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ABSTRACT

Tetrapods currently comprise over 30,000 species distributed globally and occupying a
stunning diversity of bodyplans and ecologies. After many years of fruitful work, the early
evolutionary history of the group can be considered well-understood. We have a detailed
sequence of anatomical change across the fish-tetrapod transition in the Devonian period and a
rich fossil record from the late Early Carboniferous (Mississippian) and Late Carboniferous
(Pennsylvanian). These two datasets reveal the initial assembly of the tetrapod bodyplan at one
end and the proliferation of early members of crown group lineages at the other. However, there
remains an unbridged divide between the apparently low-diversity, obligately aquatic, fishlike
Devonian tetrapod assemblage and the speciose, ecologically diverse post-Devonian assemblage.
This divide is inflected by the end-Devonian mass extinction (EDME), which is itself followed
by a ~15 million year hiatus in the tetrapod fossil record (Romer’s Gap) that is just now

beginning to be populated.

In this dissertation | attempt to understand the evolution of early tetrapods through the
end-Devonian mass extinction and its aftermath by integrating data from comparative
morphology, phylogenetics, and community ecology. In Chapter 2, | redescribe the postcranial
skeleton of the middle Mississippian stem tetrapod Whatcheeria deltae to generate new
anatomical and character information and better understand its relationships. In Chapter 3, 1
analyze a new early tetrapod phylogenetic dataset to more evaluate the effect of new
Whatcheeria data on the structure of the apical tetrapod stem group, hypotheses of tetrapod
crown group membership, and inferred patterns and timing of branching events during the Late

Devonian and Mississippian. Finally, in Chapter 4 | use comparative ecological methods to
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evaluate effect of the end-Devonian mass extinction on richness of guilds (=functional groups)
and community-level resistance to perturbation across environments, with special attention paid

to the middle Devonian-middle Mississippian origin of terrestrial communities.

In Chapter 2 I redescribe the postcranial anatomy of Whatcheeria on the basis of
hundreds of previously unstudied specimens. Whatcheeria is revealed to be an unusual large-
bodied form with an elongate neck, robust appendicular skeleton, and regionalized trunk ribs.
Limb proportions resemble those of terrestrial crown tetrapods from the Permian such as Eryops,
but the presence of a well-developed cranial sensory canal system indicate that Whatcheeria was
an aquatic animal, albeit one adapted for walking rather than swimming in the water column.
Using a diagnosis improved by new character data, the family Whatcheeriidae can be restricted
to the earliest Mississippian Pederpes and middle Mississippian Whatcheeria. Whatcheeriid
autapomorphies can now be recognized in several Mississippian specimens as well. Whatcheeria
indicates that Mississippian stem tetrapods were capable of much more morphological,
physiological, and likely functional complexity than previously appreciated. Moreover, such

complexity was not necessarily tied to terrestrialization.

In Chapter 3 I analyze a new phylogenetic dataset incorporating new postcranial
character data from Whatcheeria as well as recent discoveries from Romer’s Gap. The dataset
combines new characters with those of multiple dataset ‘lineages’. Parsimony analysis finds a
well-supported, monophyletic Whatcheeriidae composed of Whatcheeria and Pederpes located
deep on the tetrapod stem. Contra recent hypotheses, large aquatic embolomeres and the limbless

aistopods and adelospondyls are found within the amniote total group. The colosteids have an
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ambiguous relationship to the tetrapod crown node, alternating between the sister group of crown
tetrapods to the sister group of the temnospondyls within the lissamphibian total group. Analysis
of anatomical partitions of characters indicates similar levels of signal in cranial and postcranial
data but divergent patterns of evolution across partitions, particularly between the anterior and
posterior appendicular skeletons. Estimation of node ages supports a Devonian origin for most
stem tetrapod lineages but not terrestriality. Node age estimation and anatomical partition
analyses both support at minimum one independent origin of terrestriality in each of the crown

tetrapod lineages.

In Chapter 4 | analyze a dataset of 16 paleocommunities from the middle Devonian
(Givetian) through the end of the Mississippian (Serpukhovian). Non-metric multidimensional
scaling (NMDS) analysis finds a strong time-environment separation between axes when the
diversity of high-level taxonomic groups is used, but this distinction breaks down substantially
when diversity of ecological guilds is used. These results suggest substantially greater functional
continuity than taxonomic continuity through the EDME. Simulation of paleocommunity
response to perturbation using the Cascading Extinction on Graphs (CEG) model finds no clear
difference in response between communities before and after the Frasnian-Famennian
invertebrate extinction or the EDME. The response of paleocommunities is bimodal with low
variance, shifting extremely rapidly from low to high levels of secondary extinction at
approximately 50% perturbation. Curiously, variance in secondary extinction is low throughout.
| propose that this response pattern is due to a combination of low guild richness, high guild
evenness, broad prey profiles among predators, and top-down pressure from high-trophic-level

predators. At low levels of perturbation, the generalist nature of predators results in low per-
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species predation pressure. However, at high levels of perturbation, increasing secondary
extinction, in combination with low guild richness, begins to rapidly eliminate entire guilds. Top-
down predation pressure is still being widely applied, and the entire food web collapses. Gilboa,
a middle Devonian terrestrial paleocommunity, and East Kirkton, the oldest terrestrial tetrapod
paleocommunity (a diverse arthropod assemblage is also present), both share this response
pattern with the aquatic localities, though variance in secondary extinction values is greatly
increased by the lower species diversity. Terrestrial communities appear to have developed
through the diversification and proliferation of plants and arthropods; tetrapods later fit into
guilds which had been previously defined and occupied solely by arthropods. | propose the
origin of more fully terrestrial vertebrate communities may lie somewhere in the Mississippian,
and previous hypotheses that late Pennsylvanian/early Permian assemblages represent the initial

organizational structure of the first terrestrial tetrapod communities are not supported.

Datafiles for the Chapter 4 paleocommunity food web analyses are contained in the

“Supplementary Files” ZIP file online. This ZIP file contains faunal lists, guild assignments, and

model parameter information in Excel (.xIsx) format
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CHAPTER 1: INTRODUCTION

1.1 CONTEXT FOR RESEARCH

Over the last 30 years, early tetrapod research (Coates et al., 2008; Clack, 2012; Pardo et al.,
2020) has benefitted tremendously from an influx of new data. We now have a detailed picture
of evolutionary and environmental events during the origin and initial radiations of tetrapods
(Figure 1). In the 1990s, the Famennian tetrapods Acanthostega (Coates, 1996; Ahlberg and
Clack, 1998; Clack, 1998, 2002a, 2002b), Ichthyostega (Jarvik, 1996), and Tulerpeton (Lebedev
and Clack, 1993; Lebedev and Coates, 1995) were (re)described. These taxa confirmed presence
of gills and polydactyly in the earliest limbed tetrapods (Coates and Clack, 1990, 1991).
Character investigations and phylogenetic analyses used these anatomical data to resolve
longstanding questions of the extant tetrapod sister group and tetrapod monophyly (Panchen and
Smithson, 1987, 1988; Cloutier and Ahlberg, 1996). Increasing information on the
panderichthyids Panderichhthys (Vorobyeva, 1995; Ahlberg et al., 1996) and Elpistostege
(Schultze and Arsenault, 1985) more firmly established these taxa as the immediate outgroups to
limbed tetrapods. The discovery of the more complete panderichthyid Tiktaalik in the mid-2000s
(Daeschler et al., 2006) provided new data and reframed research on the origin of limbed
tetrapods. Tiktaalik retained fins but possessed a neck, elbow, and enlarged pelvis (Shubin et al.,
2006, 2014; Downs et al., 2008; Stewart et al., 2019) The result of this work is that we now have
a set of taxa with which to trace trait evolution through the fish-tetrapod transition in the

Devonian.
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During the same period, new Early Carboniferous (Mississippian) data were generated by
excavations of the Dora (Smithson, 1980) and East Kirkton localities (Wood et al., 1985) in the
Scottish Midland Valley. Numerous historical collections from the Scottish Midland Valley and
northern England have been made (Panchen, 1964, 1966, 1972; Milner, 1980a; Panchen, 1981;
Smithson, 1985a; Clack, 1987a) but the Dora and East Kirkton excavations were much more
systematic. Both localities produced diverse assemblages. The diverse and disparate East Kirkton
biota, the older of the two, includes temnospondyl Balanerpeton (Milner and Sequeira, 1993)
and stem amniote Westlothiana (Smithson et al., 1993), which are often (Ruta, 2011; Clack et al.,
2016; Pardo et al., 2017b, 2020) used as first appearances of total group Lissamphibia and

Amniota, respectively.

As research on the Late Devonian and new Mississippian tetrapods proceeded, attention
returned to Romer’s Gap. Historically, studies of early tetrapods struggled to bridge the
conceptual and data gaps between the beginning and end of the fish-tetrapod and water-land
transitions. The Frasnian tristichopterid Eusthenopteron and Permian temnospondyl Eryops were
used to represent the morphological endpoints, with Ichthyostega as a challenging aberration
(reviewed by Jarvik (1996)). Romer struggled with the paleobiological gap between the aquatic
earliest tetrapods- represented by Ichthyostega- and the latest Pennsylvanian/early Permian
terrestrial tetrapods such as Diadectes, Eryops, and Dimetrodon (Romer, 1956). By the end of
the 20" century, the fish-tetrapod morphological gap had been narrowed substantially and the
minimum age for tetrapod terrestrialization had moved from the terminal Pennsylvanian to the
middle Visean. However, full reconstruction of the water-land transition- and indeed, connection

between the Devonian and post-Devonian tetrapod radiations- was still frustrated by a lack of



earliest Mississippian (Tournaisian and early Visean stages) tetrapod fossils (Coates and Clack,
1995). This hiatus was named ‘Romer’s Gap’ by Coates and Clack (1995). This opaque interval
presumably contained the transition between the aquatic, fishlike Late Devonian tetrapods
(Acanthostega, Ichthyostega) and the terrestrial crown tetrapods from East Kirkton

(Balanerpeton, Westlothiana).

Romer’s Gap took on new significance after a large-scale faunal study by Sallan and Coates
(2010). They found that vertebrate turnover across the Devonian-Carboniferous boundary was
not gradual but rapid and severe. The ‘Late Devonian mass extinction’ (Droser et al., 2000;
McGhee et al., 2004, 2013) was decomposed into the invertebrate Frasnian-Famennian mass
extinction (Kellwasser event) and the vertebrate end-Devonian mass extinction (EDME,
Hangenberg event). The multi-institution TW:eed (Tetrapod World: Early Evolution and
Diversification) project was put together in the 2010s to discover Romer’s Gap tetrapods in the
Tournaisian of northern England and southern Scotland. Hypotheses explaining Romer’s Gap
included low oxygen levels suppressing diversity (Ward et al., 2006), a post-extinction diversity
lull (Sallan and Coates, 2010), and sampling failure (Clack, 2009; Smithson et al., 2012).
Persistent environmental disruptions during the Mississippian (Yao et al., 2015) may also have

played a role.

The prospect of Tournaisian tetrapods had been raised over 15 years prior by work in North
America. In the 1980s Bolt, Lombard, and colleagues conducted extensive fieldwork at Delta, a
new latest Visean/earliest Serpukhovian tetrapod locality (Bolt et al., 1988). This was the first

discovery of a new tetrapod locality from the Mississippian of North America in decades. Until



the discovery of the Famennian Red Hill tetrapods (Daeschler et al., 1994; Daeschler, 2000), the
Delta tetrapods were the oldest from North America. Chief among the Delta discoveries was
Whatcheeria (Lombard and Bolt, 1995). Whatcheeria was clearly more derived than
Acanthostega and Ichthyostega but did not easily fit into contemporary hypotheses of tetrapod
relationships (Figure 2). Shortly thereafter, Pederpes was discovered from the Tournaisian of
Scotland (Clack, 2002c). Recognized as a similar kind of tetrapod to Whatcheeria, Clack erected
the family Whatcheeriidae to contain Whatcheeria and Pederpes (Clack, 2002c; Clack and
Finney, 2005). The Australian Visean tetrapod Ossinodus was soon added to the family as well
(Warren and Turner, 2004; Warren, 2007). The whatcheeriids represented a unique tetrapod

lineage within Romer’s Gap.
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Figure 1.2. Initial hypothesis of relationships between Whatcheeria and other early tetrapod taxa.
Modified from Lombard and Bolt (1995). Terminology follows the original figure.

The lower (Devonian) portion of the tetrapod stem has been thoroughly investigated as



has not received the same amount of scrutiny. Since the erection of the family Whatcheeriidae,
the term ‘whatcheeriid’ has been applied to an increasingly broad set of specimens from both the
Devonian (Daeschler et al., 2009; Olive et al., 2016; Broussard et al., 2018) and Mississippian
(Anderson et al., 2015; Greb et al., 2016). Many of these are fragmentary and the basis for these
attributions is unclear. The result is spurious phylogenetic precision: numerous whatcheeriids but
no clear idea of what a ‘whatcheeriid’ is. The potential of the whatcheeriids to contribute to
understandings of lineage diversity and timing of branching events within Romer’s Gap is thus

greatly limited.

Fortunately, significant new data are available. Whatcheeria is now represented by
hundreds of specimens, most of which are unstudied. These include three-dimensionally
preserved bones, complete skulls, and multiple articulated individuals. Such a collection is
extremely rare and provides a golden opportunity to build a complete anatomy of an early
tetrapod. These new Whatcheeria data may provide the basis for an improved character diagnosis
for Whatcheeriidae and resolution of the ‘whatcheeriid question’. Mobilization of these new data
requires the creation of new characters and a new data matrix to test phylogenetic hypotheses.
What is the structure of the tetrapod stem group? How is the crown group diagnosed and
defined? What is the reconstructed pattern of character evolution along the tetrapod stem into the

tetrapod crown?

Previous hypotheses (summarized by Romer (1958) and Clack and Coates (1995)) of
early tetrapod paleoecology focused on the origin of limbs. These hypotheses differed on the

environmental conditions and functional drivers of limb evolution; Romer’s midcentury



synthesis proposed that that tetrapod limbs evolved in order to haul tetrapods from drying pools
to healthier water bodies (Romer, 1958). This is the origin of the popular images of the lobe-
finned fish hauling itself overland and the ‘half-in and half-out’ early ‘amphibian’. The
consensus was that Devonian tetrapods were primarily aquatic. Importantly, Romer noted that in
addition to the lack of apparent terrestrial adaptations in the limbs of Ichthyostega, there did not
appear to be much extrinsic motivation for tetrapod terrestriality in the Devonian (Romer 1958,
p.367):
Like their crossopterygian ancestors, the early tetrapods appear to have been, universally,
eaters of animal food [...] And the potential food supply on land appears to have been
meager [...] Scorpions do not, however, appear to be too nourishing a base upon which to
found a flourishing terrestrial vertebrate fauna.

Assemblage descriptions (Milner, 1980b; Smithson, 1980; Boyd, 1984; Clarkson, 1985)
and larger biogeographic studies were compiled (Milner et al., 1986; Milner, 1987), but these
were all restricted to the coal swamp localities of the Late Carboniferous (Pennsylvanian). While
the non-tetrapod organisms of the East Kirkton tetrapods were described in detail (Clarkson et
al., 1993; Jeram, 1993; Shear, 1993), the three primary Devonian tetrapods are not so well-
contextualized. There have yet not been any comparative ecological syntheses spanning the Late
Devonian and Mississippian. Taxonomic loss and functional loss have been known to vary
separately in other mass extinctions (McGhee et al., 2004; Foster and Twitchett, 2014; Foster et
al., 2022). Paleoecological modeling of paleocommunities bracketing the end-Permian mass
extinction has found changes in community-level properties such as stability and resistance to
perturbation following the extinction event (Roopnarine, 2009; Roopnarine et al., 2018, 2019;

Huang et al., 2021). What does the taxonomic change through the EDME mean for the structure



and properties of post-EDME communities? What evolutionary and ecological processes created

the post-Devonian world?

1.2 SUMMARY OF RESEARCH

The aim of this dissertation is to investigate the anatomical and functional transitions
between the tetrapod stem and crown groups, the timing of the tetrapod crown group origin
during the early Mississippian, and ecological response to the end-Devonian mass extinction. In
the first chapter, | redescribe the postcranial anatomy of the Mississippian tetrapod Whatcheeria.
Whatcheeria has been part of early tetrapod phylogenetic datasets since its description in 1995
and is the namesake and type genus of the family Whatcheeriidae. Originally restricted to the
Tournaisian-Visean (Clack, 2002c), taxa and specimens from the Frasnian-Serpukhovian have
been either explicitly included within the family (Ossinodus) or provisionally referred to as
‘whatcheeriid’ or ‘whatcheeriid-like” (Clement et al., 2004; Anderson et al., 2015; Greb et al.,
2016; Olive et al., 2016; Broussard et al., 2018; Otoo et al., 2018; Ahlberg and Clack, 2020).
Preparation has revealed hundreds of Whatcheeria specimens, which represent a rich new body
of data with which to refine the definition of Whatcheeriidae and resolve the status of associated
problematica. In the second chapter, | conduct a phylogenetic analysis of early tetrapods using a
new dataset. This dataset includes new data from Whatcheeria as well as recently discovered
tetrapods from Romer’s Gap. The character list includes characters drawn from multiple existing
matrices as well as new creations for a more independent test of relationships. This is done to test
the impact of new Whatcheeria data on tree topology and patterns of character change along the
tetrapod stem into the crown group. Analyses of anatomical partitions attempt to assess patterns

of phylogenetic signal across the early tetrapod skeleton and their possible paleobiological



implications. Age estimates for the tetrapod crown group are considered within the context of the
origin of Mississippian tetrapods broadly, and the extent to which this diversity is the product of
Devonian or Mississippian divergence events. In the third chapter, | use a new dataset of
Givetian-Serpukhovian vertebrate communities and ecological modeling methods to analyze
community structure and perturbation response through the end-Devonian mass extinction. This
is done to test the hypothesis that the taxonomic turnover at the Devonian/Carboniferous
boundary was accompanied by changes in the diversity and richness of functional groups and
that stability of ecological communities decreased in the aftermath of the extinction

(Tournaisian) followed by recovery and increase in stability (Visean and later).
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CHAPTER 2: THE POSTCRANIAL ANATOMY OF
WHATCHEERIA DELTAE

Published in modified form as: Otoo, B.K.A., Bolt, J.R., Lombard, R.E., Angielczyk, K.D., and
Coates, M.1., 2021, The postcranial anatomy of Whatcheeria deltae and its implications for the

family Whatcheeriidae: Zoological Journal of the Linnean Society, v. 193, p. 700-745.

2.1 ABSTRACT

Here we describe the postcranial skeleton and present the first full-body reconstruction of
the early tetrapod Whatcheeria deltae from the Viséan of lowa. The skeletal proportions,
including an elongate neck and large limbs, are unlike those of other Devonian and Mississippian
tetrapods. The robust limbs of Whatcheeria appear adapted for a walking gait, but the lateral
lines of the cranium are fundamentally unsuited for sustained subaerial exposure. Thus, although
Whatcheeria bears a general resemblance to certain terrestrially-adapted Permian and Triassic
members of crown tetrapod lineages, its unusual form signals a broader range of early
amphibious morphologies and habits than previously considered. From the exceptionally rich
collection it is evident that most Whatcheeria specimens represent immature individuals. Rare
specimens suggest an adult body size of at least 2m, over twice that of the holotype. Further
comparison suggests that the Pederpes holotype might also be a juvenile and reveals a
combination of hindlimb characters unique to Whatcheeria and Pederpes. These new data
contribute to a revised diagnosis of the family Whatcheeriidae and a reevaluation of fragmentary
Devonian-Carboniferous fossils reported as ‘whatcheeriid’ but sharing no synapomorphies with

the more precisely defined clade.
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2.2 INTRODUCTION

Whatcheeria deltae was first described by (Lombard and Bolt, 1995). Dating to the
middle/late Viséan, it was then the second-oldest tetrapod from North America. Characterized as
“gratifyingly primitive”(Lombard and Bolt, 1995), it combined a plesiomorphic lower jaw and
lateral line system with ‘anthracosaur’-like tabular horns, minimal dermal ornament, and lack of
an ossified gill skeleton. Since the original description, the study of early tetrapods has been
transformed by new discoveries (Clack, 2002c; Warren and Turner, 2004; Clack and Finney,
2005; Warren, 2007; Clack et al., 2016; Ahlberg and Clack, 2020), new descriptions (Coates,
1996; Jarvik, 1996; Clack, 1997; Ruta et al., 2002, 2020), new phylogenies (Ruta et al., 2003a;
Ruta and Coates, 2007; Clack et al., 2016; Pardo et al., 2017b; Marjanovi¢ and Laurin, 2019) and
applications of new methods (Ruta et al., 2006, 2018; Wagner et al., 2006; Ruta and Wills, 2016;
Maclver et al., 2017). Imaging technology advances have enabled the extraction of previously
unavailable anatomical data (Porro et al., 2015; Clack et al., 2016; Pardo et al., 2017b; Herbst
and Hutchinson, 2018; Lennie et al., 2020). The net result has been a sea-change in terms of
knowledge, perspectives, and the sophistication of questions asked. More and more, the field has
moved from reconstructing patterns of character acquisition to explorations of the diversity and
paleobiology of the early tetrapod radiations (Sallan and Coates, 2010; Bennett et al., 2016;
Clack et al., 2016; Bennett et al., 2017; Otoo et al., 2018; Pardo et al., 2019b; Byrne et al., 2020).
In particular, the broad shift in phylogenetic hypotheses around the turn of the millennium (Ruta
and Coates, 2007) transferred many taxa- including Whatcheeria- from the tetrapod crown to the
tetrapod stem (Coates, 1996; Paton et al., 1999). This has raised two key questions: which, and

how many, taxa populate the tetrapod stem?
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After the discovery of Pederpes from the Tournaisian of Scotlaclack 2002nd, the family
Whatcheeriidae was erected to contain it and Whatcheeria (Clack, 2002c). The family was not
defined by autapomorphies but on the basis of a combination of seemingly primitive and derived
characters. Ossinodus, from the Viséan of Australia (Warren, 2007) was initially referred to the
family on the basis of shared characters and a phylogenetic analysis that placed it as the
immediate sister taxon to Whatcheeria/Pederpes. However, subsequent discoveries and analyses
challenged this hypothesis (Warren, 2007) and moved Ossinodus to branch from a more basal
node on the tetrapod stem. Discoveries of additional Devonian-Carboniferous tetrapod fragments
with putative anatomical similarities to Pederpes or Ossinodus or close relationships to them in
phylogenetic analyses (Clack and Ahlberg, 2004; Daeschler et al., 2009; Anderson et al., 2015;
Olive et al., 2016; Broussard et al., 2018; Ahlberg and Clack, 2020) further weakened the
definition of Whatcheeriidae. In many cases, the cited characters are not unique to
Whatcheeria/Pederpes/Ossinodus or shared by all three genera. This has, in turn, led to the
hypothesis that whatcheeriids are not a clade but are instead a grade. Furthermore, Pederpes and
Ossinodus, not Whatcheeria, have been used as comparisons in classifying fragmentary
‘whatcheeriid’ material, which currently encompasses ~50Ma spanning the
Devonian/Carboniferous boundary. Despite these uncertainties, whatcheeriids are an important
but ill-defined part of our understanding of tetrapod evolution in the period spanning the

Hangenberg event and its aftermath (Becker et al., 2016; Kaiser et al., 2016; Zhang et al., 2020).

Here we describe the postcranial skeleton of Whatcheeria deltae. Since the original

description of Whatcheeria (Lombard and Bolt, 1995), a series of publications have discussed its

general morphology and inferred ecology (Bolt and Lombard, 2000), described the lower jaw
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(Lombard and Bolt, 2006), and palate and braincase (Bolt and Lombard, 2018). Over this period,
preparation of specimens increased the quantity of informative Whatcheeria material and so the
amount of available anatomical data. These data will be presented in a comparative context and

used to reevaluate the taxonomic status of whatcheeriids.

2.3 MATERIALS AND METHODS

All Whatcheeria specimens come from the now-defunct Jasper Hiemstra Quarry (Bolt et
al., 1988; Lombard and Bolt, 1995; Bolt and Lombard, 2018). For details of geology and
sedimentology see Snyder (2006); for details of specimen preparation see (Lombard and Bolt,
1995; Bolt and Lombard, 2018). All Whatcheeria specimens studied are stored at the Field
Museum of Natural History. Additional comparative material was examined at the Field
Museum, Museum of Comparative Zoology, Queensland Museum, and Cleveland Museum of
Natural History. Further comparative data were obtained from the literature. Specimen photos
were taken using a Nikon D50 camera with Nicor 18-55mm lens, Canon EOS7D camera with a
Canon 17-55mm lens, and a Canon EOS70D camera with Canon 17-55mm, Canon 100mm, and

Sigma 18-50mm lenses. Figures were created in Photoshop CC 2018 (Adobe, San Jose, CA).

To quantitatively compare Whatcheeria’s body proportions to other early tetrapods, linear
measurements were gathered from published figures using Photoshop and used to calculate
dimensionless ratios. Taxa were selected primarily on the basis of data availability, as well as
ecomorphological disparity. Although the sample is focused on Famennian and Mississippian
tetrapods, select Permian (White, 1939; Berman et al., 2000; Pawley and Warren, 2006; Bazzana

et al., 2020) and Triassic (Schoch, 1999; Schoch and Rubidge, 2005) taxa were also included.

14



Principal components analysis (PCA) was conducted to compare taxa and visualize the data.
PCAs were conducted in RStudio (RStudio Team, 2019) for R (R Core Team, 2019) using the
following packages: stats (R Core Team, 2019), graphics (R Core Team, 2019), factoextra
(Kassambara and Mundt, 2020), ggplot2 (Wickham, 2016), ggfortify (Tang et al., 2016), and

ggrepel (Slowikowski, 2020).

2.3.1 Institutional abbreviations

FMNH, Field Museum of Natural History, Chicago, Illinois, USA; SUI, University of
lowa, lowa City, lowa, USA; QMF, Queensland Museum, Brisbane, Queensland, Australia;
NSM, Nova Scotia Museum, Halifax, Nova Scotia, Canada; YPM PU, Yale Peabody Museum,
New Haven, Connecticut, USA; CMNH, Cleveland Museum of Natural History, Cleveland,
Ohio, USA; CMC, Cincinnati Museum Center, Cincinnati, Ohio, USA; MCZ, Museum of
Comparative Zoology, Harvard University, Cambridge, Massachusetts, USA; IRSNB, Institut
royal des Sciences naturelles de Belgique, Brussels, Belgium; NMMNH, New Mexico Museum

of Natural History and Science, Albuguerque, New Mexico, USA.

2.3.2 Anatomical abbreviations

4TR, fourth trochanter; AB, adductor blade; ACT, acetabulum; AFPC, anterior facet of
pleurocentrum; ATL, atlas; ATR, anterior trunk rib; ATRN, notch in anterior trunk rib; AX, axis;
AZYG, anterior zygapophysis; BIN, brachialis inferior; BSO, basioccipital; CAR, caudal rib;
CER, cervical rib; CLE, cleithrum; CLELO, cleithrum lateral overlap with scapulocoracoid;
CLEMO, cleithrum medial overlap with scapulocoracoid; CLV, clavicle; CLVDP, dorsal process

of the clavicle; CLVG, groove on the dorsal process of the clavicle; CLVP, clavicle plate; CPL,
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carpal; CRV, cervical vertebra; DLT, deltoideus; DP, deltoid process; DPC, deltopectoral crest;
DR, dorsal ridge; DTR, distal tarsal; FC, fibular condyle; FEM, femur; FIB, fibula; HFC,
humerus foramen ‘C’; HP2, humerus process 2; HP3, humerus process 3; HP4, humerus process
4; HS, hemal spine; HUM, humerus; IC, intercentrum; ICLV, interclavicle; ICLVO, interclavicle
facet for clavicle overlap IL, ilium; ITR, internal trochanter; LDO, latissimus dorsi; LDP,
latissimus dorsi process; LSC, levator scapuli; FLA, flexor radialis; FLU, flexor ulnaris; NS,
neural spine; OFA, obturator foramen; OMO, omohyoideus; PBL, postbranchial lamina; PC,
pleurocentrum; PEC, pectoralis; PFPC, posterior facet of pleurocentrum; PHLG (MAN), manual
phalanges; PHLG (PED), pedal phalanges; PHLG, phalanges; PLC, pleurocentrum; PLS,
popliteal space; PLV, pelvis; PNF, pineal foramen; PP, pectoral process; PR, pectoral rib; PSP,
parasphenoid; PTR, posterior trunk rib; PZYG, posterior zygapophysis; RA, radius; SCH,
scapulohumeralis; SCR, scapulocoracoid; SLO, supinator longus; SUC, supracoracoideus; SUS,
subscapularis; TC, tibial condyle; TIB, tibia; TR, trunk rib; TRC, triceps; TRP, trapezius; TV,
trunk vertebrae; TVP, transverse process of neural arch; UL, ulna; VRH, ventral ridge of the

humerus; XRA, extensor radialis; XUL, extensor ulnaris; ZYG, zygapophysis.

2.4 RESULTS

2.4.1 Systematic paleontology

TETRAPODA (Jaekel, 1909)

WHATCHEERIIDAE (Clack, 2002c)
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Revised diagnosis: Tetrapods characterized by: narrow, steep-sided skull; orbit subrectangular,
deeper than wide; steeply angled suspensorium with deep temporal notch; tooth rows on vomers,
palatines and ectopterygoids; maxillary caniniform teeth; nearly continuous row of coronoid
teeth; lateral lines manifest as grooves and canals in cranial dermal bone; tabular with small
ornamented ‘button’ termination; intertemporal/squamosal contact; mandibular lateral line (=oral
lateral line) runs from splenials onto surangular; dermal ornament minimal; grooved,
denticulated parasphenoid; parasphenoid very short behind basipterygoid processes with U-
shaped posterior margin; uncinate processes on ribs; opening or notch proximal to uncinate
process on at least some trunk ribs; spike-like latissimus dorsi process on humerus; ilium with
short, broad dorsal and posterior processes; striations or grooves on posterior iliac process;
femoral internal trochanter absent; femoral adductor blade bears fourth trochanter; fourth

trochanter broad, flat-topped, and rugose.

GENUS Whatcheeria deltae (Lombard and Bolt, 1995)

Type and only species: Whatcheeria deltae (Lombard and Bolt, 1995)

Holotype: FMNH PR 1700, skull associated with presacral vertebral column, partial shoulder

girdle, ribs, and partial right hindlimb.

Type horizon and locality: Fills within two adjacent collapse structures formed in the Waugh and

Verdi Members of the lowa ‘St Louis’ Limestone, exposed at the Jasper Hiemstra Quarry

(SW1/4, S11/4, section 15, T75N, R13W) near Delta, Keokuk County, lowa, USA (Figure 2.1).
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See (Bolt et al., 1988; Lombard and Bolt, 1995) for additional details. The Hiemstra Quarry has
been dated to the latest Viséan-earliest Serpukhovian, 333-326Ma (Snyder, 2006).
Referred specimens: 26 specimens; approximately 375 additional specimens are referable with

varying degrees of confidence. See Supplementary Information for details.

Revised diagnosis: Whatcheeriid with the following apomorphies: cleithrum dorsal apex
subrectangular with posterior notch; pleurocentra fused dorsally and open ventrally; posterior
iliac process broad, rounded, with marked fluting; entepicondyle massive, approximately 50% of
total humerus volume. Characters with broader distribution: large parietal foramen surrounded
by raised rim; prefrontal forms thick ridge at anterodorsal orbit margin with mesial projections;
stapes with short shaft; large maxillary fangs at positions 6 and 7; premaxilla with substantial
palatal shelf; pectoral ribs morphologically distinct; anterior trunk ribs approximately 80% of
scapular length in lateral view; interclavicle fan-shaped; forelimb and hindlimb lengths equal,
olecranon process large; manus with digital formula 3-4-5-5-4 (2-3-4-4-3 excluding
‘metacarpals’); pes with digital formula 3-4-5-5-5 (2-3-4-4-4 excluding ‘metatarsals’); phalanges

as broad or broader than long; adult body size ~2m or greater.
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Figure 2.1. Location of the Jasper Hiemstra Quarry. A) map of the contiguous United States with
a rectangle highlighting the relevant area; B) simplified map of lowa showing major cities and
Delta, rectangle highlighting Keokuk County; C) partial map of Keokuk County, lowa showing
the Jasper Hiemstra Quarry in relation to Delta and other nearby towns. Keokuk County map
modified from (Snyder, 2006)
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2.4.2 Comparative description

2.4.2.1 Axial skeleton

The full-body reconstruction (Figure 2.2, Figure 2.3) has been restored with an axial
column comprised of 54 vertebrae. There are 26 presacral vertebrae, including the atlas-axis
complex (counted as two vertebrae). This is slightly more than the estimate of 24 for Pederpes
(Clack and Finney, 2005). The cervical series (Figure 2.3, Figure 2.6) includes five vertebrae
posterior to the atlas-axis, contributing to a total count of seven. The following two vertebrae are
associated with the pectoral region, and the remaining 17 presacral vertebrae form the trunk. The
single sacral vertebra precedes a caudal series restored with 27 vertebrae, estimated from
multiple specimens (see description of vertebrae and Supplementary Information). Specimens
with the most complete axial skeletons forming the basis of the restored vertebral column include
the holotype FMNH PR 1700 (Figure 2.4), FMNH PR 1816 (Figure 2.5, Figure 2.6), and FMNH

PR 1875 (Figure 2.7).
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Figure 2.2. Whatcheeria deltae full-body reconstruction in left lateral view. A, standing posture; B, floating posture. The
reconstruction is meant to depict an anatomically mature individual of approximately 1m body length.
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Figure 2.3. Whatcheeria deltae, reconstruction of axial skeleton with ribs (A), without ribs (B), ribs, colour-coded by region (C).
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Figure 2.4. FMNH PR 1700, articulated holotype of Whatcheeria (skull removed for study). A, specimen photo; B, interpretive
drawing with labels. Arrows point anteriorly.



144

Figure 2.5. FMNH PR 1816, articulated specimen of Whatcheeria. A, specimen photo; B, interpretive drawing with labels. Arrows
point anteriorly.
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Figure 2.6. Articulated cervical vertebrae and ribs of Whatcheeria. A, cervical region of FMNH
PR 1816 in ventrolateral view; B, cervical region of FMNH PR 1700 in dorsal view. Arrows
point anteriorly. Scale bar in here and in following figures equals 1 cm unless otherwise noted.

25



Figure 2.7. FMNH PR 1875, articulated specimen of Whatcheeria. A, specimen photo; B,
interpretive drawing with labels. Arrows point anteriorly.
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The precaudal vertebrae of Whatcheeria are rhachitomous, each composed of an anterior
pleurocentrum (open ventrally), intercentrum (open dorsally) and neural spine (Figure 2.8). Each
individual intercentrum or pleurocentrum is a single fused structure with no trace of a midline
suture. The dorsal fusion of the pleurocentra and their opening ventrally is highly unusual, and
thus far unique among Mississippian tetrapods. Each pleurocentrum has two large anterior facets
for the preceding neural arch, and two much smaller posterior facets for the succeeding neural
arch. Each intercentrum has a small lateral facet at each apex for articulation with the rib. The
intercentra are about half again as large as the pleurocentra. Determining the degree of
notochordal constriction is difficult, but was probably greater than that in Greererpeton
(Godfrey, 1989) and comparable to Ossinodus (Warren, 2007). The neural spines are fused at the
midline without trace of suture. The zygapophyses of the neural spines are well-developed
throughout the presacral column. The anterior and posterior zygapophyses are roughly equal in
length, in common with Archeria (Holmes, 1989b) and Proterogyrinus (Holmes, 1984), but
unlike Acanthostega (Coates, 1996), Greererpeton (Godfrey, 1989), and Pederpes (Clack and
Finney, 2005; Pierce et al., 2013b), where the enlarged anterior zygapophysis has a slanted
appearance. The proportional lateral width of the anterior zygapophyses is similar to that in
Proterogyrinus, Greererpeton and (probably) Pederpes (Pierce et al., 2013b) and greater than in

Acanthostega.

As preserved, the dorsal margins of the neural arches often appear ragged (Figure 2.4-

Figure 2.9). A similar phenomenon has been reported in Caerorhachis, where it has been

interpreted as evidence of a cartilage cap in life (Ruta et al., 2002). However, this raggedness is
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less prominent or absent in the best-preserved Whatcheeria specimens and might instead be

Kala)

partly a taphonomic artifact.

PZYG
AZYG

AZYG ~ —

PZYG AZYG

Figure 2.8. Vertebral components of Whatcheeria. FMNH PR 1886 intercentrum in dorsal (A)
and ventrolateral (B, C) views; FMNH PR 1712 pleurocentra in anterior (D, E) and posterior (F,
G) views; FMNH PR 4989 neural spine in anterior (H) and posterior (1) views; FMNH PR 2000
neural spine and pleurocentrum in right-posterior (J), anterior (K), and left-posterior (L) views.

28



Figure 2.9. Articulated vertebrae of Whatcheeria. FMNH PR 1953 articulated caudal vertebrae in
left lateral view (A); FMNH PR 1879 articulated vertebrae in left lateral view (B); FMNH PR
1745 articulated vertebrae in left lateral view (C). In all specimens, anterior is on the left and
posterior is on the right.

Parts of the atlas/axis complex are present in FMNH PR 1701 and probably in FMNH PR
1634, FMNH PR 1635, and FMNH PR 1700 (Fig.10). In FMNH PR 1701, three centra are
exposed in ventral view immediately posterior to the braincase (Figure 2.10C). Though all three
are flattened, the anteriormost centrum is laterally broader than the other two and appears to have
a median break or discontinuity. It is unclear whether or not this is taphonomic damage or if the
two halves of the centrum were unfused. These centra likely belong to the atlas/axis complex,
although their identities are uncertain. Atlantal/axial neural spines appear to be present in FMNH

PR 1634 immediately posterior to the occiput, but the more anterior of these spines is very small
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and covered by the more posterior, resembling a diminutive copy of other spines in the presacral
series. The axial arch lacks an obvious facet for articulation with a rib, in contrast with Pederpes
(Clack and Finney, 2005). At least some of the same bones preserved in FMNH PR 1634 seem to
be present in FMNH PR 1700, but they are small and their state of preservation makes them hard
to identify. We assume that none of the cervical material associated with the skull of FMNH PR
1700 is assignable to the cervical vertebrae that remain with the rest of the FMNH PR 1700

postcranial skeleton.

The reconstructed atlas/axis complex is shown in Figure 2.10J, mostly based on FMNH
PR 1634 with significant guidance from Acanthostega (Figure 2.10H) and Pederpes (Figure
2.101). As in those genera, the atlantal neural spine is restored without an anterior zygapophysis.
The intercentra are restored without articulations for ribs but otherwise following the
morphology of the other presacral intercentra. Atlas/axis centra size, relative to each other and to
other presacral counterparts, cannot be assessed directly without a more complete presacral
column in FMNH PR 1701 or better-preserved atlas/axis centra in FMNH PR 1534 and FMNH
PR 1700. In the restored atlas/axis, the atlantal centra are smaller than those of the axis,

following Greererpeton (Godfrey, 1989) and Pederpes (Clack and Finney, 2005).
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Figure 2.10. The atlas/axis of Whatcheeria. A, FMNH PR 1634, skull with jaws, cervical
vertebrae, and partial shoulder girdle; B, FMNH PR 1700, skull with jaws; C, FMNH PR 1701,
parasphenoid, basioccipital and partial atlas/axis complex; D, FMNH PR 1635, skull with jaws
and cervical material. Areas where atlas/axis material is likely preserved are circled in A, B and
D. E, interpretive drawing of possible atlas/axis material in FMNH PR 1634, F, interpretive
drawing of possible atlas/ axis material in FMNH PR 1700; G, interpretive drawing of possible
atlas/axis material in FMNH PR 1635; H, atlas/axis of Acanthostega modified from (Coates,
1996: fig. 7); I, atlas/axis of Pederpes modified from (Clack and Finney: fig. 18A); J,
reconstructed atlas/axis of Whatcheeria in left-lateral view.
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Vertebral morphology changes throughout the Whatcheeria axial skeleton. Neural spine
height slightly increases posteriorly along the cervical series. Thereafter, the spines remain
mostly uniform until the sacral neural spine, which has a much larger diapophysis for articulation
with the sacral rib. The caudal neural spines are initially taller than the presacrals, and the first
six caudal vertebrae have longer zygapophyses than the presacrals (Figure 2.2, Figure 2.3, Figure
2.5). After the caudal ribs (vertebra 34 onwards) the pleurocentra decrease in size and the neural
spines become progressively shorter and have smaller zygopophyses. From vertebra 42 (caudal
vertebra 16 onwards) the tail is poorly preserved. Vertebrae 42-54 have been restored taking into
account the available specimens- FMNH PR 4998, FMNH PR 1816, and FMNH PR 1875- and
guided by caudal series known from Acanthostega (Coates, 1996) and Ichthyostega (Jarvik,
1996; Pierce et al., 2012). No articulation facets for radials have been observed on any neural

spines, and no radials have been found.

Ribs are present on all presacral vertebrae except for the atlas/axis (see above), as well as
the sacral vertebra and the first six caudal vertebrae. In the following description, the numbering

of ribs follows that of their respective centra.

The ribs are bicipital (Figure 2.11), though as in most early tetrapods the facets are
incompletely separated. This poor definition is usually exacerbated by taphonomic flattening.
The presacral ribs are morphologically differentiated into the following regions: cervical,
pectoral, anterior trunk, and posterior trunk (Figure 2.3). Ribs 3-7 belong to the cervical series.
The cervical ribs increase in size along the series, rib 3 being about 40% the length of rib 6. Ribs

5-7 bear uncinate processes near the distal end. The uncinate process of rib 5 is weakly
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developed and contiguous with the rest of the rib, giving the distal tip a spoon-shaped
appearance. Rib 6 is approximately 30% longer than rib 5, and is narrowed distal to the
trapezoidal uncinate process. Rib 7 is thicker than rib 6 and about 20% longer. Its uncinate

process is larger than that of rib 6 and more triangular in shape.

Figure 2.11. Isolated anterior trunk ribs of Whatcheeria. A, SUI 52036; B, FMNH PR 4991; C,
FMNH PR 4992; D, FMNH PR 4993; E, FMNH PR 4990; F, FMNH PR 4994; G, FMNH PR
4995; H, FMNH PR 4996. Note the proximal notch in FMNH PR 4991 and FMNH PR 4990. In
all specimens, proximal is on the left and distal is on the right.
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The pectoral ribs, ribs 8 and 9, can be distinguished from the preceding cervical ribs and
the following trunk ribs by their size and shape. Both are similar in length to rib 7 but much
thicker. Although only about half as long as the anterior trunk ribs, these ribs are much stouter
proximally, with larger articulations. Their uncinate processes are large and triangular, giving
them a distinctive, bladed outline. The pectoral ribs are very similar in shape to similarly placed
ribs in Proterogyrinus (Holmes, 1984) and Archeria (Holmes, 1989b) that are associated with
the pectoral girdle. This assists with their identification in Whatcheeria as well as with pectoral

girdle placement (see pectoral girdle description).

As noted in the original description, the anterior trunk ribs (ribs 10-14) are among the
most distinctive features of Whatcheeria (Lombard and Bolt, 1995). The first three are long and
curved, with trapezoidal or rectangular uncinate processes. The processes are smaller and more
angular than those in Ichthyostega (Jarvik, 1996; Pierce et al., 2012) or Eryops (Moulton, 1974),
though as in those taxa they most likely overlapped the following rib in life. Some isolated
anterior trunk ribs (Figure 2.11) show a notch immediately proximal to the uncinate process
(Figure 2.11, D, E). Clack and Finney (2005) described similar notches on ribs from the same
region in Pederpes. Jarvik (1996) also noted similar features in isolated ribs of Ichthyostega and
concluded that they received cutaneous blood vessels. However, this feature is not preserved
well enough or consistently enough to determine its distribution in the rib series of Whatcheeria,
so it has been omitted from the reconstruction. Rib 11 is the longest trunk rib overall and is about
as long as the scapular blade of the scapulocoracoid; when projected in the reconstruction its
apparent length in lateral view is reduced (Figure 2.2, Figure 2.3). This is similar to ribs in the

same region in Proterogyrinus, Archeria, and Ichthyostega, as well as possibly Eryops (Moulton,
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1974) and Seymouria (White, 1939; Berman et al., 2000). Rib 13 resembles its anterior neighbors
but has a longer shaft and smaller uncinate process. The distal part of rib 14 is similar to that of
rib 5, the uncinate process being contiguous with the rest of the rib and forming a spoon-shaped
tip. A similar sequential change in anterior trunk rib size and uncinate process morphology is

seen in Mastodonsaurus (Schoch, 1999).

The posterior trunk ribs (ribs 15-26) progressively decrease in length and curvature until
about rib 20, at which point the rib shaft is straight and approximately the length of a neural
spine. From rib 21 posteriorly they decrease in length until they are about the height of an
intercentrum immediately anterior to the sacrum. They lack uncinate processes and are circular

or ovoid in cross-section.
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Figure 2.12. Sacral ribs of Whatcheeria. FMNH PR 4997 sacral rib specimen photo (A) and
interpretive drawing (B); FMNH PR 1816 sacral rib specimen photo (C) and interpretive
drawing (D); FMNH PR 1875 sacral rib specimen photo (E) and interpretive drawing (F).
Arrows point distally (in the direction of the articulation with the ilium).
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The sacral rib (Figure 2.12) is robust. The distal end is 30-50% broader than the proximal
end and there is slight waisting at the midshaft. It superficially resembles a much more compact

version of a pectoral rib and is roughly as long as the sacral neural spine is tall.

The six caudal ribs (Figure 2.3, Figure 2.5, Figure 2.6) are thicker and more robust than
the trunk ribs and are rounded in cross-section. They lack flanges or uncinate processes. The first
and last are short and mostly straight, whereas the rest are much larger and curved caudally. The
degree of curvature increases in successive posterior ribs. The penultimate caudal rib (rib 32) has
a kink immediately distal to the head and a semi-straight shaft. This morphology is useful in

correlating caudal series across specimens.

The hemal spines (Figure 2.5, Figure 2.6, Figure 2.13) are fused to their intercentra
without trace of suture. In common with Acanthostega (Coates, 1996), the first hemal spine is
very small, a morphology that seems otherwise to be unique among early tetrapods. The
remaining hemal spines are squared off and fairly broad anteroposteriorly, with straight margins
and minor tapering from the proximal to distal end. The second hemal spine is the broadest and
has an expanded distal end with a slight hook that is visible in multiple specimens (Figure 2.8,
Figure 2.9). Height is mostly consistent for the second through the eighth hemal spine, which are
slightly longer than the height of their corresponding neural spines. After this (vertebra 41
onwards), hemal spines decrease in length and become more pointed, triangular, and posteriorly
inclined. In the reconstruction this transition is pronounced and rapid, producing the unusual tail
profile. No specimen preserves a complete and articulated tail, but the specimens that do

preserve caudal segments suggest that this depth transition is genuine. The distal end of the tail is
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not discernible in any specimen, and has been restored with a terminal axial segment after

Acanthostega (Coates, 1996) and Ichthyostega (Jarvik, 1996; Pierce et al., 2012).
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Figure 2.13. FMNH PR 4998, articulated and associated Whatcheeria material. A) specimen
photo; B) interpretive drawing with labels. Arrows point anteriorly.
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2.4.2.2 Pectoral girdle

The pectoral girdle consists of a median interclavicle (Figure 2.14), paired clavicles
(Figure 2.15), scapulocoracoids (Figure 2.16), and cleithra (Figure 2.17). In the full-body
reconstruction the girdle is placed so that the scapular blade overlaps the two pectoral ribs. This
position is selected for several reasons. In FMNH PR 1700, the pectoral girdle remains are in
close proximity to the pectoral ribs, and specimen preservation suggests that they have not
drifted far from their position in life. In Proterogyrinus (Holmes, 1984) and Archeria (Holmes,
1989h), the two ribs immediately posterior to the cervicals have a distinctive morphology and are
distally overlapped by the scapular blade. Whatcheeria pectoral ribs are identified as such
because they share the same morphology and placement as their counterparts in Proterogyrinus
and Archeria, and likely had the same relationship with the girdle. A reconstruction with the
pectoral girdle moved anteriorly to immediately behind the skull reveals discontinuity in the rib
series (see Supplementary Information), supporting the placement in our preferred reconstruction

(Figure 2.2).
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Figure 2.14. Interclavicles of Whatcheeria. SUI 52088 interclavicle plate in external (A) and
internal (B) views; C, FMNH PR 4999 in external view; D, FMNH PR 1740 interclavicle in

external view; FMNH PR 1957 interclavicle mounted in resin in external (E) and internal (F)
views; FMNH PR 1743 interclavicle in external (G) and internal (H) views. In allspecimens,
anterior is at the top and posterior is at the bottom.
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Figure 2.15. Clavicles of Whatcheeria. FMNH PR 5018 right clavicle in internal (A) and
external (B) views; C, FMNH PR 5000 left clavicle plate in internal view; D, FMNH PR 5001
partial clavicle in posteroventral view; E, reconstruction of clavicles and interclavicle in
articulation. Arrows point anteriorly.
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Figure 2.16. Cleithra and scapulocoracoids of Whatcheeria. A, FMNH PR 5005 left
scapulocoracoid in external view; FMNH PR 1789 left scapulocoracoid in external (B) and
internal (C) views; SUI 52027 left scapulocoracoid in internal (D) and external (E) views; F,
FMNH PR 1703 left scapulocoracoid and cleithrum in internal view; FMNH PR 5004 right
scapulocoracoid and cleithrum in external view, specimen photo (G) and interpretive drawing
(H); FMNH PR 5006 right scapulocoracoid and cleithrum in internal view, specimen photo (I)
and interpretive drawing (J); FMNH PR 1766 partial right scapulocoracoid and cleithrum in
external (K) and internal (L) views; FMNH PR 5003 partial left cleithrum in internal view (M);
FMNH PR 5002 partial left cleithrum in external view (N).
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Figure 2.17. Cleithrum of Whatcheeria. A, FMNH PR 5007, left cleithrum in lateral view
(above) and unknown bone (below); B, left cleithrum; C, interpretive drawing of cleithrum.
Arrows point dorsally for the cleithrum.
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The interclavicle (Figure 2.14) is fan shaped and concave on its interior surface. The
parasternal process is narrow and longer than the length of the interclavicle body but shorter than
its width and would have extended posterior to the clavicles. The interclavicle is noticeably
thicker in larger specimens. Depressions on the external surface indicate that the clavicles
contacted each other anteriorly in life (Fig.14, Fig.15E). The interclavicle resembles that of
Ichthyostega (Jarvik, 1996) but has a smaller parasternal process. Similar interclavicle
morphologies are also found in Seymouria and Discosauriscus (White, 1939; Klembara and
Bartik, 1999). The Ossinodus interclavicle (Warren and Turner, 2004) shares the long parasternal
process, but the body is diamond-shaped. The Pederpes interclavicle is incomplete; the shape

resembles that of Ossinodus but the parasternal process was probably shorter.

The clavicle (Figure 2.15) has a subtriangular plate and a narrow, grooved dorsal process.
The plate is broad and rounded at the midline margin. The clavicle is very similar to those of
Ichthyostega (Jarvik, 1996; Pierce et al., 2012) and Seymouria (White, 1939), and, to a lesser

extent, Eryops (Pawley and Warren, 2006). It is unclear whether a posterior lamina was present.

Cleithrum shape (Figure 2.16, Figure 2.17) is difficult to determine because of complete
or near-fusion with the scapulocoracoid in most specimens. Thus, the single, free specimen of a
cleithrum (FMNH PR 5007) provides unique information (Figure 2.17). The cleithrum dorsal
apex is blunt and the posterior margin includes a distinct, rounded notch; this feature is
autapomorphic for Whatcheeria (Lombard and Bolt, 1995). Immediately ventral to the notch the
mesial surface is depressed to receive the scapulocoracoid, but the suture between these two

bones is difficult to trace in articulated (fused). The external lamina of the cleithrum reaches its

45



greatest breadth at its dorsoventral midpoint before narrowing ventrally. There is no
postbranchial lamina. Lombard and Bolt (1995) cited a small medial flange at the ventral tip of
the cleithrum in FMNH PR 1766 (‘PBL?’ in Fig.15K) and compared it to that in Acanthostega.
However, the flange in PR 1766 is smaller and placed more ventrally than the postbranchial
lamina in Acanthostega or Greererpeton, and there is no indication of a similar flange in any
other Whatcheeria specimens, including FMNH PR 5007 (Figure 2.17). There is no evidence of

an anocleithrum.

The scapulocoracoid (Figure 2.16) has substantial ossified coracoid and scapular
portions, like that of Tulerpeton (Lebedev and Coates, 1995), and, to a lesser extent, examples
from Archeria and Proterogyrinus. The scapular blade is broad, unlike Ichthyostega,
Acanthostega, Pederpes, and Ossinodus. Dorsally the blade tapers gently to a rounded point
overlain laterally by the cleithrum. In some immature individuals, such as FMNH PR 1816
(Figure 2.5), there are two coracoid ossifications and a scapular ossification, but in most
specimens the scapulocoracoid is fused into a single unit without trace of suture. Unlike in
Archeria, Greererpeton, and Acanthostega, the glenoid is not subterminal. The glenoid has the
rounded subrectangular shape seen in Tulerpeton and Proterogyrinus. The anterior half of the
glenoid faces more posteriorly whereas the posterior half faces more laterally. There does seem
to have been some twist to the articular surface, producing the ‘screw-shaped’ glenoid seen in
other early tetrapods. The supraglenoid foramen is well-defined. There are probably at least two
supracoracoid foramina, but no specimens are well-preserved enough to determine the

morphology of that part of the coracoid with complete confidence.
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2.4.2.3 Forelimb

The forelimb consists of the humerus (Figure 2.18), radius and ulna (Figure 2.19, Figure

2.20), and manus (Figure 2.20, Figure 2.21, Figure 2.22).

The humerus (Figure 2.18) has the basic L-shape common to early tetrapods. It is massive, well-
ossified, and distinguished by its large muscle attachments. The entepicondyle is as large as the
rest of the humerus combined, and the ectepicondyle and deltopectoral crest are both prominent.
Relative to the rest of the humerus, the entepicondyle of Whatcheeria is the largest among early
tetrapods by area. In dorsal view, when combined the deltopectoral crest and supinator process
are about as long as the humeral shaft. The proximal margin of the entepicondyle projects at an
approximate right angle relative to the long axis of the shaft, but the distal margin extends
beyond the level of the ulnar facet at an angle of approximately 120 degrees. Thus, the posterior

rim of the entepicondyle is longer than the anterior boundary where it meets the humeral shaft.

47



Figure 2.18. FMNH PR 1669 left humerus of Whatcheeria. Dorsal view, specimen photo (A) and
interpretive drawing (B); anteroventral view, specimen photo (C) and interpretive drawing (D);
proximal view, interpretive drawing (E); distal view, interpretive drawing (F). In A-D, proximal
is at the top and distal is at the bottom. Both E and F are oriented such that the longest axis of the
proximal end of the humerus is at horizontal.
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Figure 2.19. Radii and ulnae of Whatcheeria. A, FMNH PR 1705 associated forelimb and manus; FMNH PR 1993 radius in probable
internal/ventral (B) and probable external/dorsal (C) views; D, FMNH PR 5008 radius; E, FMNH PR 5009 ulna and phalanges;
FMNH PR 17657 right ulna in external (F) and internal (G) views; FMNH PR 19982 right ulna in internal (H) and internal (I) views;
FMNH PR 2006 olecranon process in dorsolateral (J) lateral (K, L), and articular (M) views. In B—I, proximal is at the top and distal is
at the bottom.



Figure 2.20. FMNH PR 1635, articulated material from at least one Whatcheeria individual. A,
specimen photo; B, interpretive drawing with labels. Articular surfaces have been coloured in
grey. Arrows point anteriorly.
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Figure 2.21. Phalangeal material of Whatcheeria. FMNH PR 5010 isolated phalanges (A, B);

FMNH PR 1790 articulated digit (possibly pedal digit 1) specimen photo (C) and interpretive
drawing (D); phalanges from FMNH PR 1635, including two articulated digits, probably IV and

V (E).
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Figure 2.22. Manus of Whatcheeria. A, FMNH PR 1816, specimen photo of articulated digits; B,
interpretive drawing of FMNH PR 1816 digits; C, interpretive drawing colour-coded by digit; D,
FMNH PR 1635 specimen photo of associated digits; E, interpretive drawing of FMNH PR 1635
digits; F, interpretive drawing colour-coded by digit; G, restoration of Whatcheeria manus; H,
restoration of Whatcheeria manus with digits in life posture. In G and H grey lines represent
restored portions not present or exposed in specimens.
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The proximal articular surface of the humerus is screw-shaped, matching that of the
glenoid. Process 2 sensus (Coates, 1996) is broad and angular, projecting posteriorly distal to the
humeral head. The deltopectoral crest extends anteriorly from the leading edge of the humeral
shaft. The crest is broad, deep, and triangular, with distinct deltoid and pectoral processes, the
latter of which is much larger than the former. The latissimus dorsi process is a distinctive
feature anterior to the ectepicondyle. It is broken near the base in all specimens, so its true height
remains uncertain, but the remnant implies a spike-like shape similar to Pederpes and Baphetes
(Milner and Lindsay, 1998). Process 2 (‘pr2’) of FMNH PR 1635 in the original description
(Lombard and Bolt, 1995) is in fact the damaged supinator process. The supinator process is a
medium-sized triangular swelling on the dorsal surface of the leading edge of the humerus. A
dorsal ridge extends from the latissimus dorsi process to the supinator process, as in

Acanthostega (Coates, 1996).

The ectepicondyle is large, at least as tall as the deltopectoral crest is deep in anterior
view. It is a parallelogram in anterior/distal view and is shorter at its proximal corner than its
distal. It extends between the radial and ulnar condyles and stops at about the transition from
finished bone to the articular surface. However, if the maximum width of the humeral head is
referenced as horizontal, then the ectepicondyle inclines posteriorly and the distal extremity

projects above the ulnar condyle. There is no ectepicondylar canal.

The entepicondyle, extends along the humeral shaft for ~60% of the total proximodistal

length. Distally it is thickened at the margins. The posterior proximal extremity is expanded

further, and processes 3 (dorsal) and 4 (ventral) can be identified, separated by a groove as in
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Acanthostega (Coates, 1996). The posterior distal extremity extends further laterally than the
radial and ulnar condyles. The entepicondylar foramen is large. There is a smaller circular
foramen on the dorsal face of the entepicondyle near the proximal margin, halfway between the
anterior origin and the posteromesial corner. It does not extend through to the ventral surface of

the humerus and probably corresponds to foramen c in Acanthostega (Coates, 1996).

The ventral ridge of the humerus is very prominent, originating on the deltopectoral crest,
extending over the entepicondylar foramen, and joining with process 4 at the distal end of the

entepicondyle. A similarly extensive ventral ridge is found in ANSP 21476 (Shubin et al., 2004;

The radial and ulnar condyles are two distinct swellings, but they are not separated by
finished bone. Both are approximately oval in shape and have substantial exposure in dorsal
view. The face of the radial condyle is slightly inclined dorsally relative to the plane of the

humeral shaft. The ulnar condyle is larger than the radial condyle.

The angle of torsion between the proximal and distal ends of the humerus in Whatcheeria
is 20 degrees when measured through the radial and ulnar condyles, and approximately 36
degrees when measured through the radial condyle and distal edge of the entepicondyle in distal
view. The first of these measurements is probably the one that is most comparable to those
obtained from other early tetrapods for biomechanical inference. The measurement of 20 degrees
in Whatcheeria matches that of Acanthostega, and is less than the other early tetrapods which

can be measured: 25-30 degrees in Ossinodus, 35 degrees in Pederpes, and 45 degrees in
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Eoherpeton (Smithson and Clack, 2018). Angles of 60 degrees are known from Tulerpeton and

one of the humerus morphotypes from Blue Beach (Smithson and Clack, 2018).

The humerus of Whatcheeria is unusual. Its proximodistal/anteroposterior length ratio is
greater than that of Acanthostega, on par with Ichthyostega (Callier et al., 2009; Pierce et al.,
2013a) and Proterogyrinus (Holmes, 1984). The large size of the anterior muscle attachments
means that the head is contiguous with the rest of the humerus. The small base of the latissimus
dorsi process resembles Pederpes (Clack and Finney, 2005). The ectepicondyle is intermediate in
size between examples known in embolomeres (Romer, 1957; Holmes, 1984) that of Tulerpeton

(Lebedev and Coates, 1995) but resembles Tulerpeton more closely in shape.

Both the radius and ulna (Figure 2.19) are elongate and flattened. Although this is in part
a taphonomic artifact in some specimens (Figure 2.19B-D), the flattened morphology seems to
be largely genuine (Figure 2.19A, F-I, Figure 2.20). The radius is shorter than the ulna; when
preserved together the radius:ulna length ratio is 2:3 including the olecranon process (Figure
2.19, Figure 2.20). The margins of the radius are straight along its length, and its shape
resembles an elongated version of the radius of Baphetes (Milner & Lindsay, 1998). The
proximal end is expanded into a large concave facet. There is some striation or fluting at the
distal end. There is no indication of ridges on the flexor surface as seen in Pederpes (Clack and

Finney, 2005).

As in Archeria and Tulerpeton (Lebedev & Coates, 1995), the margins of the ulna are

roughly equal in curvature, unlike in Proterogyrinus (Holmes, 1984) and Eryops (Pawley and
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Warren, 2006), in which the mesial/flexor margin is more curved than the lateral/extensor
margin. The proximal articular surface is slightly narrower than the distal articular surface. The
olecranon process is large, proportionally comparable to that of Eryops (Pawley and Warren,
2006). It curves medially toward the proximal articular surface, as in Archeria (Romer, 1957).
However, this process is only weakly developed or absent in smaller Whatcheeria specimens
(see Ontogenetic Considerations). There is a fossa immediately beneath the articular surface of
the olecranon that extends to the distal end of the ulna on the extensor and flexor surfaces. The
fossa is deepest proximally, near the olecranon, and shallows distally. A similar but much more
limited fossa is found on the ulnae of Ichthyostega, Proterogyrinus, and Eryops, where it is
located only on the posterior side of the ulna and is usually only present near the proximal
articular surface. The distal end is rounded, and the articular surface is fairly broad, somewhat

similar to Tulerpeton (Lebedev and Coates, 1995).

2.4.2.4 Manus

Here all bones distal to the wrist and ankle are described as ‘phalanges’. Conventional
descriptions identify the cylindrical bones just distal to the wrist or ankle as ‘metacarpals’ or
‘metatarsals’, but a broader working definition is used in the present description to avoid
spurious precision when characterizing disturbed material. In early tetrapods morphological
disparity between metatarsals or metacarpals and bones extending into the digits is usually
minimal. Moreover, we have little idea of the extent of ‘free’ portions of such digits in life.
Therefore, employing a single term to include all digit-associated bones is sufficient for this
study. For the sake of comparison, we report digit formulae using both conventional counts and

our more inclusive estimate.
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There are no remains of ossified carpals. Their presence may have been ontogenetically
variable, but unossified wrists are common in early tetrapods, even in (presumed) adults. The
intermedium in Acanthostega and the fully ossified wrist in Tulerpeton are exceptions
(particularly the latter), with the caveat that well-preserved wrists and manus are rare. The
phalanges of Whatcheeria (Figure 2.19A, E, Figure 2.20-Figure 2.22) are rectangular in dorsal
view and usually broader than long. When preserved in three dimensions, the proximal
phalanges are oval in cross-section whereas the more distal phalanges are increasingly flattened
dorsoventrally and have an almost rectangular cross-section. In the proximal phalanges, the
concavity of the dorsal and ventral surfaces is approximately equal. There are no indications of
pronounced attachments for ligaments. The terminal phalanges (unguals) are broad and blunt. As
noted for Pederpes and possibly other taxa (Clack and Finney, 2005) some of the phalanges are
bilaterally asymmetrical. This asymmetry occurs mainly in the most proximal phalanges of digits
I11, 1V, and, to a lesser extent, digit V' of both the manus and pes. An attempt has been made to

retain some of this phenomenon in the reconstructions, but it might be underestimated.

A complete, articulated manus does not exist for Whatcheeria, but FMNH PR 1816
(Figure 2.22A-C) preserves five nearly complete digits and provides the primary basis for the
reconstructed manus (Figure 2.22G, H). Additional information was taken from FMNH PR 1635
(Figure 2.20, Figure 2.22D-F), which is more disrupted but is not as flattened. The digit formula
for the reconstructed manus is 3-4-5-5-4. This includes all bones distal to the wrist. If the bones

regarded by other authors as ‘metacarpals’ are excluded, the digit formula is 2-3-4-4-3.
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2.4.25 PELVIS

The pelvis of Whatcheeria (Figure 2.23) is triangular and composed of the ilium,
ischium, and pubis. These are fused without visible sutures. The anterior half of the pelvis is
dorsoventrally shorter than the posterior half, with the change in proportions occurring near the
anteroposterior midpoint. The acetabulum is long with a prominent anterior extension, and is
open anteriorly as in Acanthostega, Ichthyostega, and Caerorhachis (Ruta et al., 2002). As noted
in the original description (Lombard and Bolt, 1995), there is a small tongue of unfinished bone
that interrupts the margin of the acetabulum posterodorsally. The supraacetabular buttress is
much stronger than the ventral buttress. There are three obturator foramina: two stacked dorsally
ventral to the highest portion of the acetabulum, and a third anterior to those. Additional

foramina are present above the acetabulum and posteriorly on the ischium.
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Figure 2.23. Pelvic girdle material of Whatcheeria. SUI 52087 right pelvis in external (A) and
internal (B) views; C, FMNH PR 5019 left pelvis in external view; D, FMNH PR 1740 right
pelvis in external view; E, FMNH PR 1736 left pelvis in external view; F, FMNH PR 5011 left
pelvis in internal view; FMNH PR 1733 partial left pelvis in external (G) and internal (H) views;
I, FMNH PR 5003, left pelvis in external view and anterior trunk rib; FMNH PR 4998 left pelvis
in external view, specimen photo (J) and interpretive drawing (K). In all specimens, anterior is
on the left and posterior is on the right. To maintain consistent orientation, B and H have been
flipped horizontally.

59



The ilium is short and robust, with two processes of equal size. For clarity, we refer to
these as the ‘dorsal iliac process’ and ‘posterior iliac process’. The posterior iliac process is
deflected laterally and ventrally relative to the dorsal iliac process, such that there is a deep
groove separating them. Both are rounded and have strong fluting/striations on their dorsal and
posterolateral margins, respectively. The dorsal iliac process is more circular and the posterior
iliac process is more ovoid. The shape of the posterior iliac process is somewhat variable,
sometimes appearing rectangular or subtriangular. Taphonomy is probably a factor as most
pelvis specimens are flattened and/or otherwise damaged, but genuine intraspecific variation may
be present. The ilium of Pederpes is very similar to that of Whatcheeria in the orientations of the
processes and their shape. However, the processes do not overlap in lateral view, and the
posterior iliac process in Pederpes is more triangular than the morphology (or morphologies)
observed in Whatcheeria. The dorsal iliac process of Ossinodus is unknown. The posterior iliac

process of Ossinodus is smaller than that of Pederpes and more rectangular.

The fusion between the bones of the pelvis prevents precise assessment of the shape of
the ischium, as its anterior border cannot be discerned. Overall, it seems D-shaped as in other
early tetrapods. Its posterior elongation is comparable to Greererpeton, and intermediate
between Ichthyostega and Proterogyrinus. It is more robust than the delicate ischium of
Pederpes. The pubis is elongate, and its dorsal margin is gently concave. The pubis is present in
all specimens for which the anterior portion of the pelvis is preserved, suggesting that its degree
and timing of ossification were similar to those of the ilium and ischium, unlike in

Proterogyrinus (Holmes, 1984) and Greererpeton (Godfrey, 1989).
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The mesial surface of the pelvis is visible in some specimens (Figure 2.23B, F, H). There
is a large, rugose triangular symphysial area. The dorsal apex of the symphysial area is
approximately half the dorsoventral height of the pelvis without the ilium (Figure 2.23B, H), and

there is a strong ridge extending from the apex to the base of the ilium. The ridge appears to be

2.4.2.6 Hindlimb

The hindlimb consists of the femur (Figure 2.24), tibia and fibula (Figure 2.25, Figure

2.26), and pes (Figure 2.27).

The femur (Figure 2.24) has a short but distinct shaft and expanded proximal and distal
ends. In this it contrasts with Acanthostega (Coates, 1996) and Tulerpeton (Lebedev and Coates,
1995) and to a lesser extent Ichthyostega (Jarvik, 1996) and Pederpes (Clack and Finney, 2005)
and aligns with post-Carboniferous forms. It particularly resembles the femora of Proterogyrinus
(Holmes, 1984) and Archeria (Romer, 1957). The proximal end is about 75% the width of the
distal end. The articular surface is comma-shaped, thickest anteriorly and tapering posteriorly
while curving distally. The intertrochanteric fossa is only gently depressed. There is no evidence
of an internal trochanter; we consider it absent, in common with Pederpes and in contrast to
other early tetrapods. The fourth trochanter is underlain by the short but robust adductor blade

sensu (Lebedev and Coates, 1995; Coates, 1996) and together they occupy the entire length of
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the shaft on the ventral/flexor surface. The adductor blade is thick and the fourth trochanter is
broad with a squared off, rugose top. This combination of characters is also seen in Pederpes.
The adductor blade of Ichthyostega (conflated with the adductor crest as ‘oblique ridge’ in
(Lombard and Bolt, 1995; Jarvik, 1996) is similar but proportionally larger. The adductor crest is
narrow and well-defined. It is as long as the adductor blade and extends distally onto the fibular
condyle, subsiding just proximal to the distal articular surface. The tibial and fibular condyles are
distinct protrusions but are not separated by finished bone. They are very similar in morphology
to their counterparts in Proterogyrinus and Archeria. The tibial condyle has a flattened ‘D’ shape
in distal view and the fibular condyle is a broader, rounded rectangle. They intersect at a roughly
120-degree angle. The depth of the intercondylar fossa is about half the breadth of the tibial

condyle.
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Figure 2.24. FMNH PR 1958 left femur of Whatcheeria. Dorsal view, specimen photo (A) and
interpretive drawing (B); ventral view, specimen photo (C) and interpretive drawing (D). In all
specimens, proximal is at the top and distal is at the bottom.
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Figure 2.25. Tibiae and fibulae of Whatcheeria. FMNH PR 2004 right tibia in external (A) and
internal (B) views; FMNH PR 2005 left tibia in external (C) and internal (D) views; SUI 52025
right tibia in external (E) and internal (F) views; FMNH PR 5016 left tibia in external (G) and
internal (H) views; FMNH PR 5017 fibula in external (I) and internal (J) views; SUI 52021 right
fibula in external (K) and internal. (L) views; FMNH PR 2001 ?right fibula in external (M) and
internal (N) views. In all specimens, proximal is at the top and distal is at the bottom.
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Figure 2.26. Articulated hindlimbs of Whatcheeria. A, FMNH PR 5012 probable right hindlimb;
B, FMNH PR 5013 probable left hindlimb; B, FMNH PR 50137 left hindlimb; C, FMNH PR
1700 left hindlimb and foot in mesial view; D, interpretive drawing of FMNH PR 1700; E,
interpretive drawing of FMNH PR 5012; F, interpretive drawing of FMNH PR 5013. In D and E,
drawings have been scaled against F so that all drawings have the same femur length, in order to
illustrate differences in proportions between specimens.
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Figure 2.27. Pes of Whatcheeria. FMNH PR 1700 foot and ankle, specimen photo (A), cropped
view (B) and interpretive drawing (C); interpretive drawing colour-coded; F, rough restoration,
with grey representing restored portions not present or exposed in specimens; G, restoration of
pes of Whatcheeria in single plane; H, restoration of pes with digits and ankle in life posture.
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The tibia and fibula (Figure 2.25) are both broad compared to examples in other early
tetrapods. This is most pronounced in smaller specimens, in which these epipodials resemble
those of Ichthyostega or Acanthostega, except that they exhibit a distinctive waist, the curvatures
of which enclose the interepipodial space. In contrast, larger Whatcheeria specimens are more
conventionally columnar; the key difference between smaller and larger epipodials is the relative
increase in shaft length. When the tibia and fibula are preserved together they are of similar
length. They are large relative to the femur, about 60%-80% femur length depending on the
specimen (Figure 2.26), with the variation likely stemming from ontogeny (see Ontogenetic
Considerations). Among early tetrapods, only Ichthyostega approaches these proportions
(approximately 70% femur length); 40-60% femur length is more usual, with Pederpes being at

the higher end of this range.

The anterior margin of the tibia is straight or very gently concave, whereas the posterior
margin is strongly concave. The proximal end is more expanded than the distal. A cnemial crest
is present and most pronounced proximally as a sharp crest; distally, it becomes a low ridge that
parallels the anterior margin of the tibia for about 90% of its length. The distal end of the tibia is
slightly deflected posteriorly, as in other early tetrapods. The tibia of Ossinodus is very similar to
that of Whatcheeria, whereas that of Pederpes is more expanded proximally and less waisted,

resembling smaller/immature specimens of Whatcheeria.

The fibula has a concave anterior surface and straight posterior surface. Although the

distal end is larger than the proximal, as in other early tetrapods, the difference is relatively

small, most similar to Baphetes. There are no ridges as in Tulerpeton. As mentioned by (Coates,
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1996) there is a tubercle on the proximal head that extends over/onto the shaft. Similar tubercles

have been described in the fibulae of Tulerpeton and Baphetes.

When the tibia and fibula were in articulation, they most likely would not have
overlapped as in Acanthostega, but instead deflected inwards towards each other. The
interepipodial space then would have been continuous with the intercondylar fossa of the femur.
The shape of this space would have varied depending on the size of the individual. In smaller
individuals it would have been circular and closed at either end by the epipodials; in larger
individuals it would have been more lenticular and possibly open distally (Figure 2.2, Figure

2.26).

2427 Pes

FMNH PR 1700, the holotype, preserves a complete or nearly complete but disrupted
foot and ankle (Fig.4), which provided the basis for the reconstruction (Figure 2.2, Figure 2.27).
Articulated pedal specimens cannot otherwise be clearly identified, though PR 1635 includes a
minimum of three partial toes and may have remains of one or two more. Manual unguals may
be more rounded and less triangular than pedal unguals, but otherwise pedal phalanges are very

similar in morphology to manual phalanges.

The reconstructed digital formula for the foot (Figure 2.27) is 3-4-5-5-5 (2-3-4-4-4
excluding the ‘metatarsals’). As in the manus, several of the larger proximal segments are
asymmetrical. This is best seen in FMNH PR 1700 (Figure 2.4, Figure 2.27). There are three

ankle ossifications, associated with digits I, IV, and V, respectively. They are tentatively
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identified as distal tarsals I, IV, and V, with the caveat that no other ossified tarsals or other
ankle ossifications appear to have been present, at least in FMNH PR 1700. Distal tarsal V is the
smallest, and distal tarsal 1V is the largest. All are subrectangular; distal tarsal 1V is larger at its
anterior end than its posterior end. This incompletely ossified ankle is similar to those inferred
for the poorly represented ankles of Pederpes and Ossinodus, but contrasts with Greererpeton
(Godfrey, 1989), Acanthostega (Coates, 1996), Ichthyostega (Jarvik, 1996), Archeria (Romer,

1957) Proterogyrinus (Holmes, 1984), all of which have a fully ossified ankle.

2.4.2.8 Gastralia

Bony scales are common in early tetrapods, but none are preserved with Whatcheeria
material. In tetrapods that have gastralia, they are usually common and preserved in association
with other skeletal material. The absence of gastralia in the multiple articulated Whatcheeria
specimens available suggests that, unusually for an early tetrapod, Whatcheeria lacked bony

scales.

However, there are numerous isolated tetrapod scales from the Hiemstra Quarry (Figure
2.28). They are elongate and elliptical with pointed tips, and one margin is usually more convex
than the other. In at least some examples there is a flattened portion for overlap with the
articulating scale. Though these resemble the gastralia of Pederpes, very similarly shaped belly
scales are found in Proterogyrinus (Holmes, 1984) and other embolomeres (Holmes and Carroll,
2010). Of the other Delta tetrapods- the colosteid Deltaherpeton (Bolt and Lombard, 2010), the

enigmatic Sigournea (Bolt and Lombard, 2006), an undescribed embolomere, and a possible

69



‘microsaur’ (D Snyder pers. comm. October 2018)- only the last can be discounted (on the basis

of size) as a possible source for the gastralia.

A

Figure 2.28. Tetrapod scales from the Hiemstra Quarry. A, FMNH PR 5014, tetrapod gastralia;
B, FMNH PR 1705, tetrapod gastralia; C, interpretive drawing of scale from FMNH PR 1700.

2.5 DISCUSSION
2.5.1 Ontogenetic variation in the postcranial skeleton of Whatcheeria

The Whatcheeria collection includes numerous specimens from individuals of quite
different sizes. Thus, differences in morphology likely derive from ontogenetic, rather than
taxonomic, variation. There is also no clear stratigraphic sorting between smaller and larger

specimens, making it unlikely that different sizes represent discrete populations.
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The differently sized humeri (Figure 2.29) display considerable variation in shape relative
to other parts of the skeleton. Unfortunately, flattening prevents measurements of humeral
torsion in humeri other than FMNH PR 1669. The smallest humeri, including the humerus from
FMNH PR 1816, are less robust than the characteristic ‘adult’” humerus morphology of
Whatcheeria (Figure 2.18), with smaller processes and a lower overall degree of ossification. In
these features, the humerus of FMNH PR 1816 resembles that of Pederpes. However, the
entepicondyle is already large, and the spike-shaped latissimus dorsi process is present (Figure
2.29A). In ulnae associated with these smaller humeri (Figure 2.29A, B) the distinctive
olecranon process is either absent (another similarity with Pederpes) or only weakly developed,
contrasting with its presence in slightly larger individuals such as FMNH PR 1635 (Figure

2.29C).
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Figure 2.29. Forelimb material of Whatcheeria showing variation in morphology at different presumed ontogenetic stages. A, FMNH
PR 1816 left forelimb with humerus, radius, ulna, and manus; B, FMNH PR 1635 (smaller individual) left forelimb with humerus,
radius, and ulna; C, FMNH PR 1635 (larger individual) left forelimb with humerus, radius, and ulna; D, FMNH PR 1669 left humerus.



Pelvic girdles (Figure 2.23) and femora (Figure 2.24, Figure 2.26, Figure 2.30) are also
represented by multiple specimens spanning a range of sizes. In both cases, morphology is
consistent between the smallest and largest specimens. Indeed, the greatest source of variation
between pelvic specimens is completeness; there is also some variation in the shape of the
posterior iliac process (see pelvic girdle description). The smallest and largest stages of the
femur are represented by FMNH PR 1700 (Figure 2.4, Figure 2.26) and FMNH PR 1958 (Figure
2.24), respectively. As with the pelvis, femoral morphology is consistent across sizes. Qualitative
observations of the femora of Archeria, Greererpeton (Godfrey, 1989), and Trimerorhachis
(Pawley, 2007) suggest there may be broad patterns of ontogenetic change of the femur in early

tetrapods (BKAO pers. obsv.)

Whatcheeria specimens are sorted into tentative size-age classes in Table 2.1. FMNH PR
1700 and FMNH PR 1816 represent the smallest size class, Class I. Individuals of this class were
probably slightly smaller than a meter in length. The shoulder girdle is incompletely ossified,
with the scapulocoracoid ossifications separate in at least one specimen (Figure 2.8). The pelvic
girdle seems to be mostly the same as in larger specimens. The limbs are similar in length to
each other, and the forelimb is less ossified and has smaller processes. The hindlimb is ossified
as in larger specimens, but the tibia and fibula are broader and larger relative to the femur (80%

femur length).
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Figure 2.30. Femora of Whatcheeria showing size variation. FMNH PR 1952 left femur in dorsal
(A) and ventral (B) views, interpretive drawing in dorsal (C) and ventral (D) views; FMNH PR
1735 right femur in dorsal (E) and ventral (F) views, interpretive drawing in dorsal (G) and
ventral (H) views; FMNH PR 1760 right femur in dorsal (I) and ventral (J) views, interpretive
drawing in dorsal (K) and ventral (L) views. In all specimens, proximal is at the top and distal is
at the bottom.
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Table 2.1. Size/age classes of Whatcheeria identified in this study.

Class Exemplar Additional figured Distinguishing features
specimens specimens
| FMNH PR 1700, FMNH PR 1635 (smaller Scapulocroacoid ossifications
FMNH PR 1816 individual), FMNH PR 5009, separate; tibia and fibula 80-90%
FMNH PR 5016, FMNH PR 5017 femur length; olecranon process
absent or very weakly developed;
processes of humerus smaller or
indistinct
1 FMNH PR 1635 (larger | FMNH PR 1735, FMNH PR 1952, Olecranon process well-developed:;
individual) FMNH PR 2004 tibia and fibula approx. 70% femur
length; coracoid single ossification
I FMNH PR 1760 FMNH PR 5012? Avrticular surfaces more distinct;
fossa on ulna present
(AV4 FMNH PR 1958, FMNH PR 4998, FMNH PR 1993, Olecranon process, processes of
FMNH PR 1669 FMNH PR 2006, FMNH PR 5013, humerus maximum observed size;
SUI-52025, SUI 52021, PR 2001 fossa on ulna strongly developed;
tibia and fibula approx. 60% femur
length

FMNH PR 1635 (Figure 2.18) represents an intermediate size class- Class 11- that
includes a large portion of the Whatcheeria collection. FMNH PR 1635 represents an individual
probably only slightly larger than Class I. However, the scapulocoracoid is fully ossified and the
ulna has a well-developed olecranon process. The humerus is more completely ossified and the
muscle attachments are larger, though they have not reached the sizes seen in presumed adults.

The femur is similar to that of Class I but correspondingly larger in size.

Class 111 is not represented by any articulated specimens and is based primarily on femora
that are larger and more mature than Class Il but not fully mature. It thus represents a broader
and looser range of sizes and presumed ages than Classes | and Il. Most isolated specimens

probably fall into this class. The tibia and fibula are approximately 70% femur length.

Class IV includes the largest postcranial specimens and (presumably) fully developed

adult morphologies. The full-body reconstruction (Figure 2.2, Figure 2.3) is meant to represent
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an individual of this size class. Fully adult morphology and maximum size in the humeri and
femora has been achieved. There are no articulated specimens to illustrate body/girdle/limb
proportions but based on the size and morphology of isolated limb elements, the forelimb and
hindlimb are probably still of similar length. The tibia and fibula are approximately 60% femur

length, similar to Seymouria (White, 1939).

The ontogenetic pattern that emerges is one of increasing development of the
appendicular skeleton, as shown by the increase in size, ossification, and elaboration of the
girdles and especially the limbs. That said, the size classes described here only represent a
portion of the ontogenetic trajectory of Whatcheeria, possibly corresponding with the onset of
reproductive maturity. The paucity of very small specimens indicates that very young individuals
were generally not preserved at the site, though there are rare exceptions (e.g. Figure 2.19E,
Figure 2.25l, J) that are morphologically consistent with Class I. The largest Whatcheeria
individuals are represented only by fragmentary cranial material; whether their postcranial
anatomy differed from Class 1V individuals is unknown. FMNH PR 1809 is a distal jaw
fragment representing one of the largest mandibles available (Lombard & Bolt, 2006, Fig.2.2),
which would have been approximately 45cm long when complete. Using the proportions of the
full-body reconstruction, the whole FMNH PR 1809 animal would have been approximately

2.1m long.

Recent skeletochronological investigation of Whatcheeria (Whitney et al., 2022) supports

the size-age hypothesis outlined above. Moreover, it found that in contrast to Hyneria (Kamska

et al., 2018), Eusthenopteron (Sanchez et al., 2014), Acanthostega (Sanchez et al., 2016),
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Whatcheeria grew rapidly between size classes | and IV. This growth pattern is similar to that
found in the seymouriamorphs Seymouria and Discosauriscus (Estefa et al., 2020). Whatcheeria
also presents the phylogenetically and chronologically earliest instance of fibrolamellar bone.
Such a growth pattern was previously hypothesized to be limited to total group amniotes, linked
to increased metabolisms, terrestriality, and the transition to amniotic reproduction (Estefa et al.,
2020). The implied elevated growth rates and metabolism in Whatcheeria reinforce other
indications from this taxon that early tetrapods had a much greater diversity of functions and life

history strategies than previously appreciated.

2.5.2 Comparison with other early tetrapods

Comparative data on body proportions drawn from a small set of early tetrapods provide
context to the anatomical observations presented here, and the full-body reconstruction of
Whatcheeria depicted in Figure 2.31. These data show that Whatcheeria and Pederpes join the
Permian diadectid Orobates and the Triassic amphibamid Micropholis in possessing the largest
limbs relative to trunk length. Furthermore, these data confirm that the unusually long neck of
Whatcheeria is outstanding; relative to trunk length it is twice as long as the necks of
Proterogyrinus and Acanthostega, which have the next-highest neck length/presacral length

ratios.

More generally, these data reveal that forelimb/hindlimb length disparity decreases as
limb size increases relative to trunk length. However, these changes are not linear or uniform.
Pederpes has much larger limbs relative to its body than Proterogyrinus, but both have similar

forelimb/hindlimb length ratios. In terms of limb lengths relative to the body, there are three sets
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of taxa: Acanthostega/Trimerorhachis/Greererpeton (‘small’),
Balanerpeton/Proterogyrinus/Eucritta (‘medium’), and
Whatcheeria/Pederpes/Micropholis/Orobates (‘large’). Importantly, from these groups (albeit
from a small sample size) there is no clear correlation between proportional limb size and

inferences of terrestriality.
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Figure 2.31. Full-body reconstruction of Whatcheeria in dorsal view, emphasizing the relatively large limbs. The limb bones are
projected flat in a single plane. The axial skeleton and limb girdles are represented by simple geometric shapes.



These numerical results are visualized in the most taxonomically inclusive permutation of
the PC analysis (Figure 2.32). Due to difficulty in obtaining reliable limb measurements for
Seymouria, it was excluded from this permutation. Three morphotypes are discernible: those
with large, equal-length limbs (Whatcheeria, Pederpes, Orobates, Micropholis); those with
medium-length, medium-disparity limbs (Ichthyostega, Balanerpeton, Eucritta, Proterogyrinus);
and those with small, medium-to-high-disparity limbs (Trimerorhachis, Greererpeton, and
Acanthostega). There is no discernible phylogenetic clustering. All three morphotypes are
represented by both stem tetrapods and crown tetrapods. Notably, Whatcheeria and Pederpes are
the stem tetrapods that converge most closely with the terrestrially-adapted crown tetrapods in
terms of limb proportions. Although these results signal that multiple tetrapod lineages

converged on similar limb proportions, extrapolations to convergent function are less clear.
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Figure 2.32. Principal components analysis visualizing comparisons of forelimb/hindlimb length, forelimb/trunk length, and
hindlimb/trunk length ratios. A, PCA results with schematic representations of the three principal morphotypes and their
corresponding areas of morphospace; B, phylomorphospace based on A with colours and symbols representing stem tetrapods, stem
lissamphibians (temnospondyls) and stem amniotes. The phylogenetic scheme in B is based on (Ruta and Coates, 2007), assuming a
temnospondy! origin of lissamphibians, a monophyletic Whatcheeriidae containing Whatcheeria and Pederpes, and a stem amniote
identity for embolomeres. Skulls for silhouettes in A are based on the skull of Acanthostega in (Porro et al., 2015). See Supporting

Information, Additional results from Principal Components Analysis.



2.5.3 Standing in the shallows: the functional anatomy of Whatcheeria

The Whatcheeria postcranium is more of a unique collection of plesiomorphies than a
suite of novel characteristics. The uncinate processes of the ribs are particularly large, but
uncinate processes are widely distributed across early tetrapods (Coates, 1996; Clack and Finney,
2005). The humerus, with plesiomorphic L-shape and set of processes, is distinguished by size
and proportions- including a massive entepicondyle- rather than its derived organization. The
wrist and ankle are barely ossified, in common with most other early tetrapods. Indeed, the ankle
is less ossified than in Acanthostega or Greererpeton, which were firmly aquatic and are
traditionally recovered as stemward and crownward of Whatcheeria, respectively. Furthermore,
the phalanges are short and broad, resembling those of the thoroughly ossified pes in the
hindlimb paddle of Ichthyostega. In summary, rather than ongoing innovation, these
morphologies seem more consistent with the phenomenon of constrained character space or
character exhaustion (Ruta et al., 2006; Wagner et al., 2006; Bernardi et al., 2016), earlier than

might be expected in the initial evolutionary radiation of limbed tetrapods.

Whatcheeria, like Eryops and Ichthyostega, has a strongly regionalized ribcage with large
uncinate processes on the elongate anterior trunk ribs. In all three taxa this arrangement was
likely associated with substantial shoulder musculature. The shorter posterior trunk ribs of
Whatcheeria are most likely plesiomorphic (c.f. Acanthostega, Coates 1996). Notably, these ribs
are not reduced as in the East Kirkton ‘anthracosauroid’ Eldeceeon which has long anterior trunk
Increased shoulder musculature accords well with the extensive forelimb musculature implied by

the morphology of the humerus and ulna. The limb would have been most powerful in retraction,
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with protraction being the recovery stroke. The shape of the humeral head and glenoid would
have limited pronation and supination. Similarly, the olecranon process and ectepicondyle might
have reduced the ability of the forelimb to extend at the elbow (Holmes, 1984). The forelimb
would have provided stable, pectoral-level support, but with limited forelimb extension or
rotation, walking would have required retraction to lift the forelimb and lateral flexion of the
axial column to swing it forwards. This was likely assisted by the short posterior trunk ribs.
Kinematic study of terrestrial locomotion in Pleurodeles (Karakasiliotis et al., 2013) found large
amounts of lateral flexion occurred in the posterior trunk and the distal half of the tail. Similarly,
robotic biomechanical simulations of Orobates (Nyakatura et al., 2019) based on trackways and
skeletal evidence estimate that greatest lateral bending occurred approximately halfway along the
trunk, with additional lateral bending at the base and midpoint of the tail. Whatcheeria lacks the
morphological adaptations to the posterior trunk (‘lumbar’) vertebrae hypothesized to limit
lateral (and dorsoventral) flexion in Ichthyostega (Ahlberg et al., 2005). Therefore, despite their
similarities, Ichthyostega likely had a very different locomotor strategy than Whatcheeria,

possibly one unique among early tetrapods (Ahlberg et al., 2005; Pierce et al., 2012).

The squat phalanges of Whatcheeria are dissimilar to those of (putatively) terrestrial taxa,
which tend to be waisted with ventral grooves to accommodate ligaments to assist grasping
(Clack & Finney, 2005). However, like Pederpes the asymmetric pedal phalanges imply an
anteriorly-oriented foot (Figure 2.4, Figure 2.25, Figure 2.31), which, in turn, is a morphology
associated with a walking gait (whether underwater or on land) (Clack & Finney, 2005). The

significance of the breadth of the phalanges is unclear. These might have enhanced support (in or
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out of the water), or served as paddle-skeleton, acknowledging that broad phalanges occur in the

paddles of extinct and extant tetrapods.

Limb length relative to body length (Figure 2.2, Figure 2.31, Figure 2.32) and limb
robustness in Whatcheeria suggest an increased emphasis on appendicular locomotion and
support compared to other early tetrapods (Table 2, Fig.32). The tail lacks the radials and large
neural and hemal spines of aquatic early tetrapods, suggesting it was less important for
locomotion (although the extent of any soft-tissue fin is completely unknown). The limbs
themselves are robust with large muscle attachments (Figure 40), and the girdles and highly
consolidated. The lack of bony gastralia in Whatcheeria may be related to its limb morphology.
Gastralia belly armor is widespread among early tetrapods (Holmes, 1984; Panchen, 1985;
Clack, 1987a; Godfrey, 1989; Andrews and Carroll, 1991; Milner and Sequeira, 1993; Lebedev
and Coates, 1995; Coates, 1996; Ruta and Clack, 2006; Herbst and Hutchinson, 2018) and would
have acted to protect the underbelly of the animal from abrasion by the substrate. The
conspicuous absence of belly armor in Whatcheeria suggests that the unberbelly of the animal
was kept out of contact with the substrate. The elevation of the anterior trunk would also have
created more room to facilitate breathing (by expansion of the chest cavity) and movement of the

neck.

The elongate neck of Whatcheeria is the most striking feature revealed by the present
reconstruction (Figure 2.2, Figure 2.3, Figure 40, Figure 41). Neck length must have increased
head mobility, relative to the primitive condition wherein the pectoral girdle is close behind the

cheek (e.g. Pederpes, Ichthyostega). Such mobility would have reduced the need to move the
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entire body to track, grasp, and manipulate prey. The increased space between the skull and
pectoral girdle would also have allowed more room for jaw depression, increasing gape and

throat volume. However, estimates of capacity are difficult without a preserved ceratohyal.
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Figure 2.33. Anterior trunk and head of Whatcheeria with deep muscles reconstructed after Ossinodus by Bishop (2015).
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Figure 2.34. Anterior trunk and head of Whatcheeria with deep (dark red) and superficial (light muscles) reconstructed after
Ossinodus by Bishop (2015).
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The unusual combination of morphologies present in Whatcheeria complicates the
inference of its life habits. There is histological evidence that Greererpeton, which has small
limbs, undertook an overland excursion from their natal water body at the onset of sexual
maturity (Whitney and Pierce, 2021). While there is no evidence for a similar life event in
Whatcheeria (Whitney et al., 2022), it was probably capable of at least a limited amount of
terrestrial locomotion if pressed. Such activity, however, would have been minimal; the lack of
carpal and tarsal ossifications and (especially) the presence of well-developed cranial sensory
canals indicate that Whatcheeria was a habitually aquatic animal. An aquatic walking gait, as
hypothesized for Seymouria (White, 1939) and Proterogyrinus (Holmes, 1984), seems plausible
in Whatcheeria. Indeed, Whatcheeria may be a tetrapod specialized for walking in vegetation-
choked shallow-water habitats. Aside from the functional anatomy of Whatcheeria, its ecological
context supports inference of an aquatic habit. The Delta fauna is wholly aquatic with the
exception of some terrestrial arthropods (Bolt et al., 1988; Lombard and Bolt, 1995; Bolt and
Lombard, 2006, 2010; Snyder, 2006). This is typical of tetrapod localities from the Late
Devonian and Mississippian (Smithson, 1985a; Clack et al., 2016; Ross et al., 2018; Clack et al.,

2019a).

2.5.4 Reevaluation of whatcheeriid taxa and specimens

2.5.4.1 Reinterpretation of Pederpes

Pederpes (Clack 2002) is known from a single, well-preserved and near-articulated
specimen. Of relevance to the present discussion, the appendicular skeleton is less ossified than

that of adult Whatcheeria with smaller or absent processes of the humerus, ulna, and femur.
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From the description and figures (Clack, 2002c; Clack and Finney, 2005) it is clear that the limb
bone joint surfaces must have been finished with large amounts of cartilage. These observations
suggest that Pederpes is subadult, and that this is likely the source of many differences between
equivalent structures in Whatcheeria and Pederpes. The degree of ossification in the Pederpes
appendicular skeleton resembles Class | Whatcheeria material, consistent with the size of the
Pederpes holotype: approximately 50cm presacral length including the skull. However, the limbs
of Pederpes are already proportionally longer than those of Whatcheeria . Class | Whatcheeria
specimens appear to have already established adult proportions of the pectoral, cervical, and
trunk regions. Thus, it appears that a hypothetical adult Pederpes (assuming a Whatcheeria-like
growth trajectory) would have been anatomically distinct from Whatcheeria, with somewhat

stouter forequarters.

2.5.4.2 The ‘what’ in whatcheeriid: membership of the family Whatcheeriidae

The erection of the Whatcheeriidae (Clack 2002) was noted as the first new family of
Mississippian tetrapods to be named in decades (Clack and Milner, 2015). Since Pederpes’
publication, Ossinodus has also been linked to the group (Warren & Turner, 2004; Warren,
2007), as have isolated cranial and postcranial bones from both Devonian (Daeschler et al., 2009;
Olive et al., 2016)_and Carboniferous (Anderson et al., 2015) localities. Here we aim to review
such material in light of the improved knowledge of the distinctive characteristics of

whatcheeriid morphology.

Synapomorphies associating Ossinodus with the Whatcheeriidae (Warren and Turner, 2004)

include:
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e Massive tooth on the maxilla about position 5 or 6

e Very broad interclavicle with acutely angled lateral corners

Whatcheeriid symplesiomorphies also present in Ossinodus (Warren and Turner, 2004):
e Supratemporal-postparietal contact

e (Probable) fangs and row of smaller accessory teeth on vomers, palatines, and
ectopterygoids

e Nearly continuous row of coronoid teeth

e At least some lateral lines in tubes through bone

e Ilium with postiliac process and dorsal iliac blade
Characters of uncertain polarity shared with whatcheeriids (Warren and Turner, 2004):

e Pronounced angle between skull table and cheek in transverse section

e Trunk ribs with expanded distal flanges

Of the two hypothesized synapomorphies, massive ‘caniniform’ teeth on the maxilla might
indeed be characteristic of Ossinodus, Pederpes, and Whatcheeria. In Ichthyostega (Jarvik,
1996), Acanthostega (Porro et al., 2015), Ventastega (Ahlberg et al., 2008), the colosteids
(Panchen, 1975; Smithson, 1982; Hook, 1983; Bolt and Lombard, 2010), the baphetids
(Beaumont, 1977), and Crassigyrinus (Clack, 1997), maxillary teeth are either uniform in size or

decrease gradually in size posteriorly along the maxilla. Embolomeres (Panchen, 1977; Holmes,

1984, 1989a; Klembara, 1985; Clack, 1987b, 1987a) also lack maxillary caniniform teeth.

Conversely, the cited features of interclavicle morphology are neither unique to
whatcheeriids nor Ossinodus, as the characterization is applicable to colosteids, Crassigyrinus,
embolomeres (Romer, 1957; Holmes, 1984; Clack, 1987a), and others. Although the
interclavicles of Pederpes and Ossinodus are very similar, they both differ from that of

Whatcheeria, which resembles Ichthyostega. Similarly, distal flanges (uncinate processes) occur
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(Warren, 2007) showed that Ossinodus differs from Pederpes and Whatcheeria in skull shape
and proportions. We concur and offer no additional support for the hypothesis that Ossinodus is a

whatcheeriid.

Fragmentary Devonian and Carboniferous material referred to the Whatcheeriidae is listed in
Table 2.2. Given that the whatcheeriid status of Ossinodus is now doubtful, support for the
assignment of many of these specimens is now uncertain or absent, because these, in turn, were

based — at least in part — on comparison with Ossinodus.

Several ‘whatcheeriid’ specimens have been collected from the Famennian Catskill
Formation Red Hill locality in Pennsylvania (Daeschler et al., 2009; Broussard et al., 2018).
ANSP 21873, a postorbital, has been compared to that of Pederpes in shape. As figured, the
resemblance is suggestive and indicates that the animal likely had non-circular orbits. However,
noncircular orbits are not unique to whatcheeriids, and both ANSP 21873 and the only visible
postorbital of the Pederpes holotype are incomplete. ANSP 21874, a left lacrimal, has similar
ornament and probably belongs to the same taxon as ANSP 21873. Neither specimen is

sufficiently complete to infer the presence of a Red Hill whatcheeriid.

ANSP 21476, a femur, is unlike those of Whatcheeria or Pederpes. The shaft is longer and

the ends are narrower. It seems to show the short, distally located adductor crest and large

adductor blade present in Acanthostega, and, to a lesser extent, in Ichthyostega and Tulerpeton
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(cf. Coates 1996) as well as Ossinodus. Adductor blade size in ANSP 21476 relative to the rest
of the femur resembles Ossinodus rather than the Devonian taxa, as does the lack of torsion of
the epipodial facets. The distal protrusion of the fibular condyle past the tibial condyle is
intermediate between Tulerpeton and Ossinodus. ANSP 23864, an incomplete femur from the
slightly older Trout Run North locality within the Catskill Formation, shows similar overall
proportions and positions of the adductor crest and adductor blade. We disagree with the
identification of a proximally located internal trochanter in ANSP 23864 (Broussard et al., 2018).
Given the apparent abrasion of the specimen, we interpret that feature as being an artifact of
wear combined with damage to the proximal end and intertrochanteric fossa, with the internal
(and, presumably, fourth) trochanters not preserved. Neither ANSP 21476 nor ANSP 23864 is

conclusively whatcheeriid.

Additional Famennian ‘whatcheeriid’ fragments, a postorbital and a maxilla, have been
described from Strud and Becco in Belgium (Clement et al., 2004; Olive et al., 2016). The Strud
postorbital, IRSNB A.0006, is much more complete than ANSP 21873, and shares the same
ornament pattern as well as (inferred) shape. Once again, there is nothing distinctively
whatcheeriid about IRSNB A.0006. The Becco maxilla, IRSNB A.0007, has two large teeth with
tooth pits starting at positions three or four. This is the deepest part of the maxilla, with depth
and tooth size decreasing posteriorly, unlike the Strud ‘ichthyostegid’ maxillae which show
uniformly sized teeth. As previously discussed, maxillary caniniform teeth might be a
characteristic of Whatcheeria, Pederpes, and Ossinodus, but in the absence of further diagnostic

features these data are insufficient to refer IRSNB A.0007 to Whatcheeriidae.
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Specimens from Tournaisian deposits at Burnmouth in Scotland were recently compared to
Pederpes and Whatcheeria (Otoo et al., 2018). Although more definitive conclusions await
further Burnmouth material and a detailed description of the Whatcheeria skull, a few remarks

can be made here. As previously assigned, the frontal bones, with at least one partial prefrontal,

curvature of the stem, the rounded shape of the dorsal expansion, and the lack of a posterior
notch. The radius is slenderer than that of Pederpes or Whatcheeria, but exhibits no distinctively
whatcheeriid features. The phalanges are longer than broad with well-defined flexor attachments
(cf. Otoo et al. 2018), thus quite unlike Whatcheeria. The jaw material with anteroposteriorly
compressed teeth is unique. The existence of two disparate size fractions with the collection
challenges easy taxonomic assignments, although presence of maxillae with the unique tooth
morphology across both size classes suggests that both fractions might represent, in part, the
same taxon. Unfortunately, most currently known skeletal material derives from one size class,

but at least some of this likely represents a Pederpes-like whatcheeriid.

Numerous isolated tetrapod bones have been recovered from the Blue Beach locality at
Horton Bluff (both names are used interchangeably to refer to this locality) in Nova Scotia
(Anderson et al., 2015). Blue Beach is important because it, and the roughly coeval Ballagan
Formation in Britain, provide the entirety of the Tournaisian tetrapods currently known (Clack
and Finney, 2005; Smithson et al., 2012; Chen et al., 2018; Smithson and Clack, 2018; Clack et

al., 2019a; Lennie et al., 2020, 2021).
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Pelvis Type 1 (NSMO005GF045.001) has iliac processes similar to those of Whatcheeria and
Pederpes: robust, distally expanded, and probably short, though the complete length of the

posterior process is unknown. As in many early tetrapod ilia the processes are offset by a notch,

Femur Type 2 (NSM004GF045.034A, B), contra its original description as a ‘tulerpetonid’
(Anderson et al., 2015), bears a strong resemblance to the femur of Ossinodus (Figure 2.33). The
principal difference between the specimen and Ossinodus appears to be the relative sizes of the
internal and fourth trochanters: in Femur Type 2 the former is larger, and in Ossinodus the latter

is larger.
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Figure 2.35. Femora of Ossinodus and other Devonian—Carboniferous femora. QMF 37432 Ossinodus right femur in ventral (A) and
dorsal (B) views; QMF 37415 Ossinodus left femur in ventral (C) and dorsal (D) views; ANSP 23864 left femur drawn after
(Broussard et al., 2018) in dorsal (E), anterior (F), ventral (G) and posterior (H) views; ANSP 21476 left femur drawn after (Daeschler
et al., 2009) in ventral (1), posterior (J), dorsal (K) and anterior (L) views; NSM004GF045.034A left femur drawn after Anderson et
al. (2015) in posterior (M), ventral (N), anterior (O), and dorsal (P) views; NSM004GF045.034B left femur drawn after (Anderson et
al., 2015) in dorsal (Q), anterior (R), ventral (S) and posterior (T) views. In all specimens, proximal is at the top and distal is at the

bottom.



96

Table 2.2. Tentative (re)assignments of fragmentary ‘whatcheeriid’ material.

Name & specimen
number

ANSP 23864

ANSP 21476

ANSP 21873

IRSNB A.0006

IRSNB A.0007
NSMO004GF045.034A
NSM004GF045.034B

UMZC 2016.8, UMZC
2017.2.569

UMZC 2016.9, UMCZ
2017.2.611, UMZC 2017.2.577,
UMZC 2017.3.576
NSMO005GF045.001
NSM014GF036.003
NSM.014.GF.036.005
NSMO005GF045.037, YPM PU
23545

Occidens/GSM 28498

CMC VP7328, CMC VP7261,
CMC VP 7664

Material
Left femur
Left femur
Postorbital
Postorbital
Right maxilla
Left femur
Right femur
Two incomplete
frontals (+
nasal?), cleithrum
Left maxilla,
radius, digit bone,
intercentrum
Right pelvis
Right tibiae
Interclavicle
Right humeri
Partial left lower

jaw

Ilia

Location
Pennsylvania, USA
Pennsylvania, USA
Pennsylvania, USA
Strud, Belgium

Becco, Belgium
Horton Bluff, Nova
Scotia

Horton Bluff, Nova
Scotia

Burnmouth, Scotland

Burnmouth, Scotland
Horton Bluff, Nova
Scotia

Horton Bluff, Nova
Scotia

Horton Bluff, Nova
Scotia

Horton Bluff, Nova
Scotia

Northern Ireland

Kentucky, USA

Age
Frasnian
(~376Ma)
Famennian
(~362Ma)
Famennian
(~362Ma)
Famennian
Famennian
Tournaisian
Tournaisian
Tournaisian
(~355Ma)
Tournaisian
Tournaisian
Tournaisian

Tournaisian

Tournaisian
Late

Tournaisian or

early Visean

Serpukhovian

Identity

Tetrapod indet.
Tetrapod indet.
Tetrapod indet.
Tetrapod indet.
Ambiguous
Tetrapod indet.
Tetrapod indet.
Whatcheeriid
(Pederpes-like)
Tetrapod indet.
Ambiguous
Whatcheeriid
(Pederpes-like)
Ambiguous

Whatcheeriid
(Pederpes-like)

Tetrapod indet.
Whatcheeriid
(Whatcheeria-
like)

References

Broussard et
al. 2018
Daeschler et
al. 2009
Daeschler et
al. 2009
Olive et al.
2016

Olive et al.
2016
Anderson et
al. 2015
Anderson et
al. 2015

Otoo et al.
2018

Otoo et al.
2018
Anderson et
al. 2015
Anderson et
al. 2015
Anderson et
al. 2015
Anderson et
al. 2015

Clack &
Ahlberg 2004
Garcia et al.
2006, Greb et
al. 2016



Tibia Type 2 (NSM014GF036.003; Anderson et al. 2015) was compared to those of
Pederpes and Ossinodus, which differ in their morphology. In fact, it more closely resembles the
tibia of Pederpes, having greatly expanded ends, virtually no shaft, an almost straight anterior
edge (shin) and a small but distinct concavity for the interepipodial space on the posterior rim.
Although the diagnostic value of these similarities is uncertain, in view of the strong
resemblance to Pederpes and the other putative whatcheeriid material from Blue Beach, we refer

NSM014GF036.003 to Whatcheeriidae.

Humerus Type 1 (NSMO005GF045.037, YPM PU 23545) resembles the humerus of
Pederpes (Anderson et al., 2015). Both have a similarly-sized deltopectoral process and a spike-
shaped latissimus dorsi process, the latter characteristic also evident in Whatcheeria and
Baphetes (Milner & Lindsey 1998). Like Pederpes (Clack & Finney 2005) the anterior and distal
surfaces are unfinished and the distal articular condyles are undifferentiated. Again, this
characteristic occurs in other early humeri, such as those of Crassigyrinus (Panchen 1985) and
Ossinodus (Bishop, 2014), but is quite unlike the far more completely ossified condition of the
Whatcheeria humerus. The ~90 angle between the shaft and rectangular entepicondyle of
Humerus Type 1 closely resembles Pederpes, but, once again, this characteristic occurs further
afield, in examples such as Greererpeton (Godfrey 1989). The humerus torsion angle is very
high for an early tetrapod humerus, ~60 degrees- almost twice that of Pederpes (Smithson and
Clack, 2018) and thrice that of Whatcheeria. In summary, Anderson et al.'s (2015) comparison
with Pederpes is supported, but there remains the possibility that the similarities are more

general to early tetrapod humeri and that nothing specific to whatcheeriids has been identified.
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NSM.014.GF.036.005 is an incomplete interclavicle that was compared with that of Pederpes
(also incomplete: Clack & Finney 2005) but considered inconclusive as evidence of a

whatcheeriid (Anderson et al. 2015). We find no evidence to extend beyond this conclusion.

Occidens (Clack and Ahlberg, 2004), known from a partial jaw of suspected late
Tournaisian-early Viséan age, has recently been associated with the whatcheeriids in a
phylogenetic analysis (Clack et al., 2016). It shares with Whatcheeria a single row of teeth on
each coronoid and near-absence of dermal ornament. The mandible of Pederpes is not known in
sufficient detail for comparison. Each of these characters is present in other tetrapods, but their
conjunction might be unique to Occidens and Whatcheeria. However, unlike Whatcheeria, the
splenial is not sutured to the prearticular posteriorly (Clack and Ahlberg, 2004; Lombard and
Bolt, 2006). It seems likely that the various polytomies and sister group combinations of
Occidens and Whatcheeria and Pederpes in the analysis of Clack et al. (2016) result from

incompleteness rather than genuine similarity. Therefore, its whatcheeriid status is questionable.

Three ilia (CMC VP7261, CMC VP7664, CMC VP7328) from exposures of the

Serpukhovian Buffalo Wallow Formation in Hancock County, Kentucky, have been compared to

iliac process is more proximally constricted than in Whatcheeria and expands posteriorly,
producing a spoon-like appearance. The dorsal process is incomplete but CMC VP7328 suggests
that it was circular or oval. The two processes are separated by a broad groove and probably

would have overlapped in lateral view. There is no indication that either process has the fluting
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seen in Whatcheeria. Notably, CMC VP7328 is very large, approximately 20cm long (Garcia et
al., 2006). This is comparable to the size that would be expected from the largest Whatcheeria
individuals. On the basis of the numerous similarities between CMC VP7328, we refer CMC
VP7328 (and by extension CMC VP7261 and CMC VP7664) to Whatcheeriidae. It is notable
that the Delta and Hancock County localities are geographically close and the latter is probably
only slightly older than the former, with the caveat that there is some uncertainty as to their
absolute ages. Given this, there is the question of whether or not the Buffalo Wallow
whatcheeriid is taxonomically distinct from Whatcheeria deltae. Further Buffalo Wallow
material is needed to resolve this question. In either case, the Buffalo Wallow whatcheeriid

represents the geologically youngest occurrence of the family.

Assignments for the fragmentary material are summarized in Table 2.2. These specimens
span the Devonian/Carboniferous boundary and include some of the oldest known fossils of
limbed tetrapods. Most material is of uncertain affinity, and only some of it is referrable to
Whatcheeriidae. The material that is compared to Ossinodus cannot be more precisely identified
because it is not yet apparent that the combination of characters seen in the femur of Ossinodus

is diagnostic for that taxon among early tetrapods.

Significantly, none of the fragmentary specimens permit the identification of
whatcheeriids in the Devonian, though IRSNB A.0007 (a Strud maxilla) is suggestive. Thus, the
fossil record of whatcheeriids remains limited to the Carboniferous, although a Devonian origin
has long been mooted based on the Tournaisian age of Pederpes. From the present work,

fragment attributions to the family are mostly inconclusive. Given the rarity of morphological
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innovation (i.e. apomorphies) among whatcheeriids noted earlier, this seems unlikely to change.
It follows that whatcheeriid range extension into the Devonian, in the absence of new specimens,

is most likely to depend on implications of phylogenetic results (e.g. Ahlberg & Clack 2020).

2.5.5 Biogeography of the Whatcheeriidae

With the restriction here of Whatcheeriidae to Pederpes and Whatcheeria, and
fragmentary specimens exhibiting shared characteristics, the family has a North American-
British Isles distribution. During the Late Devonian and Mississippian, the British Isles and
eastern/central North America were part of a common equatorial biome and proximity increased
with the final assembly of Gondwana during the Pennsylvanian (Clack and Milner, 2015;
Lawver et al., 2015)). Similar biogeographic distributions are known for colosteids,
embolomeres, baphetids, rhizodonts, and gyracanths (Clack and Milner, 2015; O Gogain et al.,

2016; Otoo et al., 2018).

Whatcheeriids are rare within the general gyracanth-lungfish-rhizodont-tetrapod
association that occurs repeatedly in Mississippian continental faunas (Sallan and Coates, 2010;
Otoo et al., 2018; Clack et al., 2019a). Both complete and fragmentary they are at most known
only from the Burnmouth siltstone, Blue Beach, Delta, and Buffalo Wallow faunas (Bolt et al.,
1988; Garcia et al., 2006; Anderson et al., 2015; Greb et al., 2016; Clack et al., 2016; Otoo et
al., 2018). The holotype of Pederpes is an isolated nodule, but it was probably derived from a
fauna at least broadly similar to that described from the Burnmouth siltstone interval (Clack,
2002c; Clack and Finney, 2005; Otoo et al., 2018)- in any case, whatcheeriids are still thin on the

ground. The available data do not suggest that we have been sampling the margins of
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whatcheeriid biogeographic or ecological distribution, and their minimum temporal range
already encompasses much of the Mississippian. This uncertainty is compounded by the scarcity
of Carboniferous tetrapod localities outside of equatorial Euramerica, a long-recognized and still
unresolved problem (Milner et al., 1986; Pardo et al., 2019b, 2020). Nevertheless, the abundance
of Whatcheeria specimens indicates that at least in this instance, we have more-or-less-

autochthonous preservation alongside other, more widespread tetrapod taxa.

2.6 CONCLUSIONS

The postcranial anatomy of Whatcheeria deltae reveals an extremely unusual early
tetrapod. Key features include an elongate neck and large, robust limbs and broad manus/pes.
Despite the morphology of the appendicular skeleton, the presence of well-developed cranial
sensory canals indicates that Whatcheeria was an aquatic animal, and any terrestrial activity
would have been extremely infrequent and limited. Most known Whatcheeria specimens belong
to immature individuals and sample a short period of extremely rapid growth that likely
corresponds to the onset of sexual maturity. These subadults would have bene approximately 1m
in length, but there are very rare fragments that represent much larger (and presumably older)
individuals up to 2m long. The new postcranial data contribute to a revised diagnosis for the
family Whatcheeriidae. This includes a combination of hindlimb characters unique to
Whatcheeria and Pederpes, and the family is restricted to these two genera. Reevaluation of
Devonian-Carboniferous fossils reported as ‘whatcheeriid” supports the exclusion of Ossinodus
and the Devonian material, with the caveat that the holotype of the minute Famennian tetrapod
Brittagnathus is similar to the mandible of Whatcheeria. Probable whatcheeriids are present in
Nova Scotia (Blue Beach, Tournaisian), the Scottish Midland Valley (upper Ballagan Formation,

Tournaisian), and Kentucky (Buffalo Wallow Formation, Serpukhovian). While Whatcheeria is
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superabundant at Delta and the family Whatcheeriidae spans most of the Mississippian,
whatcheeriids generally appear to have been less widespread and abundant than contemporary
groups such as the embolomeres and colosteids. The reason for this biogeographic disparity is
unclear, but may indicate that whatcheeriids were specialized or ecologically restricted in some

way that other early tetrapods were not.
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CHAPTER 3: PHYLOGENETIC EVIDENCE FOR AN AQUATIC
AND DEVONIAN ORIGIN OF MISSISSIPPIAN TETRAPOD
DIVERSITY

3.1 ABSTRACT

Phylogenetic analysis of early tetrapods using a new data matrix finds a diverse tetrapod
stem group, much of which diverges in the Devonian. This includes a monophyletic
Whatcheeriidae composed of Whatcheeria and Pederpes and suggests that the lineage and
functional diversity of the Devonian tetrapod assemblage extended far beyond the classic
Famennian taxa such as Acanthostega, Ichthyostega, and Tulerpeton. Colosteids vary between
the sister group of temnospondyls, and thus crown tetrapods, and apical stem tetrapods.
Placement of Caerorhachis at the base of the amniote total group creates a single unambiguous
origin of consolidated (gastrocentrous) vertebrae. In contrast to other recent work, the limbless
tetrapods (adelospondyls and aistopods) are recovered deep within the amniote total group, but
this may reflect the outsized influence of unreliable vertebral characters. Analysis of character
partitions indicates that postcranial data have signal comparable to cranial data. However, the
anterior and posterior appendicular skeletons return divergent phylogenetic results. The results of
the partition analyses suggest that the homoplasy that frustrates studies of early tetrapod
phylogeny may not entirely be the result of poor data and methodological shortcomings. Instead,

it may reflect functional diversity and experimentation among the earliest tetrapod radiations.

3.2 INTRODUCTION

3.2.1 Competing tree topologies

103



Around turn of the 21% century, early tetrapod phylogeny underwent a profound paradigm
shift. Through the 1980s and 1990s, most Carboniferous tetrapod diversity was assigned to either
the lissamphibian or amniote lineages (Milner et al., 1986; Coates, 1996). The Famennian
tetrapod Tulerpeton was occasionally included as a stem amniote (Lebedev and Coates, 1995;
Coates, 1996) which would require the tetrapod crown group to originate by the Late Devonian.
The placements of historically recognized groups such as Colosteidae, Baphetidae, and
Lepospondyli were highly uncertain (Fracasso, 1994). A major increase in anatomical data from
the Devonian tetrapods Acanthostega (Coates, 1996), Ichthyostega (Jarvik, 1996), and
Tulerpeton (Lebedev and Coates, 1995), greatly increased our knowledge of the fin-limb
transition. Additional new taxa from the Mississippian, Pennsylvanian, and early Permian helped
flesh out the apical portion of the tetrapod stem group and basal portions of the lissamphibian
and amniote total groups (Lombard and Sumida, 1992). At the same time, advances in
phylogenetic software allowed for the first computational tests (Ahlberg and Milner, 1994;
Cloutier and Ahlberg, 1996; Coates, 1996; Clack, 1997; Laurin and Reisz, 1997; Ahlberg and

Clack, 1998; Laurin, 1998199; Paton et al., 1999; Laurin et al., 2000) of historical hypotheses.

The analysis of Ruta et al. (2003a) using the parsimony ratchet protocol of Quicke et al.
(2001)(Quicke et al., 2001) represented a fundamental shift in early tetrapod phylogenetics, and
has framed the landscape of work over the last 20 years. This matrix included 319 characters and
90 taxa. Unlike previous trees, this analysis recovered a substantial tetrapod stem group
incorporating Devonian and Mississippian taxa. These included newer discoveries (ex.
Whatcheeria, Pederpes) and taxa that had previously been considered part of the crown group

(ex. Greererpeton, Crassigyrinus). The amniote total group was composed of anthracosaurs,
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lepospondyls, seymouriamorphs, and diadectomorphs as successive plesions approaching the
amniote crown group. The lissamphibian total group is composed of the temnospondyls and
crown group lissamphibians, which are placed within the temnospondyls. As used by Ruta et al.
(2003a) and other authors (Ruta and Coates, 2007; Ruta et al., 2007; Schoch, 2013; Clack et al.,
2016; Pardo et al., 2017b, 2017a), ‘Temnospondyli’ is a paraphyletic group of stem
lissamphibians. For the sake of clarity, in this work ‘Temnospondyli’ includes both the fossil
stem lissamphibians (ex. Balanerpeton, Eryops, Trimerorhachis, etc.) as well as crown group

Lissamphibia, making the temnospondyls a monophyletic group.

The minimum age of the tetrapod crown group under the Ruta et al. (2003a) hypothesis
was pinned on the Mississippian aistopod ‘lepospondyl” Lethiscus from Wardie in Scotland
(Wellstead, 1982). This was initially reported as Tournaisian (Ruta et al., 2003a) and later
changed to Visean following further chronostratigraphic work (Ruta and Coates, 2007). Most
subsequent analyses agree with the Visean crown group age based on the more commonly used
Balanerpeton and Westlothiana from Eastt Kirkton, which is slightly younger than Wardie and
geographically proximate. However, the tetrapod crown node was only supported by
homoplastic characters and had low Bremer support. Analysis of character partitions resulted in
substantial topological differences. Cranial-only characters moved many lepospondyls- including
the limbless aistopods and adelospondyls onto the tetrapod stem group, but this was reversed
when jaw characters are removed. These partition results suggest that patterns of character
change differed across the early tetrapod skeleton, which has also been suggested by a small
number of subsequent analyses (Ahlberg and Clack, 1998; Coates et al., 2002; Clack et al.,

2012a, 2016).
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Since the Ruta et al. (2003a,b) analyses, hypotheses of early tetrapod relationships have
fallen into one of two camps (Clack and Finney, 2005; Marjanovi¢ and Laurin, 2007, 2009,
2013; Ruta and Coates, 2007; Clack et al., 2012b, 2016; Ruta and Wills, 2016; Pardo et al.,
2020).; the ‘temnospondyl hypothesis’ and the ‘lepospondyl hypothesis’. The primary difference
between these hypotheses is the relationship between lissamphibians and Paleozoic tetrapods: the
former places the lissamphibians within the temnospondyls, and the latter places the
lissamphibians within the lepospondyls. The temnospondyl hypothesis of lissamphibian origins
was articulated across several investigations of the hearing system, dentition, and dermal skull by
Milner, Lombard, and Bolt in the 1970s and 1980s (Bolt, 1969; Lombard and Bolt, 1979; Milner,
1982; Milner et al., 1986). Several phylogenetic analyses in the 1990s using cladistics software
supported the temnospondyl hypothesis (Panchen and Smithson, 1988; Coates, 1996) before the
‘modern’ articulation in the Ruta et al. (2003a) analysis. Advocates of the lepospondyl
hypothesis dispute numerous character scores from other datasets and favor the use of loss
characters (Laurin and Reisz, 1997; Anderson, 2001; Marjanovi¢ and Laurin, 2007, 2008, 2013,

2019; Anderson et al., 2008).

Recently, several analyses have presented new variants on the temnospondyl and
lepospondyl hypotheses (Figure 3.1). Pardo et al. (2017) affirmed the temnospondyl hypothesis
but found lepospondyls to be paraphyletic; most are stem diapsids, but the limbless aistopods are
recovered as the earliest-diverging Carboniferous stem tetrapods. Additionally, the embolomeres
(the primary clade within the ‘anthracosaurs’) were moved from the amniote stem group onto a
position high on the tetrapod stem group. Their study was motivated by new endocranial data

from Lethiscus, the earliest aistopod (Wellstead, 1982; Pardo et al., 2017b). A phylogenetic
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analysis in the context of new CT scan data from the Mississippian adelospondyl Acherontiscus
conducted by Clack et al. (2019) found the aistopods and adelospondyls to be part of a single
clade, which is itself part of a stem tetrapod clade including the colosteids and urocordylid

‘lepospondyls’. This topology would suggest a single origin of limblessness within the stem

group.

Marjanovi¢ and Laurin reviewed the lepospondyl hypothesis (Marjanovi¢ and Laurin,
2013) and recently published a phylogenetic analysis (Marjanovi¢ and Laurin, 2019) which is the
most recent presentation of the lepospondyl hypothesis. This analysis was conducted on rescored
version of the Ruta and Coates (2007) matrix. They found ‘anthracosaurs’ and temnospondyls to
be successive plesions in the apical portion of the tetrapod stem group. Under their hypothesis,
Lepospondyli is the lissamphibian total group. The amniote total group is only represented by

crown amniotes.
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A)

Anthracosauria and other "Lepospondyli"
Temnospondyli

Colosteidae and Aistopoda
Whatcheeriidae

Acanthostega

C)

Diadectes, Captorhinus, et al.

Lepospondyli including Aistopoda

Colosteidae

e YWhatcheeriidae

Acanthostega

B)

Other "Lepospondyli"
Temnospondyli

Anthracosauria

e Colosteidae

Whatcheeriidae

Aistopoda ("Lepospondyli")

Acanthostega

Figure 3.1. Schematic representations of recent phylogenetic hypotheses of early tetrapod
relationships particularly relevant to the present work. A: Clack et al. 2019 (shared with Ruta and
Coates 2007); B: Pardo et al. 2017; C: Marjanovi¢ and Laurin 2019. Circles represent the

tetrapod crown node.

There is a potential issue of parent-child relationships between matrices, and the fit of

108

datasets to the questions to be answered. Phylogenetic matrices belong to ‘lineages’, and inherit



their character and taxon sets from previous analyses. Additions of taxa to successive iterations
of a dataset are tests of prior hypotheses in the lineage, as each taxon represents a novel
combination of characters. The Clack et al. (2019) and Pardo et al. (2017) datasets share
common characters from an earlier analysis by Clack et al. (2012). The Clack et al. (2012)
dataset is itself part of a genealogy of matrices focused on relationships among stem tetrapods
and early members of crown group lineages (Ruta et al., 2003a; Clack and Finney, 2005; Ruta
and Coates, 2007; Callier et al., 2009; Ruta, 2011; Clack et al., 2016). The Pardo et al. (2017)
derives most of its characters from a previous study on recumbirostran ‘lepospondyls’
(Huttenlocker et al., 2013), which itself descends from previous ‘lepospondyl’-focused matrices
(Anderson, 2001; Anderson et al., 2008). The Clack et al. (2016), Clack et al. (2019), Pardo et al.
(2017), and Marjanovi¢ and Laurin (2019) datasets are all based on characters from the Ruta and
Coates (2007) data matrix. However, testing of hypotheses from different ‘lineages’ requires
character and taxon overlap (Ruta et al., 2003b). Until now, the temnospondyl hypothesis and
lepospondyl hypothesis have been supported by analyses with limited character/taxon overlap,
especially as lepospondyl hypothesis analyses substantially reinterpret characters shared with

temnospondy! hypothesis datasets (Marjanovié¢ and Laurin, 2013, 2019).

3.2.2 Competing evolutionary scenarios

Both the temnospondyl and lepospondyl hypotheses agree on a Visean minimum age for
the crown group, via Balanerpeton/Westlothiana for the temnospondyl hypothesis, and Lethiscus
for the lepospondyl hypothesis. The temnospondyl hypothesis requires numerous branching
events by the early Mississippian to produce the Late Devonian tetrapod lineages, the post-

Devonian tetrapod stem group, and the crown group by the middle/late Visean
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(Balanerpeton/Westlothiana/Lethiscus). One benefit of these topologies is a reduced number of
range extensions for both the lissamphibian and amniote total groups. By contrast, the
lepospondyl hypothesis populates the lissamphibian total group but find no stem amniotes at all
(Marjanovi¢ and Laurin, 2019). Aside from the enormous amniote ghost lineage that results, this
also requires that all the characters that support a position of Lissamphibia within
Temnospondyli (sensu Ruta et al. (2003a)) be highly homoplastic (Coates et al., 2000; Laurin et

al., 2000; Marjanovi¢ and Laurin, 2013).

Regardless of the speed of branching events, a Visean origin for the tetrapod crown group
implies higher pre-Visean tetrapod diversity than we currently have fossil evidence for.
Parmastega (if it is assumed to have limbs rather than fins), Acanthostega, Ventastega,
Ichthyostega, and Tulerpeton all date to the Famennian and are the only Devonian tetrapods for
which there is substantial anatomical data. Additional fragmentary taxa- Obruchevichthys,
Webererpeton, Jakubsonia, Sinostega, Ymeria, Rubrognathus, Livoniana, Metaxygnathus,
Elginerpeton- from the Givetian-Famennian are often excluded from phylogenetic analyses due
to incompleteness. Even with this caveat, the Devonian tetrapod radiation appears to be limited
and lacks any recognizable representatives of Mississippian lineages. There are then two
possibilities: the Devonian radiation was indeed more diverse and will be fully revealed with
more fossil discoveries; or post-Devonian tetrapods are all the product of post-Devonian
radiations. The former scenario entails high tetrapod survivorship through the EDME, whereas in

the latter tetrapods experience a severe bottleneck (Sallan and Coates, 2010).
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This is paralleled by different hypotheses about sequences of character change. Devonian
tetrapods- e.g. Acanthostega- and Mississippian tetrapods- e.g. Balanerpeton or Westlothiana-
are widely considered representatives of the aquatic and terrestrial portions of the water-land
transition, respectively. Quantitative analyses of rates of character change using a temnospondyl
hypothesis dataset (Ruta et al., 2006; Wagner et al., 2006) found that rates of character change
were high in the Late Devonian and Mississippian, but dropped to a lower level from the
Pennsylvanian onward. The authors also found that total group lissamphibians (=temnospondyls)
had a smaller set of variable characters than basal (=stem [limbed]) tetrapods, and that stem
amniotes varied across a larger set of characters than either total group lissamphibians or basal
tetrapods. The authors speculate that increasing intrinsic biological constraints reduced rates of
character change over time, but expansion into new terrestrial ecospace by stem amniotes yielded
more new characters. This scenario joins the origin and diversification of crown tetrapods to
terrestrialitzation; the invasion of the land was the watershed event that pressed tetrapods to

explore a greater range of morphologies and functions.

The tetrapod fossil record of the early Mississippian- ‘Romer’s Gap’- is then particularly
important. It presumably contains both the origin of the tetrapod crown group and the transition
of tetrapods from water to land (Coates and Clack, 1995; Smithson et al., 2012). Historically
fossil-poor, the whatcheeriids- via Pederpes (Clack, 2002c; Clack and Finney, 2005)- was the
post-Devonian group with a record from this interval. Recent discoveries have produced early
appearances of Crassigyrinus (Clack et al., 2018; Lennie et al., 2020) and the colosteids (Clack

et al., 2016), extending their stratigraphic ranges by 25-30 million years. There are also an
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increasing diversity of new, albeit fragmentary, tetrapods of uncertain phylogenetic affinity

(Clack et al., 2016; Chen et al., 2018; Otoo et al., 2018; Smithson and Clack, 2018).

Even with these new discoveries, the whatcheeriids are the tetrapod group making the
single largest contribution of anatomical data filling Romer’s Gap. Clack (2002) erected the
family to contain the Visean/Serpukhovian Whatcheeria and the Tournaisian Pederpes. Pederpes
is represented by a holotype preserving almost the entire precaudal skeleton. Whatcheeria is
represented by hundreds of specimens and is now one of the most completely known Devonian
or Carboniferous tetrapods (Bolt and Lombard, 2018; Otoo et al., 2021; Rawson et al., 2021).
While the diagnosis for Whatcheeriidae has recently been revised and the family restricted to
Whatcheeria and Pederpes (Otoo et al., 2021), this has not been tested with a phylogenetic
analysis. Resolving the relationships of the whatcheeriids has the potential to increase resolution
in the lower portion of the (post-Devonian) tetrapod stem and help polarize characters along the

stem into the crown.

Much of the revised Whatcheeriidae diagnosis draws on postcranial data, particularly
from the hindlimb, that have not been incorporated in prior phylogenetic analyses (Otoo et al.,
2021). This represents an opportunity to construct new characters to use these new data. It is also
an opportunity to reassess phylogenetic signal across different anatomical character partitions. In
previous analyses, jaw characters have struggled to recover clades (Clack et al., 2012a; Chen et
al., 2018). Postcranial data have performed well, but topologies diverge between the anterior and
posterior appendicular character sets (Ruta, 2011; Ruta and Wills, 2016). This has been noted

elsewhere (Coates et al., 2002); Coates et al. (2002) noted that not only did the anterior
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appendicular and posterior appendicular skeletons appear to be evolving out of tandem, but also
that character changes in the anterior appendicular skeleton precede changes in the posterior
appendicular skeleton. This may reflect functional pressures between the two anatomical
partitions. Further investigation of patterns of phylogenetic signal across partitions may help
outline the extent and patterns of functional diversity across the earliest tetrapod radiations (Ruta
et al., 2006; Wagner et al., 2006; Ruta and Wills, 2016). Stem tetrapods may have reached
character exhaustion later than previously hypothesized (Wagner et al., 2006) and achieved

greater functional diversity (Dickson et al., 2020).

3.2.3 Aims
The aims of this study are:

o Determine whether the whatcheeriids are monophyletic and elucidate what characters are
useful for diagnosing them

o Determine the membership of the tetrapod crown group, character diagnosis of the
tetrapod crown group, and relationships in the apical portion of the tetrapod stem

o Determine the timing of branching events with respect to the end-Devonian mass
extinction

o Investigate differing levels of signal across anatomical partitions- particularly postcranial
partitions- and implications for understanding early tetrapod phylogeny and paleobiology

3.3 MATERIALS
3.3.1 Taxon sampling

The starting taxon list for the analysis is that of Clack et al. (2016) (Table 1), which has
broad overlap with numerous other analyses of early tetrapods, particularly in the tetrapod stem
group (Ruta et al., 2003a; Clack and Finney, 2005; Ruta and Coates, 2007; Ruta, 2011; Clack et
al., 2012b, 2012a; Klembara et al., 2014). This dataset was directly expanded by Clack et al.
(2019), which was published while this research was ongoing. The Clack et al. (2016) dataset

was then replaced by that of Clack et al. (2019) as the starting taxon list. Additions, and removals
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are relative to the Clack et al. (2019) taxon list and enumerated in APPENDIX B. The final list

of operational taxonomic units (OTU), full taxonomic notes, and references are presented in

APPENDIX B.

Table 3.1. Basic numerical information for primary datasets which supplied preexisting
characters for this study.

NTAX NCHAR Reference
44 157 Ruta, 2011
46 214 Clack et al., 2016
58 370 Pardo et al., 2017
57 260 Clack et al., 2019

Table 3.2. (Page 118-120) List of OTUs used in this study, with references. NSM refers to Nova

Scotia Museum.

o1y
Acanthostega
Adamanterpeton
Adelogyrinus
Adelospondylus
Anthracosaurus
AnthracosaurusPlus
Archegosaurus

Archeria
Aytonerpeton

AytonerpetonPlus
Balanerpeton

References
Coates, 1996; Ahlberg and Clack, 1998; Clack, 1998, 2002a, 2002b; Porro et al., 2015
Milner and Sequeira, 1998
Andrews and Carroll, 1991
Andrews and Carroll, 1991
Panchen, 1977, 1981; Clack, 1987a
Panchen, 1977, 1981; Clack, 1987a

Witzmann, 2005; Witzmann and Schoch, 2006
Romer, 1957; Clack and Holmes, 1988; Holmes, 1989, in addition to personal BKAO
observations

Otoo, 2015; Clack et al., 2016; Ahlberg and Clack, 2020, pers. obsv. BKAO
Otoo, 2015; Clack et al., 2016; Otoo et al., 2018; Ahlberg and Clack, 2020, pers. obsv.
BKAO

Milner and Sequeira, 1993

Baphetes (B. kirkbyi) Beaumont, 1977; Milner and Lindsay, 1998

Brittagnathus
Caerorhachis
Capetus

Ahlberg and Clack, 2020
Ruta et al., 2002
Sequeira and Milner, 1993
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Casineria
Coloraderpeton
Colosteus
Crassigyrinus
Deltaherpeton
Dendrerpeton
Doragnathus
Edops
Eldeceeon
Elpistostege
Eogyrinus_attheyi
EogyrinusPlus
Eoherpeton
Erpetosaurus

Eryops
Eucritta
Eusthenopteron

Gephyrostegus
Greererpeton

Ichthyostega
Koilops
Lethiscus
Loxomma
Megalocephalus

Microbrachis
Neldasaurus
Neopteroplax
NSM 994 GF 1.1
Occidens

Ossinodus
Palaeoherpeton
Panderichthys
Parmastega
Pederpes

Pholiderpeton_scuti

gerum

Paton et al., 1999; Marjanovi¢ and Laurin, 2019

Wellstead, 1982; Anderson, 2003; Anderson et al., 2003; Pardo et al., 2017
Hook, 1983, in addition to personal BKAO observations of specimens
Panchen, 1985; Panchen and Smithson, 1990; Clack, 1997; Herbst and Hutchinson, 2018
Bolt and Lombard, 2010

Carroll, 1967; Godfrey et al., 1987; Holmes et al., 1998; Robinson et al., 2005
Smithson, 1980

Romer and Witter, 1942

Smithson, 1993; Ruta et al., 2020

Schultze and Arsenault, 1985; Cloutier et al., 2020

Panchen, 1964, 1966, 1972; Clack, 1987b

Panchen, 1964, 1966, 1972; Clack, 1987b

Panchen, 1975; Smithson, 1985

Milner and Sequeira, 2011
Olson, 1936; Romer and Witter, 1941; Sawin, 1941; Moulton, 1974; Pawley and Warren,
2006 in addition to personal BKAO observations

Clack, 2001

Andrews and Westoll, 1970; Sanchez et al., 2014; Porro et al., 2015

Brough and Brough, 1967b; Carroll, 1970; Ahlberg and Clack, 1998; Klembara et al.,
2014

Smithson, 1982; Godfrey, 1989; Bolt and Lombard, 2001, 2010, in addition to personal
BKAO observations

Jarvik, 1996; Coates 2001; Ahlberg et al., 2005; Callier et al., 2009; Clack et al., 2012a;
Pierce et al., 2012, 2013a, 2013b

Clack et al., 2016
Wellstead, 1982; Anderson, 2003; Anderson et al., 2003; Pardo et al., 2017
Beaumont, 1977; Ahlberg and Clack, 1998

Beaumont, 1977; Ahlberg and Clack, 1998
Brough and Brough, 1967; Carroll and Gaskill, 1978; Vallin and Laurin, 2004; Milner,
2008; Olori, 2015

Chase, 1965; Schoch, 2018
Romer, 1963, in addition to personal BKAQ observations
Holmes and Carroll, 2010

Clack and Ahlberg, 2004
Warren and Turner, 2004; Warren, 2007; Bishop, 2014; Bishop et al., 2015, in addition to
personal BKAO observations

Panchen, 1964

Vorobyeva, 1995; Ahlberg et al., 1996; Boisvert, 2005, 2009; Boisvert et al., 2008
Beznosov et al., 2019

Clack, 2002c; Ahlberg et al., 2005; Pierce et al., 2013b; Otoo et al., 2021

Clack, 1987b
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Pholidogaster
Platyrhinops
Proterogyrinus
Seymouria
Sigournea
Silvanerpeton
St_Louis_tetrapod

Tiktaalik

Trimerorhachis
Tulerpeton
TulerpetonPlus
Ventastega
Westlothiana
Ymeria

Romer, 1964; Panchen, 1975

Carroll, 1964; Hook and Baird, 1984, 1986; Clack and Milner, 2009

Romer, 1970; Holmes, 1984 in addition to personal BKAO observations

White, 1939; Berman et al., 2000; Klembara et al., 2006; Bazzana et al., 2020a, 2020b
Clack, 2002c; Ahlberg et al., 2005; Pierce et al., 2013b; Otoo et al., 2021

Clack, 1993; Ruta and Clack, 2006

Clack et al., 2012b, pers. obsv. BKAO

Daeschler et al., 2006, 2006; Downs et al., 2008; Shubin et al., 2014; Stewart et al., 2019;
Lemberg et al., 2021

Case, 1935; Colbert, 1955; Olson, 1979; Berman and Reisz, 1980; Pawley, 2007; Milner
and Schoch, 2013, in addition to personal BKAO observations

Lebedev and Clack, 1993; Lebedev and Coates, 1995
Lebedev and Clack, 1993; Lebedev and Coates, 1995
Ahlberg et al., 1994, 2008

Smithson et al., 1993

Clack et al., 2012a

3.3.1.1 Alternative OTU compositions

The existing Tulerpeton Operational Taxonomic Unit (OTU) from Clack et al. (2016,

2019) included fragmentary cranial material from Andreyevka alongside the Tulerpeton

holotype, which is exclusively postcranial elements (Lebedev and Coates, 1995). The postcranial
skeleton of Tulerpeton has long been noted for its derived scapulocoracoid, humerus, and
manus/pes morphologies (Lebedev and Coates, 1995; Coates, 1996). In order to determine the
effect of the additional Andreyevka material vis a vis the Tulerpeton postcrania on the
phylogenetic placement of Tulerpeton, the existing holotype + fragments OTU was renamed to
TulerpetonPlus. This was to distinguish it from a Tulerpeton OTU including only the holotype
material. Anthracosaurus and ‘Eogyrinus’ were treated similarly, as the referrals of postcranial
material to these taxa are uncertain (Panchen, 1972; Clack, 1987b). Aytonerpeton includes only

the holotype material (Otoo, 2015; Clack et al., 2016), and AytonerpetonPlus includes a referred
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parasphenoid and partial skull table (Otoo et al., 2018). These taxa are collectively the

‘maximally-inclusive’ versions of their more restrictive counterparts.

3.3.2 Dates

Ages for OTUs are listed in APPENDIX B. These were sourced from the literature. To
accommodate uncertainty in absolute ages, stages were used as opposed to numeric dates or
ranges. Regional stages were translated to international stages using the latest version of the
International Geologic Timescale (Aretz et al., 2020; Becker et al., 2020; Henderson et al.,

2020).

3.3.3 New reconstructions

For this study, the opportunity was taken to produce updated skeletal reconstructions of
the following taxa:

Whatcheeria deltae (Figure 1.2)
Acanthostega gunnari (Figure 1.3)
Ichthyostega sp. (Figure 1.4)
Greererpeton burkemorani (Figure 1.5)
Aytonerpeton microps (Figure 1.6)

The Whatcheeria, Acanthostega, and Greererpeton reconstructions were done to unite
descriptions of 3D crania (Schultze and Bolt, 1996; Porro et al., 2015; Rawson et al., 2021). The
Aytonerpeton reconstruction is the first to restore the entire skull, integrating both the holotype
and referred material. The Ichthyostega reconstruction is an attempt to integrate published
descriptions and figures of anatomy (Jarvik, 1996; Ahlberg et al., 2005; Blom, 2005; Pierce et
al., 2013b, 2013a) with the composite full-body reconstruction based on CT data published by

Pierce et al. (2012). Sources and reconstruction notes are presented in APPENDIX B.
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Figure 3.2. Reconstruction of Whatcheeria in left lateral view (A) and schematic dorsal view to show body proportions (B).
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Figure 3.3. New reconstruction of Acanthostega in left lateral view (A) and schematic dorsal view to show body proportions (B).
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Figure 3.4. New reconstruction of Ichthyostega in left lateral view (A) and schematic dorsal view
to show body proportions (B). The manus reconstruction is based on a speculative unpublished
reconstruction by MI Coates and has not been used to score any characters.
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Figure 3.5. New reconstruction of Greererpeton in left lateral (A) and dorsal (B) views.
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Figure 3.6. New reconstructions of Aytonerpeton. Skull in left lateral (A) and palatal (B) views;

mandible in left lateral view (C); skull in left lateral view with alternate reconstruction of cranial
lateral line (D).
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3.3.4 Character list

79 new characters were created for this study. These include contingent characters meant
to replace existing characters and de novo creations. Character descriptions and explanations of

character additions and exclusions are presented in the character list in APPENDIX B.

Table 3-3. Anatomical distribution of new characters created for this study.

Number of new Overall partition
Partition name characters name

General skull

Skull roof
Braincase and
endocranium

Parasphenoid
Palate

Upper dentition
Lower jaw
Vertebrae

Ribs

Pectoral girdle 1
Humerus

Distal forelimb
Pelvic girdle
Femur

Distal hindlimb

Cranial

~N W

Axial

N B W 01 G0 0 W

Anterior appendicular

o

Posterior appendicular

W o o1 O &~

Anterior
appendicular/Posterior
Manus and pes 14 appendicular

Scales 2
Total 79

Addition of postcranial characters is motivated by the large proportion of postcranial data
from Whatcheeria (Otoo et al., 2021) and prior hypotheses of divergent signal between the

anterior and posterior appendicular skeleton (Coates et al., 2002). Substantial attention has been
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paid to the humeri of early tetrapods (Shubin et al., 2004; Boisvert, 2009; Bishop, 2014; Sanchez
etal., 2014; Ruta et al., 2018; Smithson and Clack, 2018), but the femur has been much less
studied. Of the recent new anatomical characters proposed to contribute to the diagnosis of
Whatcheeriidae (Otoo et al., 2021), the most unambiguous of these were identified in the femur
(Figure 3.7A,B). There is a strong resemblance in femur anatomy in Greererpeton and
Trimerorhachis. The adult femur morphology shared by these two taxa is very similar to that in
Crassigyrinus (Panchen, 1985; Panchen and Smithson, 1990). In all three (Figure 3.7C-E), the
adductor blade is a robust spike bearing the internal trochanter that is separated from the
proximal end of the femur by a deep notch of finished bone. The fourth trochanter is a rugose
region on the adductor blade. This may represent phylogenetic affinity or functional
convergence; discerning between these two hypotheses is particularly important given recent
proposals of a crown tetrapod position for colosteids (Clack et al., 2016), a first-diverging
position for the dvinosaurs within the temnospondyls (Pardo et al., 2017a), and the (largely pre-
cladistic) history of taxonomic entanglement between the colosteids and dvinosaurs (see Taxon
Sampling above). A different femoral pattern (Figure 8) is seen in embolomeres and Seymouria,
where the adductor blade is absent, the fourth trochanter is an extensive rugose region, the
internal trochanter is borne on a ridge contiguous with the proximal end of the femur, and the

intertrochanteric fossa is broad.
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Figure 3.7. Left femora of early tetrapods showing anatomies captured by new characters. All are
scaled to the same size. A) Whatcheeria, ventral view (Otoo et al., 2021); B) Pederpes, ventral
view (Clack and Finney, 2005); C) Greererepton, dorsal view (Godfrey 1989, supplemented
with personal observations of specimens); D) Trimerorhachis, posterior view (Pawley 2007,
supplemented with personal observations of specimens); E) Crassigyrinus, ventral view
(Panchen and Smithson 1990). Specimen information is presented in APPENDIX B.
Abbreviations: 4T: fourth trochanter; AB: adductor blade; AC: adductor crest; IT: internal
trochanter; ITN: intertrochanteric notch
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Figure 3.8. Femora of early tetrapods showing anatomies captured by new characters. All femora are right femora in ventral view. A)
Proterogyrinus (Holmes 1984); B) Archeria (personal observations of specimens); C) Seymouria (Bazzana et al., 2020).
Abbreviations: ITF: intertrochanteric fossa; all other abbreviations as in Figure 3.7.



Interpterygoid vacuities (=medial embayment of pterygoids) are an feature in studies of
lissamphibian origins (Anderson, 2001; Schoch, 2002). Various hypotheses have linked the
interpterygoid vacuities of lissamphibians to those of temnospondyls (Schoch, 2002, 2012, 2013,
2019) or some ‘lepospondyls’ (Anderson, 2001; Marjanovi¢ and Laurin, 2008200, 2009200,
2013). Interpterygoid vacuities are also present in Caerorhachis (Holmes and Carroll, 1977) and
colosteids (Smithson, 1982; Hook, 1983) and were previously used to support a temnospondyl
affinity. Interpterygoid vacuities are arguably present in various embolomeres (Holmes, 1984,
1989b; Clack, 1987a), which are removed from the question of lissamphibian origins. The
morphology of the interpterygoid vacuities vary greatly between these taxa (Kimmel et al., 2009;
Lautenschlager et al., 2016; Witzmann and Werneburg, 2017). Previous categorization of
interpterygoid vacuities as absent (closed palate), small, or large (Anderson, 2001; Huttenlocker
etal., 2013; Clack et al., 2016, 2019b; Pardo et al., 2017b) may obscure phylogenetically useful
variation in the structure of the palate. Characters were added to more precisely describe the
morphologies of the palatal bones, including: presence/absence and extent of medial contract of
the pterygoids (characters 127, 128, 130), morphology of the palatal and quadrate rami of the
pterygoids (characters 117, 131), and whether the palatal vacuities intersect the orbit (character

126).
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Figure 3.9. Palates of early tetrapods showing conditions across dataset. A) Whatcheeria
(Rawson et al., 2021); B) Megalocephalus (Beaumont, 1977); C) Aytonerpeton (Figure 1.6B); D)
Edops (Romer and Witter, 1942); E) Balanerpeton (Milner and Sequeira, 1993); F)
Trimerorhachis (Milner and Schoch, 2013); G) Archegosaurus (Witzmann, 2005); H)
Caerorhachis (Ruta et al., 2002); 1) Pholiderpeton scutigerum (Clack, 1987a); J) Eogyrinus
attheyi (Panchen, 1972); K) Anthracosaurus (modified from previous reconstructions by
Panchen and Clack (Panchen, 1977; Clack, 1987b). The quadrate distance of the Panchen palate
reconstruction was narrowed to match that of the Clack dorsal view reconstruction after both
were scaled to the same size).

128



The full list of 327 characters, with sources, is presented in the APPENDIX B. The
starting character list is that of Clack et al. (2019), which replaced that of Clack et al. (2016) as
in the case of the taxon list (see Taxon Sampling). This original character set covers the entire

skeleton and has a large proportion of jaw and dermal skull characters.

Additional characters were added from other matrices to increase the character set and
make this study a more independent test of hypotheses. Characters were added from Rua (2011),
which is an entirely postcranial dataset. Additional miscellaneous characters, particularly from
the endocranium, were added from the dataset of Pardo et al. (2017). Preexisting characters were
slightly reworded for clarity or consistency with other characters. Characters which were
inapplicable or invariant for most of the taxon sample and not useful to the questions of this
study were removed. Uninformative character states were also removed. These were largely
those used to distinguish various tetrapodomorph fish groups from each other and from tetrapods
broadly (Ruta, 2011) or pertained to the interrelationships of lepospondyls or (other) derived

crown tetrapods (Pardo et al., 2017b).

The final distribution of characters is as follows (see Table 3-3):

General skull: 1-18
Skull roof: 19-90
Braincase and endocranium: 91-99
Parasphenoid: 100-112
Palate: 113-131

Upper dentition 132-157
Lower jaw: 157-202
Vertebrae: 203-213
Ribs: 214-223

Pectoral girdle: 224-247
Humerus: 248-266
Distal forelimb: 267-271

129



Pelvic girdle: 272-282
Femur: 283-298

Distal hindlimb: 299-310
Manus and pes: 311-324
Scales: 325-327

These have been grouped into the following larger anatomical partitions (see Table 3-3):

Cranial characters: 1-202

Postcranial characters: 203-327

Axial characters: 203-223

Anterior appendicular: 224-271, 311-324
Posterior appendicular: 272-324

3.4 METHODS

3.4.1 Matrix construction and analysis

The matrix was constructed and edited in Mesquite version 3.6 (build 917) (Maddison
and Maddison, 2021). Characters were scored from primary observations and the literature as
necessary (see Supplementary Information, Taxon List). Separate symbols were used to
represent uncertainty (?) versus inapplicable (-) characters. As per the recommendations of
Brazeau (2011), characters were contingent coded (Brazeau, 2011); otherwise characters were

multistate. All characters were unordered unweighted.

Parsimony analyses were conducted in PAUP (Swofford, 2003) version 4.0a169. A
ratchet procedure was used following (Quicke et al., 2001; Ruta et al., 2003a) to search treespace
more efficiently. First, a heuristic search of 50000 replicates was carried out with TBR (tree-
branching-reconnection) options (start=stepwise, addseg=random, nreps=50000, swap=tbr). For

each replicate, five trees of nonzero length were held at each step and four were discarded, such
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that only one tree per replicate was retained (hold=5, nchuck=1, nscore=1). Then a heuristic
search of 1000 replicates was run on the trees recovered from the first search (start=current,

nreps=1000). The maximum number of trees (maxtrees) was set to increase automatically.

For both parts of the ratchet, all trees were saved. The entire parsimony ratchet procedure
was repeated with the characters reweighted once according to their Rescaled Consistency Index
(RCI, RC in PAUP code) from the previous search. Re-running analyses with reweighted
characters is common practice for datasets for which the consensus trees have low resolution,
including early tetrapod datasets (Ruta et al., 2003a, 2020; Ruta and Coates, 2007; Beznosov et
al., 2019; Clack et al., 2019b), and our use here was also done in an attempt to increase tree
resolution. Sequential iterations of reweighting (Farris, 1989) did not produce different results

than reweighting once.

Parsimony ratchet searches were conducted on the full dataset (‘standard’ dataset). This
ratchet was also performed on a version of the dataset with the maximally inclusive
Anthracosaurus, Aytonerpeton, Eogyrinus, and Tulerpeton OTUs in place of their more
conservative counterparts. This analysis was intended to test the effect of the inclusion of the

additional data.

The following analyses were conducted to test the amount of signal in anatomical
partitions and the potential for contrasting tree topologies:

Only cranial characters.

Only jaw characters.

Only postcranial characters.
Only appendicular characters.
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e Only anterior appendicular (pectoral girdle and forelimb) characters.
e Only posterior appendicular (pelvic girdle and hindlimb) characters.

A bootstrap analysis with 1000 replicates and 100 searches per replicate was conducted
in PAUP on the standard dataset. Although bootstrap values for nodes are usually well below the
standard 95% threshold for statistical significance, bootstrapping still provides some indication
of relative node support. A Bremer analysis (10,000 replicates) was conducted manually as an

alternative assessment of node support.

Parsimony and Bayesian analyses of early tetrapod datasets have returned divergent results
(Clack et al., 2016, 2019b; Pardo et al., 2017a) and a substantial literature exists on the relative
advantages and shortcomings of these methods (Holder and Lewis, 2003; Wright and Hillis,
2014; O’Reilly et al., 2016; Puttick et al., 2017; Goloboff et al., 2018a, 2018b; Sansom et al.,
2018; King and Rucklin, 2020; Goloboff and Sereno, 2021). A Bayesian analysis was conducted
using all characters and all OTUs in MrBayes (Huelsenbeck and Ronquist, 2001) version 3.2.7a
for 10,000,000 generations. This search was done to test the consistency of results under
parsimony versus Bayesian treatments. Data were analyzed using the Mkv model, with gamma-
distributed rate variation. The analysis was conducted using two runs with four chains each and a
burn-in fraction of 0.25 (25%). Trees were sampled every 1000 generations. Analytical
convergence was assessed using standard diagnostics in MrBayes (average standard deviation of
split frequencies, potential scale reduction factors, and effective sample sizes). Convergence
cutoff values were the following: <0.01 (asdsf), 1 (average psrf), >200 (ess). Results were
summarized using the memc, sump, and sumt commands in MrBayes. In addition to the 50%

majority rule consensus tree, the tree with the greatest total likelihood (maximum a posteriori or
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MAP tree) was extracted. This was done to produce a single, fully resolved tree for comparison

with the parsimony results.

Trees were visualized using FigTree (Rambaut, 2010), Mesquite, and the ape package
(Paradis and Schliep, 2019) in RStudio (RStudio Team, 2019) for R (R Core Team, 2019). Log
files for all searches are in the Supplementary Information. Timetrees were generated in R using
the paleotree (Bapst, 2012), geiger (Alfaro et al., 2009) and strap (Bell and Lloyd, 2015)
packages. The “equal” time-scaling method was selected (vartime=1). The “equal” option adds
time to the root node so that the additional time on early branches is spread across later branches
to bring them up from zero-length. First and last appearances for OTUs were taken as the start of
and end of the oldest and youngest stages in which they appear. Within these ranges, tip ages

were sampled from a uniform distribution.

The Gap Excess Ratio (GER) is a measure of stratigraphic congruence between the
branching pattern of a given tree and the ages of the OTUs at the tips. It represents a quantitative
measure of how well a given tree topology reduces ghost lineages (Wills, 1999). It is, then, an
alternative criterion to treelength for choosing the ‘best’ tree topology. GER was calculated in R

Studio using the strap package (Bell and Lloyd, 2015).

3.5 RESULTS

3.5.1 Parsimony results
Basic numerical information for all parsimony searches is presented in Table 3-4.

Percentage of parsimony-informative characters is high across all analyses (90-95%). Signal, as
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measured by the number of trees and proportion of taxa retained in the agreement subtree, is high

in the full dataset but much lower in nearly all others.

The unweighted search of the standard dataset yielded 10916 most parsimonious trees
(MPTs) of length 1981. The strict consensus tree is presented in Figure 3.10A. Parmastega and
limbed tetrapods are contained within a large polytomy that is almost completely unresolved.
Exceptions are: Greererpeton/Colosteus, Neopteroplax/Eogyrinus, (Lethiscus/Coloraderpeton,
Adelogyrinus/Adelospondylus), and an internally unresolved- except for Eryops/Edops and
Erpetosaurus/Trimerorhachis- Temnospondyli. The unweighted strict consensus of the more
inclusive version of the dataset Figure 3.10B is similar, with the addition of Microbrachis and

Westlothiana to the base of the adelospondyl/aistopod clade, and recovery of the baphetids.

The RCI reweighted search (standard version of the dataset) yielded one tree of length
256.70077 (Figure 3.11.). Reweighting was done to increase signal and attempt to extract a more
resolved tree. The topology is broadly congruent with those from previous work by Ruta, Clack,
Coates, and others on datasets from which this one descends (Ruta et al., 2003a; Ruta and
Coates, 2007; Clack et al., 2016, 2019b). The stem group is diverse, and the crown group is
composed of temnospondyls (= lissamphibian total group) and an amniote total group primarily
composed of anthracosaurs, ‘lepospondyls’, and assorted other taxa such as Westlothiana and
Gephyrostegus. Differences in the reweighted tree for the maximally inclusive dataset (Figure

3.12) are minimal.
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Table 3-4. Basic numerical information for parsimony searches. Abbreviations: NT: Number of OTUs (=NTAX); NX: Number of
characters (=NCHAR); NIC: Number of parsimony-informative characters; PIC: percentage of parsimony-informative characters; R:
number of rearrangements; TL: length of most parsimonious tree(s); T: number of most parsimonious trees; ASR: fraction of taxa
retained by agreement subtree; NRC: number of reweighted characters; PRC: percentage of reweighted characters; RRCI: number of
rearrangements (reweighted); TLRCI: treelength of most parsimonious tree(s) reweighted; TRCI: number of most parsimonious trees
(reweighted); ARRCI: fraction of taxa retained in agreement subtree (reweighted).

Analysis NT NX NIC PIC R TL T ASR NRC PRC RRClI TLRCI TRCI ASRRCI
Standard 61 327 310 94.80 190089296 1981 10916 25/61 286 87.46 68377 256.70077 1 61/61
x;zngsz E) 61 327 310 94.80 9783556 1990 556 29/61 288 88.07 16632 251.65802 5 61/61
Cranial 59 202 195 96.53 5587984 1396 314 25/59 183 90.59 54936 153.21395 3 58/59
Jaws 57 48 46 95.83 2262233 238 100 50/55 42 875 81693  36.21073 1 57/57
Postcranial 47 125 115 92 144739212 548 9936 28/47 99 79.2 62504 117.84127 5 46/47
Appendicular 45 104 94 90.38 944870072 446 74994 10/45' 80 76.92 917542 107.64927 1 45/45
Appendicular

anterior 45 51 46 90.20 5513881949 221 >500000 35/45 40 78.43 784805  44.58281 1 45/45

Appendicular
posterior 40 42 39 92.86 4466990684 166 >500000 25/40 39 92.86 16925 47.96373 1 40/40
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3.5.1.1 Partition analyses

3.5.1.1.1 Unweighted results

The unweighted strict consensus trees from the partition analyses are shown in Figure
3.13, Figure 3.14, and Figure 3.15. Reweighted strict consensus trees from the partition analyses
are presented in APPENDIX B. Signal (= number of nodes) is roughly comparable to that of the
unweighted full dataset search. Most of the nodes which are recovered are dyads from the
unweighted strict consensus from the full character set, suggesting that the signal supporting
these groups is distributed across the skeleton. The jaw character set returns a tree with a
surprisingly resolved apical portion composed of OTUs found in the crown in other treatments
(Figure 3.13). However, larger groups- Whatcheeriidae, Baphetidae, Temnospondyli, etc.- are
not recovered. The anterior (Figure 3.15A) and posterior (Figure 3.15B) appendicular character
sets are interesting exceptions. The former recovers three unusual but fully resolved clades
(notably a (Eoherpeton(Pholidogaster/Tulerpeton)) clade not found elsewhere), and the latter

recovers only two dyads: Crassigyrinus/Baphetes and Ichthyostega/Acanthostega.
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3.5.1.1.2 Reweighted results

The reweighted strict consensus trees from the partition analyses are shown in Figure
3.15, Figure 3.16, and Figure 3.17. Cranial and postcranial character partitions deliver similar
levels of signal, though tree topologies differ. The postcranial character partition (all postcranial
characters) produces a tree that is almost entirely consistent with the reweighted tree from the
full-dataset analysis (Figure 3.11). By contrast, the cranial character partition produces a
substantially different topology. The colosteids move into the lissamphibian total group, and the
aistopods and embolomeres are moved onto the tetrapod stem as successive plesions approaching
the tetrapod crown. The separation of the aistopods and adelospondyls is notable, as the
aistopod/adelospondy! clade has high Bremer support (Figure 3.20). The jaw, anterior
appendicular, and posterior appendicular character sets are unable to recover the large clades
seen in the full dataset search and other partitions, spreading their component taxa across the
tree. In the anterior and posterior appendicular trees, most taxa are contained within two large

clades. Both these clades contain a mix of Devonian and Carboniferous taxa.
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Figure 3.16. Reweighted strict consensus trees from cranial-only (A) and jaw-only (B) analyses.
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Figure 3.17. Reweighted strict consensus trees from postcranial-only (A) and appendicular-only

(B) analyses.
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3.5.2 Bootstrap and Bremer support

The bootstrap consensus (50% majority rule) tree is presented in Figure 3.19 and the
unweighted strict consensus tree with Bremer support values at nodes is presented in Figure 3.20.
Parmastega and limbed tetrapods are contained within a large polytomy with high support
(81%). The temnospondyls, in contrast to the unweighted strict consensus, have been collapsed
into the primary polytomy, but several small clades are recovered that were not present.
Bootstrap support values for these nodes is generally low: Eogyrinus/Neopteroplax (51%), the
whatcheeriids (53%), the baphetids (67%) and adelospondyls/aistopods (68%). In the Bremer
analysis, most nodes in the strict consensus collapse at a single extra step (Figure 3.20). Notable
exceptions are Trimerorhachis/Erpetosaurus (three extra steps) and the adelospondyls (five extra

steps).
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50% majority-rule on 1000 bootstrap
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Figure 3.19. Majority rule (50%) for bootstrap analysis of standard version of dataset.
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Bremer support
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3.5.3 Bayesian analysis

Convergence diagnostics indicate that both chains converged on the same target distribution
(ASDF=0.01, all PRSF<1.01) and that effective sample sizes are adequate for all parameters
(min ESS=6164.64). The majority rule (50%) consensus tree is presented in Figure 3.21. Several
dyads are the result of standard and more inclusive versions of taxa clustering together (ex.
Aytonerpeton/AytonerpetonPlus). The topology is very similar to the unweighted strict consensus
(Figure 3.10). In the MAP tree (Figure 3.21B), there are two notable differences from the
parsimony results: the whatcheeriids are paraphyletic and Tulerpeton is at the base of the

amniote total group, one node below Caerorhachis.
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Bayesian 50% majority rule consensus
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Figure 3.21. Trees from Bayesian analysis. A) 50% majority rule consensus tree; B) maximum a
posteriori probability (MAP) tree.
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3.5.4 Stratigraphic congruence

The GER for the reweighted tree is relatively high (0.76). The highest value from the
unweighted search is 0.80, and the corresponding tree is shown in Figure 3.22. The topology is
broadly consistent with that of the reweighted tree, and the implied ages of the whatcheeriids and
crown group remain the same. Differences include a (Pederpes (Whatcheeria/Occidens)) clade,
Caerorhachis as the siter group to crown tetrapods, and the rootward movement of the colosteids

+ Sigournea by one node.

GER tree
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_D[Whamheeria
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Figure 3.22. Tree from the unweighted analysis of the standard dataset with the highest GER
score (0.8024164).
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3.5.5 Timetrees

Under the reweighted tree (standard dataset), the hard maximum age of the crown group
is Visean as defined by the ages of OTUs at the tips, and its ‘soft’ age is Tournaisian based on
the Aytonerpeton dating the colosteids to the Tournaisian (Figure 1.23). Given the presence of
Tulerpeton, Ymeria, and Brittagnathus in the Fammenian, the tree topology implies that the
following Carboniferous lineages are thus the products of Devonian divergences: Koilops,
Ossinodus, Occidens, Sigournea, Eucritta, Whatcheeriidae (Whatcheeria/Pederpes). This is the
case when the reweighted tree from analysis of the most inclusive dataset (timetree not shown)
or the GER tree (Figure 1.24) is used. When the Bayesian MAP tree is used, the inclusion of

Tulerpeton forces the origin of the crown group into the Late Devonian (Figure 1.25).
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3.5.6 Selection of the primary hypothesis

The reweighted tree from the full search of the standard dataset (Figure 3.11) is selected as
the primary hypothesis for this study. Its GER score (0.76) is only slightly lower than the highest
GER (0.8) from the unweighted search, and its character consistency indices are higher. The
topology also shares much in common with other that recovered by previous analyses (Ruta et

al., 2003a; Ruta and Coates, 2007; Ruta, 2011; Clack et al., 2019b).

3.6 DISCUSSION

3.6.1 The Whatcheeriidae

The whatcheeriids are the most recently created early tetrapod family (Clack, 2002c;
Clack and Milner, 2015) and the one with the best Romer’s Gap fossil record. Whatcheeria and
Pederpes consistently form a clade, Whatcheeriidae (Figure 3.11, 3.9A, 3.10B, 3.11B). This
clade is consistently recovered crownward of Devonian tetrapods- except for Brttagnathus- and
rootward of all other post-Devonian tetrapods. Most characters supporting this clade are
homoplastic (APPENDIX B). However, two characters are unambiguous synapomorphies-
femur as long as humerus (288) and manual phalanges as wide as long or wider. Several
additional characters pertaining to the ribs, hindlimb, and pes size, while not unique to the
whatcheeriids, are rare among the taxon sample and were highlighted for their utility previously
(Otoo et al., 2021). The characters diagnosing the whatcheeriid clade reinforce the expanded,

revised diagnosis of Otoo et al. (2021).

3.6.2 The tetrapod crown group
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Under the primary hypothesis, the tetrapod crown group is diagnosed by seven homoplastic
characters (see branch lists in APPENDIX B), all of which are either reversed above and/or
convergent with states found in stem tetrapods. The most interesting of these is character 130,
which refers to the morphology of the medial margin of the pterygoids. The state at the tetrapod
crown node is reconstructed as “greatly concave mesially” (state four). This is due to the
presence of such concavity in Caerorhachis at the base of the amniote total group and
temnospondyls. The interpterygoid vacuities of Caerorhachis and Edops are distinct from those
of (other) temnospondyls in that they intersect the orbit (character 126). The presence of
character 130 in the tetrapod crown group diagnosis likely indicates that this character was
homoplastic at this node, rather than that the crown tetrapod last common ancestor had large

interpterygoid vacuities.

3.6.2.1 The lissamphibian total group

The temnospondyls are here taken as the lissamphibian total group as in other ‘temnospondyl
hypothesis’ analyses (Maddin et al., 2012; Schoch, 2013, 2019; Pardo et al., 2017b, 2017a;
Atkins et al., 2019). While the internal relationships of the temnospondyls vary across partitions
and treatments used here, the frequency with which the temnospondyls are recovered as a clade

suggests that this dataset does well in capturing them.

Part of the uncertainty about the crown group is the relationship between the colosteids and
the temnospondyls. The colosteids vary between being the immediate outgroup to crown
tetrapods (Figure 3.11, Figure 3.12) and the sister group to temnospondyls within the crown

(Figure 3.16). Under the hypothesis of a colosteid + temnospondyl sister group relationship, both
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Colosteidae and Temnospondyli would be subclades of total group Lissamphibia;
Temnospondyli would be the clade which contains the lissamphibian crown group. For
simplicity, the ‘Temnospondyli = Lissamphibian’ used elsewhere in this study will continue to
be used here. Eleven characters support the colosteid + crown tetrapod relationship, but all these
are homoplastic and without obvious pattern (APPENDIX B). That the colosteids are
occasionally recovered as sister to the temnospondyls but not nested among the dvinosaurs
suggests that there may be some support for a derived position for colosteids rather than just
convergence. Although the humerus of Greererpeton (Godfrey, 1989) is more plesiomorphic
than that of Trimerorhachis (Pawley, 2007) in lacking an elongate shaft, distinct deltoid and
pectoral processes, well-defined latissimus dorsi process, and high level of torsion, their femoral
morphologies are near-identical. They share a spike-shaped adductor blade (character 291), deep
separated notch of finished bone between the proximal end and internal trochanter (character
282), and fourth trochanter morphology (character 286). These two taxa also share the same
pattern of ontogenetic changes to the adductor blade, internal trochanter, and fourth trochanter.
Crassigyrinus also shares these characters, but the pattern of ontogenetic changes in the femur

are unknown in Crassigyrinus.

3.6.2.2 The amniote total group

The origin of the amniote total group among Paleozoic tetrapods is highly contentious
(Pardo et al., 2017b, 2020; Marjanovi¢ and Laurin, 2019; Ruta et al., 2020). Most of this
uncertainty centers on the anthracosaurs and ‘lepospondyls’. Under the primary hypothesis, these
two groups form the main divisions within the amniotes (Figure 3.11). The entire amniote total

group is united by three homoplastic characters (APPENDIX B), and one character that is
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uniform outside the clade: trunk pleurocentra fused midventrally (character 205, state 1). This
represents the gastrocentrous vertebrae of Caerorhachis (Ruta et al., 2002). The presence of
gastrocentrous vertebrae has been hypothesized as an amniote total group synapomorphy (Ruta
et al., 2002) based on the phylogenetic position of Caerorhachis recovered here Figure 3.26.
There have been historical hypotheses in which, within amniotes, the gastrocentrous condition
gives rise to the embolomerous and lepospondylous conditions, possibly independently. While
the use of vertebral characters is attractive- and the basis for many traditional tetrapod groups,
some of which have survived into the age of modern cladistics- there are some indications that
they may be more homoplastic, and thus less useful, than previous appreciated. The presence of
embolomerous vertebrae in Gephyrostegus (Carroll, 1970; Smithson, 1985b), which primarily
has gastrocentrous vertebrae, indicates that multiple vertebral morphologies can coexist within
the same animal. The derived Permian temnospondyl Doleserpeton (Bolt, 1969; Sigurdsen and
Bolt, 2010; Danto et al., 2016, 2017) is not included in this dataset but possesses gastrocentrous
vertebrae, indicating at least one derivation of this condition outside amniotes. More
concerningly, recent work is increasingly finding the ‘lepospondyls’ to be paraphyletic, and
some may even be stem tetrapods (Pardo et al., 2017b; Clack et al., 2019b). The lepospondylous

condition, then, may have been independently derived multiple times across early tetrapod

phylogeny.

This is particularly problematic for understanding the relationships of the adelospondyls
and aistopods. These ‘lepospondyls’ form a very robust clade throughout this study (Figure 3.10,
Figure 3.11, Figure 3.19, Figure 3.20) that has also been recovered elsewhere (Clack et al.,

2019b), suggesting a single origin for limblessness prior to the Visean. Whether this occurred in
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the tetrapod stem group (Clack et al., 2019b) or amniote total group (Figure 3.11) is unclear. The
placement of this adelospondyl/aistopod clade in the phylogeny and its robustness here may
reflect the outsized influence of vertebral characters. These taxa have reduced (adelospondyls) or
absent (aistopods) girdles and derived dermal skulls that make homology assessments difficult.
Thus, most traditional sources of early tetrapod character data are eliminated, leaving the axial
skeleton and (to a lesser extent) jaw. Endocranial data have been proposed as a source of more
phylogenetically informative data (Pardo et al., 2017b, 2019a) but the effects of miniaturization
and reduction of ossification, likely associated with aquatic habit, are difficult to isolate from

genuine phylogenetic signal.
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A stem tetrapod position for embolomeres has been part of the ‘lepospondyl hypothesis’
and has recently been proposed within the context of a variant ‘temnospondyl hypothesis’ (Pardo
etal., 2017b, 2019a). The presence of basal tuberosities (= basal tubera) on the underside of the
braincase, possibly supporting bony gill supports, has been cited as a total group tetrapod
apomorphy placing them within the stem group (Pardo et al., 2019, p.262):

Notably, Clack & Holmes (1988) stated that normally rugose terminations of the basal

tuberosities were ‘ossified’ in the embolomere Archeria crassidisca. A similar

morphology is figured in specimen drawings of Neopteroplax conemaughensis (Romer

1963) and Eogyrinus attheyi (Panchen 1972). Of particular interest, N. conemaughensis

in particular preserves an anomalous slender element behind the quadrate ramus of the

pterygoid and in articulation with the basal tuberosity in a position essentially equivalent
to how we predict the first infrapharyngobrachial might be oriented in Oestocephalus

(Fig. 5f). Although this element was interpreted by Romer (1963) to be a fragment of the

pterygoid ramus, he illustrates a conspicuous proximal facet as well as a postero- medial

flange which, if this element is indeed an infrapharyngo- branchial or epibranchial, might
serve as the origin for branchial constrictor musculature. If our interpretation here is
correct, and if this morphology is more broadly distributed among embolomeres, this
would add to growing morphological evidence [including supranueral caudal radials in at
least one Pennsylvanian embolomere (Clack, 2011)] for an early divergence for
embolomeres within the tetrapod stem-lineage.

Although this matrix does not contain a similar emphasis on endocranial data as that of Pardo et

al. (2017), a presence/absence character (character 111) for basal tuberosities was added. Adams

(2020) recovered embolomeres within the tetrapod stem group but found that taxon sampling has

a stronger influence on tree topology than the presence of braincase characters.

3.6.3 Signal consistency across character partitions

The topologies of the unweighted strict consensus trees for the partition analyses indicate
low signal in the partitions, a problem magnified by the reduced numbers of characters.
However, the groups recovered, especially the temnospondyls and limbless tetrapods

(aistopods+adelospondyls), are consistent. Reweighting creates much more resolved trees, many-
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but not all- of which recover larger clades found in the reweighted tree from the full character
search. The jaw character set is ostensibly the one with the greatest signal (Figure 3.13, Figure
3.16) but the arrangement of taxa is inconsistent relative to the full dataset search (Figure 3.11),
expanded dataset search (Figure 3.12) or other partitions (Figure 3.16, Figure 3.17, Figure 3.18).
Eusthenopteron and panderichthyids can be discriminated from Parmastega and limbed
tetrapods, and the number of Meckelian openings (character 182) helps to distinguish between
‘lower’ tetrapods with three or more openings (ex. Ichthyostega, Ymeria, Brittagnathus,
Whatcheeria) and ‘higher’ tetrapods with fewer openings (ex. typically two in embolomeres, one
in colosteids). However, jaw characters have limited utility in recovering relationships more
precisely than these coarse divisions. This has also been the case in other analyses of jaw
characters (Ahlberg and Clack, 1998; Clack et al., 2012a; Chen et al., 2018). These results
support previous hypotheses of long-term morphological and functional stasis in the jaw
following the origin of limbs (Neenan et al., 2014). This pattern of change and stasis may be
related to those in the postcranial skeleton, where changes in the anterior appendicular skeleton

precede those in the posterior appendicular skeleton (see below).

That postcranial data perform similarly to cranial data signals their utility in large-scale
studies of early tetrapod phylogeny. This follows previous work by Ruta (2011) and Ruta and
Wills (2011) using a smaller taxon set that sampled the fish-tetrapod transition more broadly. In
common with the results of Ruta and Wills” (2016) work, divergence in the anterior and posterior
appendicular skeletons decreases overall signal in the appendicular character set. Coates et al.
(2002) found a similar result in their work and commented thusly (p.390):

In the lower part of the tetrapod stem, character state changes at the pectoral level
dominate; comparable pelvic level data are limited. In more crownward taxa, pelvic level
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changes dominate and repeatedly precede similar changes at pectoral level. Concerted
change at both levels appears to be the exception rather than the rule.

This may be due to functional pressures, as has been hypothesized previously (Ruta and Wills,
2016) and implied by the reweighted trees from the partition searches. The anterior appendicular
skeleton provides protection for the anterior viscera- early tetrapods have very large
interclavicles compared to panderichthyids (Coates, 1996)- support above the substrate, and
direction of movement (via moving the head, neck, and shoulders). The posterior appendicular
skeleton provides stabilization and steering assistance (in swimming taxa) or propulsion (in
walking taxa). The earlier appearance of anterior appendicular changes among panderichthyids
and early-diverging stem tetrapods suggests that greater pressure was initially on the pectoral
girdle and appendages for functional modification. Presumably it was only later that the pelvic
limb and girdle were more extensively modified for support and propulsion. Significantly, we do
not yet know if the anterior and posterior digit sets originated at the same time (or if digits

originated multiple times in phylogeny).

The two clades in the anterior appendicular tree (Figure 3.18) reflect a divide between
taxa with poorly ossified or reduced versus robust anterior appendicular skeletons. The poorly
ossified/reduced category includes such taxa as Pederpes, Ossindous, Crassigyrinus,
Archegosaurus, Microbrachis, and the adelospondyls. Interestingly, Whatcheeria, Dendrerpeton,
and Silvanerpeton are placed at the base of the poorly ossified ‘clade’, implying a scenario in
which low-ossification morphologies are derived from a prior robust/well ossified condition. The
scapulocoracoids of Pederpes, Archegosaurus, Microbrachis, and Crassigyrinus are partly
cartilaginous. The humeri of Ossinodus, Crassigyrinus, and Archegosaurus have small or absent

muscle attachments, and the adelospondyls lack limbs entirely. There are repeated appearances
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of a triangular entepicondyle (character 264, state three) in taxa for which aquatic habit can be
inferred from lateral line canal patterns: Crassigyrinus (Tournaisian*/Visean-Serpukhovian),
Ossinodus (Visean), Baphetes (Moscovian), Microbrachis (Moscovian), Archegosaurus
(Asselian). This wide distribution suggests that it may indicate a common pattern of low

humerus ossification, supported by its presence in the likely-immature Eucritta.

The ‘robust’ category contains a mix of aquatic and terrestrial taxa: Tulerpeton
(Famennian, ?aquatic), Balanerpeton (Visean, terrestrial), Westlothiana (Visean, terrestrial),
Greererpeton (Serpukhovian, aquatic), Gephyrostegus (Moscovian, terrestrial), Eryops
(Kasimovian-Asselian, terrestrial), Archeria (Asselian, aquatic). All these taxa, terrestrial and
aquatic, have well-developed humeral shafts and rectangular entepicondyles. The extent of
ossification of the scapulocoracoid varies; the scapulocoracoid is fully ossified and has a
posterior and ventral subglenoid extension in Tulerpeton, embolomeres, and Eryops (Romer,

1957; Holmes, 1984; Lebedev and Coates, 1995), but the coracoid is unossified in dvinosaurs.

Both categories span a range of body sizes (~10cm to >1m), taxon ages (middle
Mississippian- early Permian), and likely functions. Notably, taxa that are found to be closely

related in the all-character analyses are spread across the anterior appendicular tree.

In the reweighted posterior appendicular tree, one of the large clades contains taxa which,
generally, have a femur with a rugose fourth trochanter, spike-like adductor blade, and notch of
finished bone between the internal trochanter and proximal end of the femur (in the adult).
Arrangement of muscle attachments likely reflects emphasis of hindlimb muscles related to
paddling rather than walking (Panchen, 1985; Panchen and Smithson, 1990; Otoo et al., 2021).

This condition is present in Greererepton, Crassigyrinus, Trimerorhachis, and Caerorhachis
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(Panchen, 1985; Godfrey, 1989; Panchen and Smithson, 1990; Ruta et al., 2002; Pawley, 2007).
The adductor blade in Balanerpeton is more blade-shaped (Milner and Sequeira, 1993), and the
adductor blade, and adductor crest are both greatly enlarged in Eryops (Pawley and Warren,
2006) but the relative positions of the adductor blade, adductor crest, internal trochanter, and

fourth trochanter appear consistent between them and Greererpeton/Trimerorhachis.

The underlying support for the other clade is unclear. It includes a mix of Devonian
tetrapods, various anthracosaurs, the whatcheeriids, Ossinodus, Eucritta, and Archegosaurus.
These can be broken into two sets of femoral morphologies: the embolomere + Seymouria set
and the Devonian set. These are represented by monophyletic groups with a few exceptions, such
as the Ventastega/Eoherpeton dyad. It is possible that this clade may reflect exclusion from the

‘paddling’ condition described above rather than any positive resemblance.

Taken together, the (reweighted) partition results suggest that early tetrapods were more
mosaic than previously appreciated, and that mosaicism, rather than directional adaptation, was
the rule for both stem group and crown group tetrapods. There is no indication that the tetrapod
stem group represents increasing functional optimization for terrestriality as hypothesized by
Dickseon et al. (2020) based on biomechanical study of humeri. While analyses of individual
bones of the skeleton can produce apparent trends, considerations including the rest of the
skeleton reveal that these trends are part of a larger pattern of mosaicism. Rather, after the origin
of tetrapod limbs, different stem group lineages experimented with character combinations
within the aquatic environment. There is no indication that there was convergence on a single
character set that was further modified by terrestrial or aquatic tetrapods across both the

lissamphibian and amniote lineages. This is supported by the widespread appearance of
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appendicular traits in both the stem group and crown group, which is interpreted as rampant

homoplasy by character tracing on phylogenetic trees (APPENDIX B).

3.6.4 A greater Devonian tetrapod radiation?

In a recent review, Ahlberg (2018) proposed a scenario of a middle Devonian origin for
tetrapods. This is based on the interpretations of trackways from the Eifelian of Poland
(Niedzwiedzki et al., 2010; Narkiewicz et al., 2015) and Givetian of Ireland (Stossel, 1995;
Stossel et al., 2016) as having been made by tetrapods. Fragmentary fossils from the Givetian
and Frasnian (Lebedev, 2004; Clément and Lebedev, 2014; Lebedev and Clément, 2019) are
brought up in support, alongside trackways from the ?Frasnian of Scotland (Rogers, 1990;
Marshall et al., 1996) and ?Famennian of Australia (Warren and Wakefield, 1972). In Ahlberg’s
(2018) scenario, tetrapods are plesiomorphically terrestrial, as represented by (the admittedly
unusual) Ichthyostega. Acanthostega is aquatic but represents a return to water higher up
phylogeny. Terrestriality, then, would extend to the origin of tetrapods (and possibly to

panderichthyids).

This work implies a different evolutionary scenario. Under the hypotheses from the
parsimony analyses, the tetrapod crown group is post-Devonian, either Tournaisian (soft) or
Visean (hard) (Figure 1.23, Figure 1.24). These results require a Devonian origin for Koilops,
Ossinodus, Occidens, Whatcheeriidae, Sigournea, Eucritta, and the clade containing all
crownward tetrapods. The dating of the colosteids to the Tournaisian (Aytonerpeton) supports the
hypothesis that derived stem group tetrapods- and possibly crown group tetrapods- were

radiating by the Late Devonian. Rather than representing the bulk of the Devonian tetrapod
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radiation, the Famennian taxa may be reinterpreted as a few early iterations of the tetrapod body
plan among many. These may include early specialization (Ichthyostega), late occurrences of
plesiomorphic conditions (Acanthostega), or early appearances of derived conditions
(Brittagnathus, Tulerpeton) within a much more extensive Devonian radiation. While Ahlberg’s
scenario posits an inland origin for tetrapods in the middle Devonian with a Late Devonian
transition to coastal environments following the extinction of the panderichthyids, it is possible
that rather than representing a ‘cradle’ the inland setting of localities such as East Greenland and
Red Hill represent a ‘grave’. In a review, Gray proposed that since the Paleozoic, inland
freshwater environments have been refugia for lineages excluded from nearshore and marine
environments (Gray, 1988). This has been hypothesized for post-Devonian lungfish (Lloyd et al.,
2012), and Modern restriction of low-diversity non-teleost actinopterygians to select freshwater
environments (Wright et al., 2012; Rabosky et al., 2013; Near et al., 2014, Sallan, 2014) suggests
a similar process of environmental exclusion. The coastal setting of the latest Devonian
Ventastega and especially Tulerpeton may support the freshwater refugium hypothesis. This
hypothesis would be further supported if Acanthostega and Ichthyostega coexisted with
Devonian members of Mississippian lineages. Isotopic evidence of euryhalinity in East
Greenland tetrapods (Goedert et al., 2018) is also compatible with the freshwater refugium

hypotheses, but does not directly support it.

However, even if Mississippian stem tetrapod lineages are projected back into the
Devonian, there is no evidence to support a Devonian origin for tetrapod terrestrialization.
Lateral line patterns indicate that baphetids, colosteids, dvinosaurs, and embolomeres were

aquatic predators (APPENDIX B). Sustained terrestrial locomotion may still have been a post-
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Devonian innovation, resulting from independent origins within the crown group. Under this
scenario, the end-Devonian mass extinction may not have created as much of a lineage
bottleneck in early tetrapods as previously hypothesized (Sallan and Coates, 2010). What is still
uncertain is the extent to which Mississippian stem tetrapod diversity reflects pre- or post-

extinction divergences.

3.6.5 Future directions

There is the potential for further analyses of character partitions to produce new
knowledge about the relationships and paleobiology of early tetrapods. Different evolutionary
rates across anatomical partitions across clades- heterotachy- are implied here and elsewhere
(Coates et al., 2002). Simoes and Pierce (2021) found different elevated rates of evolution in the
crania and postcrania of panderichthyids (elpistostegalians) and Devonian tetrapods using
Bayesian inference (Simdes and Pierce, 2021). Their dataset focused on broad sampling of
dipnomorphs and tetrapodomorphs and included only the Famennian tetrapods Parmastega,
Ventastega, Acanthostega, Tulerpeton, and Ichthyostega. It would be interesting to know if
Bayesian methods found similar elevated rates in other anatomical partitions in a more tetrapod-
focused dataset. Alternative methods were applied by Lloyd et al. (2012) to a lungfish phylogeny
to identify heterogeneity in rates of character evolution. The authors applied a combination of
branch randomization (to identify branches with high rates of change) and two likelihood ratio
tests- one to determine whether specific branches have rates that are significantly higher or lower
than the rest of the dataset and one to determine whether there are clades that have significantly
higher or lower rates- to a tree of pre- and post-Devonian fossil lungfish. They found widespread

rate heterogeneity but concentrated low rates among post-Devonian lineages. Such rate analyses
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would tell us whether evolution across the early tetrapod skeleton varies not only in pattern but

also in rate and between clades.

Apart from the ‘lepospondyls’- the subject of much current and future active revision- the
membership of most other early tetrapod clades is stable across analyses (if the question of
lissamphibian origins is momentarily disregarded). The anthracosaurs have historically been
considered stem amniotes (Romer, 1966; Carroll, 1970; Holmes, 1984; Smithson, 1985b; Ruta et
al., 2003a), but this has been challenged recently (Pardo et al., 2017b; Pardo and Mann, 2018;
Adams, 2020). Part of the problem in placing anthracosaurs within early tetrapod phylogeny is
the wide morphological gulf between the small, terrestrial ‘anthracosauroids’ Eldeceeon and
Silvanerpeton and the large, aquatic (Eoherpeton and Anthracosaurus being possible (partial)
exceptions) embolomeres. It is possible that Anthracosauria- Eldeceeon/Silvanerpeton +
Embolomeri- is polyphyletic. This phylogenetic uncertainty is compounded by lack of consensus
on embolomere internal relationships (Holmes and Carroll, 2010; Adams, 2020; Ruta et al.,
2020). Anthracosaurs benefit from an extensive fossil record and numerous published
descriptions (Romer, 1957, 1963; Panchen, 1964, 1966, 1972, 1977, 1981; Boyd, 1980; Holmes,
1984, 1989b; Klembara, 1985; Clack, 1987b, 1987a; Clack and Holmes, 1988; Ruta and Clack,
2006; Holmes and Baird, 2011; Greb et al., 2016; Adams, 2020; Adams et al., 2020; Chen and
Liu, 2020; Clack and Smithson, 2020; Ruta et al., 2020). However, much of this work was done
decades ago, prior to the 21% century shift in phylogenetic hypotheses driven by cladistics. It
would be worthwhile to revisit specimens with modern methods- CT would be particularly
helpful- and construct a character set able to clarify anthracosaur interrelationships and the place
of the group within early tetrapod phylogeny generally. This would help to clarify character

states near the base of total-group Amniota and more conclusively determine whether Tulerpeton
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belongs within the clade (thus hard-dating the origin of the tetrapod crown group to the

Devonian).

There is also the issue of fragmentary fossils. These include some of the oldest tetrapod
fossils (Ahlberg, 1995; Lebedev, 2004; Broussard et al., 2018), most of the Devonian tetrapod
record (Zhu et al., 2002; Daeschler et al., 2009; Clack et al., 2012a; Clément and Lebedev, 2014;
Clack and Milner, 2015; Olive et al., 2016; Gess and Ahlberg, 2018; Ahlberg and Clack, 2020),
and almost all tetrapods from Romer’s Gap (Anderson et al., 2015; Clack et al., 2016, 2018,
2019a; Chen et al., 2018; Otoo et al., 2018; Smithson and Clack, 2018; Lennie et al., 2021).
These fragmentary fossils are in some cases our only records for geographic areas or calibration
points for time intervals. While some, such as Ymeria, may represent forms similar to well-
known taxa such as Ichthostega, others, such as Brittagnathus, suggest that there is Devonian
diversity that remains unexplored. Fragmentary fossils from Romer’s Gap have been used to
hypothesize post-Devonian survival for ‘tulerpetontids’ and Tournaisian (or older) origins for
whatcheeriids, colosteids, and embolomeres (Anderson et al., 2015). Work is underway (Otoo et
al., in prep.) on a phylogenetic analysis of these fragmentary fossils using a purpose-built dataset
with the added context of trackway data. This analysis has the potential to synthesize parts of the

early tetrapod dataset that are often considered separately and in conflict.

Hypotheses of node ages depend on accurate ages for localities and, therefore, OTUs.
Currently, the bulk of the Mississippian tetrapod record- as well as Misssissippian vertebrates
generally- consists of specimens from a set of geographically clustered localities in the Scottish

Midland Valley. While the chronostratigraphic order of these localities is understood, their
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absolute ages are uncertain. This is problematic for dating the tetrapod crown group node, as all
the current candidates for earliest crown tetrapod- Lethiscus (Wardie),
Balanerpeton/Westlothiana (East Kirkton)- come from this stratigraphic package. Conodont data
and ongoing stratigraphic work (Currie, 1954; Wilson, 1989; Marshall et al., 1996; Monaghan et
al., 2014; Hill et al., 2018) has constrained the age of Wardie to 333.5-335.5 Ma. This moves the
base of the Scottish Midland Valley succession into the late Visean. This would decrease current
tetrapod crown group age estimates by a minimum of approximately four to nine million years.
Loanhead, which is high in the succession, has previously been dated to the Pendleian regional
stage, which corresponds to the earliest Serpukhovian (Aretz et al., 2020). If this age is
maintained, the Scottish Midland Valley succession would represent only a few million years of
the late Visean and early Serpukhovian. Further work is needed to establish the absolute

chronostratigraphy of the Scottish Midland Valley succession.

The ‘compression’of these Scottish localities toward the end of the Visean ‘re-opens’
Romer’s Gap and emphasizes that data trough that most of the Mississippian represents. This
change in locality age estimate does, however, align the succession with Delta and the Buffalo
Wallow Formation tetrapod beds, which are most likely earliest Serpukhovian in age. Other
similarly aged localities include the Point Edward (middle Serpukhovian), Goreville (mid-late
Serpukhovian), and Greer (mid-late Serpukhovian) localities. Wardie and East Kirkton, then,
would be more firmly embedded within a broader late Visean-early Serpukhovian burst of
tetrapod diversity (preserved) in Euramerica. The recent discovery of a late Visean dvinosaur
from Germany (Werneburg et al., 2019) fits with this scenario, especially when dvinosaurs are

recovered at the base of Temnospondyli (Pardo et al., 2017a). The apparent lack of tetrapod
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fossils between the late/terminal Tournaisian and late Visean in Euramerica remains a mystery,

particularly in Scotland.

Methodologically, there are questions of how early tetrapod datasets should be
constructed to address various phylogenetic issues (Pardo et al., 2020). Explicit tests of crown
tetrapod relationships require the inclusion of unambiguous crown tetrapods, usually from the
late Pennsylvanian or early Permian. Comprehensive hypotheses of early tetrapod relationships
require broad taxonomic sampling. In both cases, the fit of the character set to the taxon set
decreases as the taxon set becomes larger. There is then a tension between dataset size
(characters and taxon breadth) and the ability of the dataset to resolve relationships. Large
datasets are necessary for understanding broad patterns but are less equipped to deal with the
internal relationships of clades. For example, this dataset performs well in capturing the
temnospondyls as a clade, but the internal relationships of the group do not fit with hypotheses of
temnospondy! interrelationships generated by more focused analyses (Ruta et al., 2007; Schoch,
2013; Pardo et al., 2017a; Atkins et al., 2019). In particular, the Edops/Eryops dyad, which is
also present in previous (2016, 2019) analyses by Clack et al., suggests that these internal
relationships may be at least somewhat spurious. This does not mean that the results of this and

similar large-scale work should be disregarded, but limitations should be recognized.

3.7 CONCLUSIONS

Creation of new characters and combination of characters from multiple ‘lineages’ of
datasets may permit a more independent test of phylogenetic relationships. New postcranial data

on Whatcheeria provides an opportunity to reassess early tetrapod relationships. The
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whatcheeriids (Whatcheeria + Pederpes) are early-diverging stem tetrapods. Embolomeres and
limbless tetrapods (aistopod and adelospondyl ‘lepospondyls’) are both placed within the
amniote total group. Analysis of anatomical partitions of characters finds that postcranial
characters perform similarly to cranial data but produce different tree topologies. The colosteids
have an ambiguous relationship with the tetrapod crown group, alternating between apical stem
tetrapods when all characters are analyzed and total group lissamphibians when only cranial
characters are analyzed. Ostensible lack of signal in appendicular data is the result of divergence
in patterns of character change between the anterior and posterior appendicular skeletons.
Character distributions strongly suggest that appendicular traits historically associated with
terrestriality are not limited to terrestrial taxa, and terrestrialization occurred independently in the
lissamphibian and amniote total groups. Support is found for a Devonian origin of the
whatcheeriids and baphetids. The inclusion of the Tournaisian tetrapod Aytonerpeton within
Colosteidae suggests that derived stem group tetrapods and early crown group tetrapods may
also have been diversifying before the end-Devonian mass extinction. This more extensive
Devonian tetrapod radiation very likely did not contain terrestrial forms. Examination of
anatomical partitions supports the hypothesis that mosaicism across the early tetrapod skeleton
dominated across the stem group and into the crown group throughout the Devonian and

Carboniferous.
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CHAPTER 4: ECOLOGICAL PERSISTENCE IN VERTEBRATE
COMMUNITIES THROUGH THE END-DEVONIAN MASS
EXTINCTION

41 ABSTRACT

The end-Devonian mass extinction (EDME) significantly impacted vertebrates, removing
major groups like placoderms and creating a bottleneck in the evolution of surviving clades.
However, the structures of Devonian-Carboniferous ecosystems are not well understood. It is not
known if the faunal change through the extinction was accompanied by a change in the identity
and richness of functional groups (=guilds), or whether the immediate post-extinction
ecosystems show the same instability found after faunal disruption (Richmondian Invasion, Late
Oridovician, Campanian-Maastrichtian transition, Late Cretaceous) and mass extinction (end-
Permian mass extinction). Quantitative modeling of taxonomic diversity and guild richness
reaffirm the sharp taxonomic distinction between pre- and post-EDME ecosystems, but do not
find this accompanied by major changes at the guild level. Modeled responses of ecological
paleocommunities to perturbation using the Cascading Extinctions on Graphs (CEG) model find
an unusual pattern of extinction response, characterized by an abrupt transition from low- to
high-secondary extinction regimes. Unexpectedly, variance in secondary extinction is generally
low in each regime. This perturbation response can be explained by a combination of broad prey
profiles among consumers, low guild richness, and high guild evenness. Post-EDME
paleocommunities do not exhibit greater instability than Famennian paleocommunities.
Terrestrial paleocommunities before (Gilboa, Givetian) and after (East Kirkton, Visean) the
EDME differ starkly from the above pattern. They exhibit uniquely high secondary extinction

values and variance for all levels of perturbation. This indicates that while terrestrial
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paleocommunities represented a novel form of ecosystem organization, they were highly
unstable and marginal to the richer aquatic paleocommunities they existed alongside. It appears
that it was only in the Pennsylvanian, likely supported by insect and, later, tetrapod, herbivores,
that terrestrial vertebrate paleocommunities began the extended process of separating themselves

from the aquatic realm.

4.2 INTRODUCTION

In 1981, JJ Sepkoski described three ‘evolutionary faunas’ of marine invertebrates: the
Cambrian, Paleozoic, and Modern, which successively replace each other (Sepkoski, 1981). Each
fauna is more species-rich and ecologically complex than its predecessor(s). In particular, the
Modern fauna is distinguished by an increase in durophagy and corresponding anti-predator
defenses referred to as the Mesozoic Marine Revolution (Vermeij, 1977; Stanley, 2008; Cueille
et al., 2020). Similar results were found by Bambach et al. in their ecocube study (Bambach,
1993; Bambach et al., 2007). They created a theoretical morphospace based on possible
combinations of tiering (relationship to sediment/water interface), motility (movement), and
feeding conditions. They then classified marine invertebrates from the Ediacaran, Cambrian,
Late Ordovician, and Recent into life modes defined by the resulting ‘ecospace cube’. They
found large increases in ecospace occupation across their study interval. This implies increasing
diversity of autecologies and, presumably, varieties of ecological paleocommunities over the
Phanerozoic. However, the opposite (Dunne et al., 2008) has been found by direct species-
species food webs from the Cambrian and present day modeled by Dunne et al. (2008). Their
study found that food web structure across their dataset was largely similar. Studies of benthic

invertebrate paleocommunities have found persistence in functional diversity despite faunal
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turnover caused by sustained environmental disruption (Strotz and Lieberman, 2020) and biotic
crises, up to and including mass extinctions (Erwin et al., 1987; Droser et al., 2000; McGhee et

al., 2004, 2012, 2013; Dineen et al., 2014; Foster and Twitchett, 2014; Dunhill et al., 2018; Edie
et al., 2018; Song et al., 2018). This suggests that major changes in organismal function may

facilitate changes in paleocommunity structure on macroevolutionary timescales.

One such event is the ‘invasion of the land’, i.e. the origin and proliferation of terrestrial
organisms and ecosystems. Terrestrial plants are known from the Ordovician (Salamon et al.,
2018; Servais et al., 2019; Bowles et al., 2020; Dahl and Arens, 2020; Gensel et al., 2020), and
by the Early Devonian (Pragian, ~410 million years ago) there is evidence for complex diverse
terrestrial paleocommunities of plants, fungi, and arthropods (Trewin, 1992; Garwood et al.,
2020). Structurally modern forests- multiple heights and morphologies of tree-habit plants-
appear soon after in the Givetian; terrestrial arthropod diversity continues to increase (Shear et
al., 1984, 1987; Norton et al., 1988, 1988; Shear and Bonamo, 1988; Stein et al., 2012). The
Mississippian sees substantial increases in terrestrial arthropod body size, with 1m-long
scorpions and multi-meter myriapods becoming numerous for the first time (Rolfe, 1980; Jeram,
1993). Once tetrapods became an established on land during the Mississippian (Clarkson et al.,
1993), the fundamental composition of terrestrial ecosystems was set for the following 340

million years.

In the mid-20" century, EC Olson published a series of papers on the origin of terrestrial
vertebrate ecosystems (Olson, 1952, 1966, 1975, 1977). Under Olson’s model, the earliest

terrestrial vertebrate paleocommunity structure was typified by the pelycosaur-temnospondyl-
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‘lepospondyl’ ‘Type I’ lowland assemblages of the early Permian redbeds. These
paleocommunities had few or no herbivorous tetrapods; aquatic animals and terrestrial insects
formed the prey base for the community. As the Permian progressed, the fully terrestrial Type I11
and Type Il arose. Both had terrestrial herbivores- invertebrates in the former, vertebrates in the
latter- as the base of the paleocommunities. These were populated by more derived amniotes
such as therapsids and arose in upland or dryland environments. Type 11l and Type Il
paleocommunities then invaded lowland environments and engaged in competition, such that
Type Il paleocommunities were the dominant type by the Triassic (Olson, 1966). Under Olson’s
model, the key event in the origin of terrestrial tetrapod ecosystems was the origin and
diversification of herbivorous tetrapods; the origin of terrestrial tetrapods at large did not
meaningfully change paleocommunity structure relative to the more fully aquatic
paleocommunities of the preceding Pennsylvanian. Olson’s earliest Permian Type |
paleocommunities were representative of whatever earlier terrestrial vertebrate
paleocommunities existed in being reliant on aquatic, rather than terrestrial, resources. Olson’s
hypotheses have influenced similar work by others, such as Bakker’s megadynasty hypothesis

(Bakker, 1986), up to the present time (Pardo et al., 2019b).

Our knowledge of early tetrapod evolution has improved tremendously over the last 30
years (Coates et al., 2008; Clack, 2012; Pardo et al., 2020). While previous hypothesis had
assumed that tetrapods had been terrestrial from their origin in the Late Devonian (Briggs and
Crowther, 1990; Brenchley and Harper, 1998), we now know that Devonian tetrapods were
obligately aquatic (Coates and Clack, 1995), and that walking may have preceded limbs

altogether (King et al., 2011). Ecological modeling of middle Devonian estuarine
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paleocommunities has found them to have similar predator-prey size relationships to their
modern counterparts (Chevrinais et al., 2017). While only three Devonian tetrapods are known in
substantial anatomical detail (Lebedev and Coates, 1995; Coates, 1996; Jarvik, 1996), significant
lineage diversity is implied by specimens published (Zhu and Ahlberg, 2004; Olive et al., 2016;
Gess and Ahlberg, 2018; Beznosov et al., 2019; Ahlberg and Clack, 2020) and under description
(Byrne et al., 2022). Multiple Mississippian tetrapod faunas have been described (Smithson,
19853; Bolt et al., 1988; Schultze and Bolt, 1996; Smithson et al., 2012; Clack et al., 2016,
2019a; Greb et al., 2016; Otoo et al., 2018), including the earliest terrestrial tetrapods at East

Kirkton (Clarkson et al., 1993).

This creates a gap of approximately 30 million years between the origin of tetrapods and
the origin of terrestrial tetrapods, an interval which is punctuated by the end-Devonian mass
extinction (EDME) (Sallan and Coates, 2010). The EDME (Hangenberg event) has recently been
recognized as a major vertebrate mass extinction (Becker et al., 2016; Kaiser et al., 2016) distinct
from the Frasnian-Famennian invertebrate extinction (Kellwasser event, ‘Late Devonian mass
extinction’ in older parlance (Raup and Sepkoski, 1982)). The Mississippian origin of terrestrial
tetrapods may then have been part of a broader extinction recovery that entailed ecological
reorganization. However, the driver of tetrapod terrestrialization remains unclear. Historically,
feeding on terrestrial arthropods has been hypothesized as motivation for tetrapod transition onto
land, dated to the Pennsylvanian (Romer, 1966). However, this hypothesis was built on the
assumption that tetrapods were initially terrestrial (and that Mississippian terrestrial arthropod
diversity was low). The East Kirkton tetrapods are preserved alongside a diverse arthropod

fauna, but it is unclear to what extent this terrestrial tetrapod-arthropod association was novel by
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East Kirkton time, and what its taxonomic and structural precursors may have been earlier in the
Mississippian. New data from the Tournaisian-aged Ballagan Formation (Smithson et al., 2012;
Clack et al., 2016, 2019a; Chen et al., 2018; Ross et al., 2018; Smithson and Clack, 2018)

provide an opportunity to investigate this process.

Substantial food web modeling has been done on terrestrial paleocommunities and
biogeography in the Permian-Triassic mass extinction (PTME) interval in southern Africa
(Roopnarine et al., 2007, 2018, 2019; Sidor et al., 2013; Roopnarine and Angielczyk, 2015,
2016). These studies have found geologically rapid changes in food web structure and resistance
to perturbation: paleocommunities from within the extinction interval and immediate aftermath
are much more vulnerable to collapse and much more unpredictable in their response. The
earliest Triassic paleocommunities from the Lystrosaurus Assemblage Zone (LAZ) are also
notable for their unusual composition (Roopnarine et al., 2007, 2018). They lack the terrestrial
herbivore and carnivores diversity of the pre-extinction Permian paleocommunities. Instead,
temnospondyls are dominant, insects are the primary herbivores, and vertebrate consumers are
overwhelmingly insectivores (Roopnarine and Angielczyk, 2012). This may represent a
recapitulation of an older paleocommunity form similar to Olson’s Type I and possibly
representative of the earliest terrestrial tetrapod paleocommunities: ‘amphibian’-dominated, no
tetrapod herbivores, insects significant as both herbivores and prey for vertebrates. If this is the
case, increasing paleocommunity stability over time could explain why Type | paleocommunities

were replaced.
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Does the EDME show the same structural and performance changes seen in the PTME?
Are Mississippian faunas generally a functional recapitulation of their Devonian counterparts, or
does the faunal turnover at the EDME correspond to a change in ecosystem structure and
performance? Is the invasion of land by tetrapods a transformative event for the structure and
composition of nonmarine food webs (possibly recapitulated by the Early Triassic disaster

fauna), or are these ecosystems still fundamentally aquatic in their structure?

The aims of this study are to investigate these questions as follows:
e Compare the taxonomic and guild composition of food webs across different

environmental settings to determine whether taxonomic change corresponds to change in
the richness and identity of guilds (=functional groups)

e Model these food webs with CEG to determine whether pre-EDME paleocommunities
have greater resistance to perturbation relative to post-EDME paleocommunities and
whether these responses vary across environmental setting, particularly if terrestrial
paleocommunities differ from aquatic ones

4.3 MATERIALS

4.3.1 Dataset

This paleocommunity dataset was assembled de novo for this study. Taxonomic,
geographic and stratigraphic occurrence, paleoenvironmental data, and autecological inferences
were drawn from the literature and augmented with personal observations of specimens.
Organisms were identified to the species level as much as possible. Paleocommunity information

and references are presented in APPENDIX C.

Paleopaleocommunities were sampled from the Givetian (late Middle Devonian) through
the Serpukhovian (final stage of the Mississippian), across reef, open marine, and continental
(=freshwater) environments (Table 4.1). This environmental range was included to detect
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possible differences in ecosystem structure and performance across environment. Moreover,

Carboniferous continental ecosystems are part of a broader trend of vertebrate movement into

estuarine and continental environments beginning in the Devonian (Carpenter et al., 2014; Otoo

et al., 2018; Gess and Whitfield, 2020). Geographically (Scotese, 2021), most localities are from

Euramerica, and would have been at low paleolatitudes (Figure 4.1, Figure 4.2). This reflects

limitations of the fossil record during this interval, which have been longstanding issues (Milner

et al., 1986; Pardo et al., 2020).

Table 4.1. Basic information for paleocommunities modeled in this study.

Locality

Aztec
Gilboa
Gladbach
Kerman

Gogo
Miguasha
Red hill
Cleveland
Shale
Evieux
Formation

Waterloo Farm
Upper Ballagan

Formation
East Kirkton
Glencartholm
Bearsden
Bear Gulch
Loanhead

Period

Devonian
Devonian
Devonian
Devonian
Devonian
Devonian
Devonian

Devonian
Devonian
Devonian

Carboniferous
Carboniferous
Carboniferous
Carboniferous
Carboniferous
Carboniferous

Stage

Givetian
Givetian
Frasnian
Frasnian
Frasnian
Frasnian
Famennian

Famennian
Famennian
Famennian

Tournaisian
Visean
Visean
Serpukhovian
Serpukhovian
Serpukhovian
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Environment

Geographic locaiton

Continental
Terrestrial
Marine
Marine
Reef
Estuarine
Continental

Marine

Continental

Estuarine

Continental
Terrestrial
Marine
Marine
Reef
Continental

Victoria's Land,
Antarctica

New York, USA
Germany

Kerman, Iran
Gogo, Australia
Quebec, Canada
Pennsylvania, USA

Ohio, USA
Namur-Dinant Basin,
Belgium

Eastern Cape, South
Africa

Scotland, UK
Scotland, UK
Scotland, UK
Scotland, UK
Montana, USA
Scotland, UK



78T

A) Givetian B) Frasnian

Figure 4.1. Paleomaps showing Devonian localities. 1: Aztec; 2: Gilboa; 3: Gladbach; 4: Kerman; 5: Gogo; 6: Miguasha; 7: Cleveland
Shale; 8: Red Hill; 9: Evieux Formation; 10: Waterloo Farm. Paleomaps by Scotese (Scotese, 2021).
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Figure 4.2. Paleomaps of Mississippian localities. 1: Upper Ballagan Formation; 2: East Kirkton; 3: Glencartholm; 4: Bear Gulch; 5:
Bearsden; 6: Loanhead. Paleomaps by Scotese (Scotese, 2021).



Givetian and Frasnian paleocommunities were sampled for comparison with Famennian
paleocommunities. Other food web studies (Mitchell et al., 2012; Roopnarine and Angielczyk,
2015) have found that food web reorganization can promote species loss during mass extinctions.
The Kellwasser Event, also known as the Frasnian-Famennian mass extinction (FFME) or Late
Devonian mass extinction (LDME), was a major invertebrate extinction (Buggisch, 1991,
Gereke and Schindler, 2012) that included the loss of the massive Devonian coral reef systems
and the beginning of a ~40 million year ‘coral gap’ extending into the Pennsylvanian (Kuznetsov
and Zhuravleva, 2018; Jakubowicz et al., 2019; Yao et al., 2020). The effect of this extinction on
vertebrates is thought to be minor (Sallan and Coates, 2010). However, ecosystem reorganization
increasing vulnerability to perturbation is seen at regional scales in the Late Ordovician
Richmondian Invasion (Kempf et al., 2020) and Late Cretaceous Campanian-Maastrichtian
transition in western North America (Mitchell et al., 2012). It is possible that while not a mass
extinction for vertebrates, the FFME disrupted vertebrate paleocommunities globally such that

they were more susceptible collapse ahead of the EDME.

The sampled paleocommunities represent different amounts of temporal averaging-
thousands of years across centimeters of stratigraphy (Clarkson et al., 1993) to millions of years
across meters (Clarkson, 1985; Clack et al., 2016). Many- ex. East Kirkton, Bear Gulch-
represent hundreds or perhaps thousands of years within single lakes (East Kirkton) or restricted
bays (Bear Gulch) (Clarkson et al., 1993; Lund et al., 2012, 2015). Others- Cleveland Shale,
Gogo- encompass up to a few million years across hundreds of square kilometers (Trinajstic et
al., 2022). The Ballagan Formation here refers to a composite of multiple fossiliferous horizons,

each likely representing at most thousands of years (Clarkson, 1985; Clack and Finney, 2005;
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Bennett et al., 2016; Clack et al., 2016, 2018; Otoo et al., 2018; Ross et al., 2018). Altogether
they represent approximately two million years across 40m of vertical section. This composition
was done to ensure that diversity was sufficient to allow a Tournaisian locality to be used. Effort
was made to sample assemblages with well-studied faunal compositions and a minimum of 15
species to avoid possible artifacts in the CEG model. The Gilboa fauna falls below this 15
species threshold, but was included as it represents a well-studied terrestrial Devonian ecosystem

(Shear et al., 1984, 1987; Norton et al., 1988; Shear and Bonamo, 1988; Stein et al., 2012).

Spatial averaging also varies. Most of the Scottish paleocommunities represent single or
clustered quarries of over tens of square meters (Schram, 1983; Coates, 1988; Clark, 1989, 1990,
2013; Rolfe et al., 1993; Smith et al., 1994; Wood, 2018). The Ballagan Formation is compiled
from four primary localities clustered near the southeast border of Scotland- Willie’s Hole,
Burnmouth, and Foulden- the greatest distance between which is ~23km. The singleton
occurrence of Pederpes from Dunbarton is much farther away (~200km) but included because of
evidence of a very similar tetrapod at Burnmouth (Smithson et al., 2012; Otoo et al., 2018).
Other paleocommunities are based on collections across a much broader area. Gogo fossils are
distributed across ~200 square kilometers (Long and Trinajstic, 2018). The long history of
research on the Cleveland Shale means that many older collections are not well documented, but
the unit is exposed across hundreds of square kilometers in southern and eastern Ohio. At the
extreme end the Aztec fish localities are distributed across southern Victoria’s Land in a north-

south-elongate rectangle approximately 125 x 50km (Young and Long, 2014).

4.3.2 Food web assembly
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The assembly of food web models follows the procedure of (Roopnarine, 2009). Full data
for each food web is provided in the Supplementary Information. A schematic of an example
guild-level food web (=metanetwork) for the Cleveland Shale is displayed in Figure 4.3.
Consumers were sorted into guilds, which are here defined as groups of species within a food
web with the same trophic relationships- i.e. they have the same set of predator and
prey/resource species. The feeding categories, such as. ‘durophage,’ ‘faunivore,” and
‘detritivore’, are meant to capture functional groups that can be identified straightforwardly
across multiple taxa, time intervals, and environmental settings. These broad categories also

accommodate the uncertainty inherent in modeling the autecology of fossil organisms.

Size categories were logarithmic (base two) and based on body length measured in
centimeters (Table 4.2). Logarithmic size classes were chosen to ensure that the demarcation of
size classes followed objective rules across the dataset. Body size data was drawn from the
literature, including both compendia (Klasson, 2008; Sallan and Galimberti, 2015; Chevrinais et
al., 2017) and descriptions (Coates and Sequeira, 2001; Otoo et al., 2021). In the case of
moderately or highly fragmentary fossils, body size was calculated extrapolating based on sister
taxon or well-preserved representation taxon of the smallest possible clade. Taxonomic
assignments were drawn from the literature using the most recent conclusions or phylogenetic
results. Taxa for which sufficient anatomical or taxonomic information could not be obtained or
verified- ex. ‘Ageleodus’, many of the under- or undescribed Cleveland Shale vertebrates (Carr

and Jackson, 2008)- were excluded from the dataset.
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Confidence in taxonomic assignments varies. For example, there is strong consensus on
the taxonomic identities of the East Kirkton tetrapods, even if there are disagreements on their
positions within early tetrapod phylogeny more broadly (Chapter 3). By contrast, while both the
Cleveland Shale (Carr and Jackson, 2008) and Bear Gulch (Lund et al., 2012) are represented by
many fossil specimens, in each case the diversity of chondrichthyans is likely inflated by reliance
on tooth or spine taxa (MI Coates, pers. comm. October 2022). Some Mississippian
actinopterygian genera, such as Elonichthys and Rhadinichthys, are longstanding ‘wastebasket’
taxa obscuring true diversity (Henderson et al., 2022), some of which are the subject of active
revision (Y Mo, AM Caron, MI Coates unpublished data). Where possible, firsthand knowledge
of specimens and data have been used to inform taxonomic assignments (ex. the Ballagan
Formation tetrapods). However, this work is by its nature dependent on published taxonomic

statements, descriptions, and analyses.

189



(7

Nektonic faunivore-
Colossal

P s

Nektonic faunivore-
Dreadnought

—

Nektonic faunivoret

Small

-

Nektonic faunivore-
Very large

Nektonic faunivore-
Large

ylaye—(

A

Nektonic faunivore- {

Bantam

Nektonic faunivore-
Medium

L

Colossal

Nektonic planktivor

Nektonic durophage-

| Large

Nektonic durophage-
Very large

-

Hard benthos

—

Aquatic detritus

Zooplankton

Figure 4.3. Schematic of metanetwork for the Cleveland Shale paleocommunity. Guilds are
represented by shapes with silhouettes of representative organisms (these may not necessarily
actually be present in the actual paleocommunity). Arrows represent energy flow, pointing from
prey guilds to predator guilds. Silhouettes from PhyloPic. Specific sources are listed in

APPENDIX C.
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Table 4.2. Information on size categories used in this study.

Size category name Range
Minute <lcm
Miniscule >1-2cm
Tiny >2-4cm
Very small >4-8cm
Small >8-16cm
Bantam >16-32cm
Medium >32-64cm
Large >64-128cm
Very large >128-256cm
Colossal >256-512cm
Dreadnought >512cm

Habit categories refer to where the organism lives, eg. terrestrial vs semiaquatic, nektonic
vs benthic. Each size category is allowed to feed on equal and all smaller size categories (aquatic
species and semiaquatic species feeding on aquatic species) or size categories two sizes smaller
(terrestrial species and semiaquatic species feeding on terrestrial species). Benthic species can
only access benthic resources (this was done for the sake of uniformity in assigning vertebrate
and macroinvertebrate consumers to guilds; most if not all benthic invertebrates likely fed on
phytoplankton), nektonic species can access benthic, nektonic, and semiaquatic resources, and
semiaquatic species can access nektonic and terrestrial resources. Unlike modeling of the PTME
(Roopnarine, 2009; Roopnarine and Angielczyk, 2012, 2015; Roopnarine et al., 2019), guilds
were not allowed to feed on those larger than themselves. Active feeding by smaller vertebrates
on larger ones (as adults) is difficult to assess in the fossil record. There is also a minimum
effective prey size for a given size of predator: beyond a certain point, energy expended
capturing prey exceeded energy gained from feeding. Acknowledging that this relationship is
heavily dependent on the physiology of the organisms involved, a difference of two size classes

was chosen as an approximation that could be applied across the dataset. It was decided to use
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only adult sizes to avoid compounding ambiguity in reconstructing body size for not only adults
but also prior ontogenetic stages. Estimation of body length across ontogeny is particularly
problematic in the case of terrestrial tetrapods. Intraspecific and intraguild cannibalism may have
been an important part of Paleozoic ecological dynamics (see Discussion) but cannot currently

be modeled within the current iteration of CEG.

In addition to these enumerated guilds, ‘block’ guilds were used for resources or low-level
consumers for which presence is known or can be reasonably inferred, but diversity cannot be
directly counted. The number of species in these guilds was calculated as ten times the number
of species (distributed across the relevant guilds) that feed upon them. Primary productivity
guilds were phytoplankton, detritus (aquatic and terrestrial, as applicable), and terrestrial plants.
Diversity in these guilds was treated as units of primary productivity. Block consumer guilds
include zooplankton, hard benthos (ex. brachiopods, bivalves), and hard nekton (ex. orthocone
nautiloids, ammonites, shrimps). Guilds were assigned extinction probabilities based on body
size (for consumers) or function/diet (for ‘block’ guilds) (Table 4.3). Extinction probability was
not linked to species abundance because that information is not published for all localities.
Relative diversity (number of species in bin/total number of species/units) for taxonomic bins

and consumer guilds is presented in APPENDIX C.

Table 4.3. (Pages 192-193). Extinction probabilities assigned in this study.

Extinction probability (out of 1)

Phytoplankton 0.01
Zooplankton 0.02
Block guild ~ Soft nekton 0.05
(calculated ~ Hard nekton 0.05
diversity) Hard benthos 0.05
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Aquatic

detritus 0.01
Terrestrial
detritus 0.01
Terrestrial
plants 0.01
Minute 0.05
Miniscule 0.1
Tiny 01
Very small 0.2
Small 0.2
Bantam 0.3
Medium 0.3
Consumer size Large 0.4
category Very large 0.4
(enumerated ~ Colossal 05
diversity) Dreadnought 0.5

4.4 METHODS

4.4.1 Paleocommunity composition comparison

To compare community composition, paleocommunities were ordinated using non-metric
multidimensional scaling (NMDS). Bray-Curtis distance was used, as it accounts for both
presence-absence of guilds and species richness within them. The ordination was done twice-
once using the relative diversity of large taxonomic groups such as placoderms, tetrapods, etc.

(see Supplementary Information), and once using the relative diversity of consumer guilds.

4.4.2 CEG model
In order to compare paleocommunity responses to perturbation, paleocommunities were
analyzed using the Cascading Extinctions on Graphs (CEG) model, with 100 replicates per food

web. The Cascading Extinctions on Graphs (CEG) model was developed by PD Roopnarine to

193



investigate the response of fossil paleocommunities to perturbations in primary productivity,
particularly in the context of mass extinctions (Roopnarine, 2006, 2009). Rather than model
direct species-species feeding relationships (Dunne et al., 2008; Chevrinais et al., 2017), CEG
incorporates stochasticity in species interactions. Species are sorted into guilds- groups of
species sharing the same prey and predators- and then species-species interactions are
stochastically reconstructed following the feeding relationships established by the metanetwork
(Figure 4.4). A stochastic approach is taken to accommodate uncertainty in inferring the
autecology of fossil species, and variation in observed modern food webs across both small and
large temporal and spatial scales (Roopnarine, 2009). A species within a predator guild, then,
may be reconstructed as feeding on all the species within a prey guild (generalist) or just one
(specialist). This is done by drawing from a mixed power-law exponential distribution to assign
the species-species feeding links. This distribution is used because, within each guild, it
reconstructs more species as specialists than generalists. Once the species-level food web is
constructed, units of primary productivity are removed (perturbation). The food web adjusts to
the reduced primary productivity input and any resulting species loss (secondary extinction) is
recorded. This is repeated until all primary productivity has been removed (perturbation has

reached 100%). A new species-level food web is then drawn, and the process begins again.
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Figure 4.4. Schematic showing the reconstruction of alternate species-level feeding relationships
by CEG from the same metanetwork provided by the user. A) initial guild-level relationships
provided by user; B) reconstruction of predator species as generalists with broad prey profiles;
C) reconstruction of predator species as specialists with narrow prey profiles.
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CEG relies on several key assumptions:
o Disruptions of a species can cause the secondary extinction of other species in the food
o \II'\[I??impossible to capture the structure of a fossil paleocommunity with a single food
web model.
e The greater number of specialists than generalists can be projected backwards in time and
across environments.
CEG has been applied as part of a long-running research program focused on the Permo-Triassic
mass extinction as represented by the terrestrial vertebrate record in southern Africa, especially
the Karoo Basin in South Africa (Roopnarine, 2006, 2009; Roopnarine and Angielczyk, 2015,
2016; Roopnarine et al., 2018, 2019). It also recently been used in study of a series of Permian-
Jurassic biotic crises in China (Huang et al., 2021) and the Late Ordovicia Richmondian Invasion
in the Cincinnati Basin (Kempf et al., 2020). This work is the first to apply CEG to Devonian-
Carboniferous data. CEG allows for comparison of paleocommunities from various
chronological and environmental settings to investigate the possibility of general behavior during
extinction intervals and times of possible ecological transition. Moreover, recent work has
suggested that stability is a paleocommunity-level property on which selection can operate
(Roopnarine and Angielczyk, 2016). CEG allows for testing the hypothesis that paleocommunity

structures ‘evolve’ toward greater stability and that there has been a net increase in tetrapod

occupation of ecospace since the Devonian (Sahney et al., 2010).

45 RESULTS

45.1 NMDS results
In the taxa-based analysis, NMDS1 primarily captures differences in environment and

NMDS2 primarily captures differences in time. This is seen most clearly when the sites are
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grouped by period (Figure 4.5). By contrast, the Frasnian sites other than Miguasha fall within
the space defined by the Famennian ones (Figure 4.6); there are insufficient Tournaisian and
Visean paleocommunities to clearly define hulls, but the Serpukhovian hull is a roughly equal
distance away from the Tournaisian (Loanhead-Ballagan) and Visean (Bearsden-Glencartholm).
When grouped by environmental setting, the hulls- except for the outlier terrestrial
paleocommunities - extend along NMDS2: the Devonian paleocommunities have low values,
and the Mississippian ones have high values (Figure 4.7). Waterloo Farm (Devonian, estuarine)
is solidly within the space defined by the continental paleocommunities, and Red Hill
(continental) is the only Devonian paleocommunity- aside from Gilboa- to plot above 0 on
NMDS?2. The reef-associated paleocommunities are entirely within the space defined by the

marine paleocommunities.
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Figure 4.5. Nonmetric multidimensional scaling (NMDS) ordinations of paleocommunity
relative taxonomic diversity using Bray-Curtis distance, grouped by period.
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relative taxonomic diversity using Bray-Curtis distance, grouped by stage.
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Figure 4.7. Nonmetric multidimensional scaling (NMDS) ordinations of paleocommunity
relative taxonomic diversity using Bray-Curtis distance, grouped by environment.
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The Devonian-Mississippian separation is likely driven first by the absence of
placoderms from the Mississippian (Supplementary Information). The high diversity of
panderichthyids/tetrapods in Red Hill brings it closer to the Mississippian paleocommunities of
Ballagan and Loanhead, as seen in both the by-stage (Figure 4.6) and by-environment (Figure
4.7) groupings. The high diversity of holocephalans Cleveland Shale and Bear Gulch drives them
to similar positions on NMDS1 (Figure 4.5-4.7). Gladbach, Kerman, and Gogo resemble
Cleveland Shale in having high placoderm diversity and therefore cluster close but lack the high

diversity of non-acanthodian chondrichthyans.

By contrast, once the outliers are removed (Figure 4.8), the clear environment/time
separation across NMDS axes from the taxon-based analysis is not seen in the guild-based
analysis (Figure 4.9, Figure 4.10). This suggests that despite taxonomic change, persistence of
guilds is blurring time- or environment-based differences between paleocommunities. NMDS1
seems to capture higher-level differences in time/environment, and NMDS?2 captures lower-level
differences in time categories. A Devonian/Carboniferous separation is discernable when the
sites are grouped by period (Figure 4.9), though it is not as great as in the taxa-based analysis.
The Serpukhovian, Frasnian, and Famennian hulls are distributed along NMDSL1 (Figure 4.10).
Reef paleocommunities are entirely within the space defined by marine paleocommunities, and
estuarine paleocommunities (especially Waterloo Farm) are between the marine and continental
spaces (Figure 4.11). The orthogonal variation along axes between the taxa- and guild-based
NMDS suggest that different processes govern these two dimensions of ecological

paleocommunity composition.
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Figure 4.8. Nonmetric multidimensional scaling (NMDS) ordinations of paleocommunity
relative guild richness using Bray-Curtis distance. Similar distortion is seen in NMDS analyses
of PTME paleocommunities, caused by the aberrant disaster fauna of the Lystrosaurus
Assemblage Zone (LAZ), with results changing when it is removed (Roopnarine et al., 2018).
Cleveland Shale has extremely large placoderm planktivore guilds (ex. Titanichthys) that are
unique. Similarly, East Kirkton has the greatest number of terrestrial guilds and lacks all but one
aquatic guild, and Gilboa only has two terrestrial guilds.
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Figure 4.9. Nonmetric multidimensional scaling (NMDS) ordinations of paleocommunity
relative guild richness using Bray-Curtis distance (outliers removed), grouped by period.
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Figure 4.10. Nonmetric multidimensional scaling (NMDS) ordinations of paleocommunity
relative guild richness using Bray-Curtis distance (outliers removed), grouped by stage.
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Figure 4.11. Nonmetric multidimensional scaling (NMDS) ordinations of paleocommunity
relative guild richness using Bray-Curtis distance (outliers removed), grouped by environment.
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Most vertebrate diversity across paleocommunities is concentrated in the nektonic
durophage and faunivore guilds, but differences in relative diversity within guilds are low
(Supplementary Information). Miguasha and Bearsden have similar proportions of Small and
Bantam nektonic planktivores, likely driving their similar values on NMDS2. Loanhead, Red
Hill, and Ballagan have similar tetrapodomorph and tetrapod diversity represented by Bantam

and Medium nektonic faunivore guilds, possibly pushing all three toward low NMDS2 values.

45.2 CEG model results

45.2.1 Overall CEG results

CEG results for Devonian and Mississippian food webs (enumerated/consumer guilds)
are presented Figure 4.12 and Figure 4.13. Overall CEG results for all guilds are presented in
APPENDIX C. The response curve for each paleocommunity can be split into two regimes: low
secondary extinction (<25%)/low perturbation (<50%) and high secondary extinction
(>80%)/high perturbation (>50%). There is often an abrupt, discontinuous transition between the
two. Variance in secondary extinction values is generally low compared to Permo-Triassic food
webs (Roopnarine et al., 2018) and lower in the high secondary extinction/perturbation regime
than the low secondary extinction/perturbation regime. Notable exceptions are: Gilboa and East
Kirkton, where secondary extinction values and secondary extinction variance are high across
the whole range of perturbation; Red Hill, where the transition between the low and high regimes
is more continuous; and Upper Ballagan Formation, where there is an uptick in secondary

extinction at very low perturbation prior to the 50% perturbation threshold.
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Figure 4.12. CEG response curves plotted for all Devonian paleocommunities
(consumers/enumerated guilds only).
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Figure 4.13. CEG response curves plotted for all Mississippian paleocommunities

(consumers/enumerated guilds only).
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Gilboa and East Kirkton are highly unusual, which is likely due foremost to size effects;
these paleocommunities are the smallest in the dataset, and Gilboa does fall below the 15 species
threshold (Supplementary Files). They are also structurally unique by virtue of being the only
terrestrial paleocommunities. The ‘stepped’ appearance of the CEG response curves, with
discontinuous changes between secondary extinction values, is an exaggeration of that seen in
other paleocommunities. The other paleocommunities with the greatest variance, Miguasha
(Frasnian, estuarine), Red Hill (Famennian, continental), Evieux Formation (Famennian,
continental), and Waterloo Farm (Famennian, estuarine), are all nonmarine and from the Late
Devonian. Waterloo Farm has a distinct ‘tail’ of high perturbation and low secondary extinction

extending past the 50% perturbation threshold, indicating unusual persistence in some replicates.

4.5.2.2 By-guild CEG results

Guild-level results (enumerated/consumer guilds) for all paleocommunities are presented
in Figure 4.14-Figure 4.28. The guild-level results show that secondary extinction within each
guild can rapidly jump to high levels, reflecting low guild richness (=number of species within
the guild) across paleocommunities. At low guild richness, complete secondary extinction is
possible even at very low perturbation values. Guilds with greater richness show greater
persistence, but near or total collapse at 50-75% perturbation is the rule. Neither body size (ex.
small-body guilds persisting longer than large-body guilds) nor diet (planktivores and
detritivores persisting longer than faunivores) appear to (generally) explain the persistence of

some guilds rather than others.
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Figure 4.14. Guild-level results of Aztec CEG response (consumers/enumerated guilds only).
Perturbation magnitude (x-axis) is plotted against secondary extinction (y-axis) for all guilds
combined (first panel) and individual guilds (all other panels).
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Figure 4.16. Guild-level results of Gladbach CEG response (consumers/enumerated guilds only).
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Figure 4.17. Guild-level results of Kerman CEG response (consumers/enumerated guilds only).
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Figure 4.18. Guild-level results of Gogo CEG response (consumers/enumerated guilds only).

214



Miguasha

Consumer.secondary.extinction
1.25-

1.00- F
0.75~-

0.50-

0.25- I'

0.00-

Nektonic.planktivore..Bantam

Nektonic.faunivore..Very.small

Benthic.detritivore..Medium

Nektonic.planktivore..Small

Nektonic.detritivore..Bantam

Nektonic.durophage..Medium

Nektonic.faunivore..Medium

Guilds

Consumer.secondary.extinction

Nektonic.faunivore..Very.small

1.25- Nektonic.planktivore..Small
e W W e Nektonic.detritivore..Bantam
@ 0.75- e o ) Nektonic.planktivore..Bantam
2 C ] Benthic.detritivore..Medium
C 050-
R —— O Nektonic.durophage..Medium
0.251 EER——— Nektonic.faunivore..Medium
0.00- Nektonic.durophage. .Large
Nektonic.durophage..Large Benthic.detritivore.. Large Nektonic.faunivore..Large Nektonic.faunivore..Very.large Benthic.detritivore..Large
1.25-
Nektonic.faunivore..Large
1.00-
Nektonic.faunivore..Very.large
0.75-
0.50-
0.25-
0.00-

0.00 0.25 0.50 0.75 1.00.00 0.26 050 0.75 1.00.00 025 0.50 0.75 1.00.00 0.25 0.50 0.75 1.00
Perturbation.magnitude

Figure 4.19. Guild-level results of Miguasha CEG response (consumers/enumerated guilds only).
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Figure 4.20. Guild-level results of Red Hill CEG response (consumers/enumerated guilds only).
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Figure 4.21. Guild-level results of Cleveland Shale CEG response (consumers/enumerated guilds

only).
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Figure 4-22. Guild-level results of Evieux Formation CEG response (consumers/enumerated

guilds only).
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Figure 4.23. Guild-level results of Waterloo Farm CEG response (consumers/enumerated guilds
only).



Upper Ballagan Formation
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Figure 4.24. Guild-level results of Upper Ballagan Formation CEG response
(consumers/enumerated guilds only).
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East Kirkton
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Figure 4.25. Guild-level results of East Kirkton CEG response (consumers/enumerated guilds

only).
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Glencartholm
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Figure 4.26. Guild-level results of Glencartholm CEG response (consumers/enumerated guilds

only).
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Bearsden
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Figure 4.27. Guild-level results of Bearsden CEG response (consumers/enumerated guilds only).
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Bear Gulch
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Figure 4.28. Guild-level results of Bear Gulch CEG response (consumers/enumerated guilds
only).
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4.6 DISCUSSION

4.6.1 Taxonomic and guild composition though the Frasnian-Famennian and end-Devonian
mass extinctions

Taxonomically, the primary distinction between Devonian and Carboniferous
assemblages is the absence of placoderms from the latter (Sallan and Coates, 2010; Otoo et al.,
2018). The absence of the diverse and abundant detritivorous antiarchs from nonmarine
paleocommunities is particularly conspicuous. There is some evidence that general (marine)
vertebrate diversity declined from the middle to terminal Famennian (Frey et al., 2018), but large
macropredators like Dunkleosteus and benthic detritivores like Bothriolepis persist to the
terminal Famennian in Morocco (Frey et al., 2018) and South Africa (Long et al., 1997). Several
taxonomic changes explain the dispersal of the Famennian sites relative to the Frasnian ones in
NMDS space. Armored jawless fishes were effectively extinct by the start of the Famennian
(Sallan and Coates, 2010); if they are removed from Aztec (Givetian, continental) and Miguasha
(Frasnian, estuarine) these paleocommunities resemble the sarcopterygian-placoderm-
acanthodian assemblages found in similar environments elsewhere in the Devonian
(Supplementary Information). Cleveland Shale is famous for its placoderm diversity, but its
holocephalan diversity, second only to Bear Gulch (Supplementary Information) sets it apart
from Gogo/Kerman/Gladbach (Figure 4.6). Elpistostege from Miguasha is the only Frasnian
panderichthyid in the data; Waterloo Farm and Red Hill have greatly increased
panderichthyid/tetrapod diversity (four species), approaching Mississippian levels. Therefore,
there does not appear to be an obvious FFME vertebrate turnover, but rather the further
winnowing of declining groups (various armored jawless fishes) and radiation of others

(tetrapods and relatives, holocephalans). A caveat is that the lumping all placoderms within a
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single taxonomic bin, while circumventing existing challenges in placoderm phylogeny (Carr et
al., 2009; Trinajstic and Long, 2009; Brazeau and Friedman, 2014, 2015; King et al., 2016), may
obscure lower-level patterns of placoderm loss across the Frasnian-Famennian boundary.
However, the more granular analysis of Sallan and Coates did not find evidence of a major
placoderm extinction in the FFME (Sallan and Coates, 2010). A guild-based assessment is
complicated by the removal of the Cleveland Shale, Gilboa, and East Kirkton which exacerbates
existing unevenness in numbers across stages and environmental categories (Figure 4.10, Figure
4.11). But there do not appear to be indications of radical change in guild presence/absence or
relative richness through the FFME or EDME. The former appears to still be a relative nonevent
for vertebrates These results reinforce the hypothesis that the Frasnian-Famennian extinction was
a nonevent for vertebrates. The apparent lack of vertebrate reaction to the FFME reef collapse
implies that Devonian reefs represented species congregating together rather than unique
biodiversity hotspots as in the modern day (Bellwood and Hughes, 2001; Connolly et al., 2005;
Cowman and Bellwood, 2013; Parravicini et al., 2013; Hodge et al., 2014; Bellwood et al.,
2019). While the Gogo fauna is a case of exceptional preservation, fragmentary specimens
collected from other Devonian reefs may provide other vertebrate assemblages for same-habitat
comparisons. By contrast, during the EDME there was large-scale faunal turnover but strong
persistence in guild structure. This response is seen in marine invertebrates during the end-
Ordovician mass extinction (Droser et al., 1997, 2000; McGhee et al., 2004, 2013) and PTME

(Dineen et al., 2014; Foster and Twitchett, 2014).

There is no evidence that EDME extinction response varied systematically at the guild

level across environments (reefs having already collapsed in the FFME). This is paralleled by the
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taxonomic NMDS results when grouped by environment (Figure 4.7). The results of the guild
NMDS (outliers removed) indicate that in terms of guild compositions, continental food webs are
effectively ‘upriver’ transpositions of estuarine food webs. Ecological similarity between
continental and estuarine settings was likely maintained by widespread euryhalinity in Devonian-
Carboniferous nonmarine vertebrates (Lebedev and Clack, 1993; Lebedev and Coates, 1995;
Laurin and Soler-Gijon, 2001; O Gogain et al., 2016; Goedert et al., 2018), though
environmental preferences likely varied between taxa (O Gogain et al., 2016). This is what
would be expected under a scenario in which the expansion of vertebrates into nonmarine
environments was driven (at least initially) by use of nearshore environments for reproduction
(Carpenter et al., 2014; O Gogain et al., 2016; Otoo et al., 2018; Gess and Whitfield, 2020). This
would create nonmarine (estuarine and continental) faunas that mostly replicated marine ones (as

seen here) rather than a taxonomic or functional subset.

The ‘true’ terrestrial paleocommunities do represent divergences within the dataset, but
these deviations may be in part due to how these paleocommunities are categorized and studied,
and in part due to the exceptional nature of East Kirkton. Gilboa’s arthropods and forest were
part of a coastal wetland system, and there is no reason to conclude that proximate water bodies
were not populated by aquatic vertebrates, though I have not been able to find published
information on these. If the Gilboa terrestrial assemblage and Aztec aquatic assemblage were
combined into a single theoretical Givetian paleocommunity, the result would be structurally the
same as Red Hill, which has a small fauna of terrestrial arthropods living alongside aquatic
vertebrates in a coastal delta system (Cressler et al., 2010). There is no evidence to support

modeling feeding relationships across the water-land interface in the case of Gilboa, Aztec, or
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Red Hill, but semiaquatic arthropods are seen in the Famennian in the Evieux Formation
(Lagebro et al., 2015; Olive et al., 2015; Denayer et al., 2016). Thus, the separation of Gilboa
and East Kirkton into a separate category is somewhat artificial in that it creates a hard
separation where there would not have been one in life (East Kirkton being a special case). The
question of how the earliest ‘terrestrial” paleocommunities should be defined or diagnosed as

such is explored later in the Discussion.

4.6.2 Top-down pressure and perturbation response in Devonian and Mississippian vertebrate

paleocommunities

The CEG results here (Figure 4.12, Figure 4.13, Figure 4-14-Figure 4-29) strongly
contrast with previous work on the PTME (Roopnarine et al., 2018). Rather than a smoothly
sigmoidal curve with substantial variance throughout (~10% above and below the best-fit), these
Devonian-Mississippian curves rapidly transition from a low extinction regime to a high
extinction one (with exceptions, see Results). Devonian-Carboniferous and PTME food webs
both show increased secondary extinction at approximately 50% perturbation. However, in the
Devonian-Mississippian food webs secondary extinction increases to extremely high levels (85-
100%). PTME paleocommunities do not consistently reach total secondary extinction until 80%
perturbation. The conclusion, then, is somewhat counterintuitive: Devonian-Mississippian food
webs were stable but susceptible to total collapse at a relatively low perturbation threshold. This
is even true for those paleocommunities- Red Hill, Evieux Formation, Waterloo Farm, and Upper
Ballagan Formation- that are closest to the EDME. While the nonmarine Famennian

paleocommunities display increased variance in secondary extinction, they are still far more
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stable than the earliest Triassic Lystrosaurus Assemblage Zone disaster fauna (Roopnarine et al.,

2018).

The paleocommunity responses to perturbation may be due to top-down effects. While
planktivores, detritivores, and durophages are present, faunivores of various sizes and habits are
most common among vertebrates. These have very broad prey profiles, able to feed on any
consumer guild of overlapping habit and equal or smaller size. Guild richness is generally low,
evenness is high, and patterns of connection in the metanetwork are broad. Predation pressure on
individual species is usually low, as each predator species has numerous species it can feed on
and will likely not go extinct if a prey species goes extinct. Cascades are thus unlikely. High
secondary extinction at low perturbation is likely the result of species-level webs wherein
predators are reconstructed as specialists. In these species-level webs, predation pressure on prey
species is much higher, predators are much more likely to go extinct, and cascades are much
more likely to occur. In both the ‘generalist predator’ and ‘specialist predator’ species-level food
webs, the severity of secondary extinction cascades is exacerbated by low guild richness.
Because in most cases there are few species within each guild, the secondary extinction response
of each guild is largely binary: the guild persists or collapses completely. At approximately 50%
perturbation, primary productivity loss is sufficient to induce cascades regardless of the topology
of the species-level food web. Whereas at lower levels of perturbation the broad patterns of
connection in the metanetwork had insulated against cascades, now they allow cascades to
propagate to more of the species-level food web. And because of low guild richness, cascades
cause near- or total collapse immediately, contrasting with the initial interval of ‘intermediate’

pre-collapse secondary extinction seen at ~50-75% perturbation levels in other CEG analyses.
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In some cases, there are replicates in which the paleocommunity does not collapse and
persists at high levels of perturbation (Figure 4.16, Figure 4.19, Figure 4.23). These appear to be
the result of particularly resilient species-level food webs (KD Angielczyk pers. comm. October
2022, PD Roopnarine pers. comm. August 2022). Initial inspection of high perturbation/low
secondary extinction areas of select CEG curves did not reveal any meaningful patterns, but a
more thorough comparative investigation may prove more illuminating. Comparison of
Famennian resilient food webs to simulations derived from the same metanetworks (Roopnarine
et al., 2019) and models of preserved Mississippian paleocommunities help indicate the
likelihood that these resilient food webs could have remained stable and the extent to which they
resemble the modeled paleocommunities based on the post-EDME fossil record. Results of these
investigations would provide a new way to assess which guild relationships survived the EDME

to be part of Mississippian food webs.

The three nonmarine Famennian paleocommunities- Waterloo Farm (estuarine), Evieux
(continental), and Red Hill (continental) exhibit increased variance across all perturbation values
and a reduced disjunct between the low- and high-extinction regimes (Figure 4.12, Figure 4.20,
Figure 4.22, Figure 4.23). All (Red Hill- continental, Evieux Formation- continental, Waterloo
Farm- estuarine) are nonmarine, and the appearance of this variance across multiple
environmental categories is suggestive. Most straightforwardly, it can be interpreted as further
evidence of ecological similarity between continental and estuarine paleocommunities (see
above). Similar increased variance was found by Mitchell et al. (2012) in their analyses of Late
Cretaceous communities before and after the closing of the Western Interior Seaway and linked

to biogeographic changes. However, in the case of these unusual Famennian paleocommunities a
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biogeographic driver seems less likely. They vary considerably in taxonomic composition
(Figure 4.9, Figure 4.10, Figure 4.11) and are geographically very disparate (Figure 4.1). While
this increased variance could be a tantalizing indication of pre-EDME instability, the reason for
it is unclear. No common driver is indicated by the guild-level responses (Figure 4.20, Figure

4.22, Figure 4.23) but may be revealed by investigation of food web connectance.

4.6.3 First steps under duress: the first terrestrial vertebrate paleocommunities

The terrestrial paleocommunities, Gilboa (Givetian) and East Kirkton (Visean) are
distinct from all other paleocommunities across analyses. In terms of guild structure and
arthropod diversity, East Kirkton is a straightforward expansion of Gilboa, adding species and
body size diversity. The Late Devonian terrestrial arthropod record supports the hypothesis that
the East Kirkton arthropod fauna represents an expansion on pre-EDME diversification trends of
lineage diversification and adaptation for terrestrial life, rather than elimination of a Devonian
terrestrial arthropod assemblage and wholesale replacement by a taxonomically and functionally
distinct one. Tetrapods, then, appear to be late arrivals that fit into faunivore guilds that were
already occupied by arthropod faunivores. This must be inferred pending further fossil
discoveries, but there is good indirect evidence. The terrestrial guilds at Gilboa and Red Hill are
populated by arthropods below ~2cm in length, much smaller than the smallest tetrapod in the
dataset (Kirktonecta, estimated ~8cm, East Kirkton) and likely below the minimum size
threshold for contemporary tetrapods. Tetrapod-sized (~24cm) scorpions appear in the Upper
Ballagan Formation but terrestrial tetrapods are absent. At least until East Kirkton time, the
expansion of terrestrial guild diversity appears to have been driven by arthropods first, with

tetrapods following afterwards.
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The high instability of these terrestrial paleocommunities probably reflects the fact that
they were spatially and structurally marginal within the broader habitat. The vegetated habitats of
the Gilboa arthropods (Stein et al., 2012) and their Late Devonian counterparts (Cressler et al.,
2010) were clustered around the same water bodies populated by tetrapods and other vertebrates
(while Gilboa is Givetian and no tetrapods are preserved, there is no paleoenvironmental
evidence to suggest that the tropical delta system would have been inhospitable to them if given
the opportunity). Rather than bold forays into virgin territory and new parts of ecospace, the
initial phase of tetrapod terrestrialization appears to have been a hardscrabble existence,
competing with arthropod incumbents in a physiologically challenging environment. These
paleocommunities have narrower resource bases (no ubiquitous plankton) and a stricter
distinction between primary consumers (herbivores and detritivores) and secondary consumers
(faunivores). Intraguild cannibalism would have presumably been a particularly important
feature of these paleocommunities (not modeled here due to current methodological constraints
of CEG). Neither the East Kirkton nor Loanhead (Caerorhachis here modeled as being
semiaquatic) indicate that the addition of tetrapods to terrestrial paleocommunities conferred
greater resilience or stability. Indeed, it is likely that top-down predation pressures only

increased as tetrapods made the water/land transition.

Whence, then, tetrapod terrestriality? Feeding on terrestrial arthropods is unlikely, as
aquatic resources were both more 