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How climate change may affect the
seasonal and spatial patterns of acoustic
activity in a neotropical tree frog?
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Abstract: We investigated the climatic niche associated with the acoustic activity of
the Neotropical tree frog Scinax fuscomarginatus (Lutz, 1925) to evaluate the long-term
effects of climate change on this behavior, considering both its seasonal and spatial
distribution. To do so, we employed passive acoustic monitoring and Ecological Niche
Modeling (ENM), integrating frog occurrence records with climatic variables in a GIS
framework. The current distribution of the species was modeled and projected under
future climate scenarios using four presence-only modeling techniques. Acoustic activity
was further modeled using a generalized additive mixed model (GAMM), relating calling
behavior to ambient temperature based on field-collected data. Long-term projections
of climate change effects on the calling activity of S. fuscomarginatus were made by
comparing temperature conditions from the early (2000-2010) and late (2090-2100) 21*
century. ENM results suggest that the species’ potential geographic distribution will
contract due to climatic shifts, reducing areas with favorable conditions for acoustic
activity. As a result, the seasonal and daily calling patterns of S. fuscomarginatus
males are expected to be significantly altered, with likely consequences for the species’
reproductive success, demographic stability, and long-term population persistence.

Key words: Acoustic behavior, acoustic modeling, passive acoustic monitoring, potential
distribution, Scinax fuscomarginatus.

In recent decades, the progressive increase in
mean temperatures across the world, provoked
by the anthropogenic emission of greenhouse
gases, has raised concerns throughout the
international scientific community (Palmer &
Stevens 2019). Predictions for the future are
even less encouraging, given that the mean
temperature of the planet is expected to
increase by up to 4°C by the end of the century
(Collins et al. 2013). This represents an enormous
challenge for both the scientific community
and the decision-makers responsible for

the management of environments, given the
potentially negative effects of climate change
on both biodiversity (Bellard et al. 2012) and
humanity, by impacting public health and
human wellbeing (Beaudry et al. 2020).

The potential consequences of climate
change for biodiversity can be observed at
various scales. For example, climate change
has been implicated in the disappearance
of many forests around the world (Dale et
al. 2001), as well as shifts in the geographic
distribution (Vasconcelos & Prado 2019) or
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ecological characteristics (e.g., abundance,
spatial distribution, phenology, behavior,
demography or morphology) of many species
(Pacifici et al. 2017). In this context, climate
change emerges as one of the most pressing
challenges to contemporary conservation
efforts, underscoring the critical need for the
development of a comprehensive database
that can inform evidence-based environmental
management and support the formulation of
robust conservation strategies (IPCC 2023).

As ectothermic animals have their
metabolism closely regulated by prevailing
climatic conditions, they are suitable models for
evaluatingthe effects of climate change (Kearney
& Porter 2009). Amphibians, in particular, are
ectothermic animals with specific behavioral,
ecological, and physiological traits that make
them especially vulnerable to phenomena such
as pollution, infectious diseases, and habitat
degradation, in addition to climate change (Wells
2007). This vulnerability has led to the decline
of the populations of many amphibian species
around the world (Stuart et al. 2004, Luedtke
et al. 2023), with many species now classified
as endangered by the IUCN (2025). Despite
this, the specific effects of climate change
on the amphibian of many regions are still
poorly understood, given the ample existence
of taxonomic, geographic, and methodological
biases (Winter et al. 2016).

Overall, data on the influence of climate
change on the behavioral traits of amphibians
are still incipient (Winter et al. 2016). In this
context, the acoustic monitoring of the species,
based on sophisticated passive monitoring
procedures (Sugai et al. 2019), may provide an
excellent diagnostic tool for the understanding
of climate change (Kloepper & Simmons 2014).
This tool would be especially valuable for
monitoring anuran amphibians, as their vocal
behavior plays a crucial reproductive role
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and is therefore highly dependent on climatic
variables, such as ambient temperatures and
precipitation levels (Wells 2007, Bittar et al. 2024).
This suggests that climate variations may lead to
changes in the acoustic activity of amphibians,
potentially affecting their reproduction and
ultimately threatening population survival.
Despite the ecological importance of amphibian
vocalizations, few studies have used passive
acoustic monitoring to collect data in the field
and provide insights into the potential effects
of climatic variation on the calling activity of
anuran species (see Llusia et al. 2013, Bonnefond
et al. 2020).

In recent years, the prediction of the
response of species to climate change has
become an increasingly active field of ecological
research (Nabout et al. 2012), in which Ecological
Niche Modeling (ENM) has become one of the
most widely used approaches for the prediction
of shifts in potential distribution of the target
species (Vaz et al. 2015). The traditional niche
modeling approach correlates the climatic
preferences of a species with its known
geographic occurrence to generate estimates
of its potential area of distribution in the
future (Lima-Ribeiro & Diniz-Filho 2013). This
approach can provide important input for the
development of more effective conservation and
management strategies, especially considering
that many predictive studies have indicated
that the geographic ranges of many amphibian
species will be reduced because of climate
change (Araljo et al. 2006, Bicudo & Bicudo 2008,
Vasconcelos & Prado 2019). In addition, ENMs
based on a mechanistic approach allow for the
integration of organismal ecophysiological traits
with ecological models to establish causal and
consequential relationships between species
and their physical environment (see Bovo et al.
2018, for a review). This is an important topic, as
it has the potential to provide valuable insights
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into the effects of climate change on the calling
activity of amphibian species (Krause & Farina
2016). This approach can be used to correlate
acoustic behavior with predicted climatic
conditions. This approach thus enables the
prediction of the long-term effects of shifts in
climate on the acoustic activity of amphibian
species, as well as their long-term consequences
for the populations of these species (Krause &
Farina 2016).

Scinax fuscormaginatus (Lutz 1925) is a
small-bodied amphibian of the family Hylidae
(SVL = 15.65-26.69 mm, Pupin et al. 2020),
which belongs to the Scinax ruber clade and
has an ample distribution in South America,
including Argentina, Brazil, Bolivia, and Paraguay
(Brusquetti et al. 2014, Frost 2024). This species
is common in open areas, where the individuals
occupy shrubby and herbaceous vegetation, as
well as clumps of grass, as calling sites (Toledo
& Haddad 2005). Previous studies (Toledo &
Haddad 2005, Souza et al. 2020) have shown that
S. fuscomarginatus has a prolonged breeding
season, which lasts consecutive months (sensu
Wells 1977).

ThevocalrepertoireoftheS.fuscomarginatus
male includes different types of calls, which
have specific social functions (Toledo & Haddad
2005). However, the advertisement call is the
acoustic signal emitted most frequently by the
males of this species (Toledo & Haddad 2005).
This call has a mean duration of 540.1£61.92
ms (range: 333.8-628.2 ms) and a dominant
frequency of 3.82+0.22 kHz (3.07-4.2 kHz). Souza
et al. (2020) described the daily and seasonal
calling patterns of male S. fuscomarginatus, and
the influence of climatic variables (e.g.,, ambient
temperature and precipitation) on this behavior.
Scinax fuscomarginatus males vocalize at night
(18:00 to 06:00), with a peak in acoustic activity
at around 20:00 (Souza et al. 2020).
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In the present study, we examined the
climatic niche associated with the acoustic
activity of male of Scinax fuscomarginatus to
evaluate the long-term effects of climate change
on the seasonal and spatial patterns of acoustic
activity in this species. Specifically, we tested
the hypothesis that future climate change will
reduce the areas with climates suitable for
the occurrence of S. fuscomarginatus, thereby
affecting the species’ acoustic activity patterns
over space and time. To address this, the present
study integrated passive acoustic monitoring
with ecological niche modeling to compare
current acoustic patterns with predicted future
scenarios resulting from climate change.

MATERIALS AND METHODS
Study species and study area

In the present study, we monitored the acoustic
activity of males of S. fuscomarginatus on
nine different bodies of water (Figure 1) in the
southwest of the state of Goias, in central Brazil.
The native vegetation of this region is typical
Brazilian Cerrado savanna, although much
of the area has been impacted by the spread
of farmland and cattle ranching operations
(Martins et al. 2016, Siqueira & Faria 2019). The
climate of the study region is tropical (AW in
the Koppen classification system; Cardoso et al.
2014) with well-defined rainy (October through
March) and dry seasons (April-September),
annual precipitation of 1600-1900 mm and
mean annual temperatures of 22-24°C (Alvares
et al. 2014).

Collection of data in the field and acoustic
analyses

The acoustic activity of males of S.
fuscomarginatus was monitored using the
methodology described by Souza et al. (2020).
At each body of water, we installed a Sony
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Figure 1. Distribution range of Scinax fuscomarginatus and sampled localities in Goias state, Central Brazil.

ICD-PX312 audio recorder to monitor the acoustic
activity of study species in MP3 format at 48
kbps. For this, the recorders were set to record
the acoustic activity of S. fuscomarginatus
continuously over a period of 72 hours, covering
three consecutive days and nights in each
sampled month. After this period, we removed
the recorder, downloaded the audio files, and
reinstalled the device the following month. An
ICEL HT-4000 datalogger was also installed at
each site to record the ambient temperature (°C)
and relative humidity (%) at 15-minute intervals.
Both devices were installed in trees or shrubs
adjacent to each body of water, at a height of
approximately 50 cm above the ground, and
protected from the rain by a plastic casing.
Both the recorders and dataloggers
remained in place at the same time throughout

the period from October 2016 to March 2017. As
Souza et al. (2020) recorded calling behavior
in males S. fuscomarginatus during the rainy
season, sampling effort was maximized by
restricting data collection to this part of the
year. Using Audacity (Audacity Team 2019), we
extracted the nocturnal portion (18:00 and
06:00) of the recordings (sensu Madalozzo
et al. 2017, Souza et al. 2020). The acoustic
activity of the study species and the climatic
variables (temperature and relative humidity)
were recorded simultaneously for three nights
per month throughout the study period, with
a total of 18 sampling days (432 hours) of data
recording per sampling point.

The audio recordings were analyzed using
Audacity software, version 21.3 (Audacity Team
2019). For each sampling day, we determined the
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emission rate (calls per minute) of advertisement
calls within the general chorus using a manual
counter during the first six minutes (10%) of each
hour, from 18:00 to 06:00. For this parameter,
then, the total sampling effort was 432 minutes
per body of water. The environmental variables
(temperature and relative humidity) were
recorded for each call-counting interval.

Ecological niche modeling, geographic
distribution, and acoustic modeling

In this study, ecological niche models were not
designed to estimate population size reductions
of the target species. Rather, they generated
large-scale projections of occurrence suitability
(presence/absence) under a climate change
scenario. These projections were then used
to infer potential impacts of future climatic
shifts on the species’ acoustic activity. In this
sense, the ecological niche models (ENMs) were
compiled using the data on the occurrence of
the study species and climatic variables in GIS
format. The occurrence data were obtained from
Vasconcelos & Nascimento (2016), together with
our empirical field data. To avoid sampling bias
and spatial autocorrelation, the occurrence
records were mapped in a grid of cells of 0.5°x0.5°
(longitude x latitude) and only one record by
pixel was considered.

We obtained 19 bioclimatic variables from
the ecoClimate database (https://ecoclimate.
Incc.br/) for the present (1950-1999) and future
(2080-2100) scenarios at a spatial resolution
0.5°x0.5° (longitude x latitude), both of which
were simulated by the CCSM4 global circulation
model (Lima-Ribeiro et al. 2015). The future
climatic simulations were obtained for two
distinct scenarios of greenhouse gas emission
- RCP4.5 (optimistic) and RCP8.5 (pessimistic).
To overcome the multicollinearity problem
among all bioclimatic variables in the ENMs
predictions, we performed a factorial analysis
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using varimax rotation and selected the variable
with the highest loading on each of the five first
factors (the number of factors was established
from screen plot). The resulting variables
included the annual mean temperature, annual
temperature range, precipitation during wettest
and driest months, and precipitation during the
warmest quarter.

The distribution of the study species was
modeled for the present climate conditions
and projected to the future climatic scenarios
using four methods based on presence-only
data (Bioclim, Busby 1991; Domain, Carpenter et
al. 1993; Maxent, Phillips et al. 2006; and ENFA,
Hirzel et al. 2002). These initial models were
combined following the ensemble approach
(Diniz-Filho et al. 2009) to obtain a final map of
climatic suitability for the study species under
each climate scenario (Araljo & New 2007, Diniz-
Filho et al. 2009). The predictive performance of
each model was originally evaluated using true
skill statistics (TSS, Allouche et al. 2006), and the
models with poor performance were eliminated
from the ensemble process; the remaining
models were then averaged using the TSS values
as weight. Binary maps of the distribution of
the species were then obtained using the 5%
quantiles of the suitability values associated
with the occurrence records of the species as
the threshold. These models were generated in
R (R Core Team 2024) using the dismo (Hijmans
et al. 2024), factoextra (Kassambara & Mundt
2020), and terra packages (Hijmans 2024).

Finally, we modeled the call emission rates
(calls per minute) of S. fuscomarginatus as a
function of the temperature recorded in the
field by using a Generalized Additive Mixed
Model (GAMM) with the thin plate (tp) regression
spline function, considering the bodies of
water (sampling points) as a random factor,
and controlling for the autocorrelation among
the months. To evaluate the long-term effects
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of climate change on the calling activity of S.
fuscomarginatus, the acoustic GAMM model was
projected onto the conditions (temperature)
at the beginning (2000-2010) and end (2090-
2100) of the 21°" Century, covering the area of
distribution of the species predicted by the
niche models for each period. For these spatial
predictions, we obtained the data of mean
surface temperature (mst) for the beginning
and end of the 21*" Century, at 3-hour intervals,
using the CCSM4 general circulation model
available in the CMIP5 database (https://pcmdi.
llnl.gov/mips/cmip5/). The temperature maps
were interpolated for a spatial resolution of
0.5°x0.5° latitude/longitude using the same
kriging procedure for the ecoClimate database
(see Lima-Ribeiro et al. 2015) and the climatic
layers delimited for the Neotropical region. In
the last step, we calculated the mean surface

a)

Call Rate (Calls/minute)
H

g
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temperature over the night (18:00, 21:00, 00:00,
03:00, 06:00) and monthly (October through
March) periods of acoustic activity of S.
fuscomarginatus. The acoustic GAMM models
were generated in R using the mgcv package
(Wood 2011), while the spatial predictions were
obtained using the raster package (Hijmans
2016), and the interpolations were based on the
scripts available in the ecoClimate database
(see Lima-Ribeiro et al. 2015).

RESULTS
Seasonal and daily patterns of calling activity

The field records showed that the acoustic
activity of the male of S. fuscomarginatus
occurred between October and March, with a
peak of activity between October and November,
when the highest advertisement call rates were

Figure 2. Seasonal (a) and
daily (b) call rates (mean,
percentiles and outliers)
of S. fuscomargintus
males.
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recorded (Figure 2a). Over these months, ambient
temperatures ranged from 15.2°C to 40.5°C. Over
the course of the night, calling activity was
most intense between 18:00 and 22:00 (Figure
2b), when the highest call emission rates were
recorded. The calling activity of the male frogs
decreases considerably from 22:00 onward and
cease by approximately 06:00.

Species distribution and the modeling of
calling activity

Based on the occurrence records of S.
fuscomarginatus, the ENMs predicted a large
geographic distribution, in which the species
is widely distributed across South America
(Figure 3a). In the future, both the optimistic
(RCP45) and pessimistic (RCP85) scenarios
indicated a reduction of 46% and 65% in the
potential geographic distribution of the species,
respectively, which would become restricted,
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primarily to the Brazilian Atlantic Forest and
small areas of the Cerrado savanna and the
foothills of the Andes (Figure 3b and 3c).

Based on the GAM model, it was possible to
predict the most favorable thermal conditions
for the calling activity in S. fuscomarginatus
between 20-35°C. The GAM model fitted a
highly non-linear and significant relationship
between calling frequency and temperature (edf
= 9.966, p-value < 0.001). By projecting the GAM
predictions on temperature maps, the models
predicted that the most favorable thermal
conditions at the present for the calling activity
in S. fuscomarginatus will be more dispersed
spatially between the months of October and
December (Figure 4). Over the long term in the
future, however, such thermal conditions will be
more spatially dispersed between January and
March (Figure 5).

Figure 3. Potential

geographic distribution
of S. fuscomarginatus
predicted by the
ecological niche models
for the present (a), and
in two distinct future
scenarios of climate
change, i.e., RCP4.5 (b)
and RCP8.5 (c).
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Figure 4. Present-day spatial pattern of calling activity in the male S. fuscomarginatus in different months (October
through March). The color variation in maps represents the intensity of calling activity.

For the different periods of the night,
the niche models predict that the thermal
conditions favorable to the occurrence of
calling activity in S. fuscomarginatus will not be
distributed uniformly across the whole potential
distribution of the species. In both the present
and future climate change scenarios, the thermal
conditions most favorable to the daily calling
activity of the study species between 18:00 and
21:00 are concentrated mainly in central part of
the potential distribution of the species (Figure
6). A more homogeneous distribution of climatic
conditions within the potential distribution
of S. fuscomarginatus was predicted, in both
scenarios for the period between 00:00 and
06:00 (Figure 7).

DISCUSSION

The field data obtained during the present
study using the automatized sound recorders
and dataloggers, combined with the ecological
niche modeling, allowed us to infer the long-
term impacts of climate change on both the
geographic distribution and calling activity of
the male S. fuscomarginatus. The projections
produced by the ENMs indicate that the potential
geographic distribution of the study species will
decrease in size in response to climate change,
which will affect climatic conditions favorable
to the calling activity of the species. In both the
present and future scenarios, the projections
indicate that climatic conditions favorable
to calling will not be distributed uniformly, in
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Figure 5. Future spatial pattern of calling activity predicted in the male S. fuscomarginatus in different months
(October through March). The color variation in maps represents the intensity of calling activity.

either spatial or temporal terms, within the
geographic distribution of the study species.
The extrapolation of our models indicates that
the daily and seasonal patterns of the calling
activity of the male S. fuscomarginatus will be
altered by climate change. These shifts may
impactimportant reproductive and demographic
parameters, as well as the potential for the
long-term persistence of the populations of this
species.

Despite being one of the most amply
distributed amphibian species, which iscommon
in open areas, this scenario shows that climate
change will probably have a negative impact
on S. fuscomarginatus over the long term. The
results of the present study indicate that the
potential distribution of the study species will

undergo a considerable reduction by 2100,
when it will become restricted primarily to the
Atlantic Forest and small areas of the Cerrado
and Andes regions. These results are consistent
with the findings of Vasconcelos & Nascimento
(2016) who investigated the long-term effects of
climate change on the geographic distribution of
generalist species from the Cerrado and Atlantic
Forest domains. These authors predicted that S.
fuscomarginatus would lose 40% of its current
area of occurrence by 2050, becoming restricted
to the southeastern extreme of South American.
In light of the recent taxonomic revision of S.
fuscomarginatus (Brusquetti et al. 2014), it
is important to emphasize that the impacts
of climate change may be even more severe
when considering the cryptic diversity within
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Figure 6. Present-day spatial pattern of calling activity in the male S. fuscomarginatus over the course of the night
(from 18:00 to 06:00). The color variation in maps represents the intensity of calling activity.

the species. Distinct evolutionary lineages may
be at risk of extinction due to the reduction of
suitable habitats for their persistence.
Understanding species’ natural history,
such as calling behavior, may be extremely
important from an ecological perspective
(Travis 2020). Unlike Vasconcelos & Nascimento
(2016), this study also assesses how climate
change may affect a behavioral trait (acoustic
activity) which is key to reproductive success
and long-term population persistence. By
integrating bioacoustics data with ecological
niche models, we projected future changes (up
to 2100) in climatic conditions favorable to the
calling activity of S. fuscomarginatus. Results

indicate a reduction and temporal restriction
in suitable conditions compared to the present.
This is significant, as many studies (e.g., Kohler
et al. 2017) have shown that amphibian calling
behavior is climate-sensitive. Specifically for
S. fuscomarginatus, prior research (Toledo &
Haddad 2005, Souza et al. 2020) demonstrates
that call parameters are influenced by
temperature and precipitation. Our findings
suggest that, in the future, calling periods will
be shorter and delayed due to less favorable
climatic conditions.

The integration of the behavioral data
with ecological niche modeling allowed us to
determine not only the potential distribution of
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Figure 7. Future spatial pattern of calling activity predicted in the male S. fuscomarginatus over the course of the
night (from 18:00 to 06:00). The color variation in maps represents the intensity of calling activity.

the study species in the future, but also which
areas are more likely to present conditions
favorable to the calling behavior of the S.
fuscomarginatus males. Understanding where
and when climatic conditions favorable to
the calling behavior of the study species will
occur will be important for the conservation of
the species, considering that the abiotic and/
or biotic effects of long-term climate change
may impede or interrupt the communication
between these animals (Penar et al. 2020). This
is especially relevant in anurans, given that
acoustic communication plays an important role
in sexual selection, affecting the reproductive

success of the individuals and, consequently,
the persistence of populations (Wells 2007). The
insights provided by the present study represent
an important step toward the resolution of the
existing knowledge gaps (Winter et al. 2016), as
well as having the potential to contribute to
the development of effective management and
conservation measures for amphibian species,
in the Neotropical region.

Passive acoustic monitoring has been
increasingly adopted by anuran ecologists
worldwide. Therefore, considering the approach
of the present study as well as the framework
proposed by Desjonquéres et al. (2022), it is
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essential that future research integrates field
data with ecological niche modeling to generate
robust predictions regarding the impact of
climate change on the acoustic activity of
amphibians. Such efforts would significantly
contribute to our understanding of the long-
term consequences of climate change for this
important vertebrate group, which is likely the
most threatened with extinction overall (e.g.,
Luedtke et al. 2023).
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