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Abstract

The Neotropical hylid genus Sphaenorhynchus includes 15 species of small, greenish treefrogs widespread in the Amazon and
Orinoco basins, and in the Atlantic Forest of Brazil. Although some studies have addressed the phylogenetic relationships of the
genus with other hylids using a few exemplar species, its internal relationships remain poorly understood. In order to test its
monophyly and the relationships among its species, we performed a total evidence phylogenetic analysis of sequences of three
mitochondrial and three nuclear genes, and 193 phenotypic characters from all species of Sphaenorhynchus. Our results support
the monophyly of Sphaenorhynchus with molecular and phenotypic evidence, with S. pauloalvini as the earliest diverging taxon,
followed by S. carneus, as the sister taxon of all remaining species of the genus. We recognize three species groups in Sphaenor-
hynchus (the S. lacteus, S. planicola and S. platycephalus groups), to facilitate its taxonomic study; only three species (S. carneus,
S. pauloalvini and S. prasinus) remain unassigned to any group. Sequence data were not available for only two species
(S. bromelicola and S. palustris) for which we scored phenotypic data; wildcard behaviour was detected only in S. bromelicola
nested inside the S. platycephalus group. On the basis of the resulting phylogenetic hypothesis, we discuss the evolution of ovipo-
sition site and a number of phenotypic characters that could be associated with heterochronic events in the evolutionary history
of this group.
© The Willi Hennig Society 2018.

Introduction

Knowledge on the phylogenetic relationships of
hylid frogs has increased qualitatively in the last
13 years. There are densely sampled hypotheses for
several groups at different taxonomic levels (e.g. Phyl-
lomedusinae, Cophomantini, Hylini, Osteocephalus,
Pseudis; Faivovich et al., 2010; Jungfer et al., 2013;
Pinheiro et al., 2019; Faivovich et al., 2018). Neverthe-
less, the internal relationships of the South American

hatchet-faced treefrogs, Sphaenorhynchus, remain
poorly known.
Sphaenorhynchus comprises 15 species of small,

greenish treefrogs. Three species are widespread in the
Amazon and Orinoco basins, including S. carneus,
S. dorisae and S. lacteus, the last species also occur-
ring in Trinidad (Kenny, 1969; as Hyla orophila) and
northeastern Brazil (states of Maranh~ao and Piau�ı; La
Marca et al., 2010; Caramaschi et al., 2009; Ben�ıcio
et al., 2011). The other 12 species occur in the Atlantic
Forest of southeastern Brazil, from Pernambuco in the
north to northern Rio Grande do Sul in the south,
including S. botocudo, S. bromelicola, S. cammaeus,*Corresponding authors.
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S. canga, S. caramaschii, S. mirim, S. palustris,
S. pauloalvini, S. planicola, S. platycephalus, S. prasi-
nus and S. surdus. Adults of Sphaenorhynchus gener-
ally inhabit ponds in open areas and forest edges
where males vocalize while perched on the floating
vegetation or partially submerged in the water, or
more rarely perched on bushes (e.g. Lutz and Lutz,
1938; Bokermann, 1973; Cruz and Peixoto, 1980;
C.F.B. Haddad, pers. obs.). Sphaenorhynchus dorisae,
S. lacteus, S. surdus and S. caramaschii attach their
eggs to submerged vegetation (Rodriguez and Duell-
man, 1994; Toledo et al., 2007), whereas S. pauloalvini
lays clutches on leaves overhanging water (Boker-
mann, 1973). Sphaenorhynchus carneus has been
reported to lay clutches on leaves overhanging water
(Bokermann, 1973) or in the water (Crump, 1974; W.
H€odl, pers. comm.).
Most tadpoles of Sphaenorhynchus swim amid float-

ing vegetation near the water surface, where they are
associated with roots and under films of algae
(S. caramaschii, S. carneus, S. dorisae, S. lacteus and
S. planicola; Cruz, 1973; Su�arez-Mayorga and Lynch,
2001; Araujo-Vieira et al., 2015a). However, larvae of
S. prasinus and S. surdus inhabit darker and deeper
places, amidst aquatic vegetation at the bottom of
the water bodies (Bokermann, 1973; Caramaschi,
2010).
The remarkable occurrence of sexually mature indi-

viduals with larval somatic morphology, such as a long
tail, has been reported in S. bromelicola, S. botocudo,
S. mirim and S. palustris (Bokermann, 1974; Haddad
and Prado, 2005; Caramaschi et al., 2009). Larvae of
S. bromelicola close to metamorphosis with mature
oocytes, specimens in metamorphosis and newly meta-
morphosed males emitting calls and with testicles in
spermatogenesis were reported by Bokermann (1974),
who explained this shift in the timing of sexual matu-
rity as the result of both accelerated sexual maturation
and delayed metamorphosis.
The monophyly of Sphaenorhynchus has been uni-

versally supported in recent analyses (Faivovich et al.,
2005; Wiens et al., 2006, 2010; Pyron and Wiens,
2011; Pyron, 2014; Duellman et al., 2016), and several
putative morphological synapomorphies have been
suggested for the genus. Duellman and Wiens (1992)
studied six species (S. bromelicola, S. carneus,
S. dorisae, S. lacteus, S. platycephalus and S. plani-
cola) and suggested 11 putative synapomorphies
(mainly osteological), such as the posterior ramus of
pterygoid absent and the postorbital process of maxilla
reduced, not in contact with quadratojugal. Faivovich
et al. (2005) also suggested as putative synapomor-
phies for Sphaenorhynchus the differentiation of the
m. intermandibularis into a small apical supplementary
element (see Tyler, 1971), the extreme development of
the m. interhyoideus, the deposition of iridophores on

the parietal peritoneum, and myrmecophagous adult
diet. Subsequently, Araujo-Vieira et al. (2015a), based
on Faivovich et al.’s (2005) comments, proposed the
nostril with fleshy flanges and anteriorly directed as
additional putative synapomorphies of Sphaenor-
hynchus.
In terms of the position of Sphaenorhynchus in Hyli-

nae, Faivovich et al. (2005) obtained Sphaenorhynchus
as sister taxon of Xenohyla + Dendropsophus, with this
clade being the sister taxon of Lysapsus, Pseudis,
Scarthyla and Scinax, together forming the tribe Den-
dropsophini. Wiens et al. (2006, 2010) obtained Sphae-
norhynchus as the sister taxon of Scinax––with poor
support––with this clade being the sister taxon of Den-
dropsophus, Lysapsus, Pseudis, Scarthyla and Xenohyla,
therefore recovering––again with poor support––the
monophyly of Dendropsophini as done by Faivovich
et al. (2005). Pyron and Wiens (2011), Pyron (2014)
and Duellman et al. (2016) also obtained Sphaenor-
hynchus as the sister taxon of Scinax (sensu Faivovich,
2002; Faivovich et al., 2005), with poor support (boot-
strap with raxML < 50%; Shimodaira–Hasegawa
< 64%), but more distantly related to Dendropsophus,
Lysapsus, Pseudis, Scarthyla and Xenohyla, implying
the paraphyly of Dendropsophini.
In a recent reanalysis of hylid GenBank sequences,

Duellman et al. (2016), restricted Dendropsophini (as
Dendropsophinae) to Dendropsophus + Xenohyla, res-
urrected Pseudinae Fitzinger 1843 for Scarthyla, Lys-
apsus and Pseudis, and erected the new subfamily
Scinaxinae for Scinax + Sphaenorhynchus, a poorly
supported clade with 49% bootstrap support in their
analysis. In a recent molecular phylogenetic analysis of
Hylini, Faivovich et al. (2018) discussed the problem of
recognizing a subfamily (Scinaxinae) for a clade with
unstable relationships and chose to restrict Scinaxini to
Scinax, erect the tribe Sphaenorhynchini for Sphaenor-
hynchus, and recognize Dendropsophini for Dendropso-
phus + Xenohyla, and Pseudini for Scarthyla, Lysapsus
and Pseudis.
Although previous studies have identified putative

synapomorphies that support the monophyly of Sphae-
norhynchus, the taxonomic distribution of these char-
acter-states is largely unknown. To date, analyses have
included at most three species (S. dorisae, S. lacteus
and S. platycephalus; the latter as S. orophilus; see
Araujo-Vieira et al., 2018), and the relationships of the
remaining species have not been studied in a quantita-
tive phylogenetic framework. Given these limitations,
in this paper we present a total evidence phylogenetic
analysis of Sphaenorhynchus, with the goals of (i) test-
ing the monophyly of Sphaenorhynchus; (ii) testing the
relationships between the species of the genus; and (iii)
studying the evolution of some morphological and
reproductive biology characters in light of the resulting
phylogenetic hypothesis.
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Materials and methods

Taxon sampling

All known species of Sphaenorhynchus were included
in the analysis. In order to test the monophyly of
Sphaenorhynchus, outgroups were selected on the basis
of the phylogenetic hypotheses of Faivovich et al.
(2005), Wiens et al. (2010), Pyron and Wiens (2011),
Pyron (2014) and Duellman et al. (2016), constrained
by two criteria: (i) availability of tissues or sequences
on GenBank and (ii) availability of specimens for mor-
phological studies. Specifically, our outgroup sample
includes Dendropsophus elegans (D. leucophyllatus
group), D. microps (D. parviceps group), D. minutus
(D. minutus group), D. sanborni (D. microcephalus
group), Pseudis minuta, Scarthyla goinorum, and Sci-
nax alter and Sci. fuscovarius (Sci. ruber clade),
Sci. catharinae and Sci. perpusillus (Sci. catharinae
clade), and Xenohyla truncata; the trees were rooted
with Phyllodytes luteolus. Supplemental information
Appendices S1 and S2 include a complete list of stud-
ied specimens. Institutional collection abbreviations
follow Sabaj (2016).

Molecular character sampling

The mitochondrial DNA sequences used for the
phylogenetic analyses include portions of cytochrome b
(cytb, 385 bp), the ribosomal genes 12S, tRNAVal and
16S (~2450 bp), and a fragment including the complete
downstream section of the 16S gene, the intervening
tRNALeu, NADH dehydrogenase subunit 1 and
tRNAIle (~1250 bp), giving a total of ~4085 bp of the
mitochondrial genome. The nuclear protein-coding
gene sequences include portions of recombination acti-
vating gene 1 (RAG1, 428 bp), rhodopsin (316 bp) and
tyrosinase (532 bp) comprising 1276 bp of the nuclear
genome. We complemented our new data with DNA
sequences from Faivovich et al. (2005) and Wiens
et al. (2006) available on GenBank (see Appendix S1).
The final dataset includes � 217 800 bp, with 717–
5440 bp (�x 4033 bp) per terminal.
Tissue samples were unavailable for Sphaenor-

hynchus bromelicola and S. palustris. The former is
known only from the type locality “Fazenda Santo
Onofre, 10 km �a l’este de Marac�as, Bahia, Brasil” and
has not been collected since late 1965 (Bokermann,
1966, 1974). The latter was recently reported from
Mucuri, State of Bahia, Brazil, 520 km SSE from the
type locality (Lacerda and Moura, 2013); however,
sequences of two of these specimens are identical to
those of topotypes of S. botocudo, and we have been
unable to differentiate the adult vouchers from topo-
types of this species. As such, we tentatively consider
the specimens referred to S. palustris by Lacerda and

Moura (2013) to be S. botocudo (see Appendix S3 for
further discussion).

Laboratory protocols

Whole cellular DNA was extracted from frozen and
ethanol-preserved tissues (liver or muscle) using either
phenol-chloroform extraction methods or the Qiagen
DNeasy isolation kit. Primers used in PCR amplifica-
tion and their citations are given in Appendix S4.
PCR amplification was carried out in 25-lL reactions
using 0.2 lL Taq (Fermentas). The PCR protocol con-
sisted of an initial denaturation step of 3 min at
94 °C, 35 (for mitochondrial genes) or 45 (for nuclear
genes) cycles of 30 s at 94 °C, 40 s at 48–62 °C, and
30–60 s at 72 °C, and a final extension step of 10–
15 min at 72 °C. The PCR-amplified products were
cleaned with 0.5 lL of Exonuclease plus 1 lL of alka-
line phosphatase per 20 lL of reaction. Sequencing
was done on an automatic sequencer ABI 3730XL
(Applied Biosystems, Waltham, MA, USA) in both
directions to check for potential errors and polymor-
phisms. The chromatograms obtained from the auto-
mated sequencer were read and contigs made using the
sequence editing software Sequencher v.5.3 (Gene
Codes, Ann Arbor, MI, USA) and edited the complete
sequences with BioEdit (Hall, 1999). GenBank acces-
sion numbers are listed in Appendix S1.

Phenotypic character sampling

The terminology employed for external morphology
follows Duellman (2001); Luna et al. (2018) for nup-
tial pad morphology; Trueb (1973, 1993) for cranial
and postcranial osteology; Fabrezi (1992, 1993) for
carpal and tarsal osteology; Trewavas (1933) for laryn-
geal morphology; Jurgens (1971) for nasal cartilage
morphology; Burton (1996, 1998, 2004) and Faivovich
(2002) for hand and foot myology; Tyler (1971), Tre-
wavas (1933) and Horton (1982) for submandibular
myology; and Altig and McDiarmid (1999) for exter-
nal larval morphology. The states of characters 72, 74
and 76 for Scinax catharinae and Sci. fuscovarius were
defined following Faivovich (2002, characters 11, 13
and 18). Osteological characters were coded from spec-
imens that were cleared and double-stained with alcian
blue and alizarin red (Taylor and Van Dyke, 1985).
Larval characters were coded based on information
taken from literature when larvae were unavailable for
examination. When possible, one specimen of each sex
from the type locality or close to it was used to code
osteological and myological characters. However, in
many cases only one specimen was available for these
studies. Only males were examined to code characters
of laryngeal morphology due to unavailability of
females for most species and some females being
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poorly stained with alcian blue. The final phenotypic
dataset included 193 characters, 65 multistate, of
which 41 were considered additive (see Appendices S5
and S6).

Phylogenetic analyses

Treatment of molecular and phenotypic characters. The
ribosomal genes (12S–16S) and the protein-coding
gene (ND1) were first broken into contiguous
fragments of putative homology (Grant et al., 2006;
Wheeler et al., 2006). The fragments were separated by
inserting pound signs (#) exclusively in highly
conserved regions identified by visualizing a
preliminary MAFFT v.7 (Katoh and Standley, 2013;
default parameters) similarity alignments using BioEdit
(Hall, 1999).
Kluge and Grant (2006) argued that by globally

minimizing the transformation events required to
explain the variation of the character-states of the ter-
minals studied, equally weighted parsimony analysis
maximizes explanatory power. Therefore, in this study
the molecular and phenotypic characters were treated
under equal weights. The relation used to treat indels
(insertions and deletions) and all substitutions was
1:1:1 (transition: transversion: unit indels). Matrix edi-
tion was done with Mesquite v.3.03 (Maddison and
Maddison, 2015).
For total evidence analysis, we treated every speci-

men sequenced as a separate terminal for each ingroup
species. Then, we duplicated the morphological entries
for the species for each molecular terminal––that is,
each conspecific terminal was given identical entries in
the phenotypic matrix, following the arguments of
Grant et al. (2006). This process was not extrapolated
to the outgroup species; for these, we fused putatively
conspecific specimens into a single polymorphic termi-
nal––that is, we combined the morphological entries
and different loci from different conspecific specimens
into a single terminal (for outgroup sequences, see
Appendix S1). Loci not sequenced for particular termi-
nals due to primer failure or unavailability on Gen-
Bank were treated as missing data. Multistate
characters were considered either as additive or nonad-
ditive; additive characters were coded according to
Hawkins et al. (1997) and Strong and Lipscomb
(1999). Species-level phenotypic polymorphisms were
coded as ambiguities.

Choice of phylogenetic method. The optimality criterion
used to identify the preferred phylogenetic hypothesis
was parsimony, a nonstatistical, nonparametric,
evidentially conservative approach to scientific inference
that maximizes explanatory power by minimizing both
the quantity of evolutionary events and assumptions
about the process of character evolution that are

required to explain the evidence (Kluge and Grant, 2006;
Grant and Kluge, 2009; for further discussion see Padial
et al., 2014).
On the basis of the arguments of Padial et al.

(2014; see also Kluge and Grant, 2006; Grant and
Kluge, 2009), we employed direct optimization (e.g.
Sankoff, 1975; Wheeler, 1996; Var�on and Wheeler,
2012, 2013) in the program POY v.5.1.1 (Wheeler
et al., 2015), which tests hypotheses of nucleotide
homology dynamically by optimizing unaligned DNA
sequences directly onto alternative topologies (Kluge
and Grant, 2006; Wheeler et al., 2006; Grant and
Kluge, 2009) while simultaneously optimizing pre-
aligned transformation series (e.g. morphology) as
standard matrices.

Data analysis. We consider the results of the total
evidence analysis to be the phylogenetic hypothesis
that best explains the evidence, because the analysis
of all available evidence maximizes explanatory
power (Kluge, 1989; Grant and Kluge, 2003), and all
discussion of character evolution and phenotypic
synapomorphies is based on the results of total
evidence analysis. Nevertheless, to test the effects of
including terminals lacking an entire data partition (i.e.
terminals scored only for molecular or phenotypic
data), we performed independent analyses of three
datasets: (i) molecular data only; (ii) phenotypic data
only; and (iii) total evidence (molecular and phenotypic
data).
The molecular-only dataset (MD) included DNA

sequences for 53 terminals (12 outgroup and 41
ingroup; Appendix S1). The phenotypic dataset (PD)
included 27 terminals (12 outgroup and 15 ingroup,
see Appendices S2 and S5). The total evidence analysis
(TE) included 55 terminals, including all 53 MD termi-
nals combined with phenotypic data as described
above, plus two PD terminals (Sphaenorhynchus
bromelicola and S. palustris) for which DNA sequences
were not available.
The PD matrix was analysed using TNT v.1.5

(Goloboff et al., 2008; Goloboff and Catalano, 2016;
equal costs for all transformations). Shortest trees were
found by performing either 1000 random addition
sequences (RAS), retaining 10 trees per replicate, and
then submitting them to a round of tree bisection and
reconnection (TBR) branch swapping, or a driven
search with the option “New Technology Search.”
This search option includes the algorithms Ratchet
(Nixon, 1999), Tree Drifting (Goloboff, 1999), Secto-
rial Searches (Goloboff, 1999) and Tree Fusing
(Goloboff, 1999). For this driven search, we used the
default options for these algorithms, and the maxi-
mum-parsimony trees were requested to be hit 1000
times. The resulting trees were submitted to a round of
TBR branch swapping. All searches were done under
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the collapsing option “minimum length”, which col-
lapses every node whose minimum length is 0.
Total evidence and molecular-only analyses com-

prised several steps. First, using the standard direct
optimization algorithm (Wheeler, 1996), we ran two 2-
h searches using 768 CPUs (=3072 CPU-hours) using
the command “search”, which implements a driven
search composed of random addition sequence Wagner
builds, Subtree Pruning and Regrafting (SPR) and
Tree Bisection and Reconnection (TBR), branch swap-
ping (RAS + swapping; Goloboff, 1996), Parsimony
Ratcheting (Nixon, 1999) and Tree Fusing (Goloboff,
1999), and alternates between the specified optimiza-
tion algorithm (standard direct optimization in this
case) and static-approximation, which searches using
the implied alignment of the best tree in memory.
Given the high time complexity of direct optimization
(Var�on and Wheeler, 2012), a common procedure to
accelerate analyses is to treat equal-length sequences as
prealigned, static-homology matrices (e.g. Faivovich
et al., 2010). Insofar as the resulting speed-up enables
a greater tree-space to be explored in a given amount
of time, this can result in more parsimonious trees. As
such, we analysed the total evidence and molecular-
only datasets with cytb and nuclear genes treated as
both prealigned and unaligned sequences.
Second, we swapped the best trees from the first

analyses using the approximate iterative pass algo-
rithm (Wheeler, 2003a) and generated the matrix ver-
sion of the alignment (i.e. implied alignment; Wheeler,
2003b). Third, to verify the length reported by POY
and search for better and/or additional trees given the
implied alignment, we performed driven search of the
implied alignment in TNT v.1.5 (Goloboff et al., 2008;
Goloboff and Catalano, 2016; equal costs for all trans-
formations, gaps treated as fifth state), stopping when
the stable consensus was reached 10 times (tnt com-
mand: xmult = level 5 chklevel 5 consense 10).
Once we identified the most parsimonious trees

(MPTs), we estimated clade support (Grant and
Kluge, 2008) for the clades present in the optimal trees
by calculating Goodman–Bremer values (GB; Good-
man et al., 1982; Bremer, 1988; Grant and Kluge,
2008) in TNT v.1.5 (Goloboff et al., 2008; Goloboff
and Catalano, 2016) using the implied alignment and
the parameters specified in the bremer.run macro
(for details see Goloboff et al., 2008; macro available
at http://www.lillo.org.ar/phylogeny/tnt/). Although
shorter suboptimal trees might be found by calculating
the optimal tree-alignment for each visited topology,
the time requirements would be prohibitive unless
searches were extremely superficial. Further, Padial
et al. (2014) found that using the implied alignment to
estimate support overestimates GB values less than
when GB is calculated using a MAFFT similarity-
alignment. Parsimony jackknife absolute frequencies

(Farris et al., 1996) were calculated in TNT v.1.5
(Goloboff et al., 2008; Goloboff and Catalano, 2016)
using a MAFFT similarity-alignment and driven
search with the option “New Technology Search”
requesting 10 hits with driven searches under search
level 15, for a total of 1000 replicates.
All POY analyses were run on Ace, a high-perfor-

mance computing cluster composed of 12 quad-socket
AMD Opteron 6376 16-core 2.3-GHz CPU, 16 MB
cache, 6.4 GT/s compute nodes (= 768 cores total),
eight with 128 GB RAM DDR3 1600 MHz (16 9 8
GB), two with 256 GB (16 9 16 GB), and two with
512 GB (32 9 16 GB) and QDR 49 InfiniBand (32
GB/s) networking. Results were visualized using Mes-
quite v.3.03 (Maddison and Maddison, 2015). Lists of
phenotypic synapomorphies were generated with
YBYR�A (Machado, 2015) using TNT. YBYR�A cate-
gorizes character transformation events from any
source of data given all possible optimization schemes
in a set of trees. It proceeds by spawning trees and
data matrix to TNT to compile synapomorphies using
TNT’s command “apo”. Character-state transforma-
tions of a node were considered synapomorphies if
they (i) were optimized unambiguously (without arbi-
trary selection of accelerated, ACCTRAN, or delayed
optimization, DELTRAN) and (ii) were shared by all
dichotomized most parsimonious trees. YBYR�A gener-
ates colour-coded boxes to indicate if a synapomorphic
character-state occurs only in the clade in question
(nonhomoplastic) or also occurs in other clades (ho-
moplastic), and if it is shared by all terminals of the
clade (unique) or is subsequently transformed into one
or more different states within the clade (nonunique).

Results

Phylogenetic analyses

The driven searches of MD performed 39 598
RAS + TBR, 394 867 rounds of tree fusing, and
22 935 rounds of ratcheting when cytb and nuclear loci
were treated as prealigned; 33 840 RAS + TBR,
320 271 rounds of tree fusing, and 19 720 rounds of
ratcheting when all data were subjected to direct opti-
mization; driven searches of TE 37 769 RAS + TBR,
438 830 rounds of tree fusing, and 23 347 rounds of
ratcheting when cytb and nuclear loci were treated as
prealigned; and 31 889 RAS + TBR, 341 268 rounds
of tree fusing and 19 920 rounds of ratcheting when
all data subjected to direct optimization. Despite per-
forming 14–22% more tree searching operations, trees
were consistently longer when cytb and nuclear loci
were treated as prealigned than when all DNA
sequences were analysed under direct optimization,
with the best scores being, respectively, 8804 and 8779
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steps for MD, and 9601 and 9577 steps for TE. Swap-
ping the best MD and TE trees under iterative pass
further reduced the lengths to 8769 steps for MD and
9557 for TE. Driven searches of the implied align-
ments in TNT did not result in shorter trees, but they
did increase the number of most parsimonious trees to
four for MD and nine for TE.
The TE parsimony analysis recovered Sphaenor-

hynchus as a well-supported monophyletic group (jack-
knife support = 100%; GB = 90), sister taxon of
Dendropsophus + Xenohyla (Fig. 1). Sphaenorhynchus
pauloalvini is the earliest diverging taxon of the genus,
followed by S. carneus, sister taxon (jackknife sup-
port = 100%; GB = 48) of all remaining species of
Sphaenorhynchus.
The interspecific relationships are well supported in

general (jackknife support > 90%; GB 10–48), although
the positions of S. dorisae + S. lacteus and S. prasinus
(jackknife support < 50%; GB = 10 and 17) and some
internal clades of Atlantic Forest species are poorly sup-
ported (jackknife support < 65%; GB = 1–3). The con-
flicts among topologies are restricted to the internal
relationship among S. bromelicola, S. canga, S. platy-
cephalus, S. surdus, and S. botocudo + S. palustris (see
Fig. 1). The Amazonian species (S. carneus, S. dorisae
and S. lacteus) are not recovered as a monophyletic
group; S. lacteus and S. dorisae form a well-supported
clade (jackknife support = 100%; GB = 31) nested
among species of the Atlantic Forest.
The PD parsimony analysis resulted in 14MPTs of 751

steps. Similar to the TE and MD analyses, this result
recovered Sphaenorhynchus as a well-supported mono-
phyletic taxon, S. pauloalvini as the sister taxon of all
other species in the genus, and S. carneus as the sister
taxon of the remaining Sphaenorhynchus (see Fig. S1).
The interspecific relationships of Sphaenorhynchus are
similar in the MD and TE analyses, differing solely in
that theMD analysis does not include S. bromelicola and
S. palustris (for which there are no DNA sequences; see
Fig. S2). Nevertheless, all conflict between the 14 MPTs
in the PD analysis is restricted to the internal relationship
of the sister group of S. carneus, which involves the
positions of S. bromelicola, S. cammaeus, S. canga and
S. platycephalus with respect to the remaining species
inside that clade (see Fig. S1). The interspecific relation-
ships are poorly supported in general (jackknife support
< 66%; GB = 2–3) in the PD analysis; exceptions are the
position of S. carneus in relation to the other species, the
sister taxon of S. carneus, and S. mirim + S. planicola
that are well supported (jackknife support > 85%;
GB = 6–7); and S. botocudo + S. palustris and S. cara-
maschii + S. surdus, which are moderately supported
(jackknife support = 68% and 73%; GB = 2–3). Also, in
contrast with the TE analysis, S. lacteus and S. dorisae
do not form a clade in the PD analysis.

Discussion

Topological effects of including terminals with missing
data

The main concern about including terminals with a
large amount of missing data in total evidence analyses
is that those terminals might exhibit wildcard beha-
viour (Nixon and Wheeler, 1992). However, the
amount of missing data per se is not enough for the
terminals to behave as wildcards. Unpredictability of
the relationship between amount of evidence and wild-
card behaviour was demonstrated by previous studies
(e.g. Kearney, 2002; Grant and Kluge, 2003; Kearney
and Clark, 2003; Grant et al., 2017).
Our TE dataset included 55 terminals, with two ter-

minals that lack molecular data—S. bromelicola and
S. palustris—and therefore the effect of putative wild-
card behaviour focuses on these terminals. The inclu-
sion of S. bromelicola in the TE analyses appears to be
responsible for the incongruence among primary
topologies, because it could be sister taxon of
S. canga, S. platycephalus, or S. botocudo + S. palus-
tris. This terminal contributed to the corresponding
polytomies and low support within the clade including
S. botocudo, S. canga, S. palustris, S. platycephalus
and S. surdus. The exclusion of S. bromelicola results
in moderately to well-supported (jackknife sup-
port > 77%) resolved interspecific relationships within
this clade in the strict consensus. By contrast, the posi-
tion of S. palustris was consistent among the optimal
topologies. This terminal is sister taxon of S. botocudo
with 76% jackknife support in the TE analysis.
As mentioned before, the interspecific relationships

of Sphaenorhynchus are similar in the MD and TE
analyses, differing solely in that the MD analysis does
not include S. bromelicola and S. palustris (Fig. S2).
In the PD analysis, the internal relationships of the sis-
ter group of S. carneus are different from those in the
TE analyses; exceptions are the position of S. botocudo
as sister taxon of S. palustris, and S. mirim as sister
taxon of S. planicola, which are consistent in both
analyses. The position of S. palustris is moderately
supported in the PD analysis (jackknife sup-
port = 73%, GB = 3) similar to the TE analysis (jack-
knife support = 76%, GB = 3). In contrast, the
position of S. bromelicola is unresolved in both PD
and TE analyses, but in the TE analysis it is nested
inside a well-supported group (jackknife sup-
port = 98%, GB = 11) with all other morphologically
similar species of the Atlantic Forest, a relationship
that was not supported in the PD analysis (compare
Fig. 1 with Fig. S1). Therefore, our results indicate
that only one of the terminals with missing data
behaved as a wildcard, but its impact on our inference
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is restricted to few interspecific relationships inside the
sister group of S. cammaeus.

Sphaenorhynchus monophyly and outgroup relationships

The main goal of our analysis was to provide a rig-
orous test of the monophyly of Sphaenorhynchus and
its internal relationships, and not the relationships
between Sphaenorhynchus and other hylids, given that
previous studies have performed stronger tests of those
relationships (Faivovich et al., 2005; Wiens et al.,
2006; Duellman et al., 2016). However, some puta-
tively shared morphological synapomorphies proposed
for Sphaenorhynchus and outgroups deserve comment
(Duellman and Wiens, 1992; Izecksohn, 1998; Faivo-
vich et al., 2005). Contrary to Duellman and Wiens’s
(1992) hypothesis, the monophyly of Scarthyla, Scinax
and Sphaenorhynchus is rejected in our results (see also
Faivovich et al., 2005; Wiens et al., 2005, 2006; Duell-
man et al., 2016). However, Duellman and Wiens
(1992) proposed three putative morphological synapo-
morphies for this group: (i) narrow sacral diapophyses
(rounded, not strongly dilated), (ii) anteriorly inclined
alary processes of the premaxillae and (iii) tadpole
with large, laterally positioned eyes. The character-
states of the sacral diapophyses were redefined by Fai-
vovich (2002), who suggested that rounded or weakly
expanded sacral diapophyses are a synapomorphy of
Scinax. Subsequently, in a more comprehensive phylo-
genetic context, Faivovich et al. (2005) suggested that
this character-state might be a synapomorphy of a
more inclusive clade.
The optimization of sacral diapophysis expansion

(our Ch. 95) and orientation of the premaxilla (our Ch.
19; orientation of the alary processes of the premaxilla
sensu Duellman and Wiens, 1992) indicates that mod-
erately expanded diapophyses (our Ch. 95.1) optimize
as a synapomorphy of the sister taxon of S. carneus,
with a transformation to unexpanded diapophyses in
S. mirim (Ch. 95.0). The anteriorly directed premaxilla
(our Ch. 19.0) optimizes ambiguously on the common
ancestor of Sphaenorhynchus + (Xenohyla + Dendrop-
sophus), a character-state shared with Scarthyla goino-
rum, Scinax alter and Sci. perpusillus. The size and the
degree of lateralization of eyes did not present informa-
tive variation, because the eyes are ventrally visible
(sensu Faivovich, 2002) in all larvae of Sphaenor-
hynchus examined and we were unable to objectively
delimit character-states to characterize the size of eyes.
Izecksohn (1998) suggested that Xenohyla and

Sphaenorhynchus share (i) reduced number of teeth in
the jaw, (ii) relatively short urostyle, (iii) elongate and
posteriorly directed transverse process of presacral ver-
tebra IV, and (iv) the quadratojugal without contact
with the maxilla. We did not score the relative length
of the urostyle, but we have noticed that in S. carneus

the urostyle is shorter than in other species of Sphae-
norhynchus (see Appendix S7). Xenohyla truncata
shares a 35–40% edentate maxilla (our Ch. 16.2) with
S. caramaschii, S. lacteus, S. prasinus and S. surdus.
However, the optimization of this character indicates
that this character-state evolved independently in
Xenohyla and these species of Sphaenorhynchus.
We considered the elongate and posteriorly directed

transverse process of presacral vertebra IV as two
independent characters, scored as (i) orientation and
(ii) length of the transverse processes. In our observa-
tions, only the length of this process was variable (Ch.
91). As a result of our analyses, the elongate transverse
process of presacral IV (Ch. 91.2; Fig. S12d) is an
unique synapomorphy for the sister taxon of S. pau-
loalvini. Xenohyla truncata, in turn, presents a moder-
ately long transverse process (Ch. 91.1), the
plesiomorphic condition.
A quadratojugal without contact with the maxilla,

according to our observations, is the result of two
independent transformations: the posterior reduction
of the maxilla (Ch. 13) and the anterior reduction of
the quadratojugal (Ch. 22). For example, in
S. pauloalvini both the maxilla (Ch. 13.1) and quadra-
tojugal (Ch. 22.1) are moderately developed, whereas
in S. carneus both the maxilla (Ch. 13.0) and quadra-
tojugal (Ch. 22.0) are extremely reduced. Furthermore,
these bones are not in contact due to the extreme (Ch.
13.0) and moderate (13.1) posterior reduction only the
maxilla in other Sphaenorhynchus and X. truncata,
respectively.
According to Barrio-Amor�os et al. (2006), Sphaenor-

hynchus, Scarthyla and Pseudis share mineralized inter-
calary elements. In our analyses, the completely
mineralized intercalary element (Ch. 101.2) is a
synapomorphy of Scarthyla + Pseudis, with instances
of homoplasy in Dendropsophus minutus, D. sanborni,
Sphaenorhynchus botocudo, S. caramaschii, S. mirim
and S. pauloalvini.

Sphaenorhynchus internal relationships

The monophyly of Sphaenorhynchus is well sup-
ported (jackknife support = 100%; GB = 90; Fig. 1)
by molecular evidence and 25 phenotypic synapomor-
phies in the TE analysis (see Appendix A for the com-
plete list of synapomorphies of Sphaenorhynchus), with
S. pauloalvini being the sister taxon of all other species
of the genus.
Our observations corroborate Faivovich et al. (2005)

and Araujo-Vieira et al.’s (2015a) suggestions that the
anteriorly directed larval nostril (Ch. 132.0) and larval
nostril with fleshy flanges (Ch. 133.1) are synapomor-
phies of Sphaenorhynchus. Similarly, we corroborated
Faivovich et al.’s (2005) suggestions that the presence
of a differentiated m. intermandibularis with a well-
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developed apical supplementary element (our Ch.
146.1; see Fig. S14) and the white parietal peritoneum
(Ch. 190.1) are synapomorphies of Sphaenorhynchus.
The apical element also is present in other species of
hylids (e.g. Acris crepitans and A. gryllus) and Lophy-
ohylini (e.g. Osteopilus dominicensis and O. ocellatus;
Tyler, 1971; Trueb and Tyler, 1974), as is the white
parietal peritoneum (e.g. Aplastodiscus and Hyloscirtus
bogotensis group, Boana punctata group, some species
in the B. benitezi and B. pulchella groups; Ruiz-
Carranza and Lynch, 1982; Garcia et al., 2003; Faivo-
vich et al., 2005, 2006), indicating that these are homo-
plastic in a broader phylogenetic context.
Duellman and Wiens (1992) studied six species of

Sphaenorhynchus (S. bromelicola, S. carneus, S. dorisae,
S. lacteus, S. planicola and S. platycephalus) and pro-
posed 11 morphological synapomorphies for the genus:
(i) posterior ramus of pterygoid absent; (ii) zygomatic
ramus of squamosal absent or reduced to small knob;
(iii) pars facialis of maxilla and alary process of pre-
maxilla reduced; (iv) postorbital process of maxilla
reduced, not in contact with quadratojugal; (v) palatine
reduced to sliver or absent; (vi) pars externa plectri
entering tympanic ring posteriorly (rather than dorsally);
(vii) pars externa plectri round; (viii) hyale curved medi-
ally; (ix) coracoids and clavicles elongate; (x) transverse
process of presacral vertebra IV elongate, oriented pos-
teriorly; and (xi) prepollex ossified, bladelike. We
divided characters (ii), (iii) and (ix) into two independent
characters each (see Discussion of characters 24–25, 12
and 18, and 81–82, respectively, in Appendix S6).
Only three of Duellman and Wiens’s (1992) synapo-

morphies are supported in our results: (ii; our Ch.
25.1), with instances of homoplasy in Dendropsophus
elegans and Pseudis minuta; (iii; our Ch. 18.0), with
instances of homoplasy in D. elegans and D. sanborni
and (vii; our Ch. 47.2). Of the remaining character-
states, (iii; our Ch.12.0), (iv; our Ch. 13.0), (viii; our
Ch. 69.1) and (x; our Ch. 91.2), and modified (i; our
Ch. 30.0), (v; our Ch. 40.1) and (ix; our Ch. 81.1–82.1)
optimize as synapomorphies of the clade that com-
prises all species of Sphaenorhynchus except
S. pauloalvini (Fig. 1).
There are three remaining transformations: character

(ii; our Ch. 24.0), zygomatic ramus of squamosal
absent optimizes as an autapomorphy of Sphaenor-
hynchus carneus, with an extremely short zygomatic
ramus of squamosal (our Ch. 25.0) optimizing ambigu-
ously for its sister taxon due to the absence of this
process in S. carneus; character (vi; our Ch. 48.1)
which optimizes ambiguously for Sphaenorhynchus, a
character-state shared with Pseudis minuta and Xeno-
hyla truncata; and the character (xi; our Ch. 98.0) that
is plesiomorphic for Sphaenorhynchus.
The exceptional posterior development of the m. in-

terhyoideus was suggested by Faivovich et al. (2005) to

be a putative synapomorphy of Sphaenorhynchus.
However, the transformation in which the posterior
margin of the muscle reaches the m. pectoralis ester-
nalis (Ch. 152.4) is a synapomorphy of all Sphaenor-
hynchus except S. pauloalvini.
Furthermore, based on previous reports for six spe-

cies (S. carneus, S. dorisae, S. lacteus, S. planicola,
S. prasinus, and S. surdus; Duellman, 1978; Rodriguez
and Duellman, 1994; Parmalee, 1999; C.F.B. Haddad,
pers. obs.) Faivovich et al. (2005) proposed that
myrmecophagy is a likely synapomorphy of Sphaenor-
hynchus. Our study of stomach contents of
S. pauloalvini (MNRJ 4323) revealed ants as well, cor-
roborating that myrmecophagy is a putative synapo-
morphy of Sphaenorhynchus.
The differences that we found regarding the synapo-

morphies resulting from our analysis and several of
those suggested by previous studies stem from the fact
that S. pauloalvini had not been considered in other
studies. Although S. pauloalvini presents a number of
character-states that differ from those of other species
of Sphaenorhynchus (see Appendices S5 and S6), all of
our analyses indicate that it is the sister taxon of all
remaining species of the genus, and so differences in
the inferred phenotypic synapomorphies result from
limitations in the taxonomic sampling of earlier studies.
In Appendix A we provide an updated diagnosis of
Sphaenorhynchus including all synapomorphies inferred
from our results in addition to those discussed above.
The clade including all species of Sphaenorhynchus

except S. pauloalvini is well supported (jackknife sup-
port = 100%; GB = 48) by molecular evidence and 27
phenotypic synapomorphies in the TE analysis (Fig. 1).
Our analysis corroborates Araujo-Vieira et al.’s (2015a,
b) suggestion that the presence of few enlarged mar-
ginal papillae (Ch. 136.1: marginal papillae about twice
larger than the small papillae) on the oral disc is a
synapomorphy of this clade. Another of its synapomor-
phies, the m. petrohyoideus anterior with an additional
layer of fibres over the hyoid plate (Ch. 156.1) is
known only in this genus among hylines (see
Fig. S14c). Besides the synapomorphies mentioned
above, some transformations are related to the absence
or reduction of bones, including the extremely short
posterior ramus of pterygoid, reduced to rudimentary
bumps (Ch. 30.0), and the simple proximal portion of
the pars media plectri, with a large gap between basal
plate and operculum (Ch. 51.0).
In Sphaenorhynchus we recover three clades includ-

ing species that are quite characteristic, and three spe-
cies that we do not assign to any group, the early
diverging S. pauloalvini and S. carneus, and S. prasi-
nus. The clades that we recover include one with the
small species from coastal lowlands in southeastern
Brazil that we recognize as the S. planicola group
(S. mirim and S. planicola; combined snout-to-vent
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length (SVL) in males 15.7–24.1 mm; Lutz and Lutz,
1938; Caramaschi et al., 2009); the relatively large
Amazonian species that we recognize as the S. lacteus
group (S. dorisae and S. lacteus; combined SVL in
males 26.0–41.0 mm, females 36.0–46.0 mm; Rodri-
guez and Duellman, 1994); and the clade including the
medium-sized species of the Atlantic Forest, that we
recognize as the S. platycephalus group (S. botocudo,
S. bromelicola, S. cammaeus, S. canga, S. caramaschii,
S. palustris, S. platycephalus and S. surdus; combined
SVL in males 22.5–36.0 mm, females 20.0–33.0 mm;
Lutz and Lutz, 1938; Bokermann, 1966; Heyer et al.,
1990; Toledo et al., 2007; Caramaschi et al., 2009;
Araujo-Vieira et al., 2015b; Roberto et al., 2017).
Cruz and Peixoto (1980) tentatively grouped S. plan-

icola with S. prasinus on the basis of several larval
similarities including total length, colour pattern, spir-
acle length and marginal papillae size. However, the
monophyly of this clade is rejected in our analyses.
Instead, S. planicola is sister taxon of S. mirim, which
we recognize as the S. planicola group. The mono-
phyly of this group is supported by molecular evidence
and five phenotypic synapomorphies (jackknife sup-
port = 100%; GB = 1). Some phenotypic synapomor-
phies are the posterior extension of the fold of the
m. interhyoideus surpassing the m. pectoralis esternalis
(Ch. 152.5), the posterior-most extension of this mus-
cle in Sphaenorhynchus, with instances of homoplasy
in Dendropsophus minutus and D. sanboni, and the
m. extensor brevis superficialis digiti III with an inser-
tion on the third metatarsus (Ch. 185.1; Fig. S15d) as
synapomorphy of this clade in our TE results (nonho-
moplastic in the context of our analysis, but known to
occur in several distantly related anurans such as Pipa
pipa (Pipidae), Chiromantis xerampelina (Rhacophori-
dae), and Phrynobatrachus kinangopensis (Phrynoba-
trachidae), Hyla meridionalis (Hylinae), and several
phyllomedusines; Dunlap, 1960; Burton, 2004).
The monophyly of the S. lacteus group is supported

by molecular evidence and four phenotypic synapo-
morphies (jackknife support = 100%; GB = 31),
including the light-coloured nuptial pads on Finger II
in males (Ch. 115.0), with a single instance of homo-
plasy in S. canga and branch I of the m. petrohyoideus
posterior inserted on the base of the posteromedial
process of the hyoid (Ch. 158.0), with instances of
homoplasy in Dendropsophus minutus, Pseudis minuta
and Scinax alter.
The monophyly of the S. platycephalus group is sup-

ported by molecular evidence and eight phenotypic
synapomorphies (jackknife support = 98%; GB = 11),
with S. caramaschii as the earliest diverging taxon of this
clade, followed by S. cammaeus. Some of these synapo-
morphies are as follows: maxilla overlapping the pre-
maxilla (Ch. 17.1); dorsolateral white line present (Ch.
111.1), with instances of homoplasy in Dendropsophus

sanborni, Scinax alter and S. lacteus; subcloacal orna-
mentation with a weak glandular dermal fold (Ch.
117.4); poorly developed and slightly crenulated dermal
folds on tarsus (Ch. 123.3); and small, rounded or flat-
tened tubercles on heel (Ch. 124.1). A notable synapo-
morphy of this clade is the presence of a cartilaginous
lamina that extends from the cartilaginous branch to the
inferior margin of the oblique cartilage (Ch. 62.1) with
instances of homoplasy in S. lacteus, S. pauloalvini and
species of Dendropsophus (see Fig. S9). See Appendix A
for a complete diagnosis and characterization of the
three species groups of Sphaenorhynchus.

Paedomorphosis and character evolution in
Sphaenorhynchus

Bokermann (1974) reported that some tadpoles of
S. bromelicola stage 41 of Gosner (1960) possess mature
oocytes and well-developed testes. Furthermore, he
reported newly metamorphosed individuals and individ-
uals close to reducing the tail having well-developed
oocytes or vocal sac—with some individuals even call-
ing—and testes in spermatogenesis. These individuals
are, at least in relation to development and fertility of
gonads, able to reproduce. Bokermann (1974) suggested
that there is acceleration in the time of the sexual matu-
rity (peramorphosis sensu Reilly et al., 1997) together
with a delay and irregular metamorphosis (paedo-
morphosis sensu Reilly et al., 1997). Also, although
S. bromelicola is associated with unstable environments
(temporary ponds), the presence of individuals in the
same population with regular metamorphosis suggests
that this precocity is not necessarily dependent on envi-
ronmental factors (Bokermann, 1974).
Among species of Sphaenorhynchus, sexually mature

individuals with a long tail (larval somatic morphology)
have been reported for S. botocudo, S. bromelicola,
S. mirim and S. palustris (Haddad and Prado, 2005;
Caramaschi et al., 2009). These species do not form a
clade in our TE results. Instead, the presence of a long
tail in sexually mature individuals optimizes as a synapo-
morphy of S. botocudo + S. palustris, and autapomor-
phies of S. bromelicola and S. mirim. This occurrence
might result from a deceleration in the process of tail
resorption, because the ancestral condition is absence of
long tails in sexually mature individuals. Indeed, the tail
is eventually resorbed entirely, but resorption is delayed,
because adults of S. bromelicola, S. botocudo and
S. mirim with tails of different lengths and lacking tails
have been observed (Bokermann, 1974; Caramaschi
et al., 2009). In this case, heterochrony does not affect
the offset shape of adult individuals of Sphaenorhynchus
and can, therefore, be defined as heterochronic isomor-
phosis (Reilly et al., 1997).
The reduction and loss of teeth in Sphaenorhynchus

is evident, except for S. pauloalvini and S. prasinus
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(Chs. 16.1 and 21.1) and might be associated with hete-
rochronic processes. Maxillary and premaxillary teeth
are absent in S. carneus, S. dorisae, S. planicola and
S. mirim (Ch. 14.0), reduced in S. botocudo, S. bromeli-
cola, S. platycephalus and S. palustris (Ch. 16.3), and
inconspicuous in S. canga (Ch. 16.4). Other character-
states that could be associated with paedomorphosis
are the coexistence of both pedicellate and nonpedicel-
late teeth on the maxilla (Ch. 15.1: optimizes ambigu-
ously for the sister taxon of the S. lacteus group);
vomerine teeth nonpedicellate (Ch. 37.0: optimizes
ambiguously for the sister taxon of S. carneus); angu-
loespenial and dentary without contact, in which the
Meckel’s cartilage is exposed (Ch. 55.1: synapomorphy
of the sister taxon of S. pauloalvini); palatines reduced
to thin ossified slivers (Ch. 40.0: S. carneus, S. dorisae
and S. mirim); and lamina nariochoanalis connected to
the postnasal wall (Ch. 63.0: synapomorphy of the sis-
ter taxon of S. carneus). Jurgens (1971) had already
suggested that the latter was a neotenic condition in
Spea (as Scaphiopus; Scaphiopodidae).
In addition to delayed tail resorption and dental char-

acter-states, several other character-states found in spe-
cies of Sphaenorhynchus appear to be paedomorphic
relative to the plesiomorphic states. These include: max-
illa reduced posteriorly (Ch. 13.0: synapomorphy of the
sister taxon of S. pauloalvini); dentigerous process extre-
mely reduced (Ch. 32.0: S. dorisae and S. mirim);
dentigerous process separate from the main body of the
vomer (Ch. 34.0: S. dorisae); posterior ramus of the
pterygoid extremely short, reduced to rudimentary
bumps (Ch. 30.0: synapomorphy of the sister taxon of
S. pauloalvini); maxillary and premaxillary teeth absent
(Ch. 14.0: observed in S. carneus, S. dorisae, S. plani-
cola and S. mirim), and extreme reduction of premaxil-
lary and maxillary teeth (Ch. 16.3: maxilla edentate
across 55–80% of its length in S. botocudo, S. bromeli-
cola, S. palustris and S. platycephalus; 16.4: maxilla
edentated across 95% of its length in S. canga; and Ch.
21.0: part of pars dentalis of premaxilla edentate in
S. botocudo, S. cammaeus and S. canga, for example).
Outside Sphaenorhynchus, some species of Pseudis

(P. paradoxa and P. platensis) show a shift in the tim-
ing of sexual maturity (Downie et al., 2009; Fabrezi
et al., 2010). Pseudis platensis shows delayed metamor-
phosis (with a low rate of development), in which the
events related to the loss of the vent tube and resorp-
tion of the tail are postdisplaced, taking place after the
larval mouth structures have disappeared and the skull
transformations are complete (Fabrezi and Quinzio,
2008).

Oviposition site

Previous studies have focused on the description of
external morphology of adults and larvae of

Sphaenorhynchus (e.g. Lutz and Lutz, 1938; Boker-
mann, 1966, 1973), and limited information is avail-
able on their biology, reproduction and behaviour of
adults and larvae (Bokermann, 1966; Su�arez-Mayorga
and Lynch, 2001).
Adults of Sphaenorhynchus are known to inhabit

mainly open areas (temporary, permanent or semi-per-
manent ponds), where males vocalize while perched on
the floating vegetation or partially submerged in water,
or more rarely perched on bushes (e.g. Lutz and Lutz,
1938; Bokermann, 1973; Cruz and Peixoto, 1980;
C.F.B. Haddad, pers. obs.). There are no records of
oviposition site for S. botocudo, S. bromelicola,
S. mirim, S. palustris, S. platycephalus and S. prasinus
(Lutz and Lutz, 1938; Bokermann, 1966, 1973, 1974;
Heyer et al., 1990; Toledo et al., 2007; Caramaschi
et al., 2009).
Sphaenorhynchus caramaschii, S. dorisae, S. lacteus,

S. planicola and S. surdus1 lay their eggs in water,
attached to submerged vegetation (Ch. 191.2; Cruz,
1973; Rodriguez and Duellman, 1994; Reichle and
K€ohler, 1998; Duellman, 2005; Izecksohn and Carvalho-
e-Silva, 2001; K. Araujo-Vieira and T. Grant, pers. obs.);
S. pauloalvini lays its eggs on leaves out of water (Boker-
mann, 1973). The oviposition in S. carneus has been
reported to occur on leaves out of water (Bokermann,
1973; as Sphaenorhynchus habra [sic]) or in water,
attached to submerged vegetation (Crump, 1974; W.
H€odl, pers. comm.). We consider it polymorphic for cod-
ing purposes (Ch. 191.0 and 191.2); further, several stud-
ies have demonstrated that the same species can display
behavioural plasticity with respect to reproductive
modes (e.g. Dendropsophus ebraccatus, Boana pardalis
(Hylidae), Physalaemus spiniger (Leptodactylidae); Had-
dad and Pombal, 1998; Haddad and Prado, 2005; Tou-
chon and Warkentin, 2008; Moura et al., 2011; Toledo
et al., 2012) and that the existence of alternative repro-
ductive strategies might have evolved either due to trait
selection in order to maximize fitness and avoid preda-
tion and competition or in relation to specific environ-
mental conditions (e.g. Magnusson and Hero, 1991;
Haddad and Prado, 2005; Taborsky et al., 2008;
Taborsky and Brockmann, 2010). The optimization of
oviposition site on our TE results indicates that oviposi-
tion in water (Ch. 191.2) is plesiomorphic in Sphaenor-
hynchus, whereas oviposition on leaves out of water (Ch.
191.0) is an autapomorphy of S. pauloalvini. Further-
more, our hypothesis predicts that all species for which

1

K. Araujo-Vieira and T. Grant (unpubl. data) observed a single

event of oviposition by S. surdus in a large bromeliad directly above

the water of a swamp at Torres, Rio Grande do Sul, Brazil.

Although this is suggestive of polymorphism, as occurs in S. carneus,

we prefer to await other observations to ensure that the event we

observed was not merely a behavioural anomaly.
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oviposition is unknown will be found to oviposit in
water.

Conclusions

Our dataset for the study of the phylogenetic rela-
tionships of Sphaenorhynchus included 193 phenotypic
characters from adult and larval morphology, osteol-
ogy, myology and reproductive biology, and DNA
sequences for three mitochondrial and three nuclear
loci for 43 terminals of 15 ingroup species, and 12 out-
group taxa. Our results recover the monophyly of
Sphaenorhynchus with high support, obtaining three
characteristic clades that we recognize as species
groups (the S. lacteus, S. planicola and S. platy-
cephalus groups). Most conflict among equally parsi-
monious topologies is restricted to relationships inside
the S. platycephalus group, where one of the two spe-
cies for which we lack sequence data (S. bromelicola)
exhibits wildcard behaviour. Differences in our assess-
ment of synapomorphies of Sphaenorhynchus with ear-
lier studies (Duellman and Wiens, 1992; Faivovich
et al., 2005) resulted from limitations in the taxonomic
sampling of those studies, which did not include
S. pauloalvini, the sister species of the remainder of the
genus.
Our study of phenotypic characters identified a num-

ber of transformations that are congruent with the
occurrence of heterochronic events during the evolution
of these frogs and corroborate earlier observations of
precocious sexual maturity in metamorphic individuals
of some species in the S. planicola and S. platycephalus
groups (Bokermann, 1974; Haddad and Prado, 2005;
Caramaschi et al., 2009). Our well-supported phyloge-
netic hypothesis will provide an evolutionary context
for the study of this poorly known phenomenon and
several related character systems (e.g. morphology of
the larval nostril and spiracle, vocalizations; Toledo
et al., 2014; Araujo-Vieira et al., 2015a).
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ter number is followed by the state number).
Figure S8. Plectral apparatus of (a) Scinax alter

(MCP 1670), (b) Scarthyla goinorum (MCP 12962), (c)
Sphaenorhynchus caramaschii (CFBH 6937), (d)
S. carneus (ZUEC 5555) and (e) S. pauloalvini (MNRJ
4323).
Figure S9. Nasal cartilages of (a) Sphaenorhynchus

prasinus (MZUESC 6861) and (b) S. surdus (MCP
8324). Character number is followed by the state num-
ber. Scale bars = 1 mm.
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Figure S11. Ventral views of the larynx (character

number is followed by the state number).
Figure S12. Lateral view of scapulae (left), and dor-

sal view of presacral and sacral diapophyses (right;
character number is followed by the state number).
Figure S13. Subcloacal ornamentations.
Figure S14. Submandibular musculature of hyoid.
Figure S15. (a) Dorsal view of the right hand of

Sphaenorhynchus planicola (MNRJ 54355); note two
insertions of the EDCL on digiti V, one on the meta-
carpal V (present in all taxa), and an additional one
on the fascia of the medial slip of the EBP V, reaching
proximally the proximal phalanx V (Ch. 171.1); also
note the presence of the m-EBD IV (Ch. 174.1).
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Appendix S2. Voucher specimens examined for phe-
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cladistic analysis of Sphaenorhynchus.

K. Araujo-Vieira et al. / Cladistics 0 (2019) 1–18 15



Appendix S6. Description and analysis of phenotypic
characters.
Appendix S7. List of potentially informative mor-

phological variation in Sphaenorhynchus.

Appendix A

Diagnosis of Sphaenorhynchini and its internal clades

Sphaenorhynchini Faivovich et al., 2018

Diagnosis. This tribe includes only the genus Sphaenorhynchus;
therefore, the synapomorphies that diagnose this tribe are redundant
with those diagnosing that genus. The monophyly of Sphaenorhyn-
chini is supported by molecular evidence and 25 phenotypic synapo-
morphies (jackknife support = 100%; GB = 90). These include
narrow alary process of the premaxilla (Ch. 18.0, with instances of
homoplasy in Dendropsophus elegans and D. sanborni); short zygo-
matic ramus of squamosal (Ch. 25.1, with instances of homoplasy in
D. elegans and Pseudis minuta); moderately long posterior ramus of
the pterygoid (Ch. 30.2); presence of medial portion of the anterior
process of vomers (Ch. 38.0); absence of posterolateral process of
the crista parotica (Ch. 45.0, with one instance of homoplasy in
P. minuta); completely expanded pars externa plectri (Ch. 47.2); pars
externa plectri directed ventrally with respect to the transversal axis
of skull (Ch. 49.0, with instances of homoplasy in D. microps); coro-
noid process forming a small projection (Ch. 54.1); rectangular,
anteroposteriorly expanded alary cartilage (Ch. 57.0); rectangular
shape hyoglossal sinus (Ch. 68.2); presence of cartilaginous process
of arytenoid supporting the frenulum in the larynx (Ch. 80.1); trans-
verse process of presacral vertebra VI perpendicular to body axis;
(Ch. 92.1, with instances of homoplasy in D. elegans and D. san-
borni, P. minuta and Scinax alter + Sci. fuscovarius clade); dark
coloured nuptial pad on finger II in males (Ch. 115.1); anteriorly
directed larval nostril (Ch. 132.0); larval nostril with fleshy flanges
(Ch. 133.1); presence of dark pigmentation on the ventral surface of
the vent tube (Ch. 144.1); medial vent tube (Ch. 145.0, with one
instance of homoplasy in Pseudis minuta); apical supplementary ele-
ment of m. intermandibularis (Ch. 146.1); m. geniohyoideus lateralis
with a single slip (Ch. 154.0); presence of Burton’s ligament (Ch.
169.1, with one instance of homoplasy in species of Scinax); presence
of m. extensor brevis distalis digiti II medial (Ch. 172.1); absence of
supplementary slip from the Metacarpal IV of the medial slip of the
m. extensor brevis profundus digiti V (Ch. 175.0); presence of
m. flexor ossis metatarsi II (FM II) with origin from distal tarsal 2–3
(Ch. 177.1); presence of lateral slip of the foot m. extensor brevis dis-
talis digiti V (Ch. 187.1, with one instance of homoplasy in
Sci. catharinae); and white parietal peritoneum (Ch. 190.1).

Characterization. Small to medium-sized treefrogs (combined SVL
in males 15.1–41.0 mm, females 36.0–46.0 mm) with a greenish dor-
sal background, translucent skin, green bones and white parietal
peritoneum; pointed, rounded or protruding snout in lateral view;
single, subgular vocal sac, notably distended while males calling,
ventrally not reaching the pectoral region (in Sphaenorhynchus pau-
loalvini and S. prasinus) or enlarged reaching the pectoral fold (in
the remaining species of the genus); dark or light coloured nuptial
pads on finger II in males; absence or presence of tympanic mem-
brane (present in S. lacteus and S. pauloalvini); absence or presence
of dermal ornamentation (tubercles, folds and/or calcar appendages)
on forearm, tarsus, elbow, heel and subcloacal region in adult males
and females; absence or presence of premaxillary, maxillary and
vomerine teeth; adults generally inhabit ponds in open areas and

forest edges; males vocalize while perched on floating vegetation or
partially submerged in the water and, more rarely, on bushes and
trees; advertisement call with pulsed notes; tadpoles with subterminal
oral disc; uniform or irregular size marginal papillae; labial tooth
row formula 1/2–3(1), 2/3(1) or 2(2)/3(1); eyes visible ventrally;
short, medium-sized or extreme long spiracle; and medial vent tube
posteroventraly directed, short, entirely fused to the ventral fin and
positioned under the inferior margin of the ventral fin.

Comments. Most species of Sphaenorhynchus have been described
as being green, very likely as a result of the impregnation of a high
concentration of biliverdin on their tissues (Barrio, 1965; Taboada
et al., 2017). Furthermore, green bones occur in juveniles and adults
of most, if not all, species of Sphaenorhynchus (S. canga, S. caram-
aschii, S. carneus, S. dorisae, S. lacteus and S. platycephalus; Lutz
and Lutz, 1938; Goin, 1957; Duellman, 1974; Araujo-Vieira et al.,
2015a,b). We observed that S. surdus also has green bones. A green
coloration also has been reported in eggs of S. carneus before being
preserved (Su�arez-Mayorga and Lynch, 2001). However, a spawn of
S. lacteus photographed by Reichle and K€ohler (1998) has creamy
white animal poles, as did a spawn of S. surdus (K. Araujo-Vieira
and T. Grant, pers. obs.). Suar�ez et al. (2013) reported on the chro-
mosome morphology and some cytogenetic markers of Sphaenor-
hynchus caramaschii, S. carneus, S. dorisae, and S. lacteus. They
noticed that S. carneus has an increment from the plesiomorphic 24
to 26 chromosomes. They also noticed that in S. lacteus there is a
large euchromatic telomeric band that comprises nearly the distal
half of pair 2p, which they considered as the possible origin of hete-
rochromatic b chromosomes in S. dorisae. The sister taxon relation
of these two species supported by our results is congruent with this
explanation. Our optimal topology, however, indicates that in order
to better understand chromosome evolution in Sphaenorhynchus, it is
necessary to study karyotypes of at least S. pauloalvini, and of some
of the other unstudied species that are important for any inference
due to its phylogenetic position (e.g., S. prasinus, at least one species
of the S. planicola group, and at least an additional species of the S.
platycephalus group).

Content. One genus. Sphaenorhynchus, which includes 15 species,
of which 12 are placed in three species groups, and three are unas-
signed to any group (S. carneus, S. pauloalvini and S. prasinus).

Distribution. Amazon and Orinoco basins of Bolivia, Brazil,
Colombia, Ecuador, Peru, and Venezuela; Trinidad, Guyana, Suri-
nam, French Guyana. Atlantic Forest of southeastern Brazil, from
Pernambuco in the north to northern Rio Grande do Sul in the
south.

The Sphaenorhynchus planicola group

Sister taxon. The poorly supported clade including Sphaenor-
hynchus prasinus, and the S. lacteus and S. platycephalus groups.

Diagnosis. The monophyly of the S. planicola group is supported
by molecular evidence and five phenotypic synapomorphies (jack-
knife support = 100%; GB = 1). These includes posterior portion of
the internal margins of frontoparietals widely separated at the level
of the tectum synoticum (Ch. 5.1, with one instance of homoplasy in
Xenohyla truncata); presence of medial projection of the posterior
margin of the exoccipitalis (Ch. 7.1, with one instance of homoplasy
in Scinax perpusillus); extremely reduced posteromedial process of
the parasphenoid (Ch. 43.0, with one instance of homoplasy in
Sphaenorhynchus canga); the posterior extension of the fold of the
m. interhyoideus surpassing the m. pectoralis esternalis (Ch. 152.5,
with instances of homoplasy in Dendropsophus minutus and D. san-
borni); and the m. extensor brevis superficialis digiti III with an inser-
tion on the third metatarsus (Ch. 185.1). Further, the combination
of small SVL in males (combined SVL 15.7–24.1 mmm); snout
rounded in lateral view; well-developed vocal sacs, extending
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laterally and toward the posterior of the pectoral region, with lateral
longitudinal folds; presence of dermal fold on elbow and round cal-
car appendages; subcloacal ornamentation with white dermal flap
with rounded lateral margins; absence of premaxillary and maxillary
teeth; and absence of dorsolateral black and white lines differentiates
species of this group from other species of Sphaenorhynchus.

Characterization. Small greenish treefrogs (combined SVL in
males 15.7–24.1 mm; Lutz and Lutz, 1938; Caramaschi et al., 2009)
with large vocal sac extending laterally and reaching the level of the
pectoral fold, with longitudinal folds; rounded snout in lateral view;
dark coloured nuptial pads on Finger II in males; absence of tym-
panic membrane; dermal folds on forearm, tarsus and elbow; round
calcar appendage; round subcloacal dermal flap; absence of premax-
illary, maxillary and vomerine teeth; absence of dorsolateral black
and white lines; presence of black canthal line in some specimens of
S. planicola; advertisement call of S. mirim consists of a single
pulsed note with 9–25 pulses and duration of 0.034–0.101 s; known
tadpoles of S. planicola with subterminal oral disc; marginal papillae
composed of alternating large and small papillae (large papillae
about twice as large as the small ones); labial tooth row formula 2
(2)/3(1); third tooth posterior row inside the oral disc; and medium-
sized spiracle (spiracle length 16–24% of body length).

Content. Two species. Sphaenorhynchus mirim Caramaschi et al.,
2009; S. planicola (Lutz and Lutz, 1938).

Distribution. Coastal lowlands of the State of Rio de Janeiro and
State of Esp�ırito Santo, southeastern Brazil.

The Sphaenorhynchus lacteus group

Sister taxon. The poorly supported clade including Sphaenor-
hynchus prasinus and the S. platycephalus group.

Diagnosis. The monophyly of the S. lacteus group is supported by
molecular evidence and four phenotypic synapomorphies (jackknife
support = 100%; GB = 31). These include nonmineralized inter-
calary elements between ultimate and penultimate phalanges (Ch.
101.0, with some instances of homoplasy in Dendropsophus elegans,
Scinax, S. platycephalus and Xenohyla truncata); the light coloured
nuptial pads on finger II in males (Ch. 115.0, with several instances
of homoplasy in the outgroup taxa and in S. canga); the postaxial
webbing reaches the midlength of the second phalanx of toe IV (Ch.
131.4, with instances of homoplasy in S. botocudo, S. palustris and
S. planicola); the branch I of the m. petrohyoideus posterior inserted
on the base of the posteromedial process of the hyoid (Ch. 158.0,
with instances of homoplasy in D. minutus, Pseudis minuta and
Sci. alter). Further, the combination of the larger SVL in males and
females (combined SVL, males 26.0–41.0 mm, females 36.0–
46.0 mm); pointed or rounded snout in lateral view; moderately
developed vocal sac extending to the middle of the pectoral region;
presence of dermal fold on elbow and round or triangular calcar
appendages; subcloacal ornamentation with white dermal flap with
triangular or rounded lateral margins; and absence of dorsolateral
black lines differentiates these species from other species of Sphae-
norhynchus.

Characterization. Relatively large greenish treefrogs (combined
SVL in males 26.0–41.0 mm, females 36.0–46.0 mm; Rodriguez and
Duellman, 1994) with large vocal sac reaching the level of the pec-
toral fold, with longitudinal folds in S. lacteus; rounded snout in lat-
eral view; light coloured nuptial pads on finger II in males; absence
or presence of tympanic membrane (present in S. lacteus); dermal
folds on forearm, tarsus and elbow; round (as in S. lacteus) or trian-
gular (as in S. dorisae) calcar appendage; round (as in S. lacteus) or
triangular (as in S. dorisae) subcloacal dermal flap; absence or pres-
ence of premaxillary, maxillary, and vomerine teeth (present in
S. lacteus); absence of dorsolateral black lines; presence of black

canthal and white dorsolateral lines in S. lacteus; advertisement calls
composed of 2–26 pulsed note with duration of 0.02–0.42 s; tadpoles
with subterminal oral disc; uniform size marginal papillae (as in
S. dorisae) or composed of alternating large and small papillae
(large papillae about twice as large as the small ones; as in S. lac-
teus); labial tooth row formula 2(2)/3(1) (as in S. dorisae) or 2/3(1)
(as in S. lacteus); third tooth posterior row placed on the posterior
labium of the oral disc (as in S. dorisae) or inside the oral disc (as
in S. lacteus); and short spiracle (spiracle length 3�11% of body
length).

Content. Two species. Sphaenorhynchus dorisae (Goin, 1957);
Sphaenorhynchus lacteus (Daudin, 1800).

Distribution. Amazon and Orinoco basins of Bolivia, Brazil,
Colombia, Ecuador, Peru, and Venezuela; Trinidad, Guyana, Suri-
nam, French Guyana, and states of Maranh~ao and Piau�ı, northeast-
ern Brazil.

The Sphaenorhynchus platycephalus group

Sister taxon. Sphaenorhynchus prasinus, but its sister taxon rela-
tion with the S. platycephalus group is poorly supported.

Diagnosis. The monophyly of the S. platycephalus group is sup-
ported by molecular evidence and eight phenotypic synapomorphies
(jackknife support = 98%; GB = 11). These are as follows: maxilla
overlapping the premaxilla (Ch. 17.1, with some instances of homo-
plasy in S. lacteus, S. pauloalvini, and outgroup taxa); the inferior
prenasal cartilage laterally oriented (Ch. 59.1, with instances of
homoplasy in S. carneus and S. lacteus); presence of a cartilaginous
lamina that extends from the cartilaginous branch to the inferior
margin of the oblique cartilage (Ch. 62.1, with instances of homo-
plasy in S. lacteus, S. pauloalvini and species of Dendropsophus); dor-
solateral white line present (Ch. 111.1, with instances of homoplasy
in D. sanborni, Sci. alter and S. lacteus); subcloacal ornamentation
with a weak glandular dermal fold (Ch. 117.4); presence of two lat-
eral thick and flat dermal pads on the ventral surface below de
cloaca (Ch. 118.4); poorly developed and slightly crenulated dermal
folds on tarsus (Ch. 123.3); and small, rounded or flattened tubercles
on heel (Ch. 124.1, with instances of homoplasy in D. microps and
Phyllodytes luteolus). Besides these synapomorphies, the species
included in this group can be differentiated from other species of
Sphaenorhynchus by the combination of a protruding snout in lateral
view; a moderately developed vocal sac extending to the middle of
the pectoral region, with lateral longitudinal folds; and the presence
of canthal and dorsolateral white lines delimited below by a dorso-
lateral black line.

Characterization. Medium-sized greenish treefrogs (combined SVL
in males 22.5–36.0 mm, females 20.0–33.0 mm; Lutz and Lutz, 1938;
Bokermann, 1966; Heyer et al., 1990; Toledo et al., 2007; Caram-
aschi et al., 2009; Araujo-Vieira et al., 2015b; Roberto et al., 2017),
with large vocal sac reaching the level of the pectoral fold, with lon-
gitudinal folds; protruding snout in lateral view; dark or light
coloured nuptial pads on finger II in males; absence of tympanic
membrane; presence or absence of tubercles or crenulated dermal
folds on forearm, tarsus, elbow and heel; presence of many enlarged
tubercles (as in S. platycephalus) or white, glandular subcloacal der-
mal fold; presence of premaxillary, maxillary and vomerine teeth;
presence of canthal and dorsolateral white lines delimited below by a
canthal and dorsolateral black lines; advertisement calls composed of
1–43 pulsed notes with duration of 0.008–10.21 s; tadpoles with uni-
form size marginal papillae (as in S. bromelicola, S. platycephalus
and S. surdus) or composed of alternating large and small papillae
(large papillae about twice as large as the small ones; as in S. caram-
aschii, S. canga and S. palustris); labial tooth row formula 2(2)/3(1);
third posterior tooth row inside the oral disc; short (as in
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S. caramaschii), medium-sized (as in S. bromelicola, S. canga,
S. platycephalus and S. surdus) or large-sized spiracle (as in S. palus-
tris).

Content. Eight species. Sphaenorhynchus botocudo Caramaschi
et al., 2009; S. bromelicola Bokermann, 1966; S. cammaeus Roberto

et al., 2017; S. canga Araujo-Vieira et al., 2015b; S. caramaschii
Toledo et al., 2007; S. palustris Bokermann, 1966; S. platycephalus
(Werner, 1894); S. surdus (Cochran, 1953).

Distribution. Atlantic Forest of southeastern Brazil, from Pernam-
buco in the north to northern Rio Grande do Sul in the south.
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