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Abstract
The members of the genus Heterixalus constitute one of the endemic frog radiations in Madagascar. Here we present a complete species-level phylogeny based on DNA sequences (4876 base pairs) of three nuclear and four mitochondrial markers to clarify the phylogenetic relationships among and within all known species of this genus, as well as the phylogenetic position of the monospeciﬁc
Seychellean Tachycnemis seychellensis. Although the performance to resolve supported clades of Heterixalus species diﬀered among
the investigated gene fragments when analyzed separately, we could identify ﬁve well-supported species groups within Heterixalus in
the combined analysis of all gene fragments. Our data strongly support a Heterixalus–Tachycnemis clade, and indicate the probable
monophyly of Heterixalus placed sister to Tachycnemis. However, the diversiﬁcation of these lineages may have happened in a short
interval of time, leading to an unstable placement of Tachycnemis in the single-gene fragment phylogenies. Referring to the hitherto existing classiﬁcation of Heterixalus, which is predominantly based on chromatic and bioacoustic characters, we examined the relative performance of these data sets relative to our molecular phylogeny. A Bayesian tree reconstructed with a bioacoustic data set yielded a
higher resemblance to the molecular phylogeny than a tree constructed using a chromatic data set, which supports the importance of
bioacoustic characters for systematic analyses of these anurans.
Ó 2007 Elsevier Inc. All rights reserved.
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1. Introduction
The treefrog family Hyperoliidae is composed of 18
genera (Frost et al., 2006; AmphibiaWeb, 2006), all but
two of which are endemic to Africa. The two exceptions
are Heterixalus, endemic to Madagascar and containing
11 species, and the monotypic genus Tachycnemis, with
the only species T. seychellensis being endemic to the
Seychelles islands (Drewes, 1984). Although morphological phylogenies placed Tachycnemis as a basal representative of the family (Drewes, 1984; Channing, 1989),
*
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molecular phylogenetic data support close relationships
between Tachycnemis and Heterixalus, and the Heterixalus–Tachycnemis clade being deeply nested within African
hyperoliid genera, possibly sister to Afrixalus (Richards
and Moore, 1996; Vences et al., 2003b; Frost et al.,
2006). Molecular clock analyses indicated a relatively
young divergence between African and Malagasy–Seychellean hyperoliids at about 30 million years ago, much
more recent than the Gondwanan connection between
these land masses that was severed about 160–130 mya
(Briggs, 2003). This indicates that colonization of Madagascar and of India by these frogs must have occurred
by overseas dispersal during the Cenozoic (Vences
et al., 2003c).
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Despite the obvious biogeographic interest in understanding the relationships of the Malagasy–Seychellean
hyperoliid radiation, a well-resolved phylogeny using multiple markers and a dense taxon sampling is so far missing
for this group. Their systematics was ﬁrst established based
on morphology and color (Blommers-Schlösser, 1982;
Blommers-Schlösser and Blanc, 1991), and later reﬁned
with bioacoustic analyses (Glaw and Vences, 1993). Based
on these data, three species groups are recognized (Glaw
and Vences, 1993): (i) the H. betsileo group with H. betsileo, (ii) the H. tricolor group with H. tricolor, H. variabilis
and H. andrakata, and (iii) the H. madagascariensis group,
containing H. madagascariensis and H. boettgeri. At the
time of the study of Glaw and Vences (1993), the calls of
H. rutenbergi and H. alboguttatus were not known yet,
H. carbonei and H. punctatus were only subsequently
described, and H. luteostriatus was not yet considered a
valid species (Vences et al., 2000). Here we present a molecular phylogeny of all known Heterixalus species and of
Tachycnemis based on an analysis of four mitochondrial
and three nuclear gene fragments. The two major goals in
this study were: (1) to achieve a better understanding of
the relationships and of the genetic diﬀerentiation within
Heterixalus as a contribution to a future taxonomic revision of these frogs, and (2) to obtain molecular evidence
for the monophyly or non-monophyly of Heterixalus with
respect to Tachycnemis.
Anurans are known to have a high level of morphological similarity and, often, homoplasy (e.g., Emerson, 1986)
that has substantially obscured their systematics before the
advent of molecular characters (e.g., Bossuyt and Milinkovitch, 2000; Van der Meijden et al., 2005; Frost et al.,
2006). Compared to most other anurans, hyperoliids of
several genera show even lower levels of morphological
divergence, and taxonomy in the past has therefore largely
been based on color-patterns. In Heterixalus, Glaw and
Vences (1993) considered morphometrics as not very informative for distinguishing Heterixalus species, and restricted
taxonomically informative characters to body size, advertisement calls, and color. However, color-pattern is known
to be highly polymorphic within species of other hyperoliid
genera, e.g., Hyperolius (Schiøtz, 1999; Amiet, 2004). Furthermore, the color-patterns in some species undergo permanent ontogenetic color changes (Richards, 1982). They
are known to be under hormonal control (e.g., Hyperolius
argus, Hayes and Menendez, 1999), which is related to sexual dimorphism. Intraspeciﬁc and intersexual color-pattern
polymorphism also occurs in Heterixalus (H. alboguttatus
and H. variabilis, Glaw and Vences, 1994; Schmidt et al.,
2001).
Color and/or pattern are known to be important for
mate recognition or sexual selection in many taxa such as
birds or in cichlid ﬁshes (Salzburger and Meyer, 2004).
Although in frogs there is little evidence for female choice
based on male color-patterns, some indications for visual
color-based mate recognition may exist in diurnal poison
frogs (Summers et al., 2003). Sexual dichromatism is
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known from only 32 out of 225 polychromatic frogs (Hoﬀman and Blouin, 2000). Many of these are hyperoliids of
the genera Hyperolius and Heterixalus, and the hypothesis
can therefore not be ruled out that their coloration might
be inﬂuenced by sexual selection. In species-level systematics, characters under sexual selection can be very useful in
phylogenetically assigning specimens to biological species.
In contrast, when the phylogenetic relationships among
distantly related species are to be reconstructed, characters
under strong selection (be it sexual or natural) are unsuitable because they are likely to show high levels of homoplasy. It furthermore has been suggested that in
aposematic animals color-patterns tend to be in greater
conﬂict with morphological signals concerning their phylogenetic signiﬁcance than in non-aposematic animals (Areekul and Quicke, 2006). Although some Heterixalus have
a rather vivid coloration, it is very unlikely that this constitutes an aposematic signal. Conclusive statements on the
vivid and often dimorphic color of these frogs require further experimental testing.
In contrast, there is no doubt that the advertisement
calls of frogs are the main mechanism of mate recognition
and sexual selection in this amphibian group. Bioacoustic
characters are of excellent use in taxonomy, although the
rate in which diﬀerent call parameters evolve can vary
among groups (Ryan, 1986; Cocroft and Ryan, 1995; Richards, 2006) and their value for phylogenetic reconstruction
is poorly understood.
In reference to the hitherto existing classiﬁcation of
Heterixalus, being predominantly based on chromatic
and bioacoustic characters, a third goal of this study was
to examine the performance of these characters to resolve
the phylogenetic relationships among populations and species of Heterixalus as they were recovered using the molecular data sets. We use the molecular phylogeny as a basis of
comparison to evaluate the systematic relevance of bioacoustic and chromatic characters for the identiﬁcation of
species and major clades within Heterixalus.
2. Materials and methods
We obtained DNA-sequences of 34 individuals from all
currently valid 11 Heterixalus species and one Tachycnemis
seychellensis (Electronic Supplement Table E1), with multiple populations from much of the known range sampled
for most species. We analyzed one fragment of the mitochondrial 12S rRNA, Cytochrome b (Cytb) and Cytochrome Oxidase Subunit 1 genes (COI), two fragments of
the 16S rRNA gene, and one fragment each of the nuclear
Tyrosinase, Rhodopsin and Rag-1 genes. In total, this
yielded 4876 basepairs of sequence data (Table E2). The
full alignment was submitted to TreeBase (http://
www.treebase.org; Sequences were submitted to GenBank
(accession numbers EF646474–EF646728; Table E1, Benson et al., 2004). For primer information, see Table E2.
PCR was performed according to the reaction conditions
and thermocycling protocols described in Vences et al.
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(2004, 2003a). Sequencing reactions were performed with
the forward primers by Macrogen Inc., Korea (cf. Vences
et al., 2004). The obtained sequences were edited
conservatively and veriﬁed as hyperoliid DNA via BLAST
searches.
The phylogenetic analysis of the molecular data was performed for each gene separately, except for the 12S and 16S
fragments, which were combined to an ‘‘rRNA’’ data set.
Subsequently, all genes were analyzed in a combined data
set in order to proﬁt from the phylogenetic resolution provided in diﬀerent parts of the tree by the separate data sets
(Pereira et al., 2002; Heckman et al., 2007). Sequences of
species of the hyloid genus Bufo as available from Genbank
were used as outgroup. Sequences of other taxa (Leptodactylus fuscus, Mantidactylus (now Blommersia) sp.
(Mayotte), Mantidactylus (now Blommersia) wittei, Astylosternus sp., Leptopelis natalensis, Hyperolius viridiﬂavus,
Bufo sp., and Afrixalus delicatus; Vences et al., 2003c) were
included as hierarchical outgroups. For the combined data
set, heuristic searches were performed using PAUP*
(v4b10; Swoﬀord, 2001) under the criterium of maximum
parsimony (MP), with 2000 non-parametric bootstrap replicates (Felsenstein, 1985). Characters in MP searches were
treated as unordered with equal weight. Gaps were treated
as ‘‘missing’’; multistate characters were interpreted as
‘‘uncertain’’. Trees were computed with random stepwise
addition of taxa, and branch swapping was performed with
the TBR (Tree-Bisection-Reconnection) algorithm. Except
for the rRNA data set, MP bootstrap searches could not be
performed for the single-gene fragment data sets due to the
low amount of variation among several terminal taxa, and
a consequently large number of equally parsimonious trees.
Maximum likelihood (ML) phylogenies of all molecular
data sets were established using PhyML (Guindon and
Gascuel, 2003), on the basis of substitution models selected
by ModelGenerator using the Akaike Information Criterion AIC2 (Posada and Buckley, 2004; Keane et al.,
2006, Table E3) with 2000 bootstrap replicates. As genetic
distances of the sequenced 16S rRNA gene fragment 1 have
already been reported for a variety of amphibian species
and this marker has been proposed as suitable for DNA
barcoding of these organisms (Vences et al., 2005), we computed a genetic distance matrix for all specimens for a later
comparison of interspeciﬁc and intraspeciﬁc variation. We
furthermore computed Bayesian phylogenies using MrBayes (v 3.1.2; Huelsenbeck and Ronquist, 2001) for all single-gene fragment data sets and for the combined data
set. For the combined data set, we deﬁned each of the
12S rRNA and 16S rRNA fragments, and in the coding
gene fragments each codon position, as separate partitions
(Table E4). For all partitions, we computed best-ﬁt models
of evolution using MrMODELTEST under the AIC
(Nylander, 2004, Table E4). These were implemented in
the Bayesian analysis, which was then run under both the
maximum (17 partitions in total) and the minimum partitioning strategies (7 partitions in total Table E4). Two million generations were run, every 100th tree sampled, and

the ﬁrst 10,000 generations discarded. Our preferred molecular phylogeny was the MrBayes topology obtained under
the maximum partitioning strategy using the all-genes data
set (depicted in Fig. 1). The single-gene bayesian phylogenies can be viewed in Fig. 2.
For testing the performance of bioacoustic versus chromatic characters in phylogenetic reconstruction relative to
the preferred molecular phylogeny, chromatic and call
data matrices were constructed on the basis of color-pattern and call observations allowing multistate characters
(Table E5, E6). For the color data set, we coded traits
such as skin color, ‘‘sun color’’ (reﬂective color in basking
specimen), eye color, and certain pattern characteristics.
Because of potential hormonal inﬂuences on hyperoliid
coloration (Richards, 1982; Hayes and Menendez, 1999),
we did not include absolute color values in the chromatic
data matrix. For the acoustic data set, we recorded the
presence versus absence of certain note types and their
pulse rates (Table E5). No invariate characters were
recorded. In the color-pattern data set, 7 of 14 recorded
characters were polymorphic, while in the call data set
none of the eight recorded characters was polymorphic
(although more missing characters occurred here). These
matrices were established for a limited set of Heterixalus
populations, for which at least several specimens could
be sampled for chromatic and bioacoustic data (adult
males and females in daylight coloration, at least several
males for bioacoustics). Tachycnemis seychellensis was
used as outgroup. We computed phylogenies for both
data sets using MrBayes. We subsequently compared the
tree topologies established with the bioacoustic and chromatic data sets to the topology of our preferred molecular
tree. Congruence between pairs of phylogenies was determined with the Software COMPONENT (v2.0, Page,
1993). For an objective measure of tree similarity we followed the approach in Page et al. (2002). We computed
triplet tree comparison metrics (Day, 1986), which treat
trees as a set of clusters (Day, 1985), and tree distance
was computed according to the distances between these
sets. Triplet comparison is recommended for rooted trees
(Page, 1993). The resulting distance measures are based
on counting how many triplets are resolved in each tree
and whether they are resolved the same way. Dissimilarity
values were calculated, such as the number of strict joint
assertions (SJA), which is the number of resolved triplets
diﬀerent in the two trees divided by the number of triplets
resolved in the two trees (Estabrook et al., 1985; Day,
1986; Page et al., 2002). These measures are the rooted
equivalents of the measures for quartets described by
Day (1986). Null distributions for these measures were
obtained by computing the distances between 1000 pairs
of random trees using COMPONENT (Page, 1993; Page
et al., 2002). Furthermore, Consistency, Homoplasy and
Retention Indices (Kluge and Farris, 1969; Farris,
1989), as well as the Rescaled Consistency Index (Farris,
1989), were computed with PAUP for the color-pattern,
call and molecular phylogenies.
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Fig. 1. Molecular phylogeny of all known Heterixalus species obtained by Bayesian inference under the maximum partitioning strategy, based on a total
of 4876 base pairs from the concatenated set of 5 mitochondrial and 3 nuclear gene fragments. Node values indicate >50% in ML phylogeny (ﬁrst
numbers), high bootstrap values >50% in MP analysis (second numbers), and Bayesian posterior probabilities >95% (asterisks) or >99% (double
asterisks). If the Bayesian posterior probabilities obtained under the minimum partitioning strategy diﬀered from the values obtained under the maximum
partitioning strategy, a fourth position is provided with asterisks (>95%), double asterisks (<99%) or ‘‘-’’ (<95%). ML and MP analyses yielded the same
topology and are therefore not shown. Relationships among outgroup taxa are shown in the inset box. Numbers 1–5 within branches indicate the species
groups proposed by us. Numbers 6–10 indicate deeper lineage splits (cf. Table 3). Images are sorted by species group. Populations for which no image is
included are indicated by a small black bar, light gray stripes help to assort pictures to taxon names.

3. Results and discussion
3.1. Molecular phylogeny of Heterixalus and Tachycnemis
The phylogenetic analysis based on the multi-gene data
set provided a tree (Fig. 1) in which ﬁve main clades were
supported by high Bayesian posterior probabilities
(>95%, Table 3), and all but one of these clades also by
MP and ML bootstrap values >79%. These are (1) a highly
supported group of H. variabilis, H. tricolor, H. andrakata;
(2) a clade including H. betsileo and H. carbonei; (3) a clade
containing H. luteostriatus and H. rutenbergi; (4) a
clade containing a single species, H. punctatus; and (5) a
clade with H. madagascariensis, H. alboguttatus and H.

boettgeri. The taxa in group 1 are distributed in northern
Madagascar, groups 2 and 3 contain taxa from the highlands and western Madagascar, the species in clade 5 are
allopatrically distributed along Madagascar’s east coast,
and H. punctatus (clade 4) is found in eastern and northeastern Madagascar. These results agree in part with the
species groups deﬁned by Glaw and Vences (1993). Our
clade 1 corresponds to the H. tricolor group as deﬁned in
that revision, clade 2 corresponds to the H. betsileo group
with the addition of H. carbonei (Vences et al., 2000), and
clade 5 corresponds to the H. madagascariensis group of
Glaw and Vences (1993), with additional inclusion of H.
alboguttatus. However, a few relationships resolved by
our analysis were unexpected, such as the placement of
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H. rutenbergi sister to H. luteostriatus which was however
poorly supported by ML and MP analyses.
Our analysis revealed instances of very low genetic
divergences among species, deep divergences within species,
and mitochondrial paraphyly of species, indicating that the
species-level classiﬁcation of Heterixalus is in need of
revision.
Very shallow divergences were found between Heterixalus tricolor from the type locality Nosy Be, H. variabilis
and H. andrakata. This lack of diﬀerentiation (e.g., 0.57%
16S sequence divergence between H. tricolor and H. variabilis from their respective type localities, Nosy Be and
Nosy Faly and 0.76% 16S sequence divergence between
H. tricolor from Nosy Be and H. andrakata) would suggest to place H. andrakata, H. variabilis and H. tricolor
from the type locality Nosy Be in a single species. This
seems also to be supported by the fact that one of the
three individuals of H. variabilis from Nosy Faly was
placed into a diﬀerent subclade (Fig. 1). However, considering that Glaw and Vences (1993) reported some, albeit
small, call diﬀerences among these taxa, more data on
their contact zones will be necessary for deﬁnitive taxonomic conclusions. Low divergences are also found
between Heterixalus alboguttatus and H. boettgeri
(0.38% 16S sequence divergence). From these allopatrically distributed species in south-eastern Madagascar only
single individuals were studied here.
Deeply divergent genetic lineages were found (1) in
Heterixalus tricolor (up to 2.5% 16S sequence divergence
between populations), making this species paraphyletic
with respect to H. andrakata and H. variabilis, and (2) in
H. punctatus (3.8% 16S sequence divergence between the
two studied populations). The divergent populations of
H. tricolor occur in arid western Madagascar, where suitable habitat may be patchy and populations could be historically strongly isolated and fragmented. The two H.
punctatus populations studied, Sambava and Andasibe,
are located in north-eastern and central eastern Madagascar. A denser sampling of intervening populations will be
necessary to understand the taxonomic signiﬁcance of their
genetic diﬀerentiation.
In contrast to the ﬁve clades within Heterixalus, the more
basal phylogenetic relationships were only partially
resolved in our tree, depending on the method of phylogenetic investigation (Figs. 1 and 2). Although the clade containing all Heterixalus plus Tachycnemis received maximum
support in all analyses, the monophyly of Heterixalus could
not be unambiguously clariﬁed. Our preferred Bayesian
phylogeny (Fig. 1) placed Tachycnemis seychellensis basal
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to a clade of all Heterixalus, with high statistical support.
MP and ML analyses also supported this placement,
though not with maximum values. In the single-gene phylogenies, the position of Tachycnemis varied. The reason
for this may partially be due to missing sequence data for
some Heterixalus populations. Furthermore, the performances of the nuclear Rhodopsin and Tyrosinase fragments
for reconstructing relationships among closely related
amphibian species have not been subject to investigation
yet. Assuming a relatively large ancestral population size,
and taking into account the relatively young age of the
hyperoliid radiation in Madagascar and the Seychelles,
incomplete lineage sorting may be responsible for the partially diﬀerent topologies obtained with these markers
(Maddison, 1997; Heckman et al., 2007).
Assuming the overseas dispersal scenario of Vences et al.
(2003c), and not taking into account the unlikely scenario
of earlier, now extinct hyperoliid radiations on Madagascar, our results indicate that the ancestor of Tachycnemis
(1) either dispersed from Madagascar to the Seychelles
shortly after having arrived in Madagascar, and just before
the diversiﬁcation of the (monophyletic) Heterixalus
started, or (2) dispersed after the basal clades of Heterixalus originated in Madagascar, which could imply paraphyly
of Heterixalus.
3.2. Phylogenetic performance of bioacoustic and chromatic
characters
In the color-pattern based phylogeny, most populations
of the a-priori deﬁned Heterixalus species were placed in
monophyletic groups. This is not surprising since the prevalent color-pattern similarity determined the original taxonomic association of individuals to species (e.g.,
Blommers-Schlösser, 1982; Glaw and Vences, 1993). An
exception was Heterixalus betsileo; the Ambatolampy population of this species was placed with H. boettgeri. Both
share a largely uniform vivid green color. The phenotypic
convergence of these two species spans all 14 investigated
color and pattern traits, except the fact that H. betsileo
from Ambatolampy is polymorphic concerning eye coloration (chromatic character 4, Table E5). They possess the
smallest number of derived chromatic character states after
T. seychellensis (only longitudinal stripes on shanks are
present in both), and therefore they are placed basal to
all other Heterixalus populations.
The two H. tricolor populations studied for coloration
were placed in one clade in the color-pattern based tree,
contrasting to the molecular analysis. The color-pattern

b
Fig. 2. Bayesian inference phylogenies for the separate data sets. Boxes indicate node supports >50% in ML analyses (black, ﬁrst part), node supports
>50% in MP analyses (black, second part, only in rRNA data set), and Bayesian node supports >95% and >99% (gray and black, second part in all other
data sets). For exact values on relevant nodes (if supported) see Table 3. Locality names are abbreviated as follows: A = Andasibe, Am = Ambatolampy,
Amb = Ambanja, An = Andringitra, Ant = Antsingy, Ants = Antsirasira, Ank = Ankarafantsika, I = Itremo, K = Kirindy, M = Mantasoa,
MF = Montagne des Francais, NF = Nosy Faly, R = Ranomafana, S = Sambava, T = Tolagnaro, V = Vohidrazana. Numbers in gray boxes indicate
the following diﬀerences in tree topology as obtained under ML tree reconstruction method: 1—placed with H. madagascariensis, 2—placed sister to
Heterixalus, 3—placed with H. tricolor, 4—placed with other H. madagascariensis, 5—placed sister to Heterixalus, 6—placed in H. tricolor group.
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Fig. 3. Bayesian inference phylogenies of Heterixalus species according to the chromatic (left) and bioacoustic (right) data sets. Colored boxes represent
molecular clades: red = 1, yellow = 2, green = 3, blue = 4, black = 5. Locality names are abbreviated as follows: A = Andasibe, Am = Ambatolampy,
Amb = Ambanja, An = Andringitra, Ant = Antsingy, Ank = Ankarafantsika, I = Itremo, M = Mantasoa, MF = Montagne des Francais, NF = Nosy
Faly, R = Ranomafana, S = Sambava, T = Tolagnaro, V = Vohidrazana. Tachycnemis seychellensis was used as outgroup (not shown). For deﬁnition of
characters and character matrices, see electronic supplementary material. (For interpretation of the references to the color in this ﬁgure legend the reader is
referred to the web version of this article.)

Table 1
Indices for the degree of homoplasy in the respective phylogenies

Molecular phylogeny
Color phylogeny
Call phylogeny

CI

HI

RI

RC

0.59
0.55
0.90

0.10
0.45
0.10

0.81
0.76
0.96

0.47
0.41
0.87

A Rescaled Consistency Index = 1 would indicate that explaining the tree
topology does not require any reversals or parallelisms.

based tree furthermore did not recover any of the major
clades identiﬁed by the molecular data (except clade 5 that
is composed of a single species), suggesting a rather limited
value of chromatic characters for Heterixalus systematics.

In contrast, the bioacoustic data set was able to recover
four of the ﬁve major clades suggested by the molecular
analysis (clades 1, 2, 4, 5), although this analysis (Fig. 3)
was based on only eight characters. In the call-based tree,
three a-priori species were not recovered as monophyletic
groups: H. madagascariensis, H. tricolor and H. andrakata.
Populations of H. madagascariensis clearly form a monophyletic group in the molecular analysis, and H. andrakata
populations are a molecular clade too, although with poor
support. At the level of closely related (allopatric) species
of Heterixalus, call data may confound lineages which
probably have just not diverged enough bioacoustically.
In concert with these general observations, homoplasy
indices were higher in the chromatic data set than in the

Table 2
Dissimilarity values for the comparisons of color and call phylogenies with the Bayesian molecular phylogeny
Tree1

Tree2

SD

EA

DC

SJA

Q

s

d

Molecular
Molecular

Color
Calls

0.289
0.341

0.298
0.341

0.271
0.341

0.279
0.341

1330
969

933
639

361
330

SD = symmetric diﬀerence, EA = explicitly agree, DC = do not conﬂict, SJA = strict joint assertions, Q = maximum possible resolved, s = resolved and
same, d = resolved and diﬀerent. A SJA value = 1 would mean that all triplets diﬀer among the compared topologies. Distances between 1000 random
trees with 21 taxa yielded a SJA = 0.667 with standard error = 0.644.
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Table 3
Node supports (node numbers refer to Fig. 1) for the various data sets/phylogeny reconstruction methods
Node

All genes

rRNA

Cytb

COI

1
2
3
4
5
6
7
8
9
10

100/100/**
92/79/**
59/–/*/–
100/100/**
100/100/**
70/–/**
55/55/**
–/–/*/–
77/63/**
100/100/**

100/100/**
91/58/*
87/64/*
100/100/**
100/100/**
–/51/–
X/–/X
–/–/–
–/–/–
99/100/**

99/**
99/**
–/X
100/**
100/**
57/*
–/–
–/–
–/–
89/**

–/–
Missing
Missing
100/**
100/**
–/–
Missing
Missing
Missing
–/–

data
data

data
data
data

Rag-1

Tyr

Rhod

100/**
70/**
X/X
98/**
99/**
–/–
65/**
–/–
79/–(89)
99/**

–/–
–/*
–/–
72/**
59/**
–/–
–/–
–/–
–/–
–/–

60/–
–/–
–/–
X/X
X/X
–/–
–/–
–/–
X/–
–/–

Node supports are written in the order >50% in ML analysis, >50% in MP analysis (only in ‘‘all genes’’ and rRNA data sets) >95% in Bayesian analysis
(maximum partitioning strategy) and >95% in Bayesian analysis (minimum partitioning strategy) Asterisks in Bayesian analysis indicate a node support of
95–98%, and double asterisks indicate a node support of 99–100%. ‘‘–’’ indicates low node support; ‘‘X’’ indicates strong node support for a constellation
diﬀerent from the one in Fig. 1. Node 9 equals the phylogenetic position of Tachycnemis, node 10 equals the monophyly of the Heterixalus/Tachycnemis
clade.

call data set (Table 1). The ‘‘dissimilarity values’’ among
pairs of tree topologies (Estabrook et al., 1985; Day,
1986) as summarized in Table 2 were more ambiguous.
Both color-pattern and call phylogenies were more similar
to the molecular phylogeny than expected by random, and
the similarity between call and molecular phylogenies was
slightly higher than that between color and molecular phylogenies (DSJA = 0.062, Table 2). The indices measuring
triplet diﬀerences (SD and SJA) were unexpectedly higher
in the molecular-to-call data set comparison than in the
molecular-to-chromatic data set comparison, but the measures for agreeing or not conﬂicting triplets were higher in
the call-to-molecular data set comparison than in the colorto-molecular data set comparison. An explanation for this
might be that the used test’s sensitivity is not very high—
triplet measures are generally considered as having a poor
resolution (Penny and Hendy, 1985). However, altogether
the triplet comparison tests largely supported a better
agreement between the call and the molecular data set as
compared to the color-to-molecular data sets. Our results
therefore conﬁrm previous assumptions (Glaw and Vences,
1993; Vences et al., 2000) that bioacoustics perform better
in species-level systematics of these frogs than chromatic
characters.
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De Sá, R.O., Channing, A., Wilkinson, M., Donnellan, S.C.,
Raxworthy, C.J., Campbell, J.A., Blotto, B.L., Moler, P., Drewes,
R.C., Nussbaum, R.A., Lynch, J.D., Green, D.M., Wheeler, W.C.,
2006. The amphibian tree of life. Bull. Am. Mus. Nat. Hist. 297, 1–371.
Glaw, F., Vences, M., 1993. Zur Bioakustik, Biologie und Systematik der
Gattung Heterixalus aus Madagaskar (Anura: Hyperoliidae). Salamandra 29, 212–230.
Glaw, F., Vences, M., 1994. A ﬁeldguide to the amphibians and reptiles of
Madagascar. Second edition, including mammals and freshwater ﬁsh.
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Molecular phylogeny of hyperoliid treefrogs: biogeographic origin of
Malagasy and Seychellean taxa and re-analysis of familial paraphyly.
J. Zool. Syst. Evol Res. 41, 205–215.
Vences, M., Vieites, D.R., Glaw, F., Brinkmann, H., Kosuch, J., Veith,
M., Meyer, A., 2003c. Multiple overseas dispersal in amphibians. Proc.
R. Soc. Lond. B 270, 2435–2442.

