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Abstract
The east coast of Brazil comprises an extensive area inserted in the Tropical Atlantic Domain and is represented by sandy plains of beach ridges commonly known as Restingas.
The coastal environments are unique and house a rich amphibian fauna, the geographical
distribution patterns of which are incipient. Biogeographical studies can explain the current
distributional patterns and provide the identification of natural biogeographical units. These
areas are important in elucidating the evolutionary history of the taxa and the areas where
they occur. The aim of this study was to seek natural biogeographical units in the Brazilian
sandy plains of beach ridges by means of distribution data of amphibians and to test the
main predictions of the vicariance model to explain the patterns found. We revised and
georeferenced data on the geographical distribution of 63 anuran species. We performed a
search for latitudinal distribution patterns along the sandy coastal plains of Brazil using the
non-metric multidimensional scaling method (NMDS) and the biotic element analysis to
identify natural biogeographical units. The results showed a monotonic variation in anuran
species composition along the latitudinal gradient with a break in the clinal pattern from
23°S to 25°S latitude (states of Rio de Janeiro to São Paulo). The major predictions of the vicariance model were corroborated by the detection of four biotic elements with significantly
clustered distribution and by the presence of congeneric species distributed in distinct biotic
elements. The results support the hypothesis that vicariance could be one of the factors responsible for the distribution patterns of the anuran communities along the sandy coastal
plains of eastern Brazil. The results of the clusters are also congruent with the predictions of
paleoclimatic models made for the Last Glacial Maximum of the Pleistocene, such as the
presence of historical forest refugia and biogeographical patterns already detected for amphibians in the Atlantic Rainforest.
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Introduction
Biogeography is the discipline interested in documenting and understanding spatial biodiversity patterns [1] and also in explaining the evolutionary history that led to this current spatial
configuration [2–5]. Detailed data regarding how organisms are distributed, the basis of biogeographical studies, enable such distribution patterns to be identified, including natural biogeographical units [6–11]. These natural biogeographical regions are fundamental units of
comparison in many broad-scale ecological and evolutionary studies [12,13] and provide an essential tool for conservation planning [11,14–18].
There are several methods proposed to identify biogeographical units (e.g., [6,19–22]). A
well-known method is the parsimony analysis of endemicity that is used to detect natural biogeographical units in named areas of endemism [6,9,23,24]. According to some authors (e.g.,
[1,5,25]), areas of endemism have a unique biota with similar historical processes and are the
basis for postulating hypotheses regarding the processes that led to their origin. However, the
determination of natural biogeographical units based solely on strict endemism is effective
only in cases of strict sympatry [19,21] that is not so common in natural conditions. Dispersal
and extinction are natural events that can cause noise in the identification of areas of endemism
and hinder the recognition of natural biogeographical units [20,22]. For this reason, biotic element analysis has been used in many studies as an alternative method to detect natural biogeographical units (e.g., [10,11,19,21,26–28]).
The biotic element analysis identifies groups of taxa with geographic distributions significantly more similar to one another [19,21]. The advantage is that biotic elements may be recognized even when part of the taxa originated by vicariance has dispersed across barriers [19,21].
The biotic element analysis is based on the assumption of vicariance and postulates that diversification results from fragmentation of the ancestral biota by the emergence of barriers
[5,19,21,29,30]. Consequently, it is expected that the distributions of taxa with the same geographical origin are more similar to each other than to the distributions of taxa from distinct
geographical origins, and the taxa that are closely related due to the vicariance process belong
to distinct biotic elements [19,21].
The identification of natural biogeographical units is important to understand the evolutionary history of taxa and of the areas that encompass them, and such studies in natural environments are incipient [11,28], as in the case of the biota from the sandy plains of the
coastal ridges of Brazil. The coastal sandplains are commonly known as Restingas and are included in the Tropical Atlantic Domain [31], which also includes the Atlantic Forest, a global
biodiversity hotspot [32]. Studies on different biological groups, especially those focused on
forest habitats of the Atlantic Forest in Brazil, have been carried out to identify distributional
patterns [7,33,34].
Biogeographic studies have not yet addressed the distribution patterns of amphibian communities or the processes that have shaped these communities. Additionally, studies in the
Restingas area of the Tropical Atlantic Domain is neglected, as most investigations have focused on the forested part of this domain [35–39]. For this reason, we assessed for the first time
the amphibian distribution patterns in a biogeographical study of Restingas. The aims of our
study were: (1) to identify distribution patterns of anuran species occurring on sandy plains of
beach ridges of the eastern Brazilian coast; (2) to detect natural biogeographical units throughout the study area and to identify groups of anuran species with non-random overlapping geographical distribution (biotic elements); and (3) to provide the first formal test of two
predictions of the vicariance model to evaluate the hypothesis that the diversification of these
species can be a result of fragmentation of the ancestral biota by emerging barriers.
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Materials and Methods
Study area
The east coast of Brazil is located within the Tropical Atlantic Domain [31] and is essentially
covered by the Atlantic Forest, a global biodiversity hotspot [32]. The Restinga is a component
of the Atlantic Forest habitat characterized by dunes and sandy plains covered by herbaceous
and shrubby vegetation under direct sunlight (‘open Restinga’, Fig 1), having experienced extensive degradation over the past five centuries [39]. The term Restinga has been used indiscriminately to refer to all types of vegetation that occur in quaternary coastal plains, including
the forest vegetation of the lowlands and slopes of the Serra do Mar mountains. Thus, to avoid
ambiguity, the term Restinga used in this study is based on topography and follows Rocha and
collaborators [40], Souza and collaborators [41], and Franco and collaborators [42] that stated:
Restingas are quaternary habitats characterized by sandy soils with high salt concentration covered by predominantly herbaceous and shrubby xerophytic vegetation. Additionally, we also
considered in the analysis non-forested sites represented by plains and wet lowlands adjacent
to coastal sand ridges, as many amphibian species inhabiting the Restingas commonly use
these areas for reproduction and foraging.
The area of Restinga considered here resulted in 22 grids with 1° x 1° resolution (Fig 2), considered the sampling units. We constructed a matrix of presence and absence of anuran species
(see Matrix A in S1 Appendix) using the species data contained in each quadrat. This matrix
was used in subsequent tests.

Data sources
Data on anuran composition and their respective geographical distribution were obtained by
direct examination of specimens housed in eight Brazilian herpetological collections: Coleção
Célio F. B. Haddad, Universidade Estadual Paulista (CFBH); Museu de Ciências e Tecnologia
da Pontifícia Universidade Católica do Rio Grande do Sul (MCT-PUCRS); Museu de História
Natural Capão da Imbuia, Curitiba, Paraná (MHNCI); Museu Nacional, Rio de Janeiro
(MNRJ); Museu de Zoologia da Universidade Estadual de Feira de Santana (MZEFS); Museu
de Zoologia da Universidade de São Paulo (MZUSP); and Museu de Zoologia da Universidade
Federal da Bahia (UFBA). Additionally, we searched the literature (articles, books, notes on
natural history and geographical distribution, environmental impact assessments, management
plans, dissertations, and theses) for amphibian species recorded in the studied areas. We critically reviewed information about species and their locations before entering them into the database. In the absence of accurate information on the geographical coordinates for the
collection site of any particular specimen, we used Google Earth to obtain approximated geographical coordinates. We considered in the analysis only species that have part of their life
cycle associated with the open Restinga. The reliability of the geographic distribution records
was verified by consulting the authors and/or collectors of specimens deposited in scientific
collections or recorded in the literature. The specimens examined in scientific collections or obtained from literature data are presented in S2 Appendix.

Analyses
Structure of the spatial distribution of anuran species. We searched the main geographical variation patterns in anuran species composition along the eastern Brazilian coast using an
indirect gradient analysis. We used the non-metric multidimensional scaling method (NMDS)
for reducing the anuran composition dataset (Matrix A) to one or more synthetic axes. Initially, we searched for the best dimensionality to represent the data set. Six dimensions were
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Fig 1. Phytophysiognomies of the Restinga. (A) Panoramic view of the Restinga from Costa Azul, Municipality of Jandaíra, northernmost coast of the
Bahia State, northeastern Brazil, featuring freshwater ponds amid sand dunes. (B) A typical Restinga landscape (Praia do Forte, Municipality of Mata de São
João, Bahia State) characterized by sandy soil covered by many shrubs and terrestrial bromeliads. In several places of the Restinga habitat, terrestrial
bromeliads (in detail in the top right corner) are the unique source of water and shelter for anuran species. (C) Temporary pond near a sand dune and (D)
floodplain in the Restinga of Arembepe, Municipality of Camaçari, Bahia State. These floodplains are contiguous with sandplains and many amphibian
species inhabiting the Restingas commonly use these areas for reproduction and foraging. Photo A, Ariane L. Xavier, 10 June 2012; B, Rafael O. Abreu, 17
June 2006; C and D, Iris Shalon F. Carneiro, 28 September 2014.
doi:10.1371/journal.pone.0128268.g001
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Fig 2. Maps showing the area of study. On left, topographic map showing the point locality sampling of anurans along the Restingas. Right, distribution
map of the 22 quadrats considered for the analyses.
doi:10.1371/journal.pone.0128268.g002

generated (6D solution) from the Matrix A, by the Bray-Curtis distance coefficient. To avoid
the local minima problem [43], we ran 40 starting configurations, using as stability criteria the
instability value of 0.000010, 15 iterations to evaluate the stability of the solution and 400 as the
maximum number of iterations (see [43]). The Monte Carlo test was used to evaluate whether
NMDS extracted a stronger axis than expected by chance. The result indicated that the best solution would be reached by a two dimensional analysis. A new analysis was performed using a
two-dimensional (2D) solution with the following settings: 1000 starting configurations, using
as stability criteria the instability value of 0,0005, 999 iterations to evaluate the stability of the
solution and 500 as the maximum number of iterations. The Monte Carlo test (999 randomizations) was used to evaluate whether NMDS extracted a stronger axis than expected by chance.
The NMDS axes were rotated to a new varimax solution [43]. The proportion of variance represented by the NMDS axis, based on the correlation between distance in the ordination space
(Euclidian distance) and distance in the original space (Bray-Curtis distance), was obtained by
the standardized Mantel test (r). As a last step, a new NMDS analysis was performed with only
one dimension (1D solution), using the same 2D configuration settings, to verify whether the
1D solution would be able to synthesize the main pattern of variation in anuran species composition along the eastern Brazilian coast.
We tested the presence of monotonic variation of anuran composition (quadrats; dependent
variable) along the latitudinal gradient (independent variable) by single linear regression
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analysis. The assumption of normal distribution was tested by the Shapiro-Wilk W test and
also by the projection of the normal distribution curve over a histogram distribution (observed
frequencies); the assumption of linearity was checked by the projection of the variables of interest on a scatter diagram, followed by the ‘runs test’ performed in Prism software version 3.0.
The level of significance was set at P ! 0.05.
Biotic element analyses. The predictions of the vicariance model regarding distribution
patterns of amphibians were tested using the biotic element analysis [19,21], which searches
for biogeographical units under the vicariance model perspective. Biotic elements (BE) are
groups of taxa in which the distributions are significantly more similar to one another than to
those of taxa from another group. This analysis was carried out with prabclus package in the
statistical software R [44] using Matrix A (see S1 Appendix).
Biotic element analysis is based on tests of two predictions of the vicariance model. The first
prediction states that division of the ancestral biota should produce groups of taxa that are significantly regionalized [5,19,21]. The second prediction states that closely related species must
be found within distinct biotic elements [5,19,21].
Three measures are required to test the null hypothesis that the species distribution ranges
are not significantly regionalized (first prediction): a distance measure between the distribution
limits of the taxa examined, a statistical test, and a null model to generate sets of random ranges
[21]. We chose the geco distance coefficient instead of the Kulczynski distance (default in prabclus) because it considers not only the percentage of geographical units shared by taxa, but also
the geographical relationships of the occupied units [45–47]. For the required geco coefficient,
we used f = 0.2. The T test was used based on the assumption that given a significant clustering
of scales, the distances between the distribution ranges of the same group will be smaller than
those between the ranges of different groups [21]. The distribution of the test statistic under
the null model was estimated by a Monte Carlo test.
To test the second prediction of the vicariance model, which states that closely related species must be distributed among distinct biotic elements [19,21], the chi-square test (X2) was
used to analyze the distribution of congeneric species among biotic elements (see [11,28]).
Once it was found that amphibians in the study area are divided into groups of species with
significantly regionalized ranges, the next step was to identify the biotic elements. Non-metric
multidimensional scaling (NMDS) was applied to the geco distance matrix generated in the
previous step. Model-based Gaussian clustering (MBGC) was used on the same geco distance
matrix to identify the biotic elements (BE). The percentage of a species distribution in each
grid was calculated based on the total species distributed among the different biotic elements.
The region with the highest (greater than 75%) percentage of species distribution was defined
as the “core area” of each biotic element (see [11,28]).

Results
A total of 63 anuran species were considered in this study belonging to 18 genera and 6 families
(number of species in parenthesis): Bufonidae (8), Craugastoridae (2), Hylidae (36), Leptodactylidae (13), Microhylidae (3), and Odontophrynidae (1). These species were recorded at 40 localities along the eastern Brazilian coast (Fig 2). The list of species included in the analyses is
provided in S1 Appendix.

Structure of the spatial distribution of anuran species
The NMDS axes obtained using two dimensions (2D) reflected the structuring in the distribution of the sampling units (SUs) (Fig 3A). The 2D NMDS solution resulted in a stress value of
11.7 and the extracted axes were stronger than expected by chance (Monte Carlo test,
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Fig 3. Projection of individual scores resulting from the non-metric multidimensional scaling method (NMDS) for 22 quadrats (sample units). Twodimensional NMDS solution: (A) NMDS 1 vs. NMDS 2; (B) NMDS 1 vs. latitude; and (C) NMDS 2 vs. latitude. (D) One-dimensional NMDS solution: NMDS vs.
latitude; the trend line was obtained from linear regression analysis (F(1,20) = 323.52, R2 = 0.94, P < 0.0001). Symbols represent the three main groups
resulted from the analysis and that are congruent with biotic elements identified in this study (see Fig 4 for biotic elements): square, northeast biotic element
(BE-NE); triangle, southeast biotic element (BE-SE); circle, south biotic element (BE-S); diamond, not included in biotic elements.
doi:10.1371/journal.pone.0128268.g003

P < 0.001). The variance represented by the two NMDS axes explained 88% of the variance
present in the original multidimensional space (Mantel test: r = 0.94, P < 0.001). This result indicated the presence of three SU groups, representing the northeast, southeast, and south distribution areas. The northeastern and southern SU groups were completely segregated along
the first and second axes and the southeastern group was segregated from the southern group
in the first axis and from the northeastern group in the second axis. The quadrat Q16 was not
clearly related to one of the three recognized groups. Projection of the scores of the NMDS axes
onto the latitudinal gradient (Fig 3B and 3C) identified patterns of gradual species turnover
(directional clines) along the Atlantic Coast in the latitude ranges 9° S to 25° S (Fig 3C; northeast-southeast gradient) and 22° S to 33° S (Fig 3B, southeast-south gradient). There was
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convergence of these clines in the latitude range 22° S to 25° S (states of Rio de Janeiro and São
Paulo, Fig 3B and 3C).
The one-dimensional (1D) NMDS solution expressed a linear structure in the distribution
of anuran species SUs (Fig 3D), but with a high stress value (30.5). Even so, NMDS extracted a
stronger axis than expected by chance (Monte Carlo test, P < 0.001). The variance explained
by the NMDS axis accounted for 61% of the variance in the original multidimensional space
(Mantel test: r = 0.78, P < 0.001). Linear regression analysis carried out between SU ordination
(NMDS axis, dependent variable) and the latitudinal gradient (independent variable) indicated
a monotonic variation in the SU distribution along the entire length of the coast analyzed (Fig
3D) and a strong dependence of the species distributions (SUs) on the latitudinal gradient
(F(1,20) = 323.52, R2 = 0.94, P < 0.0001).

Biotic elements in the Restinga
Biotic element analysis carried out for 63 anuran species corroborated the main vicariance
model predictions: (i) the distribution was found to be significantly clustered, forming a regionalized biota along the sandy plains of the beach ridges of the eastern coast of Brazil. The T
statistic obtained was 0.146, significantly smaller (P < 0.001) than expected by chance (for
1,000 artificial populations, T ranged from 0.24 to 0.32; mean = 0.28); (ii) species belonging to
15 genera defined the biotic elements: Aparasphenodon, Dendropsophus, Dermatonotus, Elachistocleis, Hypsiboas, Leptodactylus, Melanophryniscus, Phyllodytes, Physalaemus, Pleurodema,
Pristimantis, Pseudopaludicola, Rhinella, Scinax, and Sphaenorhynchus. The second prediction
of the vicariance model was also corroborated, as closely related species were not significantly
clustered in the same biotic element (X2 = 42.1053; P = 0.5232).
The projection of the individual scores in the reduced space of the two NMDS axes (Fig 4)
identified four biotic elements according to the clustering of the species. A total of 25 species
(39.7%) were included in the noise component (element “N”, Fig 4), whereas 60.3% of the species (38 species) contributed to the detection of four biotic elements (BEs). The BEs were comprised in three main geographic regions throughout the Brazilian coastline (Fig 5): BE-NE,
restricted to the northeastern coast (BE1); BE-SE, in the southeastern coast (BE3 and BE4);
BE-S, restricted to the southern coast (BE2). The list of species used in the analysis and their respective occurrences per grid and biotic element are shown in S1 Appendix.
The northeastern biotic element (BE-NE: BE1) extends from the north of the State of Alagoas to the southern coast of the State of Bahia (Fig 5). Fifteen species were identified in the
BE-NE region: Dendropsophus nanus, D. rubicundulus, Dermatonotus muelleri, Hypsiboas raniceps, Leptodactylus troglodytes, L. vastus, Phyllodytes melanomystax, P. punctatus, Pleurodema
diplolister, Pristimantis paulodutrai, P. ramagii, Rhinella jimi, Scinax auratus, S. cretatus, and S.
eurydice. No area in the BE-NE region had more than 75% of richness (core area), but a richer
area in the south of the State of Alagoas to the north of the State of Bahia can be recognized.
The southeastern biotic element (BE-SE: BE3 and BE4) extends from the southernmost part
of the State of Bahia (below the Jequitinhonha River) to southern Rio de Janeiro State (Fig 5).
Five species were identified in the BE3: Dendropsophus meridianus, Leptodactylus mystacinus,
Rhinella pygmaea, Scinax littoreus, and S. similis. Five species form the BE4: Aparasphenodon
brunoi, Dendropsophus bipunctatus, Scinax alter, S. cuspidatus, and Sphaenorhynchus planicola. The core area of BE3 is coincident with the Restinga of the State of Rio de Janeiro
(Q12-Q15). The core areas of BE4 are partially overlapped with the core area of BE3
(Q12-Q15), including also a contiguous area in the southern Espírito Santo State (Q11) and
two disjoint areas, one in the southern Bahia State (Q7) and another in the northern Espírito
Santo State (Q9). Of all species that occur in the State of Rio de Janeiro, 30% are exclusive to
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Fig 4. Species clusters in the first two dimensions of nonmetric multidimensional scaling analysis. Data obtained according to the ranges of 63
anuran species from Brazilian Restingas mapped on a 1° x 1° cell grid, analyzed in MCLUST. Characters indicate model-based clustering with noise (N).
doi:10.1371/journal.pone.0128268.g004

this state, and 70% are shared among Rio de Janeiro, Espírito Santo and Bahia states. The number of anuran species defining BEs in the Restingas of BE-SE increases along the north–south
latitudinal gradient from the extreme south of the State of Bahia (Q7; five species, 50%) to the
core area in the extreme south of the State of Rio de Janeiro (Q15; nine species, 90%).
The southernmost biotic element (BE-S: BE2) extends along the coasts of the states of Santa
Catarina and Rio Grande do Sul (Fig 5). The BE-S consists of 13 species: Dendropsophus sanborni, Elachistocleis bicolor, Hypsiboas pulchellus, Melanophryniscus dorsalis, Physalaemus biligonigerus, P. gracilis, P. riograndensis, Pseudopaludicola falcipes, Rhinella arenarum, R. dorbignyi,
R. fernandezae, Scinax berthae, and S. squalirostris. The core area of BE-S covers the south of the
State of Santa Catarina to the north of the State of Rio Grande do Sul, as well as an isolated area
in the extreme south of the Rio Grande do Sul State. The anuran fauna present in the BE-S predominantly consists of widely distributed species in open areas of wet lowlands in the states of
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Fig 5. Distribution of the biotic elements (BE) recovered according to the range of 63 anuran species from the Restingas. Each biotic element is
comprised by the respective set of quadrats. Shadings indicate the areas where > 75% (= core area), > 50%, > 25% and > 0% of the species of an element
are present.
doi:10.1371/journal.pone.0128268.g005
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Rio Grande do Sul, Santa Catarina, Paraná, and São Paulo in Brazil, as well as in Uruguay, Argentina and Paraguay. Only the distribution of Melanophryniscus dorsalis (states of Santa Catarina and Rio Grande do Sul; [48,49]) is restricted to sandy ridges of the Atlantic Coast.

Discussion
Our results support the hypothesis that distribution patterns of anuran species along the Restingas of the eastern Brazilian coast are a result of the fragmentation of ancestral biotas as a consequence of vicariant events. The existence of four subgroups (BEs) of amphibian species
comprised within three main geographical regions along the Restingas in the eastern Brazilian
coast (northeastern, southeastern, and southern biotic elements) confirmed the prediction of
the existence of distinct subsets within the study area. The composition of anuran species
turned over monotonically along the latitudinal gradient studied. Even considering its monotonic nature, this variation gradient (9°S–33°S) disappears upon reaching 23°S (State of Rio de
Janeiro), contributing to the distinction between the southeastern (BE-SE) and southern (BE-S)
biotic elements. This break in the variation gradient may be partially explained by the cut-off
and discontinuity of the sandy coastal plains in the region between the extreme south of Rio de
Janeiro and Santa Catarina states. On the south coast of the State of Rio de Janeiro and north of
the State of São Paulo, the anurans are distributed along narrow and fragmented beach ridges
(when present), often surrounding small inlets, and most can be group together with the Atlantic Forest anurofauna due to the proximity of the mountainsides that sometimes reach the sea
[50]. Moreover, the sandy plains extending along the southern coast of São Paulo to the Municipality of Garopaba (28° S; State of Santa Catarina) are interrupted by the coastal mountains of
the Serra do Mar/Paranapiacaba complexes to the north and the mountains in eastern Santa
Catarina to the southeast [50]. Thus, these mountain complexes could have been possible barriers to the dispersal of the amphibian species that use the sandy ridges as their main habitat.
Another hypothesis is based on a recent study [36] that could explain the observed break in
the north–south variation gradient and the biotic elements identified. According to [36], the
following Pleistocene refuges (stable areas) for the Atlantic Forest during the Last Glacial Maximum (approximately 21,000 years ago) were proposed or resurrected: (i) a wide stable area (=
Bahia refuge) for the Atlantic Forest in the region between the Doce River to the south and the
São Francisco River to the north; (ii) a less stable area to the north of the São Francisco River
(= Pernambuco refuge); and (iii) several small stable areas to the south of the Doce River, including two small refuges, one on the coast of the State of Rio de Janeiro near the city of Arraial
do Cabo (22.9°S, 42° W) and another on the border between states of Rio de Janeiro and Espírito Santo (ca. 21°S) [36]. Refuges were also proposed within the states of São Paulo and Mato
Grosso do Sul. The authors also acknowledged the possible existence of several Atlantic Forest
microrefuges in southeastern and southern Brazil (in mountainous areas or valleys) that were
recently further supported by Carnaval and collaborators [38].
Carnaval and collaborators [37] subsequently listed, among the model predictions, the absence of genetic patterns of isolation by distance in unstable areas and the presence of these
patterns in stable areas (refuges) because, in unstable areas, colonization would have been too
recent to restore equilibrium between migration and genetic drift. This prediction was supported by, for example, the genetic patterns observed for Hypsiboas albomarginatus and H.
faber. Although we do not have molecular data support, the results obtained here seems to corroborate this prediction because the monotonic latitudinal variation in species composition
from northeastern to southeastern Brazil agrees with the expected pattern of isolation by distance, coinciding with the Bahia refuge to a large extent and the patches of coastal refuge predicted for the states of Espírito Santo and, to a lesser extent, Rio de Janeiro. In the south of the
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coast of São Paulo State, only unstable areas are present according to the model of Carnaval
and Moritz [36] and, therefore, the break observed in the monotonic variation coincides with
the absence of refuges expected southward from São Paulo and for the southern coast of Brazil.
Additionally, Carnaval and collaborators [38] also provided support for the predictions previously made by Carnaval and Moritz [36] and Carnaval and collaborators [37], and stated that
the Atlantic Forest could be divided into two domains or bioclimatic areas (north and south).
The eastern Brazilian coast in the northern domain would extend from the State of Rio Grande
do Norte to the southern tip of the State of Rio de Janeiro, fully coinciding with the directional
cline (monotonic variation) observed for the anuran species of the Restingas considered in this
study. The southern domain would extend from the south of the State of Rio Grande do Sul to
the south-central coast of the State of Rio de Janeiro (disregarding, therefore, the inland high
altitude areas of the state), which clearly coincides with the south–southeast variation of anuran species composition observed in our study. Moreover, both results highlighted the State
of Rio de Janeiro as a transition zone for two major axes of biotic composition.
The southern biotic element is located below the 23°S latitude, the break zone in the composition of the anuran species in the study area. This biotic element has (i) a unique faunal composition compared to the southeastern and northeastern biotic elements, (ii) a core area
located in southern Brazil, and (iii) a weak but identifiable monotonic variation in anuran species composition from southern Brazil to the south-central coast of São Paulo. These results
support the prediction of absence of isolation by distance patterns in unstable areas due to recent colonization, as proposed by Carnaval and collaborators [37], highlighting the disparate
composition of the anurofauna of this region compared with adjacent and contiguous areas
further north. In addition, the BE-S species composition is more similar to the composition of
amphibian communities located in southern and southwestern areas of South America, suggesting that the colonization of this biotic element is associated with the amphibian communities located south and west of the focal coastline, also observed by Garcia and collaborators
[50]. This supposed influence on the colonization of this biotic element is also supported by a
study of the biodiversity of the regions of Casamento and Butiazais de Tapes lagoons, both located in the coastal plain of Rio Grande do Sul [51]. These authors reported that the coastal
plain of this state has a recent geological history and was formed by successive marine transgression and regression events occurring between 400,000 and 5,000 years ago. The flora and
fauna of this region would have originated from multiple biogeographical provinces with Atlantic, Pampean, Patagonian, Andean, Chacoan, and Holarctic components [51]. For this reason, the biota of the coastal plain of Rio Grande do Sul would have a low number of endemic
species compared to other regions. These assumptions are partially supported by the results of
Carnaval and collaborators [38], who reported a low level of phylogeographical endemism for
coastal areas located to the south of the State of Paraná and argued that, unlike in the northern
area of the Atlantic Forest, endemisms in the southern area are best explained by the current
climatic conditions (endemisms in the northern area of the Atlantic Forest would be more related to climate change during the Pleistocene). The current climate acting as the main factor
in structuring the southern amphibian fauna was also suggested by Vasconcelos and collaborators [39] that indicated temperature and precipitation seasonality as the main predictors for
the amphibians in the Araucaria biogeographical region of the Atlantic Forest, which in turn
has a large overlap with the BE-S. In fact, the anuran species that comprise the southern biotic
element are present in other morphoclimatic domains in southern South America and only
one out of the 13 species of this biotic element is endemic to the southern coast of Brazil, which
may indicate a recent colonization pattern.
Most of the core areas of the southeastern biotic elements (BE-SE) are located in a region of
possible multiple refuge patches according to the model of Carnaval and Moritz [36], including
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coastal sandy Restinga areas such as Arraial do Cabo in the State of Rio de Janeiro (23°S) and a
small refuge predicted at the boundaries of the states of Espírito Santo and Rio de Janeiro [ca.
21°S, between the Paraíba do Sul (south) and Doce (north) rivers]. The possible existence of
this set of refuges located within the states of Rio de Janeiro and Espírito Santo, not contiguous
with the Bahia refuge proposed by Carnaval and Moritz [36], could explain the existence of biotic elements distinct from that identified for the northeast of Brazil and equally compatible
with formation by vicariant events. The decreasing variation in species number following the
south–north latitudinal gradient from the core areas of these elements in southern Rio de Janeiro State to the extreme south of Bahia State, i.e., until reaching the Bahia refuge proposed by
Carnaval and Moritz [36], support this statement. Our results and database of distribution suggest the existence of possible secondary contact zones between these biotic elements between
the Doce (State of Espírito Santo) and the Jequitinhonha (extreme south of the State of Bahia)
rivers. It is also important to note that the Jequitinhonha River area (Q7, Fig 2) is common to
two biotic elements (BE-SE and BE-NE), which indicates that this area is a boundary between
two biogeographic regions and that this river could be acted as a complex natural barrier.
The model built by Carnaval and Moritz [36], which was later refined [37,38], used both anuran species occurring exclusively in forests (Brachycephalus spp., Chiasmocleis carvalhoi, Proceratophrys boiei, P. renalis, Vitreorana eurygnatha, and V. uranoscopa) and species inhabiting
forest edges and temporary and permanent wetlands in open areas near forested environments
(Dendropsophus elegans, Hypsiboas albomarginatus, H. faber, H. semilineatus, Phyllomedusa
burmeisteri complex, and Rhinella crucifer complex). Although not exclusively based on anuran species from lowlands and shrubby restingas along the coast, the inclusion of some species
typically found in restingas allowed us to use the model to explain part of the results obtained
in the present study. The same statement may be used regarding the biogeographical regions
for anurans of the Atlantic Forest proposed by Vansconcelos and collaborators [39]. These biogeographical regions overlap in part with the biotic elements obtained here, but mixing anuran
species from forested environments (eg. Brachycephalus spp., Bokermannohyla spp., Cycloramphus spp.) with those from open areas (eg. Dendropsophus branneri, D. elegans, D. minutus,
Hypsiboas albomarginatus, H. crepitans), the biogeographical regions proposed by Vansconcelos and collaborators [39] included regions of the coastal Atlantic Forest without Restinga environments and, therefore, the range extensions of the biogeographical regions (south, southeast,
and north) are not the same as those for the biotic elements obtained herein, although they are
largely congruent.
The Restinga of northeastern Brazil comprises a biotic element (BE-NE) of distinct nature
regarding ecological and biogeographical distribution of its taxa, including species from three
distinct morphoclimatic domains (Cerrado, Caatinga, and Tropical Atlantic domains). Eight
species (53%) are exclusively from the Tropical Atlantic Domain and inhabit forest borders,
lentic water bodies in open areas, and/or terrestrial tank bromeliads in Restingas of northeastern Brazil (Leptodactylus vastus [52,53], Phyllodytes melanomystax [52,53], P. punctatus
[54,55], Pristimantis paulodutrai [52,53], P. ramagii [49], Scinax auratus [56], S. cretatus [56],
and S. eurydice [52,53]). Seven species (47%) are more common to the Cerrado and Caatinga
domains than to the Tropical Atlantic Domain that comprises the coastal areas, and are distributed throughout the northern region of the BE-NE (Dendropsophus nanus [57], D. rubicundulus [58], Dermatonotus muelleri [49], Hypsiboas raniceps [59], Leptodactylus troglodytes [60],
Pleurodema diplolister [61,62], and Rhinella jimi [63]). The overlapping of species typical from
the Tropical Atlantic Domain in northeastern Brazil with that from the Caatinga and/or Cerrado domains may be explained by the connection established between the coastal plain (currently belonging to the Tropical Atlantic Domain) and inland Caatinga and Cerrado regions
(currently belonging to the Caatinga and Cerrado domains) during the driest periods of the
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Quaternary (areas therefore under semiarid climate domains) [36,64–65]. The Cerrado remnants in the eastern coast of Brazil are currently small, rare, and sparse, and besides the patches
observed in northeastern State of Bahia, other few and small patches occur only in the states of
Ceará, Rio Grande do Norte, and Sergipe, always surrounded by other phytophysiognomies or
transitional ecological areas [66]. An explanation for the presence of these relictual patches of
Cerrado was already identified by Ab’Sáber [65]. He proposed that these Cerrado patches are a
result of the expansion of dry climates over the South American landscapes during the last dry
period of the Quaternary (12000–18000 years from present). In summary, the core area of the
Cerrado Domain [31,66,67], largely distributed over the central part of the continent, was drastically reduced to an enclave in central Brazil, and its northeastern limits became a mosaic of
Cerrado and Caatinga patches. Currently, only small patches of the intermixed Cerrado and
Caatinga landscapes remain in northeastern Brazil. Ab’Sáber [65] highlighted the small Cerrado patches observed for the center-north region of the State of Bahia, as well as the ones located in the Municipality of Ribeira do Pombal and surroundings, a Cerrado remnant that
extends to the south until reaching the Restinga of the Municipality of Camaçari, State of
Bahia, in which typical Cerrado species are currently found and that belong to BE-NE (e.g.,
Dendropsophus rubicundulus, D. nanus, Hypsiboas raniceps, and Dermatonotus muelleri). The
retropicalization subsequent to the Last Glacial Maximum would have been responsible for disjoining the coastal populations from the inland populations throughout the Atlantic Forest
strip that again extended along the eastern Brazilian coast.
The identification of biotic elements for the sandy coastal plains of northeastern Brazil is a
unique achievement, as the regions so far identified as natural biogeographical units in studies
covering the Brazilian northeast have represented, essentially, forested environments (e.g., [68–
70]). In the northeastern coast of Brazil, the forests closest to the coast in the states of Pernambuco and Bahia have been systematically identified as areas of endemism for different species
groups through multiple analytical methods (e.g., [33,69,70–72]). In studies investigating inland regions where caatinga environments predominate, the regionalization and heterogeneity
of the distributions of amphibians [9] and reptiles [11] are essentially associated with (i) mountainous regions that are areas of climatic exception (sensu [31,67]) that hold semideciduous
high altitude forests and cerrado savanna relicts (e.g., Serra de Maranguape mountains, Chapada Diamantina complex, Ibiapaba–Araripe complex, Serra da Jibóia mountains and Serra do
Timbó mountains), (ii) the São Francisco dunes (sand dunes associated with riparian forests)
and (iii) the Jequitinhonha valley (riparian forests amid a transition between the Caatinga and
Atlantic Forest environments), although Guedes and collaborators [11] identified biotic elements for reptiles coinciding with the boundaries of the lowland Caatinga.
The results obtained in this study are consistent with previous findings by McLennan and
Brooks [73] regarding the formation of regionalized biota mosaics. They reported that such
mosaics are derived from effects such as vicariance, speciation by peripheral isolation and postspeciation dispersal, and that an area often has histories associated with the species inhabiting
it. These historical relationships between the biotic elements identified here and their validity
as historical (and not solely geographical) units can be tested in future studies that include the
history of the taxa (phylogeny), phylogeography, molecular clocks, and geology in fine-scale
biogeographical analyses housing a large number of species (e.g., [11,19,21,74]).

Supporting Information
S1 Appendix. Matrix A. Anuran species (n = 63) per sample quadrat (Q1–Q22) used in the
analyses. Sample units were ordered following the Fig 2. Geographic regions of biotic elements
are indicated by the following abbreviations: NE—Northeastern, SE—Southeastern, and S—
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Southern. Biotic elements (BE) are numbered from BE1 to BE4, and N represents model-based
clustering with noise. Cells with number one indicate species presence; blank cells, species absence. Anuran families are also indicated: Bu, Bufonidae; Cr, Craugastoridae; Hy, Hylidae; Le,
Leptodactylidae; Mi, Microhylidae; Od, Odontophrynidae.
(PDF)
S2 Appendix. Anuran species of the Restingas from the eastern Brazilian coast considered
as source to our database. Families and species are alphabetically sorted. The data is organized
as follows: family, species, country, state, municipality, sample locality, quadrat (Q1–Q22), acronym of scientific collection followed by the respective institutional registration number, and/
or bibliographic references (Arabic numbers in brackets).
(PDF)

Acknowledgments
We are grateful to Camila C. Trevisan (UFBA), Milena Camardelli (UFBA), and Robson L.M.
Santos (UFBA) for aid during research development. We acknowledge Adrian A. Garda
(UFRN), Célio F. B. Haddad (UNESP-Rio Claro), Elisa Maria X. Freire (UFRN), Flora A. Juncá
(UEFS), Glaucia M. Pontes (MCT-PUCRS), José P. Pombal-Jr (MNRJ), Júlio Leite (MHNCI),
Ulisses Caramaschi (MNRJ), and Hussam Zaher (MZUSP) for allowing us to access specimens’
data from the herpetological collections under their care; to Amon M. Ruiz (UNICAMP),
Eduardo Dias (UFS), Gilda Andrade (UFMA), Marcelo Freire (MCT-PUCRS), and Selma Torquato (MHN-UFAL) for providing specimen data; Adrian A. Garda (UFRN), Flora A. Juncá
(UEFS), Luiz N. Weber (UFSB), and Mirco Solé (UESC) for useful comments on the first draft
of the manuscript, and Tiago S. Vasconcelos and one anonymous referee on its last draft. We
thank Anne Taffin d’Heursel Baldisseri for the English revision of the last draft of the manuscript. MFN acknowledges the Fundação de Amparo à Pesquisa do Estado da Bahia (FAPESB)
for financial support to the project “Adequação da Pós-Graduação em Diversidade Animal ao
uso de métodos e ferramentas de análise espacial” (grant 21/2008), and the Fundação O Boticário de Proteção à Natureza for financial support to the project “Áreas prioritárias para a conservação de anfíbios anuros nas restingas do litoral brasileiro” (grant 0844–20092). ALX thanks
FAPESB for the doctoral fellowships (grant BOL1837/2010). TBG thanks the Fundação de
Amparo à Pesquisa do Estado de São Paulo (FAPESP) for the postdoctoral fellowships (grant
2013/04170-8). MFN thanks the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) for the research productivity grants (Proc. 302542/2008-6 and 309672/2012-0).

Author Contributions
Conceived and designed the experiments: ALX TBG MFN. Performed the experiments: ALX
MFN. Analyzed the data: ALX TBG MFN. Contributed reagents/materials/analysis tools: ALX
TBG MFN. Wrote the paper: ALX TBG MFN.

References
1.

Brown JH, Lomolino MV (1998) Biogeography. Massachusetts: Sinauer Associates. 691 p.

2.

Platnick NI, Nelson GA (1978) A method for historical biogeography. Systematic Zoology 27: 1–16.

3.

Nelson G, Platnick NI (1981) Systematics and biogeography: cladistics and vicariance. NewYork: Columbia University Press. 567 p.

4.

Humphries CJ, Parenti LR (1999) Cladistic Biogeography: Interpreting Patterns of Plant and Animal
Distributions. Oxford: Oxford University Press. 187 p.

PLOS ONE | DOI:10.1371/journal.pone.0128268 June 5, 2015

15 / 18

Biogeography of Anurans from the Restingas of Eastern Brazil

5.

Almeida EB, Santos CMD (2010) Lógica da biogeografia de vicariância. In: Carvalho CJB, Almeida
EAB, organizers. Biogeografia da América do Sul: Padrões e Processos. São Paulo: Editora
Rocca. pp. 52–62.

6.

Morrone JJ (1994) On the identification of areas of endemism. Systematic Biology 43: 438–441.

7.

Costa LP, Leite YLR, da Fonseca GAB, da Fonseca MT (2000) Biogeography of South American forest
mammals: endemism and diversity in the Atlantic Forest. Biotropica 32: 872–881.

8.

Pellegrino KCM, Rodrigues MT, Waite A, Morando M, Yonenagayassuda Y, Sites JW Jr (2005) Phylogeography and species limits in the Gymnodactylus darwinii complex (Gekkonidae, Squamata): Genetic structure coincides with river systems in the Brazilian Atlantic Forest. Biological Journal of Linnean
Society 85: 13–26.

9.

Camardelli M, Napoli MF (2012) Amphibian conservation in the Caatinga biome and semiarid region of
Brazil. Herpetologica 68: 31–47.

10.

Chen Y. (2013) Biotic element analysis of reptiles of China: A test of vicariance model. Current Zoology
59: 449–457.

11.

Guedes TB, Sawaya RJ, Nogueira CC (2014) Biogeography, vicariance and conservation of snakes of
the neglected and endangered Caatinga region, north-eastern Brazil. Journal of Biogeography 41:
919–931.

12.

Crisp MD, Arroyo MTK, Cook LG, Gandolfo MA, Jordan GJ, McGlone MS, et al. (2009) Phylogenetic
biome conservatism on a global scale. Nature Letters 458: 754–756. doi: 10.1038/nature07764 PMID:
19219025

13.

Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, Ackerly DD (2009) The velocity of climate
change. Nature Letters 462: 1052–1055. doi: 10.1038/nature08649 PMID: 20033047

14.

Whittaker RJ, Araújo MB, Jepson P, Ladle RJ, Watson JEM, Willis KJ (2005) Conservation Biogeography: assessment and prospect. Diversity and Distributions 11: 3–23.

15.

Grenyer R, Orme CDL, Jackson SF, Thomas GH, Davies RG, Davies TJ, et al. (2006) Global distribution and conservation of rare and threatened vertebrates. Nature 444: 93–96. PMID: 17080090

16.

Lomolino MV, Riddle BR, Whittaker RJ, Brown JH (2010) Biogeography. Sunderland: Sinauer Associates. 878 p.

17.

Ficetola GF, Rondinini C, Bonardi A, Katariya V, Padoa-Schioppa E, Angulo A (2013) An evaluation of
the robustness of global amphibian range maps. Journal of Biogeography 41: 211–221.

18.

Holt BG, Lessard J, Borregaard MK, Fritz SA, Araújo MB, Dimitrov D, et al. (2013) An update of Wallace’s zoogeographic regions of the world. Science 339: 74–78. doi: 10.1126/science.1228282 PMID:
23258408

19.

Hausdorf B (2002) Units in biogeography. Systematic Zoology 51: 648–652. PMID: 12228006

20.

Szumik C, Cuezzo F, Goloboff PA, Chalup A (2002) An optimality criterion to determine areas of endemism. Systematic Biology 51: 806–816. PMID: 12396592

21.

Hausdorf B, Hennig C (2003) Biotic element analysis in biogeography. Systematic Biology 52: 717–
723. PMID: 14530138

22.

Casagranda MD, Taher L, Szumik CA (2012) Endemicity analysis, parsimony and biotic elements: a
formal comparison using hypothetical distributions. Cladistics 1: 1–10.

23.

Morrone JJ (2009) Evolutionary biogeography: an integrative approach. New York: Columbia University Press. 304 p.

24.

Morrone JJ (2014) Parsimony analysis of endemicity (PAE) revisited. Journal of Biogeography 41:
842–854.

25.

Silva MB (2008) Biogeografia de opiliões Gonyleptidae na Mata Atlântica, com revisão sistemática de
Hernandariinae (Arachnida, Opiliones). Thesis, Universidade de São Paulo, São Paulo. 380 p.

26.

Casazza G, Minuto L (2009) A critical evaluation of different methods for the determination of areas of
endemism and biotic elements: an Alpine study. Journal of Biogeography 36: 2056–2065.

27.

Carvalho SB, Brito JC, Crespo EJ, Possingham HP (2011) Incorporating evolutionary process into conservation planning using species distribution data: a case study with the western Mediterranean herpetofauna. Diversity and Distributions 17: 408–421.

28.

Nogueira C, Ribeiro S, Costa GC, Colli GR (2011) Vicariance and endemism in a Neotropical savanna
hotspot: distribution patterns of Cerrado squamate reptiles. Journal of Biogeography 38: 1907–1922.

29.

Croizat L, Nelson G, Rosen DE (1974) Centers of origin and related concepts. Systematic Zoology 23:
265–287.

30.

Rosen DE (1978) Vicariant patterns and historical explanations in biogeography. Systematic Zoology
27: 159–188.

PLOS ONE | DOI:10.1371/journal.pone.0128268 June 5, 2015

16 / 18

Biogeography of Anurans from the Restingas of Eastern Brazil

31.

Ab’Sáber AN (1977) Os domínios morfoclimáticos na América do Sul. Primeira aproximação. Geomorfologia 52: 1–21.

32.

Myers N, Mittermeier RA, Mittermeier CG, Fonseca GAB, Kent J (2000) Biodiversity hotspots for conservation priorities. Nature 403: 853–858. PMID: 10706275

33.

Silva JMC, Sousa MC, Castelletti CHM (2004) Areas of endemism for passerine birds in the Atlantic
Forest, South America. Global Ecology and Biogeography 13: 85–92.

34.

Silva JMC, Castelletti CHM (2005) Estado da biodiversidade da Mata Atlântica brasileira. In: GalindoLeal C, Câmara IG, editors. Mata Atlântica: Biodiversidade, Ameaças e Perspectivas. Brazil: Fundação SOS Mata Atlântica e Conservação Internacional. pp. 43–59. PMID: 16410860

35.

Amorim DS, Pires MRS (1996) Neotropical biogeography and a method of maximum biodiversity estimation. In: Bicudo CEM, Menezes NA, editors. Biodiversity in Brazil, a first approach. São Paulo:
CNPq. pp. 183–219.

36.

Carnaval AC, Moritz C (2008) Historical climate modelling predicts patterns of current biodiversity in the
Brazilian Atlantic forest. Journal of Biogeography 35: 1187–1201.

37.

Carnaval AC, Hickerson MJ, Haddad CFB, Rodrigues MT, Moritz C (2009) Stability Predicts Genetic
Diversity in the Brazilian Atlantic Forest Hotspot. Science 323: 785–789. doi: 10.1126/science.
1166955 PMID: 19197066

38.

Carnaval AC, Waltari E, Rodrigues MT, Rosauer D, VanDerWal J, Damasceno R, et al. (2014) Prediction of phylogeographic endemism in an environmentally complex biome. Proceedings of the Royal Society B 281: 20141461. doi: 10.1098/rspb.2014.1461 PMID: 25122231

39.

Vasconcelos TS, Prado VHM, da Silva FR, Haddad CFB (2014) Biogeographic distribution patterns
and their correlates in the diverse frog fauna of the Atlantic Forest hotspot. Plos One 9: 1–9.

40.

Rocha CFD, Bergallo HG, Van Sluys M, Alves MAS, Jamel CE (2007) The remnants of restinga habitats in the Brazilian Atlantic Forest of Rio de Janeiro state, Brazil: Habitat loss and risk of disappearance. Brazilian Journal of Biology 67: 263–273. PMID: 17876436

41.

Souza CRG, Hiruna ST, Sallun AEM, Ribeiro RR, Sobrinho JMA (2008) “RESTINGA” Conceitos e
Empregos do Termo no Brasil e Implicações na Legislação Ambiental. São Paulo: Instituto Geológico.
104 p.

42.

Franco AC, Valeriano DM, Santos FM, Hay JD, Henriques RPB, Medeiros RA (1984) Os microclimas
das zonas de vegetação da praia da restinga de Barra de Maricá, Rio de Janeiro. In. Lacerda LD, Araújo DSD, Cerqueira R, Turq B, editors. Restingas: origem, estrutura e processos. Niterói: CEUFF/
UFF. pp. 413–423.

43.

McCune B, Grace JB (2002) Analysis of ecological communities. Oregon: Gleneden Beach. 304 p.

44.

R Core Team (2012) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available: http://www.r-project.org/. Accessed on 07 August 2013.
doi: 10.1002/jcc.22917 PMID: 22278855

45.

Hennig C, Hausdorf B (2006) A robust distance coefficient between distribution areas incorporating
geographic distances. Systematic Biology 55: 170–175. PMID: 16507535

46.

Wronski T, Hausdorf B (2008) Distribution patterns of land snails in Ugandan rain forests support the
existence of Pleistocene forest refugia. Journal of Biogeography 35: 1759–1768. doi: 10.1007/s00259008-0843-9 PMID: 18542958

47.

Hausdorf B, Hennig C (2004) Does vicariance shape biotas? Biogeographical tests of the vicariance
model in the north-west European land snail fauna. Journal of Biogeography 31: 1751–1757.

48.

Garcia, P (2004) Melanophryniscus dorsalis. The IUCN Red List of Threatened Species. Version
2014.2. Available: http://www.iucnredlist.org. Accessed: 09 August 2014.

49.

Frost DR (2014) Amphibian Species of the World: an Online Reference. Version 6.0. Available: http://
research.amnh.org/herpetology/amphibia/index.html. American Museum of Natural History, New
York, USA. Accessed: 09 August 2014

50.

Garcia PCA, Lavilla E, Langone JA, Segalla MV (2007) Anfíbios da Região Subtropical da América do
Sul: padrões de distribuição. Ciência e Ambiente 35: 65–100.

51.

Becker FG, Ramos RA, Moura LA (2006) Seção I—Regiões da Lagoa do Casamento e dos Butiazais
de Tapes—Introdução. In: Biodiversidade. Regiões da Lagoa do Casamento e dos Butiazais de
Tapes, planície costeira do Rio Grande do Sul. Brasília: Ministério do Meio Ambiente—MMA/SBF. pp.
10–19.

52.

Bastazini CV, Munduruca JV, Rocha PLB, Napoli MF (2007) Which environmental variables better explain changes in anuran community composition? A case study in the Restinga of Mata de São João,
Bahia, Brazil. Herpetologica 63: 459–471.

PLOS ONE | DOI:10.1371/journal.pone.0128268 June 5, 2015

17 / 18

Biogeography of Anurans from the Restingas of Eastern Brazil

53.

Dabés L, Bonfim VMG, Napoli MF, Klein W (2012) Water balance and spatial distribution of an anuran
community from Brazil. Herpetologica 68: 443–455.

54.

Caldas FLS, De-Carvalho CB, Gomes FFA, Freitas EB, Santos RA, Silva BD, et al. (2011) Amphibia,
Anura, Hylidae, Phyllodytes punctatus Caramaschi and Peixoto, 2004: Distribution extension and first
record out of the type locality. Check List 7: 55–56.

55.

Caramaschi U, Peixoto OL (2004) A new species of Phyllodytes (Anura: Hylidae) from the State of Sergipe, Northeastern Brazil. Amphibia-Reptilia 25: 1–7.

56.

Nunes I, Pombal-Jr JP (2011) A new snouted treefrog of the speciose genus Scinax Wagler (Anura,
Hylidae) from northeastern Brazil. Herpetologica 67: 80–88.

57.

Langone JA, Basso NG (1987) Distribucion geografica y sinonimia de Hyla nana Boulenger, 1889 y de
Hyla sanborni Schmidt, 1944 (Anura, Hylidae) y observaciones sobre formas afines. Comunicaciones
Zoologicas del Museo de Historia Natural de Montevideo 11: 1–17.

58.

Napoli MF, Caramaschi U (1999) Geographic variation of Hyla rubicundula and H. anataliasiasi, with
the description of a new species (Anura, Hylidae). Alytes 16: 165–189. PMID: 10030399

59.

Zina J, Sá FP, Prado CAP (2010) Amphibia, Anura, Hylidae, Hypsiboas raniceps Cope, 1862: Distribution extension. Check List, 6: 230–231.

60.

de Sá RO, Grant T, Camargo A, Heyer WR, Ponssa ML, Stanley E (2014) Systematics of the Neotropical Genus Leptodactylus Fitzinger, 1826 (Anura: Leptodactylidae): Phylogeny, the relevance of nonmolecular evidence, and species accounts. South American Journal of Herpetology 9: S1–S100.

61.

Maciel DB, Nunes I (2010) A new species of four-eyed frog genus Pleurodema Tschudi, 1838 (Anura:
Leiuperidae) from the rock meadows of Espinhaço range, Brazil. Zootaxa 2640: 53–61.

62.

Andrade SP, Vaz-Silva W (2012) First state record and distribution extension of Pleurodema diplolister
(Peters 1870) (Anura: Leiuperidae) from state of Goiás, Brazil. Check List, 8 (1): 149–151.

63.

Stevaux MN (2002) A new species of Bufo Laurenti (Anura, Bufonidae) from northeastern Brazil.
Revista brasileira de Zoologia 19: 235–242.

64.

Duellman WE (1999) Patterns of distribution of amphibians: a global perspective. Baltimore: The John
Hopkins University Press. 633 p.

65.

Ab’Sáber AN (1977) Espaços ocupados pela expansão dos climas secos na América do Sul, por ocasião dos períodos glaciais quaternários. Paleoclimas 3: 1–19.

66.

IBGE—Instituto Brasileiro de Geografia e Estatística & USGS—United States Geological Survey
(1992) Mapa de Vegetação do Brasil. Vector digital data. Brasília, Ministério da Agricultura, Instituto
Brasileiro de Desenvolvimento Florestal, Secretaria de Planejamento e Coordenação da Presidência
da República, Fundação Instituto Brasileiro de Geografia e Estatística IBGE, 1988.

67.

Ab’Sáber AN (2003) Os domínios de natureza no Brasil: potencialidades paisagísticas. São Paulo:
Ateliê Editorial. 159 p.

68.

Müller P (1973) The dispersal centres of terrestrial vertebrates in the Neotropical realm. A study in the
evolution of Neotropical biota and its native landscape. Biogeographica. Junk: The Hague. 244 p.

69.

Sondersom TR, Judziewicz EJ, Clark LG (1988) Distribution patters of Neotropical bamboos. In: Vanzolini PE, Heyer WR, editors. Proceedings of a Workshop on Neotropical distribution patters. Rio de
Janeiro: Academia Brasileira de Ciências. pp. 121–157.

70.

Sigrist MS, Carvalho CJB (2008) Detection of areas of endemism on two spatial scales using Parsimony Analysis of Endemicity (PAE): the Neotropical region and the Atlantic Forest. Biota Neotropical 8:
33–42.

71.

Prance GT (1982) Forest refuges: evidence from woody angiosperm. In: Prance GT, editors. Biological
diversification in the tropics. New York: Columbia University Press. pp. 137–158.

72.

Bates JM, Hackett SJ, Cracraft J (1998) Area-relationships in the neotropical lowlands: an hypothesis
based on raw distributions of passerine birds. Journal of Biogeography 25: 783–793.

73.

McLennan D, Brooks DR (2002) Complex histories of speciation and dispersal in communities: a reanalysis of some Australian bird data using BPA. Journal of Biogeography 29: 1055–1066.

74.

Condamine FL, Toussaint EFA, Cotton AM, Genson GS, Felix AH, Sperling FAH, et al. (2013) Finescale biogeographical and temporal diversification processes of peacock swallowtails (Papilio subgenus Achillides) in the Indo-Australian Archipelago. Cladistics 29: 88–111.

PLOS ONE | DOI:10.1371/journal.pone.0128268 June 5, 2015

18 / 18

