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Extended Lissamphibia: a tale of character non-independence,
analytical parameters and islands of trees
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The age, content and inter-order relationships of crown Lissamphibia remain a debated topic in vertebrate
systematics. Recent phylogenetic analyses of fossil amphibians were used to propose an extended Lissamphibia,
with Anura and Caudata nested in Dissorophoidea and with Gymnophiona nested in Stereospondyli, but this
hypothesis was not supported by subsequent studies on updated matrices. In a parsimony context, the extended
Lissamphibia hypothesis was shown to result from the effects of large island bias on the majority-rule consensus,
which masked the presence of topologies supporting the restricted Lissamphibia hypothesis, with all extant orders
nested in Dissorophoidea or in Stereospondyli. Re-analysing this dataset, taking into account the presence of
inapplicable and polymorphic character states and revising the scores for logically non-independent characters,
shows that the phylogenies inferred from the morphological data matrix used to propose the extended
Lissamphibia hypothesis are not robust to changes in analytical parameters and that great care should be taken
when analysing fossil amphibian datasets. With the set of most parsimonious trees inferred from the unrevised
matrix used to propose the extended Lissamphibia hypothesis, I also demonstrate that the phenomenon of large
island bias extends to phylogenetic networks, but not to topology-based tests of taxonomic instability that do not
rely on split-frequencies.

Keywords: Lissamphibia; taxonomic instability; large island bias; phylogenetic networks; character non-independence;
inapplicable data

Introduction

The systematics of Amphibia Gray, 1825 remains a
topic of much debate for both neontologists and palae-
ontologists (e.g. Anderson et al., 2008; Hime et al.,
2021; Pardo et al., 2017; Sim~oes et al., 2023; Siu-Ting
et al., 2019). While there are still open questions regard-
ing the intra-order relationships of salamander and frog
lineages, subclass-wide molecular analyses predomin-
antly support a monophyletic Lissamphibia Haeckel,
1866 (the clade comprising all descendants of the last
common ancestor of the extant orders Gymnophiona
M€uller, 1832, Caudata Fisher von Waldheim, 1813 and
Anura Fisher von Waldheim, 1813 and the extinct fam-
ily Albanerpetidae Fox & Naylor, 1982) under the
Batrachia Latreille, 1800 hypothesis of extant lissamphi-
bian relationships (Fig. 1A), which places Gymnophiona
as sister to CaudataþAnura (e.g. Frost et al., 2006;
Pyron & Wiens, 2011). There is, however, evidence of
multiple gene trees supporting the Procera Feller and
Hedges, 1998 (frogs as sister to other lissamphibians)
and Acauda sensu Hime et al., 2021 (salamanders sister

to caecilians and frogs) hypotheses (e.g. Hime et al.,
2021; Siu-Ting et al., 2019), evidencing the presence of
a complex genome-level evolutionary history. In a
palaeontological context, while many phylogenetic stud-
ies support the Batrachia hypothesis they disagree on
the placement of caecilians in relation to extinct fossil
lineages, including albanerpetids (e.g. Gardner, 2001;
Kligman et al., 2023), which has implications for the
taxonomic content and age of Lissamphibia (e.g.
Anderson et al., 2008; Pardo et al., 2017; Ruta &
Coates, 2007; Schoch et al., 2020).
Pardo et al. (2017) described and attempted to phylo-

genetically place a new fossil temnospondyl from the
Triassic of North America, Chinlestegophis jenkinsi.
Their Bayesian analyses found strong support for a close
relationship between Chinlestegophis and extant
Gymnophiona, but a distant relationship between
Gymnophiona and Batrachia (albanerpetids were not
sampled), which combined with the congruence between
the majority-rule consensus (MRC; Margush &
McMorris, 1981) of their parsimony and Bayesian anal-
yses, led them to propose an extended Lissamphibia
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Figure 1. Illustrated hypotheses of lissamphibian relationships based on simplified partitioned-by-island consensuses (Serra Silva &
Wilkinson, 2021a) of the set of most parsimonious trees inferred from Pardo et al.’s (2017) matrix with labelled higher taxonomy for
A, restricted Lissamphibia in Dissorophoidea; B, restricted Lissamphibia in Stereospondyli; and C, extended Lissamphibia.
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hypothesis (Fig. 1C). Under this hypothesis,
Lissamphibia no longer consists of a restricted clade
nested within Dissorophoidea Bolt, 1969 (usually
referred to as the Lissamphibia monophyly hypothesis;
here it will be referred to as either the restricted
Lissamphibia or restricted in Dissorophoidea hypoth-
esis), but rather it spans Dissorophoidea and
Stereospondyli von Zittel, 1887 (as sampled by Pardo
et al. [2017]), which has paradigm-shifting implications
for the clade’s age and evolutionary history. This
DissorophoideaþStereospondyli hypothesis, one of the
polyphyly hypotheses that is sometimes referred to as
the Lissamphibia diphyly hypothesis (e.g. Santos et al.,
2020), is not accommodated under the definition of
Lissamphibia used in this work, henceforth I will refer
to it as the extended Lissamphibia hypothesis (see Fig.
1 for relevant Lissamphibia hypotheses). However, sub-
sequent work has not supported extended Lissamphibia,
with a slightly revised and extended morphological data
matrix recovering the restricted Lissamphibia clade
nested in Dissorophoidea and a distantly related
Chinlestegophis in Stereospondyli (Schoch et al., 2020).
Furthermore, Serra Silva and Wilkinson’s (2021a)
renewed work on islands of trees (Maddison, 1991) sug-
gests that Pardo et al.’s (2017) conclusions stem from
dismissal of tree set heterogeneity and the phenomenon
of large island bias. The latter is particularly pronounced
for this dataset, since the MRC of all most parsimonious
trees (MPTs) was very resolved (q¼ 0.96, this measure
is equivalent to Colless’s [1980] consensus fork) and
nearly identical to that of the largest 1-TBR (tree bisec-
tion-reconnection) island (PAUP�’s [Swofford, 2003]
default branch-rearrangement for heuristic parsimony
searches), yet the strict consensus (SC: Sokal & Rohlf,
1981) was comb-like (available from Serra Silva &
Wilkinson [2021b]). Combined with Marjanovi�c and
Laurin’s (2019) findings that analytical settings can
drastically change the phylogenetic relationships inferred
between Palaeozoic vertebrates, the topological hetero-
geneity of Pardo et al.’s (2017) set of inferred MPTs
makes their data matrix a prime candidate for extensive
re-analyses under revised character schemes and para-
metrizations to ascertain its robustness. Recently,
Kligman et al. (2023) found support for the restricted
Lissamphibia in Dissorophoidea, but the extensive char-
acter scoring and construction revisions make direct
comparisons to the Pardo et al. (2017) matrix a less
straightforward endeavour.
The taxonomic instability that characterizes the Pardo

et al. (2017) dataset and leads to the multimodal island
structure of the inferred MPTs (see Serra Silva &
Wilkinson, 2021a, fig. 5a), also raises the interesting
question of how the presence of multiple islands affects

methods for unstable taxa identification. While poorly
resolved consensus trees are themselves diagnostic of
taxonomic instability, multiple data- and topology-based
methods have been developed to identify which, and
sometimes why, taxa are unstable (e.g. Aberer et al.,
2012; Thorley & Wilkinson, 1999; Wilkinson, 1995a).
In addition to these, some non-parametric resampling
techniques, primarily used to test tree robustness to data
perturbations (e.g. first order taxon-jackknifing: Lanyon,
1985), can also be used to identify rogue taxa.
However, these resampling approaches often require
multiple rounds of tree inference, thus limiting their
widespread use. While the effects of isolated or grouped
unstable taxa have been tested for some topology-based
methods (Wilkinson & Crotti, 2017), it seems the same
has not been done for the presence of multiple tree sub-
sets. Given that the presence of multiple subsets of
equally optimal trees can substantially influence both
tree search (e.g. H€ohna & Drummond, 2011; Lakner
et al., 2008; Olmstead et al., 1993; Sanderson et al.,
2011) and the summary of inferred trees (e.g. Sharkey
& Leathers, 2001; Serra Silva & Wilkinson, 2021a;
Sumrall et al., 2001), it is not unreasonable to expect
that topology-based taxonomic instability identification
analyses, such as leaf stability (LS: Thorley &
Wilkinson, 1999; Wilkinson, 2006), might also be
affected by large island bias.
An alternative to topology-based instability tests,

which displays split incompatibilities, is the use of (non-
tree) phylogenetic networks. These are being increas-
ingly used to summarize (multi)sets of phylogenetic
trees where incomplete lineage sorting (ILS), hybridiza-
tion or other reticulation events are suspected (reviewed
in Elworth et al., 2019). While phylogenetic networks
have been used primarily to explore incongruences in
molecular datasets and/or trees inferred from molecular
data, the latter often called consensus networks (Holland
& Moulton, 2003), they have also started to be applied
to morphological data. Using a set of craniodental char-
acters, Caparros and Prat (2021) recently applied phylo-
genetic networks to the study of hominin evolution.
However, despite the large size of the tree set they used
for the network analyses (9639 trees), all trees belonged
to the same 1-TBR island, and the network analyses
would thus have been immune from large island bias.
As such, it remains unclear whether the presence of
multiple islands affects phylogenetic networks other
than phylogenetic trees.
Here, using the MPTs inferred from Pardo et al.’s

(2017) matrix, I explore how two topology-based
instability tests, LS and relative bipartition information
content (RBIC: Aberer et al., 2012), behave in the presence
of (multiple) islands of trees (sensu Serra Silva &
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Wilkinson, 2021a) and how island structure can be taken
into account when using these methods. I also use two (non-
tree) phylogenetic network methods to show that large island
bias extends beyond the MRC. And, lastly, I re-analyse the
Pardo et al. (2017) data matrix to explore how it behaves
under different analytical parameters and how robust their
conclusions on lissamphibian relationships are.

Materials and methods

Matrices and tree sets
The data matrices used for the phylogenetic analyses
were obtained from Pardo et al.’s (2017) and Schoch
et al.’s (2020) supplementary materials, and changes to
these are detailed and discussed below. The original
Pardo et al. (2017) data matrix consisted of 76 taxa and
345 morphological characters (six constant and 17 parsi-
mony uninformative). Of the sampled taxa, seven are
extant (Anura: Leptodactylus Fitzinger, 1826 and
Xenopus Wagler, 1827; Caudata: Ambystoma Tschudi,
1838, Cryptobranchus Leuckart, 1821 and Hynobius
Tschudi, 1838; Gymnophiona: Epicrionops Boulenger,
1883 and Ichthyophis Fitzinger, 1826), and all taxa
except Proterogyrinus Romer, 1970 and Greererpeton
Romer, 1969 are temnospondyls. Thus, this matrix
assumes that Lissamphibia is nested within
Temnospondyli von Zittel, 1887 and cannot be used to
explore the Temnospondyli vs Lepospondyli von Zittel,
1887 hypothesis (see Marjanovi�c & Laurin, 2019).
As for the characters, while most characters are

defined as binary, the matrix also includes multistate
characters with three and four coded states (see Pardo
et al. [2017, supplementary material Part C] for charac-
ter descriptions). The characters were treated as
unordered and equally weighted for all analyses detailed
below (see Marjanovi�c et al. [2024] for an exploration
of how ordering affects the trees inferred from this data
matrix). Additionally, the matrix includes characters
with polymorphic, missing and inapplicable states.
There are 10 characters with taxa scored as polymorphic
(characters 10, 17, 106, 160, 246, 248, 253, 267, 321
and 324). As for characters with missing (‘?’) and
inapplicable (‘-’) states, 186 characters include missing
data and 146 have both missing and inapplicable data
(all characters with inapplicable data also have at least
one taxon scored as missing). At the matrix level, � 2%
and � 25% of cells consist of, respectively, inapplicable
and missing data. For the differences between Pardo
et al. (2017) and Schoch et al. (2020) see the subsection
immediately preceding the Discussion section, below.
For the taxonomic instability, phylogenetic network and

a posteriori taxon jackknifing analyses, unless otherwise

stated, the MPT and Bayesian distribution tree sets used
were those inferred by Serra Silva and Wilkinson (2021a)
from Pardo et al.’s (2017) original data matrix. Any tree
searches that did not use default parameters, both under
parsimony and Bayesian optimality criteria, are described
below. All analyses were run on a 64-bit Windows 10
Enterprise system running on an IntelV

R

CoreTM i9-
8950HK 2.90GHz processor with 32Gb of RAM. All
data matrices, scripts and output files are available in the
Dryad repository: https://doi.org/10.5068/D1RT1J.

Taxonomic instability analyses
Methods to explore taxonomic instability can be broadly
divided into data-based (e.g. safe taxonomic reduction
[STR: Wilkinson, 1995a] and its heuristic extension
Concatabominations [Siu-Ting et al., 2015], and a priori
taxon jackknifing) and topology-based methods (e.g. LS,
RBIC and a posteriori taxon jackknifing). While the
presence of multiple subsets of trees is not expected to
negatively influence data-based methods (even if we
may expect some of, or all, the taxa contributing to
island structure to be identified as unstable), topology-
based methods may be prone to some of the problems
highlighted for the MRC. In other words, if there is
more topological variation between subsets of trees than
within, could the set of identified unstable taxa change
between analysing the full set of trees and analysing
each subset separately? For ease of interpretation and
discussion, I will focus solely on the set of 1-TBR/10-
Robinson-Foulds (RF: Robinson & Foulds, 1981) tree
islands Serra Silva and Wilkinson (2021a) extracted
from the Pardo et al. (2017) set of MPTs. If we do
expect topological variation to be greater between
islands, we may sensibly expect four outcomes: a taxon
is (1) stable within and between tree islands; (2) stable
within islands, but unstable between; (3) unstable within
islands, but stable between; or (4) unstable within and
between islands (Table 1). These outcomes correspond
to interactions between causes of instability and relation-
ships between taxa in a (sub)set of trees. I hypothesize
that taxa that are stable only within islands correspond
to the taxa responsible for island structure (globally
unstable taxa sensu Serra Silva & Wilkinson [2021a])
and their instability is caused, primarily, by homoplasy,
i.e. independently evolved similarity. Taxa that are

Table 1. Instability patterns possible for any taxon present in
a partitionable (multi)set of trees.

Within islands

Between islands stable unstable

Stable þ þ þ −
Unstable − þ − −

4 A. Serra Silva
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unstable only within islands, on the other hand, corres-
pond to locally unstable taxa and are likely caused by
missing data (potentially ILS in molecular datasets),
although less severe levels of homoplasy (than seen in
the globally unstable taxa) cannot be discarded as a con-
tributing factor. Finally, taxa that are unstable both
within and between islands likely have very large
amounts of missing data and/or homoplasy, and infer-
ence analyses may benefit from their removal.
Understanding if, and how, topology-based methods are
influenced by the presence of multiple islands is espe-
cially important when dealing with datasets, like Pardo
et al.’s (2017), where the SC is mostly unresolved, hint-
ing at extensive taxon instability, but a priori data-
based approaches, like STR (using PerlEQ v1.0: Jeffery
and Wilkinson, unpub.; available at https://uol.de/sys-
tematik-evolutionsbiologie/programme), do not identify
any taxa for safe removal, i.e. taxa whose removal does
not affect the relationships between any other taxa in
the matrix.
To explore whether the presence of large islands

influences topology-based taxonomic instability analy-
ses, I ran the full set of Pardo et al.’s (2017) MPTs, and
each tree island, through LS analyses, as implemented
in RogueNaRok (RNR: Aberer et al., 2012). All LS
measures were used for the analyses: (1) LSmax, the nor-
malized maximum (bootstrap) proportion for a quartet/
triplet; (2) LSdiff, the normalized difference between the
proportions of the two most supported quartet/triplet res-
olutions; and (3) LSent, the information theory-based
entropic LS, which is the normalized negative sum of
the product of the frequency of each quartet/triplet reso-
lution and the log of that frequency (f) (Thorley, 2000;
Thorley & Wilkinson, 1999; Wilkinson, 2006):

LSent ¼ 1 −
P

f � log fð Þð Þ
log fð Þ (1)

The MPTs were also run through RNR’s RBIC opti-
mality criterion, set to optimize the SC. The RBIC is
defined by Aberer et al. (2012) as the ratio between the
sum of all support values (S) and the theoretical max-
imum support for a binary tree prior to taxon removal:

RBIC ¼
P

S

100� ðn − 2Þ , (2)

where n− 2 corresponds to the number of internal
branches in a fully resolved unrooted tree with n tips
(n− 1 for rooted trees), and the multiplication factor of
100 assumes the use of percentage-based support values
(e.g. bootstrap proportions; Felsenstein, 1985). The SC
was chosen due to the MRC biases detailed in Serra
Silva and Wilkinson (2021a) and Sumrall et al. (2001).
Under the SC the RBIC is equivalent to Pattengale

et al.’s (2011) relative information content optimization
criterion, which consists of optimizing the number of
bipartitions in the SC. Interestingly, this measure was
also one of the parameters (the other being number of
taxa) used by Wilkinson (1995b) to distinguish primary
reduced consensus (RC) trees from other RC trees.
Following Wilkinson and Crotti (2017), several dropset
sizes (1, 5, 10 and 15) were used in the RBIC analyses,
since unstable taxa may be missed if they are part of an
unstable group, i.e. where the taxa in a clade are stable
in relation to each other but the group is unstable in
relation to the rest of the tree. Given the homogeneous
nature of the Bayesian tree distribution explored by
Serra Silva and Wilkinson (2021a), it would not be
informative to the question of whether large island bias
affects LS analyses and thus will only be run through
the RBIC.

Phylogenetic networks
An alternative to consensus trees, clustering analyses
and instability tests that can display at least some of the
topological incongruences present in a (multi)set of trees
in one graphical summary is phylogenetic networks.
While there are multiple types of phylogenetic networks
(summarized in Huson et al., 2010, fig. 4.1), including
phylogenetic trees, I focus only on those used in
Caparros and Prat (2021): consensus (Holland &
Moulton, 2003) and reticulation networks (Huson et al.,
2005). Consensus and reticulation networks differ in
that, for a given (multi)set of trees, the former display
all splits over a selected frequency threshold (setting
this to 50% is equivalent to computing the MRC), and
thus the split incompatibilities present in the tree (mul-
ti)set (Holland & Moulton, 2003). Reticulation net-
works, on the other hand, use those split
incompatibilities to identify and display the presence,
but not type, of reticulation events (Huson et al., 2005).
In short, consensus networks summarize split incompati-
bilities, while reticulation networks display evolutionary
histories. These approaches, particularly reticulation net-
works, have generally been applied to molecular data-
sets (including, but not restricted to, sequence data,
inferred trees, matrix representation of splits, etc.),
partly because they were developed with the aim of
understanding the topological conflicts in (multi)sets of
gene trees (e.g. Huson et al., 2005), and partly because
reticulation events are often investigated at the molecu-
lar not morphological level (e.g. Cai et al., 2021;
Suvorov et al., 2022).
Using SplitsTree v. 4.14.8 (Huson & Bryant, 2006) I

computed the consensus and reticulation networks for
the Pardo et al. (2017) MPTs. The consensus networks
were computed for split frequency thresholds of 33%
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(default), 20%, 10% and 0%, all displayed with
‘EqualAngle’. The reticulation networks were computed
from the consensus networks, using the RECOMB2007
algorithm (Huson & Kloepper, 2007), rooted on
Proterogyrinus, and displayed with ‘EqualAngle120’.

Re-analysis of Pardo et al.’s (2017) data matrix
Congruence between the tree summaries of multiple
phylogenetic analyses of the same dataset using distinct
inference methods is often used as a sign of data robust-
ness and used to bolster confidence on the inferred tree
topologies (e.g. Pardo et al., 2017; San Mauro et al.,
2014). However, when using the MRC to summarize
inferred tree (multi)sets, this congruence can be posi-
tively misleading, particularly when large island bias is
present. As noted by Serra Silva and Wilkinson (2021a),
the MRCs of the parsimony and Bayesian inference
analyses of Pardo et al.’s (2017) data matrix both sup-
port the extended Lissamphibia hypothesis, despite not
being identical (RF ¼ 19, see Pardo et al., 2017, fig.
S7). Yet, the island structures of the tree sets yielded by
the two analyses are highly disparate. The MPTs, under
various metrics and thresholds (1-NNI, 1-SPR, 1-TBR,
2 � RF � 10) can be partitioned into five well-defined
islands that support distinct Lissamphibia make-ups and
placements, whereas for the Bayesian tree distribution
the island structure changes for each 2 � RF � 14 (see
Serra Silva & Wilkinson 2021a, fig. 5, table 2). Despite
the difference in size and number of islands, the overall
island structure for the Bayesian tree distribution con-
sists of a large central island surrounded by large num-
bers of singleton or small islands that uniformly support
the extended Lissamphibia hypothesis.
Moreover, topology-based instability analyses further

emphasize the difference between the tree sets recovered
by the parsimony and Bayesian analyses (see below).
The results obtained by the inference and taxonomic
instability analyses show that the Pardo et al. (2017)
data matrix is not robust to changes in inference
method, which is further supported by Schoch et al.’s
(2020) analyses of a slightly modified version of the
Pardo et al. (2017) data (see Results, below, on the dif-
ferences between these matrices). Thus, to understand
the conundrum of the phylogenetic placement of
Chinlestegophis and Gymnophiona, we must first under-
stand the data matrix itself and how the data respond to
different analytical/parametric choices.

Resampling analyses. Pardo et al. (2017) used the topo-
logical congruence between the MRCs of their parsi-
mony and Bayesian analyses to bolster their extended
Lissamphibia hypothesis but did not refer to any resam-
pling analyses under parsimony, despite including

bootstrap values in their parsimony MRC (in Pardo
et al. 2017, fig. S7B, most branches have BP < 50%).
Bootstrap proportions are commonly used as branch
support measures in non-Bayesian tree inference. Serra
Silva and Wilkinson (2021a) pointed out that, under par-
simony, none of the splits that separate Gymnophiona
and Batrachia had a bootstrap support (Felsenstein,
1985) greater than 50%; however, no analytical settings
were reported. Thus, to compare across multiple resam-
pling analyses, I ran a bootstrap analysis in PAUP� v.
4a165 (Swofford, 2003), with 1000 replicates under the
same settings as the heuristic equal-weights parsimony
search reported by Pardo et al. (2017) and the
‘MulTrees’ option selected. Delete-half (Lanyon, 1985)
and Farris (delete 1/e � 36.8%: Farris et al., 1996) jack-
knife analyses were run with the same settings as the
bootstrap analysis, except for the number of replicates,
which were set to 100 due to memory constraints.
In addition to serving as measures of branch support,

resampling techniques can also be used to identify
unstable taxa. Thus, taxon jackknifing might help us
identify the taxa whose data underpin the taxonomic
instability that characterizes the Pardo et al. (2017) data
matrix. Because a data-based first-order taxon jackknife
requires an inference analysis each time a taxon is
removed from the matrix, these resampling analyses can
be quite time and resource intensive. A way of optimiz-
ing first-order taxon jackknifing is to use the output
from (other) taxonomic instability analyses as a guide.
Unfortunately, as mentioned above, the STR analysis
(and its heuristic extension, Concatabominations: Siu-
Ting et al., 2015) did not find any candidate taxa for
safe removal. However, from the partitioned-by-island
consensuses reported by Serra Silva and Wilkinson
(2021a), we know that Chinlestegophis always places
with Eocaecilia Jenkins and Walsh, 1993 and/or
Rileymillerus Bolt and Chatterjee, 2000. There is thus a
trio of taxa for which we can explore whether removing
any one of them from the matrix affects the number of
trees and islands inferred from the resampled matrices,
and whether, removed taxa aside, the topologies inferred
are similar between taxon jackknifing runs. For matrix-
based first-order taxon jackknifing analyses I ran three
heuristic parsimony searches in PAUP�, with random
addition sequence, default branch swapping and 1000
replicates. Each analysis differed only in the taxon
removed: Chinlestegophis, Eocaecilia or Rileymillerus.
For topology-based a posteriori taxon jackknifing, I
explored the effects of removing different sets of taxa
from the inferred MPTs. These analyses consisted of
removing: (1) Chinlestegophis, Eocaecilia and/or
Rileymillerus in every combination of one, two or three
taxa; (2) taxa sorted by the levels of instability
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computed by the all trees LSmax analysis (Supplemental
material Table S1); and (3) each taxon on the tree itera-
tively. The a posteriori jackknife analyses were con-
ducted in R v. 4.1.2 (R Core Team, 2021), with the
resulting tree sets being checked for identical topologies
and ran through the xRFislands function from the
islandNeighbours v. 0.9.0 (Serra Silva & Wilkinson,
2021a) package to identify changes in 2-RF islands (this
is equivalent to identifying 1-NNI islands: Chernomor
et al., 2015).

Treatment of polymorphic taxa, missing and
inapplicable data. Unlike aligned molecular data matri-
ces, where characters consist of positions in a sequence
and the states are dictated by the nucleotide or amino
acid residue identified at each position, in morphological
datasets characters and character states are delineated
and identified by systematists (Wilkinson, 1995c). As
such, morphological data matrices carry with them a
certain degree of subjectivity, which can lead to differ-
ent workers scoring the same character(s) differently for
the same taxa (e.g. Pardo et al., 2017; Schoch et al.,
2020; Marjanovi�c et al., 2024). This subjectivity contrib-
utes factors such as taxonomic sampling, which can
change/affect the decision of where/how to delineate
characters and character states, uncertain homology
between skeletal elements due to bone loss/fusion (e.g.
Maddin et al., 2016; Schultze et al., 2008), and simple
typographical errors and mistypes cannot be discounted
either (for a discussion of how errors can accrue in a
morphological matrix see Marjanovi�c & Laurin [2019]).
While the differing character scores between Pardo
et al.’s (2017) and Schoch et al.’s (2020) matrices alone
lead to the inference of trees displaying different evolu-
tionary hypotheses, the Pardo et al. (2017) data matrix
also includes two aspects of character scoring, poly-
morphic taxa and inapplicable data, whose presence and
choice of how to analyse them can lead to the recovery
of different (multi)sets of inferred trees (e.g. Brazeau
et al., 2019; Nixon & Davis, 1991; Platnick et al.,
1991).
Starting with polymorphic taxa, which can at best

lead to changes in tree length (Nixon & Davis, 1991),
the Pardo et al. (2017) matrix contains 10 characters for
which at least one taxon was scored as polymorphic. In
PAUP�, the user can choose to treat these character cod-
ings as uncertainty (the taxon might have any of the
selected character states) or polymorphism (individuals
in the taxon display one character state or the other[s]),
which may lead to distinct character optimizations (see
pp. 103–106 in the PAUP� manual for details: https://
phylosolutions.com/paup-documentation/paupmanual.pdf).
According to how the optimization for polymorphic taxa
is implemented in PAUP�, choosing the

‘msTaxa¼ polymorph’ setting should only affect tree
length, not topology. To confirm this, I ran the Pardo
et al. (2017) data matrix through PAUP�, under the same
parsimony settings described above, with the
‘msTaxa¼ polymorph’ option selected (additional ana-
lysis are summarized in Table 2). MrBayes v. 3.2.6
(Ronquist et al., 2012), on the other hand, always treats
polymorphism as uncertainty (pp. 11–12 and 85–87 in
the manual: http://mrbayes.sourceforge.net/mb3.2_man-
ual.pdf), and thus no comparison to analysing poly-
morphism as variation is possible.
An important side note about analysing morpho-

logical/standard datasets in MrBayes is that, because the
programme implicitly partitions datasets by each charac-
ter’s highest observed score – i.e. if a character’s high-
est score in the matrix is ‘2’, the character is assumed
to have three possible states: 0, 1 or 2 – it occasionally
makes assumptions about character states (see p. 148 in
the manual). Also, when confronted with characters
where the only numerical score present is 0, MrBayes
assumes that those characters are binary (0,1). This was
the case for characters 61 and 244 in Pardo et al.’s
(2017) matrix, because all taxa were coded as 0, missing
or inapplicable. These state-based assumptions make
MrBayes’ implicit partitioning scheme differ from an
explicit partitioning scheme based on the character
descriptions. A Bayesian analysis of a data matrix expli-
citly partitioned based on Pardo et al.’s (2017, supple-
mentary information, Part C) character descriptions was
run in MrBayes, under the MkþG model, with two
independent runs of four chains for 10,000,000 genera-
tions, sampled every 10,000, and with a relative burn-in
of 25%.
Returning to character coding, most characters in the

Pardo et al. (2017) matrix have at least one taxon scored
as inapplicable and/or missing, with � 2% and � 25%
of the matrix consisting, respectively, of inapplicable
and missing data. While these character scores are often
treated as equivalent (e.g. Schoch et al., 2020, see
below), they represent two different types of
‘unknowns’. Scoring characters as missing, commonly
coded as ‘?’, represents lack of knowledge/information.
An example of this would be that, due to taphonomic
processes, only the phalanges of an individual are fossil-
ized. Anatomical knowledge dictates that the phalanges
were at the end of a limb, but we cannot score any
limb-specific characters because we are missing the
necessary biological materials to do so. Scoring charac-
ters as inapplicable (‘-’), on the other hand, denotes a
logical impossibility. Using Maddison’s (1993) classic
example of tail presence and colour, if we apply con-
ventional coding (Hawkins et al., 1997), sometimes
referred to as contingent coding (Forey & Kitching,
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2000) or hierarchical characters (Hopkins & St. John,
2021), we would need two characters to explain the
variation in tail colour: character A (tail present/absent)
and character B (if present, tail blue/red). Thus, charac-
ter B would be inapplicable for any taxa without a tail,
as a tail cannot be both absent AND have colour. Such
reconstructions can, however, occur during character
optimization, affecting tree scores (e.g. Vignette 2 in
Brazeau et al., 2019; Maddison, 1993). While there is
still debate on how best to code variation that, just like
the tail colour example, is logically and/or biologically
dependent (e.g. Hawkins et al., 1997; Hopkins & St.
John, 2021; Maddison, 1993; Wilkinson, 1995c), it is
sometimes suggested that, once a presence/absence char-
acter has been defined, any new character that sub-
divides the original character’s ‘presence’ state should
be hierarchically/conditionally defined (e.g. Hawkins
et al., 1997). In other words, if character A is tail pres-
ence/absence, we should not define a new three-state
character (C) as tail absent, spotted tail, stripy tail,
rather it should follow the same character definition as
character B, i.e. character C – if present, tail spotted/
stripy. In Pardo et al.’s (2017) matrix, this suggestion
was not always followed, resulting in multiple instances
of logically inconsistent/impossible character definitions
and/or scores (Supplemental material Table S7, see
below). These coding inconsistencies/impossibilities
were rescored based exclusively on the independent
character(s) definition/scoring (except for character 314,
see Supplemental material Table S7). For this study, no

specimens were re-examined and, if a revision of char-
acter construction/definition was warranted, dependent
characters were rescored conservatively as either
inapplicable (‘-’) or missing (‘?’). The decision of
whether to rescore a character as inapplicable vs missing
in the Pardo et al. (2017) matrix was based on the exist-
ing scores for a given taxon. Specifically, if most char-
acters in a logically dependent set had been coded as
inapplicable (‘-’) for a given taxon, then the characters
necessitating recoding were changed to inapplicable. If,
however, the majority of the set was coded as missing
(‘?’) then the revised characters were recoded as such.
This recoding strategy assumes that the use of missing/
inapplicable states was consistent throughout the matrix.
While there is sufficient evidence that missing and
inapplicable scores have not been applied consistently
(see Gee [2022] for a thorough discussion of the evolu-
tion of this family of data matrices), the primary goal of
this recoding was to test whether, under default search
parameters (‘GapMode¼Missing’) and as few possible
changes (including matrix size) to the Pardo et al.
(2017) and Schoch et al. (2020) matrices, minimizing
logical inconsistencies has an effect on the inferred
topologies.
Lastly, the presence of inapplicable data also raises

the question of how best to analyse these characters.
Especially since, for as long as systematists have been
debating how to code logically dependent characters,
they have also been debating how to analyse these char-
acters once conventional coding has been applied (e.g.

Table 2. Summary of equal-weights maximum parsimony settings and results of Pardo et al.’s (2017) and Schoch et al.’s (2020)
re-analyses. †Lissamphibia within Stereospondyli in one island. ‡Lissamphibia within Stereospondyli in two islands. �See
Supplemental material Table S7 for character recoding.

Matrix Polymorphism Inapplicable data Trees Tree length Islands Lissamphibia

Pardo original Uncertainty Missing 882 1514 5 Extended and
restricted†

Pardo, no
Chinlestegophis

Uncertainty Missing 18 1479 1 Restricted

Pardo, no
Eocaecilia

Uncertainty Missing 180 1471 1 Restricted

Pardo, no
Rileymillerus

Uncertainty Missing 162 1494 1 Restricted

Pardo original Polymorphism Missing 882 1532 5 Extended and
restricted†

Pardo original Uncertainty Additional state 351 1699 2 Restricted‡
Pardo original Polymorphism Additional state 351 1717 2 Restricted‡
Pardo rescored� Uncertainty Missing 108 1499 2 Restricted
Pardo rescored� Polymorphism Missing 108 1517 2 Restricted
Pardo rescored� Uncertainty Additional state 270 1762 2 Restricted†
Pardo rescored� Polymorphism Additional state 270 1780 2 Restricted†
Schoch original NA NA 2 1392 1 Restricted
Schoch,

345 characters
NA NA 3 1366 1 Extended

Schoch rescored� NA NA 2 1371 1 Restricted
Schoch rescored�,

345 characters
NA NA 3 1351 1 Restricted
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Hawkins et al., 1997; Maddison, 1993). PAUP� allows
users to choose between treating inapplicable data as
missing or as a new character state (see pp. 40–41 in
the manual), with the former as default. To check
whether treating inapplicable data as a distinct score
from missing affected the sets of MPTs inferred from
Pardo et al.’s (2017) matrix, I ran a tree search in
PAUP� with the same settings as previous parsimony
analyses, but with ‘GapMode¼NewState’ selected.
As for methods developed specifically to deal with

inapplicable data, Brazeau et al.’s (2019) algorithm is
aware of inapplicable data during character optimization
and does not require the relationship between hierarch-
ical characters to be specified (unlike for example De
Laet [2015] and Goloboff et al. [2021]). They found
that treating inapplicable data as ‘missing’, ‘new state’
or ‘inapplicable’ often yields different sets of MPTs, for
the same dataset, but not a clear pattern of variation in
the results, i.e. no approach always found the shortest
trees, the most resolved SC, the broadest sampling of
tree space, etc. To compare Brazeau et al.’s (2019)
approach to the settings offered in PAUP�, I analysed
the original Pardo et al. (2017) matrix with Morphy v.
0.2 (Brazeau & Desjardins, 2020), running 1000 repli-
cates with random addition sequence.
Recently, Sim~oes et al. (2023) explored the effects of

inapplicable data on tree space traversal and topological
accuracy of the inferred (multi)sets, but this topic is
beyond the scope of this study.

Results

Taxonomic instability
Most parsimonious tree set(s). Starting with all 882
MPTs, LS analyses identified crown lissamphibians as
the most unstable taxa (Supplemental material Table
S1), with Chinlestegophis within the 15 most unstable
taxa (taxon instability ranking varies slightly between
LS measures). The RBIC results for the set of MPTs
changed with dropset size, with RBIC-1, 5 and 10
recovering Chinlestegophis as the single most unstable
taxon, and its removal increasing the number of biparti-
tions in the SC from 35 to 36. RBIC-15, however,
recovered two sequential sets of unstable taxa, the first
included all crown lissamphibians (both extant and
extinct) and Chinlestegophis, removal of which drives
the number of bipartitions in the SC to 48, and the
second set made up of Laidleria Kitching, 1957, whose
placement differs between the four smallest islands and
the largest island (Serra Silva & Wilkinson, 2021a, figs
3a–d, 2b, respectively), removal of this taxon adds
another bipartition to the SC. Thus, removal of the taxa

identified by RBIC-15 on the full set of trees increases
the resolution of the SC from 35 to 49 bipartitions.
When the islands were individually tested for the

presence of unstable taxa, however, all LS measures
exceed 0.94 (Supplemental material Tables S2–S6), and
the RBIC analyses identify Trematosaurus Burmeister,
1849 as unstable in island-72 and -216 (Serra Silva &
Wilkinson 2021a, fig. 3b, d). Thus, just as in the MRC
scenario, identification of unstable taxa in the presence
of multiple tree subsets yields different results if we
look at those sets individually, or if we look at the full
(multi)set. In this example, for the within-island analy-
ses, the taxa with the lowest stability scores can be
found in the areas of local instability identified in Serra
Silva and Wilkinson (2021a, figs 2b, 3a–d, table 1). In
short, with Pardo et al.’s (2017) trees, testing all MPTs
identified the group(s) of taxa whose position changed
between, but not within, islands of MPTs as unstable
(crown Lissamphibia and Chinlestegophis), but the
within-islands analyses found only ‘locally’ unstable
taxa (e.g. Trematosaurus). Additionally, RBIC analyses
with dropsets >1 identifying groups of unstable taxa
may also be indicative of an underlying island structure
in the (multi)set of trees being analysed.
To summarize, the taxonomic instability analyses on

the MPTs recovered three of the four predicted out-
comes: (1) most taxa are stable within and between
islands; (2) crown Lissamphibia and Chinlestegophis are
stable within islands, but unstable between them; (3)
Trematosaurus is unstable within some islands, but sta-
ble between them; but (4) no taxa were identified as
unstable within and between islands. Following from the
above hypothesized links between instability patterns
and causes, Lissamphibia and Chinlestegophis’ instabil-
ity is likely caused by homoplasy, particularly between
Chinlestegophis, Eocaecilia and Rileymillerus (see Re-
analysis, below, for details), while the instability of taxa
like Trematosaurus is likely due to missing data,
although low levels of homoplasy cannot be discarded.
Thus, understanding how unstable taxa behave in the
presence of multiple islands of trees is not essential to
interpreting taxonomic instability analyses, but under-
standing the relationship between island structure and
causes of instability might help mitigate misinterpreta-
tions of topological heterogeneity.

Bayesian posterior distribution. While the RBIC anal-
yses of the MPTs recovered different sets of unstable
taxa for different dropset sizes (see above), the same
analyses for the Bayesian tree distribution recovered
Apateon von Meyer, 1844, Iberospondylus Laurin and
Soler-Gij�on, 2001, Lapillopsis Warren and Hutchinson,
1990 and Sangaia Dias-da-Silva and Marsicano, 2006 as
the most unstable taxa for all dropsets. The only
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variations between the results of the latter analyses are
whether Iberospondylus and Lapillopsis should be
removed separately or as a unit, and the order in which
the four taxa should be removed.

Phylogenetic networks
For ease of visualization, Nexus formatted network files
and EPS image files are available from https://doi.org/
10.5068/D1RT1J. The areas of instability mentioned
from here on correspond to those identified and dis-
cussed by Serra Silva and Wilkinson (2021a) in their
work dealing with the generalization and exploration of
islands of trees. The consensus network for the default
split frequency threshold shows most of the split incom-
patibilities centred on the areas of local instability VIII
and IX (Serra Silva & Wilkinson 2021a, fig. 2a, b),
along with the possible solutions for the polytomies cor-
responding to areas I, II, V and VI (Fig. 2A; Serra Silva
& Wilkinson, 2021a, figs 2b, 3). The 20% threshold dis-
plays split incompatibilities from areas VII to XII,
which share taxa with areas VIII and IX, and the solu-
tions to polytomies I to VI (Fig. 2B; Serra Silva &
Wilkinson, 2021a, figs 2b, 3). As in the two largest
islands, Chinlestegophis is placed with Rileymillerus and
Gymnophiona, all nested within Stereospondyli in the
33% and 20% threshold consensus networks. At thresh-
olds 10% and 0% the consensus networks are (near)
uninterpretable (Fig. 2C, D), due to the very large num-
ber of split incompatibilities present in the input tree
set. However, in the 10% threshold network
Chinlestegophis is found with Rileymillerus, while
Gymnophiona and Batrachia are each in well-defined
clades, and in the 0% threshold network the relationship
between Chinlestegophis and Rileymillerus breaks down,
but Gymnophiona and Batrachia are still recovered as
clades. These results are consistent with what we know
of the island structure of Pardo et al.’s (2017) MPTs.
First, areas of instability VII–XII are each present in at
least one of the four largest islands, share taxa (e.g.
Sangaia contributes to areas VIII and XII) and/or are in
close proximity in at least two islands. Additionally,
many of the taxa in these local instability areas were
also recovered by most island-specific LS analyses as
some of the least stable taxa (e.g. Trematosaurus,
Trematolestes Schoch, 2006, Benthosuchus Efremov,
1937). That the 33% threshold consensus network dis-
plays split incompatibilities that match up with areas of
local instability (VIII and IX) restricted to the largest
island (c. 55% of all trees), and the 20% threshold net-
work starts recovering split incompatibilities present in
the next largest islands (c. 25% and c. 10% of all trees),
suggests that, much like the MRC, consensus networks
are also affected by the large island bias phenomenon.

This is further supported by the amount of split incom-
patibilities found between Chinlestegophis,
Rileymillerus, Gymnophiona and Batrachia.
The reticulation networks yielded very similar results

to the consensus networks, as expected from the latter
being the input for the identification of reticulation
events. For the default threshold, two reticulation events
were identified between taxa contributing to areas VIII
and IX, and single events were identified for the isolated
polytomies corresponding to areas I, II, V and VI (Fig.
3A). The 20% threshold reticulation network finds sin-
gle reticulation events for the localized polytomies
(areas I to VI) and a minimum of eight reticulation
events in areas VII–XII, including the two found under
the 33% threshold (Fig. 3B). Unfortunately, the large
number of taxa and high level of split incompatibilities
in this dataset makes the networks hard to interpret and
the reticulation nodes in area VII/X hard to parse. It is,
however, still possible to recognize the placement of
Chinlestegophis with Rileymillerus and Gymnophiona
within Stereospondyli, i.e. the extended Lissamphibia
hypothesis. The 10% network displays a very complex
history of reticulations with all Dissorophoidea and
Stereospondyli taxa (see Figs 1 and 4 for higher order
amphibian taxonomy) being involved in, or descended
from, at least one reticulation event (Fig. 3C). This ana-
lysis still finds Chinlestegophis nested in
Stereospondyli, but neither the extended nor restricted
Lissamphibia are displayed. This reflects the drastic
topological shifts between islands-18 and -90 (restricted
Lissamphibia in Dissorophoidea), island-72 (restricted
Lissamphibia in Stereospondyli), and islands-216 and
-486 (extended Lissamphibia). The computation of the
reticulation network for the 0% threshold consensus net-
work was cancelled after running for 36 hours, as the
next slowest analysis (10% threshold) took less than
5minutes. However, given the consensus network for
this threshold (Fig. 2D), we might expect a reticulation
network at least as complex as the one inferred for the
10% threshold. Thus, consensus and reticulation net-
works, much like the MRC, are prone to large island
bias, with reticulation networks not always computable
in the presence of high levels of split incompatibility.

Resampling analyses
Starting with the bootstrap analysis, it weakly supported
(53%) the restricted Lissamphibia and was uninforma-
tive in regard to Chinlestegophis’s placement. This
result might lead us to think that even though the
islands that display the restricted Lissamphibia make up
only c. 20% of the inferred MPTs, they may in fact be
better supported by the underlying data. The jackknife
analyses, however, weakly support
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GerobatrachusþBatrachia (delete-half ¼ 54%; Farris ¼
57%) and RileymillerusþChinlestegophisþGymnophiona
(delete-half ¼ 55%; Farris ¼ 54%) but are uninforma-
tive regarding the relationship between these two clades,

and thus restricted vs extended Lissamphibia. With only
11 out of 345 characters not having taxa with missing
(‘?’) and/or inapplicable (‘-’) character states, it is not
surprising that the trees summarizing the resampling

Figure 2. Consensus networks of Pardo et al.’s (2017) set of most parsimonious trees for A, 33%, B, 20%; C, 10% and D, 0% split
frequency thresholds. Roman numerals correspond to the areas of instability identified in Serra Silva and Wilkinson’s (2021a) figures
2b and 3a–d. High resolution image files for each network are available from https://doi.org/10.5068/D1RT1J.
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analyses are poorly resolved (e.g. Dos Santos &
Falaschi, 2007; Wilkinson, 2003). Unfortunately, mem-
ory constraints prevented saving the trees inferred for

each resampling replicate, and thus also the check of
whether the large island bias present in the heuristic par-
simony search also affected the bootstrap and/or

Figure 3. Reticulation networks of Pardo et al.’s (2017) set of most parsimonious trees for A, 33%, B, 20% and C, 10% split
frequency thresholds. Reticulate nodes are in dark blue, as per SplitsTree default drawing settings. High resolution image files for
each network are available from https://doi.org/10.5068/D1RT1J.
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jackknife analyses (commonly summarized with the
MRC). That different support measures find generally
low branch support across the inferred relationships and
that they yield conflicting results regarding the relation-
ship between Batrachia and Gymnophiona, not only
confirm that the MRC is a poor summary of the MPTs
but also that the Pardo et al. (2017) data matrix is not
robust to perturbations.
The first-order taxon jackknifing analyses, on the

other hand, strongly support a restricted Lissamphibia,
with all three analyses recovering a single 1-TBR island,
with restricted Lissamphibia nested within
Dissorophoidea (Fig. 4A–C, Table 2). The run without
Chinlestegophis recovered 18 MPTs with three unstable
subtrees: (Dissorophus Cope, 1895, Broiliellus
Williston, 1914, Cacops Williston, 1910), (Acheloma
Cope, 1882, Phonerpeton Dilkes, 1990, Ecolsonia
Vaughn, 1969) and (Rhineceps Watson, 1962,
Uranocentrodon van Hoepen, 1915, Broomistega
Shishkin & Rubidge, 2000). These subtrees correspond
to the three areas of instability present in all 1-TBR
islands identified from the MPTs inferred from the ori-
ginal Pardo et al. (2017), areas I, II and VI (Serra Silva
& Wilkinson, 2021a, fig. 2b, table 1). However, for the
two runs where Chinlestegophis is retained the number
of MPTs recovered increases comparatively to the no-
Chinlestegophis analysis, and Chinlestegophis is placed
as the sister taxon to the remaining taxon (Rileymillerus
or Eocaecilia) (Table 2, Fig. 4B, C). The increase in
number of MPTs is reflected by an increase in taxo-
nomic instability. In addition to the three subtrees
above, the relationship between and placement of
Edingerella and Benthosuchus also becomes uncertain,
and, with the removal of Rileymillerus, so does the sub-
tree (Paracyclotosaurus Watson, 1958, Mastodonsaurus
J€ager, 1828, Cyclotosaurus Fraas, 1889). Interestingly,
these taxa all correspond to those identified as least sta-
ble in the partitioned-by-islands LS analyses
(Supplemental material Tables S2–S6). Taken together,
the matrix-based resampling analyses make it clear that

the uncertainty surrounding the lissamphibian relation-
ships is anchored by the Chinlestegophis-Eocaecilia-
Rileymillerus triad.
As for the a posteriori topology-based jackknife anal-

yses, despite its clear effect on the matrix-based analy-
ses, removal of Chinlestegophis from the inferred trees
does not change the number of MPTs. In fact, a posteri-
ori removal of Chinlestegophis, Eocaecilia and
Rileymillerus – whether we remove one, two or all three
of these taxa – affects only the number of tips on the
MPTs, not the number of trees or island structure.
Using LSmax (Supplemental material Table S1) as the
guide for taxon removal order, I had to remove
Eocaecilia, Epicrionops, Ichthyopis and Karaurus
Ivachnenko, 1978 before the number of trees dropped to
648 and that of 2-RF islands to four. When any external
information was ignored and all taxa tested, the taxa
whose removal affected tree number the most were
Broomistega, Rhineceps and Uranocentrodon, which
correspond to polytomy VI (one of the three areas of
instability present in all islands; Serra Silva &
Wilkinson, 2021a, table 1). The removal of any one of
these taxa decreased the size of the MPT set to 294
trees, removing exactly two-thirds of the original trees,
by virtue of breaking the polytomy (Table 3). Thus,
with post-inference taxon jackknife we can identify
locally unstable taxa but not the taxa causing island
structure.

Treatment of polymorphic taxa, missing and
inapplicable data
Polymorphic taxa under parsimony. As expected from
how the optimization for polymorphic taxa is imple-
mented in PAUP�, choosing the ‘msTaxa¼ polymorph’
setting affected only tree length, not topology.
The MPTs resulting from the polymorphism-aware
re-analyses were 18 steps longer than those under
default settings, i.e. uncertainty (Table 2). Thus, while
some software packages offer multiple settings for the
analysis of polymorphic taxa, these settings do not

Table 3. Post-inference first order taxon jackknife. List of taxa whose removal from the set of inferred most
parsimonious trees (MPTs) resulted in decrease in MPT number, the change in MPT set size (DTrees) and the
size of the ensuing set of MPTs. Island number was not affected by taxon removal.

Taxon DTrees MPT set

Broomistega, Rhineceps, Uranocentrodon 588 294
Trematosaurus 540 342
Ambystoma, Cryptobranchus, Hynobius 387 495
Acheloma, Broiliellus, Cacops, Dissorophus, Ecolsonia, Phonerpeton 294 588
Amphibamus, Platyrhinops 288 594
Karaurus, Kokartus 234 648
Batrachosuchus, Laidleria, Sangaia, Siderops 162 720
Trematolestes 72 810
Benthosuchus, Edingerella 36 846
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Figure 4. Strict consensus (SC) trees of the first-order taxon jackknife analyses omitting A, Chinlestegophis, B, Eocaecilia and C,
Rileymillerus; and D, SC of the two most parsimonious trees yielded by analysis of the Schoch et al. (2020) matrix, with higher
order taxonomy highlighted.
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affect topology and can be ignored when comparing
analytical settings, the only exception being if poly-
morphic taxa are coded as missing data (Nixon &
Davis, 1991).

Explicit partitioning scheme in MrBayes. In contrast
to the implicitly partitioned analyses (1502 trees), the
analyses under the explicit character partitioning scheme
yielded a set of 14,871 trees, with an RF ¼ 3 between
the MRCs of both analyses. However, unlike the ana-
lysis with MrBayes’s implicit partition scheme, the set
of trees inferred with the explicitly partitioned matrix
displays a clear underlying island structure (Fig. 5).
Unfortunately, x-RF island extraction analyses with the
islandNeighbours package had to be aborted due to
memory restrictions resulting from the size of the tree
file. The less memory intensive clump analyses (Serra
Silva, 2022), under a break-only approach, identified six
clumps, with two recovering a restricted Lissamphibia
in Dissorophoidea topology and four the extended
Lissamphibia hypothesis. Given these results, it may be
worthwhile to run morphological datasets through
MrBayes under implicit and explicit partitioning
schemes.

Inapplicable data. When Pardo et al.’s (2017) matrix
was analysed with ‘GapMode¼NewState’, PAUP�
yielded 351 MPTs in two 1-TBR islands (Table 2).
Interestingly, the new set of MPTs displays the
restricted Lissamphibia hypothesis, but with the clade
nested in Stereospondyli not Dissorophoidea, which can

also be seen in island-72 of the default search (Serra
Silva & Wilkinson, 2021a, fig. 3b). This placement was
found for both the original and rescored matrices (Table
2). Thus, as has been shown for other datasets (e.g.
Brazeau et al., 2019; Maddison, 1993), the choice of
how to treat inapplicable data clearly affects how many
MPTs are found, their length, and, even, the topologies
found.
Analysing the original Pardo et al. (2017) matrix with

Morphy yielded 585 MPTs (351 of which were also
found in the original analysis), all displaying the
extended Lissamphibia hypothesis. Using the xRFislands
function from the islandNeighbours R package (Serra
Silva & Wilkinson, 2021a), three island structure pat-
terns were identified for the Morphy MPTs. With an RF
¼ 2 threshold the function identifies four islands (72,
108, 162 and 243 trees), at 4 � RF� 10 two islands
(180 and 405 trees), and at RF ¼ 12 all MPTs are part
of a single island. The primary topological differences
between the 10-RF islands are the placement of
(RileymillerusþChinlestegophisþGymnophiona) within
Stereospondyli and the internal relationships of
Batrachia, patterns that can also be seen in the two larg-
est 1-TBR islands extracted from the 882 MPT set.
Beyond the treatment of inapplicable data, after the

inconsistent/impossible codings were revised and cor-
rected, and the matrix re-analysed under default settings,
PAUP� yielded 108 MPTs in two 1-TBR islands, all
displaying the restricted Lissamphibia in Dissorophoidea
hypothesis (Table 2). These islands correspond to the 1-
TBR islands-18 and -90 of the original parsimony ana-
lysis (Serra Silva & Wilkinson, 2021a, fig. 3a–c). This
means that the extended Lissamphibia hypothesis rests,
at least partially, on character construction, not just on
analytical choices/parameters.
Thus, the phylogenetic trees inferred from Pardo

et al.’s (2017) matrix vary greatly, not only between
analyses under different optimality criteria, but also
between analyses where the treatment of inapplicable
data and polymorphic taxa varies (Table 2).

Differences between the Pardo et al. (2017) and
Schoch et al. (2020) data matrices
When investigating the phylogenetic placement of the
Triassic stem-salamander Triassurus sixtelae
Ivakhnenko, 1978, Schoch et al. (2020) used a matrix
slightly modified from the Pardo et al. (2017) matrix.
They sought to bypass the issues of how to analyse
polymorphic and inapplicable data by rescoring all such
character states as missing (‘?’). However, as shown by
Nixon & Davis (1991, p. 238) such scoring of polymor-
phisms as missing data can lead to “failure to find some
or all of the [MPTs] that would be found if the

Figure 5. Multidimensional scaling plot of the Bayesian
posterior distribution of trees obtained from an explicitly
partitioned Pardo et al.’s (2017) matrix.
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polymorphisms were scored”. Schoch et al. (2020) fur-
ther modified Pardo et al.’s (2017) matrix by adding 15
new characters, revising the scores for 10 others, and
adjusting taxonomic sampling to include a chimaeric
albanerpetid, three lepospondyls (Brachydectes Cope,
1868, Batropetes Carroll & Gaskill, 1971 and
Rhynchonkos Schultze & Foreman, 1981) and exclude
19 taxa across Temnospondyli (see Schoch et al., 2020,
supplementary information). This 62-taxon and 360-
character matrix yielded two MPTs that display a
restricted Lissamphibia in Dissorophoidea, with albaner-
petids sister to Batrachia, and Chinlestegophis as sister
to Rileymillerus, within Stereospondyli (Fig. 4D). Under
equal-weights parsimony, resampling analyses found
low to moderate support for the restricted Lissamphibia
hypothesis (bootstrap ¼ 77%; delete-half jackknife ¼
59%; Farris jackknife ¼ 67%). Bayesian inference anal-
yses of this matrix were attempted with MrBayes, using
varying numbers of independent runs, heated chain tem-
peratures and with or without starting trees. However,
based on the recommended values for both the average
standard deviation of split frequencies (ASDSF � 0.01)
and the potential scale reduction factor (PSRF � 1.00),
none of the analyses converged (longest attempt ran for
200,000,000 generations).
Further parsimony analyses reveal that it is the 15

additional characters in Schoch et al.’s (2020) matrix
that are responsible for the recovery of the restricted
Lissamphibia, since when these characters were
removed the extended Lissamphibia hypothesis was
inferred (Table 2). This occurred when analysing either
all 62 taxa in Schoch et al.’s (2020) original matrix, or
just the 57 taxa shared between Schoch et al.’s (2020)
and Pardo et al.’s (2017) matrices. Additionally, while
inapplicable data is no longer coded as such (all ‘-’
recoded as ‘?’), character descriptions and scorings were
not revised to accommodate the new characters (see
Gee [2022] and Kligman et al. [2023] for a comprehen-
sive revision of the added characters). Thus, hierarchical
relationships between characters are not only still pre-
sent in the matrix but their number increases
(Supplemental material Table S7). This is confirmed by
the analysis of the rescored matrix yielding shorter
MPTs than the original matrix (Table 2), the same pat-
tern found for Pardo et al.’s (2017) dataset. And, just as
with the latter dataset, the rescored 345-character matrix
no longer recovers an extended Lissamphibia, rather the
inferred trees display a restricted Lissamphibia within
Dissorophoidea (Table 2). In summary, despite stronger
support for the restricted Lissamphibia hypothesis,
minor changes to Schoch et al.’s (2020) data matrix can
still recover the extended Lissamphibia hypothesis intro-
duced by Pardo et al. (2017).

Discussion

Amphibian systematics have long been controversial,
whether it be the relationships between the three extant
orders (Anura, Caudata and Gymnophiona), debates
over intra-order relationships and rooting (e.g. is
Cryptobranchoidea Fitzinger, 1826 or Sirenidae Gray,
1825 the least nested salamander clade: Larson &
Dimmick, 1993), or even which group of fossil amphib-
ians did extant amphibians diverge from (lepospondyl vs
temnospondyl hypothesis: for an in-depth review see
Marjanovi�c & Laurin [2019]). While there is an element
of data-availability/taxonomic sampling to many of
these conflicting hypotheses, gene trees that support all
three possible permutations of the relationships between
the extant amphibian orders have been inferred from
phylogenomic datasets (e.g. Hime et al., 2021), and,
more to the purpose of this study, it has been shown
that choice of optimality criterion and data paramet-
rization affect tree inference from both molecular and
morphological datasets (e.g. Marjanovi�c & Laurin,
2019; Siu-Ting et al., 2019). Thus, knowing that tree
sets inferred from both molecular and morphological
data (and from slightly altered datasets) can support
multiple hypotheses of amphibian relationships, are we
justified in ignoring tree set heterogeneity, particularly
in analyses that support yet another novel phylogenetic
hypothesis of amphibian relationships? Serra Silva and
Wilkinson’s (2021a) exploration of how tree islands
affect the interpretation of Pardo et al.’s (2017)
extended Lissamphibia, and Marjanovi�c & Laurin’s
(2019) extensive revisions of an early tetrapod data
matrix and the phylogenetic hypotheses supported by its
analyses under multiple analytical settings, would sug-
gest not.
Starting with tree (multi)set heterogeneity, the pres-

ence and effects of tree islands have been explored pri-
marily in the contexts of tree search (e.g. H€ohna &
Drummond, 2011; Lakner et al., 2008; Olmstead et al.,
1993) and consensus tree(s) building (e.g. Maddison,
1991; Serra Silva & Wilkinson, 2021a; Sharkey &
Leathers, 2001; Sumrall et al., 2001). In the latter, the
phenomenon of large island bias has led to the recogni-
tion that the MRC is often a poor summary of (multi)-
sets of trees, as the trees in the largest island(s) drown
the signal from trees in other islands. This insight urged
workers to advocate either for the use of the SC
(Sumrall et al., 2001) or weighted consensuses (e.g.
Serra Silva & Wilkinson, 2021a; Sumrall et al., 2001) if
a single summary is desired, or for island-partitioned
consensuses (e.g. Maddison, 1991; Serra Silva &
Wilkinson, 2021a). This idea of summarizing islands, or
any such subset, of trees individually rests on the
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assumption that there is more variation between islands
than within, and that “a single consensus may ignore
information in the data” (Hendy et al., 1988, p. 358).
And, as shown in Serra Silva and Wilkinson (2021a),
the ‘ignore[d] information’ can greatly affect the conclu-
sions made about a group’s relationships and evolution-
ary history, with most MPTs inferred (under PAUP�’s
default settings) from the Pardo et al. (2017) dataset
supporting a greatly extended Lissamphibia while most
islands supported the traditional restricted Lissamphibia.
It is, thus, not foolish to question whether the presence
of islands, more specifically large island bias, might
also affect post-inference topology-based taxonomic
instability tests.
The split frequency-based LS analyses above suggest

that island bias is not an issue for the identification of
unstable taxa, but that analyses of the complete (multi)-
set and each of its islands can be complementary. The
results of the analyses on the Pardo et al. (2017) MPTs
found that the unpartitioned analyses identify the set of
taxa whose placement changes between islands as the
least stable taxa (LissamphibiaþChinlestegophis:
Supplemental material Table S1), whereas the parti-
tioned-by-island analyses pick up on locally unstable
taxa (Supplemental material Tables S2–S6). Thus, the
unpartitioned analyses find the taxa responsible for
island structure, while partitioned analyses find the taxa
(partly) responsible for island size(s), i.e. locally
unstable. While any taxon’s identification as unstable in
either the partitioned or unpartitioned analyses warrants
further investigation, whether the aim is to understand
the causes of or decrease topological variation, the iden-
tification of a taxon as unstable at the global and local
levels might be a sensible indicator for its removal.
The consensus optimization-based RBIC analyses, on

the other hand, did not find any complementarity
between partitioned and unpartitioned analyses, but did
yield a potential indicator for the presence of islands, if
these are not known a priori. RBIC’s default dropset is
of one taxon; however, it was shown by Wilkinson and
Crotti (2017) that this highly conservative paramet-
rization can lead to the failure to identify all unstable
taxa, particularly if they belong to an (internally stable)
unstable clade. For the Pardo et al.’s (2017) MPTs,
when the dropset is allowed to go up to 15 taxa, the
RBIC identifies LissamphibiaþChinlestegophis as the
(group of) taxa whose removal shows the greatest
improvement to the SC resolution. This result is unsur-
prising given they are the taxa contributing to island
structure but is interesting in that it suggests that the
recovery of groups of unstable taxa, rather than single
unstable taxa, might be indicative of island presence. As
such, while large island bias does not appear to affect

topology-based instability analyses, the latter can be
used either to explore taxonomic instability within and
between islands (if known), or as an indicator for the
possible presence of island structure. Using an RBIC-
like method as a test for the potential presence of
islands also has the benefit of not requiring the exten-
sive tree-to-tree distance calculations needed to visualize
tree space occupation, and thus island structure, with
multidimensional scaling (MDS: Fig. 5).
Given that phylogenetic trees are special cases of

phylogenetic networks (Huson et al., 2010), and that
with a 50% threshold a consensus network is also the
MRC (Holland & Moulton, 2003), it is unsurprising that
non-tree networks computed from split frequencies are
also affected by large island bias. With the two largest,
and most topologically similar (Fig. 2B; Serra Silva &
Wilkinson, 2021a, fig. 3d), islands making up � 80% of
all Pardo et al.’s (2017) MPTs, minor increments in split
frequency threshold result in major changes to the con-
sensus networks. With the 20% threshold network dis-
playing a tree-like topology (Fig. 2B), while the 10%
threshold consensus consists almost entirely of cycles/3-
cubes, resembling an actual net (Fig. 2C). Thus, in the
presence of large island bias consensus networks, and
any reticulation network inferred from them, can be
uninformative and, if the goal is to explore the different
evolutionary hypotheses supported by the islands, net-
works are not an effective alternative to partitioned-by-
island consensus trees approaches. While the networks
computed for this study might not be representative of
the data/island structure underpinning the (multi)sets of
trees commonly summarized with consensus networks,
it may be beneficial to, prior to any splits-based network
analysis, use RBIC-like methods or MDS to ascertain
whether island structure is likely to be present.
Tree islands and its effects aside, the Pardo et al.

(2017) dataset is particularly interesting due to the myr-
iad ways it can be analysed, even when restricted to
heuristic parsimony tree searches (Table 2). Because the
data matrix includes inapplicable data and polymorphic
taxa it raises the still open questions of how best to ana-
lyse these types of character scores (e.g. Brazeau et al.,
2019; Nixon & Davis, 1991). Even without addressing
the inconsistent use of conventional coding in character
construction/descriptions (Supplemental material Table
S7), the very different sets of MPTs recovered, when
the various ways of parametrizing inapplicable data and
polymorphism available in the software used above are
compared, show that the existing matrix does not yield
robust tree inferences and it should not be used to make
definitive statements about lissamphibian relationships.
Other algorithms for analyses of and/or codings of poly-
morphism might yield different results from the tree
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lengthening found here; see Nixon and Davis (1991) for
a detailed discussion of ways to code for polymorphism.
This lack of robust inferences from broadly sampled
morphological matrices is not restricted to Pardo et al.’s
(2017) data matrix, with Marjanovi�c and Laurin (2019)
finding that minor analytical changes to searches on a
carefully curated matrix (all characters and their scores
revised) for early limbed vertebrates does not yield
robust topologies.
The Bayesian analyses of Pardo et al.’s (2017) matrix

at first appeared to display less topological variation
than the parsimony analyses, with multiple MRCs dis-
playing the extended Lissamphibia hypothesis.
However, a closer look at the results of the analysis on
the explicitly partitioned data matrix revealed that, much
like in the parsimony analyses, Bayesian analyses can
recover more than one ’major’ topology from the Pardo
et al. (2017) data. Additionally, morphological analyses
in MrBayes can only be run with the Mk or Mkv mod-
els (Lewis, 2001) and always treat polymorphism as
uncertainty (see pp. 11–12 and 85–87 in the manual),
which restricts the analyses that can be performed to
explore how polymorphic taxa and inapplicable data
affect the inferred trees, much as was done in the parsi-
mony context. Also, the performance of Bayesian infer-
ence vs parsimony debate (e.g. Goloboff et al., 2018;
O’Reilly et al., 2016, Puttick et al., 2017; Wright &
Hillis, 2014) aside, recent works have contended that
the Mk(v) model is not adequate for analyses of mor-
phological datasets (e.g. Goloboff & Arias, 2019;
Goloboff et al., 2019), which raises the question of
whether Bayesian inference on morphological datasets
amounts to an exercise in model misspecification. Yet,
there are currently no other identifiable and easily
implementable models for morphological evolution
available. Recently, Tarasov (2019, 2023) proposed
combining knowledge of ontology and developmental
processes with structured (SMM: Nodelman et al.,
2002) and hidden Markov models (HMM: Beaulieu &
O’Meara, 2014) to address the problems of inapplicable
data and character construction subjectivity during tree
inference. However, it is unclear how scalable this
SMM-based approach is, how differently the explicit
Mk models and SMMs that condense into a multistate
Mk model behave, and how the models behave with
empirical data. Thus, there are still many questions sur-
rounding model-based inference of morphological data.
As for character coding, while I looked exclusively at

logic violations in the scoring of dependent characters
(Supplemental material Table S7), a more thorough
review of character construction and coding (akin to the
ones seen in Marjanovi�c & Laurin [2019]) may yield
yet another set of MPTs and supported lissamphibian

relationships. Along with the ever present possibility of
typographical errors (Gee, 2022; Kligman et al., 2023)
and the sometimes uncertain homology resulting from
bone loss/fusion (e.g. Maddin et al., 2016; Schultze
et al., 2008) and nomenclatural variation across taxa
(e.g. Abel & Werneburg, 2021; Schultze et al., 2008),
Schoch et al.’s (2020) and Marjanovi�c et al.’s (2024)
recoding of some character scores, and their reasons,
suggests that there are at least some characters whose
scoring is not agreed upon by all workers. Also, it has
been shown that palaeontologists and neontologists
approach character scoring differently (e.g. Harris, 2005;
M. Wilkinson, pers. comm., 16 October 2018), which
may again influence character scoring and tree infer-
ence, given that both extinct and extant taxa are present
in the Pardo et al. (2017) and Schoch et al. (2020)
matrices. Additionally, one of the extant taxa sampled
in these data matrices, Hynobius japonicus, is not a
valid taxon (Frost, 2023), with no apparent record of
this binomial outside of these data matrices, and thus of
the source of the character scoring for this ‘taxon’. As
such, a thorough revision of character construction and
scoring of both matrices, based on biological and logical
criteria, may be warranted. This need is further sup-
ported by Gee’s (2022) extensive review of the history
of, and the multitude of coding practices and errors
accumulated in, the matrices used for the present study.
In fact, Kligman et al.’s (2023) completely revised
matrix only found support for the restricted
Lissamphibia within Dissorophoidea, although it cannot
be discounted that increasing/changing taxonomic sam-
pling in this revised matrix might resurrect the extended
Lissamphibia hypothesis.
Thus, particular care must be taken when interpreting

the results of phylogenetic analyses on taxa like
Amphibia, where recalcitrant branches and uncertain
relationships abound. From the tree (multi)set heterogen-
eity angle, the effect of tree islands, particularly large
island bias, on tree summaries and instability analyses
(and possibly branch support, although further work is
needed to confirm this) is an important consideration
when exploring (multi)sets of trees and the evolutionary
histories they display. And, more fundamentally, the
drastic change in island structure/size seen between the
various inferences on Pardo et al.’s (2017) matrix is a
reminder that phylogenetic analyses are only as good as
their underlying data and that analytical settings are not
one size fits all.
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