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Zusammenfassung

Die Schlafenregion der frihesten Tetrapoda und ihrer nachsten Verwandten war in den
meisten Fallen komplett von einem Panzer aus Dermalknochen bedeckt. Dieser wurde im Lauf
der Evolution tendenziell reduziert, was in den bekanntesten Fallen zur Ausbildung von
Schlafenfenstern oder randstéandiger Einbuchtungen fuhrte. Derartige Schlafendffnungen sind
heute die Regel in den meisten Tetrapoda. Dabei inspirierte besonders ihre Vielfalt innerhalb
der Amniota (Saugetiere und Reptilien einschliellich der Vogel) viele friihe Arbeiten ber
mogliche phylogenetische und evolutionsbiologische Implikationen der Schlafenmorphologie.
Im frihen 20. Jahrhundert brachte dies verschiedene Autoren zur Aufstellung neuer Taxa, die
wesentlich Uber ihre Schlafenmorphologie definiert waren, am bekanntesten darunter
Anapsida, Synapsida, Diapsida und Euryapsida. Die meisten dieser Taxa werden jedoch nicht
mehr als natlrliche Gruppen anerkannt und neue Erkenntnisse bekraftigten, dass sich
ahnliche Typen von Offnungen sowohl innerhalb als auch auRerhalb der Amniota mehrmals
unabhangig entwickelten. Das Hauptaugenmerk in der Untersuchung von Schilafenéffnungen
liegt deshalb auf deren funktionsmorphologischer Relevanz. Eine wesentliche Rolle spielen
dabei die Krafte ausgehend von den aufleren Kieferadduktoren, aber unter anderem auch die

Halsmechanik, Schadelform und entwicklungsbiologische Aspekte werden diskutiert.

Diese Dissertation liefert einen Einblick in die Anatomie und morphologischen Muster der
Schlafenregion innerhalb der Tetrapoda und ihren nachsten Verwandten (Stegocephali).
Zuerst wird die Forschungsgeschichte der Schlafenregion seit dem 19. Jahrhundert
aufgearbeitet und analysiert und die verschiedenen phylogenetischen und
funktionsmorphologischen Hypothesen, sowie darauf basierende Terminologie einander
gegenubergestellt. Dazu werden zehn neue Morphotypen zur Kategorisierung der
Schlafenmorphologie eingefuhrt. Im Anschluss werden die Suturen der Dermalknochen im
Schadel des permischen Reptils Captorhinus aguti im Detail beschrieben und die
Kieferadduktoren rekonstruiert, um Ruckschlisse auf die Beweglichkeit und Krafteverteilung
im Schadel eines frithen Amnioten ohne Schlafenéffnungen zu ziehen. Anhand davon werden
Erklarungen zur Entstehung von Schlafendffnungen diskutiert und inwiefern Vorstufen dazu
bereits in einem vollstdndigen Schlafenpanzer sichtbar sein kénnten. Zuletzt wird eine
Anatomische Netzwerkanalyse an C. aguti durchgefiuihrt, um die Integration der Knochen im
Schédel eines frihen Amnioten darzustellen und zu diskutieren, inwiefern die gefundenen
Module mit Hypothesen zum Ursprung in Einklang gebracht werden kdnnen. Die fur diese
Analyse erstellte Matrix wird aulRerdem modifiziert, um die zuvor beschriebenen zehn
Morphotypen zu simulieren und auszuwerten welche Einflisse verschiedene
Schlafendffnungen auf die Integration des Modellschadels hatten und wie das mit

Beobachtungen an tatsachlichen Arten Ubereinstimmt.
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Summary

The temporal region of the earliest Tetrapoda and their closest relatives was, in most cases,
completely covered by an armor of dermal bones. This armor has been successively reduced
over time, leading most famously to the evolution of temporal fenestrae and marginal
excavations. Such temporal openings are widespread in extant Tetrapoda, but especially their
great diversity within Amniota (mammals and reptiles, including birds) inspired many early
studies on the potential phylogenetic and evolutionary implications of temporal openings. In
the early 20" century, this led to various researchers naming new taxa that were mainly defined
by their temporal morphology, with Anapsida, Synapsida, Diapsida, and Euryapsida being the
most known. Most of these taxa are not considered to represent natural groupings anymore;
instead, new fossil findings and analyses confirmed that similar types of temporal openings
independently evolved several times within, as well as outside of Amniota. Thus, the main
focus of temporal region research has been on their functional morphology. The forces
generated by the external jaw adductors hereby play an essential role, but additionally the
impact of neck mechanics, skull shape, developmental biology, and others are being

discussed.

This thesis provides an insight to the anatomy and morphological patterns of the temporal
region in Tetrapoda and their closest relatives (Stegocephali). The first part focuses on
reviewing and analyzing the research history of the temporal region, starting in the early 19t
century discussing the various phylogenetic and functional hypotheses, as well as
comparisons of previous terminologies. Additionally, ten new morphotypes for the
categorization of temporal morphology are introduced. In the subsequent chapter, sutures of
the dermal bones in the skull of the Permian reptile Captorhinus aguti are described in detail
and its jaw adductors are reconstructed. This is important to draw inferences on the intracranial
mobility and stress distribution in an early amniote skull without temporal openings. Relating
thereto, previous explanations on the formation of temporal openings alongside the presence
of potential pre-stages for such in a fully roofed dermal temporal region are debated. Lastly,
an Anatomical Network Analysis is performed on the skull of C. aguti to illustrate and consider
the bone integration in an early amniote skull and whether the observed modules correspond
to previous hypotheses on the origin of temporal openings. The matrix generated for this
analysis is then modified to simulate the ten morphotypes mentioned above, but also to
evaluate the influences of various temporal openings on the integration of the respective model

skull and its correspondence to observations on actual taxa.



Deep into the past
Follow the aeon path
Greet a blade of grass
Every endless form most beautiful
Alive, aware, in awe
Before the grandeur of it all
Our floating pale blue ark
Of endless forms most beautiful

Tuomas Holopainen, Endless Forms Most Beautiful
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1. Introduction

1.1. Anatomical overview

The temporal region comprises the area of the vertebrate skull between the orbits and
the occiput. It borders the cranial jaw joint and auditory apparatus and serves as the cranial
attachment site for most jaw muscles, the anterior portion of the neck musculature, and
ultimately covers the braincase. Accordingly, the morphology of the temporal region is greatly

related to the lifestyle of a species and varies based on different functional adaptations.

In most vertebrates, the temporal region is externally covered by dermal bones. This
dermal armor may be generally subdivided into a lateral "cheek" and a dorsal skull roof. In
tetrapods and early limbed vertebrates (i.e., Stegocephali sensu Laurin 2020a; Fig. 1) the
"cheek" ancestrally consisted of the jugal, postorbital, squamosal, and quadratojugal. Often,
the maxilla extended posteriorly to form the ventral "cheek" margin as well (e.g., Clack 1997;
Holmes et al. 1998; Sigurdsen & Bolt 2010; Porro et al. 2015), which can be observed similarly
in anurans (e.g., Wild 1997; Paluh et al. 2020). The ancestral skull roof incorporated the
parietal, postfrontal, supratemporal, postparietal, tabular, and — in some groups — the
intertemporal. Many of these temporal bones were lost in various later groups or fused with
other parts of the temporal dermatocranium. Such later fusions include the frontoparietal in
anurans (e.g., Cihak et al. 2003; Rogek et al. 2015), the postorbitofrontal (e.g., in squamates
and thalattosaurs: Lee & Caldwell 1998; Nicholls 1999; Jimenez-Huidobro & Caldwell 2016),
or the mammalian interparietal, which might be the result of a postparietal and tabular fusion
(Koyabu et al. 2012).

To the author's knowledge, the parietal is present in all known stegocephalians. In most
cases, the same applies to the squamosal; however, in some mammals, this bone is fused
with various enchondral bones to form the temporal bone (e.g., Boot 1910; Khatra 1980;
Arnaudo et al. 2014). The jugal is absent in lissamphibians (Carroll 2007) and some
"microsaurs” (Pardo et al. 2016; Mann et al. 2019), but otherwise present in the majority of all
taxa. The quadratojugal independently disappears in various groups like mammals,
squamates, urodelans, and caecilians (Carroll 2007; Evans 2008; Luo 2011). Likewise, the
postorbital disappears, among other taxa, towards the origins of mammals, birds,
lissamphibians, as well as in various squamates (Jollie 1957; Kemp 1984; Carroll 2007; Evans
2008). The postfrontal is absent in the majority of extant tetrapods but is still present in tuatara
and some squamates (Evans 2008; Jones et al. 2011). The intertemporal is known only from
Paleozoic taxa (e.g., Panchen 1964; Klembara et al. 2006, 2014; Rawson et al. 2021) and is
absent in amniotes and lissamphibians. The supratemporal can be commonly observed in

early amniotes but is restricted to squamates among extant taxa (e.g., Romer & Price 1940;
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Fox & Bowman 1966; Maisch & Hungerbihler 2001; Evans 2008). A separate tabular
becomes rare in post-Paleozoic taxa (e.g., Kuhn-Schnyder 1967; Sues 1986) and is unknown
for extant tetrapods. Likewise, the paired postparietal is restricted to only a few post-Paleozoic
groups (e.g., Witzmann & Schoch 2018). In some extinct therapsids an unpaired preparietal
was formed (Maisch & Gebauer 2005; Sullivan & Reisz 2005; Gebauer 2007).

In addition to the presence or absence of specific bones, the osteology of the temporal
region can vary in the arrangement of the dermal armor and the sets of bones directly suturing
each other. Enlargements and/or reduction of individual bones can shift the arrangement
within the dermatocranium and may generally lead to a simplification of the dermal armor
(Williston 1914). An example for this is the reduction of the quadratojugal in synapsids (Kemp
1984). Additionally, bone contacts can be disjoined by forming an opening within their sutural
area. The evolutionary origins, functional backgrounds, and probable phylogenetic
implications of such temporal openings have been widely discussed in vertebrate paleontology
and neontology (see Chapter 2 — Abel & Werneburg 2021) and will be reassessed in the

following chapters.

A

. jugal

postorbital
squamosal
quadratojugal

postfrontal

. parietal

. supratemporal
tabular

. intertemporal

. postparietal

Fig. 1 Skull drawing of the Carboniferous stegocephalian Eoherpeton watsoni in (A) lateral and (B) dorsal view,

highlighting the dermal bones of the temporal region. After Smithson (1985).
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1.2. Temporal openings

Temporal openings can be subdivided into two main types (Tab. 1). If a temporal
opening is fully surrounded by dermal bones, it is called a temporal fenestra (Fig. 2A, C). Such
temporal fenestrae may be further subdivided based on their relative position in the temporal
region. If a fenestra forms in the cheek region, it is called an infratemporal fenestra. If it instead
forms in the skull roof, it is referred to as a supratemporal fenestra. Sometimes, an additional
unpaired or even complete second pair of infratemporal fenestrae can develop (Romer & Price
1940; Berman et al. 1995; Weinbaum 2011; Haridy et al. 2016). The distinction between the
subtypes of temporal fenestrae is not always straightforward, especially in various therapsids
in which the ancestral infratemporal fenestra mediolaterally expanded and often resembled
the supratemporal fenestra as described for many diapsids and some lissamphibians (see
Chapter 2). It should be noted that this terminology is independent of which set of bones

contribute to the margin of a temporal opening.

Fig. 2 Different types of temporal openings as exemplified by (A), tuatara (Sphenodon punctatus), exhibiting
temporal fenestrae; (B) Greek tortoise (Testudo graeca), exhibiting marginal excavations; as well as (C), green
iguana (/guana iguana), exhibiting both fenestrae and excavations. Drawings from left to right after Jones et al.

(2009), Gaffney (1979), and Conrad & Norell (2010). Colors as used in Fig. 1.

The infratemporal fenestra is usually bordered by the squamosal and jugal; however,
in anurans the jugal is missing. Other bones usually contributing are the postorbital,
quadratojugal, and — rather rarely — the supratemporal (Ford 2018; Ford & Benson 2020).
Especially in synapsids, the parietal can additionally contribute to the margin of the
infratemporal fenestra (e.g., Boonstra 1952; Modesto 1995). The supratemporal fenestra is
always bordered by the parietal and usually by the squamosal. If present, the postorbital often
contributes to the supratemporal fenestra as well. Sometimes, the supratemporal, postfrontal,
or frontal are incorporated to the border of this opening, too (Carroll 1981; Nicholls 1999;
Maisch & Hungerbuhler 2001).

The second major type of temporal openings are temporal excavations (Fig. 2B, C).
These differ from fenestrae by their incomplete bony margin, resulting in a distinct marginal

embayment in the temporal dermatocranium. Most temporal excavations form at the ventral
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margin of the cheek, usually between the jugal and the quadratojugal and/or quadrate (Rieppel
& Gronowski 1991; Evans 2008). Such a ventrolateral excavation can extend dorsally to the
skull roof and incorporate other bones of the temporal dermatocranium. A posterodorsal
excavation forms mostly in turtles (Werneburg 2012) but can be present in caecilians as well
(Kleinteich et al. 2012).

In many species, different combinations of these types or subtypes of temporal
openings occur simultaneously (see Chapter 2 for a detailed overview). These include a
cooccurrence of infratemporal and supratemporal fenestrae (Fig. 2A); a ventrolateral
excavation together with the supratemporal fenestra (Fig. 2C); a ventrolateral excavation
together with the infratemporal fenestra (e.g., Modesto 1995; Norman et al. 2011); and lastly
a cooccurrence of ventrolateral and posterodorsal excavation, so far only known from
testudines (Fig. 2B).

This high variance of morphotypes within the temporal region inspired several workers
to introduce a large array of descriptive terminology (see Chapter 2) and greatly influenced

early hypotheses on tetrapod phylogeny, notably within amniotes.

1.3. Temporal openings and their role in phylogeny
By the late 19t century, it had been repeatedly suggested that these different temporal

morphotypes may reflect phylogenetic patterns and that amniotes may be broadly classified
based on their type and number of temporal openings (Glnther 1867; Baur 1889, 1894; Cope
1892; Case 1898; Osborn 1903; Williston 1917; Broom 1922; Colbert 1945; Boettger 1952;
see Chapter 2 for a detailed review). While opinions on content of and interrelationships
between these phylogenetic groupings varied, it was generally agreed on that all amniotes
with temporal openings derived from an ancestor with a fully covered temporal
dermatocranium as it can be found in the majority of early stegocephalians (Baur 1889, 1894;
Cope 1892; Gaupp 1895b; Gegenbaur 1898; Williston 1917; Versluys 1919).

Most influential in this regard has been the work of Osborn (1903), who subdivided
"reptiles", in line with contemporary knowledge, into Synapsida and Diapsida, primarily based
on the amount of bony "temporal arches" in the skull. Synapsida would therefore contain all
"reptiles" that were thought to be close to mammals, which, back then, also included turtles
and sauropterygians. Whereas Diapsida would consist of all "reptiles" closer to birds, including
squamates, rhynchocephalians, and crocodylians. Later authors adapted Osborn's scheme
by suggesting more subdivisions, most famously "Anapsida" (Williston 1917), "Parapsida"
(Williston 1917), and "Euryapsida" (Colbert 1945). "Anapsida" has been usually thought of as
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containing turtles and an ancestral stock of "stem-reptiles" without temporal openings like
diadectomorphs or captorhinids (e.g., Williston 1917, 1925; Colbert 1945; Boettger 1952;
Gauthier et al. 1988). "Euryapsida" contained "protorosaurs”, as well as plesiosaurs and other
sauropterygians that developed a large supratemporal fenestra (Colbert 1945). "Parapsida"
summarized other "aberrant” groups like mesosaurs, ichthyosaurs, but in earlier versions also
squamates (Williston 1917, 1925; Colbert 1945).

«Cotylosauria”

'&n

Mesosauria

Ichthyosauria

.Protorosauria” 1
\
3

Para p; iaa

+Eosuchia”

Sauropterygia
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Fig. 3 Traditional subdivision of amniotes based on their temporal morphology after Colbert (1945). Skull outlines
based on Fox & Bowman (1966) with modifications by Abel & Werneburg (2021). Silhouettes of "Cotylosauria" by
Dmitry Bogdanov/Roberto Diaz Sibaja (CC BY 3.0); Testudinata by Christoph Schomburg; Mesosauria by Nobu
Tamura/A. Verriére (CC BY-NC-SA 3.0); Ichthyosauria by Gareth Monger (CC BY 3.0); "Protorosauria" by T. Michael
Keesey; Sauropterygia by Frank Denota; "Eosuchia" by Brad McFeeters/T. Michael Keesey; Sauria by Steven Traver;

"Pelycosauria" by Dmitry Bogdanov (CC BY 3.0); Therapsida by Nobu Tamura/T. Michael Keesey (CC BY-SA 3.0).
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Nevertheless, classifying amniotes based on their temporal openings has been
criticized quite early on (Fuchs 1909; Goodrich 1916) and the concept has been further
reassessed in the second half of the 20™ century with notable works by Kuhn-Schnyder (1954,
1963, 1967, 1980). Furthermore, new fossil finds, the widespread application of genetics as
well as morphological phylogenetic analyses challenged our understanding of amniote
interrelationships (e.g., Rieppel & deBraga 1996; deBraga & Rieppel 1997; Lyson et al. 2012;
Crawford et al. 2012, 2015; Field et al. 2014; Schoch & Sues 2015; Mann et al. 2019, 2021;
Ford & Benson 2020). While there is still a consensus on a rough subdivision of amniotes into
a branch leading to mammals (Synapsida) and one leading to birds and other extant reptiles
(Diapsida), it is now generally agreed on that similar types of temporal openings appeared
several times independently within Amniota (Ford 2018; Ford & Benson 2020) but also within
Stegocephali (Gaupp 1985b; Panchen 1967; Pardo et al. 2017) and that the traditional

"Anapsida", "Parapsida”, and "Euryapsida" only represent para- or polyphyletic groupings.

1.4. Evolutionary distributions of temporal openings within the tetrapod

tree

Temporal openings evolved early in various amniote clades with the oldest known
examples postdating the oldest unambiguous amniotes by just a few million years (Reisz
1972, 1977; Modesto & Reisz 1990; Reisz & Dilkes 2003; Reisz & Frobisch 2014). This implies
a rapid emergence and diversification of temporal openings in amniotes compared to other
early stegocephalians. However, amniotes might not have been the first stegocephalian

lineage to reduce their temporal dermal armor (Fig. 4).

The oldest known occurrence of temporal openings can be found in Mississippian
aistopods (Fig. 5A), which formed a large infratemporal fenestra or ventrolateral excavation
(Milner 1993; Pardo et al. 2017). A small infratemporal fenestra is also known from the early
Pennsylvanian embolomere Anthracosaurus russelli Huxley, 1863 (Panchen 1977; Fig. 5B);
however, this appears to be an exception among Anthracosauria (Panchen 1964, 1972;
Holmes 1984; Smithson 1985). Large ventrolateral excavations evolved further in various
recumbirostran “microsaurs” (Pardo et al. 2016, 2017; Gee et al. 2019; Fig. 51, J). Often
assumed to nest outside of Amniota or even within Amphibia sensu Laurin et al. (2020b)
(Marjanovi¢ & Laurin 2019), several recent studies argue for a reptilian affinity of
recumbirostrans (Pardo et al. 2017; Mann et al. 2019, 2021), adding another branch of taxa
with temporal openings to the early amniote radiation (Fig. 4). Arguably, large otic notches like
they occur in seymouriamorphs, or some temnospondyls (Fig. 5C, D) might also be described

as temporal excavations (Klembara et al. 2006; Reisz et al. 2009).

17



r_1.Elpistostegidae” e

JIchthyostegidae” L™
[ Aistopoda
Stegocephali ] P _J-S
Tetropoda sensu lato Whatcheeridae “ipme=
]Colosteidae ‘/ﬁ

’—1

|Baphetidae s

Anthracosauria <.
Gephyrostegidam

]Edopoidea F\
1 |Eryopiformes ™S

?
Amphibia

Lissamphibia

Tetropoda sensu stricto

{_  ]Chroniosuchiar~ee

Seymouriamorpha e
].Nectridea“

|Diadectomorpha "

?—Parareptilia’\
’— N - umbirostta N
———— JCaptorhinidae W

,,Protorothyrididae"g
|_—|:|—Diapsida»
Amniota

Fig. 4 Simplified phylogenetic tree of early limbed vertebrates based mostly on Pardo et al. (2017) and Marjanovi¢ & Laurin
(2019), highlighting groups in which temporal openings are common (red), and in which temporal openings are rare or their
presence debatable (shaded). Duration of Mesozoic and Cenozoic not to scale. Note that there are alternative hypotheses
on the nesting of some groups like lissamphibians, diadectomorphs, parareptiles or various “lepospondyls” (i.e., aistopods,
“nectrideans”, recumbirostrans) as outlined in Subchapter 2.3.1. Silhouettes of "Elpistostegidae" by T. Michael Keesey;
"Ichthyostegidae" by Nobu Tamura/T. Michael Keesey (CC BY-SA 3.0); Aistopoda by Nobu Tamura (CC BY 2.5, edited);
Whatcheeridae, Baphetidae, Chroniosuchia, and Captorhinidae by Dmitry Bogdanov (CC BY-SA 3.0, edited); Colosteidae by
Dmitry Bogdanov (edited); Anthracosauria by Nobu Tamura/Andrew A. Farke (CC BY 3.0); Gephyrostegidae, and Edopoidea
by Dmitry Bogdanov/T. Michael Keesey (CC BY-SA 3.0); Eryopiformes by Dmitry Bogdanov/T. Michael Keesey; Lissamphibia
by Jake Warner; Seymouriamorpha and Diadectomorpha by Dmitry Bogdanov/T. Michael Keesey (CC BY 3.0); "Nectridea" by
DataBase Center for Life Science (CC BY 4.0); Synapsida by Ferran Sayol; Parareptilia by Chris Jennings/A. Verriére;
Recumbirostra and "Protorothyrididae" by Smokeybjb (CC BY-SA 3.0); Diapsida by Steven Traver.

Like in amniotes, temporal openings are widespread in lissamphibians. While the
temporal dermatocranium of caecilians is often fully closed (Kleinteich et al. 2012), most
batrachians possess a distinctly reduced dermatocranium (Carroll 2007). However, cases of
secondary hyperossifications of the skull bones are known from various anurans (Paluh et al.
2020), where the latter can result in a fully closed temporal region. Nonetheless, in many taxa
an infratemporal fenestra is present, and sometimes a supratemporal fenestra appears (Boas
1915; Wild 1997; AmphibiaTree & Gosselin-lldari 2008; Paluh et al. 2020).
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Apart from recumbirostrans, all of these stegocephalian groups evolved their temporal
openings independently from amniotes. A detailed overview on the evolution of temporal

openings within Stegocephali is provided in Chapter 2.3.1d.

A

Fig. 5 Diversity of temporal openings and similar reductions of the dermatocranium among early stegocephalians.
(A) Lethiscus stocki (Aistopoda; after Pardo et al. 2017); (B) Anthracosaurus russelli (Anthracosauria; after Panchen
1977); (C) Cacops morrisi (Temnospondyli; after Reisz et al. 2009); (D) Seymouria sanjuanensis (Seymouriamorpha;
after Klembara et al. 2007); (E) Cotylorhynchus romeri (Synapsida; after Romer & Price 1940); (F) Lystrosaurus
murrayi (Therapsida; after Ray 2005); (G) Bolosaurus striatus (Parareptilia; after Broom 1913); (H) Milleropsis pricei
(Parareptilia; after Gow 1972); (1) Llistrofus pricei (Recumbirostra; after Bolt & Rieppel 2009); (J) Brachydectes
newberryi (Recumbirostra; after Pardo et al. 2016); (K) Petrolacosaurus kansensis (Diapsida; after Reisz 1977); (L)

Claudiosaurus germaini (Diapsida; after Carroll 1981).

1.5. Intraspecific variations

In addition to the disparity of the temporal dermatocranium found among Stegocephali,
variation in the number and type of temporal openings can also appear intraspecifically (Mook
1921; Romer & Price 1940; Gow 1972; Berman et al. 1995; Cisneros 2008; Ezcurra & Butler
2015; Haridy et al. 2016).

Relative size and shape of temporal openings can shift during ontogeny (e.g.,

Westphal 1962; Blanco et al. 2018) or vary across populations (Escobedo-Galvan et al. 2015).
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Moreover, openings might disappear during life as observed in old individuals of the
spectacled caiman (Mook 1921). A similar case has been suggested for the infratemporal
fenestra in the parareptile Milleretta rubidgei Broom, 1938 (Gow 1972) and the supratemporal
fenestra in Eunotosaurus africanus Seeley, 1892 (Bever et al. 2015; however, see Subchapter
2.3.1.e for a different interpretation on the latter). In more mature individuals of the parareptile
Delorhynchus ciffelii, a posterior process of the jugal likely grew into the area of the

infratemporal fenestra (Haridy et al. 2016).

There are further examples of likely more random variations. In some instances, a
variation might be due to the occasional lack of suture closure in already thin areas of the
temporal dermatocranium (see also Chapter 3 — Abel et al. 2022a). This includes the presence
of an additional infratemporal fenestra at the jugal-squamosal-quadratojugal intersection in
some specimens of the early synapsid Ophiacodon retroversus Cope, 1878 (Romer & Price
1940). In at least one specimen of Varanosaurus acutirostris Broili, 1904-05, another
ophiacodontid, a similar second infratemporal fenestra formed between the jugal and
squamosal, directly dorsal to the intersection with the quadratojugal (Berman et al. 1995; Ford
2018). This is reminiscent of the small fenestra observed in Anthracosaurus russelli (see
previous subchapter; Fig. 5B). Similarly, an infratemporal fenestra can appear in the usually
non-fenestrated "cheek" of the parareptile Procolophon trigoniceps Owen, 1876 (Cisneros
2008). In the archosauriform Proterosuchus fergusi Broom, 1903, the lower temporal bar
apparently does not fully close in all individuals (Ezcurra & Butler 2015). These examples are
likely not size- or ontogeny-dependent (Cisneros 2008; Ezcurra & Butler 2015). In fact, there
can be further variation among such individuals as it is the case in the different sets of bones
bordering the infratemporal fenestra in P. frigoniceps and by the second infratemporal fenestra
of O. retroversus. The latter can be restricted to just one side of the skull, suggesting an
interpretation as pathologies or, perhaps harmless, anomalies (Romer & Price 1940; Cisneros
2008).

1.6. Functional morphology

The high diversity of temporal morphotypes among tetrapods, as well as the repeated
independent evolution of temporal openings, suggests mostly functional causes for the
emergence of temporal openings with similar morphotypes evolving due to similar ecological
or biomechanical adaptations. Many if not most explanations for the evolution of temporal
openings are related to biting mechanics (e.g., Dollo 1884; Gregory & Adams 1915; Versluys
1919; Case 1924; Lakjer 1926; Olson 1961; Fox 1964; Frazzetta 1968; Carroll 1982;
Whiteside 1986; Tarsitano et al. 2001; Kleinteich et al. 2012; Werneburg 2013b; Schoch
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2014b). Other explanations include the influence of the neck (e.g., Zdansky 1923—-1925; Kilias
1957; Kuhn-Schnyder 1980; Werneburg 2012, 2015; Ferreira et al. 2020), or an aquatic or
fossorial lifestyle (Gaupp 1895b; Olson 1961; Sherratt et al. 2014; Bardua et al. 2019). Overall,
the causes may be expected to be multidimensional, and the relative role of single factors will

vary among taxa (see also Subchapter 2.3.3.).

1.6.1. Jaw adductors and stress network

Considering biting mechanics to be the main driver behind the evolution of temporal
openings, a high emphasis must be set on the role of the external jaw adductor musculature
(musculus adductor mandibulae externus, AME; Fig. 6), which — in most amniotes — is the
main driver in jaw adduction (e.g., Fox 1964; Bramble 1978; Wittorski et al. 2016) and, hence,

produces the main force during biting. The AME originates in the temporal region from where

itinserts on the posterior mandible (Holliday & Witmer 2007; Diogo & Abdala 2010; Werneburg
2011, 2013a; Ziermann et al. 2018; Ferreira & Werneburg 2019).

Fig. 6 Simplified depiction of the arrangement of the external jaw adductors (pink) in skulls with a fully covered
temporal region (A, B) and with a distinctly reduced dermatocranium (C). (A) Skull of the early amniote
Captorhinus aguti in internal view (after Abel et al. 2022a; see also Fig. 26). (B) lllustration of a skull lacking
temporal openings in posterior view; (C) illustration of an extant mammalian skull in posterior view. (B) and (C)

after Maier (2018). td = temporal dermatocranium.
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In extant vertebrates with a fully covered temporal region, the origination sites of the
AME usually lie internally to the dermal armor (Diogo 2008; Jones et al. 2012; Kleinteich et al.
2012; Fig. 6A, B). The same may be also expected for early stegocephalians and other extinct
taxa that lacked openings (e.g., Adams 1919; Olson 1961; Fox 1964; Werneburg 2013a, 2019;
see also Chapters 3, as well as 4 — Werneburg & Abel 2022). This arrangement might restrict
movement or further enlargement of the AME for expansion beyond the dermatocranium,
which could have been solved by reducing the dermatocranial coverage and, therefore, could
have been a driver for the evolution of temporal openings (Dollo 1884; Gregory & Adams 1915;
Versluys 1919; Lakjer 1926; Kleinteich et al. 2012). Nevertheless, while larger temporal
openings can certainly be correlated with an equally large AME (e.g., Lautenschlager et al.
2017; Johnson et al. 2020), size of the AME can also distinctly increase without the formation
of temporal openings as evident by the enlarged adductor chambers in groups that retained

or re-evolved a non-fenestrated skull (Sues & Reisz 1998).

The emergence of temporal openings could also have been related to a generally more
domed skull in early amniotes relative to most other early stegocephalians (Olson 1961;
Frazzetta 1968; Tarsitano et al. 2001). In taxa with a comparatively flat skull, the main force
during biting usually is produced by the internal jaw adductors (Olson 1961; Frazzetta 1968;
Erickson et al. 2013 and references therein). A flat skull outline is widespread among the
majority of early stegocephalians and might as well be related to their predominantly aquatic
lifestyle. Once amniotes and their relatives became more terrestrial, a relative increase in their
temporal height can be observed (Olson 1961; Frazzetta 1968). This likely enlarged their AME
and steepened the angle by which it would have inserted on the mandible, increasing the
amount of perpendicular forces acting on the temporal dermatocranium (Frazzetta 1968;
Tarsitano et al. 2001). These changes probably correspond to adaptations of feeding outside
of the aquatic realm and the change from a "kinetic-inertial" to a more complex "static-

pressure" jaw adduction system (Olson 1961).

It is these higher and, due to the derived jaw adduction, more complex forces acting
on the temporal dermatocranium that might have triggered the evolution of temporal openings.
While it can be assumed that the AME internally attached to a large area of the temporal
dermatocranium in taxa without temporal openings (Schumacher 1973; Jones et al. 2012),
stress during biting was heterogeneously distributed leading to a "network of lines of stress"
(Olson 1961). Bony areas that sustained higher stresses generally thickened or formed crests
for stronger muscle attachments (Gegenbaur 1898; Case 1924; Fox 1964), developed
external ornamentations (Fox 1964), or tightened bone sutures (Herring 1972; Rafferty &

Herring 1999; see Chapter 3). These highly stressed areas might be the predecessors of
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temporal bars, whereas bony areas that were less affected by stress remained less ossified

and were subsequently lost, forming temporal openings (Case 1924; Fox 1964, Fig. 7).

Evidence for this may be seen in the accessory infratemporal fenestra that can form in
the thin jugal-squamosal-quadratojugal intersection of Ophiacodon retroversus (see
Subchapter 1.5). In addition to that, "weak" areas that correspond to the position of temporal
fenestrae in early fenestrated amniote can also be observed in the Permian reptile
Captorhinus aguti Cope, 1882 (Fox 1964; see Chapter 3) or probably in even more rootward
species (Jaekel 1902). However, whether there is a significant relationship between skull
proportions and the evolution of temporal openings remains to be tested (see Chapter 5).
Large temporal openings can indeed evolve in taxa with a flat skull outline (Ogushi 1911; Mook
1921; Schoch 2014b; Young et al. 2014; Hinz et al. 2019) and a domed skull with large
adductor chambers does not necessarily lead to the formation of temporal openings (Clark &
Carroll 1983; Gaffney 1990; Sues & Reisz 1998).

Fig. 7 (A) Skull of the early amniote Captorhinus aguti highlighting potentially weak (blue) and strengthened
sutures (orange) in the temporal dermatocranium as described in Chapter 3. (B) Skull of the early diapsid
Petrolacosaurus kansensis with the temporal fenestrae corresponding to the thin bony areas found in C. aguti.

Drawings after Fox & Bowman (1966) and Reisz (1977).

1.6.2. Neck mechanics

While temporal openings have been commonly associated with adaptations of the jaw

musculature, changes in neck mechanics might have equally affected the evolution of the
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temporal region. A differentiated neck is considered to be a key evolution in the
terrestrialization of early stegocephalians (Laurin 2010; Heiss et al. 2018) and a highly mobile
atlanto-occipital joint appeared the latest in amniotes, suggesting the need of a light and
narrow skull in terrestrial forms, hence, a reduction of the dermal armor (Versluys 1919; Kuhn-
Schnyder 1980).

Irrespective of this, neck mechanics likely play a major role in the temporal morphology
of turtles (Hay 1908; Zdansky 1923-25; Kilias 1957; Werneburg 2012, 2015; Werneburg et al.
2015c¢; Ferreira et al. 2020). To date, it is mostly agreed on that turtles (i.e., Testudinata)
evolved from diapsid ancestors with temporal openings (e.g., Rieppel & deBraga 1996;
deBraga & Rieppel 1997; Bever et al. 2015; Schoch & Sues 2015, 2018; Li et al. 2018;
Gemmell et al. 2020) but these openings closed in the earliest forms (Gaffney & Jenkins 2010;
Werneburg 2013a; Schoch & Sues 2015, 2018; Werneburg et al. 2015a). In later turtles,
ventrolateral and/or posterodorsal excavation formed in the temporal region but occasionally
closed again (Gaffney 1979; Jones et al. 2012; Werneburg 2012; see Subchapter 1.2.)

Fig. 8 Skull of the Chinese softshell turtle (Pelodiscus sinensis) with a schematic illustration of the neck and the
cryptodiran trapezius muscle (red), attaching anteriorly to the posterodorsal excavation of the temporal region.

Based on Ferreira & Werneburg (2019). Skull after Ogushi (1911).

Both, the ancestral closing of temporal openings in turtles, as well as the later formation
of a posterodorsal and maybe also the anterolateral temporal excavation, can be associated
with the evolution and further specialization of neck retraction. Earliest turtles were likely
capable of a limited form of neck retraction (Werneburg et al. 2015a). It has been hypothesized
that action of the neck musculature selected for a more robust temporal region, realized by
the closure of openings and a decrease of intracranial mobility (Werneburg 2015; Ferreira &
Werneburg 2019; Werneburg & Maier 2019; Werneburg et al. 2021). The subsequent
formation of temporal excavations in later turtles may be related to the mode of retraction

["hidden-neck" (Cryptodira) or "side-neck" (Pleurodira)]. The widespread cryptodiran mode of
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retraction has been enabled by a strengthened dorsal neck musculature with the posterodorsal
excavations being adaptations to stress distribution, as well as providing additional attachment
sites for these muscles (Ferreira & Werneburg 2019; Fig. 8). Correspondingly, large
excavations are missing in those cryptodiran turtles that lost their ability to retract their neck
(Zdansky 1923-25; Kilias 1957), as well as in chelid pleurodirans (Werneburg 2012). In
chelids, the ventrolateral excavation is distinctly enlarged instead, which might be related to
their pleurodiran retraction mode; however, a large ventrolateral excavation can also appear
in cryptodirans and may be additionally related to the arrangement of the jaw musculature and

the fixation of the palatoquadrate in turtles (Werneburg 2012).

1.6.3. Other adaptations

Over decades, various other factors have been suggested to additionally affect the
emergence or loss of temporal openings. Many of these play an indirect role on stress
distribution within the temporal dermatocranium as they influence the arrangement and size
of the jaw adductor musculature like relative positions of other skull parts (e.g., Dollo 1884;
Lakjer 1926), or the type of jaw articulation and/or cranial kinesis (e.g., Romer 1956; Whiteside
1986). It has also been suggested that this might relate hearing and physiology [(Robinson
1973; Holliday et al. 2020; however, see also Evans (1980), Carr (2021), and Ramirez et al.
(2022)], or defensive adaptations (Zdansky 1923-25; Kilias 1957; Paluh et al. 2020). In some
instances, closure and increased robustness of the dermal armor may be related to the
evolution of a fossorial lifestyle [Gower et al. 2004; Sherratt et al. 2014; Ebel et al. 2020; but
see also Kleinteich et al. (2012)]. Furthermore, the non-fenestrated skulls in sea turtles and
early sarcopterygians have been interpreted as adaptations to the high hydrostatic pressure
acting on their skulls when submerged (Gaupp 1895b), but considering the often large
temporal openings in various aquatic reptiles this does not seem to be a general pattern (e.g.,
Maisch & Hungerbuhler 2001; Benson et al. 2013; Young et al. 2014) and may be dependent

on different other factors.

1.7. Ontogeny

Ultimately, the evolution of various temporal morphotypes is bound to changes in
developmental patterns (see Subchapter 2.3.2.e). Emergence of new types may be favored
by the occasional occurrence of slight intraspecific/ontogenetic variations (see Subchapter
1.5.). In addition to this, major drivers are likely embryonal movements of the jaw and neck

musculature that shape and arrange the still plastic dermatocranium (Schoch 2014bp;
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Werneburg 2019; Werneburg & Maier 2019). For example, the rapid emergence of temporal
openings in early amniotes might have been enabled, because the lack of larval development
extended, which the time for the dermatocranium to align before the musculature became
active (Werneburg 2019). Yet, the presence of a larval stage does not exclude the evolution
of temporal openings in lissamphibians (Schoch 2014b; Paluh et al. 2020) and the
developmental backgrounds behind the formation of temporal openings in some extinct non-
amniotes are hard to reconstruct (see Subchapter 2.3.2.e). Indeed, research on how various
groups differ in their development of the temporal region is still in its early stages but the
current theoretical framework and first embryological studies promise new insights within the
upcoming years (Tarsitano et al. 2001; Tokita et al. 2013; Schoch 2014b; Werneburg 2019;
Werneburg & Maier 2019; Werneburg et al. 2021).

1.8. Aim and overview of the following chapters

The aim of this thesis was to provide a broad perspective of the morphology of the
temporal skull region in tetrapods and other stegocephalians. The emphasis was placed on
the evolution and early emergence of temporal openings, especially within amniotes, and

which intrinsic factors cause and affect their formation.

Chapter 2 provides an in-depth review on previous research on the topic with a special
focus on how opinions and hypotheses on phylogenetic patterns and functional causes behind
temporal openings changed over the last 150 years. Additionally, this chapter introduces a
new comprehensive scheme to subdivide stegocephalian skulls into ten morphotypes based

on their type and number of temporal openings.

In Chapter 3 a detailed description of the sutures in the dermatocranium of the early
amniote Captorhinus aguti is given and a reconstruction of its jaw adductor musculature was
modeled. This was done to discuss the intracranial mechanics in the hypothetic ancestral
amniote and how they might have affected the evolution of temporal openings. It has been
shown that C. aguti possessed potential weak areas in its temporal dermal armor that

corresponds to the position of infratemporal and supratemporal fenestrae in other amniotes.

Chapter 4 presents an Anatomical Network Analysis of the skull of the same species
as a model for skull bone integration in early "anapsids". It will be demonstrated that the skull
of C. aguti can be subdivided in several functional modules with the “weak areas” described
in Chapter 3 mainly lying on the contact zones of these modules. Additionally, the skull network

of C. aguti has been modified to imitate the presence of the above described ten types of
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temporal openings. This leads to changes in the modular composition likely having

implications for jaw adductor arrangement and intracranial mobility.

Lastly, Chapter 5 provides a conclusion and short outlook on projects that may arise

from this thesis.
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2. Morphology of the temporal skull region in tetrapods:
research history, functional explanations, and a new
comprehensive classification scheme

2.1. Introduction

The temporal region, the part of the dermatocranium between the orbits, and the
occiput serves multiple purposes in the vertebrate skull: it incorporates the cranial origin sites
of the jaw adductor musculature, the jaw hinge, and covers the ear and ultimately also the
braincase. Accordingly, the temporal region exhibits a vast array of morphotypes, reflecting
evolutionary differences in lifestyle and developmental patterns in the respective taxa. The
high morphological diversity of the temporal region is most evident in the extant tetrapod main
groups Lissamphibia and Amniota. While most Paleozoic non-tetrapods (sensu Laurin 2020b)
had a fully closed temporal dermatocranium (e.g., Clack 1997, 2002; Blom 2005; Daeschler
et al. 2006), most lissamphibians and amniotes show either a greatly reduced temporal
dermatocranium or have developed a variety of temporal openings (e.g., Kleinteich et al. 2012;
Werneburg 2019; Ford & Benson 2020; Paluh et al. 2020). Even in some radiations of extinct
tetrapods, like "Lepospondyli”, a variety of temporal morphotypes, such as large ventral
excavations or overall reductions of the dermatocranium, can be observed (e.g., Bolt &
Rieppel 2009; Pardo & Anderson 2016). The morphology of the temporal region in tetrapods
has thus attracted much interest over the last 200 years, from paleontologists and
neontologists alike (e.g., Hallmann 1837; Cope 1892; Baur 1894; Gaupp 1895a,b; Williston
1904; Fuchs 1909; Jaekel 1913; Boas 1915; Versluys 1919; Broom 1922; Fox 1964; Frazzetta
1968; Tarsitano et al. 2001; Werneburg 2019). Apart from purely morphological comparisons
(Hallmann 1837), previous workers focused on the functional (e.g., Dollo 1884; Gaupp 1895b;
Gregory & Adams 1915; Case 1924; Frazzetta 1968), developmental (e.g., Tarsitano et al.
2001; Schoch 2014b; Ford 2018; Werneburg 2019), and phylogenetic background (e.g., Baur
1894; Osborn 1903; Williston 1917; Broom 1922; Kuhn-Schnyder 1980; Miuller 2003;
MacDougall & Reisz 2014; Ford & Benson 2020) of the structural diversity in the temporal
skull region. Much emphasis has been put on the phylogenetic value of temporal morphology,
inspiring the naming of several higher taxa, such as "Synapsida", "Diapsida"”, "Anapsida",
"Euryapsida", "Stegokrotaphia”, and "Stegocephali" (e.g., Cope 1868; Osborn 1903; Fuchs
1909; Williston 1917; Broom 1922; Colbert 1945; Boettger 1952; Cannatella & Hillis 1993),
some of them remain in use to the present day — although often with a different definition.

Yet it has been demonstrated that some morphological traits, such as an infratemporal

fenestra or a fully closed temporal dermatocranium, appeared independently and repeatedly
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in distantly related taxa (Muller 2003; MacDougall & Reisz 2014; Ford & Benson 2020),
probably not always in response to the same selective pressure (Carroll 1982; Werneburg
2012, 2015, 2019). Additionally, the temporal region can vary distinctly in morphology among
closely related taxa (Gow 1972; Tsuji et al. 2012), specimens of the same species (Cisneros
2008; Ezcurra et al. 2015), or throughout ontogeny (Gow 1972; Haridy et al. 2016). This
highlights the complex evolution of the temporal region in tetrapods and casts doubt on a
classification of various tetrapod clades that emphasizes their temporal morphology,
especially within Amniota (e.g., "Synapsida", "Diapsida", "Anapsida", "Parapsida",
"Euryapsida"). It seems likely that similar temporal morphotypes evolved in different clades,
either because of similar selective pressures or because different selective regimes favored
the convergent evolution of similar morphotypes. Thus, to establish an understanding of the
diversity of the tetrapod temporal region, a holistic approach involving phylogenetic, functional,
developmental, and ecological considerations is needed.

Here, a completely new classification scheme for temporal morphology in both tetrapod
groups (amphibians and reptiliomorphs) is provided, enabling the discussion on the diversity
of the temporal skull region without adding confusion by expanding or modifying the vast
number of previous perspectives. Afterwards, an overview on the research history of temporal
morphology in Tetrapoda and their extinct relatives follows. This chapter illustrates the
different approaches used by previous, sometimes rarely cited, researchers to investigate the
high disparity of the tetrapod temporal region, and discusses which functional, developmental,

and evolutionary factors they considered as fundamental to changes in temporal morphology.

2.2.1. Morphological and taxonomic definitions
2.2.1.a) Morphology

Morphological terms for the temporal region have been used differently by previous
researchers. This applies especially to the question of whether excavations in the temporal
region (e.g., ventrally in the “cheek” of most squamates or the posterodorsal and ventral
excavations observed in most turtles) should be described as temporal fenestrae or not. For
clarification on morphotypes as used in this thesis, definitions are provided in Tab. 1 that are
mostly based on Werneburg (2013b, 2019).

2.2.1.a) Taxonomy

In the works discussed in this chapter, taxonomic names often were used in a non-
cladistic sense or differed in their taxonomic content from their modern usage [e.g.,
“Synapsida”, which also incorporated “cotylosaurs”, placodonts, plesiosaurs, and turtles when

Osborn (1903) first introduced the name]. Additionally, even in recent decades, the definitions
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of some commonly used taxa have been extensively discussed (e.g., Laurin & Anderson 2004;
Modesto & Anderson 2004). Hence, to avoid confusion, definitions on some of these names
are presented in Tab. 2. As it will be shown in this chapter, an apomorphy-based definition of
clades using temporal morphology can be ambiguous, thus the application of such definitions
is avoided here. This applies especially to Diapsida, which generally has been used as the
amniote clade possessing both an infratemporal and a supratemporal fenestra; a presumed
apomorphy inherited by the extant tuatara (Gauthier & de Queiroz 2020). However, whether
this trait appeared only once or arose several times independently in early reptiles is hard to
determine (Ford & Benson 2020; see Subchapter 2.3.1e). In fact, the morphotype of the
tuatara may have evolved secondarily (e.g., Miller 2003; Evans 2008). Therefore, Diapsida is
used herein with a node-based definition as has been applied in previous publications (e.g.,
Laurin, 1991; Laurin & Reisz, 1995).

Tab 1. Morphological terms used in this thesis.

Temporal openings are reductions of the temporal dermatocranium
Temporal opening that are either formed within the suture of two or more bones
(temporal fenestra) or by excavations in the dermal armor in a
ventrolateral or posterodorsal direction.
Temporal fenestrae are temporal openings that are completely
surrounded by bone. They always form within the sutural contact of
two or more temporal bones. An infratemporal fenestra forms in the
“cheek” region of the skull and is ventrally always bordered by a lower
temporal bar (i.e., zygomatic arch). A supratemporal fenestra forms in
Temporal fenestra the skull roof and is medially always bordered by the parietal. In some
cases, the temporal fenestra is confluent with the orbit (e.g., many
Mammalia), or the orbit extends distinctly into the temporal region
(e.g., Procolophonidae). Both conditions are referred to as an
orbitotemporal opening, however, they have different developmental
and evolutionary origins.
Temporal excavations are ventrolateral or posterodorsal excavations
of the dermal armor, formed either by the reduction of a temporal bar
Temporal excavation  (squamates, birds), loss of bones (lissamphibians), or by an
embayment of the dermal armor (mammals, turtles). The otic notch is
not a temporal excavation.
Temporal bars are bony arches that border temporal fenestrae. The
lower temporal bar (or zygomatic arch) is the bony arch that ventrally
Temporal bar borders the infratemporal fenestra. The upper temporal bar borders
the infratemporal fenestra dorsally, or the supratemporal fenestra
laterally. The arch bordering the infratemporal fenestra anteriorly is
the postorbital bar. The posterior equivalent is the posttemporal bar.
Temporal bridges are remnants of the temporal dermal armor in-
Temporal bridge between two temporal excavations. They are mostly found in turtles
but are also present in other taxa such as Recumbirostra (early
Tetrapoda).
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2.2. An updated morphological classification scheme

The history of research on the tetrapod temporal region involved the introduction of
several classification schemes for the different temporal morphotypes and sometimes the
erection of new taxa based on these morphotypes. While systems following Osborn (1903;
see Subchapter 2.3.1.c) and Gaupp (1895b; see Subchapter 2.3.1.b) are in common use in

comparative anatomy, there are currently two challenges.

Tab. 2 Definitions of taxonomic names used in this thesis.

Taxon Definition ’

Used mostly sensu Laurin (2020a) as the clade
containing Tetrapoda, but not Panderichthys

Sl el rhombolepis and Tiktaalik roseae.

Used sensu Laurin (2020b) as the least
Tetrapoda 1qc1u51ve . cllade containing Amniota and

Lissamphibia.

Used sensu Laurin et al. (2020a) as the clade
Amphibia containing Lissamphibia and all taxa closer to

Lissamphibia than to Amniota.

Used sensu Laurin et al. (2020b) as the least-
inclusive clade containing Anura (frogs),
Caudata (salamanders), and Gymnophiona
(caecilians).

Used mostly sensu Modesto & Anderson
(2004) as the clade containing Lepidosauria
(squamates and tuatara), Archosauria
(crocodiles and birds), Testudines (turtles),
and all taxa closer to these than to Mammalia.
Used mostly sensu Laurin (1991) and Laurin &
Reisz (1995) as the least-inclusive clade
containing Lepidosauria, Archosauria,
Youngina capensis, and Araeoscelis gracilis.
Used mostly sensu Laurin & Reisz (2020) as
the clade containing Therapsida (mammals
and their relatives) but not Reptilia after
Modesto & Anderson (2004).

Lissamphibia

Reptilia

Diapsida

Synapsida

First, amniote and amphibian researchers apply two different classification schemes to
describe the temporal morphology of their studied species. Amniote researchers usually prefer
the scheme initiated by Osborn (1903) (which uses "synapsid", "anapsid", "diapsid",
"euryapsid", and so forth), whereas in the amphibian literature the terms of Gaupp (1895b)

("stegokrotaphic”, "zygokrotaphic", "gymnokrotaphic") prevail. It may be argued that this can

be justified by the evolutionary distance and developmental/morphological differences
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between these groups. Yet, as demonstrated herein, developmental or functional reasons for
temporal openings may even vary within amniotes and lissamphibians, and similar factors
might invoke their convergent development.

Second, in the scheme used for amniotes, the commonly used terms are based on
formally erected taxa. However, of these taxa only Synapsida and Diapsida are still considered
to be monophyletic (e.g., Benton 1985; Gauthier & de Queiroz 2020; Laurin & Reisz 2020),
although with ongoing controversies on their actual taxonomic composition (e.g., Berman
2013; Schoch & Sues 2015; Laurin & Pifieiro 2017, 2018; Ford & Benson 2020). In fact, even
the current consensus differs markedly from the point of view when these taxa were first
introduced (Osborn 1903; Williston 1917) and the original terms are now often used to
describe the morphology of species that were previously not considered to belong to one of
these taxa (e.g., Nussbaum 1983; Tarsitano 1983; Carroll 1988; Heckert et al. 2012). Hence,
instead of further modifying one of the traditional schemes, especially by adding a new array
of "-apsid" types, here a new and comprehensive classification scheme for the tetrapod
temporal region is introduced that is neither based on phylogeny nor on assumed functional
backgrounds or homology criteria (Fig. 9).

The main goal for the new terms to be (1) short and coherent in their phrasing, and (2)
descriptively distinct but still generally applicable to a high number of clades. This classification
scheme introduces ten distinct morphotypes applicable to Tetrapoda and other Stegocephali
(Fig. 10). Some skulls may not be unambiguously assignable to a single one of these
morphotypes. This is as expected: naturally occurring morphological variation may never fit
an artificial scheme perfectly. Yet, it is expected that the majority of tetrapod skulls can be
assigned to one of these types. This scheme is not based on homology criteria, but rather on
the presence, configuration, and number of temporal openings. Hence, it does not consider
the exact suturing between the temporal bones, the presence or absence of a specific bone,
the presence of a posttemporal fenestra, skull proportions, or muscle arrangements. The
relative size of a temporal opening is only considered for temporal excavations, whereas the
relative size of a temporal fenestra has no implications for morphological assignment herein.
This approach thus carries the risk of integrating only superficially similar temporal skull
conditions within the same morphotype. Nevertheless, this scheme also retains independence
from taxonomic and functional interpretations. Ordering the tetrapod temporal region by a
simple morphological scheme should ensure a better comprehension of the complexity and
functional adaptations in this large area of the cranium and provides a basis for future
quantitative studies that examine the underlying developmental patterns and structural

homology of the temporal dermatocranium.
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No temporal openings
are present

Temporal bars or
bridges are absent

Synonyms

- stegokrotaphic (after Gaupp, 189556)
- holo-stegocrotaph (Gaupp, 18954)

- stegal (Jaekel, 1909q)

- pars tegal (Jackel, 1909a)

- anapsid (after Williston, 1917)

- akeiroid/euanapsid (Smith ef af., 1983)

Infratemporal fenestra as the
only temporal opening

Ventral excavation as the
only temporal opening

Synonyms

- gymnokrotaphic (atter Gaupp, 18954)
- Untergruppe A (Fuchs, 1909)

- pars saurocrotaphic (Williston, 1912)

- pars parapsid (after Williston, 1917)

- 1. Typus (Versluys, 1919)

- anadiapsid (Smith er af.., 1983)

- anasynapsid (Smith er al, 1983)

- hyperpleurokeiroid (Smith e af., 1983)
- pars excavation (Werneburg 2019)

Supratemporal fenestra as
the only temporal opening

Posterodorsal excavation as
the only temporal opening

Synonyms

- zygokrotaphic (atter Gaupp, 18955)
- mono-zygocrotaph (Gaupp, 18955)

- anazygocrotaph (Fiirbringer, 1900}

- pars synapsid (after Osborn, 1903)
- pars zygal (Jaekel, 19094)

- pars monozygal (Jaekel, 1909a}

- pars Untergruppe B (Fuchs, 1909)

- pars therocrotaphic (Williston, 1912)
- 2. Typus/Typus A (Versluys. 1919)

- pars eusynapsid (Smith et al., 1983)
- monapsid (Werneburg 2019)

Synonyms

- pars stegokrotaphic (atter Gaupp, 18955)
- hemi-stegocrotaph {Gaupp, 1895q)

- pars tegal (Jaekel, 1909q)

- Zweite Reihe (Fuchs, 1909)

- pars anapsid (afier Williston, 1917)

- 4, Typus (Versluys, 1919)

- pleurokeiroid (Smith et al., 1983)

- pars excavation (Werneburg, 2019)

Synonyms

- zygokrotaphic (after Gaupp, 198554)
- pars mono-zy gocrotaph (Gaupp, 18955)
- katazygocrotaph (Fiirbringer, 1900)

- pars synapsid (after Osborn, 1903)

- pars rygal (Jaekel, 1909a)

- pars monozygal (Jaekel, 1909¢)

- Untergruppe B (Fuchs, 1909)

- pars therocrotaphic (Williston, 1912)
- pars parapsid (after Williston, 1917)
- 3. Typus/Typus B (Versluys, 1919)

- eurvapsid (atter Colbert, 1945)

- metapsid (aller Boeliger, 1952)

- pars hemidiapsid (Smith et af., 1983)
- pars excavation {Werneburg, 2019)

Synenyms

- zygokrotaphic (after Gaupp, 18955)
- pars tegal (Jackel, 1909a)

- Erste Reihe (Fuchs, 1909)

- pars anapsid (after Williston, 1917)
- pars 4. Typus (Versluys, 1919)

- opisthokeiroid (Smith er af., 1983}

- pars excavation (Werneburg, 2019)

Infratemporal and
supratemporal fenestrae
are present

S8 g <y

Ventral and posterodorsal
excavations are present

Two pairs of infratemporal
fenestrae are present, often
with a supratemporal
fenestra

Ventral excavation and
supratemporal fenestra
are present

Synonyms

- zygokrotaphic (after Gaupp, 18955)
- di-zygocrotaph (Gaupp, 18955b)

- diapsid (after Osborn, 1903)

- pars zygal (Jaekel, 1909¢)

- dizygal (Jackel, 1909a)

- Untergruppe A (Fuchs, 1909)

- pars saurocrotaphic (Williston, 1912)
- 1. Typus (Versluys, 1919)

- eudiapsid (Smith ef af., 1983)

- diplapsid ( Werneburg, 2019)

Synonyms

- zygokrotaphie (afier Gaupp, 1895h)

- pars tegal (Jaekel, 1909a)

- pars anapsid (aller Williston, 1917)

- 4. Typus (Versluys, 1919)

- pars opisthokeiroid (Smith er al., 1983)
- pars pleurokeiroid (Smith er al., 1983)
- pars excavation (Werneburg, 2019)

Synonyms

- pars diapsid (after Osborn, 1903)

Synonyms

- zygokrotaphic (afier Gaupp, 1895h)
- pars mono-zygocrotaph (Gaupp, 18955)
- katazy gocrotaph (Fiirbringer, 1900)

- pars diapsid (atter Osborn, 1903)

- pars zygal (Jackel, 1909a)

- pars monozygal (Jaekel, 1909«)

- Untergruppe A (Fuchs, 1909)

- pars saurocrotaphic (Williston, 1912)
- pars parapsid (atter Williston, 1917)
- 1. Typus (Versluys, 1919)

- katapsid (after Boettger, 1952)

- hemidiapsid (Smith ef al, 1983)

- pars excavation (Werneburg 2019)

[Figure caption on the following page]
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Fig. 9 Novel comprehensive classification scheme for the arrangement of temporal openings in Tetrapoda. (A)
Scutal, (B) nudital, (C) infrafenestral, (D) infrafossal, (E) suprafenestral, (F) suprafossal, (G) bifenestral, (H)
bifossal, (I) additofenestral, (J) fossafenestral. Red = temporal fenestra; light pink = temporal excavation; dark
pink = other skull openings. Skull outlines are generalized after the early reptile Captorhinus from Fox & Bowman

(1966). Widely used synonyms are highlighted in blue.

2.2.1. Scutal

From Latin scutum = "shield", scutal describes skulls with a fully roofed temporal
region, i.e. a temporal dermatocranium lacking fenestrations or distinct temporal excavations
(Fig. 9A). It corresponds, among others, to "anapsid" (after Williston 1917), "stegokrotaphic"
(after Gaupp 1895b), and "stegal" (Jaekel 1909a; see also Fig. 9A for further synonyms). It is
the ancestral condition in Tetrapodomorpha and is mostly retained, with a reduced number of
dermal bones, in several extinct relatives of Lissamphibia and Amniota, and likely as a
symplesiomorphy in early Amniota and Gymnophiona (for further details of the taxa and
literature mentioned in the skull type descriptions, see Subchapter 2.3.1.d). It reappeared likely
secondarily in Pareiasauromorpha, early Testudinata and a number of Testudines, as well as

in some hyperossified Anura. The skulls of various Mammalia may be referred to this type.

2.2.2. Nudital

From Latin nuditas = "bareness", nudital describes skulls that lack temporal bars or
bridges due to a heavily reduced temporal dermatocranium (Fig. 9B). Usually only the parietal
region still retains dermal bones. This morphotype corresponds with "gymnokrotaphic" (after
Gaupp 1895b). It is widespread in Batrachia and Ophidia, but occurs also in a number of other

Squamata, as well as some Testudines.

2.2.3. Infrafenestral

From Latin infra = "below" and fenestra = "window", infrafenestral describes skulls that
possess an infratemporal fenestra as their only temporal opening (Fig. 9C). This morphotype
corresponds mainly to "synapsid" (after Osborn 1903), but also partly to "zygokrotaphic” (after
Gaupp 1895b) or "zygal" (Jaekel 1909a). It occurs most notably in the majority of non-
neotherapsidan Synapsida, Gorgonopsia, and many Parareptilia. It can be also found in the
embolomere Anthracosaurus russelli and some the caimans, some Ankylosauria, and a
number of Anura. The size of the fenestra varies distinctly among taxa, ranging from miniscule
to large openings that occupy most of the "cheek". The infrafenestral type may have arisen

independently in Synapsida and Parareptilia, or may represent a synapomorphy of Amniota
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(see Subchapter 2.3.1.e). In caimans and ankylosaurs, this morphotype emerged by

secondary closure of the supratemporal fenestra.
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Fig. 10 The ten morphotypes proposed by the novel classification scheme (see Fig. 9), with examples of taxa to
show the potential variation. (1) Acanthostega gunnari (early Stegocephali; after Clack 2002); (II) Cacops morrisi
(Temnospondyli; after Reisz et al. 2009); (lll) Microcaecilia iwokramae (Gymnophiona; after Wake & Donnelly
2012); (V) Captorhinus aguti (early Reptilia; after Fox & Bowman 1966); (V) Kapes bentoni (Parareptilia; after
Zaher et al. 2019); (V1) Proganochelys quenstedti (early Testudinata; after Gaffney 1990); (VII) Cryptobranchus
alleganiensis (Caudata; after Carroll & Holmes 1980); (VIIl) Bombina orientalis (Anura; after AmphibiaTree
2004); (IX) Argyrogena fasciolata (Squamata; after Das et al. 2019); (X) Terrapene ornata (Testudines; after
Gaffney 1979); (XI) Anthracosarus russelli (Embolomeri; after Panchen 1977); (XIl) Calyptocephalella gayi
(Anura; after Boas 1915); (XIll) Cotylorhynchus romeri (early Synapsida; after Romer & Price 1940); (XIV)
Ophiacodon uniformis (early Synapsida; after Romer & Price 1940); (XV) Syodon biarmicum (Dinocephalia; after
Kammerer 2011); (XVI) Bolosaurus striatus (early Parareptilia; after Broom 1913); (XVIl) Llistrofus pricei
("Lepospondyli"; after Bolt & Rieppel 2009); (XVII) Brachydectes newberryi ("Lepospondyli"; after Pardo &
Anderson 2016); (XIX) Milleropsis pricei (Parareptilia; after Gow 1972); (XX) Cricosaura typica (Squamata; after
Maisano 2003); (XXI) Emydura maquarii (Testudines; after Gaffney 1979); (XXIl) Gallus gallus (Avialae; after
Jollie 1957); (XXIII) Cynognathus platyceps (early Eutheriodontia; after Broom 1911); (XXIV) Temnodontosaurus
trigonodon (Ichthyosauria; after Maisch & Hungerbiihler 2001); (XXV) Placodus gigas (Placodontia; after Sues
1987); (XXVI) Pliosaurus kevani (Plesiosauria; after Benson et al. 2013); (XXVIl) Scolecomorphus sp.
(Gymnophiona; after DigiMorph Staff 2002); (XXVIIl) Zalambdalestes lechei (Mammalia; after Wible et al.
2004); (XXIX) Pelodiscus sinensis (Testudines; after Ogushi 1911); (XXX) Petrolacosaurus kansensis (early
Diapsida; after Reisz 1977); (XXXI) Clevosaurus hudsoni (Rhynchocephalia; after Fraser 1988); (XXXII)
Erythrosuchus africanus (early Archosauriformes; after Nesbitt 2011); (XXXII) Thalattosuchus superciliosus
(Thalattosuchia; after Andrews 1913); (XXXIV) Testudo graeca (Testudines; after Gaffney 1979); (XXXV)
Delorhynchus cifellii (Parareptilia; after Haridy et al. 2016); (XXXVI) Postosuchus kirkpatricki (early
Pseudosuchia; after Weinbaum 2011); (XXXVII) Pleurodeles walti (Caudata; after AmphibiaTree & Gosselin-
Ildari 2008); (XXXVIII) Lystrosaurus murrayi (Anomodontia; after Ray 2005); (XXXIX) Claudiosaurus germaini
(early Diapsida; after Carroll 1981); (XL) Iguana iguana (Squamata; after Conrad & Norell 2010).

2.2.4. Infrafossal

From Latin infra = "below" and fossa = "cavity", infrafossal describes skulls with a large
ventral excavation in the "cheek" as the only temporal opening, with this excavation occupying
more than 30% of the temporal height (Fig. 9D). Smaller excavations are not considered for
classification. Skulls of this type have been sometimes referred to as "anapsid”, but the best
historical analogues may be "hemi-stegokrotaph" (Gaupp 1895a), "second series" (Fuchs
1909), and "pleurokeiroid" (Smith et al. 1983). The morphotype occurs most notably in
Pleurodira, but also in Eunotosaurus africanus, Scincoidea, some Parareptilia, and some

"Lepospondyli".
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2.2.5. Suprafenestral

From Latin supra = "above" and fenestra = "window", suprafenestral describes skulls
that possess a supratemporal fenestra as the only temporal opening (Fig. 9E). This
morphotype corresponds mostly to "euryapsid" (after Colbert 1945), but also "parapsid" (after
Williston 1917), and "metapsid" (after Boettger 1952). It occurs especially in various
Sauropterygia and Ichthyosauromorpha, as well as in non-mammalian Eutheriodontia. It is
also present in the early diapsid Araeoscelis gracilis Williston, 1910, a few Archosauriformes,
and some Choristodera. In all reptiles with a suprafenestral skull, this morphotype likely
evolved due to closure of the infratemporal fenestra. In Eutheriodontia, however, the

suprafenestral type evolved by a lateromedial widening of the infratemporal fenestra.

2.2.6. Suprafossal

From Latin supra = "above" and fossa = "cavity", suprafossal describes skulls with a
large posterodorsal excavation in the skull roof as their only temporal opening, with this
excavation occupying more than 30% of the temporal length (Fig. 9F). Skulls of this type have
been sometimes referred to as "anapsid". The best historic analogues may be "first series”
(Fuchs 1909) and "opisthokeiroid" (Smith et al. 1983). This morphotype occurs most notably

in Cryptodira, but also in several Gymnophiona. Arguably may also be referred to Mammalia.

2.2.7. Bifenestral

From Latin bis = "two" and fenestra = "window", bifenestral describes skulls that
possess an infratemporal and a supratemporal fenestra (Fig. 9G). This morphotype
corresponds mainly to "diapsid" (after Osborn 1903). Occurs mostly in non-avialian
Archosauriformes, but also in some early Diapsida, several Lepidosauria, and late
Rhynchosauria. Arguably also present in some Anura, but overall restricted to reptiles. May
be the ancestral condition in Diapsida, however, the bifenestral morphotype in many Sauria is
likely a secondary condition that emerged through the development of a lower temporal bar.

The shape and proportions of both fenestrae can vary drastically.

2.2.8. Bifossal

From Latin bis = "two" and fossa = "cavity", bifossal describes skulls that possess a
large posterodorsal and ventral excavation as temporal openings, occupying more than 30 %

of the temporal height or temporal length, respectively (Fig. 9H). There is no perfectly fitting
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historical analogue. Overall restricted to Testudines. Arguably, most mammal skulls fall under
this type, however, in their case the posterodorsal excavation is a drastically widened
infratemporal fenestra, and both excavations are separated by the former lower temporal bar
(i.e., zygomatic arch), whereas in turtles the excavations are secondary reductions of a formal

scutal skull.

2.2.9. Additofenestral

From Latin additus = "additional" and fenestra = "window", additofenestral describes
skulls that possess two pairs of infratemporal fenestrae often in addition to a supratemporal
fenestra (Fig. 9l). There is no perfectly fitting historical analogue, but skulls of this type are
often referred to as "diapsid". The second pair of infratemporal fenestrae can emerge by the
subdivision of a large infratemporal fenestra by a bony process or within another suture of the
temporal dermatocranium. Occurs in Tyrannosauridae, several early Loricata, and some
Parareptilia. Infrafenestral types with an "auxiliary" fenestra on one side of the skull (as in

some early synapsids) may, arguably, be referred to this type.

2.2.10. Fossafenestral

From Latin fossa = "cavity" and fenestra = "window", fossafenestral describes skulls
that possess a supratemporal fenestra together with a large ventral excavation in the "cheek"
that occupies at least 30% of the temporal height (Fig. 9J). Corresponds mainly to "parapsid"
(after Williston 1917) and "katapsid" (after Boettger 1952). Widespread in Diapsida, especially
within Lepidosauria, in most Anomodontia and some Salamandridae. However, in
Anomodontia the supratemporal fenestra is evolutionary derived from a widened infratemporal
fenestra. The size of the supratemporal fenestra can differ markedly. This morphotype is often

associated with a streptostylic jaw.

2.3. Research history of the temporal skull region

2.3.1. Temporal skull diversity as a classification tool

Comparative studies of the vertebrate skull, including differences in the temporal
region, predate Darwin with a notable contribution by Cuvier (1829). The first detailed
monograph on the temporal skull region was by Hallmann (1837). He described the osteology
and myology of the temporal region as well as the associated neurobiology, and the auditory

system mainly of extant vertebrates. Hallmann (1837) did not examine the skull under a
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phylogenetic perspective, but focused particularly on embryological differences among

vertebrates and how the various morphotypes formed during prehatching/prenatal ontogeny.

2.3.1.a) Early phylogenetic inferences

Scientific interest in the morphology of the temporal skull region increased by the end
of the 19" century (Fig. 11). Due to increasing attempts to understand evolutionary changes
metaphorically as a "tree" (Tassy 2011), together with the growing acceptance of Darwinian
theories of evolution (Darwin 1859) and better availability of paleontological data,
morphological differences were increasingly viewed in terms of phylogenetic relationships.
The early phylogenetic discussions were mostly focused on the homology of particular
temporal bones (mainly the squamosal and quadratojugal). The first attempt explicitly to
discuss phylogenetic aspects of temporal anatomy likely was Gilinther (1867), who highlighted
similarities in the temporal region between the tuatara (Sphenodon punctatus Gray, 1842) and
crocodiles, contrasting these with the morphology of squamates and turtles. Baur (1889) was
probably the first to describe the evolution of the "temporal arches" (i.e., temporal bars) in
different tetrapods from early stegocephalians and their assumed gar-like ancestors with a
complete dermal covering of the temporal region.

Cope (1892), who argued for homology of the temporal arches among reptiles, further
distinguished between a "Series I", "Series 11", and "Series III" in the evolution of reptiles with
respect to the formation of temporal bars (Fig. 11). Like Baur (1889), Cope (1892) considered
a closed dermatocranium as the ancestral condition from which the reduced dermatocranium
of turtles (Series 1), the supratemporal fenestra ["supramastoid foramen" in Cope (1892)] of
Ichthyopterygia (Series Il), as well as different appearances and losses of temporal bars in
various other amniotes (Series IIl) evolved.

Baur (1895) discussed the works of Cope (1892) and Gaupp (1895a,b; see Subchapter
2.3.1.b) with regard to homologies of the temporal bones among different taxa. Case (1898)
argued that the non-fenestrated Pareiasauria were the ancestral "reptilian" group, of which,
first, the "Proganosauria" (= Mesosauridae) with an infratemporal and supratemporal fenestra
arose, followed by branches leading to extant reptiles ("saurocephalous group") and mammals
("mastocephalous group"; Fig. 11).

Gegenbaur (1898) postulated that taxa with several "Spangen" ("clasps”, meaning
temporal bars and bridges) like rhynchocephalians or crocodiles represent the condition that
arose first from taxa with a fully roofed dermatocranium, from which taxa with only one "clasp"

(turtles, "enaliosaurs”, and "theromeres") and also the morphotypes of squamates evolved.
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Fig. 11 Overview of previous descriptive classification schemes based on the morphology of the temporal skull region. Skulls
are as listed in legend to Fig. 10 with the addition of "Holo-stegocrotaph": Limnoscelis paludis after Romer (1946);
"Anasynapsid": Tachyglossus aculeatus after Macrini (2004); "Type 3", "Type 8": Edaphosaurus boanerges after Modesto

(1995); "Type 6", "Type 9": Candelaria barbouri after Cisneros et al. (2004).
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2.3.1.b) Handling morphological diversity

Gaupp (1895a,b) was the first to introduce anatomical terms for different temporal
morphotypes, coining the terms "stegocrotaph", "zygocrotaph", and "gymnocrotaph" (Fig. 11).
With reference to the taxon Stegocephali, he adopted the term "stegocrotaph” [from Ancient
Greek oréyoc (stégos) = "roof" and kporapoc (krétaphos) = "temple"] for species with a fully
closed dermatocranium in their temporal region, including early stegocephalians, marine
turtles, and "Cotylosauria". In fact, Stegocephali [from Ancient Greek oréyoc (see above) and
kepaln (kephalé) = "skull"], which was introduced by Cope (1868) for a set of Paleozoic
tetrapods, may be the first time a taxon was named based on its temporal morphotype. Gaupp
(1895a) proposed a further subdivision of "stegocrotaph" skulls into "holo-stegocrotaph" and
"hemi-stegocrotaph” types. He used "holo-stegocrotaph” [from Ancient Greek 6Ao¢ (hdlos) =
"complete"] for skulls that possess a fully enclosed temporal region, whereas "hemi-
stegocrotaph"” skulls [from Ancient Greek fjuiouc (hémisys) = "half'] have a completely ossified
skull roof but a ventrally emarginated "cheek" region like that found in scincoids. "Zygocrotaph"
[from Ancient Greek {Uywua (zygdma) = "bar"], which Gaupp (1895b) subdivided into "mono-
zygocrotaph" and "di-zygocrotaph", was used for skulls with one or two fully formed temporal
bars. Gaupp (1895b) defined a "mono-zygocrotaph" condition [from Ancient Greek
uoévog (moénos) = "single"] to be present in anurans, mammals, birds, the majority of turtles,
and non-ophidian squamates, whereas a "di-zygocrotaph" cranium [from Ancient Greek di¢
(dis) = "double™)] is found in rhynchocephalians, crocodiles, and some fossil taxa like non-
avian dinosaurs. "Gymnocrotaph" [from Ancient Greek yuuvog (gymnds) = "naked"] referred
to crania missing most of the dermal bones in the temporal region, which Gaupp (1895b) used
for most urodeles, snakes, gekkotans, and chelid turtles ["Chelydae" in Gaupp (1895a,b)].
Gaupp (1895b) also postulated the "stegocrotaph" skull to be the ancestral condition from
which first the "zygocrotaph" morphology, and from this the "gymnocrotaph" morphology
evolved. Furbringer (1900) suggested an extension of Gaupp"s (1895a,b) scheme with the
terms "anazygocrotaph" [from Ancient Greek ava (ana) = "up"] and "katazygocrotaph" [from
Ancient Greek kard (kata) = "downward"], depending on a ventral or dorsal position of the
temporal bar, respectively (Fig. 11).

Jaekel (1909a) criticized the terms introduced by Gaupp (1895b), not only because he
considered them to be "almost unpronounceable" ("fast unaussprechlich"), but also because
he emphasized the distinct osteological differences present, for example between early
Stegocephali and turtles. Jaekel (1909a) suggested as an alternative the similarly defined
terms "stegal" and "zygal", with the latter also subdivided into "monozygal" and "dizygal" (Fig.
11). The "stegal"-like type in extant turtles, he considered to be a specialised condition derived
from a "zygal" skull, hence he referred to them as "tegal" [from Ancient Greek 1éyoc (tégos),

also meaning "roof"]. Jaekel (1909a) also highlighted differences among the "stegal" skulls of
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early stegocephalians, "placoderms" and other "fishes" with fully roofed dermal armor in their
skull, arguing for a need for similar rigorous comparison as already performed for fenestrated
skulls in reptiles.

Fuchs (1909) also described the development and evolution of the temporal region in
tetrapods ("Quadrupeda"). He demonstrated a trend for simplification of the temporal
dermatocranium during tetrapod evolution [see also "Williston's law", sensu Williston (1914)]
and highlighted its unique position covering the large jaw adductor musculature. He ordered
skulls with temporal openings using a new morphological classification system that partly
considered phylogeny. He erected two "main groups" ("Hauptgruppen"), subdivided into
"subgroups" ("Untergruppen”) or "series" ("Reihen"; Fig. 11). Fuchs (1909) first main group
incorporated all skulls with temporal fenestrae ("zentral gelegener Reduktion"), his second
main group included skulls with temporal excavations ("randstandiger Reduktion"). Fuchs
(1909) adopted Jaekel"s (1909a) terms "stegal" and "zygal", but ordered his first main group
mostly in the sense of Osborn (1903; see Section Ill.1¢). Accordingly, his "subgroup a" of the
"first main group" contained all skulls with two temporal fenestrae, which he identified with
Osborn"s (1903) "Diapsida", and all skulls that Fuchs (1909) thought were derived from them
(i.e. squamates, birds, "pelycosaurs"). "Subgroup b" of this "first main group" contained all
skulls with only a dorsally open temporal fenestra, which the author described as present in
most early Synapsida, Sauropterygia, and Ichthyopterygia. Fuchs (1909) restricted his
"second main group" to Testudinata: the "first series" of this group contained turtle skulls
predominantly with a large posterior excavation in the skull roof, his "second series"
incorporated skulls with a large ventral excavation in the "cheek" region (Fig. 3).

Discussing the evolutionary origins of procolophonian reptiles, von Huene (1912; Fig.
11) described amniote skulls using a scheme derived from Gaupp (1895a,b) and Firbringer
(1900). He hypothesized that from the "stegocrotaph" "cotylosaurs", five amniote radiations
with convergent temporal openings emerged: "dizygocrotaph" forms (he presumably meant
forms like tuatara, although not named explicitly), "katazygocrotaph" therapsids, "pseudo-
monozygocrotaph" turtles [from Ancient Greek weudn¢ (pseudes) = "false"],
"hypozygocrotaph" "deuterosaurs" [from Ancient Greek umé (hypd) = "under"], as well as
ichthyosaurs together with mesosaurids, which von Huene (1912) apparently also counted as
"zygocrotaph". Von Huene (1912) interpreted procolophonians as late-surviving "cotylosaurs"
and the only such taxon to evolve temporal openings. However, he distinguished them from
"normal zygocrotaph" taxa by their evolution of an orbitotemporal opening, suggesting the
term "pseudostegocrotaph”. Note that von Huene (1912) did not include the "stegocrotaph"
Pareiasauromorpha inside Procolophonia, contrasting to more recent analyses (e.g.,
MacDougall & Reisz 2014). The "deuterosaurs" mentioned by von Huene (1912) as examples

of the "hypozygocrotaph" type are now nested within Dinocephalia (Kammerer 2011). As they
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had a large infratemporal fenestra in their "cheek", it could be argued that von Huene (1912)
understood hypozygocrotaph as similar to Furbringer's (1900) term "katazygocrotaph” (Fig.
11), although von Huene (1912) used katazygocrotaph to refer to taxa that he considered to
be therapsids.

Williston (1912) modified the terms of Gaupp (1895b), referring to them as
"stegocrotaphic" and "zygocrotaphic”. Additionally, for the type found in "Theromorpha" he
coined the term "therocrotaphic" [from Ancient Greek Onpiov (thérion) = "beast"] and for the
condition in Diapsida with two temporal bars he used "saurocrotaphic" [from Ancient Greek
oaldpocg (sadros) = "lizard"; Fig. 11].

Versluys (1919) summarized the temporal region in terms of the then-understood
phylogeny of Reptilia. Like previous authors, he interpreted the fully roofed condition as the
ancestral state. From this he derived four "types" (Fig. 11): the first type ("1. Typus") referred
to a skull with infra- and supratemporal fenestrae, as found in Diapsida; a second type (which
he also called "type A" when it appears in synapsid skulls) was used for skulls with only the
infratemporal fenestra present; a third type (or "type B" in the synapsid skull) had only the
supratemporal fenestra present, as found in Sauropterygia and Ichthyosauria; and, lastly, a
fourth type applied to skulls with marginal reductions as found in turtles. Versluys (1919)
argued that phylogenetic relevance ("genetische Bedeutung") was present only in the second
and fourth "Typus", whereas the third and probably the first could have developed more than
once or have been derived from each other (in case of Ichthyosauria).

In 2018, Ford introduced a new scheme to classify the temporal morphology of early
amniotes based on the suturing of the dermal bones and their contribution to the temporal
openings (Fig. 11). In addition to the "anapsid" condition [see Williston (1917) in Subchapter
2.3.1.c], Ford (2018) distinguished nine different morphotypes, taking both temporal fenestrae
and temporal excavations, as well as co-occurences of both opening types into account.

Gaupp"s (1895b) original terms (rephrased as "stegokrotaphic”, "zygokrotaphic”, and
"gymnokrotaphic") have remained relevant in the comparative anatomy of non-amniote
tetrapods, most notably in the study of caecilians (e.g., Nussbaum 1983; Anderson 2008;
Kleinteich et al. 2012; Schoch 2014b; Bardua et al. 2019). Similarly, Jaekel"s (1909a) terms
have remained in use (e.g., Jaekel 1913, 1922, 1927; Zdansky 1923-25; Dombrowski 1924;
Kilias 1957; Vorobyeva 2007; von Huene 1954, 1956; lordansky 1990), although far less
frequently than terms introduced by Osborn (1903; see Subchapter 2.3.1.c).
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Fig. 12 Overview of amniote systematics as proposed by different authors based on the temporal region. Skulls
are as listed in legend to Fig. 10 with the addition of Pareiasauria: Scutosaurus karpinskii after Lee (2000);
"Protorosauria": Prolacerta broomi after Nesbitt (2011); Mesosauridae: Mesosaurus tenuidens after Modesto

(2006).
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2.3.1.c) Formal taxa based on temporal morphology — the beginning of a taxonomic
and nomenclatural tradition
Simultaneously with the introduction of morphological terminology, other researchers

used differences in temporal morphology formally to erect new taxa. This led to the start of a
taxonomic and nomenclatural tradition, which resulted in the introduction of at least nine
etymologically similarly named taxa during the first half of the 20" century (i.e., "Synapsida",
"Diapsida”, "Heterapsida", "Anapsida", "Parapsida", "Anomapsida", "Euryapsida",
"Metapsida", "Katapsida"). Most of these taxa have since been revised following the rise of
large-scale phylogenetic analyses (see Subchapter 2.3.1.d) or in some cases never received
widespread acceptance in the contemporary scientific literature.

The initiator of this tradition was Osborn (1903), who subdivided the Reptilia, as then
understood, into the taxa "Synapsida" [from Ancient Greek auv (syn) = "with" and dyig (apsis)
="arch"] and "Diapsida" (from Ancient Greek 600 (dyo) = "two"], mainly based on the osteology
of their temporal region (Fig. 12). Osborn (1903) summarized under his "Synapsida" species
with skulls having “primarily [...] single, or united temporal arches”, whereas the "Diapsida"
possess “primarily [...] double, or separated temporal arches” (Osborn 1903: p. 276). While
still regarded as a monophyletic taxon (with a different delimitation) (e.g., Ford & Benson
2020), Osborn"s (1903) original "Synapsida" also incorporated Placodontia, Plesiosauria,
Testudinata, and "Cotylosauria".

Instead of using his own terms from Jaekel (1909a), Jaekel (1909b) referred to
temporal morphotypes using the terms of Osborn (1903): "diapsid" and "synapsid". Due to his
opinion that Sauropterygia should be classified as Diapsida instead of Synapsida (as done by
Osborn 1903), he coined the term "pseudosynapsid” with regard to their morphology.

Williston (1917) elaborated Osborn"s (1903) classification by coining the names
"Anapsida" [from Ancient Greek aveu (aneu)= "without"] and "Parapsida" (from Ancient Greek
mapd (para) = "near"]. Containing "cotylosaurs" and turtles, Williston"s (1917) "Anapsida"
corresponded basically to "stegocrotaph/stegal” reptiles. "Parapsida" incorporated, among
others, Ichthyosauria and Squamata, with Williston (1917) arguing that their fenestrated
morphotype evolved separately from this morphology in Synapsida and Diapsida (Fig. 12).

Contrary to Osborn (1903) but like Williston (1917), Fuchs (1909) considered turtles
not to be assignable to Synapsida with confidence but also neither to Diapsida (Fig. 12).
Hence, he erected the new taxon "Heterapsida" [from Ancient Greek érepo¢ (héteros) =
"different"].

Broom (1922) raised doubts regarding homology of the temporal arches in
Ichthyosauria, Plesiosauria, and Placodontia with those of "mammal-like reptiles". Broom
(1922) also highlighted similarities of turtles with plesiosaurs and placodonts, arguing that the

turtle skull likely derived from an ancestor with a supratemporal fenestra. Subsequently,
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Broom (1922) distinguished between four taxa of Reptilia, partly defined by their temporal
region: Anapsida, Diapsida, Synapsida, and a new taxon he named "Anomapsida" [from
Ancient Greek avwuaiog (anémalos) = ‘irregular"], which comprised ichthyosaurs,
plesiosaurs, placodonts, and turtles (Fig. 12).

Colbert (1945) classified Sauroptergyia, Placodontia, and Protorosauria into
"Euryapsida" [from Ancient Greek e0pug (eurus) = "broad"], identifying them by the presence
of a supratemporal fenestra only, laterally bounded by the postorbital and squamosal bones
(Fig. 12). Colbert's (1945) subdivision of reptiles into Anapsida, Synapsida, Diapsida,
Parapsida, and Euryapsida was later popularized by Romer (1956). In fact, the term
"Euryapsida" was originally suggested by Romer in a personal correnspondence as indicated
by a footnote in Colbert (1945).

Kilias (1957) argued for phylogenetic relevance of the temporal excavations ("Hiatus")
in the turtle skull, at least regarding differentiation between Pleurodira and Cryptodira.
Additionally, and contrasting with some previous studies (e.g., Jaekel 1909a; Versluys 1919;
Zdansky 1923-25), he interpreted the fully roofed temporal region in sea turtles as the
retention of an ancestral condition due to their highly aquatic lifestyle.

The final author to name new amniote taxa based on their temporal morphology was
Boettger (1952), who coined the terms "Metapsida" [from Ancient Greek péra (méta) =
"between"] and "Katapsida" [from Ancient Greek kard (kata) = "downward"]. He chose the
name Katapsida to reflect his belief that there was a loss (or at least a tendency to lose) of the
lower temporal bar in these taxa. "Katapsida" comprises Rhynchocephalia (with
choristoderes), Squamata, and Thalattosauria. "Metapsida" incorporates only Ichthyosauria,
justified by Boettger (1952) on the grounds that ichthyosaurs appear to possess a temporal
fenestra only between the postfrontal and supratemporal bone (Fig. 12).

Criticism of phylogenies based on temporal morphology was present long before large-
scale cladistic analyses became possible. Fuchs (1909) had already highlighted that
differences in temporal morphology may not necessarily be of high phylogenetic value as
similar arrangements could be seen in distantly related taxa. Goodrich (1916), while accepting
the existence of a "reptile" branch leading to mammals ("theropsidan") and one leading to
birds ("sauropsidan"), cautioned against the use of temporal morphology as a phylogenetic
trait, as an appearance of a temporal opening could not be distinguished properly from
disappearance of the same in extinct taxa.

In the second half of the 20" century, Kuhn-Schnyder (1954, 1963, 1967, 1980) worked
extensively on the phylogenetic implications of temporal openings, especially in regard to
sauropterygians and squamates. Kuhn-Schnyder (1954) discussed the ancestry of lizards
("Lacertilia") mostly with respect to their temporal morphology, although he highlighted that

similar structures may be the result of convergent evolution. Kuhn-Schnyder (1963) provided
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a literature review on reptile systematics, especially with regards to previous interpretations of
temporal morphotypes. Regarding the ancestry of lizards, Kuhn-Schnyder (1963) reinterated
his earlier arguments and highlighted the many routes for the formation of a supratemporal
fenestra. He also explicitly used temporal anatomy as an argument against a close relationship
between placodonts and other sauropterygians. He argued that the ancestors of placodonts
never possessed an infratemporal fenestra, in contrast to the assumed "diapsid" ancestors of
Nothosauria and Plesiosauria. Consequently, Kuhn-Schnyder (1963, 1967) considered
placodonts to be part of Synapsida and the only large taxon representing Colbert's (1945)
"Euryapsida", with other sauropterygians classified as Diapsida. Kuhn-Schnyder (1980) again
reviewed the association between temporal fenestration and reptilian phylogeny. While
accepting there may be temporal morphotypes unique to the respective reptilian clades, he
cautioned that the assumed biomechanical factors leading to temporal fenestration could
argue against the use of temporal morphology as a reliable phylogenetic trait.

Nevertheless, new terms in the tradition of Osborn (1903) have been coined
occasionally in recent decades. These were explicitly introduced as descriptive terms to order
the vast diversity of temporal morphotypes, as originally done by Gaupp (1895a,b) and Jaekel
(1909a), and not to describe novel taxa. Smith et al. (1983), for example (Fig. 11), introduced
a large number of morphological terms applying to the amniote temporal region, partly based
on what was interpreted to be a secondary or derived condition, such as "eusynapsid" [from
Ancient Greek &0 (ed) = "good"] for most mammal skulls and "hemidiapsid" for the skulls of
most squamates. Smith et al. (1983) introduced a novel "keiroid" type [from Ancient Greek
keipelv (keirein) = "to cut"] based on the position of excavations in the turtle skull
["opisthokeiroid", from Ancient Greek 6mmioBev (6pisthen) = "backwards"; "pleurokeiroid”, from
Ancient Greek mAcupd (pleurd) = "flank"] and how much space these occupy in the temporal
region [e.g. "meiopisthokeiroid", from Ancient Greek peciwv (meios) = "less"; or
"metapleurokeiroid” from Ancient Greek uerd (meta) = "in-between"].

Being aware of cranial plasticity during evolution, Werneburg (2019) took a simplified
approach, subdividing the morphology of the amniote temporal region into "anapsid" (no
temporal openings), "monapsid" [infratemporal fenestra present; from Ancient Greek pévoc¢
(moénos) = "single"], "diplapsid" [infratemporal and supratemporal fenestrae present; from
Ancient Greek d1mAolc (diplods) = "double"], and "excavation" types [all skulls with any kind
of temporal emargination or embayment (Fig. 11)] and illustrated the diverse phylogenetic
shifts among morphotypes.

The descriptive terminology introduced by Gaupp (1895b) occasionally inspired
researchers to allocate names to new formal taxa. Based on their often "stegokrotaphic” skulls,
Cannatella & Hillis (1993) erected the clade "Stegokrotaphia" for all non-rhinatrematid

caecilians.
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There are additional descriptive terms in the tradition of Osborn (1903), mostly used in
educational material, that sometimes include the morphology of the preorbital skull. As | was
unable to find scientific literature that officially introduced this terminology, these terms will not

be discussed herein.

2.3.1.d) Modern phylogeny and morphological patterns

With the rise of cladistics and large-scale morphological and molecular phylogenetic
analyses in the second half of the 20" century, as well as many new fossil finds, especially of
parareptiles (e.g., deBraga & Reisz 1996; Tsuji 2006; Modesto et al. 2009; Tsuji & Muller 2009;
MacDougall & Reisz 2014) and potential turtle relatives (Bever et al. 2015; Schoch & Sues
2015, 2017), phylogenies based on temporal fenestration fell out of favor. It can be
demonstrated that various temporal morphotypes evolved convergently, repeatedly, and can
vary intraspecifically (e.g., deBraga & Rieppel 1997; Cisneros 2008; MacDougall & Reisz
2014; Ford 2018; Ford & Benson 2020; see Chapter 1). Many taxa erected in the tradition of
Osborn (1903) have been shown to be para- or polyphyletic and are only used now in a
descriptive sense. These include "Anapsida" of Williston (1917) and "Euryapsida" of Colbert
(1945), and to a lesser extent "Parapsida" (Williston 1917), "Katapsida" (Boettger 1952), and
"Metapsida" (Boettger 1952). "Heterapsida" (Fuchs 1909) and "Anomapsida" (Broom 1922)
are now mostly forgotten. Only Osborn"s (1903) original Synapsida and Diapsida are still used
as monophyletic taxa, although in a more delimited way. Nevertheless, phylogenetic trends
may be feasible when the actual configuration of the temporal dermatocranium is considered
(MacDougall & Reisz 2014; Ford 2018), instead of the sole presence or absence of temporal
openings. In fact, even under the recent perspective, some morphological patterns can be
observed in the temporal skull region.

The ancestral condition in Tetrapodomorpha and Tetrapoda is scutal (1 and 2 in Fig.
13) with a temporal region roofed completely by dermal bones (e.g., Sawin 1941; Clack 1997,
2002; Blom 2005; Daeschler et al. 2006; Sigurdsen & Bolt 2010). Some extinct tipward groups
had evolved small temporal fenestrae (3 in Fig. 13; Panchen 1977; Clack 1987), or distinct
excavations (4 in Fig. 13), sometimes accompanied by drastic reduction of their dermal armor
(Bolt & Rieppel 2015; Pardo & Anderson 2016).

The scutal type (Fig. 9) is likely also the ancestral state in Gymnophiona (5 in Fig. 13;
Maddin et al. 2012) and is present in the caecilian clade Stegokrotaphia (6 in Fig. 13;
Cannatella & Hillis 1993). Yet, even within stegokrotaphians a suprafossal skull evolved
several times independently (7 in Fig. 13; Kleinteich et al. 2012). In Batrachia, the temporal
dermatocranium is distinctly reduced. Consequently, the great majority of batrachians

possesses a nudital skull (8 and 10 in Fig. 13). Usually, only the frontal, parietal (or
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frontoparietal), squamosal, and quadratojugal are present (Schoch 2014b). However,
especially within Salamandridae (9 in Fig. 13), a supratemporal fenestra can be present
between the squamosal, parietal, and frontal, leading to a fossafenestral skull (AmphibiaTree
& Gosselin-lidari 2008), whereas in hyperossified Anura scutal (12 in Fig. 13), infrafenestral
(11 in Fig. 13), or even bifenestral forms can appear (Evans et al. 2008; Paluh et al. 2020).
Due to the loss of the jugal and postorbital in anurans, the infratemporal fenestra in such
hyperossified taxa is anteriorly bordered by the maxilla (e.g., Wild 1997).

The ancestral morphotype of Amniota is ambiguous (Pifieiro et al. 2012) and highly
dependent on the nesting of certain key clades (see Subchapter 2.3.1.e). The ancestral
amniote could have possessed a scutal skull (13 in Fig. 13), as traditionally assumed, or an
infrafenestral as seen in early Synapsida and Parareptilia (e.g., Romer & Price 1940; Cisneros
et al. 2004, 2021). Synapsida share ancestrally an infratemporal fenestra (infrafenestral
morphotype; 14 in Fig. 13) that enlarged during early therapsid evolution (e.g., Kemp 1984).
In most non-therapsidan synapsids, the infratemporal fenestra is usually bordered by the jugal,
postorbital, quadratojugal, and squamosal (e.g., Romer & Price 1940). The contribution of the
quadratojugal declines in Metopophora (e.g., Ophiacodontidae, Edaphosauridae,
Sphenacodontidae; Romer & Price 1940). In many Therapsida, but also in some
metopophorans, the parietal contributes to the infratemporal fenestra (e.g., Boonstra 1936;
Modesto 1995; Kammerer 2011).

In most Anomodontia (15 in Fig. 13), the infratemporal fenestra lateromedially
expanded and a distinct ventral excavation formed in the cheek region, overall resulting in a
fossafenestral morphotype (e.g., Ray 2005; Sullivan & Reisz 2005). Unlike to a "true"
supratemporal fenestra, the jugal still contributes to the temporal fenestra. The fenestra is
further bordered by the postorbital, squamosal, and parietal (Sullivan & Reisz 2005). The
infratemporal fenestra in early Eutheriodontia (16 in Fig. 13) expanded in a similar manner
(e.g., Kemp 1984), leading to a suprafenestral morphotype. However, the non-expanded
fenestra in early anomodontians (Angielczyk 2004; Cisneros et al. 2015), as well as in the
possible Eutheriodontia sister-clade Gorgonopsia (Gebauer 2007), argue for an independent
evolution of the lateromedially expanded fenestra.

Tipward, the temporal fenestra often became confluent with the orbit by loss of the
postorbital (e.g., Kemp 1984). Consequently, this orbitotemporal opening in most mammals
and their nearest relatives is bordered by the jugal, squamosal, parietal, and frontal. Arguably,
this orbitotemporal opening may be referred to as a temporal excavation, making this a
suprafossal morphotype (17 in Fig. 13), or even bifossal if the zygomatic arch is distinctly
dorsally bended to form a ventral excavation that occupies more than 30 % of the temporal

height (see Subchapter 2.2.8.). In some mammals, the zygomatic arch became confluent with
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the braincase (18 in Fig. 13), effectively forming a scutal morphology (Macrini 2004), although
functionally with little similarity to other scutal tetrapods (Murray 1981).

The ancestral condition in reptiles may have been scutal (e.g., Miller & Reisz 2006;
Ford & Benson 2020); however, this is highly dependent on the nesting and intrarelationships
of Parareptilia (Pifieiro et al. 2012; Cisneros et al. 2021). The earliest parareptiles were likely
infrafenestral (20 in Fig. 13; Cisneros et al. 2021; but see the controversy surrounding
Mesosauridae in Subchapter 2.3.1.e). Later, also infrafossal (19 in Fig. 13; Gow 1972; Tsuiji et
al. 2010), scutal (21 in Fig. 13; Lee 1997), and additofenestral (Haridy et al. 2016) forms
appeared. In contrast to synapsids and later reptiles, the infratemporal fenestra in
infrafenestral parareptiles often forms between the jugal, squamosal, and quadratojugal
(Broom 1913; deBraga & Reisz 1996; Tsuji 2006), probably indicating independent evolution
of this temporal opening. Procolophonoids have large orbitotemporal openings (Colbert 1946;
Zaher et al. 2019). In some procolophonoids, the infratemporal fenestra can co-occur with a
ventral excavation in the "cheek" (Cisneros et al. 2004).

Independent of the current hypotheses on parareptile interrelationships, Diapsida likely
emerged from a scutal ancestor (22 in Fig. 13; Muller & Reisz 2006; Ford & Benson 2020).
The ancestral condition of diapsids may have been bifenestral (23 in Fig. 13; Reisz 1977; Ford
& Benson 2020). However, the fossafenestral condition in several other early diapsids (Carroll
1981; Bickelmann et al. 2009), as well as the different bone configuration in later bifenestral
taxa (Muller 2003), could also argue for an ancestrally fossafenestral condition in Diapsida
(Evans 2008) or would at least imply secondary evolution of the bifenestral morphotype in
these forms (26, 36, 38 in Fig. 13). In fact, Ichthyosauromorpha, Lepidosauromorpha,
Sauropterygia, Archosauromorpha, and Pantestudines likely were all ancestrally
fossafenestral (Waldman & Evans 1994; Evans & Borsuk-Biatynicka 2009; Nesbitt 2011;
Neenan et al. 2013; Motani et al. 2015; Zhou et al. 2017) or at least infrafossal in the case of
pantestudines (Li et al. 2008; Bever et al. 2015). Nevertheless, the supratemporal fenestra
would have been ancestrally present in either scenario (Miller 2003; Evans 2008; Ford &
Benson 2020), originally likely bordered by the postorbital, squamosal, parietal, and
supratemporal (Reisz 1977). lts size (e.g., Nicholls 1999; Benson et al. 2013), as well as the
contributions of the supratemporal, frontal, and postfrontal varied in later representatives (e.g.,
Muller 2003). Additionally, the temporal opening in the "cheek" is closed in several extinct
diapsids (Kuhn-Schnyder 1967; Tarsitano 1983; Reisz et al. 1984), most notably in
Ichthyosauria (25 in Fig. 13) and various Sauropterygia (31 in Fig. 13), leading to a

suprafenestral morphotype.
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Fig. 13 Composed and simplified phylogenetic tree of Tetrapoda, depicting the distribution of the temporal
morphotypes proposed in this review. Relationships that are currently controversial (early Tetrapoda, early Amniota,
Parareptilia, late Diapsida) are depicted as polytomies. Note that the colors depict the presence of one representative
morphotype within a clade but do not indicate its relative abundance within the respective clade. Skulls are listed as in
legend to Fig. 11, unless otherwise indicated below. (1) Acanthostega gunnari; (2) Eryops megacephalus (after Sawin
1941); (3) Anthracosaurus russelli; (4) Llistrofus pricei; (5) Eocaecilia macropodia (after Jenkins et al. 2007); (6)
Microcaecilia iwokramae; (7) Scolecomorphus sp.; (8) Cryptobranchus alleganiensis; (9) Pleurodeles walti; (10) Bombina
orientalis; (11) Calyptocephalella gayi; (12) Gastrotheca galeata (after Paluh et al. 2020); (13) Limnoscelis paludis; (14)
Cotylorhynchus romeri; (15) Lystrosaurus murrayi; (16) Cynognathus platyceps; (17) Zalambdalestes lechei; (18)
Tachyglossus aculeatus; (19) Milleropsis pricei; (20) Bolosaurus striatus; (21) Scutosaurus karpinskii; (22) Captorhinus
aguti; (23) Petrolacosaurus kansensis; (24) Claudiosaurus germaini; (25) Temnodontosaurus trigonodon; (26)
Clevosaurus hudsoni; (27) Iguana iguana; (28) Argyrogena fasciolata; (29) Henodus chelyops (after Rieppel, 2001); (30)
Keichousaurus hui (after Holmes et al., 2008); (31) Pliosaurus kevani; (32) Proganochelys quenstedti; (33) Emydura
maquarii; (34) Pelodiscus sinensis; (35) Testudo graeca; (36) Erythrosuchus africanus; (37) Postosuchus kirkpatricki; (38)

Thalattosuchus superciliosus; (39) Gallus gallus.
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The fossafenestral state was retained in most Lepidosauria (27 in Fig. 13; Evans 2008),
although in Rhynchocephalia (26 in Fig. 13; Whiteside 1986; Jones 2004), as well as a few
Squamata (Mo et al. 2010), the bifenestral state reappeared. In Scincoidea, the supratemporal
fenestra is closed (infrafossal; Gaupp 1895a), whereas in Ophidia (28 in Fig. 13) and some
other squamate clades, large portions of the temporal dermatocranium have been reduced,
forming a nudital morphotype (e.g., Das et al. 2019).

Testudinata are ancestrally scutal (32 in Fig. 13); however, with morphological
differences from the scutal ancestors of diapsids (e.g., Jaekel 1909a; Rieppel & deBraga 1996;
Mdller 2003; Werneburg 2012). This condition formed likely by closure of the supratemporal
fenestra, followed by closure of the ventral excavation (Werneburg 2015; Schoch & Sues
2018). In Testudines, distinct ventral and posterodorsal excavations formed in the temporal
dermatocranium (Gaffney 1979; Werneburg 2012). Pleurodira usually possess a large ventral
opening (infrafossal; 33 in Fig. 13), whereas in Cryptodira the posterodorsal opening is often
dominant (suprafossal; 34 in Fig. 13). Sometimes both the ventral and posterodorsal
excavations can be enlarged, leaving only a narrow temporal bridge between them (bifossal;
Gaffney 1979) or even become entirely confluent (nudital; Gaffney 1979). The set of dermal
bones that contribute to the testudine temporal bridges varies considerably (Werneburg 2012).
Notably, the scutal morphotype reappeared in Testudines, especially in Chelonioidea (Jones
et al. 2012).

The ancestral fossafenestral state in Archosauromorpha evolved twice independently
into a bifenestral condition by closure of the lower temporal bar: in late Rhynchosauria (Benton
1983), as well as in Archosauriformes (36 and 38 in Fig. 13), where it became the dominant
morphotype in all non-avialian taxa (Nesbitt 2011). In some early archosauriforms, the
infratemporal fenestra was closed again (suprafenestral; Heckert et al. 2012), whereas in
some Caimaninae the supratemporal fenestra is closed instead (infrafenestral; Mook 1921).
In some early Pseudosuchia (37 in Fig. 13), an additional pair of infratemporal fenestrae even
appeared (additofenestral; Sulej 2005; Weinbaum 2011). A similar arrangement formed in
Tyrannosauridae by subdivision of the previous infratemporal fenestra by a bony process (e.g.,
Carr 1999). Finally, within Ornithothoraces, the supratemporal fenestra was closed and the
lower temporal bar disappeared (e.g., Jollie 1957; O'Connor & Chiappe 2011; Field et al.
2018), leading to the typical infrafossal morphotype of birds (39 in Fig. 13). Within Neognathae,
the upper temporal bar reformed several times independently (fossafenestral; Elzanowski &
Mayr 2017).
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2.3.1.e) Unresolved controversies

In spite of moving away from using temporal morphology as a major trait in
phylogenies, ongoing debates remain regarding the temporal morphology of phylogenetically
unstable taxa and on the ancestral condition for some radiations. As indicated in Subchapter
2.3.1.d, such debates surround the ancestral condition in early amniotes, as well as the
evolution of the turtle skull.

While there is mostly a consensus on the content of early Synapsida and early Reptilia
(e.g., Muller & Reisz 2006; Benson 2012; MacDougall et al. 2018; Spindler et al. 2018; but
see also Laurin & Pifeiro 2017, 2018; Ford & Benson 2020), the relationships of some
Paleozoic tetrapod groups relative to Amniota are subject to debate. For example, the
Diadectomorpha, traditionally seen as the sister taxon to Amniota (e.g., Laurin & Reisz 1995,
1997; Lee & Spencer 1997; Reisz 1997; Laurin & Pifieiro 2017; Ford & Benson 2020), also
have been repeatedly argued to nest within Amniota as sister to synapsids (e.g., Berman et
al. 1992; Sumida et al. 1992; Berman 2000, 2013; Marjanovi¢ & Laurin 2019; Klembara et al.
2019). Similarly, Recumbirostra, a potential clade of "microsaurs" and some other
""lepospondyls"" has been proposed actually to represent one of the earliest reptilian
radiations (Pardo et al. 2017; Mann et al. 2019). In fact, the monophyly and phylogenetic
position of "lepospondyls" within Tetrapoda is still controversial (e.g., Marjanovi¢ & Laurin
2019). The potential nesting of diadectomorphs and recumbirostrans within Amniota would
have implications for the ancestral condition and early evolution of the temporal region in the
amniotes. Like many other Paleozoic tetrapods, diadectomorphs typically had a fully roofed
dermatocranium (Kissel 2010). If they are indeed the sister-clade to synapsids, the
infratemporal fenestra in synapsids could have evolved later, after the split of the synapsid-
diadectomorph clade from Reptilia, or the fully roofed (scutal) morphotype in diadectomorphs
could have been a derived condition from a fenestrated ancestor. Pifieiro et al. (2012) argued
that the possession of an infratemporal fenestra could be the ancestral condition in amniotes.
However, this would be dependent on the phylogenetic position and temporal morphology in
Mesosauridae (see below). Lastly, nesting recumbirostrans within reptiles would add another
set of temporal morphotypes to the early morphological diversity of Reptilia, including
excavations and distinct reductions of the dermatocranium (e.g., Pardo & Anderson 2016;
Mann et al. 2019).

A second major discussion relates to the presence of an infratemporal fenestra in the
Permian reptile taxon Mesosauridae. Despite an uncertain phylogenetic history [see Modesto
(2006) and references therein], mesosaurids are usually seen as an early-diverging branch of
parareptiles (e.g., Tsuji & Miller 2009; Ford & Benson 2020), or taking an even more rootward

position within reptiles (e.g., Laurin & Pifeiro 2017). Thus, they could be a key to
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reconstructing the ancestral temporal morphotype for Parareptilia, and potentially also for
Reptilia or Amniota as a whole (Pifieiro et al. 2012). Previously interpreted to possess both an
infratemporal and supratemporal fenestra (MacGregor 1908), later work (von Huene 1941) led
to a new consensus that only the infratemporal fenestra was present. This changed with
Modesto (2006), who redescribed the cranial anatomy of mesosaurids, interpreting them to
possess a fully roofed temporal region. By contrast, Pifieiro et al. (2012) reported the
infratemporal fenestra to be present in the specimens they described and even to be
demonstrable in disarticulated remains due to the shape of the jugal and postorbital. Their
interpretation has since been disputed [MacDougall & Reisz 2014; MacDougall et al. 2018;
but see Laurin & Pifeiro (2018) for a response]. It has been also suggested that the
infratemporal fenestra may have been ontogenetically (MacDougall et al. 2018) or
intraspecifically variable, given that both scenarios have been demonstrated for other
parareptiles (Gow 1972; Cisneros 2008; Haridy et al. 2016). Despite being able to examine
the mesosaurid material of the Senckenberg collections in Tubingen and Frankfurt am Main,
Germany, | remain unable to agree confidently with either hypothesis. At present, there seems
to be no consensus on mesosaurid phylogeny and temporal morphology. Their highly aquatic
lifestyle (Silva et al. 2017) may also mean that their morphology is too derived to be able to
draw conclusions regarding the ancestral cranial morphotype in amniotes.

Another controversial topic in terms of the evolution of the temporal region remains the
ancestry and phylogenetic position of turtles. Traditionally depicted as possessing an
ancestral fully roofed temporal region (e.g., Cope 1892; Williston 1917; Boettger 1952; Kilias
1957), many early researchers highlighted the derived morphology of the turtle skull relative
to the condition in early tetrapods (e.g., Baur 1889; Fuchs 1909; Jaekel 1909a; Zdansky 1923—
25). Different phylogenetic analyses have nested turtles deep within Diapsida and, hence,
implied their descent from ancestors with a fenestrated temporal region (e.g., Rieppel &
deBraga 1996; deBraga & Rieppel 1997; Bhullar & Bever 2009; Schoch & Sues 2015). An
example of a close fenestrated turtle relative possibly has been found: the description of the
Triassic diapsid Pappochelys rosinae suggests that it had a supratemporal fenestra and
distinct ventral excavation in the "cheek" region (Schoch & Sues 2015, 2017). An even more
rootward relative may be the Permian Eunotosaurus africanus (Lyson et al. 2010; Bever et al.
2015; Schoch & Sues 2015). Bever et al. (2015) argued that in juvenile specimens of E.
africanus, in addition to the distinct ventral excavation observed for assumed adults, a
supratemporal fenestra was present. The supratemporal fenestra would have been closed
during ontogeny by the extreme anterior, autapomorphic expansion of the supratemporal and
hence may perhaps represent an early stage of the condition in turtles. However, this scenario
appears to be unlikely, because such an extraordinary bone growth in post-hatching ontogeny

is extremely rare among amniotes and if present, it usually concerns multiple bones aligning

57



to each other (e.g., Hall 2014). For closure, even separate ossification inside the upper
temporal opening may occur (Klembara et al. 2017). However, it might be argued that the
juvenile presented by Bever et al. (2015) rather shows a taphonomic disruption than a
preservation of an early ontogenetic state of fenestral development. Compared to the adult
condition, the jugal is broken off the postorbital and unnaturally reaches into the ventral
temporal excavation in the juvenile suggesting that some pressure on the snout travelled along
the maxilla to break the jugal. Before breakage, the force was likely further transmitted via the
postorbital towards the dorsal temporal region and the scute-like supratemporal (Bever et al.
2015) was likely spalled off. A precise description and reconstruction of the juvenile bones, by
which a premature and unbroken supratemporal could be discovered would, however, support
the hypothesis of Bever et al. (2015).

It is worth noting that E. africanus could also represent a species of parareptile or
synapsid, not closely related to turtles (Lee 1995, 2013; Tsuji & Muller 2009; MacDougall &
Reisz 2014; Lichtig & Lucas 2021); correspondingly, P. rosinae has been also argued by some
to be not closely related to turtles (Lichtig & Lucas 2021).

Ford & Benson (2020) provided the most recent assessment of the phylogenetic
implications of temporal fenestrations on the relationships of early amniotes. In contrast to
most previous workers (although see Laurin & Pifeiro 2017), they found parareptiles as well
as the traditional synapsid group Varanopidae to nest within Diapsida. This would have major
implications for the ancestral condition in diapsids as, if varanopids and parareptiles are early-
branching diapsids, the infrafenestral morphotype could either have been the ancestral state
of all diapsids (similar to synapsids) or evolved secondarily by closure of the supratemporal
fenestra. This would mean there could have been diverse temporal morphotypes around the
base of Diapsida with taxa possessing both temporal fenestrae (Reisz 1977; Muller 2003; Ford
& Benson 2019), with a secondarily closed infratemporal fenestra (Reisz et al. 1984), with a
secondarily closed or never evolved supratemporal fenestra (Tsuji & Muller 2009; Pifeiro et
al. 2012; MacDougall & Reisz 2014), with a supratemporal fenestra and distinct ventral
excavation (Carroll 1981; Modesto & Reisz 2003), or with a ventral excavation alone (Tsuiji et
al. 2010; MacDougall & Reisz 2014).

2.3.2. Understanding the functional origins of temporal openings

Early in the research history of the temporal region, investigators not only described
the morphological patterns they observed, but also attempted to explain how the vast
structural diversity in lissamphibian and especially in amniote skulls had arisen. For example,
Hallmann (1837) already emphasized the functional background to the observed temporal

anatomy.
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2.3.2.a) Comprehending diversity (1880s—1900s)

Dollo (1884) compared the temporal anatomy of non-avian dinosaurs and other extinct
taxa with extant groups to predict the size of different jaw adductor muscles. He argued that
dominance of either the internal or external jaw musculature would affect the feeding mode of
a taxon. Dollo (1884) also argued that dominance of internal jaw adductors in crocodylians
and sauropods was related to the posterior movement of the choanae or external nares,
respectively, enabling more space for these muscles in the anterior palate. Dollo (1884) saw
this as the reason for the small size of the supratemporal fenestra in crocodylians compared
with the enlarged fenestra in extinct marine crocodiles, with the latter having their choanae
positioned more anteriorly.

Gaupp (1895b) related the transition of a closed, "stegocrotaph” dermatocranium to a
fenestrated, "zygocrotaph" appearance to the presence of hydrostatic forces acting on the
skull. According to Gaupp (1895b), the lack of external hydrostatic forces in terrestrial
vertebrates as well as the increased need to counter gravitational forces, favored a reduction
of skull mass. The remaining temporal bars in the "zygocrotaph" skull would then be aligned
and strengthened or weakened depending on the forces applied by the jaw musculature.
Gaupp (1895b) interpreted the "gymnocrotaph" morphology (i.e., a temporal region, in which
the temporal bars are reduced) as the result of limited forces acting on the temporal bones.

Gegenbaur (1898) also provided an in-depth discussion of the relationships between
jaw musculature and temporal morphology. He was probably the first explicitly to interpret the
evolution of temporal openings as an adaptation to provide attachment sites for the jaw
muscles. Particularly with reference to mammals, Gegenbaur (1898) made a connection
between a more "massive" dentition and stronger jaw musculature, which would influence the
morphology of the zygomatic arch and parietal crests relative to the feeding strategy of any
taxon. By contrast, a reduction of the dentition in insectivorous taxa like Tachyglossus llliger,
1811 would allow a corresponding reduction of the zygomatic arch and parietal crest.

Fuchs (1909) argued that simplification of the dermal covering of the temporal region
would not inevitably lead to the evolution of temporal openings. Fuchs (1909) postulated that
the relative proportions of the braincase and otic capsules as well as the evolution of a
streptostylic jaw (i.e., with a mobile quadrate) were major factors explaining the observed
variations in the temporal region. Fuchs (1909) described how the dermal bones of the
temporal region can extend internally to the jaw adductor musculature (internal lamella) with
the potential to replace the primary cartilaginous braincase of the embryonic skull (as seen in
mammals and turtles; Werneburg & Maier 2019). With changes in the size of the braincase,

the size of the internal lamellae and hence temporal anatomy would also have been affected.
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Also affecting the size of the internal lamellae would be the size of the otic capsules, which
Fuchs (1909) argued would ancestrally have been large but occupied less space in the interior
cranium in later taxa. Lastly, Fuchs (1909) correlated the presence of "monimostyly" versus
"streptostyly" with the extent of the temporal dermatocranium. A fully closed temporal region
or rigidly sutured temporal bars would create a fixed quadrate and, hence, monimostylic jaw,
whereas a reduction of a rigid temporal coverage would have enabled the evolution of a

streptostylic jaw.

2.3.2.b) The interplay between muscle and bone (1910s—1950s)

Gregory & Adams (1915) considered the relationship between temporal morphology
and jaw musculature. They observed that in extant taxa like Sphenodon Gray, 1831a and
turtles the jaw adductor musculature is attached to the sagittal crest and/or to temporal bars.
Gregory & Adams (1915) argued that the temporal openings provide more space for action of
the temporal musculature and concluded that in extinct taxa with a closed dermatocranium
the temporal musculature had to be positioned medially to the dermal bones. Stresses induced
by the jaw and neck musculature were thus partly responsible for modifications of temporal
osteology in later taxa. Adams (1919) extended these ideas to the relationships between
osteology, diet, and myology, using evidence from numerous extant taxa and embryology.

Versluys (1919) discussed in detail how different actions of the internal and external
jaw adductor musculature could be related to the evolution of different temporal morphotypes.
Versluys (1919) argued that in early aquatic vertebrates with a fully closed temporal region,
greater muscle movement could be achieved by simply enlarging the jaw adductor chamber.
Further evolution of the neck and increased mobility of the tetrapod skull would have favored
the evolution of a lighter and narrower skull. This would have restricted the possible action of
the jaw adductor musculature, which could have been offset by opening the temporal
dermatocranium. Versluys (1919) argued that the best way to create temporal fenestrae would
have been the loss of the intertemporal bone in amniotes or degeneration between the sutures
of the jugal, squamosal, and quadratojugal. Depending on the taxon, the temporal fenestrae
also could have developed at other sites in the temporal region. Versluys (1919) interpreted
the selection pressure involved to be differences in feeding mode, which would require
different proportions of internal and external adductor musculature, depending on whether a
high biting force or rapid closure of the jaw was required.

Zdansky (1923-25) was interested in the temporal morphology of turtles, which he
considered to be more diverse than in other vertebrates. Similar to Jaekel (1909a, 1916),
Zdansky (1923-25) interpreted the fully roofed temporal dermatocranium of modern turtles to

have evolved secondarily in forms that could not, or could only partly, retract their head under
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the shell (e.g., in the sea turtles, Platysternon Gray, 1831b, Macrochelys Gray, 1856, and
Podocnemis Wagler, 1830). A similar conclusion had been drawn by Hay (1908). Zdansky
(1923-25) interpreted the return to a fully roofed dermatocranium in these taxa as a defensive
adaptation to compensate for the lack of a retractable neck.

Inspired by observations on postcranial bones, Case (1924) investigated the role of
muscle action on the formation of temporal openings. In the postcranial bones of humans,
such as the scapula or ilium, the associated muscles are attached to thickened margins of the
respective bones, whereas the centres of the bones, which experience little direct loading, are
distinctly thinned. According to Case (1924), this pattern represented an adaptation to greater
muscle force acting on the marginal regions of the bones, triggering the development of
additional trabecular bone in these areas. Applying this logic to the temporal region, Case
(1924) argued that in forms with a closed dermatocranium, the load would have been
concentrated on marginal sections of the temporal bones, which would thicken in response,
whereas sections subject to less loading could be thinner and subsequently reduced, forming
a skull with temporal fenestrae and thickened temporal bars.

Lakjer (1926) considered in depth the functional differences in the jaw muscles, the
associated bones, and skull kinesis of reptiles ("Sauropsida") and other vertebrates. Lakjer
(1926) particularly highlighted the relationship between muscle size and bite force for non-
ophidian squamates ["Sauria" in Lakjer (1926)], including taxa that were herbivores,
omnivores, or predators of large prey. He also observed a relationship between muscle size
and temporal dermal armor in lissamphibians, as demonstrated in the difference in size of the
jaw muscles between fully roofed caecilians and batrachians with heavily reduced temporal
dermal armor. He hypothesized that the fully roofed condition of some anurans had evolved
secondarily.

To explain the different temporal morphotypes present in turtles, Kilias (1957) also
argued that the load acting on the cranial bones could explain the formation of temporal
excavations. He suggested that turtles lost the functional requirement for a roofed
dermatocranium following the rigid attachment of the quadrate to the palate and braincase.
Kilias (1957) interpreted the temporal bridges as remnants of the dermatocranium that
functioned as attachment sites for the external jaw musculature. In agreement with Zdansky
(1923-25), Kilias (1957) argued that the evolution of neck retraction was another important
factor in turtle skull evolution. He described a trend of decreasing size of the anterior aperture
of the shell as an anti-predation adaptation, which simultaneously would have required a
decrease in size of the skull which he suggested was achieved by reduction of the parts of the
skull with the least functional importance. The hypotheses of Zdansky (1923-25) and Kilias
(1957) have recently inspired a number of modern analyses (Werneburg 2012, 2015; Ferreira
et al. 2020).
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2.3.2.c) Biomechanical studies (1960s—1980s)

Olson (1961) analysed the morphofunctional differences within the sarcopterygian jaw
system and how these relate to skull morphology. Olson (1961) proposed that the different
jaw systems can be broadly divided into a "kinetic inertial system" (K—I) and a "static pressure
system" (S—P). In the K—I system, force is mostly applied by the kinetic energy generated by
rapid and vertical jaw closing. In the S—P system, the highest force is applied when the jaws
are almost closed and involves a multidimensional array of jaw movements. According to
Olson (1961), non-tetrapod Sarcopterygia as well as early Tetrapoda ancestrally possessed
a simple K—I system that only enabled vertical movement of the mandible. The jaw adductor
musculature would have been positioned medially to the dermatocranium. While adaptations
to the neck, torso, and gill apparatus in early Stegocephali could have led to rearrangement
of the posterior skull region, Olson (1961) did not find evidence for major changes in the jaw
musculature in these forms; however, Olson (1961) postulated that with the rise of Tetrapoda,
the evolution of several modifications of the K-l and S—P systems. While early Amphibia and
predominantly aquatic Amniota evolved only a derived K—| system, Olson (1961) associated
the evolution of the S—P system in amniotes with doming of the skull and a tendency to develop
temporal openings as well as other osteological adaptations for muscle attachments.
Comparable to the conclusions of Versluys (1919) and Case (1924), Olson (1961) argued that
the terrestrial lifestyle of early amniotes would have been accompanied by higher mobility of
the head and changes in feeding habits, which influenced the origin sites of the jaw
musculature: dermatocranium strengthening was concentrated on the few functional
attachment sites for muscles, whereas the regions of the dermal roof without a function in
muscle attachment were reduced. This morphology, Olson (1961) described as a "network of
lines of stress".

The notion of "lines of stress" to explain the evolution of temporal openings was
developed further by Fox (1964), who observed that in the early Permian reptile Captorhinus,
the centre of the fully covered "cheek" region was thinned. Similar observations had been
made by Jaekel (1902) for the possible reptiliomorph Gephyrostegus bohemicus Jaekel, 1902,
who proposed that they represented an early stage in the evolution of fenestrated
morphotypes. Fox (1964) also interpreted this morphology to result from lower levels of stress
in the cheek centre. As these areas apparently did not function as muscle attachment sites,
and additionally were not needed as sources of calcium for attached muscles, there would be
no selection against reduction of the bone. Fox (1964) considered all possible stresses
affecting the "cheek" region, including forces arising from the weight of the anterior part of the

cranium, jaw articulation, and muscle action. Fox (1964) also highlighted that selective
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pressures leading to the development and enlargement of temporal openings were likely to
be multidimensional and to differ among various clades. For the further enlargement of
temporal openings in later amniotes, Fox (1964) proposed that additional space for the jaw
adductor muscles and a reduction in weight of the skull were likely to be the main factors
involved.

Frazzetta (1968) also argued that selection for the initial development of a temporal
opening could differ from selection for retaining or enlarging it in later forms. Nevertheless,
Frazzetta (1968) considered it likely that there was a common adaptive reason for the
development of temporal openings in all clades. Frazzetta (1968) suggested that the lack of
temporal openings in early tetrapods and their ancestors could be explained by their
plesiomorphically flat skull. The main jaw action in these skulls would involve the pterygoid
musculature, which would create a predominantly tangential force affecting the temporal
region [i.e., the K-l system introduced by Olson (1961)]. In most amniotes and other tetrapods
with a more domed skull, the main jaw action instead would arise from the jaw adductor
musculature attached to the skull roof, creating predominantly perpendicular forces. Frazzetta
(1968) emphasized the restricted attachment site of these muscles, which correlated with the
development of medial bony ridges as described by Fox (1964) for Captorhinus. These ridges,
representing the previously described "network of lines of stress", thus functioned to
strengthen the skull at the muscle attachment sites. Another factor affecting the restricted
attachment area of the jaw musculature within the adductor chamber might be the pennate
structure of the jaw adductors, which is related to more efficient adduction of the mandible.
Frazzetta (1968) saw the restricted attachment of the jaw adductors as a reason for the
development of fenestrae in less-loaded areas of the skull. Frazzetta (1968) supported this
argument with skulls of the early synapsid Ophiacodon retroversus, in which some specimens
have a second pair of infratemporal fenestrae between the jugal, squamosal, and
quadratojugal (i.e., additofenestral). When this "accessory temporal opening" was not present,
or was present on only one site of the cranium, the area between the three bones was still
"paper thin". Romer & Price (1940) had argued there would have been no disadvantage to
leaving this suture open, indeed jaw adductor action may even have benefited from the
additional free space, and that the development of large fenestrae with thickened margins (i.e.,
bony ridges) would provide sites for a more concentrated attachment of the jaw adductor
musculature. Frazzetta (1968) further suggested that the meeting points of three dermal bones
would favor the development of fenestrae where they were not subjected to loading. Finally,
Frazzetta (1968) argued that, in flat-skulled tetrapods like temnospondyls, the low vertical
resistance and muscle attachment without the development of bony ridges would oppose the
formation of temporal fenestrae. Even in more domed tetrapods without temporal fenestration,

the skull roof was only connected to the cheek region by the remnant of an intracranial joint.
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Development of fenestrae in these taxa, according to Frazzetta (1968), would have
significantly weakened the skull. Yet, Frazzetta (1968) did acknowledge that this condition
may be present in some fenestrated amniotes such as the early synapsid Varanosaurus Broili,
1904. In contrast with both Gregory & Adams (1915) and Fox (1964), Frazzetta (1968)
disagreed that bulging of the jaw musculature or conservation of structural materials could
explain the formation of temporal openings, as the earliest temporal fenestrae would have
been too small to function in this way.

Like previous authors (Fuchs 1909; Kuhn-Schnyder 1954, 1963), Gow (1972) noted
that similar traits may have evolved independently in far-related taxa, even though for similar
reasons. He disagreed with Fox (1964) that the weak zone in the "cheek" of Captorhinus could
be the predecessor of a temporal fenestra. Instead, he argued that the Permian parareptilian
group Millerettidae may be key to understanding the evolution of temporal fenestration in
reptiles. Gow (1972) demonstrated that in juveniles of Milleretta rubidgei a small infratemporal
fenestra was present that disappeared completely in adults, mostly due to an anterior
extension of the squamosal. He explained this by contraction/expansion in the "cheek"
induced by expansion of the palate at the basicranial articulation (i.e., the articulation between
the pterygoid and braincase). According to Gow (1972), this could represent a condition
derived from the intracranial kinetics of anthracosaurs, which could likely move their braincase
and skull roof relative to their palate and "cheek" (Thomson 1967). In contrast to the typical
sarcopterygian intracranial joint between "cheek" and skull roof found in the putatively
reptiliomorph anthracosaurs, the squamosal of M. rubidgei was firmly attached to the skull
roof. This would result in a "line of weakness" between the jugal, squamosal, and
quadratojugal on whose dorsal termination the temporal fenestra was formed. Gow (1972)
noted that widening of the temporal region would have been a significant precondition to allow
such a development in M. rubidgei. Further reductions of the temporal dermatocranium (i.e.,
the formation of a ventral excavation) in other milleretids, especially Milleropsis Gow, 1972,
would have resulted in even greater intracranial mobility. Notably, Gow (1972) highlighted that
temporal fenestrae in the Permian Youngina Broom, 1914 and later diapsids were likely to
have different causes.

Over the course of the 20™ century, a growing consensus on the relationship between
temporal openings and jaw adductor musculature inspired several studies on jaw
biomechanics in extinct and extant taxa (e.g., Crompton 1963; Barghusen 1973; Kemp 1969,
1980, 1984; Rieppel & Gronowski 1981). The notion that temporal fenestrae functioned as an
adaptation to allow bulging of the jaw musculature (see Gregory & Adams 1915) fell out of
favor.

Kemp (1980) proposed that the infratemporal fenestra in early synapsids did not evolve

from a skull similar to that of early Eureptilia ("Romeriidae"), but instead from a type more
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similar to the diadectomorph Limnoscelis Williston, 1911. Kemp (1980) highlighted that the
appearance of supratemporal and tabular bones in synapsids is comparable to the condition
in Limnoscelidae. Like other early tetrapods, Limnoscelis retained a loose connection between
"cheek" and skull roof as a remnant of the sarcopterygian skull with its intracranial joint.
According to Kemp (1980), the synapsid infratemporal fenestra could have formed by the jaw
adductor musculature attaching to the bony margins of the intracranial joint, which was then
strengthened by the processes described above. The fenestra would subsequently form in the
connecting area between the "cheek" bones and skull roof.

Kuhn-Schnyder (1980), agreeing with Frazzetta (1968) that temporal fenestrae
predominantly form in the sutures between three bones, identified the jugal-squamosal-
guadratojugal and postorbital-squamosal—parietal contacts as key regions. While apparently
considering muscle action as the main selective force underlying fenestration, Kuhn-Schnyder
(1980) also argued for a role of the atlanto-occipital joint (see also Versluys 1919). Elongation
of the neck and higher mobility of the head would require a lighter skull and hence favor the
formation of fenestrae. He cautioned that such biomechanical causes would make taxonomic
classifications based on temporal morphology less reliable, but he considered temporal
morphotypes to be mostly constant within single reptilian groups.

Carroll (1982) interpreted early synapsids predominantly as macropredators with the
relatively short jaw adductor chamber enabling a wider jaw gap, whereas early diapsids were
insectivores in which the presence of temporal fenestrae would have created a lighter skull
and the temporal bars formed as areas of maximal resistance against forces generated during
feeding (see also Evans 2008). Similar ideas had been proposed by Versluys (1919), who
interpreted temporal differences between early Synapsida and Diapsida in terms of their
different feeding ecology requiring a different arrangement of the jaw musculature. Despite
the presence of two pairs of temporal fenestrae in early diapsids, Carroll (1982) argued that
their jaw mechanics and muscle distribution would have been similar to their non-fenestrated
reptilian ancestors.

The loss of the lower temporal bar in Lepidosauria and a variety of other fossil taxa
was discussed by several researchers (Robinson 1973; Evans 1980; Rieppel & Gronowski
1981; Whiteside 1986). They generally disagreed that this loss had a functional relationship
with the evolution of streptostyly as proposed by previous researchers (Fuchs 1909; Romer
1956). Based on an incomplete lower temporal bar and fixated quadrate in the early
rhynchocephalian Clevosaurus hudsoni Swinton, 1939, Robinson (1973) argued that this may
be an auditory adaptation, separating the quadrate from the lower temporal bar to reduce
interference with the ears during feeding. Evans (1980) disagreed with this interpretation,
because action of the dentulous palatine and stretching of the post-quadrate tympanic

membrane by the mandible would still affect hearing ability during feeding, making any effect
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of a jugal—quadrate separation negligible. She also suggested that this and similar excavations
of the "cheek" bones were not related to quadrate movement and that skulls with a mobile
quadrate represented a derived condition relative to skulls lacking the lower temporal bar (in
squamates) or in which the lower temporal bar was present (in birds). Evans (1980) favored a
relationship with the size and attachment sites of the jaw adductor musculature, probably
making the lower temporal bar unnecessary for muscle attachment. Rieppel & Gronowski
(1981) also did not support a relationship with streptostyly, instead postulating that loss of the
lower temporal bar was a consequence of differentiation of the external jaw adductor
musculature: a newly developed muscle unit extended posteroventrally from the posterior
temporal region to the lateral mandible. Whiteside (1986) drew connections between the weak
but rapid bite that would have accompanied the punctuating dentition in these taxa and
interpreted the reappearance of the lower temporal bar in the extant tuatara as an adaptation
to ensure precise occlusion of the jaws in taxa with a more powerful bite.

In a study on turtles, Lakjer (1926) interpreted a ligament between the quadrate and
jugal as the retention of a lower temporal arch from diapsid ancestors. Werneburg (2013b),
however, demonstrated that this ligament was likely derived from a superficial craniocervical
aponeurosis and argued that adjacent bones could not develop histologically into one
consistent ligament. The quadratojugal ligament would serve in turtles as tension cord (sensu
Klenner et al. 2015) to buffer bite forces (Werneburg 2013b; see also Jones et al. 2012). In
other amniotes, this ligament is either detached from the quadrate in mammals (i.e., as the
external masseter fascia) or from the jugal in non-turtle reptiles (i.e., as the quadrate ligament;
compare to lordansky 1996) and serves as a morphogenetic structure to differentiate the

external jaw musculature in these taxa (Werneburg 2013b).

2.3.2.d) Quantitative modeling and other recent approaches (1990s—present)

The recent increase in computational power has enabled researchers to perform
quantitative analyses on the functional morphology of tetrapod skulls. In addition to large-scale
statistical analyses of diversity patterns (e.g., Jones 2008; Young et al. 2010; Ferreira et al.
2020; Paluh et al. 2020), these include muscle reconstructions and finite element analyses of
the skull, and modelling of strain distributions along the temporal bones (e.g., Hylander &
Johnson 1997; Holliday & Witmer 2007; Lautenschlager, 2015; Lautenschlager et al. 2017;
Ferreira et al. 2020; Nabavizadeh 2020). An in-depth discussion of this literature is outside the
scope of this review, but these studies provide a valuable basis for future large-scale studies

on the comparative functional morphology of the tetrapod temporal region.
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Of particular interest are the functional causes underlying the temporal morphology of
caecilians (Gymnophiona). Extant caecilians either possess a distinct posterodorsal
excavation between the parietal and squamosal ("zygokrotaphic") or a fully roofed
dermatocranium ("stegokrotaphic"; e.g., Kleinteich et al. 2012; Sherrat et al. 2014). In contrast
to earlier interpretations (Nussbaum 1983), the ancestral morphology of caecilians was likely
"stegokrotaphic" (i.e., scutal) and probably symplesiomorphic with the condition in
dissorophoid temnospondyls, the putative sister-clade to lissamphibians (Maddin et al. 2012;
see Subchapter 2.3.1.d) with "zygokrotaphic" (i.e., suprafossal in caecilians) forms having
evolved several times independently in later forms (Kleinteich et al. 2012). "Stegokrotaphy",
together with eyes covered by bone and a subterminal mouth, has been interpreted as an
adaptation to a fossorial lifestyle including head-first burrowing (Sherratt et al. 2014; Bardua
et al. 2019). "Stegokrotaphic" forms differ in their fossorial behaviour from "zygokrotaphic"
taxa, as they are apparently better adapted to burrow in more compact soil (Gower et al. 2004).
However, Kleinteich et al. (2012) demonstrated that the temporal bones are relatively
unaffected by forces assumed to act during head-first burrowing. They postulated instead that
"zygokrotaphy" evolved in caecilians to provide more space for the jaw adductor musculature.
Nevertheless, even among "zygokrotaphic” caecilians, the alignment of the jaw adductors can
vary (Nussbaum 1983). The influence of the neck musculature might be relevant if head
mobility varies among taxa (sensu Werneburg 2015).

In another group of lissamphibians, namely anurans, Paluh et al. (2020) inferred a
relationship between a hyperossified cranium and dietary or defense adaptations. In anurans,
the temporal region is usually reduced to the frontoparietal, squamosal, and quadratojugal
(e.g., Schoch 2014b). In several lineages, hyperossification of the frontoparietal, squamosal,
as well as the maxilla led independently to secondary closure of the temporal region,
sometimes with formation of an infratemporal fenestra in the "cheek" (e.g., Ceratophrys Wied-
Neuwied, 1824, Calyptocephalella Strand, 1928) or a casque-like cranium (e.g., Hemisus
Gunther, 1858, Myobatrachus Schlegel, 1850) (Paluh et al. 2020). In a large-scale quantitative
analysis, the authors reported that such hyperossification occurs in hypercarnivorous taxa
adapted to feed on other large vertebrates and is correlated with high and wide skulls that are
also anteroposteriorly short. Paluh et al. (2020) further argued that this may represent an
adaptation to the high forces acting on the skull during feeding. The casque-like cranium was
found in taxa capable of phragmotic behavior, i.e., the ability to retract the eyes within the
orbital cavity, which is likely a defensive strategy, protects the eyes during feeding, or prevents
water loss through evaporation.

Holliday et al. (2020) showed that, at least in archosaurs, only part of the supratemporal
fenestra serves as an attachment site for the jaw adductor musculature. Small excavations

adjacent to the supratemporal fenestra, which they referred to as the "frontoparietal fossa",
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may instead have contained vascular and adipose structures. Holliday et al. (2020) argued
that these structures could have functioned in thermoregulation, especially of the eyes and/or
brain, or they may have supplied integumentary structures used in display [see Carr (2020)
for a discussion on Holliday et al.’s (2020) interpretation of the frontoparietal fossal.
Werneburg (2012, 2013a, 2015, 2019) and Werneburg et al. (2015a,b) reported a
series of studies focussing on the temporal region of turtles. Werneburg (2012) reviewed the
morphological, evolutionary, and ecological factors potentially influencing temporal
morphology in turtles and other amniotes. Werneburg (2015) identified a correlation between
neck retraction in cryptodiran turtles and the formation of posterior excavations in their
temporal region. He postulated that the tensile forces generated during neck retraction would
require the skull to form deep posterodorsal emarginations for better stress distribution. If the
original state in the ancestors of turtles was indeed a fenestrated skull, this would have also
resulted in closing of the temporal fenestrae to produce the non-fenestrated condition seen in
Testudinata. Indeed, the turtle skull may have evolved in response to a complex set of
adaptations initiated by an increase in neck mobility and the evolution of the turtle shell
(Ferreira et al. 2020; Werneburg, 2020). The loss, reduction, or absence of the ability to retract
the neck could also explain the distinct reduction in temporal excavations in many extant taxa
like sea turtles, Platysternon, or the recently extinct meiolaniids, a conclusion also drawn in

some previous publications (Zdansky 1923-25; Gaffney 1983; Jones et al. 2012).

2.3.2.e) Developmental studies

The field of evo-devo has grown considerably in recent decades (Olsson et al. 2006),
offering a perspective on macroevolutionary patterns often not feasible using anatomy alone.
Considering embryology, ontogenetic changes, and the genetic mechanisms behind skull
development may be key to understanding the evolution of temporal openings in tetrapods.

Tarsitano et al. (2001) considered mineralization of the jaw muscle tendons as a main
driver behind the evolution of temporal fenestrae in amniotes. They proposed that the
evolution of temporal fenestrae allowed a size increase in jaw musculature while ensuring a
low angle of bone attachment. For muscles originally attaching to the sutures of temporal
bones, incomplete closure of these sutures would enlarge the available attachment area for
the jaw muscles (as already argued by previous authors) while maintaining a low angle of
attachment. Over time, the developmental relationship between bone and jaw muscles would
select for a more circular shape of the fenestrae as this would maximize the available surface
for muscle attachment. A low angle of attachment between muscle and bone is not only

optimal for biomechanical reasons but also would be beneficial during prenatal ontogeny due
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to the physiological need to maintain a large attachment area for the transport of biomolecules
from bone to tendon.

Tokita et al. (2013) identified a possible relationship between temporal morphology in
reptiles and the distribution of mesenchymal cells expressing Runx2 and Msx2 genes. They
reported a higher distribution of Runx2 and Msx2 expression in the lateral skull of turtle
embryos relative to a focal distribution on regions forming the temporal bars in a crocodile
embryo, and a distribution restricted to the precursor of the braincase in a snake embryo.
Tokita et al. (2013) interpreted these distribution patterns of Runx2 and Msx2 expression as a
key element in the diversity of the temporal region of amniotes.

Schoch (2014b) provided a hypothesis for the origin of emarginated "gymnokrotaphic"
(i.e., nudital) skulls in batrachians (frogs and salamanders). He argued that the cranial
osteology of adult batrachians can be compared to the larvae of branchiosaurid

temnospondyls but with a trend for successive flattening of the skull that led to the
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Fig. 14 Summary of the different factors proposed to affect the morphology of the temporal skull region in
tetrapods. The relative importance of these factors differs among taxa. For some taxa, specific factors may be

not applicable; additionally, factors not mentioned in this figure may also play a relevant role in some case.
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"gymnokrotaphic" morphotype. According to Schoch (2014b), this skull flattening made it
necessary for the jaw musculature to increase in length [see also Frazzetta (1968);
Subchapter 2.3.2.c], which would require a reduction of the ancestrally fully roofed dermal
armor. This was achieved both by a lack of ossification in some of the dermal bones present
in their presumed temnospondylian ancestors and by early fusion of primordial bones. The
latter enabled the jaw adductors to attach dorsally to the frontal and parietal primordia before
other dermal bones were formed. A dorsal attachment of the jaw adductors has been also
reported for suprafossal caecilians (Nussbaum 1983; Kleinteich et al. 2012). However, note
that lissamphibian origins, as well as their temnospondylian affinities are still debated [Schoch
(2014a) and references therein; Laurin et al. 2019; Marjanovi¢ & Laurin 2019), and the
ossification sequences of branchiosaurids may be different to those of extant amphibians
(Laurin et al. 2019).

Werneburg (2019) postulated ontogenetic plasticity as an underlying cause for the high
diversity in amniote temporal anatomy. He argued that the absence of a larval stage in
amniotes enabled the jaw musculature to attach directly to the developing temporal
dermatocranium. Whereas in larvae the dermal bones are not fully differentiated and jaw
musculature has to attach to the primordial skull to be functional (Ziermann et al. 2018), in the
direct development of amniotes, the jaw musculature is not restricted to an insertion onto the
chondro- respectively neurocranium, and has more freedom to respond to the functional
requirements of the hatchling/newborn.

The scenarios proposed by Schoch (2014b) and Werneburg (2019) may explain how
both tetrapod main groups could reduce their temporal dermatocranium despite different
developmental strategies. Yet, these developmental strategies are derived relative to those of
extinct tetrapod groups (e.g., Packard & Seymour 1997; Schoch 2014a; Laurin et al. 2019).
The lack of temporal openings in most other Paleozoic tetrapods must be explained by
selective forces that prevented the development of temporal openings in these taxa. While the
developmental strategies of several Paleozoic tetrapod groups were strikingly diverse [Schoch
(2014a) and references therein], especially in groups that possessed temporal openings such
as the embolomere Anthracosaurus russelli (Panchen 1977; Clack 1987) or some
"lepospondyls" (e.g., Bolt & Rieppel 2015; Pardo & Anderson 2016), their ontogenetic
trajectories are not understood in detail (Schoch 2014a; Laurin et al. 2019). Nevertheless,
many "lepospondyls" apparently had an uniphasic life cycle, possibly comparable to amniotes
or terrestrial salamanders (Schoch 2014a). Hence, the development of temporal openings in
some "lepospondyls" may be explained in the same way (Werneburg 2019). In fact, several
"lepospondyls" with distinctly reduced regions of the dermatocranium recently have been
proposed to nest within Amniota (Mann et al. 2019; see Subchapter 2.3.1.e). However, the

proposed absence of larvae in "lepospondyls" could be also explained by a preservation bias
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(Michel Laurin, personal communication 2021) and the absence of a consensus on early
tetrapod interrelationships complicates any attempt to make developmental inferences

regarding this essential period of skull evolution.

2.3.3. Summary on the origins of temporal openings

The majority of researchers have made a connection between jaw muscular
arrangement and the presence and morphology of temporal openings. Yet, the evolution of
the temporal region is likely to be multidimensional (e.g., Fox 1964; Kuhn-Schnyder 1980;
Ferreira et al. 2020). Temporal openings seem predominantly to form in weak areas of the
dermatocranium, characterized by relatively thin bone (Jaekel 1902; Romer & Price 1940; Fox,
1964) and along the sutures of three or more bones (Frazzetta 1968; Kuhn-Schnyder 1980)
or at intracranial joints (Kemp 1980). These "weak" areas may be more likely to form temporal
openings due to a lack of ossification (Romer & Price 1940; Cisneros 2008), as an adaptation
to reduce skull weight (Gaupp 1895b; Fox 1964), or to reduce bone volume in functionally less
important areas (Case 1924; Olson 1961; Fox 1964; Frazzetta 1968) to provide more space
for the jaw adductors (Dollo 1884; Gregory & Adams 1915; Versluys 1919; Lakjer 1926;
Kleinteich et al. 2012). The arrangement of the latter determines the force distribution on the
temporal dermatocranium, thereby favoring the development of bony ridges along ‘networks
of lines of stress’ for attachment of the musculature. This could subsequently facilitate
reduction of areas subject to lower applied forces and the formation of strong temporal bars
in high-stress regions (Gaupp 1895b; Gegenbaur 1898; Case 1924; Kilias 1957; Olson 1961;
Fox 1964; Frazzetta 1968; Carroll 1982; Tarsitano et al. 2001).

The arrangement of the jaw adductors is then dependent on the shape of the skull
(Olson 1961; Frazzetta 1968; Tarsitano et al. 2001; Schoch 2014b), the relative dimensions
and positions of different skull regions like the choanae, otic capsules, braincase, and orbits
(Dollo 1884; Fuchs 1909; Lakjer 1926), and on the ontogenetic strategy (Schoch 2014b;
Werneburg 2019). Temporal morphology will be further related to aspects of feeding
mechanics like jaw movement (Dollo 1884; Versluys 1919; Olson 1961; Whiteside 1986), jaw
articulation, and cranial kinesis (Fuchs 1909; Romer 1956; Kilias 1957). Temporal morphology
may be also dependent on neck anatomy, including the mobility of the head-neck joint
(Versluys 1919; Olson 1961; Kuhn-Schnyder 1980; Werneburg 2015) and the ability to retract
the head (Zdansky 1923-1925; Kilias 1957; Werneburg 2012, 2015; Ferreira et al. 2020).
Finally, external mechanical stresses during an aquatic or fossorial lifestyle may also be
related to a reduction in the temporal region (Gaupp 1895b; Olson 1961; Sherratt et al. 2014;
Bardua et al. 2019).

There is obviously no universal answer explaining the formation of temporal openings

in Tetrapoda, with selective regimes varying according to taxon (Fig. 14). For example, the
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ability to retract the head arguably plays an important role for the turtle skull, but is unlikely to
be able to explain the presence of temporal openings in lepidosaurs or lissamphibians.
Temporal morphology will be a compromise of the various factors that act on the skull,
including potential phylogenetic constraints. Nevertheless, examples of independent evolution
of similar temporal morphotypes (e.g., MacDougall & Reisz 2014; Ford & Benson 2020)
suggest that in some cases we will be able to uncover general patterns of selection leading to

a particular temporal morphology.

2.4. Conclusions

(1) Here a novel morphological classification scheme is introduced that subdivides
tetrapod temporal morphology into ten morphotypes: scutal, infrafenestral, suprafenestral,
bifenestral, additofenestral, fossafenestral, infrafossal, suprafossal, bifossal, and nudital. This
scheme represents an alternative to traditional classification schemes in being independent of
phylogeny, homology criteria, and functional interpretations. Plotting these ten morphotypes
onto a phylogenetic tree illustrates the broad range of character distributions among taxa. The
ancestral condition of major clades remains uncertain — including those of Amniota, Reptilia,
and Synapsida — because many morphotypes evolved in parallel in the early members of
these groups. Future research should focus on obtaining a detailed and homology-based
character definition of the temporal region, including bone-to-bone contacts, suture anatomy,
and suitable metrics to understand the detailed pathways of evolution of the temporal region.
This will allow to clarify how similar morphotypes evolved in different taxa in response to
(potentially different) selective forces.

(2) Research on the tetrapod temporal region has a long history, extending back to the
early 19" century. The morphological differences observed comparatively early in this field of
research were placed into an evolutionary context by the late 19t and early 20™ century. Within
this period, several authors independently devised naming conventions for the different
temporal configurations, and for taxa based on the latter, with several of these terms still in
common use.

(3) A relationship between jaw musculature and the formation of temporal openings
was proposed early on and was generally accepted during the last century. Temporal
openings appear to form predominantly in relatively weak areas of the dermal armor, such as
in the contact zone of three or more bones or at the intracranial joint between the parietal and
"cheek". Many researchers interpreted the formation of temporal openings, or more precisely
the associated temporal bars and thickened bony margins, as an adaptation to force
distribution and muscle size. The development of temporal openings has been considered in

the context of tetrapod terrestrialisation and postulated to be favored by the absence of
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external hydrostatic pressure, weight reduction, evolution of the head—neck joint, doming of
the skull, but also skull flattening (in batrachians), changes in the jaw hinge and cranial kinesis,
evolution of the otic capsules and auditory apparatus, or by the absence of a larval stage in
early ontogeny. Postulated selective pressures include changes in feeding mechanics,
enlarging of the braincase, evolution of neck retraction, fossoriality, and differentiation of the

jaw adductor musculature.
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Chapter 3

Skull sutures and cranial mechanics in
the Permian reptile Captorhinus aguti
and the evolution of the temporal region
in early amniotes




A modified version of this chapter has been published as:
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3. Skull sutures and cranial mechanics in the Permian reptile
Captorhinus aguti and the evolution of the temporal region in
early amniotes

3.1. Introduction

Amniota, the clade comprising mammals, turtles, lepidosaurs, crocodylians, birds, and
their extinct relatives, emerged no later than the early Pennsylvanian (ca. 319 Ma ago; Ford
& Benson 2020). In contrast to the majority of coeval limbed vertebrates, the earliest amniotes
and their closest extinct relatives adopted a predominantly or even exclusively terrestrial
lifestyle (Sumida 1997; Nyakatura et al. 2019; Buchwitz et al. 2021). This ecological shift had
been accomplished by innovations in their developmental strategies (e.g., Packard and
Seymour 1997; Werneburg 2019; Blackburn & Stewart 2021) and was accompanied by further
changes in their general anatomy, involving the appendicular skeleton and vertebral column
(Sumida 1997), as well as the skull (Bramble & Wake 1985; lordansky 1990). Especially, the
adaptations in the skull are an essential aspect of amniote terrestrialization, as life outside of
the aquatic realm makes specific demands on sensorial abilities, respiration, and feeding
(Olson 1961; Lauder & Gillis 1997; Laurin 2010).

One of the most recurrent differences in the skull morphology between early amniotes
and most other Paleozoic limbed vertebrates are the reductions of the dermatocranium in the
temporal region, leading to the formation of temporal fenestrae or marginal excavations
(Werneburg 2012, 2019; Abel & Werneburg 2021). Such temporal openings evolved at least
twice independently in early amniotes (Ford & Benson 2020), corroborating the notion that
they were a response to new functional demands (e.g., Case 1924; Fox 1964; Frazzetta 1968;
for a review see Chapter 2), likely caused by a greater role of the external jaw adductor
musculature and corresponding changes in force distribution (e.g., Versluys 1919; Case 1924;
Lakjer 1926; Frazzetta 1968). Initially, this might have been also bound to amniote
terrestrialization and accompanied adaptations like weight reduction, higher mobility of the
atlanto-occipital joint, and change from a kinetic-inertial to a static-pressure biting system
(Gaupp 1895; Versluys 1919; Olson 1961; Fox 1964; Kuhn-Schnyder 1980). Overall, temporal
openings have been hypothesized to form especially within “weak” regions of the
dermatocranium that could easily have been reduced. Those include generally thin areas (e.g.,
Case 1924; Romer & Price 1940; Fox 1964), intersections of more than two bones (Frazzetta
1968; Kuhn-Schnyder 1980), and bone articulations (Kemp 1980).

Yet, the ancestral configuration without temporal openings (scutal sensu Abel &
Werneburg 2021) was retained in many Paleozoic amniotes (“Anapsida”; e.g., Carroll & Baird

1972; Clark & Carroll 1973), and also secondarily reevolved in groups like the Permian
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pareiasauromorphs (MacDougall & Reisz 2014) and turtles (Gaffney 1990; Jones et al. 2012).
However, no ancestrally scutal amniote is known from post-Paleozoic strata and even extant
turtles may not be a good analog due to their unique cranial adaptations (e.g., Kilias 1957;
Werneburg 2011, 2012, 2013a, 2015; Ferreira & Werneburg 2019; Werneburg & Maier 2019).
Consequently, any hypothesis regarding the functional morphology in the ancestral scutal
skull and its role in the evolution of temporal openings is dependent upon the assessment of
fossil material.

Here, the skull of the Permian reptile (sensu Modesto & Anderson 2004) Captorhinus
aguti Cope, 1882 (Amniota, Captorhinidae) is used as a model for the cranial functional
morphology in an early “anapsid”. Captorhinus Cope, 1896 was chosen, because species of
this genus represent some of the best documented early scutal reptiles with easily accessible
articulated skull material and a wealth of literature on their cranial anatomy (e.g., Branson
1911; Case 1911; Sushkin 1928; Price 1935; Romer 1956; Fox & Bowman 1966; Heaton
1979; Modesto 1998; Kissel et al. 2002; Egberts 2008), including discussions on their jaw
musculature, cranial kinesis, and its relevance in understanding the origin of temporal
fenestration (Warren 1961; Fox 1964; Fox & Bowman 1966; Bolt 1974; Heaton 1979; Jones
& Zikmund 2012; Werneburg & Abel 2022).

It is worth mentioning that C. aguti postdated the oldest known amniotes by ca. 30 Ma
(Woodhead et al. 2010; Ford & Benson 2020) and already exhibited some adaptations that
might be considered derived relative to earlier anapsids, especially in its dentition, feeding
mechanics, and skull proportions (Heaton 1979; Dodick & Modesto 1995; Hotton et al. 1997;
Modesto et al. 2007). Nevertheless, C. aguti appears to be still rather generalized in its overall
cranial morphology in relation to some other contemporary taxa with a scutal temporal region
(e.g., Labidosaurus Cope, 1896, moradisaurine captorhinids, and probably Mesosaurus
Gervais, 1865; Dodick & Modesto 1995; Modesto 2006; Modesto et al. 2007) and its temporal
morphology is overall similar to other early scutal reptiles (Carroll & Baird 1972; Clark & Carroll
1973; Heaton 1979), among them the oldest known unambiguous amniotes (e.g., Hylonomus
Iyelli Dawson, 1860; Paleothyris acadiana Carroll, 1969b). Notable differences in its temporal
region, especially to non-captorhinid taxa, are the distinctly reduced supratemporals and
absent tabulars (Fox & Bowman 1966; Heaton 1979; compare to Koyabu et al. 2012).

A detailed description of the suture morphology within the dermatocranium of C. aguti
and its adjacent contacts with the viscero- and neurocranium is provided to better understand
the general stability and integrity of the hypothetical ancestral amniote skull. Possible “weak”
regions in the dermatocranium are described and their implications for strain distribution are
discussed. Using a conservative reconstruction of the jaw adductor musculature, the
possibilities of cranial kinesis and elastic bone movements in the temporal region of C. aguti

will further be discussed, and how the here presented interpretation compares to previous
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studies involving this taxon. Lastly, it is outlined how the cranial mechanics in the ancestral
amniote probably differed from other Paleozoic limbed vertebrates and how they might have

provided preconditions for the evolution of temporal openings.

3.2. Material and methods

For this study, an almost complete, three-dimensionally preserved skull of Captorhinus
aguti, housed at the Sam Noble Oklahoma Museum of Natural History (OMNH 44816; Fig.
15), has been used. As documented by the OMNH, the specimen derives from an unspecified
Cisuralian fissure filling in Comanche County, Oklahoma. It is likely that this refers to the well-
documented Richards Spur speleothem, which is Artinskian in age (ca. 289 Ma; Woodhead et
al. 2010). OMNH 44816 is missing bones especially in the left half of the skull, namely the left
nasal and jugal. The left prefrontal and squamosal, the parabasisphenoid and supraoccipital,
as well as the left dentary, angular, and surangular are incomplete. The right septomaxilla is
probably present but metallic inclusions precluded a proper segmentation. Completely missing
in the skull are the premaxillae, prootics, basioccipital, and exoccipitals. Some bones are
broken, but nevertheless completely preserved, these are most notably the right palatine, left
postorbital, right maxilla and jugal, and both parietals.

OMNH 44816 was scanned by Matthew Colbert with an NSI scanner at the University
of Texas High-Resolution X-ray Computed Tomography Facility (UTCT), Austin, United
States, in February 2017. The scanner is powered by a Fein Focus High Power source with
180 kV and 0.15 mA. It uses an aluminum filter and a Perkin Elmer detector. The scan has a
voxel size of 33.5 mm and consists of 1897 single slices. Further corrections were performed
by Jessica Maisano. MicroCT images are deposited in  MorphoSource

(morphosource.org/concern/media/000439915).

Each bone was virtually extracted using manual segmentation in Avizo 8.13D
renderings of the external surface of the bones and the teeth were generated and converted
into meshes. Meshes were saved as PLY-files and were projected as 3D models in MorphoDig
1.5 (Lebrun 2018; Fig. 15, 17-23). Renderings are available in Abel et al. (2022b).

The thickness of the sutures of the dermatocranium was measured using the 2D
Length Tool in Avizo 8.1. The measurements were taken in the orientation in which the suture
was most complete and visible. Not being homogeneous over the entire suture length, the
suture thickness was measured in five different spots. These spots are quite regularly
distributed along the whole suture to obtain an accurate and well-representative mean. All

measurements and means of the suture thickness are listed in Suppl. Tab. 2.
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For this chapter, the term “suture” is generally applied for the contact of two bones,
including their non-preserved soft-tissue components. The bone areas that articulate with
each other are referred to as “articulation facets,” the externally visible area incorporating the

suture is the “external surface” (Fig. 16).

Fig. 15 3D model generated from the scan of OMNH 44816 in left lateral (A), right lateral (B), dorsal (C), ventral
(D), anterior (E), and posterior view (F). Abbreviations: an, angular; ar, articular; co, coronoid; de, dentary; ep,
epipterygoid; f, frontal; ju, jugal; la, lacrimal; mx, maxilla; na, nasal; op, opisthotic; pa, parietal; pal, palatine; pb,
postorbital; pf, postfrontal; pp, postparietal; pra, prearticular; prf, prefrontal; pbs, parabasisphenoid; pt,
pterygoid; q, quadrate; qj, quadratojugal; sep, septomaxilla; spl, splenial; sq, squamosal; stp, stapes; sup,
supraoccipital; sur, surangular; vo, vomer.

3.3. Results

Eight different suture types in the dermatocranium of Captorhinus aguti could be
identified and defined (Fig. 24). Most used suture type terminology follows Jones et al. (2011).
The type “stepped interdigitation” (8 in Fig. 24) is a combination of “stepped joint” (7 in Fig.
24) and “Type-B interdigitation” (5 in Fig. 24) sensu Jones et al. (2011). Sutures can vary in
the presence and type of interdigitations as well as in the presence of a bony lamina that
extends from one of the suturing bones medially to its respective contralateral neighbor,
forming an additional medial contact. Like observed for other taxa (e.g., Clack 2002; Rayfield

2005), sutures also can vary in suture type and thickness along the contact of two bones. In
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some cases, the type of suturing could not be directly observed, because the relevant bones
were missing in OMNH 44816 or had been disarticulated. Articulations between dermal bones
and those of the neuro- and viscerocranium are briefly described but not categorized after the
scheme in Fig. 24, because they fall out of the research question tested herein and have a
very different, enchondral type of ossification (Koyabu et al. 2014) and related suture

formation. Likewise, contacts between such non-dermal bones were also not described.

External surface

Bone

N
T Articulation facet

Joint

Fig. 16 Simplified cross section of a skull suture, illustrating the terminology used in this manuscript.
sep, septomaxilla; spl, splenial; sq, squamosal; stp, stapes; sup, supraoccipital; sur, surangular; vo, vomer.

3.3.1. Preorbital region

The preorbital region of C. aguti consists of the premaxilla, septomaxilla, maxilla, nasal,
lacrimal, prefrontal, as well as of the anterior portions of the frontal and jugal. Only some
preorbital sutures exhibit a simple structure. Interdigitating contacts appear especially close to
the orbits.

The maxilla (Fig. 18) forms laterally a facial lamina that fits into a ventral notch of the
lacrimal (“tongue-and-groove joint”; 2 in Fig. 24). The posterior half of the maxilla is overlapped
by the jugal by a “stepped joint” (7 in Fig. 24). The palatine contacts the maxilla laterally by
what may be referred to as a low “slot joint” (3 in Fig. 24). Anteriorly, the maxilla would have
overlapped the non-preserved premaxilla (Fox & Bowman 1966; Heaton 1979).

The ventral margin of the lacrimal (Fig. 19) is concave to house the facial lamina of the
maxilla. Overall, the ventral margin forms a medially expanded rim that forms the external
surface with the maxilla. On its dorsal margin, it underlies the nasal, the bones interdigitate
externally (“stepped interdigitation”; 8 in Fig. 24). Posteriorly to the lacrimal-nasal contact, the
lacrimal exhibits a similar contact with the prefrontal, the latter underlies the lacrimal.
Posteroventrally, it sutures with the jugal by a stepped joint. At its anterior end, the lacrimal is
slightly overlapping the septomaxilla laterally. The lacrimal section of the orbital rim medially

overlaps a dorsal ridge of the palatine, forming a slot joint.
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Excluding its lateral contact with the prefrontal, the nasal (Fig. 19) interdigitates with all
its preserved neighboring bones. Its anterior tip would have underlain the premaxilla. Posterior
to the nasal-lacrimal contact, the nasal forms a “butt joint” with the prefrontal (1 in Fig. 24).
The remainder of the nasal-prefrontal contact can be described as a stepped interdigitation. A
stepped interdigitation can be also observed at the posterior end of the nasal for its contact
with the frontal, where the frontal underlies the nasal.

Apart from its already described sutures with the lacrimal and nasal, the prefrontal (Fig.
20) medially contacts the frontal by a stepped joint posterior to the prefrontal-nasal contact.

The posterior suture of the frontal (Fig. 20) with the parietal is overall similar to the
frontal-nasal contact. Posterolaterally, the frontal forms a “Type-A interdigitation” (4 in Fig. 24)
with the postfrontal. Additionally, a complex inter-frontal suture is present (“Type-C
interdigitation”; 6 in Fig. 24). Only the posterior end of the frontal that contacts the postfrontal

and parietal contributes to the temporal region.

3.3.2. Temporal region

The temporal part of the dermatocranium in C. aguti consists of the posterior portion
of the jugal and frontal, as well as the postfrontal, postorbital, squamosal, quadratojugal,
parietal, postparietal, and supratemporal. Interdigitating contacts are especially formed on the
external surfaces in the “cheeks” (i.e., jugal, squamosal, postorbital, and quadratojugal).

The posterior jugal (Fig. 21) dorsally underlies the postorbital, forming a stepped joint
(7 in Fig. 24). At its posterior end, the jugal also underlies the squamosal; both bones form a
stepped interdigitation (8 in Fig. 24). The jugal is similarly contacted by the quadratojugal at
its posteroventral edge, although the interdigitation sequence is short. A medial contact with
the pterygoid has been reported for Captorhinus and other captorhinids (Fox & Bowman 1966;
Heaton 1979; Dodick & Modesto 1995; Modesto et al. 2007). However, such a contact is not
preserved in OMNH 44816. This is likely due to the loss of the anteromedial process that
would have connected the jugal to the pterygoid and a slight displacement of the palate.

The postorbital (Fig. 22) anterodorsally underlies the postfrontal (stepped joint).
Dorsally, the postorbital is simply contacted by the parietal (butt joint; 1 in Fig. 24). Posteriorly,
the postorbital is underlain by the squamosal, and like between the squamosal and the jugal,
both contacts interdigitate externally (stepped interdigitation).

Next to its sutures with the postorbital and frontal, the postfrontal (Fig. 22) likewise
contacts the parietal posteriorly by a stepped interdigitation.

The squamosal (Fig. 23) underlies the parietal dorsally, forming together another
stepped joint. Ventrally, the squamosal itself is underlain by the quadratojugal in a similar

manner. Posterodorsally, it would have also sutured to the supratemporal; however, it was not

82



possible to reconstruct the latter for OMNH 44816. Similarly, both postparietals are too badly
preserved to make any judgment about their contact to the squamosal. Medially, the
squamosal is contacted by the quadrate. At the medial margin of its occipital flange, the
squamosal forms a short contact with the opisthotic. It was not possible to unambiguously
confirm a contact with the supraoccipital.

In addition to the contacts with the squamosal and jugal, the quadratojugal (Fig. 21) is
underlain posteriorly by the quadrate.

Other sutures with the parietal (Fig. 22) include the contact with the postparietal, which
it overlaps posteriorly (stepped joint). Posterolaterally, it would have contacted the
supratemporal. Both parietals suture each other medially by a butt joint. The supraoccipital
would have sutured with the parietals posteroventrally.

The left and right postparietal (Fig. 22) are sutured to each other medially by a thin
Type-C interdigitation (6 in Fig. 24). Ventrally, they overlap the supraoccipital.

3.3.3. Palatal region

The dermal palate consists of three bones: the vomer, palatine, and pterygoid. All three
bones are rigidly connected by interdigitating sutures.

Both vomers (Fig. 18) contact each other medially at their anterior end by a butt joint
(1 in Fig. 24). Posteriorly, the vomer interdigitates with the palatine by a Type-C interdigitation
(6 in Fig. 24). A shorter interdigitation with the pterygoid can be observed at its posteromedial
edge (“Type-B interdigitation”; 5 in Fig. 24). Additionally, the rod-shaped anterior extension of
the pterygoid is on much of its lateral margin contacted with the vomer by a butt joint.
Anteriorly, the vomer would have contacted the premaxilla.

The palatine (Fig. 21) interdigitates further with the pterygoid at its posterior and medial
margins (Type-C interdigitation). Anteromedially, the palatine-pterygoid contact develops into
simple a butt joint. As described above for the preorbital region, the palatine laterally contacts
the maxilla and lacrimal.

At their anterior extremity, both pterygoids (Fig. 21) contact each other medially by a
short butt joint. In the anteromedial section of the quadrate process, the pterygoid is
overlapped by the epipterygoid. The pterygoid does not contact the parabasisphenoid.
Posterolaterally, the quadrate broadly contacts the quadrate process of the pterygoid.

Posteromedially, the same process is abutted by the stapes.

3.3.4. Mandible

The bones of the mandible comprise the dentary, angular, surangular, coronoid,

splenial, prearticular, and articular. The mandibular symphysis is restricted to the anterior tip
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of the mandible. In most cases, the bones of the lower jaw have simple contacts with each
other. Interdigitating sutures appear only on the external surface.

Both dentaries (Fig. 17) are sutured to each other on their anteromedial end by a butt
joint (1 in Fig. 24). On its external surface, the dentary interdigitates posteriorly with the angular
by a Type-B interdigitation (5 in Fig. 24). Medially, the two bones contact each other along the
posterior half of the dentary by what may be referred to as a butt joint. A similar arrangement
exists between dentary and surangular; the latter borders the dentary posterodorsally.
Medially, the splenial also contacts the dentary both dorsally and ventrally to the Meckelian
groove. The dorsal contact is similar to the medial contacts with the angular and surangular
described above, however, ventrally, the splenial slightly underlies the dentary by a stepped
joint (7 in Fig. 24). Posterior to the dorsal dentary-splenial suture, the dentary contacts the
anterior end of the prearticular by another butt joint. The medial portion of the dentary, dorsally
to the other mandibular bones, is mostly covered by the coronoid.

Next to its already described contact with the dentary, the midsection of the coronoid
(Fig. 17) overlaps the anterior prearticular by a butt joint. Anteriorly, the coronoid tapers
between the dentary and splenial. Posteriorly, a large wedge of the surangular protrudes to
the coronoid, forming a short interdigitating sequence.

At their anterior ends, both splenials (Fig. 18) contact each other medially by a butt
joint as part of the mandibular symphysis. Posterodorsally, the prearticular tapers in-between
the dentary-splenial contact. Posterolaterally, the angular contacts the splenial by a butt joint;
posteroventrally, it also overlies the splenial by a stepped joint.

Like described above, the surangular interdigitates anteriorly with the dentary and
coronoid by a Type-B interdigitation. On its external surface, it is ventrally overlapped by the
angular by a stepped joint. On their internal surface, both bones exhibit a Type-B
interdigitation. The prearticular simply sutures the surangular by a butt joint at its
posteroventral extremity. Posteromedially, the surangular is wedged into the articular.

Apart from its sutures mentioned above, the angular (Fig. 17) is dorsally overlain by
the prearticular medially to the Meckelian groove. The latter widens medially at its posterior

end to surround the ventral portion of the articular.
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3.3.5. Suture thickness

The thickness of bones at their sutures varies greatly in the dermatocranium of OMNH
44816 (Suppl. Tab. 2 and Fig. 25). Overall, the thinnest sutural areas in the skull are the
anterior palate (0.52—-0.79 mm), the intersection of jugal, squamosal, and postorbital (0.46—
1.33 mm), the interparietal contact (0.36—1.34 mm) as well as the dorsolateral rostrum (0.78—
1.12 mm). The thickest areas are located close to the maxilla (max. 2.93 mm), in the anterior
‘cheek” (max. 3.56 mm), at the lacrimal-palatine contact (max. 3.55 mm), and between both
pterygoids (max. 2.32 mm). Noteworthy trends include a thinning of the jugal-squamosal,
jugal-postorbital, and squamosal-postorbital sutures toward the jugal-squamosal-postorbital
intersection, as well as a thinning in anterior direction along the sutures between parietal and

“cheek.”

3.4. Discussion

3.4.1. Suture morphology and strain transmission in OMNH 44816

Sutures connect neighboring skull bones by differently arranged viscoelastic fibers
(Herring 2008). In addition to providing sites for bone growth, the main function of sutures is
likely the absorption and transmission of strain (e.g., Herring et al. 1996; Herring & Teng 2000;
Herring 2008; Moazen et al. 2009; Curtis et al. 2013; even though some theoretical
approaches showed only little effect of sutures on strain distribution: see Ferreira et al. 2020).
Moreover, soft- and hard-tissue suture morphology is dependent on the presence and,
probably, also on the type of strain (e.g., Moss 1957; Herring 1972, 2008; Herring & Mucci
1991). However, osteological evidence alone is not suitable to unambiguously determine the
main type of strain affecting a suture (Herring & Mucci 1991; Rayfield 2005). Overall, suture
morphology may be used to roughly infer the distribution of strain within the skull and jaw
adductor action even when in vivo observations are not possible (Herring, 1972).

The eight identified suture types can be broadly subdivided based on their complexity
and, hence, their assumed robustness (Herring 2008). Simple butt joints (1 in Fig. 24) like they
occur especially in the anterior palate, but also at the prefrontal-nasal and postorbital-parietal
contacts, as well as between the parietals, could be interpreted as regions little affected by
mechanical stimuli (Moss 1957). Butt joints have been associated with both compressional
and tensile strain (Herring & Mucci 1991; Rayfield 2005; Porro et al. 2015), making a more
detailed interpretation for OMNH44816 difficult. Compared to other suture morphotypes, butt
joints might be least resistant toward stress and strain due to less available attachment area
for the fibers (Jones et al. 2011). The slot and tongue-and-groove joints (2 and 3 in Fig. 24)

only occur in the preorbital region and adjacent palatal contacts. Tongue-and-groove joints
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Fig. 24 Suture types observed in the dermatocranium of OMNH 44816 and their position in the skull. 1, butt
joint; 2, tongue-and-groove joint; 3, slot joint; 4, Type-A interdigitation; 5, Type-B interdigitation; 6, Type-C
interdigitation; 7, stepped joint; 8, stepped interdigitation. Terminology mostly after Jones et al. (2011).
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had been previously interpreted as an

OOOWE

adaptation toward tensile strains (Herring &
Mucci 1991; Porro et al. 2015; Rawson et al.
2021). Based on their horizontally intercalated
geometry, the author would tentatively argue

that slot joints are more resistant to

compressive than to tensile strains. The
majority of the dermal bones in C. aguti are
connected by stepped joints or stepped
interdigitations [7 and 8 in Fig. 24; see also
Jones and Zikmund (2012)]. Other types of
interdigitations (4, 5, and 6 in Fig. 24) are
restricted to the frontal and palatal region. The
role of stepped joints appears to be more
complex (Rayfield 2005; Porro et al. 2015;
Rawson et al. 2021). They might act as a
response to shear (Bolt 1974), torsion (Busbey
1995; Clack 2002), or to a combination of

tension and compression (Gans 1960; Markey

et al. 2006). Robustness of stepped joints
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interdigitations (8 in Fig. 24). Generally,
interdigitations have been shown to be an

adaptation to compression and overall high
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strains (e.g., Herring 1972; Rafferty & Herring
1999; Rayfield 2005; Markey et al. 2006).

Additionally, suture robustness may be

also controlled by interdigitation type. Bones
Fig. 25 Points of measurements for suture thickness in . . . . .
OMNH 44816 as indicated in Suppl. Tab. 2. that are only interdigitated at their articulation
facet (5 in Fig. 24) may be less resistant to
forces acting longitudinally to the suture than bones that are additionally interdigitated at their
external surfaces (6 in Fig. 24). Comparably, a lack of interdigitations at the articulation facet
may also reduce the resistance to vertical forces (4 in Fig. 24). Overall, a higher degree of
interdigitation leads to more available fiber attachment area and thus to a higher resistance
toward strain than simpler suture morphotypes (Herring 1972). Also considering thickness

measurements, potentially weak areas might have been at the jugal-squamosal-postorbital
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intersection, at the parietal-postorbital suture, between both parietals, at the dorsolateral
rostrum, and in the anterior palate.

These assumptions also allow direct comparisons with the suture morphology
described for several Paleozoic non-amniotes (e.g., Klembara 1994; Kathe 1995, 1999;
Berman et al. 2010; Porro et al. 2015; Gruntmejer et al. 2019; Rawson et al. 2021), especially
when focusing on the temporal region. Interdigitations can be seen in a wide array of taxa,
and often developed for more sutures than found in the skull of OMNH 44816 (Porro et al.
2015; Gruntmejer et al. 2019; Rawson et al. 2021); however, there are also numerous
examples with less pronounced or absent interdigitations in this part of the skull.

In many cases, morphotypes corresponding to the herein used butt and stepped joints
prevail (Klembara 1994; Kathe 1995), arguing that compressional strain on the temporal
region was comparatively low. This highlights that strain distribution in the temporal region
could differ markedly among Paleozoic limbed vertebrates. Considering that the formation of
temporal openings is due to specific distributions of strain within the temporal region (Abel &
Werneburg 2021), this might explain why temporal openings occur mainly in amniotes and
only in few other clades in which these preconditions are met (see Subchapter 3.4.4.).

The main source of strain within the temporal region is likely related to the action of the
jaw musculature (Jones et al. 2011). Indeed, it has been demonstrated that attachment of the
jaw adductors is directly related to suture morphology (Herring & Mucci 1991; Herring & Teng
2000). More precisely, forces that are applied onto the cranium by muscle action cause the
bony coverage to respond by a strengthening of the affected bones and sutures (e.g., Case
1924; Herring & Mucci 1991; Rayfield 2005; Jones et al. 2011); with stronger sutures inevitably
reducing the intracranial mobility in the respective skull areas (Clack 2002). Such forces are
expected to be applied especially by direct or indirect action of the jaw adductors (Herring &
Mucci 1991; Herring et al. 1996; Rafferty et al. 2000); hence, the focus is on this set of muscles
herein. It is appreciated, however, that also neck muscles, related to the posture and
movement of the head and being relevant for feeding biology when pulling food items, play a
role for the biomechanics of the temporal region (sensu Werneburg 2015; Werneburg et al.
2015). As no radical differences in neck mobility are expected among most early amniotes,
this is considered as a stable condition among most clades and neck musculature is not

discussed any further.
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3.4.2. Jaw musculature in Captorhinus aguti

3.4.2.a) Challenges of cranial muscle reconstruction

Direct evidence for muscle is usually not preserved in the fossil record. While specific
morphological features of bones like processes, ridges, or scars can be used to deduce former
muscle attachment sites (e.g., Fox 1964; Heaton 1979; Witzmann & Werneburg 2017), there
are also some limitations to a purely osteological approach as muscles may also attach to
cartilage or other soft tissue like skin and usually do not leave any trace on the bones (e.g.,
Romer 1927; Schumacher 1973; Werneburg 2011; Wilken et al. 2019). The development of
osteological correlates may be dependent on the type of attaching tissue [fleshy or tendinous;
Bryant & Seymour (1990) and references therein; Werneburg 2011, 2013a,b] and may vary
within a species or even between both sides of the skull (Poglayen-Neuwall 1953; Witzmann
& Werneburg 2017). Such uncertainties could be met by taking the known myology of

comparable taxa into account.

3.4.2.b) Analogs to reconstruct fossil musculature

Comparative anatomical studies show that in tetrapods the jaw adductors generally
can be subdivided into an external, internal, and posterior compartment based on their
respective position relative to the divisions of the trigeminal nerve (e.g., Luther 1914;
Barghusen 1973; Holliday & Witmer 2007; Diogo et al. 2008; Witzmann & Werneburg 2017;
Ferreira & Werneburg 2019). Within reptiles, the external jaw adductors [‘adductor
mandibulae externus” (AME)] usually originate from the dermal bones of the skull roof and
“‘cheek,” and sometimes also from the quadrate or neurocranium. The internal adductors
[‘adductor mandibulae internus” (AMI)] originate mostly from the palate and the lateral
braincase wall. The posterior jaw adductor [“adductor mandibulae posterior” (AMP)] arises
from the quadrate. All jaw adductors insert onto the posterior portion of the mandible (Holliday
& Witmer 2007; Diogo & Abdala 2010; Werneburg 2011, 2013a; Ziermann et al. 2018; Ferreira
& Werneburg 2019).

In reptiles, the external adductor (AME) can be usually further subdivided into a lateral
[‘adductor mandibulae externus superficialis” (AMES)], a deep [‘adductor mandibulae
externus profundus” (AMEP)], and a medial muscle portion [“adductor mandibulae externus
medialis” (AMEM)]; the internal adductors can be subdivided into the pterygoideus (PT),
pseudotemporalis (PST), and constrictor internus dorsalis (CID) muscles (Holliday & Witmer
2007; Werneburg 2011; Ferreira & Werneburg 2019; and references in these works).
However, variation to this pattern can be observed widely across various taxa (Holliday &

Witmer 2007; Daza et al. 2011; Werneburg 2013a). Nevertheless, assuming these
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subdivisions to represent the plesiomorphic condition of extant reptiles, it may be inferred that
it also represented the condition in an early-diverging taxon like C. aguti. The condition found
in mammals is highly derived with a masseter muscle first evolving in Cynodontia (Barghusen
1973; Abdala & Damiani 2004; Werneburg 2013b). Homologizations of reptilian to
lissamphibian muscles are possible (Diogo & Abdala 2010). Therefore, the ancestral reptilian
condition is herein considered as also being ancestral to Amniota as a whole.

Most extant amniotes possess temporal fenestrae, and at least the external jaw
adductors are usually associated with the surrounding temporal bars (e.g., Holliday & Witmer
2007; Jones et al. 2009; Werneburg 2019). Consequently, the muscle attachment sites for an
extinct taxon with a scutal temporal region like C. aguti may not be fully predictable based on
these taxa. Considering the shared trait of a skull without temporal fenestrae, turtles instead
might be an intuitively fitting extant analog for C. aguti. Whereas the maijority of extant turtles
also possess a distinctly reduced dermal armor in the form of a highly emarginated temporal
region (Gaffney 1979; Jones et al. 2012; Werneburg 2012; Abel & Werneburg 2021), some
groups like sea turtles as well as the earliest known Testudinata exhibit, like C. aguti, a scutal
morphology without distinct temporal openings (Gaffney 1990; Jones et al. 2012). However,
most current phylogenetic placements of turtles (e.g., Rieppel & deBraga 1996; deBraga &
Rieppel 1997; Crawford et al. 2012, 2015; Lyson et al. 2012; Field et al. 2014; Schoch & Sues
2015; Irisarri et al. 2017; Li et al. 2018; Gemmell et al. 2020; but see also Lichtig & Lucas
2021) indicate that they are deeply nested within Diapsida and the scutal morphology in early
Testudinata likely derived from a fenestrated ancestor due to selective pressures specific to
the turtle skull (Zdansky 1923—-1925; Kilias 1957; Werneburg 2015), which also involved a
comprehensive rearrangement of soft tissue (Werneburg 2013a,b) and the suturing of the
quadrate to the braincase (Werneburg & Maier 2019). Additionally, the scutal sea turtle skull
likely represents a secondary evolution within Testudines and its jaw muscle arrangement is
probably different from the one in early Testudinata (Jones et al. 2012; Werneburg, 2013a;
Ferreira & Werneburg 2019; Werneburg et al. 2019). Hence, while extant turtles can help to
predict how the jaw adductors would attach in a scutal skull in general, their derived
morphology would limit their applicability for the reconstruction of the jaw musculature in an
ancestral “anapsid”.

Yet, comparisons with taxa outside of Reptilia might be even less adequate. As
mentioned above, mammalian jaw adductors are distinctly derived from the assumed
condition in their early synapsid ancestors and cannot be directly homologized with the
reptilian condition (Barghusen 1973; Diogo et al. 2008). Likewise, the specifics of
lissamphibian anatomy are largely influenced by metamorphotic developmental events (Haas
2001, 2003; lordansky 2010; Kleinteich & Haas 2011; Ziermann 2019), and the nearest extant

non-tetrapod relatives, Dipnoi, are argumentatively too distantly related to reptiles to provide

97



a good bracketing taxon (but see Werneburg 2019). Taking all into account, the jaw adductors
of C. aguti may be best inferred from the assumed myology in the last common ancestor of all
extant reptiles in the context of a scutal temporal region with respect to the osteological

peculiarities of C. aguti.

3.4.2.c) Previous reconstructions of captorhinid jaw musculature

Reconstructions and suggestions regarding the jaw musculature of C. aguti and other
captorhinids have been already provided by previous authors (Adams 1919; Fox 1964; Fox &
Bowman 1966; Heaton 1979; Dodick & Modesto 1995). Fox (1964) subdivided the external
adductors of Captorhinus [“capitimandibularis” in Fox (1964)] into two main sections, the
lateral “masseter” (i.e., AMES) and the medial “temporal” (i.e., AMEP) section. Additionally,
he discussed also the presence of a third section between the AMES and AMEP, which would
likely correspond to the AMEM of diapsids. Fox (1964) argued that the AMEP would have
been the largest section and attached to the parietal, postfrontal, postorbital, and squamosal.
The AMES would have been sheet-like and originated from the jugal, quadratojugal, and
squamosal from where it inserted onto the coronoid process (Fox 1964; Fox & Bowman 1966).
If the AMEM was present, Fox (1964) argued it would have been sheet-like and extend from
the skull roof onto a bony “knob” anterodorsally to the Meckelian fossa, as observed for extant
tuatara [however, this is likely more complicated, see Jones et al. (2009), given also the fact
that tuatara has a bifenestral skull morphotype with specifically derived muscle arrangements].
In regard of the internal jaw adductors [‘pterygoideus” in Fox (1964)], he suggested a
subdivision into an anterior (i.e., PT) and a posterior section (i.e., AMP). Fox (1964) let the PT
occupy large portions of the dorsal pterygoid surface as well as the lateral surface of the
pterygoid flange. He argued it would have extended in a posteroventral direction, medially to
the AMEP, and inserted medially inside the Meckelian fossa. The AMP would have been of
limited size and attached to the quadrate from where it would have inserted onto the mandible
between the jaw joint and Meckelian fossa. Lastly, Fox (1964) also discussed the presence of
a pseudotemporalis muscle (i.e., PST), but he argued that if it would have been present, the
relative position of the pterygoid would prohibit an arrangement as observed for extant taxa.

Fox (1964) and Fox & Bowman (1966) partly provided osteological arguments for their
suggested muscle arrangements. However, in some cases they also argued for particular
muscle attachment sites without describing a clear reasoning, or despite the lack of
osteological evidence like muscle scars. Nevertheless, the latter is per se legitimated as
discussed above as the authors indeed highlighted the impact of different attaching tissues on
the presence of osteological correlates. Fox & Bowman (1966) described distinct striae on the

medial portion of the parietals close to the suture between these bones, which would likely
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indicate a tendinous attachment of the AMEP there [however, see Heaton (1979) below for a
different interpretation]. Likewise, they interpreted distinct concavities occupying most of the
medial parietal surface as likely fleshy attachment sites of the AMEP, because no structures
were visible on the internal bone surface. A bony ridge which ran close to the squamosal-
parietal suture probably separated the AMEP from the AMES (Fox 1964; Fox & Bowman
1966). Apparently, Fox (1964) also assumed the attachment of the AMES onto the jugal and
quadratojugal to be fleshy as he highlighted the smooth medial surfaces of these bones. In
the mandible, the AMES would insert onto the surangular portion of the coronoid process at a
vertical flange of the surangular that bore two concavities (Fox 1964; Fox & Bowman 1966).

Fox (1964) further argued for a tendinous attachment of the PT onto the lateral
pterygoid flange as evident by its size, which he also compared to the condition in crocodiles.
According to him, too, the attachment to the dorsal pterygoid surface was likely fleshy. The
PT could have inserted onto the ventral and medial surfaces of the angular. A medial groove
on the prearticular, bearing pits and striae, might have been another insertion site of the PT
(Fox & Bowman 1966). These latter authors suggested that the AMP could have inserted onto
a medial ridge formed by the articular and prearticular and a small concavity dorsal to that
ridge as indicated by probable muscle scars on both structures. Lastly, based on comparison
with tuatara, Fox (1964) suggested that an AMEM with uncertain origin on the skull roof (see
above) might have inserted onto a “knob” anterior to the Meckelian fossa.

Heaton (1979) discussed the cranial musculature in the related species Captorhinus
laticeps Williston, 1909 [“Eocaptorhinus” in Heaton (1979)] and other material referred to the
genus. In fact, some of the material described by Heaton (1979) and used for his illustrations
might be actually referable to C. aguti, namely the specimens found at the Dolese Brothers
Quarry (Robert Reisz, personal communication, 2021).

Heaton (1979) disagreed with Fox & Bowman (1966) on the interpretation of the medial
striae in the parietals of Captorhinus being remnants of a tendinous attachment of the jaw
adductors. Instead, he argued they were due to attachment of meninx and taenia marginalis.
The bony ridge that runs parallel to the parietosquamosal suture identified by Fox (1964) and
Fox & Bowman (1966) as the border between AMES and AMEP was recognized by Heaton
(1979) as an attachment site solely for the AMES. Other sections of the AMES might have
attached to the mediodorsal portion of the squamosal. Also, the ventral concavities of the
parietals already reported by Fox & Bowman (1966) as likely attachment sites for the AMEP
are, according to Heaton (1979), muscle scars from the AMEM. He argued that the AMEM
was further divided into an “adductor mandibulae externus 2 ¢ (pars media C)” and “adductor
mandibulae externus 2 a (pars media A)” muscle head (sensu Lakjer 1926). The two muscle
heads would have been subdivided by the temporal artery, evident by a distinct foramen in

the proximity of the mentioned parietal concavity. The “adductor mandibulae externus 2 b
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(pars media B)” is said to have been attached anteriorly to the concavity, where it left an
additional number of muscle scars. A more posterior section of the AMEM would have
attached to the quadrate, together with the AMP. Heaton (1979) considered the AMEP to be
present; however, he only stated that it would have inserted ventrally to the coronoid like in
Fox (1964). For the AMES and AMEM, Heaton (1979) argued that they would have inserted
by a joint tendon onto the lateral surface of the surangular.

In addition to the already mentioned AMP, Heaton (1979) identified the PT and PST
for the internal jaw adductors. He distinguished between an “anterior” and “posterior” muscle
head of the PT [apparently synonymous with “pterygoideus lateralis” and “pterygoideus
medius” of Heaton (1979, Figure 24)]. Overall, the PT originated, according to Heaton (1979),
from the mediodorsal surface of the pterygoid, including the anterior section of the quadrate
process. The PST, subdivided into “pseudotemporalis superficialis” and “pseudotemporalis
profundus” after Heaton (1979), originated from the epipterygoid. Heaton (1979) reconstructed
a mostly tendinous insertion of the internal jaw adductors onto the mandibular fossa, coronoid,
medioposterior prearticular, and onto the medial articular.

The reconstructions of Fox (1964) and Heaton (1979) differ markedly from an earlier
proposal of Adams (1919) on the jaw muscles of the captorhinid Labidosaurus. Like Fox
(1964), Adams (1919) argued that the AMES would attach to the jugal and squamosal, but
also to the quadrate instead of the quadratojugal. The AMEP instead would have not been
attached to the skull roof, but only to the pterygoid and epipterygoid [“alisphenoid” in Adams
(1919)]. He further reconstructed the AMEM as attaching mostly to the parietal and
squamosal, which resembles the reconstruction by Heaton (1979) and effectively may be the
attachment sites Fox (1964) suggested for the AMEP in Captorhinus. Adams (1919)
suggested that the external adductors would insert onto the suprameckelian fossa, the PT
ventrally onto the retroarticular process. The cranial attachment sites proposed by Adams
(1919) for the PT are similar to the ones by Fox (1964) and Heaton (1979); i.e., attaching to
the pterygoid]. Adams (1919) did not discuss the AMP and PST. None of the cited references
discussed the CID.

3.4.2.d) Reassessment of the jaw adductors in Captorhinus aguti

Based on the observations on bone structure and comparisons with published extant
amniote jaw muscle anatomy (e.g., Diogo et al., 2008; Daza et al., 2011; Ziermann et al.,
2018), the models of Fox (1964) and Heaton (1979) are herein modified and expanded as
follows: In model presented herein, the external section consists of a medial (AMEP) and
lateral muscle portion. In lateral view, the lateral portion occupies most of the “cheek” region

(Fig. 26A). It attaches to the jugal and quadratojugal, and it extends dorsally to the squamosal
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until it meets the ventral bony ridge of the parietal that runs roughly parallel to the

parietosquamosal suture (Fig. 26C).

Fig. 26 Rough position of the jaw adductor musculature in the temporal dermatocranium of OMNH 44816 in
medial (A) and ventral view (C); as well as of the internal adductor and constrictor musculature in the palate
and epipterygoid in dorsal (D) and lateral view (E), and the insertion of all named muscles onto the mandible
in medial view (B). AME, adductor mandibulae externus; AMEM, adductor mandibulae externus medialis;
AMEP, adductor mandibulae externus profundus; AMES, adductor mandibulae externus superficialis; AMI,
adductor mandibulae internus; AMP, adductor mandibulae posterior; CID, constrictor internus dorsalis; PST,
pseudotemporalis; PTD, pterygoideus dorsalis; PTV, pterygoideus ventralis.

It is known for marine turtles that the AMES may separate a distinct lateral muscle
portion inserting to the broadly armored “cheek” region (Werneburg 2011; Jones et al. 2012).
When present, AMEM is known to attach anterolaterally to the quadrate and medially to the
quadratojugal in many turtles (Schumacher 1973). As highlighted by Werneburg (2011,
2013a), jaw musculature is highly plastic in its anatomy and basically “follows” the
arrangements of the temporal skull bones. In this regard, AMEM, which is relatively well-
defined in reptiles with temporal fenestration and placed between AMEP and AMES (Holliday
& Witmer 2007; Jones et al. 2009), is considered to exhibit a more fluent nature in non-
fenestrated forms. That said, the homology of particular muscle portions and muscle heads
among reptiles is debatable (Rieppel 1987; Werneburg 2013a). By positional criteria, AMES
of turtles might be homologous to AMEM in other reptiles, and the AMEM of turtles might be
identical with AMES of other reptiles. However, as musculature develops from a consistent
cell mass in early ontogeny and differentiates based on perinatal requirements of the
respective animal (Werneburg 2019), the developmental fate and differentiation of muscle

portions might actually be unique to each individual taxon. Medially to the AMES, in the
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assessment herein, the AMEP would attach to the postfrontal, postorbital, and parietal (Fig.
26C). Both external adductors would fuse at the height of the squamosal and insert onto the
coronoid process of the mandible (Fig. 26B).

The internal adductor section would comprise an anterior (PT) and posterior (AMP)
muscle portion, an intercalated pseudotemporalis (PST), and a constrictor internus dorsalis
(CID) part. The PT would cover the dorsal face of the dermal palate and reach anteriorly to
the palatine as indicated by the smooth transition between palatine and pterygoid (Fig. 26D,E).
The PST would attach to the lateral face of the posterior process of the pterygoid, to the
(mainly cartilaginous) lateral braincase wall, and maybe with a few fibers to the epipterygoid
(sensu Heaton 1979; Fig. 26E). The AMP would attach to the anterolateral surface of the
quadrate (Fig. 26A). All three muscle portions of the internal adductor section would insert
onto the posterior part of the mandibular fossa (Fig. 26B). The CID is here considered to have
been present around the epipterygoid, with an anterior and a posterior part, and attach to the
pterygoid dorsally (Fig. 26E). It is difficult to reconstruct levator arcus palatini, which would
dorsally connect to the skull roof and/or the lateral wall of the braincase and might help to
position the palate. Other muscles of the head were not considered for this assessment.
Heaton (1979) provided reconstructions of several muscle heads for different muscles, which
might be too speculative to discern given the rather unspecific osteological correlates in this

fossil.

3.4.3. Cranial kinesis and elasticity in Captorhinus aguti

These assessments on suture morphology and jaw adductors allow further inferences
on cranial kinesis and elasticity. Cranial kinesis describes the movement of one or more bones
relative to other bones or set of bones along intracranial sutures. Among extant tetrapods, it
is present in various squamates, birds, and lissamphibians, but effectively absent in mammals,
crocodylians, turtles, and tuatara (e.g., Versluys 1910; Frazzetta 1962; Bock 1964; lordansky
1990; Metzger 2002; Holliday & Witmer 2008; Jones et al. 2011; Natchev et al. 2016;
Werneburg & Maier 2019; Yaryhin & Werneburg 2019). The presence and evolution of cranial
kinesis has been also discussed for various extinct clades (e.g., Versluys 1910, 1912; Carroll
1969a; Bramble & Wake 1985; lordansky 1990; Clack 2002; Holliday & Witmer 2008; Cost et
al. 2020), even though the inapplicability of in vivo studies represents a considerable limitation.
In fact, intracranial mobility observed in prepared specimens does not necessarily correspond
to movements actually exhibited by the living animal [Evans 2008; Holliday & Witmer 2008;
however, see also lordansky (2011)]. Cranial kinesis proper, which describes active
movements of skull parts due to muscle action, should further be distinguished from passive

elastic/flexible movements of bone and cartilage due to applied strain (Fracasso 1983;
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Rayfield 2005; Moazen et al. 2009). Indeed, all skulls require at least some degree of
elasticity/flexibility to avoid breakage; hence, “passive kinesis” is also present in skulls that
might usually be considered akinetic in terms of cranial kinesis proper (Thomson 1967;
Beaumont 1977; Kathe 1999; Herring 2008; Natchev et al. 2016). It is expected that even
“stepped joints” and distinctly interdigitated sutures still react elastically to mechanical stimuli,
especially when the respective bones are thin in the sutural area (Beaumont 1977; Clack 2002;
Natchev et al. 2016). The relationship between elasticity at intracranial sutures and the
evolution of cranial kinesis proper is uncertain (Moazen et al. 2009).

Using the examples of lepidosaurs and bird-line archosaurs, Holliday and Witmer
(2008) provided a list of criteria that need to be fulfilled to allow cranial kinesis proper. In the
following, these criteria are discussed based on observations on OMNH 44816 and whether
previously defined types of cranial kinesis (i.e., at the basicranial joint; otic joint; pleurokinesis;
metakinesis; mesokinesis; prokinesis; rhynchokinesis) were present in C. aguti.

For the condylar basicranial joint (i.e., between the palate and neurocranium), previous
observations in other Captorhinus specimens (Warren 1961; Heaton 1979; however, see also
Olson 1951; Fox & Bowman 1966) that the pterygoid does not directly contact the
parabasisphenoid can be confirmed. Instead, the joint is formed only between
parabasisphenoid and epipterygoid (see Werneburg & Maier 2019). The basicranial joint is
plesiomorphic in tetrapods (Thomson 1967; Beaumon, 1977; lordansky 1990; Porro et al.
2015) and notably immobilized in extant turtles (e.g., Gaffney 1979; Werneburg & Maier 2019;
Ferreira et al. 2020), further highlighting their more derived state relative to early scutal
reptiles. Presence of a synovial basicranial joint is the first criterion defined for cranial kinesis
(“basipterygopterygoid joint” in Holliday & Witmer 2008); however, whether a condylar joint
was indeed synovial is hard to determine for fossil specimens (Bailleul & Holliday 2017) and
even if present, it might not necessarily imply any form of cranial kinesis proper (Holliday &
Witmer 2008; Johnston 2010; Payne et al. 2011). Nevertheless, using a modularity approach
of skull network integrity, a clear distinction between the palate and epipterygoid on one side
and the braincase on the other side suggesting the presence of ancestral basicranial mobility
in C. aguti can be reconstructed (see Chapter 4). This methodology might be understood as
additional line of evidence to understand intracranial mobility (Werneburg & Abel 2022).

lordansky (1990, 2011, 2015) considered pleurokinesis (i.e., mediolateral movement
of the quadrate together with other “maxillobuccal” segments relative to the axial parts of the
skull) to be present in the earliest amniotes [“reptiles” in lordansky (1990, 2011, 2015)].
Indeed, the butting contact of the quadrate with the quadrate wing of the pterygoid as well as
the probable attachment site of the AMP suggest that some degree of mediolateral movement
could have been possible in the quadrate of C. aguti. Yet, this was certainly restricted by the

contact of the quadrate with the quadratojugal and squamosal. In fact, a condylar and,
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therefore, potentially synovial otic joint like it can be observed in many later diverging taxa is
not observable in OMNH 44816, C. aguti thereby lacked an important criterion for cranial
kinesis sensu Holliday & Witmer (2008). Similar to the basicranial joint, pleurokinesis has been
considered to be the plesiomorphic condition in tetrapods (lordansky 1990) and proposed for
various extant and extinct taxa like lissamphibians (e.g., lordansky 2000; Natchev et al. 2016),
squamates (e.g., lordansky 2004, 2015), or ornithopod dinosaurs (e.g., Norman &

Weishampel 1985); however, unambiguous evidence for active pleurokinesis in any of these

taxa is rare at best, if present at all (Evans 2008; Holliday & Witmer 2008; Cuthbertson et al.,
2012; Heiss & Grell 2019; but see also Chapter 4).

)] jugal-postorhbital V) squamosal-postorbital
1)} jugal-squamosal Vi) squamosal-parietal

11)] jugal-quadratojugal Vil parietal-postorbital
V) squamosal-quadratojugal

Fig. 27 Cross section through the temporal region of OMNH 44816 in posterior view highlighting the internal contacts
of the dermal bones. (A) Anterior temporal region; (B) posterior temporal region. (C) 3D view on the dermal sutures in
the temporal region of OMNH 44816. Dashed lines indicate potentially weak areas that could correspond to temporal
openings in other early amniotes.

A metakinetic joint (i.e., movement of the temporal dermatocranium, together with the
snout, relative to the occiput; Frazzetta 1962) has been repeatedly described for early
amniotes (e.g., Versluys 1912; Carroll 1969a; Gow 1972; Bramble & Wake 1985; lordansky
1990), even though its nature in extant taxa has remained barely understood until recently
(Mezzasalma et al. 2014; Handschuh et al. 2019), where it is mainly present in squamates
(Evans 2008; Jones et al. 2011), but maybe also in some other tetrapods (Natchev et al. 2016).
In OMNH 44816, bony contacts between the temporal dermatocranium and the braincase are
only present between the postparietal and supraoccipital, as well as between squamosal and

opisthotic. Based on other Captorhinus specimens, the supraoccipital was also dorsally
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sutured to the parietal by a bony process (Fox & Bowman 1966; Heaton 1979) and might have
been also sutured to the squamosals (Price 1935). Even though captorhinids shared with later-
diverging taxa the loss of the tabulars (e.g., Modesto et al. 2007), especially the retained
contact between postparietals and supraoccipital argues against any major mobility in the
metakinetic axis of C. aguti (Evans 2008). Werneburg & Abel (2022) found the braincase to
form a separate functional module in C. aguti, which would argue for some form of metakinesis
or for a weaker connection at the metakinetic axis at least that could serve as a precondition
to establish metakinesis later in evolution (see Chapter 4).

Mesokinesis (sensu Frazzetta 1962; i.e., active movements of the parietals relative to
the frontals) can be excluded for C. aguti based on the stepped interdigitation between the
respective bones. In fact, mesokinesis can be considered a highly derived condition mostly
restricted to squamates and some caudates (Frazzetta 1962; Bramble & Wake 1985; Natchev
et al. 2016). However, this does not necessarily exclude any form of elasticity in the
frontoparietal region (Natchev et al. 2016; Werneburg & Abel 2022). When the jaw was closed
in C. aguti, the AMEP probably exerted a pulling force on the parietals relative to the frontals,
distributing force onto the frontoparietal suture, eventually triggering the development of a
more complexly stepped interdigitation there. Nevertheless, the comparatively high thickness
in the sutures of the frontal region in C. aguti (Suppl. Tab. 2) as well as the external bony
ridges might additionally have decreased the degree of elastic movements. Werneburg and
Abel (2022) found a modular distinction between frontals and parietals, but based on the
results presented herein, they basically refuted mesokinesis in C. aguti. The distinction
between two modules in this area of the skull might hint at functionally differentiated skull parts
in C. aguti - that moved against each other by elasticity as assumed herein - or to an ancestral
differentiation of the skull inherited from more rootward tetrapods.

Likewise, action of AMEM (of the reconstruction herein) and AMES onto the “cheek”
might have also exerted pulling forces on the jugal, squamosal, and postorbital. Being overall
thinner than the parietal, elasticity was probably generally higher in the “cheek” than in the
skull roof. Like in the frontoparietal suture, the pulling force on the “cheek” likely selected for
a similarly stepped interdigitation between these bones (Fig. 27C, sutures Il, 1, V). Yet, the
contact of the parietals with the “cheek” is less complex and might even be considered “weak”
(Frazzetta 1968). However, this area seems to be more stabilized against torsion due to the
lamina extruding from the squamosal medially to meet a medioventral ridge of the parietal
(Fig. 27B). Only the parietal-postorbital contact still appears to be simple (Fig. 27A).
Nevertheless, the high modular integrity of the postorbital within the dermatocranium and the
more complex sutures to its neighboring bones, as well as the parietal-squamosal contact,

likely restricted further mobility (see Chapter 4). Yet, the simple nature of the parietal-
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postorbital suture could indicate that it was less affected by compressional forces than the
other sutures in the temporal region (Fig. 27C).

A joint between the snout and more posterior parts of the skull, as it occurs in most
batrachians, snakes, and birds (prokinesis, rhynchokinesis; Bock 1964; lordansky 1990), can
be excluded for C. aguti. The frequently stepped interdigitations in the snout likely evolved to
withstand the forces generated from the interaction between the tooth-bearing maxilla and
food items (Jones & Zikmund 2012). This is further evident by the relatively thick sutures
between the maxilla, lacrimal, and jugal. The force was probably absorbed by the thinner and,
hence, more elastic sutures in more dorsal areas of the snout (between lacrimal, nasal, and
prefrontal). Analogous to the parietal-postorbital suture, the simple frontal-prefrontal suture
might indicate that this skull area was less affected by compressional forces generated during
biting (see also Chapter 4), but again the high integrity of the prefrontal, as well as the thicker
suture, argues against any major mobility.

The derived condition and possible mobility of the palate in Captorhinus and other early
amniotes has been highlighted by previous authors (Fox 1964; Carroll 1969a; Bramble &
Wake 1985; however, see also Heaton 1979, for an opposing view). At the anterior end of the
palate, both vomers as well as both pterygoids were likely only loosely connected to each
other. Likewise, the articulation between vomer and premaxilla was likely rather simple (Fox
& Bowman 1966). As described by Fox (1964) and Fox & Bowman (1966), and confirmed by
the observations herein, there was a joint between the palatine and maxilla that could, on its
own, have allowed some rotational movement of the palate. Yet, the author agrees with Bolt
(1974) that in C. aguti the palatine also sutured to the lacrimal, which would have restricted
rotational motion. Further restriction was likely caused by the anterolateral contact of the
pterygoid with the jugal. It was not possible to confirm a contact between palatine and the
ventral process of the prefrontal (see Williston 1925; Bolt 1974). While there was no true
kinetic joint between the palatine, vomer, and pterygoid, the relatively thin palatines suggest
that the middle palate was quite elastic and would have bent dorsally by action of the dorsally
attaching PT when the jaw was closed. The epipterygoid is ancestrally not fused to the
braincase (as in mammals, turtles, and crocodylians) in C. aguti, suggesting the presence of
the epipterygoid-associated CID musculature. Together, they might have permitted a certain
pro- and retraction of the palate relative to the rest of the skull. The differentiation of CID into
a “protractor pterygoidei,” another criterion for cranial kinesis proper in lepidosaurs and bird-
line archosaurs (Holliday & Witmer 2008), cannot be confirmed for C. aguti.

In summary, none of the traditionally defined types of cranial kinesis can be
unambiguously confirmed for C. aguti. While it cannot be excluded that at least some of the
criteria by Holliday & Witmer (2008) could have been fulfilled by C. aguti (i.e., synovial

basicranial joint, m. protractor pterygoideus), it might be concluded that C. aguti, and likely
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also other early scutal reptiles, were functionally akinetic in terms of cranial kinesis proper.
Nevertheless, due to observed differences in suture morphology and thickness, the degree of
passive elastic movements is expected to differ depending on the respective skull part and,
also, between different parts of the temporal dermatocranium. It may be highlighted that the
criteria of Holliday & Witmer (2008) were erected for and nicely apply to extant diapsids, but
the discussion herein might motivate future studies on intracranial mobility beyond traditional

perceptions and categorizations.

3.4.4. Cranial mechanics and the evolution of temporal openings

Taking the morphological considerations herein, as well as comparisons with other
taxa into account, it is possible to roughly reconstruct the cranial mechanics in C. aguti that
likely applies also to other early scutal reptiles. This may offer new insights into the evolution
of the amniote temporal region and allows to infer how temporal openings might have formed
in early amniotes.

It can be debated whether C. aguti actually represents a suitable model for this
approach. As stated previously, the presence of several derived traits in the skull of C. aguti
as well as its geological age urge to caution in using it as an analog for the condition in the
hypothetical ancestral amniote. To complicate things further, interrelationships at the base of
Amniota are still widely discussed (e.g., Laurin & Pineiro 2017; MacDougall et al. 2018;
Klembara et al. 2019; Mann et al. 2019, 2021; Ford & Benson 2020). Hence, the ancestral
morphology of the amniote skull, and especially the point of when as well as how often
temporal openings appeared, is difficult to reconstruct (Laurin & Pifieiro 2017; Ford & Benson
2020; see also Subchapter 2.3.1.e). However, due to reasons mentioned in Subchapter 3.1.,
Captorhinus aguti may well be, for now, an acceptable representative to investigate the origins
of temporal fenestration in ancestral amniotes (see also Maier 1993, 1999). In this chapter,
differences and similarities between C. aguti and other taxa, notably earlier captorhinids,
"protorothyridids", and some other early potential amniotes will also be further discussed.

In case of the “cheek,” the cranial mechanics of C. aguti can be generally described as
outlined by Fox (1964). Contraction of the AMES/AMEM (as reconstructed herein) would have
exerted a ventromedial bending of the bones in the “cheek” region. Additionally, the quadrate
would have directed force from posterior onto the squamosal and quadratojugal. This might
explain the more stabilized squamosal-quadratojugal contact by the distinctly extruding bony
lamina from the quadratojugal medial to the squamosal (Fig. 27B). The observation of Fox
(1964) that there is a thin area at the intersection of jugal, squamosal, and postorbital (Suppl.
Tab. 2) can be confirmed, suggesting that it was less affected by muscle forces. Appropriately,

the interdigitation that runs dorsoventrally to form most of the anterior contact of the squamosal
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with jugal and postorbital becomes a less complex suture in the intersection area of the three
bones. Fox (1964) reports further that the marginal areas of the “cheek” were strengthened in
Captorhinus by medially aligned ridges that might have also served as muscle attachment
sites (at least for the stronger tendinous attachments, see above). This is also backed up by
the author's observations. According to the latter, these would also correspond to the external
patterns of bone ornamentation, probably another response to force distribution. Such a
“network of lines of stress” (Olson 1961) on its own might select against ossification in lesser
loaded areas of the “cheek,” eventually forming an opening (e.g., Case 1924; Olson 1961; Fox
1964). Intersections between more than two bones like they occur in the “cheek” of C. aguti
(Fig. 27C) might be especially prone to forming a temporal opening (Frazzetta 1968; Kuhn-
Schnyder 1980; Werneburg & Abel 2022).

Indeed, there is more evidence for this scenario in other taxa. Next to their typical
infratemporal fenestra between jugal, squamosal, and postorbital, some specimens of the
early synapsids Ophiacodon retroversus Cope (1878) and Varanosaurus acutirostris Broili
1904 also exhibit an “accessory temporal fenestra” at their thinned jugal-squamosal-

quadratojugal intersection; sometimes even restricted to only one side of the skull (Romer &

M jugal postfrontal B squamosal
B postorbital quadratojugal [l parietal

Fig. 28 Drawing of the skull of Captorhinus aguti after Fox and Bowman (1966) with possible origin sites for
temporal openings in the hypothetical ancestral amniote. 1, squamosal-postorbital-parietal intersection; 2, jugal-
squamosal-postorbital intersection; 3, jugal-squamosal-quadratojugal intersection. Sites 1 and 2 are the most
likely origin sites for a taxon similar to Captorhinus. Site 3 occurs especially in Parareptilia. Temporal openings in
early Synapsida and Diapsida formed probably by fusion of two of such origin sites (see also Werneburg & Abel,
2022).

Price 1940; Frazzetta 1968; Berman et al. 1995; Ford 2018; see Chapter 1). In the usually
non-fenestrated parareptile Procolophon trigoniceps Owen 1876, small infratemporal
fenestrae can appear in-between different sets of three to four bones (Cisneros 2008). Moving
more rootward, Jaekel (1902) reported for the possible amniote-line tetrapod Gephyrostegus

bohemicus thin regions in the “cheek” and parietal area, presumably fitting to the position of
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temporal openings in later amniotes. These traits have not been mentioned in a recent
reassessment of the species (Klembara et al. 2014) and so far, the author was not able to
study the fossils in person to confirm or refute Jaekel's (1902) observation. Conclusively, it
might be nevertheless rather easy to form small temporal openings within thin bone
intersections, with their occasional presence representing no major disadvantage for the
animal (Romer & Price 1940; Cisneros 2008).

While the author currently does not possess data on relative suture thickness in other
early scutal tatrapods, a jugal-squamosal-postorbital intersection like observed in C. aguti is
widespread among scutal taxa close to the amniote base (e.g., Clark & Carroll 1973; Berman
et al. 1988; Boy & Martens 1991; Modesto et al. 2007; Kissel 2010). Like infratemporal
fenestrae, these intersections vary in their relative position in the “cheek,” probably related to
differences in muscle force distribution. In fact, the latter is thought to play a significant role for
the formation of temporal openings during early ontogeny (Werneburg 2019). Such variation
in jaw adductor arrangement might also explain why in many parareptiles the infratemporal
fenestra is located within the jugal-squamosal-quadratojugal intersection instead (MacDougall
& Reisz 2014; 3 in Fig. 28), whereas in many non-sphenacodontian synapsids as well as in
some early diapsids, jugal, squamosal, postorbital, and quadratojugal form the margin of the
infratemporal fenestra (Romer & Price 1940; Ford & Benson 2020). In regard of the condition
in non-sphenacodontian synapsids and early diapsids, the formation of the fenestra may be
explained by a larger weak area in the “cheek” incorporating both discussed three-bone-
intersections. Alternatively, the formation of “accessory temporal fenestrae” like observed for
some ophiacodontids as mentioned above could have led to a later fusion of two separate
temporal openings (see also Chapter 4).

In fact, this is congruent with the author's observations on Protorothyris archeri Price,
1937 (MCZ 1532, 2148; Museum of Comparative Zoology, Harvard, United States), a close
relative of Diapsida, which still possessed a scutal morphology (e.g., Miller & Reisz 2006;
MacDougall et al. 2018; Ford & Benson 2020). P. archeri is similar to C. aguti in regards of
the jugal interdigitating with the squamosal posteriorly. Likewise, the parietal overlaps the
squamosal, and there also seems to be a butt joint between parietal and postorbital. However,
it differs from C. aguti by the lack of interdigitation in the postorbital-squamosal suture and the
simpler contact between jugal and quadratojugal. These might be suitable preconditions for
the formation of two pairs of temporal fenestrae in the diapsid ancestor. Yet, as the author
currently has no information on relative suture thickness in P. archeri, segmentation of a
microCT-scan like herein applied to OMNH 44816 would be needed to further elaborate on
this hypothesis.

There are more reasons to assume that as a model captorhinids alone might not be

able to explain the whole morphological diversity of the temporal region in early amniotes. An
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infratemporal fenestra corresponding to the weak area in C. aguti (i.e., within the jugal-
squamosal-postorbital intersection; 2 in Fig. 28) occurs mostly, likely as a derived trait, in taxa
with a reduced quadratojugal (e.g., Romer & Price 1940; Modesto & Reisz 1990), sometimes
by also involving the parietal (Modesto 1995; Lucas et al. 2018). In fact, while especially
moradisaurine captorhinids likely evolved larger external jaw adductors in context of their
derived herbivorous lifestyle, neither they or any other known captorhinid evolved an
infratemporal fenestra like it can be observed in coeval herbivorous synapsids, but enlarged
their adductor chamber instead (Dodick & Modesto 1995; Sues & Reisz 1998). This might be
due to other constraints like skull flattening during ontogeny, especially in more deeply nested
captorhinids (Heaton 1979). Indeed, skull doming and accompanying changes in jaw adductor
orientation has been repeatedly argued to be necessary for the initial evolution of temporal
openings (Olson 1961; Frazzetta 1968; Tarsitano et al. 2001; see Chapter 2), even though it
might have been the opposite in lissamphibians (Schoch 2014). There might be also a
phylogenetic signal due to herbivorous synapsids retaining their fenestrae from their
fenestrated non-herbivorous ancestors. Considering this and other peculiarities of the
captorhinid temporal region, notably the loss of the tabular and the distinctly reduced
supratemporal (e.g., Fox & Bowman 1966; Dodick & Modesto 1995), it emphasizes that even
early scutal radiations like captorhinids might not offer a “perfect” analog for the ancestral
amniote.

Lastly, the probably weak connection between the parietal and “cheek” (i.e., postorbital
and, to a lesser degree, squamosal) could have been related to what Kemp (1980) called the
“crossopterygian hinge line,” a mobile joint presumably inherited from tetrapodomorph fishes
and retained as a loose contact between squamosal and supratemporal in probable amniote-
line tetrapods and other early limbed vertebrates (Panchen 1964; Thomson 1967; Frazzetta
1968; Kemp 1980; Klembara et al. 2014).

In this regard, Kemp (1980) highlighted that the temporal region of early synapsids
plesiomorphically bears large supratemporals and tabulars; thus, they differ from C. aguti and
other early non-diapsid reptiles. Kemp (1980) suggested that the synapsid fenestra originated
between postorbital, squamosal, and supratemporal by attaching the jaw adductors around
the former “crossopterygian hinge line.” The postorbital would have later extended posteriorly
along the lateroventral margin of the supratemporal. The argumentation of Kemp (1980)
implies that the synapsid fenestra would have subsequently expanded to also incorporate the
jugal and quadratojugal into its border. The possible role of the “crossopterygian hinge line”
has been also discussed by others (Frazzetta 1968; Gow 1972; Werneburg & Abel 2022). In
regard of the parareptile Milleretta rubidgei Broom 1938, which possessed a small opening
between the jugal, squamosal, and postorbital that was presumably closed in adult specimens,

Gow (1972) argued that a firm suture between squamosal and skull roof was present. This
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would have led to the formation of a “line of weakness” between the squamosal, jugal, and
quadratojugal in M. rubidgei at whose dorsal end the opening formed. A similar case might
have been also present in the embolomere Anthracosaurus russelli Huxley 1863, which differs
from other anthracosaurs by interdigitation of the suture between skull roof and “cheek” as
well as the formation of an infratemporal fenestra between jugal and squamosal, adjacent to
the jugal-squamosal-quadratojugal intersection (Panchen 1977; Clack 1987a).

It is worth noting that there are several other interpretations of this presumed “hinge
line,” which either has been argued to represent a taphonomic phenomenon (Reisz & Heaton
1980), a misinterpretation of the sutures (Berman et al. 2010) or, if present, to be of little
functional relevance (Clack 1987b). Also, given that the jugal seems to be always involved in
the infratemporal fenestra of early synapsids, the author considers it more parsimonious that
the fenestra would form within one of the three-bone intersections discussed above. This
would also apply to other taxa like diapsids or especially to those in which the postorbital does
not contribute to the infratemporal fenestra like in A. russelli or many parareptiles. Moreover,
an infratemporal fenestra bordered by the jugal might still develop if there is a weaker contact
between the skull roof and “cheek” (Frazzetta 1968). Nonetheless, a contact as observed for
C. aguti and probably other scutal non-diapsid reptiles might have implications for the
formation of the diapsid supratemporal fenestra (see also Chapter 4).

When the jaw was closed in C. aguti, contraction of the AMEP would have exerted a
pulling force with the parietals bending in ventral direction, concentrating the main forces onto
the anterior and posterior ends of the parietals, while their lateral contacts to the “cheeks”
would have been less affected. Like discussed in the previous subchapter, this could have
maintained the plesiomorphically interdigitated suture found between parietals and frontals.
Indeed, such an interdigitated frontoparietal suture can be also observed in many other
species close to the amniote base, including other captorhinids; even though with a varying
degree of complexity (e.g., Clark & Carroll 1973; Gaffney & McKenna 1979; Heaton 1979;
Dodick & Modesto 1995; Kissel et al. 2002; Muller & Reisz 2005; Modesto et al. 2007; Kissel
2010).

The simpler contacts of the parietal to the squamosals and postorbitals fit the
interpretation as less affected areas. Analogous to the formation of the infratemporal fenestra,
the less loaded parietal-postorbital and parietal-squamosal contacts could be selected to form
a temporal opening. Especially the simple parietal-postorbital contact would be affected by
this. In moradisaurine captorhinids with their enlarged adductor chamber, the sutures between
skull roof and “cheek” appear to be more strengthened than in C. aguti (Dodick & Modesto
1995), whereas in other early non-diapsid reptiles, including the ones closest to diapsids (e.g.,
Protorothyris Price, 1937), the parietal simply overlapped the postorbital and squamosal
(Carroll 1969b; Carroll & Baird 1972; Clark & Carroll 1973), indicating that the ancestor of
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diapsids still possessed a comparatively weak suture there and, hence, the suggested
precondition to form a supratemporal fenestra (1 in Figure 28). The question remains why an
amniote supratemporal fenestra has only evolved in diapsids. Observation of a weaker contact
between skull roof and “cheek” in some early synapsids (Frazzetta 1968) might suggest that
the potential to evolve a more dorsal fenestra was also present in synapsids. Indeed,
expansion of the infratemporal fenestra toward the parietals in early therapsids and other
sphenacomorph synapsids (Boonstra 1936; Romer & Price 1940; Modesto 1995; Kammerer
2011) could have been enabled by a still rather weak connection in that region of the skull.
There might be other factors involved for the lack of temporal openings in most other
early limbed vertebrates (see also Subchapter 1.6.). These include a less mobile head-neck
joint (Panchen 1964; Kuhn-Schnyder 1980), differing jaw mechanics (Olson 1961; Clack
1987b) with a, hence, different role of the external jaw adductors, eventually affected by
differences in ontogenetic strategies (Werneburg 2019). Studies on fenestrated
lissamphibians (e.g., Paluh et al. 2020) could also provide more insights into morphological
patterns underlying tetrapod temporal openings. However, more detailed data on the suture
morphology of lissamphibians and other non-amniotes is needed to comprehend the

biomechanical differences between fenestrated and non-fenestrated taxa.

3.5. Conclusions

The reconstruction of the likely arrangement of jaw adductors and cranial mechanics
in Captorhinus aguti highlights the biomechanical differences between the non-fenestrated
skull of an early reptile with equally non-fenestrated skulls in extant turtles and possible extinct
amniote-line tetrapods. Previous observations of a comparatively thin area in the jugal-
squamosal-postorbital intersection (2 in Fig. 28) could be confirmed but also another thin area
for the parietal-postorbital contact (1 in Fig. 28) has been reported. These correspond to the
position of temporal fenestrae in other early amniotes, corroborating the hypothesis that such
openings formed due to the reduction of less loaded areas. Yet, consideration of captorhinid
evolution also emphasizes that an increasing role of the external jaw adductors does not
necessarily lead to the formation of temporal openings. Hence, even a generalist captorhinid
like C. aguti might not be the best analog for the ancestor of fenestrated amniotes. Future
studies on taxa closer to early fenestrated amniotes (e.g., "protorothyridids") or of different
early diverging taxa (e.g., embolomeres, G. bohemicus, seymouriamorphs, "lepospondyls",
diadectomorphs), as well as quantitative approaches, might further deepen our understanding

of the early evolution of temporal openings.
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4. Modeling skull network integration at the dawn of amniote
diversification with considerations on functional morphology and
fossil jaw muscle reconstructions

4 1. Introduction

The evolutionary transition from a mostly aquatic to a fully terrestrial life in vertebrates
is associated with a number of fundamental anatomical and physiological changes (Sumida &
Martin 1997; Laurin 2010; Clack 2012). These include the evolution of an encapsuled (i.e.,
amniotic) egg with extraembryonic membranes and the loss of a larval stage in development
(Laurin 2005). As a consequence, morphological adaptative constraints to larval aquatic
feeding were skipped, permitting within a few million years an enormous radiation of new
feeding types with associated anatomical structures in the early amniotes (Werneburg 2019).
Concurrently, a transition from a primarily suction feeding behavior (Heiss et al. 2013; Natchev
et al. 2015) toward a herbivorous (Weishampel 1996; Sues & Reisz 1998) or hunting behavior
with a weapon-like jaw apparatus (Hulsmann & Wahlert 1972) took place.

Feeding musculature mainly attaches to the temporal skull region behind the eye and
to the posterior part of the palate (Holliday & Witmer 2007; Jones et al. 2009; Diogo & Abdala
2010; Werneburg 2011; Ziermann et al. 2019). In both skull regions, major changes emerged,
easily recognizable in all amniote skulls (Lakjer 1926, 1927; Hanken & Hall 1993a,b; Novacek
1993; Rieppel 1993; Zusi 1993). In particular, the temporal skull region received much attention
in the scientific literature, historically resulting in taxonomic groups mainly defined by the
anatomy of their temporal skull region (e.g., Synapsida, Diapsida, Anapsida; Case 1898;
Williston 1904; Broom 1922; Zdansky 1923-25; Frazzetta 1968; Kuhn-Schnyder 1980; Rieppel
& Gronowski 1981; Smith et al. 1983; Rieppel 1984; Tarsitano et al. 2001; Mduller 2003;
Cisneros et al. 2004; Werneburg 2012, 2013a, 2015, 2019; Haridy et al. 2016; Elzanowski &
Mayr 2018; Abel & Werneburg 2021) with only few of them still used today. This is because
with the rise of phylogenetic systematics and the inclusion of hundreds of other anatomical
characters, along with new fossil finds, a more comprehensive picture on amniote
interrelationships has been developed (Abel & Werneburg 2021). Nowadays, the temporal
openings are only conditionally relevant for phylogenetic reconstructions. However, they can
still be informative on selected phylogenetic levels and in particular taxonomic groups (Ford
2018) and are considered as highly relevant to understand morphofunctional relationships
within the skull.

Recently, Abel & Werneburg (2021) provided a comprehensive review on the diversity
and the scientific history of the temporal skull region in land vertebrates (see Chapter 2). They

defined ten skull morphotypes and discussed a series of potential functional factors that shape
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their temporal region. Proper tests to validate and quantify biomechanical parameters in
temporal skull diversification, however, are still lacking.

In the present contribution, an Anatomical Network Analysis (AnNA; Rasskin-Gutman
& Esteve-Altava 2014) is used to provide new insights into the complex construction of land
vertebrate skulls (Werneburg et al., 2019). For this, the focus on the Permian Captorhinus aguti
(Amniota, Captorhinidae), an early amniote that is known from a high number of three-
dimensionally preserved skulls. Even though all major skull morphotypes evolved pretty early
after the amniote origin, the skull of captorhinids remained ancestrally anapsid (scutal sensu
Abel & Werneburg 2021) with no temporal openings. After analyzing the skull of C. aguti, it is
used it as a template by removing selected connections to create different skull models in order
to estimate which influence the presence of particular temporal openings has on skull
integration. This, in turn, allowed first attempts to interpret alternative functionally distinct
regions in the skulls and helped in understanding why these openings might have evolved.
Finally, these modularity patterns and associated functional considerations are used to infer
potential muscular associations in fossil skulls for which muscle reconstructions are very

difficult to perform.

4 .2. Material and methods
4.2.1. Anatomical framework

Skull anatomy of C. aguti is well-documented in the literature (Case 1911; Sushkin
1928; Warren 1961; Fox & Bowman 1966; Bolt 1974; Modesto 1998; Abel et al. 2022). For
coding of bone connections, this study mainly relies on the study of Fox & Bowman (1966).
Uncertainties related to the connection of the lacrimal to the palatine (Bolt 1974), which is

confirmed to be present in an available uCT-scan (see Chapter 3).

4.2.2. Anatomical network analysis

Using a walktrap algorithm, an anatomical network analysis (AnNA; e.g., Rasskin-
Gutman & Esteve-Altava 2014; Esteve-Altava 2017b; Werneburg et al. 2019; Sookias et al.
2020) was performed for the skull of C. aguti by applying the igraph 1.2.6 package (Csardi and
Nepusz 2006) in R (R Core Team 2020; see also Esteve-Altava et al. 2011; Esteve-Altava
2017b,c). For this, an Excel sheet was created, listing the skull bones in an adjacency matrix
(i.e., binary coded N x N format) with a value of 1 indicating a contact between two bones and
a value of 0 for the lack of such (Tab. 3). The skull of C. aguti consists of 65 bones (i.e., ‘nodes’
in network terminology) and 322 bone contacts (i.e., ‘links’). The data sheet was imported into

RStudio (RStudio Team, 2019) and transformed into an undirected igraph object to enable
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Tab. 3 Anatomical network matrix of the skull of Captorhinus aguti. Connections (i.e., “1”) are highlighted in blue. Please

note that cells representing contacts between identical nodes (e.g., “Angular_left” vs. “Angular_left”) are filled black for

reading aid. For the analysis, such cells have to be coded as “0”. Alterations of this matrix based on Fig. 29A,C can be found

in Suppl. Tab. 5-14.

pULITFEINTTY

Ya| J3WOoA|

ole

Y31 aejndueing

yya[ tejndueing

ojojo|o

1y~ jesodwajesdng

ojojofojo

2|~ |esodwsieldns

1/0|0j0j0f0]O

0jojofojO|O

|endinaoeidns

8L sadels|

0j1/0j0joj0jOfO

ya| sadels|

0/|0|/0|0|1|0|0|0]|O

1y8u|esowenbg

ojojojoj1|ojojOf0]|O

1j3|”|esowenbg

1({ojofojoj0oj0j0j0OjOjO]|O

oj0|jojojo|Oj0jOj0|OfO

0|0jojojOjO0j0Oj0jOjOjOjO|O

o|ojo|ojofojojojojOjOfOfOfD

ojojo|ojof1|ofjojo|ojojOojojOfO

1y3uT|e8nlojelpen

ojojofojof1|ofoj0jOjO0|OjOjOfO]O

33| |eEnlojespenp

Oj1|0fojofojof1|0f1|0|0j0jOjO|OfO

I =eipeny

0O/1/o0j0jojojofl|0jl|0j0j0jOjOfOjO]O

Y3| 8jeipenp

0O/l1/0/0joj0jojOjO|OfOj1/0j0|0jO|OfO]|1

1y3u ploBlialg

l|1/of0|0j0|0O|O|0O|0O)O|1|0O|0O|O|0O]|O|O|1]|O

33| proBhialg

ojofofo|ojojOojOjOfOfOfOfOjijij0j0j0Of0Of0O]O

1481 20044

ojojofojo|Ojojojojofojofojl1|Oj1]|0j0jOjO|OfO

33| 210044

gjofojo|joj0|0j0OjOjO|OjO|0|OjOjOjOjO[OjOjOfO]1

ljojofojojojoj0j0jOj0OjOjO|O|OjOjO/OjO|OjO|Of1]0

0o/o|ojo|o|O|OjO|O|0O|0O|O|O|O|O|O|OfO|O|0O|O|O|O|O]O

ojojo|o|jo|0|OfOjO|O|O|OfO|Of0O|OfO|OfO|O|O|Oj|DjO|O|O

ya[~|eoyaid

ojojojo|ofo|ofO|OjO|O|O|O|O|O|1|0O|O|O|OjO|OjO]Of1]|0O]|0O

Y3 aenoiead

0/0j0j0|ofO|O|O|O|OjO|0O|0OjO]|O|1|0|0|OjO|OjOjO|Of1]|0f0O]O

8| Jejndiueald

0/0j0j0jojO|O|O|O|OjOjO|OjO|OjO|O[0O]|Of1|0|0O|1]|0)1]|0j0|O(O

1y~ |e1suedisog

1/0/0(/0|joj0|0Of0|D|0O|O|O|O|0O|0O|0O|0O|0O]|O]J1|0OjOfjOj1|1|0|0|0|OD|O

Ya|”|e1anedisod

o|/ojojojojojojO|O)O|O|O|O|O|O|0O|0O|O|O|O|O|1|0fO|O|0O]|O]O|O|O]|O

AU [RIGI03s04

0jojojojo|ojojofo|ofojofojojOjOj0j0jOjO|Of1|0jO|OjO|OjO]jOfO|O]|O

13l [B3gd0Is0d

oji1|o0fojo|OjojOjojOofO|OfO|O|O|Oj|O|OjOjO|O|O|OjOfOjOjO|O|OjO|OfO]O

1ySu|ejuo IS0

0/1/0/0|0j0j0j0|OfjOjO|0|jO[0O|OfOjO|O|O|OfjO|OfO|OfO|OjOjO|O|OjOjO|O(O

Y| |EIuoLIs04

0/1/0|1jojlj0joj0fjO|OfOjOfO|OfO|OjOjOj|OjOj|O|OjOfO]|1|OjOj1|0]1|0jOjO]O

lj1/o/1/0j1|j0jOj/OjO|O|O|OfO|O|O|O|O|O|0O|0O|0O|0O|O|OJ1|0O|0OfjOj1|1|0/|0|0|O|O

0oj0j0|0j0|0Of0O|O|O|O|D|O|O|O|1[1|0|O|OjO|O|O|OfO|Of0O|OfO|1|1|0|0jOj|O|O|O|O

plouaydsiseqeled

0oj0|jojoj0|0O|0O|O|O|O|O|0O|O|0|OfO|O|O|1|0O|O|0O|0jO|O|O|O|O|O|O|O|O|O|OjO|OfO]1

1y aupeled

0|0f0|0|Oj0|0O|0jO|OjO|0O|0OfO|O|0O|O[O|1[0O|0|O|O|OjO|O|O|OfO|O|O|OjO|OjO]jOJO|1]|0

3| _aune|ed

0|0joj0|jOjOj0O|0OjO]|0OjOjO|OjO|OjO|OfO|1[/0O|0O|O|O|0O|0O]|Oj0OjOjO|O|1|Oj1/1]/0|0jO|OfO]|O

WduTnoysido

0/|0|jo|O|O|O|O|O|0O|0O|0O|O|O|O|0O|0O|0O|O|1|0O|O|OfO|O|0O|OjO|O|O|Of1fOf1|Oj1|/0|O0jOjO|OfO

ya[anoyisidg

o/o|ojo|o|ojojojo|ojoj0jojo|O|0j1|0|1|0|0|0f0fO|O|0O|OjO|1|0|0f0fO|O|JO|O|O|OjO|O|OfO

YA |eseN

ojojofojofijofojofjojOoj0jOjO|jO|OjO|OfOjOf1|Of0|OfO|OjO|O|OjO|1|0|OfO|OfjOjO|O|OjOjOfO|O]D

ijojoflojofojofojo|Ojoj|0jOjOjO|Oj1|0j|1|0|0|O|0jO|OjO|O|O|1f0|Of0|OfO|OfjO|O|O|OjO|0O|O|O

0/0j0j0jOfl|0jO|0|OjOjO|OjO|OfO|O|O|O|Ofl1|O0f0O|OfO|O|jOjO|O|O[1|0jOjO|0|O|OjOjOjO|OjO|O|O]|O

0/1/0|1jojo0jojl|o|jOfOjO|OjO|OjO|O|O|O|Oj1|0|O|O|O|0jOjOjO|OjO|Ofl|0f0|OfO|OjOjO|OjOjO|O|OfO

o/1/0f1|0|0|O|1|0|O|O|O|O|O|O|0O|O|O|O|O|1|0|0|O|O|O|O|OfO|O|0O|O|1|0|O|Of0fOfO|JO|O|O|O|O|O|OfO

ofl|oj1|/0|0|0|O|0O|OfO|OfO|O|O|O|1|0|O|OjO|O|OfO|O|O|OfO]|1[O|O|O|1|O|0O|O|O|Of1]|O|jO|OjO|OjO]|O|O|O]|O

ojljoj1|o|0fj0o|Of0|Of0O|OfO|O|O|O|D|0O|O|O|O|0O|O|O|O|0O|O|O|1|O|O|Of1|0f0|OfO|Of1|O|O|O|O|O]|O|O|OfO

0|ofjojo|jOjO|0O|1]|0|0|O|O|O|O|1|0Oj1/0]|0fO|OjO|O|Of1|0f0O|OfO|OfO|O|O|O|O|0O|O|O|O|O|O|O|OjO|0OjO]|OfO|O]|O

1/0jofojojOjOoj1|0j0j0OjO|O|OJ1|Oj1/0j0|0OfO|OjOjO|1|0O|0f0O|OfO|OfO|O|O|O|0O|0O|OjO|O|O|O|O|OjO|0OjO]|OfOjO]|O

o|lojo|ojofojo|O|O|OjOf1|0fOfOfO|JO|O|O(O|O|jO|JO|O|O|O|OjO|Of(Of(O|O|O|O|O|O|0|0|O|OD|D|O|O|O|O|1|0|0|0|0|0O]|0O

0o|0|0|Oo|O|O|OjO|O|0O|O|1|0|O|Of0Of0OfO|O|O|O|O|O|O|O|O|O|OfO|O|OfOfO|O|OjO|O|O|O|O|O|0O|0O|O|O|O|1|0|0]|0|0|O]|O

ojojo|o|ofo|OfO|O|O|O|OjO|OfO|Of1|0OfO|O|O|O|O|0O|OjO|O|O|OfO|O|O|O[O|1|O|O|O|O|OfO|OfO|OfO|OfO|O|O|OjO|O|OfO

ojojofo|jofo|ofO|O|O|O|O|O|O|0O|O|O|1|0O|O|O|OjO|0OfO|OjOjO|O|O|Of0O|OfO|1[O|O|O|O|O|0|O|O|O|O|O|O|OjO|OjO]|OfO|O]|O

0/0j0j0jO|O|O|O|O|OjOjO|O|O|OfO|OfO|OfO|O|O|O|0O|0O]|O|OjO|1]|0f0O|0O|O|O[O|O[O|0|O|O|0Oj0O]|O|O|1[0O|0O|O|OjO|0OjO]jO]1|O]|0O

1/0|0/0j0j0|OfOjO|O|O|jO|OjO]|OfO|O|O|OfO|OfO|O|O|O|OjOjOJ1|0|0j0jOjO|O|O|O|OjOjO|OjO|OfO|1|0jOfO|O|jOjO|OjO]1|O|OfO

o|j1j0|0|0|0|0|0O|0O|O|OfO|O|O|0O|0O|0OfO|OfOfO|OJO|O|O|O|jO/OfJO|O|1/0|OfjO|OfO|O|O|O|O|O|O|0|0O|O|OD|1|0O|0O|O|O|0O|O|0O|0|1]|0]|0

oji1jojojo|ojojofo|ofo|jofojojOjO0j0j0|OjO|O|O|0jOjOjO|O|OjOfO|1|0j0|OjO|OfO|OfO|O|O|O|O|0OjOjO|1|0|0jOfjOjOjOjO|Of1]|0f0]O

ojojojojo|oj1|1|jo|ofo|ofOjO|jO|OjO|Of1|1|o|Of1|OfOjO|O|O|OjO|O|O|O|O|O|OjO|O|O|OjOjOjO|O|O|OfO|OfO|jOfO|1|1|1|0j0j0O|OjOfO

gjofojojojo|0j0jOjO|jOjO|0|jO|OjO|OjO|OfO|Of0O|OfO|OfO|O|O|O|OjO|O|O|1]|0j0jOjO|O|O|O|OfjOj1|0jO|OfO|OfOjOfO|OjOjO|OjOjO|1|OfO

g|ofojojojojOjOjO|OfOjO|O|OfO|OjOjO|OjO|O|O|OfO|OfO|0O|jOjO|Oj0OjOjOj1/0|0OfO|O|O|OfO|OfO|1|OjO|OjO|OfO|OfO|OjO|OjOjOjO]1fO|O]|O

0o/1)j0|jo0|jOjOjlj0|0O|0O|O|O|O|O|Of0Of0O|jO|O|OjOfOfO|OfOfO|O|O|O|O|O|/O|0|Oj/O|O|O|/O|O|OfO|O|O|O|O|O|O|0O|O|0O|O|1|0O|O|0OfjOjO|O|OjO|1|O|O

0/1|0|0|0O|O|1|0|O|0O|0O|O|O|O|Of0Of0OfO|O|O|O|O|OfOfOfO|O|O|O|O|O|O|O|0O|O|O|O|O|O|O|O|O|0O|O|O|O|O|O|O|0O|O|1]|0|O|O|OfjO|O|0O|O]1]|0|O]O

ojojojojofo|OfO|O|OjO|O|0O|OfO|O|O|0O|O|O]0O|0OjO|0OfO|O[0O]OfO|1|0jO|0|0O]1

ofojifojof1)|0f1|0|0O|O|Oj0O|O|O|O|O|O|O|O|O|0OjO]|O|O|O|O|O[O|OjOjO|OjO|O|O

ojojof1|ofo)1lfOj1|O|jO|O|0O|O|O|O|O|O|O|OjO|OjO|OfO|O|0O|OfO|O|O|O|O|O|O|O|O
ojojo|o|jofo|ofOo|O|OjO|OjO|1|0|OfO|1fO|O|O|1|0D|0O|O|O|O|O|O|O|OjO|OfD|OfO|O|O

ojojojo|o|Of0f0fjO|O|O|OjOfO|l|0f0OfOfJ1|jOjOjOf1l/0O|OfOfO|O|O|O|O|O|D|0O|O|O|O|O|O

ojojoflojofojofoj0|jOjO|OjO|O|O|O|O|0JOj1]/0|1/0|0fO|O|O|OfO|0OjO|O|OjO]|O|OjO|O|O]O

ojojofojofojOofOoj0|OjO|OjO|O|O|O|O|O|jOjOj1|0f1|0f0jOf0O|OfO|0OjO|O|O|O|O|OjO|O|O]O]1

OfojoflojofojofojojOjO|OjOjO|O|OfO|OfOjO|O|OjO|1|OjO|O|1[0|OfjOjO|O|O|OfOjO|OjO]O|O]O

ofojofo|jofojofojojoOjo|OjOjOfO|OfO|OfO|O|O|OjOjO|1|O0|0|1|0|0OfjO|O|O|O|OfO|O|O|OjOj0O|OfO
ofojofo|ofo|ofojOf1lj0|0jO|OfO|1|0|0|jO|O|O|OjO|OfO|1|0|Of0O|O|O|O|O|O|O|O|O|O|O|D|O|O|O]|O
ojojojo|o|Of0f0fjOjO|1|/0fOfOfOfOf1|0O|O|O|O|O|D|0O|0O|0O|1|0O|O|O|0O|0O|0O|0|0O|O|O|O|O|O|0O|O]JO]O|1

ojoji|lojofo0jOfO|0O|OjO|OjO|O|0O|OfO|0|jO|Oj/O|OjO]|OfO|O|0O|OfO|OjO|O|OjO|O|OjO|OjOjOjOjOjO|O]|1|0

ojojofj1|ofojOofoj0O|OjO|OjOjOfO|OfO|OfOjO|O|Oj|OjO|OjO|O|O|OjOjOjO|OjO]|OfOjO|O|O|OjOjOfO]jOfO]|1|0O

Ofojofojofojofojo|Ojo|0jojOfO|1f0o|OfOjO|O|OjOjO|OjO|O|O[|O|OjOjO|O|O|OfO|O|O|Oj|OjO|OfO|OfO[Of1]0

ojojoflofOfO|O|O|O|O|O|jO|0|O|O|D|O|1|0O|1|0O|1|0|0|0O|O|O|O|OfjO|jO|O|O|O|O|O/O|O|O|O|O|O|OfOfOfO|O|O|O|O

ojojojojofojofOo|0OjOjO|Oj0OjOfO|OfO|Of1|Oj1|0]1|0|OjO|O|O|O|O|O|O|0O|O|OfO|0O|O|O|OjO|O|O|O[O]|O|0|0]|0|0]0O
ljojojojojlfojl|jOjO|O|O|OfO|OfD|OfO|OjO|O|O|0O|O|0O|O|O|O|O|O|O|0O|O]|0OfO|O}1|0|0jO|Of0O|O[D|OfO|O|O|0O|O|0]O

ofi1jofojofo|1lfo|1|0O|0O|O|0O|O|O|O|O|O|O|O|O|OjO]|O|O|O|O|O[O|OjO|O|O|O|O|O|O|1|0|0|0|O|O|O|O|OjOjOjO|OfO|O|1

ojojo|o|ofo|OfO|O|O|O|OjO|OfO|1f0O|OfO|O|O|O|O|1|O|O|O|O|1|0O|OjO|1|0|1|O|O|O|O|O|O|OfO|OfO|Of1|O|1|0j|0|0|OfO

ojojojo|o|ofofofo|O|O|O|OfOfOf0Of1f(0|O|O|O|O|O|O|1|0O|0O|O|O|1|0O|O|O|1|0|1|0|0O|O|O|O|O|O|O|O|O|OJ1|0|1|0|0|O|O|O

ojojofjojifojofoj0|jOjOjOjO|OfO|OfO|OJOjOjO|OjO]1f0|O|O|1[0|0OjOjO|OjOjO|OjOjOjOjOjOjOf1|0j1l|0jl/0jO0|OfjOjOfO|jOfO]|O

ojojofojifojofoj0|jOjO|Oj/O|Of0O|OfO|OfOjOjO|OjOjO|1|0|O|1|0jOjOjO|OjO|OfO|O|OjOjOjO|OfO]j1[O|1|Oj1|0j0jOjO|jOjO|O|O|O

ofojofojifojofojojOjO|1j1|of0jOfO|OfO|OjO|OjOj1|1|O|0jOf1|1|OjO|O|O|1|1|0|0O|OjOjO|Of1|1|O|0jOjOjO|OjOjOfOjO[O|Of1]|1

i/of1fofof1foj1j0j/0f0j0|0|O|O|D|O|O|O|O|O|O|O|0O|O|O|O|O|O|O|JO|O|0O|0O|0O|O|1|0|0|0O|0O|O|OfOfOfO|O|O|O|OjO|jO|JOfO|OD|O|O|O|O|O]|O
ofi1jofj1jofoj1foj1jojoj0j0jOfO|OfO|O|O|O|O|0OjOjOjO|O|OjOfO|OjOjO|OjOjO|O|O|1/0]|0j0O|O|O|O|O|OjOjOjO|0OfO|O|O|OfO|O[O|OjOjO|O]O

ojojojojofOo|OfO|0O|OjO|O|0O|O|O|O|O|O|JO|OjO|0OjO]|OfO|1|0|OfO|0OjO|O|0O|0O|O|O|O|O|0O]Oj1|0O|O|O|1|0OjOjOjO|OfO|O|O|OfO|OfO|O|O|O|O|O]O

U0000U0000000000U0000000001U0000U00000U00100010000000000000000'01

o
ofo
oo
o|-|ofo
o|=|o|~|o
Lol ol =1 Kol K=1 ko)
EICIEEICEEE
A=JR=l =] =] k=] R=) R=) =)
=IR=lR=J =] =] =] k=] k=] R=}
oclolojo|jlo|a|la|e|e|o
oc|lo|lojo|jlojo|la|a|e|(o|o
oc|lo|lojo|o|lo|o|c|o|o|o|o
NEIEEEEE R EEEEE
WAL e|IxER oc|o|o|o|o|H|o|o|o|c|o|o|o|o
ya exep o|lo|o|o|o|+|o|o|o|e|o|c|o|o|e
B [ewoe] o|=|o|~|o|o|o|~|ola|o|c|e|o|o|o
ya| |ewuse] ol|«|o|a|o|o|e|a|elale|ele|o|o]|eo|e
wBu"|ednr o|-|e|-|c|o|o|o|o|o|o|lo|o|c|e|o|~|o
43| |edny| ol-|o|-|c|lo|o|le|e|e|o|ejo|o|e|e|~|a|e
BT el olo|o|le|c|le|o||o|e|o|e|o|o|=|c|[-|c|c|e
—lololo|a|a|e|d|e|e|e|e|e|a|x|ac|=|c]|a|e|e
olo|o|o|o|a|e|a|c|c|e|~|c|c|ala|a|e|a|a|a|a
}a[~|eydiaooxg o|lo|o|o|o|o|jo|o|o|c|o|-|o|o|o|o|o|e|c|c|o|o|o
JySuprodiisdidy olo|lo|lo|o|o|o|o|o|c|o|o|c|o|olalA|alo|e|a|a|a]|e
=] piediisydidy o|o|o|o|o|o|o|o|o|c|c|o|o|o|o|o|o|H|o|o|c|o|o|o|o
Wi Aieuag o|o|ofo|o|o|o|o|o|e|o|c|o|o|o|o|o|o|o|o|e|o|c|e|o|o
ya| Aejuag ~|olo|o|o|o|o|o|ola|o|ec|e|o|c|o|o|o|o|ala|o|e|e|o|o|e
W31 plouoio) olalo|o|o|o|e|e|c|alo|a|e|c|c|o|e|e|e|e|e|ale|e|e]|e|o|e
Y3[_plouoio) BB R R R R R R R R R EEEEEEEEEEEE
|endpadoiseg o|le|e|o|o|o|H|-|o|o|lo|lo|o|e|e|a|e|o|d|m|o|o|d|o|a|e|a|e|e|e
Q|e|e|elojo|o|o|e|o|e|o|ojo|o|e|e|e|e|o|e|lojlo|jo|jlo|o|lae|e(a|e|o
c|lolo|e|o|e|lo|ojo|o|o|lo|ojo|ojo|o|la|o|o|e|o|o|jo|lojo|lo|ac|la|a|e|o
y3u"senSuy| o|l-|oc|o|o|e|H|o|o|o|o|o|o|o|o|o|lo|c|o|o|c|o|o|o|o|o|a|la|ac|e|o|ae|e
yasenduy [l o[ =|o|o|o|o|~|o|o|o]o|o|o|o|o|ala|a|a|o|o|o]o]|a|a|a|a|alala|a|a|a]|e
o & o
@ |z 2 2 |z2lelElel2] o] |2 oy = -
O P -1 O O O I = - L e e e e R B R R E E AP E P E R

i b B e P O ey B e e P N Rt B B i R A e

b L I B B R R O e = = = ) = 4 =4 B B 0 et B 1 A DA ) It It B B Bt Bt B B Y B By B B B HE R E R E SR ] e e

HEEEEEEREERE R EE E B R EEEEEEEE R EEEH AR EEEE R EEEE PP EEEE

512|228 6| 5| £| £| £| B 8| 8| €| E| =l =) £l =| 3| 5l 5l 8| 2| 5| 5| Bl 2| 2| 55| & 8| &l 2| &I | 2| 2| E| E| 5| 5| 2 2| 3| 5| 5|5l 2|2l 5 5|5 =l 2| & e HIEHEE

e EEEEEEEE R R EEE E BB R EE E EE EEEE EEEEEE R EEEEEEEEHE EE E R EE R EEE RS HEKEE

<l <|<|<|a]|C|C|o|a|ad|d|d|d]| S| S| 3| 3[I[I]|Z]|Z]|2]|2|0|ola|a|alalalalal|a]|a]|as|a|a|alala|a|a|a|a|&]|&]|T|T| T P Ea Ra b b v b I 1 =

Quadratojugal_right |0 |0|0|0f0|0|0O|0|0O|0|0|0OjO0|O|0O|O|1|0f0|O|O|O|OjO|Of0O|OfO|OfO|O|O|O0|0j0|OjO|OjO]|OfO|O|OjO[0O|OfO|1]0

Supratemporal_left |0|0|0|0f0|0|0O|0|0O|O|0|0OfO0|O|0|O|O|OfO|O|O|O|OjO|OfO|OfO|1|0O|O|O|O|O|1|O0j0O|OjO|OfO0|O|0|OfO|OfOjO|O|O|OfOjOfO]|1[O[0O|O]O

Supratemporal_right| 0| 0|0|0f0|0|0O|0|0O|0O|0|0OfO0|0O|0|O|0|OfO|O|O|O|OjO|OfO|OfO|Of1|0|0|0jOjO]1j0|0jO0|0OfO0|Of0O|OfO|OfOjO|O|O|O|O|OfO|Of1|0|0O]|O]O

p function was

. The cluster_walktra

network depiction and calculation of community structures

used to find community structures based on random walks with the step number being 3

(Suppl.

ity structures (i.e., modules)

Ing commun

3). In network analyses, the result

Tab

describe subsets that share more links with each other than with the other nodes of the

network, potentially representing different functional units (see Chapter 4.4. and Werneburg et

tive when the number

is posi

al. 2019). Additionally, the modularity-value (Q) was calculated. Q

119



of contacts within the modules exceeds the expected number if all contacts were assigned
randomly. Likewise, Q is negative when the number of observed contacts within a module are
below the random arrangement.

Also, the number of Q-modules was calculated, which describe the best mathematical
threshold (red dashed line in Fig. 29) to define a module. Depending on the algorithm used,
this threshold might slightly shift. The Q-module is just a rough orientation to detect meaningful
biological modules [see discussion in Werneburg et al. (2019) and Sookias et al. (2020)], and
as such, the choice of the cluster optimization algorithm does not have any importance for the

scope of this study (personal communication with Borja Esteve-Altava in 2021).

4.2.3. uCT-scan of Captorhinus aguti
For illustration of the modularity pattern (Figs. 30-36), the uCT-scan of a skull of C.

aguti from the Sam Noble Oklahoma Museum of Natural History, University of Oklahoma,
Norman, OK, United States (OMNH 44816) was used. This scan was used in a parallel study
(Abel et al. 2022; see Chapter 3) in which the sutures between adjacent bones are described
in detail to infer potential intracranial mobilities. In the scanned specimen, the following dermal
bones are missing: left jugal, part of left prefrontal, left nasal, both premaxillae, most of the
postparietals, and both supratemporals. The missing bones are indicated by semitransparent
outlines in Fig. 30. In other illustrations of this specimen and in the skull models derived from

it (Figs. 31-36), these missing bones were not redrawn.

4.2.4. Skull models

Skull models correspond to the temporal skull types defined in Chapter 2. For the
different models of temporal skull openings, the original matrix (Tab. 3; scutal, i.e., anapsid
type) was modified by removing particular bone connections (i.e., coding “1” replaced by
coding “0”; see Fig. 29A,C,D; Suppl. Tabs. 5-14). The infrafenestral, bifenestral, and
fossafenestral skull types of Abel and Werneburg (2021) were, in the present study, divided in
two sub-types each. The nudital and additofenestral skull types were not modeled within the
framework of this study. For a nudital model, a number of bones (not just contacts) would need
to be deleted, resulting in a noncomparable network as all other models in this study have a
stable bone number (N). Additofenestral refers to multiple contacts between two adjacent
bones (leaving more than one opening in between) which cannot be coded using AnNA
methodology.

In the infrafenestral-1 skull model (Fig. 31B), which is represented by many early

Synapsida [Caseidae, Varanopidae; e.g., Romer and Price (1940)] and some Parareptilia (e.g.,
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MacDougall and Reisz, 2014), the jugal-squamosal contacts of the original matrix were
removed on both skull sides (i.e., “1” replaced by “0”), resulting in 318 remaining links.

In the infrafenestral-2 skull model (Fig. 31C), which was represented by some
Edaphosauridae and early therapsids, such as Dinocephalia (Boonstra 1952; Modesto 1995;
Kammerer 2011; Lucas et al. 2018), the jugal-quadratojugal and postorbital-squamosal-
contacts were removed resulting in 314 remaining links. This general pattern is also developed
in many lepidosauromorphs, although their fenestra has evolved from the upper instead of the
lower temporal opening (see Chapter 2).

In the infrafossal skull model (Fig. 31D), jugal-squamosal and jugal-quadratojugal-
contacts were removed, resulting in 314 remaining links. Early amniote taxa representing this
morphotype are some millerettids, Microleter Tsuji et al., 2010, and Eunotosaurus Seeley,
1892 (Gow 1972; Keyser and Gow 1981; Tsuji et al. 2010), and some ‘microsaurs’ like
Llistrofus Carroll & Gaskill, 1978 and related taxa that might also represent early amniotes
(Bolt and Rieppel 2009; Mann et al. 2019).

In the suprafenestral skull model (Fig. 31E), which was represented by Araeoscelis
Williston, 1910 (Reisz et al. 1984), the postorbital-parietal-contact was removed, resulting in
318 remaining links.

In  the suprafossal skull model (Fig. 31F), supratemporal-parietal and
squamosal/parietal-contacts were removed, resulting in 314 remaining links. Although not
included as such by Abel and Werneburg (2021), this skull type mirrors a skull shape, which
evolved in many non-amniote taxa (Holmes 1984; Klembara et al. 2006; Reisz et al. 2009;
Klembara 2011), with the ’fossa‘ representing the otic notch.

In the bifenestral-1 skull model (Fig. 31G), which was represented by the early diapsid
Petrolacosaurus Lane, 1945 (Reisz 1977), postorbital-parietal and jugal-squamosal-contacts
were removed, resulting in 314 remaining links.

In the bifenestral-2 skull model (Fig. 31H), which was likely represented by the
neodiapsid Youngina (Carroll 1981), postorbital-parietal, postfrontal-parietal, and jugal-
squamosal-contacts were removed, resulting in 310 remaining links.

In the bifossal skull model (Fig. 31lI), jugal-squamosal, jugal-quadratojugal,
supratemporal-parietal, and squamosal-parietal-contacts were removed, resulting in 306
remaining links. This model represents a combination of infra- and suprafossal skull types.
This is apparently not represented in any early amniote, but is a morphotype, which is well-
developed in Testudines (Gaffney 1979; Werneburg 2012) and mammals (Novacek 1993). As
the anatomy of these animals is highly derived compared to the ancestral amniote condition
(Starck 1995; Muller 2003; Werneburg and Maier 2019), the model might have only little

relevance to interpret the diverse skull construction in these groups (but see Subchapter 4.4.).
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In the fossafenestral-1 skull model (Fig. 31J) which may be represented by
Claudiosaurus Carroll, 1981 (Carroll 1981), jugal-squamosal, jugal-quadratojugal, and
postorbital-parietal-contacts were removed, resulting in 306 remaining links.

In the fossafenestral-2 skull model (Fig. 31K), which may be present in the neodiapsid
Hovasaurus Piveteau, 1926 and Claudiosaurus [see fossafenestral-1 type as alternative]
(Currie 1981; Bickelmann et al. 2009), jugal-squamosal, jugal-quadratojugal, postorbital-
parietal, and postfrontal-parietal-contacts were removed, resulting in 310 remaining links. This

skull type is also visible in many squamates (Evans 2008).

4.2.5. Muscle reconstruction

An attempt to hypothetically interpret some aspects of the functional morphology of jaw
musculature in the respective skull models is provided. The concept was that if muscles attach
to different bones of the same skull module, they are interpreted as acting as one functional
entity. It has been shown that muscles are very conservatively associated to particular bones
through evolution and only rarely change their general attachment sites (Diogo and Abdala
2010; Werneburg 2013a). Skull modules have widely been interpreted in a functional manner
(Esteve-Altava et al. 2015a,b,c; Werneburg et al. 2019; Plateau and Foth 2020). With changed
osteological modularity, bone-related musculature might change its internal and external
structure and functional anatomy. This could mean that the muscles could be partly or fully
fused as one muscle mass and receive a common nervous signal to contract at the same time,
or they could form separated muscle heads and portions with individual functional properties.

Using AnNA, Esteve-Altava et al. (2015c¢) have shown that different modules can be
obtained when the skeletal and muscular components are modeled separately or together,
arguing against a straightforward relationship between bone modules and functional muscle
groups. Despite the fact that different node numbers in an anatomical network may result in
different modular integration (see the models below), this obstacle is mainly related to the
premise that, in AnNA, every anatomical element - bone and muscle alike - is treated equally
as just a ‘node’ in the anatomical framework. However, bones are already very diverse in their
anatomy and ontogenetic history with either their enchondral or dermal origin, resulting in
altering internal structural properties (Hall 2005). Reducing them to nodes has its limitations,
but it has been shown to still be informative in anatomical network studies. Muscles are more
difficult in this regard.

The conservative and tendinous attachments of muscles to particular bones are derived
from neural crest cells early in development (Hall 2009), making primary muscle-bone
correspondences difficult to change through evolution. In contrast, muscles also possess a
very plastic structure that functionally adapts - via expanded direct muscle fiber attachments
to other bones - for particular biomechanical requirements. Therefore, comparing modularity
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of bones and modularity of muscles (Esteve-Altava et al. 2015¢) should be taken with great
care and detailed anatomical knowledge is needed to make sufficient correlations. A study in
which muscles and bones are treated as equal structural entities (nodes) may result in an
interesting overall network relationship, but with little functional meaning. Relative proportions,
muscle vectors, and muscle fiber directions, among many other parameters, however, are
imperative to make sufficient biomechanical reconstructions. Hence, muscle anatomy and not
muscle network need to be discussed in relation to bone modularity for a sufficient functional
interpretation. This exploratory, rough heuristic approach, of course, can only be speculative
and needs to be tested with proper biomechanical methodology (e.g., finite element analyses:
Lautenschlager et al. 2017; Ferreira et al. 2020). Nevertheless, comparative anatomical data
already provide well founded indications on a functional relationship between bone modules
and muscle morphology.

For example, Werneburg et al. (2019) discussed bone modularity of five extant species
and cited muscle anatomy in clear correspondence between particular bone modules and
muscles. In the alligator, an expanded snout (their 'red‘ labeled module) is related to the
expanded pterygoid-musculature (Schumacher 1973). The threefold differentiation of the
external adductor muscles is closely related to the encounter of three skull modules (‘green’,
‘orange’, and ’'red’) in the temporal skull region of alligator and tuatara (Holliday and Witmer
2007; Jones et al. 2009). Even the derived muscle anatomy of the leatherback turtle with
straight jaw muscle orientation in the adductor chamber (Burne 1905; Schumacher 1972)
directly associates with the unique skull modularity in this species (‘green’ and ‘orange‘). As
differentiation of the external jaw muscles in the opossum, the mammalian temporalis
musculature anatomically relates to the expanded braincase module (‘yellow’), whereas the
complex masseter muscle used for chewing attaches to the jugal, which belongs to the snout
module (‘red’) in this species. Even the rather simple skull modularity of the chicken
corresponds to its jaw muscle anatomy (van den Heuvel 1992), taking lower level network
hierarchy into account (Werneburg et al. 2019).

Based on the known extant tetrapod jaw muscle diversity (e.g., Diogo and Abdala 2010;
Ziermann et al. 2019), it is hypothesized at least seven distinct major jaw muscle portions to
be present in the ancestral amniote condition (Fig. 31: seven-pointed star next to each skull).
These include for the external jaw adductor section: (1) musculus (m.) adductor mandibulae
externus Pars profundus (AMEP), originating mainly from the parietal, (2) m. adductor
mandibulae externus Pars superficialis (AMES), originating mainly from the squamosal, and
(3) m. adductor mandibulae Pars medialis (AMEM), which is mainly associated with the jugal
(see homology discussion in Abel et al. 2022; Chapter 3). The internal jaw adductor section
includes the following: (4) m. adductor mandibulae posterior, originating mainly from the

quadrate, (5) m. pterygoideus Pars ventralis (PTV), which is mainly associated with the
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posterior edge and/or ventral side of the pterygoid, (6) m. pterygoideus Pars dorsalis (PTD),
originating dorsally from the palatine (in addition to the pterygoid), and (7) m. constrictor
internus dorsalis (CID) mainly originating from the epipterygoid. This series of seven muscular
units is obviously a simplification of the actual diversity and differentiation of jaw musculature,
but this generalization was necessary to fit the focus of this article and is open to revision.

Muscle terminology is based on Jones et al. (2009) and Werneburg (2011).

4.3. Results
4.3.1. Network analysis of C. aguti (skull type A: scutal/anapsid)

The number of contacts per bone varies from two (epipterygoid) to 13 (supraoccipital).
Most bones possess three to five contacts. In the temporal region, the squamosal is the most
‘integrated’ bone (eight contacts). The minimum number can be observed in the postfrontal,
supratemporal, and quadratojugal (three contacts). In the conceptual framework of AnNA,
integration refers to the number of connections. This is related to the concept of burden
(Esteve-Altava et al. 2013a), and it has been adapted for AnNA (see Rasskin-Gutman and
Esteve-Altava 2021).

The analysis with the walktrap algorithm, which has been widely used in Anatomical
Network literature before, resulted in a modularity index (Q-index) of 0.625. A Q-index > 0
means that the calculated number of contacts inside a module is higher than in a random

model (Fig. 30E). Network parameters and Q-values per model are listed in Tab. 4.

4.3.2. Network description for C. aguti (skull type A: scutal/anapsid)
In addition to both left and right-side mandibular rami (dark blue in Figs. 29-31A), a

braincase module is present (yellow), and it is separated into a left and a right submodule
containing prootic-stapes and opisthotic-exoccipital on each side. The unpaired elements of
the braincase (gold) - parabasisphenoid, basioccipital, and supraoccipital — randomly appear
within either one of the contralateral braincase submodules in different runs of the same
analysis (see Werneburg et al. 2019 for details on that phenomenon).

The remaining major modules consist of left and right dermal bones of the ‘cheek’, skull
roof, snout, and palate regions. Inside these areas, the palate region can be divided into three
modules, one left and one right-wing module (light pink), each consisting of premaxilla and
palatine-vomer, and one medial palate module (dark pink). The latter plotted closer to the
braincase modules (yellow) than to the palatal wing (light pink) inside the dendrogram and
consists of the contralateral pterygoids and epipterygoids.

The ‘cheek’ region lateral and posterolateral to the orbit (orange) consists of jugal and

the more integrated quadrate/quadratojugal on each side. A certain relationship exists between
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the ‘cheek’ and the two skull roof modules indicated by neighboring branches in the
dendrogram.

The posterior roof module (red) consists of squamosal + parietal-postorbital and
postparietal-supratemporal. The anterior roof module (dark green) consists of postfrontal and
frontal.

In the snout, two modules can be found on each skull side. The upper snout module
(dark purple) consists of prefrontal and nasal. The snout flank module (light purple) consists of
maxilla and lacrimal-septomaxilla.

As for the overall network structure, the median palate modules (dark pink), together
with the braincase modules (yellow), are placed in between left and right skull side modules
on both skull sides functionally separating the skull in a left and right side (Fig. 30E).

Tab. 4 Network parameters of the analyzed networks based on the definitions and theoretical background as
mostly summarized by Plateau & Foth (2020). For all models, N is the number of nodes (i.e., bones) and is always
65 in the analyzed models. C is the mean clustering coefficient and represents the arithmetic mean of the ratio
of a node’s neighbors that connect among them in a triangular manner. D is the density of connections calculated
as the number of links (K) divided by the maximum number of connections possible. L is the mean shortest path
length and measures the average of the shortest path length between all pairs of bones. Q is the number of
calculated Q-modules. Qmax evaluates whether the number of modules identified are better supported than what
is expected at random.

Model Cc D K L Q Qmax
Scutal (C. aguti) 0.428 0.077 322 3663 7 0.62
Infrafenestral-1 0.409 0.076 318 3684 7 0.62
Infrafenestral-2 0.430 0.075 314 3685 7 0.62
Infrafossal 0432 0.075 314 3697 7 0.63
Suprafenestral 0.411 0.076 318 3.674 7 0.62
Suprafossal 0.414 0.075 314 3.702 7 0.62
Bifenestral-1 0.387 0.075 314 3702 7 0.62
Bifenestral-2 0.375 0.076 310 3.725 7 0.62
Bifossal 0.416 0.074 306 3.750 7 0.62
Fossafenestral-1 0.398 0.074 306 3.738 7 0.62
Fossafenestral-2 0.410 0.075 310 3.715 7 0.63

4.3.3. Network analyses of the skull models

All ten skull models (Figs. 31B—K, 32—-36) show seven Q-modules each (Tab. 4). We
found that compared to the original skull modularity of C. aguti (Figs. 30, 31A), the jugal,
squamosal, postorbital, and postfrontal usually change their modular association when
different temporal openings are modeled. Only in the original skull model, the frontal forms its
own module together with postfrontal (green), but it is part of the upper snout module (dark
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purple) in all ten modeled skulls. Also, different to C. aguti, in all ten modeled skulls, the palatal
wing module (light pink) plotted closer to the snout flank module (light purple) than the latter
does to the upper snout module (dark purple).

As for the overall network structure, the median palate (dark pink), together with the
braincase (yellow) modules, can change their relative position in relation to the palatal wings,
snout, cheek, and skull roof modules in each skull model.

In the skull model dendrograms (Figs. 32—36), the original modular association of the
respective bone as found in C. aguti is indicated by background coloration of the respective
bone name embedded in a different module coloration.

In the infrafenestral-1 skull model, also different to the original scutal skull of C. aguti
(see Figs. 29-31A vs. Figs. 31B, 32A), the cheek (orange) module plotted closer to the
posterior roof module (red) than the latter does to the upper snout module (dark purple), as
indicated by parallel white stripes in Figure 31B.

In the infrafenestral-2 skull model (see Figs. 29-31A vs. Figs. 31C, 32B), the cheek
module split in two separated parts with the jugal integrated within the lateral snout module
(light purple). A new module, the postocular module, is formed by postorbital and postfrontal
(light green), and the cheek module (orange) is closer associated to the posterior roof module
(red). Considering the overall network, the median palate module (dark pink) - together with
the braincase module (yellow) - plotted closer to the skull roof (red and blue) and cheek
(orange) modules than to the palatal wing (light pink) and the snout modules (light and dark
pink) of both skull sides. Hence, the whole skull may be functionally separated into an anterior
and a posterior half.

In the infrafossal skull model (see Figs. 29-31A vs. Figs. 31D, 33A), the cheek module
is split with the jugal integrated in the snout flank module (light purple). Postorbital and
postfrontal are part of the posterior skull roof module(red). Similar to the infrafenestral-2 model,
the median palate module (dark pink), together with the braincase module (yellow), functionally
separates the whole skull in an anterior and a posterior half.

In the suprafenestral skull model (see Figs. 29-31A vs. Figs. 31E, 33B), the squamosal,

which originally belonged to the posterior skull roof module (red), is now part of the cheek
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Fig. 29 Illustration of the skull network of Captorhinus agutiin (A) dorsal, (B) ventral, (C) lateral, and (D) posterior view. Only
superficial bones and their connections to other bones (“links” in network terminology) are shown. The relative size of each
circle (i.e., node) represents the number of links to the respective bone, incl. also non-illustrated ones (see legend inside
Figure). Circles are colored according to the reconstructed cranial network modules (see Fig. 30E; 31). Different network
models were created by cutting selected connections between particular bones, herein indicated by red “X”-symbols;
letters correspond to respective models and subpanel letters in Figure 32). (E) oblique view of the 3D-reconstructed skull
of C. aguti with colored skull modules (see Fig. 31; 32A for labeling). The potential origin sites of temporal openings among
early amniotes (1-3) are indicated by dotted lines (compare to Fig. 28; 32A). (F) Digital drawing of C. aguti by paleoartist
Markus Biihler (Balingen, Germany); Paldontologische Sammlung der Universitat Tubingen, collection number of the
drawing: GPIT-PV-112849. Anatomical abbreviations as in Fig. 15. Additional abbreviations: bas, basioccipital; exo,

exoccipital; pmx, premaxilla; pro, prootic.
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region (orange). The jugal, which originally belonged to the cheek module, is part of the snout
flank module (light purple).

The suprafossal skull model (see Figs. 29-31A vs. Figs. 31F, 34A) is characterized by
an expansion of the posterior skull roof module (red), which now also includes postfrontal and
all three (originally orange) cheek bones: quadrate, quadratojugal, and jugal.

The bifenestral-1 skull model (see Figs. 29-31A vs. Figs. 31G, 34B) shows the same
patterns as the infrafenestral-1 model (see Figs. 31B, 32A)

In the bifenestral-2 skull model (see Figs. 29-31A vs. Figs. 31H, 35A), postfrontal and
postorbital form a new postocular module (light green) that is related to the cheek (orange) and
to the posterior skull roof (red) modules.

In the bifossal skull model (see Figs. 29-31A vs. Figs. 311, 35B), the jugal becomes
part of the lateral snout module (light purple). The posterior skull roof module (red) has
expanded and integrates the two remaining 'cheek elements’, quadrate and quadratojugal,
along with the postfrontal. Considering the overall network, the median palate module (dark
pink)—together with the braincase module (yellow), are closely placed in between the posterior
skull roof modules of both skull sides (red), functionally separating the whole skull in an anterior
and a posterior half. The anterior half is formed by the palatal wing modules (light pink) and
the snout modules (light and dark purple) of both skull sides.

In the fossafenestral-1 skull model (see Figs. 29-31A vs. Figs. 31J, 36A), postfrontal
and postorbital form a new, postocular module (light green) that plotted closer to the posterior
skull roof (red) module than to the cheek module (orange). The cheek module is split with the
jugal, which is now integrated inside the snout flank module (light purple). Median palate
modules (dark pink), together with the braincase modules (yellow), are closer related to skull
roof (red and light green) and cheek (orange) modules of both skull sides than to the remaining
skull modules, again functionally separating the skull in an anterior and a posterior half.

Like in the fossafenestral-1 skull model (Figs. 29J, 36A), the fossafenestral-2 skull
model (see Figs. 29-31A vs. Figs. 31K, 36B) shows a postocular module. In this model,
however, cheek (orange) and posterior skull roof (red) module plotted closer to each other than
both do to the postocular module (light green) (see white parallel stripes in the figure). Like in
the fossafenestral-1 type, the cheek module is also split with the jugal being integrated inside
the snout flank module (light purple). Also, as in this skull type, the fossafenestral-2 skull is
functionally separated in an anterior and a posterior half. However, the median palate module
(dark pink) - together with the braincase module (yellow) - is even more strongly integrated

between roof and cheek modules (red, blue, and orange) of both skull sides.
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Werneburg (2021).
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4.3.4. Muscle reconstruction

The reconstructed jaw muscle associations directly correspond to the modular pattern
of each skull model (i.e., seven-pointed star in Fig. 31). In the original skull of C. aguti
(scutal/anapsid type, Fig. 31A), the following joined muscles are reconstructed and interpreted
to act as functional entity: AMEP with AMES (belonging to the red module), CID with PTV (dark
purple), and AMP with AMEM (orange). The identity of AMP of either belonging to the internal
or external section of the jaw musculature appears to change among taxa based on altering
ontogenetic pathways (Rieppel 1987; summarized by Werneburg 2011). As such, an
association of muscle portions usually assigned to the internal (AMP) or external (AMEM)
section of the jaw adductor is not deceptive.

In C. aguti, the pterygoid teeth reach far posteriorly on the ventral surface (Fig. 30B),
preventing broad insertion of PTV. Whether PTV was actually developed as a small muscle
portion or whether it was just a small muscle head inserting on the posterior edge of the
pterygoid cannot be determined (see Witzmann and Werneburg 2017). A PTD could have
been partly associated with CID/PTV - as indicated by the half-connected points of the star in
Fig. 31A - as the related bone module (light pink) was not as strongly integrated in the snout
modules as both snout modules are into each other (light and dark purple: close association
indicated by two parallel white lines in Fig. 31A).

Muscular associations are different in all of our skull models (Figs. 31B—K). In the
infrafenestral-1 model (Fig. 31B), with the anterior expansion of the posterior skull roof module
(red), the following muscular associations are hypothesized based on the modular pattern of
related bones: AMES with AMEP (red), AMP with AMEM (orange), CID with PTV. AMP and
AMES could had been partly connected due to the related modules showing a strong relation
to each other.

In the model infrafenestral-2 (Fig. 31C), with the formation of a postocular module (light
green) and the integration of the jugal into the snout flank (light purple), the following
associations are hypothesized: AMES with AMEP (red), CID with PTV. Based on close
modular associations, AMP could be partly related to AMES/AMAP, and AMEM to PTD.

In the infrafossal model (Fig. 31D), with the integration of the jugal into the snout flank
(light purple), the following association is hypothesized: AMES with AMEP (red). Based on
close modular associations, AMP could be partly related to AMES/AMAP, and AMEM to PTD.
CID is considered more separate from PTV, because in the skull, which is differentiated in an
anterior and a posterior part in overall network composition (Fig. 33A), the ClD-associated

epipterygoid might serve a key role in functional anatomy (see section 4.4.).
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Fig. 31 Skull network illustrations of models that simulate different temporal skull morphotypes (see sketches in each
subfigure) found in early amniote evolution [based on Abel and Werneburg (2021); nudital and additofenestral skull types
were not possible to model, see text]. The skull of C. aguti (A) was used as model template. Skull models are shown in an
anterior dorsolateral view (B—K). Parallel white stripes indicate a closer network relationship of the connected modules
when compared to other modules in the anterior (snout) or posterior (temporal) skull half, respectively (compared to
dendrograms in Figs. 31E, 33—37). Modeled temporal fenestrae are shown as white full-ellipses, temporal excavations as
white half-ellipses. Star-schemes for each model indicate the differentiation of muscle inside the jaw adductor chamber
[see legend in panel (A); the listed bones serve as major origin sites of these muscle portions; letter coloration based on
skull modules]. Muscle portions that putatively act as a joined entity are connected by gray filling between star jags; full
filling indicates that the muscles originate from the same skull module, half filling indicates that the modules, to which the
muscle portions attach, are closely associated to each other in the global anatomical network (see Figs. 31E, 33-37). AMEM,
musculus (m.) adductor mandibulae Pars medialis; AMEP, m. adductor mandibulae Pars profundus; AMES, m. adductor
mandibulae Pars superficialis; AMP, m. adductor mandibulae posterior; ITF, infratemporal fenestra; LTE, lower temporal
excavation; PTD, m. pterygoideus Pars dorsalis; PTV, m. pterygoideus Pars ventralis; STF, supratemporal fenestra; UTE,
upper temporal excavation.

In the suprafenestral model (Fig. 31E), with the integration of the jugal to the snout flank
(light purple) and the integration of the squamosal into the cheek module (orange), following
associations are hypothesized: AMES with AMP (orange), CID with PTV (dark purple). AMEP
(red) and AMES/AMP (orange) might be partly associated, similar to AMEM (light blue) and
PTD (light pink) based on close relationship of the related skull modules.

In the suprafossal model (Fig. 31F), with the expansion of the posterior skull roof
module above the whole temporal region (red), the following associations are hypothesized:
AMEP with AMES, AMP, and AMEM (red), and CID with PTV (dark pink).

The bifenestral-1 model (Fig. 31G) shows the same patterns as the infrafenestral-1
model (Fig. 31B).

In the bifenestral-2 model (Fig. 31H), with the formation of a postocular module (light
green), the following associations are hypothesized: AMEP with AMES (red), AMP with AMEM
(orange), and CID with PTV (dark pink). Partial relationship might exist between AMP (orange)
and AMES (red).

In the bifossal model (Fig. 311), with the expansion of the posterior skull roof module to
the cheek and postocular region (red) and with integration of the jugal to the snout flank (light
purple), the following associations are hypothesized: AMEP with AMES and AMP (red). Partial
relationship might exist between AMEM (light purple) and PTD (light pink).

In the fossafenestral-1 and -2 models (Figs. 31J—K), with the formation of a postocular
modaule (light green) and the integration of the jugal into the snout flank (light pink), the following
associations are hypothesized: AMEP and AMES (red), and a partial association between
AMEM (light purple) and PTD (light pink).
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caption of Fig. 31E. Green- and orange-colored branches indicate that these nodes were assigned to other modules in the
initial analyses (see the color code in Fig. 31E).

4.4. Discussion
4.4.1. Significance of the anatomical network approach

Using the anatomical network approach, seven distinct anatomical modules on each
skull side of C. aguti (Figs. 29-31A) were detected. These include cheek (orange in Figures),

anterior (green) and posterior (red) skull roof, palate wing (light pink), upper snout (purple),
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snout flank (light blue), and braincase (yellow) modules. In addition, there is a median palate
module (dark pink). By modeling changes in skull network composition of C. aguti to mimic
skull types of other early amniotes, alterations in the number and fundamental rearrangements
in the respective bone composition of skull modules occur, illustrating the sensitivity of the
anatomical network approach.

When trying to interpret the functional meaning of module composition, one needs to
keep in mind the methodological basis of network analysis, which considers as data source
just the information on presence and absence of bone connections (1/0 codification) but
neglects any detailed morphological characteristic such as suture type, thickness, and gross
bone anatomy. Each level of morphological organization, however, conveys different
information, and to understand processes in evolution, each may first be treated separately
(Rasskin-Gutman 2003) before expanding toward a more holistic view on anatomical tissue
integration (Maier and Werneburg 2014). The functional meaning of skull modules, of course,
has to be handled with care, and discussion always requires a thorough consideration of other
morphological aspects known for the taxon in question and comparable organisms (Werneburg
et al. 2019).

Functional considerations of skull anatomy cannot be performed without proper
knowledge on muscle anatomy, which is usually barely described in the literature for extant
taxa and usually misses relevant information of muscle fiber-compositions and orientations
and tendinous components. For extinct taxa, only gross morphology of musculature can be
reconstructed on a rough anatomical level, mainly based on phylogenetic bracketing and by
considering indications of possible attachment sites on bones (Witzmann and Werneburg
2017). Nevertheless, anatomical network methodology has been proven to provide basis for
reasonable functional conclusions and new hypotheses (Esteve-Altava et al. 2013a,b, 2015a;
Rasskin-Gutman and Esteve-Altava 2014; Diogo et al. 2015; Molnar et al. 2017; Lee et al.
2020; Plateau and Foth 2020; Sookias et al. 2020).

Rasskin-Gutman (2003) provided a first attempt to study skull modularity in relation to
temporal openings and found, by comparing nine different tetrapod skulls, that the orbit is
surrounded by a rather simple modular arrangement with one element attaching to at least
three other adjacent elements. In contrast, the temporal region is rather complex with bones
having five or six contacts to other bones which are, eventually, surrounded by bones with
triangular connections again. He also found that the snout is less variable in regard to network
connections than the postorbital region, which overlaps with the known morphological and
trophic diversity of extant taxa (see also Werneburg et al. 2019). As such, the complexity of
the anatomy network might provide a reasonable source to understand patterns of functional

morphology, in which jaw muscle anatomy is taken into account.
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analyses (see the color code in Fig. 31E).

4.4.2. Cranial kinesis in C. aguti with respect to skull modularity

Studying the suture anatomy and thickness of dermatocranial bones, Abel et al. (2022;
see Chapter 3) discussed cranial kinesis in C. aguti. The authors discussed metakinesis - a
movement of the temporal dermatocranium together with the snout relative to the braincase

(lordansky 1990) - to be present between parietal-postparietal and supraoccipital and between
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squamosal and opisthotic. In fact, a metakinetic joint was argued to be widespread among
early amniotes (Carroll 1969a; Gow 1972; Bramble and Wake 1985; lordansky 1990; however,
see also Chapter 3). This could be further supported by the modularity pattern detected in the
present study, in which the braincase elements (yellow) are separated from all other skull
modules, including the posterior skull roof module with the squamosal (red) and the anterior
skull roof module with the frontal (dark green).

Squamosal and parietal are plotted closely within the posterior skull roof module (red).
Consequently, a representation of a so-called ‘crossopterygian hinge line’ (Kemp 1980)
between squamosal and more dorsal bones of the skull roof, which temporarily might have
been opened posteriorly as an otic notch in early tetrapods (but see Panchen 1964), cannot
be postulated herein. However, the suture between both elements in C. aguti is not very strong
(see Chapter 3), which might be mirrored in the even closer modular relationship of the parietal
to the postorbital in the reconstruction herein (Fig. 30E).

Interdigitation and great thickness of the frontoparietal suture most likely prevented true
joint and elasticity-based (sensu Natchev et al. 2016) mesokinetic movement in between the
skull roof elements that otherwise could have been moved against each other by the
contraction of m. adductor mandibulae externus Pars profundus (AMEP). Frontal (dark green)
and parietal (red), however, belong to different modules in the skull illustrating that clear
modular distinctions between bones must not necessarily indicate a kinetic association of
them. Nevertheless, mesokinesis, as widely found in squamates (lordansky 2011), might be
an evolutionary result from the intersection between the posterior skull roof module (red) and
the more anterior dorsal skull bones (dark green and dark purple) already established in an
early amniote like C. aguti. In fact, all models with temporal openings (Figs. 31B—K) show a
clear distinction between the posterior skull roof module (red) and the upper snout modules,
the latter of which always includes the frontal bone (dark purple), and as such, this condition
then might further favor mesokinetic evolution.

A pleurokinetic joint - a mediolateral movement of the quadrate relative to the rest of
the skull (Evans 2008) — might have been present in C. aguti between quadrate on the one
hand and pterygoid, quadratojugal, and squamosal on the other hand, being enabled by the
contraction of musculus (m.) adductor mandibulae posterior [AMP). In the present modularity
study, the quadrate of C. aguti belongs to the cheek module (orange), clearly separated from
pterygoid (dark pink) and squamosal (red). Only the quadratojugal (in addition to the jugal) is
found to share a modular identity with the quadrate. Apparently, a shared modular identity does

not necessarily preclude internal kinetics within a module. The reportedly thin bones of the
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Fig. 34 Dendrogram of the skull network of (A) the suprafossal and (B) the bifenestral-1 skull types. Compare to caption of
Fig. 31E. Green- and orange-colored branches indicate that these nodes were assigned to other modules in the initial

analyses (see the color code in Fig. 31E).

cheek region (Fox 1964) likely permitted a certain elasticity of that region, driven by contraction
of m. adductor mandibulae Pars medialis [(AMEM; sensu Abel et al. (2022)] and Pars
superficialis (AMES).

Kinesis within the snout (prokinesis and rhynchokinesis) was certainly not possible
based on the strong suturing of the snout bones (maxilla, lacrimal, and jugal). Bite forces were

likely absorbed by the more elastic sutures in the more dorsal snout bones, namely, between
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nasal and prefrontal (Chapter 3). Herein, an absorption of biting forces in the upper snout is
further supported by the presence of an upper snout module (dark purple) ventrally separated
from the snout flank (light purple). The frontal and prefrontal contact is characterized by a
simpler (although still thick) suture, that could indicate that this region is less effected by
compressional forces (sensu Abel et al. 2022).

A mobility of the palate, a feature that has been suggested for the amniote base (Carroll
1969), was likely possible in C. aguti given the small relative thickness and simple suture types
between vomer, palatine, and pterygoid. Also, a potential kinetic articulation between palatine
and maxilla was present (Fox and Bowman 1966; Abel et al. 2022, see Chapter 3). The latter
pattern is mirrored in the modularity of the palate with the elastic vomer and palatine forming
a module together with the premaxilla, which functionally belongs to the palatal wing (light
pink).

Pro- and retraction of the palate in relation to the rest of the skull might have been
enabled by the pterygoid associated epipterygoid as a basicranial articulation of the
epipterygoid to the braincase and a kinetic articulation between palatine and maxilla were
present (Chapter 3). Pterygoid and epipterygoid together form a distinct module by their own
reflecting their positional intersection between many skull modules and their various moveable
and non-moveable articulations with other elements.

In sum, the observations in C. aguti illustrate a relatively good association of intracranial
movements and skull modularity, although both relative thickness and suture type between
adjacent bones require a balanced consideration of functional skull morphology (Esteve-Altava
2017a).

4.4.3. C. aguti and the origin of temporal skull openings in amniotes

It has been repeatedly discussed that particularly thin skull areas are prone to reduction
as little forces are acting on these regions (e.g., Jaeckel 1902; Case 1924; Romer and Price
1940; Fox 1964). Temporal skull openings appear to develop particularly at the intersection
between three adjacent bones (Frazzetta 1968; Kuhn-Schnyder 1980). As highlighted in
Chapter 3, the intersections of (1) postorbital, squamosal, and parietal, of (2) jugal, squamosal,
and postorbital, and of (3) jugal, squamosal, and quadratojugal may be treated candidate areas
for temporal openings in early amniote evolution (see also image with numbers in Figs. 29E,
31A). In the following, the modularity pattern in C. aguti is used to infer potential areas for
temporal openings.

(1) As mentioned above, a ’crossopterygian hinge line’ sensu Kemp (1980) between
squamosal and more dorsal skull roof bones could not be recovered in C. aguti herein, because
both elements belong to one single module (red). This could indicate that the structural lability
of the 'crossopterygian hinge line* was stabilized in early amniotes by a close integration of
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both elements (however, see also other opinions on this 'hinge line* mentioned in Subchapter
3.4.4.). Nevertheless, like also described in Chapter 3, C. aguti is still characterized by weak
suturing between squamosal and parietal. Therefore, this suture could have served as
potential origin area of the supratemporal opening in diapsids (‘1’ in Figs. 29E, 31A), or even
as an area that opened to allow dorsal expansion of the infratemporal region in therapsid
synapsids.

(2) The modular distinction between jugal (orange) and postorbital/squamosal (red),
together with the edge-like geometry of this intersection, makes this area a preferred candidate
for the widely occurring infratemporal opening (2’ in Figs. 29E, 31A). Force vectors of AMEM
(orange) and AMEP (red) musculature, pointing in different directions, will have further
triggered the emergence of that opening.

(3) Similar to (2), the relatively rarely occurring opening between quadratojugal, jugal,
and squamosal (3’ in Figs. 29E, 31A) might mainly result from the intersection of two modules
(red and orange), specific arrangements of surrounding musculature (i.e., AMEM, AMES), plus
the structural dissolution of the edge-like geometry of this intersection. This edge, however, is
less pointy than in (2), which might explain the rare occurrence of this opening. Whether the
infratemporal openings (2) and (3) actually have separated phylogenetic origins and whether
they emerge from one unique opening or unite to one opening in the respective taxa cannot
be evaluated herein. It is rather expected that the whole sutural area between squamosal and
jugal serves as potential region for any infratemporal opening (Fig. 29E: indicated by white
dashed line around ‘2’ and ‘3’), depending on species-specific configurations and compositions
of the surrounding temporal bones. In species with a reduced quadratojugal, for example, a
more dorsal position of the opening is common (Kemp 1982).

Rasskin-Gutman (2003) distinguished between ‘active and passive fenestrae’ in the
vertebrate skull. Whereas ‘active’ ones between three adjacent bones (i.e., foramina) cannot
close because they surround other (‘active’) tissue like nerves or vessels, the ‘passive’ ones
in between four or more bones remain stable (‘passive’) along a phylogenetic lineage as long
as no heterochronic event (relative growth in ontogeny) closes that opening. As such, to better
understand transformations in temporal architecture, a greater focus on ontogenetic studies
(Rieppel 1984; Haridy et al. 2016; Werneburg 2019; Lee et al. 2020) are urgently needed in
the future.

As extensively discussed in Chapter 3, taking C. aguti as a model for early temporal
skull evolution in amniotes has its limitations given the already derived skull anatomy of this
species compared to the assumed ancestral amniote. Nevertheless, indications from this study
on suture anatomy plus the support of modularity patterns provide a reasonable chain of
argumentations to understand the origin of temporal openings in early amniotes. To further

explore such evolutionary modifications, the modeling of different skull types, as performed in

139



this study, provides a valuable framework to examine the complexity of cranial changes

associated with temporal fenestrations.

4.4.4. Modelling temporal openings

Modeling temporal openings into the skull network of C. aguti of course comes with
limitations. Obviously, there are no taxa in the fossil record that correspond to a fenestrated
variant of C. aguti. Skull proportions along with bone number, suture lengths, and suture
anatomy can drastically differ in early amniote species with temporal openings when compared
to C. aguti. At this point, the above-mentioned simplification of the anatomical network
methodology might actually be of a certain advantage as skull proportions and suture
morphology are not considered in that approach.

In the herein used models, the number of skull bones and their general connectivity are
kept stable to enable direct comparisons between the C. aguti network and the skull models
derived from them. However, some bones, in particular the postparietal, supratemporal, and
septomaxilla (Gaffney 1990; Koyabu et al. 2014; Higashiyama et al. 2021), are known to get
reduced through amniote evolution (Esteve-Altava et al. 2013b). Nevertheless, most early
amniotes, still have these bones preserved. Moreover, bones usually do not get lost as such.
During ontogeny, their ossification centers generally fuse to ‘larger bones (Klembara et al.
2002; Polachowski and Werneburg 2013; Koyabu et al. 2014; Werneburg et al. 2015; Smith-
Paredes et al. 2018), and coding their presence and ancestral connection to ‘larger’ bones
may be judged as a reasonable methodological approach to retain comparability in this study.

The only major limitation of this model comparison might be the fact that some early
amniotes still possess a tabular bone and an ectopterygoid. Most captorhinids, including C.
aguti, lack those (e.g., Clack and Carroll 1973; Berman and Reisz 1986; Dodick and Modesto
1995; Miuller and Reisz 2005) and they were, hence, not modeled herein.

Anatomical network analysis with actual species instead of models should be
performed in the future to test and specify these initial attempts. Such species would need a
comparable observation of suture anatomy (Jones et al. 2011) and muscle reconstruction
before, as has been done for C. aguti (see Chapter 3). Fossil preservation of early amniotes,

however, is poor in many cases and bone connections can be hard to reconstruct.

4.4.5. Evolutionary changes in functional skull morphology induced by
temporal openings
4.4.5.a) The palate is functionally associated with changes in the temporal skull
region

The modeling of temporal openings into the anapsid skull (Fig. 31A; scutal skull after
Abel and Werneburg 2021) results in a number of changes in the composition of skull modules.
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The most frequent skull opening in early amniotes was an infratemporal fenestra (ITF in Fig.
31), modeled as disconnection between jugal and squamosal herein (Fig. 29A,C: B-cut;
intrafenestral-1 type). Whereas the modularity of the manipulated temporal skull coverage
stays mainly unaltered, the snout flank (light purple) becomes more integrated with the palate
wing (light pink) (Figs. 31B, 32A). This might be interpreted by a more posterior and, through
a shorter lever arm, by a more powerful processing of food items in the center of the mouth. In
fact, early synapsids are usually considered to have fed on hard food items associated with
carnivore or herbivore feeding (Kemp 1982; Werneburg 2019). To process those, they might
have been selected for a more powerful jaw adductor musculature. As illustrated herein
(seven-pointed star in Fig. 31B), this might have been permitted by up to four muscle portions
acting in union( i.e., AMP, AMEM, AMES, and AMEP).

A close integration of the snout flank (light purple) and the palate wing (light pink) is
actually found in all modeled skulls, indicating a general adaptation to different food processing
in amniotes when compared to their ancestors with further specifications by positional
alteration or addition of opening(s) in the respective taxa. In therapsid synapsids, for example,
a strong integration of snout and palate is related to the formation of a secondary palate
introduced by neonatal lactation (Maier 1999) along with a more effective carnivore and
herbivore feeding behavior, which required a strengthened palatal region. This change in
therapsids was associated with a dorsal shift and expansion of the infratemporal fenestra (ITF)
and a lower temporal excavation (LTE; see Chapter 2). Change in jaw muscle integration might
be correlated with the observed bone modularity. With the development of a masseter muscle
(i.e., AMEM-related following the argumentation Chapter 3) and an associated loss of the
quadrate from the temporal region (i.e., it moves as incus to the middle ear; Werneburg 2013b),
chewing behavior emerged in cynodont therapsids (Abdala and Damiani 2004). The adjusted
side and inward movements during chewing could actually be mirrored in the postulated
functional union of AMEM (masseter) and PTD musculature (asterisk in Figure 31C). The
greater stability of the skull by formation of a secondary palate to withstand higher suckling
and biting forces is also associated with the successive integration of the epipterygoid (as
alisphenoid) to the secondary braincase wall toward Mammalia (Maier 1989, 1999). The

certain independency of the median palate module (dark pink) to which the epipterygoid
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Fig. 35 Dendrogram of the skull network of (A) the bifenestral-2 and (B) the bifossal skull types. Compare to caption of Fig.
31E. Green-, orange-, and red-colored branches indicate that these nodes were assigned to other modules in the initial
analyses (see the color code in Fig. 31E).

belongs in the anatomical network might have been, in this case, a precondition to uncouple
this element from the palate.

The anatomical network modularity of an extant omnivorous mammal (Didelphis
virginiana Kerr, 1792: Werneburg et al. 2019), which resembles the infratemporal-2 skull type,

shows a certain similarity to the infratemporal-2 model presented herein in the way that the
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jugal and palatal region belong to the same module. It is worth mentioning that the fusion of
the orbit with the infratemporal opening in that species has major impact on the modularity of
the anterior and posterior dermal skull region. The latter is forming one consistent module with
the braincase. This becomes obvious when comparing the results for D. virginiana to the
pattern observed in primates, in which the postorbital bar is present and the frontal changes
its modular association (Esteve-Altava et al. 2015a,¢). Changing just one connection in the

skull has major impact on general modular compositions.

4.4.5.b) Convergent evolution of stronger bite in terrestrial habitats

The modeling of a lower temporal excavation (LTE) in the skull (Fig. 31D; infrafossal
type) results in the integration of the jugal into the snout flank module (light purple), suggesting
a more powerful initial capture of hard food items anteriorly in a robust snout, possibly
imaginable for Eunotosaurus africanus (Watson 1914; Keyser and Gow 1981) and other extinct
taxa with similar temporal skull arrangement (e.g., Llistrofus, Microleter, Millerosaurus Broom,
1947, Milleropsis). Further food manipulation more posterior in the mouth, for instance by
positioning of the food item before swallowing using pterygoid teeth (Gow 1997), might have
been more complex. With the formation of a lower temporal excavation, the overall network
integration falls into an anterior and a posterior skull part (double-headed arrows in Fig. 31C,D),
which could hint to a more important role of the epipterygoid bone (dark pink) as pivot point
between them, as indicated by a more independent related CID-musculature in the muscle
reconstruction presented herein.

The presence of only a supratemporal fenestra (STF), like in the early diapsid
Araeoscelis, resulted in a dorsal expansion of the cheek module toward squamosal (orange)
(Fig. 31E; suprafenestral type). Araeoscelis exhibits a suite of unusual cranial features
resulting in a massive, sturdily constructed skull, which is interpreted as an adaptation to a
specialized diet that probably included invertebrates protected by heavy exoskeletons’ (Reisz
et al. 1984, p. 57). To enable this strong bite, according to the detected modularity pattern,
AMES, AMP, and AMEP on the one hand, and AMEM and PTD on the other hand might have
separately worked as unions. The comparison with heavy-snouted infrafossal taxa from the
Permian shows that different ‘experimentations’ of temporal region anatomy were performed
in early amniote evolution to exploit similar food resources that now became available in fully
terrestrial habitats (see Chapter 2).

The presence of an upper temporal excavation (UTE) (Figure 31F; suprafossal type)
results in the greatest expansion of the posterior roof module (red), suggesting high biting
forces by joined action of AMEP, AMES, AMP, and AMEM. The otic notch in some potential
amniote relatives like Seymouriamorpha mirrors the modeled upper temporal excavation

(Klembara 1997, 2011). It is likely that these animals were already adapted to a more or less
143



full terrestrial lifestyle with a focus on hard terrestrial food items. Also, strong biting turtles such
as Chelydridae, Pelomedusidae, and Platysternidae (Herrel et al. 2002; Ferreira et al. 2020)
develop deep upper temporal excavations (posterodorsal emarginations in turtle anatomical

terminology sensu Werneburg 2012).

4.4.5.c) From robust to agile — and back to robust prey: diapsid evolution

The presence of two temporal openings (bifenestral-1 and 2) as seen in some early
diapsids (Figure 31G: compare to Petrolacosaurus, Figure 31H: compare to Youngina) shows
a cheek integration (orange) comparable to that of early synapsids (Figure 31B) with AMEP,
AMES, AMP, and AMEM acting in union. This could highlight the generally stronger bite and,
hence, better adaptation to terrestrial food in both diapsids and synapsids when compared to
non-fenestrated early amniotes like C. aguti.

Early diapsids are thought to have been adapted to feeding on agile prey (Evans 2008),
for which an increased intracranial mobility was necessary (see section 4.4.5.e). More tipward
diapsids (Lee et al. 2020; Plateau and Foth 2020) differ from the modeled early diapsids.
Differences are likely associated with a change to a more carnivorous feeding behavior as
exemplified in archosauriform evolution with Euparkeria capensis Broom, 1913b representing
a transitional form (Sookias et al. 2020) or Tyrannosaurus rex Osborn, 1905 showing specific
snout adaptations (Werneburg et al. 2019). The relatively larger snouts, together with the
orbits, increasingly restricted the space for the temporal region through archosaur evolution.
Related to strong bites and long snouts, the pterygoid musculature in crocodiles dominates
above the external jaw adductors with influence on bone arrangements and modularity in the
respective regions as illustrated by Alligator mississippiensis Daudin, 1802 (Werneburg et al.
2019).

The textbook example of an extant diapsid, the tuatara Sphenodon punctatus
(Lepidosauria), is also highly derived in its skull network modularity (Werneburg et al. 2019)
when compared to the herein modeled early diapsid forms. Tuatara secondarily re-evolved the
lower temporal arcade (Mduller 2003) and has a number of other derived characters. The
degree of its intracranial mobility is debated and seems to depend on ontogenetic changes
with, likely, less mobile skulls and stronger bites in adults (Jones et al. 2011; Werneburg and
Yaryhin 2019).
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A) fossafenestral-1 B) fossafenestral-2

Fig. 36 Dendrogram of the skull network of (A) the fossafenestral-1 and (B) the fossafenestral-2 skull types. Compare to
caption of Fig. 31E. Green-, orange-, and red-colored branches indicate that these nodes were assigned to other modules
in the initial analyses (see the color code in Fig. 31E).
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4.4.5.d) The never-ending turtle story

The bifossal model (Fig. 311) resembles a morphotype that is basically established in
extant turtles (Werneburg 2012), a group that reportedly shows several derived characters
compared to the ancestral amniote and even to the ancestral turtle condition (Muller 2003;
Joyce 2007). Hence, the limitation mentioned above for interpreting a network model also
applies, particularly, when discussing the turtle skull morphotype. Nevertheless, the
simplification in the network methodology permits a comparison to other models.

Compared to C. aguti, the jugal in the bifossal model becomes part of the snout flank
module (light purple), mirrored by the general robusticity of the snout in turtles, which is
ancestrally covered by an edentulous beak (Li et al. 2018). The remainder of the temporal
region forms one consistent module (red) likely related to a union of AMEP, AMES, and AMP
(Fig. 311). In fact, jaw musculature in turtles is (superficially) less diverse than that of all other
extant reptilian groups (Schumacher 1956; Werneburg 2011, 2013a,b).

With the formation of a deep ventral excavation, the skull network, again, separates
into an anterior and a posterior skull part. Whereas this feature resulted in an apparently higher
independency and mobility of the epipterygoid (dark pink) in taxa like millerettids, Microleter,
and Eunotosaurus (Figure 31D), the epipterygoid is either lost (Pleurodira) or integrated
(Cryptodira) into the secondary braincase wall in extant turtles (Werneburg and Maier 2019),
decoupling this element from other skull modules (which is associated with the loss of CID
musculature in turtles; see Werneburg 2011) and resulting in an akinetic skull (Werneburg and
Maier 2019). As has been shown by Ferreira et al. (2020), the jaw muscle arrangement and
the skull shape of modern turtles is associated with fundamental cranial changes related to the
evolutionary increase of neck mobility. Jaw muscle functionality can be seen as a tradeoff
between restrictions in space for jaw musculature in the jaw adductor chamber and the
retention (but not increase) of the ancestral jaw muscle power. While the jaw musculature of
turtles is rather simple in superficial view, it internally shows great tendinous differentiation,
which might reflect the concealed anatomical response to that restriction (Schumacher 1956;
Werneburg 2011, 2013b).

The expansion of the posterior skull roof module (red) in the bifossal turtle skull can be
associated with a higher integration related to neck mobility. Tensional force of the retracting
neck is related to enlarged temporal emarginations (Werneburg 2012, 2015) and might be
buffered by a broadly integrated temporal region (Werneburg et al. 2021).

The leatherback turtle (Werneburg et al. 2019) largely reduced its ability to retract the
neck and, hence, no posterodorsal emarginations are developed in the skull (sensu Werneburg
2015). It is noteworthy that in the anatomical network reconstructed for this species, only an
integration of frontal and parietal, but not of the cheek region, is present. The close association

of frontal and parietal can be interpreted by a still certain degree of embryonic neck muscle

146



tension acting on the roof of its developing skull (Werneburg and Maier 2019; Werneburg et
al. 2021). Different to the model presented herein (Figure 311), an ancestral integration of the
jugal into the cheek module (orange) is present in the leatherback turtle. This can be
interpreted by the specific arrangement of bones, related to unique characters such as a
truncated snout and a domed skull in this marine turtle species (Nick 1912; Schumacher 1972;
Werneburg et al. 2019).

It is worth mentioning that the bifossal skull type (Figure 311) is argumentatively also
present in the akinetic mammals, although the upper temporal excavation derives from an
expanded upper temporal fenestra and not by marginal bone reductions (Werneburg 2019).
The convergent separation in an anterior and a posterior skull part and a related simplification

of skull network composition (Werneburg et al. 2019) is striking.

4.4.5.e) Toward highly kinetic skulls

Whether a fossafenestral-1 type (Fig. 31J) was actually developed in Claudiosaurus is
debatable based on whether and how much the postfrontal actually contributed to the upper
temporal opening (Carroll 1981). Nevertheless, when compared to the fossafenestral-2 type
(Fig. 31K), in which the upper temporal opening expands more anteriorly, the general size
influence of an opening becomes obvious, as in this example the posterior skull roof module
(red) changes its global modular association (see dendrogram in Fig. 36B and white parallel
stripes in Fig. 31K).

Among early amniotes, the fossafenestral-2 type is likely present in Tangasauridae
(Bickelmann et al. 2009) and basically represents the skull type found among the neodiapsid
squamates. Whenever an upper temporal fenestra is formed together with a lower temporal
excavation (Fig. 31C,J—K), a postocular module (light green) emerges. The same is true for
the bifenestral skull, in which the supratemporal fenestra is anteriorly expanded (bifenestral-2
type; Fig. 31H) as is known for Youngina among early amniotes. Different muscle portions that
mainly attach to other bones (see star in Fig. 31A) can partly originate or insert also to the
postorbital in extant reptiles (Holliday and Witmer 2007; Werneburg 2013a). Possessing a
postocular skull module (light green), which includes postorbital and postfrontal, could indicate
to a more independent differentiation of the muscle fibers attaching there. Consequently,
number and effective direction of muscle vectors will change. As virtually all external adductor
muscles insert to the lower jaw, a more complex positioning of agile prey in the mouth can be
assumed, as reflected by the insectivorous diet of many taxa with fossafenestral-2 skull
anatomy (i.e., squamates), but also in taxa with infrafenestral-2 skulls, such as therapsids,
which were ‘on their way’ to develop chewing behavior with increased jaw mobility.

The infratemporal openings of fossafenestral forms, again, split the skull in an anterior

and a posterior part. The epipterygoid (dark pink), with its reconstructed independent CID
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musculature, could again serve as pivot point in these taxa and enable amphikinetic skull
movements (lordansky 1990, 2011). In all models described, as well as in C. aguti, the
epipterygoids and pterygoids with their associated musculature form a single module (dark
pink), suggesting that they might have acted together. Whereas the epipterygoid is originally
used as lever arm to move the palate in anteroposterior direction - which might still be the case
in most taxa - it appears to further act in positioning the pterygoid when handling diverse food
items in bifenestral-2 and fossafenestral skulls. In this regard, the former, exemplified by

Youngina, represents a transitional state toward the highly kinetic skull of squamate reptiles.

4.5. Conclusions

This study tackles one of the big questions in vertebrate evolutionary morphology,
namely, the evolution and functional backgrounds of temporal skull openings in amniotes.
Although the used anatomical network analysis has a number of limitations due to its
simplifying methodology, it allows strategical comparisons among different anatomical models.
A careful evaluation of the observed outcome is necessary and requires a comprehensive
morphological discussion.

Here, the presence or absence of temporal openings was modeled into a given skull
network to observe the effect on module composition. It has been demonstrated that changes
in the number, position, and expansion of temporal openings have fundamental impact on skull
modularity. This is interpreted mainly in regard to feeding behavior in amniotes, where the
assumed hardness and agility of prey items are considered. Changes in temporal openings
and the resulting skull modules also have impact on intracranial movements.

The present discussion is highly speculative and remains at a modeling level. It should
be understood as a first attempt to interpret complex skull modularity in early amniotes.
Obviously, actual skulls need to be studied and coded to get a clearer picture of network
modaularity in early amniote skulls. By presenting the skull network modularity of the well-known
C. aguti, a first attempt in this direction is provided.

Lastly, a comparison with extant amniote skulls supports the basic functional
assumptions that have been derived from this modeling approach. Influenced by changed
feeding adaptations and associated changes in skull architecture, however, secondary
alterations from the ancestral amniote skull network conditions evolved in later taxa. Detecting
and describing general patterns of changes across amniote evolution is a desirable outlook on

future broad scale taxonomic analysis using the anatomical network methodology.
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Chapter 5

Conclusion and outlook






5. Conclusion and outlook

This thesis provides a detailed overview of the morphology and research history of the
temporal region in tetrapods and their extinct relatives. The numerously suggested
classifications of amniotes and other tetrapods based on their temporal morphology were
described and standardized by a new purely descriptive classification system (see Chapter 2
— Abel & Werneburg 2021). This approach intentionally simplifies skull morphology and allows
a broad comparison of various taxa independent of phylogeny. This can be used for future
quantitative analyses on overall patterns in the evolution of the temporal region. A possible

tool for this could be the methodology recently introduced by Brocklehurst et al. (2021, 2022).

In general, temporal openings might form by reduction of lesser loaded bony areas.
This has been tested by examining suture morphology and reconstructing the jaw adductors
in the early reptile Captorhinus aguti (see Chapter 3 — Abel et al. 2022a). It could be
demonstrated that C. aguti exhibited two potentially lesser loaded areas in its temporal dermal
armor that correspond to the loci of the infratemporal and supratemporal fenestrae in many
other amniotes. Nevertheless, since C. aguti already possessed some derived features and
captorhinids with temporal openings are unknown, future studies may further test this
observation by also examining more rootward taxa or such that are closer to taxa with temporal

openings. A key species for this is the diapsid-relative Protorothyris archeri (see Chapter 3).

Moreover, the position of the lesser loaded areas generally corresponds to the results
of an Anatomical Network Analysis based on the same species (see Chapter 4 — Werneburg
& Abel 2022). The latter suggests that the temporal armor can be subdivided into different
functional modules that might be associated with the arrangement of the jaw adductors.
Artificially modifying this network by simulating the presence of temporal openings often leads
to a change in the module composition, arguing for simultaneous change in muscle
arrangement and, hence, change in functional properties. This method may also be applied to
analyze more skull networks of various extinct and extant species (see Esteve-Altava &
Rasskin-Gutman 2014; Werneburg et al. 2019) to further test the inferences drawn from the

modelled skulls.

Overall, this thesis provides an important step towards an understanding of the
evolution and functional morphology of the temporal skull region. In addition to the outlook
described above, further research projects could focus on the developmental aspects of
temporal openings (see Schoch 2014b; Werneburg 2019), as well as on the temporal diversity
in non-amniote groups (Kleinteich et al. 2012; Paluh et al. 2020). Lastly, further researching
the temporal diversity among ecologically similar taxa, like crocodylians and specific extinct

crocodylomorphs, could prove to be a meaningful endeavor (Zepf 2021).
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Gedanken kommen,
Gedanken gehen,
manchmal sind sie verschwommen,

oftmals sie gleich verwehen.

Einige nur lassen sich nieder,
hammern und pochen,
ruhren sich immer wieder

und bringen mich zum kochen.

Diese jedoch lassen sich formen,
oder zu etwas gestalten
nur muf} man sie normen

und abbringen vom Alten.

Hans Abel
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7. Supplementary

The supplementary contains the following materials:

Suppl. Tab. 1; overview on the preserved articulations of the dermatocranium of
OMNH 44816.

Suppl. Tab. 2; suture thickness along the articulations of the dermatocranium in OMNH
44816.

Suppl. Tab. 3; R-script used for Chapter 4.

Suppl. Tab. 4; binary coded matrix of the skull network of Captorhinus aguti.

Suppl. Tab. 5; the same as Suppl. Tab. 4. but modified to simulate an infrafenestral
skull as in Fig. 31B.

Suppl. Tab. 6; the same as Suppl. Tab. 4. but modified to simulate an infrafenestral
skull as in Fig. 31C.

Suppl. Tab. 7; the same as Suppl. Tab. 4. but modified to simulate an infrafossal skull
as in Fig. 31D.

Suppl. Tab. 8; the same as Suppl. Tab. 4. but modified to simulate a suprafenestral
skull as in Fig. 31E.

Suppl. Tab. 9; the same as Suppl. Tab. 4. but modified to simulate a suprafossal skull
as in Fig. 31F.

Suppl. Tab. 10; the same as Suppl. Tab. 4. but modified to simulate a bifenestral skull
as in Fig. 31G.

Suppl. Tab. 11; the same as Suppl. Tab. 4. but modified to simulate a bifenestral skull
as in Fig. 31H.

Suppl. Tab. 12; the same as Suppl. Tab. 4. but modified to simulate a bifossal skull as
in Fig. 31I.

Suppl. Tab. 13; the same as Suppl. Tab. 4. but modified to simulate a fossafenestral
skull as in Fig. 31J.

Suppl. Tab. 14; the same as Suppl. Tab. 4. but modified to simulate a fossafenestral
skull as in Fig. 31K.
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Suppl. Tab. 1. Overview on the preserved articulations in the dermatocranium of OMNH
44816. Colors and numbers refer to the suture types as described in Fig. 24. A digital version
can be obtained from Abel et al. (2022a; Suppl Tab. 1).
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Suppl. Tab. 2. Suture thickness along the articulations of the dermatocranium in OMNH
44816. Points of measurement are indicated in Fig. 25. All values are in millimeters. A digital
version can be obtained from Abel et al. (2022a; Suppl Tab. 2).

Skull region Suture Direction of Point 1 | Point 2 | Point 3 | Point4 | Point5 | Mean
measurement

nasal-nasal posterior-anterior 0.93 0.92 0.79 0.87 1.02 0.91
lacrimal-nasal posterior-anterior 0.78 0.99 1.12 0.92 0.92 0.94
prefrontal-lacrimal posterior-anterior 1.14 1.04 0.99 1.02 1.14 1.07
prefrontal-nasal posterior-anterior 1.16 1.09 1.09 1.04 1.07 1.09

Preorbital [lacrimal-jugal posterior-anterior 1.33 1.30 1.10 1.08 1.00 1.16
region frontal-nasal medial-lateral 1.00 1.26 1.62 1.50 1.37 1.35
frontal-prefrontal posterior-anterior 2.60 1.59 1.35 1.09 1.07 1.54
frontal-frontal posterior-anterior 1.93 2.21 1.70 1.44 1.31 1.72
jugal-maxilla posterior-anterior 2.27 2.93 2.60 1.61 1.11 2.10
lacrimal-maxilla posterior-anterior 1.73 2.40 2.43 2.66 1.88 2.22
palatine-pterygoid posterior-anterior 0.52 0.76 0.55 0.68 0.55 0.61
palatine-vomer posterior-anterior 0.75 0.65 0.68 0.79 0.71 0.72

palatal palatine-maxilla posterior-anterior 1.12 1.28 0.87 1.08 0.98 1.06
region vomer-pterygoid posterior-anterior 1.40 1.66 1.83 2.17 1.56 1.72
vomer-vomer posterior-anterior 1.29 1.50 1.87 2.31 2.04 1.80
palatine-lacrimal posterior-anterior 0.82 1.25 1.43 3.28 3.55 2.07
pterygoid-pterygoid posterior-anterior 2.24 2.32 2.20 2.02 2.12 2.18
jugal-squamosal medial-lateral 0.46 0.52 0.88 0.71 1.00 0.72
parietal-parietal posterior-anterior 0.83 0.88 0.36 0.86 1.34 0.85
postfrontal-parietal medial-lateral 1.13 1.07 0.54 0.83 0.91 0.90
postorbital-parietal medial-lateral 0.97 1.23 1.44 1.26 1.17 1.21
quadratojugal-squamosal posterior-anterior 1.21 1.85 1.28 1.27 0.93 1.31

Temporal [postorbital-squamosal medial-lateral 1.43 1.40 1.45 1.34 1.02 1.33
region parietal-squamosal posterior-anterior 1.67 1.41 1.35 1.43 1.44 1.46
jugal-quadratojugal medial-lateral 1.30 1.52 1.56 1.60 1.35 1.47
frontal-parietal medial-lateral 1.63 1.62 1.76 1.49 1.08 1.51
frontal-postfrontal posterior-anterior 2.05 1.78 2.03 1.42 1.14 1.68
postorbital-jugal posterior-anterior 1.33 1.79 2.10 2.38 2.56 2.03
postfrontal-postorbital medial-lateral 1.35 1.87 2.36 3.56 3.35 2.50
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Suppl. Tab. 3. R-script used for Chapter 4. To run an R-script, download R from https://cran.r-
project.org/bin/.

You may also download RStudio from https://www.rstudio.com/products/rstudio/download!/.
Instructions below are based on the RStudio interface. A digital version can be obtained from
Werneburg & Abel (2022; Suppl Tab. 1).

HEH R R R

#To run a command line, select it and press Ctrl+enter or click on the "Run" button in the top right
corner.

#Before running the analysis, make sure that the package(s) below are activated ('library'). If you use
this R script on another PC, you might have to install the packages first.

#To install packages, run 'install.packages("package name")' here or below in the Console window (if
you want to run commands in the console window, you just have to click the enter key)

#Packages have to be installed only once on each PC. The 'library' command below has to be run
every time you restart RStudio.

install.packages("igraph") #only mandatory for the first time you use the igraph package on your PC
library(igraph) #this package is needed to perform network analyses

R R

HHH BB R R R R

#lmport data

R R R

#this imports an excel file, where the first row and first column are assigned to be names, so only the
cells with 0 and 1 are considered for the analysis

#make sure, that your excel table is saved as a CSV file that is separated by semicolons, otherwise it
will not work!

#make also sure, that your CSV files are in the same folder as your R script/R project,

sheet.capto <- read.csv("network_sheet.csv", header=T, row.names=1, sep=";")

#This transforms the imported CSV file into an adjacency matrix. This is needed to get the igraph
object below

mx.capto <- data.matrix(sheet.capto, rownames.force=T)

#This transforms the matrix into an igraph object. igraph objects are needed to perform a network
analysis with the "igraph" package.

net.capto <-graph_from_adjacency_matrix(mx.capto, mode="undirected")
plot(net.capto) #not mandatory. Just use it to take a preliminary look at your network
R

# First parameters

HHHHHHHH R

#You can already determine some parameters that are independent of potential modules
#gives you D, number of observed links relative to the possible number of links

edge_density(net.capto, loops=F)
#gives you C, average clustering coefficient
transitivity(net.capto, type="average")
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#gives you K, number of links
sum(degree(net.capto, mode="in"))
#gives you L, average shortest path length
mean_distance(net.capto)

HHHHHHHHHH R T
#Modules
HHHHHHHHHH AR

#There are several alogrithms to calculate modules. We're using here a heuristic walk-trap algorithm.
#Use the following line to find modules. "Steps" is the length of random walks to perform.

mod.capto <- cluster_walktrap(net.capto, steps=3)

#Use these two lines together to get the dendrogram. You can change the values in 'mar’ (i.e. the
margin) to adjust the format of the plot

par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.capto), horiz=T)

#To get a table with the module membership for each bone/muscle, run the following sets of lines

m.capto <- as.data.frame(sort(membership(mod.capto)))
names(m.capto)[names(m.capto) == "sort(membership(mod.capto))"] <- "Membership"
member.capto <- tibble::rownames_to_column(m.capto, "Bones")
View(member.capto)

HHHHHEH R H R H R
#Q parameter
HEHHHEHH R

#Run the "mod.capto"” object below
#In the first line of the output, you will find the number of modules ("groups"), and the modularity/Q
parameter ("mod")

mod.capto
#Alternatively, to get only the modularity, you can also use the following version
modularity(mod.capto)

HHHHHHHHHH R
#Skull models
TR

#Repeat the procedure above for the respective skull models

#infrafenestral 1

sheet.LTF <- read.csv("network_sheet LTF.csv", header=T, row.names=1, sep=";")
mx.LTF <- data.matrix(sheet.LTF, rownames.force=T)

net.LTF <-graph_from_adjacency_matrix(mx.LTF, mode="undirected")

plot(net.LTF)
edge_density(net.LTF, loops=F)
transitivity(net.LTF, type="average")

sum(degree(net.LTF, mode="in"))
mean_distance(net.LTF)

185



mod.LTF <- cluster_walktrap(net.LTF, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.LTF), horiz=T)

mLTF <- as.data.frame(sort(membership(mod.LTF)))
names(mLTF)[names(mLTF) == "sort(membership(mod.LTF))"] <- "Membership"
member.LTF <- tibble::rownames_to_column(mLTF, "Bones")
View(member.LTF)

mod.LTF
modularity(mod.LTF)

#infrafenestral 2

sheet.thera <- read.csv("network_sheet therapsid.csv", header=T, row.names=1, sep=";")
mx.thera <- data.matrix(sheet.thera, rownames.force=T)

net.thera <-graph_from_adjacency_matrix(mx.thera, mode="undirected")

plot(net.thera)

edge_density(net.thera, loops=F)
transitivity(net.thera, type="average")
sum(degree(net.thera, mode="in"))
mean_distance(net.thera)

mod.thera <- cluster_walktrap(net.thera, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.thera), horiz=T)

m.thera <- as.data.frame(sort(membership(mod.thera)))
names(m.thera)[names(m.thera) == "sort(membership(mod.thera))"] <- "Membership"
member.thera <- tibble::rownames_to_column(m.thera, "Bones")
View(member.thera)

mod.thera
modularity(mod.thera)

#infrafossal

sheet.infra <- read.csv("network_sheet _infrafossal.csv", header=T, row.names=1, sep=";")
mx.infra <- data.matrix(sheet.infra, rownames.force=T)

net.infra <-graph_from_adjacency_matrix(mx.infra, mode="undirected")

plot(net.infra)

edge_density(net.infra, loops=F)
transitivity(net.infra, type="average")
sum(degree(net.infra, mode="in"))
mean_distance(net.infra)

mod.infra <- cluster_walktrap(net.infra, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.infra), horiz=T)

m.infra <- as.data.frame(sort(membership(mod.infra)))
names(m.infra)[names(m.infra) == "sort(membership(mod.infra))"] <- "Membership"
member.infra <- tibble::rownames_to_column(m.infra, "Bones")
View(member.infra)

mod.infra
modularity(mod.infra)

#suprafenestral
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sheet.UTF <- read.csv("network_sheet UTF.csv", header=T, row.names=1, sep=";")
mx.UTF <- data.matrix(sheet.UTF, rownames.force=T)
net.UTF <-graph_from_adjacency_matrix(mx.UTF, mode="undirected")

plot(net.UTF)

edge_density(net.UTF, loops=F)
transitivity(net.UTF, type="average")
sum(degree(net.UTF, mode="in"))
mean_distance(net.UTF)

mod.UTF <- cluster_walktrap(net.UTF, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.UTF), horiz=T)

m.UTF <- as.data.frame(sort(membership(mod.UTF)))
names(m.UTF)[names(m.UTF) == "sort(membership(mod.UTF))"] <- "Membership"
member.UTF <- tibble::rownames_to_column(m.UTF, "Bones")
View(member.UTF)

mod.UTF
modularity(mod.UTF)

#suprafossal

sheet.supra <- read.csv("network_sheet_suprafossal.csv", header=T, row.names=1, sep=";")
mx.supra <- data.matrix(sheet.supra, rownames.force=T)

net.supra <-graph_from_adjacency_matrix(mx.supra, mode="undirected")

plot(net.supra)

edge_density(net.supra, loops=F)
transitivity(net.supra, type="average")
sum(degree(net.supra, mode="in"))
mean_distance(net.supra)

mod.supra <- cluster_walktrap(net.supra, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.supra), horiz=T)

m.supra <- as.data.frame(sort(membership(mod.supra)))
names(m.supra)[names(m.supra) == "sort(membership(mod.supra))"] <- "Membership"
member.supra <- tibble::rownames_to_column(m.supra, "Bones")
View(member.supra)

mod.supra
modularity(mod.supra)

#bifenestral 1

sheet.dia <- read.csv("network_sheet_diapsid.csv", header=T, row.names=1, sep=";")
mx.dia <- data.matrix(sheet.dia, rownames.force=T)

net.dia <-graph_from_adjacency_matrix(mx.dia, mode="undirected")

plot(net.dia)

edge_density(net.dia, loops=F)
transitivity(net.dia, type="average")
sum(degree(net.dia, mode="in"))
mean_distance(net.dia)

mod.dia <- cluster_walktrap(net.dia, steps=3)
par(mar=c(2,7,0.1,7))

187



plot(as.dendrogram(mod.dia), horiz=T)

m.dia <- as.data.frame(sort(membership(mod.dia)))
names(m.dia)[names(m.dia) == "sort(membership(mod.dia))"] <- "Membership"
member.dia <- tibble::rownames_to_column(m.dia, "Bones")
View(member.dia)

mod.dia
modularity(mod.dia)

#bifenestral 2

sheet.neo <- read.csv("network_sheet neodiapsidal.csv", header=T, row.names=1, sep=";"
mx.neo <- data.matrix(sheet.neo, rownames.force=T)

net.neo <-graph_from_adjacency_matrix(mx.neo, mode="undirected")

plot(net.neo)

edge_density(net.neo, loops=F)
transitivity(net.neo, type="average")
sum(degree(net.neo, mode="in"))
mean_distance(net.neo)

mod.neo <- cluster_walktrap(net.neo, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.neo), horiz=T)

m.neo <- as.data.frame(sort(membership(mod.neo)))
names(m.neo)[names(m.neo) == "sort(membership(mod.neo))"] <- "Membership"
member.neo <- tibble::rownames_to_column(m.neo, "Bones")
View(member.neo)

mod.neo
modularity(mod.neo)

#bifossal

sheet.bi <- read.csv("network_sheet_bifossal.csv", header=T, row.names=1, sep=";")
mx.bi <- data.matrix(sheet.bi, rownames.force=T)

net.bi <-graph_from_adjacency_matrix(mx.bi, mode="undirected")

plot(net.bi)

edge_density(net.bi, loops=F)
transitivity(net.bi, type="average")
sum(degree(net.bi, mode="in"))
mean_distance(net.bi)

mod.bi <- cluster_walktrap(net.bi, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.bi), horiz=T)

m.bi <- as.data.frame(sort(membership(mod.bi)))
names(m.bi)[names(m.bi) == "sort(membership(mod.bi))"] <- "Membership"
member.bi <- tibble::rownames_to_column(m.bi, "Bones")
View(member.bi)

mod.bi
modularity(mod.bi)

#fossafenestral 1
sheet.fo <- read.csv("network_sheet neodiapsida2.csv", header=T, row.names=1, sep=";")
mx.fo <- data.matrix(sheet.fo, rownames.force=T)
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net.fo <-graph_from_adjacency_matrix(mx.fo, mode="undirected")
plot(net.fo)

edge_density(net.fo, loops=F)
transitivity(net.fo, type="average")
sum(degree(net.fo, mode="in"))
mean_distance(net.fo)

mod.fo <- cluster_walktrap(net.fo, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.fo), horiz=T)

m.fo <- as.data.frame(sort(membership(mod.fo)))
names(m.fo)[names(m.fo) == "sort(membership(mod.fo))"] <- "Membership"
member.fo <- tibble::rownames_to_column(m.fo, "Bones")
View(member.fo)

mod.fo
modularity(mod.fo)

#fossafenestral 2

sheet.kata <- read.csv("network_sheet_kata.csv", header=T, row.names=1, sep=";")
mx.kata <- data.matrix(sheet.kata, rownames.force=T)

net.kata <-graph_from_adjacency_matrix(mx.kata, mode="undirected")

plot(net.kata)

edge_density(net.kata, loops=F)
transitivity(net.kata, type="average")
sum(degree(net.kata, mode="in"))
mean_distance(net.kata)

mod.kata <- cluster_walktrap(net.kata, steps=3)
par(mar=c(2,7,0.1,7))
plot(as.dendrogram(mod.kata), horiz=T)

m.kata <- as.data.frame(sort(membership(mod.kata)))
names(m.kata)[names(m.kata) == "sort(membership(mod.kata))"] <- "Membership"
member.kata <- tibble::rownames_to_column(m.kata, "Bones")
View(member.kata)

mod.kata
modularity(mod.kata)
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Suppl. Tab. 4. Binary coded matrix of the skull network of Captorhinus aguti, see also Tab.
3. A CSV file with labeled lines and columns can be obtained from Werneburg & Abel (2022;
Data sheet 2\network_sheet).

00100001000000000000000000000000000000000000000000001000000001000
00010000100000000000000000000000000000000000000000000100000000100
10000000000000000000000000000000000010000000001000000000000001000
01000000000000000000000000000000000001000000000100000000000000100
00000000000110000000000110010000000000000000000000000000111000000
00000001000000000000000000000000000010000000000000001000000001000
00000000100000000000000000000000000001000000000000000100000000100
10000100100000000000000000000000000010000000000000001000000001000
01000011000000000000000000000000000001000000000000000100000000100
00000000000000000000000000010000000000000000100000000000000000000
00000000000000000000000000010000000000000000010000000000000000000
00001000000000000000000100000000000000000000000000000000001000000
00001000000000000000000010000000000000000000000000000000001000000
00000000000000100000010000001010000000100000000000000000000000000
00000000000001000000001000000101000000010000000000000000000000000
00000000000000000101000000000000100000000000100010000010000000000
00000000000000000010100000000000000000000000010001000001000000000
00000000000000010001010001000000000000100000000000100000000000000
00000000000000001000101000100000000000010000000000010000000000000
00000000000000010100000001000000000000001000000000100000000000000
00000000000000001010000000100000000000000100000000010000000000000
00000000000001000100001000000000000000101000000000100000000000000
00000000000000100010010000000000000000010100000000010000000000000
00001000000100000000000000000000000000000010000000000010101000000
00001000000010000000000000000000000000000001000000000001011000000
00000000000000000101000000000000000000000000100000000000000000010
00000000000000000010100000000000000000000000010000000000000000001
00001000011000000000000000000000000000000011000000000000110000000
00000000000001000000000000000110101000000000000000000010001100000
00000000000000100000000000001001010100000000000000000001001010000
00000000000001000000000000001000100000000000000000000000000000000
00000000000000100000000000000100010000000000000000000000000000000
00000000000000010000000000001010000000000000000000000010000000000
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00000000000000001000000000000101000000000000000000000001000000000
00000000000000000000000000001000000100000000000000000010001100000
00000000000000000000000000000100001000000000000000000001001010000
00100101000000000000000000000000000000000000000000001000000001000
00010010100000000000000000000000000000000000000000000100000000100
00000000000001000100010000000000000000000000000000000000000000000
00000000000000100010001000000000000000000000000000000000000000000
00000000000000000001010000000000000000000100000000000000000000010
00000000000000000000101000000000000000001000000000000000000000001
00000000000000000000000100010000000000000000000000000000101000000
00000000000000000000000010010000000000000000000000000000011000000
00000000010000010000000001000000000000000000011000000000100000010
00000000001000001000000000100000000000000000100100000000010000001
00100000000000000000000000000000000000000000100010000010100000000
00010000000000000000000000000000000000000000010001000001010000000
00000000000000010000000000000000000000000000001000000010000000000
00000000000000001000000000000000000000000000000100000001000000000
00000000000000000101010000000000000000000000000000000000000000000
00000000000000000010101000000000000000000000000000000000000000000
10000101000000000000000000000000000010000000000000000100000000000
01000010100000000000000000000000000001000000000000001000000000000
00000000000000010000000100001000101000000000001010000000000100000
00000000000000001000000010000100010100000000000101000000000010000
00001000000000000000000100010000000000000010101000000000001000000
00001000000000000000000010010000000000000001010100000000001000000
00001000000110000000000110001100001100000011000000000000110000000
00000000000000000000000000001000001000000000000000000010000000000
00000000000000000000000000000100000100000000000000000001000000000
10100101000000000000000000000000000010000000000000000000000000000
01010010100000000000000000000000000001000000000000000000000000000
00000000000000000000000001000000000000001000100000000000000000001
00000000000000000000000000100000000000000100010000000000000000010
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Suppl. Tab. 5. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate an infrafenestral skull as in Fig. 31B. A CSV file with labeled lines and columns can
be obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_LTF).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000100000000000000000000000000
00000000000000000000000000010000010000010000000000000000000000000
00000000000000000010100000000000100010000000000010000000000000000
00000000000000000001010000000000000001000000000001000000000000000
00000000000000000000000000001010001000100000000000000000000000000
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00000000000000000000000000000101000100010000000000000000000000000
00000000000000000000000000000000100010101010000000000000000100010
00000000000000000000000000000000010001010101000000000000000010001
00000000000000000000000000000010001000000000000000000000000000010
00000000000000000000000000000001000100000000000000000000000000001
00000000000000000000000000101000101000011010000000000100000000000
00000000000000000000000000010100010100100101000000000100000000000
00000000000000000000000000000000001000100010000000000000000000000
00000000000000000000000000000000000100010001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
00000000000010000000000000000000001010000000000010000000010000000
00000000000001000000000000000000000101000000000001000000001000000
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Suppl. Tab. 6. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate an infrafenestral skull as in Fig. 31C. A CSV file with labeled lines and columns can
be obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_therapsid).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000100000000000000000000000000
00000000000000000000000000010000010000010000000000000000000000000
00000000000000000010100000000000101000000000000010000000000000000
00000000000000000001010000000000000100000000000001000000000000000
00000000000000000000000000001010000000100000000000000000000000000
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00000000000000000000000000000101000000010000000000000000000000000
00000000000000000000000000000010000010101010000000000000000100010
00000000000000000000000000000001000001010101000000000000000010001
00000000000000000000000000000000001000000000000000000000000000010
00000000000000000000000000000000000100000000000000000000000000001
00000000000000000000000000101000101000011010000000000100000000000
00000000000000000000000000010100010100100101000000000100000000000
00000000000000000000000000000000001000100010000000000000000000000
00000000000000000000000000000000000100010001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
00000000000010000000000000000000001010000000000010000000010000000
00000000000001000000000000000000000101000000000001000000001000000
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Suppl. Tab. 7. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate an infrafossal skull as in Fig. 31D. A CSV file with labeled lines and columns can be
obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_infrafossal).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000100000000000000000000000000
00000000000000000000000000010000010000010000000000000000000000000
00000000000000000010100000000000100000000000000010000000000000000
00000000000000000001010000000000000000000000000001000000000000000
00000000000000000000000000001010001000100000000000000000000000000
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00000000000000000000000000000101000100010000000000000000000000000
00000000000000000000000000000000100010101010000000000000000100010
00000000000000000000000000000000010001010101000000000000000010001
00000000000000000000000000000000001000000000000000000000000000010
00000000000000000000000000000000000100000000000000000000000000001
00000000000000000000000000101000101000011010000000000100000000000
00000000000000000000000000010100010100100101000000000100000000000
00000000000000000000000000000000001000100010000000000000000000000
00000000000000000000000000000000000100010001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
00000000000010000000000000000000001010000000000010000000010000000
00000000000001000000000000000000000101000000000001000000001000000
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Suppl. Tab. 8. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a suprafenestral skull as in Fig. 31E. A CSV file with labeled lines and columns can
be obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_UTF).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000100000000000000000000000000
00000000000000000000000000010000010000010000000000000000000000000
00000000000000000010100000000000101010000000000010000000000000000
00000000000000000001010000000000000001000000000001000000000000000
00000000000000000000000000001010001000000000000000000000000000000
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00000000000000000000000000000101000100000000000000000000000000000
00000000000000000000000000000010100010101010000000000000000100010
00000000000000000000000000000001010001010101000000000000000010001
00000000000000000000000000000010001000000000000000000000000000010
00000000000000000000000000000001000100000000000000000000000000001
00000000000000000000000000101000001000011010000000000100000000000
00000000000000000000000000010100000100100101000000000100000000000
00000000000000000000000000000000001000100010000000000000000000000
00000000000000000000000000000000000100010001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
00000000000010000000000000000000001010000000000010000000010000000
00000000000001000000000000000000000101000000000001000000001000000
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Suppl. Tab. 9. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a suprafossal skull as in Fig. 31F. A CSV file with labeled lines and columns can be
obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_suprafossal).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000100000000000000000000000000
00000000000000000000000000010000010000010000000000000000000000000
00000000000000000010100000000000101010000000000010000000000000000
00000000000000000001010000000000000101000000000001000000000000000
00000000000000000000000000001010001000100000000000000000000000000
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00000000000000000000000000000101000100010000000000000000000000000
00000000000000000000000000000010100010001010000000000000000100010
00000000000000000000000000000001010001000101000000000000000010001
00000000000000000000000000000010001000000000000000000000000000010
00000000000000000000000000000001000100000000000000000000000000001
00000000000000000000000000101000100000010010000000000100000000000
00000000000000000000000000010100010000100001000000000100000000000
00000000000000000000000000000000001000000010000000000000000000000
00000000000000000000000000000000000100000001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
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Suppl. Tab. 10. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a bifenestral skull as in Fig. 31G. A CSV file with labeled lines and columns can be
obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_diapsid).
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Suppl. Tab. 11. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a bifenestral skull as in Fig. 31H. A CSV file with labeled lines and columns can be
obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_neodiapsida1).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000000000000000000000000000000
00000000000000000000000000010000010000000000000000000000000000000
00000000000000000010100000000000100010000000000010000000000000000
00000000000000000001010000000000000001000000000001000000000000000
00000000000000000000000000001010001000000000000000000000000000000

204



00000000000000000000000000000101000100000000000000000000000000000
00000000000000000000000000000000100010101010000000000000000100010
00000000000000000000000000000000010001010101000000000000000010001
00000000000000000000000000000010001000000000000000000000000000010
00000000000000000000000000000001000100000000000000000000000000001
00000000000000000000000000100000001000011010000000000100000000000
00000000000000000000000000010000000100100101000000000100000000000
00000000000000000000000000000000001000100010000000000000000000000
00000000000000000000000000000000000100010001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
00000000000010000000000000000000001010000000000010000000010000000
00000000000001000000000000000000000101000000000001000000001000000

205



Suppl. Tab. 12. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a bifossal skull as in Fig. 311. A CSV file with labeled lines and columns can be
obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_bifossal).
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Suppl. Tab. 13. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a fossafenestral skull as in Fig. 31J. A CSV file with labeled lines and columns can
be obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_kata).
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Suppl. Tab. 14. Binary coded matrix of the skull network of Captorhinus aguti, modified to
simulate a fossafenestral skull as in Fig. 31K. A CSV file with labeled lines and columns can
be obtained from Werneburg & Abel (2022; Data sheet 2\network_sheet_neodiapsida2).

01101010101000000000000000000000000000000000000000000000000000000
10010101010100000000000000000000000000000000000000000000000000000
10011010001000000000000000000000000000000000000000000000000000000
01100101000100000000000000000000000000000000000000000000000000000
10100000101000000000000000000000000000000000000000000000000000000
01010000010100000000000000000000000000000000000000000000000000000
10100000100010000000000000000000000000000000000000000000000000000
01010000010001000000000000000000000000000000000000000000000000000
10001010001010000000000000000000000000000000000000000000000000000
01000101000101000000000000000000000000000000000000000000000000000
10101000100010000000000000000000000000000000000000000000000000000
01010100010001000000000000000000000000000000000000000000000000000
00000010101000000000000000000000000000000000000000000000000000010
00000001010100000000000000000000000000000000000000000000000000001
00000000000000000010101000000000000000000000000000000000000000000
00000000000000000001010100000000000000000000000000000000000000000
00000000000000000110001000000000000000000000100000000000000000000
00000000000000001001000100000000000000000000010000000000000000000
00000000000000101000100000000010000000000000001000000000000000000
00000000000000010100010000000001000000000000000100000000000000000
00000000000000100010001010000010000000000000001000000000000000000
00000000000000010001000101000001000000000000000100000000000000000
00000000000000101000100110100000000000000000000000000000000000000
00000000000000010100011001010000000000000000000000000000000000000
00000000000000000000101000100000000000000000000000000000000000000
00000000000000000000010100010000000000000000000000000000000000000
00000000000000000000001010011000000000100000000000000000000000000
00000000000000000000000101100100000000010000000000000000000000000
00000000000000000000000000100000100000100000000000000000000000000
00000000000000000000000000010000010000010000000000000000000000000
00000000000000000010100000000000100000000000000010000000000000000
00000000000000000001010000000000000000000000000001000000000000000
00000000000000000000000000001010001000000000000000000000000000000

210



00000000000000000000000000000101000100000000000000000000000000000
00000000000000000000000000000000100010101010000000000000000100010
00000000000000000000000000000000010001010101000000000000000010001
00000000000000000000000000000000001000000000000000000000000000010
00000000000000000000000000000000000100000000000000000000000000001
00000000000000000000000000101000001000011010000000000100000000000
00000000000000000000000000010100000100100101000000000100000000000
00000000000000000000000000000000001000100010000000000000000000000
00000000000000000000000000000000000100010001000000000000000000000
00000000000000000000000000000000001000101001000000000100000000000
00000000000000000000000000000000000100010110000000000100000000000
00000000000000001000000000000000000000000000011010000000000000000
00000000000000000100000000000000000000000000100101000000000000000
00000000000000000010100000000000000000000000100010000000000000000
00000000000000000001010000000000000000000000010001000000000000000
00000000000000000000000000000010000000000000101001100000010000010
00000000000000000000000000000001000000000000010110010000001000001
00000000000000000000000000000000000000000000000010001000000000000
00000000000000000000000000000000000000000000000001001000000000000
00000000000000000000000000000000000000000000000000110010011001100
00000000000000000000000000000000000000110011000000000011111111100
00000000000000000000000000000000000000000000000000001101111110000
000000000000000000000000000000000000000000000000000001 10000100000
000000000000000000000000000000000000000000000000000001 10000010000
00000000000000000000000000000000000000000000000010001110000101010
00000000000000000000000000000000000000000000000001001110000010101
00000000000000000000000000000000001000000000000000000111010001000
00000000000000000000000000000000000100000000000000000110101000100
00000000000000000000000000000000000000000000000000001100010100000
00000000000000000000000000000000000000000000000000001100001010000
00000000000010000000000000000000001010000000000010000000010000000
00000000000001000000000000000000000101000000000001000000001000000

211



Pascal Abel, M.Sc.

Born 3 April 1994 in Gunzenhausen. He obtained his B.Sc. degree in Geoscience at the
University of Erlangen-Nuremberg in 2016, where he described an Upper Jurassic marine
crocodile from Bavaria under the supervision of Prof. Dr. Wolfgang Kiessling. He received his
M.Sc. degree at the same institute in 2019. He was supervised by Prof. Dr. Manuel Steinbauer
and Prof. Dr. Kenneth De Baets for an analysis of macroecological patterns in Paleozoic
ammonoids.

List of publications:

Abel, P. (2016). Taxonomic analysis of an Upper Jurassic marine reptile from the
northern Franconian Alb (Bavaria, Germany). 87" Annual Meeting of the
Paléontologische Gesellschatfft.
Abel, P. (2021). 1907: Tylosaurus — der Leviathan aus Kansas, in: Aus der Tiefenzeit
— Die Paldontologische Sammlung der Universitat Tubingen (eds. Seidl, E., Bierende,
E., and Werneburg, |.). Tubingen: Museum der Universitat Tibingen MUT, 358-365.
Abel, P. (2021). Vor 1955: Macrospondylus bollensis — Puzzle eines Meereskrokodils,
in: Aus der Tiefenzeit — Die Paldontologische Sammlung der Universitat Tlbingen (eds.
Seidl, E., Bierende, E., and Werneburg, I.). Tlbingen: Museum der Universitat
Tlbingen MUT, 456—467.
Abel, P., Blanco, M.V.F., Johnson, M.M., Zepf, F., Bona, P., and Werneburg, I. (2023).
The temporal region of the first aquatic crocodylomorphs and a comparison with extant
crocodylians. International Congress of Vertebrate Morphology (ICVM).
Abel, P., De Baets, K., and Steinbauer, M. (2018). Macroecological patterns in
Paleozoic ammonoids. GeoBonn 2018 Living Earth Abstracts, 230.
Abel, P., De Baets, K., Korn, D., and Steinbauer, M. (2019). Macroecological patterns
in the extinct cephalopod subclass Ammonoidea. macro 2019 — Bridging local patterns
and global challenges, 57.
Abel, P., Hornung, J.J., Kear, B.P., and Sachs, S. (2019). Reassesment of the
enigmatic pterosaur "Ornithocheirus" wiedenrothi from the Lower Cretaceous of
Northern Germany. International Congress of Vertebrate Morphology (ICVM) Abstract
Issue 2019. Journal of Morphology, Supplement 280, S73-S74.
Abel, P., Hornung, J.J., Kear, B.P., and Sachs, S. (2019). A possible anhangueran
pterosaur mandible from the Lower Cretaceous of Germany. Program and abstracts.
XVII Conference of the EAVP — Brussels, Belgium 2—6 July 2019, 7.
Abel, P., Hornung, J.J., Kear, B.P., and Sachs, S. (2021). An anhanguerian
pterodactyloid mandible from the lower Valanginian of Northern Germany, and the
German record of Cretaceous pterosaurs. Acta Palaeontologica Polonica 66(3), S5—
S12.
Abel, P., Koyabu, D., and Werneburg, . (2019). Evolution of the temporal region in the
early amniote skull. Paleo & Life Abstracts of the 90" Annual Meeting of the
Paldontologische Gesellschaft, Munich 2019, 7.
Abel, P., and Pommery, Y. (2023). Fragmentary remains of a metriorhynchid
crocodylomorph from the middle Oxfordian of France — the oldest known
rhacheosaurin? 4" Palaeontological Virtual Congress, 248.
Abel, P., Pommery, Y., Ford, D.P., Koyabu, D., and Werneburg, I. (2021). Sutures and
skull mechanics in the 'anapsid' Captorhinus aguti—what are their implications for early
amniote evolution?. XVIII Conference of the European Association of Vertebrate
Palaeontologists, 19.
Abel, P., Pommery, Y., Ford, D.P., Koyabu, D., and Werneburg, I. (2022). Skull sutures
and cranial mechanics in the Permian reptile Captorhinus aguti and the evolution of the
temporal region in early amniotes. Frontiers in Ecology and Evolution 10, 841784.

212



Abel, P., Pommery, Y., Ford, D.P., Koyabu, D., and Werneburg, |. (2022). 3D models
related to the publication: Skull sutures and cranial mechanics in the Permian reptile
Captorhinus aguti and the evolution of the temporal region in early amniotes.
MorphoMuseuM 8(167), 2 pp.

Abel, P., Sachs, S., and Young, M.T. (2018). Thalattosuchian remains from the late
Aalenian Eisensandstein Formation of Baden-Wurttemberg, southwestern Germany.
GeoBonn 2018 Living Earth Abstracts, 223.

Abel, P., Sachs, S., and Young, M.T. (2020). Metriorhynchid crocodylomorphs from
the lower Kimmeridgian of Southern Germany: evidence for a new large-bodied
geosaurin lineage in Europe. Alcheringa: An Australasian Journal of Palaeontology
44(2), 312-326.

Abel, P., Sachs, S., and Young, M.T. (2021). Das Drigendorfer Krokodil: ein
frankischer Riese mit europaweiter Verwandtschaft. fossilien — Erdgeschichte erleben
38(5), 24-31.

Abel, P., and Werneburg, I. (2021). Morphology of the temporal skull region in
tetrapods: research history, functional explanations, and a new comprehensive
classification scheme. Biological Reviews 96, 2229-2257.

Abel, P., and Werneburg, |. (2024). The temporal region of the tetrapod skull: a
textbook example on integrative morphology. Revue de Paléobiologie.

Blanco, M.V.F., Abel, P., Johnson, M.M., Zepf, F., Bona, P., and Werneburg, I. (2023).
The temporal region of the first aquatic crocodylomorphs and a comparison with extant
crocodylians. ICVM 2023.

Sachs, S., Abel, P., and Madzia, D. (2023). A 'long-forgotten' plesiosaur provides
evidence of large-bodied rhomaleosaurids in the Middle Jurassic of Germany. Journal
of Vertebrate Paleontology 42(5), €2205456.

Sachs, S., Abel, P., and Madzia, D. (2023). Unusual plesiosaur vertebrae from the
Lower Jurassic Posidonia Shale of Germany. Historical Biology.

Sachs, S., Johnson, M.M., Young, M.T., and Abel, P. (2019). The mystery of
Mystriosaurus: redescribing the poorly known Early Jurassic teleosauroid
thalattosuchians  Mystriosaurus laurillardi and  Steneosaurus brevior. Acta
Palaeontologica Polonica 64(3), 565-579.

Sachs, S., Young, M.T., Abel, P., and Mallison, H. (2019). A new species of the
metriorhynchid crocodylomorph Cricosaurus from the Upper Jurassic of southern
Germany. Acta Palaeontologica Polonica 64(2), 343—356.

Sachs, S., Young, M.T., Abel, P., and Mallison, H. (2021). A new species of
Cricosaurus (Thalattosuchia, Metriorhynchidae) based upon a remarkably well-
preserved skeleton from the Upper Jurassic of Germany. Palaeontologia Electronica
24(2), a24.

Werneburg, I., and Abel, P. (2022). Modelling skull network integrity at the dawn of
amniote diversification with considerations on functional morphology and fossil jaw
muscle reconstructions. Frontiers in Ecology and Evolution 9, 799637 .

Young, M.T., Sachs, S., and Abel, P. (2018). Fossil Focus: Thalattosuchia.
Palaeontology Online 8(5), 1-13.

Young, M.T., Sachs, S., and Abel, P. (2018). Einblicke in die Evolution der
Thalattosuchier — Meereskrokodile des Mesozoikums. fossilien — Erdgeschichte
erleben 2018(3), 16—-23.

Young, M.T., Sachs, S., Abel, P., Foffa, D., Herrera, Y., and Kitson, J.J.N. (2020).
Convergent evolution and possible constraint in the posterodorsal retraction of the
external nares in pelagic crocodylomorphs. Zoological Journal of the Linnean Society
189(29), 494-520.

213


https://www.tandfonline.com/doi/abs/10.1080/08912963.2023.2242376
https://www.tandfonline.com/doi/abs/10.1080/08912963.2023.2242376

- Young, M.T., Wilberg, E.W., Johnson, M.M., Herrera, Y., De Andrade, M.B., Brignon,
A., Sachs, S., Abel, P., Foffa, D., Fernandez, M., Vignaud, P., Cowgill, T., and Brusatte,
S. (in press). The history, systematics, and nomenclature of Thalattosuchia
(Archosauria: Crocodylomorpha). Zoological Journal of the Linnean Society.

214



