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ABSTRACT

First appearing in the latest Cretaceous, Crocodylia is a clade of semi-aquatic,
predatory reptiles, defined by the last common ancestor of extant alligators,
caimans, crocodiles, and gharials. Despite large strides in resolving crocodylian
interrelationships over the last three decades, several outstanding problems persist in
crocodylian systematics. Most notably, there has been persistent discordance
between morphological and molecular datasets surrounding the affinities of the
extant gharials, Gavialis gangeticus and Tomistoma schlegelii. Whereas molecular
data consistently support a sister taxon relationship, in which they are more closely
related to crocodylids than to alligatorids, morphological data indicate that Gavialis
is the sister taxon to all other extant crocodylians. Here we present a new
morphological dataset for Crocodylia based on a critical reappraisal of published
crocodylian character data matrices and extensive firsthand observations of a global
sample of crocodylians. This comprises the most taxonomically comprehensive
crocodylian dataset to date (144 OTUs scored for 330 characters) and includes a new,
illustrated character list with modifications to the construction and scoring of
characters, and 46 novel characters. Under a maximum parsimony framework, our
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Accepted 9 August 2021 extant crocodylians for the first time based on morphology alone. This result is
Published 6 September 2021 recovered regardless of the weighting strategy and treatment of quantitative
Corresponding author characters. However, analyses using continuous characters and extended implied
Philip D. Mannion, weighting (with high k-values) produced the most resolved, well-supported, and

philipdmannion@gmail.com
Academic editor stratigraphically congruent topologies overall. Resolution of the gharial problem

Fabien Knoll reveals that: (1) several gavialoids lack plesiomorphic features that formerly drew
Additional Information and them towards the stem of Crocodylia; and (2) more widespread similarities occur
Declarations can be found on between species traditionally divided into tomistomines and gavialoids, with these
page 127 interpreted here as homology rather than homoplasy. There remains significant
DOI 10.7717/peerj.12094 temporal incongruence regarding the inferred divergence timing of the extant

@ Copyright gharials, indicating that several putative gavialids (‘thoracosaurs’) are incorrectly
2021 Rio and Mannion placed and require future re-appraisal. New alligatoroid interrelationships include:
Distributed under (1) support for a North American origin of Caimaninae in the latest Cretaceous;
Creative Commons CC-BY 4.0 (2) the recovery of the early Paleogene South American taxon Eocaiman as a ‘basal’

OPEN ACCESS

How to cite this article Rio JP, Mannion PD. 2021. Phylogenetic analysis of a new morphological dataset elucidates the evolutionary
history of Crocodylia and resolves the long-standing gharial problem. Peer] 9:e12094 DOI 10.7717/peer;j.12094


http://dx.doi.org/10.7717/peerj.12094
mailto:philipdmannion@�gmail.com
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.12094
http://www.creativecommons.org/licenses/by/4.0/
http://www.creativecommons.org/licenses/by/4.0/
https://peerj.com/

Peer/

alligatoroid; and (3) the paraphyly of the Cenozoic European taxon Diplocynodon.
Among crocodyloids, notable results include modifications to the taxonomic content
of Mekosuchinae, including biogeographic affinities of this clade with latest
Cretaceous—-early Paleogene Asian crocodyloids. In light of our new results, we
provide a comprehensive review of the evolutionary and biogeographic history of
Crocodylia, which included multiple instances of transoceanic and continental
dispersal.

Subjects Biogeography, Evolutionary Studies, Paleontology, Taxonomy, Zoology
Keywords Crocodylia, Phylogeny, Gharial problem, Allgatoroidea, Gavialoidea, Crocodyloidea,
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INTRODUCTION

Extant crocodylians are semi-aquatic ambush predators and piscivores that are globally
distributed across the tropics and subtropics, inhabiting freshwater and estuarine
environments (Grigg ¢ Kirshner, 2015). They currently number 25 species, comprising
alligators, caimans, crocodiles, and gharials; however, this number is most likely an
underestimate given that several established species continue to be recognised as cryptic
species complexes (e.g. Hekkala et al., 2011; Eaton et al., 2009; Shirley et al., 2018;
Bittencourt et al., 2019; Brochu ¢ Sumrall, 2020; Roberto et al., 2020). The last common
ancestor of living crocodylians defines the crown group Crocodylia (Benton ¢ Clark,
1988; Brochu et al., 2009). This group currently comprises approximately 140 recognised
species, the earliest unambiguous members of which appear in the Campanian (latest
Cretaceous), ~80 million years ago (Ma) (Brochu, 2003).

Crocodylians have been described as ‘living fossils’ partly because of their apparently
conservative body plan (e.g. Langston, 1973; Meyer, 1984), and, over the course of the
evolutionary history of their ancestors and extinct relatives (Crocodyliformes), they have
repeatedly converged on similar skull shapes (e.g. Brochu, 2001; Sadleir ¢» Makovicky, 2008;
Wilberg, 2017; Ballell et al., 2019; Morris et al., 2019; Groh et al., 2020). Nevertheless,
crocodylians have a rich evolutionary history (Brochu, 2003; Mannion et al., 2015).
They exhibited dramatic differences in body size (Godoy et al., 2019; Gearty ¢ Payne, 2020;
Stockdale & Benton, 2021), ranging from dwarf forms such as Osteolaemus to the giant
Purussaurus, the latter breaking the axial constraints exhibited in extant crocodylians
(Scheyer et al., 2019). The fossil record of crocodylians also reveals a greater disparity
in skull morphology than in extant taxa (Stubbs et al., 2013, 2021; Godoy, 2020),
including ‘surfboard’-snouted forms such as Mourasuchus (Price, 1964) and the
longirostrine, ‘saw’-like, narrow-snouted Euthecodon (Ginsburg ¢» Buffetaut, 1978). It also
provides evidence of a broader ecological diversity than their extant representatives.
They transitioned from fully aquatic to terrestrial habitats at least twice (Wilberg, Turner ¢
Brochu, 2019), and evolved feeding strategies beyond the carnivorous and piscivorous
habits of extant taxa (Osi, 2014; Gignac et al., 2019; Melstrom & Irmis, 2019; Drumbheller ¢
Wilberg, 2020). This includes durophagy (Salas-Gismondi et al., 2015) and possibly filter-
or ‘gulp’-feeding (Langston, 1965; Cidade et al., 2017; Cidade, Riff & Hsiou, 2019).
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Furthermore, these diverse forms sometimes occupied the same habitat, greatly exceeding
the number of sympatric occurrences in today’s crocodylian diversity hotspots (Scheyer
et al., 2013; Salas-Gismondi et al., 2015).

Crocodylians also achieved a global distribution, including dispersals into high
palaeolatitudes (e.g. Estes ¢» Hutchison, 1980; Willis ¢ Stilwell, 2000; Eberle et al., 2014) and
across large oceanic barriers (Vélez-Juarbe, Brochu ¢ Santos, 2007; Meredith et al., 2011;
Oaks, 2011; Nicolai ¢ Matzke, 2019). The clade underwent a series of radiations and
extinctions throughout its evolutionary history, including the survival of several lineages
across the Cretaceous/Paleogene (K/Pg) mass extinction, 66 Ma (Markwick, 1998; Brochu,
2003; Bronzati, Montefeltro & Langer, 2015; Mannion et al., 2015; De Celis, Narvdez ¢
Ortega, 2020). Although likely constrained by a combination of abiotic and biotic
factors (Soldrzano et al., 2020; Stubbs et al., 2021), crocodylian diversification dynamics
appear to show close ties to environmental and climatic fluctuations (Hutchison, 1982;
Markwick, 1998; Brochu, 2003; Bronzati, Montefeltro & Langer, 2015; Mannion et al., 2015;
De Celis, Narvdez ¢ Ortega, 2020; Pan et al., 2021).

Attempts at determining the evolutionary interrelationships of Crocodylia have a long
history of study, dating back to the work of the earliest comparative anatomists on
specimens of extant species (e.g. Dumeéril, 1806; Cuvier, 1807; Duméril ¢ Bibron, 1835).
However, the largest strides in resolving crocodylian phylogeny have occurred in the
last four decades, from new morphological (e.g. Brochu, 1999a) and molecular data
(e.g. Densmore ¢» Owen, 1989; Green et al., 2014), as well as methodological advances in
data analysis (e.g. Yang ¢ Rannala, 2012). Nevertheless, there are still substantial gaps in
our knowledge, as well as discrepancies between datasets, that stand in the way of a
robust phylogeny of Crocodylia. Most notably, this includes the conflicting phylogenetic
affinities of the extant gharial, Gavialis gangeticus, based on molecular and morphological
datasets, but also includes a plethora of additional systematic problems. As well as
hindering our understanding of the group’s evolutionary and biogeographic history, these
problems also limit our ability to use phylogenetic trees to evaluate extinction risk and
determine conservation priorities in extant species (e.g. Isaac et al., 2007; Gumbs et al.,
2018, 2020; Colston et al., 2020).

Previous studies of crocodylian interrelationships

The definition of Crocodylia as the crown-group of extant crocodylians is relatively recent
(Benton ¢ Clark, 1988). Prior to this, ‘Crocodilia’ comprised a far more inclusive and
imprecisely defined group, including taxa from the Triassic, ~200 Ma (e.g. Hay, 1930;
Mook, 1934; Sill, 1968). Indeed, the taxonomic content of ‘Crocodilia’ outlined by Mook
(1934) approximately corresponds to Crocodyliformes in today’s phylogenetic
nomenclature, i.e. Protosuchia + Mesoeucrocodylia (Benton ¢ Clark, 1988; Sereno et al,
2001; Martin & Benton, 2008) (Fig. 1). Nevertheless, extant crocodylians have consistently
been placed within Eusuchia, which was originally defined by Huxley (1875) as an
apomorphy-based group for taxa with pterygoid-bound choanae and procoelous
vertebrae. Eusuchia is now phylogenetically defined, and more exclusive, comprising the
last common ancestor of Hylaeochampsa vectiana and Crocodylia, and all of its
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Figure 1 Simplified cladogram of Crocodylomorpha, after Wilberg, Turner ¢ Brochu (2019).
Full-size Kl DOTI: 10.7717/peerj.12094/fig-1
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Figure 2 Cladograms outlining the interrelationships of extant crocodylians implied from the
taxonomic classification schemes of earlier studies. (A) After Romer (1956) and Steel (1973);
(B) after Kilin (1955) and Sill (1970); (C) after Mook (1934); and (D) after Hay (1930).

Full-size K&l DOT: 10.7717/peerj.12094/fig-2

descendants (Brochu, 1999a). In turn, Eusuchia is a clade within a larger grouping,
Neosuchia (Fig. 1), that is defined as all crocodyliforms more closely related to Crocodylus
niloticus than to Notosuchus terrestris (Sereno et al., 2001).

Over the last century, multiple pre-cladistic classification schemes of extant
crocodylians have emerged based on traditional comparative anatomical data (Fig. 2).
These classification schemes agree in several respects, for example in considering
Crocodylus to be closely related to Osteolaemus, and recognising Alligator to group with
caimanines (i.e. Caiman, Melanosuchus, and Paleosuchus) (e.g. Mook, 1934; Kilin, 1955;
Romer, 1956; Sill, 1968; Steel, 1973). However, there has historically been disagreement
over the affinities of the extant gharials (Gavialis and Tomistoma) with regards to
other living crocodylians. Whereas Romer (1956) and Steel (1973) placed all living
crocodylians within the same family (‘Crocodylidae’), Mook (1934), Kilin (1955), and Sill
(1968) placed Gavialis within a separate family, indicating that it is more distantly related
to all other extant crocodylians. Although some pre-cladistic classifications suggested a
closer relationship between Gavialis and Tomistoma (e.g. Hay, 1930), the prevailing
morphological hypothesis has been that Gavialis is distantly related to all other extant
crocodylians.

Crocodylian systematics received a surge of interest in the 1980s. This was stimulated
by the introduction of phylogenetic systematics (Hennig, 1965), technological
advancements such as amino acid and DNA sequencing, new morphological character
datasets, as well as computational advances in analysing morphological and molecular
datasets. Another important driver of investigations into crocodylian interrelationships
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Figure 3 Simplified interrelationships of Crocodylia based on the phenogram generated by
Densmore (1983). Full-size K] DOI: 10.7717/peerj.12094/fig-3

was continued debate over the affinities of the two extant gharials. Disagreement between
traditional morphological hypotheses and new, molecular hypotheses would propel and
shape the course of investigations. The earliest crocodylian cladogram based on
biomolecular data was generated by Densmore (1983), who conducted a series of phenetic
analyses based on blood proteins. By contrast to the morphological hypothesis, these
analyses suggested a sister relationship between Tomistoma schlegelii and Gavialis
gangeticus, with this clade (Gavialidae) more closely related to crocodylids (Crocodylus and
Osteolaemus) than to alligatorids (Fig. 3). The crocodylian clade excluding Alligatoridae
was later phylogenetic defined as Longirostres (Harshman et al., 2003). These protein
distance data also supported a relatively recent divergence of Crocodylus in the Miocene
(Brochu, 2000); in earlier studies, Crocodylus had often been considered an ancient taxon
with representatives extending back to the Cretaceous (e.g. Marsh, 1872; Cope, 1882;
Lydekker, 1886; Etheridge, 1917).

The emergence of a new hypothesis for crocodylian interrelationships prompted some
authors to attempt to reconcile the morphological and molecular data. Buffetaut (1985b)
outlined morphological similarities between Gavialis, Crocodylus, and Tomistoma.
Furthermore, he argued that the fossil record was compatible with the molecular
hypothesis, and that suitable candidates for a common ancestor of Tomistoma and Gavialis
could be found in the Eocene of North Africa, such as ‘“Tomistoma’ (=Eogavialis)
africanum. By contrast, traditional comparative anatomical studies continued to support
the early divergence of Gavialis from all other extant crocodylians, with evidence from
osteoderm arrangement, braincase and appendicular anatomy, as well as differences in
tail musculature (e.g. Ross & Mayer, 1983; Tarsitano, 1985; Tarsitano, Frey ¢ Riess,
1989; Frey, Riess ¢ Tarsitano, 1989). Furthermore, in parallel, new morphological
character datasets were published that would further support the early divergence of
Gavialis (e.g. Norell, 1988, 1989; Norell & Clark, 1990; Willis, 1993; Clark, 1994; Salisbury &
Willis, 1996). Based on the morphology of outgroups such as the Early Cretaceous
neosuchian Bernissartia fagesii, Norell (1989) argued that many of the proposed anatomical
similarities between Gavialis, Crocodylus, and Tomistoma were plesiomorphic for
Crocodylia, and simply lost in Alligatoridae.
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Figure 4 Simplified cladogram, illustrating the traditional morphological hypothesis of extant
crocodylian interrelationships. Full-size K&l DOT: 10.7717/peerj.12094/fig-4

Not all comparative anatomical evidence distinguishes Gavialis from other extant
crocodylians. All extant Crocodylus species, Osteolaemus, Tomistoma, and Gavialis share
adaptations for tolerating saltwater, to the exclusion of alligatorids. These include a
keritanised buccal cavity and lingual osmoregulatory pores on the tongue (Taplin, Grigg ¢»
Beard, 1985; Taplin & Grigg, 1989). Although the latter are greatly reduced in Gavialis
(which can be interpreted as a secondary adaptation to inhabiting freshwater
environments), the presence of these pores suggests a closer affinity of Gavialis with
Tomistoma and crocodylids, than to alligatorids (Taplin ¢ Grigg, 1989). Reconsiderations
of the biomolecular evidence, using more refined techniques, continued to support the
sister relationship of Gavialis and Tomistoma (Hass et al., 1992). Furthermore, in the late
1980s to 1990s, new support for Longirostres emerged from the analyses of DNA
sequences and restriction fragment length polymorphism matrices (Densmore ¢» Owen,
1989; Densmore & White, 1991; Gatesy ¢ Amato, 1992; Gatesy, DeSalle & Wheeler, 1993;
Aggarwal et al., 1994). As such, morphological and molecular datasets continued to
support contrasting hypotheses for crocodylian interrelationships.

Poe (1997) presented a combined phylogenetic analysis of extant crocodylians,
incorporating 64 morphological characters, restriction fragment characters, and mtDNA
sequences. The resulting strict consensus tree was congruent with the typical molecular
topology. Brochu (1997b) conducted a similar combined analysis. Using the same
biomolecular data as Poe (1997), Brochu (1997b) included 164 morphological characters,
which constituted the largest morphological character dataset applied in crocodylian
systematics at the time. Two-thirds of these characters were new, with the remainder
drawn from a synthesis of earlier studies (Benton ¢ Clark, 1988; Norell, 1988, 1989; Norell
& Clark, 1990; Buscalioni, Sanz & Casanovas, 1992; Willis, 1993; Clark, 1994). Brochu
(1997b) conducted a series of analyses that used different combinations of extant and fossil
taxa, as well as morphological and molecular data. Gavialis was consistently recovered as
the sister taxon to all other extant crocodylians, in agreement with the traditional
morphological hypothesis (Fig. 4); however, the position of Tomistoma depended on
whether fossil ingroup taxa were included or excluded (Brochu, 1997b). The Brochu
(1997b) dataset has formed the basis of essentially all morphological phylogenetic analyses
of Crocodylia over the last two decades. Numerous studies have augmented it with
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Figure 5 Contrasting topologies of molecular (A) and morphological (B) phylogenies illustrating
differences in the divergence of principal crocodylian clades. Molecular divergences based on Oaks
(2011) and morphological divergences based on the stratigraphically oldest fossils assigned to each
clade prior to the current study. Full-size K&] DOT: 10.7717/peerj.12094/fig-5

newly described taxa and novel characters, resulting in revised phylogenetic hypotheses
(e.g. Brochu, 1999a, 2004a, 2004b; Hua & Jouve, 2004; Salisbury et al., 2006; Brochu, 2010,
2011; Brochu & Storrs, 2012; Jouve et al., 2015; Salas-Gismondi et al., 2015; Jouve,

2016; Narvdez et al., 2016; Salas-Gismondi et al., 2016; Cidade et al., 2017; Lee & Yates,
2018; Salas-Gismondi et al., 2019; lijima ¢ Kobayashi, 2019; Massonne et al., 2019; Groh
et al., 2020; Nicholl et al., 2020; Rio et al., 2020, Ristevski et al., 2020, 2021; Blanco, 2021).
Similarly, there has been a synchronous burst of molecular studies of Crocodylia, with
phylogenetic analyses of several mitochondrial and nuclear genes (e.g. Harshman et al.,
2003; Janke et al., 2005; McAliley et al., 2006; Ji et al., 2006; Roos, Aggarwal & Janke, 2007;
Willis et al., 2007; Gatesy & Amato, 2008; Meganathan et al., 2010; Yan et al., 2010;
Man et al., 2011; Meredith et al., 2011; Oaks, 2011; Bittencourt et al., 2019; Milidn-Garcia
et al., 2020; Hekkala et al., 2021; Pan et al., 2021), as well as a whole genome analysis
(Green et al., 2014). However, despite these developments, the Gavialis-Tomistoma
morphology versus molecular dichotomy remains largely unresolved.

Problems in crocodylian systematics

The gharial problem

As outlined above, the phylogenetic position of Gavialis gangeticus in relation to other
crocodylians is one of the most persistent problems in crocodylian systematics. It is also
arguably the most significant problem, given that the contrasting hypotheses indicate
substantial rearrangements of the crocodylian tree. Thus far, our discussion of the gharial
problem has centred on topological differences; however, the incongruence has
implications for the estimated divergence time of the two extant gharials too (Fig. 5).
Molecular data indicate that Tomistoma schlegelii and Gavialis gangeticus last shared a
common ancestor 31-18 Ma (Oaks, 2011; Pan et al., 2021). This estimate is at odds
with fossil data, which indicate that taxa (Gavialoidea) more closely related to Gavialis
than to Tomistoma first appeared by the latest Cretaceous (~80 Ma) (Brochu, 2004a).
Harshman et al. (2003) commented that if some of these early appearing gavialoids are
incorrectly assigned to this clade, then the temporal incongruence would become
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Figure 6 Time-calibrated phylogenies illustrating the stratigraphic distribution of (A) Gavialoidea
after Salas-Gismondi et al. (2019), and (B) Tomistominae after Jouve (2016). Taxa in grey not
included in aforementioned studies. Full-size K4l DOT: 10.7717/peerj.12094/fig-6

narrower. In particular, those authors referred to the early diverging taxon, Thoracosaurus,
remains of which are present in the latest Cretaceous—early Paleogene of Europe and
North America (Brochu, 2004a). However, in the subsequent years, several new gavialoid
taxa have been described, such that it is not only one or two taxa that result in this
incongruence. Indeed, there is now a relatively continuous fossil record of morphologically
intermediate forms, bridging the gap between the earliest appearing fossil gavialoids

and extant Gavialis (Fig. 6A), including Eothoracosaurus from the latest Cretaceous of
North America (Brochu, 2004a), Dolichochampsa from the latest Cretaceous of South
America (Jouve et al., 2021), Ocepesuchus from the latest Cretaceous of north Africa (Jouve
et al., 2008), Eosuchus from the early Paleogene of Europe and North America (Delfino,
Piras & Smith, 2005; Brochu, 2006), Aktiogavialis from the late Paleogene to early Neogene
of the Caribbean (Vélez-Juarbe, Brochu ¢ Santos, 2007; Salas-Gismondi et al., 2019),
and Eogavialis from the late Paleogene to Neogene of Africa (Andrews, 1906; Hecht ¢
Malone, 1972; Storrs, 2003). Similarly, there is an extensive, near-global fossil record of taxa
referred to Tomistominae, spanning the early Eocene (~54 Ma) to the Pleistocene
(Kobayashi et al., 2006; Brochu, 2007b; Piras et al., 2007; Jouve et al., 2015; Jouve, 2016;
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Nicholl et al., 20205 Ristevski et al., 2021) (Fig. 6B). As such, the morphological hypothesis
for an early diverging Gavialoidea is highly congruent stratigraphically. Although this
could of course be incorrect, it would require a rearrangement of evolutionary
relationships among fossil crocodylians, which have been largely stable over the last two
decades (e.g. Brochu, 2004a; Brochu et al., 2012; Jouve et al., 2015; Narvdez et al., 2016;
Salas-Gismondi et al., 2019).

With the wealth of new morphological character data (Brochu, 1997b), early
investigations of the gharial problem explored whether there might be hidden support for
the molecular hypothesis in the morphological data, i.e. a ‘secondary signal’ that supports a
grouping of Tomistoma + Gavialis (Trueman, 1998; Gatesy et al., 2003; Harshman
et al., 2003). Trueman (1998) used reverse successive weighting of morphological
characters, i.e. down-weighting non-homoplastic characters, in order to allow the
secondary signal (if present) to influence the topology (though see Brochu, 1999b).

As a result, Trueman (1998) recovered the molecular topology and identified 12
morphological characters that supported this grouping. Using a simpler approach,
Harshman et al. (2003) optimised Brochu’s (1997a) morphological characters on both the
molecular and morphological trees. Harshman et al. (2003) characterised the secondary
signal as those characters that had fewer steps on the molecular than the morphological
tree, resulting in 17 characters that supported the molecular topology. Furthermore,
Harshman et al. (2003) recognised that the construction of several morphological
characters precluded tomistomines and gavialoids from sharing the same character
states. Using alternative criteria and based on a slightly different set of characters, Gatesy
et al. (2003) also recovered a secondary signal. As such, it has been demonstrated that there
is support for the molecular hypothesis ‘hidden’ in the morphological data.

Several studies have also turned to combined morphological and molecular analyses
to resolve the gharial problem, and these typically recover the molecular topology (Poe,
1997; Gatesy et al., 2003; Gold, Brochu ¢ Norell, 2014; Lee & Yates, 2018; lijima ¢
Kobayashi, 2019; Hekkala et al., 2021). However, the results of combined analyses depend
strongly on the proportions of different data types (e.g. Poe, 1997; Brochu, 1997b), and
might simply reflect the data with the strongest signal (Brochu, 2003). Furthermore,
combined analyses including fossil taxa continue to face the issue of temporal
incongruence, given that the earliest appearing, latest Cretaceous gavialoids are still
recovered within the crown gharial clade (Gatesy et al., 2003; Gold, Brochu ¢» Norell, 2014;
lijima & Kobayashi, 2019). Lee ¢ Yates (2018) introduced stratigraphic data (Bayesian tip-
dating) into combined analyses, which resolved both the topological and temporal
incongruence. Unlike previous combined analyses, all pre-Neogene gavialoids in their
analysis were recovered outside of Crocodylia. Furthermore, several taxa usually
considered as tomistomines were recovered in the stem of the crown gharial group
instead, resulting in a topology largely consistent with the molecular divergence time of
Gavialidae presented by Oaks (2011). Although the use of stratigraphic data in
phylogenetic analyses is controversial (e.g. Smith, 2000; Alroy, 2002; Fisher, 2008), Lee ¢
Yates (2018) study demonstrates that the fossil record can be stratigraphically congruent
with the molecular hypothesis.
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There are several arguments that support the acceptance of the molecular over the
morphological topology. The molecular topology has withstood numerous independent
analyses, including the use of multiple gene loci in mitochondrial and nuclear DNA
(e.g. Harshman et al., 2003; Man et al., 2011; Oaks, 2011). By contrast, although
morphological character datasets have been augmented with new characters,
morphological characters are typically reused in subsequent iterations of a dataset,
meaning that there is little real independence between analyses. It might also be argued
that DNA sequence data have an advantage over morphological character data, since
the delimitation between the four nucleotide bases is unequivocal. Although binary
presence/absence characters might be simple to delimit in morphological datasets,
the appropriate approach for complex, multistate characters is the subject of much debate
(e.g. Wilkinson, 1995; Sereno, 2007; Brazeau, 2011).

Nevertheless, it is prudent to consider ways in which the molecular data could be
misleading. A criticism of early biomolecular studies (e.g. Densmore, 1983) was that these
were based on phenetic analyses and they lacked outgroup rooting (Norell, 1989).
Additionally, in molecular phylogenetic analyses, the issue emerges that the closest living
relatives of Crocodylia, Aves, is separated by extremely long branches of approximately
250 million years (Harshman et al., 2003). Using outgroups that are so distantly separated
could result in spurious relationships (e.g. Wilberg, 2015). A common argument against
the morphological datasets has been that they are strongly affected by convergence (Hass
et al., 1992; Brochu, 1997b). However, molecular data can be misled by long-branch
attraction, i.e. distantly related taxa with many convergently acquired genetic features can
be incorrectly grouped together. It is possible then that Tomistorma and Gavialis truly
belong to distantly related lineages as suggested by morphological data, but that their
evolutionary (genetic) ancestry has essentially been erased by the accumulation of
apomorphies. However, these criticisms have been addressed through: (1) the construction
of molecular phylogenies rather than phenetics; and (2) the use of less convergence-prone,
non-coding gene loci to ameliorate issues of long-branch attraction (Harshman et al.,
2003).

As such, it appears difficult to reject the molecular topology, and thus it is the
morphological data that appears to be problematic in terms of inferring the phylogenetic
relationships of crocodylians. Indeed, several authors have suggested that the scrutiny
of morphological characters might be critical in resolving the incongruence (e.g. Hass et al.,
1992; Brochu, 1997b; Harshman et al., 2003). Accordingly, a few studies have begun to
reassess the morphological character data. Sookias (2020) conducted a review of
morphological characters applied in crocodylian systematics. Based on a sample of extant
crocodylians, he found that the removal or revision of characters lacking a ‘robust’
construction resulted in a topology that is more concordant with the molecular hypothesis.
Also, recent studies have demonstrated that a review of certain ‘important’ taxa could also
be formative in the debate. Iijima ¢ Kobayashi (2019) re-evaluated the anatomy of two
species referred to Tomistominae from East Asia. They recognised several gavialoid
atavisms in these taxa, as well as new characters that begin to bridge the morphological gap
between the extant gharials. Most recently, Ristevski et al. (2020) recovered weak support
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for the molecular hypothesis in some of their trees based on analyses of morphological
data. As such, it appears that the gharial problem might be tractable through increased
character and taxon sampling, as well as improved character construction.

Other taxonomic problems

In addition to the gharial problem, there are a host of other unresolved issues in
crocodylian systematics (Fig. 7), including: (1) the affinities of Allodaposuchidae, which
has been recovered as an early diverging clade within Crocodylia (e.g. Blanco, 2021), the
sister clade to Crocodylia (e.g. Narvdez et al., 2016), or forming a grouping with
Hylaeochampsidae (e.g. Brochu et al., 2012; Narvdez et al., 2015); (2) the taxonomic
content and biogeographic origin of Caimaninae, with several recent studies

(e.g. Salas-Gismondi et al., 2015; Bona et al., 2018) recovering latest Cretaceous North
American taxa as the earliest members of what is typically considered a South American
clade (e.g. Brochu, 1999a; Bona, 2007); (3) the biogeographic origin and phylogenetic
affinities of the endemic Australasian clade Mekosuchinae (e.g. Salisbury & Willis, 1996;
Brochu & Storrs, 2012; Yates ¢ Pledge, 2017; Lee & Yates, 2018; Ristevski et al., 2020);
(4) whether Mecistops is more closely related to Crocodylus (e.g. Brochu, 2000,

2007a; Brochu et al., 2010; Poe, 1997; McAliley et al., 2006; Li et al., 2007) or
Osteolaemus (e.g. Gatesy et al., 2003; Schmitz et al., 2003; Willis, 2009; Oaks, 2011; Man
et al., 2011; Lee & Yates, 2018; Pan et al., 2021; Hekkala et al., 2021); and (5) the species
interrelationships of the crown genus Crocodylus, as well as the resulting biogeographic
implications (e.g. Meganathan et al., 2010; Meredith et al., 2011; Oaks, 2011; Nicolai &
Matzke, 2019; Delfino et al., 2020, 2021).

As noted above, nearly all morphological analyses of crocodylian interrelationships have
been based on the data matrix of Brochu (1997b), which was originally designed to evaluate
the relationships of approximately 60 crocodylian species. Although iterations of this
dataset have been augmented with new characters and taxa, most studies have made only
small modifications in an attempt to improve resolution in specific parts of the tree,
without a critical re-examination of the whole dataset. Additionally, the coding and
treatment of morphological characters has been conservative in crocodylian systematics.
For example, only in recent studies has the ordering of multistate characters been
implemented (Lee & Yates, 2018; Iijima & Kobayashi, 2019; Groh et al., 2020; Nicholl et al.,
20205 Rio et al., 20205 Ristevski et al., 2020, 2021). Fewer studies still have explored the
impact of different styles of character construction (e.g. reductive coding) and the use of
different character weighting strategies (Groh et al., 2020; Nicholl et al., 2020; Rio et al.,
20205 Ristevski et al., 2020, 2021; see also Johnson, Young ¢» Brusatte, 2020). Furthermore,
there have been relatively few attempts to introduce novel sources of data into phylogenetic
analyses of Crocodylia, such as morphometric data (Gold, Brochu ¢ Norell, 2014; Bona
et al., 2018) and continuous characters (Groh et al., 2020).

In this study, we present a new morphological character list and dataset for Crocodylia,
based on an extensive review of the literature and first-hand examination of specimens.
We provide a discussion of modifications made to existing morphological characters, as
well as comprehensive illustrations of character states to improve repeatability in future
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Figure 7 Simplified morphological phylogeny of Crocodylia based on Brochu et al. (2012),
summarising some of the taxonomic problems discussed.
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analyses. We analyse this phylogenetic dataset within a parsimony framework, testing the
effects of different treatments of quantitative data and weighting strategies. We present
new topologies for crocodylian interrelationships, test several competing hypotheses
pertaining to problematic taxa, and provide a revised view of the evolutionary and
biogeographic history of Crocodylia.

METHODS

Taxon sampling

Our new dataset consists of 144 operational taxonomic units (OTUs), 119 of which were
studied first-hand by the lead author. Character scoring for the remaining 25 OTUs was
based on descriptions and figures in the literature, supplemented by photographs from
colleagues. The choice of outgroup can have a significant effect on topology, as
demonstrated previously for crocodyliforms (Wilberg, 2015; Sookias, 2020). As such, 12 of
the OTUs consist of taxa that lie outside of the crocodylian radiation, comprising:
Bernissartia fagesii (the designated outgroup taxon), Isisfordia duncani, Theriosuchus
pusillus, three paralligatorids (the ‘Glen Rose Form’, Wannchampsus kirpachi, and
Shamosuchus djadochtaensis), three hylaeochampsids (Hylaeochampsa vectiana,
Tharkutosuchus makadii, and Acynodon iberoccitanus), and three allodaposuchids
(Allodaposuchus precedens, Agaresuchus fontisensis, and Lohuecosuchus megadontos
[note that these have all recently been referred to Allodaposuchus by Blanco (2021)). A full
list of OTUs, including which specimens and publications were used for scoring, is
provided in Appendix 1. A table of crocodylian clade names along with their definitions is
provided in Table 1.

Character list construction

An initial character list was constructed by assimilating all existing morphological
characters from previously published studies of crocodylian systematics. The largest single
source of characters was the dataset of Brochu (1997b), which contains a substantial
number of novel characters, as well as characters modified from earlier studies (Benton ¢
Clark, 1988; Norell, 1988; Norell ¢ Clark, 1990; Clark, 1994). Significant contributions of
new characters were later introduced by Hua & Jouve (2004), Jouve et al. (2015), Salas-
Gismondi et al. (2015, 2016, 2019), Lee ¢ Yates (2018), and Iijima ¢ Kobayashi (2019).
A large number of additional studies also introduced crocodylian characters in fewer
numbers; the origin of these and all other characters is described in detail in the character
list.

All characters were sorted anatomically and checked for redundancy. When
overlapping characters were found, the original contribution was retained and accepted
modifications were cited. All attempts were made to understand existing characters. This
included scoring characters alongside specimens in museum collections, and checking
which taxa were scored for particular character states in a large sample of published
character taxon matrices (Brochu, 1999a; Buscalioni et al., 2001; Salisbury et al., 2006;
Brochu, 2007a; Osi, Clark ¢ Weishampel, 2007; Brochu, 2011; Brochu et al., 2012; Brochu ¢
Storrs, 2012; Salas-Gismondi et al., 2016; Cidade et al., 2017; Cossette ¢ Brochu, 2018;
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Table 1 Definitions of clade names, ordered systematically.

Taxon name

Definition

Taxon definition

Eusuchia (Huxley, 1875)

Hylaeochampsidae
(Andrews, 1913)

Allodaposuchidae
(Narvdez et al., 2015)

Crocodylia (Gmelin,
1789)

Alligatoroidea (Gray,
1844)

Diplocynodontinae
(Brochu, 1999a)

Globidonta (Brochu,
1999q)

Alligatoridae (Cuvier,
1807)

Alligatorinae (Klin,
1939)

Caimaninae (Norell, 1988)
Jacarea (Norell, 1988)
Planocraniidae (Li, 1976)

Longirostres (Cuvier,
1807)

Crocodyloidea (Fitzinger,
1826)

Crocodylidae (Cuvier,
1807)

Osteolaeminae (Brochu,
2003)

Crocodylinae (Cuvier,
1807)

Mekosuchinae (Balouet &
Buffetaut, 1987)

Gavialoidea (Hay, 1930)
Gavialidae (Hay, 1930)

Tomistominae (Kdlin,
1955)

Gavialinae (Nopcsa, 1923)

Gryposuchinae
(Vélez-Juarbe, Brochu &
Santos, 2007)

Brevirostres (Zittel, 1890)

The last common ancestor of Hylaeochampsa vectiana, Alligator mississippiensis, Crocodylus
niloticus, Gavialis gangeticus and all of its descendants.

The last common ancestor of Hylaeochampsa vectiana, Tharkutosuchus makadii,
Pachycheilosuchus trinquei and Pietraroiasuchus ormezzanoi and all of its descendants.

Allodaposuchus precedens and all crocodyliforms more closely related to it than to
Hylaeochampsa vectiana, Shamosuchus djadochtaensis, Borealosuchus sternbergii, Planocrania
datangensis, Alligator mississippiensis, Crocodylus niloticus, or Gavialis gangeticus.

The last common ancestor of Alligator mississippiensis, Crocodylus niloticus and Gavialis
gangeticus, and all of its descendants.

Alligator mississippiensis and all crocodylians more closely related to it than to Crocodylus
niloticus and Gavialis gangeticus

Diplocynodon ratelii and all crocodylians more closely related to it than to Alligator
mississippiensis
Alligator mississippiensis and all crocodylians more closely related to it than to Diplocynodon

ratelii

The last common ancestor of Alligator mississippiensis and Caiman crocodilus and all of its
descendants

Alligator mississippiensis and all crocodylians more closely related to it than to Caiman
crocodilus

Caiman crocodilus and all crocodylians more closely related to it than to Alligator
mississippiensis

The last common ancestor of Caiman latirostris, Caiman crocodilus, Caiman yacare,
Melanosuchus niger, and all its descendants

The last common ancestor of Planocrania hengdongensis, Planocrania datangensis,
Boverisuchus vorax, Boverisuchus magnifrons, and all of its descendants

The last common ancestor of Crocodylus niloticus, Gavialis gangeticus, and all of its descendants

Crocodylus niloticus, and all crocodylians more closely related to it than to Alligator
mississippiensis or Gavialis gangeticus

The last common ancestor of Crocodylus niloticus, Osteolaemus tetraspis and all of its
descendants

Osteolaemus tetraspis and all crocodylians more closely related to it than to Crocodylus niloticus
Crocodylus niloticus, and all crocodylians more closely related to it than to Osteolaemus tetraspis

The last common ancestor of Kambara implexidens and Mekosuchus inexpectatus, and all of its
descendants

Gavialis gangeticus, and all crocodylians more closely related to it than to Alligator
mississippiensis and Crocodylus niloticus

The last common ancestor of Gavialis gangeticus, Tomistoma schlegelii, and all of its
descendants

Tomistoma schlegelii and all crocodylians more closely related to it than to Gavialis gangeticus
Gavialis gangeticus and all crocodylians more closely related to it than to Tomistoma schlegelii
Gryposuchus jessei and all crocodylians more closely related to it than to Gavialis gangeticus and

Tomistoma schlegelii.

The last common ancestor of Alligatoroidea and Crocodyloidea and all of its descendants

Brochu (1999a)

Buscalioni et al. (2011)

Narvdez et al. (2015)

Benton & Clark (1988)

Norell, Clark ¢ Hutchison
(1994)

Brochu (1999a)

Brochu (1999a)

Norell, Clark ¢ Hutchison
(1994)

Brochu (1999a)

Brochu (1999a)

Brochu (1999a)

Brochu (2012)

Harshman et al. (2003)

Norell, Clark ¢ Hutchison

(1994)

Norell, Clark ¢ Hutchison
(1994); Brochu (2003)

Brochu (2003)

Brochu (1999a)

Salisbury & Willis (1996) and

Brochu (2003)

Norell, Clark ¢ Hutchison
(1994)

Norell, Clark ¢ Hutchison
(1994)

Brochu (2003)

Brochu (2003)

Vélez-Juarbe, Brochu &
Santos (2007)

Brochu (1999a)
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Lee & Yates, 2018; Souza-Filho et al., 2018; Iijima & Kobayashi, 2019; Salas-Gismondi et al.,
2019). Similar to the approach of Sookias (2020), these methods provided a means of
assessing the ‘robustness’ of characters. Where inconsistencies emerged between character
formulations and personal observations of specimens, characters were revised by the
addition, removal, and/or modification of character states, as well as the introduction of
new characters when necessary. All such changes are described in detail in the character
list.

In total, 162 characters from previous studies of crocodylian systematics were omitted
from the dataset for one of several reasons: (1) they were autapomorphies, and therefore
phylogenetically uninformative; (2) they were accidental duplicates, being redundant
with another morphological character; (3) the morphological variation that was described
was ambiguous, and/or not visible in specimens studied first hand; (4) the character varied
intraspecifically in most or all taxa studied. All discarded characters, their origin, and
reason for removal, are listed in Table S1. A total of 45 characters are new to this study: 26
of these are based on personal observations in museum collections, and the remainder are
based on a survey of the literature. The complete dataset comprises 330 morphological
characters. 95% of characters are illustrated to create the most complete atlas of
morphological characters published for crocodylian systematics.

Character construction

Discrete morphological characters

All new characters and modifications to existing characters were constructed following
the protocols of Sereno (2007) and Brazeau (2011) and as recently used for crocodyliforms
by Tennant, Mannion & Upchurch (2016) and Groh et al. (2020). The most important
aspects of character construction are detailed below:

1. Multistate characters that combine an ‘absent’ state plus two or more ‘present but
variable’ states were reductively coded into two or more characters. For example,
Brochu’s (1997b) character 152 is: “Internal choana not septate (0) or with septum that
remains recessed within choana (1) or with septum that projects out of choana (2)”.
Here, this character was reductively coded into two characters: (a) “Choanae, septum:
present (0); absent (1)” (C193 in our study) and (b) “Choanae, external projection of
the septum: absent, septum remains recessed within choanae (0); present, septum
approaches external margin of choanae (1)” (C194 in our study). Reductively coding
characters such as this has the benefit of capturing the grouping information in the
presence or absence of a feature (Brazeau, 2011). The disadvantage is that parsimony
algorithms treat inapplicable data in the same way as missing data. As such, the
parsimony algorithm will optimise character (b) in taxa that lack a choanal septum,
influencing the parsimony scores of trees and possibly leading to spurious groupings of
taxa (Strong & Lipscomb, 1999; Brazeau, 2011). The latter can be alleviated if zero-length
branches are set to collapse (as is the default in TNT). Furthermore, in the following
discussion, the phylogenetic results are explored in detail, including the optimisation of

Rio and Mannion (2021), PeerdJ, DOI 10.7717/peerj.12094 15/156


http://dx.doi.org/10.7717/peerj.12094/supp-17
http://dx.doi.org/10.7717/peerj.12094
https://peerj.com/

Peer/

several reductively coded characters, allowing the assessment of characters supporting
particular nodes.

2. Compound characters, which describe variation in two or more non-homologous
morphological features, were separated into two or more characters. For example, Jouve
et al. (2015)’s character 43 is: “Splenial participates in mandibular symphysis and
splenial symphysis adjacent to no more than one dentary alveolus (0); splenial excluded
from mandibular symphysis and anterior tip of splenial passes ventral to Meckelian
groove (1); splenial excluded from mandibular symphysis and anterior tip of splenial
passes dorsal to Meckelian groove (2); participates in the mandibular symphysis over
the length of two to five teeth (3); deep splenial symphysis, participates in the
mandibular symphysis over the length of five to seven teeth, and forms wide “V’ within
symphysis (4); or deep splenial symphysis participates in the mandibular symphysis
over the length of five to seven teeth, and splenial constricted within symphysis and
forms narrow ‘V’ (5); or deep splenial symphysis, longer than seven dentary alveoli (6)”.
Here, this character is split into four separate morphological characters: (i) one that
describes the presence or absence of contact of the splenial in the dentary symphysis
(C222); (ii) one that describes the position of the anterior splenial tip relative to the
Meckelian groove (C223); (iii) one that describes the length of participation of the
splenial in the symphysis (C224); and (iv) one that describes the shape of the splenial
within the symphysis as either wide or narrow (C225).

Continuous morphological characters

Morphological characters used in phylogenetic analyses often describe variation that is
quantitative, for example describing the relative sizes of processes, lengths of sutural
contacts, or counts of teeth and vertebrae (Rae, 1998; Wiens, 2001). Commonly, such
quantitative features are discretely delimited using terminology such as ‘large’, ‘small’,
and ‘poorly developed’. This kind of terminology is very common in crocodylian
systematics. For example, the character list of Brochu (1997b (characters 83, 110, and 111,
respectively]; italics added by authors of present study) includes: “Quadratojugal sends
long anterior process along lower temporal bar (0) or sends modest process, or none at
all, along lower temporal bar (1)”, “Palatine process extends (0) or does not extend

(1) significantly beyond the anterior end of the suborbital fenestra”, and “Maxillary
foramen for palatine ramus of CN-V small or not present (0) or very large (1).”

Such terminology is problematic, given the subjective nature of determining whether a
feature is large” or ‘small’, etc. Although the original author/s usually have a clear idea of
how the states are divided from one another, this has ramifications for repeatability
and consistency, particularly when other authors add taxa to a matrix, who might have a
very different concept of what connotes a ‘large’ or ‘small’ feature. A partial remedy to this
problem is through the delimitation of quantitative character states by threshold values.
In theory, these thresholds should represent discontinuities in measured values of all the
taxa included in an analysis; however, since such data are seldom presented, it is not always
clear how previous character states are delimited. Examples in crocodylian systematics
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include Jouve et al. (2015)’s character 237 (“Pterygoid at least 50% wider than its minimal
length (0) or nearly as wide as its minimal length (1)”) and Lee ¢» Yates (2018) character
217 (“Elongation of the retroarticular process: length at least 1.5 times the maximum
width (0), or less than 1.5 times the maximum width (1)”).

A number of methods have been developed to delimit quantitative variation into
discrete character states, such as gap-coding (Mickevich & Johnson, 1976), gap weighting
(Thiele, 1993), and step-matrix gap weighting (Wiens, 2001). These methods use different
statistical criteria for delimiting continuous variation; however, a common concern is
that taxa with significantly different values may be assigned to the same state, whereas
taxa with non-significant differences can be assigned to different states (Farris, 1990;
Goloboff, Mattoni & Quinteros, 2006). Additionally, Garcia-Cruz & Sosa (2006)
demonstrated that alternative methods of character discretisation applied to the same
dataset can result in significant differences in phylogenetic results.

Goloboff, Mattoni & Quinteros (2006) introduced a procedure that enables continuous
data to be included directly in a phylogenetic analysis, eliminating the need for prior
discretisation. Nevertheless, the use of continuous characters is considered controversial by
some authors. Arguments against the use of continuous characters include the potential for
greater homoplasy, the artificial grouping of taxa based on phenetic data, the arbitrary
choices of measurements, and character redundancy (e.g. Cox & Urbatsch, 1990; Stevens,
19915 Brocklehurst, Romano ¢ Frobisch, 2016). Despite these criticisms, many of which are
also applicable to discrete morphological characters and can be mitigated, continuous
characters have been found to contain useful phylogenetic information in numerous
studies across a broad suite of taxonomic groups (e.g. Goloboff, Mattoni ¢ Quinteros, 2006;
Hornung-Leoni & Sosa, 2008; Mannion et al., 2013; Parins-Fukuchi, 2017; Randle &
Sansom, 2017; Jones ¢ Butler, 2018; Groh et al., 2020). An important consideration
when using continuous characters is how extensively they should be applied. For example,
Wiens (2001) implied that all morphological characters are best treated continuously.
However, as commented upon by Goloboff, Mattoni ¢» Quinteros (2006), this is not
practical, and characters showing well-defined, discrete variation should be coded as such.

When characters are treated continuously in software such as TNT (Goloboff, Farris ¢
Nixon, 2008), the absolute difference between one character value and another is used
to calculate the cost of character state transformations, with up to 3 decimal places
considered (Brocklehurst, Romano ¢ Frobisch, 2016). As such, the cost of a transformation
between a condition in one species to the condition in another is proportional to the
magnitude of that difference. Difficulty arises, however, when trying to determine the
relative cost of transformations between characters that vary on different orders of
magnitude (Goloboff, Mattoni & Quinteros, 2006; Koch, Soto ¢ Ramirez, 2015). This
occurs in continuous character datasets because it is possible to combine meristic
characters, ratios of measurements, and characters measured using different units. This
raises the need to scale continuous characters, i.e. to adjust the cost of transformations
between characters (Goloboff, Mattoni ¢ Quinteros, 2006).

This problem can be illustrated by considering the following two continuous characters
implemented in this study: (a) character 12, incisive foramen size, ratio of maximum
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mediolateral width of incisive foramen to the mediolateral width of the rostrum at the
premaxilla-maxilla suture (after Brochu, 1999a (C124); Jouve et al., 2008 (C124); Groh
et al., 2020 (C5)); and (b) character 21: scapular blade, anteroposterior flare of dorsal end at
maturity: angle between anterior and posterior margins (after Benton ¢ Clark, 1988;
Brochu, 1997a (C22)). Whereas character 12 is a ratio of two linear measurements with a
total range of 0.4, character 21 is an angular measurement with a range of 65, i.e. two
orders of magnitude larger. Left unscaled, characters expressed in larger orders of
magnitude (such as character 21) will exert a greater influence in determining the optimal
topology than other characters (Mannion et al., 2013; Koch, Soto & Ramirez, 2015). In this
case, the weight of character 21 is approximately 150 times greater than that of
character 12. It therefore follows that characters varying on larger orders of magnitude
need to be scaled down relative to characters that vary on smaller orders of magnitude.

Implied weighting (see below) was proposed as a way to decrease the problem of scaling.
Measures of homoplasy will be greater in characters that vary on a larger scale, and those
characters would be down-weighted when implied weighting is implemented (Goloboff,
Mattoni & Quinteros, 2006). Other authors have re-scaled continuous characters to unity,
i.e. making the total range of a continuous character equal to one step of a discretely coded
character (Escapa ¢ Catalano, 2013; Koch, Soto & Ramirez, 2015; Groh et al., 2020).
Empirical evidence demonstrates that while both methods diminish the issue of scaling,
implied weights only does so partially, and higher values of group support result from first
re-scaling continuous characters (Koch, Soto ¢» Ramirez, 2015). In this study, continuous
characters were re-scaled by taking the reciprocal of the total range of the continuous
character (x). Since character weights cannot be non-integers in TNT, this value was
multiplied by 100:

(1/x) x 100

A ‘side-effect’ of multiplying character weights by 100 is that tree lengths in all analyses
implementing continuous characters are two orders of magnitude higher than all other
analyses.

Re-discretised morphological characters

Some of the continuous characters used in this analysis are derived from discrete
morphological characters. In order to test the impact of scoring these continuously,
quantitative characters were also scored discretely. This was achieved by re-discretising
continuous characters based on the measured values. The threshold values used to delimit
the re-discretised character states were based on the original character description, to
allow comparisons between this and earlier studies. If no threshold was given, or if the
character was new, the state boundaries were determined by plotting the continuous
character values from smallest to highest and seeking clear discontinuities in the data
(Figs. S1, S2). Histograms for all continuous characters were also plotted to identify
distribution patterns that might guide the delimitation of the continuous data (Figs. S3,
§4). The Shapiro-Wilk test for normality was also implemented in R version 3.5.1 (R Core
Team, 2018) for each set of measurements. For example, if the continuous values were
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