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Anurans are among the most vocally active vertebrate animals and emit calls with
diûerent functions. In order to attract a mate, during the breeding season male frogs
produce mating calls which have species-speciûc structure and parameters, and have
been successfully used to resolve issues in taxonomy and phylogenetic relations. This is
particularly useful when closely related taxa are concerned, as many species are
morphologically almost identical, but still their status is well-supported by molecular and
genetic data, suggesting the existence of mechanisms for reproductive isolation. Such is
the case for treefrogs from the Hyla arborea group, which are now recognized as several
distinct species. The present study aims to establish diûerences in call parameters
between the European tree frog, Hyla arborea, and the Eastern tree frog, Hyla orientalis,
which both occur on the territory of Bulgaria. Using autonomous audio loggers, calls from
six sites (three in the range of H. arborea and three in the range of H. orientalis) were
recorded between 7 p.m. and 12 a.m. during the breeding season in the period 2020-2023.
The following parameters in a total of 390 calls were analyzed: Call count, Pulse count, Call
group duration, Call period, Amplitude, Peak (dominant) frequency, Entropy. Results
indicated that sites formed two distinct groups, which corresponded to the known
distribution ranges of H. arborea and H. orientalis. The ûrst two components of the
performed PCA explained 58% of the total variance, with variables Call count, Call group
duration, Peak frequency and Entropy being most important for diûerentiation between the
sites. This study presents the ûrst attempt to diûerentiate between the calls of these two
sister taxa, which both fall within the <short-call treefrogs= group, and results are
discussed in terms of known data for mating calls in Hyla sp., as well as limitations and
future perspectives.
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14 Abstract

15 Anurans are among the most vocally active vertebrate animals and emit calls with different 

16 functions. In order to attract a mate, during the breeding season male frogs produce mating calls 

17 which have species-specific structure and parameters, and have been successfully used to resolve 

18 issues in taxonomy and phylogenetic relations. This is particularly useful when closely related 

19 taxa are concerned, as many species are morphologically almost identical, but still their status is 

20 well-supported by molecular and genetic data, suggesting the existence of mechanisms for 

21 reproductive isolation. Such is the case for treefrogs from the Hyla arborea group, which are 

22 now recognized as several distinct species. The present study aims to establish differences in call 

23 parameters between the European tree frog, Hyla arborea, and the Eastern tree frog, Hyla 

24 orientalis, which both occur on the territory of Bulgaria. Using autonomous audio loggers, calls 

25 from six sites (three in the range of H. arborea and three in the range of H. orientalis) were 

26 recorded between 7 p.m. and 12 a.m. during the breeding season in the period 2020-2023. The 

27 following parameters in a total of 390 calls were analyzed: Call count, Pulse count, Call group 

28 duration, Call period, Amplitude, Peak (dominant) frequency, Entropy. Results indicated that 

29 sites formed two distinct groups, which corresponded to the known distribution ranges of H. 

30 arborea and H. orientalis. The first two components of the performed PCA explained 58% of the 

31 total variance, with variables Call count, Call group duration, Peak frequency and Entropy being 

32 most important for differentiation between the sites. This study presents the first attempt to 

33 differentiate between the calls of these two sister taxa, which both fall within the �short-call 

34 treefrogs� group, and results are discussed in terms of known data for mating calls in Hyla sp., as 

35 well as limitations and future perspectives.

36

37 Introduction

38 Anurans are the most vocally active amphibians and can emit distinct calls with differing 

39 functions in their social behaviour (e.g., to mark territory, to attract mate, to indicate danger, 
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40 etc.). While most call types have simple structure, mating calls, which are produced by males to 

41 attract a mate during the breeding season, can be very specific and can serve to distinguish 

42 between different species (Ryan, 2001). As a result, the examination of vocalization is widely 

43 employed to clarify taxonomic and phylogenetic issues. Moreover, as acoustic

44 interference between heterospecific males can lead to temporal or spectral

45 separation, it is considered a significant feature for identifying species (Wells, 2007). 

46 Acoustic signals are of key importance for anuran mate recognition system, and the effects of 

47 sexual selection can manifest as either stabilizing or directional (Castellano et al., 2002). A 

48 number of studies have demonstrated that different call characteristics may experience distinct 

49 selective pressures (e.g., Bee, 2007; Höbel, 2015; Vélez & Guajardo, 2021). According to 

50 Gerhardt (1992) anuran mating calls encode multiple messages of both species identity and mate 

51 quality, with some call characteristics (e.g., call duration) often under directional preferences, 

52 while others (e.g., call frequency) under stabilizing selection. Characteristics under stabilizing 

53 preference are much more static than those under directional preference, which tend to be more 

54 dynamic (Castellano & Giacoma, 1998). 

55 Hyla is the only genus from the large Hylidae family that occurs outside of the New World, and 

56 it is widespread over Eurasia and parts of Northern Africa. Members of the H. arborea species 

57 complex are the only representatives for mainland Europe, and their taxonomy has undergone 

58 rapid and dynamic changes in recent decades � from a single species in the 1970s to nine species 

59 today (Gvo�dík et al., 2015). The European tree frog, Hyla arborea, is distributed from the 

60 Southern Balkans to North-Western Europe, and the Eastern tree frog, Hyla orientalis - from 

61 Anatolia to North-Eastern Europe. Their contact zone runs from North-Eastern Greece to the 

62 Central Balkans along the Carpathian chain, and further north across lowland Poland along the 

63 Vistula River (Stöck et al., 2012). H. orientalis was separated as a species from the group of H. 

64 arborea relatively recently � in 2008 by Stöck et al., based on mitochondrial and nuclear DNA 

65 data. According to molecular data, most tree frog populations on the territory of Bulgaria belong 

66 to the H. orientalis taxon, while H. arborea is present in the region of the Struma river basin 

67 (Dufresnes et al., 2015). Although these taxa are thought to have diverged during the Mio-

68 Pliocene (~5 Mya), and are currently accepted as separate species (Speybroeck et al., 2020), they 

69 are morphologically so similar that cannot be distinguished based on external characteristics. 

70 Bulgaria is the range limit for H. orientalis and available studies demonstrate that the border 

71 between the two species is well established and historically constant, but there is no further 

72 evidence on the precise mechanisms for reproductive isolation that maintain it. The present study 

73 is the first attempt to differentiate the two species based on their mating calls. I tested the 

74 hypothesis that calls from localities within the established range of the respective species will 

75 differ in terms of their spectral and temporal characteristics.

76

77 Materials & Methods

78 Study sites
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79 Recordings from six sites were used in the analyses � three from South-West Bulgaria (area with 

80 H. arborea) and three from the rest of the country (area with H. orientalis) (Fig. 1). All sites are 

81 temporary water ponds with depth of 0.5-1.5 meters, underwater vegetation and banks 

82 overgrown with reed or bulrush. 

83

84 Call recordings

85 Recordings were made during the breeding season (April-June) in the period 2020-2023. 

86 AudioMoth acoustic loggers were positioned and regularly checked at all sites (one logger per 

87 site), recording in WAV-PCM format with sample rate set at 32 kHz and 24-bit resolution. For 

88 one site (Livada) recordings were made with Wildlife acoustics SongMeter SM4 with the same 

89 settings. All frogs were calling from the water and recordings used for the analyses were made 

90 between 7 p.m. and 12 a.m., at ambient temperatures of 18-20ºC. For the site Livada, daily air 

91 temperature for the study period was taken from the metadata of the recordings, and for the other 

92 sites data were collected from the nearest automatic weather stations of the Bulgarian National 

93 Institute of Meteorology and Hydrology (available in Bulgarian at 

94 https://www.stringmeteo.com/). A total of 390 calls were used for the analyses: 51 from 

95 Arkutino, 60 from Dobrusha, 61 from Livada, 54 from Plovdiv, 82 from Rupite and 82 from 

96 Ruzhdak. As the difference in intensity and tonality of mating calls allows for limited individual 

97 recognition (Crovetto et al., 2019), no more than three calls from the same animal were used 

98 from each site. All calls used in the analyses were of individual male frogs (i.e., overlapping calls 

99 of two or more frogs were not analysed), calling near the audio recorder, with low level of 

100 ambient noise and no chorus in the background.

101

102 Call parameters

103 The following call parameters were analysed: Call count (number of calls in a call group), Pulse 

104 count (number of pulses in a call), Call group duration (time between first and last call of a call 

105 group, measured in seconds), Call period (time between the beginning of a call and the end of the 

106 interval after this call, measured in seconds), Amplitude (ratio of pulse max amplitude relative to 

107 call max amplitude), Peak (dominant) frequency (frequency of maximum power, measured in 

108 Hertz), Entropy (ratio of the geometric mean to the arithmetic mean of the spectrum). 

109 Measurements were taken using the Pulse Train Analysis tool in Avisoft SASLab Pro v. 5.2.14 

110 (Avisoft Bioacoustics), with pulse detection by peak search with hysteresis, rectification and 

111 exponential decay, and Fast Fourier Transform (FFT) size of 1024. Values for all parameters 

112 were copied directly from the pulse train results, except for Call period, which was calculated as 

113 a sum of the call and interval durations. Spectrograms and oscillograms of the calls were made 

114 with the software SoundRuler v. 0.9.6.0. (Gridi-Papp et al., 2007), again with FFT size of 1024. 

115

116 Statistical analyses

117 To ensure that each variable contributes equally to the analyses and to prevent variables with 

118 larger scales from dominating the results, all variables were standardized by means of z-score 
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119 normalization. Multivariate Analysis of Covariance (MANCOVA) with �Site� as a grouping 

120 variable was performed in order to examine whether there were significant differences in the frog 

121 call parameters among different sites, followed by Least Significant Difference (LSD) tests 

122 between all sites. A Principal Component Analysis (PCA) was used to establish which variables 

123 were more valuable for distinguishing between the sites, and for further processing, I used the 

124 variables with loading values greater than 0.5. Linear Discriminant Analysis (LDA) was 

125 performed to classify sites based on acoustic call parameters, the model was fitted with four 

126 discriminant functions and a k-fold cross-validation was executed. Posterior probabilities were 

127 extracted from the LDA results and Euclidean distances were calculated between observations in 

128 the posterior probabilities space. For each of the six sites, the average distance to observations 

129 from other sites was computed and a heatmap was created for visualisation.

130 All statistical analyses were carried out in R version 4.1.3 (R Core Team, 2021), and the chosen 

131 level for statistical significance was p < 0.05.

132

133 Results

134 The values of all analyzed parameters are presented in Table 1. 

135 The MANCOVA indicated that the effect of �Site� was significant (Pillai's trace = 1.79422, F(4, 

136 38968) = 990.5, p < 0.001). LSD tests revealed statistically significant differences between all 

137 call parameters across all six sites (p < 0.001). 

138 The first two components of the PCA explained 35% and 23% of the total variance, respectively. 

139 The variables with the highest loading values for these components were Call count, Call group 

140 duration, Peak frequency and Entropy (Table 2).

141 Results from the LDA revealed that based on the average distances, the sites were divided into 

142 two distinct groups: on one side Arkutino (0.611), Dobrusha (0.615) and Plovdiv (0.615), and on 

143 the other Livada (0.803), Rupite (0.802) and Ruzhdak (0.801) (Fig. 2). To better visualise the 

144 structural differences between the two groups, a call from a single location from each group was 

145 presented using a spectrogram and oscillogram (Fig. 3). As a whole, the most easily 

146 distinguishable characteristic of the calls from the first group (sites in the range of H. orientalis) 

147 were the higher values for Call count and Call group duration in comparison to calls from the 

148 second group (sites in the range of H. arborea). While Pulse count also was generally higher for 

149 the first group, its loading value from the PCA was lower (Table 2). 

150

151 Discussion

152 The results of the present study provide the first insights into the acoustic differences between 

153 the closely related species H. arborea and H. orientalis � two taxa that have so far only been 

154 distinguished based on molecular data. The grouping of the six study sites into two distinct 

155 groups that correspond well to the known range of the two species is an indicator that despite 

156 their similarity, mating calls can be used to differentiate between these taxa. The most important 

157 call parameters for this differentiation were Call count, Call group duration, Peak frequency and 

158 Entropy.
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159 Call parameters have been used as additional traits for better species assignment in anurans for 

160 the past several decades, even though the focus has primarily been on the water frogs from the 

161 Pelophylax genus. A well-known example of morphologically almost identical species with very 

162 similar calls would be the sister species of Pelophylax ridibundis, P. bedriagae and P. 

163 kurtmuelleri (Schneider & Sinsch, 1992; 1999), the latter of which has not been universally 

164 recognised because of some inconclusive evidence. Most recently, acoustic data was used to 

165 suggest removal of the species status of Pelophylax caralitanus (controversial taxon suggested in 

166 2001) and its synonymization with P. bedriagae (Sinsch et al., 2023).

167 Although this work provides the first direct comparison between the mating calls of H. arborea 

168 and H. orientalis, there is a substantial number of studies focused on the calling characteristics of 

169 European treefrogs. Based on previous publications, Gvo�dík et al. (2015) group the mating calls 

170 of Western Palearctic treefrogs into �long-calls� (characterized by a high number of pulses; 34�

171 56 pulses; 210�610 ms), �short-calls� (low number of pulses; 6�12 pulses; 50�110 ms), and 

172 �medium-calls� (intermediate values; 13�25 pulses; 85�190 ms). In this regard, H. arborea and 

173 H. orientalis are grouped together as �short call� species, which is also reflected in this study, as 

174 the Pulse count variable was not among the four parameters that accounted for the majority of 

175 the total variance. Even though the pulse count was slightly higher for sites with H. orientalis, 

176 this number is still below what was reported for H, arborea from Germany (9.1±0.4, Schneider, 

177 1977; 2000) and Italy (8.2±0.8, Castellano et al., 2002). In this study, the two variables with the 

178 highest values for species differentiation were Call count and Call group duration (see Table 2). 

179 It is known that call parameters could be influenced by the individual�s condition and various 

180 environmental factors, especially temperature (Kuczynski et al., 2010; Vélez et al., 2013). 

181 However, according to Schneider (2004), call group duration, number of calls per call group and 

182 number of pulses per call were all unaffected by air temperature, which varied between 9 and 

183 20ºC. It has to be noted that in Schneider (2004), these parameters are referred to as �call 

184 duration, number of pulse groups per call and number of pulses per group�; these are traditional 

185 labels, but various studies have used somewhat divergent terminology regarding anuran mating 

186 calls, and here I have adhered to the one suggested by Castellano et al. (2002). Schneider (2004) 

187 also reports that temperature did affect call (pulse) duration and interval � in the present study, 

188 these parameters (combined in the variable Call period) were not important for differentiating 

189 between sites. Curiously, Schneider (1967; 2004) remarks that while most call groups were 

190 comprised of 15-30 calls (pulse groups), during the peak of the breeding season, this number 

191 reached 100-180 or even 244-362. These numbers are very interesting, considering that the 

192 longest call group for this study contained 73 calls, and the call groups from sites with H. 

193 arborea were significantly shorter (see Table 1). Call group duration for H. arborea given by 

194 Castellano et al. (2002) was significantly longer (11.1±5.3) than what is reported in the present 

195 study. This might be explained at least partially by the fact that the time an individual male 

196 spends calling can affect its call parameters. Castellano & Gamba (2011) have established that 

197 during sustained calling in Hyla intermedia, call duration tends to increase and pulse rate to 

198 decrease; however, given the size of the sample used in this study, this would be an unlikely 

PeerJ reviewing PDF | (2024:03:98141:0:0:NEW 12 Mar 2024)

Manuscript to be reviewed

Ulrich Sinsch
Durchstreichen
u

Ulrich Sinsch
Kommentar zu Text
see actual taxonomically valid names (Frost: Amphibian species of the world)

Ulrich Sinsch
Kommentar zu Text
This should be mentioned in M&M, together with a rationale.



199 explanation for the observed differences. In Bulgaria, H. orientalis and H. arborea occur in 

200 sympatry, so it is possible that at least some of the registered results are due to reproductive 

201 character displacement, which has been documented for the North American species Hyla 

202 cinerea and H. gratiosa (Gordon et al., 2017; Höbel & Gerhardt 2003). Still, all sites were 

203 chosen so that syntopy (i.e., the simultaneous occurrence of both species in the same site) was 

204 extremely unlikely.

205 In their study on nine H. arborea populations, Castellano et al. (2002) found statistically 

206 significant negative correlation between temperature and call duration in three populations; in a 

207 single population, there was significant positive correlation between temperature and 

208 fundamental frequency. In their study on Hyla intermedia and H. sarda, Rosso et al. (2004) also 

209 establish correlation between temperature and temporal call parameters, as well as between body 

210 size and spectral parameters. All calls analysed in this study are from recordings with similar 

211 temperatures (18-20ºC), but unfortunately the effect of body size cannot be estimated; still, it is 

212 unlikely that random size differences could account for the clear grouping of the six study sites. 

213 For Rosso et al. (2004) the differences in frequency were still significant even when the effect of 

214 body size was removed, but it is also possible that males of H. orientalis are smaller and 

215 therefore call at higher frequency than males of H. arborea.

216 Entropy is the fourth call parameter that had significant value in group differentiation. In Avisoft, 

217 this parameter allows to quantify the pureness of sounds and theoretically is zero for pure-tone 

218 signals and one for random noise. Specifically, whistle-like sounds usually have a low entropy 

219 (<0.3), while noisy sounds have higher entropies (>0.4). Since spectrograms for all calls were 

220 generated using the same spectrogram parameter settings, comparisons between sites should be 

221 valid, however, the significance of this result is unclear, and more recordings in controlled 

222 environment should be analysed in order to draw any conclusions.

223 It has to be mentioned that a large portion of existing data on treefrog calls is decades old (e.g., 

224 Schneider, 1967; 1968; 1974; 1977) and it is possible that recordings made at the same sites with 

225 modern technology might produce slightly different results. Nevertheless, at least in regards to 

226 the main call characteristics, the data from these studies seem to be consistent with newer 

227 findings.

228

229 Conclusions

230 The present study tested the hypothesis that the two closely related species H. arborea and H. 

231 orientalis can be distinguished based on the parameters of their mating calls. Results indicate 

232 that calls from different sites fall within two distinct groups, which correspond with the known 

233 distribution range of the two species. Spectrograms of calls from the two groups show visible 

234 differences in call group duration, call and pulse count, and the results provide first data apart 

235 from molecular evidence for the species status of these taxa. Notable limitation of this study is 

236 that calling frogs were not captured and measured, so size differences might be the reason for at 

237 least some of the observed differences in frequency and amplitude. Another limitation is that, 

238 except for Livada, daily temperature was not measured on site, but it is very unlikely that the 
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239 differences in call parameters are due to temperature discrepancies. The future direction for 

240 research on this topic would be to conduct behavioral experiments to test frog responses to 

241 different stimuli, ideally backed with detailed morphometric measurements from the respective 

242 populations. It would also be beneficial to compare similar databases with frog calls from other 

243 countries within the range of the species.

244
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Figure 1
Distribution map of study sites in Bulgaria. The region within the range of H. arborea is
in light green, the rest of the country is occupied by H. orientalis (following Duferesnes
et al. 2015).
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Figure 2
Average distances between sites based on LDA
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Kommentar zu Text
I suggest to delete this figure completely or to replace it by another one actually showing the bifurcation of sites (e.g., a dendrogram).



Figure 3
Spectrogram and oscillogram of calls from Ruzhdak (A) and Plovdiv (B). Above each call
group is a representation of a single call with the mean number of pulses for the
respective site
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time scale is strange. It should start with zero. Ideally, the two sample calls should be presented at the same scale.
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Table 1(on next page)

Values for the analysed parameters from all six study sites. Data is presented as Min-
Max (Mean ± SD).
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1

within the range of Hyla arborea

Livada Rupite Ruzhdak

Call count 10-51 (23±10.3) 9-32 (21±5.6) 10-32 (18±5.4)

Pulse count 5-9 (6±0.6) 5-8 (6±0.6) 5-9 (6±0.8)

Call group duration (s) 1.8-12.2 (4.7±2.5) 1.6-9.6 (5.1±1.93) 1.9-9.7 (3.9±1.5)

Call period (s) 0.003-0.9 (0.2±0.06) 0.002-0.7 (0.25±0.09) 0.003-0.6 (0.2±0.08)

Amplitude 0.06-0.3 (0.2±0.03) 0.02-0.24 (0.1±0.04) 0.04-0.51(0.2±0.05)

Peak frequency (Hz) 1764-2150 (1934±65.8) 1620-2882 (2583±158) 2030-2870 (2421±205)

Entropy 0.09-0.21 (0.14±0.02) 0.23-0.58 (0.33±0.05) 0.19-0.95 (0.30±0.05)

within the range of Hyla oriantalis

Arkutino Dobrusha Plovdiv

Call count 14-56 (38±11) 12-73 (34±19) 20-72 (41±11)

Pulse count 5-10 (7±0.8) 5-9 (7±1.16) 6-10 (7±0.8)

Call group duration (s) 2.6-14.0 (8.8±2.9) 1.6-16.5 (6.3±4.2) 3.14-11 (6.2±1.7)

Call period (s) 0.003-0.6 (0.2±0.06) 0.003-0.37 (0.17±0.05) 0.001-0.36 (0.15±0.05)

Amplitude 0.48-1.1 (0.76±0.10) 0.29-1.0 (0.71±0.15) 0.065-0.97 (0.28±0.21)

Peak frequency (Hz) 1520-2882 (2565±168) 1701-2365 (2097±146) 1287-2960 (2388±208)

Entropy 0.11-0.29 (0.20±0.02) 0.10-0.38 (0.20±0.05) 0.13-0.77 (0.39±0.13)
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Table 2(on next page)

Loadings of variables onto Principal Components
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1

Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7

Call count 0.558 0.159 0.226 0.354 - - 0.693

Pulse count 0.452 - 0.179 -0.522 -0.587 -0.366 -

Call group duration 0.562 0.172 -0.106 0.396 0.150 -0.106 -0.674

Call period - 0.201 -0.753 0.206 -0.552 0.153 0.147

Amplitude 0.404 -0.398 -0.270 -0.391 0.255 0.623 -

Peak frequency - 0.556 -0.358 -0.469 0.461 -0.329 0.133

Entropy - 0.654 0.371 -0.171 -0.213 0.579 -0.155

2

3

4

5
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