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A B S T R A C T   

Large-scale, time-calibrated phylogenies from supermatrix studies have become crucial for evolutionary and 
ecological studies in many groups of organisms. However, in frogs (anuran amphibians), there is a serious 
problem with existing supermatrix estimates. Specifically, these trees are based on a limited number of loci (15 or 
fewer), and the higher-level relationships estimated are discordant with recent phylogenomic estimates based on 
much larger numbers of loci. Here, we attempted to rectify this problem by generating an expanded supermatrix 
and combining this with data from phylogenomic studies. To assist in aligning ribosomal sequences for this 
supermatrix, we developed a new program (TaxonomyAlign) to help perform taxonomy-guided alignments. The 
new combined matrix contained 5,242 anuran species with data from 307 markers, but with 95% missing data 
overall. This dataset represented a 71% increase in species sampled relative to the previous largest supermatrix 
analysis of anurans (adding 2,175 species). Maximum-likelihood analyses generated a tree in which higher-level 
relationships (and estimated clade ages) were generally concordant with those from phylogenomic analyses but 
were more discordant with the previous largest supermatrix analysis. We found few obvious problems arising 
from the extensive missing data in most species. We also generated a set of 100 time-calibrated trees for use in 
comparative analyses. Overall, we provide an improved estimate of anuran phylogeny based on the largest 
number of combined taxa and markers to date. More broadly, we demonstrate the potential to combine phy
logenomic and supermatrix analyses in other groups of organisms.   

1. Introduction 

Large-scale, time-calibrated phylogenies with hundreds or thousands 
of species have become essential for many evolutionary and ecological 
studies. These trees are typically based on “supermatrix” analyses (i.e., 
datasets assembled primarily from sequence data on GenBank, usually 
with large numbers of taxa and limited numbers of genes). These large- 
scale trees have become crucial for comparative analyses in many 
groups, especially tetrapods (e.g., amphibians: Jetz and Pyron, 2018; 
birds; Jetz et al., 2012; mammals: Upham et al., 2019; squamate reptiles: 
Tonini et al., 2016; Zheng and Wiens, 2016). One such group is am
phibians, especially frogs (anurans). There have been dozens of studies 
that have utilized large-scale phylogenies in frogs to address evolu
tionary and ecological questions, such as the origins of species richness 
patterns and the evolution of life-histories (e.g., Pyron and Wiens, 2013; 

De Lisle and Rowe, 2015; Moen and Wiens, 2017; Furness and Capellini, 
2019; Furness et al., 2022; Liedtke et al., 2022). 

At the same time, a serious problem has become apparent in these 
anuran supermatrix phylogenies. Specifically, these widely used, large- 
scale phylogenies include thousands of species, but are based on a 
relatively limited number of loci (e.g., Pyron and Wiens, 2011; Pyron, 
2014; Jetz and Pyron, 2018). Importantly, the higher-level anuran 
phylogenies based on these datasets are often incongruent with those 
from more recent phylogenomic studies (i.e., those based on very large 
numbers of genes, usually from new data collection). The broad-scale 
anuran phylogenomic studies have included dozens (e.g., Feng et al., 
2017), hundreds (Hime et al., 2021), or thousands of loci (e.g., Streicher 
et al., 2018; Portik et al., 2023). These phylogenomic analyses suggest 
that many aspects of the widely used supermatrix trees are not correct, 
particularly the higher-level relationships among families. For example, 
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in previous supermatrix studies (e.g., Pyron and Wiens, 2011; Pyron, 
2014; Jetz and Pyron, 2018) the hyloid clades Amazorana, Commuta
birana, and Cornucopirana were not supported, although these clades 
were supported in analyses based on hundreds (Hime et al., 2021) and 
thousands of loci (Streicher et al., 2018; Portik et al., 2023). What is 
needed is a phylogeny that has the extensive species-level sampling of 
these supermatrix studies but that is consistent with the higher-level 
phylogenies based on large numbers of loci. 

Here, we attempt to rectify this problem. We combine data from 
recent phylogenomic studies (with dozens or hundreds of nuclear loci) 
with a novel supermatrix to yield an overall matrix with 5,242 species. 
This represents the largest supermatrix analysis of frogs to date, in terms 
of numbers of taxa. We show that the higher-level relationships (e.g., 
among families) from this combined supermatrix tree largely resemble 
those from the phylogenomic studies, even though most species are 
included based on only a limited number of genes. We also demonstrate 
that individual species are generally placed in the families expected 
from previous taxonomy, and that estimated relationships do not appear 
to be misled by the extensive missing data in the majority of species. 

2. Materials and methods 

2.1. Sequence processing protocol 

We used SuperCRUNCH v1.3.2 (Portik and Wiens, 2020) to process 
all sequence data. SuperCRUNCH is a bioinformatics toolkit for creating 
large phylogenetic datasets from GenBank data and/or local (i.e., newly 
generated) sequence data. The overall workflow involves: parsing 
starting sequences to create marker-specific fasta files, filtering and 
selecting sequences, performing alignment, and conducting various 
post-alignment tasks (i.e., relabeling, trimming, concatenation, and 
format conversion). Our complete analysis for the de novo anuran 
supermatrix is freely available on OSF: https://osf.io/3cbsh/ htt 
ps://osf.io/3cbsh/?view_only. This resource includes all starting se
quences, inputs and outputs from each step, final alignments, and 
complete instructions to replicate our results. 

2.2. Taxonomic sampling and molecular data 

There are currently ~ 7,600 described, extant anuran species 
distributed across 457 genera and 54 families (AmphibiaWeb, 2022), 
and our goal was to sample as many species as possible to create a new 
molecular supermatrix. We also included outgroup taxa. For outgroups 
we targeted most families from the two other amphibian orders: Gym
nophiona (10/10 families, 27 species) and Caudata (10/10 families, 48 
species). We selected representatives for these groups based on the 
species that contained the greatest amount of molecular data for the 
targeted markers (described below). These species were identified by 
initial surveys performed with SuperCRUNCH. For use as more distant 
outgroups, we also included representatives of Mammalia (Lycaon pictus, 
Sarcophilus harrisii), Crocodilia (Alligator mississippiensis), Aves (Gallus 
gallus, Struthio camelus), Testudines (Podocnemis expansa), Rhynchoce
phalia (Sphenodon punctatus), and Squamata (Python molurus, Shinisaurus 
crocodilurus). The final matrix included a total of 84 outgroup species. 

We identified 26 molecular markers that have been widely used in 
amphibian phylogenetics (e.g., Wiens et al., 2005; Bossuyt et al., 2006; 
Frost et al., 2006; Roelants et al., 2007; Hedges et al., 2008; Van Bocx
laer et al., 2009; Pyron and Wiens, 2011; Hutter et al., 2013; Portik and 
Papenfuss, 2015; Hutter et al., 2017; Jetz and Pyron, 2018; Portik et al., 
2019). These included 19 nuclear markers (BDNF, BMP2, CMYC, 
CRYBA, CXCR4, H3A, MC1R, MYH, NCX1, NT3, POMC, RAG1, RAG2, 
RHO, SIA, SLC8A3, TNS3, TYR, ZFX) and 7 mitochondrial markers (12S, 
16S, CO1, CYTB, ND1, ND2, ND4). For both RAG1 and CO1, multiple 
primer designs have led to distinct regions being sequenced. Full-length 
sequences for RAG1 and CO1 are generally ~ 3,000 bp and ~ 1,700 bp 
(respectively), but many studies have sequenced smaller, non- 

overlapping regions that fall within the first or second half of these 
full-length sequences. We therefore treated each of these markers as 
having two distinct regions, denoted as RAG1_p1, RAG1_p2, CO1_p1, and 
CO1_p2. We refer to this overall set of 28 markers as the “legacy” dataset. 

We also targeted two sets of phylogenomic markers that were each 
available for smaller numbers of taxa. The first phylogenomic marker set 
included the 92 markers sequenced in Feng et al. (2017) and Tu et al. 
(2018). These markers are a subset of the PCR-based nuclear protein- 
coding loci (NPCL) described in Shen et al. (2013). The second phylo
genomic marker set included 220 loci sequenced by Hime et al. (2021). 
These were conserved exon sequences obtained through anchored 
hybrid enrichment (AHE; Lemmon et al., 2012). We recognize that both 
the legacy dataset and AHE datasets contain nuclear protein-coding loci: 
these names (legacy, NPCL, AHE) are used simply as labels to indicate 
the origin of each dataset, rather than to provide a unique or complete 
description of their contents. The labeling of these markers revealed 34 
gene names that were shared between the NPCL and AHE marker sets, 
but it was not clear if the same regions were sequenced for these genes 
(many genes are > 10 kb). We investigated potential sequence overlaps 
by attempting to align sequences from both datasets for each of these 
genes. Alignments for 26 of the 34 genes displayed partial to complete 
sequence overlap, indicating the NPCL and AHE sequences could be 
treated as the same marker for these respective genes (Supplementary 
Table S1). For this study, we considered the 24 shared markers as 
belonging to the NPCL set. Overall, we included 28 legacy markers and 
286 phylogenomic markers, including 194 AHE markers and 92 NPCL 
markers (Supplementary Table S1). 

Sequences for the legacy and NPCL markers were available on 
GenBank. To obtain all relevant GenBank sequences for Anura, we 
identified key taxonomic terms in the NCBI Taxonomy database that 
covered the phylogeny of Anura (Ascaphidae, Leiopelmatidae, Alytidae, 
Pelobatoidea, Bombinatoridae, Neobatrachia, Pipoidea). We performed 
individual searches for these terms on July 2, 2022. We then down
loaded the sequence sets for each respective group, and concatenated 
the resulting fasta files into a single fasta file. We separately obtained all 
available GenBank sequences for caecilians and salamanders by 
searching for “Gymnophiona” and “Caudata”, respectively. Finally, for 
the remaining outgroups we performed searches using individual spe
cies names and then concatenated the resulting fasta files. The sequence 
set for Anura contained a total of 730,873 sequences (4.6 Gb in size), 
Gymnophiona contained 2,381 sequences (3 Mb in size), and Caudata 
contained 7,100 sequences (1.5 Gb in size). The AHE sequences were 
obtained by downloading alignment files from the supplemental mate
rials of Hime et al. (2021). 

Hypothetically, we could also have included the datasets of Streicher 
et al. (2018) or Portik et al. (2023), which included > 2,000 nuclear loci. 
However, we found that combining this number of loci with a large-scale 
supermatrix yielded a matrix so large that it was not computationally 
tractable to analyze (see Portik et al., 2023). 

2.3. Data pre-processing 

SuperCRUNCH requires a list of taxon names to identify and select 
sequences for desired species. Sequence records without a matched 
taxon name are filtered out during analyses. Differences between the 
user-provided taxonomy and the taxonomy originally associated with a 
set of sequences can cause useful sequences to be inadvertently 
excluded. SuperCRUNCH provides straightforward steps for identifying 
such taxonomic conflicts. These conflicts can then be resolved by 
relabeling sequences with valid names. 

To prepare the anuran sequences for the main analysis, we used 
SuperCRUNCH to examine the compatibility of the AmphibiaWeb 
(2022) taxonomy with the taxon names of the GenBank sequences. We 
downloaded the AmphibiaWeb taxonomy on July 2, 2022 and created a 
taxon list containing all recognized anuran species (n = 7,579). This 
taxon list was used to screen the sequences with the Taxon_Assessment.py 
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module in SuperCRUNCH, which detected 653,712 sequences with valid 
names and 77,161 sequences with invalid names. We inspected the 
unmatched names list to identify invalid names resulting from spelling 
errors or changes in taxonomy, that could easily be assigned to valid 
names. We identified 1,492 names which resulted from these error types 
and assigned each an updated valid name from the AmphibiaWeb tax
onomy. We used Rename_Merge.py to relabel invalid sequences with the 
updated valid names, which relabeled 31,182 sequences. During this 
process, sequences that were successfully relabeled were merged with 
the sequences already containing valid names, and the remaining se
quences with uncorrectable names were discarded. After the taxonomic 
analysis was completed, the starting sequence set for Anura contained 
684,894 sequences that were fully compatible with the AmphibiaWeb 
taxonomy. 

The AHE sequences were available as alignment files. To use se
quences with SuperCRUNCH, they must be in fasta format with 
description lines that contain a unique identifier, taxon name, and locus 
abbreviation/description (similar to NCBI GenBank format). 

To make the AHE data compatible with SuperCRUNCH, we stripped 
the alignments (i.e., removed all gaps), updated the taxon labels to be 
compatible with the taxonomy of AmphibiaWeb (2022), assigned each 
sequence a unique identifier (i.e., “accession” number), and added gene- 
description terms. The relabeled, SuperCRUNCH-compatible AHE se
quences have been made available as a fasta file (https://osf.io/3cbsh/ 
https://osf.io/3cbsh/?view_only). 

SuperCRUNCH requires a single input fasta file for the main analysis. 
We concatenated the fasta files for the anuran sequences (corrected for 
taxonomy), caecilians, salamanders, and the remaining outgroups. We 
also added the subset of the AHE sequences that matched the 26 shared 
NPCL markers to the larger combined sequence set. The final combined 
fasta file contained 988,872 total sequences and was 6.8 Gb in size, and 
is available from: https://osf.io/3cbsh/ https://osf.io/3cbsh/? 
view_only. 

2.4. SuperCRUNCH analysis 

In addition to the fasta file containing the set of starting sequences, 
SuperCRUNCH requires a list of taxa and marker search terms to 
assemble marker-specific fasta files. For the final taxon list, we added the 
relevant outgroup names (27 caecilian species, 48 salamanders, and 9 
additional outgroup taxa) to the taxon list of 7,579 anuran species ob
tained from AmphibiaWeb (2022). We created two locus-search term 
files. One file contained search terms exclusive to the AHE loci and was 
designed to work with the relabeled AHE sequence set. The other search- 
term file was designed for the main analysis of GenBank sequences (and 
the overlapping subset of AHE sequences), and contained information 
for the legacy markers and NPCL markers. 

We used the GenBank marker search terms with the Parse_Loci.py 
module to create marker-specific fasta files. We then performed 
sequence-similarity filtering steps to ensure that the identity of the se
quences was consistent with their marker labels. We used Cluster_
Blast_Extract.py to automate similarity-filtering for markers composed of 
“simple” records (those generally containing a single gene region with 
limited length variation), which included 109 markers. For each marker, 
this method: (i) creates sequence clusters using CD-HIT-EST (Li and 
Godzik, 2006) at the 80% sequence identity threshold, (ii) performs 
BLASTn searches (dc-megablast) for all sequences using the largest 
sequence cluster as the reference database, and (iii) outputs sequences 
that are trimmed based on their merged BLAST hit coordinates (Portik 
and Wiens, 2020). However, this method is expected to fail for “com
plex” records, which contain the target region plus non-target sequence. 
This category often includes mtDNA markers (which are sequenced for 
short gene fragments, full genes, or complete mitogenomes) and genes 
sequenced in different regions that have little or no overlap. In our 
dataset, markers containing “complex” records included all mtDNA 
markers (12S, 16S, CO1_p1, CO1_p2, CYTB, ND1, ND2, ND4), RAG1_p1, 

RAG1_p2, and the NPCL marker SACS. For these 11 markers, we used 
Reference_Blast_Extract.py for similarity-filtering. This method is highly 
similar to Cluster_Blast_Extract.py, but differs by requiring a user- 
supplied set of reference sequences to use as the BLAST reference 
database (as opposed to a cluster generated from the input sequences). 
This strategy offers finer control over which target regions are included. 
For example, it can be used to extract a single mtDNA gene region from a 
record set containing a mix of whole mitochondrial genomes, long 
multi-gene mtDNA sequences, and shorter target sequences (Portik and 
Wiens, 2020). For reference sequences, we used the anuran mtDNA and 
vertebate RAG1 reference sets included with SuperCRUNCH. For SACS, 
we used the unaligned sequences from Feng et al. (2017) as references. 
Both of the similarity-filtering methods were run using the 
discontiguous-megablast algorithm option (-b dc-megablast) and the 
defaults for merging BLAST coordinates (-m span –bp_bridge 100). As a 
final quality check for the mtDNA sequences, we screened the sequences 
against human mtDNA sequences using the Contamination_Filter.py 
module, which removed one 12S sequence (GU191110.1) and two 16S 
sequences (HM921175.1, HM921174.1) that were unambiguously 
identified as human (but labeled as anurans on GenBank). 

After similarity filtering, we selected a representative sequence for 
each species for each of the 120 markers using Filter_Seqs_and_Species.py. 
We selected one sequence per species per marker (-s oneseq) based on 
the longest available sequence (-f length), with a minimum sequence- 
length requirement of 300 bp (-m 300). Additionally, we used the 
–accessions_exclude option to exclude 384 specific accessions from 
being selected. This list of excluded accessions was based on the iden
tification of several problematic sequences during preliminary analyses 
(e.g., incorrect taxonomic identification; see Section 2.8 below for a 
description of these analyses). The sequence-selection step eliminated 
the legacy marker CRYBA, for which all sequences were less than 300 bp 
(after similarity-filtering). We note that given the number of sequences 
per species per marker, the total number of possible supermatrix com
binations for this dataset is 1.24 × 1012,465 (assessed using the Infer_
Supermatrix_Combinations.py module). After the selection of 
representative sequences, we screened the remaining 119 markers to 
ensure that they contained data for at least 75 species using Fasta_
Filter_by_Min_Seqs.py. We found 113 markers that passed this filter, and 
six markers that did not and were removed (B3GALT1, FUT9, MC1R, 
MYH, ZBED4, ZFX). The cutoff at 75 species is somewhat arbitrary, but 
we found that three markers had 4–5 species, three others had 55–60 
species, whereas all other markers had 84 species or more (mean = 395 
species). To prepare for multiple sequence alignment, we used Adjust_
Direction.py to ensure all sequences were in the correct orientation. 

To perform sequence alignment for protein-coding genes, we used 
the MACSE v2 translation aligner (Ranwez et al., 2018). MACSE can 
align coding sequences with respect to their translation, while ac
counting for multiple frameshifts or stop codons. MACSE can be run 
using a set of reliable sequences (e.g., those without translation errors), 
but it also has a feature allowing simultaneous alignment of a set of 
reliable sequences and a set of unreliable sequences (e.g., those with 
translation errors). The latter feature is particularly useful for GenBank 
sequences, which vary in quality. To prepare sequences for alignment 
with MACSE, we used Coding_Translation_Tests.py to identify the correct 
reading frame of sequences, adjust them to the first codon position, and 
ensure completion of the final codon. We performed this step for the 105 
nuclear markers (using standard code for translation), and for 6 of the 8 
mtDNA markers (using the vertebrate mitochondrial code; see below 
regarding alignment for the remaining two mitochondrial markers, 12S 
and 16S rRNA). For each marker, the outputs include a file of adjusted 
sequences that passed translation, and a file of sequences that failed 
translation (if any). The single or paired outputs were then used to run 
Align.py with the MACSE alignment option, which auto-detects whether 
a single set of reliable sequences is used or if the simultaneous alignment 
should be performed. This strategy worked well for all markers except 
TTN, which contained a mix of many long and several shorter sequence 
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fragments. We used the MAFFT (Katoh et al., 2002; Katoh and Standley, 
2013) option in Align.py to align TTN instead, using the automatic 
alignment algorithm selection option. 

The alignment of the 12S and 16S rRNA markers was more chal
lenging, given that they are not protein-coding and may have insertions 
and deletions that modify their lengths. Therefore, we developed here a 
new program to help perform taxonomy-guided alignments called Tax
onomyAlign. This method relies on a mapping file that defines taxo
nomic groups for all sequences present (e.g., genera, families). 
TaxonomyAlign begins by dividing the starting sequences into subsets 
based on the defined groups, and builds sub-alignments for each group 
using MAFFT (with multiple alignment algorithm options available). 
Upon completion of sub-alignments, the –merge option in MAFFT is 
used to merge the set of sub-alignments while preserving each sub- 
alignment. The merging step is followed by an optional polishing step, 
which uses iterative refinement to produce a final refined alignment. In 
cases where a grouping is represented by a single species, that sequence 
is aligned during the merging step. TaxonomyAlign is open-source and 
freely available on github: https://github.com/dportik/Taxono 
myAlign. We used TaxonomyAlign to align 12S and 16S sequences 
based on the membership of species in genera and families. To bench
mark the performance of TaxonomyAlign, we also used MAFFT to 
generate parallel alignments for these markers. The alignments from 
MAFFT and TaxonomyAlign were used to estimate gene trees, which 
allowed a comparison of the number of monophyletic groupings 
occurring across taxonomic ranks (described in Section 2.6 below). 

Given that the AHE sequences were already validated by Hime et al. 
(2021), we only performed a subset of SuperCRUNCH steps for these 
markers. Our goal was to create alignments using MACSE, to be 
consistent with our approach for the legacy and NPCL markers. We used 
the AHE marker search terms to create marker-specific fasta files from 
the AHE sequence set, but skipped similarity-filtering. We performed 
sequence selection as described above, adjusted sequence directions, 
adjusted reading frames, and used MACSE to perform alignments. 

We then used SuperCRUNCH to perform the final steps to create the 
full concatenated dataset. After multiple sequence alignment, we rela
beled sequences to include only species names (vs. full description lines) 
using Fasta_Relabel_Seqs.py. Finally, we concatenated the final align
ments using Concatenation.py. We produced concatenated alignments for 
the AHE markers, NPCL markers, legacy markers, and a combination of 
the AHE, NPCL, and legacy markers. We used the concatenated align
ments of each marker set to compare various metrics (number of taxa, 
sequences, informative sites, etc.). The combined marker set was used in 
the phylogenetic analyses. 

We used the Alignment_Assessment tool from Portik et al. (2016) to 
generate summary statistics for all individual and concatenated align
ments. These statistics included alignment length, number of informa
tive sites (defined here as sites containing at least two different 
nucleotides that are each present in at least two sequences, synonymous 
with parsimony-informative sites), and percent missing data (relative 
frequency of cells with missing data in the alignment or concatenated 
matrix). We give alignment lengths in base pairs (bp) but note that these 
lengths can also include inferred insertions/gap positions. 

Finally, for each marker we evaluated sequence-length heterogeneity 
using Sequence_Length_Heterogeneity.py. This method calculates the co
efficient of variation (CV; the ratio of the standard deviation to the 
mean) from the set of aligned sequence lengths for each marker (ASL- 
CV; Portik and Wiens, 2021), and indicates how much variation in 
sequence length is present. 

2.5. Partitioning 

Given the large number of markers, the full matrix contained many 
potential partitions (i.e., sets of characters with distinct rates and other 
properties). In preliminary analyses with reduced numbers of taxa, we 
used PartitionFinder2 (Lanfear et al., 2016) to identify the best-fitting 

set of partitions. We performed two analyses. For the first, the input 
partitions consisted of separate partitions for each codon position in 
each gene (with a single partition for non-protein coding genes, like 12S 
and 16S). For the second, there was a single partition per gene. The best- 
fit partitioning schemes for these two analyses had 916 and 225 parti
tions, respectively. However, running these partitioned datasets was 
computationally intractable on the Cyberinfrastructure for Phylogenetic 
Research (CIPRES) Science Gateway (Miller et al., 2010) that was used 
for our likelihood tree searches. Indeed, the analyses failed in the first 
few minutes because of memory limitations. We therefore used a par
titioning scheme with only seven partitions: a partition for each of the 
three codon positions in the nuclear protein-coding genes, a partition for 
each of the three codon positions in the mitochondrial protein-coding 
genes, and a single partition for mitochondrial ribosomal RNA 
(including 12S and 16S). This partitioning scheme is based on the idea 
that the most important partitions will be different codon positions 
within protein-coding genes, and between nuclear and mitochondrial 
protein-coding genes. This limited number of partitions proved to be 
computationally tractable. 

2.6. Phylogenetic analyses 

We performed concatenated maximum-likelihood analyses using 
RAxML v8.2 (Stamatakis, 2014) on the Cyberinfrastructure for Phylo
genetic Research (CIPRES) Science Gateway (Miller et al., 2010). We 
chose RAxML for all ML analyses because RaxML was found to yield 
better results than IQ-TREE (Nguyen et al., 2015) for phylogenomic 
datasets containing > 200 taxa (Zhou et al., 2018). We conducted 25 
alternate runs on distinct starting trees to find the best-scoring ML tree, 
using the GTR + CAT model (general-time-reversible model with the 
CAT approximation of the gamma distribution of rates among sites). To 
complete the analysis within CIPRES run-time allotments, we performed 
five separate analyses involving 5 alternate runs on distinct starting 
trees, with a final branch-length optimization on the best tree found in 
each analysis. 

We performed partitioned rapid bootstrapping analyses to obtain 
100 bootstrap trees with branch lengths (option -k) using RAxML v8.2. 
This type of bootstrapping analysis requires a parameter optimization 
under GAMMA at the end of each replicate, which increases run times. 
However, the estimated branch lengths were necessary to generate a set 
of 100 time-calibrated trees for use in comparative analyses (see below). 
To complete the analysis within CIPRES run-time allotments, we per
formed four separate analyses with 25 bootstrap replicates each (and 
specifying a unique seed number for each analysis with the -b option). 
The 100 bootstrap trees allowed us to assess branch support and to 
generate confidence intervals for our divergence time estimates (see 
below). 

We acknowledge that our search for the best tree was somewhat 
limited, with only 25 replicate searches. Nevertheless, given the very 
large number of taxa and markers, these searches took almost 2 months 
of computational time to complete (see Results). It is possible that some 
aspects of the topology of the optimal likelihood tree reported here 
reflect the failure to find the tree with the maximum likelihood for these 
data. However, it seems very unlikely that the same random tree-search 
artefact would be repeated dozens of times across the multiple searches 
of the 100 bootstrap replicates and thus appear as a strongly supported 
branch. Therefore, weakly supported branches of the tree may also 
reflect failure to find the optimal tree and should be treated with the 
usual caution. Thus, it would be problematic to dismiss our overall re
sults simply because the best-fit tree found might not be truly optimal. 

To evaluate the match of the inferred phylogenies with taxonomy, 
we used the program MonoPhylo (Portik and Wiens, 2021). MonoPhylo 
assesses the status (monophyletic, paraphyletic, polyphyletic) of user- 
defined groupings (genus, subfamily, family, etc.) for a given phyloge
netic tree. We assessed the status of the 439 anuran genera and 54 
families that were included in the tree. These taxa were defined based on 
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the AmphibiaWeb taxonomy (rechecked November 2022). We used 
MonoPhylo to summarize whether these taxa were recovered as 
monophyletic or not, and to obtain support values for monophyletic 
groups. 

The alignments from TaxonomyAlign and MAFFT alone for 12S and 
16S were used to estimate gene trees for each of these markers. For each 
alignment, we conducted 10 runs on distinct starting trees to find the 
best-scoring ML tree, using the GTR + CAT model (general-time- 
reversible model with the CAT approximation of the gamma distribution 
of rates among sites). We used MonoPhylo to quantify the number of 
monophyletic genera, subfamilies, and families for the tree from each 
marker and alignment method. We also compared the alignment length, 
number of sites with gaps, and the number of informative sites for the 
same marker from each alignment method. 

2.7. Data checking 

After conducting our initial concatenated analyses, we found some 
unusual phylogenetic results in some parts of tree, especially within 
Bufonidae (e.g., congeneric species placed in different parts of the tree). 
We suspected that these might be related to misidentified specimens or 
to mislabeled sequences on GenBank. Therefore, we performed a set of 
data-checking analyses. Specifically, we analyzed each marker sepa
rately using maximum likelihood, as described above. We looked for 
mismatches between these gene trees and taxonomy that were not 
present across genes (i.e., a species from genus A placed inside genus B 
for gene 1, when the species is placed in genus A for gene 2). We also 
looked for cases in which pairs of species had nearly identical sequences 
for a given gene but were distinct in other genes. The accession numbers 
of potentially problematic sequences were added to the list of accessions 
to exclude during sequence selection. We then re-ran Filter_
Seqs_and_Species.py using the –accessions_exclude feature with this 
updated list. This had the effect of replacing the potentially problematic 
sequences with different sequences from GenBank for the same marker 
and species. If a suitable replacement was not found (e.g., there was only 
a single sequence for that species for that marker), the sequence was 
simply deleted for that species and marker. All subsequent steps in 
SuperCRUNCH were run as described above to obtain alignments for the 
next round of gene tree analyses. We repeated this overall process twice, 
until all clearly problematic sequences were eliminated. We then re- 
concatenated the data and performed the final analyses. 

2.8. Divergence-time estimation 

We conducted divergence-time estimation using penalized likeli
hood (Sanderson, 2001) implemented with treePL (Smith and O’Meara, 
2012). This method is widely used for dating phylogenies that have very 
large numbers of species. We used 33 calibration points based on fossil 
evidence. We started from a review of fossil calibration points used in 
other recent amphibian studies (Feng et al., 2017; Jetz and Pyron, 2018; 
Hime et al., 2021). The details of the final set of calibration points used 
and their selection are given in Supplementary File S1. 

Using the best maximum-likelihood tree obtained from RAxML, we 
conducted a thorough analysis in treePL during the two-round optimi
zation phase. A “thorough” analysis iterates until convergence of log 
likelihoods is observed. We tested the following standard smoothing 
values in treePL: 0.1, 1, 10, 100, 1,000, and 10,000. The best smoothing 
value was found to be 1,000 by a cross-validation analysis, based on 
having the lowest chi-square value in the “cvoutfile” file. We used this 
analysis to time-calibrate branches in our primary analysis. We then 
inferred branch lengths for 100 bootstrap trees in RAxML and then ran 
these trees iteratively through treePL to obtain a distribution of 100 
time-calibrated trees. For this latter analysis, we assumed that the 
optimal smoothing parameter for the original data also applied to the 
bootstrapped trees. Hypothetically, we could have determined the 
optimal smoothing parameter separately for each replicate, but the 

cross-validation analysis was extremely time intensive. Furthermore, the 
optimal smoothing parameter for the observed data should be optimal 
for datasets based on resampling the observed data. 

We used the 100 time-calibrated bootstrap trees to generate confi
dence intervals for the divergence times of all nodes in the best tree. 
Divergence-time confidence intervals (95%) were generated using 
TreeAnnotator 1.10.4 (Drummond and Rambaut, 2007). We visualized 
variation in trees and divergence times among families across these 100 
trees using the R package phangorn 2.2 (Schliep, 2011), with the “den
siTree” function. 

3. Results 

3.1. Supermatrix parameters 

The supermatrix created with SuperCRUNCH contained 5,242 
anuran species representing 439 genera and 54 families. It also included 
84 outgroup species, including 27 caecilians and 48 salamanders. The 
matrix included 5,326 species overall. The AmphibiaWeb taxonomy 
used for this analysis (July 2022) contained 7,579 described anuran 
species, 457 genera, and 54 families. Therefore, the matrix included 
69% of described anuran species, 96% of the genera, and 100% of the 
families. 

There were 307 molecular markers (24/28 legacy markers, 194/194 
AHE, and 89/92 NPCL markers) and 90,196 total sequences included. 
The concatenated alignment was 381,201 bp in length with 95% missing 
data overall (Table 1; Supplementary Table S1). Characteristics of the 
concatenated alignments for each marker category (i.e., legacy, NPCL, 
AHE) are shown in Table 1, and characteristics for all markers are 
provided in Supplementary Table S1. A table of GenBank accession 
numbers including all sequences used is provided as Supplementary 
Table S2. 

In the legacy dataset, different genes had data for different numbers 
of species (Fig. 1; Supplementary Table S1). The markers with the 
greatest numbers of species were 16S (n = 4,926) and 12S (n = 3,743), 
followed by RAG1_p2 (n = 2,363), CO1_p1 (n = 2,227), CYTB (n =
2,118), TYR (n = 1,659), ND1 (n = 1,328), RHO (n = 1,257), and POMC 
(n = 1,241). 

The basic properties of these three categories of markers (legacy, 
NPCL, AHE) are illustrated in Fig. 2. All three were similar in length, 
percentage of informative sites, and percentage of missing data. How
ever, the legacy markers tended to be more variable for all three prop
erties, and the NPCL and AHE datasets tended to have less missing data. 

The total run time for the SuperCRUNCH analysis was ~ 88 h, of 
which 17 h were used for similarity-filtering and 68 h were used for 
alignment (65 with MACSE and 3 for TaxonomyAlign; Supplementary 
Table S3). However, this estimate assumes that the similarity-filtering 
and alignment steps were run for all files sequentially. In practice, 
subsets of files can be run in parallel at these steps to reduce run time. 
Using this strategy, the complete analysis to construct the supermatrix 
required just under 24 h of run time. 

We also compared the alignments of 12S and 16S from Tax
onomyAlign (which uses MAFFT) and from MAFFT alone. Tax
onomyAlign produced a slightly longer alignment (3%) than MAFFT for 
12S (2,234 bp vs. 2,177 bp) but a shorter alignment (5%) for 16S (3,775 
bp vs. 3,972 bp). For both markers and methods, all sites had one or 
more gaps. TaxonomyAlign yielded a lower percentage of informative 
sites relative to MAFFT, for both 12S (57% vs. 64%) and 16S (59% vs. 
63%). Nevertheless, maximum likelihood analyses of the alignments of 
12S and 16S from TaxonomyAlign consistently supported more mono
phyletic genera, subfamilies, and families than those from MAFFT. For 
12S, TaxonomyAlign supported the monophyly of 225 genera, 25 sub
families, and 38 families, versus 214, 24, and 30 (respectively) for 
MAFFT. For 16S, TaxonomyAlign supported the monophyly of 245 
genera, 28 subfamilies, and 45 families, whereas MAFFT supported 228, 
26, and 39, respectively. Importantly, the largest proportional 

D.M. Portik et al.                                                                                                                                                                                                                               



Molecular Phylogenetics and Evolution 188 (2023) 107907

6

Table 1 
Information for concatenated alignments of different marker categories, including the final supermatrix (which contains all three categories). For all marker categories, 
the number of species includes outgroups: the overall matrix includes 84 outgroup taxa and 5,242 ingroup species. Alignment length is the overall length of the 
concatenated alignment of all markers in that category, given in number of base pairs (bp).  

Marker category Species Number of markers Number of sequences Alignment length (bp) Informative sites (%) Missing data (%) 

AHE, NPCL, Legacy 5,326 307 90,196 381,201  55.4  95.2 
AHE 230 194 43,282 250,299  56.0  5.6 
NPCL 659 89 18,232 102,045  53.9  70.1 
Legacy 5,324 24 28,682 28,857  56.3  85.6 
Legacy (mitochondrial) 5,270 8 16,628 13,329  62.9  79.9 
Legacy (nuclear) 3,554 16 12,054 15,528  50.6  85.6 

AHE markers are nuclear exon sequences obtained from anchored hybrid enrichment. NPCL refers to the set of nuclear protein coding loci from Feng et al. (2017). 
Legacy markers are a set of mitochondrial and nuclear genes that are widely used in anuran phylogenetics, including large-scale supermatrix studies (e.g., Jetz and 
Pyron, 2018). Informative sites are defined here as sites containing at least two different nucleotides that are each present in at least two sequences, equivalent to 
parsimony-informative sites. 
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Fig. 1. (A) Total number of amphibian sequences available for 24 legacy markers according to a GenBank search in July 2022. (B) Total number of species for each 
locus according to a GenBank search in July 2022. (C) Distribution of legacy markers across the 5,242 amphibian species included in this study. 
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differences are among families, where TaxonomyAlign yields a 27% 
(12S) to 15% (16S) increase in the number of families supported as 
monophyletic. Furthermore, the monophyly of most anuran families is 
independently supported by phylogenomic analyses (e.g., Feng et al., 
2017; Streicher et al., 2018; Hime et al., 2021; Portik et al., 2023), 
suggesting that the trees from TaxonomyAlign might better reflect the 
true relationships. 

3.2. Phylogenetic analyses and divergence dating 

The final ln-likelihood of the best RAxML tree was − 18,637,415. The 
best tree search analyses (using 25 alternate runs on distinct starting 
trees) required a minimum of 56 Gb of memory, used 64 threads, and ran 
for a combined total of 1,323 h (55 days) on CIPRES. The bootstrapping 
analysis (including estimation of branch lengths for each of the 100 
replicates) also used 64 threads and ran for a combined total of 491 h 
(20 days), taking roughly 5 h per bootstrap replicate. 

We examined whether genera, subfamilies, and families of anurans 
were recovered as monophyletic using MonoPhylo (Table 2; Supple
mentary Table S4). Tests were performed only when a defined group was 
represented by two or more species. Groups represented by a single 
species are the result of a monotypic taxon or limited sampling, which 
we do not distinguish here. At the genus level, we found 259 of 345 
testable genera were recovered as monophyletic (75%). We found that 
34 of 43 (79%) testable subfamilies were monophyletic. Among families, 
51 of 52 (98.0%) testable families were monophyletic. The single non- 
monophyletic family was Strabomantidae, the content of which is 
currently controversial (Heinicke et al., 2018; Barrientos et al., 2021). 
We address non-monophyletic taxa within families in Section 3.4 below. 

Higher-level relationships from the likelihood analysis are summa
rized in Fig. 3, and the time-calibrated higher-level tree is in Fig. 4. An 
overall summary of the time-calibrated species-level tree is provided in 
Fig. 5, and detailed subtrees are given in Figs. 6–60. The full maximum- 
likelihood tree with branch lengths and support values is available as 
Supplementary File S2. The time-calibrated version of this tree is 
available as Supplementary File S3. The 100 time-calibrated bootstrap 
trees are available as Supplementary File S4. Confidence intervals on the 
estimated ages for each node are given in Supplementary File S5. 
Variation in topologies and divergence times among these 100 replicates 
are illustrated in Supplementary File S6, based on the "densiTree" 
function in phangorn, with each thin purple line showing an individual 
topology and thicker and darker lines showing the overlap of multiple 
trees. 

3.3. Higher-level relationships 

Here we compare the family-level relationships found in our super
matrix tree (Fig. 3) to those from other recent, large-scale, molecular 
analyses. Specifically, we compare our results to recent phylogenomic 
analyses (e.g., Feng et al., 2017; Streicher et al., 2018; Hime et al., 2021) 
and the supermatrix study by Jetz and Pyron (2018). We also compare 
our trees to those of Portik et al. (2023), including those from their 
phylogenomic analyses (UCE; ultraconserved element; 3,784 markers, 
most frog families) and gigamatrix analyses (UCE + legacy + AHE +
NPCL; 4,091 markers, most frog genera). Our goal here is not to review 
all recent analyses of anuran phylogeny and taxonomy, but rather to 

highlight similarities and differences with these key studies. We also 
mention support values, but note that these were not provided directly 
by Feng et al. (2017) or Jetz and Pyron (2018). 

We first provide a quantitative summary of the congruence among 
studies, followed by a more narrative summary. We compared the re
lationships among families across these studies (Supplementary 
Table S5), given that many of the studies compared here were not 
comprehensive in terms of sampling of genera. Furthermore, some 
studies lacked data for one or more families. The higher-level (among- 
family) relationships found here were most similar to those of the 
phylogenomic study of Hime et al. (2021): among 49 comparable nodes, 
94% were congruent. Conversely, these relationships were least 
congruent with those of Jetz and Pyron (2018), with 65% of 52 com
parable nodes congruent. Our tree was also highly congruent with the 
phylogenomic tree of Feng et al. (2017; their Fig. 1) with 93% of 43 
nodes congruent. However, Feng et al. (2017) also presented a more 
complete tree, with more families added with more limited data. This 
tree was relatively incongruent (65% of 52 nodes congruent), but due 
almost entirely to the unusual placement of these added families (e.g., 
Cycloramphidae, Micrixalidae). Finally, the tree was relatively 
congruent with the phylogenomic (UCE) tree of Portik et al. (2023), with 
83% of 43 comparable nodes congruent, and with the gigamatrix tree of 
that study (87% of 52 nodes congruent). 

Our results agree with these other recent studies regarding the major 
clades of frogs (Fig. 3). Specifically, these studies agree with ours on the 
relationships among Leiopelmatoidea (Ascaphidae, Leiopelmatidae), 
Discoglossoidea (Alytidae, Bombinatoridae), Pipoidea (Rhino
phrynidae, Pipidae), Pelobatoidea (Scaphiopodidae, (Pelodytidae, 
(Pelobatidae, Megophryidae))), and Neobatrachia. These relationships 
were strongly supported in our tree (Fig. 3). 

Most frog families and species belong to Neobatrachia. Among the 
major clades of Neobatrachia, our results agree with these other recent 
studies in the following points (Fig. 3). First, we show Heleophrynidae as 
the sister taxon to all other neobatrachians. Second, we show the clade 
Sooglossidae +Nasikabatrachidae as the sister taxon of Ranoidea. Third, 
we show the clade Myobatrachidae + Calyptocephalellidae as the sister 
group of Hyloidea. All of these relationships were strongly supported in 
our tree (Fig. 3). 

Within Hyloidea, our tree is largely congruent with recent phyloge
nomic studies (Feng et al., 2017; Streicher et al., 2018; Hime et al., 2021; 
Portik et al., 2023), but more discordant with the supermatrix tree of 
Jetz and Pyron (2018). These phylogenomic analyses agree with our tree 
in placing Rhinodermatidae as the sister taxon to all other Hyloidea, 
Neoaustrarana (Alsodidae, Batrachylidae, Cycloramphidae, Hylodidae) 
as the sister group to the remaining Hyloidea (Cornucopirana), and 
placing Telmatobiidae as the sister taxon to other members of Cornu
copirana. The remaining hyloids belong to Amazorana (Hylidae (Cera
tophryidae, Hemiphractidae)) and Commutabirana (Terraranae 
(Dendrobatidae ((Bufonidae, Odontophrynidae), (Leptodactylidae 
(Allophrynidae, Centrolenidae)))). The support here for many of these 
clades in Hyloidea is limited (Cornucopirana = 77%; Neoaustrarana =
81%; Amazorana = 87%; Commutabirana = 73%), but these clades are 
strongly supported by Streicher et al. (2018), Hime et al. (2021), and the 
phylogenomic tree of Portik et al. (2023). Note that the phylogenomic 
analyses of Feng et al. (2017) did not include all families, and when they 
included Cycloramphidae based on more limited data, it was placed in 
Commutabirana and not Neoaustrarana. 

By contrast, the tree of Jetz and Pyron (2018) was broadly discordant 
with our tree and others within Hyloidea. For example, Jetz and Pyron 
(2018) placed Dendrobatidae as the sister group to all other Hyloidea, 
and Hemiphractidae + Terranae as the sister group to all remaining 
hyloids. They inferred a clade that consisted of Ceratophryidae, Rhi
nodermatidae, Telmatobiidae, Alsodidae, Batrachylidae, Cyclo
ramphidae, and Hylodidae. Hylidae was the sister taxon to a clade that 
contained Allophrynidae, Centrolenidae, Bufonidae, Leptodactylidae, 
and Odontophrynidae. In short, the tree of Jetz and Pyron (2018) 

Table 2 
Assessment of monophyletic groups across ranks for anurans. Testable groups 
include those represented by two or more sampled species.  

Rank Total 
groups 

Testable 
groups 

Number 
monophyletic 

Percent 
monophyletic 

Genus 439 345 259 75% 
Subfamily 46 43 34 79% 
Family 54 52 51 98%  
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conflicts with our tree and those of recent phylogenomic analyses in 
rejecting the major clades of Hyloidea, including Cornucopirana, Ama
zorana, and Commutabirana. There were particularly striking dis
agreements regarding the placements of Ceratophryidae, 
Dendrobatidae, Hemiphractidae, Rhinodermatidae, and Telmatobiidae. 
However, there were some points of agreement, including monophyly of 
Neoaustrarana, Terraranae, and the clade consisting of Allophrynidae, 
Centrolenidae, Bufonidae, Leptodactylidae, and Odontophrynidae. 

There were also disagreements with previous analyses regarding 
relationships within many of these major hyloid clades. Furthermore, 
many relationships in our tree were only weakly supported relative to 
the phylogenomic studies. We note several of the disagreements here. 
First, within Neoaustrarana, we found the weakly supported relation
ships: ((Cycloramphidae, Hylodidae), (Alsodidae, Batrachylidae)), as 
did Portik et al. (2023) in their gigamatrix tree. Feng et al. (2017) did not 

support monophyly of Neoaustrarana. Streicher et al. (2018) strongly 
supported the relationships: ((Alsodidae, Hylodidae), (Cycloramphidae, 
Batrachylidae)). Hime et al. (2021) found the relationships: (Cyclo
ramphidae (Hylodidae, (Alsodidae, Batrachylidae))). The clade of 
Alsodidae + Batrachylidae was strongly supported by them and 
congruent with our results here, whereas the placement of Hylodidae 
had moderate support in their tree. Jetz and Pyron (2018) found: 
(Cycloramphidae, (Batrachylidae, (Alsodidae, Hylodidae))). 

Within Amazorana, we placed the clade Ceratophryidae + Hemi
phractidae as the sister group to Hylidae with relatively strong support 
(bootstrap = 91%), as did Portik et al. (2023) in their phylogenomic and 
gigamatrix trees. Feng et al. (2017) inferred that Ceratophryidae was the 
sister taxon to Hylidae + Hemiphractidae. Streicher et al. (2018) and 
Hime et al. (2021) placed Hemiphractidae as the sister taxon to Hylidae 
+ Ceratophryidae (with strong and weak support, respectively). Jetz and 

Fig. 3. Maximum-likelihood phylogeny reduced to one tip per anuran family. Bootstrap support values are indicated when less than 96%. Family-level taxonomy 
follows AmphibiaWeb (2022) except for Strabomantidae, which was not monophyletic in our analyses and was included within Craugastoridae. 
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Pyron (2018) did not place these three families together. 
Within Terraranae, most recent studies placed Ceuthomantidae as 

the sister taxon to the other families (as does our tree here), but there is 
otherwise considerable disagreement among studies. We strongly placed 
Eleutherodactylidae as the sister taxon to Brachycephalidae + Crau
gastoridae (with the latter including Strabomantidae). This is in agree
ment with Hedges et al. (2008), Heinicke et al. (2018), and Hime et al. 
(2021). However, Feng et al. (2017), Streicher et al. (2018), and Portik 
et al. (2023) supported: (Brachycephalidae (Eleutherodactylidae, 
Craugastoridae)). Other authors (e.g., Pyron, 2014; Hutter et al., 2017; 
Jetz and Pyron, 2018) have instead supported: (Craugastoridae (Eleu
therodactylidae, Brachycephalidae)). 

Within Commutabirana, we found the relationships (Fig. 3): (Ter
raranae (Dendrobatidae ((Bufonidae, Odontophrynidae) (Lep
todactylidae (Allophrynidae, Centrolenidae))))). Yet the relationships 
among most of these families were not strongly supported. Hime et al. 
(2021) found similar relationships to those found here (but again with 
limited support for many relationships). However, they lacked data for 
Allophrynidae. Portik et al. (2023) found similar relationships (with 
strong phylogenomic support), but switching the placements of Den
drobatidae and Terraranae. Streicher et al. (2018) also found similar 
relationships, but placed Dendrobatidae with Leptodactylidae as the 
sister group to Allophrynidae + Centrolenidae (with only limited sup
port for this clade of four families). Feng et al. (2017), in their Fig. 2, 

included Cycloramphidae in this clade and found quite different re
lationships among these families: (Dendrobatidae (Terraranae (Bufoni
dae (Allophrynidae, Centrolenidae) (Leptodactylidae 
(Odontophrynidae, Cycloramphidae))))). Finally, Jetz and Pyron (2018) 
also recovered the relationships: (Bufonidae, Odontophrynidae) (Lep
todactylidae (Allophrynidae, Centrolenidae)). However, they placed 
Dendrobatidae and Terraranae at the base of Hyloidea and did not 
support monophyly of Commutabirana. 

Besides Hyloidea, the other major, species-rich clade of Neobatrachia 
is Ranoidea (Fig. 3). Within Ranoidea, our tree strongly supported 
Microhylidae as the sister taxon to Afrobatrachia and Natatanura. This 
arrangement was also supported by the phylogenomic analyses of Feng 
et al. (2017), Hime et al. (2021), and Portik et al. (2023). However, Jetz 
and Pyron (2018) placed Microhylidae as the sister taxon to 
Afrobatrachia. 

Within Afrobatrachia, our results supported the relationships: 
((Arthroleptidae, Hyperoliidae) (Brevicepitidae, Hemisotidae)). This is 
in agreement with the phylogenomic studies (Feng et al., 2017; Hime 
et al., 2021; Portik et al., 2023) and Jetz and Pyron (2018). 

Within Natatanura, there was considerably more conflict. First, our 
tree placed Micrixalidae as the sister taxon to all other members of 
Natatanura (with strong support). Portik et al. (2023) also placed 
Micrixalidae here. Most other studies compared here did not include this 
taxon, but Feng et al. (2017) placed Micrixalidae as the sister taxon to 
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Ranixalidae. Above Micrixalidae, our tree supports division of Natata
nura into a clade of mostly African families ((Pyxicephalidae (Con
rauidae, Petropedetidae)), (Odontobatrachidae (Phrynobatrachidae, 
Ptychadenidae))) and a clade of mostly Asian families ((Nyctiba
trachidae, Ceratobatrachidae) ((Dicroglossidae, Ranixalidae) (Ranidae 
(Rhacophoridae, Mantellidae)))). This basic division between predom
inantly African and Asian families also appeared in the tree of Feng et al. 
(2017) and was strongly supported by Hime et al. (2021). Many other 
components of our tree also appear in these phylogenomic trees. Within 
the mostly African clade, these include the clade of (Pyxicephalidae 
(Conrauidae, Petropedetidae)) and the clade (Odontobatrachidae 
(Phrynobatrachidae, Ptychadenidae)). Within the mostly Asian clade, 
our tree agrees with that of Hime et al. (2021) in supporting a clade 
consisting of Nyctibatrachidae + Ceratobatrachidae (bootstrap = 70% 
here; 100% in that study), which is the sister group to a clade containing 
(Dicroglossidae (Ranidae (Rhacophoridae, Mantellidae))). However, 
our tree also included Ranixalidae, which was weakly supported as the 
sister taxon to Dicroglossidae. Ranixalidae was not sampled by Hime 
et al. (2021). The tree of Feng et al. (2017) was less congruent. 

There was also some disagreement between our tree and that of Jetz 
and Pyron (2018) within Natatanura. For example, their tree shows the 

group of mostly African families as being paraphyletic with respect to 
the group of mostly Asian families (an arrangement that also occurs in 
the phylogenomic and gigamatrix trees of Portik et al., 2023). However, 
our tree and theirs are largely congruent regarding relationships among 
the mostly Asian families, with both trees supporting the relationships: 
(Nyctibatrachidae + Ceratobatrachidae), ((Dicroglossidae + Ranix
alidae) (Ranidae (Rhacophoridae, Mantellidae))). 

In summary, our tree was highly congruent with the phylogenomic 
trees (Feng et al., 2017; Hime et al., 2021) regarding the relationships 
among the mostly African families of Natatanura (but discordant with 
that of Jetz and Pyron, 2018). Among the mostly Asian families, it was 
highly concordant with that of both Hime et al. (2021) and Jetz and 
Pyron (2018). 

3.4. Relationships within families 

In the paragraphs that follow, we briefly discuss selected relation
ships within families. This is not intended as a comprehensive review of 
our results or previous studies. Instead, we focus particularly on non- 
monophyletic subfamilies and genera (based specifically on the taxon
omy of AmphibiaWeb, 2022), and whether these cases might reflect 
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Fig. 5. Legend for detailed phylogeny figures (Figs. 6–60) indicating the placement of each subtree in the global phylogeny. Abbreviations as follows: Le. =
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Fig. 6. Archaeobatrachia I subtree including Leiopelmatoidea (Ascaphidae + Leiopelmatidae), Discoglossoidea (Alytidae + Bombinatoridae), and Pipoidea 
(Rhinophrynidae + Pipidae). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood analysis. Branch lengths are from the 
divergence-time estimation (in millions of years ago; mya). 
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Fig. 7. Archaeobatrachia II subtree including Pelobatoidea (Megophryidae [part] + Pelobatidae + Pelodytidae + Scaphiopodidae). Values adjacent to nodes are 
bootstrap support values from the partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 8. Archaeobatrachia III subtree including Pelobatoidea (Megophryidae [part]). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 9. Neobatrachia I subtree including Heleophrynidae, Nasikabatrachidae, Sooglossidae and Microhylidae (part: Kalophryninae, Melanobatrachinae, Hoplo
phryninae, Phrynomerinae, Adelastinae, Otophryninae, and Gastrophryninae). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 

D.M. Portik et al.                                                                                                                                                                                                                               



Molecular Phylogenetics and Evolution 188 (2023) 107907

15

Paradoxophyla tiarano
Paradoxophyla palmata
Scaphiophryne matsoko
Scaphiophryne calcarata
Scaphiophryne brevis
Scaphiophryne spinosa

Scaphiophryne marmorata

Scaphiophryne madagascariensis
Scaphiophryne menabensis

Scaphiophryne boribory

Scaphiophryne gottlebei

Madecassophryne truebae

Anilany helenae

Plethodontohyla alluaudi
Rhombophryne laevipes
Rhombophryne minuta
Rhombophryne testudo
Rhombophryne coudreaui

Rhombophryne longicrus

Rhombophryne serratopalpebrosa
Rhombophryne coronata

Rhombophryne tany

Rhombophryne ornata
Rhombophryne diadema

Rhombophryne guentherpetersi

Rhombophryne vaventy

Stumpffia contumelia
Stumpffia tridactyla
Stumpffia betampona

Stumpffia fusca
Stumpffia lynnae
Stumpffia kibomena

Stumpffia analanjirofo
Rhombophryne mangabensis

Stumpffia achillei
Stumpffia grandis

Stumpffia miovaova

Stumpffia pardus
Stumpffia diutissima
Stumpffia tetradactyla

Stumpffia jeannoeli
Stumpffia edmondsi
Stumpffia garraffoi
Stumpffia spandei

Stumpffia nigrorubra
Stumpffia roseifemoralis

Stumpffia miery
Stumpffia staffordi
Stumpffia be
Stumpffia megsoni
Stumpffia hara

Stumpffia psologlossa
Stumpffia sorata
Stumpffia larinki

Stumpffia huwei
Stumpffia angeluci
Stumpffia maledicta

Stumpffia mamitika

Stumpffia gimmeli
Stumpffia iharana

Stumpffia froschaueri
Stumpffia madagascariensis
Stumpffia pygmaea

Stumpffia yanniki
Stumpffia analamaina

Stumpffia meikeae
Stumpffia davidattenboroughi

Anodonthyla emilei

Anodonthyla jeanbai
Anodonthyla nigrigularis
Anodonthyla moramora
Anodonthyla theoi
Anodonthyla pollicaris

Anodonthyla boulengerii
Anodonthyla hutchisoni
Anodonthyla vallani

Anodonthyla montana
Anodonthyla rouxae

Platypelis grandis
Platypelis tetra
Platypelis tuberifera
Platypelis karenae
Platypelis milloti

Platypelis alticola
Platypelis mavomavo
Platypelis laetus
Platypelis olgae
Platypelis barbouri
Platypelis pollicaris

Platypelis tsaratananaensis

Cophyla puellarum

Cophyla fortuna
Cophyla berara
Cophyla maharipeo
Cophyla phyllodactyla
Cophyla noromalalae

Cophyla occultans

Plethodontohyla bipunctata
Plethodontohyla ocellata
Plethodontohyla brevipes

Plethodontohyla laevis
Plethodontohyla tuberata

Plethodontohyla inguinalis
Plethodontohyla mihanika

Plethodontohyla guentheri
Plethodontohyla notosticta
Rhombophryne matavy
Plethodontohyla fonetana

98

100

100

100

69

100

100
89

100
99

100

97

100

100

70

51

44

23
64

41
56

91
11

51
88

39
67

100

100

98

76

48

61

56

89
57

87
100

95

40
32

75

96
84

57
84

100

90

60

67

100
87

100

55

96

89

72

46
100

82
64

78

55
60

100

100

47

99

100

64

94

77

100
100

100

100
97

56

99

100

82

73

86
69

96

62
65

45

92
89

57

93
88

100
59

97
96

99

87

89
98

78

89

44

98
54

100

00204 mya

Cophylinae

Scaphiophryninae

 10 30   5 15 25 35

Fig. 10. Neobatrachia II subtree including Microhylidae (part: Scaphiophryninae and Cophylinae). Values adjacent to nodes are bootstrap support values from the 
partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Microhyla kodial
Microhyla irrawaddy

Microhyla pineticola

Microhyla berdmorei
Microhyla picta
Microhyla pulchra

Microhyla mihintalei
Microhyla nilphamariensis
Microhyla taraiensis

Microhyla palmipes

Glyphoglossus capsus
Glyphoglossus yunnanensis
Glyphoglossus molossus
Glyphoglossus minutus
Glyphoglossus guttulatus

Mysticellus franki

Micryletta sumatrana
Micryletta dissimulans

Micryletta hekouensis

Kalophrynus menglienicus
Micryletta immaculata
Micryletta inornata

Micryletta steinegeri

Micryletta aishani
Micryletta erythropoda
Micryletta lineata

Micryletta nigromaculata

Kaloula assamensis
Uperodon taprobanicus
Uperodon globulosus
Uperodon systoma
Uperodon variegatus
Uperodon anamalaiensis

Uperodon mormorata
Uperodon montanus

Uperodon obscurus

Phrynella pulchra
Metaphrynella pollicaris
Metaphrynella sundana
Kaloula nonggangensis
Kaloula borealis
Kaloula rugifera
Kaloula verrucosa

Kaloula conjuncta
Kaloula kokacii
Kaloula kalingensis

Kaloula rigida
Kaloula walteri

Kaloula picta

Kaloula indochinensis
Kaloula latidisca
Kaloula baleata

Kaloula mediolineata
Kaloula pulchra
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Fig. 11. Neobatrachia III subtree including Microhylidae (part: Dyscophinae and Microhylinae). Values adjacent to nodes are bootstrap support values from the 
partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Gastrophrynoides borneensis
Gastrophrynoides immaculatus
Siamophryne troglodytes
Vietnamophryne inexpectata
Vietnamophryne occidentalis
Vietnamophryne orlovi
Paedophryne oyatabu
Sphenophryne cornuta

Xenorhina lanthanites
Xenorhina mehelyi
Xenorhina fuscigula

Xenorhina oxycephala
Xenorhina varia

Xenorhina obesa
Xenorhina bouwensi

Asterophrys marani
Asterophrys turpicola
Oninia senglaubi
Asterophrys pullifer
Asterophrys eurydactylus

Asterophrys slateri

Callulops wilhelmanus
Callulops personatus
Callulops robustus
Callulops omnistriatus

Callulops doriae

Mantophryne axanthogaster
Mantophryne louisiadensis
Mantophryne menziesi
Mantophryne lateralis

Hylophorbus rufescens
Hylophorbus wondiwoi

Hylophorbus picoides
Hylophorbus proekes
Hylophorbus sextus
Hylophorbus tetraphonus

Hylophorbus richardsi

Hylophorbus nigrinus
Hylophorbus infulata

Austrochaperina palmipes

Oreophryne unicolor
Oreophryne brachypus
Oreophryne sibilans
Oreophryne anulata
Oreophryne pseudasplenicola
Oreophryne asplenicola

Cophixalus humicola
Cophixalus tridactylus

Oreophryne variabilis

Oreophryne waira
Oreophryne clamata

Oreophryne monticola

Cophixalus hosmeri

Cophixalus infacetus

Cophixalus kulakula
Cophixalus pakayakulangun

Cophixalus ornatus

Cophixalus crepitans

Cophixalus cheesmanae

Cophixalus cryptotympanum
Oreophryne atrigularis
Oreophryne wapoga

Cophixalus balbus

Aphantophryne pansa

Cophixalus sphagnicola
Choerophryne exclamitans

Choerophryne laurini

Choerophryne alpestris
Choerophryne brevicrus
Choerophryne siegfriedi

Choerophryne pandanicola
Choerophryne darlingtoni

Choerophryne fafniri

Choerophryne tubercula

Choerophryne arndtorum
Choerophryne rostellifer
Choerophryne epirrhina
Choerophryne nigrescens

Choerophryne gracilirostris
Choerophryne grylloides

Choerophryne burtoni

Choerophryne proboscidea
Choerophryne longirostris

Hylophorbus rainerguentheri

Barygenys exsul
Barygenys flavigularis

Barygenys nana
Genyophryne thomsoni

Sphenophrye alpestris
Copiula major
Copiula oxyrhina

Copiula pipiens
Copiula obsti
Austrochaperina rivularis
Austrochaperina derongo

Austrochaperina guttata
Austrochaperina adelphe
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Fig. 12. Neobatrachia IV subtree including Microhylidae (part: Asterophryinae). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Hemisus perreti

Hemisus guineensis

Hemisus marmoratus

Hemisus guttatus

Breviceps ombelanonga

Breviceps poweri

Breviceps adspersus

Breviceps passmorei

Breviceps carruthersi

Breviceps bagginsi

Breviceps sopranus

Breviceps fichus

Breviceps mossambicus

Breviceps sylvestris

Breviceps verrucosus

Breviceps rosei

Breviceps gibbosus

Breviceps montanus

Breviceps fuscus

Breviceps acutirostris

Breviceps branchi

Breviceps namaquensis

Breviceps macrops

Balebreviceps hillmani

Probreviceps durirostris

Probreviceps rungwensis

Probreviceps uluguruensis

Probreviceps loveridgei

Probreviceps macrodactylus

Callulina laphami

Callulina dawida

Callulina kisiwamsitu

Callulina kreffti

Spelaeophryne methneri
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Fig. 13. Neobatrachia V subtree including Brevicipitidae and Hemisotidae. Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Nyctibates corrugatus
Scotobleps gabonicus
Astylosternus occidentalis
Astylosternus laticephalus

Astylosternus fallax
Astylosternus laurenti

Astylosternus perreti
Astylosternus ranoides
Astylosternus rheophilus

Astylosternus schioetzi
Astylosternus batesi

Astylosternus montanus

Astylosternus diadematus

Trichobatrachus robustus

Arthroleptis langeri
Arthroleptis formosus
Arthroleptis aureoli

Arthroleptis taeniatus
Arthroleptis sylvaticus

Arthroleptis wahlbergii
Arthroleptis wageri

Arthroleptis crusculum
Arthroleptis nimbaensis
Arthroleptis adelphus

Arthroleptis poecilonotus
Arthroleptis brevipes

Arthroleptis bioko

Arthroleptis adolfifriederici
Arthroleptis perreti
Arthroleptis variabilis
Arthroleptis palava
Arthroleptis krokosua

Arthroleptis stenodactylus

Arthroleptis nikeae
Arthroleptis affinis
Arthroleptis reichei

Arthroleptis francei
Arthroleptis tanneri

Arthroleptis kidogo
Arthroleptis fichika

Arthroleptis xenochirus
Arthroleptis xenodactylus
Arthroleptis xenodactyloides

Arthroleptis schubotzi

Cardioglossa gracilis
Cardioglossa schioetzi
Cardioglossa melanogaster
Cardioglossa elegans
Cardioglossa cyaneospila
Cardioglossa leucomystax
Cardioglossa occidentalis

Cardioglossa venusta
Cardioglossa pulchra
Cardioglossa alsco

Cardioglossa oreas
Cardioglossa manengouba

Cardioglossa trifasciata
Cardioglossa escalerae
Cardioglossa annulata
Cardioglossa nigromaculata
Cardioglossa congolia
Cardioglossa gratiosa

Leptopelis grandiceps
Leptopelis flavomaculatus
Leptopelis natalensis

Leptopelis millsoni
Leptopelis macrotis

Leptopelis rufus

Leptopelis argenteus
Leptopelis concolor
Leptopelis susanae
Leptopelis gramineus

Leptopelis vannutellii
Leptopelis yaldeni

Leptopelis ragazzii

Leptopelis boulengeri
Leptopelis fiziensis
Leptopelis aubryioides
Leptopelis anebos
Leptopelis karissimbensis

Leptopelis kivuensis

Leptopelis palmatus
Leptopelis modestus

Leptopelis notatus
Leptopelis brevirostris

Leptopelis nordequatorialis
Leptopelis bocagii
Leptopelis mossambicus
Leptopelis vermiculatus

Leptopelis calcaratus

Leptopelis spiritusnoctis
Leptopelis viridis
Leptopelis aubryi

Leptopelis bufonides
Leptopelis ocellatus

Leptopelis parkeri

Leptodactylodon bueanus
Leptodactylodon ventrimarmoratus
Leptodactylodon ovatus
Leptodactylodon boulengeri
Leptodactylodon ornatus
Leptodactylodon polyacanthus
Leptodactylodon bicolor
Leptodactylodon mertensi
Leptodactylodon erythrogaster
Leptodactylodon perreti
Leptodactylodon axillaris
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Fig. 14. Neobatrachia VI subtree including Arthroleptidae. Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Acanthixalus spinosus

Acanthixalus sonjae

Opisthothylax immaculatus

Tachycnemis seychellensis

Heterixalus madagascariensis

Heterixalus boettgeri

Heterixalus alboguttatus

Heterixalus punctatus

Heterixalus betsileo

Heterixalus rutenbergi

Heterixalus carbonei

Heterixalus tricolor

Heterixalus andrakata

Heterixalus variabilis

Heterixalus luteostriatus

Afrixalus enseticola

Kassinula wittei

Afrixalus vibekensis

Afrixalus knysnae

Afrixalus spinifrons

Afrixalus stuhlmanni

Afrixalus sylvaticus

Afrixalus delicatus

Afrixalus aureus

Afrixalus morerei

Afrixalus weidholzi

Afrixalus uluguruensis

Afrixalus dorsimaculatus

Afrixalus lacteus

Afrixalus laevis

Afrixalus nigeriensis

Afrixalus vittiger

Afrixalus quadrivittatus

Afrixalus fulvovittatus

Afrixalus dorsalis

Afrixalus paradorsalis

Afrixalus equatorialis

Afrixalus osorioi

Afrixalus wittei

Afrixalus fornasini

Cryptothylax greshoffii

Congolius robustus

Morerella cyanophthalma

Kassina kuvangensis

Kassina lamottei

Kassina cassinoides

Kassina schioetzi

Kassina fusca

Kassina senegalensis

Kassina maculosa

Kassina decorata

Kassina cochranae

Kassina arboricola

Semnodactylus wealii

Phlyctimantis boulengeri

Phlyctimantis leonardi

Phlyctimantis maculatus

Phlyctimantis keithae

Phlyctimantis verrucosus

Paracassina obscura

Paracassina kounhiensis
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Fig. 15. Neobatrachia VII subtree including Hyperoliidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 16. Neobatrachia VIII subtree including Hyperoliidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Micrixalus frigidus

Micrixalus silvaticus

Micrixalus nigraventris

Micrixalus sairandhri

Micrixalus mallani

Micrixalus nelliyampathi

Micrixalus adonis

Micrixalus herrei

Micrixalus fuscus

Micrixalus kodayari

Micrixalus spelunca

Micrixalus elegans

Micrixalus thampii

Micrixalus nudis

Micrixalus kurichiyari

Micrixalus candidus

Micrixalus niluvasei

Micrixalus gadgili

Micrixalus sali

Micrixalus phyllophilus

Micrixalus kottigeharensis

Micrixalus saxicola

Micrixalus specca
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Fig. 17. Neobatrachia IX subtree including Micrixalidae. Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood analysis. 
Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Aubria subsigillata
Aubria masako
Pyxicephalus edulis
Pyxicephalus adspersus

Tomopterna gallmanni
Tomopterna kachowskii
Tomopterna tuberculosa

Tomopterna wambensis
Tomopterna branchi
Tomopterna damarensis
Tomopterna delalandii

Tomopterna krugerensis
Tomopterna luganga
Tomopterna marmorata

Tomopterna tandyi

Tomopterna elegans
Tomopterna cryptotis

Tomopterna milletihorsini

Nothophryne broadleyi
Tomopterna natalensis

Natalobatrachus bonebergi
Arthroleptella rugosa
Arthroleptella villiersi
Arthroleptella lightfooti

Arthroleptella bicolor
Arthroleptella landdrosia

Arthroleptella drewesii
Arthroleptella subvoce

Strongylopus wageri
Strongylopus bonaespei
Strongylopus fuelleborni

Strongylopus rhodesianus
Strongylopus merumontanus

Strongylopus fasciatus

Poyntonia paludicola
Cacosternum platys
Microbatrachella capensis

Cacosternum thorini
Cacosternum plimptoni
Cacosternum kinangopensis
Cacosternum rhythmum

Cacosternum striatum
Cacosternum australis
Cacosternum boettgeri

Cacosternum leleupi
Cacosternum aggestum

Cacosternum namaquense
Cacosternum capense

Cacosternum karooicum

Cacosternum parvum
Cacosternum nanogularum

Cacosternum nanum

Strongylopus grayii
Amietia fuscigula
Amietia vandijki

Amietia ruwenzorica
Amietia wittei

Amietia poyntoni
Amietia delalandii

Amietia angolensis
Amietia vertebralis

Amietia desaegeri
Amietia nutti

Amietia moyerorum
Amietia tenuoplicata

Amietia chapini

Amietia johnstoni
Amietia hymenopus

Anhydrophryne ngongoniensis
Anhydrophryne hewitti
Anhydrophryne rattrayi

Ericabatrachus baleensis

Petropedetes palmipes
Petropedetes parkeri
Petropedetes johnstoni
Petropedetes newtonii
Petropedetes vulpiae
Petropedetes perreti
Petropedetes juliawurstnerae
Petropedetes euskircheni
Petropedetes cameronensis

Arthroleptides yakusini
Arthroleptides martiensseni

Conraua crassipes

Conraua beccarii
Conraua derooi
Conraua alleni

Conraua goliath
Conraua robusta
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Fig. 18. Neobatrachia X subtree including Conrauidae, Petropedetidae, and Pyxicephalidae. Values adjacent to nodes are bootstrap support values from the 
partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Hildebrandtia ornata

Ptychadena tellinii
Ptychadena oxyrhynchus

Ptychadena mascareniensis

Ptychadena submascareniensis
Ptychadena pumilio
Ptychadena taenioscelis

Ptychadena nilotica
Ptychadena filwoha

Ptychadena newtoni

Ptychadena subpunctata

Ptychadena mossambica
Ptychadena aequiplicata
Ptychadena christyi
Ptychadena perreti
Ptychadena mapacha
Ptychadena bibroni

Ptychadena uzungwensis

Ptychadena porosissima
Ptychadena grandisonae
Ptychadena wadei
Ptychadena mutinondoensis
Ptychadena obscura
Ptychadena broadleyi

Ptychadena chrysogaster

Ptychadena mahnerti

Ptychadena longirostris
Ptychadena baroensis
Ptychadena anchietae

Ptychadena neumanni
Ptychadena erlangeri
Ptychadena goweri
Ptychadena harenna

Ptychadena levenorum
Ptychadena nana

Ptychadena amharensis
Ptychadena cooperi

Ptychadena trinodis
Ptychadena nuerensis
Ptychadena schillukorum

Phrynobatrachus pallidus

Phrynobatrachus dispar
Phrynobatrachus leveleve
Phrynobatrachus parvulus

Phrynobatrachus uzungwensis
Phrynobatrachus rungwensis

Phrynobatrachus discogularis

Phrynobatrachus scheffleri
Phrynobatrachus minutus
Phrynobatrachus inexpectatus

Phrynobatrachus keniensis

Phrynobatrachus maculiventris
Phrynobatrachus afiabirago
Phrynobatrachus fraterculus

Phrynobatrachus pintoi
Phrynobatrachus gutturosus

Phrynobatrachus mayokoensis

Phrynobatrachus annulatus
Phrynobatrachus villiersi
Phrynobatrachus calcaratus
Phrynobatrachus cornutus

Phrynobatrachus ungujae
Phrynobatrachus ukingensis

Phrynobatrachus mababiensis

Phrynobatrachus guineensis
Phrynobatrachus ghanensis

Phrynobatrachus alleni
Phrynobatrachus rainerguentheri
Phrynobatrachus phyllophilus

Phrynobatrachus ruthbeateae
Phrynobatrachus horsti

Phrynobatrachus cricogaster
Phrynobatrachus amieti

Phrynobatrachus jimzimkusi
Phrynobatrachus steindachneri

Phrynobatrachus njiomock

Phrynobatrachus chukuchuku
Phrynobatrachus batesii

Phrynobatrachus manengoubensis
Phrynobatrachus werneri

Phrynobatrachus schioetzi

Phrynobatrachus mbabo
Phrynobatrachus arcanus

Phrynobatrachus africanus

Phrynobatrachus intermedius
Phrynobatrachus liberiensis

Phrynobatrachus tokba

Phrynobatrachus kinangopensis

Phrynobatrachus acridoides
Phrynobatrachus pakenhami
Phrynobatrachus bullans
Phrynobatrachus francisci

Phrynobatrachus natalensis
Phrynobatrachus graueri

Phrynobatrachus plicatus
Phrynobatrachus auritus

Phrynobatrachus latifrons
Phrynobatrachus accraensis

Phrynobatrachus krefftii

Phrynobatrachus dendrobates
Phrynobatrachus versicolor
Phrynobatrachus petropedetoides

Phrynobatrachus asper
Phrynobatrachus acutirostris

Phrynobatrachus sandersoni

Odontobatrachus natator
Odontobatrachus ziama
Odontobatrachus arndti
Odontobatrachus smithi
Odontobatrachus fouta
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Fig. 19. Neobatrachia X subtree including Odontobatrachidae, Ptychadenidae, and Phrynobatrachidae. Values adjacent to nodes are bootstrap support values from 
the partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Liurana vallecula
Liurana alpina
Liurana xizangensis
Liurana medogensis
Alcalus tasanae
Alcalus rajae
Alcalus baluensis
Alcalus mariae

Platymantis guentheri
Platymantis bayani
Platymantis rabori
Platymantis luzonensis
Platymantis negrosensis

Platymantis diesmosi

Platymantis spelaeus
Platymantis paengi
Platymantis dorsalis
Platymantis taylori
Platymantis cagayanensis

Platymantis naomii
Platymantis indeprensus
Platymantis mimulus

Platymantis pseudodorsalis

Platymantis levigatus
Platymantis pygmaeus
Platymantis insulatus
Platymantis banahao
Platymantis corrugatus
Platymantis montanus

Platymantis hazelae
Platymantis panayensis
Platymantis sierramadrensis
Platymantis polillensis
Platymantis lawtoni
Platymantis subterrestris

Platymantis isarog

Cornufer heffernani
Cornufer vitianus
Platymantis myersi
Platymantis punctatus
Cornufer guppyi

Cornufer acrochordus
Cornufer guentheri
Cornufer malukuna
Cornufer bufoniformis

Cornufer minutus
Cornufer trossulus
Cornufer exedrus
Cornufer wolfi
Cornufer vertebralis

Platymantis cheesmanae

Platymantis bimaculatus
Platymantis batantae

Platymantis wuenscheorum

Platymantis caesiops
Platymantis bufonulus

Cornufer vitiensis
Cornufer solomonis

Cornufer latro
Cornufer admiraltiensis

Cornufer weberi

Cornufer papuensis
Platymantis cryptotis
Cornufer pelewensis
Cornufer gilliardi
Cornufer boulengeri

Cornufer schmidti
Cornufer adiastolus
Cornufer akarithymus
Cornufer sulcatus
Cornufer macrosceles
Cornufer mamusiorum
Cornufer nakanaiorum

Cornufer nexipus

Cornufer parilis
Cornufer neckeri

Cornufer desticans
Cornufer magnus

Lankanectes corrugatus
Nyctibatrachus danieli

Nyctibatrachus jog
Nyctibatrachus petraeus

Nyctibatrachus humayuni

Nyctibatrachus beddomii

Nyctibatrachus pulivijayani
Nyctibatrachus anamallaiensis
Nyctibatrachus sabarimalai

Nyctibatrachus robinmoorei
Nyctibatrachus manalari

Nyctibatrachus webilla
Nyctibatrachus minor
Nyctibatrachus deccanensis
Nyctibatrachus poocha
Nyctibatrachus vasanthi
Nyctibatrachus aliciae
Nyctibatrachus pillaii
Nyctibatrachus deveni
Nyctibatrachus periyar

Nyctibatrachus minimus

Nyctibatrachus kempholeyensis
Nyctibatrachus mewasinghi
Nyctibatrachus athirappillyensis
Nyctibatrachus kumbara
Nyctibatrachus dattatreyaensis
Nyctibatrachus karnatakaensis
Nyctibatrachus sanctipalustris
Nyctibatrachus vrijeuni
Nyctibatrachus shiradi
Nyctibatrachus indraneili

Nyctibatrachus radcliffei
Nyctibatrachus gavi
Nyctibatrachus acanthodermis
Nyctibatrachus sylvaticus
Nyctibatrachus grandis

Nyctibatrachus major

70

100

100
99
13

90

100
100

100

100

100

100

100

77
87

70
100

100

43

56

89
100

78
95

100

72

100
50

63

46
100

54

74

100

40
100

50

100

16

19
81

66

67

52
96

100

50

47

96
100

81
100

54
55

70
97

100

82

80

100

100

100
100

84

100
96

77

100

98

34

100

19
93

84
77

45
26

100

89

100

100
79

98

93

26

79

93

98
94

38

67

67

66

68

59

44
100

78

100

45

100
96

46

93

51

36
95

100

72
76

91
90

97

99

0020406 mya 10 30 50

Nyctibatrachidae

Ceratobatrachidae

Liuraninae

Alcalinae

Ceratobatrachinae

Fig. 20. Neobatrachia XI subtree including Nyctibatrachidae and Ceratobatrachidae. Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Indirana brachytarsus
Indirana beddomii

Indirana yadera
Indirana sarojamma
Indirana tysoni
Indirana bhadrai

Indirana gundia
Indirana duboisi
Indirana salelkari
Indirana chiravasi

Indirana paramakri
Indirana semipalmata

Indirana leithii

Ingerana borealis
Ingerana tenasserimensis

Occidozyga lima
Phrynoglossus magnapustulosus
Phrynoglossus myanhessei
Phrynoglossus martensii

Occidozyga berbeza

Nannophrys marmorata
Nannophrys ceylonensis
Hoplobatrachus occipitalis

Hoplobatrachus rugulosus
Hoplobatrachus litoralis
Hoplobatrachus tigerinus

Hoplobatrachus crassus

Euphlyctis karaavali
Euphlyctis hexadactylus
Euphlyctis aloysii
Euphlyctis ehrenbergii
Euphlyctis mudigere
Euphlyctis kalasgramensis
Euphlyctis cyanophlyctis

Sphaerotheca magadha
Sphaerotheca swani

Sphaerotheca bengaluru
Sphaerotheca maskeyi
Sphaerotheca pashchima

Sphaerotheca dobsonii

Sphaerotheca pluvialis
Sphaerotheca breviceps

Minervarya kalinga
Minervarya nilagirica

Minervarya keralensis

Minervarya gomantaki
Minervarya krishnan
Minervarya syhadrensis
Minervarya sahyadris
Minervarya agricola
Minervarya nepalensis
Minervarya pierrei
Minervarya teraiensis
Minervarya dhaka
Minervarya asmati
Minervarya chiangmaiensis

Minervarya mysorensis
Minervarya goemchi

Minervarya brevipalmata

Minervarya greenii
Minervarya kirtisinghei

Minervarya marathi
Minervarya cepfi
Minervarya rufescens
Minervarya kadar
Minervarya manoharani
Minervarya neilcoxi

Minervarya andamanensis
Minervarya muangkanensis

Fejervarya vittigera
Fejervarya moodiei
Fejervarya cancrivora
Fejervarya iskandari
Fejervarya kupitzi
Fejervarya orissaensis
Fejervarya triora
Fejervarya sakishimensis
Fejervarya kawamurai
Fejervarya multistriata
Fejervarya limnocharis
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Fig. 21. Neobatrachia XII subtree including Ranixalidae and Dicroglossidae (part). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 22. Neobatrachia XIII subtree including Dicroglossidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Amolops larutensis
Meristogenys kinabaluensis
Meristogenys jerboa

Meristogenys stigmachilus
Meristogenys whiteheadi
Meristogenys maryatiae

Meristogenys phaeomerus
Meristogenys orphnocnemis

Meristogenys dyscritus

Meristogenys poecilus

Meristogenys stenocephalus
Meristogenys amoropalamus

Clinotarsus penelope
Clinotarsus alticola

Clinotarsus curtipes

Sumaterana dabulescens
Sumaterana montana
Sumaterana crassiovis

Wijayarana melasma
Wijayarana javana
Wijayarana sumatrana

Huia cavitympanum

Pelophylax porosus
Pelophylax fukienensis
Pelophylax nigromaculatus
Pelophylax hubeiensis
Pelophylax plancyi
Pelophylax chosenicus

Pelophylax lessonae
Pelophylax esculentus

Pelophylax bergeri
Pelophylax shqipericus

Pelophylax ridibundus
Pelophylax kurtmuelleri

Pelophylax cerigensis
Pelophylax caralitanus

Pelophylax cypriensis

Pelophylax bedriagae
Pelophylax epeiroticus
Pelophylax cretensis

Pelophylax grafi
Pelophylax perezi

Pelophylax saharicus

Amolops spinapectoralis
Amolops torrentis
Amolops hainanensis

Amolops ricketti
Amolops yunkaiensis
Amolops sinensis
Amolops albispinus
Amolops yatseni

Amolops wuyiensis

Amolops daiyunensis
Amolops hongkongensis
Amolops teochew

Amolops gyirongensis

Amolops chayuensis
Amolops beibengensis
Amolops lifanensis
Amolops loloensis

Amolops jinjiangensis

Amolops shuichengicus
Amolops granulosus
Amolops mantzorum
Amolops xinduqiao

Amolops tuberodepressus

Amolops ottorum

Amolops putaoensis

Amolops aniqiaoensis
Amolops monticola
Amolops adicola

Amolops kohimaensis

Amolops bellulus
Amolops deng
Amolops nyingchiensis

Amolops tuanjieensis
Amolops akhaorum
Amolops mengdingensis
Amolops archotaphus
Amolops daorum
Amolops iriodes
Amolops mengyangensis

Amolops chunganensis
Amolops vitreus
Amolops compotrix
Amolops cucae
Amolops wenshanensis

Amolops nepalicus
Amolops splendissimus
Amolops viridimaculatus

Amolops wangyufani
Amolops medogensis

Amolops cremnobatus
Amolops panhai

Amolops indoburmanensis
Amolops marmoratus
Amolops afghanus

Amolops formosus
Amolops yarlungzangbo

Staurois latopalmatus
Staurois natator

Staurois parvus
Staurois tuberilinguis

Staurois guttatus
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Ranidae

Fig. 23. Neobatrachia XIV subtree including Ranidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 24. Neobatrachia XV subtree including Ranidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 

D.M. Portik et al.                                                                                                                                                                                                                               



Molecular Phylogenetics and Evolution 188 (2023) 107907

30

Fig. 25. Neobatrachia XVI subtree including Ranidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Laliostoma labrosum
Aglyptodactylus securifer
Aglyptodactylus laticeps

Aglyptodactylus inguinalis
Aglyptodactylus chorus

Aglyptodactylus madagascariensis

Boophis periegetes
Boophis spinophis
Boophis roseipalmatus
Boophis madagascariensis
Boophis brachychir
Boophis entingae
Boophis obscurus
Boophis goudotii
Boophis popi
Boophis boehmei
Boophis quasiboehmei
Boophis fayi
Boophis reticulatus
Boophis axelmeyeri
Boophis burgeri
Boophis rufioculis

Boophis liami

Boophis mandraka
Boophis sambirano

Boophis solomaso

Boophis marojezensis
Boophis vittatus
Boophis blommersae

Boophis viridis

Boophis ankarafensis
Boophis bottae
Boophis erythrodactylus
Boophis tasymena

Boophis rappiodes

Boophis haematopus
Boophis pyrrhus

Boophis andrangoloaka
Boophis rhodoscelis
Boophis williamsi
Boophis microtympanum
Boophis laurenti
Boophis narinsi
Boophis majori
Boophis lilianae
Boophis feonnyala

Boophis piperatus
Boophis miniatus
Boophis picturatus

Boophis arcanus

Boophis baetkei
Boophis ulftunni

Boophis andohahela

Boophis jaegeri
Boophis andreonei
Boophis septentrionalis

Boophis asquithi
Boophis sandrae

Boophis anjanaharibeensis
Boophis elenae

Boophis luteus
Boophis tampoka

Boophis englaenderi

Boophis albipunctatus
Boophis sibilans
Boophis luciae

Boophis miadana
Boophis boppa
Boophis ankaratra

Boophis schuboeae
Boophis haingana

Boophis praedictus

Boophis occidentalis
Boophis tsilomaro

Boophis albilabris

Boophis xerophilus
Boophis doulioti
Boophis tephraeomystax

Boophis idae
Boophis guibei
Boophis calcaratus

Boophis lichenoides
Boophis pauliani

Boophis opisthodon
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Mantellidae
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Fig. 26. Neobatrachia XVII subtree including Mantellidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Tsingymantis antitra

Blommersia domerguei

Blommersia blommersae
Blommersia variabilis
Blommersia galani

Blommersia dejongi

Blommersia transmarina
Blommersia nataliae

Blommersia wittei

Blommersia angolafa
Blommersia grandisonae
Blommersia sarotra
Blommersia kely

Guibemantis albolineatus
Guibemantis liber
Guibemantis punctatus

Guibemantis flavobrunneus
Guibemantis pulcher

Guibemantis methueni
Guibemantis bicalcaratus

Guibemantis timidus
Guibemantis depressiceps
Guibemantis kathrinae
Guibemantis tornieri

Wakea madinika

Mantella baroni
Mantella nigricans
Mantella haraldmeieri

Mantella viridis
Mantella ebenaui
Mantella betsileo
Mantella expectata

Mantella manery
Mantella laevigata

Mantella madagascariensis

Mantella aurantiaca
Mantella crocea
Mantella milotympanum

Mantella pulchra

Mantella bernhardi

Boehmantis microtympanum
Mantidactylus grandidieri
Mantidactylus guttulatus

Mantidactylus argenteus
Mantidactylus ambreensis
Mantidactylus mocquardi
Mantidactylus zolitschka
Mantidactylus femoralis
Mantidactylus majori
Mantidactylus aerumnalis

Mantidactylus zipperi
Mantidactylus melanopleura

Mantidactylus opiparis

Mantidactylus paidroa
Mantidactylus brevipalmatus
Mantidactylus delormei

Mantidactylus charlotteae
Mantidactylus albofrenatus

Mantidactylus ulcerosus
Mantidactylus bellyi
Mantidactylus noralottae
Mantidactylus betsileanus
Mantidactylus biporus
Mantidactylus alutus
Mantidactylus pauliani
Mantidactylus curtus
Mantidactylus bourgati
Mantidactylus madecassus

Mantidactylus tricinctus

Mantidactylus lugubris
Mantidactylus petakorona

Mantidactylus cowanii

Gephyromantis spiniferus
Gephyromantis ceratophrys
Gephyromantis asper
Gephyromantis tahotra

Gephyromantis ambohitra

Gephyromantis webbi
Gephyromantis silvanus
Gephyromantis rivicola
Gephyromantis klemmeri
Gephyromantis ventrimaculatus

Gephyromantis malagasius
Gephyromantis striatus

Gephyromantis horridus

Gephyromantis luteus
Gephyromantis sculpturatus
Gephyromantis pedronoi
Gephyromantis plicifer
Gephyromantis moseri
Gephyromantis zavona
Gephyromantis granulatus

Gephyromantis tandroka

Gephyromantis tohatra
Gephyromantis schilfi

Gephyromantis salegy

Gephyromantis leucomaculatus

Gephyromantis cornutus
Gephyromantis tschenki

Gephyromantis redimitus

Gephyromantis corvus
Gephyromantis atsingy

Gephyromantis pseudoasper

Gephyromantis kintana

Gephyromantis boulengeri

Gephyromantis enki
Gephyromantis runewsweeki

Gephyromantis blanci

Gephyromantis mafy
Gephyromantis eiselti
Gephyromantis thelenae

Gephyromantis leucocephalus
Gephyromantis hintelmannae
Gephyromantis verrucosus
Gephyromantis decaryi

Spinomantis phantasticus
Spinomantis massi
Spinomantis tavaratra
Spinomantis fimbriatus
Spinomantis aglavei

Spinomantis elegans
Spinomantis peraccae

Spinomantis microtis

Spinomantis mirus
Spinomantis beckei
Spinomantis bertini

Spinomantis guibei
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Fig. 27. Neobatrachia XVIII subtree including Mantellidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Buergeria otai

Buergeria japonica

Buergeria oxycephala

Buergeria buergeri

Buergeria robusta

Gracixalus seesom

Gracixalus gracilipes

Gracixalus quyeti

Gracixalus supercornutus

Gracixalus quangi

Gracixalus trieng

Gracixalus jinxiuensis

Kurixalus ananjevae

Gracixalus yunnanensis

Gracixalus waza

Gracixalus nonggangensis

Gracixalus tianlinensis

Gracixalus ziegleri

Gracixalus carinensis

Gracixalus lumarius

Nyctixalus margaritifer

Nyctixalus spinosum

Nyctixalus pictus

Theloderma horridum

Theloderma vietnamense

Theloderma stellatum

Theloderma moloch

Theloderma ryabovi

Theloderma phrynoderma

Theloderma pyaukkya

Theloderma baibungense

Theloderma petilum

Theloderma albopunctatum

Theloderma asperum

Theloderma licin

Theloderma bicolor

Theloderma khoii

Theloderma kwangsiense

Theloderma corticale

Theloderma hekouense

Theloderma rhododiscus

Theloderma palliatum

Theloderma auratum

Theloderma laeve

Theloderma truongsonense

Theloderma annae

Theloderma nebulosum

Theloderma lateriticum

Theloderma lacustrinum

Theloderma gordoni

Theloderma leporosum

Liuixalus catbaensis

Liuixalus calcarius

Liuixalus feii

Liuixalus ocellatus

Liuixalus romeri

Liuixalus hainanus
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Fig. 28. Neobatrachia XIX subtree including Rhacophoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 29. Neobatrachia XX subtree including Rhacophoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 30. Neobatrachia XXI subtree including Rhacophoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 31. Neobatrachia XXII subtree including Rhacophoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Taudactylus acutirostris

Pseudophryne pengilleyi
Pseudophryne corroboree

Pseudophryne coriacea
Pseudophryne raveni

Pseudophryne australis

Pseudophryne major
Pseudophryne covacevichae
Pseudophryne dendyi
Pseudophryne semimarmorata

Pseudophryne bibronii

Pseudophryne guentheri
Pseudophryne occidentalis

Pseudophryne douglasi

Pseudophryne robinsoni

Metacrinia nichollsi
Myobatrachus gouldii
Arenophryne rotunda

Uperoleia tyleri
Uperoleia martini
Uperoleia fusca
Uperoleia laevigata
Uperoleia mahonyi
Uperoleia rugosa

Uperoleia minima
Uperoleia aspera

Uperoleia lithomoda
Uperoleia stridera

Uperoleia trachyderma

Uperoleia glandulosa
Uperoleia mimula

Uperoleia altissima
Uperoleia littlejohni

Uperoleia micra
Uperoleia mjobergii
Uperoleia micromeles

Uperoleia gurrumuli
Uperoleia borealis

Uperoleia talpa
Uperoleia saxatilis

Uperoleia russelli

Uperoleia inundata
Uperoleia crassa

Uperoleia daviesae

Spicospina flammocaerulea

Assa wollumbin
Assa darlingtoni

Paracrinia haswelli

Crinia tasmaniensis
Crinia nimbus

Crinia signifera
Crinia flindersensis
Crinia riparia

Crinia glauerti
Crinia sloanei
Crinia insignifera
Crinia pseudinsignifera
Crinia subinsignifera

Crinia georgiana

Crinia parinsignifera
Crinia tinnula
Crinia deserticola
Crinia fimbriata
Crinia bilingua
Crinia remota

Geocrinia victoriana

Geocrinia rosea
Geocrinia laevis

Rheobatrachus silus

Neobatrachus fulvus
Neobatrachus aquilonius
Neobatrachus sudellae
Neobatrachus pictus

Neobatrachus sutor
Neobatrachus wilsmorei
Neobatrachus albipes

Neobatrachus pelobatoides

Heleioporus barycragus
Heleioporus inornatus
Heleioporus psammophilus
Heleioporus albopunctatus
Heleioporus eyrei

Heleioporus australiacus
Neobatrachus kunapalari

Lechriodus fletcheri
Lechriodus melanopyga
Platyplectrum spenceri
Platyplectrum ornatum
Adelotus brevis

Philoria sphagnicolus
Philoria knowlesi
Philoria loveridgei
Philoria pughi
Philoria kundagungan
Philoria richmondensis

Philoria frosti

Limnodynastes depressus
Limnodynastes fletcheri
Limnodynastes tasmaniensis
Limnodynastes peronii

Limnodynastes convexiusculus
Limnodynastes lignarius

Limnodynastes salmini

Limnodynastes interioris
Limnodynastes dumerilii

Limnodynastes terraereginae
Limnodynastes dorsalis

Notaden nichollsi

Notaden melanoscaphus
Notaden bennettii

Mixophyes balbus
Mixophyes fasciolatus
Mixophyes iteratus
Mixophyes coggeri
Mixophyes carbinensis
Mixophyes schevilli

Calyptocephalella gayi
Telmatobufo venustus
Telmatobufo bullocki
Telmatobufo australis
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Fig. 32. Neobatrachia XXIII subtree including Calyptocephalellidae and Myobatrachidae (Myobatrachinae + Limnodynastinae). Values adjacent to nodes are 
bootstrap support values from the partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Rhinoderma darwinii
Insuetophrynus acarpicus

Limnomedusa macroglossa

Alsodes pehuenche
Alsodes norae
Alsodes kaweshkari
Alsodes gargola

Alsodes monticola
Alsodes neuquensis

Alsodes igneus
Alsodes barrioi

Alsodes tumultuosus
Alsodes hugoi

Alsodes verrucosus
Alsodes australis
Alsodes coppingeri

Alsodes valdiviensis

Alsodes vanzolinii
Alsodes nodosus

Eupsophus emiliopugini
Eupsophus vertebralis
Eupsophus calcaratus

Eupsophus insularis
Eupsophus migueli

Eupsophus roseus

Batrachyla taeniata
Batrachyla antartandica

Atelognathus patagonicus
Atelognathus jeinimenensis
Atelognathus nitoi

Atelognathus reverberii

Batrachyla leptopus
Hylorina sylvatica

Crossodactylus schmidti
Crossodactylus caramaschii
Crossodactylus werneri
Crossodactylus trachystomus

Crossodactylus gaudichaudii
Crossodactylus aeneus

Crossodactylus timbuhy

Phantasmarana massarti
Phantasmarana boticariana

Phantasmarana tamuia
Phantasmarana curucutuensis

Phantasmarana lutzae
Phantasmarana jordanensis

Phantasmarana apuana

Megaelosia goeldii
Hylodes charadranaetes
Hylodes nasus
Hylodes asper
Hylodes dactylocinus

Hylodes heyeri
Hylodes perplicatus
Hylodes meridionalis

Hylodes ornatus

Hylodes perere
Hylodes amnicola

Hylodes sazimai
Hylodes japi

Hylodes magalhaesi
Hylodes regius

Hylodes lateristrigatus
Hylodes uai
Hylodes fredi
Hylodes pipilans
Hylodes phyllodes
Hylodes caete

Thoropa megatympanum
Thoropa miliaris
Thoropa taophora

Thoropa saxatilis

Thoropa lutzi
Cycloramphus ohausi

Cycloramphus valae
Cycloramphus semipalmatus
Cycloramphus dubius
Cycloramphus boraceiensis

Cycloramphus rhyakonastes
Cycloramphus mirandaribeiroi
Cycloramphus lutzorum

Cycloramphus izecksohni
Cycloramphus cedrensis

Cycloramphus asper

Cycloramphus juimirim

Cycloramphus stejnegeri
Cycloramphus acangatan

Cycloramphus carvalhoi

Cycloramphus faustoi
Cycloramphus eleutherodactylus

Cycloramphus granulosus
Cycloramphus lithomimeticus

Cycloramphus bandeirensis
Cycloramphus bolitoglossus
Cycloramphus migueli

Cycloramphus fuliginosus
Cycloramphus brasiliensis

Zachaenus carvalhoi
Cycloramphus organensis
Zachaenus parvulus
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Fig. 33. Neobatrachia XXIV subtree including Rhinodermatidae and Neoaustrarana (Cycloramphidae + Hylodidae + Alsodidae + Batrachylidae). Values adjacent 
to nodes are bootstrap support values from the partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years 
ago; mya). 
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Telmatobius niger

Telmatobius sanborni

Telmatobius verrucosus

Telmatobius espadai

Telmatobius truebae

Telmatobius macrostomus

Telmatobius sibiricus

Telmatobius bolivianus

Telmatobius yuracare

Telmatobius simonsi

Telmatobius chusmisensis

Telmatobius halli

Telmatobius pefauri

Telmatobius vilamensis

Telmatobius dankoi

Telmatobius hintoni

Telmatobius huayra

Telmatobius philippii

Telmatobius fronteriensis

Telmatobius culeus

Telmatobius gigas

Telmatobius peruvianus

Telmatobius marmoratus

Telmatobius vellardi
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Fig. 34. Neobatrachia XXV subtree including Telmatobiidae. Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Ceratophrys stolzmanni
Ceratophrys cornuta
Ceratophrys calcarata
Ceratophrys ornata
Ceratophrys cranwelli
Ceratophrys aurita
Ceratophrys joazeirensis

Chacophrys pierottii

Lepidobatrachus laevis
Lepidobatrachus llanensis

Lepidobatrachus asper

Flectonotus fitzgeraldi
Flectonotus pygmaeus
Cryptobatrachus boulengeri
Cryptobatrachus fuhrmanni
Cryptobatrachus pedroruizi
Cryptobatrachus remotus

Gastrotheca recava
Gastrotheca prasina
Gastrotheca fissipes

Gastrotheca ovifera
Gastrotheca pulchra
Gastrotheca flamma
Gastrotheca albolineata
Gastrotheca ernestoi
Gastrotheca microdiscus
Gastrotheca fulvorufa

Gastrotheca zeugocystis

Gastrotheca stictopleura
Gastrotheca psychrophila

Gastrotheca phalarosa
Gastrotheca antoniiochoai
Gastrotheca pachachacae
Gastrotheca rebeccae
Gastrotheca ochoai
Gastrotheca excubitor
Gastrotheca nebulanastes

Gastrotheca atympana
Gastrotheca testudinea

Gastrotheca abdita

Gastrotheca griswoldi
Gastrotheca marsupiata
Gastrotheca gracilis
Gastrotheca chrysosticta
Gastrotheca christiani
Gastrotheca coeruleomaculatus

Gastrotheca turnerorum
Gastrotheca aguaruna
Gastrotheca pseustes
Gastrotheca lateonota

Gastrotheca dissimilis
Gastrotheca peruana
Gastrotheca aratia

Gastrotheca phelloderma

Gastrotheca dunni
Gastrotheca espeletia
Gastrotheca ruizi
Gastrotheca aureomaculata
Gastrotheca argenteovirens
Gastrotheca trachyceps

Gastrotheca nicefori
Gastrotheca riobambae

Gastrotheca monticola
Gastrotheca elicioi

Gastrotheca lojana
Gastrotheca litonedis
Gastrotheca cuencana

Gastrotheca orophylax
Gastrotheca plumbea

Gastrotheca galeata

Gastrotheca walkeri
Gastrotheca guentheri
Gastrotheca weinlandii
Gastrotheca helenae
Gastrotheca longipes
Gastrotheca dendronastes
Gastrotheca cornuta

Stefania roraimae
Stefania ackawaio
Stefania woodleyi

Stefania scalae
Stefania evansi

Stefania riae
Stefania schuberti

Stefania riveroi
Stefania ayangannae

Stefania coxi

Stefania ginesi
Stefania satelles

Fritziana goeldii
Fritziana ulei
Fritziana ohausi
Fritziana mitus
Fritziana izecksohni
Fritziana fissilis

Hemiphractus scutatus
Hemiphractus bubalus
Hemiphractus proboscideus
Hemiphractus fasciatus
Hemiphractus helioi
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Fig. 35. Neobatrachia XXVI subtree including Ceratophryidae and Hemiphractidae. Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Phrynomedusa marginata

Hylomantis granulosa

Hylomantis aspera

Agalychnis dacnicolor

Agalychnis spurrelli

Agalychnis terranova

Agalychnis callidryas

Agalychnis annae

Agalychnis moreletii

Agalychnis saltator

Agalychnis lemur

Agalychnis hulli

Phyllomedusa rohdei

Phyllomedusa megacephala

Phyllomedusa ayeaye

Phyllomedusa oreades

Phyllomedusa araguari

Phyllomedusa centralis

Phyllomedusa palliata

Phyllomedusa azurea

Phyllomedusa nordestina

Pithecopus gonzagai

Pithecopus araguaius

Phyllomedusa hypochondrialis

Phyllomedusa atelopoides

Phyllomedusa ecuatoriana

Phyllomedusa perinesos

Phyllomedusa duellmani

Phyllomedusa baltea

Phyllomedusa tomopterna

Phyllomedusa boliviana

Phyllomedusa bahiana

Phyllomedusa burmeisteri

Phyllomedusa tetraploidea

Phyllomedusa distincta

Phyllomedusa iheringii

Phyllomedusa sauvagii

Phyllomedusa camba

Phyllomedusa chaparroi

Phyllomedusa tarsius

Phyllomedusa venusta

Phyllomedusa trinitatis

Phyllomedusa neildi

Phyllomedusa vaillantii

Phyllomedusa bicolor

Phasmahyla lisbella

Phasmahyla jandaia

Phasmahyla exilis

Phasmahyla cochranae

Phasmahyla spectabilis

Phasmahyla guttata

Phasmahyla cruzi

Cruziohyla calcarifer

Cruziohyla craspedopus

Cruziohyla sylviae
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Fig. 36. Neobatrachia XXVII subtree including Hylidae (part: Phyllomedusinae). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Litoria auae
Litoria bella
Litoria gracilenta
Litoria chloris
Litoria xanthomera

Litoria splendida
Litoria gilleni
Litoria caerulea

Litoria thesaurensis

Cyclorana australis
Cyclorana novaehollandiae
Cyclorana occidentalis
Cyclorana platycephala
Cyclorana verrucosa
Cyclorana cryptotis
Cyclorana brevipes
Cyclorana manya
Cyclorana cultripes
Cyclorana vagitus
Cyclorana maini
Cyclorana longipes
Cyclorana maculosa

Litoria lutea
Litoria impura

Litoria moorei
Litoria cyclorhyncha

Litoria citropa
Litoria spenceri

Litoria phyllochroa
Litoria pearsoniana
Litoria barringtonensis

Litoria nudidigitus

Litoria subglandulosa
Litoria daviesae

Litoria andiirrmalin
Litoria cavernicola
Litoria kumae
Litoria eucnemis
Litoria exophthalmia
Litoria serrata

Cyclorana alboguttata
Litoria dahlii
Litoria aurea
Litoria raniformis

Litoria nannotis
Litoria nyakalensis
Litoria rheocola

Litoria lesueurii
Litoria jungguy
Litoria wilcoxii

Litoria genimaculata

Litoria microbelos
Litoria meiriana
Litoria dorsalis
Litoria longirostris

Litoria biakensis
Litoria prora
Litoria nigropunctata
Litoria verae
Litoria havina
Litoria aplini
Litoria iris
Litoria majikthise

Litoria vivissimia
Litoria mucro
Litoria pronimia

Litoria singadanae
Litoria richardsi

Litoria multiplica

Litoria leucova
Litoria modica
Litoria micromembrana
Litoria angiana

Litoria wollastoni
Litoria arfakiana

Litoria oenicolen
Litoria spartacus

Litoria booroolongensis
Litoria bicolor

Litoria olongburensis
Litoria cooloolensis
Litoria fallax

Litoria ewingii
Litoria jervisiensis
Litoria revelata
Litoria verreauxii
Litoria paraewingi
Litoria watsoni
Litoria littlejohni

Litoria balatus
Litoria dentata

Litoria quiritatus

Litoria congenita
Litoria electrica
Litoria rubella

Litoria tyleri
Litoria amboinensis
Litoria darlingtoni

Litoria everetti
Litoria rothii

Litoria peronii

Litoria adelaidensis
Litoria burrowsae

Litoria personata

Litoria coplandi
Litoria nasuta
Litoria staccato
Litoria watjulumensis

Litoria freycineti
Litoria pallida
Litoria inermis

Litoria tornieri

Litoria latopalmata
Litoria nigrofrenata

Litoria infrafrenata
Litoria brevipalmata
Nyctimystes kubori
Nyctimystes narinosus

Nyctimystes zweifeli
Nyctimystes humeralis
Nyctimystes papua
Nyctimystes cheesmani
Nyctimystes semipalmatus
Nyctimystes foricula

Nyctimystes pulcher
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Fig. 37. Neobatrachia XXVIII subtree including Hylidae (part: Pelodryadinae). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 38. Neobatrachia XXIX subtree including Hylidae (part: Hylinae [part]). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 39. Neobatrachia XXX subtree including Hylidae (part: Hylinae [part]). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 40. Neobatrachia XXXI subtree including Hylidae (part: Hylinae [part]). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 41. Neobatrachia XXXII subtree including Hylidae (part: Hylinae [part]). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 42. Neobatrachia XXXIII subtree including Hylidae (part: Hylinae [part]). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 

D.M. Portik et al.                                                                                                                                                                                                                               



Molecular Phylogenetics and Evolution 188 (2023) 107907

48

Diasporus tinker
Diasporus quidditus
Diasporus gularis
Diasporus citrinobapheus
Diasporus tigrillo

Diasporus diastema
Diasporus hylaeformis

Diasporus amirae
Diasporus vocator

Eleutherodactylus unicolor
Eleutherodactylus richmondi

Eleutherodactylus cooki
Eleutherodactylus eneidae
Eleutherodactylus locustus
Eleutherodactylus antillensis
Eleutherodactylus brittoni
Eleutherodactylus cochranae
Eleutherodactylus hedricki

Eleutherodactylus coqui
Eleutherodactylus schwartzi
Eleutherodactylus wightmanae
Eleutherodactylus portoricensis

Eleutherodactylus gryllus

Eleutherodactylus flavescens

Eleutherodactylus melacara
Eleutherodactylus leberi
Eleutherodactylus varians
Eleutherodactylus ionthus
Eleutherodactylus guantanamera

Eleutherodactylus wetmorei
Eleutherodactylus sommeri
Eleutherodactylus lamprotes
Eleutherodactylus fowleri

Eleutherodactylus auriculatoides
Eleutherodactylus montanus
Eleutherodactylus patriciae

Eleutherodactylus minutus
Eleutherodactylus poolei

Eleutherodactylus eileenae
Eleutherodactylus glamyrus
Eleutherodactylus mariposa
Eleutherodactylus ronaldi

Eleutherodactylus auriculatus
Eleutherodactylus principalis

Eleutherodactylus bartonsmithi

Eleutherodactylus pituinus

Eleutherodactylus parabates
Eleutherodactylus haitianus
Eleutherodactylus audanti

Eleutherodactylus abbotti

Eleutherodactylus johnstonei
Eleutherodactylus amplinympha
Eleutherodactylus martinicensis

Eleutherodactylus barlagnei
Eleutherodactylus pinchoni

Eleutherodactylus bothroboans
Eleutherodactylus ruthae
Eleutherodactylus parapelates
Eleutherodactylus hypostenor

Eleutherodactylus chlorophenax
Eleutherodactylus nortoni

Eleutherodactylus inoptatus
Eleutherodactylus counouspeus

Phyzelaphryne miriamae

Adelophryne adiastola

Adelophryne patamona
Adelophryne gutturosa

Adelophryne amapaensis

Adelophryne pachydactyla
Adelophryne baturitensis
Adelophryne maranguapensis

Ceuthomantis smaragdinus
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Fig. 43. Neobatrachia XXXVI subtree including Ceuthomantidae and Eleutherodactylidae (part). Values adjacent to nodes are bootstrap support values from the 
partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 44. Neobatrachia XXXVII subtree including Eleutherodactylidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Ischnocnema randorum

Ischnocnema lactea

Ischnocnema holti

Ischnocnema spanios

Ischnocnema melanopygia

Ischnocnema concolor

Ischnocnema vizottoi

Ischnocnema juipoca

Ischnocnema abdita

Ischnocnema bolbodactyla

Ischnocnema octavioi

Ischnocnema verrucosa

Ischnocnema crassa

Ischnocnema parva

Ischnocnema hoehnei

Ischnocnema venancioi

Ischnocnema colibri

Ischnocnema parnaso

Ischnocnema nasuta

Ischnocnema izecksohni

Ischnocnema oea

Ischnocnema guentheri

Ischnocnema henselii

Ischnocnema erythromera

Ischnocnema nanahallux

Ischnocnema sambaqui

Brachycephalus albolineatus

Brachycephalus fuscolineatus

Brachycephalus boticario

Brachycephalus sulfuratus

Brachycephalus verrucosus

Brachycephalus olivaceus

Brachycephalus auroguttatus

Brachycephalus mariaeterezae

Brachycephalus pombali

Brachycephalus coloratus

Brachycephalus pernix

Brachycephalus ferruginus

Brachycephalus quiririensis

Brachycephalus actaeus

Brachycephalus tridactylus

Brachycephalus brunneus

Brachycephalus leopardus

Brachycephalus izecksohni

Brachycephalus didactylus

Brachycephalus puri

Brachycephalus ephippium

Brachycephalus rotenbergae

Brachycephalus margaritatus

Brachycephalus ibitinga

Brachycephalus darkside

Brachycephalus alipioi

Brachycephalus pitanga

Brachycephalus crispus

Brachycephalus guarani

Brachycephalus vertebralis

Brachycephalus toby

Brachycephalus nodoterga

Brachycephalus hermogenesi

Brachycephalus pulex

96

100

97

61

84

97

93

100

72

81

100

100

100

100

96

78

36

86

99

68

93

100

100

98

100

100

100

19

100

50

96

70

32

47

3

95

40

43

59

94

92

85

99

96

70

99

93

42

100

100

94

27

50

100

100

99

100

99

100

00204 mya 10 30 50

Br
ac

hy
ce

ph
al

id
ae

Fig. 45. Neobatrachia XXXVIII subtree including Brachycephalidae. Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Haddadus aramunha
Haddadus binotatus

Craugastor vocalis
Craugastor sandersoni
Craugastor berkenbuschii
Craugastor aurilegulus
Craugastor charadra
Craugastor punctariolus
Craugastor obesus

Craugastor fleischmanni
Craugastor rugulosus
Craugastor ranoides
Craugastor evanesco

Craugastor laevissimus
Craugastor emleni
Craugastor rupinius

Craugastor angelicus

Craugastor opimus
Craugastor megacephalus

Craugastor tabasarae
Craugastor emcelae
Craugastor melanostictus
Craugastor cuaquero
Craugastor andi
Craugastor longirostris

Craugastor crassidigitus
Craugastor talamancae

Craugastor raniformis
Craugastor fitzingeri

Craugastor occidentalis
Craugastor rhodopis
Craugastor loki

Craugastor zunigai
Craugastor blairi

Craugastor sagui
Craugastor podiciferus

Craugastor aenigmaticus

Craugastor persimilis
Craugastor gabbi
Craugastor stejnegerianus
Craugastor lauraster

Craugastor underwoodi
Craugastor polyptychus
Craugastor bransfordii

Craugastor noblei
Craugastor mimus
Craugastor lineatus
Craugastor chac
Craugastor laticeps
Craugastor gollmeri

Craugastor mexicanus
Craugastor omiltemanus

Craugastor saltator
Craugastor pygmaeus
Craugastor montanus

Craugastor silvicola
Craugastor alfredi

Craugastor xucanebi
Craugastor stuarti

Craugastor decoratus
Craugastor spatulatus
Craugastor polymniae

Craugastor uno
Craugastor bocourti

Craugastor campbelli

Craugastor tarahumaraensis
Craugastor augusti

Craugastor trachydermus
Craugastor milesi
Craugastor daryi

Tachiramantis prolixodiscus

Tachiramantis lentiginosus
Tachiramantis douglasi

Tachiramantis lassoalcalai
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Fig. 46. Neobatrachia XXXIX subtree including Craugastoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Niceforonia dolops
Niceforonia nana

Niceforonia peraccai
Niceforonia brunnea

Niceforonia nigrovittata

Strabomantis bufoniformis
Strabomantis anomalus

Strabomantis necerus

Strabomantis sulcatus
Strabomantis biporcatus

Bryophryne tocra
Bryophryne wilakunka
Bryophryne zonalis
Bryophryne cophites
Bryophryne quellokunka
Bryophryne phuyuhampatu
Bryophryne bakersfield
Bryophryne nubilosus
Bryophryne hanssaueri

Bryophryne bustamantei

Noblella thiuni

Psychrophrynella glauca

Noblella madreselva
Psychrophrynella usurpator
Noblella peruviana

Psychrophrynella chirihampatu

Noblella losamigos
Noblella pygmaea

Microkayla guillei

Microkayla teqta
Microkayla wettsteini
Microkayla condoriri

Microkayla boettgeri
Microkayla chilina

Microkayla chapi

Microkayla iatamasi
Microkayla adenopleura
Microkayla kempffi

Microkayla quimsacruzis
Microkayla illimani

Microkayla chacaltaya
Microkayla katantika
Microkayla ankohuma

Microkayla saltator
Microkayla illampu

Microkayla kallawaya

Qosqophryne gymnotis
Qosqophryne flammiventris

Barycholos ternetzi
Barycholos pulcher

Noblella lochites
Noblella coloma
Noblella personina

Noblella myrmecoides
Noblella heyeri

Holoaden luederwaldti
Holoaden bradei
Euparkerella robusta
Euparkerella tridactyla
Euparkerella cochranae
Euparkerella brasiliensis

Phrynopus peruanus
Phrynopus daemon
Phrynopus unchog
Phrynopus heimorum
Phrynopus tribulosus
Phrynopus interstinctus
Phrynopus vestigiatus
Phrynopus mariellaleo
Phrynopus auriculatus
Phrynopus bracki
Phrynopus badius
Phrynopus juninensis
Phrynopus montium
Phrynopus tautzorum
Phrynopus miroslawae
Phrynopus inti
Phrynopus kauneorum
Phrynopus barthlenae
Phrynopus horstpauli
Phrynopus bufoides
Phrynopus pesantesi
Lynchius simmonsi
Lynchius tabaconas
Lynchius flavomaculatus
Lynchius megacephalus

Lynchius oblitus
Lynchius nebulanastes

Lynchius parkeri

Oreobates lundbergi

Oreobates amarakaeri
Oreobates sanctaecrucis
Oreobates choristolemma
Oreobates granulosus
Oreobates sanderi

Oreobates chiquitanus
Oreobates heterodactylus
Oreobates crepitans
Oreobates remotus
Oreobates antrum
Oreobates cruralis
Oreobates madidi
Oreobates ibischi
Oreobates discoidalis
Oreobates barituensis

Oreobates berdemenos
Oreobates yanucu

Oreobates ayacucho
Oreobates pereger
Oreobates machiguenga
Oreobates gemcare
Oreobates lehri

Oreobates quixensis
Oreobates saxatilis
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Fig. 47. Neobatrachia XL subtree including Craugastoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 48. Neobatrachia XLI subtree including Craugastoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 49. Neobatrachia XLII subtree including Craugastoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 50. Neobatrachia XLIII subtree including Craugastoridae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum- 
likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Mannophryne oblitterata

Mannophryne vulcano
Mannophryne leonardoi
Mannophryne trinitatis
Mannophryne venezuelensis

Mannophryne riveroi
Mannophryne olmonae

Mannophryne caquetio
Mannophryne cordilleriana
Mannophryne orellana
Mannophryne herminae

Mannophryne lamarcai
Mannophryne collaris
Mannophryne urticans

Mannophryne yustizi
Mannophryne larandina

Aromobates ornatissimus

Aromobates saltuensis
Aromobates meridensis

Aromobates molinarii
Aromobates nocturnus

Rheobates pseudopalmatus
Rheobates palmatus
Anomaloglossus tamacuarensis
Anomaloglossus surinamensis
Anomaloglossus degranvillei
Anomaloglossus blanci
Anomaloglossus dewynteri
Anomaloglossus leopardus
Anomaloglossus baeobatrachus
Anomaloglossus stepheni
Anomaloglossus apiau
Anomaloglossus verbeeksnyderorum
Anomaloglossus wothuja
Anomaloglossus tepuyensis
Anomaloglossus rufulus
Anomaloglossus roraima
Anomaloglossus beebei
Anomaloglossus praderioi
Anomaloglossus kaiei
Allobates olfersioides
Allobates undulatus

Allobates hodli
Allobates myersi
Allobates femoralis

Allobates zaparo

Allobates goianus
Allobates crombiei
Allobates tapajos
Allobates gasconi
Allobates caeruleodactylus
Allobates grillisimilis

Allobates chalcopis
Allobates marchesianus

Allobates fuscellus
Allobates tinae

Allobates granti

Allobates pittieri
Allobates humilis
Allobates algorei
Allobates sumtuosus

Allobates amissibilis
Allobates melanolaemus
Allobates paleovarzensis

Allobates ornatus

Allobates trilineatus
Allobates juami
Allobates insperatus

Allobates subfolionidificans
Allobates conspicuus

Allobates juanii

Allobates flaviventris
Allobates brunneus
Allobates magnussoni

Allobates masniger
Allobates nidicola

Allobates nunciatus

Allobates fratisenescus
Allobates kingsburyi

Allobates niputidea
Allobates talamancae
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Fig. 51. Neobatrachia XXXIV subtree including Dendrobatidae (part: Aromobatinae). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Phyllobates bicolor
Phyllobates aurotaenia

Phyllobates terribilis

Phyllobates vittatus
Phyllobates lugubris

Minyobates steyermarki
Adelphobates quinquevittatus
Adelphobates galactonotus
Adelphobates castaneoticus
Dendrobates leucomelas
Dendrobates tinctorius
Dendrobates auratus
Dendrobates truncatus
Oophaga granulifera

Oophaga anchicayensis
Oophaga solanensis
Oophaga andresi
Oophaga histrionica

Oophaga occultator
Oophaga sylvatica

Oophaga lehmanni

Oophaga speciosa
Oophaga vicentei

Oophaga pumilio
Oophaga arborea

Colostethus ruthveni
Excidobates captivus
Excidobates condor
Excidobates mysteriosus
Andinobates dorisswansonae

Andinobates opisthomelas
Andinobates bombetes
Andinobates tolimensis
Andinobates virolinensis

Andinobates cassidyhornae

Andinobates fulguritus
Andinobates altobueyensis
Andinobates victimatus

Andinobates geminisae
Andinobates minutus

Andinobates claudiae

Ranitomeya sirensis

Ranitomeya vanzolinii
Ranitomeya flavovittata

Ranitomeya imitator

Ranitomeya ventrimaculata
Ranitomeya reticulata
Ranitomeya uakarii

Ranitomeya summersi
Ranitomeya benedicta

Ranitomeya fantastica

Ranitomeya defleri
Ranitomeya toraro
Ranitomeya amazonica
Ranitomeya variabilis

Epipedobates darwinwallacei
Epipedobates espinosai

Epipedobates anthonyi
Epipedobates tricolor
Epipedobates machalilla

Epipedobates boulengeri

Silverstoneia erasmios
Silverstoneia nubicola

Silverstoneia flotator

Leucostethus fugax
Leucostethus argyrogaster

Colostethus ramirezi
Colostethus fraterdanieli
Colostethus brachistriatus

Leucostethus bilsa
Leucostethus jota

Ameerega silverstonei

Ameerega bilinguis
Ameerega pongoensis
Ameerega bassleri

Ameerega parvula

Ameerega hahneli
Ameerega picta
Ameerega braccata
Ameerega flavopicta
Ameerega shihuemoy
Ameerega pulchripecta
Ameerega trivittata

Ameerega simulans
Ameerega petersi
Ameerega cainarachi

Ameerega macero
Ameerega rubriventris

Colostethus pratti
Colostethus latinasus
Colostethus panamensis
Colostethus imbricolus
Colostethus inguinalis

Ectopoglossus saxatilis
Ectopoglossus isthminus

Ameerega erythromos

Hyloxalus vertebralis
Hyloxalus lehmanni
Hyloxalus pulchellus

Hyloxalus idiomelus
Hyloxalus shuar

Hyloxalus elachyhistus

Hyloxalus awa
Hyloxalus toachi

Hyloxalus infraguttatus

Hyloxalus insulatus

Hyloxalus chlorocraspedus
Hyloxalus azureiventris

Hyloxalus craspedoceps
Hyloxalus nexipus

Hyloxalus anthracinus
Hyloxalus pulcherrimus
Hyloxalus sylvaticus

Hyloxalus delatorreae
Hyloxalus jacobuspetersi

Hyloxalus vergeli
Hyloxalus bocagei
Hyloxalus sauli
Hyloxalus maculosus
Hyloxalus yasuni

Hyloxalus sordidatus
Hyloxalus leucophaeus

Hyloxalus felixcoperari
Hyloxalus subpunctatus

Allobates cepedai
Allobates ranoides

Allobates picachos
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Fig. 52. Neobatrachia XXXV subtree including Dendrobatidae (part: Dendrobatinae). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Allophryne ruthveni
Allophryne relicta
Celsiella vozmedianoi
Celsiella revocata

Hyalinobatrachium iaspidiense
Hyalinobatrachium tricolor
Hyalinobatrachium cappellei
Hyalinobatrachium taylori
Hyalinobatrachium carlesvilai
Hyalinobatrachium tatayoi
Hyalinobatrachium fleischmanni

Hyalinobatrachium mondolfii
Hyalinobatrachium munozorum

Hyalinobatrachium kawense

Hyalinobatrachium duranti
Hyalinobatrachium ibama
Hyalinobatrachium pallidum
Hyalinobatrachium orientale
Hyalinobatrachium orocostale
Hyalinobatrachium fragile

Hyalinobatrachium vireovittatum
Hyalinobatrachium talamancae
Hyalinobatrachium bergeri

Hyalinobatrachium dianae
Hyalinobatrachium pellucidum
Hyalinobatrachium yaku
Hyalinobatrachium esmeralda
Hyalinobatrachium anachoretus

Hyalinobatrachium chirripoi
Hyalinobatrachium colymbiphyllum

Hyalinobatrachium valerioi
Hyalinobatrachium aureoguttatum

Ikakogi ispacue
Ikakogi tayrona
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Teratohyla midas
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Fig. 53. Neobatrachia XLV subtree including Allophrynidae and Centrolenidae. Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Pleurodema thaul
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Fig. 54. Neobatrachia XLVI subtree including Leptodactylidae (part: Leiuperinae). Values adjacent to nodes are bootstrap support values from the partitioned 
maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Adenomera cotuba
Adenomera juikitam
Adenomera heyeri
Adenomera lutzi

Adenomera diptyx
Adenomera hylaedactyla
Adenomera coca

Adenomera martinezi
Adenomera saci

Adenomera ajurauna
Adenomera marmorata
Adenomera kweti
Adenomera araucaria
Adenomera engelsi
Adenomera nana
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Adenomera andreae
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Lithodytes lineatus

Leptodactylus riveroi
Leptodactylus validus
Leptodactylus colombiensis
Leptodactylus wagneri

Leptodactylus nesiotus
Leptodactylus natalensis
Leptodactylus pustulatus
Leptodactylus petersii
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Leptodactylus fuscus
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Leptodactylus furnarius

Leptodactylus tapiti

Leptodactylus plaumanni
Leptodactylus marambaiae
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Leptodactylus barrioi
Leptodactylus watu
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Fig. 55. Neobatrachia XLVII subtree including Leptodactylidae (part: Leptodactylinae and Paratelmatobiinae). Values adjacent to nodes are bootstrap support 
values from the partitioned maximum-likelihood analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Macrogenioglottus alipioi

Odontophrynus carvalhoi

Odontophrynus cultripes
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Proceratophrys avelinoi

Proceratophrys mantiqueira
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Proceratophrys appendiculata
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Proceratophrys cururu

Proceratophrys renalis

Proceratophrys boiei

Proceratophrys laticeps

Proceratophrys strussmannae

Proceratophrys dibernardoi
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Proceratophrys moratoi

Proceratophrys salvatori

Proceratophrys paviotii
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Fig. 56. Neobatrachia XLIV subtree including Odontophrynidae. Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Melanophryniscus devincenzii

Melanophryniscus tumifrons
Melanophryniscus pachyrhynus

Melanophryniscus orejasmirandai

Melanophryniscus simplex

Melanophryniscus atroluteus
Melanophryniscus fulvoguttatus
Melanophryniscus stelzneri

Melanophryniscus klappenbachi
Melanophryniscus rubriventris

Melanophryniscus biancae
Melanophryniscus vilavelhensis

Melanophryniscus moreirae

Melanophryniscus xanthostomus
Melanophryniscus alipioi

Melanophryniscus milanoi

Melanophryniscus setiba

Nannophryne cophotis
Nannophryne variegata

Peltophryne lemur
Peltophryne guentheri
Peltophryne gundlachi
Peltophryne cataulaciceps
Peltophryne longinasus
Peltophryne dunni
Peltophryne taladai

Peltophryne fustiger
Peltophryne florentinoi
Peltophryne peltocephala

Peltophryne empusa

Rhaebo ceratophrys
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Rhaebo guttatus
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Osornophryne puruanta
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Oreophrynella cryptica
Oreophrynella huberi
Oreophrynella macconnelli
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Oreophrynella vasquezi
Oreophrynella nigra
Oreophrynella quelchii

Oreophrynella seegobini
Oreophrynella weiassipuensis

Frostius erythrophthalmus

Atelopus oxapampae
Atelopus moropukaqumir
Atelopus tricolor

Atelopus peruensis
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Atelopus ignescens
Atelopus nanay
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Atelopus certus
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Atelopus senex
Atelopus chiriquiensis
Atelopus limosus
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Atelopus spurrelli

Atelopus longirostris
Atelopus elegans
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Atelopus spumarius
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Atelopus vermiculatus
Atelopus flavescens
Atelopus franciscus

Atelopus hoogmoedi
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Fig. 57. Neobatrachia XLVIII subtree including Bufonidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 58. Neobatrachia XLIX subtree including Bufonidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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Fig. 59. Neobatrachia L subtree including Bufonidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 

D.M. Portik et al.                                                                                                                                                                                                                               



Molecular Phylogenetics and Evolution 188 (2023) 107907

65

Fig. 60. Neobatrachia LI subtree including Bufonidae (part). Values adjacent to nodes are bootstrap support values from the partitioned maximum-likelihood 
analysis. Branch lengths are from the divergence-time estimation (in millions of years ago; mya). 
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problems in taxonomy or in our analyses. 
Archaeobatrachians. Most relationships found within archae

obatrachian (non-neobatrachian) families were consistent with earlier 
studies, and most genera were monophyletic (Figs. 6–8). Nevertheless, 
we found extensive non-monophyly of genera within Megophryidae 
(Figs. 7–8), especially Megophrys and Xenophrys (Fig. 7). Much of this 
may represent taxonomic artifacts rather than problematic phylogeny 
estimation. For example, the placement of Boulenophrys wawuensis 
within Atympanophrynus has been rectified in some taxonomies by 
considering this species as part of Atympanophrynus (e.g., Chen et al., 
2017). This change makes both Atympanophrynus and Boulenophrys 
monophyletic. Other megophryid genera were supported as mono
phyletic (Figs. 7–8), including Brachytarsophrys, Leptobrachella, Lepto
brachium, Ophryophryne, Oreolalax, Pelobatrachus, and Scutiger. 

Ranoidea. In Microhylidae (Figs. 9–12), the monophyly of all sub
families was supported. We also found support for the three major clades 
of subfamilies that were recovered by previous phylogenomic analyses 
(Feng et al., 2017; Tu et al., 2018; Streicher et al., 2020; Hime et al., 
2021; Portik et al., 2023). These consisted of the clade of (Adelastinae 
(Gastrophryninane, Otophryninae)), the clade (Cophylinae, Scaphio
phryninae), and the clade (Asterophryinae (Dyscophinae, Micro
hylinae)). We weakly supported an endemic African clade of subfamilies 
(Hoplophryninae + Phrynomerinae; Fig. 9), as in Feng et al. (2017). As 
found by Tu et al. (2018) and Streicher et al. (2020), Chaperina fusca was 
nested within Microhylinae (Fig. 11), showing that it is not a distinct, 
monotypic subfamily (see Peloso et al., 2016). Within Cophylinae 
(Fig. 10), Rhombophryne and Plethodontohyla were non-monophyletic, 
with R. mangabensis nested within Stumpffia, R. matavy nested within 
Plethodonothyla, and P. alluaudi nested within Rhomobophryne. These 
results were explained (at least in part) by mislabeled samples from 
Peloso et al. (2016) that Scherz et al. (2016) previously highlighted, but 
which our protocol missed (e.g., R. mangabensis). However, some of the 
non-monophyly found here (e.g., P. alluaudi) may be explained by 
taxonomic problems associated with Plethodontohyla, Rhomophryne, and 
Stumpffia (Peloso et al., 2017). 

Among asterophryines (Fig. 12), four genera were non- 
monophyletic: Austrochaperina, Cophixalus, Copiula, and Oreophryne. 
Hill et al. (2022) also found these genera to be non-monophyletic. 
Furthermore, our tree showed Oninia as nested within Asterophrys. 
These results show that the genus-level taxonomy of asterophryines 
needs revision. 

In microhylines, Kaloula was non-monophyletic, with K. assamensis 
nested within Uperodon (Fig. 11). The species description of 
K. assamensis did not use molecular data (Das et al., 2004). However, this 
species was considered to be a close relative of “Kaloula taprobanica” 
(=Uperodon taprobanicus), to which K. assamensis is the sister taxon in 
our tree. Therefore, we transfer K. assamensis to the genus Uperodon 
creating the new combination Uperodon assamensis (Das et al., 2004). 

Within Afrobatrachia, the clade ((Hemisotide, Brevicipitidae) 
(Arthroleptidae, Hyperoliidae)), we supported the monophyly of all the 
genera in Brevicipitidae (Fig. 13). Within Arthroleptidae (Fig. 14), we 
found that the traditionally recognized subfamily Astylosterninae is 
paraphyletic, with the genus Leptodactylodon more closely related to 
Leptopelinae + Arthroleptinae than to other genera of Astylosterninae 
(Astylosternus, Nyctibates, Scotobleps, Trichobatrachus). The placement of 
Leptodactylodon was strongly supported here. Within Astylosterninae, 
we found Trichobatrachus nested inside Astylosternus. Dubois et al. 
(2021) considered Trichobatrachus to be part of Astylosternus. We found 
strong support for the monophyly of Leptopelinae + Arthroleptinae, 
Leptopelis, Arthroleptis, and Cardioglossa. Note that these subfamilies of 
Arthroleptidae were not included in our initial taxonomy (Amphib
iaWeb, 2022). 

In hyperoliids (Fig. 15), we strongly supported a clade consisting of 
Paracassina, Phlyctimantis (or Hylambates), Kassina, and Semnodactylus as 
the sister group to other hyperoliids (Kassininae of Dubois et al., 2021). 
Semnodactylus was nested inside Kassina. We placed Acanthixalus 

(Acanthixalinae of Nečas et al., 2022) with weak support as the sister 
taxon to the remaining hyperoliids (Hyperoliinae; Nečas et al., 2022). 
We supported the monophyly of most of the remaining hyperoliid 
genera. However, we found Kassinula nested inside Afrixalus (Fig. 15). 
Further, Alexteroon was nested inside Hyperolius, with strong support 
(Fig. 16). Relationships among species within Micrixalidae were 
generally weakly supported (Fig. 17). 

Within Pyxicephalidae (Fig. 18), we strongly supported the mono
phyly of the two subfamilies, Pyxicephalinae (Aubria, Pyxicephalus) and 
Cacosterninae (all other genera). Within Cacosterninae (Fig. 18), we 
placed Anyhydrophryne as the sister taxon to all other genera. We found 
some cacosternine genera to be non-monophyletic, including Tomop
terna (with Nothophryne placed inside it), Strongylopus (with S. grayi 
closer to Amietia than other Strongylopus), and Cacosternum (with 
Microbatrachella placed inside it as the sister taxon to C. platys, as found 
previously, e.g., Pyron and Wiens, 2011). We found strong support for 
many species-level relationships within Phrynobatrachidae and for 
some within Ptychadenidae (Fig. 19). 

Within Ceratobatrachidae (Fig. 20), the tree placed Liuraninae as the 
sister taxon of Alcalinae + Ceratobatrachinae. We strongly supported 
monophyly of Alcalinae (genus Alcalus) and Ceratobatrachinae (Cornu
fer, Platymantis). Within Ceratobatrachinae, we strongly supported two 
clades, one that contained most Platymantis species and one that con
tained most Cornufer species (following Brown et al., 2015). However, 
some species placed in Platymantis by the taxonomy used here were 
placed within Cornufer in our phylogeny. 

Within Dicroglossidae (Figs. 21–22), we strongly supported the 
monophyly of the two subfamilies, Occidozyginae (Ingerana, Occidozyga, 
Phrynoglossus) and Dicroglossinae (Euphlyctis, Fejervarya, Hoploba
trachus, Limnonectes, Minervarya, Nannophrys, Sphaerotheca). We also 
supported the monophyly of most genera, but Occidozyga was para
phyletic with respect to Phrynoglossus (Fig. 21). 

Within Ranidae (Figs. 23–25), we supported Staurois as the sister 
taxon to all other genera (Fig. 23), as in many previous analyses. 
However, as also found in many previous analyses, many genera were 
non-monophyletic, including Amnirana, Amolops (given placement of 
A. larutensis as the sister taxon to Meristogenys), Glandirana, Humerana, 
Hylarana, Indosylvirana, Papuarana, and Sylvirana. Non-monophyly of 
Pelophylax could be resolved by considering Pelophylax lateralis (Fig. 24) 
part of Humerana (as in Frost, 2022). We also supported the monophyly 
of many ranid genera, including Babina, Chalcorana, Clinotarsus, 
Hydrophylax, Meristogenys, Nidirana, Odorrana, Pulchrana, Rana, San
guirana, Staurois, Sumaterana, and Wijayrana. 

Within Mantellidae (Figs. 26–27), we supported the monophyly of 
the three subfamilies, with Laliostominae (Aglyptodactylus, Laliostoma) 
as the sister group to the clade of Boophinae (Boophis) and Mantellinae 
(Blommersia, Boehmantis, Gephyromantis, Guibemantis, Mantella, Man
tidactylus, Spinomantis, Tsingymantis, Wakea). All the non-monotypic 
genera were supported as monophyletic, generally with strong support. 

In Rhacophoridae (Figs. 28–31), we strongly supported the mono
phyly of the two subfamilies: Buergerinae (Buergeria) and Rhacophor
inae (all other genera). We supported the monophyly of most genera, 
with some exceptions. Gracixalus was largely monophyletic (Fig. 28), 
but one species of Gracixalus (G. medogensis) was in Feihyla (Fig. 29). 
Kurixalus ananjevae was placed in Gracixalus (Fig. 28) and not with other 
Kurixalus (Fig. 30). Similarly, most species of Rhacophorus formed a 
clade (Fig. 29), but R. calcadensis was with Chiromantis, some Rhaco
phorus were within Leptomantis, and R. vampyrus was within Zhangixalus. 
In summary, we supported the monophyly of Buergeria, Chiromantis, 
Ghatixalus, Liuixalus, Nasutixalus, Nyctixalus, Philautus, Polypedates, 
Pseudophilautus, Raorchestes, Taruga, and Theloderma, but not Feihyla, 
Gracixalus, Kurixalus, Leptomantis, Rhacophorus, or Zhangixalus. 

Hyloidea (and relatives). Within Myobatrachidae (Fig. 32), we found 
that both subfamilies (Limnodynastinae, Myobatrachinae) were non- 
monophyletic. This pattern occurred because: (1) the limnodynastine 
genus Mixophyes was placed (but with weak support) as the sister group 
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to all other myobatrachids, rather than with other members of Limno
dynastinae. (2) The myobatrachine genus Rheobatrachus was placed 
(with weak support) as the sister group to Limnodynastinae, instead of 
with other members of Myobatrachinae. (3) The limnodynastine genus 
Pseudophryne was within Myobatrachinae (in a clade with Arenophryne, 
Metacrinia, and Myobatrachus) with strong support. Within the myoba
trachid subfamily Limnodynastinae, we supported the monophyly of 
some genera (Limnodynastes, Philoria, Platyplectrum), but we also found 
weak support for non-monophyly of Notaden (with N. nichollsi distantly 
related to the other two sampled Notaden species) and of Neobatrachus 
(paraphyletic with respect to Heleioporus). In Myobatrachinae, we found 
that Geocrinia victoriana is within Crinia and is only distantly related to 
the other two sampled species of Geocrinia. We supported monophyly of 
Assa, Pseudophryne, and Uperoleia. 

In Cycloramphidae (Fig. 33), we found that all three genera are non- 
monophyletic, with Zachaeneus and Cycloramphus placed inside of 
Thoropa, Zachaeneus inside of Cycloramphus, and C. organensis inside of 
Zachaeneus. By contrast, all genera were supported as monophyletic in 
Hylodidae and Alsodidae (Fig. 33). In Batrachylidae (Fig. 33), the genus 
Batrachyla was paraphyletic with respect to Hylorina and Atelognathus. 
Although our sampling of Telmatobiidae was limited, our results showed 
that this family radiated very rapidly relative to other frog families 
(Fig. 34), with almost all splits occurring within the last 5 million years. 

In Hemiphractidae (Fig. 35), we strongly supported the monophyly 
of all genera, with the clade Cryptobatrachus + Flectonotus placed as the 
sister group to all other hemiphractids. Within the latter clade, there was 
a weakly supported clade linking Hemiphractus and Fritziana. Stefania 
was the sister group to Gastrotheca. The latter genus contains the ma
jority of hemiphractid species. 

In Hylidae (Figs. 36–42), we supported the monophyly of the three 
traditionally recognized subfamilies, with the clade Pelodryadinae +
Phyllomedusinae placed as the sister group to the Hylinae (as found in 
many previous studies). Within Phyllomedusinae (Fig. 36), most genera 
were supported as monophyletic, but the genus Pithecopus was both 
polyphyletic and nested inside of Phyllomedusa. Within Pelodryadinae 
(Fig. 37), the genus Litoria was paraphyletic with respect to Cyclorana 
and Nyctimystes. We found that Cyclorana alboguttata did not group with 
other Cyclorana, but the relevant relationships were weakly supported. 

Within Hylinae (Figs. 38–42), we supported the Cophomantini as the 
sister group to the other traditionally recognized tribes (tribe-level 
taxonomy following Faivovich et al., 2005; Frost, 2022), and the re
lationships: (Cophomantini (Sphaenorhynchini (Lophiohylini (Den
dropsophini, Hylini)))). There is moderate support for these 
relationships (bootstrap = 83% for all three among-tribe clades). These 
relationships are consistent with the recent gigamatrix analyses of Portik 
et al. (2023), based on 4,091 markers, and the concatenated phyloge
nomic analyses of Hutter and Duellman (2023), based on ~9,000 nu
clear markers. Both of these previous studies show very strong support 
for these clades. 

We supported the monophyly of Cophomantini, the tribe including 
Aplastodiscus, Boana, Bokermannohyla, Hyloscirtus, Myersiohyla, and 
Nesorohyla (Fig. 38). We also supported the monophyly of these genera 
(except that Bokermannohyla claresignata is placed within Boana, 
rendering both genera non-monophyletic). We placed Scinax and 
Sphaenorhynchus as sister taxa (tribe Sphaenorhynchini; Fig. 39), with 
strong support for the monophyly of each genus. 

We found some problems within the tribe Lophiohylini (Fig. 40), but 
these seem to be taxonomic issues and not necessarily errors in the 
phylogeny. We strongly supported non-monophyly of Phyllodytes, with 
Phyllodytes auratus as the sister taxon to other lophiohyliines (but this 
species is also regarded as a distinct genus, Phytoriades; Frost, 2022). We 
found that the traditionally recognized genus Aparasphenodon is poly
phyletic and Nyctimantis is paraphyletic (Fig. 40). One species of Apar
asphenodon (A. venezolanus) is within Trachycephalus (Fig. 40). However, 
many of these taxonomic problems (based on the taxonomy of 
AmphibiaWeb, 2022) were recognized (and resolved) by Blotto et al. 

(2021), who placed A. venezolanus in Trachycephalus, and placed all 
other species of Aparasphenodon into Nyctimantis (along with Argenteo
hyla). Nevertheless, there was relatively strong support for the mono
phyly of many genera, including Dryaderces, Osteocephalus, Osteopilus, 
and Tepuihyla. 

Within the tribe Dendropsophini (Fig. 41) we found the relation
ships: ((Dendropsophus, Xenohyla), (Scarthyla (Pseudis, Lysapsus))). We 
found weak support for placing Lysapsus inside of Pseudis and Xenohyla 
inside of Dendropsophus (Fig. 41). 

Finally, we supported the monophyly of the tribe Hylini (Fig. 42), 
and most included genera (including Acris, Atlantihyla, Bromeliohyla, 
Charadrahyla, Ecnomiohyla, Exerodonta, Hyla, Isthmohyla, Mega
stomatohyla, Plectrohyla, Pseudacris, Sarcohyla, Smilisca, Tlalocohyla, and 
Triprion). However, the genera Atlantihyla, Bromeliohyla, and Duellma
nohyla were nested inside of Ptychohyla, and both Ptychohyla and Duel
lmanohyla were non-monophyletic (Fig. 42). One species of Plectrohyla 
(P. calthula) appeared to be nested inside of Sarcohyla, but this putative 
species is a synonym of S. labeculata (Campbell et al., 2018; Frost, 2022). 

Within Eleutherodactylidae (Figs. 43–44), we strongly supported the 
monophyly of the subfamilies Eleutherodactylinae and Phyzelaphryni
nae, and the genera Adelophryne, Diasporus, and Eleutherodactylus. 
Within Brachycephalidae (Fig. 45), we supported monophyly of Bra
chycephalus and Ischnocnema. 

In Craugastoridae (Figs. 46–50; here including Strabomantidae), we 
supported the monophyly of Craugastorinae and the genera Craugastor 
and Haddadus (Fig. 46). We supported (Fig. 47) the monophyly of 
Strabomantis (Strabomantinae) and Niceforonia (Hypodactylinae). We 
also supported the monophyly of many sampled genera in Hol
oadeninae, including Barycholos, Bryophryne, Euparkerella, Holoaden, 
and Oosqophryne (Fig. 47). However, we found that Noblella and Psy
chophrynella may be non-monophyletic (Fig. 47). One problem is that 
some sequences for N. peruviana may be from a population subsequently 
described as Psychophrynella usurpator (Frost, 2022; M. Heinicke, pers. 
comm.). Nevertheless, some of the other species of Noblella were closely 
related to Barycholos (including N. coloma, N. heyeri, N. lochites, N. 
myrmecoides, and N. personina), whereas another set of species 
(including N. losamigos, N. madraselva, N. pygmaea, and N. thiuni) were 
grouped with species of Psychophrynella and Mikrokayla. Furthermore, 
we found that the three sampled species of Psychophrynella were poly
phyletic within this latter clade of Noblella. We also found that one 
species of Mikrokayla (M. guillei) is placed more closely related to these 
species of Noblella and Psychophrynella than to other species of Mikro
kayla, but with very weak support (Fig. 47). 

We did not support monophyly of the craugastorid subfamily Pris
timantinae. We found that the pristimantine genus Tachiramantis was 
weakly supported as the sister group to the clade Craugastor + Haddadus 
in Craugastorinae (Fig. 46). Other sampled members of Pristimantinae 
did form a weakly supported clade (Figs. 47–50). Within this clade, one 
strongly supported subclade consisted of the genera Lynchius, Oreobates, 
and Phrynopus, each of which was strongly supported as monophyletic 
(Fig. 47). The other subclade consisted of the monophyletic genera 
Pristimantis and Yunganastes (Figs. 48–50). 

We found several taxonomic problems in Dendrobatidae 
(Figs. 51–52). First, all four subfamilies were non-monophyletic. How
ever, this seemed to be due to the taxonomy of a limited number of 
species. First, the subfamily Aromobatinae (Fig. 51) was strongly sup
ported as non-monophyletic because some species of Allobates were 
placed within Hyloxalinae (Fig. 52). Second, Colostethinae was strongly 
supported as non-monophyletic because of the placement of Colostethus 
ruthveni within Dendrobatinae and Ameerega erythromos in Hyloxalinae 
(Fig. 52). This also renders Dendrobatinae non-monophyletic. Third, 
Hyloxalinae was strongly supported as non-monophyletic because it 
contained three species of Allobates (A. cepadai, A. picachos, A. ranoides), 
whereas other members of this genus were placed in Aromobatinae, and 
because it contained Ameerega erythromos, since the other members of 
this genus are placed in Colostethinae (Fig. 52). In all of these cases, 
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these species did not appear to be incorrectly placed because of missing 
data: all of these species were relatively strongly supported in their 
placements. Instead, these seem to reflect taxonomic issues noted by 
previous authors, as we describe below. Again, we followed the 
AmphibiaWeb (2022) taxonomy throughout. 

In Aromobatinae (Fig. 51), the genus Allobates was monophyletic 
except that three species of Allobates (A. cepedai, A. picachos, A. ranoides) 
were placed with Hyloxalus (in Hyloxalinae), but some have already 
been transferred to Hyloxalus (A. cepedai, A. picachos; Frost, 2022). The 
genera Anomaloglossus, Aromobates, Mannophryne, and Rheobates were 
each monophyletic (Fig. 51). In Colostethinae, the genera Amereega, 
Epipedobates, and Silverstoneia and were each monophyletic (Fig. 52). 
One species of Ameerega, A. erythromos, was placed in Hyloxalinae, but 
this species is now recognized as belonging to the hyloxaline genus 
Paruwrobates (Frost, 2022). However, Colostethus and Leucostethus were 
non-monophyletic with respect to each other and to Ameerega (Fig. 52). 
Many of these relationships were very well supported. In Hyloxalinae 
(Fig. 52), three species of Allobates (Aromobatinae) were nested inside of 
Hyloxalus (but should be considered Hyloxalus) and one species of 
Ameerega (Colostethinae) was the sister group to Ectopoglossus (but this 
should be recognized as Paruwrobates). Finally, in Dendrobatinae 
(Fig. 52), we supported the monophyly of all the genera (Adelphobates, 
Andinobates, Dendrobates, Excidobates, Oophaga, Phyllobates, Ranito
meya). However, one species of Colostethus (C. ruthveni) was also placed 
in this clade. 

Within Centrolenidae (Fig. 53), we supported the monophyly of the 
two subfamilies (Centroleninae, Hyalinobatrachinae). Within Hyalino
batrachinae, we supported the monophyly of each of the two genera 
(Celsellia, Hyalinobatrachium). In Centroleninae, we supported the 
monophyly of all the sampled genera, including Centrolene, Chimerella, 
Cochranella, Espadarana, Ikagoi, Nymphargus, Rulyrana, Sachatamia, 
Teratohyla, and Vitreorana. However, many intergeneric relationships 
were not strongly supported. Note that both Cochranella and Nymphargus 
appear to be non-monophyletic in our tree because of the placement of 
C. megista in Nymphargus, but this taxonomic problem has been resolved 
by placing this species in Nymphargus (Traseger et al., 2021). 

In Leptodactylidae (Figs. 54–55), we supported the monophyly of the 
three subfamilies (Leiuperinae, Leptodactylinae, and Para
telmatobiinae). In Leiuperinae (Fig. 54), we strongly supported the 
monophyly of all genera and the relationships among them. We placed 
Pseudopaludicola as the sister taxon to the other genera, Pleurodema as 
the sister taxon to the remaining genera, and Edalorhina as the sister 
taxon to Engystomops + Physalaemus. We found weak support for 
grouping Leptodactylinae and Paratelmatobiinae as sister taxa (Fig. 55), 
but each subfamily was strongly supported. In Paratelmatobiinae 
(Fig. 55), the monotypic genus Rupirana was the sister group to the 
remaining species (with the monotypic genus Scythrophrys as the sister 
group to those excluding Rupirana), and the genera Paratelmatobius and 
Crossodactylodes were strongly supported as sister taxa and as mono
phyletic. In Leptodactylinae (Fig. 55), we found strong support for the 
clade consisting of Adenomera and the monotypic Lithodytes, and a clade 
consisting of Hydrolaetare + Leptodactylus. The support for monophyly of 
Adenomera and Hydrolaetare was relatively strong but was moderate for 
Leptodactylus (bootstrap = 75%). We found strong support for the 
monophyly of Odontophrynidae and the genera within it (Fig. 56). 

Finally, we strongly supported monophyly of Bufonidae, and many of 
the major intergeneric relationships within it (Figs. 57–60). The sister 
group to all other bufonids was Melanophryniscus (Fig. 57). The sister 
group to the remaining bufonids was a clade consisting of Atelopus, 
Frostius, Oreophrynella, and Osornophryne (Fig. 57). Relationships among 
these four genera were only weakly supported, but there was strong 
support for the monophyly of the genera Atelopus, Oreophrynella, and 
Osornophryne (note: only one species of Frostius was included here). The 
sister group to the remaining bufonids was a strongly supported clade 
containing Amazophrynella and Dendrophryniscus (Fig. 57). 

The species traditionally assigned to the genus Bufo (and their 

relatives) formed a strongly supported clade (Fig. 57). Within this clade, 
the relationships were (Nannophryne (Rhaebo (Peltophryne (all remaining 
bufonids)))). The genera Anaxyrus, Incilius, and Rhinella together formed 
a clade (Fig. 58), with each genus strongly supported as monophyletic. 
Many other intergeneric relationships were only weakly supported, but 
most genera were supported as monophyletic (Figs. 59–60). There was a 
well-supported clade including Nectophryne, Werneria, and Wolter
storffina (Fig. 59). The genera Capensibufo, Mertensophryne, and Poyn
tonophrynus formed a weakly supported clade (Fig. 59), but with 
Poyntonophrynus paraphyletic with respect to Mertensophryne, because of 
the placement of P. lughensis with Mertensophryne. Furthermore, Poyn
tonophrynus vertebralis was placed in a clade within Duttaphrynus 
(Fig. 60). The species Bufo pageoti was also nested inside Duttaphrynus, as 
were the genera Beduka, Blythophryne, and Bufoides (Fig. 60). We do not 
discuss all relationships within Bufonidae in detail, especially since 
many relationships among genera were only weakly supported. Never
theless, many genera were strongly supported in our tree (Figs. 59–60), 
including Ansonia, Ingerophrynus, Nectophrynoides, Pelophryne, and 
Schismaderma. 

3.5. Comparing estimated ages of major clades 

We compared the ages of major clades estimated here (Fig. 4) to 
those of several other recent large-scales estimates for anurans (Table 3), 
including the phylogenomic studies of Feng et al. (2017) and Hime et al. 
(2021) and the supermatrix study by Jetz and Pyron (2018). In general, 
we found that our estimates were generally younger than those of these 
other studies for the same clades. The differences for crown Anura and 
Leiopelmatoidea were particularly large. However, our estimates were 
typically within 10–20 million years of most other estimates for the 
other five clades. Furthermore, the confidence intervals from the 100 
time-calibrated bootstrap trees mostly overlapped with these estimates 
from other studies for these five clades (Table 3). Moreover, the esti
mates from these other studies were not identical to each other. 
Although the estimates of Feng et al. (2017) and Hime et al. (2021) were 
very similar to each other, the estimates from Jetz and Pyron (2018) 
were sometimes much younger (e.g., Leiopelmatoidea) or much older (e. 
g., for Discoglossoidea, Pelobatoidea, Neobatrachia, Hyloidea and 
Ranoidea; Table 3). 

4. Discussion 

In this study we provide a new large-scale, time-calibrated 

Table 3 
Summary of estimated clade ages from recent time-calibrated phylogenies of 
anurans. Ages are approximate for most clades, since many studies did not 
provide labeled, time-calibrated trees. Ages for this study are presented as the 
value for the best tree, followed by the range of the 95% confidence interval 
from the 100 time-calibrated bootstrap trees in parentheses.  

Clade This study 
(95% CI) 

Feng et al. 
(2017) 

Hime et al. 
(2021) 

Jetz and 
Pyron (2018) 

Crown Anura 179 
(174–201) 

210 210 222 

Crown 
Leiopelmatoidea 

118 
(113–137) 

195 200 160 

Crown 
Discoglossoidea 

130 
(125–147) 

140 140 168 

Crown Pipoidea 148 
(148–166) 

160 160 168 

Crown 
Pelobatoidea 

127 
(118–154) 

125 120 151 

Crown 
Neobatrachia 

121 
(114–151) 

140 140 178 

Crown Hyloidea 66 
(63–83) 

70 70 157 

Crown Ranoidea 87 
(82–114) 

100 105 143  
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phylogeny of anurans. The previous largest analysis of this type (Jetz 
and Pyron, 2018) included 3,067 frog species with up to 15 genes each 
(concatenated alignment 15,091 bp in length). Here, we included 5,242 
frog species with up to 307 markers each, representing a 71% increase in 
the number of species included. Furthermore, we included 90,196 total 
sequences here (relative to 14,962 in Jetz and Pyron, 2018), an increase 
of 603%. We found that the higher-level relationships in this new tree 
were generally more similar to those of recent phylogenomic studies 
than to this previous supermatrix study, especially within Hyloidea. 
Moreover, the estimated ages of higher-level clades were often more 
similar to those of the recent phylogenomic studies (Table 3). We also 
provide a set of 100 time-calibrated topologies for use in comparative 
studies (Supplementary File S4). Our results not only provide an 
improved species-level estimate for frog phylogeny, but further 
demonstrate that supermatrix construction can be improved by 
including large numbers of markers, even if those markers have data for 
only a small subset of taxa (e.g., Cho et al., 2011; Wiens et al., 2005; 
Zheng and Wiens, 2016; Talavera et al., 2022; Portik et al., 2023). 

Our supermatrix was dominated by missing data cells (~95% over
all). The impact of missing data cells on phylogenetic analyses has been 
the subject of considerable debate (e.g., Philippe et al., 2004; Cho et al., 
2011; Lemmon et al., 2009; Sanderson et al., 2011; Wiens and Morrill, 
2011; Jiang et al., 2014; Hosner et al., 2016; Streicher et al., 2016; Xi 
et al., 2016; Talavera et al., 2022). However, we found few obvious 
artifacts in our results associated with these extensive missing data. For 
example, all species were placed in the expected families. Furthermore, 
the divergence dates for major clades were broadly similar to those 
estimated from more complete, phylogenomic datasets (Table 3), sug
gesting that there were not strong impacts of missing data on these es
timates (see also Zheng and Wiens, 2015). Previous studies also suggest 
that missing data may have limited impact on branch-length estimation 
(e.g., Wiens and Morrill, 2011; Jiang et al., 2014; Portik et al., 2023). 
Nevertheless, bootstrap support values in many parts of the tree were far 
from optimal, especially relationships in the ancient, rapid radiations 
among the families of Hyloidea and Natatanura. Importantly, many of 
these same relationships were also weakly supported in the supermatrix 
tree of Pyron and Wiens (2011), and so cannot be explained by the 
overall increase in missing data cells associated with adding the phy
logenomic markers. The support for the phylogenetic placement of many 
species is still constrained by those species having data for only one or a 
few genes. Thus, the uncertainty in their placement seems to be asso
ciated with the limited data that they have, not the amount of missing 
data per se (e.g., Wiens, 2003). Moreover, despite the weak support for 
many higher-level relationships, these relationships still generally 
resemble those from phylogenomic studies, and not previous super
matrix studies. Therefore, the addition of these hundreds of phyloge
nomic markers was clearly worthwhile, even if some relationships 
remain weakly supported (for similar results from smaller datasets see 
Zheng and Wiens, 2016; Talavera et al., 2022). 

If adding some phylogenomic markers is beneficial, why not add 
more? In anurans, some datasets include thousands of nuclear markers 
(e.g., Streicher et al., 2018; Barrientos et al., 2021; Hutter et al., 2022). 
We initially attempted to do this, yielding a matrix with thousands of 
markers and thousands of taxa. Unfortunately, after many months of 
effort, we found that this combined matrix was too large to be analyzed 
with currently available computational resources (Portik et al., 2023). 
Nevertheless, we suspect that it will become possible to analyze such 
matrices in the next few years. Furthermore, a recent study showed that 
it is possible to add thousands of phylogenomic markers to a dataset in 
which many taxa have only one or a few markers (Portik et al., 2023). 
This combination yielded strongly supported higher-level relationships 
that were very similar to those from the phylogenomic markers alone. 
However, for computational tractability, that analysis included only one 
terminal taxon per genus, such that the matrix included hundreds of 
species, but not thousands. 

Another alternative approach to analyzing these data might be to 

constrain the higher-level relationships based on the results of phylo
genomic analyses (e.g., Álvarez-Carretero et al., 2021). However, this 
would have some disadvantages. First, although phylogenomic analyses 
agree on many aspects of higher-level frog phylogeny, they do not agree 
on everything (see Section 3.3 of the Results). Therefore, it is not always 
clear which relationships should be estimated as opposed to assumed. 
Second, our combined analysis of the data from Feng et al. (2017) and 
Hime et al. (2021) has the potential to offer an improved estimate 
relative to either one separately. Third, although phylogenomic analyses 
may generally offer the best estimate because of the large number of 
markers, extensive taxon sampling can also be important for correctly 
resolving higher-level relationships, and even highly incomplete taxa 
can be helpful in subdividing long branches (e.g., Wiens, 2005; Wiens 
and Tiu, 2012). Our study design allows relationships to be determined 
by both extensive taxon sampling and/or extensive sampling of genes. 

We note that other studies have generated taxonomically compre
hensive trees for some groups based on randomly adding unsampled 
species to branches within genera (e.g., Jetz and Pyron, 2018). We 
preferred not to do so here, and ensured that all species included had at 
least some molecular data. We found that numerous genera were not 
monophyletic. Therefore, adding species by assuming that the current 
taxonomy reflects the phylogeny is somewhat problematic. Neverthe
less, it should still be straightforward to add unsampled species to our 
tree, if one is willing to make this assumption. 

Our study also highlights an important issue for supermatrix con
struction: the accuracy of the sequence data in GenBank. Issues may 
arise through incorrect uploading of data, changes in taxonomy since the 
sequences were uploaded, misidentified specimens, contamination, and 
other lab errors (Nilsson et al., 2006; Leray et al., 2019; Mulcahy et al., 
2022). For example, we identified and removed several human 12S and 
16S mitochondrial sequences labeled as frogs in our analysis. Mis
identified specimens are a challenging problem, particularly when the 
problem occurs at a shallow taxonomic scale (e.g., the sequence is 
assigned to the wrong species within the same genus or family). Simi
larity filtering can be used to establish gene identities, yet parallel ap
proaches for identifying inaccurate taxon labeling within the focal group 
are currently lacking. Finally, there are known cases of mislabeled se
quences in NCBI, which have been robustly identified by molecular and 
taxonomic experts in the research community (Nilsson et al., 2006; 
Mulcahy et al., 2022). However, given that only the original submitter 
can update existing GenBank records, these sequences remain available 
and problematic (Mulcahy et al., 2022). To facilitate removing such 
problematic sequences, we developed a specific feature for Super
CRUNCH for this project (the –accessions_exclude feature in Filter_
Seqs_and_Species.py), which can be used to specify accession numbers to 
exclude from the final supermatrix. This feature will exclude a set of 
previously identified, problematic sequences during the sequence- 
selection step and automatically substitute them with other sequences 
instead. Importantly, without this feature, there is no automated way to 
avoid problematic sequences during supermatrix construction. We per
formed initial screens per marker by inspecting individual gene trees 
produced with a given set of sequences, and subsequently identified 
problematic sequences that we excluded from our final analysis. How
ever, the initial identification of problematic sequences and manual 
curation of a list of these sequences still presents difficulties. Overall, 
inaccurate sequence records remain a challenging problem that would 
be a useful focus for future studies. 

Our study provides several key resources. The molecular datasets 
that we assembled here can be used in a variety of ways, and because 
SuperCRUNCH is highly modular it offers access to these molecular 
datasets at multiple entry points. For example, new analyses can be 
started before or after sequence selection, pre or post-alignment, and 
using the full marker set or a subset of markers. Potential uses include 
the gathering of outgroup sequences, obtaining sequences for a marker 
for a particular clade of interest, adding unpublished sequences to the 
phylogeny, and creating new combinations of phylogenetic or 
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phylogeographic datasets. Importantly, the sequence data from each 
step of the SuperCRUNCH analysis are freely available on the Open 
Science Framework (OSF) project page (e.g., prior to similarity filtering, 
sequence selection, alignment, relabeling), making it easy to obtain the 
correct resources for a particular project. 

Our study also presents a new, modified method for aligning more 
problematic sequences (TaxonomyAlign). This method is a modification 
of MAFFT that initially aligns sequences based on taxonomy (e.g., 
genera, families) before including all sequences in an overall alignment. 
We applied this new approach to the 12S and 16S sequences in our study 
and found that TaxonomyAlign yields similar sequence lengths to 
MAFFT alone, but with smaller numbers of informative sites. Impor
tantly, TaxonomyAlign yielded a substantial improvement in the num
ber of families recovered as monophyletic (27% and 15% improvements 
for 12S and 16S), with smaller improvements in the number of genera 
and subfamilies recovered. Further, most anuran families are supported 
as monophyletic by phylogenomic analyses (e.g., Feng et al., 2017; 
Streicher et al., 2018; Hime et al., 2021; Portik et al., 2023). Thus, the 
greater number of informative sites from MAFFT alone may be associ
ated with more homoplastic sites and more problematic phylogenetic 
results. However, the improvements associated with TaxonomyAlign 
might depend on an overall match between the taxonomy used and the 
phylogeny. Overall, these results seem promising, but further study of 
the performance of TaxonomyAlign would be valuable. 

Finally, we acknowledge that this study will not be the last large- 
scale estimate of species-level frog phylogeny. These estimates should 
continue to improve as more species are added that previously lacked 
molecular data and more genes are added for species that are already 
represented. These new molecular data can be added to our existing 
supermatrix to produce an updated phylogeny, or to a new supermatrix 
with potentially different combinations of sequences. Nevertheless, our 
estimate should be a substantial improvement over the previous largest 
estimate for anurans (Jetz and Pyron, 2018), in terms of including many 
more species and resolving higher-level relationships based on phylo
genomic data. Moreover, our results further suggest the possibilities of 
combining supermatrix and phylogenomic approaches to build large- 
scale phylogenies. 
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