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Abstract  

Geographic variation in acoustic characteristics of anuran advertisement calls 

could be an important key for species divergence due to its importance for specie 

recognition within and among populations. In this study, we evaluate the 

geographic variation of 1676 advertisement calls of 66 individuals of 

Eleutherodactylus nitidus (Peters 1870) throughout six populations distributed in 

central Mexico. Additionally, we evaluate the influence of body size and 

environment on call variation. We compared six acoustic variables using ANOVA 

and linear discriminant analysis, as well as inter- and intra-population and intra-

individual variation estimates to understand E. nitidus call variation. 

Advertisement calls were corrected for environmental and body size factors to 

rule out their influence on call variation. The results indicated that call duration, 

call intensity, dominant frequency, crests per call and highest crest differ between 

populations and such differences are independent of body size and environment. 

Additionally, Wilks’ Lambda criterion applied to the linear discriminant analysis 

indicated that geographic call variation depends principally on call intensity. We 

concluded that, distance-separating populations of E. nitidus mainly determine 

differences between them due to divergence processes. 

Keywords: Acoustic communication, acoustic divergence, bioacoustics, natural 

selection, urban anurans. 

 

1. Introduction 

 

Acoustic signals have evolved in diverse groups of animals, allowing different 

functions, relevant for courtship interactions, territory defense, predators warming 

and intraspecific interactions (Green and Marler 1979; Endler and Basolo 1998). 

In such scheme, geographic variation of vocal traits has been one of the interests 

from biologists and naturalists since its implications and consequences in 

evolutionary aspects, including social behavior and species divergence 

(Boughman 2002; Wilkins et al. 2013). 

Anuran vocalizations have received considerable attention in behavioral ecology 

studies (Ryan 1988; Gerhardt 1994), since they play important roles for 
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communication, principally in reproductive biology, as advertisement calls are 

generally produced by males to attract females during the reproductive season, 

allowing individual and species recognition (Castellano et al. 2002; Wells and 

Schwartz 2007). Thus, the use of these calls has helped to differentiate between 

taxonomic groups in anurans (e.g., Heyer et al. 1996; Tsuji-Nishikido 2012) and 

understand the divergence process of signals in species (e.g., Velásquez et al. 

2013; Velásquez et al. 2014). 

Different studies have established contrasting hypotheses to explain the 

evolution of advertisement calls as reproductive traits. First, those who propose 

the action of sexual selection through the intra-sexual struggle of signalers to 

attract the attention of receivers (Gerhardt 1982, 1994), and the choice of 

receivers following the attractive characteristics of advertisement calls (Gerhardt 

1992; Chek et al. 2003; Pröhl et al. 2007). Secondly, acoustic signal variation is 

closely related to natural selection adaptations in locations with different 

ecological conditions, as well as geographic isolation (Gerhardt 1975; Baraquet 

et al. 2007), where factors such as temperature, humidity and type of habitat 

frequently affect the characteristics of advertisement calls (Brenowitz 1986; 

Rodríguez et al. 2010). For example, call duration of Hylodes heyeri and 

Physalaemus cuvieri decreases as temperature increase (Lignau and Bastos 

2007; Gambale and Bastos 2014), while the dominant frequency in 

Odontophrynus cordobae increases with temperature (Grenat et al. 2013). 

The influence of morphology on anuran advertisement calls variation has been 

largely documented in studies of mating choice (Gerhardt 1975; Rand 1985; 

McClelland et al. 1996). Since intraspecific morphological differences commonly 

occur between populations geographically distanced (Castellano et al. 2000; 

Laugen et al. 2002). Thereby, differences in body size could explain the 

distinctions between acoustic characteristics such as dominant frequency (e.g., 

Serrano et al. 2020). These kind of relationships with call variation are mainly 

determined by mass and size of the phonatory system (Wells and Schwartz 

2007). Therefore, in frogs and toads, an inverse relationship between male size 

and dominant frequency has frequently been reported to vary geographically, 

where larger individuals show a lower dominant frequency (Gerhardt 1994; 

Bernal et al. 2005; Pröhl et al. 2007; Gingras et al. 2012). 
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In this study we compared advertisement calls of a widely distributed endemic 

frog in central Mexico (Eleutherodactylus nitidus Peters, 1870) from six different 

populations, with the purpose of distinguishing their intra and inter-population call 

variation. Calls were analyzed considering six acoustic variables to evaluate the 

differences between populations. Furthermore, we analyzed the influence of 

morphometric and environmental characteristics on advertisement calls variation 

between localities. 

 

2. Justification 

 

Acoustic communication plays a key role in species divergence, as it can be 

affected by different evolutionary forces (genetic drift, natural and sexual 

selection), as well as the influence of environmental and habitat properties 

facilitating call variation (Gerhardt 1991; Castellano and Giocoma 1998; Endler 

and Basolo 1998; Wollerman 1998; Boughman 2002; Gridi-Papp and Narins 

2009; Wilkins et al. 2013). For example, acoustic differences between 

populations of Hyla andersonii differ because of environmental dissimilarities 

affecting sound attenuation properties (Warwick et al. 2015). However, 

populations of Hyla cinerea show greatest differences in advertisement calls 

related to distances separating them (Asquith et al. 1988), while call variation of 

Hyla eximia are not only related to geographic distance, but also to acoustic 

interference with other hylid frogs (Rodríguez-Tejeda et al. 2014).  

In addition to the natural processes promoting the variation of acoustic signals in 

animals, the growth of human settlements and their extension to natural areas 

has produced acoustic signal changes (Hunter 2007; Kowarik 2011). 

Nevertheless, it has been reported that, some species of anurans keep 

unchanged acoustic signals despite being constantly under urban disturbances 

(e.g., Cunnington and Fahrig 2010; Kaiser et al. 2011). 

Mexico is inhabited by 35 of the 205 known species of the genus 

Eleutherodactylus, where 29 are endemic to the country (AmphibiaWeb 2022; 

Frost 2022). However, advertisement calls have only been described for 32% of 

the total number of eleutherodactylids from Mexico (Reyes-Velasco et al. 2015; 
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Serrano 2016; Serrano and Penna 2018; Grünwald et al. 2021; Hernández-

Austria et al. 2022). Additionally, some Eleutherodactylus species show a high 

tolerance to anthropic landscapes (Cruz-Elizalde et al. 2022). Accordingly, E. 

nitidus is an endemic anuran from Mexico persisting in areas with different levels 

of urbanization and anthropogenic pressures (Gómez-Benitez et al. 2021), which 

may be indirectly and gradually affecting the advertisement calls. Thus, our study 

would represent a solid base to know its call variation on larger scales, allowing 

us to answer basic aspects about its ecology and evolution, due to the importance 

of advertisement calls regarding the processes of speciation (Pröhl et al. 2006, 

2007; Velásquez et al. 2013; Velásquez 2014). 

 

3. Hypothesis 

 

In this study, we hypothesize that body size (snout-vent length and weight) of 

individuals will determine the variation of dominant frequency of advertisement 

calls. We expect that body size variation between populations determine the 

differences in acoustic characteristics of advertisement calls of E. nitidus, where 

greater differences in calls will be found respect to the greater body size variation 

between populations. Due to the relationships between acoustic and 

environmental characteristics previously registered in different anuran species, 

we expect that temperature, will also influence on acoustic properties of 

advertisement calls of E. nitidus. 

 

4. Objectives 

 

General: Investigate the geographic variation in the advertisement calls of 

Eleutherodactylus nitidus in six distant populations of central Mexico. 

Particular: 

1) Determine which acoustic variables give the greatest variability and 

differences in E. nitidus populations. 
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2) Identify whether there is a relationship between acoustic variables and 

morphometric characteristics, such as snout-vent length and weight. 

3) Distinguish whether there is a relationship between acoustic 

characteristics and environmental variables, such as temperature and 

humidity. 

 

5. Materials and methods 

5.1. Study model 

 

Eleutherodactylus nitidus was considered to inhabit in central Mexico from the 

south of Sinaloa through the Pacific to Oaxaca (García-Vázquez and Trujano-

Ortega 2012). However, in a recent study supported by morphological, molecular 

and advertisement calls characteristics suggest that E. nitidus is currently a five-

species complex, and the nominal species of E. nitidus is limited to the center of 

the country through states such as Puebla, Guerrero, Morelos, Estado de México 

and Oaxaca (Grünwald et al. 2021). 

Eleutherodactylus nitidus is characterized by its small body size, reaching 

between 24.3 and 26.3 snout-vent length (SVL) in the adult stage, and presenting 

a yellowish lumboinguinal gland (Grünwald et al. 2021). This free toe frog is 

mostly found in rainy season inhabiting open areas such as secondary forest, 

open fields, oak and pine-oak deciduous forest, semi-desert areas and cities 

(Canseco and Gutiérrez-Mayén 2010; Grünwald et al. 2018; Gómez-Benitez et 

al. 2021). According to an incidental report (Palacios-Aguilar 2018), males of this 

specie can stablish shared nesting sites under rocks to take care about the eggs. 

 

5.2. Study area 

 

Six populations of E. nitidus covering a wide area of the known distribution of the 

specie (Figure 1) were studied. Four populations belong to Puebla state: Parque 

de las 7 Culturas, San Andrés Cholula (19° 3'25.51" N; 98°17'58.64" W), 

Tonantzintla, San Andrés Cholula (19°1'0.60" N; 98°19'6.69" W), Las Haras 
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Ciudad Ecológica, Puebla City (19°1'13.03" N; 98° 7'45.37" W) and Los 

Ahuehuetes in San Miguel Ayotla (18°41'37.11" N; 98°23'23.52" W). Two 

additional populations correspond to different states: Tepoztlán in Morelos 

(18°59'9.56" N; 99° 5'58.94" W) and Oaxaca de Juárez in Oaxaca (17° 4'15.32" 

N; 96°43'35.09" W). All study areas are located within urban land, except for Los 

Ahuehuetes and Las Haras Ciudad Ecológica, which are located on the edge of 

urban settlements. 

 

Figure 1. Sampling sites of the advertisement calls of E. nitidus in central Mexico. 

(A) Tepoztlán, Morelos; (B) Parque de las 7 Culturas, San Andrés Cholula, 

Puebla; (C) Tonantzintla, San Andrés Cholula, Puebla; (D) Las Haras Ciudad 

Ecológica, Puebla City, Puebla; (E) Los Ahuehuetes, San Miguel Ayotla, Puebla; 

(F) Oaxaca de Juárez, Oaxaca. The map was elaborated using QGis Desktop 

3.22.2 and GBIF data of E. nitidus (yellow points) and localities sampled by this 

study (purple points). 
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5.3. Call recordings  

 

Advertisement calls of E. nitidus were recorded from July to August 2015, and 

from July to September 2021, between 19:00 and 4:00 hrs. Two different 

unidirectional microphones were used: A Senheisser ME66 unidirectional 

condenser microphone (40 Hz to 20 Hz frequency response) and a Soundtrack 

Pro-Audio CON-300 condenser microphone (100 Hz to 16 kHz frequency 

response). These were separately connected to a recorder TASCAM DR-40 (96 

kHz resolution). Call recordings were obtained in WAV format using a sampling 

rate of 24 kHz and recorded from 20 to 80 cm away from each individual for 5 to 

10 min. In addition, temperature and humidity were registered with a portable 

weather station (Sper Scientific 850070), located in a nearly place where the 

individuals were calling.  

Recorded individuals were captured to register SVL using a digital caliper with 

0.03 mm precision, and weight by using a digital pocket scale (MH-500) with 0.01 

g precision. After data collection, each individual was released at the exact place 

where it was found. 

 

6. Analysis 

6.1. Acoustic analysis  

 

All advertisement calls recorded were analyzed using the software Raven Pro 

version 1.6, with a sampling frequency of 44100 Hz and 24-bit resolution. Spectral 

measurements were obtained from a Hann Window with a 512 sample size, an 

overlap of 50% and 256 points of resolution for the Fast Fourier Transformation 

(FFT). The following acoustic characteristics were measured in each 

advertisement call: 1) call duration of the single note call (s), 2) dominant 

frequency (Hz), 3) call rate (calls/min), 4) number of crests per call (counting of 

peaks of modulated amplitude oscillations), 5) highest crest (ordinal position from 

left to right of the highest crest) and 6) call intensity (measured as the 

standardized sound pressure level in full scale “SSPL FS”) (for more details on 

acoustic measurements, see Appendix 1). 
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6.2. Statistical analysis 

 

Correlation matrices were performed to calculate relationships of acoustics with 

morphometric (SVL and weight) and environmental (temperature and humidity) 

variables. Afterwards, collinearity between acoustic, morphometric and 

environmental variables were analyzed and calculated by means of simple 

Pearson and Spearman correlations tests. 

To discard whether population differences in acoustic variables were mainly 

influenced by body size variation and environment, acoustic variables were 

analyzed by correcting for SVL and temperature (following Platz and Forester 

1988) for those variables at which significant relationships were detected among 

acoustic and morphometric and environmental variables (see Table 2 in Results). 

Normality criteria for the data was verified for all the variables using Bartlett test 

(Crawley 2013). Once body size and temperature corrections were made, 

differences between populations along their geographical variation were 

determined through analysis of variance (ANOVA) for each acoustic, 

morphometric and environmental variable. When we found significant 

differences, a Tukey test was applied to detect between-group differences. 

Additionally, a linear discriminant analysis (LDA) was performed, to identify 

separated groups of acoustic populations. To build the LDA model, we used those 

acoustic variables that were uncorrelated with each other (Naes and Mevik 2001; 

see Appendix 2). Finally, a Wilks’ Lambda criterion (Alrawashdeh and Radwan 

2017) was used to determine which acoustic variables better assign differences 

between populations. 

According to Gerhardt (1991), call variability is considered a way to classify its 

dispersion into the continuous rank between high or low variability, also known 

as the sexual selective dispersion between dynamic (highly variable low 

selective) or static (highly selective low variance). To evaluate such selective 

dispersion of each acoustic variable, a coefficient of variation (CV = [SD/Mean] x 

100) was performed at three levels: inter-population (CVp), intra-population 

(CVip) and intra-individual (CVi). The CVp for each variable was obtained from 

the mean and standard deviation values from all the individuals independent to 
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the six populations; subsequently, every CVip was calculated from the means 

and the standard deviation from individuals of each population, and finally the CVi 

derived from the mean value of the CVip from all the individuals (Pröhl et al. 2007; 

Velásquez et al. 2013; Serrano et al. 2020). To describe the individual variation 

of the advertisement calls at the population, the relation (CVip/CVi) for each 

variable was evaluated. In concordance to Aubin et al. (2007), call individuality is 

represented numerically as a higher value than one, so that, intra-individual 

variability is more representative in comparison to inter-individual variability. We 

used the software R Studio (R Studio Team 2020) for all the statistical analysis 

and the following packages: 1) PerformanceAnalytics (Peterson et al. 2020) for 

the building of correlation matrices, 2) MASS (James et al. 2013) for LDA, 3) klaR 

(Roever et al. 2022) for Wilks’ Lambda statistical analyses, 4) ggplot2 (Wickham 

2016; Wickham et al. 2022) for building boxplots for ANOVA and the LDA graphic 

and 5) seewave (Sueur et al. 2008) to visualize representative advertisement 

calls of E. nitidus from each population through spectrograms and oscillograms 

(Figure 2, respectively).  

 

7. Results 

 

A total of 1676 calls from 66 male individuals (previously determined during field 

work) spread in six populations in central Mexico were analyzed (see 

representative examples in Figure 2). The mean values (average and standard 

error) of acoustic variables are listed in Table 3 (see Appendix 3). The 

correlations between acoustic and temporal variables indicated positive and 

negative values (Table 2): dominant frequency correlated negatively with SVL 

and weight, while call intensity correlated positively with SVL and temperature, 

finally, call duration correlated positively with weight and negatively with 

temperature. 

All the acoustic characteristics showed differences between populations (Figure 

3), except for the call rate (F = 0.681, p = 0.639). Acoustic variables who did not 

correlated with body size showed significant differences between populations 

such as call duration (F = 15.16, p < 0.001), crests per call (F = 8.83, p < 0.001) 
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and highest crest (F = 12.91, p < 0.001). In the acoustic variables where body 

size and temperature showed significant relationships, such populations 

differences kept afterwards the dataset was re-analyzed by SVL correction (Platz 

and Forester 1988) in dominant frequency (F = 4.048, p < 0.001) and call intensity 

(F = 13.09, p < 0.001). Similarly, call duration (F = 17.73, p < 0.001) and call 

intensity (F = 13.66, p < 0.001) maintained differences between populations 

regardless to temperature correction was performed. 

Morphometric variables differed between populations, as well as environmental 

variables (Figure 4). The four characteristics recorded, SVL (F = 11.88, p < 

0.001), weight (F = 14.28, p < 0.001), temperature (F = 17.72, p < 0.001) and 

humidity (F = 3.357, p < 0.01) showed a significant variation between populations. 

The LDA showed that acoustic variables can distinguish differences between 

populations. All the four acoustic variables considered for the analysis contributed 

significantly to the overall model, explaining the population distinctiveness (Table 

4). The variable call intensity showed the higher score for discriminating 

populations in the differential model of the Wilks’ Lambda test. The first 

discriminant function of the LDA explained most of the variation displayed among 

populations (LD1: 63%) allowing to discern the most distant population of Oaxaca 

(Figure 5), while the population of Tepoztlán and Puebla (Cholula, Las Haras, 

Los Ahuehuetes and Tonantzintla; Figure 5) showed a discrimination between 

each other in the second discriminant function (LD2: 26%). 

The variability of acoustic characteristics (Table 5) showed that the highest 

variation at the intra-population (CVip) and inter-population (CVp) level 

corresponded to the highest crest and crest per call, while the lowest 

corresponded to dominant frequency, call duration and call intensity. To classify 

the variables, we considered a threshold of CV higher and lower than 8, where 

the static variables correspond to a CV value < 8, while those with CV > 8 were 

classified as dynamic. Thus, call duration, dominant frequency and call intensity 

were considered as statics at intra-population and intra-individual, whereas crests 

per call and the highest crest corresponded as dynamic variables. Eventually, all 

acoustic variables indicated potential for an individual distinction with a CVip/CVi 

> 1 for most of the populations (Table 5).
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Figure 3. Comparison of acoustic characteristics of the advertisement calls of 

Eleutherodactylus nitidus from six different populations among central Mexico. Different 

combinations of letters (a, b, c) indicate statistical differences between populations’ in the 

post hoc tests. 
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Figure 4. Comparison of morphometric characteristics (snout-vent length and weight) of 

Eleutherodactylus nitidus from six different populations among central Mexico. Different 

combinations of letters (a, b) indicate statistical differences between populations’ in the post 

hoc tests. 

 

Table 2. Pearson correlation between acoustic and temporal variables from advertisement 

calls of Eleutherodactylus nitidus (Significance levels = * indicates p < 0.05, ** indicates p < 

0.01). 

Variable SVL Weight Temperature Humidity 

     

Call duration (s) 0.09 0.42** -0.49** 0 

     
Dominant 
frequency (Hz) 

-0.39** -0.61** 0.21 -0.1 

     

Crests per call -0.03 0.08 0.08 0.28 

     

Highest crest -0.22 0.07 -0.09 0.33 

     
Call intensity 
(SSPLFS) 

0.32* -0.01 0.49** 0.12 

     

Call rate (calls/min) 0.1 0.19 -0.04 0.04 
 

a 

a 

b 
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Figure 5. Discriminant plot showing up populations’ separation by linear discriminant 

variables LD1 and LD2. 

 

Table 4. Results from the linear discriminant analysis of advertisement calls properties. 

Significance levels = * indicates p < 0.05, ** p < 0.01. 

 

Variables LD1 LD2 Wilks’ Lambda F overall F differential 

      

Dominant 
frequency (Hz) 

-0.001312893 0.00404179 0.1350161 11.401254** 4.305193** 

      
Crests per call -0.077329033 0.78476936 0.1851257 15.625131** 8.497615** 
      
Call rate 
(calls/min) 

-0.061504802 -0.28261638 0.1215937 8.432076** 1.258416** 

      
Call intensity 
(SSPLFS) 

0.208812805 0.02544549 0.3184415 25.683535** 25.683535** 

      

Portion of trace 0.6385 0.2673    
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Figure 2. Representative advertisement calls of Eleutherodactylus nitidus from six different populations of central Mexico: (a) Parque de 

las 7 Culturas, San Andrés Cholula; (b) Tonantzintla, San Andrés Cholula; (c) Las Haras Ciudad Ecológica, Puebla City; (d) Los 

Ahuehuetes, San Miguel Ayotla; (e) Tepoztlán, Morelos; (f) Oaxaca de Juárez, Oaxaca. These calls had from 7 to 10 crests (8, 7, 8, 9, 10 

and 9, respectively). Air temperature: 14.4°C, 15.7°C, 14.9°C, 23°C, 21°C and 22°C, respectively. Sample rate for all recordings: 44.1 kHz. 

 

Table 5. Coefficients of variation (CV) for advertisement calls at the inter-population (CVp), intra-population (CVip) and intra-individual 

(CVi) levels in six populations of Eleutherodactylus nitidus spread around Central Mexico. Abbreviations: CH (Cholula), TO (Tonantzintla), 

HA (Las Haras), AH (Los Ahuehuetes), TE (Tepoztlán) and OA (Oaxaca). 

 

 

 

 

 

 

 

 

 

 

 

In
te

r-

p
o

p
u

la
ti
o

n
 

(C
V

p
) 

 

 Intra-population (CVip)   Intra-individual (CVi)   CVip/Cvi  

          

Acoustic 
variables CH TO AH HA TE OA CH TO AH HA TE OA CH TO AH HA TE OA 

                    

Call duration (s) 4.21 5.12 3.76 4.02 3.68 3.74 4.35 5.09 3.74 4.03 3.73 3.61 4.35 1.004 1.004 0.999 0.986 1.036 1.000 

                    

Dominant 
frequency (Hz) 

1.24 2.54 1.05 0.93 0.66 0.87 0.99 2.69 1.03 0.92 0.66 0.89 1.00 0.944 1.013 1.012 0.995 0.979 0.994 

                    

Crests per call 9.77 9.12 8.41 7.80 11.6 10.2 11 8.85 8.25 7.68 11.9 9.83 10.8 1.03 1.02 1.015 0.97 1.042 1.018 

                    

Highest crest 13.6 11.6 12.6 11.9 12.4 14.2 17.3 11.3 12.2 12.1 12.99 14.7 18.07 1.017 1.034 0.976 0.956 0.968 0.955 

                    

Call intensity 
(SSPLFS) 

2.34 1.93 2.31 4.5 2.5 2.3 1.91 2.01 2.33 4.5 2.52 2.3 1.91 0.96 0.989 1.001 0.991 1.002 1.000 
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8. Discussion 

 

Our study shows that advertisement calls of E. nitidus have a wide geographic 

variation that apparently depends mainly on geographic distance but not on the 

deterministic influence of body size and environmental factors. The correlation 

analysis displayed significant relationships between temperature, call duration 

and call intensity of E. nitidus. However, our results suggest that such 

environmental influence on temporal characteristics of advertisement calls does 

not explain the geographic differentiation of E. nitidus calls among populations, 

as statistical differences remain after temperature correction. Additionally, a 

similar situation occurred with the influence of body size on acoustic 

characteristics. The correlation analysis between morphometric and acoustic 

characteristics of E. nitidus displayed negative and positive relationships of body 

size with dominant frequency and call intensity, respectively, but such differences 

remained on these acoustic characteristics after body size correction.  

Differences between environmental factors usually have a great importance on 

the divergence of anuran advertisement calls, since these components influence 

the outcome of different conditions for sound propagation and degradation 

(Velásquez 2014). In the case of E. nitidus, our study has been able to rule out 

that geographic variation is behind the divergence of advertisement calls, but this 

does not restrict the possibility that within each population such factors maintain 

a relevance on the performance of acoustic signals. 

Some acoustic characteristics of advertisement calls are usually related to vocal 

apparatus and consequently affect call properties (Gingras et al. 2012). 

Therefore, several studies have frequently supported an inverse relationship 

between SVL and dominant frequency in distinct anuran species (e.g., 

McClelland et al. 1996; Giasson and Haddad 2006; O’Neill and Beard 2011; 

Gingras et al. 2012; Gambale et al. 2014; Galvis et al. 2018; Arriaga-Jaramillo et 

al. 2021; Augusto-Alves et al. 2021; James et al. 2022). On the contrary, in most 

studies, it has not been found any significant relationship between call 

characteristics and weight when it was measured. Nevertheless, some few cases 

of weight influence on call characteristics have been found in number of calls, 

inter-note intervals, fundamental and dominant frequency (e.g., Friedl and Klump 
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2002; Wang et al. 2012; Serrano et al. 2020). Thus, our results agree with 

previous studies, where dominant frequency tends to be lower respect to larger 

sizes, additionally to display a relationship with call intensity. Moreover, weight is 

considered an important morphometric characteristic influencing calls of E. 

nitidus, due to the displayed relationships with acoustic characteristics.  

Except for call rate, ANOVA analysis revealed significant differences between 

populations of E. nitidus within all non-corrected and corrected comparisons by 

body size and temperature. In other species, call duration and dominant 

frequency have been important characteristics for species delimitation (e.g., 

Márquez and Bosch 1995; Padial et al. 2008; Nuñez et al. 2012). However, for 

other Terrana frogs, distinct acoustic characteristics supporting a difference 

between populations have been identified; for example, distinctions between 

populations of Eleutherodactylus glamyrus are attributed to call duration, call rate 

and rise time (Rodríguez et al. 2010), while call duration and inter-note interval 

are attributed to distinguish the populations of Craugastor fitzingeri (Höbel 2005). 

The differences observed between acoustic characteristics in this study (call 

duration, dominant frequency, call intensity, crests per call and highest crest) 

could reflect a process of divergence or isolation between populations of E. 

nitidus. Therefore, our results could be important for future studies for species of 

the genus in Mexico with purposes of classification between species, since 

eleutherodactylids species display difficulties for its own identification, due to a 

high phenotypic variability and few morphologic differences within populations 

and among species (Crawford and Smith 2005; Grünwald et al. 2021). 

The results of LDA showed that distinctiveness of E. nitidus populations are 

involved acoustic characteristics like dominant frequency, crests per call, call rate 

and call intensity. Our results agree with previous studies where the distinctions 

of populations are in part determined by dominant frequency, call rate and call 

duration (Bee et al. 2010; Serrano et al. 2020). Despite LDA was obtained using 

a no-corrected data by SVL and temperature, it is evident that most of distinctive 

characters among E. nitidus populations are not mainly influenced by body size 

and temperature. Eventually, our results of CV indicate that, variation among 

populations of E. nitidus depend principally on call duration, crests per call and 

call intensity, while LDA indicates that, distinctions are determined by different 
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acoustic characteristics (including crests per call and call intensity) between 

populations. Furthermore, the coefficients of variance estimations indicate that 

for E. nitidus, call duration, dominant frequency and call intensity are considered 

as static variables at intra-population and intra-individual, whereas crests per call 

and the highest crest corresponded as dynamic. The CVip/CVi results displayed 

values higher than 1 in most of the populations, indicating that all acoustic 

variables present potential for an individual distinction.  

According to our results, crests per call and the highest crest in the advertisement 

calls of E. nitidus are variables which are possibly related to abiotic environmental 

differences between populations of central Mexico. The populations of E. nitidus 

from Tepoztlán and Oaxaca are distributed mostly in open areas in contrast to 

populations in Puebla who inhabit in urban settlements (Canseco and Gutiérrez-

Mayén 2010; Grünwald et al. 2018; Gómez-Benitez et al. 2021). In previous 

studies (overall in birds), the influence of environment on sound propagation has 

been reported (Wiley 2009; Liptai et al. 2015), where the structural characteristics 

of environments could positively influence and improve such propagation (e.g., 

Bowman 1979; Gish and Morton 1981; Velásquez et al. 2018). Therefore, we 

suggest that differences between crests per call and the highest crest of the 

advertisement calls of E. nitidus in populations of Puebla, Tepoztlán and Oaxaca 

could represent an acoustic adaptation for call propagation to closed or open 

areas with distinct environmental conditions.  

Geographic variation between species can be influenced by different factors such 

as natural and sexual selection, and genetic drift (Wilczynski and Ryan 1999; 

Bernal et al. 2005; Velásquez 2014). Acoustic signals could work as indicators of 

genetic distance between populations (Velásquez et al. 2013), due to the genetic 

structure could facilitate faster changes in the structure of the signal, and 

therefore its divergence (Wilkins et al. 2013). Thus, the inconsistency between 

the geographical variation of the advertisement calls of E. nitidus, independent of 

the relationship between acoustic and temporal characters such as SVL and 

temperature, could be explained through an evolutionary scenario, where genetic 

drift plays a fundamental role. Additionally, as E. nitidus is a species with wide 

distribution in central Mexico, it is possible that populations in Tepoztlán and 

Oaxaca are located in contact areas with populations of Eleutherodactylus 
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maurus and Eleutherodactylus pipilans, respectively (Lemos-Espinal and Smith 

2020; Mata-Silva et al. 2021). Therefore, the divergence of these populations is 

not only attach to distance or genetic drift, but also probably to the interference 

of other eleutherodactylids, where E. nitidus has a pressure to differentiate its 

advertisement calls among calls of different closely related species. 

 

9. Conclusion 

 

Our results show that temperature rather than body size has a relevant influence 

on the acoustic characteristics of advertisement calls of E. nitidus. Our study 

suggests that, whether a considerable distance separating populations, there will 

be more discrepancy between calls due to divergence processes, for example, 

the closest populations within Puebla show less differences than populations of 

Tepoztlán and Oaxaca. Despite the resilience of E. nitidus to highly urbanized 

habitats, genetic drift and interaction with other species may be gradually 

contributing to the observed variation in acoustic characteristics. Additionally, the 

results displayed important characters that allow to visualize the differences 

between populations according to the acoustic characteristics, where call 

duration, crests per call and call intensity are important variables which allow a 

greater discrepancy for the distinction between populations. However, although 

interspecific acoustic dissimilarities within populations, individuals remain as a 

unit and not as different species. Our results represent a contribution to studies 

of the genus Eleutherodactylus and the first acoustic study addressed on E. 

nitidus, in addition to providing evidence to facilitate its identification through its 

advertisement calls. Despite the variation in advertisement calls among 

populations of E. nitidus in this study, we suggest that this evidence will be 

reinforced with molecular studies, as well as evaluating the influence of 

environment on advertisement calls mainly to sound propagation and species 

recognition through acoustic characteristics, to corroborate its acoustic and 

morphological differences and assess the importance of geographic variation 

between populations. 
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Appendix 1. Details of call acoustic intensity measurements 

 

We refer to the peaks of the amplitude modulations in oscillograms as crest 

(Figure 2). In addition to counting the number of these crests, we registered the 

amplitude of the most prominent crests by clicking on this to measure its RMS 

(root mean square) intensity level. We named such crest as the highest crest.  

To measure call intensity, we calculated their standardized sound pressure level 

(SSPL) using the full-scale peak power density (PPD) of Raven software. For this 

purpose, the SPL of a standard recording was calibrated using a tone of 1 s 

duration and a frequency of 1000 Hz. This tone was launched on a Logitech 

speaker at 50 cm and using the same gain level of microphones in the recorders 

as in the field recordings. The SPL was registered for each microphone and used 

as reference to perform different subtractions from the PPD values for Sennheiser 

and Soundtrack Pro-Audio microphones (I and II, respectively). 

 

 𝑆𝑆𝑃𝐿 𝐹𝑆 =  93.9 − (−12.36 − (𝑃𝑃𝐷)) (I) 

 𝑆𝑆𝑃𝐿 𝐹𝑆 = 94.1 − (−20.8 − (𝑃𝑃𝐷))  (II) 

 

The call rate was obtained from the time subtraction of the last call (LC) emitted 

in the recording respect to the first call (FC), consequently, the residue was 

divided by 60 in order to get the time value in minutes, as follows:  

 

𝐶𝑎𝑙𝑙 𝑟𝑎𝑡𝑒 = [𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑙𝑙𝑠/ [
𝐹𝐶 −  𝐿𝐶

60
]] 
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Appendix 2. Correlations between acoustic variables 

 

Table 1. Pearson and Spearman correlation between acoustic variables from 

advertisement calls of Eleutherodactylus nitidus (Significance levels = * indicates 

p < 0.05, ** indicates p < 0.01). Abbreviations: Superscript “a” (indicates 

spearman correlation between variables highest crest and crests per call). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable 
Call 

duration 

Dominant 
frequency 

Crests per 
call 

Highest 
cresta 

Call 
intensity Call rate 

       
Call duration 
(s) 

- -0.49** 0.26* 0.31* -0.60** 0.03 

       
Dominant 
frequency (Hz) 

-0.49** - -0.12 -0.08 0.16 -0.08 

       
Crests per calla 0.26* -0.12 - 0.67** -0.1 0.19 
       
Highest crest 0.31* -0.08 0.67** - -0.35** 0.15 
       
Call intensity 
(SSPLFS) 

-0.60** 0.16 -0.1 -0.35** - 0.1 

       
Call rate 
(calls/min) 

0.03 -0.08 0.19 0.15 0.1 - 
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Appendix 3. Average and standard error of acoustic variables 

 

Table 3. Acoustic variables of advertisement calls of Eleutherodactylus nitidus from Central Mexico. Average ± standard error. 

 

    
Populations 

  
      

Variables 
 

Cholula 
(n= 13) 

Tonantzintla 
(n= 16) 

Los 
Ahuehuetes 

(n= 4) 

Las Haras 
(n= 8) 

Tepoztlán 
(n= 8) 

Oaxaca 
(n= 17) 

        
Call duration (s)  0.40 ± 0.01 0.38 ± 0.01 0.29 ± 0.03 0.30 ± 0.02 0.34 ± 0.01 0.28 ± 0.004 

        
Dominant 
frequency (Hz) 

 2622.44 ± 
34.35 

2667.22 ± 
27.77 

2759.44 ± 
33.81 

2814.63 ± 
33.67 

2735.22 ± 
56.56 

2707.98 ± 
17.35 

        
Crests per call  8.27 ± 0.21 8.74 ± 0.39 8.76 ± 0.29 7.78 ± 0.33 11.50 ± 0.73 8.15 ± 0.29 

        
Highest crest  6.76 ± 0.26 7.03 ± 0.24 7.51 ± 0.40 6.09 ± 0.40 8.75 ± 0.40 5.50 ± 0.25 

        
Call intensity 
(SSPLFS) 

 89.67 ± 2.09 85.99 ± 0.75 95.26 ± 1.83 88.81 ± 1.35 91.87 ± 2.73 103.66 ± 0.37 

        
Call rate 
(calls/min) 

 4.06 ± 0.26 4.52 ± 0.50 3.68 ± 0.91 3.67 ± 0.49 3.95 ± 0.23 4.40 ± 0.23 


