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FIGURE 2. a, b) Twelve subtrees derived from six genus level trees (Appendix 7, doi:10.5061/dryad.bj1514fn/2) based on mtDNA
data sets (12S + 16S rDNA) hypothesized from Bayesian analysis. Corresponding statistical parsimony networks (Appendix 7,
doi:10.5061/dryad.bj1514fn/5) based on phased nuDNA and simplified maps (Appendix 7, doi:10.5061/dryad.bj1514fn/4) indicating localiza-
tion of each major mtDNA lineages. All trees are scaled equally. Asterisks indicate significant support for Bayesian analysis and/or maximum
parsimony. Lineage locations are coded as follows: AP = Amapá; SUR = Suriname; GUY = Guyana; PA = Parà; AM = Amazonas; MT = Mato
Grosso; N = North; W = West; E = East; S = South; Cr = Center. The boxed and bolded area names indicate localities outside the GS.
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recovered in many species given the absence of nuDNA
allele sharing among mtDNA defined groups (e.g.,
Surinamese populations of Al. granti, Anomaloglossus
sp., and Pr. chiastonotus and Guyana populations of Le.
wagneri B). Limited allele sharing among mtDNA-based
groups was also recovered in many instances (e.g.,
Al. femoralis; An. baeobatrachus), which can either be
interpreted as ongoing differentiation or gene flow.

Nevertheless, a few inconsistencies among nuDNA
and mtDNA networks are apparent and may suggest
occurrence of gene flow among groups displaying di-
vergent mtDNA. Allele sharing among individuals with
highly diverged mtDNA haplotypes was observed in
Rh. margaritifera (Rhinella sp. from Amazonas H32 and
H33 share alleles with Clade 3-1 from northern FG
[Fig. 2b]). We also observed striking discordance be-
tween nuDNA and mtDNA in the Amazonas popula-
tion of Rh. castaneotica which shared a nuDNA allele
with Rhinella sp. also from Amazonas (Fig. 2b). These
geographically proximate populations are highly diver-
gent for mtDNA (12%). Similarly, the mtDNA groups
the Southern Amapá population of Al. femoralis with the
FG population, but nuDNA suggests an affinity to Ama-
zonian populations (Tapajós and Amazonas) (Fig. 2a).
Finally, the nuDNA network provided by Ad. andreae
(Fig. 2a) was difficult to interpret given the high hap-
lotypic and nucleotide diversity that displayed no clear
structure. This is likely related to the signature of selec-
tion revealed by tests of neutrality for this species, all
of which were significant (Appendix 1b), and/or very
high effective population sizes that led to the retention
of nuDNA allelic diversity.

Spatial Patterns of Diversification in the Eastern GS

At least 80% of the sampled ranges of focal species
overlap in FG, Amapá, and eastern Suriname (Fig. 3a).
Sampling within this area can thus be considered exten-
sive. This allows fairly accurate delimitation of the ge-
ographic distribution of mtDNA lineages occurring in
this area. However, it would be inappropriate to inter-
pret apparent phylogeographic breaks and areas of uni-
formity outside.

When combined (Fig. 3b), the observed phylogeo-
graphic breaks appear to be concentrated in three areas:
(i) the northwest border of FG with Suriname (Maroni
River, Fig. 3b: 1), (ii) northeastern FG and North Amapá
(Fig. 3b: 2), and (iii) central FG separating the north from
the south (Fig. 3b: 3).

The first break follows the northern course of the
Maroni River and is represented in all species span-
ning this region (10 of 12). This break corresponds to
range limits of many other anuran species such as Hypsi-
boas aff. crepitans, Dendropsophus marmoratus, Ameerega
trivittata, Physalaemus cf. ephipiffer, Leptodactylus guianen-
sis that occur almost exclusively to the west of the Ma-
roni River and Engystomops aff. petersi, Ranitomeya ventri-
maculata, Dendropsophus aff. brevifrons, Allobates femoralis,
and Rhinella castaneotica which are found to the east of
the Maroni River.

The second break corresponds to the Approuague
and/or Oyapock Rivers, which delineate the border
between FG and Brazil (Amapá). Except for Rh. cas-
taneotica, all species spanning these rivers display a
phylogeographic break coincident with either the Ap-
prouague or the Oyapock rivers (10 of 12). Notably, a
few species of frogs such as Adelophryne cf. gutturosa,
Ameerega pulchripecta, the salamander Bolitoglossa sp.,
and the gymnophthalmid lizard Amapasaurus tetradacty-
lus (Bernard 2008) occur in Amapá and not in adjacent
FG.

The third area in which a number of phylogeograph
breaks occurs roughly delimits the northern and south-
ern portions of FG. The lineages found in southern
FG display strong affinities with those found in adja-
cent Amapá and/or Suriname. In many cases, this third
break is the continuation of breaks one and two, in effect
isolating populations of northern FG from the surround-
ing region. Conversely, zones of uniformity are found in
northern FG with two main subregions, north (A) and
central (B) (Fig. 3b) and also in the interior of the shield
(Fig. 3b: C).

Estimation of Divergence Times

Relaxed Bayesian molecular clock.—All ESS values were
above 200 and convergence on stationarity was reached
quickly. The supertrees derived from the relaxed
Bayesian molecular clock method were well supported
(Fig. 4) with the few ambiguous relationships restricted
to patterns among genera.

The estimated rates of molecular evolution for each
branch of the “mtDNA supertree” range from 0.0107
to 0.0026 (mean 0.0057: 0.0048–0.0067 95% confidence
interval [CI]) substitutions/site/my (Fig. 4a). Among
the 12 target species, there was little variation in the
mean, varying from 0.0061 (±0.0006) (Le. wagneri B) to
0.0054 (±0.0005) (Ad. heyeri) (Appendix 1a). The initial
intraspecific divergences within the 12 focal species, all
predate the Pleistocene (1.8 Ma).

The mean rate over the “nuDNA supertree” was
0.00195 (0.00162–0.00234 95% CI) substitutions/site/my
and range per branch between 0.0015 and 0.0036.

Time of divergence using distance-based methods.—All the
smoothed frequency distributions of genetic distances
are multimodal and depart significantly from the null
model (Fig. 5a). We interpret this pattern as a re-
sult of variation in the μ/λ ratio, that is, resulting
from isolation and drift. These distributions contain a
distinct mode between 0 and 1 Ma corresponding to dis-
tances among haplotypes within what we considered as
lineages and secondary peaks corresponding to splits
among these lineages between 1 and 4 Ma. These diver-
gence time estimates are largely concordant with results
derived from the time-calibrated Bayesian phylogeny.

When combining all these distributions using equal
weights for each mode and a smoothing function, we
obtain a distribution containing three distinct modes
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FIGURE 3. a) Overlapped sampled ranges of all focal frog species except Rhinella castaneotica. A thick black line delimits the zone where
all the focal species overlap (100%) and black dashed line where more than 80% of the species overlap. b) Overlap of the total number of
phylogeographic breaks divided by the number of overlapping sampled ranges. The darker the color of the squares the more breaks there are
that intersect them. The areas in which the majority of breaks occur (50% of the species having a phylogeographic break in the square) are
delimited with gray lines and annotated with numbers. Conversely, the uniform zones, with a low number of breaks are delimited with black
circles and annotated with letters. The limits of the 80% overlap of the sampled ranges are also illustrated.

(Fig. 5b). The first “within lineages” mode between
0 and 1 Ma is very clear. The other two interlin-
eages modes are situated between 1–2.4 and 2.4–4 Ma.
Most of the older splits (2.4–4 Ma) correspond to in-
terlineage splits between FG versus Suriname or GS
versus Amazonia, whereas the more recent splits pri-
marily correspond to divergence among lineages occur-
ring within FG.

Coalescent-based method.—Divergences among lineages
occurring within the eastern GS were estimated for six-
teen comparisons using IMa (Hey and Nielsen 2007)
(Fig. 6; Appendix 6). Given Rh. castaneotica did not
display clear structure within the GS, this species was

excluded from these analyses. Effective sample sizes
(ESSs) were over 50 in all, but 3 cases that remained
low (ESS = 30–40) despite multiple attempts toward
optimization. The most recent divergences are found
between the two Ad. heyeri lineages (0.4 Ma) and Al.
granti (0.71 Ma), but these values should be treated with
caution as we set m = 0 and given that this value is
much lower than estimates derived from mtDNA alone
for Ad. heyeri (2.06 Ma) (but similar for Al. granti: 0.81
Ma). We interpret this incongruence to be due to en-
forcing m = 0, causing all nuDNA shared alleles to
be misinterpreted as ancestral polymorphism instead
of recent gene flow and therefore skewing estimates of
coalescence time. When considering all other species,
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FIGURE 4. Relaxed Bayesian molecular clock trees based on (a) 843 bp mtDNA data set (12S + 16S rDNA) and (b) 584 bp nuDNA data
set (tyrosinase). The 12 focal species are indicated in bold. Calibration points are indicated by circles (n = 11) for normal distributions and by
triangles for upper limits (n = 2). Divergence time estimates are indicated under branches, and 95% credibility intervals are represented as gray
bars centered on the nodes. Posterior probabilities (pp × 100) are indicated above the branches and asterisks refer to a pp > 0.99. Miocene,
Pliocene, and Pleistocene epochs are highlighted in light gray, darker gray, and light gray background, respectively.
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FIGURE 5. a) Smoothed distributions of corrected pairwise distances for each of the 12 focal species (in thick black line) and 1000 simulated
H0 distributions (thin gray) and their mean (thin black). Distances have been scaled using the estimated mtDNA substitution rate and are
thus expressed in million years. b) Smoothed distribution of the modes (thick black) of all previously estimated species pairwise distance
distributions equally weighted (dashed thin).

Le. mystaceus displays the most recent divergence (0.89
Ma). The oldest intraspecific divergences were recov-
ered between Surinamese and FG lineages of Al. granti

(2.34 Ma), Anomaloglossus sp. (1.87 Ma), Pr. chiastonotus
(1.43 Ma), and Ad. andreae (1.36 Ma). In three of these
(excluding Ad. andreae), this pattern is reflected, and
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FIGURE 6. Times of divergence estimates from IMa and 95% CIs based on combined mtDNA and nuDNA data for 16 splits between the
mtDNA-based groups for the 11 species displaying phylogeographic breaks within the GS. Divergence between northern FG and the closest
relative (n = 11) are indicated in black, which correspond to the ones used in ABC; and additional splits (n = 5) in light gray. For two species
(Ad. heyeri and Al. granti), migration was constrained to zero to reach convergence and are indicated in darker gray. Additionally, we show
mtDNA only results for Ad. heyeri and Al. granti to illustrate the discrepancy in darker gray. The interval between the minimum (Le. mystaceus)
and the maximum (Ad. andreae) mode values is indicated in dark gray and delimited by large dashed lines. The overlap between all the 95% CI
is indicated in light gray and delimited with small dashed lines.

partially driven, by the lack of allele sharing of nuDNA.
In all 11 species (Rh. castaneotica excluded), the diver-
gence of northern FG lineages from their closest rel-
atives, with the exception of Ad. heyeri (see above),
fall into the early Pleistocene. These comparisons range
from 0.84 (L. mystaceus) to 1.34 Ma (Ad. andreae). The 95%
CIs (gray bar of Fig. 6) of the same comparisons over-
lapped between 1.59 (Anomaloglossus sp. Max 95% CI)
and 0.98 Ma (Ad. andreae Min 95% CI).

Approximate Bayesian Computation

Both temporal and spatial congruence of lineage
diversification have been recovered from our analy-
ses of this multitaxa data set. The presence of an en-
demic FG lineage in all species (except Rh. castaneotica)
that diverged from other GS lineages between 0.89 and
1.3 Ma according to coalescence-based estimates and
between 1 and 2.4 Ma according to distance-based esti-
mates is one particularly striking feature of these phy-
logeographic patterns. To explicitly test the potential
synchrony of the phylogeographic breaks involving the
lineages restricted to northern FG and their close rel-
atives, we applied the ABC method implemented in
MTML-msBayes. We compared pairs of populations
groups for all 11 (Rh. castaneotica apart) species, seg-
regating the groups restricted to FG (in Al. femoralis
and Rh. margaritifera, the mtDNA lineages extend into

Amapá and in Pr. zeuctotylus to Suriname) with the most
closely related lineage with which it is in contact in the
GS. The obtained value of Ω (<0.002**; Bayes factor >
500) indicates there is a very strong signal in our data for
a single synchronous divergence among these lineages.

DISCUSSION

We gathered and analyzed an unprecedented amount
of data for 12 understudied frog species from a region
of Amazonia that is widely regarded as one of the most
important for terrestrial biotic diversity on the planet.
As far as we are aware, this study is the first to simulta-
neously test spatiotemporal patterns of tropical diversi-
fication in such a large number of codistributed species.
We then used a combination of original and integrative
analyses that enabled us to significantly improve our
understanding of the evolutionary history of GS frogs.

When examining the tree reconstructions in light of
the geographic range of lineages and their divergence
times, the variation among species is striking, with each
species displaying a unique pattern. At first glance a
general pattern is therefore not apparent, but some sim-
ilarities are observed, such as a phylogeographic break
within the eastern GS for all but one species. Despite
the temporal and spatial differences, we show that a
general pattern among these species does in fact emerge.
To fully synthesize these findings, we discuss the (i) tem-
poral and (ii) spatial discordance among species. We
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then propose an interpretation of the broad concordant
pattern among species, including a hypothesis involv-
ing the combined effect of climate and major rivers as
forces affecting the phylogeographic patterns observed.
We conclude with a discussion of the limitations, uncer-
tainties, and potential refinements of our method.

Temporal differences

Several theoretical studies (Edwards and Beerli 2000;
Emerson et al. 2001; Knowles and Maddison 2002;
Hudson and Turelli 2003) have demonstrated the ne-
cessity of quantifying gene and population coalescent
stochasticity. Moreover, previous multitaxa studies (e.g.,
Moritz and Faith 1998; Rowe et al. 2006; Carnaval et al.
2009; Moussalli et al. 2009) have proven how useful
such an approach is to examine the effects of ecolog-
ical, geological, and historical processes on regional
communities.

We partially circumvent the issue of coalescent
stochasticity and the potentially complex and varied
histories of species and populations by using multiple
molecular dating methods and examining genealogical
histories of both mtDNA and nuDNA across 12 codis-
tributed species. Comparisons of divergence time es-
timates derived from different methods demonstrated
that the vast majority of splits fall into a 1–3 Ma window
(Fig. 5b). Intraspecific splits occurring within FG display
a similar temporal range (0.84–1.34 Ma; Appendix 6),
a timing supported by ABC analysis as synchronous.
Thus, variations in mtDNA divergence among species,
indicative of isolation varying in age from 1 to 3 myr,
likely result from the inherent stochasticity of coales-
cent histories and varying degrees of ancestral polymor-
phism. This highlights the caution with which mtDNA
time estimates must be considered. The use of a single
mtDNA marker is known to present many caveats, chief
among them poor resolution, and large credibility in-
tervals (Wakeley and Hey 1997; Carstens and Knowles
2007). Another source of uncertainty lies in the absence
of reliable information on generation times for poorly
known species (Duellman and Trueb 1986). We used a
minimum value of 1 year (Reading 1991; Donnelly 1999)
for small species and 1.5 years for the two largest species
(e.g., Le. mystaceus and Rh. margaritifera), but these re-
main very rough estimates. In fact, the smallest species,
which are likely to have the largest population sizes, dis-
play some of the deepest divergences (Appendix 6) and
a slightly higher generation time would have led to val-
ues similar to those of other species using both methods.
Nevertheless, though veracity of these assumed genera-
tion times is unsubstantiated, the use of different meth-
ods led to relatively convergent time estimates that are
concordant with previous studies on other anurans of
the eastern GS (Noonan and Gaucher 2005, 2006).

Spatial Differences

The patterns observed are also spatially varied,
suggesting complex evolutionary histories shaped by

species-specific characteristics. Certainly, basic features
link the focal species (forest litter anuran species
co-occurring broadly in the eastern GS). However, the
distribution (Amazonian vs. GS endemics), reproduc-
tive mode (e.g., direct development vs. free larval de-
velopment), mean body size (20–70 mm), and many
more ecological nuances vary among the 12 species in
this study. These ecological and behavioral differences
likely influence, among other things, species’ ecologi-
cal tolerance to disturbance, population size, and dis-
persal ability. Species-specific climatic preferences have
been demonstrated to drive genetic structure differently
due to major historical climatic fluctuation in Australian
forestrial skinks sharing the same range (Moussalli et al.
2009). A genetic signature of refugial isolation may have
been blurred by varying patterns of expansion, gene
flow, and lineage sorting. Accounting for such individ-
ual responses to shared histories, our analysis of pooled
geographic breaks revealed a pattern that clearly indi-
cates these species share a history of spatial fragmen-
tation and identifies shared refugial areas within the
eastern GS.

As a corollary to temporal stochasticity of the
coalescence process, phylogeographic breaks can also
result from processes other than isolation (Irwin 2002;
Kuo and Avise 2005; Excoffier and Ray 2008). However,
once again, such processes are expected to produce pat-
terns that are not shared across taxa. A formal test of
departure from the stochastic distribution of barriers
across taxa has not been employed here (e.g., permu-
tation tests), and we cannot completely rule out such
possibility. However, our recovery of congruence
among 11 species is so compelling that we believe such
test to be unnecessary in the present case. This is not to
say that this would not be worthwhile, albeit challeng-
ing, objective to incorporate in future studies.

General Congruence and Biogeographical Significance

Setting aside the idiosyncratic variation in spatial and
temporal patterns, we found striking concordance when
integrating the multitaxa data set. Given the dissimilari-
ties among spatial patterns and ecologies of the taxa, the
recovery of such a general pattern is both unexpected
and remarkable. The data suggest that forest litter
anurans of the eastern GS share a common history of
isolation that has shaped their genetic diversity irrespec-
tive of species-specific differences. Geological events,
prominent landscape features, and marine transgres-
sions cannot explain the pattern observed in this re-
gion. Furthermore, as amphibian sensitivity to climate
is the main factor influencing distributions (Buckley and
Jetz 2007), we assert that such similarity among multi-
ple species is the result of past climatic fluctuations that
acted directly on species habitat distribution and pro-
moted both vicariance and dispersal.

The consequences of these early Pleistocene climate
modifications cannot be directly linked to habitat modi-
fications such as forest fragmentation given the absence
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of precise paleoecological records and/or climate
models from this time period, which lies beyond the
scope of our paper. Nevertheless, the interior of the
GS currently harbors a dryer climate than the northern
and eastern peripheries and is associated with relictual
savannas, semideciduous forest, and open forest (Gond
et al. 2011) that are derived from long-term habitat mod-
ifications (Servant 2000). Furthermore, evidence for the
contraction of moist forest in the GS during the Qua-
ternary has been found in palynological records and
charcoal deposits (Charles-Dominique et al. 1998; Ledru
et al. 2000; Van der Hammen and Hooghiemstra 2000).

During drier/colder conditions, it is likely that xeric
vegetation expanded, especially on the nutrient poor
GS soils (Pennington et al. 2000). The resulting patches
of suitable forest were then probably relatively isolated
within the lowlands of the GS. Extrapolating from the
current precipitation regime in Amazonia, two main wet
subregions can be distinguished: the coastal region of
eastern GS down to Eastern Pará and western Ama-
zonia. Thus, a dry transverse belt may have crossed
central Amazonia in a NW–SE direction. Wüster et al.
(2005) argued that such a corridor of open vegetation
allowed the snake C. durissus, a savanna specialist, to
disperse south of the Amazon during the Pleistocene.
Drier conditions along this corridor may have isolated
moist forest species in the putative refuge along the
coast of the eastern GS. Interestingly, a similar signature
of repeated isolation and colonization has been recov-
ered for xeric vegetation and fauna of the granite domes
(inselbergs) in FG, implying the existence of corridors
between what are today islands in a matrix of humid
rainforest (Descamps et al. 1978; Vitt et al. 1996; Sarthou
et al. 2001; Duputié et al. 2009; Boisselier-Dubayle et al.
2010).

Temporally, most of the lineages occurring in the GS
diversified during the early Quaternary (0.8–2.6 Ma)
(Figs. 5 and 6). Timing of intraspecific diversification im-
plies the most recent speciation events in these groups
took place well before the Pleistocene, contradicting
Haffer (1969) original version of the refuge hypothesis
and corroborating subsequent works (Moritz et al. 2000;
Weir 2006; Hoorn et al. 2010).

Spatially, the phylogeographic breaks are broadly
congruent with the consensus pattern resulting in isola-
tion of northern FG (Fig. 3b). Our results indicate that
most GS lineages of the twelve species examined di-
versified in situ during Quaternary. This is necessar-
ily the case for GS endemics but also supported by the
presence of GS endemic lineages for widespread Ama-
zonian species and by the high intraspecific levels
of haplotype and nucleotide diversity. Despite lim-
ited sampling from the area in this study, genetic ho-
mogeneity of widespread lineages from the central
portion of the GS, as reported in previous studies
(Noonan and Gaucher 2005), was observed in a num-
ber of our focal species (Fig. 3b: C; e.g., Ad. heyeri,
Al. femoralis, Rh. margaritifera, and to some extent in
Ad. andreae and Pr. zeuctotylus). We interpret this to
be the product of recent expansion during favorable

climatic conditions. Among all species studied, only Rh.
castaneotica lacks a clear phylogeographic break within
the GS. The absence of this species from Suriname and
the pattern revealed by the mtDNA network and neu-
trality tests suggest it has undergone recent expansion
to the north and colonized FG from Amapá.

The high diversity of haplotypes (Appendix 1; mean
Hd = 0.89), the spike in genetic distances near the
present (Fig. 5) and the strong genetic structure found
in all focal species (Fig. 2) suggests the persistence of
an extensive tract of favorable habitat on the north-
eastern periphery of the GS during the Holocene and
probably late Pleistocene. Northern FG unambiguously
acted as a refugium during the Pleistocene. This region
has been well sampled relative to the other putative
refugial areas in Amapá and Suriname but those ar-
eas too have probably harbored refugia. These results
fit with Descamps et al. (1978), de Granville (1982), and
Sastre (1976) whose hypothesis, based on botanical dis-
tributions, suggests that the GS forest biota are di-
vided into three refugia: one area corresponding to the
highest levels of rainfall in northern FG, another in
northeastern Suriname, and the last in northern Amapá.
This pattern corresponds well with the distributions of
our spatially restricted lineages. Regardless of whether
the barriers restricting Anuran biota were open vegeta-
tion, dry forest, or simply the combined effects of precip-
itation/temperature fluctuations, our results show that
the spatial scale of Quaternary diversification may have
been finer than previously thought.

Combined Effect of Climatic Fluctuations and Rivers

Hypothesizing a relatively unsuitable interior of the
eastern GS, putative refugia may have been situated
in the periphery of the region. Therefore, the broad
lower reaches of regional rivers may have had a notice-
able impact on biotic distributions. Major contact zones
between lineages coincide with the lower reaches of
the Maroni, Approuague, and Oyapock Rivers (Fig. 3).
These boundaries also correspond to the distributional
limits of many other species (see Results section). In
the interior, near the headwaters of these major rivers,
lineages are found on both sides of the river imply-
ing recent or contemporary exchanges. We interpret the
concordance of phylogeographic breaks with the broad
lower reaches of rivers as a consequence of restricted
dispersal across this barrier. This is similar to the river
barrier hypothesis, first formalized by Wallace (1852) for
major Amazonian tributaries, that suggests headwaters
are areas of interpopulation interactions, and the broad
lower reaches act as effective barriers to dispersal. Con-
trasting evidence for the importance of rivers has been
reported (Gascon et al. 1998; Lougheed et al. 1999), sug-
gesting permeability of rivers to gene flow could de-
pend on river course vagility (Lundberg et al. 1998) over
time and species life history traits such as reproductive
mode. In Al. femoralis, an Amazonian frog restricted to
terra firme forests, observed genetic structure does not
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correspond to the courses of a major Amazonian river
(Gascon et al. 1998; Lougheed et al. 1999). In contrast, the
genetic structure of Ranitomeya ventrimaculata appears to
have been profoundly affected by the presence of rivers
(Noonan and Wray 2006). In our study, genetic diver-
gence is found to be associated with the lower courses of
rivers in all species. The large white waters rivers of the
Amazon are known to be quite adept at changing their
course over time, perhaps more so than the smaller but
more channeled clearwater rivers of the GS (Bates et al.
2004).

Limitations and Future Developments

High mutation rates, matrilineal inheritance with-
out recombination, and the relative ease of gathering
data have driven the use of mtDNA in phylogeogra-
phy (Avise 2000). However, interpretations based solely
on mtDNA are susceptible to imprecision and error due
to a number of widely reported complications (White
et al. 2008). These pitfalls are at least partly circum-
vented here by examining patterns from 12 species and
both mtDNA and nuDNA. Our nuDNA data remain
based on only one slow-evolving locus, but these data
clearly support patterns revealed by the mtDNA. The
slow rate of evolution of this locus led to analytical prob-
lems when using the coalescence-based method in two
species as it was difficult to distinguish between migra-
tion and shared ancestral polymorphism. Nevertheless,
with the exception of the genus Rhinella, in which hy-
bridization between highly divergent mtDNA lineages
appears to occur in central Amazonia, all highly diver-
gent mtDNA groups are recovered by nuDNA analysis
or exhibited limited allele sharing. This implies limited
connectivity among lineages defined by mtDNA hap-
lotype. Consequently, we assume that mtDNA-based
groupings are representative of the evolutionary histo-
ries of each species and are not the result of stochastic
coalescent processes.

Another interesting development for the spatial
method would be to integrate niche modeling in or-
der to test for a correspondence between lineages and
current and past environmental suitability and delimit
more precisely the location of the breaks. Phylogeog-
raphy has grown explosively in the last two decades
and despite this growth is only now developing the
theoretical paradigms and analytical tools that inte-
grate the multidimensional nature of species diversi-
fication (Avise 2009; Buckley 2009). The integration of
an explicit synchrony test for phylogeographic breaks,
such as ABC, together with forms of spatial testing like
the method employed herein and the use of multiple
unlinked loci in a multidimensional analytical frame-
work, provides an inkling of the future prospects for
phylogeography.

SUPPLEMENTARY MATERIAL

Supplementary material is available online in the
Dryad data repository. Online Appendix, Sample

information: doi:10.5061/dryad.bj1514fn/1, Supple-
mentary Figures S1–S6, mtDNA trees: doi:10.5061/
dryad.bj1514fn/2, Supplementary Figures S mtDNA
networks: doi:10.5061/dryad.bj1514fn/3, Supplemen-
tary Figures S maps: doi:10.5061/dryad.bj1514fn/4,
Supplementary Figures S nuDNA networks: doi:
10.5061/dryad.bj1514fn/5, Matrices and consensus
trees from Bayesian analyses of mtDNA: http://
purl.org/phylo/treebase/phylows/study/TB2:S12162,
and Matrices of nuDNA: doi:10.5061/dryad.bj1514fn/7.

FUNDING

A.F. was supported by a PhD scholarship from the
College of Science, University of Canterbury (UC).
Travel grant from UC and Education New Zealand sup-
ported fieldwork in Suriname and Brazil. Molecular
costs were covered by internal grants from the Univer-
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de Sá R.O., Heyer W.R., Camargo A. 2005. Are Leptodactylus didy-
mus and L. mystaceus phylogenetically sibling species (Amphibia,
Anura, Leptodactylidae)? In: Ananjeva N., Tsinenko O., editors.
Herpetologica Petropolitana—Proceedings of the 12th Ordinary
General Meeting of the Societas Europaea Herpetologica; 2003 Au-
gust 12–16; St. Petersburg, Russia. p. 90–92.

Descamps M., Gasc J.P., Lescure J., Sastre C. 1978. Étude des
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évolution en Amérique tropicale. Paris: Publication du Laboratoire
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APPENDIX 2

Taxonomic and Distributional Considerations

Preliminary results and previous studies (Fouquet
et al. 2007a, 2007b, 2007c) suggested the existence of dis-
tinct species within what is generally considered as Al-
lobates granti (n = 2), Anomaloglossus degranvillei (n = 3),
Leptodactylus gr. wagneri (n = 9), and Rhinella margari-
tifera (n = 8). Consequently, we focused our analyses
to the lineages for which the phylogeographical pattern
can be examined in the GS.

• Allobates species of the marchesianus/brunneus group
are infamously complex in terms of species delin-
eation. In FG, two species occur that are generally
confused. One of them, on which we will focus here,
corresponds to Allobates granti recently described by
Kok et al. (2006). The second has so far been only
recorded in the Saul region.

• Anomaloglossus degranvillei has been described form
central FG. Several species related to A. degranvillei
have been actually lumped together since its original
description. Anomaloglossus degranvillei is in fact prob-
ably restricted to the central mountain range in FG,
whereas the most widely distributed species remains
still undesirable. Here, we will only focus on the
later, Anomaloglossus sp., given this species has been
readily sampled and being confident that the other
lineage corresponds to the nominal species.

• Within the Leptodactylus wagneri/podicipinus species
group, we focused on L. wagneri B which is a fore-
strial species occurring in the GS as opposed to the
sympatric L. wagneri C which is also forestrial, L. gr.
wagneri A and E which also occur in the GS but seem
restricted to open areas, L. validus (=pallidirostris;
gr. wagneri D) which occurs in Venezuela, Roraima,
Trinidade, Tobago, and Guyana according to Yanek
et al. (2006) and is reported here to also occur in
Suriname and the four additional species occurring
outside the GS.

• We also considered the lineages within the Rhinella
margaritifera species complex that occur in the GS
except the newly described R. lescurei (Fouquet et al.
2007a) so far only documented in FG (but see Ávila-
Pires et al. 2010) and as opposed to the lineages
occurring elsewhere in South America.

• As mentioned in Fouquet et al. (2007a, 2007c), Rhinella
dapsilis DNA sequences have been analyzed by
Pramuk et al. (2007). This species appears to be nested
within a clade occurring in eastern Amazonia. How-
ever, the R. dapsilis specimen analyzed by Pramuk
et al. is indicated to come from Pichincha–Ecuador
which is located in the Andes while the species is
supposed to occur in western Amazonia according

to Frost (amphibian species of world accessed in
June 2009). The geographical information provided
is likely erroneous given the close phylogenetic re-
lationship between the R. dapsilis mtDNA haplotype
and other R. margaritifera sample in FG as well as
the identification of the specimen as explained in
Fouquet et al. (2007a). Given this confusing situation,
we used the DNA data in phylogenetic reconstruc-
tion as Rhinella margaritifera but did not consider the
geographical information.

On the contrary, we grouped several putative species
under one name:

• Allobates femoralis has been recognized for a long
time to harbor cryptic species over its range. Re-
cently, Simões et al. (2010) described Allobates hodli
from southwestern Amazonia and also identified a
closely related species from Acre. We included this
last species in our reconstruction.

• We considered all the Anomaloglossus spp. that are
clustering with Anomaloglossus baeobatrachus even if
evidences that various species are actually hidden
under it.

• We grouped Rhinella margaritifera lineages from the
GS, Rhinella martyi (Fouquet et al. 2007a) and the
closest Amazonian lineages because they appeared
allopatric in the GS and/or phylogenetically close
enough to be included in the same group.

• For similar reasons, we also grouped under the name
Rhinella castaneotica populations from Amazonia of
this species and material from the GS that actu-
ally may correspond to a related but distinct species
(Fouquet et al. 2007a).

Due to the confusion surrounding species delin-
eation in several species like in the Leptodactylus wag-
neri/podicipinus species group, we mapped the ranges
of most Amazonian species according to the GAA sup-
posedly occurring in the GS and additional species (see
Fig. S21b). We also mapped the observed and supposed
ranges of Anomaloglossus stepheni because it appeared to
have a contact zone with Anomaloglossus baeobatrachus.
These two different species have similar ecology and re-
productive behavior and interestingly do not seem to
overlap across their ranges.

Justifications of the Species Generation Time Used

It has been shown that the age at maturity is cor-
related with longevity (Tilley 1980; Miaud et al. 2000),
characteristics that are themselves frequently related
to body size and mode of reproduction (Wells 2007).
These traits are known to vary among the sexes
as well as among temperate/lowland species. Most
females of temperate species do not reach maturity
before 3 years (Halliday and Tejedo 1995). However,
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most small tropical species with small clutches and
parental care (Duellman and Trueb 1986; Donnelly
1999; Morrison and Hero 2003) can probably repro-
duce as early as their first year (e.g., Kumbar and
Pancharatna 2001; Gramapurohit et al. 2004). In larger
species such as Leptodactylus bufonius (Reading and Jofre
2003) and Leptodactylus pentadactylus (Galatti 1992), fe-
male maturity may be reached as late as 2 years of
age. Even less is known of survival with the little infor-
mation available suggesting that maximum longevity
only rarely exceeds 5 years (Morrison et al. 2004) in
tropical amphibians and that most individuals sur-
vive less than a year after reaching sexual maturity
(Barbault and Rodrigues 1978, 1979; Barbault and Pi-
lorge 1980; Galatti 1992; Ramirez et al. 1998; Wells
2007). Given these uncertainties, we considered the sur-
vival rates past first breeding to be close to 0 in all
species, thus only considering the first reproduction
to be significant. We also considered all small bodied
species to have a 1 year generation time, which we
increased to 1.5 years in larger species that typically
have large clutches and in which at least females prob-
ably need more than a year to reach sexual maturity.

APPENDIX 3. New tyrosinase primers designed for this study

Leptodactylidae Tyr I Adeno 6 CAACTCTCC
TTTGGGTCCTC

Leptodactylidae Tyr BC Adeno CTGGAGATGGT
TCTACTTGTGG

Leptodactylidae Tyr H Adeno ACATTGTTG
GGCATCTCTCC

Leptodactylidae Tyr E Adeno 18 CTGAGGAGA
ACAGTGCTGG

Leptodactylidae Tyr E Adeno 16 GGCTGAGGA
GAACAGTGCT

Aromobatidae Tyr E Dendro12 GCTGGGCTGA
GGAKATTATC

Aromobatidae Tyr E Dendro16 GGCTGAGGAKA
TTATCRCTTA

Aromobatidae Tyr I Dendro CCTTTGGGT
TCACARTTTC

Aromobatidae Tyr I Dendro 5 CCTCACCT
TYGGGTTCACA

Pristimantis Tyr E Eleu14 TGGGCTGAG
TAGGAYGGTA

Pristimantis Tyr E Eleu17 GCTGAGTAG
GAYGGTACTGG

Pristimantis Tyr I Eleu12 GTTGTATCTAC
CTCACCTTTGG

Leptodactylidae Tyr I Lepto14 GTCSTGTCCA
ACTCTCCYGTG

Leptodactylidae Tyr E Lepto 29 CGTTGCTGGT
TGGGTGGKTTC

Aromobatidae Tyr I Allob 6 ACTCCCCTT
CAGGTTCACA

Aromobatidae Tyr I Dendro 19 TCCCTTTAGY
GGCATTGACGA

Aromobatidae Tyr H Dendro 25 CAGAAGGGGAT
GGTGAAGTT A
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