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Abstract

We study the phylogenetic relationships of egg-brooding frogs, a group of 118 neotropical species, unique among anurans by
having embryos with large bell-shaped gills and females carrying their eggs on the dorsum, exposed or inside a pouch. We
assembled a total evidence dataset of published and newly generated data containing 51 phenotypic characters and DNA
sequences of 20 loci for 143 hemiphractids and 127 outgroup terminals. We performed six analytical strategies combining differ-
ent optimality criteria (parsimony and maximum likelihood), alignment methods (tree- and similarity-alignment), and three dif-
ferent indel coding schemes (fifth character state, unknown nucleotide, and presence/absence characters matrix). Furthermore,
we analyzed a subset of the total evidence dataset to evaluate the impact of phenotypic characters on hemiphractid phylogenetic
relationships. Our main results include: (i) monophyly of Hemiphractidae and its six genera for all our analyses, novel relation-
ships among hemiphractid genera, and non-monophyly of Hemiphractinae according to our preferred phylogenetic hypothesis;
(if) non-monophyly of current supraspecific taxonomies of Gastrotheca, an updated taxonomy is provided; (iii) previous differ-
ences among studies were mainly caused by differences in analytical factors, not by differences in character/taxon sampling; (iv)
optimality criteria, alignment method, and indel coding caused differences among optimal topologies, in that order of degree; (v)
in most cases, parsimony analyses are more sensitive to the addition of phenotypic data than maximum likelihood analyses; (vi)
adding phenotypic data resulted in an increase of shared clades for most analyses.

© The Willi Hennig Society 2020.

Introduction and the tepuis of the Guiana Shield (Castroviejo-

Fisher et al., 2015; Duellman, 2015). The reproductive

Egg-brooding frogs (Hemiphractidae) are non-aqua-
tic Neotropical anurans, with 118 described species,
grouped in six genera: Cryptobatrachus, Flectonotus,
Fritziana, Gastrotheca, Hemiphractus, and Stefania
(Frost, 2020). Their distribution includes a wide vari-
ety of habitats, from Neotropical lowlands or montane
rainforests to humid high-elevation Andean grasslands
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biology of hemiphractids is not only unique but also
diverse. For instance, their common name derives
from the fact that females carry their eggs on their
backs, either inside a pouch or exposed on the dorsum
(Del Pino, 1980). A variety of developmental modes
are present among the members of this family, from
direct development in species of Cryptobatrachus,
Hemiphractus, and Stefania, to development with a
free-living tadpole phase in species of Flectonotus and
Fritziana, and some species presenting direct
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development and other aquatic larvae in Gastrotheca
(Duellman, 2015).

In 2015, two independent studies revisited the evolu-
tionary relationships of egg-brooding frogs (Castro-
viejo-Fisher et al., 2015; Duellman, 2015). Both studies
included a broad, although different, sampling of
hemiphractids (more than 70% of the species), but a
markedly different outgroup sampling. While Duell-
man (2015) included only three nobleobatrachian out-
group terminals, Castroviejo-Fisher et al. (2015)
included 127 outgroup terminals with representatives
of all nobleobatrachian families recognized at the time.
The analytical approaches of both studies were also
broadly different. The phylogeny presented by Castro-
viejo-Fisher et al. (2015) was based on a total-evidence
parsimony analysis under tree-alignment of DNA
sequences (up to 20 markers, including mitochondrial
and nuclear genes) combined with 51 phenotypic char-
acters. The phylogeny presented by Duellman (2015)
was based on maximum likelihood and Bayesian anal-
yses of a fixed-alignment of DNA sequences of two
mitochondrial (16S and ND1) and two nuclear (RAG-
1 and POMC) markers. Both studies agreed on the
monophyly of Hemiphractidae and its six genera
(although Duellman, 2015 only included one terminal
of Cryptobatrachus), but differed most noticeably on
the sister relationship of the family, relationships
among genera, and among infrageneric taxa of Gas-
trotheca (Fig. 1). This later conflict implies that several
subgenera of Duellman (2015) were non-monophyletic
within the paradigm of Castroviejo-Fisher et al
(2015). Although Duellman (2015) presented an addi-
tional phylogeny of combined molecular and osteologi-
cal data, information on which characters were
included and how they were coded was missing so that
repeatability and replicability were not possible. More
recently, Kok et al. (2017) published a detailed study
on the biogeography of Stefania including a more
comprehensive taxon sampling of the genus than either
Castroviejo-Fisher et al. (2015) or Duellman (2015).
Also, Walker et al. (2018a) published a comprehensive
study about the genetic diversity and phylogenetic
relationships of Fritziana greatly increasing taxon sam-
pling within this genus.

Conflicting  phylogenetic  hypothesis, as in
hemiphractids, deserve detailed comparisons to evalu-
ate the qualitative and quantitative impact of different
analytical factors (e.g., optimality criteria, taxon sam-
pling, intensity of tree searches). Adding to the diffi-
culty created by the variety of results that stem from
using different characters and combinations of analyti-
cal factors is the hierarchical nature of phylogenetic
hypotheses, which leads to marked differences in taxon
sampling among studies depending on which taxon is
considered the ingroup and how the outgroup is cho-
sen (Nixon and Carpenter, 1993; Grant, 2019). The

continuous reevaluation of phylogenetic hypotheses
and the necessity of repeatability, replicability, and
maximization of explanatory power leads to “total evi-
dence” analysis (Kluge, 1989, 1997, 1998; Eernisse and
Kluge, 1993)—“supermatrix-analysis”, “simultancous-
analysis”, “combined-analysis” or “concatenated-anal-
ysis” can be performed in a total evidence frame (de
Queiroz and Gatesy, 2007). Thus, revisionary
approaches that combine legacy empirical data derived
from independent studies of partially overlapping
datasets are crucial to summarize our state of under-
standing of the phylogenetic relationships among any
group of organisms (Driskell et al., 2004; Gatesy et al.,
2004; Frost et al., 2006; Pyron and Wiens, 2011; Padial
et al., 2014; Castroviejo-Fisher et al., 2015; Goicoechea
et al., 2016; Peloso et al., 2016). Nonetheless, combin-
ing characters and terminals from independent studies
often result in datasets with large amounts of missing
data (often >60%; Simmons and Goloboff, 2014).
Although a phylogenetic total evidence analysis
allows evaluation of differences among previous com-
peting hypotheses due to character and taxon sam-
pling, it is mute about the effect that other analytical
factors may have played in selecting incompatible opti-
mal topologies. Sensitivity analysis, in which each
parameter is varied while all others are fixed, to isolate
the effects of different parameters, is a powerful exper-
imental approach to attempting to understand dis-
parate conflicting results. Arguably, most attention has
been directed to differences caused by choice of opti-
mality criterion, on both simulated and empirical stud-
ies (e.g., Felsenstein, 1978; Huelsenbeck and Hillis,
1993; Huelsenbeck, 1995, 1997; Yang, 1996a; Siddall
and Kluge, 1997, 1999; Siddall, 1998; Wiens and
Servedio, 1998; Siddall and Whiting, 1999; Huelsen-
beck et al.,, 2001; Pol and Siddall, 2001; Swofford
et al., 2001; Leaché and Reeder, 2002; Huelsenbeck
and Lander, 2003; Kolaczkowski and Thorton, 2004;
Yu et al., 2008; Puttick et al., 2017). However, a num-
ber of other factors could be equally influential on the
inferred phylogenetic hypotheses, such as alignment of
sequence data, indel coding, character weighting,
model selection, heuristic tree-search strategies, and
representation of results such as optimal trees versus a
variety of consensus trees (Chippindale and Wiens,
1994; Simon et al., 1994; Yang et al., 1994; Milinko-
vitch et al., 1996; Yang, 1996b; Morrison and Ellis,
1997; Simmons and Ochoterena, 2000; Simmons et al.,
2001; Brandley et al., 2005; Ogden and Rosenberg,
2006; Zwickl, 2006; Brown and Lemmon, 2007,
Kumar and Filipski, 2007, McGuire et al., 2007; Sim-
mons et al., 2007; Li et al., 2008; Wong et al., 2008;
Ward et al., 2010; Sanderson et al., 2011; Goloboff,
2014; Cabra-Garcia and Hormiga, 2020). Furthermore,
in the context of total evidence analyses, combined
matrices of molecular and non-molecular data have



L. Y. Echevarria et al. | Cladistics 37 (2021) 375401 377

a
—Flectonotus Flectonotus —
L__Cryptobatrachus Cryptobatrachus —!
—Hemiphractus Stefania—
L—Gastrotheca ¢ Gastrotheca__
Fritziana Fritziana:
Stefania Hemiphractus
C

Opisthodelphys (1 sp.)

Gastrotheca (1 sp.)

Duellmania (6 spp.)

Edaphotheca (1 sp.)

Duellmania (7 spp.)

Gastrotheca (19 spp.)

b
Gastrotheca marsupiata .Amphignathodon
species Group :Ii
. Cryptotheca
Gastrotheca microdiscur.
species Group ) L
“ Duellmania
"E daphotheca
Gastrotheca fissipes
species Group * Opistodelphys
" Australotheca
Gastrotheca longipes Eotheca
species Group
d

Stefania satelles
—E Stefania ginesi

Stefania sp. 1

Stefania sp. 2 ginesi
Stefania sp. 3 clade
Stefania sp. 4
Stefania sp. 5

Stefania schuberti
Stefania riae
Stefania riveroi
Stefania coxi riveroi
Stefania sp. 6 clade
Stefania ayangannae
Stefania woodleyi
Stefania sp. 8
Stefania ackawaio
Stefania roraimae
Stefania sp. 7
Stefania sp. 9
Stefania scalae evansi
Stefania evansi clade
Stefania sp. 10

woodleyi
clade

Figure 1. (a) Differences in relationships among genera of Hemiphractidae between Castroviejo-Fisher et al. (2015) (left), and Duellman (2015)
(right); (b) relative position of species groups (Castroviejo-Fisher et al., 2015) (left) and subgenera (Duellman, 2015) (right) within Gastrotheca;
(c) non-monophyly of subgenera Duellmania and Gastrotheca of Duellman (2015) according to the results of Castroviejo-Fisher et al. (2015); (d)
simplified topology showing the phylogenetic relationships among Stefania clades proposed by Kok et al. (2017).

attracted discussion, with emphasis on the role of phe-
notypic characters in large molecular datasets (Giribet,
2015; Lee and Palci, 2015; Chakrabarty et al., 2017,
Koch and Gauthier, 2018; Martin et al., 2018). A
recent discussion about the suitability of different opti-
mization criteria to analyze morphological data
revealed that this type of data fits poorly the Mkv
model (Goloboff et al., 2019, Puttick et al., 2017,
2019; Smith, 2019; Wright and Hillis, 2014). This
opens an interesting question related to the total evi-
dence analysis of DNA sequences and phenotypic
data. Perhaps the very different ways in which parsi-
mony and probabilistic methods, using the Mkv
model, deal with phenotypic data are behind some of
the incompatible evolutionary histories selected by

each approach, even in cases when the number of phe-
notypic characters is much smaller than nucleotides.
The objective of this study was to identify and dis-
cuss the importance of the effect of different alignment
methods, optimality criteria, indel codification, and the
inclusion of phenotypic data on the phylogenetic rela-
tionships of Hemiphractidae, as well as comparing the
effects of increasing taxa and characters with regard to
the results of the most recent and comprehensive stud-
ies (Castroviejo-Fisher et al., 2015; Duellman, 2015;
Kok et al., 2017, Walker et al., 2018a). To this end,
we analyzed a single dataset of all available and newly
generated evidence for Hemiphractidae and relevant
outgroup taxa through six strategies that combined all
the analytical factors of interest. Furthermore, we used
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a subset of this dataset to evaluate the impact of
including phenotypic data.

Materials and methods
Taxon sampling

We used the dataset of Castroviejo-Fisher et al. (2015) as an ini-
tial scaffold. We selected this study because it constitutes the most
complete dataset when both terminals and characters are considered
simultaneously. We did not modify the outgroup of Castroviejo-
Fisher et al. (2015), which includes 121 terminals representing 20
nobleobatrachian families, and six non-nobleobatrachian terminals
(Appendix S1), so that differences are only attributable to changes
in hemiphractid taxon and character sampling. The ingroup was
modified to include as many species as possible. We list all species
and specimens used in the analysis in Appendix S1.

We updated the name or identification of several terminals to
reflect taxonomic changes since 2015 and re-identifications of speci-
mens (Table S1). When data from different individuals of the same
species resulted in sister relationships in exploratory phylogenetic
analysis (i.e., similarity-alignment and equal weights parsimony,
results not shown), we calculated the corresponding uncorrected pro-
portional genetic distances (p-distances) between shared 16S riboso-
mal RNA (rRNA) gene fragments (between 414 and 1157 bp). If
genetic distances were <1%, we assigned sequences from different
specimens to a single composite terminal, which occurred in 38
ingroup terminals (Appendix S1), in order to reduce the number of
missing entries per terminal. The only exception was the terminal
Gastrotheca ovifera, which combines DNA data from KU 185758
and MHNLS 20979. These two specimens lack overlapping
sequences and we based the decision upon morphological similarity
of the voucher specimens with the species original description. On
the other hand, we included more than one terminal for 15 species
(Appendix S1). We excluded Gastrotheca riobambae UIMNH 94580
because it corresponds to G. pseustes, as pointed out by Castroviejo-
Fisher et al. (2015) and confirmed by Carvajal-Endara et al. (2019),
a species represented by other specimens.

The total evidence dataset was composed by 143 terminals of egg-
brooding frogs, including nominal and undescribed species. The out-
group was represented by 121 nobleobatrachian and six non-nobleo-
batrachian terminals of Castroviejo-Fisher et al. (2015). Heleophryne
purcelli was used to root all trees.

Molecular dataset

We included sequences of 20 genes: tRNAPhe, 12S rRNA, tRNA-
Val, two non-overlapping fragments of the 16S rRNA, tRNALeu,
NADH dehydrogenase subunit 1 (NDI), cytochrome oxidase I
(COI), cytochrome b (cyth), 28S rRNA, proto-oncogene cellular
myelocytomatosis exons 2 (C-MYC 2) and 3 (C-MYC 3), chemokine
receptor 4 (CXCR4), histone (H3a), proopiomelanocortin A
(POMC), two non-overlapping fragments of the recombination acti-
vating gene 1 (RAGI), rhodopsin exon 1 (Rho), seven in absentia
homolog 1 (SIAH), solute carrier family 8 member 1 (SLCS8AI),
solute carrier family 8 member 3 (SLC8A43), and tyrosinase (7yr). A
total of 218 new sequences were generated, representing ten genes
(two fragments of RAGI) from 55 specimens of egg-brooding frogs
(Appendix S2). In addition, 194 sequences, representing 13 genes
from 52 hemiphractid terminals were downloaded from GenBank
(Appendix S1) prior to April 30, 2018. A new cytochrome b
sequence was downloaded for Acris crepitans. Genomic DNA was
extracted from ethanol-preserved tissues, using the Wizard®

Genomic DNA Purification Kit from Promega. Amplification,
sequencing, and editing protocols followed those of Guayasamin
et al. (2008) and Castroviejo-Fisher et al. (2015).

Phenotypic data

We complemented the phenotypic dataset of Castroviejo-Fisher
et al. (2015), which is an updated version of Mendelson et al. (2000),
with data for the following terminals: Fritziana cf. fissilis 1 MNRJ
62845, F. cf. fissilis 2 CFBH 28886, F. goeldii Go 111 CFBH 10910,
F. ohausi Oh 1II CFBH 7611, F. sp. CS 1 I CFBH 24810, F. sp. CS
1 II MZUFV 11721, F.sp. CS 1 III CFBH 30747, F.sp CS 2
MCNAM 12341, F. mitus CFBH 8273, F. tonimi MNRJ 34921,
F. ulei MNRJ 44622, Gastrotheca aguaruna KU 212026, G. aratia
KU 212056, G.flamma (MZUESC 21989 + MZUESC 21990),
G. griswoldi CORBIDI 16066, G. oreshios CORBIDI 11076, G. re-
beccae CORBIDI 10821, G. sp. G CORBIDI 16614, G. pulchra
(MZUESC 14541 + MZUESC 21991), G. spectabilis CORBIDI
11790, and G. sp. G CORBIDI 16614. We took pertinent informa-
tion from the literature (Junca and Nunes, 2008; Duellman et al.,
2014; Folly et al., 2014; Duellman, 2015; Duellman and Venegas,
2016; Walker et al., 2016) or from direct observations of preserved
specimens. Also, we coded skull characters for Hemiphractus fascia-
tus ZSM 36/0, H. elioti MVUP 1927, and H. panamensis (EVACC
061 + CHP 6670) from high-resolution computed tomography recon-
structions (Hill et al., 2018), available at MorphoSource. We
assigned the phenotypic data from Cryptrobatrachus furhmanni KU
169378, coded by Mendelson et al. (2000) and modified by Castro-
viejo-Fisher et al. (2015), to both terminals Cryptobatrachus fuhr-
manni JDL 14865 and C. fuhrmanni (KU 204891 + TNHC-GDC
451). These two terminals have 4.4% p-distances between an 809 bp
of 16S fragment and supposedly originate from the same locality
(Colombia: Santander: Municipio San Gil: 7 km by road SW San
Gil). Because we were not able to study the specimens, we consid-
ered it better to assign the same phenotypic data to both terminals.

We assigned the data of Fritziana ohausi KU 92226 (Brasil: Rio
de Janeiro: Teresépolis) only to the terminal F. ohausi Oh I CFBH
16287 (Brasil: Rio de Janeiro: Teresopolis: Parque Nacional da Serra
dos Orgaos) because terminals from the other two F. ohausi lineages
come from localities in Sao Paulo. We assigned the phenotypic data
of F. goeldii KU 84721 to the terminals F. goeldii Go 1 (MNRJ
44592 + CFBH 30938) and F. goeldii Go 11 MNRIJ 53758, both from
Rio de Janeiro, while terminal F. goeldii Go III CFBH 10910 comes
from Sao Paulo. We assigned the data of Gastrotheca stictopleura to
the terminal nearest to the type locality, G. stictopleura CORBIDI
14563. We assigned the phenotypic data of Gastrotheca testudinea
KU 163275 (Peru: Ayacucho: Tutumbaro: rio Piene) to the terminal
G. testudinea CORBIDI 8009 (Peru: Cusco: CC. NN. Aendoshiari)
because both localities lie on southern Peru, approximately 500 km
apart. We transferred the data from the re-identified terminals Stefa-
nia ginesi LM 1056 and S. satelles VUB 3755 to the terminals S. gi-
nesi IRSNB 16736 and S. satelles IRSNB 16728.

Modifications on character 46 (state of development of young at
hatching) from Mendelson et al. (2000) by Castroviejo-Fisher et al.
(2015) included: the fusion of states 1 and 2 of Mendelson et al.
(2000), inclusion of specific developmental stages in character states
description, and removal of the feeding information (i.e., endo-
trophic vs. exotrophic) because it constitutes a different character
(Sereno, 2007). Thus, character 46 was coded as follows:

e (—hatch as an early “embryonic” tadpole, < state
30 of Gosner (1960)

e l—hatch as a well-developed tadpole, > state 30 of
Gosner (1960)

e 2 —hatch as a froglet, > state 46 of Gosner (1960)
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In summary, the final phenotypic dataset includes 243 terminals—
of which 116 correspond to hemiphractids—, and 51 characters.
However, characters are well represented for 34 terminals—mostly
those of Mendelson et al. (2000)—while most other terminals are
coded for just four behavioral and developmental characters (i.e.,
characters 41, 42, 46, and 47 of Mendelson et al., 2000). The termi-
nals Cryptobatrachus sp., H. fasciatus, and H. johnsoni are only rep-
resented by phenotypic data.

Theoretical considerations

Regardless of optimality criterion, a phylogenetic hypothesis that is
the optimal solution according to a criterion (parsimony or ML in
this study) was considered supported if not contradicted by other,
equally optimal hypotheses (i.e., evidence is ambiguous, such as when
multiple most-parsimonious cladograms are obtained). We interpret
frequency of clades based on resampling measures (i.e., jackknife and
bootstrap) as a proxy for the relative amount of favorable and contra-
dictory evidence for each group present in the optimal topology when
>50% (Goloboff et al., 2003; Ramirez, 2005; Kopuchian and Ramirez,
2010). These indices are specific to each dataset and analytical
assumptions; they should not be extrapolated between different data-
sets and analyses, used to judge the validity of a method or hypothe-
sis, or to predict the stability of a clade. In other words, at their best
they only convey information on the relative amount of supporting
and contradicting evidence for each optimal clade obtained for a
specific dataset under specific analytical conditions.

Tree-alignment + parsimony analysis (TAPa)

An assumption of tree-alignment analysis in POY is that length
variation among DNA sequences is only due to insertions and/or dele-
tions of nucleotides (Wheeler et al., 2006). Because we used many
DNA sequences generated by different studies, which amplified frag-
ments of different length within the same marker, the aforementioned
assumption was violated. To solve this problem, prior to the TAPa
analysis we performed independent similarity alignments for each
marker so that we could divide them into putatively homologous
blocks without missing data. We used Muscle (Edgar, 2004) with
default parameters, as implemented in Aliview 1.17.1 (Larsson, 2014),
to align independently the sequences of tRNAPhe, tRNAVal, tRNA-
Leu, COI, cytb, C-MYC 2, C-MYC 3, CXCR4, H3a, NDI, POMC,
the two RAG(1) fragments, Rho, SIAH, SLC8A1, SLC8A3, and Tyr.
We aligned sequences of 12S, the two 16S fragments, and 28S using
the FFT-NS-i strategy of MAFFT v7 online version (Kuraku et al.,
2013; Katoh et al., 2017); all parameters were left at default values.
The resulting multiple sequence alignments were visualized and edited
in Aliview. We modified the alignments of each DNA marker to cor-
rect a clear artifact created by the alignment programs in which,
sometimes, the end and/or the beginning of shorter fragments within
a gene were placed at the corresponding end or beginning of the
whole alignment. Those fragments were placed at the beginning or
end of the corresponding sequence. As mentioned above, we divided
the similarity alignment of each marker into putatively homologous
blocks. For non-coding genes, block partitions were located in con-
served regions (no gaps and few or no nucleotide substitutions)
according to the multiple sequence alignments. For coding genes,
block partitions were established considering groups of conserved
codon triplets. Finally, for each putatively homologous block, we
removed all gaps inferred by the similarity alignment. We analyzed
the DNA sequence blocks (Data S1), along with the phenotypic
matrix (Data S2), in POY 5.1.1 (Vardn et al., 2010; Wheeler et al.,
2015). The phenotypic matrix included 31 binary and 20 multistate
characters. Seventeen multistate characters were coded as additive,
according to Mendelson et al. (2000). Tree-alignment was performed
under parsimony with equal weights for all transformations using

direct optimization. For all POY analyses, we used a HP Proliant
BL620C G7 server, with one 2.0 GHz processor Intel Xeon E7-2850
and 40 cores, of the cluster Amazonia—housed at the Laboratorio de
Alto Desempenho (LAD)—PUCRS. Tree searches were conducted
using the command “search”—which implements an algorithm based
on random addition sequence Wagner builds, tree bisection and
reconnection (TBR) branch swapping (see Goloboff, 1996, 1999), par-
simony ratcheting (Nixon, 1999), and tree fusing (Goloboff, 1999)—
running consecutive rounds of searches within a specified run-time
(24, 168, 72, and 96 h respectively), storing the shortest trees of each
independent run and performing a final round of tree fusing on the
pooled trees of each search (200-5000 iterations). The last searches
did not improve tree cost, so the resulting optimal tree was submitted
to a round of swap using iterative pass optimization (Wheeler, 2003b)
in POY 4.1.2 (Vardn et al., 2010). Finally, the optimal implied align-
ment from iterative pass optimization was converted to a data matrix
(Wheeler, 2003a) and submitted to driven searches in TNT 1.5
(Goloboftf et al., 2008; Goloboft and Catalano, 2016). The implied
alignment of all DNA sequences is included in Data S3. We imple-
mented all the New Technologies algorithms (Sectorial Search,
Ratchet, Drift, Tree Fusing) in their default mode, with “Search” set
for all taxa at level 70, the minimum length tree to be found set to
100 times, and random seed = 1.

We calculated jackknife frequencies (JK) in TNT using the
implied alignment for 1000 pseudoreplicate searches under a Tradi-
tional Search analysis with 50 replicates and 50 trees saved per repli-
cation, gaps treated as fifth state, and removal probability 0.36
(~e™") to render bootstrap and JK values comparable (Farris et al.,
1996). We acknowledge that jackknife frequencies are expected to be
higher when resampling from an implied alignment than from a sim-
ilarity alignment (Butler et al., 2010; Wheeler, 2012; Padial et al.,
2014). We calculated Goodman-Bremer (GB) values (Goodman
et al., 1982; Bremer, 1988; see Grant and Kluge, 2008) for each sup-
ported clade in TNT using the optimal tree-alignment matrix and
the parameters specified in the bremer.run macro (available at http://
www.zmuc.dk/public/phylogeny/tnt/), which begins by searching for
trees N steps longer than the optimum (10 random addition
sequence Wagner builds and TBR swapping saving two trees per
replicate) and then using inverse constraints for each node of the
most parsimonious tree. Swapping of each constrained search was
limited to 20 min and constrained searches were repeated 100 times
rather than the three times specified as default in bremer.run macro.

Similarity-alignment + parsimony analysis, gaps as a
fifth state (SAPS5th)

For all similarity-alignment analyses, we concatenated all blocks
of each marker generated for the TAPa analysis, but including gaps
implied by the multiple sequence alignment, into a single matrix
using SequenceMatrix 1.7.8 (Vaidya et al.,, 2011). We used POY
5.1.1 to concatenate the DNA sequence matrix with the phenotypic
matrix, and exported the resulting Nexus file in.tnt format from
Mesquite 3.31 (Maddison and Maddison, 2017). We ran tree
searches in TNT 1.5, all transformations were equally weighted, gaps
treated as a fifth state, and phenotypic multistate characters were
coded as additive or non-additive following Mendelson et al. (2000).
Searches for the shortest trees, JK frequencies, and GB values were
conducted in TNT as explained in the previous section. The analyzed
data matrix is available as Data S4.

Similarity-alignment + parsimony analysis, gaps as
binary characters (SAPg)

We used the molecular matrix analyzed in SAPSth to code indels
as the longest possible fragments. We incorporated indels in the
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dataset as a block of binary characters according to the Simple Indel
Coding method (SIC) of Simmons and Ochoterena (2000) as imple-
mented in SeqState 1.4.1 (Miiller, 2005, 2006). We concatenated all
datasets (i.e., DNA sequences, indels coded as binary characters, and
phenotypic characters) using POY 5.1.1, and exported the resulting
Nexus file as a.tnt file using Mesquite 3.31. We conducted tree
searches, calculation of JK frequencies, and GB values in TNT 1.5
as explained above. We recoded gap characters (“—”) of the molecu-
lar matrix as missing data (“?”). The analyzed data matrix is avail-
able as Data S5.

Similarity-alignment + parsimony analysis, gaps as
missing data (SAPm)

For this analysis, we analyzed the same total evidence matrix as
in the SAP5th but we set all searches to consider gaps as missing
data. We executed tree searches, calculation of JK frequencies and
GB values in TNT 1.5 as for the implied alignment of TAPa. The
analyzed data matrix is available as Data S6.

Similarity-alignment + maximum likelihood analysis,
gaps as binary characters (SALg)

We used PartitionFinder v 1.1.1 (Lanfear et al., 2012) to select
the most optimal partition scheme and substitution models for the
molecular dataset, under the corrected Akaike information criterion
(AICc). Branch lengths were estimated as linked. A tree topology
generated in TNT (Traditional Search of 1000 replicates, swapping
algorithm TBR, and saving 10 trees per replication) was supplied
to the PartitionFinder analysis. Three partition schemes were evalu-
ated: (i) all data combined; (ii)) mtDNA and nuDNA; (iii) a 20-par-
tition scheme (each locus independently). To incorporate indel
information, we used the SIC method as in SAPg analysis. We
included the aligned DNA sequences, with gap characters (“-”
recoded as missing data (“?”), indels as a block of binary charac-
ters, and binary and multistate additive and non-additive pheno-
typic characters in a single Nexus file. A Standard Variable model
(Mkv) was assigned to the indel character block and the binary
and non-additive phenotypic character block. A Standard Variable
(Mkv) Ordered model was assigned to the additive phenotypic
characters block. There are limitations of GARLI regarding the
treatment of multistate characters under this model; however, our
objective is to compare the results of parsimony to those of ML
using the most commonly applied models for discrete morphologi-
cal characters.

We conducted tree searches using GARLI 2.01 (Zwickl, 2006). A
total of 500 independent searches were conducted using as a starting
point a random topology, 100 000 generations without topology
improvement required for termination (genthreshfortopoterm),
treerejectionthreshold at 50, and the limsprrange parameter was set
at 15. Finally, we selected the best tree among the 500 independent
searches by comparing the likelihood scores.

We calculated 500 independent bootstrap pseudoreplicates, run
under less rigorous parameters than tree searches (genthreshfor-
topoterm: 10 000; limsprrange: 6) to reduce execution time. We com-
piled the 500 pseudoreplicates using the R package Ape 4.1 (Paradis
et al., 2004) and the bootstrap frequencies were assigned to the cor-
responding clades of the optimal tree using SumTrees 4.3.0 (Suku-
maran and Holder, 2010a) of the DendroPy 4.3.0 package
(Sukumaran and Holder, 2010b). The analyzed data matrix is avail-
able as Data S7.

We ran tree searches using the Amazonia cluster housed at the
Laboratério de Alto Desempenho (LAD)—PUCRS, and the boot-
strap pseudoreplicates using the Amazonia cluster and the CIPRES
Science Gateway (Miller et al., 2010).

Similarity-alignment + maximum likelihood analysis,
gaps as missing data (SALm)

We performed partitions and model selection, tree searches, selec-
tion of optimal trees, and calculation of bootstrap frequencies as
explained for the SALg analysis. Gap characters (“-"), of the DNA
sequences alignment remained unaltered, as GARLI automatically
treats gaps as nucleotides of unknown identity. The analyzed data
matrix is available as Data S8.

Comparisons and the effect of analytical factors

The six analyses were designed to single out, heuristics aside, the
effect of each analytical factor of interest through alternative com-
parison of the results (Fig. 2). The comparison of the results of
TAPa and SAP5th analyses allowed identifying the direct effects of
using different alignment methods. The effect of using different opti-
mality criteria can be more easily identified by comparing differences
between the results of SAPm vs. SALm and SAPg vs. SALg. Finally,
the effect of different treatments of indels becomes clear-cut when
comparing the results among SAP5th, SAPg, and SAPm on the one
hand and among SALm and SALg on the other. All other compar-
isons were cautiously done by connecting analyses (Fig. 2) and keep-
ing in mind the potential additive effects that more than one varying
analytical parameter could imply.

We quantified differences among topologies using the program
ybara_sa.py of YBYRA (Machado, 2015), which implements an
algorithm to calculate local and global distances between trees based
on the Robinson-Foulds metric (Robinson and Foulds, 1981).
Robinson-Foulds local distances are calculated by 1 — (S/U), where
S is the number of shared clades or splits and U is the number of
unique clades or splits in the compared trees. Local distances were
calculated considering the number of shared clades among trees.
Using TNT, we also calculated pairwise SPR distances (Goloboff,
2008) using 100 replicates and calculations stratified in 20 levels.
Both RF and SPR distances were calculated among optimal trees of
all six analyses. The prevalence of clades per tree file and sensitivity
plots were also generated through a sensitivity analysis, using ybar-
a_sa.py of YBYRA (Machado, 2015). Additionally, we calculated
the reciprocal cost of optimal topologies of each analytical strategy
under the conditions of all the other implemented strategies. For all
parsimony analyses, we calculated the reciprocal cost of both one
optimal tree. Costs in POY were calculated under IPO.

Wildcard taxa

We conducted analyses to search for potential wildcard taxa for
each set of resulting trees of parsimony analyses using YBYRA.
First, consensus and optimal tree files were pruned one terminal at a
time using ybyra_sa.py. Then, pruned tree files were submitted to
MSdist to calculate how each terminal affects the average matching
split distances (MSD) among trees. Terminals resulting in the lowest
MSD were identified as more likely to cause a decrease of resolution
and considered potential wildcards.

Impact of phenotypic data

To determine the impact of phenotypic data, we assembled a
reduced dataset. We included only those terminals represented by
>41 phenotypic characters but excluded all terminals represented
only by phenotypic characters. This yielded a dataset of five hylids
and 31 hemiphractids, with representatives of all six genera. Besides
the phenotypic characters, the terminals were represented by up to
20 mitochondrial and nuclear genes. A total of 12 matrices were
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Figure 2. The six phylogenetic analyses performed in this study to evaluate the effect of optimality criterion (OC), alignment (A), and indel cod-
ing (IC). Arrows show direct pathways between analyses where just the single analytical factor indicated differs (heuristics aside).

assembled for the combined (phenotypic + molecular data) and
molecular-only analyses. We performed all analyses as for the com-
plete matrices, only for TAPa tree searches were reduced to two con-
secutive search rounds of 48 and 24 h, remaining commands were
not modified and TNT analyses were carried out as for the complete
matrix. We quantified the number of shared clades between pairs of
topologies using the program ybara_sa.py of YBYRA. For these
comparisons, the five outgroup terminals were removed from all
trees.

Results

Detailed information for each of the analyzed matri-
ces is in Table 1. Costs of optimal tree(s) of all six
analyses are included in Table 2. The models selected
for each locus of both SALg and SALm analyses are
in Table S2.

At the outgroup level, half of the analyses recovered
a monophyletic Athesphatanura and a non-mono-
phyletic Brachycephaloidea (Fig. 3, Figs. S1-S6). In
the strict consensus of SAP5th, the non-monophyly of
Athesphatanura is determined by the position of
Pseudopaludicola  falcipes as sister of all other
nobleobatrachians, and the non-sister relationships of
four main athesphatanuran clades (Fig. S2). In the
SALg optimal tree, Dendrobatoidea (Aromobati-
dae + Dendrobatidae) is sister of a clade including all
other athesphatanurans and Hemiphractidae (Fig. S5).
In the SALm optimal tree, Dendrobatoidea is sister of
all other nobleobatrachians (Fig. S6). The position
of  Ceuthomantis smaragdinus as sister of all
nobleobatrachians causes the non-monophyly of

Table 1
Summary of the six analyzed matrices detailing the total number of
aligned characters, and missing data and gap cells

Matrix  Aligned characters Missing data cells  Gap cells

TAPa* 17 852 2 705 026 715 223
SAP5th 14 315 2 378 915 141 124
SAPg 15 736 2 718 617 1421
SAPm 14 315 2 520 039 -
SALg 15 736 2 718 617 1421
SALm 14 315 2 520 039 -

Total number of terminals = 270.
*Implied alignment.

Brachycephaloidea in TAPa, SAPg, and SAPm analy-
ses. Two analyses, SALm and SAPS5th, recover
Hemiphractidae as sister to Brachycephaloidea, the
other four analyses recover Athesphatanura, or all
athesphatanurans excluding Dendrobatoidea, as sister
to Hemiphractidae (Fig. 3; Figs. S1-S6). Of these
three sister relationship alternatives, only Athesphata-
nura + Hemiphractidae inferred from TAPa have

resampling support values above 60 (JK =99,
Table 4). GB values vary between 15 (SAP5th) and 58
(TAPa).

At the ingroup level, we do not consider detailed
comparisons among the relative position of each termi-
nal due to their large number. We focus on the differ-
ences with respect to the monophyly and relationships
among currently recognized supraspecific taxa of
hemiphractids, such as subfamilies, genera, subgenera,
species groups, and other supraspecific clades
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Table 2

Costs of all optimal trees (in bold) and reciprocal cost of single optimal tree inferred by the six different analyses, this later value is followed by percentage of decrease in optimal cost

SALm

SAPs,, SAPm SAPg SALg

TAPa

Tree from/analytical conditions from

—349 434.25/0.3%
—349 231.27/0.24%

—349 436.53/0.3%
—349 581.02/0.34%
—348 416.14/0.008%

—348 389.07

—369 449.19/0.24%
—369 443.03/0.24%
—369 729.38/0.32%
—369 656.08/0.3%

87 724/0.06%
—368 553.75

83 851/0.06%
83 897/0.12%

90 768/0.09%
83 798

90 684

84 885

TAPa

87 769/0.11%

85 281/0.47%
85 258/0.44%
85 262/0.44%
85 481/0.7%

85 457/0.67%

SAPs,

SAPm

87 673/0.03%

87 670

90 756/0.08%
90 750/0.07%
90 979/0.33%
90 995/0.34%

83 801/0.004%
84 132/0.4%
84 099/0.36%

SAPg

87 988/0.36%
87 979/0.35%

SALg

—368 585.44/0.009%

SALm
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Each column defines analytical conditions. For parsimony analyses, the cost of optimal trees was calculated using the first of all optimal trees of each analysis.

(Castroviejo-Fisher et al., 2015; Duellman, 2015; Kok
et al., 2017; Walker et al., 2018a). We present a sum-
mary of the main phylogenetic relationships among
supraspecific groups and their support values in Fig. 4
and Table 4. We also include visual comparisons,
within each genus of Hemiphractidae, of the relative
position of each terminal among the results of all anal-
yses in Figs. S7-S21. All analyses recovered the mono-
phyly of Hemiphractidae, although with different
support values (Table 4). The monophyly of Flectono-
tus, Fritziana, Gastrotheca, Hemiphractus, and Stefania
was recovered by all analyses, with JK or BS > 90
except for Gastrotheca in SALg (BS = 57, Table 4).
However, Cryptobatrachus is not monophyletic with
respect to Flectonotus, as they are part of a polytomy
according to TAPa, SAPg, and SAPm analyses (Fig. 3,
Figs. S1, S3, S4). Hemiphractinae, as previously
defined, is recovered only by SALg and SALm results
(Figs. S5 and S6, respectively). In all ML analyses,
relationships within Hemiphractinae are pectinate as
follows (Hemiphractus(Stefania(Fritziana, Gas-
trotheca))). All parsimony analyses place Fritziana and
Stefania as more closely related to Cryptobatrachus
and Flectonotus, while Gastrotheca 1is sister of
Hemiphractus, rendering a non-monophyletic
Hemiphractinae. All analyses, although with differ-
ences regarding the relationships among terminals,
recovered the monophyly of all the supraspecific clades
proposed by Kok et al. (2017) for Stefania. No analy-
ses recovered as monophyletic all the supraspecific
taxa of Gastrotheca proposed by either Castroviejo-
Fisher et al. (2015) or Duellman (2015).

Comparison of trees

The costs of optimal trees under the conditions of
all alternative analytical strategies are not better than
the best cost of each analytical strategy (Table 2).
Among parsimony analyses, the best costs correspond
to the SAPm and TAPa analyses, the SAPm analysis
obtained shorter trees than TAPa, a result explained
by the exclusion of indels from the SAPm analysis.
Similarly, the SALm analysis resulted in a better likeli-
hood score than SALg.

Under TAPa conditions, the optimal tree with the
closest tree length to TAPa is SAPm (373 steps
longer), followed by SAPg (377 steps longer), SAP5th
(454 steps longer), SALm (572 steps longer), and
SALg (596 steps longer). The optimal tree with the
closest cost to SALg is SALm, followed by the parsi-
mony optimal trees of SAP5th, TAPa, SAPg, and
SAPm. The optimal tree with the closest cost to SALm
(excluding SALg) is SAP5th followed by TAPa,
SAPm, and SAPg optimal trees.

The total number of clades for each final topology
per analysis and the number of shared clades among
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Figure 3. Phylogenetic relationships among egg-brooding frogs and outgroups inferred from a tree-alignment + parsimony analysis (TAPa) of
phenotypic characters and DNA sequences. This topology reflects the strict consensus of the 393 most parsimonious trees (tree costs = 84 885
steps). Colored boxes over branches indicate monophyly (all colors but red) and frequency of clades in jackknife or bootstrap resampling mea-
sures in parsimony and maximum likelihood analyses, respectively, as inferred from each of the six analyses performed in this study: tree-align-
ment + parsimony (TAPa); similarity-alignment + parsimony, gaps as binary characters (SAPg); similarity-alignment + parsimony, gaps as
missing data (SAPm); similarity-alignment + parsimony, gaps as a fifth state (SAP5th); similarity-alignment + maximum likelihood analysis, gaps
as missing data (SALm); and similarity-alignment + maximum likelihood, gaps as binary characters (SALg). A skeletal topology on the left
shows in red the illustrated section. [Colour figure can be viewed at wileyonlinelibrary.com]

them are presented in Table 3. The optimal trees of
the SALm and SALg analyses have the highest num-
ber of clades (269), followed by the strict consensuses
of TAPa (256), SAP5th (255), SAPm (247), and SAPg
(225). The topologies with the greatest number of
shared clades are SALm and SALg (256), despite the
different treatment of indels. The topologies with the
least number of shared clades, the consensus tree of
SAPg and SALg optimal tree (188), differ in just opti-
mality criteria. Among the parsimony analyses, the
topologies with the greatest number of shared clades
are the consensus trees of SAPm and SAPg (222), both
just differing in the treatment of indels. The topologies
with the least number of shared clades, from analyses

with different treatment of indels, are the consensus
trees of SAP5th and SAPg (197). The parsimony tree
sharing more clades with SALg is the consensus tree
of SAP5th (199), and the one sharing the least number
of clades is the consensus tree of SAPg (188). The par-
simony consensus trees sharing more clades with
SALm are SAP5th and SAPm (198), and the one shar-
ing the least number of clades is the consensus tree of
SAPg (191).

Considering the total number of optimal trees
obtained for each parsimony analyses, both Robinson-
Foulds (RF) local distance values and pairwise SPR
distances were calculated for three optimal trees (0,
150, 300) of TAPa and SAP5th and for six optimal
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Figure 3. Continued

trees (0, 50, 150, 300, 1000, 1100) of SAPg and SAPm.
The mean Robinson-Foulds (RF) local distance values
(Table S3) and mean pairwise SPR distances
(Table S4) are higher for comparisons between SAL

-
1 1 |

=23
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topologies and trees from all parsimony analyses.
Also, optimal trees from TAPa are more distant to
SAPS5th optimal trees than to trees from SAPg and
SAPm analyses. Both measures of topological distance
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Figure 3. Continued

are congruent with the number of clades shared
between trees of the six analyses, the higher the num-
ber of shared clades, the smaller the topological dis-
tance values (Table 3, Tables S3 and S4).

The effect of alignment method: tree-alignment vs.
similarity-alignment

The strict consensuses of TAPa and SAP5th analyses,
of 393 and 309 trees respectively, are almost equally
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resolved (256 vs. 255 clades; Table 3), and share 80%
of its clades.

In SAP5th and TAPa results, Hemiphractidae have
different sister groups (Brachycephaloidea and Athes-
phatanura, respectively). Both analyses’ results have
unresolved clades only at the ingroup level (Fig. 3,
Figs. S1 and S2), within Cryptobatrachus, Gastrotheca
and Hemiphractus, and within Stefania only in SAP5th.

Both TAPa and SAP5th analyses recover the clade
Gastrotheca + Hemiphractus as sister of a clade
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Figure 3. Continued

including the other four genera. However, only
SAP5th recovers a sister relationship between Fritziana
and Stefania, while in TAPa Stefania is sister of the
clade that contains Cryptobatrachus and Flectonotus.
Although both topologies have a polytomy among
Cryptobatrachus terminals, only in the strict consensus
of TAPa the position of Flectonotus is unresolved as
part of a polytomy with Cryptobatrachus. Other
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Gastrotheca christiani FML 2881
Gastrotheca chrysosticta LM 58
Gastrotheca gracilis DCC 006
Gastrotheca'sp. 1
Gastrotheca stictopleura CORBIDI 14563
Gastrotheca stictopleura MTD 45230
Gastrotheca sp. G CORBIDI 16614
Gastrotheca sp. | CORBIDI 11776
Gastrotheca oresbios CORBIDI 11076
Gastrotheca psychrophila KU 142634
Gastrotheca spectabilis CORBIDI 11790
Gastrotheca pseustes 1 QCAZ 45113
Gastrotheca pseustes 2
Gastrotheca pseustes 2 QCAZ 22635
Gastrotheca turnerorum QCAZ 47299
Gastrotheca yacuri
Gastrotheca aguaruna KU 212026
Gastrotheca phelloderma CORBIDI 14002
Gastrotheca peruana KU 181740
Gastrotheca aratia KU 212056

OO
[ [

noteworthy differences include the relationship
between the clades of Stefania evansi and S. woodleyi
(sister clades in TAPa), the relative relationships and
level of resolution among the terminals of Hemiphrac-
tus, the position of G. ovifera, and the non-monophyly
of the G. longipes (Amphignathodon) species group.
Visual detailed comparisons between TAPa and
SAPSth results are presented in Fig. S7.
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The effect of optimality criteria: parsimony vs.
maximum likelihood

This comparison was made by contrasting the
results of SAPg vs. SALg and of SAPm vs. SALm
because, heuristics aside, these two sets of analyses
only differ in optimality criterion.

The SAPg strict consensus of 1402 optimal trees is
less-resolved than SALg optimal tree (225 vs. 269
clades; Table 2). Similarly, the SAPm strict consensus
of 1132 trees resulted in 247 clades, and the SALm
optimal solution in 269 clades. The results of SALg
(Fig. S5) and SAPg (Fig. S3) analyses share 188
clades, 84% of the 225 clades present in the SAPg
strict consensus. The strict consensus of the SAPm
analysis shares 80% of its clades with the SALm opti-
mal tree.

At the ingroup level, the most striking differences of
SAL analyses results, compared to SAPg and SAPm
results, are the presence of Cryptobatrachinae and
Hemiphractinae, in the former, and the sister relation-
ship  of  Gastrotheca and  Fritziana  (Gas-
trotheca + Hemiphractus in SAPg and SAPm results).
The position of G. ovifera and the polyphyly of the
G. fissipes species group (Eotheca) are the main differ-
ences within Gastrotheca. Within  Fritziana and
Hemiphractus the relative position of several terminals
is different and in Stefania, the SAPm analysis recov-
ered a sister relationship between the Stefania evansi
and S. woodleyi clades, whereas the SALm analysis
found the S. riveroi clade as sister of the S. woodleyi
clade.

Detailed visual comparisons between SAPg and
SALg, and of SAPm and SALm are presented in
Figs. S17 and S20, respectively.

The effect of indel coding: gaps as unknown nucleotides,
as fifth state or as binary characters

Within parsimony, the three indel coding strategies
were easily investigated by comparing the results of
SAP5th  (Fig. S2), SAPg (Fig. S3), and SAPm
(Fig. S4). Within a likelihood context, two coding
options (i.e., indels as unknown nucleotides and as
binary characters) were compared through the results
of SALg (Fig. S5) and SALm (Fig. S6).

Among SAP strict consensus trees, the SAP5th anal-
ysis has the following unique results: (i) the mono-
phyly of Brachycephaloidea; (ii) the non-monophyly of
Athesphatanura; (iii) the sister relationship between
Brachycephaloidea and Hemiphractidae; and (iv) the
sister relationship of Fritziana and Stefania. Also,
Cryptobatrachus is monophyletic with respect to
Flectonotus in the SAP5th strict consensus tree, oppo-
site to other parsimony results.

The results of SAPg and SAPm agree on the non-
monophyly of Brachycephaloidea, the monophyly of
Athesphatanura and its sister relationship to
Hemiphractidae, and the sister relationship of Stefania
with the clade of Cryptobatrachus + Flectonotus. All
SAP analyses agree on recovering Hemiphractus as sis-
ter to Gastrotheca.

The strict consensus of the SAPSth analysis is more
resolved than the SAPm strict consensus (255 vs. 247
clades; Table 3). These are the third pair of parsimony
analyses sharing the highest number of clades (203).
The strict consensus of SAPm shared 82% of its clades
with the SAPSth strict consensus. Differences between
the results of SAP5th and SAPm involved the relation-
ships of few terminals and clades within Stefania, and
most important differences involved Gastrotheca and
Hemiphractus relationships (Figs. S2, S4, and S13).

The SAPm strict consensus was more resolved than
the SAPg strict consensus (247 vs. 225 clades;
Table 3). These analyses shared the highest number of
shared clades (222) among the results of parsimony
analyses; the SAPg strict consensus tree shared all but
three clades with the SAPm strict consensus tree. Both
SAPg and SAPm recovered the same relationships
among hemiphractid genera. The main differences
between SAPg and SAPm involved relationships
within Gastrotheca and Stefania (Figs. S3, S4 and
S16).

The strict consensus of the SAP5th analysis was bet-
ter resolved than the SAPg strict consensus tree (255
vs. 225 clades, Table 3). These analyses shared the
least number of clades (197) among the results of par-
simony analyses. The SAPg strict consensus tree
shared 88% of its clades with the SAP5th strict con-
sensus. The results of SAPg and SAP5th had few dif-
ferences within  Stefania, with most important
differences within Gastrotheca and Hemiphractus
(Figs. S2, S3 and S12).

Both SALg and SALm optimal trees had 269 fully
resolved clades. These trees shared 256 clades (95%),
the highest number of shared clades among all analy-
ses. Within the outgroup, both analyses recovered the
non-monophyly of Athesphatanura and the mono-
phyly of Brachycephaloidea. However, different clades
were recovered as sister to Hemiphractidae, the largest
clade of Athesphatanura and Brachycephaloidea for
SALg and SALm, respectively. The SALg and SALm
analyses recovered the same relationships among
hemiphractid genera. The most important differences
between the SALg and SALm results involved rela-
tionships within Hemiphractus, followed by differences
within the Gastrotheca marsupiata species group (re-
stricted to the Gastrotheca subgenus clade), and few
differences within Fritziana and Stefania (Figs. S5, S6
and S21).
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Figure 4. Summarized topologies of (a) tree alignment + parsimony (TAPa), (b) similarity-alignment + parsimony, gaps as a fifth state
(SAPSth), (c) similarity-alignment + parsimony, gaps as binary characters (SAPg), (d) similarity-alignment + parsimony, gaps as missing data
(SAPm) strict consensus trees, (e) similarity-alignment + maximum likelihood, gaps as binary characters (SALg) and (f) similarity-align-
ment + maximum likelihood, gaps as missing data (SALm) optimal trees, showing the main phylogenetic relationships among genera and the
supraspecific groupings proposed by Castroviejo-Fisher et al. (2015) and Duellman (2015) for Gastrotheca, and by Kok et al. (2017) for Stefania.
Numbers on branches are jackknife or bootstrap proportions (left) in parsimony and maximum likelihood results, respectively, and Goodman-
Bremer values (right) in parsimony results. Numbers in parentheses after taxon names indicate number of sampled species. An asterisk denotes
jackknife or bootstrap of 100, two asterisks a non-monophyletic Athesphatanura, excluding Dendrobatoidea, and an en dash denotes bootstrap

or jackknife < 50.

Wildcard taxa

Searches for wildcard taxa were performed for trees
of all parsimony analyses. Cryptobatrachus sp. and
Gastrotheca sp. 1 are among the first ten terminals
with the greater potential to cause resolution decrease
in the strict consensus of all four parsimony analyses.
For SAPg and SAPm, Gastrotheca excubitor MUSM
26280, a terminal poorly represented both in the
molecular and phenotypic datasets, has the highest
potential to behave as a wildcard. For SAP5th and
TAPa, Cryptobatrachus sp. and Hemiphractus johnsoni,
respectively, are the terminals with the highest poten-
tial to have unstable behavior and both are repre-
sented by phenotypic characters only. A detailed list of
taxa ordered by decreasing potential of wildcard
behavior, for each parsimony analysis, is presented in
Tables S5-S8.

Impact of phenotypic data

For SAL analyses, the inclusion of the phenotypic
dataset hardly had an effect on the inferred intergeneric
relationships within Hemiphractidae except for a few
minor arrangements within Hemiphractus and Gas-
trotheca (Figs. S26, S27 and S32, S33). Also relevant is
that adding the phenotypic dataset modified the optimal
topology in the exact same way regardless of how we
coded indels (Table S9). The results are very different
within parsimony. For example, for all parsimony anal-
yses except SAP5Sth, the inferred relationships among
genera and among species of Hemiphractus and Gas-
trotheca are different when comparing the optimal
topologies of the combined dataset with those from the
molecular-only one for each of the four types of

analyses (Figs. S22-S25 and S28-S31). Also, the inclu-
sion of phenotypic characters increased the resolution
of optimal trees in SAP5th and SAPm—from six trees
and five polytomies to a single tree with no polytomies
and from nine trees and seven polytomies to two trees
and one polytomy, respectively—, had no effect with
each dataset yielding a single tree with no polytomies in
TAPa, and decrease their resolution in the total evi-
dence dataset with eight trees and seven polytomies to
eight trees and eight polytomies SAPg results. Finally,
the addition of phenotypic characters to the molecular
dataset caused an increase in the number of shared
clades in 80% of the comparisons, a decrease in 13%,
while it remained constant for the two likelihood analy-
ses. Of the eight comparisons between likelihood and
parsimony, the addition of phenotypic characters to the
molecular dataset caused an increase in the number of
shared clades in all instances.

Discussion

More taxa and more characters: considerations
concerning the studies of Castroviejo-Fisher et al.
(2015) and Duellman (2015)

Our TAPa analysis applied the same analytical strat-
egy as Castroviejo-Fisher et al. (2015). However, our
TAPa dataset has 46% more hemiphractid terminals,
359 more DNA sequences for up to 13 genes (mito-
chondrial and nuclear), additional data for external
morphology and behavioral characters of 21 terminals
(Fritziana and Gastrotheca), and for osteological char-
acters of three Hemiphractus terminals. Observed dif-
ferences between our TAPa results and those of

Table 3
Number of clades (in parenthesis) and clades shared by parsimony strict consensus trees and optimal maximum likelihood trees
TAPa (256) SAP5th (255) SAPm (247) SAPg (225) SALg (269) SALm (269)
SAP5th 206
SAPm 215 203
SAPg 209 197 222
SALg 192 199 193 188
SALm 194 198 198 191 256 -

Total number of terminals = 270.
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Castroviejo-Fisher et al. (2015) can only be attributed
to the increase in evidence.

The results of Castroviejo-Fisher et al. (2015) and
ours agree on recovering Brachycephaloidea as non-
monophyletic and a monophyletic Athesphatanura as
sister to Hemiphractidae. Hemiphractinae is not recov-
ered in our TAPa analysis. Considering the relation-
ships among Hemiphractidae genera, the only
common result between our TAPa analysis and Cas-
troviejo-Fisher et al. (2015) is the sister relationship of
Gastrotheca and Hemiphractus.

Our TAPa analysis recovered a monophyletic
Flectonotus within a polytomy of Cryptobatrachus ter-
minals. The non-monophyly of Cryptobatrachus is
caused by Cryptobatrachus sp.—a specimen only repre-
sented by phenotypic characters—as it resulted as sister
of Flectonotus in 20% of the TAPa optimal trees. Cryp-
tobatrachus sp. is the second most probable terminal to
decrease resolution in the strict consensus of TAP
results. To figure out why Cryptobatrachus sp. is col-
lapsing the monophyly of Cryptobatrachus in our study
but not in Castroviejo-Fisher et al. (2015), we per-
formed a simple analysis. Since Cryptobatrachus sp. is
represented only by phenotypic characters, one can logi-
cally conclude that only terminals with phenotypic char-
acters can influence its position within the tree.
Therefore, we analyzed a matrix of 39 terminals and the
51 phenotypic characters—we only included all the
well-represented terminals for the phenotypic characters
—in TNT under Traditional Search (results not shown).
If we forced Fritziana as sister of Cryptobatrachus and
Flectonotus such as in our results of TAPa, SAPm, and
SAPg the position of Cryptobatrachus sp. as sister to
the two Flectonotus terminals is as optimal as both gen-
era being sisters and reciprocally monophyletic. How-
ever, if Fritziana is sister of Stefania and this clade is
sister of Cryptobatrachus and Flectonotus, the optimal
solution is the monophyly of Cryptobatrachus (i.e., the
position of Cryptobatrachus sp. as sister to the two
Flectonotus terminals adds one step to the tree length).
We conclude that adding additional sequences and ter-
minals of Fritziana and Stefania caused changes in their
relative positions within Hemiphractidae with respect to
the results of Castroviejo-Fisher et al. (2015), which
caused changes in the polarity and number of transfor-
mations of the phenotypic characters of Cryptobatra-
chus sp. This result carries a valuable lesson: the
addition of characters for a subset of terminals can
affect the relationships of other taxa that are not even
scored for those data (de Sa et al., 2014).

Differences between Castroviejo-Fishers et al’s.
(2015) dataset and ours are mainly related to taxa and
DNA sequences of Fritziana and Stefania. We added a
relatively fewer number of taxa and characters for
Gastrotheca and Hemiphractus. Regarding Fritziana
relationships, the only common result is the position
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Figure 5. Robinson-Foulds distances between pairs of trees ordered
according to the number of differing analytical factors (optimality
criterion, alignment, and indel coding) between phylogenetic analy-
ses. There is a positive additive effect in all cases (i.e., an increase in
differing analytical factors implies an increase in the differences
between optimal topologies) except for two cases in parsimony. Cod-
ing indels as unknown nucleotides or as an additional presence/ab-
sence dataset following the Simple Indel Coding method (SIC) of
Simmons and Ochoterena (2000) instead of a fifth character makes
tree-alignment converge with similarity-alignment.

of F. tonimi as sister of all other Fritziana. In contrast,
the relationships among Stefania clades are stable, and
only the position of S. riae is different. Within Gas-
trotheca, relationships among species groups are very
similar. However, G. ovifera is sister of the G. fissipes
species group from the Atlantic Forest (Fig. 3d) and
not of the Andean species of the G. marsupiata species
group as in Castroviejo-Fishers et al. (2015). Finally,
within Hemiphractus, the most important change is the
position of a clade of all H. scutatus terminals as sister
of all other Hemiphractus in our TAPa optimal trees
and a decrease in resolution regarding the relationships
of six terminals (Fig. 3c).

Our SALm analysis is similar to the analytical strat-
egy of Duellman (2015). However, the present study
has 86% more terminals of egg-brooding frogs, 124
more outgroup terminals, up to 51 phenotypic charac-
ters for 243 terminals, and up to 9 580 more bp from
16 nuclear and mitochondrial genes. Both studies
agreed on recovering Hemiphractidae as sister of a
monophyletic Brachycephaloidea and the monophyly
of Cryptobatrachinae, Hemiphractinae, and all their
genera. However, within Hemiphractinae, Fritziana is
sister of Gastrotheca, instead of Stefania as in Duell-
man (2015). The limited number of terminals of Duell-
man (2015) dataset prevented comparisons of the
relationships within Cryptobatrachus, Fritziana, and
Hemiphractus. Regarding Gastrotheca, of the five non-
monotypic subgenera proposed by Duellman (2015)
we only recover as monophyletic Amphignathodon and
Australotheca (Cryptotheca is only represented by
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Table 4

Bootstrap (BS), jackknife (JK), and Goodman Bremer (GB) values for the main clades considered in this study

TAPa (JK/GB) SAPsy;, JK/GB) SAPg JK/GB) SAPm (JK/GB) SALg(BS) SALm (BS)

Athesphatanura 99/31 -
Brachycephaloidea - 56/12
Hemiphractidae 99/71 **/13
Athesphatanura + Hemiphractidae 99/58 -
Brachycephaloidea + Hemiphractidae — **/15
Cryptobatrachinae Frost et al. (2006) 94/3 **/13
Hemiphractinae Peters (1862) - -
Cryptobatrachus - 60/15
Flectonotus 90/3 95/20
Fritziana 100/7 99/80
Gastrotheca 100/43 100/69
Species groups (Castroviejo-Fisher et al., 2015)

G. fissipes species group 100/19 -

G. longipes species group 100/33 -

G. marsupiata species group - -

G. microdiscus species group 100/46 91/19
Subgenera (Duellman, 2015)

Amphignathodon 99/18 86/9

Australotheca 100/46 91/19

Duellmania - -

Eotheca 100/19 -

Gastrotheca - -
Hemiphractus 100/63 99/39
Stefania 100/4 99/55
Stefania clades (Kok et al., 2017)

evansi clade 100/46 99/1

ginesi clade 100/4 99/31

riveroi clade 100/25 99/36

woodleyi clade 100/38 99/40

64/14 5725 _ _
- - 65 92
59/11 76/7 59 93
/27 52/30 -
- - - 61
53/9 71/5 94 97
- - 55 91
- - 97 97
93/3 92/6 100 100
99/84 99/77 100 100
99/47 100/41 57 90
ok )3 #% /10 _ _
5177 67/9 56 91
89/16 89/15 83 94
84/41 80/31 81 84
89/16 89/15 83 94
4 /3 *%/10 _ _
100/19 100/12 94 92
99/10 99/11 98 98
99/36 99/7 100 100
99/28 99/16 100 99
99/27 99/23 100 100
99/26 99/31 98 99

One asterisk refers to Athesphatanura without Dendrobatoidea, two asterisks denote jackknife < 50, while an en dash indicates non-mono-

phyly in the optimal tree(s).

G. walkeri). The position of the monotypic Opisthodel-
phys (G. ovifera) also differs from that inferred by
Duellman (2015).

We demonstrate that both Castroviejo-Fisher et al’s.
(2015) and Duellman’s (2015) results are sensitive to
the addition of taxa and characters, even when the
increase of evidence is relatively limited as in the case
of the dataset of Castroviejo-Fisher et al. (2015). If we
consider that the amount of missing data in our data-
set is still large (Table 1) and that 27 described species
are not represented in our analyses, we can expect fur-
ther changes among the relationships of hemiphractids,
even if analyses remain constant. Another relevant
conclusion is that the divergence observed between the
results of Castroviejo-Fisher et al. (2015) and Duell-
man (2015) has not decreased despite identical taxon
and character sampling. Below, we explore other ana-
Iytical factors as potential causes for the observed dif-
ferences.

The impact of optimality criteria

The comparison of SAPg vs. SALg, SAPm vs.
SALm, and TAPa vs. the two SAL strategies allowed

the identification of qualitatively important differences
attributable to the use of ML or parsimony (e.g. the
sister relationship of Fritziana and Gastrotheca vs. the
sister relationship of Hemiphractus and Gastrotheca,
and the monophyly vs. the non-monophyly of
Hemiphractinae). When evaluated individually or in
addition to indel coding and/or alignment, optimality
criterion produces the strongest differences (Fig. 5,
Tables S3 and S4). We want to highlight that the dis-
cussed clades differing among analyses have resam-
pling support values <75 in at least some of our
analyses (Fig. 4, S1-S6; Table 4). For example,
Hemiphractidae and its sister clade, the sister relation-
ship of Fritziana or Stefania, and the monophyly of
the Gastrotheca fissipes and G. longipes species groups.
Nonetheless, some clades that received JK or BS < 50
in some of the analyses are shared by the results of all
of the analyses, such as Cryptobatrachinae and
Hemiphractidae.

Besides these differences, other patterns emerge.
First, even in the more distant results, what dominates
is congruence among the content of clades (Table 4), a
pattern already brought up by Rindal and Brower
(2010) and Cabra-Garcia and Hormiga (2020). Second,
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some important qualitative differences occur within
the same optimality criterion, such as Fritziana as sis-
ter of Stefania or Cryptobatrachus + Flectonotus, a
monophyletic Brachycephaloidea or Atesphatanura
sister of Hemiphractidae, and the monophyly or not
of Cryptobatrachus (Fig. 4a—d). This indicates that
analytical factors other than optimality criterion have
an important impact on our understanding of evolu-
tionary history due to the asymmetry between quanti-
tative and qualitative differences, here illustrated by
the impact in the supraspecific taxonomy. For exam-
ple, although the results between TAPa and SAP5th
are quantitatively more similar than between them
with any of the SAL results, the taxonomies of
SAP5th and SAL share a monophyletic Brachy-
cephaloidea sister of Hemiphractidae, a monophyletic
Cryptobatrachus, and a non-monophyletic Gastrotheca
fissipes species group.

A different issue, with more pragmatic implications,
is the limitation of current parametric phylogenetic
software to report more than a single optimal tree,
due to implementation issues or computational diffi-
culties (Simmons, 2012; Simmons and Kessenich,
2019). This masks lack of or ambiguous evidence in
datasets so clades recovered as a polytomy by parsi-
mony analyses but completely resolved by ML analy-
ses must be interpreted cautiously, particularly in the
context of missing data (Lemmon et al., 2009; Sim-
mons, 2012, 2014; Simmons and Goloboff, 2013). As
mentioned before, the completely resolved relation-
ships among Cryptobatrachus terminals recovered by
both SALm and SALg analyses (Figs. S5 and S6), as
opposed to a complete polytomy in all parsimony
strict consensuses (Figs. S1-S4; Fig. 4), showed that
available evidence is not enough to unambiguously
resolve relationships within Cryptobatrachus. The ter-
minal Cryptobatrachus sp. is represented only by 48
out of 51 phenotypic characters, and the only other
terminal within the genus with more than three pheno-
typic characters is C. fuhrmanni JDL 14865 (49/51
phenotypic characters). Furthermore, those three
shared phenotypic characters are not variable among
Cryptobatrachus species. In addition, among terminals
with DNA data, no molecular marker is shared among
all Cryptobatrachus terminals. Simply put, the avail-
able evidence is not adequate to resolve the relation-
ships  within that clade and any sensible
implementation of an optimality criterion should
reflect this absence of evidence. Padial et al. (2014)
provided a similar empirical example with Eleuthero-
dactylus frogs. Solutions to these artifacts have been
proposed (e.g., Nguyen et al., 2014; Chernomor et al.,
2016; Biczok et al., 2018) but it is unclear if these
approaches are able to correct empirical cases such as
the one related here for Cryptobatrachus.

The impact of alignment strategies

We expected the optimal topologies of SAP5th and
TAPa to be more similar despite the different nucleo-
tide homology hypotheses, inferred through similarity
and tree-alignment, respectively. However, the impact
of alignment strategies as measured by Robinson-
Foulds and pairwise SPR distances is nearly as strong
as optimality criterion and stronger than differences
derived by indel coding within parsimony or ML
(Tables S3 and S4, Figs. 4 and 5). The explanation is
that while similarity-alignment searches for pairwise
minimum phenetic distances among sequences, tree-
alignment searches for the best topology-specific state-
ments of homology as judged by an optimality crite-
rion that allows transformations through time (e.g.,
parsimony and maximum likelihood). Also, through
direct optimization indels appear as transformations
linking ancestral and descent nucleotide sequences,
instead as patterns implied by MSA (Wheeler, 1996;
Wheeler et al., 2006). This is also clearly shown by cal-
culating the costs of SAP and SAL optimal trees under
IPO in POY. In all cases (Table 2), the results demon-
strate that there are more optimal alignments, as
judged by equally weighted parsimony, for those
topologies.

We are only aware of three previous studies that
have quantitatively evaluated if optimality criterion
affects relationships more or less than alignment strat-
egy (tree- vs. similarity-alignment; Padial et al., 2014;
Goicoechea et al., 2016; Cabra-Garcia and Hormiga,
2020). Unfortunately, the results of those studies are
only partially comparable to ours. For example, Goi-
coechea et al. (2016) only reported shared clades to
compare topologies and Padial et al. (2014) and
Cabra-Garcia and Hormiga (2020), when using parsi-
mony with similarity alignment, coded gaps as a fifth
character state and did not evaluate gaps as unknown
nucleotides. In general, our results are similar to those
of Padial et al. (2014) and Cabra-Garcia and Hormiga
(2020), with a slightly smaller impact of alignment
strategy over topological distances when compared to
optimality criterion. Goicoechea et al. (2016), in a
study of teioid lizards, reported that the two most sim-
ilar topologies were those resulting from their SALm
and TAPa, while the most different results were
obtained by their SAP5th and SAPm. Their results
have important implications because they question if
similarity-alignment is appropriate for parsimony anal-
ysis and if tree-alignment under parsimony is more
compatible with similarity-alignment under ML (Goi-
coechea et al., 2016). Our results add to this discus-
sion. On the one hand, our results of SAP5th analysis
are the most divergent within parsimony, which is
compatible with Goicoechea et al’s. (2016) results; on
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the other hand, our TAPa and SAL results are the
most different topologies, which is not.

In summary, our results are more compatible with
Padial et al. (2014) and Cabra-Garcia and Hormiga
(2020), although those studies did not evaluate SAPm.
However, sample size is still too small (only four stud-
ies, including ours) and differences among the per-
formed comparisons are important. We conclude that
the data are still too scarce to provide a general pat-
tern except that using tree alignment or similarity
alignment under parsimony with gaps coded as a fifth
character state retrieves trees that are about as differ-
ent as using similarity alignment with parsimony or
likelihood.

The impact of indel coding in Hemiphractidae
phylogenetics

Within SAP analyses, the SAPS5th strict consensus is
the most resolved, followed by those of SAPm and
SAPg analyses (Table 3). The strict consensus of SAPg
includes the same unresolved clades as SAPm plus
some additional ones (Figs. S3 and S4). One expects
that the diminished resolution of the SAPg strict con-
sensus is caused by the reduction of information from
the complete similarity-alignment to 1421 SIC charac-
ters (Simmons et al., 2007). However, this cannot
explain that the strict consensus of SAPm, inferred
from a dataset with no indel information, includes
fewer polytomies than that of SAPg. We suspect that
the 1421 SIC characters of SAPg retained a higher rel-
ative proportion of contradictory information than the
complete similarity-alignment.

In addition, there are important topological differ-
ences among the results of the three SAP analyses.
The strict consensus of the SAP5th strategy has several
discordances with the strict consensus trees of SAPg
and SAPm, the latter two analyses recovered more
similar topologies (Figs. 4-5, S2-S4; Table 3). In other
words, parsimony analyses resulted in more similar
topologies when dismissing the pattern of indels
inferred through MSA or by coding gaps as separate
characters. Within Hemiphractidae, the support values
of the three SAP strategies were very similar and over-
all high. These results indicate that the different treat-
ments of indel information did not have any effect
over the resampling measure.

The two SAL analyses recovered the most similar
trees among all comparisons and are similar to the dis-
tances found between SAPm and SAPg trees (Figs. 4,
S5 and S6; Table 3). The different treatment of indels
in ML has more obvious effect on BS. Those of the
SALm analysis are in general higher within
Hemiphractidae (Table 4). State-of-the-art parametric
methods in phylogenetics recode each gap as an
unknown nucleotide and the role of different

treatments of indels in a parametric framework has
been poorly explored (e.g., Egan and Crandall, 2008;
Nagy et al., 2012; Luan et al., 2013; Boutte et al.,
2019). Although the quantitative effects of coding
indels differently in our ML analysis are the lowest
when compared to the other analytical factors evalu-
ated in our study, they are relevant and highlight the
importance of improving computational features of
methods that incorporate indel information into ML
and Bayesian phylogenetic software (Fleissner et al.,
2005; Lunter et al., 2005; Redelings and Suchard,
2005; Suchard and Redelings, 2006; Novak et al.,
2008; Westesson et al., 2012). For example, the latest
version of POY allows the inclusion of indels as a fifth
character state in ML analysis, both in static and
dynamic contexts (Wheeler et al., 2015). However, rel-
ative large datasets such as ours remain computation-
ally intractable'.

In summary, the quantitatively relevant phylogenetic
information of indel characters changed the topology,
resolution, and resampling measures of clade support
in our analyses. Although the impact of different indel
coding strategies varied, it was never negligible
(Table 3, Fig. 5).

Additive effects

One could expect that an increment in the differ-
ences of analytical factors implies an increase in the
differences between results due to an additive effect.
Our results offer a mixed signal for such an additive
effect (Fig. 5). When analyses differ in both optimality
criterion and indel coding, the Robinson-Foulds dis-
tances always increase with respect to comparisons
between analyses that just differ in one of those two
factors. This is also the case when analyses differ in
alignment strategy, optimality criterion, and indel cod-
ing. However, within parsimony the differences caused
by alignment strategy decrease when indels are not
coded as a fifth state. It secems that the pattern of
indels inferred by similarity-alignment contains such
different phylogenetic information from that of tree-
alignment, that decreasing their weight either partially
(SAPg) or completely (SAPm) increases similarity
among optimal topologies.

The impact of phenotypic data

Our results show that the addition of a few pheno-
typic characters to a three orders of magnitude larger
molecular dataset can impact the results in different

'A ML search, coding indels as a fifth state, of part of our data-
set (252 terminals and similarity alignment of 12S and 16S
sequences) did not finish after 20 days running on one processor
(adding processors decreased performance).
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ways. Regarding the resolution of optimal trees, we
found a positive or neutral effect in five out of six
analyses (two and three, respectively), while it
decreased tree resolution only in SAPg analysis. This
generally positive or neutral effect is commonly
reported in the literature (Nylander et al., 2004; de Sa
et al., 2014; Chakrabarty et al., 2017; Mirande, 2017;
Koch and Gauthier, 2018; Martin et al., 2018;
Sanchez-Pacheco et al., 2018; Cabra-Garcia and Hor-
miga, 2020). Another positive result (at least in our
view) is that the addition of the phenotypic characters
increased congruence up to 12% among the optimal
topologies of the different analyses in 80% of the com-
parisons. Taken together, these results flag phenotypic
characters as a promising source of information to
improve our understanding of egg-brooding frogs’ evo-
lutionary history.

Goloboff et al. (2019) found that the common mech-
anism assumption of the Mkv model is rarely met by
empirical phenotypic data. This violation could then
cause important divergences between the optimal
topologies selected by methods using this model and
those that do not. When we compare the results of
SAPm and SAPg with those of SALm and SALg, with
and without the phenotypic dataset, we found an
interesting result. The optimal topologies of SAPm
and SALm and those of SAPg and SALg became 8%
and 11% more similar (i.e., more shared clades),
respectively, with the addition of the phenotypic data-
set. Furthermore, both SAPm and SALg as well as
SAPg and SALm yield optimal trees 11% and 8%
more similar, respectively, when we added the pheno-
typic dataset. The effects of analyzing phenotypic
characters, as well as indels, under the Mkv model
should be carefully investigated. For example, the pre-
dictions of Goloboff et al. (2019) regarding branch
lengths, parsimony, and the common mechanism of
the Mkv model could be applied to indels coded as
binary characters.

The supraspecific taxonomy of Hemiphractidae

Our six analytical strategies recover the monophyly
of Hemiphractidae in accordance with the two previ-
ously most extensive phylogenies of egg-brooding frogs
(Castroviejo-Fisher et al., 2015; Duellman, 2015). To
discuss the supraspecific taxonomy of Hemiphractidae,
we use the results of the strict consensus resulting from
the TAPa analysis because it is the only analytical
strategy that tested nucleotide homologies dynami-
cally, using indels as characters, applying a logically
consistent optimality criterion between alignment and
tree searches, while simultaneously optimizing the
characters of the phenotypic matrix, on multiple alter-
native trees. This strategy maximized the explanation
of the observed differences, while simultaneously

interpreting evidence more conservatively and thor-
oughly exploring tree space. A list of phenotypic
synapomorphies is presented in Appendix S3.

We find novel phylogenetic relationships among and
within genera and the monophyly of Hemiphractinae
sensu Castroviejo-Fisher et al. (2015) is not recovered.
Although the TAPa analysis recovers a non-mono-
phyletic Cryptobatrachus, we abstain from making
nomenclatural changes because a single terminal coded
for just 48 phenotypic characters is causing the poly-
tomy. A better character and taxon sampling of this
genus is needed. The TAPa analysis recovers a mono-
phyletic Flectonotus with the same phenotypic synapo-
morphies found by Castroviejo-Fisher et al. (2015)
(Appendix S3). We recover a monophyletic Fritziana
in accordance with previous results (Duellman et al.,
2011; Schmid et al., 2012; Blackburn and Duellman,
2013; Castroviejo-Fisher et al., 2015; Walker et al.,
2016, 2018a). Our analysis did not recover any of the
phenotypic synapomorphies found by Castroviejo-
Fisher et al. (2015), the only phenotypic synapomor-
phy for Fritziana is the pouch type (Appendix S3).
With respect to Stefania, all the clades proposed by
Kok et al. (2017) are monophyletic. As in Castroviejo-
Fisher et al. (2015), no phenotypic synapomorphies
were recovered for Stefania. Regarding the relation-
ships within Hemiphractus, there are no nomenclatural
implications because it does not include supraspecific
taxa, notwithstanding the much needed description of
all the putative new species reported herein. Our TAPa
analysis recovers a subset of the phenotypic synapo-
mophies recovered by Castroviejo-Fisher et al. (2015)
(Appendix S3).

For Gastrotheca the same synapomorphies found by
Castroviejo-Fisher et al. (2015) were recovered.
According to our results, current taxonomies are
incompatible with the principle of monophyly. The
monophyly of the supraspecific taxonomy of Castro-
viejo-Fisher et al. (2015) is easier to achieve (i.e.,
requires fewer nomenclatural changes). Consequently,
we provide an updated taxonomy following the species
groups of Gastrotheca suggested by Castroviejo-Fisher
et al. (2015). For those interested in using the subgen-
era of Duellman (2015), we also suggest a new taxon-
omy based on the principle of monophyly that renders
the content of both taxonomies equivalent, so that
users are referring to the same entities regardless of
the name (Appendix 1).
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Fig. S1. Results of the tree-alignment + parsimony
(TAPa) analysis: strict consensus of the 393 most par-
simonious trees of 84 885 steps inferred from nuclear
and mitochondrial DNA sequences and phenotypic
data.

Fig. S2. Results of the similarity-alignment + parsi-
mony, with gaps as fifth state (SAP5th), analysis: strict
consensus of the 309 most parsimonious trees of
90 684 steps inferred from nuclear and mitochondrial
DNA sequences and phenotypic data.

Fig. S3. Results of the similarity-alignment + parsi-
mony, with gaps as binary characters (SAPg), analysis:
strict consensus of the 1402 most parsimonious trees
of 87 670 steps inferred from nuclear and mitochon-
drial DNA sequences and phenotypic data.

Fig. S4. Results of the similarity-alignment + parsi-
mony, with gaps as missing data (SAPm), analysis:
strict consensus of the 1132 most parsimonious trees
of 83 798 steps inferred from nuclear and mitochon-
drial DNA sequences and phenotypic data.

Fig. S5. Results of the similarity-alignment + maxi-
mum likelihood, with gaps as binary characters
(SALg), analysis: optimal tree (log likeli-
hood = —368553.75) inferred from nuclear and mito-
chondrial DNA sequences and phenotypic data,
numbers on branches are bootstrap percentages.

Fig. S6. Results of the similarity-alignment + maxi-
mum likelihood, with gaps as missing data (SALm),
analysis: optimal tree (log likelihood = —348389.07)
inferred from nuclear and mitochondrial DNA
sequences and phenotypic data, numbers on branches
are Bootstrap percentages.

Fig. S7. Comparisons, within each genus of
Hemiphractidae, of the strict consensuses resulting
from SAP5th (left) and TAPa (right) analysis.

Fig. S8. Comparisons, within each genus of
Hemiphractidae, of the strict consensuses resulting
from SAPg (left) and TAPa (right) analysis.

Fig. S9. Comparisons, within each genus of
Hemiphractidae, of the strict consensuses resulting
from SAPm (left) and TAPa (right) analysis.

Fig. S10. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict
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consensus resulting from SALg (left) and TAPa (right)
analysis, respectively.

Fig. S11. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALm (left) and TAPa (right)
analysis, respectively.

Fig. S12. Comparisons, within each genus of
Hemiphractidae, of the strict consensuses resulting
from SAPS5th (left) and SAPg (right) analysis.

Fig. S13. Comparisons, within each genus of
Hemiphractidae, of the strict consensuses resulting
from SAPS5th (left) and SAPm (right) analysis.

Fig. S14. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALg (left) and SAPS5th (right)
analysis, respectively.

Fig. S15. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALm (left) and SAP5th (right)
analysis, respectively.

Fig. S16. Comparisons, within each genus of
Hemiphractidae, of the strict consensuses resulting
from SAPg (left) and SAPm (right) analysis.

Fig. S17. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALg (left) and SAPg (right)
analysis, respectively.

Fig. S18. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALm (left) and SAPg (right)
analysis, respectively.

Fig. S19. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALg (left) and SAPm (right)
analysis, respectively.

Fig. S20. Comparisons, within each genus of
Hemiphractidae, of the optimal tree and the strict con-
sensus resulting from SALm (left) and SAPm (right)
analysis, respectively.

Fig. S21. Comparisons, within each genus of
Hemiphractidae, of the optimal trees resulting from
SALg (left) and SALm (right) analysis.

Fig. S22. Tree-alignment + parsimony (TAPa) anal-
ysis on a 36 terminals dataset, showing ingroup rela-
tionships: optimal tree of 12 236 steps inferred from
nuclear and mitochondrial DNA sequences and pheno-
typic data.

Fig. S23. Similarity-alignment + parsimony, gaps as
fifth state (SAP5th) analysis on a 36 terminals dataset,
showing ingroup relationships: optimal tree of 13 024
steps inferred from nuclear and mitochondrial DNA
sequences and phenotypic data.

Fig. S24. Similarity-alignment + parsimony, gaps as
binary characters (SAPg) analysis on a 36 terminals
dataset, showing ingroup relationships: one of eight
optimal trees of 12 340 steps inferred from nuclear

and mitochondrial DNA sequences and phenotypic
data.

Fig. S25. Similarity-alignment + parsimony, gaps as
missing data (SAPm) analysis on a 36 terminals data-
set, showing ingroup relationships: one of two optimal
trees of 12 006 steps inferred from nuclear and mito-
chondrial DNA sequences and phenotypic data.

Fig. S26. Similarity-alignment + maximum likeli-
hood, gaps as binary characters (SALg) analysis on a
36 terminals dataset, showing ingroup relationships:
optimal tree (log likelihood = —68555.403517) inferred
from nuclear and mitochondrial DNA sequences and
phenotypic data.

Fig. S27. Similarity-alignment + maximum likeli-
hood, gaps as missing data (SALm) analysis on a 36
terminals dataset, showing ingroup relationships: opti-
mal tree (log likelihood = —67203.063422) inferred
from nuclear and mitochondrial DNA sequences and
phenotypic data.

Fig. S28. Tree-alignment + parsimony (TAPa) anal-
ysis on a 36 terminals dataset, showing ingroup rela-
tionships: optimal tree of 11 947 steps inferred from
nuclear and mitochondrial DNA sequences.

Fig. S29. Similarity-alignment + parsimony, gaps as
fifth state (SAP5th) analysis on a 36 terminals dataset,
showing ingroup relationships: one of six optimal trees
of 12 725 steps inferred from nuclear and mitochon-
drial DNA sequences.

Fig. S30. Similarity-alignment + parsimony, gaps as
binary characters (SAPg) analysis on a 36 terminals
dataset, showing ingroup relationships: one of eight
optimal trees of 12 050 steps inferred from nuclear
and mitochondrial DNA sequences.

Fig. S31. Similarity-alignment + parsimony, gaps as
missing data (SAPm) analysis on a 36 terminals data-
set, showing ingroup relationships: one of nine optimal
trees of 11 718 steps inferred from nuclear and mito-
chondrial DNA sequences.

Fig. S32. Similarity-alignment + maximum likeli-
hood, gaps as binary characters (SALg) analysis on a
36 terminals dataset, showing ingroup relationships:
optimal tree (log likelihood = —67563.887800) inferred
from nuclear and mitochondrial DNA sequences.

Fig. S33. Similarity-alignment + maximum likeli-
hood, gaps as missing data (SALm) analysis on a 36
terminals dataset, showing ingroup relationships: opti-
mal tree (log likelihood = —66210.248945) inferred
from nuclear and mitochondrial DNA sequences.

Table S1. Updated identification of ingroup and
outgroup samples used in previous studies.

Table S2. Partition schemes evaluated in Parti-
tionFinder and resulting scores for the corrected
Akaike Information Criterion (AICc).

Table S3. Mean Robinson-Foulds local distance val-
ues calculated among optimal maximum likelihood
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trees and a subsample of optimal trees from parsimony
analysis.

Table S4. Mean number of SPR moves calculated
from pairwise SPR distance comparisons among opti-
mal maximum likelihood trees and a subsample of
optimal trees from parsimony analyses.

Table S5. Terminals ordered from minimum to max-
imum average match split distances (MSD) among
TAPa optimal trees.

Table S6. Terminals ordered from minimum to max-
imum average match split distances (MSD) among
SAPSth optimal trees.

Table S7. Terminals ordered from minimum to max-
imum average match split distances (MSD) among
SAPg optimal trees.

Table S8. Terminals ordered from minimum to max-
imum average match split distances (MSD) among
SAPm optimal trees.

Table S9. Number of clades shared by optimal trees
of analyses performed using combined and molecular-
only datasets.

Appendix S1. Terminals, voucher codes (for ingroup
taxa), and GenBank accession numbers of DNA
sequences used in this study.

Appendix S2. Specimens, voucher/field number
codes, localities, and list of sequences generated in this
study.

Appendix S3. List of phenotypic synapomorphies
common to the 393 optimal trees of tree-align-
ment + parsimony (TAPa) analysis.

Data S1. DNA sequence fragments, of 20 mitochon-
drial and nuclear loci, analyzed jointly with a pheno-
typic matrix in the tree-alignment + parsimony (TAPa)
analysis.

Data S2. Phenotypic matrix, of 51 characters, ana-
lyzed jointly with DNA sequence fragments in the
tree-alignment + parsimony (TAPa) analysis.

Data S3. Implied alignment of DNA sequences
resulting from the tree-alignment + parsimony (TAPa)
analysis.

Data S4. Total-evidence data matrix analyzed in the
similarity-alignment + parsimony, with gaps as fifth
state (SAP5th), analysis.

Data S5. Total-evidence data matrix analyzed in the
similarity-alignment + parsimony, with gaps as binary
characters (SAPg), analysis.

Data S6. Total-evidence data matrix analyzed in the
similarity-alignment + parsimony, with gaps as missing
data (SAPm), analysis.

Data S7. Total-evidence data matrix analyzed in the
similarity-alignment + maximum Likelihood, with gaps
as binary characters (SALg), analysis.

Data S8. Total-evidence data matrix analyzed in the
similarity-alignment + maximum likelihood, with gaps
as missing data (SALm), analysis.

Appendix 1

Genus Gastrotheca Fitzinger, 1843
Gastrotheca fissipes species group

Equivalent to: Subgenus Eotheca Duellman, 2015

Content:  Gastrotheca  fissipes, G. flamma, G. megacephala,
G. prasina, G. pulchra, and G. recava.

Remarks: This clade includes the undescribed species Gastrotheca
sp. L.

Gastrotheca longipes species group

Equivalent to: Subgenus Amphignathodon Boulenger, 1882 sensu
Duellman (2015).

Content: Gastrotheca andaquiensis, G. angustifrons, G. antomia,
G. bufona, G. cornuta, G. dendronastes, G. guentheri, G. helenae, and
G. longipes.

Remarks: Equivalent in content to the Gastrotheca longipes spe-
cies group of Castroviejo-Fisher et al. (2015) except for the exclusion
in this work of G. walkeri and G. williamsoni. Our analyses did not
include G. andaquiensis, G. angustifrons, G. antomia and G. bufona.
They remain tentatively assigned to this clade, as in Castroviejo-
Fisher et al. (2015), based on similarity with the other species of the
group.

Gastrotheca marsupiata species group

Equivalent to: Subgenus Gastrotheca Fitzinger, 1843 sensu this
work.

Synonyms of Subgenus Gastrotheca: Subgenus Duellmania
Dubois, 1987, new synonym; Subgenus Edaphoteca Duellman, 2015,
new synonym.

Content:  Gastrotheca abdita, G. aguaruna, G. antoniiochoai,
G. aratia,  G. argenteovirens,  G. atympana, G. aureomaculata,
G. caeruleomaculata, G. carinaceps, G. christiani, G. chrysosticta,
G. cuencana, G. dissimilis, G. dunni, G. dysprosita, G. elicioi,
G. espeletia, G. excubitor, G. galeata, G. gracilis, G. griswoldi, G. la-
teonota, G. litonedis, G. lojana, G. marsupiata, G. monticola, G. nebu-
lanastes, G. nicefori, G. ochoai, G. oresbios, G. orophylax,
G. ossilaginis, G. pacchamama, G. pachachacae,  G. peruana,
G. phalarosa, G. phelloderma, G. piperata, G. plumbea, G. pseustes,
G. psychrophila, G. rebeccae, G. riobambae, G. ruizi, G. spectabilis,
G. splendens, G. stictopleura, G. testudinea, G. trachyceps, G. turnero-
rum, G. yacuri, and G. zeugocystis.

Remarks: The only difference in content with the G. marsupiata
species group of Castroviejo-Fisher et al. (2015) is the exclusion in
this work of G. ovifera. The subgenera Gastrotheca and Duellmania
are non-monophyletic. Although Edaphoteca is monotypic, the
preservation of this subgenus would require further nomenclatural
changes to Gastrotheca and Duellmania in all analyses. The simplest
solution (i.e., fewer nomenclatural changes) is to consider Duellmania
and Edaphoteca as synonyms of the subgenus Gastrotheca. This also
renders the G. marsupiata species group equivalent to the subgenus
Gastrotheca.

The following species were not included in our analyses: G. ab-
dita, G. caeruleomaculata, G. carinaceps, G. cuencana, G. dysprosita,
G. lateonota, G. ossilaginis, G. pacchamama, G. peruana, G. piperata,
and G. splendens. These species remain assigned to this clade because
of its Andean distribution and morphological similarity to other spe-
cies of the group.
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Gastrotheca microdiscus species group

Equivalent to: Subgenus Australotheca Duellman, 2015

Content: G. albolineata, G. ernestoi, G. fulvorufa, and G. microdis-
cus.

Gastrotheca ovifera (Lichtenstein and Weinland, 1854)

Equivalent to: Subgenus Opisthodelphys Gunther, 1859 sensu
Duellman (2015).

Remarks: Castroviejo-Fisher et al. (2015) and Duellman (2015)
recovered G. ovifera as sister of the large Andean radiation of Gas-
trotheca. Our preferred hypothesis places G. ovifera as sister of a
monophyletic G. fissipes group. We leave G. ovifera unassigned to a
species group within Gastrotheca.

Gastrotheca walkeri species group

Equivalent to: Subgenus Cryptotheca Duellman, 2015
Content: G. walkeri and G. williamsoni.

Remarks: In the G. longipes species group of Castroviejo-Fisher
et al. (2015). Although this clade is the sister group of the
G. longipes species group and hence its monophyly as in Castroviejo-
Fisher et al. (2015) is not compromised, we prefer to recognize this
clade as its own species group to highlight the presence of a brood
pouch that laterally penetrates the body wall into the coelomic cavity
(Duellman, 1980, 2015). Gastrotheca williamsoni was not included in
our analyses, but based on its overall similarity with G. walkeri
(Duellman, 2015), we assume a close evolutionary relationship
between both species and extend any supraspecific taxonomic rear-
range on G. walkeri to G. williamsoni.



