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A B S T R A C T   

The use of genome-scale data in phylogenetics has enabled recent strides in determining the relationships be
tween taxa that are taxonomically problematic because of extensive morphological variation. Here, we employ a 
phylogenomic approach to infer evolutionary relationships within Ranitomeya (Anura: Dendrobatidae), an 
Amazonian lineage of poison frogs consisting of 16 species with remarkable diversity in color pattern, range size, 
and parental care behavior. We infer phylogenies with all described species of Ranitomeya from ultraconserved 
nuclear genomic elements (UCEs) and also estimate divergence times. Our results differ from previous analyses 
regarding interspecific relationships. Notably, we find that R. toraro and R. defleri are not sister species but rather 
distantly related, contrary to previous analyses based on smaller genetic datasets. We recover R. uakarii as 
paraphyletic, designate certain populations formerly assigned to R. fantastica from Peru as R. summersi, and 
transfer the French Guianan and eastern Brazilian R. amazonica populations to R. variabilis. By clarifying both 
inter- and intraspecific relationships within Ranitomeya, our study paves the way for future tests of hypotheses on 
color pattern evolution and historical biogeography.   

1. Introduction 

Many aposematic organisms exhibit high intraspecific variation in 
coloration, likely due to a combination of natural and sexual selection 
(Noonan and Comeault, 2009). However, some converge on similar 
warning signals via Müllerian mimicry (Kapan 2001; Sherratt 2008), a 
phenomenon well-documented in Heliconius butterflies (Mallet and 
Gilbert Jr., 1995). In vertebrates, high aposematic diversity as well as 
mimicry is found in Neotropical poison frogs (Dendrobatidae) (Noonan 
and Comeault, 2009; Prates et al., 2019; Summers et al., 2003), which 
has greatly challenged taxonomists working on this group (Wollenberg 
et al., 2006), especially in the absence of genetic data. Among den
drobatid genera, Ranitomeya has been particularly troublesome (Brown 
et al., 2011b), but offers perhaps the greatest diversity of color patterns 

and mating systems whose study would benefit from better knowledge 
of its phylogenetic relationships. 

Ranitomeya is currently composed of 16 species characterized by 
small size, pale reticulated limbs, and shorter first than second fingers 
(Brown et al., 2011b). Some species possess high intraspecific diversity 
in color pattern while others are monomorphic. Color pattern diversity 
is decoupled from species range size; there are monomorphic species 
with both narrow (e.g., R. yavaricola) and wide (e.g., R. toraro) ranges, 
and polymorphic species with narrow (e.g., R. imitator, R. fantastica) and 
wide (e.g., R. variabilis, R. uakarii) ranges. Most species occupy forested 
areas of the upper Amazon drainage in Peru, Ecuador, and Colombia, 
though others have dispersed into the Amazon basin as far east as French 
Guiana (Brown et al., 2011b). 

Ranitomeya systematics and taxonomy have proven challenging to 
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disentangle. In contrast to their large diversity in color and pattern, they 
display little anatomical (e.g., osteological) variation, limiting the utility 
of morphological data in systematic and phylogenetic analyses. These 
issues are compounded by Müllerian mimicry among sympatric species, 
which makes them difficult to classify in the absence of call data. For 
example, R. imitator mimics the color and pattern of R. summersi, R. 
fantastica, and R. variabilis across its range (Symula et al., 2001; Stuckert 
et al., 2014), and Müllerian mimicry may occur in other species as well 
(e.g., R. reticulata and R. amazonica) (Brown et al., 2011b). 

Ranitomeya is currently organized into four species groups: the 
reticulata group (six species: benedicta, fantastica, reticulata, summersi, 
uakarii, and ventrimaculata), the variabilis group (two species: amazonica 
and variabilis), the defleri group (two species: defleri and toraro), and the 
vanzolinii group (six species: cyanovittata, flavovittata, imitator, sirensis, 
vanzolinii, and yavaricola) (Brown et al., 2011b). Group organization has 
previously been determined by monophyly, phenotype, mating system, 
and call differences (Brown et al., 2008, 2011b; Perez-Peña et al., 2010). 
Several outstanding questions persist regarding the systematic re
lationships of each species group in Ranitomeya, with studies using 
different methods and datasets having found conflicting relationships. 
For example, R. toraro was inferred as sister to R. defleri by Brown et al. 
(2011a), forming a clade sister to the reticulata group. However, Grant 
et al. (2017) found that this clade is sister to the variabilis group, not the 
reticulata group. Thus, the phylogenetic placement of R. defleri and 
R. toraro remains unclear. Furthermore, preliminary analyses of 
morphology suggest a divide between northern and southern pop
ulations of R. uakarii from the reticulata group in Peru (Brown et al., 
2011b, Brown et al., unpub. data). Ranitomeya uakarii has three distinct 
morphs (sensu Brown et al., 2011b): the “nominal” morph from the 
Loreto region of northern Peru (Brown et al., 2006); the “Toraro” morph, 
a potential mimic of R. toraro located south of the “nominal” populations 
near Acre, Brazil and the Madre de Dios province of Peru; and the “Tri- 
country” morph, a genetically unsampled morph from southeastern 
Colombia near the three-country corner of Peru, Colombia, and Brazil 
(Brown et al., 2011b). These geographic factors suggest further genetic 
investigation of intraspecific relationships within R. uakarii. Lastly, re
lationships in the vanzolinii group are in flux. Particularly, the phylo
genetic placement of R. cyanovittata and R. yavaricola in relation to other 
species in the group has varied in studies since those species’ description 
by Perez-Peña et al., 2010 (Brown et al., 2011b, Grant et al., 2017). 

Previous phylogenetic studies of Ranitomeya have been hindered by 
limited genetic and taxon sampling. Almost all previous studies have 
used mitochondrial data (Summers et al., 1997; Summers et al., 1999; 
Clough and Summers, 2000; Vences et al., 2000; Symula et al., 2001; 
Santos et al., 2003; Symula et al., 2003; Darst and Cannatella, 2004; 
Noonan and Wray, 2006; Roberts et al., 2006), or a combination of 
mitochondrial data and a handful of nuclear loci (Brown et al., 2008, 
2011b; Perez-Peña et al., 2010; Pyron and Wiens, 2011; Santos et al., 
2009; Twomey and Brown, 2008), in some cases combined with 
morphological characters (Grant et al., 2006; Grant et al., 2017). Guil
lory et al. (2019) used ultraconserved elements to build a phylogeny for 
Dendrobatidae, but included a limited set of Ranitomeya species. 
Comprehensive sampling of genomic markers in all Ranitomeya species, 
with additional sampling from representative populations of widespread 
or variable species, would greatly improve our knowledge of species 
limits in these frogs. 

In this study, we provide a new phylogeny for Ranitomeya based on 
comprehensive sampling of genetic markers, species, and morphotypes 
spanning the distribution of the genus in northern South America. We 
estimate divergence times and delimit species boundaries and use this 
information to propose paleogeographic scenarios that may have shaped 
the present biogeography of Ranitomeya. We also propose a revised 
taxonomy for Ranitomeya, with the goal of providing clarity for future 
studies of dendrobatid color and reproductive evolution. 

2. Materials and methods 

2.1. Data collection 

We collected DNA samples from 65 Ranitomeya individuals from all 
16 currently described Ranitomeya species (Table S1). These individuals 
broadly represent the known genetic, geographic, and phenotypic di
versity exhibited across the genus. Andinobates minutus and Excidobates 
captivus served as outgroup taxa, for a total of 67 samples. We extracted 
DNA of toe or liver tissue using the Qiagen DNeasy Blood and Tissue Kit 
(Valencia, California), and sent extracted DNA to RAPiD Genomics 
(Gainesville, Florida), where library preparation and Illumina 
sequencing of ultraconserved elements (UCEs) were performed 
following standard protocols (Faircloth et al., 2012). We used the 
Tetrapods-UCE-5Kv1 probe set to enrich the samples, targeting 5060 
UCE loci with 5472 probes. We used ultraconserved elements (UCEs) 
because of their high utility at both shallow and deep evolutionary 
timescales (Faircloth et al., 2012). UCEs consist of a highly conserved 
core region with flanking sequences of increasing variability as distance 
from the core increases, and have been used successfully in previous 
phylogenomic studies of dendrobatids (Guillory et al., 2019; Guillory 
et al., 2020). 

2.2. Bioinformatics 

We trimmed the raw reads with Illumiprocessor v2.0.6 (Faircloth, 
2013) through the software PHYLUCE v1.5.0 (Faircloth, 2016), a stan
dard pipeline for processing UCE datasets. Illumiprocessor is a Python- 
based wrapper for Trimmomatic v0.36 (Bolger et al., 2014). We used 
Trinity v1.6 (Grabherr et al., 2011) to assemble most of our samples and 
Velvet v1.2.10 (Zerbino and Birney, 2008) to assemble one sample (ID: 
0915), all with default parameters. We mapped these assembled contigs 
to UCE loci with PHYLUCE and aligned each locus with MUSCLE v3.8.31 
(Edgar, 2004). We initially filtered captured loci for 70% matrix 
completeness, and then further filtered for the top 75% most informative 
loci based on parsimony-informative sites with a custom R v3.2.3 script 
(R Core Team, 2015) implementing the PHYLOCH v1.5–5 package 
(Heibl, 2008). Both these steps helped to prevent inaccurate results in 
our coalescent-based analysis due to a bias toward the influence of less 
informative loci (Hosner et al., 2016). We used the resulting dataset for 
all further analyses. 

2.3. Phylogenetic analyses 

We used two phylogenetic approaches to analyze our data. To infer 
relationships among all samples and identify putative species within our 
dataset, we first inferred a maximum likelihood tree from a concate
nated matrix with IQ-TREE v1.5.5 (Nguyen et al., 2015). We ran IQ- 
TREE with 10,000 ultrafast bootstrap replicates (Minh et al., 2013), 
the GTR substitution model, empirical base frequencies, and a free-rate 
model of rate heterogeneity with four categories. We used ModelFinder 
to determine these best-fitting parameters (Kalyaanamoorthy et al., 
2017) with AICc as an optimality criterion. Because UCEs do not 
necessarily encode proteins, there is no evidence to support any 
particular partitioning scheme for them (Streicher and Wiens, 2017). 
However, we ran a second analysis partitioning our matrix by locus, 
using ModelFinder to determine a substitution model for each locus, to 
see whether partitioning by locus produced a better tree. We did not use 
PartitionFinder to identity the best partitioning scheme due to analytical 
time constraints. 

To assess topological variation, we also calculated gene concordance 
factors (gCF) and site concordance factors (sCF) for our unpartitioned 
and partitioned trees to measure the proportion of gene trees and sites 
respectively that contain each branch (Minh et al., 2020). Prior to this 
analysis, we used IQ-TREE to generate gene trees for each UCE locus in 
our filtered dataset. For each gene tree, we used ModelFinder to select a 
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nucleotide substitution model and IQ-TREE’s -czb option (collapse zero 
branch lengths) to reduce branches with lengths near zero to polytomies, 
reducing gene tree bias in later analyses (Persons et al., 2016). 

As a complement to IQ-TREE, we also used the coalescent method 
ASTRAL-III v5.6.1 (Zhang et al., 2018) to generate a species tree that 
accounts for incomplete lineage sorting. As opposed to IQ-TREE, 
ASTRAL-III can detect discordant topological signals in aggregated 
gene trees and present a species tree topology accounting for them. All 
16 Ranitomeya species sensu Brown et al. (2011b), plus two outgroups 
and three additional terminals representing R. aff. uakarii and biolat 
populations of R. sirensis (see results), were specified as putative species 
in the requisite mapping file provided to ASTRAL, predicated on the 
prior IQ-TREE results. These putative species assignments were predi
cated on IQ-TREE results, meaning that any individual samples we found 
grouped with different species than taxonomy sensu Brown et al. 
(2011b) were assigned to their new species grouping rather than their 
grouping under the old taxonomy. We used the same gene trees calcu
lated for generating gCF and sCFs as inputs for our ASTRAL analysis. 

To test for statistical support for incongruent phylogenetic topol
ogies, we used the Swofford–Olsen–Waddell–Hillis (SOWH) test (Swof
ford et al. 1996). It is commonly applied to determine if the maximum 
likelihood tree in a phylogenetic analysis is significantly different from 
an alternative hypothesis (Goldman et al. 2000). The SOWH test com
pares the observed difference in log-likelihood between two topologies 
to a null distribution of differences in log-likelihood generated by 
parametric resampling (Church et al. 2015). We ran SOWH topology 
tests in SOWHAT (https://github.com/josephryan/SOWHAT; Church 
et al. 2015) for 100 generations per alternative hypothesis using RAxML 

and a GTR substitution model with a free-rate model of rate heteroge
neity with four categories. The best unconstrained maximum likelihood 
tree perfectly matched the IQ-TREE topology (Fig. 1). 

2.4. Divergence time estimation 

To understand the timing of diversification in Ranitomeya, we esti
mated divergence times with MCMCTree in PAML v4.8 (Yang, 2007). 
Divergence time estimation from large genomic datasets can be 
computationally challenging, but MCMCTree allowed us to use all UCE 
loci in a feasible amount of time. We used our IQ-TREE topology as a 
reference topology as it included all samples. We chose our maximum 
likelihood topology because a dated tree based only on species-level 
relationships would not fully explore and take advantage of our taxon 
sampling, one of the major strengths of this dataset. We used an inde
pendent rates clock model for rate priors because we expect our broad 
interspecific sampling will lead to branch-specific, heterogeneous rates 
of evolution, violating the rate homogeneity assumptions of a strict 
molecular clock. 

Tree calibration was challenged by the lack of a fossil record for 
dendrobatid frogs. Santos et al. (2009) dated the origin of Den
drobatidae by time-calibrating a pan-Amphibia tree with paleogeo
graphic and fossil data, and used this estimate to in turn time-calibrate a 
Dendrobatidae tree under three different paleogeographic scenarios. We 
averaged the means and standard deviations of divergence times for the 
node corresponding to the divergence of Ranitomeya and Andinobates 
across each of the three scenarios, calculating a mean divergence time of 
12.651 Ma and a standard deviation of 2.576 Ma. We then used these 

Fig. 1. a. Species tree generated by ASTRAL. Values to the right of nodes are quartet scores (range 0 to 100), and bolded support values to the right of quartet scores 
are posterior probabilities below 1 (range 0 to 1). b. Maximum likelihood tree generated in IQ-TREE from the unpartitioned matrix. Bootstrap values under 100 are 
bolded and are shown to the right of nodes. Values separated by a slash are the gCF and sCF values, respectively, for that branch. 
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values to set a uniform distribution on the calibration node corre
sponding to the divergence between Ranitomeya and Andinobates be
tween 7.601 and 17.701 Ma, constructing a 95% confidence interval 
around the mean 12.651 Ma. We first ran the MCMCTree analysis 
without sequence data to assess whether our model parameters pro
duced reasonable priors from our calibration. To expedite the analysis, 
we then used BASEML (also in PAML) to calculate approximate branch 
length values prior to running MCMCTree, under an HKY substitution 
model. We used the HKY model due to computational constraints 
encountered when we tried to run the GTR model, which more closely 
matched the model chosen by our ModelFinder results in IQ-TREE. The 
GTR model was likely too parameter-rich for our computational re
sources, so we chose the HKY model because it was next closest in 
complexity. We ran MCMCTree for 2,000,000 burn-in generations and 
subsequently sampled every 1,000 generations until we obtained 20,000 
samples across a total of 22,000,000 iterations. To assess convergence, 
we ensured ESS values for each node were over 200 using Tracer v1.7.1 
(Rambaut et al., 2018), and ran our analysis twice from two different 
random starting seeds before confirming that both converged to similar 
posterior estimates. 

3. Results and discussion 

3.1. UCE sequence capture 

We captured 2664 loci in our initial dataset. After filtering for 70% 
matrix completeness, our dataset consisted of 1568 loci. After we 
filtered further for the top 75% most informative loci by parsimony- 
informative sites, we retained 1176 loci with 72,828 parsimony- 
informative sites in our final dataset. 

3.2. Phylogenetic analyses 

Our maximum likelihood phylogenies, both unpartitioned (Fig. 1b) 
and fully partitioned (Fig. S1), were very similar with high bootstrap 
support values and highly similar distributions of gCF and sCF values 
(Figure S2). In both unpartitioned and fully partitioned trees, 90% of 
bootstrap values were above 90 (Fig. 1b; Figure S1), however gCF and 
sCF values were generally low with mean values of 11.74 and 58.67 
respectively (Figure S2). These low gCF and sCF values are indicative of 
gene tree discordance, similar to that occurring in Ameerega poison frogs 
(Guillory et al., 2020). These conflicts may be resolved by more fine- 
scale intraspecific sampling in future studies. Our ASTRAL analysis 
yielded an almost identical topology to the unpartitioned maximum 
likelihood tree, with the exception that R. reticulata switched places with 
the northern R. uakarii individuals (uakarii, Fig. 1a). Quartet scores for 
intraspecific differences, such as reassignment of some populations to 
different species, tended to be lower, likely due to the difficulty of 
resolving shorter, more recent branches. Regardless, all intraspecific 
differences discussed here were recovered in both the unpartitioned and 
fully partitioned maximum likelihood trees (Fig. 1b; Fig. S1). 

Our analyses generally recovered long-recognized species groups as 
clades within Ranitomeya; this is the case for the reticulata, variabilis, and 
vanzolinii groups. However, in our unpartitioned analysis we found that 
R. toraro and R. defleri were not closely related, contradicting previous 
findings that they form a monophyletic defleri group (Brown et al. 
2011b; Grant et al., 2017). Instead, we found that R. defleri is sister to the 
reticulata clade, while R. toraro is sister to the common ancestor of 
R. defleri and the reticulata clade (SOWH tests, P-value < 0.01, Table 1: 
H1). Our fully partitioned analysis recovered R. toraro as sister to 
R. defleri and the reticulata clade. However, this node only had a boot
strap support value of 81, indicating lower sampling variance and lower 
support than the node recovered by the unpartitioned analysis (Fig. S1). 
Additionally, gCF and sCF values at this node in the unpartitioned tree, 
30.4 and 82.9 respectively, were higher than the values at the parti
tioned tree, values 2.9 and 34.3 respectively (Fig. 1b; Fig. S1). Our 

ASTRAL analysis supports the unpartitioned topological placement of 
R. toraro with a high quartet score of 77. 

We also found that our eastern R. amazonica samples from Maripa in 
French Guiana (0143) and Pará in Brazil (0493) are nested within 
R. variabilis (SOWH test, P-value < 0.01, Table 1: H2). Further, our 
analysis inferred that R. uakarii is split into two major groups: one, 
occupying the southern range of the species, is more closely related to 
R. benedicta (aff. uakarii, in Fig. 1b); the remaining sampled R. uakarii 
populations form a clade sister to another clade consisting of 
R. fantastica, R. summersi and those southern R. uakarii populations 
(uakarii, Fig. 1b), rendering R. uakarii paraphyletic (SOWH tests, P- 
value < 0.01, Table 1: H2–H4). Lastly, within the vanzolinii group, we 
found that R. sirensis is not monophyletic. Instead, two R. sirensis samples 
from southern Peru corresponding to the formerly recognized R. biolat 
sensu Morales (1992) were sister to a clade containing the remaining 
R. sirensis samples and R. vanzolinii (Fig. 1b; SOWH tests, P-value < 0.01, 
Table 1: H6). With the exception of the placements of R. defleri and 
R. toraro, all of these findings were present in both the partitioned and 
unpartitioned trees. 

3.3. Revised species groups in Ranitomeya 

Ranitomeya toraro species group. One species: R. toraro (Brown et al., 
2011a). 

Ranitomeya defleri species group. One species: R. defleri (Twomey and 
Brown, 2009). 

Ranitomeya reticulata species group. A monophyletic assemblage of 
six species: Ranitomeya reticulata (Boulenger, 1884 “1883”); R. fantastica 
(Boulenger, 1884 “1883”); R. ventrimaculata (Shreve, 1935); R. uakarii 
(Brown et al., 2006); R. summersi (Brown et al., 2008) and R. benedicta 
(Brown et al., 2008). 

Ranitomeya variabilis species group. A monophyletic assemblage of 
two species: Ranitomeya variabilis (Zimmermann and Zimmermann, 
1988) and Ranitomeya amazonica (Schulte, 1999). 

Ranitomeya vanzolinii species group. A monophyletic assemblage of 
six species: Ranitomeya vanzolinii (Myers, 1982); R. sirensis (Aichinger, 
1991); R. imitator (Schulte, 1986); R. flavovittata (Schulte, 1999); 
R. yavaricola (Perez-Peña et al., 2010) and R. cyanovittata (Perez-Peña 

Table 1 
Results of SOWH topology tests. All lower CIs were < 0.01 and all upper CIs are 
equal to 0.036. Alternative topologies reflect results of Brown et al. (2011b) and 
are summarized in Fig. S3.  

Hypothesis* ML of best 
unconstrained 
tree 

ML of best 
constrained 
tree 

Δ lnL P- 
value 

H1: R. defleri and 
R. toraro as 
reciprocally 
monophyletic 
sister taxa  

− 1578853.57  − 1579097.46  243.89  <0.01 

H2: Monophyly of 
Eastern 
R. variabilis and 
R. amazonica  

− 1578853.61  − 1579026.92  173.31  <0.01 

H3: Monophyly of 
R. fantastica, 
R. summersi Boca 
Toma, and 
R. summersi Ponga 
Isla  

− 1578853.61  − 1579551.32  697.71  <0.001 

H4: Monophyly of all 
R. uakarii 
(including R. aff. 
uakarii)  

− 1578853.58  − 1579723.80  870.22  <0.001 

H5: Monophyly of R. 
aff uakarii  

− 1578853.61  − 1579128.09  274.48  <0.001 

H6: Monophyly of 
R. sirensis  

− 1578853.59  − 1579267.41  413.82  <0.001  

M.R. Muell et al.                                                                                                                                                                                                                                



Molecular Phylogenetics and Evolution 168 (2022) 107389

5

et al., 2010). 

3.4. Systematic implications 

3.4.1. The reticulata group 
The reticulata group is a monophyletic group of six described species. 

All species possess vocalizations consisting of a series of short buzz-like 
notes (0.1–0.5 s in length) given in rapid succession (100–200 notes per 
minute; Brown et al., 2011b). Most members of this group possess red or 
orange pigmentation concentrated on the head. In general, most of the 
relationships we resolved within this group are consistent with previous 
phylogenetic and taxonomic studies (Brown et al., 2011b). However, 
there are noteworthy differences from previous studies regarding the 
relationships between samples assigned to R. fantastica and R. uakarii. 
First, we consistently recover R. uakarii as paraphyletic (Fig. 1; Fig. S1), 
with the “nominal” morph (sensu Brown et al., 2011b; hereafter 
considered R. uakarii; Fig. S4G–I) forming a clade sister to a clade con
taining R. fantastica, R. benedicta, R. summersi, and the R. uakarii “Tor
aro” morph (sensu Brown et al., 2011b; hereafter considered R. aff. 
uakarii; Fig. S4J and K). Ranitomeya aff. uakarii is sister to R. benedicta 
(Fig. 1; Figs. S3I and S4W–X). These results differ from previous studies 
with intraspecific sampling of R. uakarii which recovered the species as 
monophyletic (Brown et al., 2006; Brown et al., 2011b), and suggest that 
R. aff. uakarii may merit specific status, which is supported by their 
unique coloration pattern. 

The elevation of R. aff. uakarii to species status would rectify the 
paraphyly of R. uakarii sensu stricto; however, paraphyly in R. aff. 
uakarii would not be entirely reconciled because of the sister relation
ship between R. benedicta and the Tournavista populations of R. aff. 
uakarii. We suspect that the Tournavista populations of R. aff. uakarii 
(sample IDs 0119 and 0121), which are sister to R. benedicta yet most 
similar in pattern to R. uakarii (Fig. S4 & Fig. S5), may reflect historical 
introgression between the ancestor to R. benedicta and R. aff. uakarii. For 
the time being, we recommend additional investigation into morpho
logical and population-level genetic differences between R. uakarii and 
R. aff. uakarii to decide whether the “Toraro” morph deserves specific 
status. We could not assess where the “Tri-country” morph was placed in 
the phylogeny due to a lack of sequenced samples; however, we suspect 
that because their range occurs north of the “nominal” R. uakarii in
dividuals in this analysis, they are more likely to be more closely related 
to R. uakarii than R. aff uakarii. 

Our phylogenomic results also necessitate a redefinition of 
R. summersi (Brown et al., 2008). Our results match those of Brown et al. 
(2011b), where individuals previously assigned to R. fantastica from the 
lower Huallaga River populations at Boca Toma and Pongo Isla in Peru 
(sample IDs 0068 and 0073 respectively) are actually nested within 
R. summersi. As discussed by Brown et al. (2011b), it appears these in
dividuals were erroneously ascribed to R. fantastica. Based on their 
similar morphology to R. summersi – that is, black coloration with bright- 
orange dorsal and limb striping (Fig. S4D) – and our phylogenomic re
sults, we consider these populations members of R. summersi. On the 
other hand, it is currently unclear whether misidentification might also 
explain the unexpected placement of these former R. fantastica pop
ulations (Fig. S4C) as members of the R. summersi clade. Historical 
introgression may have occurred between R. fantastica and R. summersi 
at the Boca Toma and Pongo Isla sites. Resolution of this issue will likely 
require increased population-level sampling in this region. 

We acknowledge the possibility that R. fantastica and R. summersi 
may constitute a single species. Outside the single population of 
R. fantastica near Tarapoto (close to R. summersi Boca Toma and Pongo 
Isla sites), all other known populations of R. fantastica and R. summersi 
segregate on the basis of both dorsal color pattern and genetics, sup
porting the conclusion that R. summersi and R. fantastica are distinct 
species. In addition, Twomey et al. (2020) found that R. summersi con
tains distinct skin pigments from R. fantastica. Specifically, R. summersi 
contained a suite of red carotenoids that are likely metabolic derivatives 

of dietary carotenoids, whereas R. fantastica lacked red carotenoids. This 
difference represents a clear character diagnosing the two taxa, albeit a 
difficult character to assess without skin pigment analyses. Overall, the 
available data tend to support the continued recognition of these two 
taxa. 

3.4.2. The variabilis group 
The variabilis group contains two species: R. variabilis (Zimmermann 

and Zimmermann, 1988) and R. amazonica (Schulte, 1999). The two 
species both exhibit a promiscuous mating strategy with male parental 
care, and have regularly spaced, buzzing vocalizations 0.16–0.44 s in 
length at a rate of 24–70 notes per minute (Brown et al., 2011b). Most of 
our phylogenomic results are consistent with previously recovered re
lationships (Brown et al., 2011b), except that we find samples from 
French Guiana (sensu Brown et al., 2011b; sample ID 0143, Fig. S5N-P) 
and the Pará region of Brazil (sample ID 0493), originally assigned to 
R. amazonica, to be nested within R. variabilis. These eastern populations 
are similar morphologically to striped R. variabilis populations found at 
many sites in the Loreto and San Martín provinces of Peru, including 
yellow dorsolateral stripes and a lack of reddish pigmentation, although 
it is unclear if this coloration is conserved or evolved independently. 
Based on these updated results, we tentatively consider them members 
of R. variabilis (see Fig. S6 for a detailed map clarifying distributions for 
these taxonomic changes). Our two eastern R. variabilis samples were 
sister to each other (Fig. 1) and diverged from the common ancestor of 
the other R. variabilis populations around 3.3 Ma (see section 3.5 below). 
This branch is relatively long compared to time between divergence 
events of other R. variabilis samples (Fig. 2), indicating they have been 
geographically isolated for longer than other Ranitomeya populations 
sampled in this dataset. Future studies should include more genetic 
samples of R. variabilis populations not represented in this study, such as 
those found in other parts of Pará. 

3.4.3. The vanzolinii group 
Phylogenetic relationships of species in the vanzolinii group are un

certain, and resolving them requires both more extensive sampling and 
interrogative analyses into potential patterns of hybrid introgression 
and population genetic structure. In this study, we found strong support 
for paraphyly in R. sirensis, largely with respect to previously recognized 
species boundaries of R. lamasi and R. biolat sensu Morales (1992), 
which were synonymized with R. sirensis by Brown et al., (2011b) based 
on genetics, behavior and morphology. We recovered one group of sir
ensis samples sister to vanzolinii and another group of samples sister to 
the clade containing both vanzolinii and sirensis samples. The former 
group includes R. sirensis sensu stricto as well as R. lamasi sensu Morales 
(1992), while the latter group includes samples from southern Peru and 
corresponds, at least geographically, to R. biolat sensu Morales (1992). 
In particular, the long branch separating the R. biolat samples and its 
sister clade containing R. vanzolinii and the other R. sirensis samples, 
dated between 3 and 7 Ma (see section 3.5 below), suggests that R. biolat 
could be a legitimate species. The restoration of R. biolat to specific 
status would render R. sirensis monophyletic. 

Other interspecific relationships in the vanzolinii group were sur
prising, especially the recovery of R. vanzolinii as closely related to 
R. sirensis. Ranitomeya vanzolinii has almost always been recovered as 
sister to R. flavovittata in previous studies that included both species 
(Brown et al., 2011b; Grant et al., 2017; Perez-Peña et al., 2010; Roberts 
et al., 2006; Twomey and Brown, 2008), whereas R. sirensis has been 
inferred as sister to the remaining species in the vanzolinii group. While 
our results were derived from nuclear genomic data, many previous 
studies in the vanzolinii group have relied on mitochondrial data 
(Noonan and Wray, 2006; Perez-Peña et al., 2010; Roberts et al., 2006; 
Symula et al., 2003; Twomey and Brown, 2008), which could partially 
explain why our results contradict previous analyses. Overall, more 
detailed genomic studies will be required to verify these unexpected 
results. 
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3.5. Divergence time estimation 

Our two MCMCTree runs converged, with ESS values well above 200 
and nearly identical mean divergence times at each node (Table S2; 
Fig. S7). Our estimates show that the common ancestor of Ranitomeya 
diverged from its sister genus Andinobates approximately in the middle 
Miocene 11–12 Ma, which is unsurprisingly similar to the date of this 
node recovered by Santos et al. (2009) that we used to calibrate this 
analysis. Overall, the rest of our divergence times were slightly younger 
than those recovered by Santos et al. (2009), despite using a dated node 
from their study as our time-calibration—likely a result of using 
different genetic markers (UCEs vs. two mitochondrial loci and one 
nuclear locus). Diversification in the group was initially relatively slow 
until an apparent increase about 4–6 Ma, especially in the reticulata 
clade. Our divergence time estimates were very similar to those found by 
Guillory et al. (2019) in their analysis of the Dendrobatidae phylogeny, 
likely because they also used UCEs and calibrated their tree using esti
mates derived by Santos et al. (2009). Notably, Guillory et al. (2019) 
used BEAST based on the top 200 most informative loci in their diver
gence time estimation, compared with our use of our entire dataset in 
MCMCTree. 

3.6. Biogeographic implications 

Our phylogenetic results also provide insights into the biogeographic 
history of Ranitomeya. The nexus of Ranitomeya diversity is east-central 

and northeastern Peru, with comparatively little species diversity in the 
greater Amazon basin (Fig. 3; Fig. S7), similarly to the dendrobatid 
genus Ameerega (Guillory et al., 2020). A principal question is whether 
the recent and dynamic paleogeographic history of Amazonia contrib
uted to the diversification of Ranitomeya, most notably the orogeny of 
the Andean cordillera. The recent uplift of the Andes in the Late Miocene 
has long been a suggested principal driver of Neotropical diversification 
(Hoorn et al., 2010). The orogeny and resulting topographic heteroge
neity in the region likely fomented the diversification of Ranitomeya and 
other dendrobatids by generating new local-scale climatic regimes, 
ecological niches, and geographic barriers to gene flow. The divergence 
between Ranitomeya and its sister genus Andinobates at around 12 Ma 
(Fig. 2) corresponds to an intense period of uplift in the central Andes 
(Hoorn et al., 2010). 

A few studies have debated whether Andean dendrobatids originated 
in the Amazonian highlands (the foothills of the Andes), or in the 
Amazonian lowlands to the east (Roberts et al., 2006; Brown and 
Twomey, 2009). Brown and Twomey (2009) and Guillory et al. (2020) 
both suggested an Andean origin for the poison frog genus Ameerega, 
and here we propose a similar history for Ranitomeya. This was also 
inferred by Santos et al. (2009), who used ancestral range estimation to 
show that Ranitomeya dispersed from the Andes into the Amazon basin 
beginning around 10 Ma. A marine incursion in northern South America 
during the Miocene, which created the Pebas “megawetland” system 
east of the rising Andes (Hoorn et al., 2010), likely limited Ranitomeya to 
the Andes. When the megawetland receded around 10 Ma, certain 

Fig. 2. Time-calibrated phylogeny for Ranitomeya and two outgroups generated using MCMCTree. Each terminal represents a morph within a species. Time units are 
millions of years. Species groups are highlighted and labeled. Frog illustrations by TRK and WXG. For detailed MCMCTree results see Fig. S7 and Table S2. 
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Ranitomeya lineages likely dispersed into the Amazon Basin; this cor
responds to rapid cladogenesis in lowland Ranitomeya around this time 
as discerned by Santos et al. (2009). 

Further lines of evidence for the Andean origin of Ranitomeya include 
its closest related genera (Andinobates and Excidobates) also inhabiting 
the Andes, and the much higher number of Ranitomeya species associ
ated with mid-elevations along the eastern versant of the Andes or in the 
immediately adjacent Amazonian lowlands, rather than ranging 
throughout the Amazon Basin to the east. These restricted ranges are 
also significant for the labile color pattern evolution apparent in Rani
tomeya, because many species near the Peruvian Andes exhibit Mülle
rian mimicry with congeners (e.g., R. fantastica and R. imitator at 
Varadero, Peru; Symula et al., 2001; Stuckert et al., 2014), and model 

species must colonize areas prior to mimic species in order for Müllerian 
mimicry can evolve. Our divergence time estimates do indicate that the 
variable morphs of R. imitator diverged more recently than their sym
patric model species R. variabilis and R. fantastica (Fig. 2). Additional 
studies of the history of dispersal in these species should focus on testing 
this prediction, potentially by incorporating spatial genetic simulations 
(Brown et al., 2016; Prates et al., 2016). 

Remarkably, we inferred populations from French Guiana and 
eastern Brazil, originally assigned to R. amazonica, to be members of 
R. variabilis. This is unexpected because the other populations of 
R. variabilis occur in the Andes of central Peru, some 4500 km to the 
west. Some geological studies (Rossetti et al., 2005; Campbell Jr. et al., 
2006) suggest that the lacustrine conditions of western Amazonia did 

Fig. 3. Map of sequenced Ranitomeya localities used in the full 67-terminal phylogeny generated by IQ-TREE. A) The total distribution of Ranitomeya throughout 
South America B) and a closer look at the East Andean Versant. C) The reduced phylogeny on the right contains one tip per morph. Symbols on tips correspond to 
morph localities on the map. Each species has a common color for all morphs, and different-shaped symbols represent different morphs within that color species. See 
Fig. S8 for a generalized extent of occurrences for all species. 
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not recede until the Pliocene, around 3–6 Ma, allowing a continuous 
watershed between the Solimões and Amazon Basins to form, followed 
by consistent rainforest habitat stretching from the Andes to the 
Atlantic. This potentially facilitated the migration of R. variabilis from 
west to east; these two lineages diverged in the Pliocene around 3–4 Ma 
(Fig. 2), well within this timeframe. This hypothesis has already been 
raised to potentially explain the distribution of Psophia trumpeters 
(Ribas et al., 2012). However, it conflicts with the aforementioned 
explanation for the overall expansion of Ranitomeya, which necessitates 
the Miocene lake system receding several million years earlier (Hoorn 
et al., 2010). 

An alternative hypothesis proposes that the frogs might have 
dispersed via the Amazon River on vegetation rafts, ultimately estab
lishing populations known as waif populations (Zimmermann and 
Zimmermann, 1988). These rafts can be frequently observed during the 
rainy season floating downstream; we have personally observed sub
stantive vegetation rafts with multiple trees, and at times, large masses 
of soil. This mode of dispersal could also cover thousands of river- 
kilometers relatively quickly, even in a matter of months (Kozel, 
2002). Landslides are common in montane regions, suggesting that 
vegetation rafts could form with high frequency along rivers in the 
Andean foothills. These rafts might more easily make landfall in those 
stretches where the Amazon assumes the form of a highly reticulated 
river delta, as seen in extreme eastern Brazil and nearby French Guiana, 
where populations of R. variabilis now occur. 

These alternative historical scenarios would generate markedly 
different biogeographic signatures. For instance, a slow terrestrial 
dispersal would lead to genetic structure fitting an isolation-by-distance 
pattern throughout the Andes and the Guiana Shield. Conversely, a 
pattern of mixed, poorly structured genetic diversity among the two 
regions fitting the riverine-raft mode of dispersal, particularly if down
river populations possess higher proportions of unique polymorphic 
sites, would be indicative of founder events. While there is currently no 
evidence supporting undescribed species diversity in wide-ranging taxa 
such as R. variabilis, more intensive spatial sampling could reveal un
discovered populations. Further field surveys and investigations of ge
netic structure among populations of wide-ranging species such as 
R. variabilis are required to clarify the biogeographic events behind 
current distribution patterns in Ranitomeya. 

4. Concluding remarks 

We addressed outstanding issues in the phylogenetic systematics of 
Ranitomeya poison frogs based on genome-scale data and comprehensive 
taxonomic, geographic, and phenotypic sampling. Our results indicate 
that Ranitomeya began diverging rapidly around 4–6 Ma into several 
clades with diverse color patterns. Contrary to studies based on smaller 
datasets, we find that R. toraro and R. defleri are not sister species, but 
rather two separate species groups, with R. defleri sister to the reticulata 
group and R. toraro sister to the clade composed of the reticulata group 
and R. defleri. Samples formerly assigned to R. amazonica from French 
Guiana and northeastern Brazil were recovered as sister to R. variabilis, 
and we reassign those populations to R. variabilis. Lastly, R. uakarii is 
split into two clades nested within the reticulata group, one representing 
samples from the northern R. uakarii range and the other consisting of 
samples from the southern R. uakarii range. Our results, specifically our 
placement of eastern ‘R. amazonica’ populations sister to R. variabilis, 
indicate that Ranitomeya biogeographic history may be more compli
cated than previously thought. We suggest additional investigation into 
population genetic structure to resolve whether the eastward radiation 
of Ranitomeya is the result of gradual dispersal through the Amazonian 
lowlands followed by extinction in intervening regions, or more rapid 
dispersal eastward on riverine rafts. Our study demonstrates the ability 
of genome-scale data to provide new insights into the evolutionary 
history and species limits even in relatively well-studied groups of or
ganisms. We recommend that future studies seek to expand our 

geographic and genomic sampling to address standing questions on 
color pattern evolution and biogeography in Ranitomeya and other 
poison frog clades. 
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