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Abstract
Mountain chains and rivers are often found to represent barriers promoting vicariant differentiation in terrestrial vertebrates. Previous studies have supported the idea that the Cordillera de Mérida (CM), the easternmost branch of the Northern Andes, represents a geographic barrier for vertebrates, including frogs. Previous studies have also suggested that the
Orinoco River (OR), the biggest river in Venezuela, also represents a geographic barrier for terrestrial vertebrates. Boana
pugnax and B. xerophylla are two Neotropical hylids, members of the B. faber species group, that are distributed on either
side of the CM, and whose ranges extend up to 605 and 2450 m in elevation, respectively. In addition, B. xerophylla occurs
on either side of the OR. Herein, we assess the genetic, acoustic, and morphological differentiation within B. pugnax and
within B. xerophylla across the CM and within B. xerophylla across the OR, and test if genetic differentiation is correlated
with geographic distance. We also evaluated the acoustic differentiation between the recently recognized B. xerophylla
and its sister species, B. crepitans, and found marked differences between advertisement calls, corroborating their status
as distinct species. Genetic and morphometric analyses of populations from opposite sides of the CM revealed differentiation in B. pugnax but not in B. xerophylla. Within the latter species, we found molecular, acoustic, and morphometric
differentiation among samples of B. xerophylla from western Venezuela versus the Guiana Shield. Genetic variation within B. pugnax and within B. xerophylla was not explained by geographic distance. Thus, our data show conspecific population structure across the CM in B. pugnax, plus the possible existence of two species within what today is considered B.
xerophylla, yet the CM apparently is not involved in this divergence. These results suggest that even for closely related
species with shared ecology and distribution, genetic and phenotypic differentiation respond differently to common ecological or historical factors.
Key words: Amphibia, Anura, bioacoustics, Cordillera de Mérida, cryptic species diversity, Guiana Shield, molecular
phylogenetics, phylogeography, Venezuela

Introduction
Population differentiation can occur by different evolutionary forces, especially through the reduction of gene flow
resulting from physical barriers that limit the dispersal between demes (Coyne & Orr 2004). Mountains can act as
geographic barriers for organisms via the marked environmental variation along the elevational gradient that
constrains dispersal and reproduction of individuals (Janzen 1967). This is supported by evidence obtained from
terrestrial and aquatic organisms (Harvey & Gutberlet 2000; Perdices et al. 2002; Noonan & Wray 2006; Guarnizo
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et al. 2015). Furthermore, rivers might serve as physical barriers that restrict the dispersal of terrestrial individuals
(Wallace 1852; Ayres & Clutton-Brock 1992; Haffer 1997). Isolation has been documented for birds across the
Amazon River (Hayes & Sewlal 2004) and frogs across the Oyapock River (Fouquet et al. 2015), while the Juruá
River in Amazonia has left no imprint on genetic divergence in frogs or small mammals (Gascon et al. 2000).
Rather than look to geographic features, dissimilar phylogeographic structure among co-distributed species could
also be explained by variation in key life-history traits, since the interaction between organism and environment is
what drives phylogeographic structure (Fouquet et al. 2015; Paz et al. 2015; Rodríguez et al. 2015).
Before invoking landscape features, environmental variation, or life history, however, one should first consider
the simplest, or null, hypothesis of geographic variation: the effect of geographic distance on conspecific
individuals, i.e., isolation by distance (IBD; Wright 1943). Gene copies in closer geographic proximity may show
shorter coalescent times, and thus less population structure, than more distant individuals (Wakeley 2009). The
IBD has been proposed to explain the genetic variability between populations in several anuran taxa (Newman &
Squire 2001; Monsen & Blouin 2004; Zancolli et al. 2014; Guarnizo et al. 2015; Metzger et al. 2015). However, it
does not necessarily occur in all cases (Guarnizo et al. 2009). Geographically proximal populations could undergo
different selective regimes, for example, which in turn could promote adaptive divergence over shorter geographic
distances (Nosil et al. 2009).
Beyond genetic divergence, phenotypic characters diverge from an ancestral state in different ways in different
species (Blomberg et al. 2003; Gonzalez-Voyer & Kolm 2011). Relative to neutral expectation (Lynch & Hill
1986), characters subjected to directional selection evolve faster, while traits under stabilizing selection evolve
very little (Lynch 1990; Streelman & Danley 2003). Thus, characters divergence may occur at different rates
according to diverse selection regimes (Padial et al. 2010). In anurans, advertisement calls are mating signals
subjected to sexual and natural selection (Wells 1977), and may diverge rapidly in almost arbitrary directions
among populations and species, relative to traits that evolve neutrally (Funk et al. 2011; Moen et al. 2013).
Consequently, it is important to consider different kinds of traits to assess differentiation among anuran
populations.
The Cordillera de Mérida (CM) is the highest mountain chain in Venezuela and constitutes the easternmost
branch of the Northern Andes (La Marca 1997). This topographic unit has a horizontal extension of roughly 400
km and can reaches up to 4978 m above sea level (asl) (Pérez et al. 2005), covering several biomes along an
ecological gradient (Ataroff & Sarmiento 2004). Previous studies on vertebrate species have shown that this
portion of the Andes can act as a geographic barrier (Voss 1991; Gutiérrez et al. 2014; Acevedo et al. 2016). On the
other hand, the 2140 km long and 37,800 m3/s Orinoco River (OR) is the longest and widest river in Venezuela
(Silva 2005; Córdova & González 2007). This river spreads from southern to eastern Venezuela and splits two
contrasting natural regions: Venezuelan Guiana to the East and the lowland grasslands known as the Llanos to the
West (Silva 2005; Huber & Oliveira-Miranda 2010). Previous studies of vertebrates have found molecular and
morphometric evidence of differentiation between groups from opposite sides of the OR (Wüster et al. 2005;
Gutiérrez & Molinari 2008; Gols-Ripoll et al. 2015) which suggests that this river can act as a geographic barrier.
The congeneric hylid frogs, Boana pugnax (Schmidt, 1857) and B. xerophylla (Dúmeril & Bibron, 1841),
belong to the B. faber species group (Faivovich et al. 2005) and are distributed on both sides of the CM. The
former species can be found in humid lowland grasslands, agricultural lands, and semi-urban areas in Colombia,
Panama, and Venezuela, with an elevational range of up to nearly 605 m asl (La Marca et al. 2010a; Escalona et al.
2017). Boana xerophylla, in contrast, reaches up to approximately 2450 m asl and has been found in a wider variety
of habitats, including humid tropical forest, semiarid environments, lower montane forest, grasslands, and urban
habitats (La Marca et al. 2010b) in Brazil, Colombia, French Guiana, Guyana, Panama, Suriname, Trinidad &
Tobago, and Venezuela (Orrico et al. 2017).
Besides sharing similar habitats, both species are arboreal, have a relatively similar body size [males: B.
pugnax SVL = 53.6–77.5 mm (Lynch & Suárez-Mayorga 2001), B. xerophylla SVL = 42.9–63.8 mm (Orrico et al.
2017)], and share the same reproductive strategy, with males that vocalize to attract females, facultative nest
construction by males, oviposition near or in temporary ponds, and development through a free-living, exotrophic
and aquatic tadpole (Caldwell 1992; Chacón-Ortiz et al. 2004). Thus, these two species represent an interesting
model to study differentiation within two congeneric and closely-related species across a mountain chain in the
Neotropics.
Previous studies have assessed some aspects of genetic and phenotypic characters in B. pugnax and B.
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xerophylla among populations from opposite sides of the Andes. Lynch & Suárez-Mayorga (2001) concluded that
B. xerophylla [reported as B. crepitans] from the Caribbean and Magdalena region (trans-Andino) were smaller
than those of the Colombian Llanos. In his unpublished thesis, Nava (2005) found allozyme differences between
samples of B. pugnax from southeast CM (the Llanos region) and northwest CM (South Lake Maracaibo region),
but not for B. xerophylla. Guarnizo et al. (2015) found genetic evidence supporting the Cordillera Oriental de
Colombia ridge as a barrier between populations of B. xerophylla from opposite sides. What it is missing is a
careful evaluation based on more extensive geographic sampling and integration of diverse types of traits (Padial et
al. 2010).
Boana xerophylla was recently resurrected from synonymy with B. crepitans (Wied-Neuwid, 1824) by Orrico
et al. (2017) after finding morphological and genetic differences between Guiana Shield (GS) and Atlantic Forest
populations separated by the Amazon basin. Boana crepitans was restricted to the Atlantic Forest of southern
Brazil, while the name B. xerophylla was applied to all other populations of the former B. crepitans along the
northern edge of South America from the GS of Brazil to Panama. Although their study provided compelling
evidence of the need to restrict the name B. crepitans to specimens of the Caatinga and Atlantic Forest, several
issues are pending. For example, Orrico et al. (2017) did not address the acoustic differentiation between B.
crepitans and B. xerophylla, and did not include molecular data from Colombia and Venezuela. Considering the
extensive geographic distribution of B. xerophylla, which encompasses several important landscape features such
as the OR and the CM, the latter question is of primary importance.
Herein, we performed analyses of DNA sequences and quantitative comparisons of morphometric and
bioacoustics data to assess: (i) differentiation within B. xerophylla and within B. pugnax across the CM; (ii)
differentiation between populations of B. xerophylla from western Venezuela and the GS; (iii) differentiation
between B. crepitans and B. xerophylla.

Materials and methods
Sampling design. We obtained morphometric, acoustic, and molecular data from specimens identified by us as
Boana crepitans, B. pugnax, and B. xerophylla from our study area (Fig. 1A and 1B), following the morphological
descriptions of Kluge (1979) and Orrico et al. (2017). We included morphological and molecular data from B.
crepitans to complement our acoustic analysis. We supplemented our molecular dataset with sequences
downloaded from GenBank (Appendix 1). All the localities from which data were analysed are plotted in Fig. 1A
and 1B. Locality details are provided in Appendices 1−3.
Morphometrics. We (ME and FJ) measured adult males from the following museums: CVULA, Colección de
Vertebrados de la Universidad de Los Andes, Mérida, Venezuela; MCNG, Museo de Ciencias Naturales de
Guanare, Guanare, Venezuela; MHNLS, Museo de Historia Natural La Salle, Caracas, Venezuela; MZFS, Museu
de Zoologia da Universidade Estadual de Feira de Santana, Feira de Santana, Brazil; and ULABG, Colección de
Anfibios y Reptiles del Laboratorio de Biogeografía de la Universidad de Los Andes, Mérida, Venezuela. Voucher
numbers and localities are provided in Appendix 3. We identified males as specimens possessing prominent
prepollex (with roughly 20% of specimens corroborated by direct observation of gonads) and confirmed female
specimens as those possessing convoluted oviducts or mature ovarian eggs. We utilized a digital caliper with
precision to the nearest 0.01 mm to take 17 measurements of external characters (see Fig. 2; see Appendix 4 for a
detailed description of measurements). We measured a total of 270 individuals (Fig. 1A and 1B; Appendix 3).
Using multivariate discrimination analyses we sought to discriminate ‘groups’ within the following four
comparisons: (i) northwest-CM versus southeast-CM groups of B. xerophylla (total N = 187 frogs; Fig. 1A); (ii)
northwest-CM versus southeast-CM groups of B. pugnax (total N = 45 frogs; Fig. 1B); (iii) specimens from B.
xerophylla from the western Venezuela vs. GS (total N = 201 frogs; Fig. 1A); and (iv) specimens from B.
xerophylla from the GS plus western Venezuela vs. specimens of B. crepitans (total N = 225 frogs; Fig. 1A). We
performed a multivariate discrimination among groups by applying the "randomForest" (RF) function (Liaw &
Wiener 2002) as implemented in the randomForest package in R (R Core Team 2014). This algorithm constructed
200 classification trees using bootstrap samples from the original dataset and then generated classifiers and
aggregates results by choosing classes (Breiman 2001). The OOB (out-of-bag) data was used to acquire an
unbiased estimate of the classification error as trees are added to the forest (Breiman 2001). The RF results
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included an estimate of distances among the objects, which was subjected to multidimensional scaling analysis
(MDS) (Breiman 2001) and displayed graphically with the “proximity.plot” function of the rfPermute package for
R (Archer 2014).

FIGURE 1. Geographic distribution of samples analysed in this work, the molecular phylogenetic tree inferred, and the call of
one representative specimen of each species and region under study. (A) Geographic position of localities sampled for Boana
xerophylla (brown, blue, green, purple, and yellow symbols) and B. crepitans (red symbols). Inset is a magnification of the
region around the Cordillera de Mérida (CM). Colour indicates geographic areas: red, Central and eastern Brazil; brown,
Cordillera Oriental de Colombia; blue, Tobago Island; yellow, northwest Cordillera de Mérida; green, southeast Cordillera de
Mérida; purple, Guiana Shield. (B) Geographic position of localities sampled for B. pugnax. Colour means the same as
aforementioned. Black line within maps represents ca. 200 km. (C) and (D) Maximum likelihood (ML) molecular phylogenetic
tree of the B. faber species group based on concatenated mitochondrial genes 12S, 16S, and COI, plus a fragment of the nuclear
gene KIAA1239, totaling 2820 aligned base pairs (creating a data matrix with 53% missing data). Number above or below each
node is the statistical support based on a nonparametric bootstrap analysis with 1000 replicates. (C) Molecular phylogenetic
tree outlining the relationship among the species of the B. faber species group. (D) Magnification of B. xerophylla and B.
pugnax clades exhibiting the relationships among individuals from the four geographic regions analysed in this study. (E)
Oscillograms of advertisement call of one representative specimen per geographic area. The colour of the box represents the
aforementioned geographic area of origin.
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FIGURE 2. Dorsal and ventral view of body of a specimen of Boana xerophylla (ULABG 7758) illustrating the position and
extension of external morphological measurements. Abbreviations are: AL, arm length; DIIIW, disc width of finger III; ED,
eye diameter; END, eye-nostril distance; ETD, eye tympanic membrane distance; FaL, forearm length; FL, femur length; FoL,
foot length; HeL, head length; HL, hand length; HW, head width; IED, inter-eye distance; IND, inter-nostril distance; SVL,
snout-vent length; TaL, tarsus length; TL, tibia length; and TD, tympanic membrane diameter.

We tested for significant differences among populations for those variables indicated as important for
discrimination in the RF function. In particular, we used the exact Wilcoxon Mann-Whitney Rank Sum test
applying the function “wilcox_test” implemented in the Coin package (Hothorn et al. 2008). Thereafter, we
adjusted the significance level, α, in those (Wilcoxon Mann-Whitney Rank Sum) tests involving more than two
groups based on the number of pairings. through the method of Holm with the “p.adjust” function in R (basic
package). We assumed significance when p ≤ 0.05.
Acoustic data and analyses. Vocalizations were recorded in Venezuela using a WM-D6C Sony® Walkman®
professional recorder fitted with Maxell® mx.s 60 type IV or TDK® d60 type I tape coupled to a Sennheiser® ME
66/K6 unidirectional microphone. Vocalizations were recorded in Brazil using an M-Audio Microtrack® II digital
recorder (44.1 kHz, 16 bit) coupled to a Sennheiser® ME66/K6 directional microphone and a PMD671 digital
recorder coupled to a Sennheiser® ME67/K6. The behaviour of all specimens within our acoustic dataset appeared
to indicate that they were engaged in advertisement calls (Wells 1977). Air temperature was recorded using a
thermocouple coupled to a temperature microprocessor Omega HH-23 in most cases (Appendix 2). We recorded a
total of 41 individuals at field sites across our study area (Fig. 1A and 1B; Appendices 2−3). We recorded between
two to five individuals per locality, and at least one individual recorded per locality was collected as voucher
specimen (Appendix 2). We measured the body size of individuals recorded. One additional record from northern
Brazil was provided by Dr. Santiago Castroviejo-Fisher (Appendix 2).
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We converted to a .WAV digital format the sound recordings from Venezuela using the same field recorder
connected to a PC (sampling rate = 48 kHz, resolution = 16 bits, and normalization = 90%). We employed Cool
Edit® Pro version 2.00 (Syntrillium Software) for digitalization, editing, and noise reduction (Scientific Filter
option, 0.2 to 2.0 kHz, order 6). We used Raven Pro 1.3 (Cornell Lab of Ornithology) to generate spectrograms,
power spectra (Hamming window, 256 samples, FFT size = 1024, and overlap = 85%), and oscillograms.
Illustrations of oscillograms were generated with the Seewave package version 1.7.3 (Sueur et al. 2008) in R.
The following call variables were measured (ME) from power spectra and oscillograms: (1) CL, call length,
following Crocoft & Ryan (1995); (2) PI, pulse interval, measured as distance between higher amplitude peak of
two pulses (this value was obtained by calculating the mean of the PI values at the beginning, middle, and end of
call); (3) PR, pulse rate; (4) DF, dominant frequency, determined according to Duellman & Trueb (1986); (5) CDF,
change in dominant frequency (Angulo & Reichle 2008); (6) NP, number of phases; and (7) PL, phase length
(Littlejohn 2001). Five calls per individual were quantified and the mean of each parameter is reported for each
individual frog.
We tested the correlation between body size and spectral traits (i.e., DF and CDF), and between air temperature
and temporal traits —since such correlations are commonly found in anurans (Köhler et al. 2017)— separately,
through ordinary least square models using the “lm” function in R. We used the residuals of the abovementioned
correlations, when such were significant (see Results), to test for differentiation. We sought to discriminate
‘groups’ using the same statistical approach described in the previous section (RF plus Wilcoxon Mann-Whitney
Rank Sum test for those variables indicated as important for discrimination). Specifically, we carried out the
comparisons as follows: (i) northwest-CM versus southeast-CM groups of B. xerophylla (total N = 21 frogs; Fig.
1A; Appendix 2); (ii) northwest-CM versus southeast-CM groups of B. pugnax (total N = 8 frogs; Fig. 1B;
Appendix 2); (iii) specimens of B. xerophylla from the western Venezuela vs. specimens of B. xerophylla from GS
(total N = 27 frogs; Fig. 1A; Appendix 2); and (iv) specimens of B. xerophylla from the GS and from western
Venezuela vs. specimens of B. crepitans (total N = 34 frogs; Fig. 1A; Appendix 2).
Molecular laboratory methods. We extracted DNA from samples preserved in 95% ethanol. Muscle samples
were digested using proteinase K (10mg/mL) and DNA was extracted following a standard salt protocol (Bruford
et al. 1992). Amplification by polymerase chain reaction (PCR) was conducted to obtain one fragment each of the
mitochondrial genes 16S rRNA (16S) and the 5’ end of cytochrome oxidase I (COI, also known as the Barcode of
Life marker [Hebert et al. 2003]), and a nested PCR to obtain a fragment of the nuclear gene KIAA1239. The latter
is a protein-coding gene without introns, which was proposed as a universal nuclear protein-coding locus (NPCL)
marker for molecular phylogenetic studies (Shen et al. 2012). The primers used were 16sar-L and 16sar-H
(Palumbi 1996) for 16S, dgLCO and dgHCO (Meyer 2003) for COI, and KIAA1239-10F plus KIAA1239-R1 (first
PCR round of a nested PCR) and KIAA1239N-F1 plus KIAA1239-1000R (second PCR round) for KIAA1239
(Shen et al. 2011, 2012).
All PCR reactions had 12.5 µL final volume: 2.5 µL of 5x Gotaq reaction buffer, 0.10 µL of Gotaq 5 u/µL
(Promega), 0.25 µL of DNTPs (10 mM), 0.30 µL of each primer (10 µM) and 2 µL of DNA mixed with nucleasefree distilled water. Successfully amplified products were purified using Exonuclease I and Shrimp Alkaline
Phosphatase (Werle et al. 1994). The purified amplicons were sequenced in an Applied Biosystems® 3130
automated Sanger DNA sequencer. Purified amplicons were sequenced using the forward primer, except for those
from the nuclear DNA for which both strands were sequenced. Resulting chromatograms were assembled and
cleaned using the CodonCode aligner software (v. 4.0.4, Codon Code Corporation). Potential heterozygous sites in
the nuclear fragment were coded as ambiguities using the IUPAC code and we consider only one (consensus)
haplotype per individual. Alignments (see below) and BLAST searches were run to validate the taxonomic identity
of sequences, after which the corresponding validated gene sequences were submitted to the GenBank (NCBI)
public database (Appendix 1).
Evolutionary genetic analyses. In addition to the genes previously mentioned, we also obtained published
data on the 12S rRNA (12S) mitochondrial gene which reflect the known genetic variability among specimens of
B. xerophylla and B. crepitans (Orrico et al. 2017), totalling 4 molecular markers used in the present study
(Appendix 1). For all gene fragments, we used MUSCLE (Edgar 2004), as implemented in MEGA 7.0 (Kumar et
al. 2016), with default settings, to align the sequences of each gene independently. For each gene, terminal bases
were trimmed such that the final alignment length was roughly the median (not shortest) length observed among
samples. Protein-coding sequences were checked for pre-mature stop codons using the SIB ExPASy bioinformatics
resource portal (Artimo et al. 2012).
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We analysed a total of 59 individuals from at least eight localities per taxa, and complemented with 22
individuals representing the genetic diversity known for B. xerophylla and B. pugnax from Colombia and Trinidad
and Tobago (Fig. 1A and 1B). The total number of individuals sequenced in this study was 32 (totalizing 80
sequences), and the total number of individuals with sequences downloaded from GenBank was 49 (totalizing 62
sequences) (Appendix 1). We included sequences available in GenBank of additional species from the Boana faber
species group: B. albomarginata, B. exastis, B. faber, B. lundii, B. pardalis, and B. rosenbergi. In addition, we
included Aplastodiscus leucopygius, B. albopunctata, B. boans, B. cinerascens, B. ericae, B. lanciformis, B.
melanopleura, B. multifasciata, B. nympha, B. pardalis, B. pellucens, B. pulchella, B. punctata, B. roraima, B.
rufitela, and Bokermannohyla itapoty (Appendix 1) as outgroups according to Faivovich et al. (2005).
Summing ingroup and outgroup samples, we aligned 119 terminals (Appendix 1) and created a concatenated
four-gene matrix with a total of 2820 base pairs (bp) using SequenceMatrix 1.8 (Vaidya et al. 2011). The data
matrix contained 53% missing data in terms of base pairs and 49% missing data in terms of gene sequences. We
selected the best-fit model of nucleotide substitution and the optimal partition scheme for this dataset based on the
Akaike Information Criteria corrected (AICc) in PartitionFinder 2 (Lanfear et al. 2016), using the greedy search
algorithm (Lanfear et al. 2012), as implemented on the CIPRES Science Gateway (Miller et al. 2010). Model
selection was based on all samples, including outgroups. Alternative partitions were defined by gene and by codon
position for the protein-coding sequences. We did not further partition the ribosomal genes due to ambiguities in
inferring the correct secondary structure. We considered all standard, stationary models of nucleotide substitution
available in GARLI 2.0 (Zwickl 2006).
We conducted phylogenetic analyses based on the Maximum Likelihood (ML) optimality criterion using
GARLI 2.0 which uses a genetic algorithm for more efficient searching of tree-space (Zwickl 2006). Inference
assumed the best-fit model of nucleotide substitution and the optimal partition scheme as suggested by
PartitionFinder 2 (see below), with default search parameters and 100 replicate searches. We defined
Bokermannohyla itapoty as the root based on Duellman et al. (2016). Node support was evaluated via 1000
bootstrap samples (Felsenstein 1985). Both analyses were run through the CIPRES Science Gateway. The node
support values were calculated for the most optimal tree using SumTrees 4.0.0 as implemented in Dendropy 4.2.0
(Sukumaran et al. 2010).
Finally, we calculated the net evolutionary divergence between groups (which subtracts the mean variation
within each group from the mean estimated divergence between groups), using the default parameters in MEGA
7.0 (i.e., using the Maximum Composite Likelihood model), for 16S and COI (separately), as these two molecular
markers are often used in appraising species status in amphibians (Vences et al. 2005; Crawford et al. 2010). More
specifically, we calculated the net genetic divergence between groups as follows: (i) northwest-CM versus
southeast-CM groups of B. xerophylla (16S, total N = 19 frogs; COI, total N = 13 frogs; Fig. 1A; Appendix 1); (ii)
northwest-CM versus southeast-CM groups of B. pugnax (16S, total N = 10 frogs; COI, total N = 10 frogs; Fig. 1B;
Appendix 1); (iii) specimens of B. xerophylla from western Venezuela vs. specimens of B. xerophylla from GS
(16S, total N = 25 frogs; COI, total N = 23 frogs; Fig. 1A; Appendix 1); and (iv) specimens of B. xerophylla from
the GS and from western Venezuela vs. specimens of B. crepitans (16S, total N = 43 frogs; COI, total N = 53 frogs;
Fig. 1A; Appendix 1).
To evaluate an isolation-by-distance (IBD) model, we tested for a correlation between mean genetic distance
and the geographic distance between sampling localities grouped according to their geographic position relative to
the CM for B. xerophylla (16S, total N = 12 frogs; COI, total N = 7 frogs; Fig. 1A) and B. pugnax (16S, total N = 6
frogs; COI, total N = 6 frogs; Fig. 1B), and their position relative to the Orinoco River for B. xerophylla (16S, total
N = 17 frogs; COI, total N = 18 frogs; Fig. 1A). In the first two cases, we included the CM as a co-variable, coding
northwest-CM versus southeast-CM position as a binary variable (see Fig. 1A and 1B). In the third case, we
included the Orinoco River as a co-variable, coding north versus south of the Orinoco River as a binary variable
(see Fig. 1A). Partial Mantel tests were conducted using ZT software (Bonnet & Van de Peer 2002), applying
100,000 randomizations. Geographic distances between sampling localities were calculated by taking into account
spherical functions and the WGS84 reference system with Geographic Distance Matrix Generator 1.2.3 (Ersts
2016). Mean genetic distance between conspecific sampling localities was calculated as above in MEGA. Mantel
tests were applied independently to the 16S and COI data sets.
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TABLE 1. Descriptive statistics (mean; min. and max.) for morphometric traits of Boana species and populations from the study area. All values are in millimetres (mm).
Abbreviations are as follow: GS = Guiana Shield; WV = western Venezuela; NW-CM = northwest Cordillera de Mérida; SE-CM = southeast Cordillera de Mérida.
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SVL

B. crepitans
(N = 21)
56.72 (34.97–67.39)

B. xerophylla GS
(N = 17)
49.69 (45.13–56.71)

B. xerophylla WV
(N = 187)
54.13 (46.57–60.71)

B. xerophylla NW-CM
(N = 121)
53.69 (46.57–60.71)

B. xerophylla SE-CM
(N = 66)
54.94 (47.36–60.24)

B. pugnax NW-CM
(N = 21)
63.96 (55.85–72.30)

B. pugnax SE-CM
(N = 25)
64.98 (57.88–74.8)

FL

30.37 (20.21–37.22)

27.67 (24.90–31.06)

29.50 (23.49–34.41)

29.21 (23.49–34.11)

30.05 (25.8–34.41)

34.61 (30.99–40.83)

33.75 (30.36–38.4)

TL

30.69 (19.09–37.86)

27.45 (24.44–30.23)

30.58 (25.17–36.28)

30.63 (25.17–36.28)

30.49 (25.37–34.24)

35.65 (32.78–39.37)

33.91 (30.82–39.02)

TaL

16.92 (11.67–19.98)

15.04 (13.44–17.45)

16.79 (14.30–20.09)

16.86 (14.30–20.09)

16.67 (14.35–19.4)

19.13 (17.58–21.80)

17.99 (15.76–20.44)

FoL

23.01 (12.14–27.75)

19.35 (16.57–21.4)

22.25 (18.26–26.01)

22.04 (18.26–25.14)

22.63 (18.64–26.01)

26.57 (23.31–29.64)

26.51 (23.17–30.39)

AL

9.60 (6.36–11.00)

8.57 (7.73–9.72)

9.22 (6.86–12.63)

9.05 (6.86–12.23)

9.52 (7.28–12.63)

10.90 (9.01–14.12)

10.72 (8.72–12.94)

FaL

10.06 (6.47–12.17)

8.26 (7.50–9.60)

9.46 (7.42–11.37)

9.38 (7.42–11.37)

9.61 (7.44–11.26)

11.14 (9.49–13.12)

11.61 (9.88–15.05)

HL

16.93 (10.13–21.03)

14.84 (13.10–17.58)

16.19 (13.72–18.96)

16.13 (13.72–18.96)

16.31 (13.77–18.67)

19.19 (16.62–22.41)

19.23 (15.87–23.06)

DIIIW

2.79 (1.69–3.51)

2.24 (1.76–2.85)

2.60 (1.48–3.31)

2.56 (1.48–3.31)

2.67 (1.99–3.20)

3.08 (2.64–3.67)

3.25 (2.53–3.84)

HW

17.15 (11.09–19.93)

18.07 (16.93–21.06)

18.60 (14.58–20.80)

18.47 (14.58–20.52)

18.85 (16.00–20.80)

21.37 (19.39–23.47)

21.86 (19.93–24.47)

IED

6.08 (3.88–7.28)

5.43 (4.68–6.52)

5.92 (4.62–7.56)

5.90 (4.62–7.22)

5.96 (4.71–7.56)

6.83 (5.46–7.78)

7.18 (5.95–9.04)

IND

3.97 (1.76–4.56)

3.40 (2.98–3.99)

3.61 (2.87–4.23)

3.58 (2.88–4.23)

3.65 (2.87–4.19)

4.01 (3.51–4.79)

4.31 (3.86–5.13)

HeL

16.68 (11.28–20.19)

17.16 (15.36–20.10)

17.75 (15.39–20.08)

17.65 (15.42–20.08)

17.93 (15.39–19.70)

20.38 (18.53–22.92)

20.94 (19.5–22.91)

TW

3.63 (2.22–4.32)

4.18 (3.69–4.92)

4.36 (3.02–5.16)

4.39 (3.75–5.08)

4.31 (3.02–5.16)

4.54 (4.06–5.31)

4.82 (4.32–5.28)

ETD

2.61 (1.99–3.29)

1.74 (1.38–2.35)

1.99 (1.24–2.78)

1.95 (1.24–2.43)

2.05 (1.43–2.78)

2.59 (2.15–3.25)

2.54 (1.24–5.28)

EL

5.47 (3.31–7.04)

5.53 (4.78–6.13)

5.44 (4.31–6.68)

5.30 (4.31–6.33)

5.69 (4.47–6.68)

6.22 (5.44–7.73)

6.67 (5.97–8.07)

END

5.68 (3.85–6.88)

4.86 (4.45–5.72)

5.30 (4.37–6.93)

5.34 (4.42–6.93)

5.22 (4.37–6.13)

6.17 (5.29–6.51)

6.24 (5.52–6.82)

Results
Morphometric assessment. Descriptive statistics of morphometric data for each population/species are in Table 1. We
noted statistically significant differences in three measurements (TD, ETD, and SVL —for acronyms see Fig. 2; Table 2)
between Boana crepitans and B. xerophylla. Within B. xerophylla, we found statistically significant differences in four
measurements (TD, FoL, ETD, and SVL; Table 2) between populations from the GS versus populations from western
Venezuela. Within B. xerophylla across the CM, we noted statistically significant differences in one measurement (ED)
between northwest-CM and southeast-CM populations. Within B. pugnax, we found statistically significant differences
in five morphological measurements (TL, TaL, IED, TD, ED, and HL) between northwest-CM and southeast-CM
populations. The plot obtained from the multidimensional scaling analysis (MDS) is shown in Fig. 3.
TABLE 2. Acoustic (below diagonal) and morphological traits (above diagonal) that were significantly different (p ≤
0.05) in the pairwise nonparametric Mann-Whitney U-test between Boana crepitans and B. xerophylla from western
Venezuela (WV) and the Guiana Shield (GS). See Materials and Methods for explanation of abbreviations and see
Appendix 2 for details about the morphological measurements.
Species or population

B. crepitans

B. crepitans
B. xerophylla WV

P2L, CL, PR

B. xerophylla GS

P2L

B. xerophylla WV

B. xerophylla GS

TD, ETD, SVL

TD, FoL, ETD, SVL
TD, FoL, ETD, SVL

P2L, PR

Acoustic assessment. Descriptive statistics of acoustic data for each population/species are in Table 3. We
found a statistically significant correlation between change of dominant frequency and SVL (b = −1.36 x 10−4; R2 =
0.23; p = 0.01; N = 24), as well as between call length and air temperature (b = −0.06; R2 = 0.17; p = 0.05; N = 19).
We found that Boana crepitans and B. xerophylla populations from GS are differentiated in the advertisement call
in one temporal trait (2nd PL), while B. crepitans and B. xerophylla populations from western Venezuela are
differentiated in the advertisement call in three temporal traits (2nd PL, CL, and PR) (Table 2). In addition, the
advertisement call of B. crepitans and B. xerophylla from western Venezuela were diphasic, while those of B.
xerophylla from the GS were monophasic (Fig. 1E). Curiously, the envelope (i.e., the shape of waveform; Köhler et
al. 2017) of the advertisement call of B. xerophylla from western Venezuela was different that those of B. crepitans
and B. xerophylla from the GS (in the former, the pulses are more separated and the amplitude increase
progressively along the call; Fig. 1E). We found statistically significant differences in two traits (2nd PL and PR)
between the populations of B. xerophylla from the western Venezuela and those from GS (Table 2). We noted
statistically significant differences in three traits (PR, 2nd PL, and PI) between the populations of B. xerophylla from
northwest-CM and populations from southeast-CM. We found no statistically significant differences between the
populations of B. pugnax from northwest-CM and southeast-CM populations (Table 4). The plot obtained from the
multidimensional scaling analysis (MDS) is shown in Fig. 3.
Molecular assessment. We generated a total of 80 sequences and obtained 165 additional sequences from
GenBank (Appendix 1). Nuclear sequences were obtained only for Venezuelan samples. Our complete molecular
dataset consisted of 53 DNA sequences of 12S (942 aligned bp), 78 DNA sequences of 16S (579 bp), 91 DNA
sequences of COI (657 bp), and only 21 DNA sequences from KIAA1239 (632 bp), due to difficulties with PCRamplifying the nuclear marker. 12S data were not obtained from any B. pugnax samples, and for B. xerophylla 12S
data was obtained only from the 4 samples from Brazil (Appendix 1). PartitionFinder recommended the following
7-way partition scheme and corresponding best-fit models of nucleotide substitution for each partition: 1) 12S +
16S with a GTR+I+Γ model; 2) COI first codon position, GTR+I+Γ model; 3) COI second position, HKY model;
4) COI third position, GTR+I+Γ model; 5) KIAA 1239 first codon position, HKY model; 6) KIAA 1239 second
position, HKY model; 7) KIAA 1239 third codon position, HKY model.
The ML tree included a monophyletic B. faber species group as originally defined (Fig. 1C), though with poor
bootstrap support (bs) = 32%. All species within this group for which we included more than one specimen were
recovered as monophyletic groups. Within the B. faber species group, B. albomarginata was recovered as the most
external, sister branch to one clade that branched into two subclades: one comprising B. exastis, B. faber, B. lundii,
and B. pardalis, and the other containing B. crepitans, B. pugnax, B. rosenbergi, and B. xerophylla.
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FIGURE 3. Multidimensional scaling (MDS) plots of acoustic (left panels) and morphometric (right panels) data for
populations and species of Boana. (A) MDS plots of specimens of B. xerophylla from northwest Cordillera de Mérida (NWCM) (yellow dots), and from southeast CM (SE-CM) (green dots). (B) MDS plots of the samples of B. pugnax from NW-CM
(yellow dots), and from SE-CM (green dots). (C) MDS plots of specimens of B. xerophylla from western Venezuela (WV)
(green dots), the Guiana Shield (purple dots), and B. crepitans from Brazil (red dots).

The molecular phylogenetic tree exhibited a topology within B. pugnax that does not reject vicariant
differentiation caused by the CM, yet, this pattern was not found within B. xerophylla (Fig. 1D). Specifically,
within B. pugnax, we inferred three main clades: 1) containing specimens from southeast CM (Los Llanos region
of Venezuela—herein B. pugnax southeast-CM clade), 2) containing specimens from northwest CM (Sur del Lago
de Maracaibo region of Venezuela—herein B. pugnax northwest-CM clade), and 3) containing specimens from
Cordillera Oriental de Colombia (COC). The ML molecular phylogenetic inference was unable to resolve the
relationships among these three clades, may be due the available data was not informative (since the best tree had
this polytomy). Alternatively, the KIAA 1239 sequences may caused that polytomy since such sequences were
available only for the Venezuelan populations. Within B. xerophylla, we inferred one clade including specimens
from the Guiana Shield (herein GS clade) and another clade featuring specimens from COC, western Venezuela,
and Tobago (herein the North Orinoco River [NOR] clade). Additionally, we found two subclades within the GS
clade: one clade containing specimens from Venezuelan Guiana (west GS), and other containing specimens from
Guyana, northern Brazil, and French Guyana (central, southern, and eastern GS). Conversely, we did not find
phylogeographic structure within the NOR clade (Fig. 1D). The net divergence among specimens of B. xerophylla
and B. crepitans specimens were 5.9% and 9.1% in the 16S and COI fragments, respectively. The net divergence
between northwest-CM and southeast-CM groups of B. xerophylla was 0.1% in 16S versus 0.8% in COI (Table 5).
In contrast, the net evolutionary divergence between northwest-CM and southeast-CM groups of B. pugnax was
1.3% in 16S versus 4.4% in COI (Table 5). The net divergence among B. xerophylla specimens from western
Venezuela and specimens from the GS were 0.9% and 5.4% in the 16S and COI fragments, respectively (Table 6).
We found no correlation between the average genetic distance and the geographic distance between sampling
localities for B. pugnax, when including the relative position of the CM as a co-variable (partial Mantel test for
16S: r = 0.24, p = 0.41; for COI: r = −0.29, p = 0.31). However, this correlation was found when the relative
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position of the CM was not included as a co-variable (partial Mantel test for 16S: r = 0.86, p = 0.05; for COI: r =
0.84, p = 0.09). In the case of B. xerophylla, we found no significant correlation between average genetic distance
and the geographic distance between sampling localities when including the relative position of the CM as a covariable (Mantel test for 16S: r = 0.04, p = 0.33; for COI: r = −0.02, p = 0.6) or when including the relative position
of the Orinoco River as a co-variable (Mantel test for 16S: r = −0.06, p = 0.43; for COI: r = 0.17, p = 0.10). We also
did not find correlation when the relative position of the CM was not included as a co-variable (partial Mantel test
for 16S: r = 0.22, p = 0.17; for COI: r = 0.09, p = 0.28). Contrarily, the correlation between average genetic
distance and the geographic distance between sampling localities was found when the relative position of the
Orinoco River was not included as a co-variable (Mantel test for 16S: r = 0.77, p = 0.00; for COI: r = 0.80, p =
0.00).
TABLE 4. Acoustic (below diagonal) and morphological traits (above diagonal) that were significantly different (p ≤
0.05) in the pairwise nonparametric Mann-Whitney U-test between conspecific Boana populations from western
Venezuela. See Materials and Methods and Appendix 2 for details about the acoustic and morphological traits.
Abbreviations are as follow: NW-CM = northwest Cordillera de Mérida; SE-CM = southeast Cordillera de Mérida.
Group

B. xerophylla NW-CM B. xerophylla SE-CM B. pugnax NW-CM

B. xerophylla NW-CM

ED

B. xerophylla SE-CM

2nd PL, PR

B. pugnax NW-CM

Not apply

Not apply

B. pugnax SE-CM

Not apply

Not apply

B. pugnax SE-CM

Not apply

Not apply

Not apply

Not apply
TL, TaL, IED, TD, ED, HL

-

TABLE 5. Net evolutionary divergence (the mean estimated divergence between groups minus the mean variation
within each group), mean, minimum and maximum p-distances values (in bold and between parenthesis,
respectively) between populations and species of Boana from western Venezuela. Values for the 16S fragment are
below diagonal, and values for the COI fragment are above the diagonal. Values expressed in percentage.
Abbreviations are as follow: NW-CM = northwest Cordillera de Mérida; SE-CM = southeast Cordillera de Mérida.
Group

B. xerophylla NW-CM B. xerophylla SE-CM
0.8 (1.6; 0.5–2.6)

B. xerophylla NW-CM
B. xerophylla SE-CM

0.1 (0.4; 0.0–1.0)

B. pugnax NW-CM

Not apply

Not apply

B. pugnax SE-CM

Not apply

Not apply

B. pugnax NW-CM

B. pugnax SE-CM

Not apply

Not apply

Not apply

Not apply
4.4 (3.2; 2.9–3.4)

1.3 (1.5; 1.2–1.7)

TABLE 6. Pairwise net evolutionary divergence (in bold), mean, minimum and maximum p-distances values
(respectively, in parenthesis) between Boana xerophylla from western Venezuela (WV) and the Guiana Shield (GS).
Values for the 16S fragment are below diagonal, and values for the COI fragment are above diagonal. Values expressed
in percentage. WV includes samples from both sides of the Cordillera de Mérida (CM).
Group

B. xerophylla WV

5.4 (7.5; 6.4–8.8)

B. xerophylla WV
B. xerophylla GS

B. xerophylla GS

0.9 (1.2; 0.7–1.5)

Discussion
Differentiation within B. pugnax and within B. xerophylla across the CM. The patterns of differentiation from
Boana xerophylla provide a stark contrast to those of the closely related B. pugnax across the CM. We found one
order of magnitude less net genetic divergence in between northwest-CM and southeast-CM groups of B.
xerophylla than between northwest-CM and southeast-CM groups of B. pugnax (Table 5), suggesting recent
appreciable genetic connectivity between western Venezuela populations of B. xerophylla not seen in B. pugnax.
Such pattern agrees with the patterns of morphometric differentiation but acoustic differentiation found on both
species. These divergent patterns of differentiation among the traits could be explained by the diverse evolutionary
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forces (Lynch 1990; Streelman & Danley 2003; Blomberg et al. 2003; Gonzalez-Voyer & Kolm 2011) involved in
the ecological conditions where evolved the populations of B. pugnax and B. xerophylla from western Venezuela.
The considerable differentiation between the northwest-CM and southeast-CM populations of B. xerophylla in
acoustics traits indicates that such phenotypes could be below a relatively recent selection.
We found dissimilar phylogeographic structure between B. pugnax and B. xerophylla. This could be associated
with different dispersal capabilities. Differences in dispersal capabilities have been shown to be associated with
body size in Malagasy mantellid frogs (Wollenberg et al. 2011). However, in this case, B. pugnax has larger body
size than B. xerophylla (means: 64.50 and 53.76 mm, respectively), so body size does not seem drive this dissimilar
pattern between B. pugnax and B. xerophylla. Instead, the difference in elevation range between these species, 0–
605 masl for B. pugnax in Venezuela (Escalona et al. 2017), and 0–2450 masl for B. xerophylla (La Marca et al.
2010b), may play the more important role. As B. pugnax is apparently restricted to lower elevations, the CM
mountain chain would be a more formidable barrier relative to B. xerophylla which can disperse higher and have
more chance to encounter mountain passes. Such difference in vertical distribution may be explained by
differences in thermal tolerances between these species (Bernal & Lynch 2013). Thus, the dissimilar
phylogeographic structure between B. pugnax and B. xerophylla could be explained by variation in key ecological
traits (i.e., those related to living in highlands), as shown in others studies of Neotropical frogs (Fouquet et al.
2015; Paz et al. 2015; Rodríguez et al. 2015).
Previous studies point to the CM as a geographic barrier for vertebrates. Gutiérrez et al. (2014) assessed the
phylogeographic structure of Robinson’s mouse opossum (Marmosa robinsoni) with samples from Panama,
Colombia, Venezuela, and Trinidad & Tobago. They found two clades, one composed of individuals from localities
in the west CM and the other comprised of individuals from localities in the east CM. Acevedo et al. (2016)
evaluated the differentiation between populations of the terrestrial toad, Rhinella marina, from east and west of the
CM. They found genetic and morphometric differences between those populations, and proposed that populations
from west CM would be recognized as a different species (i.e., R. horribilis). Gols-Ripoll et al. (2015) assessed the
genetic structuring in several populations of the currently recognized Tupinambis cryptus (Murphy et al. 2016) and
found genetic structuring between populations from opposite sides of the CM. Thus, the patterns found for
different taxa are consistent with the idea of the CM as a geographic barrier.
Our results for B. pugnax agree with the patterns of differentiation found previously across the CM. In
addition, our analyses testing the effect of the CM in the correlation of geographic and genetic distance suggest that
the genetic differentiation between northwest-CM and southeast-CM populations of B. pugnax is compatible with
the idea of the CM acting as geographic barrier, rather than by the isolation by distance model (IBD). In contrast,
we found no evidence indicating that the CM is a geographic barrier for B. xerophylla. Guarnizo et al. (2015) found
that populations of B. xerophylla from opposite flanks of the COC (Cordillera Oriental of Colombia) were
reciprocally monophyletic, yet showed low net genetic divergence, suggesting that the COC acts as a relatively
recent but effective geographic barrier separating populations from opposite flanks. This difference in the effect of
the CM relative to the COC could be due to higher elevations across the COC than across the CM, which may
determine a condition more restrictive in terms of dispersion of B. xerophylla through the former.
Nava (2005) stated that populations from the Los Llanos region from Venezuela (southeast-CM) and South
Lake Maracaibo region (northwest-CM) of B. pugnax may represent two different species. However, our acoustic
data do not suggest reproductive isolation among populations from opposite sides of the CM. Furthermore, the
mean genetic distances from the 16S and COI markers between northwest-CM and southeast-CM populations of B.
pugnax (1.5% in 16S and 3.2% in COI) are lower than those found between sister species from Boana (B. palaestes
vs. B. gladiator ≥ 2.5% at 16S, Köhler et al. 2010; B. exastis vs. B. pardalis ≥ 11.0% at COI, Orrico et al. 2017).
However, since we found evidence of differentiation between such populations in molecular (Nava 2005 found
differences in allozymes) and morphometric traits, may be the northwest-CM and southeast-CM populations of B.
pugnax are in an incipient speciation process as an outcome of the allopatric distribution across the CM.
Experiments of female mate choice to acoustic calls of males from the same region (i.e., northwest-CM or
southeast-CM) would be useful to rule out the existence of a behavioural reproductive barrier (Boul et al. 2007).
The geographic pattern of variation for B. pugnax on a larger geographic scale than the CM is still little known.
Kluge (1979) detected one significant morphometric difference within B. pugnax between individuals from
Panama and Colombia. However, comparisons between individuals from other distant localities have not carried
out yet. In our molecular phylogenetic analysis we retrieved a clade comprised of individuals from the COC as
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monophyletic, but its relationship with the conspecific populations from western Venezuela was not retrieved with
the available dataset (Fig. 1D). We expect that northwest-CM and southeast-CM populations of B. pugnax to be
closely related because Colombian individuals are from west flank of the COC and previous evidence suggest that
the COC is an effective geographic barrier (Guarnizo et al. 2015). The genetic distances between the populations
from western Venezuela and COC are ≥ 3.4% at 16S (mean: 3.6%; min. and max.: 3.4–4.0%), and ≥ 4.1 at COI
(mean: 4.6%; min. and max.: 4.1–4.8%). Such distances found at 16S are greater than the lowest distances found
between sister species from Boana (see above), which is compatible with the existence of more than one species
belong that we name currently as B. pugnax. A further study including topotypic specimens of B. pugnax [i.e., from
“along the Chiriquí Rivers not far from Bocas del Toro” (Panama) according to Kluge (1979)], as well as an
integrative approach (Padial et al. 2010) is recommended to assess the existence of cryptic species (Bickford et al.
2007; Fišer et al. 2018) within this taxon.
Differentiation between populations of Boana xerophylla from the CM and the GS. Our molecular,
acoustic, and morphometric data all exhibited a larger differentiation in B. xerophylla when comparing groups
north and south the Orinoco River (OR). Our phylogenetic analysis retrieved two clades within B. xerophylla: the
GS clade, and the NOR clade (Fig. 1D). Even though this pattern could be biased due to our incomplete
geographical sampling (no sampling between the CM and the GS regions), the morphometric and acoustic traits
assessed agree with this pattern. Thus, the differentiation pattern found in molecular markers, advertisement calls,
and morphometrics between these geographic groups agree with the idea of the OR acting as a geographic barrier.
Previous studies of vertebrates have found evidence of differentiation between groups from opposite sides of
the OR. Wüster et al. (2005) found molecular differentiation among rattlesnakes (Crotalus durissus complex) from
north OR with respect to rattlesnakes from south OR. Gols-Ripoll et al. (2015) found genetic structuring in the
currently recognized Tupinambis cryptus, including populations from opposite sides of the OR. Murphy et al.
(2016) found morphological differences between some of these Venezuelan populations that support the results of
Gols-Ripoll et al. (2015), and suggested that “the eastward shifts of the Orinoco River are likely to have influenced
the evolution of T. cryptus and T. teguixin”. Gutiérrez & Molinari (2008) found morphometric differences between
Pteronotus bats from opposites sides of the OR, which were considered as different subspecies of P. parnelli, and
currently one of these (i.e., from southeast OR) is recognized as a different species (P. rubiginosus; Solari &
Martínez-Arias 2014). Thus, the results of previous works are consistent with the OR acting as geographic barrier
of terrestrial vertebrates.
The GS clade and the NOR clade of B. xerophylla may represent different species (sensu Wiley 1978), based
on their reciprocal monophyly and their acoustic and morphometric differentiation. In addition, differences in
coloration between individuals of these clades also exist. When nocturnally active, individuals from the GS
predominantly have dark brown-green tones versus the individuals from western Venezuela and Colombia that
predominantly have pale orange-yellow tones, as previously noted by Duellman (1997) and Gorzula & Ceñaris
(1999).
We found that the samples from Venezuelan Guiana are moderately differentiated relative to those from the
Brazilian and Guyanese Guiana, such as inferred in the molecular phylogenetic analysis (Fig. 1D). Additionally, as
pointed by Orrico et al. (2017), there is modest phylogeographic structure within B. xerophylla, consisting of a
clade with specimens from east GS and the other with specimens from west GS (Fig. 1D). This result is surprising
in that we did not find clades consistent with the geography within the NOR clade, which had samples from more
distant localities (e.g., ~ 1200 km in airline between the populations from Colombia and Tobago; Fig. 1A and D).
This may be explained by more restrictive conditions to spread in the GS or may the distribution of B. xerophylla at
north OR is more recent.
Differences between other distant populations of B. xerophylla. Differentiation between other distant
populations currently referred as B. xerophylla has been previously suggested. Duellman (1997; 2001) mentioned
that tadpoles from Villavicencio (Colombia) and the Gran Sabana (Venezuela) differ structurally from the tadpoles
described by Kenny (1969) from Trinidad & Tobago. We found no phylogeographic structure between the samples
from Tobago and Colombian samples (Fig. 1D). The p-distance at 16S between two individuals from San Juan de
Arama (KP149475 and KP149477), a locality near Villavicencio, compared to two individuals from Tobago Island
(KJ642639 and KJ642640), was too low (0.3%) to suggest differentiation at the species level. Differences in
tadpole morphology pointed by Duellman (1997, 2001) perhaps represent phenotypic plasticity (e.g., Relyea &
Werner 2000). The maximum p-distance value among B. xerophylla specimens from western Venezuela and COC
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was 1.0% at 16S and 2.4% at COI. This and the phylogeny indicate that there is connectivity between groups of B.
xerophylla from Colombia, western Venezuela, and Tobago.
The differentiation of Panamanian populations of B. xerophylla is little known. Although Kluge (1979) found
morphometric differences between Panamanian and Colombian populations of B. xerophylla, genetic and acoustic
differentiation has not been assessed (although see Casal & Juncá 2008). We did not discern differences in the
acoustic traits measured between our records from Venezuela and northern Brazil with those of specimens from
Panama (i.e., Canal Zone [FonoZoo Ref. 7110 and 7111]; and a locality 3 km WSW Chepo [FonoZoo Ref. 7110]).
Boana xerophylla needs further taxonomic scrutiny. Besides the considerable differentiation among
specimens of B. xerophylla from the NOR and the GS, we defer from taking nomenclatural decisions due to
unresolved problems. Namely, the existence of two available names under the synonym of B. xerophylla described
from specimens from Surinam (Hyla levaillantii Dúmeril & Bibron, 1841 and Hyla doumercii Dúmeril & Bibron,
1841). Although Orrico et al. (2017) studied relevant type material, they have limited data regarding variation from
the type locality of B. xerophylla (“Cayenne”, French Guiana) and its junior synonyms. Furthermore, we found
putative specimens of B. xerophylla from Venezuela that do not match the diagnosis of Orrico et al. (2017) (e.g.,
Venezuelan specimens have the mid-dorsal longitudinal dark brown stripe, which was referred as a difference
between B. crepitans and B. xerophylla). Given the data and results presented herein, we conclude that the identity
of B. xerophylla needs further scrutiny.
Differentiation between B. crepitans and B. xerophylla. We report considerable acoustic differences between
the advertisement calls of B. crepitans and B. xerophylla, from western Venezuela and the GS (Fig. 1E and 3). This
differentiation is concordant with molecular and morphometric differences between these species (Orrico et al.
2017; this work) and dispel the doubts regarding the acoustic differentiation between these taxa (Orrico et al.
2017). These results suggest that at least one pre-zygote mechanism of reproductive isolation (Panhuis et al. 2001)
exists between B. crepitans and the two clades that we currently recognize as B. xerophylla.
Monophyly and synapomorphies of the B. faber species group. Our molecular phylogeny provides evidence
of the monophyly of the Boana faber species group as proposed by Faivovich et al. (2005); see also Pinheiro et al.
(2019). Orrico et al. (2017) recovered a paraphyletic B. faber species group, inasmuch as two members of the B.
albopunctata group (i.e., B. lanciformis and B. multifasciata) are nested within the clade containing the members of
the B. faber species group. Such different results could be due to our larger taxon and character sampling. The
relationships among species of the B. faber species group also differ from those Duellman et al. (2016), Pyron &
Wiens (2011), and Faivovich et al. (2005) in the recognition of two main clades: one containing B. crepitans, B.
pugnax, B. rosenbergi, and B. xerophylla, and the other containing B. albomarginata, B. exastis, B. faber, B.lundii,
and B. pardalis. Nevertheless, the topology here inferred is consistent with the topology found by the most recent
study (Pinheiro et al. 2019). Such different topologies could be explained by the differences in species sampling.
More specifically, B. exastis, B. pugnax, and B. xerophylla were not included in the analyses by Duellman et al.
(2016), Pyron & Wiens (2011), or Faivovich et al. (2005). Furthermore, B. rosenbergi was not included in the
analyses by Faivovich et al. (2005).
The Boana faber species group was defined on the basis of molecular synapomorphies alone (Faivovich et al.
2005), although was proposed the construction of nests by males as a potential behavioural synapomorphy—a
character present in all species except B. albomarginata. Nevertheless, this behaviour may be rare in populations of
B. xerophylla and B. pugnax and it has been reported as facultative in such species (Caldwell 1992; Chacón-Ortiz et
al. 2004; respectively) and in B. rosenbergi (Höbel 1999). Additionally, nest construction is facultative in B. boans
(Caldwell 1992), a member of the B. semilineata group, and a similar reproductive mode has been reported in some
species of Bokermannohyla (Pombal & Haddad 1993; Pombal & Gordo 2004). Finally, the state of this character is
unknown in B. crepitans (Casal & Juncá 2008; Nascimento et al. 2015). Thus, more observations are needed to
determine if nest construction is a plesiomorphic condition.
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APPENDIX 1. (Continued)
Species

Voucher/isolate ID

12S

16S

COI

KIAA1239

Locality

Reference

B. crepitans

JC 1273

B. crepitans

MRT 5785

KX697967

KX698013

-

-

BR: BH: Mucugê

Orrico et al. 2017

KX697969

KX698015

-

-

BR: BH: Jussari

Orrico et al. 2017

B. crepitans

MTJ 384

B. crepitans

MTR 15366

KX697971

KX698017

-

-

BR: MG: Januária

Orrico et al. 2017

KX697972

KX698018

-

-

BR: PE: Buíque

Orrico et al. 2017

B. crepitans

MTR 20070

KX697976

B. crepitans

CFBHT 07825

-

KX698022

-

-

BR: BH: Miguel Calmon

Orrico et al. 2017

KU495263

-

-

BR: AL: Campo Alegre

Lyra et al. (DS)

KU495261

-

-

BR: MG: Grão Mogol

Lyra et al. (DS)

-

-

BR: BH: Camamu

Lyra et al. (DS)

B. crepitans

CFBHT 02360

-

B. crepitans

CFBHT 12841

-

B. ericae

CFBH 3599

AY549332

KU495262
AY549332

-

-

NA

Faivovich et al. 2004

B. ericae

CFBH 6764

-

-

KX698012

-

NA

Orrico et al. 2017

B. exastis

MTR 16289

KX697973

-

KX698019

-

NA

Orrico et al. 2017

B. faber

CFBH 13030

-

-

KX697980

-

NA

Orrico et al. 2017

B. faber

Isolate 118

-

JQ627206

JQ627303

-

NA

Rodriguez & Galetti (DS)

Zootaxa 4609 (3) © 2019 Magnolia Press ·

B. faber

MTR 16691

KX697974

-

KX698020

-

NA

Orrico et al. 2017

B. lanciformis

MJH 564

AY843636

AY843636

-

-

NA

Faivovich et al. 2005

B. lanciformis

isolate 18237

-

-

JN970768

-

NA

Funk et al. 2011

B. lundii

CFBH 4000

-

AY843639

-

-

NA

Faivovich et al. 2005

B. lundii

CFBH 9155

KX697936

-

KX697983

-

NA

Orrico et al. 2017

B. lundii

CFBH 20059

KX697944

-

KX697991

-

NA

Orrico et al. 2017

B. lundii

CFBH 23593

KX697951

-

KX697998

-

NA

Orrico et al. 2017

B. lundii

MRT 4332

KX697968

-

KX698014

-

NA

Orrico et al. 2017

B. melanopleura

MUSM 19818

-

HM444781

-

-

NA

Lehr et al. 2010

B. multifasciata

AMNH A-141040

AY843648

AY843648

-

-

NA

Faivovich et al. 2005

B. multifasciata

ROM 28435

-

-

JN970762

-

NA

Funk et al. 2011

B. nympha

NMP6V 71202/2

AY843670

AY843670

-

-

NA

Faivovich et al. 2005

B. pardalis

CFBH 11334

KX697940

-

KX697987

-

NA

Orrico et al. 2017

B. pardalis

CFBH 13962

KX697942

-

KX697989

-

NA

Orrico et al. 2017
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APPENDIX 1. (Continued)
Species

Voucher/isolate ID

B. pardalis

CFBH 16020

KX697935

B. pellucens

WED 53621; KU
202734
Isolate 23680

AY326058
-

B. pellucens

12S

16S

COI

KIAA1239

Locality

Reference

-

KX697982

-

NA

Orrico et al. 2017

AY326058

-

-

NA

Darst & Cannatella 2004

-

JN970771

-

NA

Funk et al. 2011

B. pugnax

ULABG 5318

-

KF157568

KF157595

KF157623

VE: ZU: Vera de Agua

This study

B. pugnax

ULABG 5320

-

KF157569

KF157596

KF157619

VE: ZU: Vera de Agua

This study

B. pugnax

ULABG 5367

-

KF157570

KF157597

KF157626

VE: PO: Caserío El Potrero

This study

B. pugnax

ULABG 5671

-

KF157573

KF157617

-

This study

B. pugnax

ULABG 7739

-

KF157575

KF157599

KF157622

VE: ME: 1 km from El
Vigía bridge
VE: TA: Caño San Mateo

B. pugnax

ULABG 7742

-

KF157576

KF157600

KF157618

VE: TA: Caño San Mateo

This study

B. pugnax

ULABG 7749

-

KF157579

KF157602

KF157625

This study

B. pugnax

ULABG 7750

-

KF157580

KF157603

KF157620

B. pugnax

ULABG 7781

-

KF157589

KF157611

KF157621

VE: PO: Road Guanare to
Guanarito
VE: PO: Road Guanare to
Guanarito
VE: AP: Hato El Cedral

B. pugnax

ULABG 7783

-

KF157590

KF157612

KF157624

VE: AP: Hato El Cedral

This study

This study

This study
This study

B. pugnax

ANDES-A 1541

-

KP149407

KP149202

-

CO: SA: San Vicente

Guarnizo et al. 2015

B. pugnax

ANDES-A 1207

-

KP149471

-

-

CO: SA: San Vicente

Guarnizo et al. 2015

B. pugnax

ANDES-A 1453

-

KP149296

KP149101

-

CO: SA: San Vicente

Guarnizo et al. 2015

B. pugnax

ANDES-A 1533

-

KP149417

KP149212

-

CO: SA: Sabana de Torres

Guarnizo et al. 2015

B. pugnax

ANDES-A 1538

-

KP149418

KP149213

-

CO: SA: Sabana de Torres

Guarnizo et al. 2015

B. pugnax

ANDES-A 1539

-

KP149327

KP149130

-

CO: SA: Sabana de Torres

Guarnizo et al. 2015

B. pugnax

ANDES-A 1540

-

KP149409

KP149204

-

CO: SA: Sabana de Torres

Guarnizo et al. 2015

ESCALONA ET AL.

B. pulchella

MACN 37788

AY549352

AY549352

-

-

NA

Faivovich et al. 2004

B. punctata

MACN 37792

AY549353

AY549353

KU184077

-

NA

B. roraima
B. rosenbergi

ROM 39624
KU 217629

AY843660
AY819438

AY843660

-

-

NA

Faivovich et al. 2004; Berneck et
al. 2016
Faivovich et al. 2005

-

-

-

NA

Wiens et al. 2005

B. rosenbergi

MRC 508

KX697966

-

-

-

NA

Orrico et al. 2017
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Species

Voucher/isolate ID

12S

16S

COI

KIAA1239

Locality

Reference

B. rufitela

KRL 798

AY843662

AY843662

-

-

NA

Faivovich et al. 2005

B. rufitela

USNM 572699

-

-

FJ766740

-

NA

Crawford et al. 2010

B. xerophylla

ANDES-A 1753

-

KP149283

KP149088

-

CO: SA: Puente Nacional

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1529

-

KP149481

KP149269

-

CO: SA: Puente Nacional

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1754

-

KP149448

KP149241

-

CO: SA: Puente Nacional

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1530

-

KP149420

KP149215

-

CO: SA: Puente Nacional

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1531

-

KP149402

KP149197

-

CO: SA: Puente Nacional

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1532

-

KP149316

KP149120

-

CO: SA: Puente Nacional

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1528

-

KP149290

KP149095

-

CO: SA: San Vicente

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1534

-

KP149475

KP149263

-

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1535

-

KP149477

KP149265

-

B. xerophylla

ANDES-A 1507

-

KP149317

KP149121

-

CO: MT: San Juan de
Arama
CO: MT: San Juan de
Arama
CO: BY: Miraflores

B. xerophylla

ANDES-A 1509

-

KP149378

KP149176

-

CO: BY: Miraflores

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1063

-

KP149370

KP149168

-

CO: CA: Sabanalarga

Guarnizo et al. 2015

B. xerophylla

ANDES-A 1284

-

KP149478

KP149266

-

CO: CA: Sabanalarga

Guarnizo et al. 2015

B. xerophylla

ROM 44089

JN970519

JN970655

JN970774

-

GU: Parish Hill

Funk et al. 2011

B. xerophylla

ROM 28436

JN970518

JN970654

JN970773

-

GU: Paramakatoi

Funk et al. 2011

B. xerophylla

ROM 20560

JN970517

JN970653

JN970772

-

GU: Kurupukari

Funk et al. 2011

B. xerophylla

Tadpole 1

-

KJ642639

-

-

TT: TO: Parlatuvier river

Lehtinen 2014

B. xerophylla

Tadpole 2

-

KJ642640

-

-

TT: TO: Parlatuvier river

Lehtinen 2014

B. xerophylla

ULABG 4749

-

KF157564

-

-

This study

B. xerophylla

ULABG 5039

-

KF157565

-

-

B. xerophylla

ULABG 5040

-

KF157566

-

-

B. xerophylla

ULABG 5194

-

KF157567

KF157616

-

VE: ME: 10 km Sta.
Apolonia
VE: ME: Sta. Elena de
Arenales
VE: ME: Sta. Elena de
Arenales
VE: ME: Sta. Elena de
Arenales

Guarnizo et al. 2015
Guarnizo et al. 2015

This study
This study
This study
……continued on the next page
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APPENDIX 1. (Continued)
Species

Voucher/isolate ID

12S

16S

COI

KIAA1239

Locality

Reference

B. xerophylla

ULABG 5410

-

KF157571

KF157598

-

This study

B. xerophylla

ULABG 5670

-

KF157572

-

-

B. xerophylla

ULABG 6786

-

KF157574

-

-

VE: LA: Laguna El
Manantial, Sanare
VE: BA: Reserva El Irel,
Barrancas
VE: ME: Ciudad de Mérida

B. xerophylla

ULABG 7741

-

KF157577

-

KF157632

VE: TA: Caño San Mateo

This study

B. xerophylla

ULABG 7744

-

KF157578

KF157601

KF157628

This study

B. xerophylla

ULABG 7753

-

KF157581

KF157604

-

B. xerophylla

ULABG 7756

-

KF157582

-

KF157635

VE: ME: Sta. Elena de
Arenales
VE: ME: Jardín Botánico
de Mérida
VE: ME: Laguna Caparú

B. xerophylla

ULABG 7757

-

KF157583

KF157605

KF157629

VE: ME: Laguna Caparú

This study

B. xerophylla

ULABG 7758

-

KF157584

KF157606

KF157630

VE: BA: La Soledad

This study

B. xerophylla

ULABG 7759

-

KF157585

KF157607

KF157634

VE: BA: La Soledad

This study

B. xerophylla

ULABG 7760

-

KF157586

KF157608

-

VE: BA: La Soledad

This study

B. xerophylla

ULABG 7761

-

KF157587

KF157609

KF157631

VE: BA: La Soledad

This study

B. xerophylla

ULABG 7770

-

KF157588

KF157610

KF157633

This study

B. xerophylla

ULABG 7796

-

KF157591

KF157613

KF157636

B. xerophylla

ULABG 7797

-

KF157592

KF157614

-

B. xerophylla

ULABG 7803

-

KF157593

KF157615

KF157627

VE: TA: Las Cuevas, Río
Doradas
VE: ME: San José de La
Providencia
VE: ME: San José de La
Providencia
VE: ME: Caño Rico

B. xerophylla

AV 361

-

KT717075

KT717078

KT717081

VE: BO: Raudales Wareipa

This study

B. xerophylla

AV 482

-

KT717076

KT717079

-

VE: BO: Rio Purumay

This study

B. xerophylla

MTR 20407

KX697977

-

KX698023

-

BR: RO: E. E. Maracá

Orrico et al. 2017

B. xerophylla

MTR 20730

KX697978

-

KX698024

-

BR: RO: Pacaraima

Orrico et al. 2017

This study
This study

This study
This study

This study
This study
This study

B. xerophylla

CFBH 29144

KX697961

-

KX698008

-

BR: RO: Boa Vista

Orrico et al. 2017

B. xerophylla

USNM 302400

DQ380354

-

-

-

BR: RO: “Igarapé Cocal”

Wiens et al. 2006
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B. xerophylla

552 PG

KX697932

-

KX697979

-

FR: GF: Haute Wanapi

Orrico et al. 2017

B. xerophylla

Isolate BM095

KX697962

-

KX698011

-

FR: GF: Mont Saint Marcel

Orrico et al. 2017

Bok. itapoty

CFBH 5652

AY843677

AY843677

-

-

NA

Faivovich et al. 2005
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APPENDIX 3. Countries, states, localities, and voucher numbers for adult male specimens used in the morphometric
analysis (a = advertisement calls were also obtained; b = DNA sequences were also obtained). Museum abbreviations are:
CVULA, Colección de Vertebrados de la Universidad de Los Andes, Mérida, Venezuela; MCNG, Museo de Ciencias
Naturales de Guanare, Guanare, Venezuela; MHNLS, Museo de Historia Natural La Salle, Caracas, Venezuela; MZFS,
Museu de Zoologia da Universidade Estadual de Feira de Santana, Feira de Santana, Brazil; and ULABG, Colección de
Anfibios y Reptiles del Laboratorio de Biogeografía de la Universidad de Los Andes, Mérida, Venezuela.
Boana crepitans. BRAZIL: – BAHÍA: Serra São José, Feira de Santana (MZFS 1676, 1920-21, 1729, 1745, 1997); Lençóis
(MZFS 1405-06, 1874-75); Rio Ribeirão, Lençóis (MZFS 2149-50); Brejões, Morro do Chapéu (MZFS 2341-43); Lagoa
da Duna, Morro do Chapéu (MZFS 1813); Faz. Teixeira, Morro do Chapéu (MZFS 1171, 1175); Morro do Chapéu (MZFS
1402, 1671-72).
Boana pugnax. VENEZUELA: – APURE: Hato El Cedral, cerca al campamento Matiyure (ULABG 7781ab, 7782, 7783ab,
7790, 7791); Hato Fernando Corrales (CVULA IV-3417; MCNG 0168, 0169, 0651); Paso El Burro (CVULA IV-7078). –
BARINAS: 40 km S de Barinas (CVULA IV-0502); Estación El Irel, Barrancas (CVULA IV-2544, IV-255; ULABG 5666,
5668); Reserva Forestal de Caparo (ULABG 5594). – MÉRIDA: 1.5 km del puente sobre el río Chama, entrada a El Vigía
(ULABG 5671ab, 5672, 5673, 5674, 5675); Brisas del Chama, 3 km desde El Vigía-Caja Seca, justo luego del puente
(ULABG 5712, 5713); Finca Santa Lucía, vía entre El Vigía y El Quince (ULABG 4100); Las Virtudes (MCNG 1587). –
PORTUGUESA: Fundaguanare, Guanare (MCNG 0627); Fundo El Drago (MCNG 0801, 0802, 0803); Mesa de Cavacas
(MCNG 0638); Río Tucupido (MCNG 0809). – TÁCHIRA: Puente de Piedra (CVULA IV-2907). – ZULIA: Santa
Bárbara del Zulia (CVULA IV-0968, IV-0971, IV-0972, IV-0974, IV-3745, IV-4531, IV-4824); Vera de Agua, 10 km El
Vigía road to Santa Bárbara (ULABG 5320b).
Boana xerophylla. VENEZUELA: – APURE: Hato El Frío (ULABG 6971); Vía Elorza (CVULA IV-3044). – BARINAS: 1 km
O Calderas (CVULA IV-1743); 2 km La Soledad (ULABG 7758ab, 7759ab, 7760ab, 7761b); Barinitas (CVULA IV-1322,
IV-2249); Estación El Irel, Barrancas (CVULA IV-2547, IV-2548, IV-2549, IV-2550, IV-2919, IV-6916, IV-6919; ULABG
5670b); Hato San Martín, 30 km ENE de Puerto Nutrias (ULABG 1688, 1689, 1690, 1691); La Soledad (CVULA IV-2139,
IV-2140, IV-2239, IV-2240, IV-2241, IV-2242, IV-2243, IV-2244, IV-2690, IV-2691, IV-2721, IV-2722; ULABG 7762,
7763, 7764); Puente de La Soledad (ULABG 6795, 6796); Pedraza La Vieja (ULABG 1928); Reserva Forestal de Caparo
(ULABG 7318); Río Canaguá, Barinas (CVULA IV-6548, IV-6549); Santa Rosa, Barinas (CVULA IV-6948); vía La
Caramuca-Barinas (CVULA IV-2222). – BOLÍVAR: Raudales Wareipa-Aurauri, Río Cucurital, Gran Sabana (MHNLS
15062, 15064, 15066); Campamento Purumay, 300 m upstream río Cucurital, Gran Sabana (MHNLS 15662b); Quebrada
Atapere, cuenca alta del río Cucurital, Gran Sabana (MHNLS 16046, 17339). – LARA: Caserío Guadalupe, cerca de
Quíbor (MCNG 2030). – MÉRIDA: 1.5 km Vía Zea-El Vigía (ULABG 3190, 3191, 3192); 1.5 km del puente sobre el río
Chama, entrada a El Vigía (ULABG 5706, 5707, 5708, 5709, 5710); 5 km cerca de Santa Apolonia (ULABG 4733, 4734,
4735); 10 km cerca de Santa Apolonia (ULABG 4750, 4752, 4753, 4754); Finca El Palmar, 9.5 km desde Santa Elena de
Arenales, cuenca Rio Limones (ULABG 5057, 5059, 5060, 5061, 5062, 5073, 5078, 5079, 5086, 5127, 5128, 5129, 5130,
5194b, 5195, 5196, 5221, 5222, 5223, 5229, 5248, 5249, 5260, 5261, 5275, 5276, 5277, 5278, 5279, 5280, 5281, 5282,
5283, 5284, 5285, 5286, 5289, 5290, 5291, 5292, 5302, 5447, 7744ab, 7745a, 7746); Finca Santa Lucía, vía entre El Vigía y
El Quince (ULABG 4101); Jardín Botánico de Mérida (ULABG 7671, 7753 b, 7754a, 7755a); La Azulita (CVULA IV1470, IV-2161, IV-2162; IV-2223, IV-7035, IV-7036; ULABG 2950); Laguna Caparú (ULABG 2002, 7396, 7756ab,
7757ab); La Pedregosa Alta (CVULA IV-3349, IV-3350, IV-3351, IV-3355, IV-3356, IV-3357, IV-3358, IV-3359, IV-3360,
IV-3361, IV-3362); Los Llanitos de Tabay (ULABG 2947); Monte Zerpa, ciudad de Mérida (MCNG 1583); Manzano Alto
(ULABG 2858); San José de la Providencia, Mesa Bolívar (ULABG 7796b, 7797b); San Juan de Lagunillas (CVULA IV3043, IV-6658, IV-6659, IV-6660, IV-6661); Truchicultura, El Salado, cerca de La Azulita (ULABG 5337, 5338);
Urbanización Humboldt, ciudad de Mérida (CVULA IV-1129, IV-1130); Urbanización Santa María Sur, ciudad de Mérida
(ULABG 6786 b); Vía Jají, 22 km NO de Mérida (CVULA IV-1505). – PORTUGUESA: 6 km cerca del río Saguaz, cerca
de Biscucuy (ULABG 3725); Carretera Biscucuy-Chabasquén (ULABG 3862); Colonia Agrícola Turén (CVULA IV0405); El Potrero, vía Suruguapo, a 12.6 km en la carretera Acarigua-Guanare (ULABG 5369, 5424, 5425, 5427, 5428,
5430); Fundaguanare, Calle Florida, Guanare (MCNG 2119); Mesa Alta, Mesa de Cavaca (MCNG 1938); Pozo Blanco,
Acarigua (CVULA IV-5949). – TÁCHIRA: Doradas, Uribante (CVULA IV-3572, IV-5816); El Potosí, Uribante (CVULA
IV-3559, IV-3560); La Honda (CVULA IV-5359); Laguna cercana al caño San Mateo (ULABG 7740a, 7741b); Las
Cuevas, vía hacia el río Doradas (ULABG 7770ab); Los Caños, cerca de Coloncito (ULABG 7738); Uribante-Caparo
(CVULA IV-5139, IV-5140, IV-5141). – TRUJILLO: Escuela Técnica Industrial, Trujillo (ULABG 1142, 1143, 1144); La
Loma, 4 km del puente de San Jacinto (ULABG 1146, 1163); Vía Monte Carmelo (ULABG 5527); Vía Trujillo-San
Lazaro, cerca de Sabanetas (ULABG 2666). – ZULIA: Santa Bárbara del Zulia (CVULA IV-4552); Santa Cruz del Zulia
(CVULA IV-4572, IV-4573).
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APPENDIX 4. External morphological data analysed for this study.
Measurements are graphically illustrated in Fig. 2. (1) SVL, snout to vent length, length between the tip of the snout and the
centre of the cloaca; (2) FL, femur length, length between the centre of the cloaca and the central point of the femur-tibia joint;
(3) TL, tibia length, length between the central point of the femur-tibia joint to the central point of the tibia-tarsus joint; (4) TaL,
tarsus length, length between the central point of the tibia-tarsus joint to the base of the internal metatarsal tubercle; (5) FoL,
foot length, length between the base of the internal metatarsal tubercle and the most distal zone of the toe IV’s disc; (6) AL, arm
length, length between the most internal zone of the axilla and the central point of the humerus-ulna-radius joint; (7) FaL,
forearm length, length between the central point of the humerus-ulna-radius joint and the base of the prepollex; (8) HL, hand
length, length between the base of the prepollex and the tip of finger III’s disc; (9) DIIIW, finger III’s disc width, largest width
of finger III’s disc (measured in a perpendicular plane to arm’s axe); (10) HW, head width, width of the head measured at jaw
level in the intermediate region of the tympanic membrane; (11) IED, inter-eyes distance, distance between eyeballs, measured
from their medial region; (12) IND, inter-nostril distance, distance between nostrils, measured in the medium region of their
lateral inner margins; (13) HeL, head length, length between the posterior region of the tympanic membrane, measured from
the medium region to the tip of the snout; (14) TD, tympanic membrane diameter, diameter of the tympanic membrane
measured between the posterior and anterior edge of the membrane at medial region; (15) ETD, eye-tympanic membrane
distance, distance between the leading edge of the tympanic membrane and the posterior edge of eyeball, measured at medial
region; (16) ED, eye diameter, length between anterior and posterior edge of eyeball, measured at medial region; and (17)
END, eye-nostril distance, distance between the leading edge of eyeball, at medial region and the posterior edge of nostril.
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