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Zusammenfassung 

Die Schläfenregion der frühesten Tetrapoda und ihrer nächsten Verwandten war in den 

meisten Fällen komplett von einem Panzer aus Dermalknochen bedeckt. Dieser wurde im Lauf 

der Evolution tendenziell reduziert, was in den bekanntesten Fällen zur Ausbildung von 

Schläfenfenstern oder randständiger Einbuchtungen führte. Derartige Schläfenöffnungen sind 

heute die Regel in den meisten Tetrapoda. Dabei inspirierte besonders ihre Vielfalt innerhalb 

der Amniota (Säugetiere und Reptilien einschließlich der Vögel) viele frühe Arbeiten über 

mögliche phylogenetische und evolutionsbiologische Implikationen der Schläfenmorphologie. 

Im frühen 20. Jahrhundert brachte dies verschiedene Autoren zur Aufstellung neuer Taxa, die 

wesentlich über ihre Schläfenmorphologie definiert waren, am bekanntesten darunter 

Anapsida, Synapsida, Diapsida und Euryapsida. Die meisten dieser Taxa werden jedoch nicht 

mehr als natürliche Gruppen anerkannt und neue Erkenntnisse bekräftigten, dass sich 

ähnliche Typen von Öffnungen sowohl innerhalb als auch außerhalb der Amniota mehrmals 

unabhängig entwickelten. Das Hauptaugenmerk in der Untersuchung von Schläfenöffnungen 

liegt deshalb auf deren funktionsmorphologischer Relevanz. Eine wesentliche Rolle spielen 

dabei die Kräfte ausgehend von den äußeren Kieferadduktoren, aber unter anderem auch die 

Halsmechanik, Schädelform und entwicklungsbiologische Aspekte werden diskutiert.  

Diese Dissertation liefert einen Einblick in die Anatomie und morphologischen Muster der 

Schläfenregion innerhalb der Tetrapoda und ihren nächsten Verwandten (Stegocephali). 

Zuerst wird die Forschungsgeschichte der Schläfenregion seit dem 19. Jahrhundert 

aufgearbeitet und analysiert und die verschiedenen phylogenetischen und 

funktionsmorphologischen Hypothesen, sowie darauf basierende Terminologie einander 

gegenübergestellt. Dazu werden zehn neue Morphotypen zur Kategorisierung der 

Schläfenmorphologie eingeführt. Im Anschluss werden die Suturen der Dermalknochen im 

Schädel des permischen Reptils Captorhinus aguti im Detail beschrieben und die 

Kieferadduktoren rekonstruiert, um Rückschlüsse auf die Beweglichkeit und Kräfteverteilung 

im Schädel eines frühen Amnioten ohne Schläfenöffnungen zu ziehen. Anhand davon werden 

Erklärungen zur Entstehung von Schläfenöffnungen diskutiert und inwiefern Vorstufen dazu 

bereits in einem vollständigen Schläfenpanzer sichtbar sein könnten. Zuletzt wird eine 

Anatomische Netzwerkanalyse an C. aguti durchgeführt, um die Integration der Knochen im 

Schädel eines frühen Amnioten darzustellen und zu diskutieren, inwiefern die gefundenen 

Module mit Hypothesen zum Ursprung in Einklang gebracht werden können. Die für diese 

Analyse erstellte Matrix wird außerdem modifiziert, um die zuvor beschriebenen zehn 

Morphotypen zu simulieren und auszuwerten welche Einflüsse verschiedene 

Schläfenöffnungen auf die Integration des Modellschädels hätten und wie das mit 

Beobachtungen an tatsächlichen Arten übereinstimmt. 
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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 20th 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 19th 

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. 
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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 ï in some groups ï 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., Ļih§k et al. 2003; Roļek 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 & Hungerbühler 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 ï Abel & Werneburg 2021) and will be reassessed in the 

following chapters. 

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.  

 

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 ï rather rarely ï 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 & Hungerbühler 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 

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 (Iguana 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. 
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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 19th 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 (Günther 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). 

 

 

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 Díaz 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). 

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by-nc-sa/3.0/deed.en
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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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 20th 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 & Fröbisch 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 ñmicrosaursò (Pardo et al. 2016, 2017; Gee et al. 2019; Fig. 5I, J). Often 

assumed to nest outside of Amniota or even within Amphibia sensu Laurin et al. (2020b) 

(Marjanoviĺ & 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). 
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 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-Ildari 2008; Paluh et al. 2020). 

Fig. 4 {ƛƳǇƭƛŦƛŜŘ ǇƘȅƭƻƎŜƴŜǘƛŎ ǘǊŜŜ ƻŦ ŜŀǊƭȅ ƭƛƳōŜŘ ǾŜǊǘŜōǊŀǘŜǎ ōŀǎŜŘ Ƴƻǎǘƭȅ ƻƴ tŀǊŘƻ Ŝǘ ŀƭΦ όнлмтύ ŀƴŘ aŀǊƧŀƴƻǾƛŏ ϧ [ŀǳǊƛƴ 

(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 

ƻƴ ǘƘŜ ƴŜǎǘƛƴƎ ƻŦ ǎƻƳŜ ƎǊƻǳǇǎ ƭƛƪŜ ƭƛǎǎŀƳǇƘƛōƛŀƴǎΣ ŘƛŀŘŜŎǘƻƳƻǊǇƘǎΣ ǇŀǊŀǊŜǇǘƛƭŜǎ ƻǊ ǾŀǊƛƻǳǎ άƭŜǇƻǎǇƻƴŘȅƭǎέ όƛΦŜΦΣ ŀƛǎǘƻǇƻŘǎΣ 

άƴŜŎǘǊƛŘŜŀƴǎέΣ ǊŜŎǳƳōƛrostrans) 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. Verrière; 

Recumbirostra and "Protorothyrididae" by Smokeybjb (CC BY-SA 3.0); Diapsida by Steven Traver.     

https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by/2.5/deed.en
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/4.0/deed
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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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. 

 

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-Galván et al. 2015). 

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); (I) 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). 
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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 ï 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, 1904ð05, 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. trigoniceps 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 1923ï1925; 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 ï in most amniotes ï 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 

it inserts 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) Illustration 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 ï 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 



      
 

23 
 

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).  

 

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 

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). 



      
 

24 
 

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 1923ï25; 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.)  

 

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 

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). 
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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 1923ï25; 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 1923ï25; 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 & Hungerbühler 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 2014b; 
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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 ñweak areasò 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; Müller 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 ï 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 (Müller 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 ñcheekò 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., 

ñSynapsidaò, which also incorporated ñcotylosaursò, 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., Müller 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. 

Term Definition 

 
Temporal opening 

Temporal openings are reductions of the temporal dermatocranium 
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 fenestra 

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 
Ȱcheekȱ region of the skull and is ventrally always bordered by a lower 
temporal bar (i.e., zygomatic arch). A supratemporal fenestra forms in 
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 excavation 

Temporal excavations are ventrolateral or posterodorsal excavations 
of the dermal armor, formed either by the reduction of a temporal bar 
(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 bar 

Temporal bars are bony arches that border temporal fenestrae. The 
lower temporal bar (or zygomatic arch) is the bony arch that ventrally 
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 bridge 

Temporal bridges are remnants of the temporal dermal armor in-
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  

 

Stegocephali  

Used mostly sensu Laurin (2020a) as the clade 
containing Tetrapoda, but not Panderichthys 
rhombolepis and Tiktaalik roseae. 

 

Tetrapoda  

Used sensu Laurin (2020b) as the least 
inclusive clade containing Amniota and 
Lissamphibia. 

 

Amphibia  

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

 

Lissamphibia  

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

 

Reptilia  

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. 

 

Diapsida  

Used mostly sensu Laurin (1991) and Laurin & 
Reisz (1995) as the least-inclusive clade 
containing Lepidosauria, Archosauria, 
Youngina capensis, and Araeoscelis gracilis. 

 

Synapsida  

Used mostly sensu Laurin & Reisz (2020) as 
the clade containing Therapsida (mammals 
and their relatives) but not Reptilia after 
Modesto & Anderson (2004). 

 

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) 

("stegokrotaphic̝", "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 & Piñeiro 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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[Figure caption on the following page]  



      
 

37 
 

 

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 

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. 
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(see Subchapter 2.3.1.e). In caimans and ankylosaurs, this morphotype emerged by 

secondary closure of the supratemporal fenestra. 

 

 

 [Figure caption on the following page]  
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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". 

CƛƎΦ мл ¢ƘŜ ǘŜƴ ƳƻǊǇƘƻǘȅǇŜǎ ǇǊƻǇƻǎŜŘ ōȅ ǘƘŜ ƴƻǾŜƭ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǎŎƘŜƳŜ όǎŜŜ CƛƎΦ фύΣ ǿƛǘƘ ŜȄŀƳǇƭŜǎ ƻŦ ǘŀȄŀ ǘƻ 

ǎƘƻǿ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǾŀǊƛŀǘƛƻƴΦ όLύ !ŎŀƴǘƘƻǎǘŜƎŀ ƎǳƴƴŀǊƛ όŜŀǊƭȅ {ǘŜƎƻŎŜǇƘŀƭƛΤ ŀŦǘŜǊ /ƭŀŎƪ нллнύΤ όLLύ /ŀŎƻǇǎ ƳƻǊǊƛǎƛ 

ό¢ŜƳƴƻǎǇƻƴŘȅƭƛΤ ŀŦǘŜǊ wŜƛǎȊ Ŝǘ ŀƭΦ нллфύΤ όLLLύ aƛŎǊƻŎŀŜŎƛƭƛŀ ƛǿƻƪǊŀƳŀŜ όDȅƳƴƻǇƘƛƻƴŀΤ ŀŦǘŜǊ ²ŀƪŜ ϧ 5ƻƴƴŜƭƭȅ 

нлмнύΤ όL±ύ /ŀǇǘƻǊƘƛƴǳǎ ŀƎǳǘƛ όŜŀǊƭȅ wŜǇǘƛƭƛŀΤ ŀŦǘŜǊ CƻȄ ϧ .ƻǿƳŀƴ мфссύΤ ό±ύ YŀǇŜǎ ōŜƴǘƻƴƛ όtŀǊŀǊŜǇǘƛƭƛŀΤ ŀŦǘŜǊ 

½ŀƘŜǊ Ŝǘ ŀƭΦ нлмфύΤ ό±Lύ tǊƻƎŀƴƻŎƘŜƭȅǎ ǉǳŜƴǎǘŜŘǘƛ όŜŀǊƭȅ ¢ŜǎǘǳŘƛƴŀǘŀΤ ŀŦǘŜǊ DŀŦŦƴŜȅ мффлύΤ ό±LLύ /ǊȅǇǘƻōǊŀƴŎƘǳǎ 

ŀƭƭŜƎŀƴƛŜƴǎƛǎ ό/ŀǳŘŀǘŀΤ ŀŦǘŜǊ /ŀǊǊƻƭƭ ϧ IƻƭƳŜǎ мфулύΤ ό±LLLύ .ƻƳōƛƴŀ ƻǊƛŜƴǘŀƭƛǎ ό!ƴǳǊŀΤ ŀŦǘŜǊ !ƳǇƘƛōƛŀ¢ǊŜŜ 

нллпύΤ όL·ύ !ǊƎȅǊƻƎŜƴŀ ŦŀǎŎƛƻƭŀǘŀ ό{ǉǳŀƳŀǘŀΤ ŀŦǘŜǊ 5ŀǎ Ŝǘ ŀƭΦ нлмфύΤ ό·ύ ¢ŜǊǊŀǇŜƴŜ ƻǊƴŀǘŀ ό¢ŜǎǘǳŘƛƴŜǎΤ ŀŦǘŜǊ 

DŀŦŦƴŜȅ мфтфύΤ ό·Lύ !ƴǘƘǊŀŎƻǎŀǊǳǎ ǊǳǎǎŜƭƭƛ ό9ƳōƻƭƻƳŜǊƛΤ ŀŦǘŜǊ tŀƴŎƘŜƴ мфттύΤ ό·LLύ /ŀƭȅǇǘƻŎŜǇƘŀƭŜƭƭŀ Ǝŀȅƛ 

ό!ƴǳǊŀΤ ŀŦǘŜǊ .ƻŀǎ мфмрύΤ ό·LLLύ /ƻǘȅƭƻǊƘȅƴŎƘǳǎ ǊƻƳŜǊƛ όŜŀǊƭȅ {ȅƴŀǇǎƛŘŀΤ ŀŦǘŜǊ wƻƳŜǊ ϧ tǊƛŎŜ мфплύΤ ό·L±ύ 

hǇƘƛŀŎƻŘƻƴ ǳƴƛŦƻǊƳƛǎ όŜŀǊƭȅ {ȅƴŀǇǎƛŘŀΤ ŀŦǘŜǊ wƻƳŜǊ ϧ tǊƛŎŜ мфплύΤ ό·±ύ {ȅƻŘƻƴ ōƛŀǊƳƛŎǳƳ ό5ƛƴƻŎŜǇƘŀƭƛŀΤ ŀŦǘŜǊ 

YŀƳƳŜǊŜǊ нлммύΤ ό·±Lύ .ƻƭƻǎŀǳǊǳǎ ǎǘǊƛŀǘǳǎ όŜŀǊƭȅ tŀǊŀǊŜǇǘƛƭƛŀΤ ŀŦǘŜǊ .ǊƻƻƳ мфмоύΤ ό·±LLύ [ƭƛǎǘǊƻŦǳǎ ǇǊƛŎŜƛ 

όϦ[ŜǇƻǎǇƻƴŘȅƭƛϦΤ ŀŦǘŜǊ .ƻƭǘ ϧ wƛŜǇǇŜƭ нллфύΤ ό·±LLLύ .ǊŀŎƘȅŘŜŎǘŜǎ ƴŜǿōŜǊǊȅƛ όϦ[ŜǇƻǎǇƻƴŘȅƭƛϦΤ ŀŦǘŜǊ tŀǊŘƻ ϧ 

!ƴŘŜǊǎƻƴ нлмсύΤ ό·L·ύ aƛƭƭŜǊƻǇǎƛǎ ǇǊƛŎŜƛ όtŀǊŀǊŜǇǘƛƭƛŀΤ ŀŦǘŜǊ Dƻǿ мфтнύΤ ό··ύ /ǊƛŎƻǎŀǳǊŀ ǘȅǇƛŎŀ ό{ǉǳŀƳŀǘŀΤ ŀŦǘŜǊ 

aŀƛǎŀƴƻ нллоύΤ ό··Lύ 9ƳȅŘǳǊŀ ƳŀǉǳŀǊƛƛ ό¢ŜǎǘǳŘƛƴŜǎΤ ŀŦǘŜǊ DŀŦŦƴŜȅ мфтфύΤ ό··LLύ Dŀƭƭǳǎ Ǝŀƭƭǳǎ ό!ǾƛŀƭŀŜΤ ŀŦǘŜǊ 

WƻƭƭƛŜ мфртύΤ ό··LLLύ /ȅƴƻƎƴŀǘƘǳǎ ǇƭŀǘȅŎŜǇǎ όŜŀǊƭȅ 9ǳǘƘŜǊƛƻŘƻƴǘƛŀΤ ŀŦǘŜǊ .ǊƻƻƳ мфммύΤ ό··L±ύ ¢ŜƳƴƻŘƻƴǘƻǎŀǳǊǳǎ 

ǘǊƛƎƻƴƻŘƻƴ όLŎƘǘƘȅƻǎŀǳǊƛŀΤ ŀŦǘŜǊ aŀƛǎŎƘ ϧ IǳƴƎŜǊōǸƘƭŜǊ нллмύΤ ό··±ύ tƭŀŎƻŘǳǎ ƎƛƎŀǎ όtƭŀŎƻŘƻƴǘƛŀΤ ŀŦǘŜǊ {ǳŜǎ 

мфутύΤ ό··±Lύ tƭƛƻǎŀǳǊǳǎ ƪŜǾŀƴƛ όtƭŜǎƛƻǎŀǳǊƛŀΤ ŀŦǘŜǊ .Ŝƴǎƻƴ Ŝǘ ŀƭΦ нлмоύΤ ό··±LLύ {ŎƻƭŜŎƻƳƻǊǇƘǳǎ ǎǇΦ 

όDȅƳƴƻǇƘƛƻƴŀΤ ŀŦǘŜǊ 5ƛƎƛaƻǊǇƘ {ǘŀŦŦ нллнύΤ ό··±LLLύ ½ŀƭŀƳōŘŀƭŜǎǘŜǎ ƭŜŎƘŜƛ όaŀƳƳŀƭƛŀΤ ŀŦǘŜǊ ²ƛōƭŜ Ŝǘ ŀƭΦ 

нллпύΤ ό··L·ύ tŜƭƻŘƛǎŎǳǎ ǎƛƴŜƴǎƛǎ ό¢ŜǎǘǳŘƛƴŜǎΤ ŀŦǘŜǊ hƎǳǎƘƛ мфммύΤ ό···ύ tŜǘǊƻƭŀŎƻǎŀǳǊǳǎ ƪŀƴǎŜƴǎƛǎ όŜŀǊƭȅ 

5ƛŀǇǎƛŘŀΤ ŀŦǘŜǊ wŜƛǎȊ мфттύΤ ό···Lύ /ƭŜǾƻǎŀǳǊǳǎ ƘǳŘǎƻƴƛ όwƘȅƴŎƘƻŎŜǇƘŀƭƛŀΤ ŀŦǘŜǊ CǊŀǎŜǊ мфууύΤ ό···LLύ 

9ǊȅǘƘǊƻǎǳŎƘǳǎ ŀŦǊƛŎŀƴǳǎ όŜŀǊƭȅ !ǊŎƘƻǎŀǳǊƛŦƻǊƳŜǎΤ ŀŦǘŜǊ bŜǎōƛǘǘ нлммύΤ ό···LLLύ ¢ƘŀƭŀǘǘƻǎǳŎƘǳǎ ǎǳǇŜǊŎƛƭƛƻǎǳǎ 

ό¢ƘŀƭŀǘǘƻǎǳŎƘƛŀΤ ŀŦǘŜǊ !ƴŘǊŜǿǎ мфмоύΤ ό···L±ύ ¢ŜǎǘǳŘƻ ƎǊŀŜŎŀ ό¢ŜǎǘǳŘƛƴŜǎΤ ŀŦǘŜǊ DŀŦŦƴŜȅ мфтфύΤ ό···±ύ 

5ŜƭƻǊƘȅƴŎƘǳǎ ŎƛŦŜƭƭƛƛ όtŀǊŀǊŜǇǘƛƭƛŀΤ ŀŦǘŜǊ IŀǊƛŘȅ Ŝǘ ŀƭΦ нлмсύΤ ό···±Lύ tƻǎǘƻǎǳŎƘǳǎ ƪƛǊƪǇŀǘǊƛŎƪƛ όŜŀǊƭȅ 

tǎŜǳŘƻǎǳŎƘƛŀΤ ŀŦǘŜǊ ²ŜƛƴōŀǳƳ нлммύΤ ό···±LLύ tƭŜǳǊƻŘŜƭŜǎ ǿŀƭǘƛ ό/ŀǳŘŀǘŀΤ ŀŦǘŜǊ !ƳǇƘƛōƛŀ¢ǊŜŜ ϧ DƻǎǎŜƭƛƴπ

LƭŘŀǊƛ нллуύΤ ό···±LLLύ [ȅǎǘǊƻǎŀǳǊǳǎ ƳǳǊǊŀȅƛ ό!ƴƻƳƻŘƻƴǘƛŀΤ ŀŦǘŜǊ wŀȅ нллрύΤ ό···L·ύ /ƭŀǳŘƛƻǎŀǳǊǳǎ ƎŜǊƳŀƛƴƛ 

όŜŀǊƭȅ 5ƛŀǇǎƛŘŀΤ ŀŦǘŜǊ /ŀǊǊƻƭƭ мфумύΤ ό·[ύ LƎǳŀƴŀ ƛƎǳŀƴŀ ό{ǉǳŀƳŀǘŀΤ ŀŦǘŜǊ /ƻƴǊŀŘ ϧ bƻǊŜƭƭ нлмлύΦ 
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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. 9I). 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 19th 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 Günther (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 II", 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 I), the supratemporal fenestra ["supramastoid foramen" in Cope (1892)] of 

Ichthyopterygia (Series II), as well as different appearances and losses of temporal bars in 

various other amniotes (Series III) 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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CƛƎΦ мм hǾŜǊǾƛŜǿ ƻŦ ǇǊŜǾƛƻǳǎ ŘŜǎŎǊƛǇǘƛǾŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǎŎƘŜƳŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǘƘŜ ǘŜƳǇƻǊŀƭ ǎƪǳƭƭ ǊŜƎƛƻƴΦ {ƪǳƭƭǎ 

ŀǊŜ ŀǎ ƭƛǎǘŜŘ ƛƴ ƭŜƎŜƴŘ ǘƻ CƛƎΦ мл ǿƛǘƘ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ϦIƻƭƻπǎǘŜƎƻŎǊƻǘŀǇƘϦΥ [ƛƳƴƻǎŎŜƭƛǎ ǇŀƭǳŘƛǎ ŀŦǘŜǊ wƻƳŜǊ όмфпсύΤ 

Ϧ!ƴŀǎȅƴŀǇǎƛŘϦΥ ¢ŀŎƘȅƎƭƻǎǎǳǎ ŀŎǳƭŜŀǘǳǎ ŀŦǘŜǊ aŀŎǊƛƴƛ όнллпύΤ Ϧ¢ȅǇŜ оϦΣ Ϧ¢ȅǇŜ уϦΥ 9ŘŀǇƘƻǎŀǳǊǳǎ ōƻŀƴŜǊƎŜǎ ŀŦǘŜǊ aƻŘŜǎǘƻ 

όмффрύΤ Ϧ¢ȅǇŜ сϦΣ Ϧ¢ȅǇŜ фϦΥ /ŀƴŘŜƭŀǊƛŀ ōŀǊōƻǳǊƛ ŀŦǘŜǊ /ƛǎƴŜǊƻǎ Ŝǘ ŀƭΦ όнллпύΦ 
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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 ůŰɏɔɞɠ (stégos) = "roof" and əɟɧŰŬűɞɠ (krótaphos) = "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 ůŰɏɔɞɠ (see above) and 

əŮűŬɚɐ (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 ᾷɚɞɠ (hólos) = 

"complete"] for skulls that possess a fully enclosed temporal region, whereas "hemi-

stegocrotaph" skulls [from Ancient Greek ᾖɛɘůɡɠ (hỢmisys) = "half"] have a completely ossified 

skull roof but a ventrally emarginated "cheek" region like that found in scincoids. "Zygocrotaph" 

[from Ancient Greek ɕɨɔɤɛŬ (zĨgǾma) = "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 

ɛɧɜɞɠ (mónos) = "single"] to be present in anurans, mammals, birds, the majority of turtles, 

and non-ophidian squamates, whereas a "di-zygocrotaph" cranium [from Ancient Greek ŭɑɠ 

(dís) = "double")] is found in rhynchocephalians, crocodiles, and some fossil taxa like non-

avian dinosaurs. "Gymnocrotaph" [from Ancient Greek ɔɡɛɜɧɠ (gymnós) = "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. Fürbringer (1900) suggested an extension of Gaupp"s (1895a,b) scheme with the 

terms "anazygocrotaph" [from Ancient Greek έɜŬ (ána) = "up"] and "katazygocrotaph" [from 

Ancient Greek əŬŰɎ (katá) = "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 Űɏɔɞɠ (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 ("randständiger 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 III.1c). 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 Fürbringer 

(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 ɣŮɡŭɐɠ (pseudes) = "false"], 

"hypozygocrotaph" "deuterosaurs" [from Ancient Greek ῎ ɧ (hȢpó) = "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 Fürbringer'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 ɗɖɟɑɞɜ (thǛr²on) = "beast"] and for the 

condition in Diapsida with two temporal bars he used "saurocrotaphic" [from Ancient Greek 

ůŬ₢ɟɞɠ (saûros) = "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 1923ï25; Dombrowski 1924; 

Kilias 1957; Vorobyeva 2007; von Huene 1954, 1956; Iordansky 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 ï 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 20th 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 ůɨɜ (sĨn) = "with" and Ɏɣɑ᷁ (§ps²s) 

= "arch"] and "Diapsida" (from Ancient Greek ŭɨɞ (dĨo) = "two"], mainly based on the osteology 

of their temporal region (Fig. 12). Osborn (1903) summarized under his "Synapsida" species 

with skulls having ñprimarily [é] single, or united temporal archesò, whereas the "Diapsida" 

possess ñprimarily [é] double, or separated temporal archesò (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 ίɜŮɡ (áneu)= "without"] and "Parapsida" (from Ancient Greek 

ˊŬɟ̔͂ (pará) = "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 ᾉŰŮɟɞɠ (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 έɜɩɛŬɚɞɠ (anómalos) = "irregular"], which comprised ichthyosaurs, 

plesiosaurs, placodonts, and turtles (Fig. 12). 

Colbert (1945) classified Sauroptergyia, Placodontia, and Protorosauria into 

"Euryapsida" [from Ancient Greek Ů₢ɟῩɠ (eurús) = "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 1923ï25), 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 ɛɏŰŬ (méta) = 

"between"] and "Katapsida" [from Ancient Greek əŬŰɎ (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 20th 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 Ůῄ (eû) = "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 

əŮῤɟŮɘɜ (keírein) = "to cut"] based on the position of excavations in the turtle skull 

["opisthokeiroid", from Ancient Greek ɧˊɘůɗŮɜ (ópisthen) = "backwards"; "pleurokeiroid", from 

Ancient Greek ˊɚŮɡɟɎ (pleurá) = "flank"] and how much space these occupy in the temporal 

region [e.g. "meiopisthokeiroid", from Ancient Greek ɛŮɑɤɜ (meíos) = "less"; or 

"metapleurokeiroid" from Ancient Greek ɛŮŰɎ (metá) = "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 ɛɧɜɞɠ 

(mónos) = "single"], "diplapsid" [infratemporal and supratemporal fenestrae present; from 

Ancient Greek ŭɘˊɚɞ₢ɠ (diploûs) = "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 I 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 20th century, as well as many new fossil finds, especially of 

parareptiles (e.g., deBraga & Reisz 1996; Tsuji 2006; Modesto et al. 2009; Tsuji & M¿ller 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-Ildari 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 (Pi¶eiro 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., M¿ller & Reisz 2006; 

Ford & Benson 2020); however, this is highly dependent on the nesting and intrarelationships 

of Parareptilia (Pi¶eiro 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; Tsuji 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; M¿ller & 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 (M¿ller 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-Biağynicka 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 (M¿ller 2003; Evans 2008; Ford & 

Benson 2020), originally likely bordered by the postorbital, squamosal, parietal, and 

supratemporal (Reisz 1977). Its 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., 

M¿ller 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.  



      
 

54 
 

 

CƛƎΦ мо /ƻƳǇƻǎŜŘ ŀƴŘ ǎƛƳǇƭƛŦƛŜŘ ǇƘȅƭƻƎŜƴŜǘƛŎ ǘǊŜŜ ƻŦ ¢ŜǘǊŀǇƻŘŀΣ ŘŜǇƛŎǘƛƴƎ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ǘŜƳǇƻǊŀƭ 

ƳƻǊǇƘƻǘȅǇŜǎ ǇǊƻǇƻǎŜŘ ƛƴ ǘƘƛǎ ǊŜǾƛŜǿΦ wŜƭŀǘƛƻƴǎƘƛǇǎ ǘƘŀǘ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ŎƻƴǘǊƻǾŜǊǎƛŀƭ όŜŀǊƭȅ ¢ŜǘǊŀǇƻŘŀΣ ŜŀǊƭȅ !ƳƴƛƻǘŀΣ 

tŀǊŀǊŜǇǘƛƭƛŀΣ ƭŀǘŜ 5ƛŀǇǎƛŘŀύ ŀǊŜ ŘŜǇƛŎǘŜŘ ŀǎ ǇƻƭȅǘƻƳƛŜǎΦ bƻǘŜ ǘƘŀǘ ǘƘŜ ŎƻƭƻǊǎ ŘŜǇƛŎǘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƻƴŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ 

ƳƻǊǇƘƻǘȅǇŜ ǿƛǘƘƛƴ ŀ ŎƭŀŘŜ ōǳǘ Řƻ ƴƻǘ ƛƴŘƛŎŀǘŜ ƛǘǎ ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ǿƛǘƘƛƴ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ŎƭŀŘŜΦ {ƪǳƭƭǎ ŀǊŜ ƭƛǎǘŜŘ ŀǎ ƛƴ 

ƭŜƎŜƴŘ ǘƻ CƛƎΦ ммΣ ǳƴƭŜǎǎ ƻǘƘŜǊǿƛǎŜ ƛƴŘƛŎŀǘŜŘ ōŜƭƻǿΦ όмύ !ŎŀƴǘƘƻǎǘŜƎŀ ƎǳƴƴŀǊƛΤ όнύ 9ǊȅƻǇǎ ƳŜƎŀŎŜǇƘŀƭǳǎ όŀŦǘŜǊ {ŀǿƛƴ 

мфпмύΤ όоύ !ƴǘƘǊŀŎƻǎŀǳǊǳǎ ǊǳǎǎŜƭƭƛΤ όпύ [ƭƛǎǘǊƻŦǳǎ ǇǊƛŎŜƛΤ όрύ 9ƻŎŀŜŎƛƭƛŀ ƳŀŎǊƻǇƻŘƛŀ όŀŦǘŜǊ WŜƴƪƛƴǎ Ŝǘ ŀƭΦ нллтύΤ όсύ 

aƛŎǊƻŎŀŜŎƛƭƛŀ ƛǿƻƪǊŀƳŀŜΤ όтύ {ŎƻƭŜŎƻƳƻǊǇƘǳǎ ǎǇΦΤ όуύ /ǊȅǇǘƻōǊŀƴŎƘǳǎ ŀƭƭŜƎŀƴƛŜƴǎƛǎΤ όфύ tƭŜǳǊƻŘŜƭŜǎ ǿŀƭǘƛΤ όмлύ .ƻƳōƛƴŀ 

ƻǊƛŜƴǘŀƭƛǎΤ όммύ /ŀƭȅǇǘƻŎŜǇƘŀƭŜƭƭŀ ƎŀȅƛΤ όмнύ DŀǎǘǊƻǘƘŜŎŀ ƎŀƭŜŀǘŀ όŀŦǘŜǊ tŀƭǳƘ Ŝǘ ŀƭΦ нлнлύΤ όмоύ [ƛƳƴƻǎŎŜƭƛǎ ǇŀƭǳŘƛǎΤ όмпύ 

/ƻǘȅƭƻǊƘȅƴŎƘǳǎ ǊƻƳŜǊƛΤ όмрύ [ȅǎǘǊƻǎŀǳǊǳǎ ƳǳǊǊŀȅƛΤ όмсύ /ȅƴƻƎƴŀǘƘǳǎ ǇƭŀǘȅŎŜǇǎΤ όмтύ ½ŀƭŀƳōŘŀƭŜǎǘŜǎ ƭŜŎƘŜƛΤ όмуύ 

¢ŀŎƘȅƎƭƻǎǎǳǎ ŀŎǳƭŜŀǘǳǎΤ όмфύ aƛƭƭŜǊƻǇǎƛǎ ǇǊƛŎŜƛΤ όнлύ .ƻƭƻǎŀǳǊǳǎ ǎǘǊƛŀǘǳǎΤ όнмύ {ŎǳǘƻǎŀǳǊǳǎ ƪŀǊǇƛƴǎƪƛƛΤ όннύ /ŀǇǘƻǊƘƛƴǳǎ 

ŀƎǳǘƛΤ όноύ tŜǘǊƻƭŀŎƻǎŀǳǊǳǎ ƪŀƴǎŜƴǎƛǎΤ όнпύ /ƭŀǳŘƛƻǎŀǳǊǳǎ ƎŜǊƳŀƛƴƛΤ όнрύ ¢ŜƳƴƻŘƻƴǘƻǎŀǳǊǳǎ ǘǊƛƎƻƴƻŘƻƴΤ όнсύ 

/ƭŜǾƻǎŀǳǊǳǎ ƘǳŘǎƻƴƛΤ όнтύ LƎǳŀƴŀ ƛƎǳŀƴŀΤ όнуύ !ǊƎȅǊƻƎŜƴŀ ŦŀǎŎƛƻƭŀǘŀΤ όнфύ IŜƴƻŘǳǎ ŎƘŜƭȅƻǇǎ όŀŦǘŜǊ wƛŜǇǇŜƭΣ нллмύΤ όолύ 

YŜƛŎƘƻǳǎŀǳǊǳǎ Ƙǳƛ όŀŦǘŜǊ IƻƭƳŜǎ Ŝǘ ŀƭΦΣ нллуύΤ όомύ tƭƛƻǎŀǳǊǳǎ ƪŜǾŀƴƛΤ όонύ tǊƻƎŀƴƻŎƘŜƭȅǎ ǉǳŜƴǎǘŜŘǘƛΤ όооύ 9ƳȅŘǳǊŀ 

ƳŀǉǳŀǊƛƛΤ όопύ tŜƭƻŘƛǎŎǳǎ ǎƛƴŜƴǎƛǎΤ όорύ ¢ŜǎǘǳŘƻ ƎǊŀŜŎŀΤ όосύ 9ǊȅǘƘǊƻǎǳŎƘǳǎ ŀŦǊƛŎŀƴǳǎΤ όотύ tƻǎǘƻǎǳŎƘǳǎ ƪƛǊƪǇŀǘǊƛŎƪƛΤ όоуύ 

¢ƘŀƭŀǘǘƻǎǳŎƘǳǎ ǎǳǇŜǊŎƛƭƛƻǎǳǎΤ όофύ Dŀƭƭǳǎ ƎŀƭƭǳǎΦ 
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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; 

M¿ller 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., Müller & Reisz 2006; Benson 2012; MacDougall et al. 2018; Spindler et al. 2018; but 

see also Laurin & Piñeiro 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 & Piñeiro 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; Marjanoviĺ & 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., Marjanoviĺ & 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. Piñeiro 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 & Müller 2009; Ford & Benson 2020), or taking an even more rootward 

position within reptiles (e.g., Laurin & Piñeiro 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 (Piñeiro 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, Piñeiro 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 & Piñeiro (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 Tübingen and Frankfurt am Main, 

Germany, I 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 1923ï

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 
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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 & Müller 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 & Piñeiro 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; Müller 2003; Ford 

& Benson 2019), with a secondarily closed infratemporal fenestra (Reisz et al. 1984), with a 

secondarily closed or never evolved supratemporal fenestra (Tsuji & Müller 2009; Piñeiro 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 (Tsuji 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 (1880sï1900s) 

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 Illiger, 

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 (1910sï1950s) 

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 (1923ï25) 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 (1923ï25) 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 

(1923ï25) 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 

(1923ï25), 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 (1923ï25) 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 (1960sï1980s) 

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" (KïI) and a "static pressure 

system" (SïP). In the KïI system, force is mostly applied by the kinetic energy generated by 

rapid and vertical jaw closing. In the SïP 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 KïI 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 KïI and SïP systems. While early Amphibia and 

predominantly aquatic Amniota evolved only a derived KïI system, Olson (1961) associated 

the evolution of the SïP 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 KïI 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 20th 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 jugalïsquamosalï

quadratojugal and postorbitalïsquamosalïparietal 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 jugalïquadrate 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 Iordansky 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 (1990sïpresent) 

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 

Günther, 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.ôs (2020) interpretation of the frontoparietal fossa]. 

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 1923ï25; 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 

CƛƎΦ мп {ǳƳƳŀǊȅ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŦŀŎǘƻǊǎ ǇǊƻǇƻǎŜŘ ǘƻ ŀŦŦŜŎǘ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǘƘŜ ǘŜƳǇƻǊŀƭ ǎƪǳƭƭ ǊŜƎƛƻƴ ƛƴ 

ǘŜǘǊŀǇƻŘǎΦ ¢ƘŜ ǊŜƭŀǘƛǾŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜǎŜ ŦŀŎǘƻǊǎ ŘƛŦŦŜǊǎ ŀƳƻƴƎ ǘŀȄŀΦ CƻǊ ǎƻƳŜ ǘŀȄŀΣ ǎǇŜŎƛŦƛŎ ŦŀŎǘƻǊǎ Ƴŀȅ ōŜ 

ƴƻǘ ŀǇǇƭƛŎŀōƭŜΤ ŀŘŘƛǘƛƻƴŀƭƭȅΣ ŦŀŎǘƻǊǎ ƴƻǘ ƳŜƴǘƛƻƴŜŘ ƛƴ ǘƘƛǎ ŦƛƎǳǊŜ Ƴŀȅ ŀƭǎƻ Ǉƭŀȅ ŀ ǊŜƭŜǾŀƴǘ ǊƻƭŜ ƛƴ ǎƻƳŜ ŎŀǎŜΦ  
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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; Marjanoviĺ & 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 ónetworks 

of lines of stressô 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 1923ï1925; 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 ï including those of Amniota, Reptilia, 

and Synapsida ï 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 19th century. The morphological differences observed comparatively early in this field of 

research were placed into an evolutionary context by the late 19th and early 20th 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 headïneck 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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Skull sutures and cranial mechanics in 

the Permian reptile Captorhinus aguti 
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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; Iordansky 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 ñweakò 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 (ñAnapsidaò; 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 ñanapsidò. 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 

lyelli 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 ñweakò 

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, 17ï23). 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. 

file:///C:/Users/Pascal/Dropbox/PhD-Abel/morphosource.org/concern/media/000439915
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For this chapter, the term ñsutureò 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 ñarticulation facets,ò the externally visible area incorporating the 

suture is the ñexternal surfaceò (Fig. 16). 

 

 

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 ñstepped interdigitationò (8 in Fig. 24) is a combination of ñstepped jointò (7 in Fig. 

24) and ñType-B interdigitationò (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. 

 

 

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 (ñtongue-and-groove jointò; 2 in Fig. 24). The posterior half of the maxilla is overlapped 

by the jugal by a ñstepped jointò (7 in Fig. 24). The palatine contacts the maxilla laterally by 

what may be referred to as a low ñslot jointò (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 (ñstepped interdigitationò; 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 ñbutt jointò 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 ñType-A interdigitationò (4 in Fig. 24) 

with the postfrontal. Additionally, a complex inter-frontal suture is present (ñType-C 

interdigitationò; 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 ñcheeksò (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 
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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 (ñType-B interdigitationò; 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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