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In this study we review the morphological variation within the Rhinella crucifer species group using geometric
morphometrics. We sampled 270 specimens from 78 localities comprising all genetic units delimited for the group.
We placed 12 landmarks and 89 semi-landmarks defining morphological structures of the anterior region of the
body (head and parotoid glands) on standardized photographs of dorsal aspects of specimens. We checked for the
existence of size-free morphological variation using exploratory multivariate analyses and tested for differences
among categories (genetic units) using canonical variate analyses. We investigated the effects of relatedness by
conducting canonical analyses hierarchically, and tested for phylogenetic signal using reconstruction of
morphologies on a tree derived from mitochondrial data. We then corrected for relatedness using phylogenetic
principal component analysis, and tested for the influence of the physical environment (temperature, humidity
and altitude) with a partial Mantel test of matrix correlation. Our results revealed that there is size-free shape
variation in the group. Shape changes are related to specific structures in the head, with landmarks and semi-
landmarks highlighting changes in a complementary way. We were able to statistically detect the effect of
phylogenetic distance with landmarks when considering the closest genetic units as a single category. A
significant proportion of the variation in head shape can be explained by environmental variables, suggesting
that conditions of the physical environment should also be considered as a source of morphological variation.
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INTRODUCTION

The Brazilian Atlantic forest possesses remarkable
biodiversity, and the origins of its biota have been
the subject of many evolutionary studies in the last
decade (Turchetto-Zolet et al., 2013). The number of
amphibian species occurring in this biome is out-
standing, with over 500 recorded (Haddad et al.,
2013). The Rhinella crucifer group of toads is one of
the most emblematic components of this anurofauna,

as its species are abundant across the Atlantic forest
domain (Baldissera, Caramaschi & Haddad, 2004).
The first species belonging to this group was
described by Wied-Neuwied (1821) as Bufo crucifer,
but morphological variations among populations
attributed to this taxon have been confusing tax-
onomists over the years, resulting in a list of names
and synonyms (Baldissera et al., 2004; Frost, 2014).
Many of these forms were described based upon
characters with limited or no phylogenetic signal,
such as the cross-shaped colour pattern often present
on the dorsum and for which the group is named
(Baldissera et al., 2004).*Corresponding author. E-mail: azebandeira@gmail.com

1© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016

Zoological Journal of the Linnean Society, 2016. With 7 figures



Baldissera et al. (2004) revised the taxonomy of
the Rhinella crucifer group on the basis of external
morphology and traditional morphometric analyses.
In that study the authors made use of a broad sam-
pling effort to delimit five species under the morpho-
logical species concept. Three of these species were
retained by Baldissera et al. (2004), namely Rhinella
crucifer (Wied-Neuwied, 1821), Rhinella ornata
(Spix, 1824) and Rhinella henseli (Lutz, 1934). The
two remaining species were described as Rhinella
abei and Rhinella pombali (Baldissera et al., 2004).
For each of these species the authors inferred a non-
overlapping geographical distribution (Baldissera
et al., 2004), subsequently further extended by other
authors (Lima et al., 2005; Silveira, Salles & Pontes,
2009). Later, Vaz-Silva, Valdujo & Pombal (2012)
described a sixth species for the group, Rhinella ino-
pina, restricted to Atlantic forest enclaves in the Cer-
rado biome domain.

In a recent survey, Thom�e et al. (2012) combined
multilocus sequence data with intensive sampling
across the group’s distribution to examine the
genetic structure in the Rhinella crucifer group.
Thom�e et al. (2012) employed trees and frequency-
based approaches to find five genetic units whose
geographical distributions challenged the prevailing
taxonomy. Correspondence between genetically dis-
tinguishable units and recognized species was
straightforward only for R. henseli and R. inopina,
while for R. crucifer and R. ornata the species
ranges and the distributions of genetic groups over-
lapped only partially. Rhinella abei appeared nested
within R. ornata, and R. pombali was synonymized
to R. ornata and R. crucifer, as its distribution is lar-
gely concordant with a hybrid zone between the lat-
ter two species. Additionally, Thom�e et al. (2012)
suggested the existence of a divergent population
pending taxonomic evaluation, recently elevated to
species status under the name Rhinella casconi by
Roberto, Brito & Thom�e (2014).

One possible explanation for the disparity
between genetically and morphologically defined
groups in the Rhinella crucifer group is the varia-
tion in body size (snout–vent length – SVL) over its
geographical distribution. Morphometric multivari-
ate analyses in Baldissera et al. (2004) show that
most of the variation in the group is associated with
this variable, raising the possibility that size acted
as a confounding factor in the morphometric analy-
ses that may otherwise support taxonomic decisions
for the group. Furthermore, morphometric studies
on anurans have reported variation that covaries
with variation in environmental conditions (Castel-
lano & Giacoma, 1998; Castellano et al., 1999;
Rosso, Castellano & Giacoma, 2004; Schauble, 2004;
Kutrup, Bulbul & Yilmaz, 2006; Marcelino, Haddad

& Alexandrino, 2009), raising the possibility that
local climates might also play a role in generating
phenotypic differentiation within the R. crucifer
group.

In contrast to traditional morphometrics, geomet-
ric morphometrics allows for the quantification of
pure shape through the definition of homologous
landmarks, contours of structures and the use of a
statistical formalism that expresses shape change
directly as deformation (Bookstein, 1991). Therefore,
size-free variation in complex morphological struc-
tures is effectively quantified in terms of localized
and hierarchical shape phenomena captured at dif-
ferent geometric scales (Bookstein, 1996; Rohlf, Loy
& Corti, 1996; Dryden & Mardia, 1998). In this study
we used geometric morphometrics to reassess mor-
phometric variation in the Rhinella crucifer group
and to consider its evolutionary history and local
variation relative to environmental conditions (cli-
mate and altitude). Our main questions are: (1) Is
there size-free shape variation in the group? (2) If so,
can this variation be explained by genetic related-
ness? (3) Is shape variation influenced by local varia-
tion of the physical environment?

MATERIAL AND METHODS

SAMPLING

We gathered 270 specimens of the R. crucifer group
from 78 localities (Fig. 1, Appendix 1). Specimens
are deposited in the following institutions: ‘C�elio Fer-
nando Baptista Haddad’ amphibian collection, CFBH
(Departamento de Zoologia, Instituto de Biociências –
IB, Universidade Estadual Paulista – UNESP, Rio
Claro, SP, Brazil); herpetological collection of the
‘Instituto de Investigaci�on Biol�ogica del Paraguay’,
IIBPH (Asunci�on, Paraguay); Museum of Zoology
University of S~ao Paulo, MZUSP (Universidade de
S~ao Paulo – USP, S~ao Paulo, SP, Brazil); and the
Museum of Natural Sciences of the Pontif�ıcia
Universidade Cat�olica, MCNPUC-MG (Pontif�ıcia
Universidade Cat�olica de Minas Gerais – PUCMG,
Belo Horizonte, MG, Brazil). The distributions of
body sizes of the different subsets of the sample are
illustrated in Figure 2.

According to the results of Thom�e et al. (2012), in
several cases current taxonomy does not represent
evolutionary units in the Rhinella crucifer group and
so we assigned each specimen to their respective
genetic unit (G, N, P, C, c1 and S; Thom�e et al.,
2012). Assignment was determined genetically, as
many of the specimens were used in a previous phy-
logenetic analysis or originated from the same popu-
lations, or, in a few cases, by their geographical
origin. Individuals from the transition zone between
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N and C (putative hybrids) were included in a sepa-
rate category (H). Because species in the group show
sexual dimorphism in size, we restricted all analyses

to males with well-developed secondary sexual char-
acteristics (presence of nuptial pads and hypertro-
phied arms relative to females of similar sizes).

Figure 1. Localities in Brazil and Paraguay sampled in this study. (see Appendix for latitude, longitude and adminis-

trative district). Cross, unit G; square, unit N; pentagon, unit P; diamond, unit H; circle, unit C, triangle, unit c1; star,

unit S.

Figure 2. Histograms illustrating body size distribution of the different subsets of the sample. A, unit ‘N’; B, unit ‘C’;

C, unit ‘H’; D, unit ‘S’; E, unit ‘c1’; F, unit ‘P’; G, unit ‘G’; H, all species together.
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DATA ACQUISITION

We obtained photographic images for all individuals,
adapting the methodology described by Ivanovi�c
et al. (2008). We positioned each specimen with its
jaw line parallel to the photographic plane and
obtained head images with a Canon Power Shot G9
digital camera fixed over the photographic plane
20 cm from the specimen at 12-megapixel resolution
and with macro function. We positioned each speci-
men at the centre of the optical field to reduce and
equalize distortion. We chose to investigate head
shape because it includes many characters used in
studies of intra- and interspecific variation of
amphibians (e.g. Clemente-Carvalho et al., 2008,
2011; Vieira et al., 2008; Ivanovi�c et al., 2009, 2011).

With the obtained images we created two separate
data sets, one consisting of 12 landmarks positioned
on each specimen: (1) top of the rostrum, (2) begin-
ning of the loreal crest, (3) junction point between
the loreal crest and the anterior edge of the eye, (4)
junction point between the supra-tympanic edge and
posterior edge of the eye, (5) midpoint between land-
marks ‘3’ and ‘4’, (6) top of the paratoid gland, (7)

bottom of the paratoid gland, (8) beginning of the
supra-tympanic edge, (9) beginning of the cephalic
crest, (10) end of the cephalic crest, (11) midpoint of
the loreal crest and (12) landmark positioned in the
mandible at 90° degrees point ‘11’ (Fig. 3A); and
another with 89 semi-landmarks (Fig. 3B). While
landmarks are used on homologous, unambiguous,
repeatedly identifiable structures, semi-landmarks
are points with estimated positions (Bookstein, 1997;
Adams, Rohlf & Slice, 2004; Mitteroecker & Gunz,
2009; Clemente-Carvalho et al., 2011), generally
used when landmarks alone cannot describe biologi-
cal forms or patterns (Oxnard, 1978). We used semi-
landmarks to characterize the following regions: the
mandibular arch (MA), supra-tympanic edge (STe),
inner edge of the eye (ieE), loreal crest (LC) and
parotoid gland (PG) (see Fig. 3B). Because spacing
between semi-landmarks is arbitrary (Croix et al.,
2011), we aligned these configurations with a per-
pendicular projection (Sampson et al., 1996; Book-
stein et al., 2002; Sheets, Keonho & Mitchell, 2004).
In this method, the differences in semi-landmark
positions between the reference and each specimen
configuration are removed by estimating the

Figure 3. Landmarks (A) and semi-landmarks (B) used in this study (see text for details) plotted on the head of speci-

mens of the Rhinella crucifer group (CFBH 18815, Teres�opolis, RJ). Scale bar = 25 mm.
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distinction tangential to the curve and removing the
component of the difference that lies along this tan-
gent (Sheets et al., 2004). We used the TPS relative
warps (TpsRW) software version 1.44 (Rohlf, 2005) to
slide the semi-landmarks along their respective
curves and minimize the distances between subject
and reference (Bookstein et al., 2002; Clemente-Car-
valho et al., 2011).

The choice of landmarks and semi-landmarks used
here was based on diagnostic characters defined for
the different species in the group as a whole (Baldis-
sera et al., 2004; Vieira et al., 2008; Vaz-Silva et al.,
2012). We positioned the landmarks and semi-land-
marks on images of each specimen (the same image
being used for each procedure), with the program
TPSdig2 (http://life.bio.sunysb.edu/morph) (Rohlf,
2004, 2005). Aiming to control possible sources of
error, all landmarks and semi-landmarks were posi-
tioned by the same person (L.N.B.).

DATA ANALYSES

Erroneous placement of landmarks can lead to spuri-
ous interpretation of the patterns and processes
under investigation. In this scenario, quantification
of measurement error is an important step for mor-
phometric work. We quantified error by employing
the Procrustes ANOVA (Goodall, 1991; Klingenberg
& Monteiro, 2005). For this, we positioned land-
marks twice in a subsample consisting of 70 ran-
domly selected specimens. We then subjected both
datasets to a Generalized Procrustes Analysis (GPA,
commonly known as ‘Procrustes fit’, see below), and
the Procrustes-fitted configurations were used in
repeated-measures Procrustes ANOVA. The mea-
surement error is the percentage of variation result-
ing from the division between the mean square error
(MSE) by the mean square (MS) of the lowest level
of biological significance (in the specific case: individ-
uals) (see Table 1). We assumed that error below
30% is acceptable. All analyses were performed in
the software MorphoJ Version 2.0 (Klingenberg,
2011).

To describe and quantify variation in shape within
the group we first statistically control for the effects
of body size on the landmark and semi-landmark
data. For this step we applied standard geometric
morphometric approaches to align the configurations
of landmarks and semi-landmarks before any analy-
sis. We conducted a GPA to align the landmark con-
figurations of all specimens with the software
MorphoJ Version 2.0 (Klingenberg, 2011). The GPA
preserves all information about shape variability
among specimens while removing information unre-
lated to shape (position, scale and orientation) (Cle-
mente-Carvalho et al., 2008, 2011; Ivanovi�c et al.,
2008). After a multivariate regression of the land-
mark and semi-landmark data, a ln(centroid size)
was performed with the same software. MorphoJ
allows pooling of variance by taxonomic unit or geo-
graphical unit in the computation of the regression
statistics, and a permutation test is available for
assessment of the probability of the regression (if it
is rejected, no further size adjustment is necessary).
As the results of the regressions performed were not
significant (see Data S1), no allometric correction
was necessary and the coordinates resulting from
the Procrustes superimposition were used in further
analyses. A plot of head length against body length
was included as a complement to the multivariate
regression (see Fig. 4).

To determine if there is variation in shape among
the group as a whole and to explore the relative
amount of variation in cranial shape, we used a vari-
ance–covariance matrix and performed a principal
components analysis (PCA) (Bookstein, 1991; Rohlf,
1993; Clemente-Carvalho et al., 2011). Principal com-
ponents were used as new shape variables to reduce
the dimensionality of the dataset and to produce
independent variables (Baylac & Friess, 2005). We
visualized the principal cranial shape differences
among the species on deformation grids (Rohlf, 1993;
Adams et al., 2004; Klingenberg, 2013) created in
the software MorphoJ Version 2.0 (Klingenberg,
2011). In addition, to ascertain whether changes
in form are sufficient to differentiate between

Table 1. Procrustes ANOVA results

Effect SS MS d.f. F P %Variance

Individual 0.33457990 0.0009293886 18 6.09 <0.0001
Replicates 0.03445240 0.0017226619 1 0.99 0.3323 1.8535

Residual 0.96664140 0.0002543793 190

Mean square (MS) is the amount of variation from the one higher level in the hierarchy. The F values represent the

comparison of each MS to the one lower level of MS which could be the source of error. %Variance represents the divi-

sion of the mean square of the lowest level of biological significance by the mean square error for the ANOVA.
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predefined categories, we used canonical variate
analyses (CVAs), with paired permutation tests
based on Procrustes and Mahalanobis distances
(Gould & Johnston, 1972). To first explore the effects
of relatedness we performed CVA considering all
genetic categories separately (G, P, N, C, S, H and
c1), and then proceeded with CVA hierarchically by
clustering categories according to genetic relatedness
(following the topology in Thom�e et al., 2012; Fig. 5).
Finally, we performed a CVA including only the clos-
est genetic units according to mitochondrial DNA
genetic distances in Thom�e et al. (2012). We con-
ducted permutation tests with 10 000 permutations.
For all CVA and permutation tests we used the soft-
ware MorphoJ Version 2.0 (Klingenberg, 2011).

To further investigate how phylogenetic history
affects variation in head shape, we first mapped the
principal components on a phylogeny using Mad-
dison’s method (Maddison, 1991; McArdle & Rodrigo,
1994; Rohlf, 2001). Two phylogenetic trees for the
Rhinella crucifer group were used, one with topology
based on the original mitochondrial DNA (putative
hybrids not included, Fig. 5A), and an alternative
tree with the closest genetic units included as a col-
lapsed clade (putative hybrids included, Fig. 5B).
The phylogenetic trees have been superimposed onto
a plot of the first two principal components (PC1 and
PC2) derived from the variance–covariance matrix
among all specimens used as representatives of
clades. To test for phylogenetic signal we

reconstructed the morphometric data for ancestral
nodes of the trees with squared-change parsimony
(Maddison, 1991; Cole, Lele & Richtsmeier, 2002;
MacLeod, 2002; Cardini & Elton, 2008; Klingenberg
& Gidaszewski, 2010). The null hypothesis (absence
of phylogenetic signal) was then simulated by permu-
tation: specimen configurations are randomly reas-
signed to the terminal nodes of the phylogeny and
then mapped onto the phylogeny to calculate the
total tree length in units of morphometric distance.
The proportion of permuted data sets in which the
sum of squared changes is shorter or equal to the
value obtained for the original data is the P value
for the test. For reconstruction of the morphometric
data and tests of phylogenetic signal we used the
MorphoJ software Version 2.0 (Klingenberg, 2011).

Second, we explored shape variation controlling for
phylogenetic covariance with a phylogenetic PCA
(pPCA) (Revell, 2009; Polly et al., 2013). We used
pPCA both to explore the shape variation that is free
from phylogenetic signal and to relate it to environ-
mental factors. The pPCA is similar to ordinary
PCA, but the covariance matrix is inversely weighted
by the phylogeny and the space is centred on the
estimated phenotype of the root node of the tree. The
inverse weighting of the pPCA corrects for shared
phylogenetic history in constructing the axes, pro-
ducing scores that represent the remaining variation.
We then contrasted the values of the first two phylo-
genetic principal components of each specimen

Figure 4. Scatterplot of head length against body length. Body length = snout–vent length – head length.
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against environmental distance using partial Mantel
tests (Smouse, Long & Sokal, 1986) (see below). For
the pPCA analyses, and to generate the graphs, we
used the RStudio language and environment for
statistical computing version 5.13 for Windows (R
Development Core Team, 2014; http://www.R-project.
org) and the packages ape (Paradis, Claude &
Strimmer, 2004) and phytools (Revell, 2009, 2012),
for the R environment.

Finally, to test the influence of physical environ-
ment on morphology, we applied the partial Mantel
test of matrix association (Smouse et al., 1986). We

used the matrix of scores generated by pPCA as the
dependent matrix. The independent matrix was that
of the environmental data. Between-locality environ-
mental distance was expressed by pairwise simple
Euclidean distance for a set of environmental vari-
ables that are not significantly correlated and that
describe elevation and climate (Gvozd�ık, Moravec &
Kratochv�ıl, 2008) in the Brazilian Atlantic forest
(Marcelino et al., 2009). The environmental variables
were elevation (Alt), annual mean temperature
(AnnMTemp), temperature annual range (TemAnnRge),
annual precipitation (AnnPrec), precipitation of the

Figure 5. Phylogenetic trees for the Rhinella crucifer group considered in this study. A, topology of the original mito-

chondrial DNA tree from Thom�e et al. (2012); B, alternative tree with closest genetic units collapsed into a single clade.

C–F, plots showing reconstruction of evolutionary changes in head shape of the species of the Rhinella crucifer group

according to both mitochondrial trees. C, reconstruction using landmarks and the original tree; D, reconstruction using

landmarks and collapsed tree; E, reconstruction using semi-landmarks and the original tree; F, reconstruction using

semi-landmarks and collapsed tree.
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wettest month (PreciWetMon) and precipitation of
the wettest quarter (PrecWetQtr), and were obtained
from the bioclimatic database ‘Worldclim’ at a spatial
resolution of 30 arc-seconds (http://www.worldclim.
org/) (Hijmans et al., 2005). The macroclimatic data
of ‘TemAnnRge’ and ‘AnnPrec’ show the annual
climate cycle experienced by a population (Gvozd�ık
et al., 2008). The partial Mantel tests were per-
formed with 10 000 randomizations and a = 5% in
the package Ecodist 1.2.9 (Goslee & Urban, 2007) in
the RStudio language and environment for statistical
computing version 5.13 for Windows (R Development
Core Team, 2014, http://www.R-project.org). For both
analyses we considered the original mitochondrial
DNA (putative hybrids not included, Fig. 5A) and an
alternative tree with the closest genetic units
included as a collapsed clade (putative hybrids
included, Fig. 5B).

RESULTS

Procrustes ANOVA was performed for total of 70 spec-
imens of and the proportion of variation related to this
effect was low (see Table 1). Each specimen was
imaged once and each image was digitized twice, pro-
ducing 140 raw coordinate data for the head. Mea-
surement error was estimated from this Procrustes
ANOVA by considering individual as the main source
of variation, nested by variation in digitized repli-
cates, and residuals.

In the PCA with landmark data the two-first com-
ponents explained 52.5% of the variation in head
shape. The biplot shows overlap of the clouds of
points representing all genetic units, as shown in the
Supporting Information (Data S2A). Changes in
shape, depicted by the first principal components,
mainly encompass displacement of landmarks repre-
senting the cephalic crests and eye, as shown in the
deformation grids (Fig. 6). Specimens from genetic
categories N and H display more prominent and
well-developed cephalic crests while the specimens
from C, c1 and S display gradually underdeveloped
crests, respectively. The representatives of category
G have less conspicuous cephalic crests. Individuals
of categories N, C and H also present similar,
broader eyes, while G, P and S display smaller and
narrower eyes. For the semi-landmarks, the two-first
components explained 38.3% of the total variance
and the categories in the biplot are also broadly over-
lapping, as shown in Data S2B. The main changes in
shape consist of the displacement of the parotoid
gland and the eye, with some differences related to
the contours of the mandibular arch. Specimens of
categories N, C and H have similar spherical paro-
toid glands of larger size whereas S specimens dis-
play a thinner and longer parotoid gland. G and P

also display discrepant paratoid shapes, smaller than
in the other groups and much broader anteriorly in
G, and with two distinguishable lobes in P (Fig. 6).

In the CVA performed with landmarks, the first
two canonical variates accommodated 70.73% of the
variation when all genetic units were considered sep-
arately, with the confinement of the scores for cate-
gory S to more peripheral regions of the multivariate
space (Fig. 7A). In the CVA with only phylogeneti-
cally closest units (categories N, P, H, C and c1), the
first and second variates accommodated 75.09% of
the variation and showed slightly better separation
of categories P and G, although with overlap
(Fig. 7B). Finally, in the CVA including clustered
genetic units (categories [N, P, H, C, and, c1]) plus G
and S, the first two canonical variables accommo-
dated 91.79% of the variation and there was little
overlap among all categories in the biplot (Fig. 7C).
In the CVAs performed with the semi-landmark
dataset, the first two canonical variables accommo-
dated 52.62, 60.16 and 82.17% of the total variation
in the analyses considering all units separately, con-
sidering only the closest genetic units and consider-
ing clustered genetic units together, respectively. In
the first, the biplot shows some overlap of categories
N, P, H, C and c1, and clear isolation of categories S
and G (Fig. 7D). In the second CVA there is almost
complete separation of N and H, and overlap of the
remaining categories (Fig. 7E), whereas the third
biplot shows complete isolation of categories
(Fig. 7F). Permutation tests based on Mahalanobis
distances support that the variation in form is suffi-
cient to differentiate among the considered cate-
gories, whereas permutation tests performed using
Procrustes distances did not yield significant results
in some comparisons involving categories G, c1 and
P (Table 2).

Mapping of the scores of the first two principal com-
ponents of the landmark dataset onto the two alterna-
tive phylogenies yielded different results. In the
reconstruction of shape based on the original phy-
logeny, the plot shows a conspicuous divergence
between the genetic category P and the others,
described by the second principal component
(Fig. 5C), whereas differences between C and S and
between N and G are described by the first principal
component. The null hypothesis of no phylogenetic
signal could not be rejected (P = 0.282, Table 3). The
reconstruction onto the collapsed phylogeny shows a
clear divergence between categories [N, P, H, C and
c1], G and S. [N, P, H, C and c1] and G, and S and G,
are distinguished primarily by the first principal com-
ponent (Fig. 5D). Between categories [N, P, H, C and
c1] and S the divergence lies mainly in the second
component. The permutation test confirmed signifi-
cant phylogenetic structure in the data (P < 0.0001,

© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016
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Table 3). In the analysis generated with
semi-landmarks and the original phylogeny, the plot
shows a similar disposition as for the analysis with
landmarks (Fig. 5E). Overall there is a clear distinc-
tion between [N, P, H, C and c1] and S, and between
[N, P, H, C and c1] and G, described by the first princi-
pal component (Fig. 5F). The difference between S
and G was extremely subtle. In either case, the null
hypothesis of no phylogenetic signal cannot be
rejected (P-values of 0.365 and 0.335, respectively).

For pPCAs generated based on the tree recon-
structed with mitochondrial data, the percentage of

variance explained by the first two axes was 56.66%
for the dataset with landmarks and 37.33% for the
dataset with semi-landmarks, as shown in the Sup-
porting Information (Data S3 and S4). When the
phylogenetic analysis of principal components was
weighed based on data from the collapsed tree, the
percentage of changes explained in morphology was
58.03% for the dataset with landmarks and 36.75%
for the dataset with semi-landmarks (Data S3A and
S4A). For morphometric pPCA-based distances
obtained using landmarks and the original phy-
logeny, the associations were significant for all

Figure 6. Images of the dorsum of the head of representatives of each analysed category of the Rhinella crucifer group

and corresponding deformation grids implied by the first principal component. N, North unit (CFBH = 2583); C, Center

unit (CFBH = 15383); H, ‘Hybrids’ (PUC = 7537); S, South unit (CFBH = 20277); c1, centre 1 unit (subclade)

(CFBH = 18175); P, ‘Peruacu’ unit (MZUSP = 142105); G, ‘Guaramiranga’ unit (CFBH = 28172).
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variables, except for the variable annual precipita-
tion and pPC1_semi (Table 4). Using the collapsed
phylogeny, morphometric pPCA-based distances were
associated with altitude, annual mean temperature,
temperature annual range, annual precipitation, pre-
cipitation of the wettest month and precipitation
of the wettest quarter, with the exception of
pPC2, which was not significantly associated with
annual precipitation (Table 4). For the pPCA with
semi-landmarks, all the environmental variables
were associated with the differences between

morphological values with the exception of pPC2,
which was not significantly associated with tempera-
ture annual range (Table 4).

DISCUSSION

HEAD SHAPE VARIATION IN THE

RHINELLA CRUCIFER GROUP

From the ordination of scores of the analysed speci-
mens, it is evident that the proportion of the total

Figure 7. Scatterplots of canonical variate scores for the dataset with landmarks (A, B, C) and semi-landmarks (D, E,

F) of the Rhinella crucifer group. In A and D, all categories are considered separately, in B and E only categories corre-

sponding to closely related genetic units are considered, and in C and F closely related genetic units are considered as a

single category.
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shape variation that is explained by the principal
components is limited. This may be due to the recent
diversification of the group (Thom�e et al., 2010), the
typical conservatism in the skull of bufonids (Martin,
1972; Pramuk, 2006), the method used, which may
have been inefficient in recovering shape patterns in
these animals, or a combination of the three.
Nonetheless, shape changes are detectable and
related to specific structures in the head of speci-
mens, as shown in the deformation grids. Analysis of
landmark data revealed that specimens from the
different genetic units differ in the shape of the
cephalic crests and eye, relative to a consensus
configuration. Analysis of semi-landmarks also
showed changes in the shape of the parotoid gland,
eye and contour of the mandibular arch. Note that
Baldissera et al. (2004) used variation in the same
structures qualitatively as taxonomic characters to
differentiate among species in the group. This is not
surprising because species in Baldissera et al. (2004)
and the categories considered in the present paper
show considerable overlap (see discussion in Thom�e
et al., 2012). Furthermore, it highlights the ability of
trained taxonomists to perceive subtle morphological
variation despite the lack of guidance from genetic
markers.

In the analyses including prior information
(CVAs), the proportion of the variation among cate-
gories accommodated by the first canonical variates
was usually large, being larger for landmarks than
for semi-landmarks. Conversely, the biplots showed
more definition in the separation of categories when
the semi-landmarks were used. Both landmarks and
semi-landmarks showed a similar pattern in terms of
the amount of variation accommodated by the first
two canonical variates in the different comparisons:
the percentage of variation accommodated was larger
in the comparisons in which we clustered the closest
genetic units as a single category. This might be due
to the fact that category H, representing specimens
from the transition zone between N and C, is not a
natural group and may include specimens belonging
to each of these two genetic units and hybrids with
transitional characteristics. Therefore, it is expected
that analyses allowing for the comparison of this cat-
egory with categories N and C would show a lack of
discrimination.

Overall, our analyses indicate that there is size-
free variation in the shape of the head of specimens
in the Rhinella crucifer group, and that morphologi-
cal changes are associated with specific structures.
Variation is subtle, but sufficient to statistically dif-
ferentiate among genetically defined units in most
cases. The difference in number of analysed speci-
mens among groups may be the cause of statistical
discrepancies in significance in each comparison, as
shown by Pillar (1999). In other words, the variation
in sample size, in particular, affects the probability
of committing type II statistical error.

Morphological analyses of single structures may be
difficult. In the work of Clemente-Carvalho et al.
(2011), some variant patterns in morphology were
not detected with the use of landmarks alone. In

Table 3. Tree lengths computed with squared-change

parsimony and P values for the permutation tests of phy-

logenetic signal (* = statistically significant value)

Phylogeny

Landmarks Semi-landmarks

Tree length, P Tree length, P

Mitochondrial tree 0.00631, 0.282 0.00702, 0.365

Collapsed tree 0.00325, <0.0001* 0.00351, 0.335

Table 4. Results of Mantel tests for association between morphological differentiations across specimens of the species

of the Rhinella crucifer group vs. six environmental distance variables (see text for details)

Dependent variable

Explanatory variable

Elevation AnnMTemp TempAnnRge AnnPrec PrecWetMon PrecWetQtr

pPC1#12_full mitochondrial tree 0.001* 0.03* 0.03* 0.006* 0.01* 0.006*

pPC2#12_ full mitochondrial tree 0.004* 0.01* 0.04* 0.0001* 0.03* 0.02*

pPC1#semi_ full mitochondrial tree 0.02* 0.006* 0.03* n.s. 0.01* 0.001*

pPC2#semi_ full mitochondrial tree 0.01* 0.009* 0.006* 0.04* 0.02* 0.006*

pPC1#12_collapsed 0.02* 0.01* 0.02* 0.01* 0.01* 0.005*

pPC2#12_collapsed 0.02* 0.03* 0.03* n.s. 0.009* 0.01*

pPC1#semi_collapsed 0.003* 0.01* 0.02* 0.02* 0.03* 0.03*

pPC2#semi_collapsed 0.007* 0.01* n.s. 0.0008* 0.003* 0.009*

Dependent variables are the first two axes from pPCA (for both datasets). Mantel correlation values are given where sig-

nificant (*P < 0.005; n.s., not significant).
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particular, landmark-based geometric morphometric
approaches may be insufficient for analysing struc-
tures without clear points of homology. In such
cases, the addition of semi-landmarks may provide
new information on curves and surfaces, allowing for
better descriptions and finer analysis of the complex-
ity of biological form (Gunz, Mitteroecker &
Bookstein, 2005; Perez, Bernal & Gonzalez, 2006;
Gunz et al., 2009). In our analyses, landmarks and
semi-landmarks highlighted shape changes associ-
ated with different structures, showing that the
analyses of both types of data are complementary in
portraying the geographical nature of morphological
differentiation.

SHAPE IS PARTIALLY EXPLAINED BY

GENETIC RELATEDNESS

Phylogenetic signal is defined as the degree to which
phylogenetic relatedness among taxa is associated
with their phenotypic similarity (e.g. Blomberg, Gar-
land & Ives, 2003; Cardini & Elton, 2008). Therefore,
if closely related taxa are morphologically more simi-
lar than more distant taxa, phylogenetic signal may
be detected. We first approached this by conducting
CVA hierarchically. Analyses comparing all genetic
categories accommodated less variation than analy-
ses in which we clustered the most closely related
categories, as one would expect in the presence of
phylogenetic signal (although fewer groups result in
fewer CVs, which may cause higher variation in the
first CV). Also, the biplots show more proximity (and
overlaps) of the categories N, P, C, c1 and H,
whereas categories G and S are confined to more
peripheral regions of the multivariate space. Cate-
gory c1 represents a haplogroup within genetic unit
C whose geographical distribution is somewhat con-
cordant with the distribution of Rhinella abei, a spe-
cies described by Baldissera et al. (2004) using
morphological criteria. This species was not detected
in the multilocus analyses of Thom�e et al. (2012) and
its recognition under a phylogenetic species concept
is pending more genetic markers. It is impossible,
however, to confirm that the overlap between the
scores of specimens from unit c1 and C indicates that
this category has no biological meaning. Interest-
ingly, Baldissera et al. (2004) obtained a similar pat-
tern in their traditional morphometric analysis, with
the scores of R. abei being nested within the polygon
of R. ornata, here included as category C. For G and
S, the most divergent genetic units in the group
according to the mitochondrial DNA, interpretation
of the results was more straightforward, as all
biplots showed a trend of isolation of their respective
scores. However, scores from P are also usually fairly
isolated, even though genetic unit P is sister to C,

denoting unexpected variation in shape for this
genetic unit.

We applied a more rigorous test by mapping the
principal components on a phylogeny. We then
assessed statistical significance by simulating the
hypothesis of no phylogenetic signal using permuta-
tions. We were able to detect the effect of relatedness
with the landmark dataset, but only when consider-
ing the closest genetic units as one taxon, with the
two remaining taxa showing more strongly defined
shape changes as genetic divergence increased. It is
possible that the lack of significance in the analysis
based upon the original tree is caused by the mor-
phological dissimilarity of P compared with all other
units. The failure in rejecting the null hypothesis of
no phylogenetic signal with the semi-landmark data-
set is intriguing, as these seem to graphically pro-
vide better-defined results in the CVAs (Fig. 7).
Taking all the results together, it is only possible to
confirm that the evolutionary history of the group
explains the variation in the shape of the head to a
limited extent.

INFLUENCE OF PHYSICAL ENVIRONMENT

The geographical distribution of species or groups of
closely related species may be broad enough that
various characteristics of their environment vary
within their range (e.g. Keller et al., 2013). Phyloge-
netic comparative methods are often employed for
studying the relationship between phenotypes and
environment (sensu Gould & Vrba, 1982). These
methods allow for the partitioning of phenotypic
variation into phylogenetic (endogenous) and non-
phylogenetic (exogenous) components (Levin, 1992;
Levin & Pacala, 1997; Martins & Hansen, 1997;
Felsenstein, 2003). However, the assumption that
the exogenous component is always related to the
physical environment can be equivocal (Polly et al.,
2013), making it necessary to determine the degree
of direct influence of each variable on the changes in
shape. Elucidation of the direct mechanism behind
the influence of environment over development and,
consequently, adult morphology is beyond the scope
of our study. Nevertheless, we minimized a possible
effect of relatedness (with the phylogenetic PCA) and
tested for associations of local climates and elevation
with shape because it has been suggested that
morphology in anurans is particularly sensitive to
environmental conditions (Marcelino et al., 2009). A
significant proportion of the variation in head mor-
phology among particular species can be statistically
explained by the majority of the environmental fac-
tors taken into account (see Table 3 for details). It
suggests that variability in the physical environment
constitutes an important factor in the determination
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of head morphology and should be considered as a
source of variation. More specifically, it appears that
populations of the same genetic category living in
the areas differing the most in environmental condi-
tions display more dissimilar morphotypes, whereas
individuals from different genetic categories occupy-
ing areas with similar environmental characteristics
may display somewhat similar cranial shapes. Par-
ticularly, some individuals of N and C (and from C
and c1) from regions geographically adjacent seem
less distinguishable in morphospace (see Supporting
Information for geographical origins of specimens).
An equivalent response by different species to a
shared environment, assuming that climate and ele-
vation in geographically adjacent regions are proba-
bly similar, is the most plausible explanation for this
morphological similarity. Alternatively, the efforts of
Thom�e et al. (2012) may have been insufficient to
properly delimit the zone of putative hybridization
between N and C, and the similarity between cate-
gories near the zone of contact of their ranges could
be explained by interspecific hybridization and sub-
sequent introgression of morphotype-mediated genes
(sensu Grant & Grant, 2002). Although the correla-
tion observed between body shape and environmen-
tal variables suggests an important role for
environmental conditions in the production of mor-
phological variation in these taxa, many interpreta-
tions of our results are possible. Future experimental
work (e.g. common garden or reciprocal transplant
experiments in conjunction with quantitative genet-
ics) may identify the evolutionary and ecological
processes responsible for the observed matching
between the environment and morphology in exam-
ined species (Gvozd�ık et al., 2008). Such experimental
approaches could determine whether similar mor-
phology is caused by a shared plastic responses to
environmental conditions.

CONCLUSIONS

In this study we used geometric morphometrics to
reassess morphometric variation in the Rhinella cru-
cifer group and to consider its evolutionary history
and local variation relative to environmental condi-
tions (e.g. climate and altitude). Our main questions
were: (1) Is there size-free shape variation in the
group? (2) If so, can this variation be explained by
genetic relatedness. (3) Is shape variation influenced
by local variation of the physical environment? Our
results revealed that there is size-free shape morpho-
logical variation in toads of the Rhinella crucifer
group. Variation is subtle, but sufficient to differenti-
ate among genetically defined units in most cases.
Shape changes are related to specific structures in
the head of specimens defined by landmarks and

semi-landmarks, highlighting changes associated
with different structures, showing that the analysis
of both types of data is complementary. Variation
can be explained both by genetic relatedness and by
local physical environment. The effects of relatedness
were first revealed by hierarchical CVA, where anal-
yses comparing all categories accommodated less
variation than analyses in which we clustered the
most closely related categories. Also, biplots showed
restriction of more divergent categories to peripheral
regions of morphospace, whereas scores of other cate-
gories often overlapped. We were also able to statisti-
cally detect the effect of relatedness with landmark
data when considering the closest genetic units as a
single category. A significant share of the variation
in head morphology of the group can be explained by
environmental variables, suggesting that conditions
of the physical environment should be considered as
a source of morphological variation. Future experi-
mental work may lead to a better understanding of
the roles of physical variables, plasticity and related-
ness as causes underlying morphological variation.
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APPENDIX 1

Representative specimens of all species of the Rhinella crucifer group analysed in this study. CFBH, ‘C�elio F.
B. Haddad’ amphibian collection; IIBPH, herpetological collection of the ‘Instituto de Investigaci�on Biol�ogica
del Paraguay’; MZUSP, Museum of Zoology University of S~ao Paulo; MCNPUC, Museum of Natural Sciences
of the Pontif�ıcia Universidade Cat�olica de Minas Gerais).

Collection no. Species Unit Municipality State/Country Locality Latitude Longitude

CFBH_118 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1206 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1208 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1210 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1216 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1218 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1219 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1220 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12545 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12547 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12549 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12551 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12552 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12553 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12554 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12558 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12559 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_12563 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710
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Appendix 1. Continued

Collection no. Species Unit Municipality State/Country Locality Latitude Longitude

CFBH_12564 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_13361 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13363 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13364 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13365 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13366 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13367 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13368 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13370 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13371 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13372 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13374 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_13399 Rhinella crucifer N Cara�ıva BA/BR L2 �16.800000 �39.150000

CFBH_1373 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_1377 Rhinella crucifer H Parati RJ/BR L4 �23.216708 �44.717938

CFBH_13938 Rhinella ornata H Petr�opolis RJ/BR L5 �22.504639 �43.182329

CFBH_14647 Putative hybrid C Cristina MG/BR L6 �22.209178 �45.271985

CFBH_14812 Rhinella ornata C S~ao Lu�ıs do

Paraitinga

SP/BR L7 �23.228066 �45.322663

CFBH_15345 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15349 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15351 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15352 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15353 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15354 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15356 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15358 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15359 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15360 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15361 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15362 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15363 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15364 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15365 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15366 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15368 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15369 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15379 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15383 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15385 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15386 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_15390 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_16310 Rhinella ornata C S~ao Lu�ıs do

Paraitinga

SP/BR L7 �23.228066 �45.322663

CFBH_16311 Rhinella ornata C S~ao Lu�ıs do

Paraitinga

SP/BR L7 �23.228066 �45.322663

CFBH_16518 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1683 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1689 Rhinella ornata C Cap~ao Bonito SP/BR L9 �24.003998 �48.339266

CFBH_17400 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_1748 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1749 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_1750 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710
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Appendix 1. Continued

Collection no. Species Unit Municipality State/Country Locality Latitude Longitude

CFBH_18001 Rhinella crucifer H Santa

Leopoldina

ES/BR L10 �20.102515 �40.529283

CFBH_18090 Rhinella crucifer H Linhares ES/BR L11 �19.390915 �40.071503

CFBH_18091 Rhinella crucifer H Linhares ES/BR L11 �19.390915 �40.071503

CFBH_18141 Rhinella abei c1 Quatro Barras PR/BR L12 �25.367153 �49.074947

CFBH_18163 Rhinella abei c1 Blumenau SC/BR L13 �26.918996 �49.066078

CFBH_18164 Rhinella abei c1 Blumenau SC/BR L13 �26.918996 �49.066078

CFBH_18166 Rhinella abei c1 Blumenau SC/BR L13 �26.918996 �49.066078

CFBH_18168 Rhinella abei c1 Blumenau SC/BR L13 �26.918996 �49.066078

CFBH_18169 Rhinella abei c1 Blumenau SC/BR L13 �26.918996 �49.066078

CFBH_18175 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18176 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18177 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18178 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18179 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18180 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18181 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18182 Rhinella abei c1 Massaranduba SC/BR L14 �26.610913 �49.009150

CFBH_18238 Rhinella henseli S Bento Goncalves RS/BR L15 �29.096543 �51.451038

CFBH_18382 Rhinella ornata C Teodoro Sampaio SP/BR L16 �22.531624 �52.183277

CFBH_18387 Rhinella ornata C Teodoro Sampaio SP/BR L16 �22.531624 �52.183277

CFBH_18717 Rhinella crucifer N Aurelino Leal BA/BR L17 �14.360787 �39.408552

CFBH_18815 Rhinella crucifer H Teres�opolis RJ/BR L18 �22.412324 �42.966432

CFBH_18816 Rhinella crucifer H Teres�opolis RJ/BR L18 �22.412324 �42.966432

CFBH_20277 Rhinella henseli S Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20278 Rhinella henseli S Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20279 Rhinella henseli S Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20280 Rhinella henseli S Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20281 Rhinella henseli S Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20282 Rhinella abei c1 Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20283 Rhinella abei C Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_20284 Rhinella abei c1 Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_21056 Rhinella crucifer N Urucuca BA/BR L20 �14.586809 �39.291382

CFBH_21058 Rhinella crucifer N Urucuca BA/BR L20 �14.586809 �39.291382

CFBH_21113 Rhinella crucifer N Urucuca BA/BR L20 �14.586809 �39.291382

CFBH_21230 Rhinella henseli S Florian�opolis SC/BR L21 �27.597024 �48.549583

CFBH_21317 Rhinella abei c1 Guaratuba SC/BR L22 �25.883413 �48.576213

CFBH_22659 Rhinella abei c1 Governador

Celso Ramos

SC/BR L23 �27.315793 �48.558841

CFBH_22816 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

CFBH_22897 Rhinella abei c1 Morretes PR/BR L25 �25.476311 �48.835779

CFBH_23165 Rhinella abei c1 Morretes PR/BR L25 �25.476311 �48.835779

CFBH_23166 Rhinella abei c1 Morretes PR/BR L25 �25.476311 �48.835779

CFBH_23210 Rhinella crucifer H Vit�oria ES/BR L26 �20.322186 �40.338089

CFBH_23211 Rhinella crucifer H Conceic~ao

da Barra

ES/BR L27 �18.592569 �39.734653

CFBH_23368 Rhinella crucifer N Urucuca BA/BR L20 �14.586809 �39.291382

CFBH_23404 Rhinella crucifer N Jo~ao Pessoa PB/BR L28 �7.115320 �34.861051

CFBH_23728 Rhinella abei c1 Sider�opolis SC/BR L29 �28.598892 �49.425409

CFBH_23729 Rhinella abei c1 Sider�opolis SC/BR L29 �28.598892 �49.425409

CFBH_23919 Rhinella ornata C Santos SP/BR L30 �23.961836 �46.332247

CFBH_2427 Rhinella crucifer H Conceic~ao

da Barra

ES/BR L27 �18.592569 �39.734653
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Appendix 1. Continued

Collection no. Species Unit Municipality State/Country Locality Latitude Longitude

CFBH_24271 Rhinella ornata C Derrubadas RS/BR L31 �27.265601 �53.861366

CFBH_24628 Rhinella crucifer N Camacan BA/BR L32 �15.414307 �39.500992

CFBH_24629 Rhinella crucifer N Camacan BA/BR L32 �15.414307 �39.500992

CFBH_24630 Rhinella crucifer N Camacan BA/BR L32 �15.414307 �39.500992

CFBH_2583 Rhinella crucifer N Ilh�eus BA/BR L33 �14.729 �39.079

CFBH_27907 Rhinella crucifer N Palmeiras BA/BR L34 �12.529909 �41.575086

CFBH_27996 Rhinella crucifer N Santa B�arbara BA/BR L35 �11.957935 �38.967849

CFBH_28097 Rhinella crucifer H Santa Maria

Madalena

RJ/BR L36 �21.970085 �41.999240

CFBH_28098 Rhinella crucifer H Santa Maria

Madalena

RJ/BR L36 �21.970085 �41.999240

CFBH_28099 Rhinella crucifer H Santa Maria

Madalena

RJ/BR L36 �21.970085 �41.999240

CFBH_28100 Rhinella crucifer H Santa Maria

Madalena

RJ/BR L36 �21.970085 �41.999240

CFBH_28170 Rhinella casconi G Guaramiranga CE/BR L37 �4.271387 �38.946244

CFBH_28171 Rhinella casconi G Guaramiranga CE/BR L37 �4.271387 �38.946244

CFBH_28172 Rhinella casconi G Guaramiranga CE/BR L37 �4.271387 �38.946244

CFBH_28174 Rhinella casconi G Guaramiranga CE/BR L37 �4.271387 �38.946244

CFBH_28175 Rhinella casconi G Guaramiranga CE/BR L37 �4.271387 �38.946244

CFBH_2834 Rhinella crucifer H Aracruz ES/BR L38 �19.819578 �40.274341

CFBH_2837 Rhinella abei c1 Morretes PR/BR L25 �25.476311 �48.835779

CFBH_2841 Rhinella abei c1 Itapo�a SC/BR L39 �26.117364 �48.616764

CFBH_2842 Rhinella abei c1 Rio dos Cedros SC/BR L40 �26.738244 �49.272623

CFBH_2843 Rhinella abei c1 Rio dos Cedros SC/BR L40 �26.738244 �49.272623

CFBH_2844 Rhinella abei c1 Rio dos Cedros SC/BR L40 �26.738244 �49.272623

CFBH_2858 Rhinella abei c1 Blumenau SC/BR L13 �26.918996 �49.066078

CFBH_2865 Rhinella crucifer H Aracruz ES/BR L38 �19.819578 �40.274341

CFBH_2866 Rhinella crucifer H Aracruz ES/BR L38 �19.819578 �40.274341

CFBH_2867 Rhinella crucifer H Aracruz ES/BR L38 �19.819578 �40.274341

CFBH_2869 Rhinella crucifer H Itagua�ı RJ/BR L41 �22.866539 �43.777224

CFBH_2870 Rhinella crucifer H Itagua�ı RJ/BR L41 �22.866539 �43.777224

CFBH_2871 Rhinella crucifer H Itagua�ı RJ/BR L41 �22.866539 �43.777224

CFBH_2874 Rhinella crucifer H Vila Velha ES/BR L42 �20.330467 �40.292161

CFBH_2875 Rhinella crucifer H Vila Velha ES/BR L42 �20.330467 �40.292161

CFBH_2876 Rhinella crucifer H Vila Velha ES/BR L42 �20.330467 �40.292161

CFBH_2877 Rhinella crucifer H Vila Velha ES/BR L42 �20.330467 �40.292161

CFBH_2898 Rhinella crucifer N Ilh�eus BA/BR L33 �14.729 �39.079

CFBH_2901 Rhinella crucifer N Ilh�eus BA/BR L33 �14.729 �39.079

CFBH_2903 Rhinella crucifer N Ilh�eus BA/BR L33 �14.729 �39.079

CFBH_2904 Rhinella crucifer N Ilh�eus BA/BR L33 �14.729 �39.079

CFBH_2907 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_2908 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_2909 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_2916 Rhinella abei c1 Guaratuba SC/BR L22 �25.883413 �48.576213

CFBH_2918 Rhinella abei c1 Guaratuba SC/BR L22 �25.883413 �48.576213

CFBH_326 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_327 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_328 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_329 Rhinella ornata C Ubatuba SP/BR L1 �23.3433861 �45.085710

CFBH_3727 Rhinella ornata C Caraguatatuba SP/BR L43 �23.622528 �45.411901

CFBH_4177 Rhinella crucifer H Santa Teresa ES/BR L44 �19.931464 �40.595243

CFBH_5066 Rhinella ornata H Parati RJ/BR L4 �23.216708 �44.717938
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Appendix 1. Continued

Collection no. Species Unit Municipality State/Country Locality Latitude Longitude

CFBH_5081 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_5082 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_5083 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_5786 Rhinella crucifer H Parati RJ/BR L4 �23.216708 �44.717938

CFBH_6336 Rhinella ornata C Iporanga SP/BR L45 �23.439164 �47.424532

CFBH_6364 Rhinella ornata C Canan�eia SP/BR L46 �25.024353 �47.932267

CFBH_6366 Rhinella ornata C Canan�eia SP/BR L46 �25.024353 �47.932267

CFBH_6368 Rhinella ornata C Canan�eia SP/BR L46 �25.024353 �47.932267

CFBH_6369 Rhinella ornata C Canan�eia SP/BR L46 �25.024353 �47.932267

CFBH_6371 Rhinella ornata C Barra do Turvo SP/BR L47 �24.757996 �48.504925

CFBH_6372 Rhinella ornata C Barra do Turvo SP/BR L47 �24.757996 �48.504925

CFBH_6902 Rhinella ornata C Ribeir~ao Branco SP/BR L48 �24.219601 �48.767826

CFBH_6903 Rhinella ornata C Ribeir~ao Branco SP/BR L48 �24.219601 �48.767826

CFBH_7193 Rhinella ornata C Santo Antônio

dos Pinhais

SP/BR L49 �22.825353 �45.663319

CFBH_7194 Rhinella ornata C Santo Antônio

dos Pinhais

SP/BR L49 �22.825353 �45.663319

CFBH_725 Rhinella ornata C Jundia�ı SP/BR L50 �23.186453 �46.884453

CFBH_726 Rhinella ornata C Jundia�ı SP/BR L50 �23.186453 �46.884453

CFBH_727 Rhinella ornata C Jundia�ı SP/BR L50 �23.186453 �46.884453

CFBH_7566 Rhinella henseli S S~ao Jo~ao do

Triunfo

SC/BR L51 �25.620462 �50.486946

CFBH_7665 Rhinella ornata C S~ao Sebasti~ao SP/BR L52 �23.761044 �45.412088

CFBH_7666 Rhinella ornata C S~ao Sebasti~ao SP/BR L52 �23.761044 �45.412088

CFBH_7753 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_7754 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_7755 Rhinella ornata C Ilha Bela SP/BR L8 �23.904000 �45.335000

CFBH_8353 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_8354 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_8355 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_8358 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_8359 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_8360 Rhinella ornata C Rio Claro SP/BR L3 �22.413399 �47.569574

CFBH_8458 Rhinella abei c1 Itapema SC/BR L53 �27.090960 �48.611995

CFBH_8911 Rhinella ornata C S~ao Lu�ıs

do Paraitinga

SP/BR L7 �23.228066 �45.322663

CFBH_958 Rhinella crucifer H Linhares ES/BR L11 �19.390915 �40.071503

CFBH_959 Rhinella crucifer H Linhares ES/BR L11 �19.390915 �40.071503

CFBH_9851 Rhinella abei c1 Treviso SC/BR L54 �28.513920 �49.457338

CFBH_9937 Putative hybrid C Cristina MG/BR L6 �22.209178 �45.271985

CFBH_9965 Rhinella henseli S Anit�apolis SC/BR L19 �27.902458 �49.129065

CFBH_9966 Rhinella abei c1 Anit�apolis SC/BR L19 �27.902458 �49.129065

IIBPH_1191 Rhinella ornata C Itap�ua IT/PAR L55 �26.565580 �55.683650

IIBPH_1333 Rhinella ornata C Canindey�u CA/PAR L56 �24.137960 �55.668190

IIBPH_1342 Rhinella ornata C Itap�ua IT/PAR L55 �26.565580 �55.683650

IIBPH_1563 Rhinella ornata C Itap�ua IT/PAR L55 �24.137960 �55.668190

IIBPH_1564 Rhinella ornata C Itap�ua IT/PAR L55 �24.137960 �55.668190

IIBPH_1565 Rhinella ornata C Itap�ua IT/PAR L55 �24.137960 �55.668190

IIBPH_1566 Rhinella ornata C Itap�ua IT/PAR L55 �26.565580 �55.683650

IIBPH_1567 Rhinella ornata C Itap�ua IT/PAR L55 �24.137960 �55.668190

MZUSP_142100 Rhinella inopina P Janu�aria MG/BR L57 �15.495640 �44.362592

MZUSP_142101 Rhinella inopina P Janu�aria MG/BR L57 �15.495640 �44.362592

MZUSP_142105 Rhinella inopina P Janu�aria MG/BR L57 �15.495640 �44.362592
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Appendix 1. Continued

Collection no. Species Unit Municipality State/Country Locality Latitude Longitude

MZUSP_142362 Rhinella inopina P Janu�aria MG/BR L57 �15.495640 �44.362592

PUC_11666 Putative hybrid H Lima Duarte MG/BR L58 �21.848352 �43.807533

PUC_11667 Putative hybrid H Lima Duarte MG/BR L58 �21.848352 �43.807533

PUC_11671 Putative hybrid H Caet�e MG/BR L59 �19.880666 �43.669804

PUC_11707 Putative hybrid H S~ao Goncalo

do Rio Preto

MG/BR L60 �18.006592 �43.395201

PUC_11911 Putative hybrid H S~ao Goncalo

do Rio Abaixo

MG/BR L61 �19.828069 �43.381984

PUC_11940 Putative hybrid H Nova Lima MG/BR L62 �19.987594 �43.846311

PUC_11941 Putative hybrid H Nova Lima MG/BR L62 �19.987594 �43.846311

PUC_11942 Putative hybrid H Nova Lima MG/BR L62 �19.987594 �43.846311

PUC_11943 Putative hybrid H Nova Lima MG/BR L62 �19.987594 �43.846311

PUC_11944 Putative hybrid H Nova Lima MG/BR L62 �19.987594 �43.846311

PUC_12035 Putative hybrid H Rio Piracicaba MG/BR L63 �19.926313 �43.169470

PUC_12565 Putative hybrid H Mar de Espanha MG/BR L64 �21.868582 �43.009314

PUC_1384 Putative hybrid H Joan�esia MG/BR L65 �19.171585 �42.680580

PUC_1914 Putative hybrid H S~ao Goncalo

do Rio Abaixo

MG/BR L61 �19.828069 �43.381984

PUC_1966 Putative hybrid H Serra do Caraca MG/BR L66 �20.133333 �43.500000

PUC_2841 Putative hybrid H Cariacica ES/BR L67 �20.265519 �40.420328

PUC_2842 Putative hybrid H Cariacica ES/BR L67 �20.265519 �40.420328

PUC_3150 Putative hybrid H Brumadinho MG/BR L68 �20.118182 �44.200950

PUC_3525 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_3526 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_3527 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_3528 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_3530 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_3534 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_3538 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_4023 Putative hybrid N Santa Maria

do Salto

MG/BR L69 �16.234376 �40.145041

PUC_4024 Putative hybrid N Santa Maria

do Salto

MG/BR L69 �16.234376 �40.145041

PUC_4977 Putative hybrid H Conceic~ao do

Mato Dentro

MG/BR L70 �19.042033 �43.417678

PUC_5143 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_5144 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_5176 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_5572 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_5693 Putative hybrid H Varginha MG/BR L71 �21.546379 �45.430813

PUC_5694 Putative hybrid H Varginha MG/BR L71 �21.546379 �45.430813

PUC_6003 Putative hybrid H Belo Horizonte MG/BR L24 �19.815731 �43.954223

PUC_6064 Putative hybrid H Ju�ız de Fora MG/BR L72 �21.764210 �43.349570

PUC_6178 Putative hybrid N Santa Maria

do Salto

MG/BR L69 �16.234376 �40.145041

PUC_6947 Putative hybrid H Conselheiro

Lafaiete

MG/BR L73 �20.659660 �43.785501

PUC_6959 Putative hybrid H Ouro Branco MG/BR L74 �20.517088 �43.700048

PUC_7534 Putative hybrid N Cristalia MG/BR L75 �16.754727 �42.908175

PUC_7535 Putative hybrid N Cristalia MG/BR L75 �16.754727 �42.908175

PUC_7536 Putative hybrid N Cristalia MG/BR L75 �16.754727 �42.908175

PUC_7537 Putative hybrid N Cristalia MG/BR L75 �16.754727 �42.908175

PUC_7538 Putative hybrid N Cristalia MG/BR L75 �16.754727 �42.908175
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PUC_7539 Putative hybrid N Cristalia MG/BR L75 �16.754727 �42.908175

PUC_7540 Putative hybrid N Gr~ao Mogol MG/BR L76 �16.557467 �42.893887

PUC_7551 Putative hybrid H Ouro Branco MG/BR L74 �20.517088 �43.700048

PUC_7552 Putative hybrid H Ouro Branco MG/BR L74 �20.517088 �43.700048

PUC_7553 Putative hybrid H Ouro Branco MG/BR L74 �20.517088 �43.700048

PUC_762 Putative hybrid H Caet�e MG/BR L59 �19.880666 �43.669804

PUC_863 Putative hybrid H Caet�e MG/BR L59 �19.880666 �43.669804

PUC_9445 Putative hybrid H Nova Lima MG/BR L62 �19.987594 �43.846311

PUC_962 Putative hybrid H Guanh~aes MG/BR L77 �18.771000 �42.931888

PUC_9705 Putative hybrid N S~ao Jo~ao

do Para�ıso

MG/BR L78 �15.314933 �42.014371
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