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ARTICLE INFO ABSTRACT

Keywords: Despite extensive research on biodiversity in Neotropical forests, biodiversity in seasonally dry, open biomes in
Ama?°nia South America has been underestimated until recently. We leverage a widespread group, Boana albopunctata, to
gladlzmr treefrog uncover cryptic lineages and investigate the timing of diversification in Neotropical anurans with a focus on dry
erraco diagonal biomes (Cerrado, Caatinga and Chaco) and the ecotone between Amazonia and the Cerrado. We
Diversification . . . . . .
Dry diagonal inferred a multilocus phylogeny of the B. albopunctata species group that includes 15 of 18 described species,
Phylogeograph recovered two cryptic species, and reconstructed the timing of diversification among species distributed across

multiple South American biomes. One new potential species (B. aff. steinbachi), sampled in the Amazonian state
of Acre, clustered within the B. calcara-fasciata species complex and is close to B. steinbachi. A second putative
new species (B. aff. multifasciata), sampled in the Amazonia-Cerrado ecotone, is closely related to B. multifasciata.
Lastly, we place a recently identified Cerrado lineage (B. aff. albopuncata) into the B. albopunctata species group
phylogeny for the first time. Our ancestral range reconstruction showed that species in the B. albopuctata group
likely dispersed from Amazonia-Cerrado into the dry-diagonal and Atlantic Forest. Intraspecies demography
showed, for both B. raniceps and B. albopunctata, signs of rapid expansion across the dry diagonal. Similarly, for
one clade of B. multifasciata, our analyses support an invasion of the Cerrado from Amazonia, followed by a rapid
expansion across the open diagonal biomes. Thus, our study recovers several recent divergences along the
Amazonia-Cerrado ecotone in northern Brazil. Tectonic uplift and erosion in the late Miocene and climate os-
cillations in the Pleistocene corresponded with estimated divergence times in the dry diagonal and Amazonia-
Cerrado ecotone. Our study highlights the importance of these threatened open formations in the generation
of biodiversity in the Neotropics.

1. Introduction

Diversification in South America is often attributed to the large
number of climatically-diverse biomes including Amazonia, Atlantic
Forest, Caatinga, Cerrado, and Chaco, and biotic interchanges between
them (Antonelli et al., 2010; Ledo and Colli, 2017; Thomé et al., 2016;
Turchetto-Zolet et al., 2013). Each biome has distinct climatic and
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geological features: Amazonia and Atlantic Forest are humid, while the
Caatinga (seasonally dry tropical forest), Chaco (temperate dry forest),
and Cerrado (tropical savanna) comprise the “dry diagonal”, a more
arid, seasonal, and open vegetation area that spans northeastern Brazil
to Paraguay. Until recently, few studies had examined taxa distributed
across multiple biomes, particularly those that span rainforests and the
dry diagonal (but see Wiister et al., 2005; Werneck et al., 2009; Pavan
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and Marroig, 2017, Vasconcellos et al., 2020). Although historically
considered an area of low biodiversity with faunal compositions derived
from nearby biomes, more recent phylogeographic studies reveal high
levels of endemism and cryptic lineages in the dry diagonal (Bartoleti
et al., 2017; Domingos et al., 2017; Lanna et al., 2018; Prado et al.,
2012), indicating that it may play an unappreciated role in the origin of
South American diversity. Because climate change and widespread
agricultural and urban development threaten large portions of these
biomes, our understanding of their contributions to the origins and
maintenance of biodiversity is increasingly important.

Traditionally, vicariance has been considered the principal driver of
diversification in the Neotropics (Haffer, 2008; Hoorn et al. 2010, Smith
et al., 2014). Within the dry diagonal, geomorphological compartmen-
talization in the Cerrado seems to have promoted lineage diversification
and speciation in response to tectonic activities since the early Miocene
(Guarnizo et. al, 2016). Erosion following the uplift of the Brazilian
Shield molded the landscape into ancient plateaus, such as the Chapada
dos Guimaraes, which formed approximately 5 -7 mya (Camurugi et al.,
2021; Prado et al., 2012; Silva, 1997). These plateaus are dominated by
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savanna-like vegetation, while younger valleys are dominated by more
heterogeneous forest assemblages (Werneck, 2011). Although a possible
scenario of reciprocal monophyly of lineages in plateaus and valleys has
been proposed (Werneck, 2011), two other general patterns of diversi-
fication linked to this uplift have been recovered: a northwest-southeast
directionally exhibited by some Cerrado endemic species (Guarnizo
et al., 2016; Prado et al., 2012, Santos et al., 2014) and a southwest-
northeast directionality (common in groups widespread in the dry di-
agonal) (i.e., Werneck et al., 2012; Fig. 1 arrows). Diversification is
largely consistent among Cerrado endemics, likely reflecting the effects
of these ubiquitous geomorphological events in the diversification of its
fauna (Guarnizo et al., 2016).

However, despite the focus on vicariance-driven diversification in
the Neotropics, biotic exchanges between older, more humid biomes
such as Amazonia into the novel biomes of the dry diagonal may have
promoted new adaptations and increased phylogenetic diversity (Simon
etal., 2009). Indeed, dispersal between Amazonia and other Neotropical
regions was identified as the “primary source” for Neotropical diversity
in a recent meta-analysis (Antonelli et al., 2018). Similarly, a study on
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Fig. 1. Map of sampling localities for the Boana albopunctata species group. Potential new species are represented by open symbols. Biomes are highlighted in
different colors as indicated in the legend. Points are lightly offset to remove overlap, see Supp. Table 1 for precise coordinates.
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Neotropical birds recovered spatially and temporally discordant diver-
sification across lineages, which is inconsistent with large-scale
geomorphological events as the primary drivers of diversification. This
highlights the role of dispersal, rather than only vicariance in generating
Neotropical biodiversity (Smith et al., 2014).

Climatic shifts during the Quaternary (~2.6 mya) (Carnaval et al.,
2009; Da Silva et al., 2014; van der Hammen and Hooghiemstra, 2000)
may have promoted such exchanges between biomes. For instance,
isolated patches of savanna-like vegetation within Amazonia may have
harbored distinct lineages, which later came into contact with the Cer-
rado during climatic fluctuations, although the contribution of Amazo-
nian Savannas to Cerrado biodiversity remains unclear (Resende-
Moreira et al., 2019). Pleistocene climatic oscillations have also driven
diversification within the dry diagonal (Vasconcellos et al., 2019) with
lineages from the Cerrado colonizing and diversifying withing the
Caatinga (Oliveira et al. 2018), as evidenced by population expansions
in lowland (Gehara et al., 2017) and highland (de Oliveira et al., 2021)
Caatinga species. Thus, a complete understanding of evolutionary roots
of the incredible Neotropical diversity requires an understanding of the
complex relationships among biotas of humid tropical forests and the
dry diagonal, as well as the idiosyncratic relationships among lineages of
dry diagonal biomes. To achieve such understanding the study of species
groups distributed across these biomes is necessary.

Treefrogs of the family Hylidae are the most diverse Neotropical
amphibians (Frost, 2021). The Boana albopunctata species group, a clade
of hylid treefrogs, includes 18 species widely distributed in South
America, and one in the Caribbean (Frost, 2021). Their widespread
distribution provides the opportunity to examine patterns of Neotropical
diversity across South American biomes. Indeed, this group has been
targeted in recent studies of phylogeography (Prado et al., 2012;
Camurugi et al., 2021), phenotypic diversification (Rainha et al., 2021),
and systematics (Fouquet et al. 2021). In Amazonia vicariance drove an
initial east-west divergence followed by transriverine dispersal over the
last 5 my, which marked more recent diversification in the group
(Fouquet et al. 2021). Within the Cerrado, endemic species of the group
show the classic northwest-southeast directionality (Prado et al., 2012;
Guarnizo et al., 2016) and both vicariance and isolation by environment
have contributed to population divergence in more widespread species,
such as B. raniceps (Camurugi et al., 2021). Mapping transitions from
Amazonia to the dry diagonal in a phylogenetic context, and inferring
the timing of such events will allow us to investigate how such ecological
opportunities may promote diversification (Losos, 2010; Schluter,
2000).

Recent phylogenetic studies in the Boana albopunctata species group
have focused on Amazonia using mitochondrial data to reconstruct
group phylogenies (Pinheiro et al., 2018; Fouquet et al. 2021). In the
present study we investigate cryptic diversity and the timing of diver-
sification in this group using both mitochondrial and nuclear loci with
emphasis on the Amanzonia-Cerrado ecotone and the open dry diagonal.
At the interspecific level we used a time-calibrated species tree to infer
divergence times and reconstruct ancestral ranges for each lineage. In
addition to species-level analyses, we examined phylogeographic trees
to examine intraspecific population structure and demographic pro-
cesses within B. albopunctata, B. raniceps, and B. multifasciata, three
species with multi-biome ranges distributed across the Amazonia-
Cerrado ecotone, the Caatinga, the Cerrado, and the Atlantic Forest
(Fig. 1).

Our goals were three-fold: 1) Sequence B. albopunctata group species
across the Amazonia-Cerrado ecotone to detect undescribed lineages
and place these within the group’s phylogeny; 2) quantify recent
diversification within the dry diagonal indicated by speciation events
occurring within the Cerrado, and the presence of population structure
within B. albopunctata, B. raniceps, and B. multfasciata across dry biomes;
and lastly, 3) examine the concordance of diversification events with
biotic exchange between Amazonia and the Cerrado (which would be
represented by dispersal from Amazonia to the dry diagonal in ancestral
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range reconstructions), Pleistocene climate oscillations (~3 mya; van
der Hammen and Hooghiemstra, 2000) and tectonic events such as the
uplift of the Chapada does Guimaraes plateau (5-7 mya; Silva, 1997),
and tectonic activity in western Amazonia (~10 mya; Hoorn et al.,
2010). Examination of both species level and intra-species diversifica-
tion expands the current knowledge of biodiversity in this group of
treefrogs and has the potential to elucidate the relative importance of
biotic exchanges among open and forested biomes in promoting diver-
sification in the Neotropics.

2. Materials and methods
2.1. Study system

The Boana albopunctata species group, found in the Caribbean and
throughout South America currently contains 18 species: B. albopunctata
(Spix, 1824), B. alfaroi (Caminer and Ron, 2014), B. almendarizae
(Caminer and Ron, 2014), B. caiapo (Pinheiro et al., 2018), B. calcarata
(Troschel, 1848), B. courtoisae (Fouquet et al., 2021), B. dentei (Boker-
mann, 1967), B. eucharis (Fouquet et al., 2021), B. heilprini (Noble,
1923), B. fasciata (Giinther, 1859), B. lanciformis (Cope, 1871),
B. leucocheila (Caramaschi and Niemeyer, 2003), B. maculateralis
(Caminer and Ron, 2014), B. multifasciata (Giinther, 1858), B. paranaiba
(Carvalho et al., 2010), B. raniceps (Cope, 1862), B. steinbachi (Bou-
lenger, 1905), and B. tetete (Caminer and Ron, 2014). Previous phylo-
genetic analyses indicate that the earliest divergence in this group is
between B. heilprini, from Hispaniola, and the remaining species, with
the more derived lineages (B. albopunctata and B. multifasciata) occur-
ring in dry habitats of Brazil (Pyron and Wiens, 2011). Boana raniceps
and the newly described B. caiapo also occur in the dry diagonal, and all
other named species have ranges within Amazonia or in the Cerrado-
Amazonia ecotone.

2.2. Taxonomic sampling

Fifteen of the 18 species in the B. albopuntata group are represented
in our analyses. Our dataset included multiple specimens of ten named
species: B. albopunctata (N = 117), B. calcarata (N = 8), B. dentei (N =
11), B. heilprini (N = 6), B. lanciformis (N = 10), B. leucocheila (N = 6),
B. multifasciata (N = 33), B. raniceps (N = 156), Boana caiapo (N = 11),
and B. eucharis (N = 4) (Fig. 1; Supp. Table 1). We also obtained 16S
mitochondrial sequences for five additional named species: B. alfaroi,
B. almendarizae, B. fasciata, B. maculateralis, and B. tetete, as well as
B. caiapo, from GenBank (Supp. Table 2) to place them within the larger
species complex. We lacked samples of B. paranaiba, B. steinbachi, and
B. courtoisae, the only three described species missing in our dataset.
Boana albomarginata (N = 1) and B. faber (N = 1) were included as
outgroups in our analyses. Following filtering, several samples were
eliminated from the dataset, resulting in the following sample sizes:
B. albopunctata (N = 70), B. calcarata (N = 50).

Lastly, we sampled three putative new species. First, a deeply
divergent mitochondrial cryptic lineage within B. albopunctata from the
plateau of Chapada dos Guimaraes in the Cerrado, previously recovered
by Prado et al. (2012) (hereafter, “B. aff. albopunctata”, N = 29). Next,
we identified two cryptic lineages during sequencing: a putative species
from the Amazonian state of Acre in northern Brazil (B. aff. steinbachi, N
= 6), and specimens collected in Amazonia and within the Amazonia-
Cerrado ectone (B. aff. multifasciata, N = 27). All samples were
included in the final dataset.

2.3. Laboratory protocols

DNA extraction was performed following methods outlined in Prado
et al. (2012). We amplified one mitochondrial gene fragment including
NADH dehydrogenase subunit 1, the adjacent tRNA™" and tRNA'®, the
flanking tRNAC™ and partial sequence for the flanking 16S region (1836
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bp). We also sequenced two nuclear genes, p-fibrinogen (partial exons 1
and 2, and intron 1; 509 bp) and rhodopsin (exon 1; 309 bp). Sequencing
primers are listed in Supp. Table 3. PCR followed protocols in Prado
et al. (2012), with ND1 annealing temperature at 54.7 °C, p-fibrinogen
at 49 °C, and rhodopsin at 46 °C. Cycle sequencing reactions in both
directions were performed using Big Dye terminator sequencing chem-
istry (Applied Biosystems, Foster City, CA, USA). We used
SEQUENCHER v4.1 (GeneCodes, Ann Arbor, MI, USA) to assemble
contigs for each gene fragment.

2.4. Alignment/Annotation

We aligned sequences using MAFFT (Katoh and Toh, 2010) and
visually inspected and annotated sequences in AliView (Larsson, 2014).
We used PHASE to resolve nuclear haplotypes (Garrick et al., 2010).
Individuals with more than 50% missing data were removed from each
gene matrix. To retain the greatest number of individuals with more
than 50% coverage, we trimmed the ND1 sequence to include only the
16S portion (base pairs 1-734). All B. eucharis samples had more than
50% missing data for this 16S fragment, however; we included these
samples to place these populations within our species tree. All samples
and their localities are shown in Fig. 1, and samples with their biome
assignment are listed in Supp. Table 1.

We used PartitionFinder v1.1.1 to determine the appropriate sub-
stitution model for each partition (Lanfear et al., 2012). Settings for
PartitionFinder were: branch lengths unlinked, “all” models of evolution
searched, search scheme set to “greedy,” and BIC scores used for model
selection. We tested models that partitioned by genes and by codons
within independent nuclear genes. The JC model was the best for
Rhodopsin, HKY + G model for f-fibrinogen, and HKY + G for 16S.
Models were implemented in BEAST without invariant site (I) estima-
tion because there is some indication that the separation of I and G is
biologically irrelevant and may bias results of Bayesian phylogeny
estimation methods (Jia et al. 2014).

2.5. Dated species tree with all genes and all samples

We created a species tree with ten named species and three putative
new species (Boana aff. albopuncta, B. aff. multifasciata, and B. aff.
steinbachi) for which we had multiple samples and all three gene se-
quences. We used *BEAST implemented in BEAST2 and prepared our
data for input into BEAST2 using BEAUTi (v 2.4.7) (Drummond et al.,
2012) with the following settings: Yule model prior (Bell et al., 2015),
strict clock, and site models and trees unlinked between partitions.
Clocks were linked between the nuclear genes and we used published
substitution rate of 0.00753 substitutions/million years for 16S to date
the phylogeny (Gehara et al., 2014). BEAST was run twice for
450,000,000 generations. Outputs from both runs were combined in
Tracer (Drummond et al., 2012) to check for convergence, and to ensure
that the ESS for the posterior was above 200.

Using the species trees created by *BEAST, we constructed a
Maximum Clade Credibility tree in TreeAnnotator v2.4.1 (Drummond
et al., 2012), with the first 10% of trees discarded. As part of the con-
struction of the species tree, *BEAST also creates individual gene trees.
The three individual gene trees were also checked for ESS scores and
convergence, and we generated Maximum Clade Credibility trees for
each gene independently.

2.6. Expanded species phylogeny with GenBank sequences

In addition to the species tree, we constructed a tree using a portion
of the 16S sequence, hereafter referred to as the “expanded species
phylogeny”, to include species within the Boana albopunctata group
obtained from GenBank: B. alfaroi, B. almendarizae, B. caiapo,
B. maculateralis, and B. tetete (Supp. Table 2). The goal of this analysis
was to create a more complete phylogeny of the B. albopuncata group,
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and to check the similarity of putative new species to all described
species for which we could obtain sequence data. We chose a 499 bp
section of 16S that was sufficiently sequenced in both our samples and
samples obtained in GenBank. We did not include B. eucharis in this tree,
as we had only a small portion of the 16S sequence for this species. We
used GBLOCKS to align the sequences, and visually inspected sequences
for errors (Talavera and Castresana, 2007). We used BEAST2 and
BEAUTi (v 2.4.7) (Drummond et al., 2012) with an uncorrelated relaxed
clock and a GTR + G substitution model to infer the phylogeny. We used
the same fossil-calibrated 16S Hylid substitution rate as in the species
tree (Gehara et al., 2014). BEAST was run twice for 50,000,000 gener-
ations. Outputs from both runs were combined in Tracer (Drummond
et al., 2012) to check for convergence and to ensure that the ESS for the
posterior was above 200.

2.7. Intraspecies population structure and demographic statistics

The 16S gene tree produced by species tree analysis was used to
visualize intraspecies population structure because 16S was the gene
with the most complete sampling and had the most phylogenetic signal.
We also used this 16S sequence to detect patterns of demographic
expansion in Boana albopunctata, B. aff. albopunctata, B. multifasciata,
and B. raniceps. We used DNAsp (v6) (Rozas et al., 2017), to calculate
Fu's F (Fu, 1997), Tajima’s D (Tajima, 1989), and Ramos-Onsins and
Rozas’s R2 (Ramos-Onsins and Rozas, 2002). Negative values of Fu's F
and Tajima’s D, and significant values of R2 are indicative of departures
from neutrality. Deviations in these three statistics can indicate popu-
lation growth, which we might expect when species expand into new
biomes. We calculated each index separately for each clade: one clade
for B. raniceps, one for B. albopunctata, one for B. aff. albopunctata, and
three clades for B. multifasciata (see Fig. 4 for clades, and Supp. Table 6
for sample sizes). For each statistic, we used 1000 coalescent simulations
of the data to produce p-values for each estimate.

2.8. Ancestral range reconstruction

We re-constructed the biogeographic history of the Boana albo-
punctata species group to detect speciation in the Cerrado (Goal 2) and to
examine the concordance of diversification with range expansion from
Amazonia to the Cerrado (Goal 3). Specifically, we aimed to quantify the
number of speciation events occurring within the Cerrado and the
number of dispersal events between Amazonia and Cerrado across the
phylogenetic tree. We used Amphibian Species of the World (Frost,
2021), IUCN databases, and primary literature (Carvalho et al., 2010;
Pinheiro et al., 2018; Zina and Prado, 2010) to determine the distribu-
tion of each species and assign them to one or more of the following
biomes: Amazonia, Cerrado, Caatinga, and Atlantic Forest. Using the
wrapper program, RASP (Yu et al., 2015), we then tested the six
biogeographic models used by BioGeoBEARS (Matzke, 2014, 2013a,
2013Db) to determine the best model for our data.

We chose the best model based on AICc score, and then re-ran RASP
with the suggested model, Dispersal-Extinction-Cladogenesis (DEC)
without founder event speciation (J), as recommended in the RASP
documentation. The DEC model describes scenarios in which range
changes occur during cladogenesis (Ree and Smith 2008). The model
includes speciation via vicariance, where daughter species occupy
complementary subsets of the ancestor’s full range; “sympatric subset”
speciation, where one daughter inherits one area of the ancestral range,
with the other inheriting the remaining regions; and lastly, sympatric
“range copying” speciation, where the ancestor has only one ancestral
area (e.g. — “Amazonia”), which is then inherited by both daughters
(Matzke, 2014). DEC differs from the other models tested (DIVA,
BayArea, BBM) in including “sympatric subset” speciation, and in dis-
allowing both widespread sympatry (daughters inherit identical, multi-
region ranges), and widespread vicariance (daughters occupy distinct,
multi-region ranges). Thus, the DEC model would describe the scenario
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of interest, in which the ancestor disperses from Amazonia to the Cer- but also allows for uncertainty by incorporating multiple trees. We ran

rado, resulting in a sister species in each biome. the S-DEC model twice to confirm the stability of our results (Beaulieu
In the re-run, we included both the maximum clade credibility tree, et al., 2013; Ree and Smith 2008).

as well as a set of 1000 randomly selected trees (S-DEC method) from

our BEAST output. This “S” option in RASP implements the DEC model,

8
= O
S © © (&)
® s 3 s 3
S < RS 8
» < IS ) S S
= = < 7] < =
“ % o o 2 S g a S
2 g = & 2 g 3 g .
D 4= =
& Y S 3 © Q2 1S ® ©
(03] o 4] o [0l «Q « o o
L] [
N2
o
" 0
2
wrs
©; 5
S
ol F 2
N \)
D 3 w
-2 S -2
- W0
©
o
<)
@©
w
8
L. o >
w N 4
2|3 S
5
.mE
N
~ L
Y 3
w0
B K
L ©
<+

Fig. 2. Dated species tree using 16S, p-fibrinogen, and rhodopsin gene sequences. Numbers above branch are node age, bars represent 95% confidence intervals.
Posterior probability values are listed below each branch. Photo credits (from top): H.W. Greene, L. Alves, D.J. Rodrigues, D.J. Rodrigues, M. Gordo, M. Gordo, L.
Alves, C.P.A Prado, C.F.B. Haddad, A. Pansonato.



C.S. Mittan et al.

3. Results
3.1. Species tree topology

The earliest divergence in the Boana albopunctata group is B. heilprini,
which diverged from the rest of the group approximately 27 mya
(Fig. 2). The next divergence is the clade containing B. raniceps and
B. caiapo, which split from the remaining species approximately 15 mya
(posterior = 0.88, 95% CI for divergence: 6-15). The remaining species
comprise two clades that diverged approximately 11 mya (posterior =
0.95, 95% CI for divergence: 8-14). The first clade contains the
Amazonian species of the B. calcarata-fasciata complex: B. dentei,
B. calarata, and lastly, B. aff. steinbachi as sister to B. eucharis (posterior
= 0.81; 95% CI for divergence 0.3-3.1 mya).

The second clade contains both Amazonian and dry diagonal species.
Boana lanciformis split from the remaining species ~6 mya (posterior =
0.97, 95% CI for divergence: 4-8 mya), followed by B. leucocheila
(posterior = 0.84, 95% CI for divergence: 4-6 mya). Lastly, we recover
B. aff. albopunctata as sister to B. albopunctata and B. aff. multifasciata,
splitting approximately 2 mya (posterior = 0.90, 95% CI for divergence:
1-2.8 mya) and B. aff. multifasciata as sister to B. albopunctata, but with
low support (posterior = 0.41).
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3.2. Expanded species phylogeny with GenBank sequences

Boana aff. steinbachi is related to B. alfaroi and B. tetete, which form a
well-supported clade with B. dentei (Fig. 3, posterior = 1). Like the
species tree, B. aff. albopunctata, B. aff. multifasciata,B. albopunctata and
B. multifasciata fall within the same clade with low support for re-
lationships within the clade. Boana leucochelia also falls within this
clade, but with low support. All potentially new species (Boana aff.
steinbachi, B. aff. albopunctata, and B. aff. multifasciata) are mono-
phyletic, and distinct from other named species.

3.3. Intraspecies demography

At the population level in the 16S gene tree (Fig. 4), B. albopunctata is
shallowly diverged (Fig. 4A). One nested, well supported clade includes
individuals from Tocantins state, Brazil, in the northeast corner of the
Cerrado. The remaining B. albopunctata samples form a polytomy with
individuals from the Atlantic Forest, the Cerrado, and the Chaco in the
southernmost extent of the dry diagonal. Similarly, B. raniceps shows
little phylogeographic structuring (Fig. 4B), with a shallow yet well
supported clade from Tocantins.

In contrast, B. multifasciata is comprised of three deeply divergent
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Fig. 3. Expanded species phylogeny with additional 16S sequences from the Boana albopunctata species group. Node support greater than 0.75 are indicated and
colors are as in Fig. 2. Asterisks represent samples from GenBank. See Supp. Table 1 for sample numbers.
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clades (Fig. 4C). The earliest diverging clade (~3.4 mya) contains in-
dividuals collected from French Guiana and Brazilian Amazonia. The
remaining B. multifasciata split into two groups approximately 1.9 mya.
The second clade contains individuals from the Cerrado region of Mato
Grosso to the west, in central Brazil. The third clade contains individuals
from the states of Tocantins, Maranhao, and Ceara, which traverse the
Amazonia, Cerrado and Caatinga biomes, from central to northeast
Brazil.

Negative values of both Fu’s F and Tajima’s D indicate higher than
expected numbers of alleles, and an excess of low frequency poly-
morphisms, respectively. Similarly, low, significant values of R2 indi-
cate an excess of singleton mutations relative to average nucleotide
differences, consistent with rapid population growth (Ramirez-Soriano
et al. 2008). Boana raniceps and B. albopunctata showed significant
values indicative of population expansion. Boana raniceps had a signif-
icantly negative Fu’s F (—12.50, p < 0.001) and Tajima’s D (—1.78,p <
0.05), and a significant, low R2 (0.04, p < 0.05). In B. albopunctata Fu’s F
was significant and negative (—6.90, p < 0.001), as was Tajima’s D
(—1.63, p < 0.05), while R2 was also significant (0.04, p < 0.05). Clade
three of B. multifasciata showed a significantly negative Fu’s F (—3.292,
p < 0.05). All other results were statistically insignificant (Supp.
Table 6).

3.4. Ancestral range reconstruction (BioGeoBEARS)

The ancestor of the Boana albopunctata group likely inhabited
Amazonia, the Cerrado, and perhaps the Caatinga (Fig. 5). The best
model for our data was DEC (Dispersal-Extinction-Cladogenesis)
without founder-event speciation. This model is consistent with speci-
ation following dispersal to a new biome (e.g. — Amazonia to the Cer-
rado). The highest dispersal rates occurred from Amazonia to the
Cerrado, which was four times higher than dispersal between other bi-
omes (Fig. 5). Our model also showed that within-biome speciation
occurred eight times within Amazonia and four times within the Cer-
rado. Lastly, we found evidence (probability > 0.5, Supp. Table 5) of one
vicariance event between Amazonia (A) and the Cerrado-Atlantic Forest
(CD), leading to divergence between B. aff. multifasciata (A) and
B. albopunctata (CD) (Fig. 5, see arrow).

4. Discussion
4.1. Overadll phylogenetic structure of Boana albopuncata species group

The first goal of this work was to construct a multi-locus species

group phylogeny, and identify cryptic lineages in the Amazonia-Cerrado
ectone and dry diagonal. We include B. aff. albopunctata (Cerrado) and
B. aff. multifasciata (Amazonia, Cerrado, and Caatinga) for the first time,
and improve upon previous phylogenies by using both mitochondrial
and nuclear loci. Our species tree (Fig. 2) and expanded species phy-
logeny (Fig. 3) are largely consistent with recent phylogenies for the
named species in the group (Faivovich et al., 2005; Fouquet et al., 2021;
Pinheiro et al., 2018; Pyron and Wiens, 2011). In the species tree, we
recover B. leucocheila as an outgroup to the clade containing
B. multifasciata and B. albopunctata with moderate support (Fig. 2, pos-
terior = 0.84), a relationship recovered with low support in the phy-
logeny of Fouquet et al. (2021) based on mtDNA. Thus, additional
nuclear data and sampling in this study allowed us to confirm this
placement of B. leucocheila.

Boana aff. steinbachi likely represents the undescribed lineage B. aff.
steinbachi 1 recovered by Fouquet et al. (2021) based on the position in
the expanded species phylogeny (Fig. 3), collection locality, and
morphology (T.R. Carvalho and P. Marinho, pers comm). Although we
sampled this species from a single locality, previous work outlines the
probable extent of this lineage, which does not overlap with B. steinbachi
in our sampling area (Fouquet et al. 2021). The phylogenetic placement
of B. eucharis in the expanded phylogeny (Fig. 3) agrees with previous
studies (Fouquet et al. 2021, T.R. Carvalho, pers comm), however, we
include sampling from the Brazilian state of Pard, thus expanding the
known range of B. eucharis, originally described from Mato Grosso and
Rondonia states, a region of Cerrado-Amazonia transition in northern
Brazil. With additional sampling, it is possible that the range may be
even further expanded.

4.2. Potential new species

Boana aff. albopunctata was previously identified by Prado et al.
(2012) from Chapada dos Guimaraes in the Cerrado of central Brazil.
This putative species is separated from B. albopunctata, B. multifasciata,
and B. aff. multifasciata sampled below the Chapada dos Guimaraes
plateau. Our species tree indicates that the split between B. aff. albo-
punctata and the clade containing B. albopunctata and B. aff. multifasciata
occurred approximately 1.7 mya (95% confidence interval: 1.0-2.8
mya), however, B. aff. albopunctata and B. albopunctata are not recov-
ered as sister species (Fig. 2). The 16S gene tree shows the same rela-
tionship as Prado et al. (2012), with B. aff. albopunctata as sister to
B. albopunctata with high support (Fig. 4).

Boana aff. multifasciata is distinct from the other species and its po-
sition in the species tree is unresolved (posterior = 0.41). However, it is
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sister to B. multifasciata in the 16S gene tree with high support (posterior
= 0.96) (Fig. 4). Boana aff. multifasciata is paraphyletic and clustered
with both B. albopunctata and B. multifasciata in the p-fibrinogen and
rhodopsin trees (Supp. Figs. 1 and 2), likely due to low phylogenetic
signal. This putative species was collected in northern Mato Grosso and
Rondonia states, in the Cerrado-Amazonia transition. There is distance
between our sampling localities, as the area between B. multifasciata
clades 2 and 3 has been severely deforested for agriculture (Aldrich
et al., 2012). It is possible that the distribution of B. multifasciata and B.
aff. multifasciata were once more continuous, and sampling across the
region would have shown a signature of isolation by distance. However,
despite gaps in sampling areas of B. aff. multifasciata (Fig. 1, open purple
squares), these populations are still more closely related to each other
than to B. multifasciata (Fig. 1, solid blue triangles) which was sampled
nearby. These B. aff. multifasciata individuals could be related to
B. paranaiba; however, B. paranaiba is known only from its type locality
in Minas Gerais state, in the Cerrado of southeast Brazil (Carvalho et al.,
2010). Thus, this lineage is likely part of a species complex with
B. multifasciata and B. albopunctata.

4.3. Diversification within the dry diagonal

The second goal of the study was to identify speciation events within
the Amazonia-Cerrado ecotone and dry diagonal, and to examine pop-
ulation structure within species with multi-biome distributions. Our
ancestral range reconstruction detected four speciation events within
the Cerrado (Fig. 5), and we find several species pairs across the
Amazonia-Cerrado ectone. Boana caiapo and B. raniceps are an
Amazonia-Cerrado pair, with B. caiapo occurring in Amazonia-Cerrado
ecotone, and B. raniceps occurring mainly in open habitats of the dry
diagonal (Cerrado-Chaco-Caatinga) and subsequently expanding
(Figs. 4 and 5). This split occurred approximately 11 mya, when the
modern character of the Cerrado was starting to form (Silva, 1997). This
pattern was also recovered in the Amazonia-Cerrado ecotone species
B. leucocheila which split from an Amazonian ancestor~ 6 mya, and in
Amazonian and dry-diagonal clades of B. multifasciata which split ~ 3.4
mya (Fig. 4). Lastly, both B. albopunctata and Boana aff. albopunctata
were found in the Cerrado, having descended from a more widely
distributed ancestor (Fig. 5).
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Within species, we see varying levels of population structure.
Although widely distributed, Boana raniceps shows little biogeographic
structuring. Shallow divergences between populations (Fig. 4) and de-
mographic statistics (Supp. Table 6) indicate that B. raniceps spread
rapidly across the dry diagonal (Cerrado-Chaco-Caatinga). This finding
of little structuring and rapid expansion is consistent with a recent
biogeographical study focused on B. raniceps, which recovered a
northeastern lineage with little population structure, and recent (100
Ka) demographic expansion (Camurugi et al., 2021).

Similarly, Boana albopunctata shows little population structure as
well as genetic signatures of expansion. For both B. raniceps and
B. albopunctata, an origin in the Cerrado, or near the Amazonia-Cerrado
ecotone, seems to have facilitated rapid expansion across the dry diag-
onal. The pattern of shallow divergence between Cerrado populations,
even across large areas, has been uncovered in other taxa (Capurucho
et al., 2018). Intuitively, one could attribute this result to the more open
landscape of the Cerrado and its apparent lower complexity. However,
because many species of lizards and frogs show significant structuring
and cryptic diversity in the Cerrado (Nali et al., 2020; Prado et al.,
2012), it is more likely that generalist habitat requirements and greater
dispersal capacity facilitating gene flow account for the shallow popu-
lation structure in B. albopunctata and B. raniceps (Camurugi et al., 2021;
Rodriguez et al., 2015; this study).

In contrast, B. multifasciata exhibits deeper intraspecific phylogenetic
structure (Fig. 4C), and we recovered three distinct lineages within
B. multifasciata. Clade 1 (Fig. 4C) individuals were collected within the
known range of B. multifasciata, mostly located in the Amazon (Frost,
2021). Clades 2 and 3 both contain individuals outside the currently
described range of B. multifasciata. Clade 2 (Fig. 4C) consists of in-
dividuals from the Cerrado, and may represent expansion from Ama-
zonia. Clade 3 contains individuals from Amazonia, but bordering the
Cerrado, as well as Cerrado and Caatinga individuals (collected in
Amazon-like habitat; Thome et al., 2016). Clade 3 showed signatures of
a recent population expansion, similar to B. raniceps, and other frog
species found in the dry diagonal and Caatinga in particular (Gehara
et al., 2017).

4.4. Timing and patterns of diversification: Geomorphological events

Our third goal was to examine the concordance diversification with
geomorphological events, Pleistocene climate fluctuations, and biotic
exchange between Amazonia and the Cerrado. Within the Amazonian
clade, which includes species of the B. calcarata-fasciata complex
(B. dentei, B. aff. steinbachi, B. eucharis, and B. calcarata), diversification
occurs after the formation of the Amazon basin 10 mya (Fig. 5). One
possibility is that tectonic activity in western Amazonia changed the
hydrology across the region, creating barriers during the Miocene at the
time of these speciation events. In fact, the development of the
Amazonian Basin was found to have driven divergence within the cal-
carata-fasciata species complex, via repeated dispersal across the newly
formed basin (Fouquet et al., 2021). The timing of diversification in our
phylogeny does not align with the river barrier hypothesis of vicariance
caused by the development of large rivers. We did not find sister species
across the Amazon or Jurua rivers as found in other Amazonian frogs
and birds (Capurucho et al., 2018; Gascon et al., 2000), nor across other
major rivers, such as the Sao Francisco in the Caatinga. Previous studies
found little evidence for river barriers in these frogs (Camurugi et al.,
2021; Fouquet et al., 2021), although Pirani et al. (2019) found that the
Amazon may serve as a secondary barrier to gene flow in another hylid
species, enforcing pre-existing divergences between populations.

Within the Cerrado, tectonic uplift and erosion likely contributed to
diversification in central Brazil, specifically in the Chapada dos
Guimaraes plateau in Mato Grosso state, 5-7 mya (Silva, 1997), which
created the high plateaus that now harbor high endemism, particularly
for lizards and amphibians (Azevedo et al., 2016; Pinto et al., 2006;
Valdujo et al., 2012). The combination of tectonic uplift and erosion
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generates altitudinal gradients, creating distinct habitats which shift in
response to climate cycles, such as during the Pleistocene (Carnaval and
Bates, 2007; Azevedo et al., 2016; Camurugi et al., 2021). Camurugi
etal. (2021) found that the central Brazilian plateau in the Cerrado acted
as a soft, and perhaps indirect barrier to gene flow among populations of
B. raniceps, with isolation by environment facilitating divergence be-
tween lineages. These processes likely impacted diversification also
within B. albopunctata, as the closely related new species B. aff. albo-
punctata lives at higher elevations in this region (Prado et al. 2012).
Clade 2 of B. multifasciata is also from this higher altitude region of Mato
Grosso and split from its sister clade 1.9 mya (Fig. 5). The presence of
this pattern in both B. albopunctata and B. multifasciata in high elevation
areas indicate that tectonic uplift and the subsequent establishment of
altitudinal gradients have broadly affected diversification across the
B. albopunctata species group.

4.5. Timing and patterns of diversification: Biotic exchange across
Amazonia and the Cerrado

We found diversification across the Amazonia-Cerrado border for
multiple species at different time points, and population structure in
some, but not all species occurring in both Amazonia and the dry di-
agonal (Figs. 4 and 5). These incongruent patterns are more consistent
with dispersal and diversification over time than with large-scale
vicariance. Repeated movement and diversification within Amazonia
and the dispersal to the Cerrado was recovered in the ancestral range
reconstruction, and aligns with Pleistocene climatic fluctuations for
B. albopunctata, B. aff. albopunctata, B. aff. multifasciata, and divergence
between clades in B. multifasciata (Figs. 4 and 5). During this time
period, pockets of stable Cerrado habitats were formed near the
Amazonia-Cerrado ecotone (Vasconcellos et al. 2019). These areas could
have harbored distinct lineages associated with open formations, lead-
ing to speciation within regions such as Tocantins, where B. raniceps,
B. caiapo, and supported clades within both B. raniceps and
B. albopunctata are found (Figs. 1 and 4).

This region in Tocantins state was also recognized by Azevedo et al.
(2016) as an area of endemism for herpetofauna, and Vasconcellos et al.
(2019) showed that genetic structure of the Cerrado endemic Boana
lundii is correlated with areas of historical climate stability, promoting
diversification over similar timescales as in the B. albopunctata group.
Although not directly addressed in their study, Fouquet et al. (2021)
hypothesized that more recently diverged lineages in the B. albopunctata
group may have originated along the transition between Amazonia and
the Cerrado. Our study corroborates this hypothesis, recovering several
cryptic lineages and recent divergences along this ecotone with corre-
sponding shifts in biome occupancy (Fig. 5).

5. Conclusions

We placed two new species (Boana aff. albopunctata, and B. aff.
multifasciata) in the Boana albopunctata species group phylogeny. We
also identified several cryptic lineages within the Amazonia-Cerrado
ecotone and dry diagonal. The timing of diversification in this group
aligns with uplift events in the Cerrado and Pleistocene climate fluctu-
ations. Repeated expansion from Amazonia to the Cerrado may have
been facilitated by these climate oscillations, resulting in rich biodi-
versity at the Amazonia-Cerrado ecotone, and within the dry diagonal.
Dry biomes in South America are highly endangered (Strassburg et al.,
2017). In particular, the Brazilian Cerrado is threatened by anthropo-
genic development and climate change (Collevatti et al., 2013) and only
2.2% of the Cerrado land area is under any conservation protection
(Machado et al., 2015). Our study adds to growing research doc-
umenting endemic reptile, amphibian, plant, and mammal species
associated with the Cerrado (Guarnizo et al., 2016). Continued loss of
habitat in this region will undoubtedly lead to the loss of biodiversity
both known, and yet to be described.
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