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Abstract

Ceratophryidae is a family of frogs containing twelve 
extant species distributed in South America. Several 
studies have been carried out concerning the systemat-
ics, morphology, karyotypes, and behaviour within this 
monophyletic family. However, little is known about 
the historical biogeography and the divergence in time 
of this group. Here, we present an updated phylogeny, 
along with a calibrated chronogram, to analyse the his-
torical biogeographical pattern and climate niche differ-
entiation among extant species of Ceratophryidae (Anu-
ra: Hyloidea) frogs in South America. A phylogeny based 
on morphological and genetic data was obtained from 
256 morphological characters, six mitochondrial and 
eight nuclear genes for up to a total of 8428 characters 
in the homological matrix. Our results indicate that the 
genus Ceratophrys is sister to the clade Chacophrys + 
Lepidobatrachus. The divergence of the crown group of 
Ceratophryidae is estimated to have occurred 19.2 Ma 
at the beginning of the Miocene, with recent cladogenet-
ic events related to the late Miocene (10.18–13.70 Ma) 
and the Pliocene (~5.3–2.6 Ma). Moreover, the Cerrado 
region is estimated to be the ancestral area of the family, 
as well for the genera Chacophrys and Lepidobatrachus. 
In addition, temperature seasonality and annual precip-
itation play a major role in the niche differentiation of 
extant species within Ceratophryidae. In conclusion, our 
data suggest multiple dispersal and vicariance events 
originating from the Cerrado region in the early Miocene, 
and recognize the role of the environment in the differen-
tiation of the ecological niches among extant species of 
this family in South America.

Highlights

•	 Ceratophryidae is hypothesized to have originated in the 
semi-arid Cerrado region in the early Miocene (~19.2 mil-
lion years ago), from where species have diversified by 
independent dispersal and vicariance events across other 
South American regions.

•	 Ceratophrys frogs are phylogenetically recovered as the 
sister taxon to the clade comprising Chacophrys and Lep-
idobatrachus.

•	 Three lineages of Lepidobatrachus and four lineages from 
Ceratophrys diverged in the Pliocene, around 5.3 to 2.6 mil-
lion years ago.

•	 Niche differentiation among extant species of Ceratophry-
idae appears to reflect roles for temperature seasonality 
and annual precipitation.
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Introduction

Ceratophryidae (Anura: Hyloidea) (von Tschudi 1838) is 
a family of frogs with three extant genera (Ceratophrys, 
Chacophrys, Lepidobatrachus) and twelve species that 
are distributed in South America, from the Caribbean low-
lands in Colombia and Venezuela to the Pampean region 
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in central Argentina (Faivovich et al. 2014). Ceratophrys 
is the biggest genus within the family, containing eight 
species. Chacophrys pierottii (Vellard 1948) is the only 
species so far known that is ascribed to the Chacoph-
rys genus. Lepidobatrachus is a genus containing three 
extant species distributed within the Gran Chaco region 
(Brusquetti et al. 2018). Ceratophryidae can be found in 
tropical rainforests, humid grasslands and semi-arid en-
vironments (Fernández and Fernández 1921; Barrio 1968; 
Duellman and Lizana 1994). These frogs are mostly active 
during the rainy season. Species of Lepidobatrachus are 
primarily aquatic, whereas adults from Ceratophrys and 
Chacophrys are mostly terrestrial (Faivovich et al. 2014).

Herpetologists have for a long time been interested in 
the biology of Ceratophryidae, for ecological, morphological 
and behavioural reasons. For example, larva from Cerato-
phryidae have an unique mechanism for sound production 
underwater (Salgado Costa et al. 2014). The morphologi-
cal traits of these frogs are distinctive from those of other 
frog families (Quinzio et al. 2006; Fabrezi and Quinzio 2008; 
Fabrezi et al. 2009), and the ontogeny of the postcranial 
skeleton, as well as the relatively large skull, are also unique 
compared to other frog species (Wild 1997). Most Cerato-
phryidae contain an enlarged distal prehallical element that 
provides support for a heavily keratinized metatarsal spade 
used for digging (Fabrezi 2001). All Ceratophryidae have a 
basic chromosome number of x = 13 (Faivovich et al. 2014). 
However, most Ceratophrys have a diploid (2n = 2x = 26) 
karyotype, but the species C. ornata, C. joazeirensis and 
C. aurita have an octoploid (2n = 8x = 104) karyotype (Vieira 
et al. 2006; Faivovich et al. 2014). Lastly, some species of 
Ceratophryidae are known to be able to dig themselves into 
humid soil and make a cocoon of dead skin in order to de-
crease water loss when the humidity decreases in their sur-
roundings (McClanahan et al. 1976; Faivovich et al. 2014). 
It has been found that frogs in captivity can persist in this 
cocoon-state for 20 months (Pisanó and Paz 1954).

Lynch (1971) presented the first phylogeny of the Cerato-
phrys genus as it is mostly considered today, wherein he in-
cluded C. cornuta Linnaeus, 1768, C. aurita (Raddi 1823), C. 
ornata (Bell et al. 1841), C. stolzmanni (Steindachner 1882), 
C. calcarata (Boulenger 1890), C. testudo (Andersson 1945) 
and Ch. pierottii. Later, C. cranwelli (Barrio 1980) and C. joa-
zeirensis (Mercadal 1986) were described and included 
in the group. A taxonomic review by Reig and Cei (1963) 
and Barrio (1968) defined the composition of the genus 
Lepidobatrachus, including three species: L. asper (Budgett 
1899), L. laevis (Budgett 1899) and L. llanensis (Reig and 
Cei 1963). The phylogeny of Ceratophryidae has been well 
studied (Reig and Cei 1963; Lynch 1982; Maxson and Ruibal 
1988; Perí 1994; Wild 1997; Fabrezi 2006; Frost et al. 2006; 
Fabrezi and Quinzio 2008; Pyron and Wiens 2011; Faivovich 
et al. 2014; Frazao et al. 2015; Fabrezi et al. 2016; Feng et 
al. 2017; Brusquetti et al. 2018; Gómez and Turazzini 2021; 
Hime et al. 2021; Barcelos et al. 2022). The phylogeny of 
Ceratophryidae has been well studied (Lynch 1982; Maxson 
and Ruibal 1988; Perí 1994; Wild 1997; Fabrezi 2006; Frost et 
al. 2006; Fabrezi and Quinzio 2008; Pyron and Wiens 2011; 

Faivovich et al. 2014; Frazao et al. 2015; Fabrezi et al. 2016; 
Feng et al. 2017; Brusquetti et al. 2018; Gómez and Turazz-
ini 2021; Hime et al. 2021; Barcelos et al. 2022). However, 
the majority of studies have only utilized a limited number 
of species representatives from the Ceratophryidae family. 
Furthermore, the phylogenetic relationships between the 
genera within Ceratophryidae remain unclear. For example, 
several studies have suggested Ceratophrys as the sister 
taxon to the clade comprising Chacophrys and Lepidoba-
trachus (Fabrezi 2006; Faivovich et al. 2014; Frazao et al. 
2015; Fabrezi et al. 2016; Brusquetti et al. 2018; Hime et al. 
2021). Conversely, others have hypothesized Chacophrys 
as the sister group to the clade consisting of Lepidobatra-
chus and Ceratophrys. Moreover, studies encompassing a 
broader spectrum of Ceratophryidae species exhibit vary-
ing phylogenetic placements within the Ceratophrys genus. 
For example, genetic analyses conducted by Faivovich et 
al. (2014) revealed a distinct evolutionary relationship be-
tween C. cranwelli and C. ornata in comparison to the mor-
phological research conducted by Gómez and Turazzini 
(2021) and Barcelos et al. (2022).

The fossil records of Ceratophryidae have undergone 
extensive examination. Various studies have attempted 
to estimate the divergence times within Ceratophryidae. 
Notably, Gómez and Turazzini (2021) and Barcelos et al. 
(2022) integrated fossils as calibration points into phylo-
genetic analyses with extant species of the family. Despite 
these efforts, the crown age divergence of Ceratophryidae 
remains uncertain (Barcelos et al. 2022). Some studies 
propose a late Paleogene origin, ~66–23 Ma (Heinicke et 
al. 2009; Hutter et al. 2017), while others suggest a diver-
gence in the Mid-Miocene. Feng et al. (2017) constructed 
a chronogram of the three major clades of Gondwanan 
frogs, incorporating C. cornuta and Lepidobatrachus as 
representatives of Ceratophryidae. Brusquetti et al. (2018) 
constructed a chronogram for the genus Lepidobatrachus 
and Gómez and Turazzini (2021) made a time-adjusted 
phylogeny of Ceratophryidae, including the fossil record 
of the whole family of Ceratophryidae.

Several studies have delved into evolutionary radiations 
through phylogenetic analysis at a biogeographical scale 
in amphibians (Crawford and Smith 2005; Wiens et al. 
2006; Santos et al. 2009; Gonzalez-voyer et al. 2011; Cas-
troviejo‐fisher et al. 2014). However, to date, no ancestral 
area reconstructions have been conducted for the Cerato-
phryidae family. Such reconstructions hold the potential 
to elucidate the environmental niche differentiation of the 
species within their distributional areas in South America. 
A more comprehensive understanding of the evolution-
ary history and biogeography of species inhabiting these 
regions can be achieved through such reconstructions 
(Crawford and Smith 2005; van der Meijden et al. 2007; 
Castroviejo‐fisher et al. 2014).

We aim to investigate the phylogeny, historical bio-
geographic pattern and climate niche differentiation in 
extant species of Ceratophryidae (Anura: Hyloidea) frogs 
in South America. We focus on the following research 
questions: (1) How are the three genera of Ceratophryidae 
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phylogenetically related to each other based on morpho-
logical and genetic characters? (2) What are the diver-
gence times of species within the Ceratophryidae family? 
(3) What is the biogeographical ancestral area of Cerato-
phryidae species in South America? (4) Which environ-
mental variable(s) play a major role in niche differentiation 
among extant species of Ceratophryidae?

Materials and methods
Taxon and character sampling

Data from eleven of the twelve frog species of the family 
Ceratophryidae are included. Ceratophrys testudo was ex-
cluded, as this species has not been collected since the 
holotype (Andersson 1945). DNA sequences from several 
specimens per species were available for most species 
on GenBank. Based on the results from Feng et al. (2017), 
Calyptocephallela gayi (Calyptocephalellidae), Gastroth-
eca weinlandii (Hemiphractidae), Pseudis paradoxa (Hyli-
dae) and Rhinoderma darwinii (Hemiphractidae) were se-
lected as outgroup species where Calyptocephallela gayi 
was used to root the tree. The GenBank accession num-
bers can be found in Suppl. material 3: table S1.

The phylogenetic tree of Ceratophryidae was construct-
ed by first analysing a concatenated matrix with 8172 bp 
DNA sequences from GenBank. The six mitochondrial 
gene sequences used include portions of cytochrome ox-
idase subunit I (COI) gene, cytochrome b (cytb) gene, 12S 
rRNA gene, the intermediate partition sequence tRNAVal 
gene, 16S rRNA gene and NADH dehydrogenase subunit 1 
(ND1) gene. The eight nuclear gene sequences include the 
Seven In Absentia Homolog 1 (SIAH1) gene, Tyrosinase 
precursor (TYR) gene, Recombination activating protein 1 
(RAG-1) gene, Ribosomal protein L3 (RPL3) gene, Proop-
iomelanocortin A (POMC) gene, Chemokine receptor 4 
(CXCR4) gene, lactose dehydrogenase beta chain gene 
(lactose_dh) and Fibrinogen A alpha polypeptide gene 
(fib_A) (Suppl. material 3: table S1). In addition, 256 mor-
phological characters from Gómez and Turazzini (2021) 
were added as additional characters in the mixed matrix to 
enrich the dataset (Suppl. material 3: table S1).

Phylogenetic analysis

Genes were selected based on the number of species with 
available sequences in GenBank (https://www.ncbi.nlm.nih.
gov/genbank/; accessed in March 2023). Sequences for 
every gene were separately aligned with the MAFFT v.7.450 
(Katoh and Toh 2010) alignment auto algorithm in Gene-
ious Prime v.2022.1.1 (Kearse et al. 2012) using the default 
scoring matrix (200PAM /k = 2), gap open penalty (1.53) 
and offset value (0.123). The alignments were then mod-
ified and trimmed for a maximum coverage between the 
sequences. A character data matrix was generated using 
Mesquite software v.3.81 (Maddison and Maddison 2023). 

The specimen with the most complete alignment (i.e., most 
genes being aligned) was chosen as the specimen to repre-
sent each species for the character data matrix. If possible, 
the gaps in the character data matrix were filled by the gene 
alignments from another specimen of the same species 
(Suppl. material 3: table S1). The concatenated sequence 
matrix was partitioned by gene (Suppl. material 3: table S1).

IQ-TREE v.1.6.12 (Nguyen et al. 2015) was used to esti-
mate the maximum likelihood (ML) phylogeny of the con-
catenated sequence matrix. An edge-linked partition model 
(Chernomor et al. 2016) was chosen based on the phy-
logenomic alignments. The partition model estimated an 
independent substitution model and evolutionary rate for 
the 38 partitions. Each partition has its own specific par-
tition rate, while the model rescales all its branch lengths, 
including those for the different codon positions of all the 
coding genes. Branch support was assessed by applying 
both the Shimodaira-Hasegawa-like approximate likelihood 
ratio test (SH-aLRT) (Shimodaira and Hasegawa 1999) and 
the Ultrafast Bootstrap Approximation (UFB) (Hoang et al. 
2018). For both methods, 1000 bootstrap replicates were 
used (Suppl. material 1: fig. S1). Another ML phylogeny with 
IQ-TREE v.1.6.12 was performed for the combined analysis 
by using both genetic and morphological data, with only the 
UFB test for branch support. Trees were visualized and ed-
ited with FigTree v.1.4.2 (Rambaut 2014).

Chronogram

We employed BEAST v. 2.7.4 (Bouckaert et al. 2014) to 
estimate the divergence time of Ceratophryidae based on 
the genetic matrix. The analysis ran for one hundred million 
generations utilizing a relaxed clock log-normal model, with 
log-data sampled every 10,000th iteration. A calibrated Yule 
Model with a 25% burn-in and a randomly generated start-
ing tree were utilized. We estimated a TIM2+F+I+G4 sub-
stitution model for the genetic matrix in IQ-TREE v.1.6.12. 
Subsequently, a GTR model was set in BEAUti 2, incorpo-
rating rate parameters estimated as follows: A-C: 5.1986, 
A-G: 15.2835, A-T: 5.1986, C-G: 1.0000, C-T: 34.0549, G-T: 
1.0000 (see Suppl. material 7: appendix S1). For the BEAST 
analysis, we employed the fossils Ceratophrys ameghino-
rum (Fernicola 2001) and Lepidobatrachus australis (More-
no 1889), along with the nodes 37, 41, 51, 52, and 53 from 
the time-calibrated phylogenetic tree of Feng et al. (2017), 
as calibration points. C. ameghinorum was used to estab-
lish a minimum bound between 5.33 and 4 million years 
ago (Ma) for the divergence of the clade containing C. auri-
ta and C. joazeirensis from its sister group (Tomassini and 
Montalvo 2013). Similarly, L. australis was used to estab-
lish a minimum bound between 5.33 and 4 Ma, for the di-
vergence of Lepidobatrachus from its sister group (Tomas-
sini and Montalvo 2013; Gómez and Turazzini 2021).

Two independent runs were made, and sampled values 
were joined and analysed for convergence. Tracer v.1.7.2 
(Rambaut et al. 2018) was used to assess the best run 
based on the likelihood effective sample size (ESS). All 
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parameters in the model had an ESS higher than 900 (Sup-
pl. material 4: table S2). TreeAnnotator (Bouckaert et al. 
2014) was used to obtain a maximum clade credibility tree 
with divergence times from the best run. Chronogram tree 
visualization and editing was done with FigTree v.1.4.2.

Ancestral area reconstruction for 
Ceratophryidae

The divergence time reconstruction inferred for the phyloge-
nies is the key input for biogeographical analysis (Canitz et al. 
2022). We utilized the BioGeoBears package (Matske 2013) 
in RASP v.4.4 (Yu et al. 2020) to compare biogeographical 
models based on AICc and AICw-weighted statistics. RASP 
v.4.4 includes a likelihood version of the dispersal-vicariance 
analysis (DIVALIKE), the dispersal-extinction-cladogenesis 
model (DEC), and the Bayesian analysis of biogeography 
(BAYAREALIKE). Furthermore, it includes the free parameter 
“j” (“jump dispersal”) to simulate founder-event speciation 
(Matske 2013), additional to the dispersal (d) and extinction 
(e) rates. Every species in the analysis was coded according 
to the biogeographic regions within South America outlined 
by Hutter et al. (2017): (A) Cerrado, (B) Temperate, (C) At-

lantic Forest, (D) Amazonia and the Guiana Lowlands prov-
ince, and (E) Choco. As no species from the Ceratophryidae 
are distributed in the Tropical Andes and Guiana Shield, we 
excluded those regions from the analyses. It was decided 
to include the Guiana Lowlands province within the Ama-
zonia region to simplify the analysis, as some occurrenc-
es of C. cornuta were found in this region. We verified the 
species-specific geographical data acquired from the bio-
diversity information system GBIF (https://www.gbif.org/; 
accessed in May 2023) and cross-referenced them with the 
distribution polygons per species obtained from the IUCN 
Red List website (https://www.iucnredlist.org/). A total of 
6744 occurrences for all the extant Ceratophryidae species 
(except for C. testudo) and the four outgroup species were 
gained from the GBIF. Errors, doubtful, and duplicated oc-
currences were removed, resulting in a final dataset of 2860 
records: 1383 for the outgroup and 1477 for Ceratophryidae 
species (Fig. 1, Suppl. material 5: table S3).

The maximum number of areas in ancestral ranges 
was restricted to three, in accordance with the current 
distributional range codified for each species across the 
designated regions. We estimated the probabilities of 
ancestral areas for each node, drawing from a subset 
comprising 1000 randomly selected trees in RASP v.4.4., 

Figure 1. Biogeographic map for species in the Ceratophryidae family. (A) Map of South America with convex hull polygons represent-
ing the occurrences for every species of Ceratophrys. (B) The Gran Chaco region with convex hull polygons that represent the occur-
rences for species of Lepidobatrachus and Chacophrys.

https://www.gbif.org/
https://www.iucnredlist.org/
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utilizing the chronogram and trees derived from BEAST2 
software as input files (Yu et al. 2015).

Phylogenetic environmental niche 
differentiation

The nineteen bioclimatic variables were downloaded from 
the WorldClim2 database (http://www.worldclim.com/
version2; accessed in December 2023), with a 30 seconds 
(~1 km2) spatial resolution (Hijmans et al. 2005). We gener-
ated a database of environmental data extracted for each 
location point per species using ARCMAP 10.5 (ESRI 2015). 
We performed three methods to analyse the relatedness of 
environmental variables to phylogenetic groups in Cerato-
phryidae: (a) We used the Jackknife method (Sinharay 2010) 
to estimate the relative contributions of environmental vari-
ables for each species, ran in Maxent v.3.4.3 software (Phil-
lips et al. 2017); (b) A principal components analysis (PCA) 
was performed using PAST v.4.03 (Hammer et al. 2001) 
to determine the environmental variables with the highest 
loading per phylogenetic groups; and (c) a phylogenetic 
Principal Components Analysis (pPCA) was performed us-
ing the mean environmental data from 19 variables and the 
chronogram tree to analyse the evolutionarily covariance of 
phylogenetic species related to environmental niche differ-
entiation by region. We utilized the phyl.pca function to run 
the pPCA, and the phylomorphospace function to project 
the phylogeny and the biogeographic regions onto the first 
two environmental principal components. Both functions 
were applied with the phytools package (Revell 2012; Revell 
and Harmon 2022) in R software (R-Core-Team 2023).

Results
Phylogenetic analysis

The genetic and the combined analysis (genetic + mor-
phology) show a similar phylogeny, where the monophyly 
of Ceratophrys, Chacophrys and Lepidobatrachus is well 
supported for Ceratophryidae (Fig. 2 and Suppl. material 1: 
fig. S1). The phylogeny yielded Ceratophrys to be the sister 
clade of Chacophrys + Lepidobatrachus with a 100% Ultra 
Bootstrap Approximation (UFB). Ceratophrys is divided into 
major two clades, where the first clade contains C. calcarata 
and C. cornuta (UFB = 100%), and the second clade includes 
C. stolzmanni as sister (UFB = 82%) of the clade containing C. 
aurita, C. joazeirensis, C. cranwelli and C. ornata (UFB = 100%).

Time of divergence of the Ceratophryidae 
clade

The divergence times are shown in Table 2 and the chro-
nogram is provided in Suppl. material 2: fig. S2 and Suppl. 
material 8: appendix S2. The chronogram estimated with 
BEAST suggests that the crown group of Ceratophryidae 

originated 19.2 Ma in the early Miocene (95% Highest Pos-
terior Density [HPD] 14.7–24.1 Ma, node 5). Within the Cer-
atophryidae family, the crown group of Ceratophrys is esti-
mated at 17.2 Ma (95% HPD 12.5–21.7 Ma, node 9) in the 
Miocene; the crown group of Chacophrys diverged from Lep-
idobatrachus near to 13.7 Ma (95% HPD 8.2–19.1 Ma, node 
6); and the crown group of Lepidobatrachus originated 5.0 
Ma in the Pliocene (95% HPD 4.0–6.5 Ma, node 7). All diver-
gence times within Ceratophryidae are estimated to fall in 
the Neogene (23.0–2.6 Ma; Fig. 3, Suppl. material 2: fig. S2).

Ancestral area reconstruction for 
Ceratophryidae

The Dispersal-extinction-cladogenesis model (DEC = –30.38 
lnL; AICc = 65.76; AICc_wt = 39%) was the best among other 
biogeographical models (Table 3). We identified five disper-
sals followed by five vicariance events in the biogeographi-
cal history of the Ceratophryidae clade to explain distribution 
of extant species in South American regions (Fig. 3; Suppl. 
material 9: appendix S3). The ancestral area reconstruction 
suggests an origin around 19.8 million years ago (95% HPD 
14.72–24.05 Ma, node 5) in the Cerrado region for Cerato-
phryidae (Fig. 3, Table 2). Speciation of Chacophrys pierottii 
(node 6, 13.70 Ma [95% HPD 8.15–19.50 Ma]) and the crown 

Figure 2. Phylogenetic relationships of Ceratophryidae based on 
genetic (Faivovich et al. 2014) and morphological data (Gómez and 
Turazzini 2021) with Ultrafast Bootstrap Approximation percentages. 
Outgroup relationships can be found in Suppl. material 3: table S1.

http://www.worldclim.com/version2
http://www.worldclim.com/version2
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group Lepidobatrachus (node 7, 4.95 Ma [4.00–6.47 Ma]) 
also has its origin in the Cerrado region around 13.70 Ma 
to 3.46 Ma (Fig. 3). Independent dispersion and vicariance 
events occurred between approximately 17 Ma to 10 Ma, 
leading to the migration from the Cerrado region to both the 
Choco and Amazonia. This migration marked the diversifi-
cation of Ceratophrys cornuta, C. calcarata, and C. stolzman-
ni (Fig. 3, nodes 9–11). Consequently, C. cornuta inhabited 
the Amazonia region (area D), while C. calcarata colonized 
the Choco region (area E), in a vicariance event estimated 
around 10.4 Ma (95% HPD, 5.1–15.8 Ma, see Fig. 3). The dis-
tribution of C. stolzmanni (14.71 Ma, Cerrado → Choco|Cer-
rado) and C. calcarata (17.2 Ma, Cerrado → Choco; 10.3 Ma, 
Choco → Amazonia|Choco), suggests an independent origin 
due to sequential dispersal and vicariance events from Cer-
rado to colonize the Choco region (area E, see Fig. 3). The 
most recent speciation event within Ceratophryidae are es-

timated to have occurred in the Pliocene, producing the split 
of C. ornata and C. cranwelli (4.8 Ma [95% HPD 2.1–8.2 Ma]; 
node 13), as well as C. joazeirensis and C. aurita (4.2 Ma [95% 
HPD 4.0–4.7 Ma]; node 14). These splits reflect, respectively 
dispersal and vicariance events from the Cerrado towards 
the Temperate and the Atlantic Forest (Fig. 3).

Phylogenetic environmental niche 
differentiation

The Jackknife resampling test shows the environmental 
importance of Temperature Seasonality (BIO4) for several 
species of Ceratophryidae (C. aurita, C. cranwelli, C. orna-
ta, Ch. pierottii, L. asper, L. laevis and L. llanensis). Mean 
Temperature of Coldest Quarter (BIO11) is environmental-
ly important for C. calcarata, Precipitation of Driest month 

Figure 3. Ancestral Area Reconstruction for extant species of Ceratophryidae in South America. A dispersal-extinction-cladogenesis 
model (DEC) for Ceratophryidae reconstructed with RASP v.4.4. software. The condensed tree is a chronogram based on 10,001 trees 
derived from genetic data reconstructed by Bayesian inference analysis in BEAST2 for Ceratophryidae. Biogeographical region catego-
ries are based on Hutter et al. (2017). The colored circles on internal nodes visualize the marginal probabilities of ancestral area for the 
corresponding clade of that node. Letters inside each node represents the most probable ancestral area, whereas support values and 
node number are located on left and right of each node, respectively. Biogeographic events are highlighted for dispersal event (blue) 
and vicariance events (green) surrounding each node. The geographical distribution of taxa across regions is represented using color 
coding, with each extant taxon depicted at the tip nodes. Symbology in the map of South America: Estimated time event of speciation 
are detailed in million years ago (Ma), arrows denote dispersal events, dashed lines indicate vicariance events, a star symbol marks 
the estimated origin region for Ceratophryidae. Biogeographic information on speciation events per node can be found in Table 2 and 
Suppl. material 8: appendix S2. Photograph credits are detailed in Suppl. material 10: appendix S4.
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(BIO14) for C. cornuta, Annual Precipitation (BIO12) for C. 
joazeirensis and Precipitation of Coldest Quarter (BIO19) 
for C. stolzmanni (Table 1).

The environmental PCA analysis for Chacophrys and 
Lepidobatrachus displays overlap between the four species 
(Fig. 4A). Annual Precipitation (BIO12) accumulates 89.7% 

of the total variance on Principal Component 1 (PC1), while 
Temperature Seasonality (BIO4) and Precipitation of Warm-
est Quarter (BIO18) accumulates 7.4% of the variance in 
PC2. Both components include 97.1% of variance. The PCA 
analysis for the Ceratophrys group shows that Temperature 
Seasonality (BIO4) and Annual Precipitation (BIO12) to-
gether accumulate 89.9% of the total variance in PC1. This 
analysis reveals a separation between C. stolzmanni from 
C. cornuta and C. aurita in the environmental space (Fig. 5). 
Precipitation of Coldest Quarter (BIO19) and Precipitation 
of the Warmest Quarter (BIO18) accumulates 5.4% of the 
variation in the PC2 (Fig. 4B, Suppl. material 6: table S4).

Table 1. Estimates of relative contributions of the environmental variables by Jackknife test for extant Ceratophryidae species in South 
America. Blue colors correspond to high percentage of environmental importance of variables, green are medium values and white 
are lower values.
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BIO1 = Annual Mean Temperature 5.2 2.7 1.1 0.2 6.6 4.3 0 0 0 0 0.4
BIO2 = Mean Diurnal Range 8.6 0.2 1.4 0.1 0 0.7 4.8 0 0.3 0 0.1
BIO3 = Isothermality (BIO2/BIO7) (×100) 6.9 2.9 15.3 0.8 0 11.1 0 0.4 0 0 0.8
BIO4 = Temperature Seasonality (standard deviation ×100) 45.7 0.3 3.7 55.2 0.8 54.9 1.2 50.6 46.6 47.4 47.3
BIO5 = Max Temperature of Warmest Month 0.1 2.8 0.7 5.7 0 0.1 0.1 11.1 16.4 31.7 12.4
BIO6 = Min Temperature of Coldest Month 0 3.9 1.1 0.2 0 0.1 1.1 0.3 0 0 0
BIO7 = Temperature Annual Range (BIO5-BIO6) 0 0.6 0.2 0 0 0.2 30.2 0.2 0.4 0 0.7
BIO8 = Mean Temperature of Wettest Quarter 0 1.1 0.6 12.1 0 3.3 0.1 22.2 24.6 0.4 17.8
BIO9 = Mean Temperature of Driest Quarter 0 2.4 4.8 0.1 7.9 0.1 0 0.1 0.6 0 0
BIO10 = Mean Temperature of Warmest Quarter 0 0.5 2.8 2.2 0 3.3 0 0.2 0.2 0 0.5
BIO11 = Mean Temperature of Coldest Quarter 0 64.7 2 0 13.2 0.1 0.2 0 0 0 0
BIO12 = Annual Precipitation 0 0.5 2.8 0 37.8 0.6 2.1 0.3 1.8 0.7 0.2
BIO13 = Precipitation of Wettest Month 0 0.2 2.7 0.3 0 0.1 0.5 0 1.8 0.6 0
BIO14 = Precipitation of Driest Month 29 0.2 31 0.2 0 14.1 0.8 7.7 0 4.6 0.1
BIO15 = Precipitation Seasonality (Coefficient of Variation) 1.7 1.1 0.4 11.6 0 0.6 17.7 2.3 1.2 0.7 8.5
BIO16 = Precipitation of Wettest Quarter 0 7.4 21.7 0.1 0 0 0 0.2 0 0 0
BIO17 = Precipitation of Driest Quarter 0 5.5 0.1 0.3 32.1 0 0 0 0.9 0.2 0
BIO18 = Precipitation of Warmest Quarter 0.1 0.1 4.6 10.3 0 6.2 8.2 0.2 4.5 13 4.1
BIO19 = Precipitation of Coldest Quarter 2.7 2.8 2.9 0.6 1.8 0.2 32.9 4.2 0.6 0.6 7

Table 2. Time of divergence in Ceratophryidae. Results by node 
numbers (shown in Fig. 3), Clade = Major clades, UFB = Ultrafast 
Bootstrap Approximation, PP = Posterior Probability, Height = 
Time associated in million years (Ma) 95% HPD = 95% Highest 
Posterior Density intervals.

Node 
number Clade UFB Height 95% HPD

1 Outgroup N/A 131.79 -
2 Outgroup N/A 71.67 66.36–77.01
3 Outgroup N/A 64.08 59.26–68.83
4 Outgroup N/A 54.78 39.84–66.50
5 Ceratophryidae 100 19.18 14.72–24.05
6 Chacophrys + 

Lepidobatrachus
91 13.70 8.15–19.50

7 Lepidobatrachus 100 4.95 4.00–6.47
8 Lepidobatrachus 100 3.46 2.03–5.01
9 Ceratophrys 96 17.16 12.53–21.74
10 Ceratophrys 100 10.38 5.12–15–78
11 Ceratophrys 82 14.71 10.41–19.20
12 Ceratophrys 100 10.18 6.67–13.90
13 Ceratophrys 100 4.84 2.08–8.16
14 Ceratophrys 100 4.24 4.00–4.72

Table 3. Comparative statistics of biogeographic models. Abbre-
viations: -lnL = log-likelihood; d = dispersal rate; e = extinction rate; 
j = founder-event speciation; AICc = corrected Akaike Information 
Criterion; AICc_wt = weighted AICc percentage values; DEC = Dis-
persal Extinction Cladogenesis model; DIVALIKE = BioGeoBEARS 
implementation of DIVA model; BAYAREALIKE = BioGeoBEARS 
implementation of BayArea model.

Model -lnL d e j AICc AICc_
wt

DEC -30.38 0.021 0.44 0 65.76 39%
DEC+J -30.35 0.024 0.66 0.00001 68.88 8%
DIVALIKE -30.69 0.015 0.21 0 66.38 29%
DIVALIKE+J -30.36 0.013 0.28 0.025 68.9 8%
BAYAREALIKE -31.93 0.012 0.16 0 68.85 8%
BAYAREALIKE+J -30.51 0.011 0.27 0.041 69.2 7%
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The pPCA shows that the first principal component 
has the greatest multivariate load from Precipitation 
Seasonality (BIO15, positive load) and overall precipi-
tation (BIO12; negative load). The second PC is mostly 
accumulated by Temperature Seasonality (BIO4; nega-
tive load) and Isothermality (BIO3; positive load) and. 
C. cornuta is highly related with precipitation variables 
and Temperature seasonality, located far from all oth-
er members of this family in the environmental space 
(Fig. 5). There is a group which include all species of 
Lepidobatrachus, Ch. pierottii and C. ornata highly relat-
ed to Precipitation seasonality (BIO15) and Isothermal-
ity (BIO3). Ceratophrys stolzmanni and Ceratophrys joa-
zeirensis are mostly related to Precipitation seasonality 
(BIO15). Vicariance events are associated with variation 
in niche differentiation of extant Ceratophrys species 
in the environmental space by regions (Fig. 5). Species 
from Chacophrys and Lepidobatrachus have evolved and 
originated within the Cerrado region (Fig. 3) where they 
inhabit similar environmental niches characterized by 
arid ecosystems. This stands in contrast to the diverse 
environmental niches observed within the Ceratophrys 
clade (Fig. 4 and Fig. 5).

Discussion
We present for the first time a phylogeny based on both ge-
netic and morphological characters, as well as a calibrated 
chronogram, to explore the historical biogeographic pat-
terns and the evolutionary role of environmental variables 
in the diversification of Ceratophryidae in South America.

Phylogeny

The phylogenetic tree (Fig. 2) supports previous studies 
about the phylogeny of the family Ceratophryidae. Nonethe-
less, there are still differences. The comparison between 
the combined (DNA + morphology) and the DNA based data 
set resulted in the same topology. However, the combined 
dataset gave a higher node support in the topology com-
pared with the DNA based data set (Fig. 2, Suppl. material 
1: fig. S1). Morphological characters could exhibit phyloge-
netic signal that complements genetic data, which tend to 
increase node support, especially in cases where genetic 
variation is low, when molecular markers fail to resolve 
deep phylogenetic relationships (Wahlberg et al. 2005) or 

Figure 4. Scatter plot of the Principal Components Analysis (PCA) and correlation matrix for the nineteen environmental variables from 
WorldClim2 for Ceratophryidae. PCA for extant (A) species of Chacophrys, Lepidobatrachus, and (B) Ceratophrys in South America. 
Values in the x-axis are the percentage of variance explained mostly by the principal component 1 (PC1) and on the y-axis principal 
component 2 (PC2). The colored dots represent individual occurrences per species in the PCA and are surrounded by 95% ellipses. 
(C) Correlation plot with positive (blue) or negative (red) direction that show the collinearity between environmental variables. Variables 
names are detailed in Table 1.
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when distantly related taxa share similar genetic sequences 
due to convergent evolution (Edwards et al. 2012). Chaco-
phrys was expected to be the sister group of Ceratophrys + 
Lepidobatrachus based on the 93% Jackknife support from 
Barcelos et al. (2022). However, this is inconsistent with 
our phylogeny, which exhibits a high node support for the 
clade which includes Ceratophrys as sister group to Chaco-
phrys + Lepidobatrachus (Fig. 2). On the other hand, other 
studies have hypothesized a similar phylogenetic relation-
ship (Fabrezi 2006; Faivovich et al. 2014; Frazao et al. 2015; 
Brusquetti et al. 2018; Hime et al. 2021), despite Faivovich 
et al. (2014) recovering low support for this group (<50%).

All nodes within Lepidobatrachus in our phylogeny (Fig. 
2) are well supported and agree with the results from 
previous studies about this genus (Faivovich et al. 2014; 
Brusquetti et al. 2018; Gómez and Turazzini 2021; Barcelos 
et al. 2022). In the Ceratophrys clade, we found C. stolzman-
ni to be phylogenetically linked to two clades formed by 

C. aurita + C. joazeirensis and C. cranwelli + C. ornata, with 
relative high support values (82% UFB, 100% UFB in the in-
ner clades). This contrasts with previous studies (Faivovich 
et al. 2014; Barcelos et al. 2022), where C. stolzmanni 
was found to belong to a clade also including C. cornuta 
+ C. calcarata, but with lower support values (<60% par-
simony jackknife frequencies) compared to our study. It 
was hypothesized that C. cranwelli and C. ornata were sis-
ter taxa, as detailed by Faivovich et al. (2014). However, 
in the phylogeny presented by Barcelos et al. (2022), the 
Jackknife frequency node support was <50%. Our phyloge-
ny has a 100% node support on this clade confirming that 
C. cranwelli and C. ornata are sister taxa (Fig. 2). These dif-
ferent results can be explained by the fact that Barcelos et 
al. (2022) utilized morphological data, whereas the analysis 
of Faivovich et al. (2014) relied exclusively on genetic data. 
Our study supplements these analyses by incorporating 
both genetic and morphological characters (Fig. 2).

Figure 5. Phylomorphospace of Phylogenetic Principal Components for extant Ceratophrys species in South America. (A) Phylogenet-
ic PCA for Ceratophryidae species to represent the environmental niche differentiation data based on the phylogenetic chronogram. 
Tip colors indicate (B) Biogeographical region categories based on Hutter et al. (2017): A: Cerrado, B: Temperate, C: Atlantic Forest, 
D: Amazonia and the Guiana Lowlands province, E: Choco; because none of the species from Ceratophryidae are distributed in the Tropi-
cal Andes and Guiana Shield, we excluded those regions from the analyses (Other). (C) Precipitation annual mean (mm) data from BIO12 
variable. (D) Temperature seasonality (Standard Deviation × 100) data from BIO4 variable. Species codes: Ceraur = Ceratophrys aurita; 
Cercal = Ceratophrys calcarata; Cercor = Ceratophrys cornuta; Cercra = Ceratophrys cranwelli; Cerjoa = Ceratophrys joazeirensis; Cerorn = 
Ceratophrys ornata; Cersto = Ceratophrys stolzmanni; Chapie = Chacophrys pierottii; Lepasp = Lepidobatrachus asper; Leplae = Lepidoba-
trachus laevis; Leplla = Lepidobatrachus llanensis. Biogeographic events are highlighted with letters (D, yellow) for dispersal event and (V, 
green) for vicariance events based on the DEC developed in RASP software. Statistic groups assessed by Tukey test in (C) and (D) are rep-
resented by letters, whereas species that have significative differences (p < 0.05) among all other species are represented by asterisk (*).
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Time of divergence of Ceratophryidae

Our chronogram mostly agreed with previous studies in 
estimating divergence times in Anura, despite the inclu-
sion of only a few representatives of Ceratophryidae in 
those analyses (Fabrezi et al. 2009; Faivovich et al. 2014; 
Brusquetti et al. 2018). We present the first genetically 
calibrated chronogram of the Ceratophryidae family (ex-
cluding C. testudo). The divergence of the crown group of 
Ceratophryidae is estimated to have occurred ~19.2 Ma 
(95% HPD 14.7–24.1 Ma) at the beginning of the Neogene 
(Fig. 3, Suppl. material 2: fig. S2). The divergence time es-
timation of the MRCA of Chacophrys and Lepidobatrachus 
is congruent with the ML tree of Roelants et al. (2007), 
at around 18.8 Ma (95% HPD 12.7–25.1 Ma). These re-
sults agree with the divergence time estimations within 
Lepidobatrachus (Ruane et al. 2011; Frazao et al. 2015; 
Brusquetti et al. 2018; Hime et al. 2021).

Ancestral area reconstruction for 
Ceratophryidae

The ancestral area for Ceratophryidae reveals that the Cer-
rado (area A; Fig. 3) is the core area estimated to be the 
biogeographic origin for this group. The high diversity and 
closely related fossil species of this clade documented 
in the Cerrado region, such as Baurubatrachus pricei and 
Beelzebufo ampinga (Barcelos et al. 2022), support the hy-
pothesis of the origin of this clade in this region in South 
America (Fig. 3). This agrees with the estimated ances-
tral area for Chacophrys and Lepidobatrachus frogs, which 
is also suggested to be in the Cerrado region (Figs 3–5). 
Faivovich et al. (2014) predicted that most diversification 
in Ceratophryidae occurred in semi-arid environments 
with three independent transitions to different humid en-
vironments in the Choco, Amazonia and Atlantic Forest. 
We found that temperature and precipitation seasonality 
are important factors for extant species located in the 
Cerrado region (i.e. Ch. pierottii, Lepidobatrachus species, 
C. cranwelli and C. joazeirensis), whereas main precipita-
tion is related to humid tropical inhabitants like C. cornuta 
and C. calcarata (Fig. 5).

The node related with extant Ceratophrys species (node 
9) has a high marginal probability to assign the Cerrado 
region as the ancestral area (A = 61.89%), but low proba-
bility to support the RASP route in the speciation events 
(10.5%; Table 2; Suppl. material 8: appendix S2). The most 
probable scenario entails independent dispersions orig-
inating from the Cerrado to other regions, succeeded by 
vicariance events in the Choco, Amazonia, Atlantic Forest, 
and Temperate Forest (Fig. 3, Suppl. material 8: appen-
dix S2). Extant species of this group show limited disper-
sal capabilities and a strong dependence of their habitat 
(Zeisset and Beebee 2008). Inside this clade, a vicariance 
event caused the divergence of C. cornuta and C. calcarata 
~10.4 Ma, where they inhabited the Amazonia and Choco 
regions, respectively (Fig. 3). The Eastern Andes Cordille-

ra experienced surface uplifts during the middle Miocene 
period (Leier et al. 2013; Carrapa et al. 2014), and Grego-
ry-Wodzicki (2000) suggested that not more than half of 
the modern elevation of the North-eastern Cordillera was 
present by ~10 Ma (Hoorn et al. 2010) . This uplift may 
explain the vicariance event causing the divergence of C. 
calcarata isolated in the Choco region and C. cornuta in the 
Amazonian Basin. It this case, the MRCA of both species 
has a hypothetical wider distribution in the Choco and the 
Amazonia regions, which were isolated by the rise of the 
young Eastern Andes Cordillera after the Pebas system 
(23 to 10 Ma) transitioned to the Acre system (10–7 Ma) 
in the late Miocene (Fig. 3). On the other hand, the diver-
gence time estimation data indicates a vicariance event in 
the distribution of C. stolzmanni, occurring ~14.4 Ma (95% 
HPD 10.5–18.5; node 11; Fig. 3), which was caused by the 
formation of the Andes in southern Ecuador (Evenstar et al. 
2015). The divergence of C. aurita from C. joazeirensis and 
C. cranwelli + C. ornata (node 12) is probably caused by the 
epeirogenic uplift of the Brazilian Shield during Middle- Late 
Tertiary elevations (Ab’sáber 2000; Klöcking et al. 2020).

Cocoon production is observed in all species of Cerato-
phryidae, but is unknown for the species C. testudo, C. cal-
carata and C. cornuta (Faivovich et al. 2014). In agreement 
with these findings, cocoon formation originated in the 
MRCA of the clade, estimated to have occurred 19.2 Ma in 
the early Miocene (Faivovich et al. 2014). The formation of 
a cocoon, which acts as protection against water loss in 
dry environments, could have been lost in C. cornuta and 
C. calcarata, both inhabitants of the wet tropical forest 
in the Amazonia and the Choco regions, around 10.4 Ma 
(node 10, Fig. 3).

Phylogenetic environmental relatedness

Three species of Ceratophrys (C. cornuta, C. calcarata and 
C. aurita) inhabit areas with a high average precipitation. 
C. cornuta is distributed in tropical humid environments, 
separated from all other species in the environmental 
space (Fig. 5). C. aurita is an inhabitant of the Atlantic 
Forest, characterized by a higher temperature seasonality 
compared with the former two species (Fig. 5). All other 
species from Ceratophrys, Lepidobatrachus and Chaco-
phrys are associated with more semi-arid environments 
characterized by higher and variable temperature season-
ality (Fig. 5, Table 1). Biogeographically, environmental 
niche differentiation is shown even in phylogenetic sister 
species (e.g., C. aurita–C. joazeirensis; C. ornata–C. cran-
welli; Figs 3–5).

Faivovich et al. (2014) hypothesised that most diver-
sification in Ceratophryidae occurred in semi-arid envi-
ronments, with three independent transitions to humid 
environments by C. cornuta, C. aurita and C. ornata. Our 
results suggest two independent environmental niche 
differentiation shifts to wet environments, one associat-
ed with C. cornuta and C. calcarata, and the other associ-
ated with C. aurita (Figs 3–5). Nevertheless, Faivovich et 
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al. (2014) also concluded an independent transition from 
C. ornata to a more humid environment of the Pampean 
region in central Argentina. However, our pPCA and PCA 
tests showed a relationship of this species with highly 
variable Temperature seasonality and precipitation of the 
driest month (Figs 4, 5, Table 1). The niche differentiation 
observed between sister species C. joazeirensis and C. au-
rita can be attributed to variances in average precipitation 
(Figs 4, 5). C. joazeirensis primarily inhabits the Cerrado 
Brazilian forest (area A, Fig. 3), characterized by lower pre-
cipitation levels in contrast to the Atlantic Forest (area C), 
where C. aurita is found.

Conclusion

We present the first calibrated chronogram hypothesis, 
providing divergence time estimations for Ceratophryidae. 
Within this family, Ceratophrys emerges as the sister taxon 
to the clade comprising Chacophrys and Lepidobatrachus. 
Our chronogram revealed a pronounced surge in species 
radiation within this clade during the Miocene, around 19.2 
million years ago (Ma). Notably, three lineages of Lepido-
batrachus and four lineages from Ceratophrys diverged in 
the Pliocene, around 5.3 to 2.6 Ma. Ceratophryidae is hy-
pothesized to have originated in the semi-arid Cerrado re-
gion, from where species have diversified by dispersal and 
vicariance events across other South American regions, 
exhibiting distinct environmental niches shaped by varia-
tion in temperature seasonality and annual precipitation in 
extant species. The biogeography, evolution, and niche ad-
aptation of extant Ceratophryidae species are linked with 
their likely origin in semi-arid ecosystems in the Cerrado 
region, exhibiting marked temperature seasonality across 
South America (Brusquetti et al. 2018). This origin is char-
acterized by environmental niche differentiation, particu-
larly evident in three species of Ceratophrys, as they adapt-
ed to more humid environments (Faivovich et al. 2014).

Acknowledgements

Special thanks to Pim van Hooft for the supervision of this 
project. Also, many thanks to Andrea Belén Salgado-Rev-
elo, Andersson David Ocampos-Valarezo, Walter Arman-
do Quilumbaquin-Alba and María José Sánchez-Carvajal 
for their help with the technical issues and Angel Andrés 
Ojeda-Montesdeoca and Stan Vandenhouwe for provid-
ing useful comments. This work was supported by the 
following projects: “On the quest of the golden fleece in 
Amazonia: The first herpetological DNA - barcoding expe-
dition to unexplored areas on the Napo watershed, Ecua-
dor” (TWAS-16-095 RG/BIO/LA_I and SENESCYT-PIC-17-
BENS-001) granted to HMOA, from The World Academy 
of Sciences and la Secretaría de Educación Superior, Cien-
cia, Tecnología e Innovación SENESCYT, and by Erasmus+ 
CBHE consortium “NB-lab” (Grant number: 619346-EPP-
12020-1-DE-EPPKA2-CBHE-JP.

Author contributions
Conceptualization, methodology, formal analysis, investi-
gation, validation, formal analysis, data curation, visualiza-
tion, supervision, HMOA, AvdK; writing original draft prepa-
ration, AvdK, HMOA; writing—review and editing, AvdK, 
HMOA; project administration, funding acquisition, HMOA. 
Both authors have read and agreed to the published ver-
sion of the manuscript and declared not conflict of interest.

Data accessibility statement

Supplemental material is available in ZENODO repository.

References

Ab’sáber AN (2000) Summit surfaces in Brazil. Brazilian Jour-
nal of Geology 30: 515–516. https://doi.org/10.25249/0375-
7536.2000303515516

Andersson LG (1945) Batrachians from East Ecuador collected 1937, 
1938 by WM. Clarke-MacIntyre and Rolf Blomberg. Arkiv för 
Zoologi. Kongliga Svenska Vetenskaps-Akademiens, Stockholm. 
Arnoldia, Zimbabwe 37: e32143.

Barcelos LA, Almeida-Silva D, Santos CMD, Verdade VK (2022) 
Phylogenetic analysis of Ceratophryidae (Anura: Hyloidea) 
including extant and extinct species. Journal of Systematic 
Palaeontology 19: 1449–1466. https://doi.org/10.1080/14772
019.2022.2050824

Barrio A (1968) Revisión del Género Lepidobatrachus Budgett (Anura, 
Ceratophrynidae). Physis 28: 95–106.

Barrio A (1980) Una nueva especie de Ceratophrys (Anura, Cerato-
phryidae) del dominio Chaqueno. Physis 39: 21–30.

Bell T, Eyton TC, Scharf G, Hawkins BW (1841) The zoology of the 
voyage of HMS Beagle: under the command of Captain Fitzroy, 
RN, during the years 1832 to 1836: published with the approval of 
the Lords Commissioners of Her Majesty’s Treasury. Smith, Elder 
and Company.

Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu C, Xie D, Suchard MA, 
Rambaut A, Drummond AJ (2014) BEAST 2: a software platform 
for Bayesian evolutionary analysis. PLoS Computational Biology 
10: e1003537. https://doi.org/10.1371/journal.pcbi.1003537

Boulenger GA [Ed.] (1890) Second report on additions to the batra-
chian collection in the Natural-History Museum. Proceedings of 
the Zoological Society of London.

Brusquetti F, Netto F, Baldo D, Haddad CFB (2018) What happened in 
the South American Gran Chaco? Diversification of the endemic 
frog genus Lepidobatrachus Budgett, 1899 (Anura: Ceratophry-
idae). Molecular Phylogenetics and Evolution 123: 123–136. 
https://doi.org/10.1016/j.ympev.2018.02.010

Budgett JS (1899) Memoirs: notes on the Batrachians of the Para-
guayan Chaco, with observations upon their breeding habits and 
development, especially with regard to Phyllomedusa hypochon-
drialis, Cope. Also a description of a new Genus. Journal of Cell 
Science 2: 305–333. https://doi.org/10.1242/jcs.s2-42.167.305

Canitz J, Sikes DS, Knee W, Baumann J, Haftaro P, Steinmetz N, Nave 
M, Eggert A, Hwang W, Nehring V (2022) Cryptic diversity within the 

https://doi.org/10.25249/0375-7536.2000303515516
https://doi.org/10.25249/0375-7536.2000303515516
https://doi.org/10.1080/14772019.2022.2050824
https://doi.org/10.1080/14772019.2022.2050824
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1016/j.ympev.2018.02.010
https://doi.org/10.1242/jcs.s2-42.167.305


Frontiers of Biogeography 17, 2024, e132672

Arjen A. W. van der Kamp et al.

12

Poecilochirus carabi mite species complex phoretic on Nicrophorus 
burying beetles: phylogeny, biogeography, and host specificity. Mo-
lecular Ecology 31: 658–674. https://doi.org/10.1111/mec.16248

Carrapa B, Huntington KW, Clementz M, Quade J, Bywater‐Reyes S, 
Schoenbohm LM, Canavan RR (2014) Uplift of the Central An-
des of NW Argentina associated with upper crustal shortening, 
revealed by multiproxy isotopic analyses. Tectonics 33: 1039–
1054. https://doi.org/10.1002/2013TC003461

Castroviejo‐fisher S, Guayasamin JM, Gonzalez‐voyer A, Vila C (2014) 
Neotropical diversification seen through glassfrogs. Journal of 
Biogeography 41: 66–80. https://doi.org/10.1111/jbi.12208

Crawford AJ, Smith EN (2005) Cenozoic biogeography and evolution 
in direct-developing frogs of Central America (Leptodactylidae: 
Eleutherodactylus) as inferred from a phylogenetic analysis of nu-
clear and mitochondrial genes. Molecular Phylogenetics and Evo-
lution 35: 536–555. https://doi.org/10.1016/j.ympev.2005.03.006

Chernomor O, Von Haeseler A, Minh BQ (2016) Terrace aware data 
structure for phylogenomic inference from supermatrices. System-
atic Biology 65: 997–1008. https://doi.org/10.1093/sysbio/syw037

Duellman WE, Lizana M (1994) Biology of a sit-and-wait predator, the 
leptodactylid frog Ceratophrys cornuta. Herpetologica 50: 51–64. 
https://www.jstor.org/stable/3892875

Edwards S, Vanhooydonck B, Herrel A, Measey GJ, Tolley KA (2012) 
Convergent evolution associated with habitat decouples pheno-
type from phylogeny in a clade of lizards. PLOS ONE 7: e51636. 
https://doi.org/10.1371/journal.pone.0051636

ESRI (2015) ArcMap 10.5. Environmental System Research Institute, 
Inc.

Evenstar LA, Stuart FM, Hartley AJ, Tattitch B (2015) Slow Cenozo-
ic uplift of the western Andean Cordillera indicated by cosmo-
genic 3He in alluvial boulders from the Pacific Planation Sur-
face. Geophysical Research Letters 42: 8448–8455. https://doi.
org/10.1002/2015GL065959

Fabrezi M (2001) A survey of prepollex and prehallux variation in an-
uran limbs. Zoological Journal of the Linnean Society 131: 227–
248. https://doi.org/10.1111/j.1096-3642.2001.tb01316.x

Fabrezi M (2006) Morphological evolution of Ceratophryinae (Anu-
ra, Neobatrachia). Journal of Zoological Systematics and Evolu-
tionary Research 44: 153–166. https://doi.org/10.1111/j.1439-
0469.2005.00349.x

Fabrezi M, Quinzio SI (2008) Morphological evolution in Ceratophry-
inae frogs (Anura, Neobatrachia): the effects of heterochronic 
changes during larval development and metamorphosis. Zoo-
logical Journal of the Linnean Society 154: 752–780. https://doi.
org/10.1111/j.1096-3642.2008.00420.x

Fabrezi M, Quinzio SI, Goldberg J (2009) Giant tadpole and delayed 
metamorphosis of Pseudis platensis Gallardo, 1961 (Anura, 
Hylidae). Journal of Herpetology 43: 228–243. https://doi.
org/10.1670/08-028R3.1

Fabrezi M, Quinzio SI, Goldberg J, Cruz JC, Pereyra MC, Wassersug 
RJ (2016) Developmental changes and novelties in Ceratophryid 
frogs. EvoDevo 7: 1–16. https://doi.org/10.1186/s13227-016-
0043-9

Faivovich J, Nicoli L, Blotto BL, Pereyra MO, Baldo D, Barrionuevo JS, 
Fabrezi M, Wild ER, Haddad CFB (2014) Big, bad, and beautiful: 
phylogenetic relationships of the horned frogs (Anura: Cerato-
phryidae). South American Journal of Herpetology 9: 207–227. 
https://doi.org/10.2994/SAJH-D-14-00032.1

Feng Y-J, Blackburn DC, Liang D, Hillis DM, Wake DB, Cannatella DC, 
Zhang P (2017) Phylogenomics reveals rapid, simultaneous diver-
sification of three major clades of Gondwanan frogs at the Creta-
ceous–Paleogene boundary. Proceedings of the National Acade-
my of Sciences USA 114: E5864–E5870. https://doi.org/10.1073/
pnas.1704632114

Fernández K, Fernández M (1921) Sobre la biología y reproducción 
de algunos batracios argentinos. Sociedad Científica Argentina.

Fernicola JC (2001) A new species of Ceratophrys (Anura, 
Leptodachylidae) from the Neogene of Buenos Aires Province, 
Argentina. Ameghiniana 38: 385–391

Frazao A, da Silva HR, de Moraes Russo CA (2015) The Gondwana 
breakup and the history of the Atlantic and Indian oceans unveils 
two new clades for early neobatrachian diversification. PLOS ONE 
10: e0143926. https://doi.org/10.1371/journal.pone.0143926

Frost DR, Grant T, Faivovich J, Bain RH, Haas A, Haddad CFB, De Sa 
RO, Channing A, Wilkinson M, Donnellan SC (2006) The amphibian 
tree of life. Bulletin of the American Museum of Natural History 
2006: 1–291. https://doi.org/10.1206/0003-0090(2006)297[000
1:TATOL]2.0.CO;2

Gómez RO, Turazzini GF (2021) The fossil record and phylogeny of 
South American horned frogs (Anura, Ceratophryidae). Journal of 
Systematic Palaeontology 19: 91–130. https://doi.org/10.1080/1
4772019.2021.1892845

Gonzalez-voyer A, Padial JM, Castroviejo-fisher S, De la Riva I, Vilà C 
(2011) Correlates of species richness in the largest Neotropical 
amphibian radiation. Journal of Evolutionary Biology 24: 931–
942. https://doi.org/10.1111/j.1420-9101.2011.02243.x

Gregory-Wodzicki KM (2000) Uplift history of the Central and North-
ern Andes: a review. Geological Society of America Bulletin 112: 
1091–1105. https://doi.org/10.1130/0016-7606(2000)112%3C1
091:UHOTCA%3E2.3.CO;2

Hammer Ø, David A, Harper Ryan PD (2001) Past: Paleontological 
Statistics Software Package for Education and Data Analysis. Pa-
laeontologia Electronica 4: 1–9.

Heinicke MP, Duellman WE, Trueb L, Means DB, MacCulloch RD, 
Hedges SB (2009) A new frog family (Anura: Terrarana) from 
South America and an expanded direct-developing clade re-
vealed by molecular phylogeny. Zootaxa 2211: 1–35. https://doi.
org/10.11646/zootaxa.2211.1.1

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very 
high resolution interpolated climate surfaces for global land ar-
eas. International Journal of Climatology 25: 1965–1978. https://
doi.org/10.1002/joc.1276

Hime PM, Lemmon AR, Lemmon ECM, Prendini E, Brown JM, Thom-
son RC, Kratovil JD, Noonan BP, Pyron RA, Peloso PLV (2021) 
Phylogenomics reveals ancient gene tree discordance in the 
amphibian tree of life. Systematic Biology 70: 49–66. https://doi.
org/10.1093/sysbio/syaa034

Hoang D, Chernomor O, Von Haeseler A (2018) UFBoot2: improv-
ing the ultrafast bootstrap approximation. Molecular Biology 
and Evolution 35: 518–522. https://doi.org/10.1093/molbev/
msx281

Hoorn C, Wesselingh FP, Ter Steege H, Bermudez MA, Mora A, Sevink 
J, Sanmartín I, Sanchez-Meseguer A, Anderson CL, Figueiredo JP 
(2010) Amazonia through time: Andean uplift, climate change, 
landscape evolution, and biodiversity. Science 330: 927–931. 
https://doi.org/10.1126/science.1194585

https://doi.org/10.1111/mec.16248
https://doi.org/10.1002/2013TC003461
https://doi.org/10.1111/jbi.12208
https://doi.org/10.1016/j.ympev.2005.03.006
https://doi.org/10.1093/sysbio/syw037
https://www.jstor.org/stable/3892875
https://doi.org/10.1371/journal.pone.0051636
https://doi.org/10.1002/2015GL065959
https://doi.org/10.1002/2015GL065959
https://doi.org/10.1111/j.1096-3642.2001.tb01316.x
https://doi.org/10.1111/j.1439-0469.2005.00349.x
https://doi.org/10.1111/j.1439-0469.2005.00349.x
https://doi.org/10.1111/j.1096-3642.2008.00420.x
https://doi.org/10.1111/j.1096-3642.2008.00420.x
https://doi.org/10.1670/08-028R3.1
https://doi.org/10.1670/08-028R3.1
https://doi.org/10.1186/s13227-016-0043-9
https://doi.org/10.1186/s13227-016-0043-9
https://doi.org/10.2994/SAJH-D-14-00032.1
https://doi.org/10.1073/pnas.1704632114
https://doi.org/10.1073/pnas.1704632114
https://doi.org/10.1371/journal.pone.0143926
https://doi.org/10.1206/0003-0090(2006)297%5B0001:TATOL%5D2.0.CO;2
https://doi.org/10.1206/0003-0090(2006)297%5B0001:TATOL%5D2.0.CO;2
https://doi.org/10.1080/14772019.2021.1892845
https://doi.org/10.1080/14772019.2021.1892845
https://doi.org/10.1111/j.1420-9101.2011.02243.x
https://doi.org/10.1130/0016-7606(2000)112%3C1091:UHOTCA%3E2.3.CO;2
https://doi.org/10.1130/0016-7606(2000)112%3C1091:UHOTCA%3E2.3.CO;2
https://doi.org/10.11646/zootaxa.2211.1.1
https://doi.org/10.11646/zootaxa.2211.1.1
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276
https://doi.org/10.1093/sysbio/syaa034
https://doi.org/10.1093/sysbio/syaa034
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1126/science.1194585


Frontiers of Biogeography 17, 2024, e132672

Phylogeny and biogeography of Ceratophryidae

13

Hutter CR, Lambert SM, Wiens JJ (2017) Rapid diversification and 
time explain amphibian richness at different scales in the Tropical 
Andes, Earth’s most biodiverse hotspot. The American Naturalist 
190: 828–843. https://doi.org/10.1086/694319

Katoh K, Toh H (2010) Parallelization of the MAFFT multiple se-
quence alignment program. Bioinformatics 26: 1899–1900. 
https://doi.org/10.1093/bioinformatics/btq224

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, 
Buxton S, Cooper A, Markowitz S, Duran C (2012) Geneious Basic: 
an integrated and extendable desktop software platform for the 
organization and analysis of sequence data. Bioinformatics 28: 
1647–1649. https://doi.org/10.1093/bioinformatics/bts199

Klöcking M, Hoggard MJ, Tribaldos VR, Richards FD, Guimarães 
AR, Maclennan J, White NJ (2020) A tale of two domes: Neo-
gene to recent volcanism and dynamic uplift of northeast Brazil 
and southwest Africa. Earth and Planetary Science Letters 547: 
116464. https://doi.org/10.1016/j.epsl.2020.116464

Leier A, McQuarrie N, Garzione C, Eiler J (2013) Stable isotope ev-
idence for multiple pulses of rapid surface uplift in the Central 
Andes, Bolivia. Earth and Planetary Science Letters 371: 49–58. 
https://doi.org/10.1016/j.epsl.2013.04.025

Lynch JD (1971) Evolutionary relationships, osteology, and zoogeog-
raphy of Leptodactyloid frogs. Univ. Kans. Mus. Nat. Hist., Misc. 
Publ. 53: 1–238.

Lynch JD (1982) Relationships of the frogs of the genus Ceratophrys 
(Leptodactylidae) and their bearing on hypotheses of Pleisto-
cene forest refugia in South America and punctuated equilibria. 
Systematic Biology 31: 166–179. https://doi.org/10.1093/sys-
bio/31.2.166

Maddison WP, Maddison DR (2023) Mesquite: a modular system for 
evolutionary analysis. Version 3.81. [Retrieved 14/03/2024, from] 
http://www.mesquiteproject.org

Matske NJ (2013) BioGeoBEARS: BioGeography with Bayesian (and 
Likelihood) Evolutionary Analysis in R Scripts. Release R package 
version 0.2.1. [Retrieved 20/02/2024, from] http://CRAN.R-proj-
ect.org/package=BioGeoBEARS

Maxson LR, Ruibal R (1988) Relationships of frogs in the Leptodac-
tylid subfamily Ceratophryinae. Journal of Herpetology 22: 228–
231. https://doi.org/10.2307/1564003

McClanahan LL, Shoemaker VH, Ruibal R (1976) Structure and func-
tion of the cocoon of a Ceratophryd frog. Copeia 1976: 179–185. 
https://doi.org/10.2307/1443788

Mercadal IT (1986) Ceratophrys joazeirensis sp. n. (Ceratophryidae, 
Anura) del noreste de Brasil. Amphibia-Reptilia 7: 313–334. 
https://doi.org/10.1163/156853886X00145

Moreno FP (1889) Breve reseña de los progresos del Museo de la 
Plata, durante el segundo semestre de 1888. Boletin del Museo la 
Plata. Buenos Aires, Argentina.

Nguyen L, Schmidt HA, Von Haeseler A, Minh BQ (2015) IQ-TREE: 
a fast and effective stochastic algorithm for estimating maxi-
mum-likelihood phylogenies. Molecular Biology and Evolution 32: 
268–274. https://doi.org/10.1093/molbev/msu300

Perí SI (1994) Relaciones evolutivas de las especies de la Subfamilia 
Ceratophryinae (Anura: Leptodactylidae). Thesis, Universidad Na-
cional de La Plata.

Phillips SJ, Anderson RP, Dudík M, Schapire RE, Blair ME (2017) Open-
ing the black box: An open‐source release of Maxent. Ecography 
40: 887–893. https://doi.org/10.1111/ecog.03049

Pisanó A, Paz AE (1954) Notas ecológicas sobre Lepidobatrachus 
asper. Ciencia e Investigación 10: 326–331.

Pyron RA, Wiens JJ (2011) A large-scale phylogeny of Amphibia includ-
ing over 2800 species, and a revised classification of extant frogs, 
salamanders, and caecilians. Molecular Phylogenetics and Evolu-
tion 61: 543–583. https://doi.org/10.1016/j.ympev.2011.06.012

Quinzio SI, Fabrezi M, Faivovich J (2006) Redescription of the tadpole 
of Chacophrys pierottii (Vellard, 1948) (Anura, Ceratophryidae). 
South American Journal of Herpetology 1: 202–209. https://doi.
org/10.2994/1808-9798(2006)1[202:ROTTOC]2.0.CO;2

R-Core-Team (2023) R: a language and environment for statistical com-
puting. [Retrieved 16/12/2023, from] https://www.R-project.org/

Raddi G (1823) Continuazione della descrizione dei rettili Brasiliani. 
Memorie di Mathematica e di Física della Società Italiana delle 
Scienze residente in Modena 19: 58–73.

Rambaut A (2014) FigTree v1. 4.2, A Graphical Viewer of Phylogenetic 
Trees. [Retrieved 12/02/2024, from] http://tree.bio.ed.ac.uk/
software/figtree/

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA (2018) 
Posterior summarization in Bayesian phylogenetics using Tracer 
1.7. Systematic Biology 67: 901–904. https://doi.org/10.1093/
sysbio/syy032

Reig OA, Cei JMAM (1963) Elucidación morfológico-estadística de 
las entidades del género Lepidobatrachus Budgett (Anura, Cera-
tophrynidae), con consideraciones sobre la extensión del Distri-
to Chaqueño del Dominio Zoogeográfico Subtropical. Physis 24: 
181–204. https://sedici.unlp.edu.ar/handle/10915/88368

Revell LJ (2012) phytools: an R package for phylogenetic compara-
tive biology (and other things). Methods in Ecology and Evolution 
3: 217–223. https://doi.org/10.1111/j.2041-210X.2011.00169.x

Revell LJ, Harmon LJ (2022) Phylogenetic comparative methods in 
R. Princeton University Press. Princentor, New Jersey, USA.

Roelants K, Gower DJ, Wilkinson M, Loader SP, Biju SD, Guillaume 
K, Moriau L, Bossuyt F (2007) Global patterns of diversification 
in the history of modern amphibians. Proceedings of the Na-
tional Academy of Sciences USA 104: 887–892. https://doi.
org/10.1073/pnas.0608378104

Ruane S, Pyron RA, Burbrink FT (2011) Phylogenetic relationships of 
the Cretaceous frog Beelzebufo from Madagascar and the place-
ment of fossil constraints based on temporal and phylogenetic 
evidence. Journal of Evolutionary Biology 24: 274–285. https://
doi.org/10.1111/j.1420-9101.2010.02164.x

Salgado Costa C, Chuliver Pereyra M, Alcalde L, Herrera R, Trudeau 
VL, Natale GS (2014) Underwater sound emission as part of an 
antipredator mechanism in Ceratophrys cranwelli tadpoles. Acta 
Zoologica 95: 367–374. https://doi.org/10.1111/azo.12035

Santos JC, Coloma LA, Summers K, Caldwell JP, Ree R, Cannatella 
DC (2009) Amazonian amphibian diversity is primarily derived 
from late Miocene Andean lineages. PLoS Biology 7: e1000056. 
https://doi.org/10.1371/journal.pbio.1000056

Shimodaira H, Hasegawa M (1999) Multiple comparisons of log-like-
lihoods with applications to phylogenetic inference. Molecular 
Biology and Evolution 16: 1114. https://doi.org/10.1093/oxford-
journals.molbev.a026201

Sinharay S (2010) Jackknife Methods. In: Peterson P, Baker E, Mc-
Gaw B (Eds) International Encyclopedia of Education (3rd edn). 
Elsevier, Oxford, 229–231. https://doi.org/10.1016/B978-0-08-
044894-7.01338-5

https://doi.org/10.1086/694319
https://doi.org/10.1093/bioinformatics/btq224
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1016/j.epsl.2020.116464
https://doi.org/10.1016/j.epsl.2013.04.025
https://doi.org/10.1093/sysbio/31.2.166
https://doi.org/10.1093/sysbio/31.2.166
http://www.mesquiteproject.org
http://CRAN.R-project.org/package=BioGeoBEARS
http://CRAN.R-project.org/package=BioGeoBEARS
https://doi.org/10.2307/1564003
https://doi.org/10.2307/1443788
https://doi.org/10.1163/156853886X00145
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1111/ecog.03049
https://doi.org/10.1016/j.ympev.2011.06.012
https://doi.org/10.2994/1808-9798(2006)1%5B202:ROTTOC%5D2.0.CO;2
https://doi.org/10.2994/1808-9798(2006)1%5B202:ROTTOC%5D2.0.CO;2
https://www.R-project.org/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://sedici.unlp.edu.ar/handle/10915/88368
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1073/pnas.0608378104
https://doi.org/10.1073/pnas.0608378104
https://doi.org/10.1111/j.1420-9101.2010.02164.x
https://doi.org/10.1111/j.1420-9101.2010.02164.x
https://doi.org/10.1111/azo.12035
https://doi.org/10.1371/journal.pbio.1000056
https://doi.org/10.1093/oxfordjournals.molbev.a026201
https://doi.org/10.1093/oxfordjournals.molbev.a026201
https://doi.org/10.1016/B978-0-08-044894-7.01338-5
https://doi.org/10.1016/B978-0-08-044894-7.01338-5


Frontiers of Biogeography 17, 2024, e132672

Arjen A. W. van der Kamp et al.

14

Steindachner F (1882) Batrachologische Beiträge. Sitzungsberichte 
der Kaiserlichen Akademie der Wissenschaften, Mathema-
tisch-Naturwissenschaftliche Classe 85: 188–194.

Tomassini RL, Montalvo CI (2013) Taphonomic modes on fluvial de-
posits of the Monte Hermoso Formation (early Pliocene), Buenos 
Aires province, Argentina. Palaeogeography, Palaeoclimatolo-
gy, Palaeoecology 369: 282–294. https://doi.org/10.1016/j.pa-
laeo.2012.10.035

van der Meijden A, Vences M, Hoegg S, Boistel R, Channing A, 
Meyer A (2007) Nuclear gene phylogeny of narrow-mouthed 
toads (Family: Microhylidae) and a discussion of competing 
hypotheses concerning their biogeographical origins. Molecular 
Phylogenetics and Evolution 44: 1017–1030. https://doi.
org/10.1016/j.ympev.2007.02.008

Vellard J (1948) Batracios del Chaco argentino. Acta Zoologica Lil-
loana 5: 137–174.

Vieira KDS, Silva APZ, Arzabe C (2006) Cranial morphology and 
karyotypic analysis of Ceratophrys joazeirensis (Anura: Cerato-
phryidae, Ceratophrynae): taxonomic considerations. Zootaxa 
1320: 57–68. https://doi.org/10.11646/zootaxa.1320.1.6

von Tschudi JJ (1838) Classification der Batrachier: mit Beruck-
sichtigung der fossilen Thiere dieser Abtheilung der Reptilien. 
Petitpierre. Neuchatel, Suisse. https://doi.org/10.5962/bhl.ti-
tle.4883

Wahlberg N, Braby MF, Brower AVZ, de Jong R, Lee M, Nylin S, 
Pierce NE, Sperling FAH, Vila R, Warren AD (2005) Synergistic 
effects of combining morphological and molecular data in re-
solving the phylogeny of butterflies and skippers. Proceedings 
of the Royal Society B 272: 1577–1586. https://doi.org/10.1098/
rspb.2005.3124

Wiens JJ, Graham CH, Moen DS, Smith SA, Reeder TW (2006) 
Evolutionary and ecological causes of the latitudinal diversity 
gradient in hylid frogs: treefrog trees unearth the roots of high 
tropical diversity. The American Naturalist 168: 579–596. https://
doi.org/10.1086/507882

Wild ER (1997) Description of the adult skeleton and devel-
opmental osteology of the hyperossified horned frog, Cer-
atophrys cornuta (Anura: Leptodactylidae). Journal of 
Morphology 232: 169–206. https://doi.org/10.1002/(SICI)1097-
4687(199705)232:2%3C169::AID-JMOR4%3E3.0.CO;2-5

Yu Y, Harris AJ, Blair C, He X (2015) RASP (Reconstruct Ances-
tral State in Phylogenies): a tool for historical biogeography. 
Molecular Phylogenetics and Evolution 87: 46–49. https://doi.
org/10.1016/j.ympev.2015.03.008

Yu Y, Blair C, He X (2020) RASP 4: ancestral state reconstruction tool 
for multiple genes and characters. Molecular Biology and Evolu-
tion 37: 604–606. https://doi.org/10.1093/molbev/msz257

Zeisset I, Beebee TJC (2008) Amphibian phylogeography: a model for 
understanding historical aspects of species distributions. Heredi-
ty 101: 109–119. https://doi.org/10.1038/hdy.2008.30

Supplementary materials

Supplementary material 1
fig. S1: Phylogeny base only in genetic data (.png)
Link: https://doi.org/10.21425/fob.17.132672.suppl1

Supplementary material 2
fig. S2: Chronogram for Ceratophryidae (.png)
Link: https://doi.org/10.21425/fob.17.132672.suppl2

Supplementary material 3
table S1: GenBank accession numbers (.xlsx)
Link: https://doi.org/10.21425/fob.17.132672.suppl3

Supplementary material 4
table S2: Tracer v.1.7.2 output (.xlsx)
Link: https://doi.org/10.21425/fob.17.132672.suppl4

Supplementary material 5
table S3: Environmental data for Principal components 
analysis (.xlsx)
Link: https://doi.org/10.21425/fob.17.132672.suppl5

Supplementary material 6
table S4: Phylogenetic Principal Components Analysis 
(.xlsx)
Link: https://doi.org/10.21425/fob.17.132672.suppl6

Supplementary material 7
appendix S1: BEAUti (.xml) file with the chronogram 
model parameters (.xml)
Link: https://doi.org/10.21425/fob.17.132672.suppl7

Supplementary material 8
appendix S2: RASP v.4.3 output of the ancestral area 
reconstruction (.docx)
Link: https://doi.org/10.21425/fob.17.132672.suppl8

Supplementary material 9
appendix S3: Tree file of the calibrated chronogram by 
BEAST v. 2.7.4 (.tree)
Link: https://doi.org/10.21425/fob.17.132672.suppl9

Supplementary material 10
appendix S4: Photograph credits (.pdf)
Link: https://doi.org/10.21425/fob.17.132672.suppl10

https://doi.org/10.1016/j.palaeo.2012.10.035
https://doi.org/10.1016/j.palaeo.2012.10.035
https://doi.org/10.1016/j.ympev.2007.02.008
https://doi.org/10.1016/j.ympev.2007.02.008
https://doi.org/10.11646/zootaxa.1320.1.6
https://doi.org/10.5962/bhl.title.4883
https://doi.org/10.5962/bhl.title.4883
https://doi.org/10.1098/rspb.2005.3124
https://doi.org/10.1098/rspb.2005.3124
https://doi.org/10.1086/507882
https://doi.org/10.1086/507882
https://doi.org/10.1002/(SICI)1097-4687(199705)232:2%3C169::AID-JMOR4%3E3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-4687(199705)232:2%3C169::AID-JMOR4%3E3.0.CO;2-5
https://doi.org/10.1016/j.ympev.2015.03.008
https://doi.org/10.1016/j.ympev.2015.03.008
https://doi.org/10.1093/molbev/msz257
https://doi.org/10.1038/hdy.2008.30
https://doi.org/10.21425/fob.17.132672.suppl1
https://doi.org/10.21425/fob.17.132672.suppl2
https://doi.org/10.21425/fob.17.132672.suppl3
https://doi.org/10.21425/fob.17.132672.suppl4
https://doi.org/10.21425/fob.17.132672.suppl5
https://doi.org/10.21425/fob.17.132672.suppl6
https://doi.org/10.21425/fob.17.132672.suppl7
https://doi.org/10.21425/fob.17.132672.suppl8
https://doi.org/10.21425/fob.17.132672.suppl9
https://doi.org/10.21425/fob.17.132672.suppl10

	Phylogeny, historical biogeography and climate niche differentiation in extant species of Ceratophryidae (Anura, Hyloidea) frogs in South America
	Abstract
	Highlights
	Introduction
	Materials and methods
	Taxon and character sampling

	Phylogenetic analysis
	Chronogram
	Ancestral area reconstruction for Ceratophryidae
	Phylogenetic environmental niche differentiation

	Results
	Phylogenetic analysis
	Time of divergence of the Ceratophryidae clade
	Ancestral area reconstruction for Ceratophryidae
	Phylogenetic environmental niche differentiation

	Discussion
	Phylogeny
	Time of divergence of Ceratophryidae
	Ancestral area reconstruction for Ceratophryidae
	Phylogenetic environmental relatedness

	Conclusion
	Acknowledgements
	Author contributions
	Data accessibility statement
	References
	Supplementary materials
	Supplementary material 1
	fig. S1: Phylogeny base only in genetic data (.png)

	Supplementary material 2
	fig. S2: Chronogram for Ceratophryidae (.png)

	Supplementary material 3
	table S1: GenBank accession numbers (.xlsx)

	Supplementary material 4
	table S2: Tracer v.1.7.2 output (.xlsx)

	Supplementary material 5
	table S3: Environmental data for Principal components analysis (.xlsx)

	Supplementary material 6
	table S4: Phylogenetic Principal Components Analysis (.xlsx)

	Supplementary material 7
	appendix S1: BEAUti (.xml) file with the chronogram model parameters (.xml)

	Supplementary material 8
	appendix S2: RASP v.4.3 output of the ancestral area reconstruction (.docx)

	Supplementary material 9
	appendix S3: Tree file of the calibrated chronogram by BEAST v. 2.7.4 (.tree)

	Supplementary material 10
	appendix S4: Photograph credits (.pdf)


