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Abstract The evolutionary history of Neotropical organisms
has been often interpreted through broad-scale generaliza-
tions. The most accepted model of diversification for the
Brazilian Atlantic forest (BAF) rely on putative historical sta-
bility of northern areas and massive past habitat replacement
of its southern range. Here, we use the leaf frog Phyllomedusa
distincta, endemic to the southern BAF, to better understand
diversification patterns within this underexplored rainforest
region. We used an integrative approach coupling fine-scale
sampling and multilocus sequence data, with traditional and
statistical phylogeographic (multilocus approximate Bayesian
computation) methods to explore alternative hypotheses of
diversification. We also employed species paleodistribution
modeling to independently verify habitat stability upon a spa-
tially explicit model. Our data support two divergent lineages
with coherent geographic distribution that span throughout
northern and southern ranges. Demographic estimates sug-
gested the Southern lineage has experienced a recent

population expansion, whereas the Northern lineage remained
more stable. Hypothesis testing supports a scenario of ancient
vicariance with recent population expansion. The
paleodistribution model revealed habitat discontinuity during
the Last Glacial Maximum (LGM) with one area of putative
stability within the range of the Northern lineage. Evidence on
genetic structure, demography, and paleodistribution of
P. distincta support a historically heterogeneous landscape
for the southern BAF, with both areas of forest stability and
regions where forest occupation is probably recent. We also
associate the southern end of the Cubatão shear zone with a
phylogeographic break in the BAF. Taken together, our results
argue for the idea ofmultiple mechanisms generating diversity
in this biome and underscore the need of fine-scale data in
revealing more detailed pictures.
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Introduction

To describe and understand patterns of biological diversity in the
Neotropics has been a challenge for many evolutionary biolo-
gists, with the focus being on unveiling the tempo and mode of
diversification processes (Rull 2008). Encompassing enormous
habitat heterogeneity, high numbers of endemic species, and a
frightening level of deforestation (Myers et al. 2000; Ribeiro
et al. 2009), the Brazilian Atlantic forest (BAF) has been the
focus of most recent studies in diversification of South
American taxa (Turchetto-Zolet et al. 2013). Advances in genet-
ic and spatial analyses fomented a substantial increase in our
knowledge of species diversification, especially by combining
statistical phylogeography and species distribution modeling
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(SDM; reviewed in Alvarado-Serrano and Knowles 2014). In
the BAF, such tools allowed for the construction of a spatially
explicit hypothesis of habitat persistence (Carnaval and Moritz
2008) and its rigorous testing based on genetic data (Carnaval
et al. 2009). This resulted in a model where organisms found
refuge in the north and central areas of the BAF during the Last
Glacial Maximum (LGM) and subsequently colonized the
southern region after Holocene rainforest recovery (Carnaval
and Moritz 2008; Carnaval et al. 2009). Nonetheless, a set of
studied taxa show patterns that support southern habitat persis-
tence, highlighting instead the role of rivers and neotectonic
activity during the Late-Tertiary and the Quaternary as main
promoters of diversification (Amaral et al. 2013; Grazziotin
et al. 2006; Pellegrino et al. 2005; Thomé et al. 2010).

Organisms widespread in the BAF have been frequently con-
sidered as best models to uncover the evolutionary history of the
region. However, a recent ordination-based analysis of climatic
data identified the northern and southern BAF as two distinct
climatic regions (Carnaval et al. 2014), raising the question
whether studies of taxa of more restricted distributions may be
more appropriate to unveil the main diversification patterns of
each region. Furthermore, whereas studies on widespread taxa
frequently suffer from coarse sampling, extensive revisions sug-
gest a need for fine-scale data to avoid broad generalizations
over more complex histories (Martins 2011; Silva et al. 2012).
Here, we use the leaf frog Phyllomedusa distincta Lutz, 1950 to
better understand diversification patterns of species endemic to
southern BAF. Phyllomedusa distincta is the only one of five
species in the Phyllomedusa burmeisteri group with a range
restricted to ombrophilous dense forest. A previous study found
two highly supported mitochondrial clades showing contrasting
levels of genetic variability. Insufficient sampling prevented fur-
ther investigation of the demographics causing this pattern, and
authors tentatively associated this divergence with geomorphol-
ogic events in southern BAF (Brunes et al. 2010). Here, we
substantially extended the geographic and genetic sampling of
P. distincta to combine traditional and statistical methods of
phylogeographic analysis with species paleodistribution model-
ing. Our specific goals include (1) to verify if previously report-
ed mtDNA structure is also presented in nuclear DNA; (2) esti-
mate historical demographic parameters to construct and test
hypotheses of contrasting scenarios of diversification; and, final-
ly, (3) compare phylogeographic inference with independent
spatially explicit hypothesis of habitat persistence obtained
through species paleodistribution modeling.

Materials and methods

Sampling and sequencing procedures

We obtained a total of 126 tissue samples of P. distincta from
field collecting trips and tissue donations from Brazilian

herpetological collections (see Acknowledgments and
Online Resource 1, Table S1). Samples consisted of liver,
toe clips, or muscle preserved in 100 % ethanol. To avoid
misclassification due to the presence of hybrid individuals
betweenP. distincta and Phyllomedusa tetraploidea that occur
in Ribeirão Branco, south of São Paulo state (Haddad et al.
1994), we previously confirmed the ploidy number of all in-
dividuals from this locality by cytogenetic analysis (Gruber
et al. 2013; Sanae Kasahara, unpublished). We worked with a
total of 31 localities (sampling localities, SL) with elevation
ranging from sea level to ~915 m altitude (Table 1 and Fig. 1).
We georeferenced all samples with GPS or used the coordi-
nates of the closest town.

Genetic markers included one fragment of the mitochon-
drial NADH dehydrogenase subunit 2 gene (ND2), and three
nuclear fragments: (1) a segment of exon 2 and intron 2 of the
cellular myelocytomatosis (C-myc2), (2) a segment of exon 2
of chemokine receptor 4 (CXCR4), and (3) a segment of β-
fibrinogen intron 7 (β-fibint7). We obtained whole genomic
DNA through tissue samples digested in lysis buffer and
Proteinase K and using QIA Quick DNEasy columns
(Qiagen, Inc.) according to the manufacturer’s protocol. We
performed PCR amplification and sequencing of ND2 and β-
fibint7, and of C-myc2 and CXCR4 following Brunes et al.
(2010) and Brunes et al. (2014), respectively. We downloaded
additional sequences from GenBank (Faivovich et al. 2010;
Brunes et al. 2010, 2014; see Online Resource 1, Table S1).
We edited alignments and corrected by eye in BIOEDIT
7.0.5.2 (Hall 1999).

Polymorphisms, pairwise distance, and recombination

We calculated polymorphism values in DNAsp 5.10 (Librado
and Rozas 2009) for both the entire dataset and within main
mitochondrial and nuclear groups including the number of
segregating sites (S), number of haplotypes (h), haplotype
diversity (Hd), number of singleton nucleotide variants (Sn),
and the population mutation parameter theta, computed from
the number of S (θw; Watterson 1975). We generated 95 %
confidence intervals with 10,000 coalescent simulations under
the standard neutral model.

To resolve the allele phase of nuclear markers we used the
software PHASE 2.1 (Stephens et al. 2001) with the assistance
of SeqPHASE (Flot 2010). We performed multiple indepen-
dent runs for each gene with different seeds for the random-
number generator and 1.0×106 iterations with the default
values. We checked haplotype estimation through analysis of
consistency across runs. We selected the haplotype recon-
structions with higher probabilities. We further evaluated the
presence of recombination events through the difference
of sums of squares (DSS) test implemented in TOPALi
2.5 (Milne et al. 2004) using all phased haplotypes, a
window size of 70 bp, steps 10 bp long, and 100
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bootstrap repetitions. We used Alignment Transformation
Environment, ALTER ( Glez-Peña et al. 2010), to transform
datasets to the various input formats for subsequent analyses.

Genetic structure

Following Salzburger et al. (2011), we used the haplotype
genealogy method to examine patterns of haplotype distribu-
tion of P. distincta. By turning phylogenetic trees into net-
works, this method avoids the presence of reticulation and,
therefore, permits a clear visualization of relationships among
highly similar haplotypes. Thus, we produced haplotype ge-
nealogies for both mitochondrial and nuclear fragments
starting from a maximum parsimony (MP) tree though

DNAPARS available in PHYLIP package 3.69 (Felsenstein
2005). Then, we converted the most parsimonious trees into a
haplotype genealogy in a beta version of Haploviewer
(available at http://www.cibiv.at/~greg/haploviewer).

We evaluated the nuclear structure using a combined dis-
tance matrix (POFAD; Joly and Bruneau 2006) and a
Bayesian clustering method (STRUCTURE; Pritchard et al.
2000). For both, we only included individuals sequenced for a
least two of the three nuDNA fragments. This strategy resulted
in a total of 22 individuals from 18 localities (Table 1). We
calculated the p-distance (uncorrected) between individuals
for each nuDNA fragment in MEGA 5.2.2 and combined into
a multilocus distance matrix in POFAD. We evaluated both
the original and a standardizedmatrix (all fragments are scaled

Table 1 Sampling locality
information, sample size, and
mitochondrial haplotype code of
Phyllomedusa distincta

SL Locality ST Longitude Latitude N h (ND2)

1 Carapicuíbaa SP −46.8356 −23.5225 2 1

2 São Pauloa SP −46.6279 −23.5752 1 1

3 Pilar do Sul SP −47.7164 −23.8131 1 2

4 Juquiá SP −47.6785 −24.3280 8 1, 2, 3

5 Eldorado SP −48.0804 −24.5337 5 1, 4

6 Pariquera-Açua SP −47.8811 −24.7150 1 1

7 Iguapea SP −47.5414 −24.6981 4 1, 4

8 Iporangaa SP −48.7003 −24.5328 3 1, 4, 5

9 Ribeirão Brancoa SP −48.7430 −24.3586 8 1, 2, 6

10 Adrianópolis PR −49.0315 −24.6404 6 1, 4, 5, 7

11 Piraquara PR −49.0444 −25.4422 2 8

12 Antoninaa PR −48.7119 −25.4286 1 9

13 Guaratubaa PR −48.5747 −25.8828 4 2, 8

14 Garuva SC −48.8887 −25.9807 8 2, 10

15 São Bento do Sul SC −49.3786 −26.2503 2 10

16 Guaramirima SC −49.0032 −26.5099 1 10

17 Timbóa SC −49.2594 −26.8075 5 10

18 Blumenaua SC −49.0911 −27.0289 3 10, 11

19 Apiúnaa SC −49.4142 −27.0980 2 10, 12

20 Vidal Ramosa SC −49.3304 −27.3604 1 10

21 Barra Velhaa SC −48.6918 −26.7242 4 10

22 Santa Lídiaa SC −48.6537 −26.8330 8 10

23 Porto Beloa SC −48.5168 −27.1238 6 10

24 Florianópolis BNorth^ SC −48.5069 −27.4585 11 10, 13

25 Florianópolis BCenter^ SC −48.5101 −27.5966 1 10

26 Florianópolis BSouth^ SC −48.5438 −27.7307 1 14

27 Angelina SC −49.0049 −27.5885 3 10, 15

28 São Martinho SC −48.8998 −28.1880 1 10

29 Imbituba SC −48.8536 −28.3111 2 16, 17

30 Trevisoa SC −49.4575 −28.5156 8 10

31 Dom Pedro de Alcântaraa RS −49.8928 −29.3806 5 10

ST Brazilian states, SP São Paulo, PR Paraná, SC Santa Catarina, RS Rio Grande do Sul
a Indicates localities with individuals used in nuclear analyses (POFAD and STRUCTURE)
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to the largest distance in the matrix). We visualized the
multilocus distance network in Splits Tree 4.12.3 (Huson
and Bryant 2006) via the NeighborNet method. We inferred
population clusters with STRUCTURE (Pritchard et al. 2000)
via allele frequency converted through the program
xmfa2struct (available at http://www.xavierdidelot.
xtreemhost.com/clonalframe.htm). We performed analysis
under the admixture ancestry model, with five independent
runs for each K ranging from 1 to 10. We discarded the first
1×105 MCMC iterations as burn-in and counted the next 25×
104 generations. We found the best K value via the online
program Structure Harvester v.0.6.93 (Earl and VonHoldt
2012) by monitoring the estimated log posterior probability
of the data [Ln Pr (X |K)] (Pritchard et al. 2000) and estimating
the second-order rate of change of the likelihood function
(ΔK) (Evanno et al. 2005). Finally, we assembled the results
of the five independent runs in the program CLUMPP 1.1.2
(Jakobsson and Rosenberg 2007).

Divergence time, gene flow, and demographic parameters

We applied an isolation-with-migration model (IM; Wakeley
and Hey 1997; Nielsen and Wakeley 2001; Hey and Nielsen
2007) to multilocus data as implemented in the program IMa2
(Hey 2010) to explore the speciation history of P. distincta.
We used the HKY model of evolution (Hasegawa et al. 1985)
for both mitochondrial and nuclear DNA. We then ran the
program under Metropolis Coupled MCMC, using ten chains
with linear heating mode. We conducted multiple preliminary

runs to assess mixing of the chains, as well as to determine
appropriate priors for the parameters. After this, we ran the
program three times with different random seeds. For each
simulation, the length was >10×106 steps, where the first
10×105 was discarded as burn-in. We checked convergence
of the Markov chain simulations to the stationary distribution
by monitoring multiple independent runs using different ran-
dom number seeds (similar posterior distributions for each
parameter across independent runs) and by assessing effective
sample sizes values (ESS>100), time series plots, and
swapping rates between chains over the course of the run.
We adopted a strict molecular clock and uniform priors on
substitution rates of 0.0095 substitutions/site/year for ND2,
estimated by Crawford (2003) for Craugastoridae species
and previously used to estimate splits time in the
P. burmeisteri species group (Brunes et al. 2010). For the
nuclear genes, we used the mutation rate scalars estimated
by the program. We converted divergence time, current and
ancestral population sizes (θ), and population migration rates
(2 Nm) to demographic units following author’s instructions.
We assumed a generation time of 1 year.

To evaluate if mitochondrial and nuclear groups present
deviations from the neutral theory, we computed Tajima’s D
(Tajima 1989), Fu’s Fs (Fu 1997), and R2 test (Ramos-Onsins
and Rozas 2002) with significance of values checked through
10,000 coalescent simulations in DnaSP 5.10 (Librado and
Rozas 2009). We used the extended Bayesian skyline plot
(EBSP) to reconstruct the historical demography over time
of each lineage. This coalescent method is relatively sensitive
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to estimate the population size history from multiple unlinked
loci, even with a small number of individuals (Heled and
Drummond 2008). The use of independent loci in the
Bayesian skyline approach can reduce the coalescent error
and increase the ability to detect population bottlenecks (Ho
and Shapiro 2011; but see Heled and Drummond 2008), but
the common violation of the panmixia assumption can pro-
duce misleading results (see Heller et al. 2013). To avoid this,
we followed the advice of Heller et al. (2013) and carefully
balanced our sampling by using individuals from several
populations.

We conducted analysis in BEAST 1.7.4 (Drummond et al.
2012) with the whole molecular dataset (one mtDNA and
three nuDNA fragments) using the linear demographic func-
tion. We selected models of nucleotide evolution in
jModelTest v.0.1.1 (Posada 2008) under the Akaike informa-
tion criterion (AIC; Akaike 1974). We applied TN93 for ND2
and C-myc2, and HKY model for CXCR4 and β-fibint7. We
then searched for the best model of molecular clock rate var-
iation (Strict Clock or Relaxed Clock: Uncorrelated
Lognormal) for each fragment performing preliminary analy-
ses (data not shown). After checking the performance and
accuracy of each preliminary analysis in Tracer 1.5 (available
at http://tree.bio.ed.ac.uk/software/tracer/), we selected Strict
Clock for ND2 and C-myc2, and Relaxed Clock:
Uncorrelated Lognormal for β-fibint7 and CXCR4. We fitted
the substitution rate with the ND2 calibration as in IMa2 anal-
ysis (see above). To estimate the prior for the mean distribu-
tion of population sizes, we performed a preliminary analysis
as suggested by the authors (results not shown). We started by
conducting an mtDNA run with a coalescent prior and con-
stant population size, and then we used the obtained mean
value (0.13) as prior in the final run with a log-normal distri-
bution and standard deviation of 0.5. We performed three
replicate runs with 100 million generations, with trees being
sampled every 10,000 generations and the first 10 % of the
samples being discarded as burn-in. We checked convergence
through ESS values (>200) also in the software Tracer 1.5.We
used Python scripts provided by the authors (available at
http://beast.bio.ed.ac.uk/Tutorials) to plot the results and
interpreted that assuming a generation time of 1 year.

Testing explicit scenarios of diversification

To apply a statistical phylogeographic approach, we per-
formed a multilocus ABC analysis testing which of a set of
alternative scenarios best fit the observed data. We designed
four plausible scenarios for the diversification history of
P. distincta. We gathered information on the habitat and stud-
ied system (e.g., Thomé et al. 2014), including suggestions of
putative population structure based on mitochondrial data
from previous work (Brunes et al. 2010), demographic chang-
es expected under proposed LGM forest dynamics (Carnaval

and Moritz 2008), and the results of the initial demographic
analyses performed here (population expansion and gene
flow). The four scenarios (Fig. 2) were as follows: (A) a null
hypothesis of absence of structure combined with little or no
habitat fluctuation, where a single population shows long-
term persistence possibly followed by moderate Holocene ex-
pansion (Blong-term persistence^); (B) a combination of the
effects of a barrier and little habitat fluctuation, in a scenario
where two populations were formed by an ancient (pre-LGM)
vicariant event possibly followed by moderate Pleistocene
retraction and Holocene expansion (Bancient vicariance^);
(C) a scenario where population structure is driven by recent
habitat fragmentation, with an ancestral population splitting
into two geographically restricted populations during the
LGM, followed by strong Holocene expansion (Btwo-
refuge^); and (D) a scenario where the formation of two pop-
ulations occurs through the recent (post-LGM) colonization of
a formerly inhabited region by migrants from a stable popu-
lation (e.g., Carnaval et al. 2009; Bsingle-refuge^) (see below
for scenarios details).

For each scenario, we simulated equal numbers of geneal-
ogies, selected the simulations that best fit the observed data
(rejection step) with the aid of summary statistics (see below),
and checked for the fit of accepted genealogies. We
interpreted the proportion of selected genealogies from each
alternative scenario as a direct measure of its posterior proba-
bility (see Pritchard et al. 2000) and calculated the Bayes
factor to access inference power (Jeffreys 1961). The param-
eters included in each scenario were ancestral population size,
divergence time, population size of each subpopulation, mi-
gration, and exponential growth. The priors for total popula-
tion size and divergence time were provided per locus. For
total population size, we first ran a short analysis with broad
priors (0.1–50) sampling values from uniform distributions.
After the rejection step, we extracted mean values and stan-
dard deviations from the posterior to be used as Gaussian
priors for the definitive analysis (ND2, mean=13.01/SD=
11.69; β-fibint7, mean=12.22/SD=9.35; and CXCR4,
mean=6.51/SD=5.84). For the divergence time in scenario
B, we extracted mean values from IMa2 (tA=600,000 years).
Because the right tail of the approximate posterior density
curve failed to reach zero (see BResults^ section), we arbitrari-
ly chose large intervals (SD=300,000 years). For LGM diver-
gences (scenarios C and D) and time of expansion in all sce-
narios (growth), we used a mean of 21,000 years (tR and tE;
SD=10,000 years). For all other parameters, we used uniform
priors, with the following intervals: subpopulation sizes varied
from 0.4 to 0.6 of total population size, asymmetrical migra-
tion (from the Northern to the Southern group; see IMa2 re-
sults) varied from zero to 4, and growth varied according to
the scenarios. In long-term persistence and ancient vicariance
(scenarios A and B), we set a growth ratio interval of 0.60–1
(60–100 % of current population sizes remained prior to
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demographic expansion), which allows from moderate bottle-
necks to total stability. For the two-refuge scenario, we set a
growth ratio of 0.01–0.20 for both populations, simulating
more drastic demographic reductions (only 1–20 % of their
current effective size remained prior to demographic expan-
sion), whereas for the single-refuge, we kept 0.60–1 for the
first population (Northern) and 0.01–0.20 for the second pop-
ulation (Southern).

We generated 1,000,000 genealogies per locus for the de-
finitive analysis (100,000 for prior selection) through the pro-
gram ms (Hudson 2002), for which we obtained summary
statistics with a modified version of SampleStats (Hudson
2002). We automated this process using Perl scripts (Online
Resource 1, Perl script). After preliminary analyses, we re-
moved the marker C-myc2 to avoid unrealistic results due
the low number of gene copies and low variability. We per-
formed the rejection step in msReject (Hickerson et al. 2007)
with a tolerance of 0.0001 (0.01 for prior selection). Following
Pelletier and Carstens (2014), we used three distinct measures of
nucleotide diversity (within population one, within population
two, and between populations) as observed summary statistics,
which were calculated on a per locus basis in DnaSP 5.10
(Librado and Rozas 2009). Finally, we performed the rejection
step both jointly and per locus, evaluating model fit using prin-
cipal component analysis (PCA) of the summary statistics to
check dispersion away from observed values (e.g., Camargo
et al. 2012). With the PCA, we assume that goodness of fit of
a particular scenario will be represented by a central position of
the score of the observed data relative to the distribution of
scores from the genealogies simulated for this scenario.

Species distribution models

To evaluate if climatically suitable areas for our focal taxa
were stable during the Last Interglacial period (120 ka, LIG)
and, subsequently, experienced drastic range reductions dur-
ing the Last Glacial Maximum (21 ka, LGM) following theo-
retical expectations from the refuges theory (Haffer 1997), we

generated correlative maps of the past and current potential
distribution of P. distincta through the maximum entropy al-
gorithm implemented byMaxEnt 3.3.3k (Phillips et al. 2006).
MaxEnt’s method has been widely used in SDMs combined
with phylogeographic studies (Elith et al. 2006, 2011, and
references therein). We used 31 occurrence points (Table 1
and Fig. 1) and the climatic layers available in the
WorldClim database at ~5 km2 spatial resolution (Hijmans
et al. 2005). After preliminary evaluations (see below), we
projected the current potential distribution for the LIG
(120 ka) and for the LGM (21 ka), both models provided by
the Community Climate System Model (CCSM) (Otto-
Bliesner et al. 2006, 2007). Although the Model of
Interdisciplinary Research on Climate (MIROC) is also exten-
sively used to perform LGM projections (e.g., Camargo et al.
2013), we concentrated our LGM analysis in CCSM because
it is derived from colder climatic conditions when compared
to MIROC, which is initialized from climatic data similar to
modern conditions (Weber et al. 2007). Following Anderson
and Raza (2010), we calibrated the models in a defined study
area. We used a buffer of 300 km from the current range
distribution (endemic of the Southern Ombrophylous forest)
of P. distincta (Fig. 6a). Under current climatic conditions
variables, we selected five out of 19 bioclimatic with pair-
wise Pearson’s correlation lower than 0.85 (data not shown).
The selected variables included Mean Diurnal Range - BIO2,
Te m p e r a t u r e S e a s o n a l i t y - B I O 4 , A n n u a l
Precipitation - BIO12, Precipitation Seasonality - BIO15,
and Precipitation of Warmest Quarter - BIO18. It is worth
mentioning that some of these variables are well known to
be highly associated with eco-physiological characteristics
of frogs (e.g., temperature variation and distribution of precip-
itation). We estimated the contribution of each variable to
explain the potential species distribution by performing a jack-
knife test. Following recent evidence that species-specific
tuning can improve the performance of MaxEnt models
(Anderson and Gonzalez 2011; Radosavljevic and Anderson
2013), we varied the regularization multiplier values (0.25,
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0.50, 1.00, 1.50, 2.00, 4.00, 6.00, 8.00, and 10.00) to prevent
overfitting. We performed statistical analysis with random test
percentage of occurrence points (75 % for model prediction
and 25 % for model validation) and ten replicates. We based
quantitative model evaluation on the threshold-independent
receiver operating characteristic (ROC) curve identifying the
lowest values of average differences between training and test
area under the curve (AUC). In addition, we also evaluated the
model performance via (1) qualitative visual inspections of the
response curves looking for smoother and regular patterns
(e.g., Camargo et al. 2013) and (2) the predictive maps com-
pared to expert knowledge of the distribution of BAF
phytophysiognomies (IBGE 2012) and the known distribution
of P. distincta (Haddad et al. 2008). We then used the best
parameter set to generate the current and past climate
projections of P. distincta. The final maps are presented
with the original probability distribution generated by
MaxEnt, considering the gradual changes from suitable
to unsuitable habitats in nature. We avoided the use of
an arbitrary threshold to produce binary maps of species
presence/absence because thresholds may be subjective
and constitute an additional source of error in ecological
niche modeling (Liu et al. 2005; Phillips et al. 2006).

Results

Polymorphisms, pairwise distance, and recombination

Levels of polymorphism in mitochondrial and nuclear
fragments showed substantial variation (Table 2). The
993-bp ND2 fragment revealed 17 haplotypes defined
by 28 segregating sites. The total nuclear DNA variation
based on each fragments revealed 26 (β-fibint7), 10
(CXCR4), and 4 (C-myc2) haplotypes defined by 20,
10, and 5 segregating sites, respectively. The highest nu-
cleotide diversity was found in the ND2 fragment
(0.0075) and the lowest in CXCR4 (0.0026). Both ND2
and β-fibint7 showed higher values of θw (0.0053 and
0.0056, respectively), followed by C-myc2 and CXCR4
(with 0.0045 and 0.0035). Comparing both groups and
loci, nucleotide diversity was higher in the Northern
group than in the Southern group, with the exception of
CXCR4. For the ND2 fragment, the lowest nucleotide
diversity (0.0003) was observed in the Southern group
(ND2; 95 % CI 0–0.0011) based on 71 individuals.
Comparatively, nucleotide diversity in the Northern was
~5-fold higher (0.0016; 95 % CI 0.0002–0.0043). The
DSS test did not detect any recombination in any of
the nuclear fragments after phasing. Due to the low num-
ber of individuals analyzed here, summary statistics of
C-myc2 should be interpreted with caution.

Genetic structure

Single gene haplotype genealogies presented patterns that dif-
fer between mitochondrial and nuclear fragments (Fig. 1b and
Online Resource 2, Fig. S1). The mtDNA ND2 haplotype
genealogy showed two highly divergent clades (p-distance=
1.5 %), with one grouping most of the samples located in São
Paulo and Paraná states (Northern lineage), and another
grouping all individuals from Santa Catarina and Rio
Grande do Sul states (Southern lineage). Shared haplotypes
were found in only one locality on an intermediate geographic
location (SL 14; one haplotype from the Northern lineage and
seven from the Southern lineage). Haplotypes from the
Northern lineage are slightly structured while the Southern lin-
eage showed a star-like topology, with the exception of one
unique internal haplotype from Apiúna (h12; Fig. 1b). The
structure in nuclear fragments was not as geographically well
defined, with all nuclear haplotype genealogies sharing varia-
tion between the two lineages defined by the mtDNA topology
(see Online Resource 2, Fig. S1). Shared variation was less
evident in C-myc2 andβ-fibint7 than in CXCR4 as genealogies
of these markers showed a tendency to separate haplotypes
from both lineages. The β-fibint7 genealogy also presented
some external haplotypes in the Southern region (SL 17, 18,
19, 23, 30) that grouped with the Northern ones. The group
formed by the remaining haplotypes from the Southern region
showed less genetic variation when compared with the
Northern ones, resembling the pattern in the mtDNA structure.

When all the nuclear loci were jointly analyzed, POFAD
showed a strong tendency to separate individuals from the
Northern and Southern region with the presence of some in-
termediates (SL 18, 19–20; Fig. 3a). The STRUCTURE anal-
ysis recovered two clusters (K=2), according to the log pos-
terior probability of the data [Ln Pr (X | K)] and ΔK (Online
Resource 2, Fig. S2), with geographic distributions that also
form a Northern and a Southern group (Fig. 3b). While the
Northern cluster showed high exclusive values of assign-
ments, the Southern cluster presented some intermediate indi-
viduals (SL 18–20, 23, and 30; ~Q values of 0.33–0.67) and
one entirely allocated to the opposite cluster (SL 19).

Divergence time, gene flow, and demographic parameters

Analyses using the Isolation-with-Migration model showed
posterior distribution of parameter estimates consistent across
replicate runs with ESS values >120. In two cases (divergence
time and theta), the right tail of the approximate posterior
density curves (Online Resource 2, Fig. S3) failed to reach
zero. Nevertheless, these analyses suggested the divergence
between Northern and Southern groups occurred at
~0.61 Myr, during the Pleistocene. Estimates of effective pop-
ulation size for both groups were very similar (Ne ~2.6×105,
95 % HPD ~1.2–4.1×105). The 95 % HPD of the ancestral
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effective population size starts in the upper limit of the current
estimates (9×105, 95 % HPD=4.1×105–1.3×106), suggest-
ing that both groups experienced a reduction of the effective
population size at some period in the past. Estimates of gene
flow showed an asymmetrical result, detecting gene copies
migrating only from the Northern to the Southern group
(2 Nm=0.7, 95 % HPD=0–4, LLR=5.623, P<0.01).

Deviations from the standard neutral model (Table 2)
were significant only in the Southern group, as observed
for ND2 (Tajima’s D and Fu’s Fs) and β-fibint7 (Fu’s Fs).

Although the R2 test did not show a significant p value for
the putative expansion of the Southern group as in other
tests, values were lower in the Southern group than in the
Northern group for the ND2 fragment. The multilocus
EBSP analysis of historical demography over time
showed a trend of smooth and gradual population increase
for the Northern group starting around the early Holocene
according to the median (Fig. 4a). Nearly at the same
time, the Southern group started an abrupt population
growth with a 10-fold increase in effective population size
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a) b)Fig. 3 Multilocus nuclear
structure of Phyllomedusa
distincta based on the three
nuclear fragments (CXCR4,
β-fibint7, C-myc2): a genetic
distance network; circles were
colored following the two major
mitochondrial groups (see Fig. 1);
b STRUCTURE results based on
nuclear allele frequencies for K=
2. Individuals are represented as
bars, with colors representing the
proportion of assignment.
Sampling localities are presented
near the circles and left of each
bar (see Table 1 and Fig. 1)

Table 2 Fragment information, summary statistics, and neutrality tests within the main mitochondrial clades and nuclear groups (see POFAD results)
of Phyllomedusa distincta

Fragment Groups Length Polymorphisms Neutrality tests

N SS Sn h % Hd θ [95 % CI] π [95 % CI] Tajima’s D Fu’s Fs R2

ND2 All 993 118 28 10 17 66 0.005 [0.0041–0.0126] 0.0075 [0.0025–0.0172] – – –

North 47 9 4 9 72 0.002 [0.0004–0.0034] 0.0016 [0.0002–0.0043] −0.6026 ns −2.1381 ns 0.0885 ns

South 71 9 9 8 19 0.0019 [0–0.0008] 0.0003 [0–0.0011] −2.2743 *** −9.4589*** 0.0491 ns

β-fibint7 All 600–604 102 20 6 26 86 0.0056 [0.0025–0.01] 0.0056 [0.0014–0.0136] – – –

North 60 15 5 12 75 0.0053 [0.0018–0.0085] 0.0045 [0.001–0.0114] −0.4381 ns −1.6585 ns 0.0903 ns

South 42 12 1 15 70 0.0046 [0.0011–0.0076] 0.0038 [0.0007–0.0096] −0.5149 ns −6.7597* 0.0955 ns

CXCR4 All 609 62 10 2 10 78 0.0035 [0.0007–0.0052] 0.0026 [0.0003–0.0069] – – –

North 26 3 2 4 44 0.0013 [0–0.0026] 0.0009 [0–0.0029] −0.8212 ns −1.2269 ns 0.1081 ns

South 36 8 2 8 83 0.0032 [0.0008–0.0071] 0.0034 [0.0005–0.0088] 0.1187 ns −1.6195 ns 0.1125 ns

C-myc2 All 318–323 18 5 1 4 65 0.0045 [0.0009–0.0108] 0.0044 [0.0003–0.0124] – – –

North 12 4 1 3 53 0.0041 [0–0.0113] 0.0045 [0–0.0128] 0.3853 ns 1.5263 ns 0.1770 ns

South 6 1 0 2 53 0.0014 [0–0.0054] 0.0016 [0–0.0059] 0.8505 ns 0.6254 ns 0.2666 ns

N number of sequences or phases of nuclear genes, SS number of segregating sites, Sn number of singleton nucleotide variants, h number of haplotypes,
%Hd haplotype diversity in percent, θ population mutation parameter and respective 95 % confidence interval, π nucleotide diversity and respective
95 % confidence interval

*P<0.05; ***P<0.001; ns no significance
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(Fig. 4b). Confidence intervals for both analyses are large
and include the possibility of no growth.

Testing explicit scenarios of diversification

The scores representing the vectors of the summary statistics
calculated from the observed data were central to the vectors
of the simulated genealogies (Fig. 5) indicating a good fit of
the models to the data for ABC analyses. After the rejection
step, scenarios A (long-term persistence) and D (Bsingle-
refuge^) received zero or very low posterior probability values
in both per locus and multilocus analyses. The posterior prob-
abilities of the models were congruent between β-fibint7 and
CXCR4, supporting the ancient vicariance scenario (Fig. 2b),
whereas ND2 rejection was inconclusive, presenting similar
values for scenario B (Bancient vicariance^) and C (Btwo-
refuge^). Multilocus rejection was conclusive, supporting
the scenario B with substantial support according to the
Bayes factor (Table 3).

Species distribution models

The species-specific tuning results showed a slight quantita-
tive variation, but a wide range of qualitative variation accord-
ing to the regularization parameter used (Online Resource 2,
Table S1). The average test AUC values were high (0.88–
0.98), and the difference between AUC in training and test
analyses varied from −0.019 to 0.04. Overall, the average
omission rates based on the MTP test showed the lowest and
more constant values with the regularization multiplier set to
1.0, similar to Radosavljevic and Anderson (2013). The
species-specific tuning of P. distincta presented regular/
smoother response curves and more realistic predictive suit-
ability areas using the regularization parameter set to 1.0 (see
Online Resource 2, Table S1 and Fig. S4 to response curves).
The jackknife test identified the most important climatic var-
iables to explain the distribution of P. distincta in the BAF
(Online Resource 2, Fig. S5). Of the five climatic variables
used, the mean diurnal range (BIO 2), the temperature season-
ality (BIO 4), and the precipitation seasonality (BIO 15) pre-
sented smaller differences both in gain (test and training) and
in AUC values.

The present time predictive map showed an area with
high climatic suitability compatible with the current dis-
tribution of the P. distincta. Areas of overprediction ap-
peared in central regions of Rio Grande do Sul and Rio
de Janeiro states (Fig. 6a). Similar overpredictions were
observed in both paleoclimatic projections (Fig. 6c).
The present time and the LIG projections yielded simi-
lar distribution maps. The LGM projection predicted
intense fragmentation with two small isolated areas
within the current distribution of P. distincta, one in
the current coastal region of Paraná state reaching to
the north of Santa Catarina state, and another located
in the limit of the LGM land masses in central Santa
Catarina state (the sea level was lower than today).

Discussion

It is well demonstrated that phylogeographical investiga-
tions require extensive geographic sampling and
multilocus analysis, and that they may be strengthened
by using complementary paleomodeling of species dis-
tributions (Alvarado-Serrano and Knowles 2014). In this
study, we were able to clarify the evolutionary history
of P. distincta, an endemic leaf frog species from the
Southern Brazilian Atlantic forest. Overall, our results
indicate the presence of two divergent lineages with
coherent geographic distribution within P. distincta
range. Demographic estimates (from summary statistics,
neutrality tests, and ESBP) suggested that the Southern
lineage has experienced a recent population expansion
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Fig. 4 Extended Bayesian Skyline plots of Phyllomedusa distincta
groups: a Northern group and b Southern group. Dashed line represents
the median population size (multiply by thousand and by generation time
of 1 year) and the lightly shaded gray the 95 % HPD. The accumulation
of green lines represents the full posterior distribution. The y-axis is in
logarithmic scale
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that started in the Holocene. The testing of alternative histor-
ical demographic models (ABC analysis) favored a scenario
of ancient (mid-Pleistocene) vicariance with moderate
Holocene population expansions, whereas paleodistribution
modeling inferred past habitat fragmentation, corroborating
the signals of recent demographic expansion for the
Southern lineage. Comparing our results to findings from dif-
ferent co-distributed organisms, we provide a broader per-
spective of species diversification in southeastern BAF.

Genetic structure

The mtDNA ND2 haplotype genealogy confirmed the early
findings of Brunes et al. (2010) in revealing the presence of

two highly divergent lineages (p-distance=1.5 %) with coher-
ent geographic distribution within the P. distincta range
(Fig. 1a, b). The substantial sampling increase relative to a
previous study enabled us to detect one locality with the pres-
ence of haplotypes from both mtDNA lineages, which may
indicate gene flow between lineages. In general, single locus
nuclear genealogies did not recover straightforwardly the two
lineages observed for mtDNA (Online Resource 2, Fig. S1),
which could be explained by the retention of ancestral polymor-
phism and/or gene flow. Such incongruence between cytoplas-
mic and nuclear gene genealogies is expected due to the higher
effective population sizes and lower mutation rates of nuclear
loci as previously demonstrated by Edwards and Beerli (2000).

Multilocus approaches based on the coalescent theory and/
or allele frequency have been successful in combining the
information of different genes to reveal population groups
even with reduced genome sampling and in the presence of
incomplete lineage sorting and/or hybridization (Fusinatto
et al. 2013; Thomé et al. 2012). Here, the two lineages of
P. distincta revealed by mtDNA analysis were unambiguously
corroborated by multilocus analyses, albeit with some evi-
dence of intermediate genomes suggesting either incomplete
lineage sorting or mixing (Fig. 3a, b). Whereas ancestral poly-
morphism is necessarily present at some time window along
the divergence process itself, gene flow may or may not occur
along the evolutionary scenario that generates deep diver-
gence between populations. For the data presented here, the
distinction between the processes was better investigated
through multilocus models of isolation in the presence of gene
flow and hypothesis testing of alternative historical demo-
graphic scenarios (IMa2 and ABC, see below).

Divergence time, gene flow, and demographic parameters

The isolation with migration model implemented in IMa2 in-
ferred the mean divergence time between Northern and
Southern group to be ~600,000 years, well into the
Pleistocene. The boundary between the two diverged groups
geographically coincides at the present day with the Cubatão
shear zone, listed as a tectonic fault with Quaternary surface

CXCR4

β-fibint7ND2

All loci

Fig. 5 Model checking in ABC analyses of Phyllomedusa distincta.
Ordination plots show summary statistics vectors of simulated (gray
circles) and observed (black triangles) data after the rejection step. We
conducted the rejection step per locus and for all loci jointly
(see text for details)

Table 3 Posterior probabilities
and model support of historical
demographic models of
Phyllomedusa distincta assessed
by an approximate Bayesian
computation analysis (see Fig. 2)

Scenario ND2 β-fibint7 CXCR4 All loci

Long-term persistence 0 0 0.08 0

Ancient vicariance 0.40 0.74 0.55 0.86

Two-refuge 0.59 0.18 0.31 0.13

Single-refuge 0.01 0.08 0.06 0.01

Bayes factor K 1.5 4 1.8 6.3

Strength of evidence Barely worth
mentioning

Barely worth
mentioning

Barely worth
mentioning

Substantial

The rejection step was performed per locus andwith the three loci jointly. Bayes factorK=Pr (D |M1)/Pr (D |M2).
Scale for interpretation of K follows Jeffreys (1961)
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rupture (Saadi et al. 2002). No information is however avail-
able on the timing and extent of ruptures in this geological
complex. Migration from Northern to Southern group was
much higher than in the opposite direction. This result could
perhaps be associated with higher demographic stability in-
ferred for the Northern group, but to adequately address the
hypothesis of asymmetric gene flow would require a detailed
analysis of the contact zone, which is not within the scope of
this study.

Multilocus estimates of demographical change across time
suggest distinct histories for the two groups of populations of
P. distincta in southern BAF. EBSP for both groups show
large confidence intervals and also depict trends of recent
growth that vary in intensity. Populations in the southern
range of P. distincta (Southern group) may have experienced
higher demographic instability than populations in the north-
ern parts of the range (Northern group). Evidence from other
analyses are in accordance with this result, suggesting at least
some expansion for the Southern group as observed for ND2
(Tajima’s D and Fu’s Fs) and β-fibint7 (Fu’s Fs). This result
reflects the overall pattern of high values of segregating sites
and haplotypes when compared with the nucleotide diversity.
Comparing both groups and all loci, nucleotide diversity was
higher in the Northern group than in the Southern group for
most fragments, with the exception of CXCR4. The inconsis-
tency of some diversity statistics across loci seems to reflect
differences in mutation rates, as Bfaster^ markers such as
mtDNA and introns showed significant values more often,
while differences among tests may be also explained by the
better performance of Fu’s Fs test with larger sample sizes (see
Ramos-Onsins and Rozas 2002).

Our results are partially concordant with studies reporting
on the demographics of other southern BAF taxa. In southern
BAF, populations of some organisms were shown to have
experienced more demographic instability than northern pop-
ulations (treefrogs of the genus Hypsiboas, Carnaval et al.
2009; antbirds of the genus Myrmeciza, Amaral et al. 2013;
mammals of the genus Akodon, Valdez and D’Elía 2013),
while higher demographic stability was inferred for the south-
ern populations of toads of the Rhinella crucifer group
(Thomé et al. 2014). It is difficult, however, to exactly com-
pare between these studies because the population boundaries
are not the same. Most studies have revealed population
boundaries to be in the central or southern state of São
Paulo, while the genetic boundary here described is the first
located in the more southern transition between the states of
Paraná and Santa Catarina.

Testing explicit scenarios of diversification

Multilocus data and multidisciplinary approaches have been
considered of major importance to design and test hypotheses
exploring the evolutionary history of BAF organisms due to
its geological/climatic complexity and scarcity of independent
evidence (Amaral et al. 2013; Thomé et al. 2014). Here, we
used multilocus data in an ABC framework to test for alterna-
tive diversification scenarios within the leaf frog species
P. distincta. Because of its comparative nature (model proba-
bilities are relative), the choice of scenarios is perhaps the
most important decision in ABC. It is known that inference
power decreases as more scenarios are included (Pelletier and
Carstens 2014), whereas omitting scenarios may render high
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Fig. 6 MaxEnt models for Phyllomedusa distincta in southeastern
Brazilian Atlantic forest: a study area in grayscale (see text for details)
and b predicted climatically suitable areas for current time, Last Glacial
Maximum period (LGM), and Last Interglacial period (LIG).Dark colors
represent high climatic suitability and soft colors represent low climatic

suitability. Both paleoclimatic models were performed under the
Community Climate System Model (CCSM). White dots indicate
occurrence points used in the analysis. Brazilian states: SP São Paulo,
PR Paraná, SC Santa Catarina, RS Rio Grande do Sul
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probabilities to unrealistic scenarios, conditioned on the con-
current models. We balanced our decision with a complemen-
tary approach by including both scenarios based on the liter-
ature (Fig. 2a, c, and d) and models based on parameters
estimated for the focus organism (Fig. 2b). The adequacy of
our selected scenarios was verified after the model fit step.
Our simulations showed a good fit to the observed data, dem-
onstrating that acceptance of models was not a result of choos-
ing the best among a set of poorly fitting scenarios.

Very low (or null) posterior probabilities both for the rejec-
tion performed per locus and jointly allowed us to clearly
reject two scenarios for the evolution of P. distincta popula-
tions: (A) the long-term persistence of one single demograph-
ically stable population (Fig. 2a) and the recent colonization of
southern areas of the range from northern populations
(Fig. 2d). Two other scenarios could not be readily rejected
as explanatory for the genetic diversity observed within
P. distincta. The ancient divergence of two relatively stable
populations (Fig. 2b) received substantial support from the
joint loci rejection. On the other hand, the scenario of LGM
divergence following severe bottleneck effects resulting from
habitat fragmentation followed by Holocene demographic ex-
pansions (Fig. 2c) should not be completely ruled out because
it had as much support as hypothesis A from the mtDNA data
analysis. Despite this, the highest posterior probability obtain-
ed for joint loci rejection favors the ancient vicariance as the
best fitting scenario for P. distincta evolutionary history.

Species distribution models

Paleoclimatic distribution modeling of P. distincta suggested
that there was a dramatic reduction of suitable areas for the
species occurrence during the LGM.Within the current distri-
bution of P. distincta, one single area in coastal Paraná state
would represent a refuge as the other putative area of LGM
species persistence is today covered by the Atlantic Ocean.
This result is not completely at odds with the findings from
our genetic analyses. Rather, there is a geographic overlap of
the single remaining area in coastal Paraná state and the dis-
tribution of the Northern lineage, which is also more accord-
ing to EBSP and neutrality tests. However, our paleomodeling
results predict hardly any habitat left for the Southern lineage
during the LGM, which would imply a scenario of recent
colonization that was formerly rejected in ABC. Thus, here
we believe that the paleomodeling results are showing support
for the impact of late Pleistocene climatic oscillations on de-
mography of P. distincta (e.g., Álvarez-Presas et al. 2014), in
particular, on populations from the Southern lineage where
their location seems to have been much more dynamic than
the Northern ones. Nevertheless, we cannot exclude the pos-
sibility that our analysis was affected by the coarse ability of
species distribution paleomodeling to deliver detailed

predictions of historical distributions in the South America
region (see Rojas et al. 2009 and Collevatti et al. 2013).

The evolutionary importance of the southern BAF region
(including some southern areas) in shaping the present-day
biodiversity has been highlighted since the end of the 1970s
based on different types of data (Porto et al. 2013 and refer-
ences therein). Interestingly, our result runs parallel with re-
cent findings of Carnaval et al. (2014) based on modeling
partitioned-BAF analysis. The potential LGM coastal refugia
in Paraná state found here was recently considered an area
with higher values of phylogeographic endemism (Carnaval
et al. 2014). Data from pollen cores and soil chemical isotope
analyses represent a more realistic, albeit spatially discontin-
uous, source of paleoecological evidence. Palynological evi-
dence suggests that cooler and dryer climates had an effect of
reducing semideciduous forests in the southern part of the
BAF (e.g., Behling 2002), but P. distincta only occurs in the
non-seasonal coastal and sub-montane rainforests. Data from
chemical isotopes in speleothems located in non-seasonal
rainforest areas suggest otherwise that the LGM climate may
have been as wet as in the present (Cruz et al. 2005). Much
more data will be needed to better understand what paleoeco-
logical conditions southern BAF species may have endured
since the LGM.

Patterns of diversification in southern Brazilian Atlantic
forest

There is an ongoing debate on the relative contribution of
geographic barriers and Pleistocene refuges in determining
diversification of forest-dependent taxa in the BAF (e.g.,
Carnaval et al. 2009; Thomé et al. 2010; Amaral et al.
2013). The challenge is now to undertake studies designed
to distinguish between the alternative, but non-exclusive, for-
est refugia and barrier hypotheses to explain diversification
patterns of BAF organisms. A previous account of the diver-
sification patterns in the P. burmeisteri group throughout the
BAF (Brunes et al. 2010) suggested that both the Tertiary and
Quaternary were important for the diversification of species
within the group, a result in agreement with other molecular
studies of BAF organisms (e.g., Grazziotin et al. 2006; Thomé
et al. 2010; Amaral et al. 2013). Phylogeographic breaks
across the BAF have been shown to coincide mainly with
major rivers (Doce river) and/or regions with recent
neotectonic phenomena such as the Guapiara lineament near
Ribeira de Iguape in the southern state of São Paulo (e.g.,
Saadi et al. 2002; Ribeiro 2006; Thomé et al. 2010). In this
study, we report the divergence between two population
groups of the species P. distincta in the southern BAF,
which presently meet near the southern end of the
Cubatão shear zone (see Fig. 1 and Saadi et al. 2002).
We distinguished between refugial and barrier hypothesis
to explain population divergence by contrasting
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alternative demographic scenarios. The main difference
between these two scenarios classes is that the first in-
volves the vicariance between populations undergoing ex-
tensive demographic changes across a short time period
(refugia), whereas the second vicariance between more or
less stable populations occurs deep in the past (barrier).
We concluded that ancient vicariance has undergone with-
out major demographic changes, but minor expansions
cannot be completely ruled out. It is therefore not yet
clear whether the Cubatão shear zone has been a stable
primary barrier or a zone of secondary contact resulting
from Holocene range expansions from northern and
southern refugial areas. However, it is worth mentioning
that results from a recently multilocus ABC analyses of a
BAF endemic toad have reinforced the role of geographic
barriers in promoting the main divergences in Rhinella
crucifer complex, with refugia presenting a secondary role
by causing intraspecific structure (Thomé et al. 2014).

Conclusions

The southern end of the Cubatão shear zone, near the transi-
tions between the states of Paraná and Santa Catarina, has
been associated with a phylogeographic break in the BAF.
This pattern adds to the mosaic that is arising from studies
of diversification in several BAF organisms, replacing the
elegant simplicity of the Carnaval et al. (2009) hypothesis
with idiosyncratic complexity (see Thomé et al. 2010). The
recent increase in the number of phylogeographic studies in
the BAF associated with apparently idiosyncratic patterns
argues for the need of a first meta-analysis following a
rigorous hypothesis testing approach that may provisionally
clarify the relative importance of refugia versus barriers
in shaping lineage and species diversity in the megadiverse
BAF.
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