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ARTICLE INFO ABSTRACT

Keywords: Dendropsophus is one of the most species-rich genera of hylid treefrogs. Recent studies integrating Sanger-
AfT‘Phibian generated mitochondrial and nuclear loci with phenomic characters (SP) have advanced understanding of this
Biogeography clade, but questions about its internal relationships and biogeographic history persist. To address these questions,
;Z?tf:;?é;e methods we used anchored hybrid enrichment (AHE) to combine 432 nuclear loci for 78 taxa (72 % of species) with
Phylogenetics published data. Quantitatively, the impact of the AHE data was modest, with compositional differences in only

three recognized clades and more than 80 % of the clades in the AHE + SP analyses also supported in the SP-only
analyses. Nevertheless, the impact of AHE was crucial for resolving and increasing support for multiple nodes.
We transferred one species of the formerD. ruschiigroup to theD. decipiensgroup and redefined
the D. leucophyllatus group to avoid paraphyly. We estimated divergence times to reconstruct the clade’s
biogeographic history. We also examined evolution of oviposition sites and assessed its effect on lineage accu-
mulation. Dendropsophus likely originated ~ 57 mya, predating the Andean uplift, with some taxa showing
dispersal patterns less constrained by ecological changes than previously thought.
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C. Whitcher et al.
1. Introduction

The complex geological history of South and Central America has
provided the impetus for multiple studies on the biogeographic history
of the regions’ amphibians (Heinicke et al., 2007, Elmer et al., 2013,
Fouquet et al., 2014, Antonelli et al., 2018, Vasconcelos et al., 2019).
Several studies point to an increase in cladogenesis among frogs during
the late Miocene (approximately 13-8 mya; Gehara et al., 2014) as a
consequence of increased environmental and elevational change during
uplift of the Andes cordillera (Santos et al., 2009, Hoorn et al., 2010,
Rohrmann et al., 2016; Rodriguez Tribaldos et al., 2017). Specifically,
the regional climate changes caused by this uplift increased the influx of
sediments both in the Amazon basin and offshore, fundamentally
changing the Amazonian landscape by reconfiguring its drainage pat-
terns (Hoorn et al.,, 2010) and correlated with evidence for Neogene
uplift in the Atlantic Forest (Rodriguez Tribaldos et al., 2017). These
geological and climatic changes multiplied the number of different
habitat conditions, thus creating ecological opportunities for species to
diversify (Hoorn et al., 2010), specifically within these changing
regions.

Biogeographic studies have suggested up to five main routes for bi-
otic interchange between Amazonia and the Atlantic Forest, which are
major biotic regions in South America now separated by the Dry Diag-
onal (Fig. 1). Two of the five routes are thought to be the most probable
connections between regions for amphibians (Batalha et al., 2013; Ledo
and Colli, 2017; highlighted in Fig. 1). One passes through the northern
Cerrado and Caatinga and represents a relatively young connection
within the last 7 my (Batalha et al., 2013). A second older connection
runs through modern Chaco to Bolivia and Paraguay, allowing dispersal
prior to 23 mya (Batalha et al., 2013). Which of these routes was more

)
»

%3
\ﬁ* _

400 km

Fig. 1. Biomes of Central and South America used as character states for the
ancestral state reconstruction of the geographic distributions of Dendropsophus;
(A) Middle America, (B) Andes, (C) Amazonia, (D) Cerrado, Caatinga, and
Chaco (The Dry Diagonal), (E) Pantanal, (F) Atlantic Forest, and (G) Pampas.
Arrows denote five hypothesized routes of biotic interchange between Ama-
zonia (C) and Atlantic Forest (G) as summarized in Ledo and Colli 2017 and
Batalha-Filho et al. 2013. Black arrows represent the two most likely routes for
amphibian dispersal as defined in Ledo and Colli 2017.
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important for amphibian dispersal is still being debated (Por, 1992;
Oliveira et al., 1999; Batalha et al., 2013; Gehara et al., 2014). With 107
recognized species distributed from central Argentina to southern
Mexico, Dendropsophus is one of the most diverse genera of hylid tree-
frogs (Frost, 2024). As such, it serves as an excellent model for biogeo-
graphic studies. Previous studies have examined the historical
biogeography within species groups within Dendropsophus (Gehara
et al., 2014; Pirani et al., 2020), but a comprehensive analysis of the
historical dispersals across the genus has not been undertaken.

Additionally, species of Dendropsophus have two oviposition sites,
aquatic and terrestrial (e.g., Bokermann, 1963; Duellman and Crump,
1974), with a few species having both modes (Touchon and Warkentin,
2008). Given that context-dependent selection appears to shape anuran
reproductive phenotypes (Zamudio et al., 2016), it is possible that the
shift to a different oviposition site and dispersal into new areas are
related. Previous studies have suggested that oviposition plasticity may
be an adaptation to new or variable mortality risks (Magnusson and
Hero, 1991; Touchon and Warkentin, 2008; Touchon, 2012; Touchon
and Worley, 2015). For example, Touchon and Worley (2015) found that
Dendrosophus ebraccatus switches from aquatic to terrestrial oviposition
when aquatic predators are present, suggesting that aquatic predation
risk was a driver of the evolution of terrestrial reproduction. Alterna-
tively, reproductive mode and oviposition site can be driven by intra-
sexual selection (Zamudio et al., 2016; de Sa et al., 2020). Specifically,
terrestrial egg deposition is correlated with males hiding their mating
behavior of amplexus from competing males (Zamudio et al., 2016) and
a shift to smaller male body size (de Sa et al., 2020), two traits that
release the male-male competition associated with exposed breeding.
Finally, abiotic factors of temperature and humidity can constrain the
evolution of terrestrial oviposition sites (Zamudio et al., 2016).

A well-resolved and supported phylogenetic hypothesis is needed to
understand the biogeographic and life history diversification of Den-
dropsophus. The phylogenetic relationships within Dendropsophus were
recently studied by Orrico et al. (2021) in a total-evidence analysis of
eight genetic loci (three mitochondrial and five nuclear genes) and 201
phenomic (primarily internal and external morphological) characters.
However, several regions of their topology lacked strong support, sug-
gesting that additional data are needed to clarify the relationships
within this group. In this study, we generated a novel dataset of 432
nuclear loci for 78 species (72 % of the genus) using anchored hybrid
enrichment (AHE; Lemmon et al., 2012). To evaluate the impact of the
new AHE data on understanding relationships among Dendropsophus
species, we analyzed them both in isolation and together with data from
Orrico et al. (2021) using both maximum likelihood and parsimony
optimality criteria. Using divergence times estimated for the AHE
dataset, we reconstructed the biogeographic history of the clade. Finally,
we assessed the evolution of egg deposition site and examined correla-
tions with lineage accumulation rate and the extent of biogeographic
expansions.

2. Methods
2.1. Anchored hybrid enrichment (AHE) data collection

2.1.1. Sampling

We targeted 78 of the 107 recognized species of Dendropsophus (72 %
of the genus), including two specimens for 15 % of the species (98
Dendropsophus terminals; Table S1-S2), for AHE. We also included 20
outgroup species, several with two individuals (27 outgroup terminals
total; Table S1-S2), such that the full ingroup + outgroup AHE data set
included 125 terminals.

2.1.2. Sequencing

We collected AHE data (Lemmon et al. 2012) through Florida State
University’s Center for Anchored Phylogenomics (https://www.anch
oredphylogeny.com) following the protocol outlined in Prum et al.
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(2015). We sonicated 1ug of extracted DNA to 200-400 bp using a
Covaris Ultrasonicator on a 96-well glass plate. We prepared Illumina
libraries following Meyer and Kircher (2010) on a Beckmann Coulter
FXp Liquid handling robot, but with small modifications made by Prum
et al. (2015). After pooling groups of ~ 16 samples with equal con-
centrations, we enriched the libraries using the AHE enrichment kit
described by Hime et al. (2021). This amphibian-specific kit targets 364
nuclear loci. We pooled and sequenced the enriched libraries on an
Mlumina HiSeq2500 sequencer with a paired-end 200 bp protocol with
one 8 bp indexing read. Sequencing was performed at Florida State
University’s College of Medicine Translational Lab. The total sequencing
effort was 124.6 Gb (~1.2 Gb per sample).

2.1.3. AHE read assembly

Starting with the reads passing the Cassava high-chastity filter, we
demultiplexed the reads by index with no mismatches tolerated. We
then merged overlapping reads using the approach outlined in Rokyta
et al. (2012). This process removed adapter sequences and corrected
sequencing errors in overlapping regions. After merging, we assembled
the reads using the quasi-de-novo assembler outlined in Hamilton et al.
(2016), with Pseudacris nigrita and Gastrophyrne carolinensis serving as
divergent references. In order to avoid the potential effects of low-level
contaminants, we removed assembly clusters containing fewer than 57
reads (the 5 %-tile of the read coverage distribution for the largest as-
sembly cluster across loci). Finally, we constructed consensus sequences
from the read assemblies, utilizing ambiguities when base frequency
distributions at a site could not be explained by sequencing error (see
Hamilton et al., 2016 for more details). In order to place the Dendrop-
sophus samples within a broader context, we included 19 additional
hylid samples from outside Dendropsophini, as well as one sample from
Ceratophryidae. We obtained consensus sequences from these samples
from previous studies (Barrow et al., 2018; Banker et al., 2020; Dolinay
et al., 2021; Hime et al., 2021). Note that target loci from all of these
studies corresponded to those of the Dendropsophini samples.

2.1.4. Orthology assessment and alignment generation

Following Hamilton et al. (2016), we assessed orthology by
computing pairwise (alignment-free) distance matrices and clustering
the homologous sequences using a neighbor-joining approach. After
removing ortholog clusters containing less than 50 % of the samples
prior to proceeding downstream, we aligned homologous sequences
using Mafft (v7.023b, Katoh and Standley, 2013). To reduce the effects
of missing data and misaligned sequences we applied the automated
trimmer/masker described by Hamilton et al. (2016), with the MIN-
GOODSITES parameter set to 14 and the PROPGOOD parameter set to
0.5. Sites represented by less than 50 % of the samples after masking
were excised from the alignment. We visually inspected the resulting
alignments in Geneious (R9, Biomatters Ltd., Kearse et al., 2012) to
verify the alignments.

2.2. Sanger sequences and phenomic evidence

Sanger sequences and phenomic characters were derived from Orrico
et al. (2021; hereafter called the SP data set). Among ingroup terminals,
the AHE partition comprises a subset of the terminals analyzed by Orrico
et al. (2021), with the addition of three undescribed species (Dendrop-
sophus sp. sister species to D. ozzyi, Dendropsophus cf. minutus, and
Dendropsophus sp. related to D. shiwiarum) and two of the four terminals
identified as D. brevifrons (but see Discussion) represented only by AHE
data (for information on outgroup sampling, see Table S1-S2). To
accelerate analyses, we eliminated confirmed conspecific terminals (i.e.,
those whose uncorrected pairwise 16S distances were less than 3 %) but
retained putatively conspecific terminals for which either molecular or
morphological data suggested they might represent different species,
and we did not delete any terminals for which AHE data were also ob-
tained. To maximize the data coverage for included terminals, we
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merged missing Sanger fragments from excluded terminals with those of
the included conspecific terminals.

Subsequent to the online release of Orrico et al. (2021) in June 2020,
several publications related to Dendropsophus systematics were pub-
lished (see Discussion). One of the candidate species identified by Orrico
et al. (2021)—D. decipiens V—was described as D. tapacurensis by Oli-
veira et al. (2021), while D. luddeckei was placed in the synonymy of
D. molitor by Arias-Céardenas et al. (2024) and D. koechlini was placed in
the synonymy of D. pauiniensis by Melo-Sampaio (2023). While we agree
with these taxonomic changes, we have not incorporated these into our
dataset. However, to facilitate comparison of the current results with
those of Orrico et al. (2021), we did not include additional terminals or
published data in our analyses. Specifically, we did not add D. bilobatus
and the two candidate species associated with D. reichlei from Ferrao
et al. (2020), D. kubricki from Rivadeneira et al. (2018), or D. arndti, D.
leucophyllatus, D. vraemi, and candidate species D-G from Caminer et al.
(2017). Likewise, we did not include the SNP data from Pirani et al.
(2020); their results suggest that D. ebraccatus is composed of two in-
dependent lineages (one from Costa Rica and the other from Ecuador)
but it is unclear which lineage(s) we have because our data are not
directly comparable to Pirani et al. (2020) and indirect designation by
geographic locality is not straightforward.

2.3. Phylogenetic analyses

2.3.1. Overview of analyses

To assess the impact of the new AHE data on our understanding of
the Dendropsophus phylogeny, we analyzed the new AHE data set sepa-
rately using (A) maximum likelihood (ML; AHE-only), (B) a coalescent
species tree approach (AHE-only; ASTRID), and (C) maximum parsi-
mony (MP; AHE-only). We also combined the AHE data with the Sanger
sequences and phenomic characters (SP data set) of Orrico et al. (2021)
and analyzed this total-evidence data set (AHE + SP) under (D)
maximum likelihood and (E) maximum parsimony. Given that we
employed a different method of alignment (similarity-alignment in
MAFFT v7.023b, Katoh and Standley, 2013) than Orrico et al. (2021;
tree-alignment in POY v.5.1.1; Wheeler et al., 2015) and treated gaps as
missing nucleotides (gaps treated as insertion/deletion events by Orrico
et al.,, 2021), we reanalyzed their data set of Sanger sequences and
phenomic characters as well under ML (F) and MP (G). We selected
outgroups based on current knowledge of hylid phylogenetic relation-
ships (Araujo-Vieira et al., 2019; Araujo-Vieira et al., 2023; Hime et al.,
2021; Orrico et al., 2021; Blotto et al., 2021). We included species of
Ceratophrys (Ceratophryidae), Litoria (Pelodryadinae), Xenohyla (Hyli-
nae, Dendropsophini), Acris, Hyla, and Pseudacris (Hylinae, Hylini),
Phyllodytes and Trachycephalus (Hylinae, Lophyohylini), Lysapsus and
Scarthyla (Pseudini), Ololygon and Scinax (Scinaxini), and Gabohyla and
Sphaenorhynchus (Sphaenorhynchini). The trees were rooted with
Ceratophrys.

2.3.2. Maximum likelihood analysis

We performed ML analyses using IQ-TREE multicore version iqgtree-
2.2.2.3 (Minh et al, 2020). We first used ModelFinder
(Kalyaanamoorthy et al., 2017), spawned from IQ-TREE, to choose the
best-fit substitution model and partition scheme for the AHE and Sanger
data (option —m MF + merge). We used the two morphological models
implemented in IQ-TREE (i.e., MK and ORDERED, for nonadditive and
additive transformation series, respectively; for additivities see Orrico
et al., 2021) with ascertainment bias correction. We obtained branch
supports from 1000 ultrafast bootstrap replicates (Minh et al., 2013;
Hoang et al., 2018).

2.3.3. Maximum parsimony analysis

We performed all MP analyses in TNT v1.5 (Goloboff et al., 2008;
Goloboff and Catalano, 2016) using equal costs for all transformations,
gaps treated as missing data, and stopping when a stable consensus was
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reached five times (TNT command: xmult = level 10 chklevel 5 consense
5). We calculated jackknife frequencies from 1000 pseudoreplicates run
in sets of 50 (TNR command: hold 5000; rseed 0; rseed*; resample jak
savetrees freq replications 50 [xmult = replications 2 hits 2;]) and
subsequently merged manually. We used the TNT script forfai.run
written by Pablo A. Goloboff (available at https://www.lillo.org.ar/phy
logeny/tnt/scripts/forfai.run), which takes as input the most parsimo-
nious trees and the trees resulting from the resample pseudoreplicates
and outputs a strict consensus with branch lengths and support values in
Newick format. This file was read with FigTree v1.4.3 (Rambaut, 2009)
for visualization and editing.

2.3.4. Tree comparisons

Using the packages ape v5.0 (Paradis and Schliep, 2019), phytools
v2.1.1 (Revell, 2024), stringr (Wickham, 2023), and treedist v2.7.0
(Smith, 2020) in R v4.3.2 (R Core Team, 2023), we compared the strict
consensus topologies and support values for shared and unshared clades
of the SP-only and AHE + SP analyses and the AHE + SP and AHE-only
analyses for both ML and MP analyses, as well as the ML and MP results
for the SP, AHE-only, and AHE + SP characters analyses (i.e., Fvs D, G vs
E, A vs D, C vs E, etc). After parsing Newick or TNT trees containing
support values and removing terminals that were not present in both
trees, we proceeded to calculate the Robinson-Foulds distance
(Robinson and Foulds, 1981) between each pair of trees and list all
clades shared by both trees and all clades unique to each tree, together
with their respective support values.

2.3.5. Coalescence: AHE-only

For the coalescent approach, we first estimated gene trees in RAXML
(Stamatakis, 2006) under a GTRGAMMA model. To reconstruct the
species trees from the gene trees obtained from the RAXML analysis, we
estimated a genome-scale coalescent-based species tree using the pro-
gram ASTRID (Vachaspati and Warnow, 2015). Because the maximum
likelihood tree (A) and species tree (B) shared the same topology, we
used only the species tree (B) for downstream ancestral state
reconstruction.

2.4. Divergence-time estimation

We employed the results of analyses B and D (see Overview of An-
alyses above) for all downstream analyses. We employed a Bayesian
molecular clock dating method that is appropriate for genome-wide
datasets, MCMCTree from PAML v4.9j (dos Reis and Yang, 2019).
MCMCTree uses fossil constraints to estimate divergence times within a
phylogeny under multiple molecular clock models. We used four fossil-
informed node dates for the calibration (Table 1).

We utilized a uniform prior for the most recent common ancestor
(MRCA) of Hylidae and its sister group of between 125 mya (Béez et al.,
2009) and 33.9 mya (Hyla swanstoni fossil; Holman, 2003, Holman,
1968; Table 1). We follow Wiens et al.’s (2006) interpretation of the
MRCA of the Acris-Pseudacris clade, utilizing a fossil identified as the
extinct taxon Acris barbouri (likely the sister group to an extant Acris

Table 1
Fossil calibrations employed for the divergence-time estimate of Dendropsophus.
Taxonomic group Fossil Source
Date

Hylidae and sister 125 -
group 33.9 mya

Lower bound- Hyla swantsoni (Holman 2003;
Holman 1968); Upper bound- older remains of
Eurycephala alcinae and Araryphrynus placidoi
Baez et al. (2009)

Acris + Pseudacris >15 mya Holman (2003)

Hyla squirella + >15 mya Holman (2003)
Hyla cinerea

Hyla gratiosa + Hyla ~ >16 mya Holman (2003)
versicolor
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species) dated at least 15-19 mya (Holman, 2003; Table 1). In addition,
we define the MRCA of the Hyla squirella-Hyla cinerea clade as at least
15 mya based in the fossil species Hyla goini (thought to be closely
related to, if not conspecific with, extant H. squirella; Sanchiz, 1998)
dated at 15-19 mya (Holman, 2003; Table 1). Finally, we define the
MRCA of the Hyla gratiosa—Hyla versicolor clade as at least 16 mya based
on two fossils: Hyla miocenica (thought to be closely related to Hyla
chrysocelis and H. versicolor) dated at 14-16 mya and the fossil of Hyla
miofloridana (a species similar to H. gratiosa) dated at 15-19 mya
(Holman, 2003; Table 1).

A caveat regarding these calibrations is that no synapomorphic evi-
dence associates any of these fossils with the clades to which they have
been referred, with some of these relationships being openly questioned
(e.g., Hyla swanstoni; Sanchiz, 1998). All of the abovementioned fossil
taxa are known exclusively from ilia or, in the case of Hyla swanstoni, ilia
and partial tibiofibulae, and no synapomorphy involving ilial or tibio-
fibular morphology has so far been proposed for hylids. Further, all of
the associations were made prior to the major overhaul of hylid re-
lationships of the mid-2000 s (e.g., Faivovich et al., 2005) within a very
different phylogenetic context from what we now know, meaning that,
in the case of Hyla and Acris-Pseudacris, these fossils apparently were
never compared with most of the intervening taxa between these two
distant clades of Hylini or any of the other hyline tribes.

We added the four fossil calibrations to the respective nodes of the
tree with lower bound priors, default p values of 0.1, and c values of 0.2.
The gradient and Hessian matrices were calculated with the usedata = 3
option. One partition was used for all loci with independent rates mo-
lecular clock model and a GTR + I" model of nucleotide substitution. An
alpha value of 0.35 was used, as 0.35 was the average alpha from the
RAXML analysis. The alpha parameter is the shape parameter of the
mutation rate. A low alpha value (<1) suggests that the distribution of
mutations across the alignment is tightly clustered and approximates a
negative binomial distribution, indicating that some sites do not mutate
at all and a small number of sites mutate a lot. An estimated mean
substitution rate for the amphibian clade of 0.899 substitutions per
million years from Hime et al. (2020) was used to parameterize a diffuse
gamma Dirichlet prior I'(a b) on locus rates (rgene gamma) as I'(1 111),
where a = 1 and b = 111. This sets a gamma prior for the mean rate
across loci, and a Dirichlet distribution is used to partition the prior
across loci. The gamma distribution has mean a = b and variance a = b2,
The first parameter (a) controls the shape of the distribution. Values of a
=1 or = 2 lead to fairly diffuse priors. We set this value to 1, and then
fixed b so that the mean rate matched the estimated mean substitution
rate proposed by Hime et al., 2020. We ran MCMC chains for 1,000,000
total generations, with 1,000,000 burnin generations, and 100 genera-
tion sampling frequency. Additionally, we utilized the function Itt
(Pybus and Harvey, 2000) from the phytools package (Revell, 2012) in R
to create a lineage through time plot for calculating Pybus and Harvey’s
“gamma” statistic to determine if Dendropsophus diversified with con-
stant rates.

2.5. Biogeographic analyses

2.5.1. Ancestral range estimation

To estimate the ancestral geographic range of Dendropsophus, we
employed a maximum likelihood approach to ancestral range estimation
using the R program BioGeoBEARS (Matzke, 2013). This analysis pro-
vided geographic range estimates for each node of the Dendropsophus
phylogenetic tree estimated from the previous analysis. We utilized the
Dispersal-Extinction—Cladogenesis (DEC) model as it allows for the
estimation of range transitions as a function of time (Ree and Smith,
2008), enabling us to use the dated Dendropsophus phylogenies B and D,
to test specific hypotheses of evolutionary biogeography. Each Den-
dropsophus species was assigned a ‘“state” corresponding to its
geographic range. This consisted of a specific combination of presences
and absences in the biomes of Central and South America (Fig. 1). We
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defined a total of seven geographic areas (Fig. 1; Batalha-Filho et al.,
2013; Ledo and Colli, 2017). Geographic areas were defined as seen in
Fig. 1 to balance increased specificity and computational effort; this
assignment maximized the number of geographical areas (greatest
specifications) before computational constraints became too high for the
program to handle. We ran 50 DEC models and recorded the number and
type of events from each model. We calculated and compared ML state
probabilities and averages from Biogeographic Stochastic Mapping
(BSM) values from the DEC models. All additional parameters of the
model were set as the default standards; for a full description and
explanation of each default standard, see Dupin et al (2016) and Matzke
(2016).

2.6. Oviposition site evolutionary analyses

2.6.1. State dependent diversification models

We scored species oviposition site as either aquatic or terrestrial egg
deposition based on available direct observation data for 47 % of the 78
species in the genus (Crump, 1974; Duellman, 1978; Weygoldt and
Peixoto, 1987, Mageski et al., 2014; Orrico et al., 2021; Schiesari et al.,
2022). We utilized a Markov chain Monte Carlo Bayesian approach to
estimate ancestral character states of phylogenies B and D through the
program RevBayes (Hohna et al., 2014; Hohna et al., 2016). To estimate
the ancestral oviposition sites of Dendropsophus, we employed a multi-
state MCMC model (at least 10,000 total generations, 2,000 burnin
generations, 100 sampling frequency). To determine whether oviposi-
tion site has an impact on lineage accumulation rate in the clade we
employed both a Binary state speciation and extinction model (BiSSE)
and a Hidden state speciation and extinction model (HiSSE) using
RevBayes (Hohna et al.,, 2014, 2016). We ran an MCMC of at least
10,000 total generations, 2,000 burnin generations, and 100 sampling
frequency for each model.

2.6.2. Comparative analysis

To test for a correlation between the transition to a terrestrial
oviposition site and a species’ geographic expansion to more than one
geographic range we employed a correlated evolution model via
RevBayes (Hohna et al., 2014; Hohna et al., 2016). The binary character
matrix for egg deposition site from the analysis above was utilized
(where 0 = aquatic egg deposition and 1 = terrestrial egg deposition).
We created a binary state character for species’ geographic range, where
species ranges were coded as 0 = one geographic range or 1 = more than
one geographic range. We ran an MCMC of 10,000 total generations,
200 burnin generations, and 200 sampling frequency for each model.

3. Results
3.1. Anchored hybrid enrichment data

Our AHE analyses recovered 432 orthologous nuclear loci for the 78
Dendropsophus and 20 outgroup taxa. This number of loci was greater
than the number targeted by our hybrid enrichment kit because the
target probes bind to sequences up to 30 % divergent including deeply
diverged gene duplicates. Sixty-eight duplicates were identified and
separated as additional informative loci for this study. The average locus
length across all loci was 1562 base pairs. Of the 655,061 aligned sites,
287,758 were variable and 228,603 were parsimony informative. The
quantity of missing data was low (8.59 % missing characters).

3.2. Phylogenetic relationships

The results of all the phylogenetic analyses (A-G) are provided in the
main text or as supplementary files (Fig. 2a [analysis E]; Figs. S1-56
[analyses A-D, F-G]). The monophyly of Dendropsophini (Xenohyla +
Dendropsophus) was supported in all analyses, as was the monophyly of
most of the species groups, clades, and complexes named by Orrico et al.
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(2021; Figs. 2b and c; Table 2). All analyses also agreed in refuting the
monophyly of the D. leucophyllatus group, and within it the proposed
D. haraldschultzi and D. leucophyllatus clades, as well as the D. nanus
clade (within the D. microcephalus group). Disagreements among ana-
lyses include the D. ruschii group, which was only monophyletic in the
strict consensus from analysis G (Fig. S9), the D. marmoratus group,
which was rejected in the tree from analysis F, the D. parviceps group,
which was nonmonophyletic in the tree from analysis F (Fig. S8), and the
D. antaliasiasi complex (within the D. microcephalus group,
D. rubicundulus clade), which was rejected in phylogenies from analyses
A and D (Figs. S1 and S4, respectively). Below we summarize numerical
comparisons of the analyses (see also Table 3).

3.2.1. Maximum likelihood comparisons

Adding AHE data to SP data in the combined analysis increased the
average bootstrap value over the analysis of SP data alone (trees from
analyses D vs. F, respectively; Table 3). Phylogenies from D and F shared
174 clades (83 %). Support values were identical for 155 (89 %) of those
clades, but inclusion of the AHE data increased support by 1-38 % for 11
clades (6 %) and decreased support by 1-40 % for 8 clades (5 %). Among
the 35 clades in analysis F tree that were refuted by inclusion of the AHE
data, support was > 90 % for 25 clades (100 for 16 clades) and < 70 %
for only two clades. Similarly, among the 35 clades that are unique to the
tree from analysis D, support was > 90 % for 20 clades (100 for 16
clades) and < 70 % for three clades. In the tree from analysis F, the
D. marmoratus and D. parviceps groups are nonmonophyletic, with the
species of the D. marmoratus group having a deeper coalescence than
those of the D. parviceps group. In contrast, in the tree from analysis D,
both groups are monophyletic, with the D. parviceps group originating
earlier than the D. marmoratus group.

Excluding SP data from the combined analysis and analyzing AHE
data alone increased the average bootstrap score (trees from analyses D
vs. A, respectively; Table 3). Phylogenies from D and A were almost
identical, sharing 122 clades (99 %) and differing in only a single clade
each (1 %) involving the placement of D. cachimbo 2 and D. rozenmani 1;
both clades were poorly supported (< 70 %; Table 2). Inclusion of the SP
data increased support for four clades (3 %) and decreased support for
15 clades (12 %), with the remaining 103 (84 %) unchanged.

3.2.2. Maximum parsimomny comparisons

Including AHE data with SP data in a combined analysis increased
the average bootstrap value over the analysis of SP data alone (strict
consensus of analyses E vs. G; Table 3). For the 165 clades shared by the
strict consensus from analyses E and G, inclusion of the AHE data
increased support by 1-41 % for 37 (22 %), decreased support by 1-19
% for 17 (10 %) and had no effect for the remaining 111 (68 %). Among
the 35 clades in the tree from analysis F that were refuted by inclusion of
the AHE data, support in the tree from analysis D was > 90 % for 25
clades (100 for 16 clades) and < 70 % for only two clades. Similarly,
among the 35 clades that are unique to the tree from analysis D, support
in the tree from analysis F was > 90 % for 20 clades (100 for 16 clades)
and < 70 % for three clades. The most immediately obvious difference
between the trees from analyses E and G is that inclusion of the AHE data
resolves the polytomies among the species groups. Specifically, the strict
consensus from analysis G includes a trichotomy between the clade
composed of the D. columbianus + D. molitor groups, the D. parviceps
group, and another polytomy composed of the species of the non-
monophyletic D. leucophyllatus group and the D. marmoratus, D. minutus,
and D. microcephalus groups. In contrast, both polytomies are resolved in
tree E.

Excluding SP data from the combined analysis and analyzing AHE
data alone increased the average bootstrap score (tree E vs. C, respec-
tively; Table 3). As in the ML analyses, the trees from analyses C and E
were almost identical, sharing 118 clades and differing in only three
clades present in the tree from C but absent from the consensus tree from
E (no clades present in E were absent from C). In the first of these clades,
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Fig. 2a. Maximum parsimony tree (E) estimated using TNT from combined AHE + SP data. Jackknife values are presented at each node. Note the two D. schubarti
and three D. anceps terminals are unassigned to a Dendropsophus group. Taxon names correspond to Table S1.
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Fig. 2b. Maximum parsimony tree (E) estimated using TNT from combined AHE + SP data. Jackknife values are presented at each node. Taxon names correspond
to Table S1.
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Fig. 2c. Maximum parsimony tree (E) estimated using TNT from combined AHE + SP data. Jackknife values are presented at each node. Note the two D. ozzyi and
the D. sp 1 terminals are unassigned to a Dendropsophus species group. Taxon names correspond to Table S1.

D. cachimbo 2 is the sister lineage to D. jimi 1 + D. aragauaya II (support
= 49 %) in the tree of analysis C, whereas D. cachimbo 2 and D. jimi 1 +
D. aragauaya 1l form a trichotomy with D. rozenmani 1 in the strict
consensus of analysis E. The second clade that is absent from the strict
consensus of analysis E is Dendropsophus sp2 1 + Dendropsophus sp2 2
(support = 100 %), which is the sister group to D. shiwiarum 1 in the tree
of analysis C but collapses into a trichotomy with D. shiwiarum 1 in the
strict consensus of analysis E. The third clade is D. minutus I + D. stingi 1
(support = 100 %), which form a trichotomy with the clade composed of
D. sp. cf. minutus, D. xapuriensis, and the two specimens of D. aperomeus
in the strict consensus of analysis E. Among the 118 shared clades, in-
clusion of the SP-only dataset increased support by 1-23 % for two
clades (2 %) and decreased support by 1-40 % for 36 clades (30 %), with
the remaining 80 clades (68 %) unchanged.

3.2.3. ML-MP comparisons

ML produced higher average bootstrap values than MP for all com-
parisons (Table 3). Among the 178 clades shared by the ML and MP trees
for the SP-only dataset (F and G, respectively), support was identical in
120 clades (67 %). The support values of 58 clades (33 %) differed be-
tween trees F and G, being higher for F in 57 (32 %) and higher for G in
only 1 (0.6 %). The strict consensus from analysis G includes 18 clades

that were absent from analysis F, among which support in G was > 90 %
for two clades (100 % for one clade) and < 70 % for 10 clades. The tree
from analysis F lacks polytomies and therefore includes 31 clades that
are absent in the strict consensus from analysis G; support in F was > 90
% for 19 clades (100 % for six clades) and < 70 % for only three clades.

The ML and MP trees for the AHE-only dataset (analyses A and C,
respectively) were much more similar (RF = 5), sharing 118 clades and
differing in only three clades present in C but absent in A (support in C =
58 %, 100 %, and 100 %) and two clades present in A and absent in C
(support in A = 72 % and 78 %). Among the 118 shared clades, support
was identical for 112 clades (95 %), almost all of which were 100 %. For
the remaining four clades, support was higher in C for two clades and
higher in tree A for two clades.

Fifty-four (25 %) of the 213 clades shared by the ML and MP trees
from the AHE + SP analyses (D and E, respectively) differ in support,
with five (2 %) being higher in E and the remaining 49 (23 %) being
higher in D. Support was 100 % for all 159 (75 %) of the clades with the
same support in both analyses. The MP tree includes 16 clades unique to
it, four of which had support > 90 % (100 % for two clades) and six had
support < 70 %. Due to the lack of polytomies, the tree from analysis D
includes 28 clades unique to it, almost twice as many as the strict
consensus tree from analysis E, among which support is > 90 % for 14
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Table 2

Dendropsophus species groups, clades, and complexes recognized by Orrico et al.
(2021) and their monophyly (+) and non-monophyly (-) resulting from
maximum likelihood (ML) and maximum parsimony (MP) analyses of the
anchored hybrid enrichment (AHE), Sanger + phenomic characters (SP) and
their combinations (see Overview). Analyses that did not include more than one
species to test the monophyly of a given group are indicated as NA. Letters in top
row correspond to the phylogenetic analyses outlined in the Overview (see
Methods).

(D) (E) (F) @) a) ©
ML MP ML MP ML MP
AHE + AHE + SP- SP- AHE- AHE-
Sp Sp only only only only
D. ruschii group - _ _ + _ _
D. decipiens group + + + 4 + +
D. parviceps group  + + - + + +
D. subocularis + + + + + +
clade
D. microps clade + + + 4 + +
D. garagoensis + + + + n +
clade
D. molitor group + + + + NA NA
D. columbianus + + + + + +
group
D. marmoratus + + - + + +
group
D. minutus group + + + + n +
D. leucophyllatus - - — _ _ _
group
D. haraldschultzi - - - - _ _
clade
D. leucophyllatus - - - - _ _
clade
D. microcephalus + + + + + +
group
D. microcephalus + + + 4 + +
clade
D. bipunctatus + + + + n +
clade
D. nanus clade - - _ _ _ _
D. branneri clade + + + + + +
D. rubicundulus + + + + + +
clade
D. anataliasiasi - + + + _ +
complex
D. araguaya + + + + + +
complex

clades and < 70 % for 10 clades.
3.3. Divergence-time estimation

The divergence time for the origin of Dendropsophus was estimated at
approximately 57.05 mya (66.95-46.71 mya, 95 % CI; Fig. 3) on the
ASTRID tree (B). The estimated Dendropsophus divergence time on the
ML total-evidence tree (D) was 57.43 mya (67.21-47.37 mya, 95 % CI;
Fig. S7). This divergence falls before the timing of the Andean uplift
40-24 mya in the Miocene (Batalha-Filho et al., 2013; Fig. 1). The dy-
namic nature of the junction between Amazonia and the Atlantic Forest
during this time, and the estimate of Dendropsophus divergences within
this period, provide multiple opportunities for geographic expansion
and fragmentation of population lineages which we explore further
below. The lineage accumulation through time within the clade is
visualized in Fig. 4. Our analyses estimated Pybus and Harvey’'s
“gamma” statistic at gamma = 0.9603, p-value = 0.3369, suggesting
that Dendropsophus experienced episodes of expansion and fragmenta-
tion throughout its history from Miocene to present.

3.4. Biogeographic history

All dispersals estimated for Dendropsophus under the three dispersal
hypotheses are range-expansion dispersal events, and none of the
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models were consistent with extinction or range-switching. The MRCA
of five of the nine species groups of Dendropsophus (as defined in Orrico
et al., 2021) were estimated to fall within the uplift of the Andes (Fig. 3;
ML tree Fig. S7). The MRCA of Dendropsophus is inferred to have spanned
the Atlantic Forest and Amazonian-Orinocan Lowland and to have
expanded multiple times into the surrounding Central and South
American biomes (Fig. 5; ML tree Fig. S8). Specific dispersal events
estimated by the BioGeoBEARS analysis (Table S3; ML tree Table S6)
during the Andean uplift can be seen in the most likely ancestral range
estimation (Fig. 5; ML tree Fig. S8). The combination of these outputs
shows a vicariance event that appears to have split D. ozzyi from the
members of the D. decipiens group, where D. ozzyi dispersed to the
Amazonian-Orinocan Lowland and the D. decipiens group dispersed to
the Atlantic Forest (Fig. 5). The D. molitor group separated from the
D. parviceps group through a vicariant event to the Andes while the
D. parviceps group expanded their range from the Atlantic Forest into
Amazonia (Fig. 5). The D. minutus group originated via a range expan-
sion from Amazonia to the Andes and Atlantic Forest, and the
D. leucophyllatus group via a range expansion to Amazonia (Fig. 5).
Finally, the D. microcephalus and D. marmoratus groups originated in the
Atlantic Forest but further speciated following multiple range expan-
sions (Fig. 5). These results suggest that most species groups of Den-
dropsophus originated via range expansion speciation events followed by
geographic fragmentation.

3.5. Oviposition site state dependent diversification and comparative
analyses

At least three independent transitions from aquatic to terrestrial
oviposition site have occurred in Dendropsophus (Fig. 6; ML tree Fig. S9).
Aquatic egg deposition was estimated as the ancestral state for Den-
dropsophus (aquatic egg deposition state likelihood = 90.91 %; Fig. 6).
There was no correlation between lineage accumulation rate and egg
deposition site. The lineage accumulation rate for species with an
aquatic egg deposition site was estimated to be 0.8196 (sd = 0.2146)
changes per time unit and 1.9916 (sd = 0.4445) changes per time unit
for species with a terrestrial egg deposition site (Table S5, Fig. 7; ML tree
Table S8, Fig. S10). The HiSSE revealed a clear hidden state underlying
variance in diversification-rate differences within clades of each egg
deposition site (Fig. 6; ML tree Fig. S9). Furthermore, we did not find a
correlation between the probability of gaining or losing terrestrial or
aquatic egg deposition and inhabiting more than one geographic range
(Fig. 6; ML tree Fig. S10).

4. Discussion
4.1. Phylogenetic relationships of Dendropsophus

The current study employed more than 100 times more data to test
the phylogenetic relationships among species of Dendropsophus than
were analyzed previously (Orrico et al., 2021). Given the magnitude of
this empirical contribution, a major objective of the present study was to
evaluate the extent to which previous results withstood or were over-
turned by such a massive expansion in data. It is evident that some of the
deviations of our results from those of Orrico et al. (2021) are due to the
method of alignment and/or treatment of gaps—tree-alignment and
gaps treated as insertion/deletion events in Orrico et al. (2021),
similarity-alignment and gaps treated as missing nucleotides here—and
not the addition of the AHE data. For example, Orrico et al. (2021) found
the D. leucophyllatus group and the proposed D. haraldschultzi,
D. leucophyllatus, and D. nanus clades to be monophyletic, but all of our
analyses rejected them, including our reanalysis of the SP-only dataset
from Orrico et al. (2021). This finding that the method of alignment and
treatment of gaps can have important effects on relationships and sup-
port is consistent with previous reports that those analytical parameters
can be more significant than choice of optimality criterion or
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Summary of the comparisons between the strict consensus trees obtained from maximum likelihood (ML) and maximum parsimony (MP) analyses of the AHE, SP, and
AHE + SP datasets (A, C-G), including the Robinson-Foulds distance (RF), number of shared clades, number of unique clades, and the corresponding support values.
Support is summarized as the mean (minimum-maximum). The tree column indicates the phylogenies estimated from analyses outlined in the Overview (see
Methods). The Robinson-Foulds distance is a measure of dissimilarity between two phylogenetic trees; this metric is calculated by counting the number of unique
clades present in one tree and not the another. Overall, analyses including AHE data produced higher average bootstrap values. Adding SP data to AHE-only analyses
decreased average branch support. ML generated higher average support values than MP analyses.

RF  # shared

clades

Comparison Analysis Support shared

clades Tree 1

Support shared
clades Tree 2

# unique
clades Tree 1

Support unique
clades Tree 1

# unique
clades Tree 2

Support unique
clades Tree 2

Tree 1: ML AHE

+ SP

Tree 2: ML SP
Tree 1: ML AHE

+ SP

Tree 2: ML

AHE-only
Tree 1: MP AHE

+ SP

Tree 2: MP SP
Tree 1: MP AHE

+ SP

Tree 2: MP

AHE-only
Tree 1: MP SP

Tree 2: ML SP
Tree 1: MP AHE-

only

Tree 2: ML

AHE-only
Tree 1: MP AHE

+ SP

Tree 2: ML

AHE + SP

DF 70 174 98.8 (53-100)

DA 2 122 96.7 (45-100)

EG 66 165 96.6 (49-100)

EC 3 118 97.1 (60-100)

GF 48 178 94.4 (44-100)

CA 3 118 99.3 (49-100)

ED 43 213 97.8 (50-100)

98.6 (61-100)

99.4 (72-100) 1

94.3 (31-100)

99.4 (58-100) 0

99.2 (69-100)

99.4 (54-100) 3

99.3 (60-100)

35 90.2 (50-100) 35 92.7 (48-100)

60 1 54

36 93.8 (40-100) 31 79.3 (42-100)

NA 3 49-100

18 68.0 (31-100) 31 88.7 (48-100)

86.0 (58-100) 2 75.0 (72-78)

16 74.1 (40-100) 28 81.6 (45-100)

substitution model (Padial et al., 2014).

Although including AHE data increased average branch support in all
comparisons, quantitatively the overall effect of the AHE data on both
the topology and support values was modest. Under both ML and MP,
more than 80 % of the clades supported in the AHE + SP analyses were
also supported in the SP-only analyses (Table 3). Three taxonomically
relevant differences, however, are attributable to the inclusion of the
AHE data (viz., the non-monophyly of the D. ruschii group in the MP
analysis and the D. marmoratus and D. parviceps groups in the ML anal-
ysis). Similarly, support was unchanged for most shared clades (89 and
68 % under ML and MP, respectively), and among those that differed,
approximately the same number of clades increased as decreased under
ML, and approximately twice as many clades increased as decreased
under MP.

Nevertheless, although the changes caused by the inclusion of the
AHE data were few in terms of taxonomic differences and the number of
clades that were refuted or had increased/decreased support, this
strictly quantitative perspective does not fully capture the contribution
of the AHE data. Most importantly, the AHE data provided crucial evi-
dence throughout the tree. This effect of AHE data is most clear in the
MP analyses, in which the inclusion of the AHE data resolved the pol-
ytomies among the species groups, but it is also apparent in the mono-
phyly and position of species groups in the ML analyses. Similarly, the
AHE data also affected many relationships within groups under both
optimality criteria (e.g., relationships among D. decipiens lineages).
Indeed, the nearly identical topologies and support values for the AHE +
SP and AHE-only analyses under both optimality criteria underscore the
relevance of the AHE data.

Support values were an unreliable predictor of whether or not a
given clade would be corroborated or refuted when the AHE data were
added to the SP dataset. Clades with support as low as 61 (ML) and 31
(MP) in the SP-only analyses were corroborated when the AHE data
were included. Similarly, among the clades that were refuted when the
AHE data were included, support was 100 for 33 %, > 90 for 56 %, and
< 70 for only 13 %. We caution that we calculated support using
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bootstrap (ML) and jackknife (MP) frequencies, and other measures of
support (e.g., difference in log-likelihoods, S, or Goodman-Bremer sup-
port; (Edwards, 1972; Goodman et al., 1982; Bremer, 1988)) could
behave differently (e.g, Machado et al., 2022).

Choice of optimality criterion minimally affected the results of the
AHE + SP analyses, although ML produced higher branch support on
average than MP. ML and MP consensus trees were highly congruent,
with 91 % of the MP clades present in the ML tree and 85 % of the ML
clades present in the MP tree, the main difference owing to the absence
of polytomies in the ML tree. Support values more reliably predicted
which clades would be absent in the other tree for MP than for ML. For
MP, support was > 90 for 11 % of the unique clades and < 70 for 56 % of
the unique clades. In contrast, for ML support was > 90 for 61 % of the
unique clades and < 70 for only 10 %.

To avoid the paraphyly of the Dendropsophus ruschii group with
respect to the D. decipiens group, we transfer D. ruschii to the D. decipiens
group (thereby extinguishing the D. ruschii group). Dendropsophus o0zzyi,
a species for which only adult external morphology and vocalizations
are known (Orrico et al., 2021), and one undescribed species are unas-
signed to any species group until data on larvae and reproductive
biology become available.

The monophyly of the Dendropsophus leucophyllatus group as pro-
posed by Orrico et al. (2021) is not supported by our results due to the
relationships of D. anceps and D. schubarti. In their results, the group
included two major clades, one that included D. anceps as the sister taxon
of a clade that includes all other species traditionally assigned to the
D. leucophyllatus group (the D. leucophyllatus clade), and another clade
composed of D. haraldschultzi, D. miyatai, and D. schubarti (the
D. haraldschultzi clade). In our results, D. anceps and D. schubarti are
recovered as successive sister taxa of the D. microcephalus group as
defined by Orrico et al. (2021). Both D. anceps and D. shubarti have a
convoluted history of systematic arrangements. Nevertheless, this is the
first time that both are recovered as closely related with the
D. microcephalus group; one of the most characteristic groups of Den-
dropsophus, with nine phenomic synapomorphies inferred by Orrico
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1 D. anataliasiasi
2 D.araguaya
3D.jimi

4 D. cachimbo

5 D.rozenmani

6 D.sanborni

7 D. rubicundulus
8 D. elianeae
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10 D. minusculus
11 D. branneri

12 D. cruzi

13 D. mathiassoni
22 D. meridianus

14 D. juliani
23 D. pseudomeridianus

D. microcephalus group

25D.
26 D. robertmertensii

27 D.sartori

28 D. microcephalus
29 D. microcephalus
30D.

31D.joannae
32D.leali
33D. leali
34 D.schubarti

35D.anceps

36 D. aperomeus S NGS
37 D. aperomeus NGS
38 D. xapuriensis

39 D. sp cf minutus NGS
40 D. minutus 1S NGS M
41 D. stingi

42 D. triangulum

43 D. triangulum

44 D. reticulatus

45 D. reticulatus

46 D. bifurcus

47 D. bifurcus

15 D. shiwiarum
16 D. shiwiarum
17 D. shiwiarum
18 D. riveroi
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20 D. gaucheri
21D.nanus
é 24 D. werneri
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53 D. elegans
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59 D. novaisi

Ilmarmoratus" D. leucophyllatus group || minutuil

62 D. nahdereri

63 D. brevifrons

64 D. brevifrons

65 D. bokermanni
66 D. brevifrons

67 D. brevifrons

68 D. subocularis
69 D. koechlini 3 NGS
70 D. frosti

72 D. parviceps

73 D. parviceps

D. parviceps group

77 D. koechlini S NGS

78 D. koechlini 2 NGS
79 D. pauiniensis
[ 80 D. microps

74 D. garagoensis
% 75 D. virolinensis
76 D. padreluna

— 81 D.giesleri

82 D.allenorum

83 D. carnifex

84 D. carnifex

85 D. columbianus
86 D.

|| molitor ||

L %70 luddeckei
88 D. decipiens IV 25 NGS
89 D. decipiens Ill 2 S NGS
90 D. oliveirai
[ 91D. haddadi

"L 92 D. haddadi
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93 D. ber
[ 94 D. bromeliaceus
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'L 95 D. bromeliaceus

96 D. ruschii
——————97D.spl

— 98 D. ozzyi
[ 99 Xenohyla truncata

L 100 Xenohyla truncata

101 Lysapsus laevis

102 Scarthyla goinorum
103 Hyla cinerea

104 Hyla cinerea

105 Hyla gratiosa

106 Hyla squirella

107 Hyla squirella

108 Hyla orientalis
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Fig. 3. Divergence time estimation of Dendropsophus and outgroups with 95% CI bars (red, fossil nodes and blue, Dendropsophus clades) for the dating estimate of
each node on the ASTRID tree (B). Branch lengths are proportional to time. Taxon names correspond to Table S2. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Lineage through time plot of Dendropsophus and outgroups on the
ASTRID tree (B). Number of lineages on the y axis is on a logarithmic scale.
Lineage accumulation is the formation of lineages that leave descendants living
today. Lineage accumulation/diversification does not deviate from constant
within the clade (Pybus and Harvey’s gamma = 0.9603, p-value = 0.3369).

et al. (2021).

Dendropsophus schubarti is a poorly known species, and its tadpole
and calls are unknown. It has been suggested to be related to the groups
of D. leucophyllatus (e.g., Bokermann, 1963; Orrico et al., 2021),
D. parviceps (e.g., Bokermann, 1964; Duellman, 2001), or D. marmoratus
(e.g., Fouquet et al., 2011). It has one or two suborbital bars, a light
brown dorsum, and yellow flash colors on the thighs; all these character
states are either homoplastic with distantly related species or plesio-
morphic at this level. Dendropsophus anceps is unique in terms of both
adult and larval external morphology (Lutz, 1973; Wogel et al., 2000)
and has been recovered, usually with weak support, with the
D. leucophyllatus group (Faivovich et al., 2005; Rivera-Correa and
Orrico, 2013; Orrico et al., 2021), but not always (Jungfer et al., 2010;
Peloso et al., 2016; Pirani et al., 2020). Phenotypically, it shares the
bright red flash colors and two-note advertisement call with with the
D. leucophyllatus group, two character states that show some homoplasy
in Dendropsophus. Rivera-Correa and Orrico (2013) also suggested that
the male pectoral glands are a putative synapomorphy, but Orrico et al.
(2021) and our observations corroborate that males lack pectoral glands
(while the females have them). We exclude D. anceps and D. shubarti
from the D. leucophyllatus group to avoid its polyphyly, and for the time
being, we leave these two species unassigned to any species group,
pending the availability of phenomic data for D. shubarti. The presence
of pectoral glands in males (c. 161) is a phenomic synapomorphy for the
D. leucophyllatus group as redefined here.

Other topological differences between our results and those of Orrico
et al. (2021) relate to alpha-taxonomic issues. These are the paraphyly of
Dendropsophus leali with respect to D. joannae and the paraphyly of
D. nanus with respect to D. walfordi. Dendropsophus leali and D. joannae
are rather similar species both in external morphology and advertise-
ment calls (Kohler and Lotters, 2001), and their taxonomic status re-
quires further investigation. Seger et al. (2021) suggested the existence
of up to four cryptic species in respect to calls and morphology in order
to avoid considering D. walfordi junior synonym of D. nanus. The non-
monophyly of samples identified as D. brevifrons and D. bokermanni
suggest that our samples could correspond to additional, different
species.
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4.2. Evolutionary origin, divergence, and dispersal of Dendropsophus

We found an estimated divergence of Dendropsophus from other
hylids at ~ 57 mya, somewhat older than previous estimates based on
broader taxonomic sampling—previous estimates range from ~ 30 mya
(Hedges et al., 2015; Portik et al., 2023) to 49.6 mya (Pyron, 2014). Our
older divergence time for Dendropsophus likely differs due to our
expanded prior for the date of the most recent common ancestor for
Hylidae and its sister group and our more constrained taxonomic sam-
pling. We placed the upper bound of this prior at 125 mya based on the
fossil remains of Eurycephalella alcinae and Arariphrynus placidoi (Baez
et al., 2009). Other studies (for example Wiens et al., 2006) often utilize
a calibration of > 55 mya based on the record of a supposed hylid ilium
from the Paleocene of Itaborai (Duellman and Trueb, 1986) for this
node. However, this record is only a comment by Estes (1970) and Estes
and Reig (1973) on a fossil that has never been described and apparently
is not available in any collection. Also, note that Wiens et al. (2006)
employed it for a more inclusive node, as they considered that this fossil
could also be associated with Hemiphractidae—considered a subfamily
of Hylidae at the time (Estes, 1970) and (Estes and Reig, 1973) associ-
ated those remains with Hylidae. Therefore, we utilized a much more
conservative interpretation of the Hylidae fossil records and expanded
the prior in our divergence-time analyses. Instead of a one-sided low-
er-bound prior, we included both a lower bound at 33.9 mya- Hyla
swanstoni (Holman, 1968, 2003) and the discussed upper bound at 125
mya- remains of Eurycephalella alcinae and Arariphrynus placidoi (Baez
etal., 2009). This change in prior, along with the fact that our taxonomic
sampling was focused within Dendropsophus, likely caused the diver-
gence in our study’s estimated date of divergence from previous
estimates.

Our estimated divergence occurred before the Andean uplift (40-24
mya) causing disjunction of the Amazonia and Atlantic Forest ~ 23 mya
(Batalha-Filho et al., 2013). Although the Andean uplift was previously
considered a barrier to amphibian dispersal (Ledo and Colli, 2017;
Batalha-Filho et al., 2013), our results suggest that episodic movement
between Amazonia and Atlantic Forest biomes within the last 70 million
years is the best supported model for amphibian dispersal (Table S3).
Our geographic results support an ancestral Dendropsophus range span-
ning Amazonia and the Atlantic Forest and subsequent range expansion
and vicariant speciation of the eight species groups of Dendropsophus
recognized here (Fig. 5). These diversification events occurred during
the Andean uplift (Fig. 5), an event previously considered as a barrier to
dispersal for amphibians due to lack of moist/wet conditions (Ledo and
Colli, 2017). The dispersals of the different species groups of Dendrop-
sophus that occurred during the Andean uplift included movement be-
tween Amazonia and the Atlantic Forest (Fig. 5). Instead of the previous
view that the environmental niche changes caused by the Andean uplift
provided a continuous barrier between the biomes of Amazonia and the
Atlantic Forest (Ledo and Colli, 2017), our results present a dynamic
picture in which a shifting barrier imposed by changing environmental
conditions leads to alternating range expansion and vicariant speciation
events within the ancestral population whose range spanned the dy-
namic area.

4.3. Oviposition site and mode-dependent diversification in
Dendropsophus

Our study identified at least three independent transformations from
aquatic to terrestrial egg deposition, which we tested for contribution to
increasing the rate of diversification in this genus. A previous study of
oviposition site evolution in Dendropsophus (Orrico et al., 2021) sug-
gested at least three or four evolutionary transformations to terrestrial
egg deposition. These transitions occurred: (1) in the most recent com-
mon ancestor of the D. parviceps group, (2) during the evolutionary
history of the D. leucophyllatus group (as redefined here), and (3) either
independently in the D. decipiens and D. ruschii groups (sensu Orrico



C. Whitcher et al.

DEC on Dendropsophus

Molecular Phylogenetics and Evolution 204 (2025) 108275

ancstates: global optim, 7 areas max. d=0.3587; =0.1531; j=0; LnL=-198.91

A0k

D. novaisi

D. seniculus

D. melanargyreus
D. soaresi

D. acreanus

. marmoratus
nahdereri

rossalleni
bifurcus
bifurcus
manonegra
reticulatus
reticulatus

D. triangulum

D. triangulum

D. mapinguari

D. sarayacuensis
D. elegans

D. nekronastes 1 S NGS

DoUooUoODD

D. miyatai

D. sp cf minutus NGS
D. xapuriensis

D. aperomeus S NGS
D. aperomeus NGS
D. stingi

D. minutus I S NGS M

D. anceps

D. schubarti

D. rhodopeplus
D. microcephalus
D. microcephalus
D. sartori

D. robertmertensii
D. leali

D. leali

D. joannae

D. nanus

D. shiwiarum

D. riveroi

D. reichlei

D. gaucheri

D. cruzi

D. branneri

8 D. minusculus
D. juliani

D. mathiassoni
D. rozenmani

D. cachimbo

D. araguaya

D. jimi

D. sanborni

D. elianeae

D. rubicundulus
D. anataliasiasi

D. pseudomeridianus
D. meridianus

D. werneri

D. bokermanni
D. brevifrons
D. brevifrons
D. brevifrons
D. brevifrons
D. subocularis
D. frosti

D. luteoocelatus
D. parviceps
D. parviceps
D. padreluna

D. garagoensis

D. koechlini § NGS
D. koechlini 2 NGS
D. pauiniensis

D. giesleri

D. microps

D. allenorum

D. columbianus

D. carnifex

D. carnifex

D. norandinus

D. luddeckei

D. decipiens 1l 2 S NGS
D. decipiens IV 2 S NGS
D. oliveirai

D. haddadi

D. haddadi

D.
D.

D. bromeliaceus

D. ruschii
D. ozzyi

Xenohyla truncata

Xenohyla truncata

Scarthyla goinorum
Lysapsus laevis

marmoratus

D. leucophyllatus

| minutus |

D. microcephalus grouy,

D. parviceps group

|| molitor l

decipiens

T
Phyllodytes luteolus

Scinax

Scinax staufferi

Old route

Andes Uplift

100

Fig. 5. Dispersal-Extinction-Cladogenesis map of the ancestral geographic area states of Dendropsophus from the unconstrained dispersal hypothesis analysis on the
ASTRID tree (B). Letters correspond to the ecoregions defined in Fig. 1.

80

60

40

13

20

~
route| Time (mya)
0

Qutgroup



C. Whitcher et al.

Molecular Phylogenetics and Evolution 204 (2025) 108275

Geographic
range
ABCDEFG

T
11

Reproductive mode
Aquatic
Terrestrial
D. araguaya
D

T

D. jimi
D. rozenmani
D. cachimbo

W o sanvorni
D. eianeae

b :
B . branneri

D. minusculus

D. cruzi

D. juliani

D. mathiassoni
B D riveroi

D. shiwiarum

D. reichlei

D. gaucheri

D. nanus

D.

D. meridianus
D. werneri

D. bipunctatus
D

400 km

D.

=

I I

D. sartori
D. robertmertensii
D. thodopeplus
D. leali
D. joannae
M o i
D. schubarti
D. anceps
D. aperomeus S NGS
D. aperomeus NGS
D. xapuriensis
D. sp cf minutus NGS
D. stingi
D. minutus | S NGS M
D. bifurcus
D. bifurcus
D. manonegra
D. rossalleni
D. reticulatus
D. reticulatus
D. triangulum
D. triangulum
D. mapinguari
D. sarayacuensis
D. ebraccatus
D. elegans
D. nekronastes 15 NGS
D. miyatai
D. novaisi
D. seniculus
D. melanargyreus
D. soaresi
D. acreanus
D. marmoratus
D. nahdereri
D. brevifrons
D. brevifrons
D. bokermanni
D. brevifrons
D. brevifrons
D. koechiini 3 NGS
D. subocularis
D. frosti
D. luteoocelatus
D. parviceps
D. parviceps
D. virolinensis
D

D. padreluna
D. koechiini S NGS
D. koechiini 2 NGS

“marmoratusll D. leucophyllatus group Il minutus I

arviceps grou

D.

D. pauiniensis
giesleri

microps

carnifex
carnifex

D.
D.
D. allenorum
D.
D.
D.

a0
®

\
(

molitor ||

~}

D. norandinus
D. luddeckei

D. decipiens 111 2 S NGS
D. decipiens V 2 S NGS
D. oliveirai

D. haddadi

D. haddadi

D

/

-
’ 4

decipiens

D.

D.

D. ruschii

D. ozzyi
Xenohyla truncata

Lysapsus laevis

] Xenohyla truncata
H B scarthyla goinorum

Outgroup

E
| Phyliodytes luteolus
Scinax argyreoratus

100 90 80 70 60 50 40

30

20 ° Time (mya)

Old route

Andes Uplift

Fig. 6. Ancestral state reconstruction of oviposition sites in Dendropsophus and outgroups on the ASTRID tree (B). The estimated ancestral oviposition site state at
each node is presented as aquatic (blue) and terrestrial (red) from the BiSSE model. Green ticks indicate a transformation to terrestrial and blue ticks to aquatic

reproduction.

et al., 2021) or prior to the origin of Dendropsophus with a subsequent
reversal to aquatic deposition in the most recent common ancestor of the
clade including all species of Dendropsophus except those groups.

We provide support for at least three transformations from aquatic to
terrestrial oviposition: (1) in the most recent common ancestor of the
Dendropsophus decipiens group as redefined here, (2) in an internal clade
of the D. leucophyllatus group, and (3) in an internal clade of the
D. parviceps group (Fig. 6). The difference in the number of inferred
transformation events possibly stems from the changes in the
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relationships of the former D. ruschii group obtained by Orrico et al.
(2021) and our results. It should be considered that although the like-
lihood that the ancestral state for Dendropsophus was aquatic egg
deposition is 90.91 % (Fig. 6), the oviposition site remains unknown for
D. ozzyi (the sister taxon of the D. decipiens group) and the two species of
Xenohyla (the sister taxon of Dendropsophus).

We did not find evidence for a correlation between egg deposition
site and lineage accumulation rate or a correlation between evolution of
egg deposition and geographic range as we had predicted. This result is
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consistent with the estimated Pybus and Harvey’s “gamma” statistic
from our lineage accumulation analyses (gamma = 0.9603, p-value =
0.3369), suggesting that Dendropsophus diversified with constant rates.
Only one of the three predicted transformations from aquatic to terres-
trial egg deposition occurred during the Andean uplift (Fig. 6), but this
transformation appears to have occurred while the lineage inhabited the
Atlantic Forest (Fig. 5). It did not correlate with any of the many lineage-
accumulation events in Dendropsophus during this period of time. The
other egg-deposition site transformations instead occurred in the time
between the two routes (old and young) predicted by Ledo and Colli
(2017). While not correlated with inhabiting more than one geographic
range (Fig. S11), perhaps these changes influenced smaller, population-
level ability for survival and unconstrained population-level dispersal in
Dendropsophus during this time.

4.4. Caveats

Our results are limited by the scale of the geographic ranges used in
the analysis, the extremely incomplete fossil record for hylids, and the
amount of information available on species oviposition sites. A signifi-
cant relationship between dispersal and oviposition site could be hidden
by these factors. For example, oviposition sites of species in the
D. microcephalus group are undocumented, as are those of the two spe-
cies of Xenohyla, the critical sister taxon of Dendropsophus. Additional
dispersals and/or transformations might be masked by the current scale
of the defined biomes. This deficiency of data stresses the importance of
further collection of basic life-history data of Dendropsophus to improve
knowledge on oviposition site evolution and better understand the fac-
tors driving lineage accumulation in this genus.

20

30 40 50

Rate

Fig. 7. Distribution of estimated extinction, net diversification, and lineage accumulation rates (in number of changes per unit of time) of taxa within Dendropsophus
with aquatic egg deposition site (blue) and terrestrial egg deposition site (red) from an MCMC HiSSE analysis of 10,000 iterations on the ASTRID tree (B). There is no
influence of egg deposition site on these rates; hidden traits are responsible for differences in diversification rates.
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4.5. Conclusion

Overall, our phylogenomic data provide additional resolution and
support for the evolutionary relationships among species of Dendrop-
sophus. Our study provides insight into the biogeographic origin and
expansion of the clade. Given that Dendropsophus is one of the most
broadly ranging hylid genera in South America, our highly-supported
tree provides an invaluable tool for future clade-specific and compara-
tive studies investigating the evolution of biodiversity throughout these
regions.
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