, using a Sony TCM-313
tape recorder. Air temperature and humidity were recorded
at the beginning of each individual recording with a hand-
held thermo-hygrometer. The corresponding individual age and
body size measurements (i.e., body mass, snout-vent length,
head width, right hind-limb length, arm length, and tibia
length) for the 18 adult males were obtained from Marangoni
et al. (2019). Briefly, snout-vent length and right hind-limb
length were measured on laminated graph paper (accuracy
±1 mm), while head width, arm length, and tibia length were
measured to the nearest 0.1 mm with digital calipers. Body
mass was measured to the nearest 0.01 g with an electronic
balance (Acculab Scales, Titusville, NJ, USA). Age was estimated
through skeletochronology using the third toe of the right
leg which was clipped and stored in 70% alcohol. The bone
tissue was processed following a standard protocol for cryotomy

(Marangoni et al., 2009). All applicable international, national,
and/or institutional guidelines for the care and use of animals
were strictly followed. All animal sample collection protocols
complied with the current laws of Dirección de Recursos
Naturales of Corrientes province (Argentina).

Recordings were normalized (peak −1.0 dB) with Audacity
v. 2.1.2 software (Audacity Team, 2015). We performed the
acoustic analyses using the software Raven Pro 1.5 (Bioacoustics
Research Program, 2017; Cornell Lab of Ornithology). We
measured call duration (CD) and inter-call duration (ICD)
in the oscillograms with the function “Delta Time (s).” The
spectral acoustic parameters were measured in spectrograms
produced by fast Fourier Transformation (width, 512 points;
50% window overlap): the dominant frequency (DF) with the
function “Max Frequency (Hz)”, and the dominant frequency
modulation (DFmodulation) (Márquez et al., 1996; Bosch and de
la Riva, 2004) as the difference between the maximum and
minimum frequencies of the peak frequency contour, with
the functions “Peak Frequency Contour Max Frequency” and
“Peak Frequency Contour Min Frequency.” We determined
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the coefficient of variation (CV% = SD/mean × 100) at
inter-individual (CVinter) and intra-individual (CVintra) level,
to differentiate between static (CVinter < 10%, CVintra < 5%)
and dynamic (CVinter > 20%, CVintra > 12) acoustic parameters
(Gerhardt, 1991; de Oliveira-Santos et al., 2022).

We conducted the statistical analyses in R v. 3.6.0 (R
Core Team, 2019) with an a priori level of significance
of 0.05. We fitted generalized least squares (GLS) models
with the maximized log-likelihood method to assess the
effects of biological traits and climate conditions on the
acoustic parameters, with the package “nlme” (Pinheiro et al.,
2019), function “gls.” We first assessed the collinearity
among the potential predictor variables (i.e., age, all
size parameters, air temperature, and humidity) and the
potential correlation relationships between these predictors
and the acoustic parameters by two-tailed Pearson’s r and
Spearman’s rho tests with the function “chart.Correlation” in
“PerformanceAnalytics” package (Peterson and Carl, 2020). We
fitted GLS models for each of the acoustic parameters, using as
predictors those biological and/or climate traits which appeared
to be significantly correlated to the acoustic parameters
(Supplementary Figures 1, 2). We also tested supplementary
models with age and body mass, and combinations of air
temperature, humidity and biological traits as predictors.
Body mass was added as a predictor since it was previously
demonstrated that it can influence the acoustic properties of
calls (Ryan, 1988; Gillooly and Ophir, 2010; Ophir et al., 2010);
body mass also had the highest correlation with the other size
parameters (Supplementary Figures 1, 2). Since the sample
size was small, we fitted the models with one predictor at a
time and then grouped two by two. In total, we obtained 38
models, each representing a testing hypothesis regarding the
effects of local climate and biological traits on the acoustic
features of the mating calls (see Supplementary material).
We then compared and selected the best fitted models based
on Akaike’s information criterion corrected for sample size
(AICc) following Burnham and Anderson (2002) and Mazerolle
(2020), with the “aictab” function in the package “AICcmodavg”
(Mazerolle, 2020). We assessed the significance of predictor
variables from the best fitted models with Wald Chi-square tests
(type III) with the function “Anova” in the package “car” (Fox
and Weisberg, 2019). The goodness of fit of these models was
assessed by inspecting the residuals.

Results

A total of 194 calls (min–max = 7–16, mean = 10.8,
SE = 0.5) were analyzed for 18 males. Temperature and
humidity varied during call recordings: min–max = 17.5–
29.4◦C, mean = 23.1◦C, SE = 0.7; min–max = 65–98%,
mean = 89.9%, SE = 1.8. Skeletochronology was successful in
all 18 individuals. Individual age varied from one to 4 years
old, with the 2-year old age class being the best represented.

The summary of age and body size data is provided in
Supplementary Table 1 and Supplementary Figure 3. The
raw dataset containing the individual age, morphometric and
acoustic parameters is provided as a SupplementaryData Sheet.

Each call consisted of a single, short, whistle-like note
with harmonic structure and an upward frequency modulation
(Figure 1 and Table 1). Most of the energy was concentrated
at the beginning of the note, producing a horizontal T-shaped
pattern in the oscillogram (Figure 1), but note that the recording
level control of the recorder may have acted in shaping the
envelope. The DF was also the fundamental frequency. At the
intra-individual level, the ICD was the most dynamic acoustic
parameter, while CD and DF were the most static; at inter-
individual level, all acoustic parameters were highly variable
(Table 1).

The temporal acoustic properties were best predicted by air
temperature and humidity, in contrast with the DF modulation,
which was best explained by the individual age of the calling
male; the DF was in turn best predicted by a combination of
climate conditions and biological traits (i.e., humidity and arm
length) (Supplementary Tables 1, 2). Air temperature had a
significant negative effect on CD (χ2 = 8.524, df = 1, p = 0.003),
while ICD was negatively affected by both air temperature
(χ2 = 21.938, df = 1, p < 0.001) and humidity (χ2 = 7.180, df = 1,
p = 0.007). Humidity (χ2 = 8.218, df = 1, p = 0.004) and arm
length (χ2 = 5.244, df = 1, p = 0.022) had significant negative
effects on the DF. The DF modulation significantly increased
with age, older males producing calls with a higher frequency
modulation (χ2 = 4.7012, df = 1, p = 0.030).

Discussion

Our study provides the first detailed quantitative description
of mating calls in L. bufonius males and shows how local climate,
age and size shape the acoustic properties of these calls. CD
and DF are likely to be some of the most important features
of mating calls (Duellman and Trueb, 1994; Welch et al., 1998;
Wells, 2007). These traits were the most static at intra-individual
level, followed by the DF modulation (Table 1), indicating their
potential role in individual recognition and their potential for
female preference. Individual characteristics may be the driving
force for sexual selection; in some anurans, directional female
preference may occur for static parameters related to male size
(Márquez, 1995). Individual recognition is also important in
chorus settings, allowing callers to discriminate between other
neighboring males and intruders who might pose a risk in
terms of maintaining the breeding territory or access to potential
female partners (Wells, 2007).

The temporal acoustic parameters were positively correlated
with size, indicating that larger males emitted longer calls,
at slower rates (Supplementary Figures 1, 2). However, this
relationship was weak compared to the effects of air temperature
and humidity on the same acoustic features, which acted in the
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opposite direction (Supplementary Table 3). Previous female
mate choice experiments showed that the effects of temperature
on the acoustic parameters of the mating calls were canceled
when the calling males and the females experienced the same
ambient temperature, thus by temperature coupling of signal
production and signal reception (Ryan, 1988). Previous research
also showed that local climate can interfere with both sound
production and reception in amphibians (Duellman and Trueb,
1994; Narins et al., 2006). In L. bufonius, higher temperature
and humidity predicted shorter calls, emitted at higher rates (i.e.,
shorter ICD). Since amphibians are ectotherms, this is especially
important under the forecasted global warming scenarios, which
could lead to more energetically costly acoustic displays (i.e.,
calling at higher temperatures may increase the overall energy
budget of the activity); this may have an effect on female acoustic
preferences (Wells, 2007) and thus affect mating success.

Dominant frequency significantly decreased with increasing
humidity and arm length. There is a well-established
relationship between size and call frequency among species
of anurans, and within species there are many examples of
correlations between size and frequency (e.g., Márquez, 1995;
Moser et al., 2022). In some species, males that emit calls with
lower dominant frequencies appear to be more attractive to
females and have a higher mating and fertilization success
(Wells, 2007; Kelleher et al., 2022). In L. bufonius, a lower
frequency is characteristic of larger males with longer arms.
This is an expected result for this species, since arm length is
an important trait for both nest building and for securing the
amplexus. While males use their snouts to dig the nest, they
have to use their arms as levers, to help push the mud away.
A strong grip over the female is also important, since during
the axillary amplexus, the male uses its hind limbs to froth the
mucus mass released by the female into a protective foam for
the eggs (Reading and Jofré, 2003).

In contrast with the other acoustic traits, the DF modulation
was unaffected by air temperature and humidity, while also
carrying information regarding the caller’s age. Some studies
(Kokko and Lindström, 1996; Brooks and Kemp, 2001) suggest
that older individuals may be more attractive to females simply
by their ability to survive for a longer time. A longer survival
can be the result of access to better resources, the ability to
avoid or escape predators, or higher resistance to pathogens

and/or parasites, and as such can also increase the chances of
survival and for a better fitness of future offspring (Kelleher
et al., 2021). While we do not know yet if females of this species
actually prefer older males, we suggest that individual age in
L. bufonius males could be an indicator of their experience in
nest construction and/or in choosing the nest construction site,
both of which are important determinants of offspring survival.
For example, if the nest is too far from the future ponds, the
tadpoles might either not make it into the water, and thus
desiccate and die, or reach the water too late and be outcompeted
by older and larger tadpoles already present in the water (Wells,
2007). Similarly, if the nest is not well constructed, the foam
and eggs might desiccate or be exposed to predators. Since the
DF modulation was not affected by the local climate and had a
relatively low variation within the calling males, we suggest that
this acoustic feature and the information encoded within should
play a significant role in the mating success of this species.

Our findings suggest that the mating calls in L. bufonius
could promote female mate choice in relation to both size
and age. It is noteworthy that size and age were encoded
separately within the two spectral parameters analyzed, which
is in line with previous results that showed that age and size
do not follow a linear relationship in this species, meaning that
larger individuals are not necessarily older (Marangoni et al.,
2019). In addition, both spectral parameters were static, favoring
individual recognition (Gerhardt, 1991). Thus, females of this
species are provided with the necessary information to opt
for smaller/larger males from younger/older age classes, which
may bring combined advantages stemming from both traits
and ultimately favor males with certain life-history strategies
(Table 2). Based on a previous study (Marangoni et al., 2019)
regarding the life-history strategies of the same population
of L. bufonius (Corrientes, Argentina), the prevalent strategy
observed was “fast growth-early sexual maturity.” This strategy
is in line with the reproductive behavior and ecology of the
species, since the breeding events and reproductive success are
highly dependent on the seasonal precipitation regimes and
water bodies with high desiccation rates. Reaching a large size at
sexual maturity is especially important in amphibians, since the
growth rate decreases dramatically after this point, with most of
the organism’s resources being redirected toward reproduction
and survival (Heino and Kaitala, 1999). Thus, it seems more

TABLE 2 Potential trait combination (i.e., body size and age) and associated life-history strategies encoded within the spectral properties of the
mating calls of L. bufoniusmales (i.e., dominant frequency and dominant frequency modulation).

Body size – age combination Spectral acoustic properties
(relative to the average)

Potential life-history strategy encoded

Small – young Higher frequency – lower modulation Slow growth, early sexual maturity at small size

Small – old Higher frequency – higher modulation Slow growth, early/late sexual maturity at small size

Large – young Lower frequency – lower modulation Fast growth, early sexual maturity at large size

Large – old Lower frequency – higher modulation Fast/slow growth, early/late sexual maturity maturation at
large size
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likely that females would favor large, young mates that may
in turn contribute to produce offspring able to grow fast and
mature early at larger sizes (Castellano and Cadeddu, 2011).
Mating with large, old males could also be favored, but the life-
history advantages are not so obvious, since the large size could
have been attained at slower growth rates, at the cost of later
sexual maturity, which may be beneficial only under certain
circumstances (i.e., plentiful resources, little competition, and
predation risk).

Of course, female mate choice based on call characteristics
should also be related to the auditory abilities of females. For
example, the size of some hearing organs like the tympanum
usually increases with body size, while also becoming more
receptive toward lower frequencies (Fox, 1995; Wells, 2007).
Thus, larger females with larger tympanums might be more
receptive toward larger males with lower DF, while smaller
females might be more attracted to smaller males. This in turn
would promote size-assortative mating, a reproductive feature
not yet elucidated in this species.

Finally, when compared to the published call descriptions of
L. bufonius from various populations (Supplementary Table 4),
we noticed several inconsistencies related to the call structure,
which could suggest either the existence of a geographic
variation in the mating calls of this taxon and/or the existence
of a more complex acoustic repertoire. Thus, the calls in our
study are very similar to those described by Barrio (1965) for
L. bufonius from Salinas Grandes (Argentina) and fit with the
advertisement call type I (“single note”) according to Schalk
and Leavitt (2017). However, in the description of the calls of
L. bufonius from Santa Cruz (Bolivia) by Schalk and Leavitt
(2017), the oscillogram of this single-note call type appears to
have a different temporal structure, with two amplitude peaks,
not visible in our sample and not mentioned by Barrio (1965).
Furthermore, Schalk and Leavitt (2017) also describe a second
type of call (“type II”), composed of three notes, which appears
to have a different function. Harmonics are not visible in the
spectrograms of any of the call types and are not mentioned by
the authors.

Earlier descriptions by Straughan and Heyer (1976), and
later by Heyer (1978), for the calls of L. bufonius from
Embarcación (Argentina) are somewhat contradictory. While
the graphic representations of the calls show a single-note
structure of the calls, Straughan and Heyer (1976) describe
a two-note structure based on the presence of amplitude
modulation in time. Their description is similar to what can
be observed in the oscillogram provided by Schalk and Leavitt
(2017). Heyer (1978) later provides a graphic representation of
type-I calls from the same location, with an oscillogram that
shows a rather constant amplitude in time. These authors also
reported the absence of a harmonic structure in the call (which
was close to a pure tone). In contrast, the calls analyzed in our
study clearly had a harmonic structure with two, up to four
visible harmonics, similarly to what Barrio (1965) described, and
most of the energy was concentrated in the first part of the note,

which appears T-shaped in the oscillograms (Figure 1). In a later
study, Heyer and Scott (2006) show a graphic representation
of type-I calls of L. bufonius from Filadelfia (Paraguay) which
consist of single notes, without a visible harmonic structure in
the spectrogram, and no T-shape pattern in the oscillogram.

Overall, our study brings the first thorough quantitative
description of the mating calls in L. bufonius, showing that
the DF and DF modulation are probably the most important
acoustic features of these calls, since they allow for individual
recognition and carry information regarding the status of the
emitter male (i.e., size and age). The DF modulation appeared as
a more robust signal for the acoustic communication associated
with courtship in this species, not affected by air temperature
or humidity. We suggest that the acoustic properties of the
mating calls could contribute to shaping life history strategies,
by allowing females to select males of certain size and age
classes. A review of previous descriptions of the mating calls in
L. bufonius revealed that its acoustic repertoire is complex and
yet not fully understood; in addition, we found discrepancies
which suggest that multiple species may have been recorded
under the name L. bufonius.
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