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Despite encompassing a relatively small geographical area, montane regions harbour disproportionately high levels 
of species diversity and endemism. Nonetheless, relatively little is known about the evolutionary mechanisms that 
ultimately lead to montane diversity. In this study, we used target capture of ultraconserved elements to investigate 
the phylogenetic relationships and diversification patterns of Melanophryniscus (Bufonidae) and Brachycephalus 
(Brachycephalidae), two frog genera that occur in sky islands of the southern Atlantic Forest of Brazil. Specifically, 
we tested whether diversification of montane species in these genera could be explained by a single climatic shift 
leading to isolation in sky islands, followed by climatic stability that maintained populations in allopatry. In both 
genera, the topologies inferred using concatenation and coalescent-based methods were concordant and had strong 
nodal support, except for a few recent splits, which nevertheless tended to be supported by more informative loci. 
Estimation of divergence time of a combined dataset using both genera is consistent with a concordant timing of 
their diversification. These results support the scenario of diversification by isolation in sky islands and suggest that 
allopatry attributable to climatic gradients in montane regions is an important mechanism for generating species 
diversity and endemism in these regions.

ADDITIONAL KEYWORDS:  Brachycephalus – coalescent – Melanophryniscus – target enrichment – 
ultraconserved elements.

INTRODUCTION

It has long been recognized that montane habitats 
tend to display disproportionately high levels of spe-
cies diversity and endemism, but relatively little is 
known about the processes underlying this phenom-
enon (Kessler & Kluge, 2008; Fjeldså et al., 2012). For 
example, diversification of montane lineages is often 
attributed to the direct effects of mountain uplift on 
the interruption of gene flow (e.g. Roy et al., 1997; 

Toussaint et al., 2014; Xing & Ree, 2017). However, 
the initial isolating mechanism may not simply result 
from the creation of a new, physical barrier. Rather, iso-
lation could result from the intrinsic spatiotemporal 
heterogeneity in lineage persistence that subsequently 
produces high species turnover (Roy et al., 1997). 
Likewise, some researchers have argued that newly 
formed species arise in montane habitats and subse-
quently migrate into the lowlands, creating a situation 
where lowland habitats are ‘sinks’ of species accumu-
lation rather than centres of species diversification 
(e.g. Fjeldså, 1994). For example, Roy et al. (1997) used 
distributional records of bird species in South America *Corresponding author. E-mail: marcio.pie@gmail.com
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evidence for this scenario were twofold: the virtual 
lack of sympatry of microendemic species of each genus 
(Pie et al., 2013, Bornschein et al., 2015, 2016a) and 
the relative concordance in the timing of their diver-
sification (Firkowski et al., 2016). However, the limited 
dataset used by Firkowski et al. (2016) left uncertainty 
in the estimated species trees upon which the inferred 

diversification scenario depended. Here, we investigate 
the phylogenomic relationships and diversification pat-
terns of Melanophryniscus and Brachycephalus in sky 
islands of the southern Serra do Mar to test whether 
they share a similar timing in their diversification, 
which would be consistent with common vicariance 
mechanisms leading to their isolation.

Figure 1.  Examples of the species of Melanophryniscus and Brachycephalus investigated in the present study. A, 
Melanophryniscus alipioi. B, Melanophryniscus sp. Boa Vista. C, Melanophryniscus milanoi. D, Melanophryniscus sp. Morro 
do Boi. E, Brachycephalus brunneus. F, Brachycephalus izecksohni. G, Brachycephalus fuscolineatus. H, Brachycephalus 
auroguttatus. Photographs by L.F.R.
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in APE. Finally, we analysed the spatial distribution of 
the studied lineages with respect to their topography 
and divergence times using geophylogenies, as imple-
mented in GenGIS v. 2.5.3 (Parks et al., 2013).

RESULTS

After filtering loci with missing data, our final data-
sets included 820, 1227 and 303 loci (total of 385 080, 
677 667 and 155 683 bp) for the Brachycephalus, 
Melanophryniscus and combined datasets, respect-
ively, with 610 loci in common between the first two 
datasets. There was an increase in variability towards 
the flanking regions of the UCE core (Supporting 
Information, Fig. S1), with only 1.6 and 13.2% of 
the loci being invariant in the Brachycephalus and 
Melanophryniscus datasets, respectively (Supporting 
Information, Fig. S2). Basic properties of the UCE loci 
obtained in the present study are shown in Figure 2.

All phylogenetic analyses supported the same 
topologies (Fig. 3), with slight differences in nodal 
support. Phylogenetic analyses of the concatenated 
Brachycephalus and Melanophryniscus datasets using 
maximum likelihood (ML) provided 100% bootstrap 
support for all nodes, except for the clade including 
M. milanoi and Melanophryniscus sp. ‘Azul’, which 

had a bootstrap support of 97%. The concatenated ML 
analysis of the combined dataset produced the same 
topology as the previous datasets, but with decreased 
support at some of the nodes (Supporting Information, 
Fig. S3). Coalescent-based analyses also tended to show 
high support (LPP = 0.94–1.0) for most nodes, except 
for three clades: Brachycephalus auroguttatus Ribeiro, 
Firkowski, Bornschein & Pie, 2015 + Brachycephalus 
quiririensis Pie & Ribeiro, 2015 (LPP  =  0.58), 
Brachycephalus verrucosus Ribeiro, Firkowski, 
Bornschein & Pie, 2015 + Brachycephalus olivaceus 
Bornschein, Morato, Firkowski, Ribeiro & Pie, 2015 
(LPP = 0.87) and M. milanoi + M. sp. ‘Azul’ (LPP = 0.88). 
To explore this issue further, we compared three statis-
tics (average within-locus bootstrap support, proportion 
of informative sites and fragment length) of the loci that 
were consistent with those clades in relationship to the 
remaining loci, namely B. auroguttatus + B. quiririen-
sis (supported by 126 loci, not supported by 694 loci), 
B. verrucosus + B. olivaceus (supported by 136 loci, not 
supported by 684 loci) and M. milanoi + M. sp. ‘Azul’ 
(supported by 595 loci, not supported by 225 loci). In all 
three cases, the loci supporting those clades had signifi-
cantly higher proportions of informative sites and mean 
bootstrap values (P = 0.0015–6.11 × 10−6) than the loci 
conflicting with these relationships, but not larger frag-
ment lengths (P = 0.53–0.053).

Figure 3.  Relationships among the studied species of Brachycephalus (left) and Melanophryniscus (right). The topologies 
were identical in all concatenated and species tree analyses. Nodes above branches correspond to local posterior probabili-
ties (LPPs) based on ASTRAL-II species tree analyses. Nodes without annotation are supported with LPP = 1. All nodes 
were received 100% bootstrap in concatenated analyses (RAxML and BEAST). Outgroup lineages were omitted to facilitate 
visualization. Light blue and red circles indicate the presence of Brachycephalus and Melanophryniscus, whereas dark blue 
circles indicate locations where both genera were sampled.
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RelTime and BEAST provided congruent estimates 
of divergence times (Fig. 4; Supporting Information, 
Fig. S4), indicating that most species in both genera 
appear to have originated abruptly during the Pliocene 
(Fig. 5). Estimates for Melanophryniscus were slightly 
older in RelTime in relationship to BEAST, possibly 
because the latter were based on a matrix in which all 
but one tip per species was sampled before estimation. 
The concordant timing of the recent divergence times 
in each genus was consistent with a scenario in which 
their speciation events were driven by the same isola-
tion mechanisms (Fig. 4). On the contrary, despite the 
strong temporal congruence in the diversification of 
both genera, they did not share a common geographi-
cal distribution. For instance, Melanophryniscus spe-
cies were distributed across a simple north–south axis, 

whereas there was some overlap between the distri-
butions of the two major clades of Brachycephalus in 
the state of Paraná (Fig. 3). Interestingly, this overlap 
is associated with some of the most recent speciation 
events in Brachycephalus (Fig. 3).

DISCUSSION

We observed substantial differences in the phylog-
eny inferred using UCE data compared with that of 
Firkowski et al. (2016). Melanophryniscus xanthos-
tomus and Melanophryniscus sp. ‘Boi’ were shown 
to be more closely related to the clade including 
M. milanoi and related lineages than to M. alipioi 
and Melanophryniscus sp. ‘Igreja’. In addition, we 

Figure 4.  Timing of diversification of Brachycephalus (blue) and Melanophryniscus (red) and their distribution over geo-
graphical space. Divergence time estimates are based on 150 million Markov chain Monte Carlo generations of an unparti-
tioned matrix (303 UCE loci, 155 683 bp) under a GTR+Γ4 model of evolution. Divergence estimates based on RelTime are 
indicated in the Supporting Information (Fig. S4). The distribution of the studied lineages and their relationships are shown 
in relationship to the topography of the region (below; see Fig. 3 for scale).
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detected many differences in the southern clade of 
Brachycephalus, particularly with respect to the phy-
logenetic position of B. auroguttatus and B. quiririen-
sis. These differences might have resulted from the 
rapid diversification of these lineages (Fig. 4), which 
would require large-scale datasets to be resolved 
(Smith et al., 2015). The consistency in the topologies 
obtained across methods indicates that our results are 
likely to be a solid basis for further interpretation of 
the diversification patterns in these anurans.

Estimates of divergence times in this study are 
older than those from a previous study that used 
anuran ND2 mutation rates (Firkowski et al., 2016). 
Indeed, our estimates bring the speciation events in 
Brachycephalus and Melanophryniscus closer to diver-
gences found in other montane lineages (e.g. Toussaint 
et al., 2014). Although it is often difficult to establish 
a cause–effect relationship between geological and bio-
logical events (see Rull, 2015), geological processes that 
gave rise to the Serra do Mar predate these speciation 
events considerably, given that the Serra do Mar was 
formed by the differential erosion of rocks of varying 
levels of resistance that took place from the Palaeogene 
and throughout the Miocene (de Almeida & Carneiro, 
1998). The inference of older divergence times for 
both lineages creates another conundrum. How was it 
possible for these species to have retained microend-
emism and allopatry, given habitat change and poten-
tial connectivity of mountains over that time? It seems 

unlikely that each lineage remained isolated without 
either dispersing or colonizing nearby areas over this 
long period of time, especially given that some are only 
a few kilometres distant from one another.

According to the scenario proposed by Firkowski 
et al. (2016), this could have been achieved through cli-
matic stability, which prevented colder climates from 
expanding into lowlands, thus hampering the possi-
bility of secondary contact and sympatry (for a gen-
eral discussion of how niche conservatism might lead 
to population isolation and divergence, see: Wiens, 
2004; Kozak & Wiens, 2006, 2010; Cadena et al., 2012). 
Although stability in montane habitats in this region 
might seem unlikely, given that grasslands covered 
many areas of the Atlantic Forest during glacial times 
(e.g. Behling, 2008), areas of palaeoecological stability 
might have persisted in small pockets within moun-
tains (Roy et al., 1997), thus acting as microrefugia 
(sensu Brown & Ab’Saber, 1979). Indeed, the concordant 
timing of the lineage accumulation of Brachycephalus 
and Melanophryniscus (Fig. 5) is remarkable given the 
marked ecological differences between them (e.g. dir-
ect/indirect development, breeding in litter/phytotel-
mata) and is therefore strong evidence for a common 
mechanism underlying their diversification.

The new phylogenies presented here immedi-
ately reveal some fascinating evolutionary scenar-
ios that could be followed up by future studies. For 
instance, most of the species in the northern clade 
of Brachycephalus (Fig. 4A, C) are characterized by 
highly cryptic coloration, including a dark brown dor-
sum (e.g. Brachycephalus brunneus Ribeiro, Alves, 
Haddad & Reis, 2005; Fig. 1E). However, one species 
(Brachycephalus izecksohni Ribeiro, Alves, Haddad & 
Reis, 2005; Fig. 1F), and many other Brachycephalus, 
are highly aposematic, with bright coloration patterns 
warning of the presence of a powerful neurotoxin (e.g. 
Pires et al., 2002). The phylogenetic distribution of col-
oration patterns suggests that aposematism was lost 
at the origin of this clade, and later regained with the 
evolution of B. izecksohni (Ribeiro et al., 2017).

It is also noteworthy that there are exceptions to the 
rule that most of the species of Brachycephalus in this 
study are found only on one or a few adjacent moun-
taintops; namely, B. brunneus and Brachycephalus 
curupira  Ribeiro, Blackburn, Stanley, Pie & 
Bornschein, 2017, which are precisely the species with 
cryptic coloration. Even broader geographical distri-
butions are found in more distantly related lineages 
in the didactylus group (sensu Ribeiro et al., 2015), 
such as Brachycephalus didactylus (Izecksohn, 1971), 
Brachycephalus hermogenesi (Giaretta & Sawaya, 
1998) and B. sulfuratus, all of which are cryptic. The 
wider distribution found in all cryptic Brachycephalus 
lineages might indicate that skin coloration patterns 
are one of the factors driving endemism in the genus.

Figure 5.  Lineages-through-time plots indicating the 
timing of diversification of Brachycephalus (blue) and 
Melanophryniscus (red). Thin lines correspond to 200 post-
burn-in trees from BEAST analyses, whereas thick lines 
indicate divergence times based on the RelTime method.
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Another important area for future studies involves 
tests of the diversification scenario provided by other 
montane endemics, such as rhinocryptid birds of the 
genus Scytalopus (Mata et al., 2009; Pulido-Santacruz 
et al. 2016). Alternatively, organisms without such strin-
gent environmental requirements might still show the 
signature of our hypothesized scenario in their corre-
sponding patterns of intraspecific genetic variability 
in the form of phylogeographical endemism, as found 
in the southern Atlantic Forest (Carnaval et al., 2014). 
Explicit tests with multiple lineages, such as those based 
on approximate Bayesian computation (e.g. Overcast 
et al., 2017), are a particularly promising area for future 
research to elucidate the mechanisms underlying mon-
tane diversification in the southern Atlantic Forest.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Table S1. Samples used in the present study. Unnamed species are indicated by ‘sp.’, followed by a code indicating 
the first recorded location.
Figure S1. Increase in variability flanking the ultraconserved regions of the studied datasets.
Figure S2. Proportion of parsimony-informative, parsimony-uninformative and constant sites per locus in each 
dataset. Loci were ranked by the number of variable sites to facilitate visualization.
Figure S3. Phylogenetic relationships among the studied species, as inferred by the concatenated maximum 
likelihood analysis of the combined dataset. Values on branches indicate bootstrap support values (based on 1000 
replicates). Branches without values are supported by 100% bootstrap support.
Figure S4. Phylogenetic relationships between studied species based on RelTime estimates of concatenated 
sequences of 303 ultraconserved element (UCE) loci (155 683 bp).
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